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ABSTRACT
Purpose: Melanoma is a highly malignant and increas-

ingly common tumor. Because the cure rate of metastatic
melanoma by conventional treatment is very low, new ther-
apeutic approaches are needed. We previously reported that
coated cationic liposomes (CCL) targeted with a monoclonal
antibody against the disialoganglioside (GD2) and contain-
ing c-myb antisense oligodeoxynucleotides (asODNs) re-
sulted in a selective inhibition of the proliferation of GD2-
positive neuroblastoma cells in vitro.

Experimental Design: Here, we tested the in vivo anti-
tumor effects of this novel antisense liposomal formulation
by targeting the c-myc oncogene on melanoma, a neuroec-
todermal tumor sharing with neuroblastoma the expression
of GD2.

Results: Our methods produced GD2-targeted lipo-
somes that stably entrapped 90% of added c-myc asODNs.
These liposomes showed a selective binding for GD2-positive
melanoma cells in vitro. Melanoma cell proliferation was
inhibited to a greater extent by GD2-targeted liposomes
containing c-myc asODNs (aGD2-CCL-myc-as) than by non-
targeted liposomes or free asODNs. The pharmacokinetic
results obtained after i.v. injection of [3H]-myc-asODNs, free

or encapsulated in nontargeted CCLs or GD2-targeted
CCLs, showed that free c-myc-asODNs were rapidly
cleared, with less than 10% of the injected dose remaining in
blood at 30 min after injection. c-myc-asODNs encapsulated
within either CCL or aGD2-CCL demonstrated a more
favorable profile in blood, with about 20% of the injected
dose of each preparation remaining in vivo at 24 h after
injection. In an in vivo melanoma experimental metastatic
model, aGD2-CCL-myc-as, at a total dose of only 10 mg of
asODN per kilogram, significantly inhibited the develop-
ment of microscopic metastases in the lung compared with
animals treated with myc-asODNs, free or entrapped in
nontargeted liposomes, or aGD2-CCL encapsulating scram-
bled asODNs (P < 0.01). Moreover, mice bearing established
s.c. human melanoma xenografts treated with aGD2-CCL-
myc-as exhibited significantly reduced tumor growth and
increased survival (P < 0.01 versus control mice). The mech-
anism for the antitumor effects appears to be down-regula-
tion of the expression of the c-myc protein and interruption
of c-myc-mediated signaling: induction of p53 and inhibition
of Bcl-2 proteins, leading to extensive tumor cell apoptosis.

Conclusion: These results suggest that inhibition of c-
myc proto-oncogene by GD2-targeted antisense therapy
could provide an effective approach for the treatment of
melanoma in an adjuvant setting.

INTRODUCTION
During the past decade, the worldwide incidence of mela-

noma has risen at a rate that equals or exceeds the majority of all
other human solid malignancies (1, 2). Because metastatic or
advanced-stage melanoma is refractory to conventional chemo-
therapy and/or radiation treatment, new therapeutic approaches
are needed. The main limitation of current chemotherapeutic
drug regimens in cancer therapy derives from the lack of spec-
ificity of the drugs, which can lead to severe systemic and organ
toxicity. This impairs the use of high-dose intensity therapy,
giving rise to a high rate of tumor relapse. The identification of
fundamental genetic differences between malignant cells and
normal cells resulting, for example, from activated oncogenes
and inactivated tumor suppressor genes has made it possible to
consider such genes as targets for antitumor therapy. The proto-
oncogene c-myc belongs to a family of transcription regulators
and is important for control of cell growth and differentiation
(3). An association between changes in c-myc regulation and
tumor formation has been reported (3). c-myc has also been
found to induce apoptotic cell death under certain conditions (4,
5). Impaired apoptosis is a crucial step in tumorigenesis; indeed,
neoplastic progression reflects loss of normal apoptotic mech-
anisms (4–6). Moreover, impaired apoptosis is also a significant
impediment to cytotoxic therapy (6), and more rational therapy
should emerge from clarifying how particular agents elicit ap-
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optosis. Despite intensive research, the molecular mechanisms
underlying c-myc-mediated apoptosis are yet to be completely
understood. p53-Dependent and -independent mechanisms have
been reported, and c-myc-induced apoptosis can be prevented by
overexpression of the Bcl-2 oncoprotein (6, 7).

asODNs3 are a new class of antineoplastic agents that can
prevent the initiation or progression of specific human cancers
when targeted to appropriate molecular targets (8, 9). In recent
years, asODNs have shown efficacy in the selective inhibition of
gene expression (9–12). asODNs that target c-myc have been
shown to be therapeutically useful either alone or in combina-
tion with other drugs (13–15). However, the low physiological
stability, unfavorable pharmacokinetics, low cellular uptake,
and lack of tissue specificity limit therapeutic applications of
asODNs (16). The use of lipid-based delivery systems repre-
sents an alternative to chemical modifications (17, 18) for in-
creasing the stability of asODNs in blood circulation and for
improving their disease-site delivery and cell permeability. It
has been reported that liposomal asODN formulations of raf
enhance the plasma and tissue levels of asODNs and improve its
antitumor effects (19). Liposomes are also able to facilitate the
delivery of antisense targeting the Bcl-2, MDR1, and c-myc
genes in vivo (20–22). Sterically stabilized immunoliposomes,
which have cell surface-directed antibodies grafted on their
exteriors, have been recognized as efficient tools for the selec-
tive delivery of drugs and diagnostic agents to target cells (23).

Among the antigens found on malignant cells, GD2 is an
attractive target for immunoliposomal therapy of tumors of
neuroectodermal origin (24–26), because it has high levels of
expression in these tumors (27) but is less common in nonma-
lignant tissues. Recently, we demonstrated that c-myb asODNs
entrapped in this novel GD2-targeted liposomal formulation
inhibited neuroblastoma growth in vitro, by specifically reduc-
ing c-myb protein expression (28). Here, we investigated
whether sterically stabilized, GD2-targeted liposomes contain-
ing aGD2-CCL-myc-as can selectively deliver to melanoma
cells sufficient amount of asODNs to effectively reduce c-myc
protein expression and to inhibit in vivo tumor growth.

MATERIALS AND METHODS
Chemicals and mAbs. Hydrogenated soy phosphatidyl-

choline, cholesterol, DSPE-PEG, 1,2-dioleoyl-3-trimethylam-
monium propane, and rhodamine phosphatidylethanolamine
were from Avanti Polar Lipids, Inc. (Alabaster, AL). A deriv-
ative of DSPE-PEG, with a maleimide group at the distal
terminus of the polyethylene glycol chain (DSPE-PEG-maleimide),

was synthesized by Shearwater Polymers (Huntsville, AL).
[3H]cholesteryl hexadecyl ether was from DuPont New England
Nuclear (Boston, MA). All of the other reagents of biochemical
and molecular biology grade were obtained from Sigma Chem-
ical Co. (St. Louis, MO).

ODNs. The 16-mer phosphorothioate ODN against c-
myc was provided by Inex Pharmaceuticals (Burnaby, British
Columbia, Canada). Purity was �95% by high-performance
liquid chromatography analysis. The asODN, referred to here-
after as myc-as, is complementary to the translation region of
human c-myc mRNA and has the sequence 5�-TAACGTT-
GAGGGGCAT-3� (INX-6295). A scrambled sequence (INX-
6300) containing the G-quartet motif (5�-TAAGCAT-
ACGGGGTGT-3�) ODN was used as control (myc-scr). [3H]
INX-6295 was synthesized and purified by TriLink BioTech-
nologies (San Diego, CA) with a [3H] thymidine base incorpo-
rated during synthesis at the position underlined above.

Liposome Preparation, ODN Encapsulation, and Cou-
pling of Anti-GD2 mAbs. c-myc-asODN was entrapped in
liposomes using the CCL procedure of Stuart et al. (21, 29),
slightly modified by us (28).

A recently described method (30), slightly modified by us
(24, 28), was used to covalently link mAbs to the maleimide
terminus of DSPE-PEG-maleimide. Briefly, we used 2-imino-
thiolane (Traut’s reagent) to convert exposed amino groups on
the antibody into free sulfhydryl groups. After separation of
thiolated mAb from iminothiolane, the mAb was slowly added
to a 5-ml test tube containing the liposomes (with encapsulated
ODNs) and a small magnetic stirring bar. Optimal coupling was
obtained using a PL:mAb mole ratio of 1500:1. Running a slow
stream of nitrogen over the reaction mixture displaced oxygen.
The tube was capped and sealed with Teflon tape, and the
reaction was incubated overnight at room temperature with
continuous slow stirring. The resulting immunoliposomes were
separated from unreacted mAb by chromatography using Sepha-
rose CL-4B and were sterilized by filtration through 0.2-�m
pore cellulose membranes (Millipore Corp., Bedford, MA) and
stored at 4°C. Coupling of mAbs to liposomes was quantified by
adding trace amounts of 125I-labeled mAb to the liposomes,
followed by gamma counting (Cobra 5002; Canberra Packard,
Meriden, CT).

Cell Lines and Culture Conditions. To broadly cover
the phenotypes exhibited by melanoma cells in vitro, we used
four GD2-positive melanoma cell lines: NG, MZ2-MEL, COLO
853, and RPMI 7932 (24). Two GD2-negative adherent cell
lines, A-431 (human epidermoid carcinoma) and HeLa (human
cervical carcinoma), were used in some experiments. All cell
lines were maintained in the logarithmic phase of growth at
37°C in 75-cm2 plastic culture flasks (Corning Inc., Corning,
NY) in a 5% CO2-95% air humidified incubator, split, washed,
counted, and replated in fresh complete medium (RPMI 1640;
Biochrom, Berlin, Germany), as described previously (24, 31).
A 1 mM EDTA solution in HBSS (Flow Laboratories, Milan,
Italy) was used to release adherent cell lines from the surface of
the culture flasks.

Cellular Association Studies. The cellular association
with melanoma cells of immunoliposomes targeted via aGD2

was analyzed by flow cytometry (FACS). Liposomes were
prepared as described previously with the addition of rhodamine

3 The abbreviations used are: ODN, oligodeoxynucleotide; asODN,
antisense ODN; myc-as, c-myc-asODN; mAb, monoclonal antibody;
GD2, disialoganglioside; CCL, coated cationic liposomes; aGD2-CCL,
GD2-targeted CCL; CCL-myc-as, myc-asODNs encapsulated in nontar-
geted CCL; aGD2-CCL-myc-as, myc-asODNs encapsulated in GD2-
targeted CCL; aGD2-CCL-myc scr, scrambled myc-ODNs encapsulated
in GD2-targeted CCL; PL, phospholipid; DSPE-PEG, 1,2-distearoyl-
glycero-3-phosphatidylethanolamine-N-polyethylene glycol-2000;
FACS,fluorescence-activated cell sorting; IHC, immunohistochemistry;
TUNEL, terminal deoxynucleotidyltransferase-mediated nick end label-
ing; CI, confidence interval.
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phosphatidylethanolamine at 1 mol % of total PL, as described
(24). Aliquots of cells (1 � 106/tube) were incubated for 1 h at
4°C with nontargeted (CCL-myc-as) or targeted (aGD2-CCL-
myc-as) liposomes. The cells were subsequently washed with
PBS and were enumerated by flow cytometry. All of the
cytometry experiments were performed using a FACScan
instrument for FACS (Becton-Dickinson Immunocytometry
Systems).

In Vitro Inhibition of Cell Growth. MZ2-MEL, NG, or
A-431 cells were plated in T-25 culture flasks (Corning) and
treated with free myc-as, CCL-myc-as, aGD2-CCL-myc-as, or
with control ODN sequences encapsulated in targeted liposomes
(aGD2-CCL-myc-scr). One hundred micrograms per milliliter of
the various ODN formulations were added to cells at the begin-
ning of the experiment and every other day thereafter. Two
hours after each addition, the cells were washed to remove
unbound ODNs and transferred to fresh complete medium. All
experiments were continued for 8 days; at 2-day intervals there-
after, the cells were detached with EDTA, stained with trypan
blue, and counted microscopically.

Pharmacokinetic Experiments. Outbreed female
BALB/c mice, 6–8 weeks of age, were purchased from the
Health Sciences Laboratory Animal Services, University of
Alberta. BALB/c mice (20–30 g) received injections via the tail
vein (i.v.) of a single dose of free or liposomal asODNs, with or
without coupled aGD2, in a total volume of 0.2 ml (0.5 �mol
PL/mouse). Radioactive counts (3H-asODNs) for each injection
ranged from 1 to 4 � 105 cpm. At selected time points (0.5, 2,
6, and 24 h) after injection, mice (three mice/group) were
anesthetized with halothane and euthanized by cervical disloca-
tion. A blood sample (100 �l) was collected by heart puncture
and counted for the [3H] label in a Beckman LS-6800 Scintil-
lation beta counter. Blood correction factors were applied to all
samples (21). In these experiments and the experiments below,
all procedures involving animals and their care were in accord-
ance with institutional guidelines and in compliance with
national and international laws and policies.

Determination of Antitumor Activity in Vivo. Female
athymic nude (nu/nu) mice, 4–6 weeks of age, were purchased
from Harlan Laboratories (Harlan Italy, S.Pietro al Natisone,
Italy) and kept under specific pathogen-free conditions.

For the lung metastasis experimental model, female nude
mice (10 mice/group) received injections of MZ2-MEL cells (5 �
106 cells in 200 �l of HEPES-buffered saline) i.v. in the tail vein.
By this route, cellular implantation resulted in a homogeneous, but
slow, tumor growth, with 100% tumor take in the lung after 5
months. However, experimental lung metastases were already ob-
served in about 3 months in 70–90% of mice. Animals were treated
i.v. on days 1, 8, 15, and 22 after inoculation of cells at a dose of
2.5 mg of asODN per kilogram. For each experiment, mice re-
ceived one of the following treatments: HEPES-buffered saline,
free-myc-as, CCL-myc-as, aGD2-CCL-myc-as, or aGD2-CCL-
myc-scr. Mice were monitored routinely for weight loss. Histolog-
ical evaluation of microscopic metastases was performed for all
tissues. Organs were fixed in neutral buffered 10% formalin, pro-
cessed by standard methods, embedded in paraffin, sectioned at 5
�m, and stained with H&E for IHC.

For the s.c. tumor model, 5 � 106 MZ2-MEL cells were
injected s.c. in the mid-dorsal region of mice. Tumors were

allowed to grow for 5 days, and then i.v. asODN treatment (with
the same formulations as above) was initiated with 3.5 mg of
asODN per kilogram every day for 3 days. Tumor were meas-
ured twice weekly with calipers, and tumor volumes were cal-
culated by the formula �/6 [w1 � (w2)2 ], where w1 represented
the largest tumor diameter and w2 represented the smallest
tumor diameter. The body weight and general physical status of
the animals were recorded daily, and the mice were terminated
when the tumor reached 2000 mm3.

Western Blot Analysis in Melanoma Tumor Xe-
nografts. At 24-h intervals after terminating treatment of the
s.c. tumors, mice were sacrificed by cervical dislocation, and
their tumors were removed, immersed in HBSS, homogenized
with the use of a Polytron PT 3000 (Kinematica AG, Littau,
Switzerland), and solubilized in lysis buffer, as described pre-
viously (28, 31). Each tumor lysate was obtained from a pool of
three different tumors grown in mice treated with the different
formulations. Briefly, 30-�g samples of protein were subjected
to 10% SDS-PAGE, with prestained molecular weight markers
run in parallel to identify c-myc (Mr 64,000 to Mr 67,000), p53
(Mr 53,000), and Bcl-2 (Mr 26,000) proteins. The resolved
proteins were blotted onto nitrocellulose membranes, and the
mAbs anti-c-myc, anti-p53 (clone 9E10 and Pab 240, respec-
tively; Santa Cruz Biotechnology, Santa Cruz Biotechnology,
CA), and anti-Bcl-2 (clone 124; DAKO A/S, Glostrup, Den-
mark) were used to localize the corresponding polypeptides on
the blots. Peroxidase-conjugated goat antimouse antibody was
used as a secondary antibody. Immune complexes were visual-
ized with the use of an enhanced chemiluminescence system
(Amersham International, Little Chalfont, Buckinghamshire,
United Kingdom) according to the manufacturer’s instructions.

To determine whether approximately equal amounts of
protein were loaded in samples, the stripped nitrocellulose mem-
branes were stained with a mAb antihuman �-actin (clone C4;
Boehringer Mannheim Inc., Mannheim, Germany). Levels of
c-myc, p53, and Bcl-2 were quantified by scanning densitometry
of the autoradiography films and normalized to �-actin levels.

Histological Analysis and Detection of Apoptosis in Tu-
mor Xenografts. Paraffin-embedded tissue sections (5 �m)
were examined after staining with Mayer’s H&E (Sigma Chem-
ical Co.). Staining for melanoma cells and cell proliferation
were performed using the mAbs antihuman melanoma S-100
(clone 15E2E2) and the Ki67 antigen (clone Ki88 MIB-1),
respectively (BioGenex, San Ramon, CA). p53 and Bcl-2 stain-
ing was performed using mAbs antihuman p53 and Bcl-2,
respectively (clones DO-7 and 124; DAKO), and CD31 staining
was performed by the use of an antimouse mAb (CD31;
DAKO), as described previously (32). TUNEL staining was
performed using a commercially available apoptosis detection
kit (In Situ Cell Death Detection, horse radish peroxidase;
Roche Molecular Biochemicals, Mannheim, Germany) accord-
ing to the manufacturer’s instructions.

Statistical Methods. Results are expressed as means �
95% CIs. All in vitro data derive from at least three independent
experiments. All of the in vivo experiments have been per-
formed at least twice with similar results. Incidence of lung
metastasis between groups was compared using Fisher’s exact
test. Peto’s log-rank test determined the significance of the
differences between experimental groups in the survival exper-
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iments by the use of StatsDirect statistical software (CamCode,
Ashwell, United Kingdom).

RESULTS
Characterization of GD2-targeted Immunoliposomes

and Binding to Melanoma Cells. Liposomes prepared by our
procedure are typically 110–130 nm in diameter, with an aver-
age coupling efficiency for the anti-GD2 antibody of 65% (95%
CI, 50–80%), resulting in an antibody density of 40–60 �g
mAb/�mol PL. The efficiency of asODN entrapping in lipo-
somes was approximately 90%, and during 4 h of dialysis at
37°C in 25% human plasma, 10–20% of asODNs were released
and continued dialysis for up to 1 week produced no more free
asODN. Finally, our dialyzed liposomes retained their ability to
bind to GD2-expressing cells over these same time periods,
concordant with our previous results (28).

We studied the levels of cellular association of aGD2-
targeted or nontargeted liposomes to four GD2-positive human
melanoma cell lines [NG, MZ2-MEL, COLO 853 (Fig. 1), and
RPMI 7932 (data not shown)] and two GD2-negative cell lines,
A-431 (Fig. 1) and HeLa (data not shown). The data showed that
the level of cellular binding of liposomes is dependent on GD2

expression in the different cell lines. aGD2-CCL-myc-as showed
a much higher cellular association to all of the GD2-positive cell
lines, compared with CCL-myc-as. In contrast, the GD2-nega-
tive cell line A-431 showed very low, if any, levels of liposomes

associated with the cells for both targeted and nontargeted
formulations (Fig. 1).

Effect of Immunoliposome-Encapsulated c-myc asODNs
on Melanoma Cell Proliferation in Vitro. To assess the
efficiency of GD2-targeted liposomes in delivering myc-as to
target cells and to determine the effects of myc-as on melanoma
cell proliferation, we used a protocol that allows high levels of
antibody-mediated binding while minimizing nonspecific ad-
sorption of liposomes to cells (24, 28). In these experiments,
tumor cells were exposed to ODNs for 2 h at the beginning of
the experiment and every 2 h every other day thereafter for a
total of 8 days and then washed and transferred to ODN-free
complete medium. Under these conditions, aGD2-CCL-myc-as
induced a marked decrease in melanoma cell proliferation (Fig.
2). In contrast, free myc-as and CCL-myc-as had significantly
less cytotoxic effect on NG and MZ2-MEL cells. Under the
same conditions, none of our ODN formulations inhibited pro-
liferation of the GD2-negative cell line A-431. To demonstrate
the sequence specificity of these effects, scrambled-sequence
ODNs were also delivered into NG, MZ2-MEL, and A-431
cells. Little or no growth inhibition was observed for aGD2-
CCL-myc-scr (Fig. 2).

Plasma Pharmacokinetics of Immunoliposome-Encap-
sulated c-myc asODNs in Mice. Fig. 3 shows the clearance
from blood of both free and liposomal [3H]-labeled asODNs
injected into the tail vein of BALB/c mice. The results are

Fig. 1 Cellular association of immunoliposomes
with GD2-positive (NG, MZ2-MEL, and COLO
853) and GD2-negative (A-431) tumor cells by
flow cytometry. Cells were incubated for 1 h at
4°C with 600 nmol of PL per milliliter of rhodam-
ine-labeled liposomes with encapsulated c-myc-
asODNs with (bold line) or without (thin line)
coupled anti-GD2 mAbs. Dotted line, control cells.
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expressed as the percentage of the administered dose remaining
in blood (33). When [3H]-labeled asODN (from scintillation
counting) and intact asODN (by dot blot) were compared pre-
viously, the [3H] asODN proved to be an excellent marker for
intact asODN (22, 29).

Free asODN was rapidly cleared, so that less than 10% of
the injected dose remained in blood 30 min after injection. At
this time point, approximately 40% of the injected dose had
already been eliminated from the body, possibly through the
kidneys, whereas most of the remaining radioactive counts
resided in the carcass, liver, and kidneys (Ref. 21 and data not
shown). At 24 h after injection, approximately 1% of the in-
jected dose remained in blood. [3H]-labeled asODN encapsu-
lated within CCL demonstrate a much different blood profile.

CCL had an initial phase of rapid clearance, which accounted
for only around 30% of the injected dose. The remainder was
cleared with a T1/2 of approximately 4 h. At 24 h after injection,
approximately 20% of the injected dose remained in blood.
[3H]-labeled asODN entrapped within aGD2-CCL displayed a
similar profile to CCL, however, the initial clearance phase
accounted for approximately 50% of the injected dose. The
remaining dose had clearance kinetics similar to the nontargeted
asODN formulation, and 24 h after injection, over 10% of the
injected dose remained in the blood.

Inhibition of Growth and Metastasis of Human Mela-
noma in Nude Mice by Immunoliposome-Encapsulated c-
myc-asODNs. On the basis of the in vitro studies, we postu-
lated that inhibition of c-myc functions in human melanomas
might significantly impair or block their tumor-forming capa-
bilities in vivo.

To determine the effect of c-myc-asODNs on metastatic
tumor growth in an experimental metastasis model, we injected
MZ2-MEL melanoma cells i.v. into nude mice, simulating me-
tastasis. ODNs, free or liposome-entrapped, were injected i.v. at
a dose of 2.5 mg/kg once a week over a period of 4 weeks. Only
the GD2-targeted c-myc asODN formulation significantly (P �
0.01) inhibited the formation and growth of lung metastases
(Table 1). There was no statistically significant difference in the
tumor growth of mice comparing untreated with those treated
with either free or nontargeted asODNs. Moreover, a scrambled
sequence containing the G-quartet motif present in myc-as was
not efficacious when entrapped in aGD2-CCL. Histological
analysis of lungs stained with the S-100 antibody specific for
melanoma cells showed a marked decrease in the metastatic
areas in mice treated with aGD2-CCL-myc-as compared with
CCL-myc-as and saline controls (Fig. 4). No sign of treatment-
related toxicity, such as inflammation, bleeding, hepatomegaly
and splenomegaly, or weight loss to the animals, was observed
in the animals over the course of the study.

The effects of aGD2-CCL-myc-as on human melanoma

Fig. 2 Growth inhibition in vitro of melanoma cells by c-myc-asODNs
encapsulated in anti-GD2 liposomes. Cells were treated with 100 �g/ml
free c-myc-asODNs (free-myc-as), asODNs encapsulated in liposomes
without (CCL-myc-as) or with (aGD2-CCL-myc-as) anti-GD2 mAbs
and scrambled sequence encapsulated in GD2-targeted liposomes
(aGD2-CCL-myc-scr), as described in “Materials and Methods.” Data
are expressed as percentage of control, and the bars are 95% CIs.

Fig. 3 Blood clearance kinetics of [3H]-labeled c-myc-asODNs after
i.v. injection into BALB/c mice. [3H]-c-myc-asODNs were injected
either free (free-myc-as, F) or encapsulated in nontargeted (CCL-myc-
as, E) or targeted (aGD2-CCL-myc-as, �) liposomes. At different times
after injection, blood was collected and counted for the [3H] label. Each
point represents the average of three mice � CI.
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tumor growth in vivo were also examined using s.c. implanted
tumor xenografts in nude mice. In these studies, asODNs, free or
liposome encapsulated, were administered i.v. to tumor-bearing
mice at 5 days after implantation, at which time tumors were
approximately 5 mm in diameter. The tumors grew rapidly in
untreated control mice, resulting in the euthanasia of all mice by
4–5 weeks (Fig. 5). In contrast, mice receiving the GD2-targeted
c-myc asODN formulation showed a pronounced delay in tumor
growth, with a significant (P � 0.01 versus control mice)
increase in life span evaluated as the time it took for the tumors
to reach 2000 mm3 when the mice where euthanized. Moreover,
at the end of the observed period (3 months), 2 of 10 mice
showed no evidence of tumor and were presumed cured by the
treatment. Notably, no other treatment showed any reduction of
tumor growth or cured animals.

The antitumor effect for aGD2-CCL-myc-as along with the
lack of antitumor activity for the control scrambled sequence
(Table 1 and Fig. 5) supports the conclusion that the results
observed for immunoliposomal myc-as occur through an anti-
sense mechanism of action.

Inhibition of c-myc Protein Expression and Induction
of Apoptosis by Immunoliposome-Encapsulated c-myc-
asODNs in Tumor Xenografts. To provide evidence that the
antitumor activity of aGD2-CCL-myc-as was caused by its
ability to down-regulate c-myc protein expression in vivo, we
analyzed tumor xenografts treated as described previously, by
Western blot analysis. Fig. 6A shows an immunoblot of whole
tumor lysates from representative tumor xenografts. Densito-
metric analysis of c-myc protein expression, normalized to the
relative �-actin levels, demonstrated approximately a 75% re-
duction in c-myc expression on day 4 in tumors from mice
treated with aGD2-CCL-myc-as. In contrast, c-myc protein lev-
els detected in tumors from mice treated with free-myc-as,
CCL-myc-as, and aGD2-CCL-myc-scr were equivalent to levels
of untreated tumors.

Melanoma tumors were processed for routine histology and
IHC using antibodies specific for melanoma cells (S-100) and
for cell proliferation (MIB-1). A major reduction of MIB-1-

positive cells in tumors of mice treated with aGD2-CCL-myc-as
was observed (Fig. 6B). In contrast, by probing the individual
tumor sections with an antibody to CD31, a marker of endothe-
lial cells, we did not observe any difference in blood vessel
density among the various treatments (data not shown).

Finally, to determine whether aGD2-CCL-myc-as induced
apoptosis in the tumors, we performed TUNEL staining 1 week
after the start of treatment to detect the presence of apoptotic
nuclei in situ. Only a few isolated TUNEL-positive nuclei were
visible in untreated tumors and those treated with CCL-myc-as.
In contrast, tumors treated with aGD2-CCL-myc-as clearly
showed high levels of apoptotic nuclei (Fig. 6B). Thus, c-myc
asODNs entrapped in aGD2 immunoliposomes reduced c-myc
protein levels and induced apoptosis in the tumor xenografts.

Induction of p53 and Inhibition of Bcl-2 Protein Ex-
pression by Immunoliposome-Encapsulated c-myc-asODNs
in Vivo. “Intrinsic stresses,” such as oncoproteins (e.g., c-
myc), can activate the intrinsic apoptotic pathway. As a sensor
of cellular stress, p53 is a critical initiator of this pathway by
transcriptionally repressing antiapoptotic Bcl-2 proteins (6, 7).
To examine the role of p53 and Bcl-2 in the response of
melanoma cells to targeted liposomal c-myc antisense, p53 and
Bcl-2 protein expressions were examined in the tumor xe-
nografts (Fig. 6B). Control melanoma tumors did not exhibit
almost any immunostaining for p53 (�5% positive cells), while
showing a strong positivity for Bcl-2 (�75%). In contrast, only
tumors treated with aGD2-CCL-myc-as clearly showed en-
hanced p53 immunoreactivity (�75%) and drastic reduction of
Bcl-2 protein staining (�5%).

To further pursue mechanisms of apoptosis induced by
aGD2-CCL-myc-as in melanoma xenografts, we investigated
the kinetic of changes in c-myc, p53, and Bcl-2 expression on
Western blot (Fig. 7). Densitometric analysis of c-myc protein
expression, normalized to the relative �-actin levels, demon-
strated a time-dependent reduction in its expression starting
already after 24 h of treatment (about 25%) and reaching ap-
proximately 80% after 96 h. Treatment with aGD2-CCL-myc-as
caused an induction in the expression of p53 protein after 48 h,
which was more marked at longer times. Induction of p53 by
aGD2-CCL-myc-as was associated with a delayed decrease of
expression of the antiapoptotic protein Bcl-2 (48–72 h after
treatment, 10–30% reduction). At the last time point observed,
Bcl-2 protein was reduced by approximately 75% of the control
melanoma cells level.

DISCUSSION
We have shown that an asODN complementary to the

translation region of c-myc mRNA inhibited the growth of
melanoma cells in vitro and in vivo and that its inhibitory effect
was greatest when it was delivered to the cells via sterically
stabilized liposomes targeted against the GD2 epitope expressed
at the cell surface. The c-myc proto-oncogene plays a key role in
cell proliferation, differentiation, and apoptosis (4). By using
anti-GD2-targeted liposomal formulations of c-myc-asODNs,
we have clearly demonstrated that the down-modulation of
c-myc reduced cell proliferation and tumorigenicity and in-
creased the apoptotic rate of human melanoma. The mechanism
for the antiproliferative effect appears to be down-regulation of

Table 1 Inhibition of MZ2-MEL human melanoma lung metastases
in nude mice by treatment with GD2-targeted c-myc-asODN

liposomal formulation

Lung metastases (%)

Control 70–90a

Free-myc-as 70–90
CCL-myc-as 60–80
aGD2-CCL-myc-as 0–10b

aGD2-CCL-myc-scr 70–80
a MZ2-MEL human melanoma cells (5 � 106) were injected i.v. in

nu/nu mice on day 0. On days 1, 8, 15, and 22, mice received i.v. 2.5
mg/kg c-myc-antisense ODN, free (free-myc-as) or encapsulated in
either CCL or anti-GD2-CCL (CCL-myc-as and aGD2-CCL-myc-as,
respectively). HEPES buffer (pH 7.4) and aGD2-CCL-myc-scr were
also used in mice as control. After 90 days, the lungs were surgically
removed from the mice (10 mice/group), fixed in 10% buffered forma-
lin, processed for paraffin embedding, sectioned at 5 �m, and stained
with H&E. The experiment was performed twice, and the data represent
the percentage of mice presenting lung metastases.

b P � 0.01 versus untreated animals.

4600 Effects of Immunoliposomal c-myc asONDs in Melanoma



the expression of the c-myc proliferative protein by these tumors
and interruption of c-myc-mediated signaling: activation of p53
and down-modulation of the antiapoptotic protein Bcl-2. This,
in turn, leads to extensive tumor apoptosis resulting in signifi-
cant growth arrest of the tumors. These findings, together with
the results of previous investigations that demonstrated growth
inhibition of malignant melanoma cells caused by the addition
of asODNs targeted to c-myc mRNA (15, 22), suggest that this
key mediator of cell proliferation and apoptosis has a crucial
function(s) in the development of this malignancy.

Human neuroectoderma-derived tissues can undergo ma-
lignant transformation both in adulthood and in the pediatric
population, giving rise to tumors among which small cell lung
cancer, melanoma, and neuroblastoma are the most frequent.
Moreover, although the overall cancer incidence has been de-
clining by 0.7% annually in recent years, melanoma and tumors
of the lymphoid system are rising at a rate of about 2.5% a year
(1, 2). Overall, patients suffering from malignant melanoma
often present with advanced disease and have a poor prognosis.
Despite aggressive therapeutic protocols, the overall long-term
disease-free survival rate has not been significantly prolonged
(34). Recently, several new strategies have emerged to circum-
vent this unfavorable scenario.

The strategy of down-regulating cell proliferation through

Fig. 5 Therapeutic efficacy of GD2-targeted c-myc-asODN liposomal
formulation in MZ2-MEL melanoma-bearing mice. All nude mice re-
ceived treatments (i.v.) on day 5 after s.c. injection of 5 � 106 MZ2-
MEL: 3.5 mg ODN per kilogram of mouse weight, every day for 3 days;
HEPES buffer (pH 7.4) was used as control.

Fig. 4 Histology (H&E) analysis
and IHC staining for S-100 protein.
Nude mice received i.v. injections of
MZ2-MEL cells and were treated
following the schedule reported in
Table 1. After 120 days, the lungs
were surgically removed from the
mice, fixed in 10% buffered forma-
lin, processed for paraffin embed-
ding, sectioned at 5 �m, and stained
with both H&E and S-100. Meta-
static tumor infiltration (x) and ne-
crotic area (F) in the lungs of un-
treated mice or those treated with
nontargeted CCL-myc-as are shown
compared with mice treated with
aGD2-CCL-myc-as, which did not
present any pulmonary metastatic
localization. Arrowhead, internal
positive control of IHC staining for
S-100 protein, which is physiologi-
cally expressed by pulmonary chon-
drocytes. Magnitude, �4 (inset,
�40).

4601Clinical Cancer Research



Fig. 6 Inhibition of target protein ex-
pression and induction of apoptosis in
tumor xenografts. Nude mice received
s.c. injections of MZ2-MEL cells and
were treated as reported in the legend
to Fig. 4. A, immunoblotting of tumor
lysates was performed as described in
“Materials and Methods” to quantify
the level of c-myc in control mice or
mice treated with free antisense or
aGD2-CCL-myc-as or aGD2-CCL-
myc-scr. Analysis was performed at
day 4 after the end of treatment. Bands
from one representative tumor per
group are shown. B, IHC analysis. One
week after the end of treatment, pri-
mary tumors were harvested and pro-
cessed as described in the legend to
Fig. 4. Tissue sections were also im-
munostained for expression of MIB-1,
to show proliferation; for TUNEL (in-
set, FITC), to show apoptosis; and for
p53 and Bcl-2, to detect apoptotic reg-
ulatory proteins. Original magnifica-
tion: H&E, S-100, MIB-1, and
TUNEL, �10 (inset, �100); p53 and
Bcl-2, �20.
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inhibition of proliferative gene products with asODNs is a
compelling one. AsODNs take direct advantage of molecular
complementarity (35, 36) to inhibit gene expression in a se-
quence-specific manner. This conceptually simple, straightfor-
ward, and rational approach to novel drug design is attractive for
the treatment of cancers and other human diseases (9–12, 36).
However, realizing the therapeutic potential of asODN is more
complicated, for several reasons. These include the need to
deliver asODNs selectively to diseased tissues to maximize their
action and to minimize their side effect, instability of the
asODNs in vivo and their unfavorable pharmacokinetics, and the
lack of transfer of the asODNs across cell membranes. A re-
cently developed therapeutic strategy that addresses many of
these potential problems uses liposomes as carriers for asODNs
(18, 21, 22, 29).

Here, we have described a system in which asODNs are
encapsulated within small, long-circulating, target-specific lipo-
somes directed against the internalizing GD2 epitope, which is
extensively expressed on melanoma cells relative to normal
tissues in the peripheral nervous system and the cerebellum (27).
The liposomes have trapping efficiencies of 90% or greater for
the asODNs. Applications of asODNs in vivo could benefit from
the use of long-circulating, targeted liposomal carriers for sev-
eral reasons: (a) entrapment within liposomes could increase the
distribution of asODNs to target tissues and away from sites of
metabolism and excretion (21); (b) liposome entrapment will
retard loss of the antisense through the kidneys and avoid rapid
degradation by extracellular nucleases; (c) the protection pro-
vided by the liposomal formulations may obviate the need for
unnatural backbone chemistries; and (d) as a result of their large
carrying capacity, targeted liposomes can deliver large numbers
of asODN molecules for each binding event. The ability of
liposome entrapment to substantially decrease the clearance of
the asODN undoubtedly contributed to their ability to inhibit
tumor metastases and delay tumor growth, which we observed at
low doses of aGD2-CCL-myc-as (Fig. 3). These data are in

agreement with previous findings demonstrating a strong cor-
relation between antitumor activity and circulation longevity of
liposome-entrapped drugs in different animal models (22, 37).

It is notable that significant inhibition of experimental
metastases and s.c. tumor growth occurred at i.v. doses of
asODN of only 2.5 mg/kg weekly � 4 or 3.5 mg/kg every 2
days � 3, respectively. These are very low levels of asODN
compared with the amounts of free asODN or other nontargeted
liposomal preparations required for activity in vivo (9–15, 22,
38). Thus, important factors contribution to these results might
be (a) the specific binding and receptor-mediated internalization
of our formulation into the target cells and (b) the long circu-
lation times that allow a greater portion of our formulation to
reach the target cells.

One of the most attractive features of antisense-based an-
tiproliferative therapeutics is their potential for a high degree of
specificity (8). However, antisense effects can also be caused by
sequence-specific interactions between ODNs and cellular pro-
teins that can cause the so-called “sequence-dependent, nonan-
tisense effect.” For example, the presence of four contiguous
guanosine residues in an ODN (the G quartet) and/or the CpG
motifs, can result in immune stimulation leading to an antipro-
liferative effect that is not an antisense effect per se (16, 39).
Because the scrambled sequence herein used also contains both
the G quartet and the CpG regions, these additional mechanisms
underlying its action can be ruled out in our model.

The evidence from human tumors that cancer generally
requires impaired apoptosis is not yet overwhelming, but the
hypothesis is strongly supported by experimental models. In
particular, the oncogenic potential of elevated Bcl-2 has been
clearly shown in several transgenic mouse models (7). Myc-
aided transformation of Bcl-2-expressing cells and coexpression
of Bcl-2 and myc transgenes dramatically accelerated lyn-
phomagenesis (5, 7). Given that many of the apoptotic regula-
tors altered in resistant tumors have been identified (6), one new
approach to therapy is to restore apoptotic potential through
genetic or pharmacological methods. The direct relationship
between p53, apoptosis, and drug action implies that restoring
p53 activity in p53 null tumors, or activating apoptotic pathways
that are directly downstream of p53, would have clinical bene-
fits. Moreover, mutations in TP53 (the gene that encodes p53)
are common in some cancers and lead to resistance to DNA-
damaging agents. TP53 mutations are not common in mela-
noma, but the p53 pathway might be impaired by mutations in
the p53 activation pathway (40). In this regard, the prospect of
directly switching on the apoptotic machinery in vivo into mel-
anoma cells by activating the “classical” intrinsing mitochon-
drial pathway to apoptosis, regulated by the interplay of c-myc,
p53, and Bcl-2 and resulting in the activation of the caspase
cascade (41), would be of great clinical interest.

Despite the positive outlook for antisense inhibitors tar-
geted against c-myc for the treatment of melanoma, some po-
tential limitation may exist for this approach. For example, little
is known about the potential for development of resistant tumor
cell populations that lose their sensitivity toward c-myc inhibi-
tion over time. Because some degree of resistance in target cells
occurs for virtually all chemotherapeutic drugs in the clinical
setting, resistance to antisense may also develop. On the positive
side, our results suggest that encapsulation of asODNs in GD2-

Fig. 7 Western blot analysis of c-myc, p53, Bcl-2, and �-actin protein
levels as a function of time of treatment with aGD2-CCL-myc-as. As
described in “Materials and Methods,” immunoblotting of tumor lysates
was performed at 24-h intervals after terminating treatment of the s.c.
tumors to quantify the level of c-myc, p53, Bcl-2, and �-actin protein in
control mice or mice treated with aGD2-CCL-myc-as. Bands from one
representative tumor per group are shown.
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targeted liposomes can protect nontargeted cells from potential
deleterious effects of the asODNs, while simultaneously en-
hancing the toxicity of the molecule toward the target cell
population. However, one cannot expect that even the most
target-specific liposomes will affect only the target cell popu-
lation. A portion of the dose could accumulate in other tissues
with potentially toxic consequences.

The advantages of liposome-encapsulated chemotherapeu-
tics over free molecules have been demonstrated in several
animal models of cancer (42, 43), mainly against small primary
and micrometastatic solid tumors (25, 30, 44). As a note of
caution, immunoliposomes appear to lose their advantage when
attempts are made to treat established advanced solid tumors
(43, 44), likely because the “binding site barrier” restricts pen-
etration of SIL into the tumor (45). The role of adjuvant therapy
in the treatment of patients with intermediate risk and high-risk
malignant melanoma remains an area of intense investigation
(46, 47), and although several trials are currently ongoing (48),
vaccine therapy has failed to clearly demonstrate a survival
benefit. Thus, the use of myc-as, encapsulated into GD2-targeted
liposomes, may hold promise as adjuvant therapy for the treat-
ment of human melanoma or for disease resulting from incom-
plete surgery or early micrometastatic lesions.
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