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Superiore di Sanità, Rome; and the Division of Experimental

Oncology,‡ Istituto Nazionale Tumori, Milan, Italy

Our previous article reported that retroviral transduc-
tion of human type I consensus interferon-coding
sequence into two human melanoma cells increased
their susceptibility to cisplatin-induced apoptosis. Im-
portantly, primary melanoma cells were significantly
more sensitive to cisplatin-induced apoptosis with re-
spect to metastatic melanoma cells. The aim of this
study was to elucidate the subcellular mechanisms
involved in this interferon-induced apoptotic prone-
ness. Our results indicate that 1) cisplatin-induced
apoptosis can be referred to as the type II apoptosis,
ie, to the mitochondrially driven cascade; 2) treat-
ment of interferon-producing melanoma cells with
other type II apoptotic stimuli, such as radiation or
staurosporine, also resulted in massive apoptosis,
whereas type I stimuli, ie, anti-Fas, were ineffective;
3) interferon sensitization involved the caspase cas-
cade in primary melanoma cells and the alternative
pathway represented by cathepsin-mediated apopto-
sis in metastatic melanoma cells; 4) interferon pro-
duction sensitizes cells to apoptosis by inducing, as
the earliest event, mitochondrial membrane hyper-
polarization. These results suggest that constitutive
production of type I interferon by melanoma cells can
act as an intracellular booster capable of increasing
cell proneness to apoptosis by specifically modifying
mitochondrial homeostasis and independently from
the apoptotic cascade involved. (Am J Pathol 2002,
160:1507–1520)

The balance between cell proliferation and cell death by
apoptosis is a key factor in the maintenance of tissue
homeostasis. Hence, for many years the neoplastic trans-
formation has been associated with the disturbance of
the mechanisms underlying this balance. In recent years
cell death by apoptosis has thus gathered the particular

attention of physicians specifically devoted to the under-
standing of the pro-apoptotic activities of anti-tumor
drugs and their relative mechanisms of action.1 As a
general rule, whereas cells that die from damage typi-
cally swell and burst (necrosis), apoptosis is a rigorously
controlled and highly ordered process characterized by
specific morphological and functional changes.2 Execu-
tors of apoptosis are a family of cysteinyl aspartate-spe-
cific proteases, ie, caspases, whose overexpression is
sufficient to cause apoptosis.3,4 By contrast, examples of
caspase-independent commitment to cell death can also
be found in several models of apoptosis, including glu-
cocorticoid-induced cell death of thymocytes, growth
factor withdrawal-induced apoptosis of lymphoid cells or
Bax-mediated cell death.5,6 However, these complex
cascades of events seemed to depend on, or to be
associated with, the type of trigger that activates the
process.7 Two pathways, called type I and type II, which
are referred to different initiation patterns, have been
proposed.8 The activation of caspase-8 or -9 has, re-
spectively, been suggested as main primus movens of the
death process in the two pathways. Importantly however,
only type II apoptotic machinery seems to involve mito-
chondrial-associated caspase cascade in the early phas-
es.8 It has in fact emerged that mitochondrial function
may play a pivotal role in determining cellular commit-
ment to apoptosis.6,9,10 Thus, during apoptotic signaling,
mitochondrial changes result in enhanced production of
reactive oxygen species (ROS) and collapse of the mito-
chondrial membrane potential,11 which has been thought
to represent a point of no return in committing the cell to
apoptosis. In turn, mitochondrial integrity has been pro-
posed to be regulated by pro- and anti-apoptotic mem-
bers of the Bcl-2 family.12,13 These molecules act as
regulators of cell survival or apoptosis and seem to target
a number of aspects of mitochondrial function, including
mitochondrial permeability and ROS homeostasis.14 This
leads to a specific cascade characterized by the release
of factors, eg, cytochrome c, that promote activation of
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effector caspases, eg, caspase-9, that, together with
other components (eg, downstream caspases, apaf-1,
caspase-independent endonuclease, and so forth) or
with the intervention of cathepsin protease activity, in-
duce apoptosis.15–17

As mentioned above, regarding drug-mediated apo-
ptosis, one of the major interests in the field of cancer
research is represented by the cell susceptibility to drugs
of widespread use in clinical practice. Among these, the
drug cisplatin (cisPt) gained the attention of physicians in
view of its powerful activity against the growth of a pleth-
ora of different neoplastic tissues.18 In recent years cy-
tokine gene transfer into tumor cells has received partic-
ular attention as a potentially useful approach for cancer
therapy.19 Studies by our group, as well as by other
groups, have for instance shown that type I interferon
(IFN) gene transfer into different tumor cell lines resulted
in 1) a marked loss of tumorigenicity,20 2) a down-regu-
lation of oncogene expression and induction of tumor
suppressor genes contributing to the anti-proliferative
activity,21–24 and 3) an increase in MHC class I expres-
sion that can enhance immune recognition.20,25,26 More-
over, it has been reported that IFN-� gene transfer sen-
sitizes human tumor cells to apoptosis induced by
cytotoxic agents, and that a better therapeutic effect
could be achieved when the treatment of tumor-bearing
mice with IFN-expressing cells was combined with che-
motherapy.20 We have recently shown that the retroviral
transduction of human consensus IFN (CIFN) coding se-
quence into two human melanoma cell lines resulted in a
strong augmentation of cisplatin-induced apoptosis, as-
sociated with an IFN-dependent increase in p53 expres-
sion.22 Similar effects, although less marked, were also
observed after cultivation of parental melanoma cells in
the presence of exogenous IFN. Cisplatin administration
to nude mice bearing IFN-producing tumors resulted in
complete tumor regression, whereas only partial tumor
inhibition was observed after cisplatin treatment of mice
with control tumors.22 In the present work we partially
address the mechanisms underlying the IFN-induced
modulation of melanoma cell susceptibility to cisPt, point-
ing to the mitochondrial activity and related redox ho-
meostasis as “supervisors” of cell susceptibility to apo-
ptotic triggering.

Materials and Methods

Cell Lines

The HLA-A2 1B6 and 8863 melanoma cell lines were
obtained from the tissues of two patients as previously
reported.22 The 1B6 clone was isolated from the M10538
cell line, established from a primary skin melanoma le-
sion,27 whereas the 8863 cell line was derived from a
metastatic melanoma.28 The HLA haplotype of the two
patients was previously identified.27,28 Both cell lines
were cultivated in RPMI-1640 supplemented with 50
�g/ml penicillin, 50 �g/ml streptomycin (BioWhittaker,
Verviers, Belgium), and 10% fetal calf serum (Sebam,
Berlin, Germany).

Recombinant Retrovirus Production and
Infection of Melanoma Cells

The LXSN retroviral vector29 containing the neomycin
resistance gene under the control of the SV40 promoter,
was obtained from AD Miller (Fred Hutchinson Cancer
Research Center, Seattle, WA). The LCIFNSN retroviral
vector was constructed by cloning of the EcoRI-BalHI
fragment of plasmid pIFNSS30 into the LXSN vector. The
pIFNSS construct, kindly provided by Amgen (Thousand
Oaks, CA), contains a sequence encoding a signal pep-
tide, corresponding to that most commonly found in hu-
man IFN subtypes, followed by the sequence encoding
CIFN, a synthetic IFN whose amino acid residues are
common to naturally occurring human IFN subtypes
(pIFNSS).30 Both LXSN and LCIFNSN recombinant retro-
viruses were obtained following standard trans-infection
procedures in GP�E8631 and Gp�envAm1232,33 pack-
aging cells as previously reported.22 LXSN and LCIFNSN
retroviruses were used for infection of 1B6 and 8863
melanoma cells, as previously described.22 After selec-
tion into G418-containing medium, control transduced
cells (LXSN) or cells producing �1000 IU/ml IFN
(LCIFNSN) were isolated from both 1B6 and 8863 cell
lines.22

IFN Titration

IFN was titrated on HeLa cells as described elsewhere.22

IFN titers are expressed as IU. Human recombinant CIFN
had a specific activity of 1 � 109 U mg/ml of protein and
was kindly provided by Amgen.

Treatments

1B6 and 8863 parental melanoma cells, cultivated in the
absence or in the presence of 1000 IU/ml of CIFN, or
transduced (LXSN and LCIFNSN) melanoma cells were
grown at 5 � 104 cells/ml density. After 48 hours of
incubation at 37°C in a 5% CO2 atmosphere cells were
treated as follows: 1) exposed for 1 hour to 50 �mol/L of
cisPt, washed, and cultivated in fresh medium for up to
24 hours (early events studies) or 48 hours (late events
studies); 2) exposed to 10 �mol/L of staurosporine (STS,
Sigma Chemical Co., St. Louis, MO) for 6 hours; 3) irra-
diated with 660 J/m2 UVB,34 washed, and cultivated for
up to 24 hours; 4) incubated with 500 ng/ml of anti-Fas
antibodies (clone CH11; Upstate Biotechnology, Lake
Placid, NY) for 48 hours. Moreover, dimethyl sulfoxide
(STS vehicle, Sigma Chemical Co.) or mouse IgM (control
for Fas-triggering) were also considered in our experi-
ments. To characterize the apoptotic cascade we used
specific caspase (Bouty, Milan, Italy) or cathepsin (ICN
Biochemical Inc., Milan, Italy) inhibitors. Four hours be-
fore treatment with the apoptotic stimuli, we added 100
�mol/L of DEVD-CHO (cell permeant caspase-3 inhibi-
tor), LEHD-CHO (cell permeant caspase-9 inhibitor),
ZVAD-CHO (cell permeant pan-caspase inhibitor), or 20
IU of cystatin C (cathepsin inhibitor) directly to the culture
medium. Cells treated with DEVD-CHO, LEHD-CHO,
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ZVAD-CHO, or cystatin C alone for the same time were
considered as control. To investigate the specific involve-
ment of mitochondria in apoptotic phenomenon, cells
were pretreated for 1 hour with 10 �mol/L of cyclosporin
A (CyA, an inhibitor of mitochondrial pore transition;
Sigma Chemical Co.) and than exposed to different ap-
optotic stimuli. Results obtained by CyA were confirmed
by using bongkrekic acid (BA; a generous gift of Prof. A.
Toniniello, University of Padova, Padova, Italy) as previ-
ously reported.35 Like CyA, BA is able to modulate mito-
chondrial pore transition. Cells treated with CyA or BA
alone were considered as controls in this series of exper-
iments. In consideration of the similar behavior exerted
by BA toward cisPt-induced apoptosis, only the results
obtained by CyA are shown. At the end of treatment 1B6
and 8863 cell lines were analyzed for apoptosis quanti-
fication, mitochondrial transmembrane potential evalua-
tion, and caspase activity as specified.

Evaluation of Apoptosis

Quantitative evaluation of apoptosis was performed by
using the following flow and static cytometry methods: 1)
TdT incorporation of labeled nucleotides into DNA strand
breaks [terminal dUTP nick-end labeling (TUNEL)-fluo-
rescein isothiocyanate (FITC); Boehringer Mannheim, Mi-
lan, Italy]. Cells fixed with 4% formaldehyde in phos-
phate-buffered saline (PBS) for 15 minutes were washed
and then permeabilized with 70% ice-cold ethanol for 5
minutes at 4°C. After washing the cells were incubated
with TUNEL reaction mixture according to the manufac-
turer’s instructions. 2) Double staining was done by using
the Annexin V-FITC apoptosis detection kit (Eppendorf
s.r.l., Milan, Italy). By using this technique, cells that have
lost membrane integrity (therefore considered as necrotic
cells) will show nuclear red staining with propidium iodide
(40 �g/ml) so that they will be easily distinguishable from
the living cells. 3) Staining with chromatin dye Hoechst
(Molecular Probes, Eugene, OR) was as previously de-
scribed.36

Mitochondrial Membrane Potential (��) and
Mitochondrial Mass

The �� of control and treated cells was studied by using
the probe JC-1. According to this method, cells were
stained with 10 �mol/L of 5,5�,6,6�-tetrachloro-1,1�,3,3�-
tetraethylbenzimidazol-carbocyanine iodide (JC-1, Mo-
lecular Probes). JC-1 is a metachromatic probe able to
enter selectively into the mitochondria. It exists in a mo-
nomeric form (in the green channel, FL1) but, depending
on the membrane potential, JC-1 can form J-aggregates
that are associated with a large shift in the emission
range (in the orange channel, FL2).37 JC-1 is both qual-
itative (considering shift from green to orange) and quan-
titative (considering the pure fluorescence intensity).
Results obtained by JC-1 were confirmed by using 3,33-
dihexyloxacarbocyanine iodide probe (DiOC6, Molecular
Probes) as previously reported.38 As a methodological
control, cells were also treated with increasing concen-

tration (from 0.1 to 10 �g/ml) of the K� ionophore valino-
mycin (Sigma Chemical Co.) that dissipates mitochon-
drial membrane potential but not pH gradient. According
to literature data37 we observed a dose-dependent de-
crease in FL2 signals after valinomycin incubation (data
not shown). For analysis of mitochondrial mass, cells
were incubated at 37°C for 30 minutes with 5 �mol/L of
nonylacridine orange (Molecular Probes). After washing,
samples were immediately analyzed by flow cytometry.
To verify cell viability, parallel tubes were incubated with
propidium iodide (40 �g/ml for 15 minutes at 37°C) be-
fore analyses.

Caspase Enzyme Assay

Activity of caspase-3, -8, and -9 was measured by using
a colorimetric protease assay kit (Chemicon International,
Inc., Temecula, CA). Protein (50 to 200 �g) by cytosolic
extract was incubated with 200 �mol/L of the DEVD-p-NA
(for caspase-3), LEHD-p-NA (for caspase-9), or IETD-
p-NA (for caspase-8). The assay is based on spectro-
photometric detection of the chromophore p-nitroanilide
(p-NA) after cleavage from the labeled substrates. The
p-NA light emission can be quantified using a microtiter
plate reader at 405 nm. Comparison of the absorbance of
p-NA from apoptotic samples with an uninduced control
allows determination of the fold increase in caspase ac-
tivity.39

Immunofluorescence

Static Cytometry

Control and treated melanoma cells were fixed with 4%
paraformaldehyde in phosphate-buffered saline (PBS) for
30 minutes at room temperature. After washing in the
same buffer, cells were permeabilized with 0.5% Triton
X-100 (Sigma Chemical Co.) in PBS for 5 minutes. For
localization of cytochrome c and apaf-1, samples were
incubated at 37°C for 1 hour with monoclonal antibody to
cytochrome c (Pharmingen, San Diego, CA) or to apaf-1
(Santa Cruz Biotechnology, Santa Cruz, CA). Cells were
then incubated with anti-mouse IgG FITC-conjugate (Sig-
ma Chemical Co.). After washing, samples were mounted
with glycerol-PBS (2:1) and observed by intensified video
microscopy with a Nikon Microphot fluorescence micro-
scope, as described elsewhere.40 Images were captured
by a color-chilled 3CCD camera (Hamamatsu, Japan).
Normalization and background subtraction were per-
formed for each image. Figures were obtained by Optilab
(Graftek, France) software for image analysis. For quan-
titative analyses of cytochrome c intracellular localization
and distribution of at least 50 microscopic fields, for a
total amount of 500 cells for each sample, were counted
in quadruplicate at high magnification (�500) by a fluo-
rescence microscope.

Flow Cytometry

For evaluation of intracellular antigens, control and
cisPt-treated melanoma cells (1B6 and 8863) were pel-
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leted and fixed in 70% ice-cold methanol. After washing
with cold PBS, samples were stained with monoclonal
antibodies to cytochrome c (Pharmingen), Hsp70 (Trans-
duction Laboratories, Lexington, KY), apaf-1 (Santa Cruz
Biotechnology), and rabbit polyclonal antibody to ca-
thepsin B (Calbiochem). Negative controls were incu-
bated with mouse IgG1 or total rabbit serum. After 1 hour
at 4°C, samples and isotypic controls were incubated for
30 minutes at 37°C with FITC-labeled anti-mouse or FITC-
labeled anti-rabbit (Sigma Chemical Co.) antibodies. Af-
ter washing, cells were analyzed on a flow cytometer. The
median values of the cytofluorimetric histograms ob-
tained are reported in the present work. To verify the
expression of CD95 on the cell surface of 1B6 and 8863
cells, a monoclonal antibody to CD95 conjugated to R-
phycoerythrin (Becton Dickinson, Mountain View, CA)
was used. No significant variation in the expression of this
receptor (P � 0.05) was found among 1B6 and 8863
parental melanoma cells, cultivated in the absence or in
the presence of 1000 IU/ml of CIFN or in transduced
melanoma cells (LXSN and LCIFNSN).

Measurements of ROS

Control and treated cells (5 � 105) were harvested and
incubated in 495 �l of Hanks’ balanced salt solution (pH
7.4) with 5 �l of hydroetidine (Molecular Probes) or dihy-
drorhodamine 123 (DHR 123, Molecular Probes) in
polypropylene test tubes for 15 minutes at 37°C. The final
concentration of hydroetidine and DHR 123 were 1
�mol/L and 10 �mol/L, respectively. Hydroetidine is a
chemically reduced ethidium derivative. It is a nonfluo-
rescent membrane-permeable dye that can be oxidized
directly to the red fluorescent ethidium bromide by O2�

generated inside the cells after different treatments. DHR
123 is a dye freely diffusing into cells and oxidized pri-
marily by H2O2 in a myeloperoxidase-dependent reaction
to green fluorescence.41 As DHR 123 is accumulated by
mitochondria, it is possible to detect ROS production at
mitochondrial levels.42

Western Blotting Analysis

Whole-cell extracts were prepared by suspending the
cell pellets in lysis buffer (106 cells/50 �l) containing 50
mmol/L Tris-HCl, pH 7.5, 2 mmol/L ethylenediaminetetra-
acetic acid, 100 mmol/L NaCl, 1 mmol/L Na3Vo4, 1%
Nonidet P-40, 10 �g/ml leupeptin, 5 �g/ml aprotin, and
10 �g/ml phenylmethyl sulfonyl fluoride. After incubation
at 4°C for 15 minutes, the protein content of the super-
natant was determined by Bio-Rad protein assay (Bio-
Rad Laboratories, Munich, Germany). For each sample,
25 �g of protein extract were solubilized by boiling in
sodium dodecyl sulfate sample buffer with reducing
agents and applied to 8% or 10% sodium dodecyl sul-
fate-polyacrylamide gels, together with the prestained
molecular weight markers (Amersham, Arlington Heights,
IL). The proteins were then electrophoretically transferred
to polyvinylidene difluoride membrane filters (Bio-Rad,
Hercules, CA). Blotted membranes were blocked with 5%

dried milk in Tris-buffered saline for 2 hours at room
temperature and incubated for 1 hour in the same block-
ing solution containing specific antibodies to: 1) apaf-1
(mouse monoclonal anti-human apaf-1 antibody, Santa
Cruz Biotechnology); 2) caspase-3 (mouse monoclonal
anti-human antibody, Transduction Laboratories); 3) ca-
thepsin B (rabbit polyclonal anti-human cathepsin B an-
tibody; Calbiochem-Novabiochem Co, Darmstadt, Ger-
many). As a control, the membranes were incubated with
specific antibodies to �-tubulin (monoclonal anti-human,
clone TUB 2.1; Amersham). Band detection was per-
formed by using the enhanced chemiluminescence sys-
tem (Amersham).

Data Analysis and Statistics

Data Analysis

Regarding flow cytometry studies, all of the samples
were analyzed with a FACScan flow cytometer (Becton
Dickinson) equipped with a 488 argon laser. At least
20,000 events have been acquired. Data were recorded
and statistically analyzed by a Macintosh computer using
CellQuest Software. All data reported in this study are the
mean of at least four separate experiments 	 SD. Calcu-
lation of fluorescence (expressed as median values) was
performed after conversion of logarithmically amplified
signals into values on a linear scale.

Statistics

Statistical analysis of apoptosis data were performed
by using Student’s t-test. Statistical significance of flow
cytometry studies was calculated by using the paramet-
ric Kolmogorov-Smirnov test. Concerning correlation
tests, analysis of variance and regression analyses were
performed by using the Statview software program for
Macintosh. As a general rule, only P values 
0.01 were
considered as significant.

Results

Role of Mitochondria in the Enhanced
Susceptibility to cisPt-Induced Apoptosis

One of the main markers of apoptosis-associated modi-
fication is represented by changes occurring in mito-
chondria, ie, of the mitochondrial membrane potential
(��).6,42 Therefore, specific flow-cytometry analyses
were performed 48 hours after cisPt administration to
measure �� by using the JC-1 probe by flow cytometry
technique. The results obtained are reported in Figure 1,
A (1B6 cells) and B (8863 cells), where both the percent-
age of cells undergoing apoptosis and the percentage of
cells with depolarized mitochondria are shown. We found
a dramatic decrease in �� in a significant percentage of
CIFN-producing cells (LCIFNSN, both in 1B6 and 8863
cell lines) after cisPt treatment; and that this decrease in
mitochondrial membrane potential was significantly lower
(P 
 0.01) in parental and LXSN control cells after the

1510 Matarrese et al
AJP April 2002, Vol. 160, No. 4



same treatment (Figure 1, A and B). In addition, a signif-
icantly (P 
 0.01) lower percentage of cells with depo-
larized mitochondria was detected in CIFN-treated cells
(data not shown) with respect to CIFN-producing
(LCIFNSN) cells. Although this phenomenon was present
in both cell lines (8863 and 1B6), our results clearly show
that 1B6 primary melanoma cells (Figure 1A) were signif-
icantly (P 
 0.01) more sensitive to cisPt-induced apo-
ptosis with respect to the 8863 metastatic melanoma cell
line (Figure 1B). Furthermore, we found a statistically
significant correlation between the apoptotic events (Fig-
ure 1, A and B, solid columns) and the percentages of
cells displaying the mitochondrial membrane depolariza-
tion phenomenon (Figure 1, A and B, open columns). This
positive correlation was detected for all 1B6 and 8863
cell lines considered: parental, LXSN (control-transfected
cells), and CIFN-producing (LCIFNSN) cells after cisPt
treatment for 48 hours. In particular, regression analysis
indicated a highly significant correlation between the two
distributions (8863 cells: r � 0.978, R2 � 0.956, P 

0.0001; 1B6 cells: r � 0.984, R2 � 0.969, P 
 0.0001).

To search for events upstream of mitochondrial depo-
larization, we analyzed �� changes at earlier stages of

apoptosis (Figure 1C), namely at 24 hours after addition
of cisPt (ie, 24 hours before the apoptosis evaluation
shown in Figure 1, A and B). At this time, no decrease in
�� was found and the percentage of cells with depolar-
ized mitochondria was negligible (
10%). Strikingly, un-
like other cell lines, a marked increase of mitochondrial
transmembrane potential, ie, a hyperpolarization of the
inner mitochondrial membrane, was detected in CIFN-
producing cells. In fact, both 1B6 and 8863 CIFN-pro-
ducing (LCIFNSN) cell lines, showed, after 24 hours of
exposure to cisPt, an increase of fluorescence emission
in FL2 channel (corresponding to J-aggregates that typ-
ically increase when mitochondrial membrane becomes
more polarized). A specific quantitative analysis indi-
cated that only a small percentage (30.1% and 27.2% in
1B6 and 8863 cells, respectively) of untreated LCIFNSN
cells was detectable in the boxed area (high red fluores-
cence) of the plotted graph (Figure 1C, first row). These
values were similar to those found in all other cell lines
(parental, exogenous CIFN-treated, LXSN, not shown).
By contrast, at 24 hours after cisPt addition, this percent-
age significantly (P 
 0.01) increased up to 78.3% and
61.0% in CIFN-producing 1B6 cells and 8863 cells, re-
spectively. Considering that the mitochondria hyperpo-
larization phenomenon was described as an event oc-
curring during the very early apoptotic phases,43,44 we
hypothesized a relationship between the increased apo-
ptosis in CIFN-producing cells (LCIFNSN) at 48 hours
after cisPt addition and the hyperpolarization state of their
mitochondrial membrane observed at earlier times (24
hours) of cisPt treatment. In fact, statistical analysis indi-
cated a positive correlation between the two events (IFN-
producing 1B6 cells: r � 0.960, P 
 0.001; IFN-produc-
ing 8863 cells: r � 0.928, P 
 0.001).

The megapore formation is a very important event for
those stimuli inducing the mitochondrial apoptotic path-
way.45,46 To verify the importance of this mitochondrial
event in cisPt-induced apoptosis, we used CyA, an agent
capable of inhibiting or reversing pore opening, conse-
quently preventing mitochondrial membrane permeability
transition.47 Our results, shown in Figure 2, clearly indi-
cated that the addition of CyA significantly inhibited both
cisPt-induced apoptosis (Figure 2, A and B) and mito-
chondria depolarization (Figure 2, C and D) in parental
and control 1B6 and 8863 cell lines (P 
 0.01) as well as
in CIFN-treated and CIFN-producing counterparts (P 

0.0001). Importantly, when cisPt treatment was per-
formed in the presence of CyA, the CIFN-induced en-
hancement of the percentage of apoptotic cells and cells
with depolarized mitochondria was completely abro-
gated in CIFN-treated 1B6 and 8863 cells as well as in
CIFN-producing 1B6 cells, and was substantially inhib-
ited in CIFN-producing 8863 cells. Similar results were
obtained by using BA as an alternative inhibitor of mito-
chondrial pore opening (data not shown). The observa-
tion that in the CIFN-producing 8863 cell line treated with
cisPt in the presence of CyA or BA, the percentage of
both apoptotic cells and cells with depolarized mitochon-
dria remained significantly (P 
 0.01) higher than that
detected, after similar treatments, in parental, LXSN, and
exogenous CIFN-treated cells, suggested that mecha-

Figure 1. Quantitative and qualitative analysis of mitochondrial membrane
potential during cisPt-induced apoptosis. A and B: Cytofluorimetric quanti-
tative evaluation of 1B6 (A) and 8863 (B) apoptotic cells as assessed by
TUNEL reaction (hatched columns) and cells with depolarized mitochon-
dria (open columns) as assessed by using JC-1 probe. C: Qualitative and
quantitative cytofluorimetric analyses of mitochondrial membrane potential
in both LCIFNSN (CIFN-producing) 1B6 (left) and 8863 (right) cells before
and after 24 hours of cisPt treatment. Boxed areas in C indicate the per-
centage of cells that express high red fluorescence (corresponding to J-
aggregates that typically increase when mitochondrial membrane becomes
more polarized). A representative experiment of four is reported.
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nisms other than mitochondrial pore opening were in-
volved in CIFN-induced potentiation of cisPt effects (see
below).

Analysis of Apoptosis Cascade

We first considered upstream caspases, ie, those
caspases that are involved in the initiation phase of ap-
optosis: caspase-8 (mainly involved in receptor-medi-
ated apoptosis) and caspase-9 (mainly involved in mito-
chondria-mediated apoptosis).8 Results reported in
Figure 3A clearly show that in 1B6 cells 24 hours of cisPt
treatment induced the activation of caspase-9 but not of
caspase-8. This activation was significantly (P 
 0.01)
higher in LCIFNSN cells than in transfected control cells
(LXSN). Notably, in the 8863 cell line neither caspase-9
nor caspase-8 was active at this time (24 hours of cisPt
exposure, Figure 3A). Importantly, activation of these two
caspases in 8863 cells was undetectable also prolonging
cisPt treatment up to 96 hours (data not shown).

To better evaluate the involvement of caspase-9 in
cisPt-induced apoptosis in 1B6 cells, we used a specific
cell permeant inhibitor of this caspase (LEHD-CHO). As
shown in Figure 3B, 24 hours of cisPt treatment induced
the activation of caspase-9 in all 1B6 cell lines consid-
ered (Figure 3B, open columns). However, according to
apoptosis data (reported in Figure 3C), this activity was
significantly higher (P 
 0.01) in LCFINSN cells with
respect to other cell lines. Also in parental cells treated
with exogenous CIFN caspase-9 activity was significantly
(P 
 0.01) increased with respect to control cells (paren-
tal and LXSN cells). However, the cisPt-induced sensiti-
zation to apoptosis [in terms of both percentage of apo-
ptosis (Figure 3C, dotted columns) and caspase-9

activity (Figure 3B)] was significantly (P 
 0.01) less
pronounced in parental cells cultivated in the presence of
exogenous CIFN with respect to CIFN-producing cells
(LCIFNSN). Figure 3, B and C, clearly shows that LEHD-
CHO (caspase-9 inhibitor) was able to significantly pre-
vent both caspase-9 activation (Figure 3B) and apoptosis
(Figure 3C, hatched columns). Notably, in the presence
of LEHD-CHO no significant difference (P � 0.05) was
revealed, in terms of apoptosis (Figure 3C) and
caspase-9 activity (Figure 3B), between parental, paren-
tal cultivated in the presence of exogenous CIFN, LXSN,
and LCIFNSN 1B6 cell lines. These results clearly indi-
cate that caspase-9 plays a key role in mediating cisPt-
induced apoptosis in 1B6 cells. We obtained similar re-
sults in 1B6 cells by using DEVD-CHO, a specific inhibitor
of caspase-3, a caspase acting downstream to
caspase-9 (Figure 3C, open columns). We thus decided

Figure 2. Quantitative evaluation of apoptosis and �� in the presence of
mitochondrial membrane permeability transition inhibitor (CyA). A and B:
CyA significantly (P 
 0.01) protects both 1B6 (A) and 8863 (B) cells from
cisPt-induced apoptosis. Treatment with CyA alone did not induce any
appreciable cytotoxic effect in either cell line. C and D: Percentages of 1B6
(C) and 8863 (D) cells with depolarized mitochondria were significantly
lower in cisPt-treated cells in the presence of CyA with respect to control cells
without CyA (P 
 0.01).

Figure 3. Analysis of apoptotic cascade. A: Activity of caspase-8 and
caspase-9 in 1B6 and 8863 IFN-producing (LCIFNSN) and control-transduced
(LXSN) cells at 24 hours after cisPt administration as assessed by colorimetric
assay. B: Caspase-9 activity in 1B6 cell lines [parental, treated or not with
exogenous CIFN, control-transduced (LXSN), and IFN-producing (LCIFNSN)]
at 24 hours after cisPt addition, with or without LEHD-CHO caspase-9
inhibitor. C: Percentages of apoptotic cells obtained by annexin V/propidium
iodide double staining in the presence or absence of LEHD-CHO and DEVD-
CHO, caspase-9 and caspase- inhibitors, respectively.
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to analyze the activity of caspase-3 in both 1B6 (Figure 4;
A to C) and 8863 (Figure 4D) cell lines. Our analyses
revealed a high activity of this caspase in 1B6 cells. In
particular, 24 hours after cisPt administration, a powerful
caspase-3 activity was already detected in LCIFNSN
cells (Figure 4A). By contrast, in parental cells, a
caspase-3 activity was reached only later (48 hours after
cisPt administration, Figure 4A). Western blot analysis of
1B6 cells confirmed these results. In fact, as shown in
Figure 4C, the appearance of the mature form of
caspase-3 was detectable 48 hours after cisPt adminis-
tration (represented by the band at 20 kd of molecular
weight as a consequence of its activation). By contrast,
as revealed by colorimetric assay (not shown) and by
Western blot analysis (shown in Figure 4D), in 8863 cells
caspase-3 (as well as caspase-9) was not active at all
times of cisPt treatment considered (up to 96 hours, not
shown).Taken together these results clearly indicated
that: 1) after cisPt administration, a higher caspase-9
activity was found in CIFN-producing 1B6 cells with re-
spect to their control counterpart (LXSN cells) and 2) that
caspase-9 acts in 1B6 cell line as an initiator-caspase. By
contrast, 3) in 8863 cell line apoptosis, caspase-8, -9,
and -3 seem to be not involved. Accordingly, pan-
caspase inhibitor ZVAD-CHO was ineffective in these
cells.

As caspase-9 is the critical apical caspase activated in
cells once cytochrome c is released from the mitochon-
dria,48 we analyzed cytochrome co-localization in 1B6
cells before and after cisPt addition by intensified video
microscopy (Figure 5A). In all 1B6 cisPt-untreated cells
(parental, control LXSN, CIFN-treated, and LCIFNSN) cy-
tochrome c appeared distributed throughout the cell cy-

toplasm as a dot-spot (Figure 5A, left; LCIFNSN-un-
treated cells are shown). An early event induced by cisPt
administration (24 hours) was represented by a complete
redistribution of cytochrome c. In particular, a perinuclear
localization of this molecule was observed in 1B6
LCIFNSN cells (Figure 5A, right, arrows). A quantitative
analysis of this phenomenon, performed by counting at
least 500 cells as specified in Materials and Methods,
revealed that this cytochrome c redistribution occurred in
8.3 	 6.5% of 1B6 LCIFNSN cells, while at the same
exposure time (24 hours) only 4.3 	 2% of control paren-
tal cells and 2.6 	 3.1% of LXSN cells (control-trans-
fected cells) underwent cytochrome c rearrangement.
Notably, a significantly (P 
 0.01) lower percentage of
CIFN-treated cells showing cytochrome c rearrangement

Figure 4. Analysis of apoptotic cascade. A: Caspase-3 activity in 1B6 parental
and IFN-producing (LCIFNSN) cells at 24 and 48 hours after cisPt adminis-
tration obtained by colorimetric assay. B: Caspase-3 activity in 1B6 parental
cells, parental cells treated with exogenous CIFN, control-transduced (LXSN),
and IFN-producing (LCIFNSN) cells at 24 hours after cisPt addition in the
presence or absence of DEVD-CHO caspase-3 inhibitor. C: Western blot
analysis of caspase-3 in 1B6 cell lines. Note cleaved caspase-3 in cisPt-treated
cells. D: Western blot analysis of caspase-3 in 8863 cell lines shows that
caspase-3 was inactive in these cells independently from cisPt treatment.

Figure 5. Analytical cytology analyses. A: Cytochrome c intracellular local-
ization in 1B6 CIFN-producing cells (LCIFNSN) before (left) and after
(right) 24 hours of cisPt treatment. Original magnification, �1600. B: Intra-
cellular localization of apaf-1 in 1B6 IFN-producing cells (LCIFNSN) before
(left) and after (right) 24 hours cisPt treatment. Original magnification,
�2500. C: Quantitative analysis performed by flow cytometry of apaf-1 in
1B6 cells in the absence (solid line) and after (dotted line) 24 hours of cisPt
treatment. Numbers represent the median values of fluorescence histogram.
A representative experiment of four is shown.
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was found (22.3 	 3.2%) with respect to CIFN-producing
cells.

Once released from mitochondria, cytochrome c inter-
acts with apaf-1 to constitute apoptosome structure48,49

and to activate pro-caspase-9. As for cytochrome c, in-
tensified video microscopy analyses were thus con-
ducted (Figure 5B). Apaf-1 underwent an early apprecia-
ble rearrangement, after 24 hours of cisPt exposure, in
the LCIFNSN cells only. In particular, it appeared scat-
tered throughout the cell cytoplasm (Figure 5B, left) be-
fore cisPt treatment, whereas it appeared to be localized
in the perinuclear region 24 hours after cisPt treatment
(Figure 5B, right). In addition, a significant (P 
 0.01)
quantitative increase in apaf-1 expression was found in
1B6 melanoma cells treated for 24 hours with cisPt with
respect to untreated counterparts (Figure 5C). Although
significant in all cisPt-treated 1B6 cell lines (as compared
to the respective untreated controls), the increase in
apaf-1 was higher in CIFN-treated parental cells and in
CIFN-producing cells (LCIFNSN) with respect to parental
and control LXSN cells, as clearly shown by the median
values of cytofluorimetric histograms. More importantly,

CIFN-producing 1B6 cells also displayed significantly
(P 
 0.01) higher basal values of apaf-1 expression (with
respect to the other 1B6 cell lines considered) indepen-
dently from cisPt administration.

Regarding the other cell model system considered in
the present work, ie, the 8863 cell line, to analyze the
CIFN-mediated sensitization to apoptosis a different ap-
proach was followed. In fact, caspases seemed not to be
involved in cisPt-induced apoptosis in these cells (see
above). Hence, we decided to evaluate the alternative
pathway represented by the cathepsin cascade.50 We
thus analyzed the expression and the activation state of
cathepsin B by both flow cytometry and Western blot in
8863 cells. Our analyses revealed a low basal expression
of this enzyme in all 8863 cell lines considered (Figure
6A, solid lines). Nevertheless, a significantly (P 
 0.01)
higher expression of intracellular cathepsin B was ob-
served both in CIFN-treated cells and, more markedly, in
CIFN-producing cells with respect to parental and LXSN
cells (Figure 6A, solid lines). Importantly, at 24 hours after
cisPt addition, a further, significant increase (P 
 0.01) of

Figure 6. Cathepsin B expression analyses. Cathepsin B expression, as
measured by cytofluorimetric analysis in 8863 (A) and 1B6 (B) cell lines in
the presence (dotted line) or absence (solid line) of cisPt. Numbers
represent the median values of fluorescence histograms. One experiment
representative of four is shown.

Figure 7. Cathepsin B and apoptosis. Percentage of apoptotic cells at 24
hours (double-staining annexin V/propidium iodide) and at 48 hours (by
TUNEL reaction) after cisPt treatment in both 8863 (A) and 1B6 (B) cell lines
pretreated with cystatin C as specific inhibitor of cathepsin B. Cystatin C
exerted only a partial protection in 1B6 cells after 24 hours of cisPt treatment.
By contrast, a significant protective effect was detected in 8863 cells at both
24 and 48 hours after cisPt treatment.
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cathepsin B expression was observed in cells treated
with exogenous CIFN as well as in CIFN-producing cells
(LCIFNSN) (Figure 6A, dotted lines). Moreover, accord-
ing to the results obtained on apoptotic susceptibility
(see values in Figure 1B), this cisPt-induced increase
was more evident in LCIFNSN (CIFN-producing) 8863
cells in which the median value of the cytofluorimetric
histogram were more than tripled with respect to LXSN
control cells (� � �70.3%). In light of these results par-
allel control experiments were also conducted by using
1B6 cells. As clearly shown by the median values re-
ported in the flow cytometry histograms in Figure 6B,
higher basal expression levels of cathepsin B (analyzed
by flow cytometry and Western blot) were found in all 1B6
cell lines with respect to 8863 cell counterparts. However,
no difference in the basal expression of cathepsin B was
observed between different 1B6 melanoma cell lines con-
sidered in this work (parental, LXSN, CIFN, LCIFNSN;
Figure 6B, solid lines). However, importantly, no increase
was registered after cisPt addition (Figure 6B, dotted
lines).

To verify the involvement of cathepsin B in cisPt-in-
duced apoptosis we also performed specific experi-
ments by using cathepsin B inhibitor cystatin C in both
8863 (Figure 7A) and 1B6 (Figure 7B) cell lines. We found
that pretreatment with cystatin C was able to significantly
(P 
 0.01) prevent apoptosis in all 8863 cell lines con-
sidered (parental, CIFN-treated, LXSN, and CIFN-pro-
ducing cells). In fact, in these cells, a significant inhibition
of apoptosis was observed at both 24 and 48 hours after
cisPt administration (Figure 7A). Moreover, a significant
inhibition of apoptosis was also found in 1B6 cells (pa-
rental, CIFN-treated, LXSN, and LCIFNSN; �30%, P 

0.01) at 24 hours after cisPt treatment (Figure 7B). Inter-
estingly, the protection from apoptosis exerted by cysta-
tin C in 1B6 cells was lost at 48 hours after exposure to
cisPt. These results seem to suggest that cathepsin B,
although of relevance, is not primarily involved in cisPt-
induced apoptosis in 1B6 cell lines, which preferentially
use the caspase-dependent cell death pathway. By con-
trast, in 8863 cells cathepsin B seems to be of fundamen-

tal importance for the death program triggered by cisPt
as well as in the CIFN-induced sensitization to cisPt.

Redox Balance Analysis

Previous studies demonstrated that cell commitment to
death is associated with ROS production.42,51 Thus, in
consideration of the well-known relationships between
ROS production and mitochondrial function,43 we also
evaluated cell homeostasis in terms of redox balance and
ROS production.

Mitochondrial Mass

Because a different number of mitochondria can influ-
ence both ROS production and mitochondrial membrane
potential measurements, we compared the mitochondrial
mass of different 8863 and 1B6 cell lines considered
here. To this purpose, the probe nonylacridine orange
that preferentially recognizes the mitochondrial structural
phospholipid cardiolipin was used. Table 1, A and B,
clearly shows that there were no significant differences in
mitochondrial mass among the different 8863 and 1B6
cell lines independently of cisPt treatment.

ROS Production

To verify whether the mitochondrial hyperpolarization
found in LCIFNSN cells was paralleled by alteration of the
redox status of the cells, we evaluated ROS production.
We used the fluorescent dye DHE, able to preferentially
reveal superoxide anions, O2

�, and the oxidation-sensi-
tive fluorescent probe DHR 123, capable of preferentially
detecting hydrogen peroxide, H2O2. CisPt administration
significantly (P 
 0.01) increased ROS production in
CIFN-producing cells and CIFN-treated cells [in both cell
types 8863 (Table 1A, second row) and 1B6 (Table 1B,
second row)]. This H2O2 hyperproduction appears par-
alleled by the elevation of �� observed at the same time
(24 hours) as an early event in 1B6 and 8863 cells (see

Table 1. Quantification, by Flow Cytometry, of Some Parameters Related to the Redox State of the Cells: 1) Mitochondrial Mass
(by Using NAO); 2) H2O2 Production (by Using DHR123); 3) O2

� Production (by Using DHE); 4) Hsp70 Expression (by
Using Specific mAb); and 5) Ubiquitin Expression (by Using Specific mAb) Both in 8863 (A) and 1B6 (B) Cell Lines

Parental CIFN LXSN LCIFNSN

w/o cisPt with cisPt w/o cisPt with cisPt w/o cisPt with cisPt w/o cisPt with cisPt

A. 8863
NAO 102 	 13 105 	 11 99 	 9 101 	 7 104 	 9 98 	 7 100 	 6 103 	 8
H2O2 89 	 8 94 	 9 102 	 11 155 	 13 97 	 7 115 	 11 102 	 7 189 	 15
O2

� 123 	 10 119 	 8 115 	 12 121 	 13 126 	 11 118 	 9 124 	 11 207 	 18
Hsp70 14 	 2 13 	 3 11 	 2 17 	 4 14 	 3 14 	 4 13 	 3 20 	 4
Ubiquitin 53 	 7 64 	 8 49 	 7 78 	 6 50 	 6 61 	 5 54 	 7 92 	 9

B. 1B6
NAO 89 	 7 93 	 9 91 	 7 97 	 10 93 	 7 91 	 5 94 	 8 90 	 7
H2O2 91 	 8 122 	 10 90 	 8 155 	 12 97 	 6 145 	 9 104 	 8 193 	 13
O2

� 88 	 8 93 	 7 101 	 9 126 	 10 89 	 7 101 	 8 107 	 12 248 	 16
Hsp70 2 	 0 2 	 0 2 	 0 2 	 0 2 	 0 2 	 0 2 	 0 2 	 0
Ubiquitin 12 	 2 12 	 3 12 	 2 13 	 4 13 	 3 14 	 5 12 	 4 61 	 7

Numbers in the tables represent median values of the fluorescence histograms after conversion of logarithmically amplified signals into values on a
linear scale. Underlined values indicate a significant difference towards respective cisPt-untreated control cells.
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Figure 1C). However, according to apoptosis data, this
increase was more pronounced in LCIFNSN (CIFN-pro-
ducing) cells with respect to cells treated with exogenous
CIFN. Significant changes in the production of superox-
ide anion were detected (Table 1, A and B, third row) in
CIFN-producing cells only.

Stress Response

As shown in Table 1, A and B (fourth row), Hsp70
protein expression was evaluated in both cell lines. This
chaperone protein is increased in different stress condi-
tions, ie, by ROS, and can protect cells from oxidative
damage.52 Our results showed a significant increase
(P 
 0.01) in the expression of this protein in LCIFNSN
(CIFN-producing) 8863 cells after exposure to cisPt (Ta-
ble 1A). Notably, this increase was relevant only in these
two 8863 cell lines (exogenous CIFN � cisPt versus ex-
ogenous CIFN, � � 34.7%; LCIFNSN � cisPt versus
LCIFNSN, � � 33.4%) whereas it was absent in cisPt-
treated parental and LXSN cells. Interestingly, 1B6 cells
were almost negative for Hsp70 independently from cisPt
administration (Table 1B). This very low expression of
Hsp70 could be of some relevance in explaining the high
cisPt-induced apoptosis susceptibility observed in this
cell line.

In the same vein, we evaluated the expression of ubiq-
uitin, known to have a role in both shock response and
apoptosis.53 The results obtained clearly indicated that a
marked increase of this protein was detectable in 8863
cells after cisPt administration and that this increase
was highly significant in both CIFN-treated (CIFN versus
CIFN � cisPt, � � 37.2%) and CIFN-producing
(LCIFNSN versus LCIFNSN � cisPt, � � 40.8%) 8863
cells (Table 1A, last row) cells. By contrast, in 1B6 cells,
no significant variations were observed after cisPt treat-
ment in parental cells, CIFN-treated cells and LXSN-
transduced cells. In contrast, in CIFN-producing 1B6
cells the increase of ubiquitin expression after cisPt ad-
ministration was dramatic and highly significant (P 

0.01, LCIFNSN versus LCIFNSN � cisPt, � � 80.0%).

Apoptotic Proneness Analysis

Finally, sensitivity of the 1B6 and 8863 cell lines to various
apoptotic stimuli were considered: 1) STS (1 �mol/L 6
hours), known to induce mitochondrial-mediated apopto-
sis; 2) UVB radiation that induces cell death mainly in-
volving ROS production and mitochondrial machinery;
and 3) anti-Fas antibody, that triggers cell death via a
receptor-mediated apoptotic cascade (typical type I
stimulus). As a general rule, the results confirmed a major
susceptibility to apoptosis of 1B6 cells (Figure 8A) with
respect to 8863 cells (Figure 8B). Furthermore, as ob-
served for cisPt-induced apoptosis, CINF-producing
(LCIFNSN) cells were significantly (P 
 0.01) more sus-
ceptible to apoptosis with respect to parental and LXSN
cells. This increased susceptibility was also detected in
CIFN-treated cells although less markedly than in CIFN-
producing cells. Importantly, this was clearly observed in

both cell lines (1B6 and 8863; Figure 8, A and B). By
contrast, anti-Fas antibodies were not able to induce cell
death in any 1B6 and 8863 cell lines. Interestingly, as
demonstrated by cytofluorimetric analyses, CD95/Fas/
APO1 was normally expressed on the surface of both
8863 and 1B6 cell lines (data not shown) and there were
not significant (P � 0.05) differences in the expression of
CD95/Fas between parental, CIFN-treated, control LXSN
cells, and CIFN-producing cells (LCIFNSN). This is sug-
gestive of a specific low susceptibility of both cell lines to
type I apoptotic pathway.8

Discussion

Two different human melanoma cell lines, 8863 and 1B6,
genetically modified to produce type I IFN, were demon-
strated to undergo a powerful apoptotic response with
suboptimal doses of cisPt.22 In the present work we par-
tially addressed the molecular mechanisms underlying
this susceptibility. We found that irrespective of the apo-
ptotic cascade used, caspase- or noncaspase-depen-

Figure 8. Apoptotic susceptibility. Cytofluorimetric quantitative evaluation
of the percentage of apoptotic cells (as assessed by TUNEL reaction) in 1B6
(A) and 8863 (B) cell lines after induction with different apoptotic stimuli.
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dent, CIFN gene transfer confers an increased cisPt ap-
optotic susceptibility via a target effect on the major
supervisor of type II apoptosis, ie, the mitochondrion. In
fact, the two melanoma cell lines used here could be
considered as different prototypes of different machiner-
ies for cell death: 1B6 cells underwent cisPt-induced
apoptosis via caspase cascade whereas 8863 cells,
lacking this machinery, use the alternative (less efficient)
pathway represented by the cathepsin-mediated cell
death.54 In both situations, transfer of the human type I
consensus IFN gene sensitized melanoma cells to cisPt-
induced apoptosis. This sensitizing activity seemed to be
significantly related to mitochondrial alterations observ-
able in apoptotic process, ie, with changes of mitochon-
drial membrane potential. In fact, two different, and ap-
parently conflicting, phenomena were described by the
literature regarding mitochondria and apoptosis: 1) an
increase of mitochondrial membrane potential (hyperpo-
larization) as well as 2) the loss of mitochondrial mem-
brane potential (depolarization). It was postulated that, in
some instances, the first phenomenon can represent a
primitive event preceding the second.42,44 Hyperpolar-
ization can also represent a prerequisite for apoptotic
susceptibility of cells administered with type II stimuli35

and can be hypothesized to have a role in the cisPt
sensitization of IFN-producing cells shown in the present
work. In fact, increased �� found in our cell systems
seems to be because of a specific target activity of type
I IFN at the mitochondrial membrane level. In particular,
shortly cisPt treatment (24 hours), �� change (hyperpo-
larization) was already appreciable in a high percentage
of IFN-producing 1B6 and 8863 cells only. Subsequently,
as expected, this change was followed, as a later event,
by a depolarization of the mitochondrial membrane.
These observations are in agreement with recent articles
suggesting a direct activity of type I IFN in regulating
mitochondrial function.55

IFN-mediated enhancement of sensitivity to cisPt in
CIFN-producing 1B6 melanoma cells was also associ-
ated with several events that paralleled the changes in
the mitochondrial membrane described above. Namely,
an early increase of caspase activity and an early intra-
cellular redistribution of apoptosis-initiating key mole-
cules such as cytochrome c and apaf-1 were found in
IFN-producing 1B6 cells after cisPt addition. The first
event was characterized by a fast and pronounced acti-
vation of caspase-9, the type II-associated caspase,
which, in LCIFNSN better than in CIFN cells, was fully
counteracted by its specific inhibitor, LEHD-CHO. Re-
garding the intracellular localization of cytochrome c and
apaf-1, early changes were observed by analytical cytol-
ogy studies in cisPt-treated IFN-producing 1B6 cells. In
fact, both cytochrome c and apaf-1 molecules redistrib-
uted in the perinuclear region of IFN-producing cells only.
Thus, as suggested by other authors56,57 movements
and trafficking of cell death-related molecules can play a
key role in apoptosis proneness. Furthermore, parallel
quantitative fluorescence-activated cell sorting analyses
revealed that, unlike cytochrome c, the basal apaf-1 ex-
pression, ie, in the absence of cisPt treatments, was
significantly higher in IFN-producing 1B6 cells with re-

spect to control counterparts. Shortly after cisPt admin-
istration (24 hours), the highest absolute levels of apaf-1
expression were found in IFN-producing and IFN-treated
1B6 cells. These observations are in agreement with
recent findings indicating that an increase in apaf-1 ex-
pression might represent a sensitizing factor toward ap-
optosis induction.58

On the other hand, IFN-producing 8863 cells, also
showing enhanced apoptotic proneness to cisPt, failed to
display an active caspase cascade. These cells seemed
to follow the alternative lysosome-associated pathway
that seemed mainly mediated by cathepsins, a family of
cysteine proteases associated with metastatic melanoma
since 1986.59 Although less efficiently, this enzymatic
cascade was capable of apoptotic induction in 8863
cells. Importantly, IFN consensus gene transfection con-
ferred to these cells the same behavior found in 1B6
melanoma cells, ie, apoptotic proneness. In fact, the
earlier event in this cell line was represented by a signif-
icant increase of cathepsin B activity. Although parallel
mechanisms cannot be ruled out, it can be hypothesized
that this alternative route can play a role in the increased
susceptibility of 8863 IFN-producing cells to cisPt in-
duced apoptosis. As hypothesized above, this might be
because of a specific activity of cathepsin B on mitochon-
drial homeostasis in LCIFNSN cells. Literature data are in
fact suggestive for a target effect of cathepsin B on
mitochondrial homeostasis and activation of a mitochon-
drially mediated apoptotic program.50 Furthermore, in
consideration of the possible implications of cathepsins
in metastatic melanoma proliferation and invasiveness,60

our results seem to be suggestive for a widespread re-
consideration of pro-apoptotic drugs and their subcellu-
lar targets for metastatic melanoma. In fact, notably, re-
garding this point we can depict this paradox: 8863 cells
that specifically use the cathepsin pathway to suicide are
those with lower intracellular levels of this enzyme (with
respect to 1B6 cells). This could be at least partially
explained by the previously described release of cathe-
psins by metastatic cells.61

The importance of mitochondria in the apoptotic cas-
cade was assessed in a plethora of works describing the
megapore opening and cytochrome c release as key
factors in the initiation of type II apoptotic cascade.8

Conversely, for type I stimuli, such as that represented by
�-Fas monoclonal antibody (to which all cell lines con-
sidered here were refractory), this mitochondrial activity
was described as subordinate (8,35). Notably, CyA and
BA, specific inhibitors of mitochondrial pore opening,47

significantly prevented apoptosis in cisPt-treated 1B6
and 8863 cells lines suggesting a key role for mitochon-
drial homeostasis in cisPt-induced apoptosis (Figure 2).
The difference in apoptotic sensitivity between 1B6 and
8863 cell lines can at least partially be explained by the
different apoptotic machinery used. In fact, as already
mentioned above, IFN-producing 8863 cells, although
less efficiently, underwent significant cisPt-induced apo-
ptosis by a mechanism involving the lysosomal cysteine
protease cathepsin B and were impaired by a cathepsin-
specific inhibitor, ie, cystatin C.62 Albeit targeted to mi-
tochondria50 this cascade was still poorly described by
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literature and the 8863 cell line can thus represent an
ideal cell model for future studies in this field.

A number of studies have demonstrated that DNA
damage, caused by chemotherapeutic agents including
cisPt, induces transient accumulation of p53 protein and
results in programmed cell death.63,64 The sensitivity to
anti-cancer drugs has in fact been reported to be p53-
dependent and the introduction of wild-type p53 into
tumor cells has been reported to sensitize a variety of
cancer cell lines to different anti-cancer drugs, including
cisPt, both in vitro and in vivo.65,66 In our previous study
we showed that the extent and the kinetics of cisPt-
induced apoptosis was correlated with the extent and the
kinetics of IFN-dependent induction of p53.22 This sensi-
tization via IFN to p53-mediated apoptosis could be
related to the results obtained on mitochondria presented
in this study. In fact, it was hypothesized that mitochon-
dria regulate p53 protein levels through a redox-depen-
dent mechanism and that, in turn, p53 regulates
mitochondrial membrane potential through ROS genera-
tion.14 Moreover, a fraction of stress-induced p53 protein
is known to localize at mitochondrial level at the onset of
apoptosis.67 Hence, in the present work we provide some
additional link between the mechanisms underlying the
control of cell fate via p53/mitochondrial function and we
suggest that transfer of type I consensus IFN (CIFN) gene
sensitizes human melanoma cells toward type II apopto-
tic triggering.8,14

The last point to consider is represented by the role
specifically played by oxidative stress, whose main cyto-
plasmic source is represented by mitochondria. In fact,
apart from p53-associated mechanisms described
above, the important role played by redox balance in
ionic homeostasis of mitochondria and apoptosis is well
established.68 Strikingly, very few data are available in
literature regarding a specific association of IFN and
stress-associated molecules.69 Here we show that only
CIFN-producing cells significantly increased ROS pro-
duction and stress-associated proteins (Hsp70 and ubiq-
uitin) shortly after cisPt exposure. The first is well known
to be associated with apoptosis induction and it was
hypothesized to cause a marked hyperpolarization of
mitochondria.40 The second ones seem to be of rele-
vance in the complex scenario provided by IFN-produc-
ing cells. In fact, the ubiquitin-proteasome pathway is the
principal mechanism for the degradation of short-lived
proteins in cells. This molecule, involved in apoptotic
regulation, was found related to Hsp70 overexpression
and it was hypothesized to be modulated by IFNs.69 We
can thus interpret these changes as counteracting mech-
anisms of cell resistance.

Although several aspects remain to be fully clarified,
eg, different apoptotic susceptibility observed in CIFN-
producing cells with respect to exogenous CIFN-treated
cells, the results shown in the present work clearly indi-
cate that type I IFN significantly sensitizes melanoma
cells to type II apoptotic pathway, ie, mitochondrial path-
way, induced by cisPt, radiation or STS. This booster
effect led to an increased apoptotic proneness of major
relevance in IFN-producing cells (LCIFNSN) rather than
in exogenous IFN-administered cells (CIFN). Moreover,

this proneness was detectable independently from the
apoptotic cascade available in the cell (caspase-depen-
dent or caspase-independent/cathepsin-dependent).
This can suggest that the comprehension of mitochon-
drial role in drug-induced cell death program could also
lead, in the long run, to the widespread use of highly
active and mitochondrially targeted pro-apoptotic treat-
ments in the control of tumor growth.
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