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The combination of bleomycin with suicide or interferon-b gene
transfer is able to efficiently eliminate human melanoma tumor
initiating cells
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A B S T R A C T

We explored the potential of a chemogene therapy combination to eradicate melanoma tumor initiating
cells, key producers of recurrence and metastatic spread. Three new human melanoma cell lines, two
obtained from lymph nodes and one from spleen metastasis were established and characterized. They
were cultured as monolayers and spheroids and, in both spatial configurations they displayed sensitivity
to single treatments with bleomycin (BLM) or human interferon-b (hIFNb) gene or herpes simplex virus
thymidine kinase/ganciclovir suicide gene (SG) lipofection. However, the combination of bleomycin with
SG or hIFNb gene transfer displayed greater antitumor efficacy. The three cell lines exhibited a
proliferative behavior consistent with melan A and gp100 melanoma antigens expression, and BRAF
V600E mutation. BLM and both genetic treatments increased the fraction of more differentiated and
treatment-sensitive cells. Simultaneously, they significantly decreased the sub-population of tumor
initiating cells. There was a significant correlation between the cytotoxicity of treatments with BLM and
gene transfer and the fraction of cells exhibiting (i) high proliferation index, and (ii) high intracellular
levels of reactive oxygen species. Conversely, the fraction of cells surviving to our treatments closely
paralleled their (i) colony and (ii) melanosphere forming capacity. A very significant finding was that the
combination of BLM with SG or hIFNb gene almost abrogated the clonogenic capacity of the surviving
cells. Altogether, the results presented here suggest that the combined chemo-gene treatments are able
to eradicate tumor initiating cells, encouraging further studies aimed to apply this strategy in the clinic.
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1. Introduction

Malignant melanoma is an extremely aggressive form of skin
cancer whose incidence continues to increase worldwide [1].
While surgical excision can cure localized disease, once distant
metastasis has occurred, the overall median survival is about 6–9
months [2]. Melanoma is also among the most common causes of
“metastatic cancer of unknown primary”, which may reflect a rapid
growth of poorly differentiated lesions arising from indolent or
unrecognized cutaneous primary lesions [3].

Melanoma control is frequently short lived even when some
drugs are proven to be effective. For example, the BRAF inhibitor
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vemurafenib is approved for the treatment of patients whose
melanoma harbors the V600E mutation, which is thought to be a
driver mutation [4,5]. However, after treatment with vemurafenib,
cancer progression occurs within six months in the vast majority of
these patients. On the other hand, the development of ipilimumab
immunotherapy displayed an improvement in patients survival [6]
while new strategies as oncolytic viruses produced a longer
response rates in patients with advanced melanoma [7].

Despite the advances in melanoma research and drug
development, 10–20% of clinically disease-free patients relapse
5–10 years following an initial treatment [8]. This phenomenon,
which is known as tumor dormancy [8,9], has been related to the
existence of therapy-resistant cells with stem-like activity [10,11].
The cancer stem cell theory suggests that rare tumorigenic cells,
resistant to conventional therapy, are responsible for relapse,
tumor progression and increased tumor aggressiveness. However,
in melanoma, tumorigenic capacity is not restricted to a small
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subpopulation of melanoma cells but is widely shared among
phenotypically diverse cells [12,13]. Furthermore, the increased
plasticity and heterogeneity, is a marker of melanoma malignancy
contributing to therapy failure and disease progression [13–15].
Taking into account that the therapeutic choices for melanoma are
limited and most treatments fail to improve the quality of life or
survival time in a meaningful way [4,5], the discovery and
identification of novel therapeutics is urgently needed.

Intratumor non-viral suicide gene therapy with thymidine
kinase from the herpes simplex virus (HSVtk), in combination with
the pro-drug ganciclovir (GCV), was early proposed for treating
this malignant disease [16]. The successful eradication of tumors
depends on the bystander effect, by which unmodified adjacent
tumor cells are also destroyed by HSVtk/GCV cytotoxic effect,
allowing an effective tumor regression produced by only a
minority of genetically modified tumor cells [17].

Interferons (IFNs) are a family of naturally existing glycopro-
teins known for their antiviral, antiproliferative and immunomod-
ulatory activities. Interferon-b (IFNb) has antitumor effects
against melanoma, and generally is more potent than IFNa
[18,19]. Despite the demonstrated clinical effectiveness, the
treatment with recombinant hIFNa/b protein is associated with
substantial systemic toxicity that worsens the patient’s quality of
life and often interferes with the therapy completion (about 25% of
the treated patients) [20]. The limited performance of hIFNs in
cancer therapy trials may have been caused by the lack or
insufficiency of sustained delivery of the protein to the tumor site.
In previous studies, we demonstrated that the exogenously added
recombinant human IFNb protein (rhIFNb) can be successfully
replaced by the transfer of the corresponding gene in vitro [18,19].
Local non-viral delivery of the gene encoding this cytokine
provides a localized slow release transgenic system that avoids
the adverse events associated to the injection of high doses of
recombinant interferon protein while keeping its therapeutic
potential [21].

Bleomycin (BLM) is a glycopeptide antibiotic with antineoplas-
tic activity due to its endonuclease activity [22]. The cytotoxicity of
BLM, a hydrophilic agent with low capability of diffusing through
the plasmatic membrane, might be related to the efficiency of drug
uptake. Different strategies have been developed to bypass the
cytoplasmic membrane [23,24]. In a previous report, we demon-
strated that lipoplexes can efficiently facilitate the delivery of BLM
into melanoma tumor cells via endocytosis [25].

An increasing number of studies have recently shown that
immunogene therapy is not only compatible with, but may be
synergistic with certain chemotherapies [26–28]. Thus, more
studies to explore the combined use of these two modalities are
compelling.

Most of the cancer gene therapy studies carried out on animal
models use tumor cell lines that were kept in culture for many
generations, making them very different from the original tumors.
Here, we established and characterized three human melanoma
cell lines derived from surgically excised melanoma tumors, to
evaluate potential in vivo responses of individual spontaneous
human melanomas to gene therapy. Our results suggest that
bleomycin in combination with suicide or interferon gene
treatment is able to effectively eradicate tumor initiating cells.

2. Materials and methods

2.1. Establishment of cell cultures from human melanoma tumors

This research work followed the tenets of the Declaration of
Helsinki and all samples were obtained after informed consent
from the patients. The clinical samples were approved and in
accordance with the institutional review board of the Instituto de
Oncología “Ángel H. Roffo”, Universidad de Buenos Aires, Argentina.
Primary cell lines derived from surgically excised lymph nodes
(hM1 and hM2) and spleen metastasis (hM4) of human melanomas
were obtained by mechanical disruption of tumor fragments in
serum free culture medium [29]. They were cultured as mono-
layers and multicellular spheroids at 37 �C in a humidified
atmosphere of 95% air and 5% CO2 with DMEM/F12 medium
(Invitrogen, Carlsbad, CA) containing 10% FBS (Invitrogen), 10 mM
HEPES (pH 7.4) and antibiotics [29]. Serial passages were done by
trypsinization (0.25% trypsin and 0.02% EDTA in PBS) of sub-
confluent monolayers [29].

For doubling time estimation using GraphPad Prism 6 software
(GraphPad Software Inc., USA), cells were trypsinized and 5 �104

cells were plated in duplicate in 6-well plates and cultured in
normal conditions. After trypan blue staining, cells were daily
counted in a Neubauer chamber.

2.2. Immunocytochemistry and BRAF mutation detection

Cells attached onto a glass slide were cultured for 48 h in the
above described conditions. Cells were then washed, fixed with
ethanol, re-hydrated and incubated separately with the following
specific monoclonal antibodies as described by the manufacturers:
antihuman melan A (BioGenex, San Ramon, CA; clone A103),
antihuman S-100 (BioGenex; clone 15E2E2), antihuman GP100
(BioGenex; clone HMB45); antihuman cytokeratin (Dako; clones
AE1/AE3). After washing, cells were incubated with Multi-Link
immunoglobulins (BioGenex) followed by streptavidin/peroxidase
conjugate and developed with 3,30-diaminobenzidine.

DNA was extracted using the High Pure FFPET DNA Isolation Kit
(Roche, Indianapolis, IN). BRAF mutational status was tested using
a commercial allele-specific real-time polymerase chain reaction-
based assay that can detect five point mutations in codon 600
(V600E, V600K, V600R, V600D, and V600M) when present in as
little as 1% of the tissue (B-Raf Mutation Analysis Kit II for detection
of B-Raf V600E/K/D/R/M Mutations—Entrogen, Woodland Hills,
CA).

2.3. Plasmids and transfection efficiency

Plasmids psCMVbgal (6.8 Kb) [29], psCMVtk (4.5 Kb) [29] and
psCMVhIFNb (3.9 Kb) [18] carry respectively Escherichia coli
b-galactosidase gene (3.5 Kb), herpes simplex thymidine kinase
(1.2 Kb) and human IFNb (0.6 Kb) in the polylinker site of psCMV
(3.3 Kb), downstream of the CMV promoter and upstream of poly A
sequences. The plasmids (bearing the kanamycin resistance gene
for selection in Escherichia coli) were amplified, chromatographi-
cally purified and quality assessed as described [19]. Plasmid DNA
for injection was resuspended to a final concentration of 2.0 mg/ml
in sterile PBS.

DC-Chol (3b[N-(N0,N'-dimethylaminoethane)-carbamoyl cho-
lesterol) and DMRIE (1,2-dimyristyl oxypropyl-3-dimethyl-
hydroxyethylammonium bromide) were kindly provided by
BioSidus (Buenos Aires, Argentina). DOPE (1,2-dioleoyl-sn-glyc-
ero-3-phosphatidyl ethanolamine) was purchased from Sigma
(Saint Louis, MO). Liposomes were prepared at lipid/co-lipid molar
ratios of 3:2 (DCChol: DOPE) or 1:1 (DMRIE:DOPE) by sonication as
described [18,29]. Lipids in chloroform solution were evaporated to
dryness, and liposomes were prepared by reconstitution in sterile
sodium phosphate buffer 0.1 M (pH 7.3) to a final concentration of
1.0 mg/ml, followed by 10 cycles of 15 s sonication at 4 �C. Before
lipofection, liposomes and plasmid DNA (1:2, v:v) were mixed and
allowed to complex at room temperature for 10 min. Optimal lipid
mixtures were determined for every cell line.

In most experiments, cells were seeded into 12-well plates at a
density of 3–5 �104 cells/cm2 and were allowed to adhere
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overnight. Monolayers were exposed to lipoplexes (0.5 mg plasmid
DNA/cm2 and 1 ml liposome/cm2) from 3 to 5 h in a serum-free
medium. Then the lipofection medium was replaced with fresh
complete medium.

To ensure that they were comparable in different experiments,
transfection efficiencies were checked 24 h after lipofection by
b-galactosidase staining with 5-bromo-4-chloro-3-indolyl b-D-
galactopyranoside (X-GAL, Sigma) and further counting with an
inverted phase contrast microscope [19].

2.4. Sensitivity to suicide and hIFNb gene in vitro assays

Twenty-four hours after lipofection, with suicide gene (SG,
HSVtk/GCV), hIFNb, or bgal alone or co-delivered with BLM (3 mg/
ml), cells were seeded on regular plates as monolayer (3.5–
7.0 � 104 cells/ml) or on top of 1.5% solidified agar to form
spheroids (1.0 � 105 cells/ml) and incubated with medium con-
taining 5 mg/ml ganciclovir (Richet, Buenos Aires, Argentina). After
5 days in monolayers or 13 days in spheroids, cell viability was
quantified using the acid phosphatase (APH) assay [25]. Briefly,
spheroids growing in liquid overlay were transferred to 96-well
microplates, washed and finally incubated for 90 min at 37 �C, with
100 ml per well of the assay buffer (0.1 M sodium acetate, 0.1%
Triton-X-100, supplemented with p-nitrophenyl phosphate).
Following incubation, 10 ml of 1 N NaOH was supplemented to
each well, and absorption at 405 nm was measured within 10 min.

2.5. Flow cytometry cell cycle analysis

Three days after lipofection, with SG, hIFNb, or bgal alone or co-
delivered with BLM, cells were trypsinized, fixed in 70% (v/v)
ethanol at �20 �C for 1 h, treated with RNase, stained with 10 mg/
ml propidium iodide for 30 min, and subjected to single-channel
flow cytometry on a Becton Dickinson FACScan (Franklin Lakes, NJ),
with collection and analysis of data performed using Becton
Dickinson CELLQuest software [29].

2.6. Measurement of cellular reactive oxygen species (ROS) production

Three days after lipofection with SG, hIFNb, or bgal alone or co-
delivered with BLM, cells were detached, washed with PBS and
incubated with 5 mM H2DCF-DA (Invitrogen), a cell-permeable
non-fluorescent dye that in the presence of intracellular oxidants is
converted to fluorescent DCF [18]. After 20 min, normal culture
conditions were re-established and the cellular fluorescence
intensity was analyzed by flow cytometry as described above.
The final data were analyzed using the Flowing software and the
medium intensity of fluorescence was calculated (Geometric
Mean: Gm). The results were expressed as the Gm percentage
to the untreated control cells.
Table 1
Characteristics of cultured melanoma cells.

Cell line Duplication time (h)/
[n]

PI (%)/[n] ROS (geometric mean)/
[n]

Clo
cap
(%)

hM1 24.4 � 0.6/[3] 18.8 � 1.5/
[12]

33.2 � 4.5/[20] 2.3

hM2 33.3 � 0.4/[3] 14.2 � 1.6/
[11]

73.6 � 7.0/[18] 14.

hM4 28.3 � 0.1/[3] 31.4 � 1.5/[7] 153.3 � 20.7/[10] 1.2
hM1 vs. hM2 p < 0.0001 p < 0.05 p < 0.0001 p <

hM1 vs. hM4 p < 0.0004 p < 0.0001 p < 0.0001 p <

hM2 vs. hM4 p < 0.0001 p < 0.0001 p < 0.0001 p <

Time course of growth was determined by trypan blue exclusion cell counting and lipofe
and methods. Proliferation index (PI) of untreated cells was determined by evaluating th
species.
2.7. Colony formation assay

Surviving cells after 6 (monolayers) or 13 days (spheroids) of
chemo-gene treatments were trypsinised into single cells. Mono-
dispersed cells were seeded at low density (400–600 cells/ml,
1000–1500 cells/well in a 6-well plate) and incubated at 37 �C with
complete medium until colonies were visible. Medium was
changed once a week. After 7–10 days of culture, plates were
washed, fixed with 5% acetic acid in ethanol, and stained with
crystal violet. The number of colonies was counted under an
inverted microscope. The clonogenic capacity was defined as the
percentage of cells able to grow as colonies of more than 10 cells.

2.8. Melanosphere formation assay

Surviving cells after 6 (monolayers) or 13 days (spheroids) of
chemo-gene treatments were trypsinised into single cells and
plated onto 12-well low attachment suspension culture plates
(Greiner Bio-One, Köln, Germany) at a density of 2000–2500 viable
cells/ml. Cells were grown in 1 ml serum-free media, supple-
mented with B27 (Gemini Bioproducts, West Sacramento, CA), and
20 ng/ml EGF [30]. Melanospheres were counted after 6–8 days in
culture with a Nikon eclipse TE2000-S inverted microscope. The
melanosphere forming capacity was defined as the percentage of
cells able of clonal proliferation as melanospheres with more than
8 cells.

2.9. Statistics

Results were expressed as mean � standard error of the mean
(s.e.m.) (n: number of experiments corresponding to independent
assays). Differences between groups were analyzed using unpaired
Student’s t-test (if two groups), One-way ANOVA followed by
Tukey’s test (if more than two groups) or two-way ANOVA
followed by Bonferroni test (if two nominal variables). Correlations
were determined by Pearson test with GraphPad Prism program
(GraphPad Software Inc., USA). p < 0.05 values were considered
statistically significant.

3. Results

3.1. Melanoma derived cell lines displayed considerable heterogeneity

Three human melanoma cell lines, derived from patient tumor
tissue were successfully established. They derived from surgically
excised lymph nodes (hM1 and hM2) or spleen (hM4) metastases
and were maintained in culture for over 60 passages.

By determining duplication times (DT) in standard culture
medium, we found a fast (hM1), an intermediate (hM4) and a slow
(hM2) growing melanoma cell line (Table 1). This significantly
nogenic
acity
/[n]

Melanospheres forming capacity
(%)/[n]

Lipofection rate (%)/[n]

 � 0.2/[32] 9.0 � 0.6/[12] 8.0 � 1.2/[33]

6 � 1.6/[46] – 3.4 � 0.6/[24]

 � 0.1/[6] 3.8 � 0.4/[8] 0.4 � 0.1/[7]
 0.0001 – p < 0.005
 0.05 p < 0.0001 p < 0.01
 0.005 – p < 0.01

ction efficiency was measured as blue X-Gal stained cells as described in Materials
e percentage of cells in the S, G2/M and hyperdiploid phases. ROS: Reactive oxygen

Chiara
Resaltar



Table 2
Tumor markers and morphology of cultured human melanoma cells.

Cell line CD68 S100 Melan A gp100 Cytokeratin BRAF Cell type Origin

hM1 � +++ +++ + � V600E FS LN mts
hM2 � +++ ++ + + V600E EP LN mts
hM4 � +++ ++ + � wt FS spleen mts

Cells growing for 3 days in monolayer were fixed and treated for markers staining or BRAF mutation (V600E) as described in Materials and methods. wt: wild type; LN: lymph
node; mts: metastasis; FS: fibroblastic; EP: epithelioid. The number of + symbols represent a semi-quantitative estimation of the relative staining of each individual tumor
marker among the three cell lines.
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longer DT for hM2 was consistent with the lower proliferation
index (PI) as the number of cells in S, G2/M and hyperdiploid
phases. In addition, hM2, that formed 5- and 10-fold more colonies
than hM1 and hM4, was not able to form melanospheres (MS)
when plated in serum-free media in low attachment suspension
culture plates. Accordingly, hM2 cells exhibited a more epithelial
morphology and a tight cell-to-cell and cell-substrate interactions
(Table 2). Conversely, hM1 and hM4 showed fibroblastic shaped
cells and scattered monolayers (mnl) that were easily detached by
Ca2+ depletion (Table 2). Moreover, hM4 cells, with the highest
basal proliferation index (PI) and intracellular reactive oxygen
species (ROS), exhibited the lowest clonogenic and melanosphere
forming capacity.

All these basal parameters of untreated cell lines are in
agreement with the high heterogeneity commonly seen in
melanomas [13–15].

3.2. Cultured cell lines expressed melanoma specific markers

Melanocytes arise from embryonic neuroectoderm and retain
the ability to differentiate into spindled or epithelioid cells, being
identification of melanoma difficult in poorly differentiated
amelanotic tumors. Specific markers can help in the diagnosis.
As shown in Fig. 1, S100, an isoform of a calcium binding protein
Fig. 1. Detection of melanoma specific antigenic markers by immunocitochemistry. Cells
against CD68, S100, Melan A, gp100 and cytokeratin (Ck), as described in Materials an
restricted to neuroectodermal cells, was high in the three cell lines.
Melan A (expressed in pigmented cells) and gp100 (expressed in
activated melanocytes) are two specific and sensitive melanoma
antigens associated with cell proliferation programs [31,32]. Melan
A was high in hM1 and moderate in hM2 and hM4. Besides, the
three lines also co-expressed gp100, suggesting a proliferative
behavior. Cytokeratin (a keratinocyte specific marker) was low in
hM1 and hM4, but high in the epithelial-like hM2. On the other
hand, the three cell lines were negative for CD68 (lysosome-
associated glycoprotein). Taking into account the therapeutic
relevance of BRAF, we evaluated its mutation status. While hM4
had the wild type genotype, hM1 and hM2 presented the BRAF
V600E mutation (Table 2).

Thus, morphologic analysis and the positive staining for most of
the assayed markers (Table 2) confirmed the previous histopatho-
logical diagnosis of melanoma.

3.3. Melanoma cells grew in vitro as multicellular spheroids

Multicellular tumor spheroids are heterogeneous cellular
aggregates that are considered valid models to recapitulate
features of tumor microregions or micrometastases [29]. The
three cell lines were able to grow as multicellular spheroids (Fig. 2).
While in hM2 and hM4 spheroids cells appeared intimately
 growing for 2 days onto glass slides were fixed and stained with specific antibodies
d methods, and photographed (200�).



Fig. 2. Cytotoxic effects of bleomycin (BLM), human interferonb- (hIFNb) gene and suicide gene (SG) system (HSVtk/GCV) on monolayers and spheroids of human melanoma
cells. The assay was performed as described in Materials and methods. The results represent means � s.e.m. of n = 20 (hM1 and hM2), and n = 6 (hM4) independent
experiments. In this case each value was relative to the respective control (ctl) condition: monolayers (mnl) or spheroids (sph). * vs the respective b-galactosidase gene (bgal);
o BLM vs their respective value without BLM; +BLM/genes combined treatments vs their respective ctl + BLM;* sph vs their respective value in mnl. One symbol: p < 0.05, two
symbols: p < 0.01, three symbols: p < 0.001.
Lower panels: Images represent individual human melanoma spheroids treated as described in the bar plots. Spheroids growing in suspension in 96-well plates for 13 days
were photographed using an inverted phase contrast microscope (40�).
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associated with each other and closely packed, in hM1 they
appeared as loosely associated aggregates where single cells could
be clearly distinguished (Fig. 1).

3.4. Melanoma cells displayed considerable response diversity to the
assayed treatments

Simultaneous attack of different therapeutic targets often
constitutes an effective strategy for the treatment of the oncologic
patient. Thus, we explored if both, human interferon-b (hIFNb)
gene and herpes simplex thymidine kinase/ganciclovir (HSVtk/GCV)
suicide gene (SG) therapy could be successfully combined with
bleomycin (BLM) for treating the human melanoma derived cell
lines.

We estimated the SG cytotoxicity at the pharmacologically
relevant 5 mg/ml ganciclovir (GCV) concentration, similar to an
intratumor standard dose for our canine patients [33]. As shown in
Fig. 2, the tested cell lines were sensitive to both, hIFNb and SG
lipofection in both spatial configurations (hM2 sph excluded).

Lipofection rates were <10% in the three cell lines (Table 1).
Even though variability in lipofection efficiencies of cell lines could
explain the heterogeneity of the responses, no correlation was
observed between gene cytotoxicity and their lipofection efficien-
cies. The hM1 cell line, with lipofection efficiency of about 8%, was
more sensitive to SG system in both spatial configurations. On the
other hand, hM2 presenting very low lipofection efficiency (about
3%), was less (mnl) or no sensitive (sph) to SG system and more
sensitive to hIFNb gene in both spatial configurations. The
remaining cell line, hM4, exhibited similar susceptibility to both
hIFNb and SG in both spatial configurations. Surprisingly, this line
with fair lipofection efficiency (<1%), displayed the highest
sensitivity to both hIFNb and SG gene when growing as
monolayers.

Interestingly, the three lines were sensitive to BLM alone in both
spatial configurations. However, control lipofection (bgal) en-
hanced BLM cytotoxicity in the three lines: hM1 (both spatial
configurations), hM2 (mnl) and hM4 (sph). This effect was
probably due to lipoplexes mediated cellular uptake [25]. On
the other hand, the combination with BLM enhanced the individual
effects of both, hIFNb and SG gene, in the three lines in both spatial
configurations (hM4 sph excluded). Even the SG insensitive hM2
spheroids displayed increased sensitivity to the BLM/SG combina-
tion. Lastly, the highest antitumor effects were found with the
combination of hIFNb plus BLM, in the three lines in both spatial
configurations.

With the exception of hM1, hM2 and hM4 showed equal or
greater response to our chemo-gene treatments as monolayers
than as their respective spheroids. This decreased sensitivity of
spheroids would be based on the phenomenon called multicellular
resistance (MCR) that reflects the relative intrinsic treatment-
resistant phenotype of most solid tumors growing in vivo [29].

Microscopic monitoring of treated spheroids (Fig. 2) paralleled
the results obtained by the APH assay (see Materials and methods).

3.5. The treatments increased the fraction of cycling cells

In a previous paper we demonstrated that, in opposition to the
treatment, there is a repopulation (re-growth) mechanism whose
strength would be intrinsic of each individual tumor [29].

Here, we observed that, in these three human melanoma lines,
our chemo-gene treatments enhanced the proliferative phenotype
of these cells which subsequently led to increased sensitivity to
these therapeutic agents (Fig. 3a). This was confirmed by the
correlation between the fraction of cells exhibiting high prolifera-
tion index (PI) and the extent of the cytotoxic response of our
treatments (Fig. 3b,c,d).
The hM2 cell line, that manifested the highest re-growth
resistance phenotype, exhibited a high inverse correlation (p
< 0.0003) between PI and hM2 cell survival to all the treatments in
both spatial configurations (mnl: R2 = 0.878, sph: R2 = 0.917). The
correlation was maintained when the treatments were analyzed
separately: the genetic treatments (mnl: R2 = 0.982, sph:
R2 = 0.935; p < 0.02) and BLM/genes combined treatments (mnl:
R2 = 0.936, sph: 0.935; p < 0.02).

On the other hand, hM1 showed an inverse correlation between
PI and cell survival to both, genetic treatment (mnl: R2= 0.982, sph:
R2 = 0.981; p < 0.02) and BLM/genes combined treatments (mnl:
R2 = 0.896, sph: R2 = 0.974; p < 0.03). However, no correlation was
found when all the treatments were compared collectively.

Even hM4, with the highest basal levels of cycling diploid and
hyperdiploid cells, increased the proportion of cells with high PI in
response to the treatments. This cell line also displayed a
significant correlation between PI and cell survival to all the
treatments in both spatial configurations (mnl: R2 = 0.75, sph:
R2 = 0.76; p < 0.004). The PI also correlated with hM4 survival to
genetic treatments in spheroids (R2 = 0.8699; p = 0.037), but no
correlation was found in monolayers. A direct correlation between
PI and hM4 spheroid survival to genes/BLM combined treatments
would be likely (R2 = 0.7712, p = 0.06). These data, and those of hM1
(all treatments), suggest that the higher cytotoxicity of the
combined chemo-gene treatments could be due to its ability (i)
to kill both dividing and quiescent cells or (ii) to promote
proliferation of melanoma cells, and therefore increasing their
sensitivity to these therapeutic agents.

3.6. The treatments increased the fraction of cells with high ROS levels

Reactive oxygen species play a major role in cellular prolifera-
tion, differentiation and survival [34,35]. High ROS state is linked
with proliferative activity and cell differentiation [34–37].

Previous results from our laboratory [18,19] indicate that IFNb-
lipofection increases ROS concentration in human and canine
melanoma cell lines. Thus, we explored a possible link between an
increase in ROS and treatment cytotoxicity in our new established
cell lines.

As seen in Fig. 4a, the treatments that significantly decreased
cell viability increased the subpopulation of cells with high
intracellular ROS levels in the three cell lines. As with PI, the rise in
ROS levels correlated with the extent of the cytotoxic response. The
three cell lines exhibited an inverse correlation (p < 0.05) between
intracellular ROS levels and cell survival to the chemo-gene
treatments in both spatial configurations (Fig. 4b).

3.7. Surviving tumor cells displayed a reduced clonogenic capacity
after treatments

After seeding the same number of surviving cells, we found that
hM2 formed respectively 5- and 10-fold more colonies than hM1
and hM4, suggesting that hM2 could have a higher proportion of
tumor initiating cells (TIC) (Table 1 and Fig. 5).

As shown in Fig. 5, all the treatments that significantly
decreased cell viability, decreased the clonogenic capacity of the
surviving cells after treatments. It is worth to note that the
clonogenic capacity of surviving cells of the three cell lines almost
disappeared (hM1 and hM2) or disappeared after treatment with
BLM alone or combined with genes (Fig. 5a).

The morphology of the clones was variable. While hM2 tended
to form spherical aggregates and hM4 elongated aggregates, hM1
tended to form both spherical and elongated aggregates (Fig. 5b).
The hM2 cell line formed growing colonies that after 2 or 3 weeks
produced bigger colonies, visible in plain sight. Conversely, hM1



Fig. 3. Effects of SG (HSVtk/GCV) and hIFNb lipofection in the absence or presence of BLM on the proliferation index of melanoma cells. Cells growing for 5 days as monolayers
were suspended, treated and subjected to flow cytometry analysis as described in Materials and methods. The proliferation index (PI) was determined by evaluating the
percentage of cells in the S, G2/M and hyperdiploid phases. (a) The results represent means � s.e.m. of n = 6 (hM1 and hM2), and n = 4 (hM4) independent experiments. * vs
their respective ctl; o BLM vs their respective value without BLM; +BLM/genes combined treatments vs their respective ctl + BLM. Correlations between PI and cells survival
(from Fig. 2) in mnl (^) or sph (*) to all the treatments (b), or to the treatments without (c) or with BLM (d) were determined by Pearson test with GraphPad Prism program.
One symbol: p < 0.05, two symbols: p < 0.01, three symbols: p < 0.001. Correlation functions: lin, linear; log, logarithmic; exp, exponential. See other abbreviations in Fig. 2.
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Fig. 4. Effects of SG (HSVtk/GCV) and hIFNb lipofection in the absence or presence of BLM on intracellular reactive oxygen species (ROS) production by melanoma cells.
Intracellular ROS levels were measured by means of H2DCF-DA probe as described in Materials and methods. (a) The results represent means � s.e.m. of n = 6 (hM1 and hM2),
and n = 3 (hM4) independent experiments. * vs their respective bgal; o BLM vs their respective value without BLM; + BLM/genes combined treatments vs their respective
bgal + BLM. (b) Correlations between ROS levels and cells survival (from Fig. 2) to all treatments in mnl (^) or sph (*) were determined by Pearson test with GraphPad Prism
program.
One symbol: p<0.05, two symbols: p<0.01, three symbols: p<0.001. See abbreviations in Fig. 2.

C. Fondello et al. / Biomedicine & Pharmacotherapy 83 (2016) 290–301 297
and hM4 colonies did not persist over time in growing medium,
undergoing cell death after two weeks (Fig. 5b).

A notable finding was the direct correlation between the
fraction of surviving cells after any treatment and the clonogenic
efficiency in the three cell lines. There was a higher correlation
(p < 0.0004) of clone forming capacity of surviving cells when
growing as spheroids in the three cell lines (Fig. 5c).

3.8. Surviving tumor cells decreased their melanosphere forming
capacity

Cancer treatments such as chemo and radiotherapy have been
shown to lead to an increase of cells with stem cell properties such
as self-renewing capacity [36].

However, few reports have addressed whether gene and
chemo-gene treatments sensitize this particular cell population
[38]. To answer this question, we carried out melanosphere assays
with the treatment-resistant surviving cells. In these assays, we
were able to identify melanosphere forming capacity (MFC) in hM1
and hM4 human melanoma cell lines. All cytotoxic treatments
decreased the number and size of MS derived from surviving cells.
In hM1, the combination with BLM enhanced the individual effect
of both SG and hIFNb gene. A very dramatic decrease of MS
initiating subpopulation of hM1 surviving cells was found after the
BLM/hIFNb combined treatment (Fig. 6a).
As shown in Fig. 6a,b, hM1 cells displayed better MFC than hM4
cells. On the other hand hM2 cells, that readily formed spheroids
when plated on top of solidified agar, were not able to form MS
under non-adherent and serum-free conditions. While hM1 and
hM4 cells displayed a MS-growing phenotype (Fig. 6b), hM2 cells
grew as an adherent phenotype under the same culture conditions
(data not shown).

When seeded in a growing medium favorable for adhesion
(supplemented with 10% of FBS), hM1 MS from untreated control,
bgal- and hIFNb-expressing cells, disassembled and grew as a
monolayer, reaching confluence in about 3, 3 and 6 weeks
respectively. These control, bgal- and hIFNb-expressing MS cells
had the ability to form secondary MS. The same number of MS cells
produced less secondary MS than their primary counterparts (data
not shown). Conversely, other treatments produced smaller hM1
MS that did not last as long in the growing medium (data not
shown). On the other hand, hM4 small MS when seeded onto an
adherent substrate with growing medium did not disassemble.
Regardless of the pretreatment, hM4 MS remained as non-growing
MS for up to 3 months (n = 3, data not shown).

Cells derived from hM1 control MS were separately cultured for
over 30 passages in the FBS supplemented medium. This new
hM1MS line variant exhibited similar or lower self-renewing
capacity than hM1 (Fig. 6a).



Fig. 5. Clonogenic capacity of the surviving melanoma cells to SG (HSVtk/GCV) and hIFNb lipofection in the absence or presence of BLM. (a) Clonogenic capacity of hM1, hM2
and hM4 treatment surviving cells (relative to the number of seeding cells) assessed at day 6 (mnl) or 13 (sph) after seeding at low density as described in Materials and
methods. The results represent means � s.e.m. of n = 12 (hM1 and hM2), and n = 3 (hM4) independent experiments. * vs their respective ctl; o BLM vs their respective value
without BLM; + BLM/genes combined treatments vs their respective ctl + BLM. (b) Representative examples of colony forming activity by the three human lines treated as
described in the bars plot. (c) Correlations between the clonogenic capacity and cells survival (from Fig. 2) to all treatments in mnl (^) or sph (*) determined by Pearson test
with GraphPad Prism program.
One symbol: p < 0.05, two symbols: p < 0.01, three symbols: p < 0.001. See abbreviations in Fig. 2.
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A significant finding was the high correlation between the
amount of cells surviving treatments and the number of MS in both
spatial configurations for hM1, hM4 and hM1MS (Fig. 6c).

4. Discussion

Here, we established and characterized three human melanoma
cell lines obtained from lymph nodes (hM1 and hM2) and spleen
metastasis (hM4). They presented cell heterogeneity and response
diversity to our chemo-gene treatments compatible with the
clinical diversity of this disease [13–15]. However, a pattern
emerging from our findings strongly suggests that, compared to a
single treatment, the combination of gene transfer and BLM may
have greater antitumor efficacy.

Thus, in the absence of a prognostic molecular analysis about
the possible response of a given tumor to any therapy, the
development of new combinations of treatment strategies could
significantly target different cancer cell subpopulations overcom-
ing treatment resistance.

In their dynamic and adaptive phenotype, melanoma cells
switch from a highly proliferative, poorly invasive phenotype to a
highly invasive, less proliferative and therapy resistant one [31,32].
As suggested by Melan A and gp100 melanoma antigen expression,
and BRAF V600E mutation, the three cell lines exhibited a
proliferative behavior [31,32,39]. Even hM4 cells, that displayed
a wild type BRAF genotype, exhibited the highest basal PI. In
agreement with this, the three human melanoma lines presented
re-growth resistance to our chemo-gene treatments by enhancing
the fraction of cells actively proliferating with high intracellular
levels of ROS. A noteworthy finding was the correlation between
the cytotoxicity of our chemo-genetic treatments and the fraction
of cells exhibiting (i) high PI, and (ii) high intracellular levels of



Fig. 6. Melanosphere forming capacity of the surviving melanoma cells to SG (HSVtk/GCV) and hIFNb lipofection in the absence or presence of BLM. Measurements were
performed at day 6 (mnl) or 13 (sph) after seeding at low densities as described in Materials and methods. (a) The results represent the percentage of seeding cells as
means � s.e.m. of n = 6 (hM1), and n = 3 (hM1Ms and hM4) independent experiments. * vs their respective ctl; � BLM vs their respective value without BLM; + BLM/genes
combined treatments vs their respective ctl + BLM. (b) Representative examples of melanosphere forming capacity of treatments surviving cells as described in the bars plot.
(c) Correlations between melanosphere forming capacity and cells survival (from Fig. 2) to all treatments in mnl (^) or sph (*) determined by Pearson test with GraphPad
Prism program.
One symbol: p < 0.05, two symbols: p < 0.01, three symbols: p < 0.001. See abbreviations in Fig. 2.
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ROS. Along this line, there is evidence that melanomas that gave
rise to the fastest growing tumors also had the lowest frequency
(13%) of tumorigenic cells, whereas a melanoma that gave rise to
slow growing tumors had a remarkably high frequency (70%) of
tumorigenic cells [13]. Besides, it was reported that cells with high
intracellular ROS levels are actively proliferating and more
sensitive to therapy and differentiation [35]. Conversely, low
ROS phenotype is a common property of cancer stem cells,
required for the maintenance of their self-renewal capacity,
quiescent state, high tumorigenicity and therapy resistance.
Reversible cellular quiescence is a hallmark of stem cells. This
ability protects these cells from a harsh environment and prevents
their exhaustion imposed by constant cycling [40,41]. Also some
reports demonstrate that higher ROS state is essential for
proliferation of stem/progenitor cells [42,43]. Accordingly, it was
suggested that increased intracellular ROS levels as a result of
oxidative stress, inhibit self-renewal and induces differentiation of
glioma tumor initiating cells (TIC) [11].
Our results suggest that, these chemo-gene treatments
enhanced the fraction of more differentiated and treatment-
sensitive cells. If this were the case, our treatments should
decrease the sub-population of quiescent or slow cycling TIC. This
was in fact observed in Figs. 5 and 6, where two functional keys of
TIC, the clonogenic and the melanosphere forming capacity (MFC)
of the survivor cells, almost disappeared after 6 days of BLM/
genetic combined treatments.

Undoubtedly, an encouraging outcome was the high correlation
between the fraction of cells surviving our chemo-genetic treat-
ments with their (i) colony and (ii) melanosphere forming capacity
in the three tested lines.

A very significant finding was that, the clonogenic capacity of
the hM4 surviving cells disappeared after treatment with BLM
alone or combined with genes. However, the same pool of hM4
cells surviving to BLM, formed melanospheres (MS) under non-
adherent and serum-free conditions. Conversely, the epithelioid
hM2 cells in complete medium: (i) readily formed multicellular
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spheroids under non-adherent conditions and (ii) were able to
proliferate from a clone in adherent conditions (Fig. 5), but (iii)
were not able to form MS by clonal proliferation under serum-free
non-adherent conditions. These data suggest that colony and
melanosphere forming capacity could involve two different
subpopulations of TIC. Consistently with this hypothesis it was
reported that tumor stem cells maintained a spheroid-growing
phenotype; while progenitor cells grew as an adherent phenotype
in serum containing medium [35].

The hM1 cell line displayed higher melanosphere forming
capacity than hM4 (Fig. 6c), suggesting a higher ratio of stem/
progenitors among TIC [35]. This cell line formed bigger spheroids
with multiple loosely associated cell aggregates like an association
of numerous MS. However, combined BLM/genes treatments
reduced their proportion to about 2% of the seeding cells, similar
to that of hM4 cells.

In melanoma, the quiescent state appears to be necessary for
retaining the self-renewal capacity of TIC. A significant reduction in
the sphere-forming capacity of MS cells generated by combined
treatments suggested that, BLM and the sustained expression of
IFNb and SG, reduced the melanoma TIC compartment by
promoting long term TIC self-renewal, repopulating activity and
differentiation. Thus, our chemo-gene treatments could affect the
responding compartment and the cell status within each
compartment controlling its plasticity.

All these data support the hypothesis that our chemo-gene
treatments were able to eliminate TIC. Perhaps, by co-delivering
lipid-complexed SG and hIFNb gene together with BLM, we
allowed an effective transfer of high doses of the drug to the tumor
cells, overcoming TIC resistance. One of the factors contributing to
TIC resistance to therapeutic agents is the presence of multiple
drug resistance membrane transporters, such as the ATP-binding
cassette (ABC) drug transporters. However, lipoplexes carrying our
chemo-gene therapeutic agents enter the cell via endocytosis, an
important mechanism that enables them to bypass ABC trans-
porters [44,45,25].

It is worth to note that the in vitro lipofection of our chemo-gene
therapeutic agents applied only once produced a significant
cytotoxicity. Therefore, repeated in vivo intra tumor administra-
tions of this treatment allowing a continuous and sustained local
expression of SG and hIFNb genes, in an immunestimulated
microenvironment, could provide additional antitumor activity.
The successful clinical outcome of our veterinary clinical trials in
canine spontaneous melanoma patients is consistent with this
premise. Direct intralesional injections of lipid-complexed plasmid
DNA (lipoplex) encoding SG plus GCV yielded 62% and 46% of in
vivo objective responses with 30% and 14% of complete responses
[33]. This high proportion of tumor complete responses suggests
that our SG therapy was able to eliminate TIC in vivo. In addition,
our surgery adjuvant veterinary clinical trials combination of a
systemic anti-cancer vaccine with local SG [33] and SG plus cIFNb
[21] delayed or prevented post-surgical recurrence and distant
metastasis while significantly improved disease-free and overall
survival of our canine patients.

All these data strongly suggest that our genetic treatment was
able to, in vitro and in vivo, reduce TIC which ultimately drive tumor
recurrence and metastatic disease, resulting in patient relapse
[46].

Given that melanoma TIC recurrently change their surface
marker proteins (that are characteristic in other tumors) keeping
their TIC status [13], our results highlight the importance of
tackling TIC with a wide-ranging functional treatment, instead of
targeting individual genetic changes or certain profiles of cell
surface marker proteins. Further studies to identify appropriate
clinical and molecular markers of “stemness” are imperative to
solve this puzzle.
Altogether, the results presented here suggest that the
combined chemo-gene treatments could eradicate TIC, encourag-
ing further in vivo studies for testing its possible translation to the
clinic.
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