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Abstract

Purpose Metastatic melanoma is the deadliest form of
skin cancer. It is highly resistant to conventional therapies,
particularly to drugs that cause apoptosis as the main anti-
cancer mechanism. Recently, induction of autophagic cell
death is emerging as a novel therapeutic target for apop-
totic-resistant cancers. We aimed to investigate the under-
lying mechanisms elicited by the cytotoxic combination
of  2-chloro-N(6)-(3-iodobenzyl)-adenosine-5’-N-methyl-
uronamide (Cl-IB-MECA, a selective A; adenosine recep-
tor agonist; 10 wM) and paclitaxel (10 ng/mL) on human
C32 and A375 melanoma cell lines.

Methods Cytotoxicity was evaluated using 3-(4,5-dimeth-
ylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide reduc-
tion, neutral red uptake, and lactate dehydrogenase leak-
age assays, after 48-h incubation. Autophagosome and
autolysosome formation was detected by fluorescence
through monodansylcadaverine-staining and CellLight®
Lysosomes-RFP-labelling, respectively. Cell nuclei were
visualized by Hoechst staining, while levels of p62 were
determined by an ELISA kit. Levels of mammalian target
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of rapamycin (mTOR) and the alterations of microtubule
networks were evaluated by immunofluorescence.

Results We demonstrated, for the first time, that
the combination of CI-IB-MECA with paclitaxel sig-
nificantly increases cytotoxicity, with apoptosis and
autophagy the major mechanisms involved in cell death.
Induction of autophagy, using clinically relevant doses,
was confirmed by visualization of autophagosome and
autolysosome formation, and downregulation of mTOR
and p62 levels. Caspase-dependent and caspase-inde-
pendent mitotic catastrophe evidencing micro- and mult-
inucleation was also observed in cells exposed to our
combination.

Conclusions The combination of Cl-IB-MECA and pacli-
taxel causes significant cytotoxicity on two melanoma cell
lines through multiple mechanisms of cell death. This mul-
tifactorial hit makes this therapy very promising as it will
help to avoid melanoma multiresistance to chemotherapy
and therefore potentially improve its treatment.

Keywords Melanoma - Autophagy - mTOR - Apoptosis -
Mitotic catastrophe

Abbreviations
Ac-DEVD-CHO N-Ac-Asp-Glu-Val-Asp-CHO

Cl-IB-MECA 2-Chloro-N(6)-(3-iodobenzyl)-
adenosine-5’-N-methyl-uronamide

CTR Control

DMSO Dimethyl sulfoxide

DMEM-HG Dulbecco’s modified Eagle’s medium—
high glucose

FBS Foetal bovine serum

LAMP1 Lysosomal-associated membrane
protein 1

LDH Lactate dehydrogenase
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LY294002 2-(4-Morpholinyl)-8-phenyl-4H-1-ben-
zopyran-4-one hydrochloride

3-MA 3-Methyladenine

MC Mitotic catastrophe

MDC Monodansylcadaverine

mTOR Mammalian target of rapamycin

MTT 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphe-
nyl tetrazolium bromide

NAC N-acetylcysteine

NR Neutral red

PI3K Phosphoinositide 3-kinase

PXT Paclitaxel

RFP Red fluorescent protein

ROS Reactive oxygen species

SQSTM1 Sequestosome 1

Introduction

Metastatic melanoma is the deadliest form of skin cancer,
and its incidence is globally rising (Jemal et al. 2010). This
aggressive disease has an extremely poor prognosis because
it is highly resistant to conventional therapies (Tawbi and
Kirkwood 2007). The overall survival of patients with met-
astatic melanoma is lower than 2 years (Jemal et al. 2010).
Indeed, it is the most treatment-resistant human cancer (de
Souza et al. 2012), remaining one of the greatest challenges
in oncotherapy.

Most chemotherapeutic drugs are described to cause cell
death through apoptosis (Fulda and Debatin 2006). Apopto-
sis is a highly structured and orchestrated cell suicide mech-
anism induced by physiological or pathological stimuli and
controlled by specific genes and multiple signalling pathways
(Elmore 2007). Activation of caspase-dependent and/or cas-
pase-independent processes results in apoptosis that include
features of cell shrinkage, nuclear fragmentation, chromatin
condensation, and membrane blebbing (Hengartner 2000).

Recently, increasing evidence revealed that some
chemotherapeutic drugs can also act by inducing mitotic
catastrophe (MC), which is characterized by micro- and
multinucleated cells, resulting in cell death (Hanahan and
Weinberg 2011; Vakifahmetoglu et al. 2008). It is being
reported that MC shares several biochemical hallmarks
with apoptosis, in particular caspase activation, being pro-
posed as a special case of apoptosis (Castedo et al. 2004b).
However, it is not yet well established whether MC results
in death that requires caspase activation or not (Mansilla
et al. 2006), and the clear definition of the concepts of MC
is still missing (Vakifahmetoglu et al. 2008). Nevertheless,
induction of MC is an attractive strategy for developing
new anticancer therapies (Hung et al. 2013).

It is well accepted that the limited success of most cur-
rent therapeutic strategies used in metastatic melanoma is
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due, at least in part, to cancer cells ability in escaping apop-
tosis, thus leading to drug resistance (Soengas and Lowe
2003). Drugs that activate pathways overcoming mela-
noma’s apoptosis resistance and inducing cell death have,
therefore, great potential for melanoma therapeutic inter-
ventions. Recently, another type of cell death, autophagy,
has become an alternative approach to anticancer therapy
(Hanahan and Weinberg 2011), as pro-autophagic drugs
seem to represent a novel therapeutic weapon for apopto-
sis-resistant cancers (Tsujimoto and Shimizu 2005).

Autophagy is mainly a self-destructive process that
degrades intracellular structures in response to stress, con-
tributing for both cell survival, in adverse conditions (nutri-
ent starvation or metabolic stress), and conversely cell
death (White and DiPaola 2009). This process begins with
the sequestration of cytoplasmic material (cargo) in double-
membrane vacuoles called autophagosomes or autophagic
vacuoles, which undergo maturation, including fusion
with lysosomes to form autolysosomes, where the cargo is
degraded (Kung et al. 2011).

The AKT/mammalian target of rapamycin (mTOR)
signalling pathway promotes tumour cell proliferation
and resistance to drug-induced apoptosis (LoPiccolo
et al. 2008), being highly active in several cancers includ-
ing melanoma (Dai et al. 2005). This pathway is also a
key negative regulator of autophagy (Jung et al. 2010). In
fact, several studies have reported the importance of phos-
phoinositide 3-kinase (PI3K)/AKT/mTOR pathway in
regulating autophagy (Jung et al. 2010; Saiki et al. 2011),
although, at this point, little is known in cancer regulation.
Class I and class III PI3K regulate autophagy differently:
class I PI3K/AKT/mTOR pathway inhibits autophagy
and class III PI3K, by contrast, promotes the sequestra-
tion of cytoplasmic material that occurs during autophagy,
at the trans-Golgi network (Liu et al. 2013; Kihara et al.
2001). Currently, it has been proposed that the use of
PI3K/AKT/mTOR pathway inhibitors may be a successful
strategy to treat melanoma (Gao et al. 2013).

Evidence suggests that tumour cells can undergo both
apoptosis and autophagic cell death in response to therapy
because these pathways might be triggered by the same
signal (Maiuri et al. 2007). However, the precise crosstalk
regarding the relation between these two cell death mecha-
nisms is complex and sometimes contradictory (Shen et al.
2011). Therefore, understanding the mechanisms under-
lying apoptosis—autophagy interaction is crucial for the
development of therapeutic strategies to improve the effi-
cacy of anticancer agents.

Recently, we provided evidence that simultaneous treat-
ment with CI-IB-MECA (2-chloro-N(6)-(3-iodobenzyl)-
adenosine-5'-N-methyl-uronamide, a selective A; adeno-
sine receptor agonist) and paclitaxel (PXT) potentiates
human C32 melanoma cells cytotoxicity, mainly through
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apoptotic pathways (Soares et al. 2013), however, through
A5 adenosine receptor-independent mechanisms. The com-
bination revealed a good potential on melanoma treatment
since it allows PTX doses reduction and consequently the
decrease in adverse effects and multiresistance recurrence
in melanoma. However, in this previous work, not all cyto-
toxicity induced by CIl-IB-MECA and PXT combinations
could be explained just by apoptosis-mediated cell death.
In the present work, efforts were made in order to eluci-
date the possible involvement of other cell death path-
ways, namely autophagy. To address this question, we
investigated the cytotoxic effects induced by CI-IB-MECA
(10 M) and PXT (10 ng/mL), alone or in combination, on
two human melanoma cell lines (C32 and A375 cells) as
to increase knowledge on this potentially useful anticancer
therapeutic strategy.

Materials and methods
Chemicals

All reagents used were of analytical grade. CI-IB-MECA
and 3-methyladenine (3-MA) were obtained from Tocris
Bioscience (Bristol, UK). Lactate dehydrogenase (LDH)
assay kit was purchased from Promega Bioscience (VWR,
Porto, Portugal). Caspase inhibitor (N-Ac-Asp-Glu-Val-
Asp-CHO, Ac-DEVD-CHO) was purchased from Calbio-
chem (Millipore, Interface, Amadora, Portugal). Sequesto-
some 1(SQSTM1)/p62 ELISA kit was purchased to Cell
Signaling Technology (Izasa, Lisboa, Portugal). Bio-Rad
RC DC protein assay kit was purchased to Biorad (Ama-
dora, Portugal). Foetal bovine serum (FBS), Glutamax,
trypsin/EDTA, Alexa Fluor® 594 (anti-mouse), Alexa
Fluor® 568 (anti-goat) and CellLight® Lysosomes-RFP-
BacMam 2.0 were obtained from Invitrogen (Alfagene,
Carcavelos, Portugal). Goat anti-mTOR antibody was pur-
chased to Santa Cruz Biotechnology (Reagente 5, Porto,
Portugal). Dulbecco’s modified Eagle’s medium-high glu-
cose (DMEM-HG), penicillin/streptomycin (10 000 U/mL),
PXT, LY294002, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl
tetrazolium bromide (MTT), neutral red (NR), monodan-
sylcadaverine (MDC), Hoechst 33258, mouse anti-a-tubulin
antibody, dimethyl sulfoxide (DMSO), N-acetylcysteine
(NAC), and all other chemicals were purchased from
Sigma-Aldrich (Sigma-Aldrich-Quimica SA, Sintra, Portu-
gal) of the highest purity available.

Cell culture
Human C32 and A375 metastatic melanoma cells obtained

from ECACC to SIGMA (Sigma-Aldrich-Quimica SA, Sin-
tra, Portugal) were used in this study. Cells were seeded in

DMEM-HG medium with 10 % of FBS, 1 % of a mixture
of penicillin/streptomycin and 1 % of Glutamax, pH 7.4.
Cells were incubated at 37 °C in a humidified atmosphere
(95 % air; 5 % CO,). For cell culture maintenance, cells
were grown in monolayer and sub-cultivated twice a week.
Cell passaging was done by trypsinization. All experiments
were carried out with cells at 70-80 % confluence and from
batches with passage numbers lower than 50.

Cell treatment

Cells were prepared using an initial cell density of 3.0 x 10*
cells/em® (A375 cells) and 5.0 x 10* cells/em?® (C32 cells),
and allowed to attach for 24 h. Cells were then treated with
CIl-IB-MECA [10 uM (Soares et al. 2013)] and/or PXT
[10 ng/mL (Soares et al. 2013)] for 24 or 48 h. When the class
III PI3K inhibitor, 3-MA [2.5 mM (Santoni et al. 2013)], and/
or the caspase inhibitor, Ac-DEVD-CHO [50 uM (Soares
et al. 2013)], were used to prevent autophagy and/or apop-
tosis, respectively, they were added 1 h prior to the addition
of other compounds. The antioxidant NAC [1 mM (Martins
et al. 2013)], when used, was also added 1 h prior to the addi-
tion of CI-IB-MECA and/or PXT. During all the experimen-
tal period, cells were maintained at 37 °C with 5 % CO.,.

Cytotoxicity assays

Cells were seeded in 96-well plates and treated as in sec-
tion Cell treatment. Vehicle (cells exposed to DMSO at
maximum final concentration of 0.1 % v/v) and blank
(without cells) wells were also incubated at 37 °C, for 48 h.
Treatments, vehicle, and blank conditions were performed
in triplicate, initiated, and processed in parallel.

MTT reduction assay

Mitochondrial function was evaluated as an index of cell
cytotoxicity, since mitochondrial dehydrogenases of living
cells can reduce the MTT (yellow) to formazans (Mosmann
1983). At the end of the treatment incubation period (48 h),
cells were processed as previously described by our group
(Soares et al. 2013).

NR uptake assay

Lysosomal functionality was spectrophotometrically evalu-
ated and represented as the percentage of NR dye incor-
porated in the cells. This dye easily penetrates viable cells
and accumulates intracellularly in lysosomes (Repetto et al.
2008). At the end of treatment incubation period (48 h),
cells were processed as already described by us (Soares
et al. 2013). Cells labelled with NR were also analysed
by an AE2000 Motic® inverted microscope coupled to a
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Moticam 5 digital camera (Spectra Services, VWR Inter-
national, Carnaxide, Portugal). Images from six random
fields/well were captured (magnification of 400x).

LDH leakage

Cell death (measurement of membrane integrity evaluated
by the percentage of LDH released over total LDH) was
assessed using a LDH assay kit according to the manufac-
turer’s instructions. At the end of the treatment incubation
period (48 h), cells were processed as previously described
(Soares et al. 2013).

Autophagosome and lysosome staining

Cells were seeded in chamber slide systems and treated
according to section Cell treatment. The PI3K (class I)
inhibitor, LY294002 [50 uM (Xing et al. 2008)], was used
as a positive control for autophagy. Lysosomal morphology
was evaluated after the addition of a lysosomal associated
membrane protein 1-red fluorescent protein (LAMP1-RFP)
fusion construct (CellLight® Lysosomes-RFP; 20 particles/
cell), according to the manufacturer’s instructions. After
48-h incubation with the compounds, media was removed
and cells were incubated with 0.05 mM MDC (autofluores-
cent dye) in PBS at 37 °C for 10 min (protected from light)
(Biederbick et al. 1995). Cells were then washed with PBS
and analysed by a Nikon Eclipse E400 fluorescence micro-
scope coupled to a digital camera (Nikon Digital Sight DS-
5Mc, New Jersey, USA). Images from ten random fields
per condition were captured (magnification of 1,000x).
Merged images were obtained using Adobe Photoshop CS5
software. MDC-stained autophagosomes are displayed in
green and LAMP1-stained lysosomes in red.

Determination of p62 levels

Cells were seeded in 6-well plates. Twenty-four hours after
cell treatment (section Cell treatment), p62 levels were eval-
uated using the p62 ELISA kit, according to the manufac-
turer’s instructions. The p62 levels were only assessed in the
conditions where the MDC-stained autophagosomes were
observed. LY294002 [50 pM (Xing et al. 2008)] was used
as a positive control for autophagy. The levels of p62 were
expressed as optic density (OD) per amount of protein.

Protein content determination

Protein content of cellular fractions, in total cell lysates,
for p62 assays was determined using the Bio-Rad RC DC
protein assay kit, in accordance with the manufacturer’s
instructions. Stock solutions of bovine serum albumin were
used as standards.
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Immunofluorescence assay

Cells were seeded in chamber slide systems and treated as
in section Cell treatment. LY294002 [50 pM (Xing et al.
2008)] was used as a positive control for autophagy. After
cell treatment, cells were washed with PBS and fixed in
4 9% paraformaldehyde (10 min, room temperature). Cells
were blocked and permeabilized with 1 % (v/v) FBS con-
taining 0.25 % (v/v) Tween 20, for 30 min, at 4 °C. Next,
cells were incubated with the primary antibodies, goat anti-
mTOR (1:200), or mouse anti-a tubulin (1:500), depending
on the experiment goal, overnight at 4 °C. After washing
with PBS, cells were incubated with Hoechst 33258 (5 pg/
mL) for 15 min and then incubated with the respective sec-
ondary antibodies, Alexa Fluor® 568 (1:1,500) or Alexa
Fluor® 594 (1:1,000) for 1 h (room temperature, pro-
tected from light). Finally, slides were washed with PBS
and mounted with PBS/glycerol solution (3:1). Cells were
examined in a Nikon Eclipse E400 fluorescence micro-
scope coupled to a digital camera (Nikon Digital Sight DS-
5Mc, New Jersey, USA). Images from ten random fields
per condition were captured (magnification of 1,000x).
Merged images were obtained using Adobe Photoshop CS5
software. Depending on the experiment performed, Alexa
Fluor® 568-stained mTOR and Alexa Fluor® 594-stained
a-tubulin (microtubules) are displayed in red. Hoechst
33258-labelled nuclei are displayed in blue. Image process-
ing for quantification of cell nuclei with typical morpho-
logic mitotic catastrophe (MC) features (micro- and multi-
nucleated cells) (Vakifahmetoglu et al. 2008) was done
using Image] software. Ratios of MC and normal nuclei
were obtained using images from ten random fields per
condition (magnification of 400x).

Statistical analysis

Results are presented as mean = SEM for n experiments.
Statistical comparisons between groups were performed
with one-way ANOVA, after Shapiro—Wilk test normality
evaluation. Statistical significance was accepted at p values
<0.05. The Student—-Newman—Keuls post hoc test was used
once a significant p was achieved.

Results

CI-IB-MECA in combination with PXT causes cytotoxicity
in human metastatic melanoma cells

Human C32 and A375 melanoma cells were treated
with 10 uM of CI-IB-MECA (Cl10), 10 ng/mL of PXT
(PXT10), and the combination of the two (C110 + PXT10),
for 48 h (Fig. 1).
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Fig. 1 Cytotoxic effects elic- a
ited by CI-IB-MECA (10 uM;
Cl10) and/or PXT (10 ng/

mL; PXT10) on human C32
(white bars) and A375 (grey
bars) melanoma cells, after
48-h incubation. DMSO (final
concentration of 0.1 % v/v) in
DMEM-HG was used as vehi-
cle. a Results of MTT reduction
(% from vehicle) are presented
as mean &= SEM, n = 12 of

4 independent experiments.
Significant differences (one-way
ANOVA test, followed by the
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Results from the MTT reduction assay showed that
mitochondrial function of cells incubated with CI10 had
different outcomes in C32 and A375 cells (Fig. la): No
cytotoxicity was observed in C32 cells, whereas signifi-
cant mitochondrial dysfunction occurred on A375 cells.
However, both cell lines treated with PXT10 demon-
strated a significant and similar decrease in mitochondrial

activity (Fig. la). When combined, Cl10 and PXTI10
(C110 4 PXT10) caused a higher cytotoxicity in both cell
lines, although more pronounced on A375 cells, compara-
tively to the effect caused by this treatment on C32 cells
(Fig. 1a).

Active lysosomal uptake (NR uptake assay) was also
evaluated in the conditions described above (Fig. 1b). C110
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and PXT10 were able to reduce lysosomal NR uptake in
both cell lines, although with a higher NR uptake impair-
ment on C32 cells. Moreover, lysosomal uptake was clearly
impaired when the combination of Cl10 with PXTI10
(C110 + PXT10) was tested in both melanoma cell lines,
when compared to the effects elicited by the individual
compounds.

The cytotoxic effects observed with the NR uptake were
also visualized (Fig. 1c). Images of A375 and, particularly,
of C32 cells revealed that NR uptake was clearly compro-
mised in all treatment groups when compared to the vehi-
cle. In fact, especially in C32 cells, it is observable in C110
that although a similar number of cells per field is seen, NR
uptake is clearly diminished. For both cell lines, the com-
bination of drugs caused a significant decrease in the num-
ber of cells per field, whereas incubation of cells with indi-
vidual compounds affects NR uptake without significantly
compromising cells integrity (Fig. 1c).

Cell death elicited by the combination of Cl-IB-MECA
and PXT is mediated by autophagy and apoptosis
with dissimilar importance on C32 and A375 cells

To explore the role of autophagy and/or apoptosis in the
cytotoxicity induced by CI-IB-MECA (10 pM), PXT
(10 ng/mL), the combination of both human C32 and A375
melanoma cells were incubated with these compounds, in
the absence or in the presence of an autophagy inhibitor,
3-MA (2.5 mM) and/or a caspase inhibitor, Ac-DEVD-
CHO (50 wM), as described in the Methods section. Cell
death (LDH leakage assay) was assessed at 48 h (Fig. 2).
Although C110 did not lead to C32 cell death (Fig. 2a), this
effect was statistically significant on A375 cells (Fig. 2b).
Moreover, pre-treatment of A375 cells with the caspase
inhibitor (Ac-DEVD-CHO) did not prevent cell death,
while the autophagy inhibitor (3-MA) completely blocked
A375 cell death induced by Cl110. These data suggest that
cytotoxicity caused by Cl10 in A375 cells is mediated only
by autophagy (Fig. 2b).

Incubations of C32 and A375 cells with PXT10 induced
significant cell death, when compared to vehicle. Further-
more, pre-incubation of cells with the caspase inhibitor
(Ac-DEVD-CH) completely prevented cell death in both
cell lines (Fig. 2), whereas 3-MA (autophagy inhibitor) had
no effect upon the PXT10 cytotoxic effect. This result indi-
cates that the cytotoxic effect induced by PXT10 in mela-
noma cells occurs through caspase-dependent apoptotic
events.

Cell death was more pronounced when melanoma
cells were treated simultaneously with Cl110 and PXT10
(C110 + PXT10), comparatively to vehicle and individual
treatments at 48 h (Fig. 2). Moreover, the combination of
drugs caused a higher increment of LDH leakage on C32
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(Fig. 2a) than on A375 cells (Fig. 2b). Pre-treatment of C32
cells with the caspase inhibitor (Ac-DEVD-CHO) signifi-
cantly attenuated cytotoxicity (Fig. 2a) but did not totally
abrogate this effect, suggesting that apoptosis is not the
only event involved in cytotoxicity occurring in C32 cells.
Cells were also incubated with the combination of C110
and PXTI10, after treatment with 3-MA, an autophagy
inhibitor. This compound demonstrated to be more effi-
cient in preventing LDH leakage than the caspase inhibitor,
but total ablation of the cytotoxic effect was only achieved
when C32 cells were pre-treated simultaneously with both
inhibitors (Fig. 2a). These results suggest that C110 with
PXT10 caused C32 cell death through activation of both
autophagic and apoptotic events, with autophagy activation
having the major role in cell death.

A375 cells were treated in the previously referred condi-
tions and for the same incubation time (Fig. 2b). The cas-
pase inhibitor (Ac-DEVD-CHO) or the autophagy inhibitor
(3-MA) were only able to partially, and to a similar extent,
prevent LDH leakage caused by Cl110 in combination with
PXT10. Moreover, the mixture of inhibitors did not com-
pletely block the cytotoxic effect elicited by the combina-
tion of Cl110 and PXTI10 (Fig. 2a). These results suggest
that although autophagic and apoptotic cell deaths seem to
contribute equally for the cytotoxic effect caused by CI110
in combination with PXT10, these are not the only path-
ways involved, since total prevention of A375 cell death
was not achieved (Fig. 2b).

Importantly, the simultaneous treatment with the two
inhibitors did not cause any cellular cytotoxicity, indicat-
ing that autophagy and apoptosis are not constitutively acti-
vated in human C32 or A375 melanoma cells (Fig. 2).

Autophagosomes fusion with lysosomes is induced
by CI-IB-MECA on A375 cells and by the combination
of CIl-IB-MECA with PXT on C32 and A375 cells

Human C32 and A375 melanoma cells were incubated
with CI-IB-MECA (10 pM, Cl110), PXT (10 ng/mL,
PXT10), and the combination of both (C110 + PXT10), in
the absence or in the presence of an autophagy inhibitor,
3-MA (2.5 mM), for 48 h, as described in the Methods sec-
tion. LY294002 (50 pM) was used as a positive control for
autophagy. Imaging of autophagosomes was done by using
the fluorescent dye MDC and showed that, in C32 cells
treated with Cl110 + PXT10, in A375 cells treated with
Cl110 and C110 + PXt10 (conditions where there was prior
indication of autophagy assessed by LDH assay, Fig. 2),
and in both cell lines treated with the positive control of
autophagy LY294002, autophagosomes appeared as green
larger condensed structures (white arrows, Fig. 3). Simi-
larly, the spatial distribution of lysosomes (Lyso-RFP) is
altered after these treatments, showing larger red structures
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Fig. 2 CI-IB-MECA in
combination with PXT caused
melanoma cell death mediated
by apoptosis and autophagy.

a C32 and b A375 melanoma
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(white arrows, Fig. 3). Formation of autolysosomes, as
a result of the fusion between autophagosomes with lys-
osomes, was confirmed by observation of co-localization of
the structures in the above conditions (yellow structures in
merged images, white arrows, Fig. 3).

On the contrary, in conditions where there was no indi-
cation of autophagy (Fig. 2), autophagosomes were visual-
ized as small punctate scattered structures (dots). Moreo-
ver, in those conditions (vehicle, 3-MA, Cl110 and PXT10
for C32 cells; vehicle, 3-MA, PXT10 for A375), lysosome
labelling was very tenuous and yellow structures (autol-
ysosomes) were not observed on merged images (Fig. 3).
These findings indicate that, in these cell treatments, the
occurrence of autophagy can be discarded.

Images from cells pre-incubated with the autophagy
inhibitor 3-MA, showed decreased MDC and lysosomal
staining, suggesting that A375 cells treated with CI110 and
both lines treated with the combination C110 + PXT10 pre-
sent autophagic cell death, to some extent.

p62 levels are decreased in Cl-IB-MECA-induced
A375 autophagic cell death and in CI-IB-MECA
plus PXT-induced autophagic melanoma cell death
in both cell lines

Considering the fact that p62 is rapidly degraded dur-
ing autophagy, analysis of its intracellular levels was per-
formed by an ELISA kit at 24 h, as to confirm the involve-
ment of autophagic cell death in the conditions where
autophagy is suspected to occur, based on the results
obtained by LDH leakage and MDC staining assays. C32
cells were incubated with the combination of Cl10 with
PXT10 (C110 4+ PXT10), and A375 cells with CI10 and
Cl10 + PXTI1O0 in the absence or in the presence of an
autophagy inhibitor, 3-MA (2.5 mM), for 24 h, as described
in methods section. LY294002 (50 wM) was, once more,
used as a positive control for autophagy.

C32 and A375 human melanoma cell lines have simi-
lar basal levels of p62 protein and cell treatments with
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C32 cells

Lyso-RFP

Vehicle

3-MA

cio

PXT10

LY294002

Fig. 3 Autophagosomes fusion with lysosomes induced by Cl-IB-
MECA (10 uM; C110) and/or PXT (10 ng/mL; PXT10) on human
C32 and A375 melanoma cells, after 48-h incubation, in the absence
or in the presence of the autophagy inhibitor, 3-MA (2.5 mM).
DMSO (final concentration of 0.1 % v/v) in DMEM-HG was used as
vehicle and LY294002 (50 wM) as a positive control for autophagy.

LY294002 resulted in significant reduction in p62 levels on
both cell lines, after 24-h incubation (Fig. 4), as expected.
C32 cells present significant p62 protein levels reduction,
after 24-h incubation with C110 + PXT10, when compared
to the levels measured in cells treated with vehicle only
(Fig. 4a). Moreover, the autophagy inhibitor (3-MA) was
able to completely prevent this p62 degradation (Fig. 4a).
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LY294002

A375 cells
Lyso-RFP

Merge

Vehicle

3-MA

Cl10

Cl10

3-MA

PXT10

Representative photographs of C32 and A375 cells after MDC
(autophagosomes; green) and Lyso-RPF (lysosomes; red) staining
(n = 4 independent experiments). Merged images indicate fusion of
autophagosomes with lysosomes (yellow). Scale bar, 10 pm. Arrows
indicate condensed autophagosomes (MDC) and lysosomes (Lyso-
RPF) and intense autolysosomes formation (merge)

For A375 cells, treatment with C110 caused a significant
decrease in p62 levels, being this effect more marked when
cells were simultaneously treated with Cl110 and PXT10
(Fig. 4b). In this cell line, 3-MA was only able to partially
prevent the degradation of p62 induced by both treatments
(C110 and C110 4 PXT10), although being more efficient in
counteracting the degradation of p62 caused by C110 alone.
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Reduction in mTOR levels is related to autophagic cell
death activation triggered by CI-IB-MECA in A375
cells and by CI-IB-MECA with PXT in A375 and C32
melanoma cells

Evaluation of mTOR, a downstream effector of the
PI3K/AKT signalling pathway that suppresses autophagy,
was also performed by immunofluorescence, after cell
treatments where autophagy occurs. As such, cells were
incubated with Cl110, PXT10, and combination of CI10
with PXT10 (C110 + PXT10), in the absence or in the pres-
ence of an autophagy inhibitor, 3-MA (2.5 mM), for 24 h,
as described in the Methods section. LY294002 (50 wM)
was used as a positive control for autophagy.

Images presented in Fig. 5 showed cells intensely
stained (red) in conditions where there is no autophagy acti-
vation, as a result of high levels of mTOR protein in those
conditions. C32 cells treated with Cl10 in combination

with PXT10, and A375 cells treated with C110 and CI10
in combination with PXT10 for 24 h, presented a decrease
in mTOR expression revealed by a decrease in red fluores-
cence intensity. A similar low pattern of red fluorescence
was also observed in cells, from both cell lines, incubated
with the positive control for autophagy, after 24-h incu-
bation (Fig. 5). These results suggest the involvement of
the mTOR pathway on autophagic melanoma cell death
induced by C110 on A375 cells and by C110 in combination
with PXT10 on both human melanoma cell lines.

Mitotic catastrophe is induced by caspase-dependent
and caspase-independent mechanisms triggered by PXT
and CI-IB-MECA in combination with PXT

Since PXT-induced cell death is solely related with apop-

tosis, only when combined with Cl-IB-MECA autophagy
was seen, efforts were also made in order to further explore
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+
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cio
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PXT10 +
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LY294002 PXT10
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Fig. 5 Levels of mTOR on melanoma cells treated with CI-IB-
MECA (10 uM; Cl110) and/or with PXT (10 ng/mL; PXT10), after
24-h incubation, in the absence or in the presence of the autophagy
inhibitor, 3-MA (2.5 mM). DMSO (final concentration of 0.1 % v/v)
in DMEM-HG was used as vehicle and LY294002 (50 uM) as a posi-
tive control for autophagy. Representative photographs of C32 and
A375 cells after mTOR (red staining) of n = 4 independent experi-
ments. Scale bar 10 um
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the mechanisms of PTX-induced apoptosis. Images from
PXT treatments labelled with Hoechst 33258 highlighted
the occurrence of micro- and multinucleated cells, typical
of MC (Fig. 5). To confirm the occurrence of MC, effects
of PXT alone or in combination with CI-IB-MECA on
microtubule cytoskeleton (alpha-tubulin displayed in red)
disruption were also examined by immunofluorescence.
Human C32 and A375 melanoma cells were treated with
Cl110, PXT10, and with the combination C110 + PXT10,
in the absence or in the presence of a caspase inhibitor
(Ac-DEVD-CHO, 50 M), for 48 h (Fig. 6; Table 1). The
vehicle and CI10 alone showed typical radial and diffuse
microtubule arrays (red alpha-tubulin) and normally shaped
nuclei (blue) in both melanoma cell lines (Fig. 6), with
similar MC/normal nuclei ratios (Table 1).

Red immunofluorescence staining showed that cell treat-
ment with PXT (alone or in combination) disrupted micro-
tubule networks in both melanoma cell lines (white arrows,
Fig. 6). Furthermore, this effect was accompanied by the
formation of micro- and multinucleated cells (blue stained
nuclei, Fig. 6), morphological features associated with MC.
The occurrence of such features was more significant when
both cell lines were treated with C110 + PXT10 (Table 1).
Moreover, the caspase inhibitor (Ac-DEVD-CHO) com-
pletely blocked the PXT-induced MC (Fig. 6; Table 1) but
only partially prevent the effect caused by CI110 + PXT10
(Fig. 6; Table 1). Taken together these results suggest that
PXT10 causes MC by a caspase-dependent mechanism and
when in combination with CI10 causes MC by both cas-
pase-dependent and caspase-independent mechanisms.

Enhanced cell death (LDH leakage assay) caused by
PXT alone in A375 melanoma cells was completely pre-
vented by NAC and significantly attenuated by this power-
ful antioxidant when cells were treated with C110 in combi-
nation with PXT10 (Table 2). These data suggest that PXT
can induce reactive oxygen species (ROS) generation, lead-
ing to its cytotoxicity.

Discussion

The present study provides evidence that Cl-IB-MECA
in combination with PXT can induce mTOR-dependent
autophagic cell death, and caspase-dependent and or/inde-
pendent MC-related apoptosis, on human C32 and A375
melanoma cells (Fig. 7). The activation of these mecha-
nisms may prove to be useful towards the therapy of one
of the most deadly and therapeutically challenging cancers,
the melanoma.

We previously showed that CI-IB-MECA and PXT,
alone or in combination, caused caspase-dependent apop-
tosis on C32 cells, as a cytotoxic mechanism (Soares et al.
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Fig. 6 Evaluation of mitotic catastrophe induced by PXT (10 ng/mL,
PXT10) and/or by CI-IB-MECA (10 pM, Cl110), after 48-h incuba-
tion, in the absence or in the presence of the caspase inhibitor, Ac-
DEVD-CHO (50 puM). DMSO (final concentration of 0.1 % v/v) in

2013). In fact, we demonstrated that the activity of caspase
3 (and also 8 and 9) was augmented after cell treatment
with this combination (Soares et al. 2013). However, it is of
great interest to examine the efficacy of the proposed thera-
peutic strategy on other melanoma cellular models and the
other possible mechanisms involved. As such, we used the
lowest concentrations of CI-IB-MECA (10 uM, CI110) and
PXT (10 ng/mL, PXT10) tested in the previous work, and
the combination of both, on human C32 and A375 meta-
static melanoma cells. These are clinically relevant concen-
trations since Cl-IB-MECA showed no serious drug-related
adverse effects or dose-limiting toxicities, and good oral
bioavailability in clinical trials (Stemmer et al. 2013), and

o-Tubulin Hoechst 33258

N
A
N
L

DMEM-HG was used as vehicle. Representative photographs of C32
and A375 cells after alpha-tubulin (red) and nuclei (blue) staining
(n = 4 independent experiments). Scale bar 10 pm. Arrows indicate
microtubules disruption (red)

PXT concentrations found in plasma cancer patients were
2.6 times higher than the one used in this study (Rodriguez
et al. 2012). Cytotoxic effects were measured using several
assays, MTT reduction and NR uptake assays and also the
LDH leakage assay, to increase the reliability of the results
obtained. Results now presented are the first demonstra-
tion that Cl-IB-MECA in combination with PXT is also an
effective cytotoxicity inducer in another melanoma cellu-
lar model: A375 cells. Each cell line seems to have differ-
ent sensibility towards C110, whereas with PXT10 or the
combination of drugs, the effects seem to be similar. In
fact, C32 cells when incubated with CI10 have their NR
uptake ability strongly compromised, whereas A375 cells
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Table 1 Quantification of mitotic catastrophe induced by PXT
(10 ng/mL, PXT10) and/or by CI-IB-MECA (10 uM, Cl110), after
48-h incubation, in the absence or in the presence of the caspase
inhibitor, Ac-DEVD-CHO (50 uM)

48 h Nuclei ratio (mitotic catastrophe/nor-
mal) (mean £ SEM)

C32 cells A375 cells

Vehicle 0.23 +0.02 0.19 £ 0.04
Cl110 0.22 £ 0.01 0.23 £0.03
PXT10 1.94 + .03 1.27 4+ 0.01 %%
PXT10 + Ac-DEVD-CHO  0.22 + 0.02%# 0.19 & 0.02%#
CI10 + PXT10 1.69 & 0.01%%# 1T 3,70 £ 0.4%#+TT
Cl10 4+ PXT10 + Ac- 0.53 4 0.03% %% (.94 4 (0,04 %H###

DEVD-CHO

DMSO (final concentration of 0.1 % v/v) in DMEM-HG was used
as vehicle. Results of nuclei ratio (mitotic catastrophe/normal) are
presented as mean £ SEM, n = 10 random fields of 4 independent
experiments

Significant differences (one-way ANOVA test, followed by the Stu-
dent-Newman—Keuls post hoc test): *** p < 0.001 versus vehicle;
### p < 0.001 versus same condition in the absence of Ac-DEVD-
CHO; ' p < 0.01 versus PXT10; ¥ p < 0.001 versus PXT10

Table 2 Effect of NAC (1 mM) on the cytotoxicity caused by CI-IB-
MECA (10 uM; C110) and/or PXT (10 ng/mL; PXT10) on human
A375 melanoma cells, after 48-h incubation

48 h LDH leakage (% from total LDH)

(=) NAC (mean + SEM) (4) NAC (mean £+ SEM)

Vehicle 7.07 +0.42 6.83 & 0.46
C110 18.58 + 0.74 17.97 £ 0.98
PXT10 14.82 £ 0.53 7.79 + 0.95%%
Cl10 + PXT10 35.82 +1.16 3239+ 1.17°

DMSO (final concentration of 0.1 % v/v) in DMEM-HG was used as
vehicle. Results of LDH leakage (% of total LDH) are presented as
mean + SEM, n = 9 of 3 independent experiments

Significant differences (one-way ANOVA test, followed by the Stu-
dent-Newman—Keuls post hoc test): $ p < 0.05 versus same condi-
tion in the absence of NAC; §5% p < 0.001 versus same condition in
the absence of NAC. Other significant differences were similar to
Fig. 2b

show alterations in their cellular membrane integrity (LDH
assay) in the same condition. Of relevance, the combination
has the same cytotoxic profile in both cell lines, showing
higher clinical potential.

The combination of CI-IB-MECA with PXT was
reported to induce apoptosis in C32 melanoma cells
(Soares et al. 2013). However, other mechanisms of cell
death are most definitively involved since, in this study,
the caspase inhibitor only prevented approximately 10 %
of the cytotoxic effects described. In the present study, we
tested the combination of C110 with PXT10 in the presence
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of Ac-DEVD-CHO (a caspase inhibitor) and/or 3-MA (an
autophagy inhibitor) as the our used combination seems to
largely impair lysosomal functions. The LDH leakage assay
was chosen to assess cell death since permanent cell mem-
brane rupture is expected to occur at a later stage (Weyer-
mann et al. 2005), allowing us to better distinguish between
overall cytotoxicity from specific organelle damage.

Results demonstrated that C110 did not induce any type
of cell death on C32 cells, in opposition to its effect upon
A375 cells where cell death occurs exclusively mediated by
autophagy. To the best of our knowledge, it is the first time
that Cl10 is reported to induce autophagy in melanoma
cells. Autophagy induction is currently taken to represent
a novel therapeutic target for apoptosis-resistant cancers
(Tsujimoto and Shimizu 2005).

The discrepancy between C32 and A375 cells concern-
ing their susceptibility to C110 could be, in part, related to
donator’s gender, since C32 and A375 cells were collected
from male to female human donators, respectively. This
possibility is in agreement with the different metastatic
spread patterns found on gender of patients with meta-
static melanoma (Mervic 2012). This difference, however,
does not alter the cytotoxic response towards PXT10. The
present work provides evidence that PXT10 alone elicits
exclusively caspase-dependent apoptosis on both mela-
noma cell lines. Indeed, PXT is a well-established mitotic
spindle anticancer drug reported to induce apoptosis in
many types of cancer (Steed and Sawyer 2007), including
melanoma (Wang et al. 2003).

Importantly, the present work demonstrates that besides
apoptosis, CI110 in combination with PXT10 also induces
autophagy, causing cell death in both melanoma cell lines
(Fig. 7). Indeed, when caspase-dependent apoptosis or
autophagy was inhibited, cell death was not completely
prevented. Activation of these two types of cell death has
also been reported to occur on ME1402 and WM1158
melanoma cells after treatment with a new binuclear pal-
ladacycle complex (Aliwaini et al. 2013). Our results also
indicate that for C32 cells, autophagy represents the main
cell death mechanism of the drug combination, contrary to
what happens in A375 cells where apoptosis and autophagy
contribute at a similar extent (Fig. 7). Moreover, the simul-
taneous addition of a caspase and an autophagy inhibi-
tor was not able to completely block cell death caused by
Cl110 + PXT10 on A375 cells. Although Ac-DEVD-CHO is
referred as a selective caspase 3/7 inhibitor, the concentra-
tion used in the present study also blocks caspase-6 (Mint-
zer et al. 2012), preventing all effector caspases activation.
Thus, the possibility of other effector caspases being active
can be discarded and necrosis (Jain et al. 2013) can be sug-
gested as the probable mechanism through which C110 in
combination with PXT10 induced the non-autophagic and
non-apoptotic A375 cell death.
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Fig. 7 Proposed signalling
pathways showing the induction
of autophagy through mTOR
activation, with autophago-
some-lysosome fusion, by the
combination of Cl-IB-MECA
and PXT on human C32 and
A375 melanoma cell lines. This
combination decreases mTOR
levels, leading to the sequestra-
tion of cargo (autophagosomes)
and fusion with lysosomes,
leading to autophagy. Moreover,
CI-IB-MECA with PXT causes
micro- and multinucleation,
characteristic of mitotic catas-
trophe (MC), through caspase-
dependent and/or independent
mechanisms, followed by
apoptosis. Red boxes represent
selective inhibitors. Dashed
arrow represents an indirect
pathway
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As autophagy seems to be responsible for most of the
C32 and A375 cell death induced by treatment with Cl-
IB-MECA and PXT, other characteristic markers of the
autophagic process were also analysed to confirm this
hypothesis: formation of a double-membrane vacuole
(autophagosome) and subsequent fusion with lysosome
(autolysosome) (Kung et al. 2011), and degradation of the
intracellular levels of p62 (also called SQSTMI1 in humans)
(Puissant et al. 2012).

We detected a relative high accumulation of autophago-
somes (through MDC staining) and their co-localization
with lysosomes (through RFP fused lysosomal signal via
LAMP 1 protein expression), after treatment of A375 cells
with CI110 and of both cell lines with C110 and PXT10.
Moreover, 3-MA inhibited the formation of autophago-
somes in these conditions. A class III and a class I PI3K
inhibitor, 3-MA and LY294002, respectively, were used to
inhibit and activate the autophagy process (Liu et al. 2013).

The understanding that p62 binds directly to LC3
(recruited to autophagosomal membranes) resulting in spe-
cific degradation of this protein by autophagy makes p62 a
valuable and largely used marker for autophagy (Komatsu
et al. 2012), since interaction of p62 with LC3 is required
for autophagy-mediated elimination of unfolded ubiquit-
inated long-half-life proteins and non-ubiquitinated sub-
strates (Puissant et al. 2012). As expected, a decrease in p62
levels from C32 cells treated with C110 and PXT10, and
A375 cells treated with C110 alone or in combination with
PXT10, was observed in the conditions where autophago-
some formation was visualized through fluorescence

Cl-IB-MECA + PXT

!

P i
~,\ﬁ.|t‘ophag!//)

\ LY294002

Casp

Ac-DEVD-CHO

¢ - Apoptosis
\v

- pr

microscopy. The 3-MA inhibitor was able to completely
prevent the autophagic flux in C32 cells, and almost total
blockade was achieved on A375 cells. Overall, these find-
ings corroborate those obtained with the LDH leakage
assay and confirm that induction of autophagy is, in fact,
a cytotoxic mechanism in our conditions. Although there
is a controversy whether autophagy activation promotes
defensive or destructive roles in response to cancer therapy
(White and DiPaola 2009), emerging evidence indicates
that several cytotoxic agents are autophagic inducers of
melanoma cell death (Tomic et al. 2011; Nicolau-Galmes
etal. 2011).

Even though mechanisms of autophagy regulation are
not completely understood, evidences have shown that
mTOR, a protein kinase member of the PI3K-related fam-
ily, which is involved in cell proliferation, plays a major
role in controlling autophagy activation (Mizushima 2007).
Moreover, targeting mTOR is considered as a promis-
ing target for cancer therapy, as dysregulation of mTOR
signalling is present in a variety of human malignancies
(Meric-Bernstam and Gonzalez-Angulo 2009). In agree-
ment with these facts, we found an inverse correlation
between levels of mTOR and autophagy activation. Lev-
els of mTOR were significantly decreased in C32 cells
treated with C110 + PXT10 and A375 cells treated with
Cl10 and Cl110 + PXTI10, conditions where autophagy
was previously shown to occur. Autophagy was found to
be regulated through the suppression of mTOR expression
(Quidville et al. 2013; Wang et al. 2013). Considering cur-
rent knowledge, it is conceivable that these cell treatments
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inhibit class I PI3K and/or AKT, leading to downregulation
of mTOR expression, since the effect was similar to that
achieved with the LY294002 (Fig. 7).

Overall, it seems that Cl-IB-MECA is a more potent
inducer of autophagic cell death than PXT, since the latter,
when alone, did not show any signs of autophagy activation.

In fact, we found that PXT alone was fully linked to
induction of apoptosis. This anticancer drug has already
shown to be efficient in the treatment of different cancers,
including melanoma (Wang et al. 2003). Unfortunately,
the molecular mechanisms involved in PXT-induced apop-
tosis are poorly understood (Bhalla 2003). We character-
ized the microtubules network in C32 and A375 cells after
treatment with PXT10 and C110 + PXT10 and found that
PXT alone or in combination with CI-IB-MECA strongly
disrupted microtubules network and induced micro- and
multinucleation, both hallmarks of MC (Fig. 7). Moreover,
we demonstrated that prevention of caspase activation com-
pletely suppressed PXT10-induced MC signals in opposi-
tion to what was observed for the combination of C110 with
PXT10, where MC was not totally prevented in either mel-
anoma cell line. These facts indicate that PXT10 induced
caspase-dependent MC in C32 and A375 cells; however,
caspase-independent phenomena is also involved in the MC
elicited by CI110 4+ PXT10 in both cell lines. Although cas-
pase-dependent MC is being suggested as a special case of
apoptosis (Castedo et al. 2004a, b), MC cell death through
caspase-dependent and caspase-independent mechanisms
was also reported (Mansilla et al. 2006), corroborating our
present results.

It is currently accepted that ROS generation can trig-
ger MC (Hung et al. 2013). This possibility was checked
by evaluating A375 cell death (LDH leakage assay) caused
by PXT, alone or in combination with CIl-IB-MECA, in
the presence of NAC. In our previous study (Soares et al.
2013), this powerful antioxidant prevented cytotoxicity
on C32 cells treated with PXT10. In the present study, we
found that NAC completely prevent PXT10-induced A375
cell death, suggesting that PXT induces ROS generation,
which may cause MC cell death. ROS-dependent apoptosis
caused by PXT has been previously described to occur in
A375 cells (Selimovic et al. 2008). Interestingly, NAC was
able to only slightly attenuate cytotoxicity elicited by the
combination of C110 4+ PXT10, on A375 cells (Fig. 7).

In summary, the present study provides evidence that
human C32 and A375 melanoma cells treated with Cl-
IB-MECA and PXT undergo cell death by autophagy and
MC-induced apoptosis (Fig. 7). We believe that the induc-
tion of autophagy in these cellular models, where cells
are also undergoing apoptosis, provides appealing mecha-
nisms concerning melanoma chemotherapy, since it drives
more melanoma cells to die. Indeed, recently induction
of autophagy was considered a very important cell death
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mechanism when in combination with other conventional
anti-melanoma therapies (Liu et al. 2013). The combina-
tion of CI-IB-MECA and PXT seems, therefore, to be an
attractive chemotherapeutic approach to melanoma because
CI-IB-MECA seems to largely improve the effectiveness of
PXT by contributing to activate other forms of cell death
(Fig. 7), increasing overall melanoma cells cytotoxicity and
lowering PXT chemotherapy resistance.
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