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Abstract Cisplatin is an anticancer drug currently used in the treatment of genital and head and neck tumors. Its use
in these and other types of tumors is narrowed by onset of chemoresistance and severe undesired side effects, like as
nephro- and ototoxicity, whose mechanisms of action are only partially understood. In the present study we investigated
the effects of cisplatin (cis-dichlorodiaminoplatin, CDDP) on a cell line (OC-k3) developed from organs of Corti of
transgenic mice. We observed at 48 h that cell death due to cisplatin was time and concentration-dependent. The cell
death displayed some morphological hallmarks of apoptosis, including nuclear fragmentation into several large nuclear
fragments, surrounded by a rearranged and thickened actin cytoskeleton. No DNA laddering was detected, suggesting
absence of endonuclease activity, nor annexin V positivity, suggesting absence of phosphatidylserine externalization.
Several molecules protected the cells against CDDP induced cytotoxicity, including methionine, suramin and PD98059.
Methionine reduced CDDP-uptake, while suramin, a polycathionic compound a specifically binding external proteins,
did not. This finding suggested that suramin could exert its protective effect by acting on an intracellular transduction
pathway. We tested this hypothesis by studying the effect of suramin and PD98059, a MEK inhibitor, on the mitogen
activated protein kinase (MAPK) cascade. After CDDP treatment, we found an increase of phosphorylation of extracellular
regulated kinases (ERK)1/2, that could be inhibited by PD98059 and suramin. These data suggest that ERK pathways
can play arole in mediating the cell death induction in presence of a CDDP challenge. ). Cell. Biochem. 101: 1185-1197,
2007. © 2007 Wiley-Liss, Inc.

Key words: OC-k3; cisplatin; ERK 1/2; apoptosis; suramin; PD98059

Cisplatin  (cis-diamminedichloroplatinum,;
CDDP), a potent inducer of growth arrest and/
or apoptosis in most cell types, has been
clinically used for decades against a variety
of human malignancies, including ovarian,
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testicular, bladder, head and neck, esophageal,
and small-cell lung cancers. In addition to
effects on cancer cells, in vivo CDDP induces
some adverse drug reactions, including ototoxi-
city, renal, peripheral sensory and autonomic
nervous system toxicity. The presence of these
dangerous side effects has prompted research to
achieve a better understanding of the biochemi-
cal mechanisms underlying the cytotoxicity.
Cisplatin-induced cell death has been asso-
ciated with both necrosis and apoptosis.
Apoptosis is an active form of cell death
characterized by energy dependence, DNA and
nuclear condensation and fragmentation, cell
shrinkage and formation of apoptotic bodies in
presence of an intact cell membrane and
expression of several biochemical hallmarks.
On the other hand, necrosis usually occurs as a
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fast event when cells are physically or chemi-
cally stressed beyond the possibility of self-
repair and is characterized by cell membrane
damage with protein loss, massive cross mem-
brane ion exchange followed by organelle
swelling.

Although DNA platinum binding [Jameson
and Lippard, 1999] and cell cycle arrest have
been widely recognized as major determinants
in cisplatin toxicity, other mechanisms have
been claimed to be involved, including oxidative
stress and activation of specific intracellular
pathways that mediate the action of membrane
receptors [Zanke et al., 1996; Chen et al., 1999].
The importance of these mechanisms is high-
lighted by the fact that their modulation allows
the control of cisplatin-dependent apoptosis.
Actually, increased tolerance to DNA damage as
well as antioxidant administration or altered
expression of key proteins in signal transduc-
tion can increase resistance to cisplatin [Fink
etal., 1997; Gabaizadeh et al., 1997; Lanziet al.,
1998; Sanchez-Pérez and Peroma, 1999; Mase
et al., 2000].

The mitogen-activated protein kinase
(MAPK) family is a multigene protein-family
that represents as a whole a relevant member of
the signal transduction machinery coordinating
cell response to a wide number of extracellular
signals. MAPK classification is based on
the sequence of the phosphorylation motif
threonine-X-tyrosine (TXY) that is phosphory-
lated by MEK (MAPK kinase, an immediate
upstream regulator of MAPK). This motif
represents the specific factor that discriminates
the MAPK family into three subfamilies,
usually termed ERK 1/2, JNK/SAPK and p38,
which respectively include a large number of
isoforms. These three subclasses can undergo
specific activation by different stimuli, includ-
ing hyperosmotic stress, electromagnetic radia-
tion, growth factors, cytokines and exposure to
phorbol esters and chemical stress [Duff et al.,
1992; Han et al., 1994; Bogoyevitch et al., 1995].
Although MAPKs play a pivotal role in regulat-
ing cell growth or survival response to dama-
ging agents, more recently they have been
linked to apoptosis induction in response to
several agents, including cisplatin [Sanchez-
Pérezetal., 1998; Wanget al., 2000; Bacus et al.,
2001; Park et al., 2001].

The molecular links that join CDDP-induced
DNA damage, signal transduction and apo-
ptosis remain unclear. In an attempt to focus

on cytotoxicity occurring at inner ear level, we
employed the OC-k3 cell line, an immortalized
cell line from the organ of Corti of transgenic
mice [Kalinec et al., 1999]. These cells, con-
stitutively expressing the SV40 large T antigen,
are driven to proliferate indefinitely by
the oncogenic temperature—sensitive protein
product. This cell line is positive for the
neuroepithelial precursor nestin, for specific
auditory cell markers including myosin VIla
and acetylcholine receptor «-9 and for the inner
hair cell (IHC) specific marker OCP2; On the
other hand, it does not express glial or neuronal
markers [Kalinec et al., 1999], and was pre-
viously shown to represent a suitable model for
an in vitro study of CDDP ototoxicity [Bertolaso
et al., 2001]. On this cell line we studied cell
death due to cisplatin administration by
morphological and biochemical criteria, espe-
cially examining the involvement of the ERK
protein family as well as the protective role of
MAPK family pharmacological inhibitors.

MATERIALS AND METHODS
Materials

2-(2'-amino-3'-methoxyphenyl)-oxanaphthalen-
4-one (PD98059), D,L-methionine, rotenone, pro-
pidium iodide (PI), phalloidine-FITC and all other
common laboratory reagents were obtained from
Sigma Chemical Co. (St. Louis, MO). Suramin
was obtained from ICN (Irvine, CA) and
pan-caspase inhibitor Z-Val-Ala-Asp(OMe)-FMK
(Z-VAD-FMK) from Calbiochem (Calbiochem,
Darmstaadt, Germany). Anti-actin and anti
p-ERK antibody were obtained from Santa Cruz
Biotechnology (San Diego, CA)

Cell Culture

OC-k3 cells, obtained from the organ of
Corti of transgenic mice (Immortomouse™
H-2Kb-tsA58, Charles River Laboratories,
Wilmington, MA; Kalinec et al., 1999), were
cultured in the presence of 10% COs at 33°C, in
Dulbecco’s Modified Eagle Medium (DMEM
Gibco BRL, Grand Island, NY) supplemented
with 10% foetal bovine serum (Gibco BRL) and
50 U/ml of recombinant mouse y-interferon
(Gibeco BRL, Grand Island, NY, USA) without
antibiotics.

All drugs used to challenge cells were added
directly to the culture medium, provided that
the input volume did not exceed 5% for water
soluble agents and 0.5% for water insoluble
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agents, such as PD98059, that was dissolved in
DMSO. The final medium concentrations were:
50 uM CDDP, 300 uM suramin, 60 uM PD98059,
1 mg/ml DL-methionine, 100 pM rotenone,
50 uM Z-VAD-FMK.

Cellular Cisplatin Determination

To determinate the time course of cisplatin
uptake, cells were exposed to 50 uM CDDP
for the indicated times, quickly washed with
phosphate buffered saline (PBS) three time to
remove unloaded CDDP and detached by tryp-
sinization: cell monolayer was incubated at
37°C for 3 min in the presence of 500 mg/L
trypsine, 200 mg/LL EDTA; then trypsine was
blocked by adding an equal amount of medium
plus 10% foetal serum; aliquots were sampled to
determine cell number in a Burker counting
chamber. Cells were then sedimented 10 min at
200 g and the pellet immediately redissolved in
200 pl 65% nitric acid and stored at —20°C.
Atomic absorption spectroscopy was performed
using a Perkin Elmer model Analyst 800
spectrometer equipped with a THGA graphite
furnace. The detection limit was 5.5 pg Pt/L.
The accuracy of the determination was esti-
mated by evaluation of the recovery percentage,
which accounted for 102%. The precision of PT
determination, expressed as relative standard
deviation, was 12%. In inhibition experiments,
cells were preincubated with 1 mg/ml methio-
nine or 300 uM suramin for 30 min before the
addition of CDDP, in order to determinate the
effect of these drug on CDDP uptake.

Viability Assay

Before treatment, cells were seeded into six-
well plates at densities ranging from 100 to
200 x 103/well, left overnight to attach to the
substratum and acquire the normal flattened
morphology, and finally challenged with CDDP
50 uM or vehicle. Cell viability was determined
by a PI exclusion assay. Briefly, the cells were
treated for 6 h (pulse treatment) or 48 h with
CDDP. All samples were processed at 48 h after
initiation of the CDDP exposure: cells were
detached by trypsin (see above) and proteolysis
blocked with medium containing 2 pg/ml PI.
Incubation was allowed for 15 min and then
samples were immediately analyzed by flow
cytometry (FACStar Becton Dickinson, St. José,
CA). Untreated cells were used to identify
the PI-negative (PI-neg) population, while to
identify PI-bright population, OC-k3 cells were

permeabilized by adding nonidet P40 NP40
(0.05% final concentration) and then incubated
with PI. Consequently, PI-dim cells represent
the cells showing a fluorescence intensity inter-
mediate between PI-neg and bright cells eval-
uated by subtracting the number of PI-neg and
PI-bright cells from the whole cell number.

In Situ Immunocytochemistry

OC-k3 cells were grown on uncoated glass
coverslips, pulse treated with 50 uM CDDP (see
above) and, at 48 h, washed twice with PBS and
then fixed with 4% paraformaldehyde for 30 min
at room temperature. Fixed cells were washed
with PBS and permeabilized with 0.1% Tween/
PBS for 10 min, then the surfactant was
removed by one PBS wash. Non-specific binding
was blocked by a 30 min incubation with 0.1%
Tween/PBS containing 1.4% bovine serum
alboumin (BSA) and 1.4% milk for 60 min
at 37°. For F-actin visualization, coverslips
were stained with FITC-conjugated phalloidin
1:200 for 90 min at 37°, washed three times
with 0.1% Tween/PBS and subsequently coun-
terstained with 2 pg/ml 4,6-diamidino-2-
phenylindole (DAPI, Sigma), which selectively
stains DNA and allows for the evaluation of
nuclear morphology. Slides were mounted
with DABCO glycerol and examined under a
fluorescence microscope equipped with the
appropriate filters (Axiophot Zeiss, Oberko-
chen, Germany).

Protein Analysis

OC-k3 cells (3 x 10° cells) were treated with
50 uM CDDP for different times, detached by
trypsin enzymatic digestion, counted and sedi-
mented as described above, resuspended in lysis
buffer (20 mM Tris pH 7.4, 137 mM NaCl, 1 mM
MgCly, 1 mM CaCly, 10% glycerol, 1% NP40,
plus 1 mM PMSF, 1 mM NagVOy, 10 pg/ml
aprotinin, 25 pg/ml leupeptin) and lysed for
30 min on ice. Samples were centrifuged at
10,000g for 15 min at 4°C in a microfuge and
analyzed by polyacrylamide-SDS electrophor-
esis on 10% denaturating gels according to
Laemmli, [1970]. After blotting, the nitro-
cellulose mebranes were stained for 5 min with
the protein sain Ponceau Red (0.5% in 1% acetic
acid), and the pattern of protein separation was
obtained by nitrocellulose scanning. After
extensive washing, conventional immunodetec-
tion was performed.
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DNA Analysis

0OC-k3 cells were treated with 50 uM CDDP
for 24 or 48 h. As positive control for DNA
degradation we used 50 uM rotenone for 24 h.
Genomic DNA was analyzed by migration on
an agarose gel (0.8%) at 100 V for 1 h, and
visualized with ethidium bromide staining. As
molecular weight markers we used 1 Kb from
Fermentas (St. Leon-Rot, Germany).

Protein Determination

Protein concentration was determined using
the bicinchoninic acid assay (BCA), according
the producer instruction, using a 2 mg/ml BSA
solution as standard (Pierce, Rockford, IL).

Statistical Analysis

Statistical analyses were performed using the
Kruskal-Wallis test, followed by a multiple
comparison test. A P<0.05 was considered
significant.

RESULTS

Cisplatin Treatment Induces Apoptosis
in OC-k3 Cells

In a previous report we have demonstrated
that cell death induced by 13—200 M CDDP
was not significant at 24 h of treatment, where-
as it resulted highly significant and CDDP-
concentration-dependent at 48 h [Bertolaso
et al., 2001].

A morphological approach was used to firmly
establish if cell death occurred in an active and
organized pattern, and not by necrosis. DAPI
staining allowed to observe that during CDDP
treatment the cell nuclei underwent drastic
changes, including fragmentation into several
large ovoidal nuclear fragments, but without
evident signs of chromatin packaging and
margination. Examination of cell morphology
by phase contrast microscopy revealed that
this fragmentation occurred in presence of cell
membrane and cytoplasmic integrity. This
initial step was followed by cell shrinkage
and cytoplasm vacuolization, that produced
small cell fragments, still attached to the flask
surface, often containing single well-defined
large nuclear fragments (Fig. 1A—N).

Furthermore, this process of partitioning
nuclear bodies into cell fragments was
sustained by cytoskeletal reorganization. After
48 h of 50 uM CDDP treatment, the actin
cytoskeleton, examined by phalloidin staining

on adherent cells, appeared to reorganize
showing an increased stainability and thicken-
ing around and among apoptotic large nuclear
fragments, apparently contributing to separate
them from each other (Fig. 10,P).

In addition, both DNA fragmentation
and annexin V were analyzed. Data showed
that cell death occurred without simultaneous
exposure of PS on the external leaflet of cell
membrane (data not shown), and without
DNA degradation at the internucleosomal level
(Fig. 2).

Quantitative Evaluation of Cell Death

We quantitatively evaluated the CDDP cyto-
toxic effects using PI supravital labeling, an
assay based on the different fluorescence
showed by viable and dead cells in presence of
PI. Viable cells were capable of actively exclud-
ing PI, so only a low fluorescence could be
detected during flow cytometry (these cells were
referred to as Pl-neg in Fig. 3A). On the
contrary, detergent-lysed cells displayed a
mean fluorescence, roughly 100-fold higher
(PI-bright, Fig. 3A). To better evidence the
effects of chemical stress, OC-k3 cells were
treated both with a pulse (6 h) or continuous
(48 h) treatment.

Exponentially growing OC-k3 cells were
treated with 50 pM CDDP, either during the
entire incubation period of 48 h or for only 6 h
(pulse-treatment), after which the medium was
replaced, and incubation prolonged up to 48 h.
We have found that 6 and 48 h exposure
to cisplatin showed a different fluorescence
distribution. Indeed, in addition to PI-neg and
PI-bright cells, an additional population was
detected, showing an intermediate fluorescence
intensity, which was referred to as PI-dim
(Fig. 3B). In other cell lines this group of PI
dim cells previously appeared to express some of
the classical apoptosis markers [Zamai et al.,
2001]. The percentage of cells present in PI-dim
and PI-bright cells depended on CDDP time
exposure (Fig. 3B).

Cytoprotective Drugs

When we incubated cells with CDDP plus
putative cytoprotectants, we found a highly
significant protective effect: 1 mg/ml methio-
nine decreased cell death to few percent, not
significantly different from that in control cells,
both during 6 h pulse and 48 h treatment. In
addition, 300 uM suramin or 60 uM PD98059, a
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flavonoid which is a potent inhibitor of mitogen- percentage, with both 6 or 48 h treatment, with
activated protein kinase kinase (MEK), were P <0.005 (Fig. 3C).
also effective as cytoprotectants. Both drugs In more detail, during the pulse treatment

significantly decreased the total cell death both suramin and PD98059 remarkably

&

Fig. 1. Morphological evaluation of cell death. Cells were grown on a glass coverslip and treated
respectively with vehicle (A, B), 10 uM CDDP (C-F), 20 pM CDDP (G-)J) or 50 uM CDDP (K-N) for 24 h
(C,D,GHKL) or 48 h (EFL1),MN) fixed in paraformaldehyde and stained with DAPI. O and P:

Microphotograps of phalloidin-FITC staining on control cells (O) or cells treated with 50 uM CDDP for 48 h
(P); Magnification is 800x.
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Fig. 1.

(Continued)
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Fig. 1.

reduced the PI-dim population (P < 0.005),
while only suramin significantly reduced the
PI-bright population (P < 0.005). During a 48 h
treatment, suramin deeply changed the reci-
procal ratio between PI-dim and PI-bright
subpopulations: indeed, in the CDDP-suramin
co-treated samples we observed a marked
reduction of PI-bright cells, while the PI-dim
cells, significantly increased in comparison to
controls. On the contrary, treatment with
PD98059 reduced the two subpopulations (dim
and bright) to a lower extent in comparison to
suramin, roughly maintaining the reciprocal
ratio (Fig. 3C).

When we treated OC-k3 cells with Z-VAD-
FMK, a pan-caspase inhibitor, we did not see
any significant cytoprotective effect in presence
of 50 uM CDDP (Fig. 3C), and consistently,

N

(Continued)

caspase 3 was not subjected to proteolytic
activation after 48 h in presence of different
CDDP external concentrations (Fig. 4).

Effect of Methionine and Suramin
on CDDP Uptake

Suramin is a polysulfonated compound that
can interact with different membrane proteins
and is known to non-specifically reduce growth
factor binding to cell membrane receptors
[Coffey et al., 1987]. Thus suramin could exert
its protective action by reducing the rate of
CDDP binding and uptake. In order to investi-
gate the putative mechanism of suramin action,
we wanted to assess if suramin could interfere
with platinum loading.

First, we measured the amount of cisplatin
present in OC-k3 cells at different treatment



1192 Previati et al.

6000

4000
3000

2500

2000

Rot CDDP CDDP NT MW
24h 48h 24h std

Fig. 2. DNA separation on agarose gel. Cells were treated with
50 uM CDDP or 50 puM rotenone for the indicated times, and
DNA extracted and electrophoresed on 0.8% agarose gel as
described in Materials and Methods.

times. Figure 5A shows that 100 uM cisplatin
treatment did not allow to reach saturation in
the time evaluated. Once we determined that
cisplatin uptake apparently followed first order
kinetics, we investigated the effect of suramin
and methionine on 50 uM CDDP uptake. We
found a platinum load of 0.15 + 0.04 png/10° cell.
Methionine, that has a sulfydryl group able to
covalently react with CDDP [Lempers and
Reedijk, 1990; Ishikawa and Ali-Osman, 1993]
was able to significantly decrease the amount of
cellular platinum to 0.11+0.02 pg/10°, while
suramin treatment did not significantly reduce
the platinum loading (Fig. 5B).

ERK Extracellular Signal-Regulated
Kinase 1/2 (ERK1/2)

Because the total intracellular amount of
platinum was unaffected by suramin-cisplatin
coincubation, and because PD98059 is a MEK
inhibitor, we investigated the possibility that
CDDP could activate the ERK signaling path-
way, and in turn suramin and PD98059 could
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Fig. 3. Pl supravital labeling of detached OC-k3 cells. Cells
were treated as adherent cells for the indicated times with 50 uM
CDDP, detached by proteolytic treatment, immediately labeled
with 2 pg/ml Pl and analyzed by flow cytometry. In A and B,
values on abscissa represent the intensity of Pl fluorescence
signal. Values on ordinate represent the number of cells in a total
number of 10,000 analyzed events; in (C) values on ordinate
represent percent of Pl labeling. A: Control and 0.1% NP40
permeabilized cells. B: Cells treated with 50 pM CDDP for 6 or
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48 h. C: Cells treated with 50 uM CDDP for 6 or 48 h and, where
indicated, co-treated with 1 mg/ml methionine, 300 uM suramin,
60 pM PD98059, or 50 uM Z-VAD-FMK. Data represent the
mean = SD of four replicates from one experiment representative
of a group of three. **P<0.01, ***°°°P<0.005; ns=not
significantly different. Empty symbols indicate significance
toward non-treated samples, asterisks indicate significance
toward CDDP-treated samples.
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Fig. 4. Analysis of caspase 3 activation. Cells were treated with
differentcisplatin concentrations for 48 h, afterwards the samples
were processed as in Materials and Methods, analyzed by SDS—
PAGE electrophoresis, transferred to nitrocellulose and immu-
nolabeled for caspase 3.

(Continued)

protect cells by inhibiting this cascade.
We found that CDDP increased ERK 1/2
phosphorylation, starting at 10 h up to 24 h
(Fig. 6). PD98059 exerted a slight inhibition,
especially visible at 16 h. On the contrary,
suramin reduced phosphorylation to basal
levels at all times explored (Fig. 6).

DISCUSSION

In this work we employed OC-k3 -cells
to investigate the molecular mechanism of
cisplatin toxicity on inner ear-derived cells.
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Fig. 5. CDDP uptake in adherent OC-k3 cells. A: Time course
of CDDP uptake by OC-k3 cells incubated with 50 uM CDDP for
the indicated times. After the incubation, cells were detached by
proteolytic treatment and counted; 0.5 x 10° cells were sedi-
mented and the pellet dissolved in nitric acid and analyzed by
atomic absorption, as described in Materials and Methods.
B: CDDP uptake after 48 h of treatment with 50 pM CDDP plus or
minus 1 mg/ml methionine or 300 pM suramin. Data are given as
ng CDDP/10° cells. The mean + SD of five replicates from one
experiment representative of a group of two. [Color figure can
be viewed in the online issue, which is available at www.
interscience.wiley.com.]

Initially, we investigated the uptake of cisplatin
in this cell line, and found it followed a first
order kinetic, without clear signs of saturation
before the onset of cell death. These data
suggest that uptake occurs by simple diffusion,
probably through the non-aquated, uncharged
form of cisplatin, which can freely diffuse
through the cell membrane.

Afterwards we quantitatively evaluated
cell death using a PI exclusion assay, which
discriminate among three cell subpopulations:
the living cells, only weakly labeled by PI; the
necrotic post-apoptotic cells, strongly labeled by
PI; and a subpopulation which displayed an
intermediate fluorescence. This subpopulation

was previously reported to undergo the initial
apoptotic phases, both in attached and in
suspension grown cells [Zamai et al., 2001].
The results showed that OC-k3 cells are
significantly sensitive to 50 pM cisplatin both
with 6 h pulse treatment and with continuous
48 h CDDP treatment. Cell labeling depended
upon cisplatin load: we found an increase of
post-apoptotic necrosis in presence of higher
cisplatin uptake, and, consistently, a lower cell
death percentage and a greatest number of cells
in the initial phases of apoptosis in presence of
lower cisplatin incorporation.

At the concentration tested, cisplatin-induced
cell death did not occur by necrosis, but involved
complex and well structured processes, such as
cell and nuclear fragmentation, indicating the
occurrence of apoptosis. When we examined
morphological changes in DAPI-stained cells,
we found a deep rearrangement of both cell and
nuclear shape after 48 h treatment with 50 uM
CDDP. We observed an extensive nuclear
disassembly, with production of several large
nuclear fragments, and rearrangement of
cell cytoskeleton. The actin network typically
invaded the original nuclear space, reorganiz-
ing around each large nuclear fragment and
separating them from each other. Frequently,
post-apoptotic cell fragments containing single
large nuclear fragments could be observed
attached to the substratum.

Although the occurrence of an organized
pattern of nuclear fragmentation was firmly
assessed, on the other hand we did not find
expression of some typical apoptosis markers,
such asinternucleosomal fragmentation and PS
exposure on the outer leaflet of cell membrane.
Conflicting data have been reported in the
literature on internucleosomal fragmentation
after cisplatin challenge. Several authors have
described TUNEL positivity in cochlear tissues
after cisplatin treatment [Alam et al., 2000;
Teranishi et al., 2001]. In other cells, other
authors have shown that cisplatin cytotoxicity
can occur without DNA breakage [Ormerod
et al., 1994]. Furthermore, cisplatin addition
can lead to caspase inactivation, followed by cell
death stop and by paradoxical rescue of mice
from TNF and lipopolysaccharide-induced
liver shock [Shin et al., 2005]. Consistently, in
OC-k3 cells, caspases did not seem to be the
major effector of cell death, as evidenced by the
failure of pan-caspase inhibitor Z-VAD-FMK
to reduce cell death. This can explain the lack
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Fig. 6. Analysis of ERK 1/2 phosphorylation by Western Blot. OC-k3 cells were treated for 6 h with 50 pM
CDDP plus or minus 300 pM suramin or 60 pM PD98059. Afterwards, the medium was replaced and the
incubation allowed to continue in fresh medium plus suramin or PD98059, where indicated. At 10, 16, and
24 h the samples were processed as in Materials and Methods, analyzed by SDS—PAGE electrophoresis,
transferred to nitrocellulose and immunolabeled by an antibody that specifically recognizes phosphorylated

Tyr 204 on ERK1 and ERK2.

of internucleosomal fragmentation, because
it is well known that DFF45, the protein
that inhibits the nuclease effector DFF40, is
removed by caspase proteolysis. In absence of
proteolytical activation, DFF40 cannot trigger
internucleosomal DNA degradation.

In addition, OC-k3 cells express SV40 large
T antigen, whose mechanism used to immorta-
lize eukariotic cells implies p53 binding, forma-
tion of large nuclear complexes and inhibition
of its DNA transactivating properties. This
originates cell lines functionally depleted of
p53, inhibits p53-dependent apoptosis triggering
[Lane and Crawford, 1979] and could originate
an atypical apoptotic pathway, with a unsolicited
part of the executionary machinery. Thus it is
reasonable to speculate that the lack of an
extensive proteolytic activation, which repre-
sents a relevant part of the executionary phase
of apoptosis, originates in HLL60 an incomplete
apoptotic phenotype.

Several data from literature suggest that,
beside the addition to guanine residues with

formation of intra- and interstrand bridges,
other mechanisms, including intracellular
signal transduction, can be involved in cisplatin
toxicity. Consistently, our data show a recruit-
ment of MAPK signaling cascade, through an
upstream mechanism not yet clarified, poten-
tially involving receptor stimulation.

In detail, we demonstrated that cisplatin
increased ERK 1/2 phosphorylation from 10 to
24 h. This activation occurs later than what
reported by Wang et al. [2000] who showed that
cisplatin-induced ERK 1/2 activation occurs 6 h
after treatment. Consistently with involvement
of ERK 1/2 in cisplatin toxicity, we found
that PD98059, is a MEK inhibitor and suramin,
a polysulphonated compound previously used
asinhibitor of extracellular receptors for growth
factors [Schrell et al., 1995; Li et al., 1999;
Laubinger et al., 2003], not only inhibited ERK
1/2 activation but also reduced the extent of
CDDP-induced cell death. These compounds,
which can both block the upstream signaling to
ERK 1/2, are also able to significantly reduce the
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percentage of dead cells proportionally to low-
ering ERK phosphorylation. Indeed, PD98059
is less effective than suramin in both lowering
ERK phosphorylation and PI labeling over
long term treatments. Suramin is able to
significantly reduce total cell death, both in
presence of lower and higher cisplatin load. In
addition, it decreases the number of post-
apoptotic necrotic events at both treatment
times, simultaneously increasing the PI-dim
population. This suggests that suramin, with an
efficiency depending on the cisplatin load, can
not only reduce the number of cells entering into
apoptosis but also slow down the passage from
the intermediate to the terminal phases of cell
death.

Methionine also provides a fairly complete
protection against cisplatin. However, we should
note that methionine has been reported to
covalently react with cisplatin, giving raise to
several different linear or closed ring adducts.
This can affect cisplatin uptake, which seems to
be based on its uncharged, unreacted form, and
consequently limit the extent of cell damage by
reducing the extent of DNA and protein cross-
linking [Eastman, 1987]. Theoretically, suramin
could also act by reducing cisplatin loading,
because it is able to bind its positive charges to
the negatively charged proteins on the external
cell surface. To investigate the effects of the above
drugs on CDDP entry, we measured platinum
uptake in presence of methionine or suramin,
and found that methionine, but not suramin,
significantly reduced the cisplatin uptake in
OC-k3 cells. The efficacy of suramin in protecting
cells without affect platinum load may suggest
several interpretations: first it could indicate a
non-receptor mediated cisplatin uptake; secon-
darily, cisplatin toxicity could be mediated by
recruitment of extracellular receptors, in turn
able to induce ERK activation and a caspase-
independent, p53-independent apoptosis. This
can be supported by the finding that EGF
treatment [Kroning et al., 1995; Dixit et al.,
1997] and ras activation [Gao et al., 1995;
Fokstuen et al., 1997] increase tumor sensitivity
to cisplatin, suggesting the requirement of extra-
cellular activation for apoptosis induction. These
extracellular receptors can activate ATM and ras
[Damu et al., 2002; Woessmann et al., 2002] and,
finally, the MAPK cascade [Wang, 2000]. ATM,
and ERK can, in turn, induce both p53-dependent
and independent cell cycle block and apoptosis
[Petrache et al., 1999; Pavlovic et al., 2000].

As a whole, our data indicate that in OC-k3,
an inner ear-derived pb53-lacking cell line,
cisplatin induces nuclear fragmentation, actin
cytoskeleton rearrangement and cell death in
a p53- and caspase-independent manner. The
activation of ERK 1/2 is a possible main effector
of cell death, linking receptor recruiting and
induction of toxicity.

ACKNOWLEDGMENTS

The present study was supported by grants
from COFIN 2002 to M Previati, and COFIN
2005 to S. Capitani, as well as from the
University of Ferrara (60% funding) to S.
Capitani and A. Martini. The atomic absorption
spectrophotometer was purchased with funds of
Objective 2 (2000/6), project Lara (FE120). L.
Astolfi is recipient of a grant from Fondazione
Cassa di Risparmio di Cento (Ferrara, Italy),
http://www.fondazionecrcento.it/.

REFERENCES

Alam SA, Ikeda K, Oshima T, Suzuki M, Kawase T,
Kikuchi T, Takasaka T. 2000. Cisplatin-induced apopto-
tic cell death in Mongolian gerbil cochlea. Hear Res 141:
28-38.

Bacus SS, Gudkov AV, Lowe M, Lyass L, Yung Y, Komarov
AP, Keyomarsi K, Yarden Y, Seger R. 2001. Taxol-
induced apoptosis depends on MAP kinase pathways
(ERK and p38) and is independent of p53. Oncogene 20:
147-155.

Bertolaso L, Martini M, Bindini D, Lanzoni I, Parmeggiani
A, Vitali C, Kalinec G, Kalinec F, Capitani S, Previati M.
2001. Apoptosis in OC-k3 immortalized cell line treated
with different agents. Audiology 40:327—335.

Bogoyevitch M, Kettermann A, Sugden P. 1995. Cellular
stresses differentially activate c-Jun N-terminal protein
kinases and extracellular signal-regulated protein
kinases in cultured ventricular myocytes. J Biol Chem
270:29710-29717.

Chen Z, Seimiya H, Naito M, Mashima T, Kizaki A, Dan S,
Imaizumi M, Ichijo H, Miyazono K, Tsuruo T. 1999.
ASK1 mediates apoptotic cell death induced by genotoxic
stress. Oncogene 18:173—180.

Coffey RdJ, Leof EB, Shipley G, Moses HL. 1987. Suramin
inhibition of growth factor receptor binding and
mitogenicity in AKR-2B cells. J Cell Physiol 132:143—
148.

Damu T, Dongcheng W, Atsushi H, Jill ML, Lieqi L, Brie M,
Vincent JK, Tak WM, Alistair JI. 2002. ERK activation
mediates cell cycle arrest and apoptosis after DNA
damage independently of p53. J Biol Chem 277:12710—
12717.

Dixit M, Yang JL, Poirier MC, Price JO, Andrews PA,
Arteaga CL. 1997. Abrogation of cisplatin-induced pro-
grammed cell death in human breast cancer cells by
epidermal growth factor antisense RNA. J Natl Cancer
Inst 89:365—373.



Cisplatin-Induced Cytotoxicity in OC-k3 Cells 1197

Duff JL, Berk BC, Corson MA. 1992. Angiotensin II
stimulates the pp44 and pp42 mitogen-activated protein
kinases in cultured rat aortic smooth muscle cells.
Biochem Biophys Res Commun 188:257—-264.

Eastman A. 1987. Crosslinking of glutathione to DNA by
cancer chemotherapeutic platinum coordination com-
plexes. Chem Biol Interact 61:241-248.

Fink D, Zheng H, Nebel S, Norris PS, Aebi S, Lin TP,
Nehme A, Christen RD, Haas M, MacLeod CL, Howell
SB. 1997. In vitro and in vivo resistance to cisplatin in
cells that have lost DNA mismatch repair. Cancer Res 15:
1841-1845.

Fokstuen T, Rabo YB, Zhou JN, Karlson J, Platz A,
Shoshan MC, Hansson J, Linder S. 1997. The Ras
farnesylation inhibitor BZA-5B increases the resistance
to cisplatin in a human melanoma cell line. Anticancer
Res 17:2347-2352.

Gabaizadeh R, Staecker H, Liu W, Van De Water TR. 1997.
BDNF protection of auditory neurons from cisplatin
involves changes in intracellular levels of both reactive
oxygen species and glutathione. Mol Brain Res 50:
71-178.

Gao XS, Asaumi J, Kawasaki S, Nishikawa K, Kuroda M,
Takeda Y, Hiraki Y, Thara M, Ohnishi T. 1995.
Sensitivity of anticancer drugs in NIH3T3' cells trans-
fected with oncogenes accompanied by pSV2neo vector.
Anticancer Res 15:1911-1914.

Han J, Lee JD, Bibbs L, Ulevitch RJ. 1994. A MAP kinase
targeted by endotoxin and hyperosmolarity in mamma-
lian cells. Science 265:808—811.

Ishikawa T, Ali-Osman F. 1993. Glutathione-associated cis-
diamminedichloroplatinum(II) metabolism and ATP-
dependent efflux from leukemia cells. Molecular char-
acterization of glutathione-platinum complex and its
biological significance. J Biol Chem 268:20116—-20125.

Jameson ER, Lippard SJ. 1999. Structure, recognition and
processing of cisplatin-DNA adducts. Chem Rev 99:
2467-2498.

Kalinec F, Kalinec G, Boukhvalova M, Kachar B. 1999.
Establishment and characterization of conditionally
immortalized organ of Corti cell lines. Cell Biol Int 23:
175-184.

Kroning R, Jones JA, Hom DK, Chuang CC, Sanga R, Los
G, Howell SB, Christen RD. 1995. Enhancement of drug
sensitivity of human malignancies by epidermal growth
factor. Br J Cancer 72:615-619.

Laemmli UK. 1970. Cleavage of structural proteins during
the assembly of the head of bacteriophage T4. Nature
227:680-685.

Lane DP, Crawford LV. 1979. Tantigen is bound to a host
protein in sv40-transformed cells. Nature 278:261—-261.

Lanzi C, Perego P, Supino R, Romanelli S, Pensa T,
Carenini N, Viano I, Colangelo D, Leone R, Apostoli P,
Cassinelli G, Gambetta RA, Zunino F. 1998. Decreased
drug accumulation and increased tolerance to DNA
damage in tumor cells with a low level of cisplatin
resistance. Biochem Pharmacol 15:1247—-1254.

Laubinger W, Wang H, Welte T, Reiser G. 2003. P2Y
receptor specific for diadenosine tetraphosphate in lung:
Selective inhibition by suramin, PPADS, Ip51, and not by
MRS-2197. Eur J Pharmacol 468:9—-14.

Lempers ELM, Reedijk J. 1990. Reversibility of cisplatin-
methionine in proteins by diethyldithiocarbamate or

thiourea: A study with model adducts. Inorgan Chem
29:217-222.

Li C, Hu Y, Mayr M, Xu Q. 1999. Cyclic strain stress-
induced mitogen-activated protein kinase (MAPK) phos-
phatase 1 expression in vascular smooth muscle cells is
regulated by Ras/Rac-MAPK pathways. J Biol Chem 274:
25273-25280.

Mase H, Sasaki A, Alcade RE, Nakayama S, Matsumura T.
2000. Regulation of apoptosi reduction in the cisplatin-
resistent A431 cell line by Bcl-2 and CPP32. Chemoter-
apy 46:67-76.

Ormerod MG, O’Neill CF, Robertson D, Harrap KR. 1994.
Cisplatin induces apoptosis in a human ovarian carci-
noma cell line without concomitant internucleosomal
degradation of DNA. Exp. Cell Res 211:231-237.

Park SA, Park HdJ, Lee BI, Ahn YH, Kim SU, Choi KS.
2001. Bcl-2 blocks cisplatin-induced apoptosis by sup-
pression of ERK-mediated p53 accumulation in B104
cells. Brain Res Mol Brain Res 93:18—26.

Pavlovic D, Andersen NA, Mandrup-Poulsen T, Eizirik DL.
2000. Activation of extracellular signal-regulated kinase
(ERK)1/2 contributes to cytokine-induced apoptosis in
purified rat pancreatic B cells. Eur Cytokine Netw 11:
267-274.

Petrache I, Choi ME, Otterbein LE, Chin BY, Mantell LL,
Horowitz S, Choi AM. 1999. Mitogen-activated protein
kinase pathway mediates hyperoxia-induced apoptosis
in cultured macrophage cells. Am J Physiol 277:589—-595.

Sanchez-Pérez I, Murguia JR, Perona R. 1998. Cisplatin
induces a persistent activation of JNK that is related to
cell death. Oncogene 16:533—540.

Sanchez-Pérez I, Peroma R. 1999. Lack of c-jun activity
increases survival to cisplatin. FEBS Lett 453:151-158.

Schrell UM, Gauer S, Kiesewetter F, Bickel A, Hren J,
Adams EF, Fahlbusch R. 1995. Inhibition of proliferation
of human cerebral meningioma cells by suramin: Effects
on cell growth, cell cycle phases, extracellular growth
factors, and PDGF-BB autocrine growth loop. J Neuro-
surg 82:600—607.

Shin JN, Seo YW, Kim M, Park SY, Lee MJ, Lee BR, Oh
JW, Seol DW, Kim TH. 2005. Cisplatin inactivation of
caspases inhibits death ligand-induced cell death in vitro
and fulminant liver damage in mice. J Biol Chem 280:
10509-10515.

Teranishi M, Nakashima T, Wakabayashi T. 2001. Effects
of alpha-tocopherol on cisplatin-induced ototoxicity in
guinea pigs. Hear Res 151:61-70.

Wang X, Martindale JL, Holbrook NJ. 2000. Requirement
for ERK activation in cisplatin-induced apoptosis. J Biol
Chem 275:39435-39443.

Woessmann W, Chen X, Borkhardt A. 2002. Ras-mediated
activation of ERK by cisplatin induces cell death
independently of p53 in osteosarcoma and neuroblastoma
cell lines. Cancer Chemother Pharmacol 50:397—404.

Zamai L, Canonico B, Luchetti F, Ferri P, Melloni E,
Guidotti L, Cappellini A, Cutroneo G, Vitale M, Papa S.
2001. Supravital exposure to propidium iodide identifies
apoptosis in adherent cells. Citometry 44:57—64.

Zanke BW, Boudreau K, Rubie E, Winnett E, Tibbles LA,
Zon L, Kyriakis J, Liu FF, Woodgett JR. 1996. The stress-
activated protein kinase pathway mediates cell death
following injury induced by cis-platinum, UV irradiation
or heat. Curr Biol 6:606—613.



