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Abstract

Purpose The present study addresses the optimization of
gemcitabine—cisplatin protocols currently adopted in the
clinical management of malignant pleural mesothelioma
(MPM), using cell lines derived from different histological
subtypes of MPM as an in vitro model.

Methods MPM cell lines were exposed either to single
drugs or to their combinations, using a fixed dose ratio.
Possible mechanisms for synergistic interactions were
investigated by cell cycle analysis, western blot analysis of
p53 phosphorylation status, and neutral comet assay to
detect double strand breaks.

Results Four-hour pre-treatment with gemcitabine fol-
lowed by 68-h exposure to cisplatin was found to exert syn-
ergistic activity in both epithelioid and sarcomatoid MPM
subtypes, inducing a strong S-phase arrest that correlated
with accumulation of double-strand breaks (DSBs).
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that this drug increases cisplatin-induced DSBs by inhibit-
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Introduction

Malignant pleural mesothelioma (MPM) is a lethal tumour
primarily associated with previous asbestos exposure. In
spite of the ban issued during the last 15 years by most
western countries against asbestos use and production, the
incidence of MPM is on the rise and expected to peak
around 2012 due to previous widespread asbestos con-
sumption, and to the long latency period (20-30 years)
elapsing between exposure and clinical presentation of the
disease. In addition, countries like China and Russia con-
tinue to produce and use large amounts of asbestos, the full
consequences of which will only become apparent in a few
decades. Addressing the global health problem presented
by asbestos-induced MPMs is complicated by difficulties in
early diagnosis of the disease, as no reliable biological
markers are currently available for the screening of asbes-
tos-exposed populations, and the onset of MPM is usually
non-specific, insidious, and followed by rapid progression
of the disease within a few months. As a result, the vast
majority of MPM patients are diagnosed with locally
advanced unresectable disease, which results in a median
survival time of only 9.8 months [1]. Chemotherapy is cur-
rently the only treatment option for most patients diagnosed
at this late stage, as few patients are suitable for radical
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surgery, while radiotherapy can only alleviate symptoms
without affecting overall survival. In 2002, an extensive
meta-analysis indicated cisplatin (cis-diamminedichloro-
platinum (II), CDDP) as the most effective single agent for
MPM treatment, in spite of an objective response rate of
only 23% and of the accompanying side toxicities [2].
Since then, combinations of platinum derivatives with
newer agents, such as pemetrexed and gemcitabine, have
considerably broadened the spectrum of therapeutic options
[3], yielding response rates of 41% for cisplatin/pemetrexed
[4] and from 12 to 73% for cisplatin/gemcitabine [5, 6].
Importantly, both combinations were associated with
improved lung function and global quality of life, and with
a low rate of disease progression. Cisplatin/gemcitabine
combinations have been extensively evaluated both in vitro
and in vivo in several tumour types, including head/neck
and ovarian carcinomas and non-small cell lung cancers
(NSCLC), showing antagonistic, additive, or synergistic
effects, depending on the tumour type and treatment sched-
ule [7, 8]; however, the effects of the combination on MPM
cell lines have not yet been reported.

The primary aim of this study was to optimize the
efficacy of cisplatin—gemcitabine combinations by evalu-
ating possible sequence-dependent effects, using cell lines
of comparatively recent derivation from human MPM
effusions. We also developed a variant MPM cell line
selected from the parental sarcomatoid MMO98 cell line by
continuous exposure to cisplatin, which was used to
assess the ability of gemcitabine to overcome cisplatin
resistance. A secondary aim of the study was determine
whether tumour histology significantly affected MPM cell
response to the combination and/or its dependence on the
drug sequence adopted. In fact, MPMs can broadly be
classified into three basic histological types, namely epi-
thelioid (the most common), sarcomatoid, and mixed [9]:
differences in the genetic makeup of epithelioid and sarcoma-
toid MPMs may contribute to the observed variability in
clinical behaviour and response to treatment in this tumour

type.

Materials and methods
Cell lines

Four cell lines derived from pleural effusions of untreated
MPM patients were used: BR95 [10] and MM98 [11, 12]
were used between passages 20 and 40, and two newly
established lines, MG06 and DEOS were used between pas-
sages 5 and 15. Histologically, BR95 and MGO06 cells were
originally derived from epithelioid tumours, whereas
MMOIS8 cells originated from a sarcomatoid and DEOS5 from
a mixed or biphasic type (with an epithelioid component of
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approximately 80%) tumour. All the patients came from the
same geographic area, where residual environmental pollu-
tion from a large asbestos factory, that had been active for
over 60 years, is still detectable. Cells were grown in
Ham’s F10 medium (Gibco, Invitrogen Life Science,
S. Giuliano Milanese, Italy and Sigma—Aldrich, St. Louis,
MO, USA) supplemented with L-glutamine (4 mM, Gibco),
penicillin (100 IU/ml, Gibco), streptomycin (100 g, Gibco),
and 10% foetal bovine serum (Gibco). BR95, MGO06, and
DEOS5 cells showed polygonal and epithelial-like morphol-
ogy, whereas MM98 showed spindle-like morphology.
Population doubling times were 28, 20, 24, and 48 h for
BR95, MM98, MGO06, and DEOS, respectively.

Drug preparation and cell treatment

Cisplatin (Sigma) and gemcitabine (Eli Lilly) were dis-
solved in 0.9% NaCl and sterile filtered. Aqueous HCI was
added to the cisplatin stock solution (0.5 mM) up to pH 3,
in order to avoid hydrolysis during storage at —80°C. For
single-drug experiments, two different protocols were
adopted: (1) 72-h continuous treatment (CT) and (2) 4-h
treatment (T), followed by drug wash-out with PBS and 68-h
recovery (R) in fresh medium. Combination experiments
were carried out using fixed dose ratios [13]. For simulta-
neous administration, a stock solution containing the two
drugs at their respective ICs, values was prepared and seri-
ally diluted, down to three orders of magnitude lower. To
study sequence-dependent effects, cells were treated for 4 h
with the first drug (T), at concentrations ranging from its
IC5, down to three orders of magnitude lower, washed with
PBS, and then treated for 68 h (CT) with concentrations of
the second drug, also ranging from its IC, to three orders
of magnitude lower, using the same dilution ratios for both
drugs. A representative scheme of drug treatment schedules
is depicted in Fig. la.

Cell viability and apoptosis

MPM cells (1 x 10*-2 x 10* cells/well) were seeded onto
96-well flat-bottom plates and allowed to attach 24 h before
drug treatment. At the end of the experiment, the [3-(4,
5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-
(4-sulfophenyl)-2H-tetrazolium], inner salt (MTS) assay was
performed using a commercial kit (CellTiter Aqueous Solu-
tion, Promega), according to the manufacturer’s instruc-
tions; absorbance values were recorded at 490/620 nm by a
spectrophotometric plate reader (Sirio S, SEAC, Florence,
Italy) and corrected by subtraction of the absorbance of
MTS alone. For the ATP-CSA (Chemo Sensitivity Assay)
[14], 2 x 10°-3 x 10° cells/well were plated onto white-
wall 96-well microtitre plates (cell culture-treated, Optilux,
BD Biosciences) 24 h before treatment and exposed to cis-
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platin and/or gemcitabine according to the different schedules;
at the end of drug treatment, cell lysates were prepared
using an assay buffer containing 0.1 mM D-luciferin (Pierce),
2 ng/ml firefly luciferase (Sigma), 25 mM Tris pH 7.8,
5mM MgSO,, 100 uM EDTA, 1 mM NaNj;, 1 mM DTT,
and 1% v/v Triton X-100; the light intensity was recorded
using a ChemiDoc device (Bio-RAD).

Apoptotic cells were evaluated by in situ terminal deoxi-
nucleotidyl transferase-mediated dUTP-biotin nick end
labelling (TUNEL) assay. Briefly, cells were seeded onto
glass slides (CultureSlides, BD Biosciences) at cell densi-
ties of 4 x 10* for BR95 and 2 x 10* for MM98), grown
for 24 h, and subsequently treated for 4 h with gemcitabine
at concentrations corresponding to the IC,5 values obtained
in each cell line, followed by cisplatin, again at cell-specific
IC,5’s for further 20 or 44 h. At the end of the treatment,

0 T T T T d
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FA

0

cells were fixed in 10% buffered formalin (pH 7.4) at RT
for 25 min and washed twice in PBS. The TUNEL reaction
was performed using the DeadEnd Colorimetric TUNEL
System (Promega, Madison, WI), according to the manu-
facturer’s instructions. Cell nuclei were counterstained with
Mayer’s haematoxylin; 8-10 fields were examined for each
experimental condition.

Selection of cisplatin-resistant MPM cells

Selection of resistant cells was achieved by exposing
2 x 10° MMO98 cells in a 10-mm Petri dish to a sublethal
cisplatin concentration (1 uM); viable cells were subse-
quently re-plated onto a 25-cm” flask and grown in the
presence of the same cisplatin concentration, replacing
the medium twice a week, for a total of 6 months. After
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about 2 months in this selective medium, the cells resumed
growth and were expanded for further 4-6 months in order
to obtain enough cells for IC5, measures and cryoconserva-
tion. At the end of the 6-month selection period, immuno-
histochemical reactions were performed with antibodies
directed against a panel of mesothelial (calretinin, vimen-
tin, cytokeratin 5/6, WT1, and HBME-1) and epithelial
(carcinoembryonic antigen or CEA, BerEp4, CD15/Leu-
M1, and TTF-1) markers [15], to verify whether the variant
cells retained the phenotypic characteristic of the parental
line. MM98 and MMO98-R cells were seeded onto glass
slides (CultureSlides, BD Biosciences), allowed to attach,
and grown for 24 h, at the end of which they were fixed in
10% buffered formalin (pH 7.4) at RT for 25 min, followed
by two washes in PBS. Fixed cells were treated with 3%
hydrogen peroxide for 5 min, to abrogate endogenous per-
oxidase activity, and blocked with 1.5% horse serum for
20 min prior to incubation for 1 h at RT with primary
mouse antibodies (Thermo Fisher Scientific, Fremont CA).
The slides were then incubated with biotinylated goat anti-
mouse IgG (Thermo Fisher Scientific, Fremont CA), fol-
lowed by peroxidase-labelled streptavidin solution for
20 min at RT. Immunocomplexes were visualized using the
peroxidase substrate 3,3’'-diaminobenzidine (DAB); cell
nuclei were counterstained with haematoxylin. For each
staining, negative control slides were prepared by omitting
primary antibodies.

Western blot

BR95 and MM9S8 cells were lysed in RIPA buffer (S0 mM
Tris—HCI, 150 mM NaCl, 1% Igepal CA-630, 0.1% SDS,
pH 8) supplemented with protease inhibitor cocktail
(Sigma) following 4 h or 72 h treatment with cisplatin at
their respective 1Cs, values; cell debris was removed by
centrifugation (30 min, 13,200 rpm, 4°C). Protein concen-
tration in the supernatants was determined by the bicinch-
oninic acid method (BCA assay, Pierce Biotechnology,
Celbio SpA, Milan, Italy); 30 pg of proteins were run on a
10% SDS-PAGE, blotted onto a polyvinylidene fluoride
(PVDF) membrane (Immobilon-P, Millipore, MA, USA),
blocked with 5% w/V non-fat milk and detected by anti-
phospho-p53 primary antibody (9284, rabbit polyclonal
Cell Signaling Technology, Celbio S.p.A., Milan, Italy).
Lysates from the human squamous carcinoma cell line
A431, expressing mutant p53 at high levels, were used as
positive controls [16]. A peroxidase-conjugated anti-rabbit
antibody was used to detect immunoreactive bands (Bethyl
Laboratories Inc., Tema Ricerca, Bologna, Italy), and the
corresponding chemiluminescence was determined by
ECL (Immobilon Western, Millipore, MA, USA), using a
ChemiDoc apparatus (Bio-Rad laboratories, Hercules,
CA).
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Cell cycle analysis

BR95 and MMO98 cells were exposed to cisplatin and/or
gemcitabine at their respective 1C,5 values, in order to
avoid excessive cell mortality. After 72-h CT, they were
washed with ice-cold PBS, recovered by trypsinization,
fixed in 70% cold ethanol, and stored at —20°C. Before the
analysis, the cells were washed in PBS, counted, resus-
pended at 10° cells/ml, and treated with 20 pg/ml RNAse A
in PBS (for 30 min at room temperature), then they were
further diluted to 10° cells/ml in PBS containing 50 pg/ml
propidium iodide (PI). Flow cytometric analysis was per-
formed with a Partec PAS IIli instrument (Partec GmbH,
Muenster, Germany), using a 488-nm laser as excitation
source and the company recommended filter set up for
detection (TK420 + EX488). The data were collected and
analysed with the FloMax software.

Neutral comet assay

BR95 and MMO98 were treated for 72 h at 37°C with cis-
platin and/or gemcitabine at concentrations corresponding
to their respective IC,5 values, according to different sched-
ules. Cells incubated in drug-free medium were used as
negative controls (non-treated, NT). After 72 h drug treat-
ment, the cells were washed with PBS and trypsinized.
About 3 x 10* cells were suspended in 0.5% low melting
point (LPM) agar, deposited on normal melting point
(NMP) 1% agarose pre-coated microscope slides, and over-
layed by another layer of 0.5% LMP agar. Each experiment
was replicated three times. Cell lysis was carried out over-
night at 4°C in 100 mM EDTA, 2.5 M sodium chloride,
0.5% N-lauroylsarcosine, 10 mM Tris base, 1% Triton™
X-100, and 10% DMSO. Alkali DNA unwinding (40 min)
was performed in 0.5 M disodium EDTA, 300 mM NaOH,
pH > 14; slides were neutralized by three washes in Tris—
acetate 0.5 M pH 7.5. Electrophoresis was carried on TBE,
pH 8, for 40 min at 25 V. Slides were washed in ice-cold
70% ethanol, and DNA was stained with Hoechst 33258
dye 0.2 pg/ml in PBS. Digital images of the nuclei were
recorded using an Axiocam digital camera (Carl Zeiss, Inc.,
Thornwood, NY) mounted on a fluorescence microscope
(Axiovert, also from Carl Zeiss, Inc.) at a 200x magnifica-
tion ratio. The percentage of damaged nuclei was quantified
by visual evaluation, performed independently by two
researchers.

Data analysis and statistics

Cell viability data were normalized for the respective val-
ues obtained for untreated control cells (corresponding to
100%); ICs, (drug concentration inhibiting cell growth by
50%) values were extrapolated by sigmoidal curve fitting
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using Origin 7 (Microcal). Each drug concentration or com-
bination thereof was tested at least in triplicate, while the
final data were calculated from three to nine replicates of
the same experiment. FA values, defined as the fractions of
cells affected by drug treatment, were used to calculate the
corresponding-combination index (CI) values for non-
mutually exclusive drugs [17]. CI values of approximately
1 indicate additive effects; values < 1 result from synergis-
tic interactions, whereas antagonism is indicated for CI > 1.

For cell cycle analysis, changes in population distribu-
tion were assessed for statistical significance by the y> test,
using a spreadsheet editor. Other data were analysed using
Student’s ¢ test (two tailed).

Results

ICs, values (Table 1) for cisplatin and gemcitabine were
obtained using the MTS assay and were confirmed by
means of the ATP chemosensitivity assay (not shown).

Different schedules can affect the outcome
of cisplatin/gemcitabine combination therapy

Simultaneous exposure of MPM cells to cisplatin and gem-
citabine for 72 h resulted in slight antagonism in epithelioid
BR95 and MGO6 cell lines (CI > 1, Fig. 1b); in DEOS5 cells,
(mixed phenotype) an additive trend was observed, whereas
sarcomatoid MM98 showed a consistent and significant
synergism (Fig. 1c). Short-term (4 h) simultaneous expo-
sure to cisplatin and gemcitabine, followed by 68 h R in
drug-free medium, yielded additive effects in both BR95
and MMO8 cells (Fig. 1d). Exposure to cisplatin for 4 h
followed by gemcitabine for 68 h resulted in a strong

Table 1 ICs, values for cisplatin and gemcitabine, as single agents or
in combination, in human mesothelioma cells (mean + SD of n inde-
pendent replicates)

Cell line  Drug Treatment ICs, £ SD n
BR95 CDDP 4hT+68hR 11.5£29uM 4
MMO98 CDDP 4hT+68hR 329+ 1.6 M 6
BR95 Gemcitabine 4hT+68hR 322 + 160 nM 4
MMO98 Gemcitabine 4hT+68hR 217+022pM 3
BR95 CDDP 72h CT 304£072uM 6
MM98 CDDP 72h CT 533+088uM 6
MGO06 CDDP 72h CT 15.1 42 M 5
DEO5 CDDP 72h CT 147 £ 2.6 uM 4
BR95 Gemcitabine  72h CT 38 £ 1.26 nM 9
MM98 Gemcitabine 72 h CT 9.83+3.16nM 7
MGO06 Gemcitabine  72h CT 26.3 +17.3 nM 4
DEOS Gemcitabine  72h CT 1.63+0.69uM 5

antagonistic effect on MM98 and a variable effect on BR95,
from synergistic to antagonistic (for FA > 0.6) (Fig. le). On
the other hand, 4-h exposure to gemcitabine followed by cis-
platin for 68 h increased the potency of the combination,
leading to a smooth synergism in BR95 and a strong synergism
in MMO8 (Fig. 1f); thus, gemcitabine followed by cisplatin
exerted a neat synergistic effect in both the epithelioid and
the sarcomatoid MPM cell lines.

To establish whether the effects of 4 h pre-treatment with
gemcitabine followed by cisplatin were cytostatic rather
than cytotoxic, induction of apoptosis was assessed in
BR95 and MMO98 at 24 and 48 h using a TUNEL-based
assay. For both cell lines, visual inspection of treated cells
evidenced a marked reduction in cell numbers, as well as
the presence of apoptotic cells, as shown in Online resource
1 for the 48 h time point.

Cell cycle effects of cisplatin/gemcitabine simultaneous
and sequential combinations

In order to investigate the possible relationship between
cell cycle effects and the observed synergism between cis-
platin (C) and gemcitabine (G), we decided to investigate
cell cycle distribution following exposure to the two drugs
according to the different schedules. Figure 2 reports cell
cycle distributions for BR95 (a) and MM98 (b) cells; the
histograms from which they have been calculated are
reported as Online resource 2. A strong S-phase accumula-
tion, associated with G2/M decrease, was observed for
combination schedules yielding synergistic interactions,
e.g. 72 h simultaneous exposure to cisplatin and gemcita-
bine in MM98 and gemcitabine 4 h T followed by cisplatin
68 h CT. Conversely, the G2/M fraction increased or
remained unchanged for all the non-synergistic combina-
tions. Cisplatin per se induced G2/M accumulation in both
cell lines, except for MM98 with 4 h exposure. To investi-
gate the role played by p53 in cisplatin-induced G2/M
checkpoint activation [18], we assessed the levels of p53
phosphorylation on Ser15, a post-translational modification
that has been related to p53 transcriptional activation in
response to DNA damage [19], following exposure to cis-
platin for 4 h, 4 h followed by 68-h recovery in drug-free
medium and 72 h. MM98 showed a low-intensity band
after 4-h exposure (Fig. 3a) that disappeared when the cells
were allowed to recover (Fig. 3b) but increased following
72-h exposure to cisplatin. Thus, in MM98 p53 activation
persisted only as long as cisplatin was present in the culture
medium. Indeed, p53 degradation probably occurred during
the recovery period in fresh medium following cisplatin
treatment, which explains why the overall cell cycle profile
was not significantly different from the control (Fig. 2b). In
contrast, extracts form untreated BR95 exhibited an intense
immunoreactive band at a lower molecular weight when
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Fig. 2 Cell cycle distribution in BR95 (a) and MM98 (b) human
MPM cell lines following treatment by cisplatin (C) and gemcitabine
(G) or in combination at concentrations corresponding to their respec-
tive IC,5 values. Results are the mean & SD of three replicates and
were compared to the control distribution (NT) by the y> test
(*p <0.05, **p < 0.01, ***p < 0.001)

probed with antibodies for both the unphosphorylated (data
not shown) and phosphorylated forms of p53, which was
unaffected by cisplatin treatments (Fig. 3), suggesting the
possibility that this cell line harbours a mutant form of the
gene. Nevertheless, in BR95 the G2/M fraction also
increased following cisplatin treatment, even though less
markedly than in MM98, so possibly other proteins, such as
p63 and p73, can replace p53 function after short-term
treatment with cisplatin [20].

In cell cycle experiments, gemcitabine only induced
S-phase accumulation in BR9S treated with the drug for
4 h, whereas both BR95 and MM98 mostly accumulated in
the GO/G1 phase, which completely disrupted the cell cycle
pattern (Online resource 2).

Pre-treatment with gemcitabine increases induction
of double-strand breaks by cisplatin

During G2/M cell cycle arrest, DNA lesions can be profi-
ciently repaired by homologous recombination (HR),
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Fig. 3 Western Blot for phospho-p53. A431 lysate was used as
positive control. a BR95 and MM98 were treated at their respective
ICy, values for CDDP (obtained for 4 h + 68R treatments) and lysed
after 4 h; b BR95 and MMO98 were treated at their respective ICs
values (obtained for 4 h + 68R and 72 h treatments) for CDDP and
lysed after 72 h

whereas during the S phase they would preferably cause
double-strand breaks (DSBs) following reparative DNA
synthesis [21]. To detect DSBs following exposure to cis-
platin and gemcitabine according to different schedules,
we carried out a Neutral Comet Assay. As shown in
Fig. 4, in MMO98 cisplatin only induced DSBs after pro-
longed exposure, both as a single agent (72 h) and in com-
bination with gemcitabine (gemcitabine 4 h T followed by
cisplatin 68 h CT). In contrast, in BR95 a significant
increase in DSBs was observed following cisplatin expo-
sure for 4 and 72 h, both as a single agent and in the two
combinations with gemcitabine yielding synergistic effects at
low FA levels.

Effects of cisplatin/gemcitabine combinations
on cisplatin-resistant MM98-R cells

MMO98-R cells were obtained in our laboratory through
continuous exposure (6 months) to a sublethal concentra-
tion of cisplatin. At the end of the selection period, the cells
did not exhibit significant change in the typical mesothelial
immunological profile that characterizes the parental cell
line, i.e. they stained positively for the mesothelial marker
calretinin, whereas they were negative for the epithelial
markers Ber-Ep4 and CEA (Online resource 3). A slight
decrease was only observed in vimentin (mesothelial
marker) staining, possibly related to the morphological
transition from a spindle to a polygonal shape, involving
part of the cell population due to culture conditions. As
shown in Fig. 5a, a 3.5-fold increase in ICs for cisplatin
following 72-h continuous exposure was observed in
MMO98-R cells when compared with MM98 (p < 0.05). On
the contrary, MM98-R cells did not exhibit cross-resistance
to gemcitabine (Fig. 5b).
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Discussion

The results of this study confirm clinical observations on
MPM patients, indicating that cisplatin and gemcitabine
exert synergistic effects in this disease [5, 6]. Importantly,
our data highlight the impact of drug sequence on the out-
come of cisplatin/gemcitabine treatments and identify pre-
treatment with gemcitabine followed by cisplatin as the
most effective treatment schedule, in agreement with previ-
ous reports on a number of in vitro and preclinical in vivo
models [7, 22].

Cisplatin is known to exert its cytotoxic activity mainly
through formation of intra- and interstrand DNA-platinum
adducts [23]. Gemcitabine, a cytidine analogue, acts by
blocking nucleic acid synthesis, as well as several enzymes
in the nucleotide biosynthesis pathway [24, 25], most nota-
bly ribonucleotide reductase, leading to a reduction in
deoxynucleoside triphosphate (ANTP) pools, which con-
tributes to inhibition of DNA synthesis and repair. As gem-
citabine was found to increase adduct peak levels in ovarian
carcinoma cell lines, by increasing adduct formation and by
inhibiting their removal by the nucleotide excision repair
(NER) system [26], we hypothesized that these effects
might be involved in the cisplatin—gemcitabine synergism
observed in MPM cell lines. Based on this hypothesis, our
data could be explained as follows: when cisplatin exposure
precedes gemcitabine, Pt—-DNA adducts can be adequately
repaired; in addition, a significant increase in dNTP pools
has been demonstrated [27], which might antagonize the
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effects of gemcitabine. On the other hand, when cells are
exposed to gemcitabine before cisplatin, dNTP-depleted
cells are able to remove intra- and inter-strand Pt-adducts
but cannot fill the gaps created by the NER machinery,
leading to single-strand (SSB)- and double-strand break
(DSB) accumulation. DSBs are considered the most lethal
DNA lesions, because they require HR to occur or they are
repaired by non-homologous end joining, which can cause
unsustainable genomic instability [28]. Knock-down of
ERCCI1 (an important component of the NER complex) has
been shown to abrogate the cisplatin—gemcitabine syner-
gism, and this effect has also been observed in HR-deficient
cell lines [29, 30]. Actually, ERCC1 has been shown to act
in both NER and HR, especially in the repair of interstrand
cross-links [31] that may be caused by cisplatin. Since HR
needs a sister chromatid, which is not produced until the
end of the S phase, DNA lesions can only be proficiently
repaired by HR during G2/M cell cycle arrest, whereas dur-
ing the S phase reparative DNA synthesis would preferably
cause DSBs [21]. DSBs were shown to be increased by cis-
platin—gemcitabine combinations in ovarian AG6000 cells
(variant of A2780 with induced resistance to gemcitabine),
overexpressing ERCC1 [26, 27]. As previously reported in
human anaplastic thyroid cancer cell lines [32], S-phase
accumulation could account for the schedule-dependent
synergistic effects we observed for the cisplatin—gemcitabine
combination. In contrast, G2/M accumulation could facili-
tate DNA repair, thereby allowing cells to resume cell cycle
progression [33]. Our results showed that in MPM cells,
the additive-antagonistic effects were related to cisplatin-
induced G2/M arrest, [34], possibly activating cellular
damage response pathways, such as those depending on
p53 or its homologues, whereby cell death by apoptosis can
ensue.

In conclusion, our data indicate that schedule optimiza-
tion can significantly increase the efficacy of a chemother-
apy combination currently used in the clinical management
of MPM. Thus, the present study could provide a solid
background for the design of novel drug combinations also
including targeted agents. Within this last class of antican-
cer agents, histone deacetylase inhibitors appear as a prom-
ising potential addition to cisplatin/gemcitabine combinations
in MPM therapy, as they have been shown to enhance the
antitumour effects of both DNA-damaging drugs, such as
cisplatin [35], and antimetabolites, such as gemcitabine
[36]. More specifically, valproate (a well-known anti-
epileptic drug recently shown to possess pan-HDAC inhibiting
activity) has been found to increase the effects of the
cisplatin/pemetrexed combination in mesothelioma cell
lines and in tumour cells from patient’s biopsies [37]. In
addition, valproate is clinically well tolerated, has few side
effects, and does not exhibit cross-resistance with cisplatin
in MMO98-R cells [38]; thus, it would represent an attractive

@ Springer

choice for the design of polypharmacologic combinations
to be tested on MPM cells. Further studies, combining the
conventional two-dimensional approach on monolayer cul-
tures with more realistic three-dimensional models [8], as
well as the development of reliable animal models will be
planned to test this hypothesis.
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