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Italy

Received 4 June 2009; revision accepted 26 August 2009

Abstract
Objectives: The major goal of anti-cancer therapies
is selective destruction of tumour cells with mini-
mum side effects on normal cells. Towards this aim,
combination of different therapeutic modalities has
been evaluated for improving control of neoplastic
diseases and quality of life for the patient. Photo-
dynamic therapy (PDT) is a procedure for treatment
of various types of cancer, but its combination with
other established treatments has not been evaluated
in detail. We have used KYSE-510 cells from a
human oesophageal carcinoma as an in vitro model
to investigate whether cisplatin (CDDP) could be
combined with PDT to increase cell death with
respect to single treatments.
Materials and methods: p53-mutated KYSE-510
cells were treated with CDDP alone or in combina-
tion with PDT. Analyses of cell viability, cell cycle
progression and apoptosis induction were carried out
at specific times after treatments.
Results: Decrease in cell viability, cell cycle arrest at
the G2 ⁄M- and S-phases boundary, and apoptosis
induction were observed after single and combined
treatments.
Conclusions: Our results show that low CDDP
doses (0.25–1 lM) induce cell mortality and cell
cycle perturbation, which were more evident when
given in combination with PDT, but in contrast to
work of other authors no synergistic activity was
found. Apoptosis occurred via intrinsic pathways in

treated cells, although it did not represent the pre-
dominant mode of cell death.

Introduction

Cisplatin [cis-diammine-dichloroplatinum(II)] (CDDP) is
a chemotherapeutic agent widely used in treatment of
several types of cancer, including testicular, ovarian, cer-
vical, head and neck, lung and oesophageal malignancies
(1,2). CDDP binds to DNA and forms intra- and inter-
strand crosslinks, which interfere with DNA replica-
tion ⁄ transcription, blocking cell cycle progression and
promoting cell death. While it is generally accepted that
formation of adducts to nuclear DNA is the major factor
of CDDP cytotoxicity, additional cell components such
as mitochondrial DNA, membrane phospholipids and
cytoskeletal elements have been described as affected
targets contributing to its antitumour activity (3). CDDP
is a potent anti-cancer agent but its application can be
limited due its side effects, in particular neurotoxicity is
dose-limiting, and also inherent and acquired resistance
can exist (4). CDDP alone induces DNA damage, arrest
of the cell cycle at a specific G2 ⁄M checkpoint, followed
by apoptosis induction in a variety of proliferating cells
(5–9). Antitumour effects of CDDP have been evaluated
also in combination with a number of non-platinum
drugs such as antimetabolites, taxanes and topoisomerase
inhibitors (10,11). Preclinical and clinical investigations
on these combination therapies have provided contradic-
tory results as cytotoxic effects ranged from synergy to
antagonism between the components and appeared to
depend strongly on schedules applied and tumour cell
types (12–14). A few preclinical studies have also been
performed to establish potential advantages produced
through combination of CDDP treatment with photo-
dynamic therapy (PDT) (15,16). PDT is a recently
emerging modality of cancer treatment based on admin-
istration of a photosensitizing drug, that once taken up
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by cancer cells is activated by irradiation with light from
red wavelength spectra (600–800 nm) (17,18). Apoptotic
or necrotic cell death can be caused by reactive oxygen
species, mainly singlet oxygen radicals, produced by the
activated photosensitizer (19).

In the present study, we investigated the possibility
of treating oesophageal squamous cell carcinoma using
combination of conventional chemotherapy with CDDP,
and PDT with Photofrin as photosensitizer. Oesophageal
cancer, globally, has highly heterogeneous geographical
distribution with regions of low and high incidence. In
China, it is the fourth leading cause of cancer death,
and in most Western countries the incidence is rising
(20). It has been estimated that more than 85% of
oesophageal cancer patients die within 2 years of diag-
nosis due to late stages of the condition at presentation
and consequent inefficacy of treatment to produce long-
term survival. PDT, in general, is used for palliative
treatment of obstructive carcinomas, while only few
patients with superficial oesophageal carcinomas and
high-grade Barrett’s dyplasia have been treated with
PDT as curative intent (21,22). Squamous cell carci-
noma is the major histological type of oesophageal can-
cers and its development is associated with mutation of
the p53 tumour suppressor gene, disruption of cell cycle
control mechanisms and activation of oncogenes (for
example, EGFR, c-myc) (23). We used p53-mutated
KYSE-510 cells as in vitro model of human oesopha-
geal carcinoma, to evaluate possible positive interaction
between CDDP and PDT in terms of cell mortality, so
that doses of the individual agents could be kept low to
avoid major side effects, but of sufficient level to pro-
duce relevant therapeutic responses. In this study, we
show that low doses of cisplatin induced cell cycle
alterations and cell death in KYSE-510 cells and that its
combination with PDT increased cytotoxic effects, more
evident by comparing fraction of cell death occurring
by non-apoptotic means.

Materials and methods

Cell line and chemicals

The human oesophageal squamous carcinoma cell line
KYSE-510 was purchased from Deutsche Sammlung von
Mikroorganismen und Zellkulturen GmbH ⁄Braunschweig
(DSMZ, Germany). KYSE-510 cells were cultured in
RPMI 1640 medium supplemented with 10% heat-inacti-
vated foetal bovine serum (FBS) (Gibco, Invitrogen,
Carlsbad, CA, USA), 1 mM L-glutamine, 38 units ⁄ml
streptomycin and 100 units ⁄ml penicillin G (Sigma-
Aldrich, St. Louis, MO, USA). Cell cultures were kept at
37 �C in a humidified atmosphere containing 5% CO2.

Cells were re-seeded every 3 days, before reaching con-
fluence. The photosensitizer Photofrin II (a haem-
atoporphyrin derivative) was purchased from Axcan
Pharma Inc. (Mont-Saint-Hilaire, Canada) as freeze-dried
powder and was dissolved in water containing 5% glucose
to obtain a 2.5 mg ⁄ml stock solution. Small aliquots of
the stock were stored at )20 �C and diluted to desired
concentrations in the cell culture medium immediately
before use. CDDP (Sigma-Aldrich) was dissolved in
DMSO at a concentration of 2 mM and used freshly after
appropriate dilution in the cell culture medium.

Photodynamic and chemotherapeutic treatments

For photodynamic treatment, 5 · 104 cells were seeded
in duplicate in 35 mm diameter dishes with 2 ml of
RPMI 1640 containing 10% FBS, and were allowed to
attach for 24 h. After this, cells reached exponential
growth phase and medium was replaced with fresh
RPMI containing 3% FBS; after 8 h, cells were incu-
bated in 2.5 lg ⁄ml Photofrin for 16 h and washed twice
in phosphate-buffered saline (PBS) before exposure to
increasing doses of the appropriate red light. Irradiations
were performed at room temperature, keeping cells in
PBS, which was replaced with complete culture medium
immediately after irradiation. The light source was a
PTL Penta quartz-halogen lamp (model STL-B-049,
Desys SA, S. Antonino, Switzerland) equipped with a
bundle of optical fibres and filters that allowed selection
of light wavelengths in the range of 600–700 nm. Light
fluence rate at the level of the cell monolayer was fixed
at 5 mW ⁄ cm2 while time of irradiation was varied
accordingly to administer increasing doses of light
(0–3.75 J ⁄ cm2). Irradiated cells were retained in the
incubator for 24 h until selected responses of cells to
the treatment were analysed.

For treatment with CDDP, cell samples were prepared
as described for photodynamic treatment. One day after
seeding, cell culture medium was removed and replaced
with fresh medium containing 3% FBS, and increasing
concentrations of CDDP (0–5 lM). Cells were kept in the
incubator for 24 h in presence of the drug and after this
incubation period, the drug was removed by replacing
drug-containing medium with drug-free complete med-
ium. Cells were retained in the incubator for 24 h until
specific analyses were performed.

Cells treated with the combination of chemotherapy
and PDT were incubated almost simultaneously with
CDDP and Photofrin and then irradiated with the
selected dose of appropriate red light. One day after
seeding, cells were exposed to selected CDDP concen-
trations (0.25, 1 and 5 lM) and after 8 h, Photofrin
(2.5 lg ⁄ml) was added and incubation continued for an
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additional 16 h. After 24 h incubation with CDDP, of
which 16 h was with Photofrin, both drugs were
removed, cells were washed twice and irradiated in PBS
with light dose of 1.8 J ⁄ cm2. Immediately after irradia-
tion, PBS was replaced with complete culture medium
and the cells were again retained in the incubator for
24 h. To evaluate effects of CDDP plus Photofrin in the
dark, some cell samples were treated as described earlier
but not exposed to light.

Cell viability

Viability of KYSE-510 cells was determined by the trypan
blue dye exclusion test, MTS [(3-(4,5-dimethylthiazol-2-
yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulphophenyl)-2H-
tetrazolium)] and clonogenic assays. For trypan blue
exclusion, fraction of viable cells of treated samples was
calculated based on number of trypan blue-negative cells
in comparison to untreated controls. MTS assay was per-
formed using CellTiter 96� Aqueous One Solution Cell
Proliferation Assay (Promega, Madison, WI, USA), which
provides indication of mitochondrial integrity and activity,
which is interpreted as measurement of cell viability. The
assay displays ability of the cells to convert yellow tetra-
zolium salt to purple 1-(4,5-dimethylthiazal-2-yl)-3,5-
diphenyl formazan by mitochondrial dehydrogenase activ-
ity of living cells. Briefly, 1 · 103 cells ⁄well were seeded
in triplicate in 96-well plates in RPMI medium with 10%
FBS, and measurements of cell dehydrogenase activity to
form purple formazan by MTS were performed by adding
20 ll CellTiter 96� Aqueous One Solution Reagent to
100 ll serum-free media in each well, followed by 1 h
incubation at 37 �C in the dark. Amount of the formazan
product formed is directly proportional to number of liv-
ing cells; therefore, cell proliferation can be quantified by
recording absorbance at 490 nm using a 96-plate reader
(Spectramax 190; Molecular Devices, Orleans Drive Sun-
nyvale, CA, USA). Cell viability was determined by com-
paring values with untreated control sets, where mean
value of control was considered to be 100%. For colony-
forming assays, five culture dishes (60 mm diameter)
were seeded with 100 treated cells in 5 ml complete med-
ium at the end of 24 h incubation with CDDP alone, com-
bined with PDT, and with PDT alone, and five dishes
were plated with untreated cells as controls for each exper-
iment. Cells were grown for 10–12 days before being
stained with crystal violet for colony counting (only colo-
nies with more than 50 cells were considered for the deter-
mination). Control dishes were used to calculate cloning
efficiency (CE) as proportion of number of colonies ver-
sus number of cells seeded, and the surviving fraction was
determined as ratio between CE of treated cells to that of
untreated cells.

Cell cycle analyses

Effects of single or combined treatments on cell cycle
progression were analysed by flow cytometry at selected
times. Cells (1.5 · 106) were harvested, fixed in 70% cold
ethanol and stored at 4 �C at least overnight. Before analy-
sis, cells were washed in distilled water, centrifuged and
resuspended in 1 ml PBS containing 50 lg ⁄ml propidium
iodide (PI, Sigma) and 100 lg ⁄ml rnase, for DNA staining.
Samples were incubated for 1 h at 37 �C and then analysed
in a FACScan flow cytometer (BD Biosciences, San Jose,
CA, USA) using CellQuest and ModFit LT 3.0 softwares
(BD Biosciences, San Jose, CA, USA), respectively, for
data acquisition and cell cycle distribution analysis.

Identification of apoptotic cells

Apoptosis was determined by morphological analyses of
KYSE-510 cells at 7 (24 h + 7 h) and 24 h (24 h + 24 h)
after treatment with CDDP alone, combined with PDT,
PDT alone and of untreated control cells. At each time
point, 1 · 106 cells were collected, centrifuged and incu-
bated in the dark for 15 min at 37 �C with 1.5 lg ⁄ml
Hoechst 33342 (Sigma). Apoptotic morphology was also
detected after nuclear staining with DAPI (4,6-diamino-2-
phenylindol). Briefly, 1 · 106 cells were washed once in
Hank’s solution then fixed in ice-cold ethanol: acetic acid
(9:1) solution following standard procedures. Fixed cells
were placed on clean slides and finally stained in 2 lg ⁄ml
DAPI (Roche Diagnostics, Indianapolis, IN, USA) in anti-
fade solution (Vectashield; Vector Laboratories, CA,
USA). Images of cells stained either with Hoechst 33342
or DAPI were captured using a Leica DMR fluorescence
microscope equipped with a Leica DC 300F videocamera
and CASTI IMAGENT software for image analysis (63·
magnification). Counting of apoptotic cells was carried
out on images captured by the microscope. A total of 400
(Hoechst stained) and 2000 (DAPI stained) cells were
scored by eye for nuclear morphology at each time point
and treatment, by two different persons. Apoptotic cells
(Fig. 1) were expressed as percentage of total cells deter-
mined in the cell sample analysed. Four independent
experiments were carried out and average of the scores
was used; values are expressed as the mean ± SE and dif-
ferences were compared using Student’s t-test.

Measurement of mitochondrial membrane potential

To test whether single or combined treatments could
induce decrease in mitochondria trans-membrane poten-
tial, untreated and treated cells were analysed by flow
cytometry after staining with the potential sensitive probe
JC-1. Cells (0.5 · 106) were incubated in the dark with
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4.5 lM JC-1 for 30 min at 37 �C, washed and analysed.
Changes in green (FL1) fluorescence emitted by the JC-1
monomers were measured at various times after single or
combined treatments (24).

Subcellular fractionation and SDS–PAGE

Cells (3 · 106) were harvested, centrifuged, washed in
PBS 1·, and digitonin-permeabilized for 5 min on ice in
cytosolic extraction buffer, following the procedure
described by Adrain et al. (25). Cell plasma membrane
permeability ⁄non-permeability was confirmed by trypan
blue staining. Cells were then centrifuged for 5 min at
1000 g at 4 �C and supernatants (cytosolic fraction) were
recovered. Pellets were resuspended in mitochondrial lysis
buffer for 15 min on ice, centrifuged at 10 000 g for
10 min at 4 �C and recovered. Twenty micrograms of
each subcellular fraction was separated on 12% SDS–
polyacrylamide gels and transferred to nitrocellulose
membranes (Hybond-C Extra; Amersham, GE Health-
Care, Piscataway, NJ, USA). Membranes were then
probed with primary antibodies: anti-cytochrome c (Bio-
Source International, Camarillo, CA, USA; 1:1000), anti-
BAX (Santa Cruz Biotechnology, Santa Cruz, CA, USA,
1:200), anti-BCL-2 (Becton Dickinson, 1:200), anti cyclin
B1 (Santa Cruz Biotechnology, 1:200) and anti b-actin
(Sigma, 1:5000) and then incubated with Amersham ECL
horseradish peroxidase-conjugated secondary antibodies
(GE Healthcare, 1:40.000). Resulting immunoreactive
bands were detected using enhanced chemioluminescent

HRP substrate (Millipore, Billerica, MA, USA). Signal
intensities of bands were measured and analysed using
ImageJ program (National Institutes of Health).

Immunofluorescence staining for BAX, BCL-2,
cytochrome c and cyclin B1

KYSE-510 cells were grown on glass coverslips for 24 h
before treatments. Treated and control cells were fixed in
4% formaldehyde (Sigma), permeabilized with 0.2% Tri-
ton X-100 in PBS at 37 �C for 10 min and blocked in
10% goat serum-PBS for 1 h at room temperature.
Coverslips ⁄ cells were then incubated for 2 h at room
temperature with primary antibodies, mouse monoclonal
anti-cytochrome c (Biosource, 1:200), rabbit polyclonal
anti-BAX (Santa Cruz Biotechnology Inc., 1:200), mouse
monoclonal anti-BCL-2 (Becton Dickinson, 1:50) and
mouse monoclonal anti-cyclin B1 (Santa Cruz, 1:50).
Cells were washed twice in PBS and incubated in second-
ary antibodies, Alexa Fluor� 488 goat anti-mouse and
Alexa Fluor� 594 donkey anti-rabbit (Molecular Probes,
Invitrogen, Carlsbad, CA, USA; 1:350), for 1 h at room
temperature. Cells were washed, counterstained with
2 lg ⁄ml DAPI (4,6-diamidino-2-fenilindole) in anti-fade
solution and cells on the coverslips were mounted. Immu-
nofluorescence images were captured using an epifluores-
cence microscope (Leica 5000, Wetzlar, Germany)
equipped with a CCD imaging system and MRC-1024
Laser Scanning Confocal Imaging System (Bio-Rad,
Hercules, CA, USA). Spaced (0.5 lm) optical sections
were recorded with the focus motor using a 100· oil-
immersion objective. Images were processed using the
Adobe PhotoShop 8.0 software (Adobe, San José, CA,
USA).

Results

Cell survival after single or combined treatments

To investigate whether CDDP and PDT had positive inter-
action with mortality of KYSE-510 cells when given in
combination, we first established dose–response curves
for the two individual treatments. Effects of chemotherapy
alone on viability of KYSE-510 cells were determined
after 24 h exposure to increasing concentrations of CDDP.
The dose–response curve obtained after trypan blue dye
exclusion showed that CDDP concentrations of as much
as 1 lM killed up to 80% of cells, whereas the remaining
fraction appeared to be more resistant to treatment, and
increase of CDDP concentration to 5 lM induced further
10% cell death only (Fig. 2a). Effects of PDT on cell via-
bility were determined using a fixed concentration of pho-
tosensitizer (Photofrin) equivalent to 2.5 lg ⁄ml,and

Figure 1. Fluorescence micrograph of treated KYSE-510 cells
stained with DAPI. White arrows point typical apoptotic nuclei (power
of magnification 63·).
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increasing doses of the appropriate red light (Fig. 2b).
Concentration of Photofrin was selected on the basis of
preliminary studies showing that concentrations higher
than 2.5 lg ⁄ml are toxic for KYSE-10 cells, even in the
dark. Therefore, cells were incubated for 16 h with Photo-
frin and then irradiated with doses of light up to
3.75 J ⁄ cm2. Subsequent experiments with combined treat-
ment were performed using 2.5 lg ⁄ml Photofrin and
1.8 J ⁄ cm2 light as dose of PDT, which produced 50% cell
mortality (Fig. 2b), and CDDP concentrations of 0.25, 1
and 5 lM. Interaction between chemotherapy with CDDP
and Photofrin-PDTwas assessed by comparing cell viabil-
ity, determined at the end of single or combined treat-
ments, with trypan blue dye exclusion and MTS assays

(Fig. 3). In general, fraction of viable cells determined by
trypan blue exclusion was lower than that measured by
MTS, this was probably due to specific features of the two
assays; MTS assay measures residual dehydrogenase

Figure 2. Dose–response curves after treatments with CDDP and
PDTwith Photofrin. KYSE-510 cells were exposed to increasing doses
of CDDP (0–5 lM) for 24 h and then incubated for 24 h in fresh com-
plete medium (a). Cells were incubated in the dark for 16 h with
2.5 lg ⁄ml Photofrin, irradiated with increasing red light doses (0–
3.75 J ⁄ cm2) and incubated for 24 h in fresh complete medium (b). Values
are expressed as mean percentage ± SD of Trypan blue negative cells with
respect to untreated and unirradiated controls, of 3–4 independent experi-
ments.

(a) 

(b) 

(c) 

Figure 3. Cytotoxicity in KYSE-510 cells after treatments with
CDDP alone, PDT alone and in combination. Cell viability was deter-
mined by Trypan blue dye exclusion test (a), MTS assay (b) and clono-
genic assay (c) 24 h after the end of each treatment. Surviving fraction
was determined as the ratio between the cloning efficiency of treated and
that of untreated cells and expressed in percentage. In all cases values
represent the mean ± SD of 3–5 independent experiments (*P < 0.05;
***P < 0.001, combined versus single treatments, t-test).
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activity present also in dying cells, whereas trypan blue
penetrates only in dead cells, not living ones. Neverthe-
less, both assays showed the same trend; KYSE-510 cells
subjected to combined treatments were generally less via-
ble with respect to those treated by chemotherapy only,
and in many cases the differences were significant. Contri-
bution of Photofrin in cells incubated in the dark with
CDDP did not decrease cell viability significantly (not
shown). Colony formation assay is an in vitro cell survival
test based on ability of a single cell to grow into a colony
consisting of at least 50 cells. For the lower dose of cis-
platin analysed, that is 0.25 lM, significant decrease in
cell survival after combined therapy with respect to single
treatments (42.8% CDDP 0.25 lM alone versus 20.7%
CDDP + PDT, P < 0.05) was observed. After treatment
with higher doses (1 and 5 lM), cells almost completely
lost the colony forming ability (5% and 0% of cell sur-
vival with CDDP 1 and 5 lM, respectively Fig. 3c).

Cell cycle progression after single or combined treatments

To investigate the mechanism of interaction between
CDDP and Photofrin-PDT, we monitored progression of
cell cycle after each treatment, administered alone or in
combination. KYSE-510 cells were analysed by flow
cytometry at 8 h treatment with CDDP (that is, time at
which Photofrin was added to the cells in the combined
treatment), at the end of treatment ⁄ s (24 h) and 24 h later
(24 h + 24 h) (Fig. 4). Presence of Photofrin in the dark
neither induced appreciable alteration with respect to
untreated control cells when administered alone, nor mod-
ified effect of CDDP when combined with it (not shown).
After 8 h exposure to 0.25, 1 or 5 lM CDDP alone, no
alteration in cell cycle progression was observed with
respect to control cells. At the end of 24 h incubation, we
detected cell cycle changes by function of the CDDP dose:
G2 ⁄M arrest with 0.25 and 1 lM CDDP (28% and 46%,
respectively) and S-phase block with 5 lM CDDP (85%).
After removal of CDDP and 24 h release in drug-free
medium, G2 ⁄M block persisted in 0.25 and 1 lM

CDDP-treated cells (25% and 62%, respectively). Five
micromolar CDDP at 24 h + 24 h was highly cytotoxic
and analyses of cell cycle progression were difficult to
perform: S-phase block (52%) as well as G2 ⁄M block
(48%) persisted and appeared even in a high fraction of
‘sub G1’ DNA content (�70%). Cells subjected to com-
bined treatment with PDT were arrested in a similar man-
ner but, with respect to single treatment, showed a fraction
of cells with ‘sub-G1’ DNA content that increased with
dose of cisplatin: 28%, 44% and 76% with 0.25, 1 and
5 lM CDDP, respectively. At the same time point, cells
treated with PDT alone showed a 17% ‘sub G1’ DNA con-
tent versus �2% in control cells. To investigate whether

the G2 ⁄M block induced by CDDP treatment was related
to increase in cyclin B1, we analysed its expression by
western blotting and immunofluorescent staining. CDDP,
either alone or in combination with PDT, slightly
increased cyclin B1 expression over control cells (�1.7-
fold). As expected from cell cycle analyses, PDT alone
did not induce appreciable increase in amount of cyclin
B1 (Fig. 5).

Induction of apoptosis after single and combined
treatments

Oesophageal squamous carcinoma KYSE-510 cells carry
a deletion of 32 bp in exon 7 of the p53 gene that creates
a stop codon at position 263 (26). The truncated p53 pro-
tein should maintain a greater part of the DNA binding
domain, and thus could be able to exert its pleiotropic role.
To verify whether KYSE-510 cells possess truncated p53
protein, we tested its presence in untreated and treated
cells by immunoblotting analyses using an antibody map-
ping to the amino terminus of p53 (Fig. 6). TK6 cells
p53(+ ⁄ +) irradiated with c-rays (5 Gy) were used as posi-
tive control for p53 activation. No band corresponding to
truncated protein was detected, indicating that in KYSE-
510 cells, the stress response takes place in a p53-indepen-
dent way.

Occurrence of apoptosis was evaluated in KYSE-510
cells, after single or combined treatment with the selected
dose of CDDP 1 lL, by morphological assay, based on
nuclear staining observed by fluorescence microscopy.
KYSE-510 cells were treated with PDT (2.5 lg ⁄ml of
Photofrin and 1.8 J ⁄ cm2 of light) alone, CDDP alone or
combined with PDT and percentages of apoptotic cells
were determined 7 and 24 h after end of treatments
(Fig. 7). No induction of apoptosis was detected in cells
incubated in the dark with Photofrin only (A.I. = 1.8%,
not shown). After PDT, we found an �5-fold increase of
apoptotic cells at both times analysed (�4% versus
�0.8%), similar to that observed at 7 h after treatment
with CDDP alone (A.I. = 5.1%). Combination of PDT
and CDDP increased apoptotic cells at 7 h after treatment
(A.I. = 9.5%), whereas at 24 h + 24 h, extent of apopto-
sis was similar to that of CDDP alone (21% versus 19%,
respectively). Cytometric assessment of apoptotic cells as
‘sub-G1 peak’ failed due to presence of a high fraction of
nuclear fragments from necrotic cells. The ‘sub-G1’ DNA
content, measured by flow cytometric analyses at
24 h + 24 h, was significantly higher in cells subjected to
combined treatment than in single treatments (P < 0.001
for CDDP 0.25 lM + PDT and P < 0.05 for CDDP
1 lM + PDT versus CDDP alone, respectively). CDDP
5 lM was highly cytotoxic and ‘sub-G1’ fraction was sim-
ilar after single and combined treatments.
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To evaluate whether apoptosis was triggered by the
intrinsic pathway, we measured dissipation of mitochon-
drial membrane potential using the probe JC-1 (Fig. 8).
Decrease in potential-sensitive probe JC-1 accumulation
was detected by the fluorescence switch from aggregates
of yellow-orange to monomers in green. At 7 h post-treat-
ment, we found no significant differences between
untreated and treated cells (not shown), whereas at 24 h
post-treatment, CDDP alone or combined with PDT,
induced a significant mitochondrial membrane depolariza-
tion, whereas PDT alone did not affect accumulation of

the probe. Induction of apoptosis via an intrinsic pathway
was further analysed by western blotting analyses to
assess expression of anti-apoptotic BCL-2 protein, BAX,
a pro-apoptotic member of the BCL-2 family, and of cyto-
chrome c (Fig. 9). BAX was present either in the cytosol
or associated with mitochondria, both in untreated and
treated cells, without differences between single or com-
bined modalities of treatment. BCL-2 was present mainly
associated with pellets, both in untreated and treated cells,
without differences between single and combined
treatments. Cytochrome c was present exclusively in

Figure 4. Representative histograms of cell cycle distribution of KYSE-510 cells after treatments with CDDP alone, PDTalone and in combina-
tion. Flow cytometric analyses were carried out at 8 h of treatment with CDDP, at the end of treatment ⁄ s (24 h) and 24 h later (24 h + 24 h). CDDP
alone induced cell cycle arrest at the boundary of G2 ⁄M- and S-phases after a 24 h incubation and blocks persisted 24 h after the end of treatments. In
cells subjected to combined treatments appeared the ‘sub-G1’ DNA content which increased with dose and was significantly higher for CDDP 0.25 and
1 lM compared with CDDP alone: 28% versus 2% (P < 0.01, t-test), and 44% versus 18% respectively (P < 0.05, t-test). CDDP 5 lM was highly cyto-
toxic and the sub-G1 DNA content was about 70%. PDT alone caused a 17% of ‘sub G1’ DNA content versus about 2% in untreated control cells.
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mitochondria of untreated control cells and absent in the
cytosol. In response to CDDP, alone or combined with
PDT, cytochrome c accumulation within the cytosol was
detected, but without differences between single and com-
bined modalities.

Intracellular distribution of BAX, BCL-2 and cyto-
chrome c was assessed by immunofluorescence analyses
carried out at the same time point (24 h + 24 h).
Figure 10 shows BCL-2 having diffuse staining in control
and treated cells, reflecting its localization to multiple
organelles. BAX translocated from the cytosol to mito-
chondria after treatment with cisplatin, either alone or
combined with PDT treatment. In PDT-alone treated cells,
BAX was detected in the cytosol and associated with
mitochondria, whereas in untreated control cells, it was
mainly cytosolic. Cytochrome c revealed a punctuate
pattern distribution, in agreement with its mitochondrial
localization, in untreated cells. In response to CDDP, it
had diffuse staining pattern observed in many cells after
single or combined treatment. In addition, images of cyto-
chrome c distribution in Figure 10 show that in cells trea-
ted with CDDP alone and in combination it was �2-fold
higher than in controls.

Discussion

The possibility of combining low doses of a specific che-
motherapeutic agent, such as cisplatin, with low doses of
PDT, could represent an efficient approach for tumour
treatment. Cisplatin alone induces cell death in primary rat
neuronal cells and renal cells (27,28), as well as in tumour
cells (15,29–31). PDT alone induces nuclear morphologi-

Figure 6. Immunoblotting analyses of p53 protein in control and
treated KYSE-510 cells. Twenty micrograms of protein extracts from
control cells and cells incubated 24 h in fresh medium after the end of
individual (PDT; CDDP 1 lM) or combined (PDT + CDDP 1 lM) treat-
ments, were subjected to 12% SDS–PAGE. TK6 cells irradiated with
5Gy of c-rays were used as positive control for p53 detection.

(a)

(b)

Figure 5. Expression analyses of cyclin B1 in
control and treated KYSE-510 cells. SDS–PA-
GE performed 24 h after the end of individual
(PDT; CDDP 1 lM) or combined (PDT + CDDP
1 lM) treatments (a). Immunolocalization of
cyclin B1 in cells accumulated in S- and G2
phases (b).
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cal changes typical of apoptosis, which follow the
mitochondria-dependent pathway to apoptosis (32,33). In
murine and human cancer cells, PDT has induced expres-
sion and phosphorylation of the inhibitor of apoptosis pro-
tein (IAP) survivin, which blocks apoptosis, and is
associated with resistance to chemotherapy and radiation
(34). To date, few studies on combined effects of PDT
with cisplatin have been reported, showing that only cer-
tain combinations of PDT and chemotherapy may result in

enhanced cytotoxic effects (35). PDT in combination with
CDDP significantly prolonged survival of mice bearing
leukaemia and lymphoma p53+ ⁄ + tumours (15), has
enhanced apoptotic cell death in p53+ ⁄ + lymphoma cells
in vitro (30) and has shown additive ⁄ synergistic effects in
human p53) ⁄ ) non-small cell lung cancer H1299 cells
(31).

In the present study, we analysed responses of human
p53-mutated oesophageal carcinoma cells (KYSE-510)
treated with low doses of cisplatin (0–5 lM), given alone
or in combination with PDT (2.5 lg ⁄ml of Photofrin and
1.8 J ⁄ cm2 of light). Cell viability assays showed dose-
dependent decrease in cell survival after incubation with
cisplatin and cytotoxic effects, as assessed by trypan blue
exclusion and clonogenic assays, were higher when
CDDP was given in combination with PDT. Cisplatin-
treated KYSE-510 cells arrested cell cycle progression at
the G2 ⁄M- and S-phase boundary after 24 h incubation
with CDDP 0.25, 1 and 5 lM, respectively, and the block
persisted 24 h after the end of treatments. Cyclin B1,
which is pivotal in regulating G2 ⁄M transition, begins to
accumulate in S phase and reaches maximal levels in
mitosis. In CDDP-treated KYSE-510 cells, cyclin B1
increased in concomitance with the cells G2 ⁄M arrest,
which is in agreement with previous studies (36,37).
Cells subjected to combined treatment showed similar
alterations of cell cycle progression and increase in their
‘sub-G1’ DNA content, indicating more DNA fragmenta-
tion. Identification of a ‘sub-G1’ peak is frequently used

Figure 9. Immunoblotting analyses of cytochrome c, BAX and BCL-
2 proteins in control and treated cells. SDS–PAGE were carried out on
cell lysates from subcellular fractions (cytosolic and pellet) of control
cells and at 24 h after the end of treatments with PDT alone, CDDP alone
(1 lM) and their combination.

Figure 7. Percentage of apoptotic KYSE-510 cells after combined
treatments compared to PDT alone and CDDP alone (1 lM). Cells
were stained with DAPI or Hoechst 33342 dyes 7 h and 24 h after the
end of 24 h-treatments. Values represent the mean ± SE of four indepen-
dent experiments (P < 0.05, t-test, combined versus single treatments at
24 h + 7 h).

Figure 8. Flow cytometric analyses of green (FL-1) fluorescence of
the potential sensitive probe JC-1 in KYSE-510 cells. The increased
fluorescence from JC-1 monomers indicated the dissipation of the mito-
chondrial membrane potential. Analyses were carried out at 24 h after
the end of treatments with PDT alone, CDDP alone (1 lM) and their com-
bination.
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to estimate fraction of apoptotic cells (38); nevertheless,
our flow cytometry analyses, performed to measure per-
centage of apoptotic cells, failed. The reason could
depend on incomplete DNA fragmentation during apop-
tosis, which stopped at 50–300 kb fragments and did not
proceed to internucleosomal sized fragments (39). Thus,
each nuclear fragment was recorded using flow cytome-
try inciating individual objects characterized by ‘sub-G1’
DNA content and therefore classified each an individual
apoptotic cell. For this reason, the percentage grossly
exceeded that of real apoptotic cells present in the sam-
ple, as estimated by fluorescence microscopy after stain-
ing nuclei. Moreover, extraction of DNA from apoptotic
G2, M or S cells may not be adequate to have them at
the sub-G1 peak position, as they may end up as ‘sub-
G2 ⁄M’ or ‘sub-S’ peaks, located on DNA content histo-
grams in place of S- and G1-phase peaks respectively
(40). To have a valid measure of apoptotic index, KYSE-
510 cells were scored for chromatin condensation and
fragmentation. Results showed that for only a fraction of
cells treated with CDDP 1 lM, cell death occurred by
apoptosis (25%), whereas for the majority of cells
(75%), cell death occurred probably in other ways, in
accordance to ‘sub-G1’ DNA content measured by flow
cytometry. Cisplatin may induce cell death by a defective
apoptotic programme or by causing necrosis, depending
on both cisplatin dose and cell status (41), and in the
same population of cisplatin-treated cells, apoptosis and
necrosis could be found (29). Increased cell size

observed after CDDP treatment may indicate occurrence
of necrosis also in KYSE-510 cells (Fig. 10). Although
evidence of positive interaction between cisplatin and
PDT on KYSE-510 cells, we did not detect additive ⁄ syn-
ergistic effects on cell mortality after single or combined
treatment, in contrast to data from Nonaka et al. (30) and
Crescenzi et al. (31). Genetic features of KYSE-510 cells
may account for this lack of correspondence, in part
because of loss-of-function mutation of p53 tumour sup-
pressor protein. Status of p53 is a critical determinant of
cisplatin chemosensitivity, as it plays a key role in G1 ⁄S
and G2 ⁄M cell cycle arrest after DNA damage, through
induction of p21WAF1 ⁄ CIP1 protein, as well as in DNA
repair and apoptosis. Studies on the role of p53 in sensi-
tivity of human ovarian cancer cell lines to CDDP treat-
ment, have shown either no association (42) or
association (43,44) between wild-type p53 expression
and platinum sensitivity. Moreover, enhanced platinum
sensitivity observed in ovarian cancer cells has been
attributed to loss of functional p53 (29). In other cancer
cells with no functional p53 (Hep-2, HPV 18 inactivated
- p53; CAL 27 p53 mutated), adenovirally mediated p53
overexpression increased anti-proliferative effect of cis-
platin (37). Cell cycle regulator p21WAF1 ⁄ CIP1 protein,
responsible for G1 arrest, is up-regulated in non-small
cell lung cancer H1299 cells in a p53-independent way
after CDDP treatment (31), but not in KYSE-510 cells
used in our study (not shown), where G1 phase block
was missing. G2 ⁄M arrest observed in cisplatin-treated

Figure 10. Immunolocalization of cytochrome
c, BAX and BCL-2 proteins in control and
treated KYSE-510 cells. Immunoreaction for
cytochrome c, BAX and BCL-2 in control cells
and at 24 h after the end of treatments with PDT
alone, CDDP alone (1 lM) and their combina-
tion. In response to treatments cyt c is released
from mitochondria and can be seen in a diffuse
pattern throughout the cell, whereas BAX
translocation to mitochondria is evident by
punctuate distribution. BCL-2 show a diffuse
staining in control and treated cells, associated
with its localization to multiple organelles. Power
of magnification 63·. Cells treated with CDDP
were about 2-fold larger than controls.
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cells is in accordance with the molecular mechanism of
CDDP cytotoxicity and with alterations of cell cycle
detected in KYSE-510 cells treated with flavones and
flavonols (45). Furthermore, in KYSE-510 cells, survi-
vin, which is involved in both control of cell division
and inhibition of apoptosis, is overexpressed, as it is in
most cancers characterized by high aggressiveness and
poor response to chemotherapy (3). Thus, it appears evi-
dent (as in cytotoxicity studies) and important to investi-
gate effects of similar antitumoural protocols on different
cell types, as different cell responses can be triggered.

Our results show that cisplatin-treated KYSE-510 cells
underwent apoptosis also in absence of p53 protein, and
that the apoptotic process involved the intrinsic pathway,
as demonstrated by loss of mitochondrial potential and
release of cytochrome c. Our data are in agreement with a
recent study on human primary proximal tubular p53-defi-
cient renal cells treated with cisplatin, reporting �30% of
apoptotic cells after 24 h incubation with CDDP 30 lM

(28). However, the same dose of cisplatin induced more
apoptosis in cells harbouring functional p53 gene
(28,46,47). Thus, loss-of-function mutation of p53 tumour
suppressor protein can directly be linked to relative low
fraction of apoptotic cells after antitumoural treatment,
detected in KYSE-510 cells.

BCL-2 is an anti-apoptotic protein localized primarily
to cytoplasmic facing membranes, and is most commonly
associated with mitochondria, endoplasmic reticulum and
nuclear envelope (48). BCL-2 on outer mitochondrial
membranes, is capable of forming heterodimers with
pro-apoptotic family members such as BAX and, thus
prevents initiation of apoptosis through blocking forma-
tion of mitochondrial transition pores, and release of cyto-
chrome c (49). By western blot analyses BCL-2 was
expressed mainly in the pellet of cell lysates and almost
absent in the cytosol, in accordance with its localization
on multiple organelles, in control and treated cells. Ratio
of BAX ⁄BCL-2 measured by densitometry analyses was
�2-fold and �1.3-fold, respectively, in cytosolic and pel-
let fractions, without differences between control and trea-
ted cell (single or combined treatments) samples (data not
shown). Although BAX ⁄BCL-2 ratio did not increase in
the cytosol of KYSE-510 cells, we observed activation of
the intrinsic apoptotic pathway. A possible explanation
could be that cytosolic increase in BAX ⁄BCL-2 ratio
becomes evident when a large fraction of cells undergo
apoptosis, as in human cervical cancer cells treated with
T-2 toxin, where the ratio increased from 1.62- to 2.47-
fold over control, which corresponded to, respectively,
�7% and �45% apoptotic cells (50). Absence of a shift in
BAX ⁄BCL-2 ratio in the cytosol could be related to rela-
tively low fraction of apoptotic KYSE-510 cells at 24 h
after treatment (�20%).

BAX is a BCL-2 family protein with pro-apoptotic
activity and its translocation to mitochondria precedes
release of cytochrome c (51). BAX is present in the cytosol
and weakly associated with mitochondria as a monomer,
with an apparent molecular mass of 20 kDa, in control
HeLa cells, whereas in cells undergoing apoptosis, BAX
translocates to mitochondria forming oligomer complexes
of 96 and 260 kDa, integrated into mitochondrial mem-
branes, and its cytosolic concentration decreases (52). In
control KYSE-510 cells, BAX was found both in cytosolic
and mitochondrial fractions, whereas after treatments, it
translocated to mitochondria, without differences between
single and combined treatments. PDT treatment promoted
BAX translocation which result is in accordance with those
of other authors (19,32). BAX translocation was evident
only by immunolocalization analyses, in which single cells
can be observed, but not by western blotting, which is car-
ried out on cell lysates, and only strong differences in pro-
tein concentrations can be detected.

Cytochrome c is found in mitochondria of control
cells, and by both the immunodetection methods, we were
able to assess its release from mitochondria without differ-
ences between single and combined treatments. PDT alone
induced a slight release of cytochrome c in the cytosol in
accordance with the small induction of apoptosis seen.

In conclusion, we have demonstrated that viability of
oesophageal carcinoma KYSE-510 cells was affected
when low doses of cisplatin were administered in combi-
nation with PDT. Apoptosis occurred in treated cells via
an intrinsic pathway although, at the dose selected in our
study, it did not represent the principal mode of cell death.
By comparing the fraction of cell death by non-apoptotic
pathways, cytotoxic effects of combined treatment with
respect to single treatment were more evident, indicating
positive interaction between cisplatin and PDT.
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