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ABSTRACT

Epidermal growth factor receptor (EGFR) signal transduction pathway has been reported to
play a vital role in the biologic progression of several tumors and as targets for therapeutic
intervention. We have investigated the role of EGFR in the thyroid PC CI3 cells response to
the chemo-therapeutic agent cisplatin. 1t was found that cisplatin provoked (1) the activation
(phosphorylation) and internalization of EGFR, (2) the phosphorylation of MAPK/p38, (3)
the activation of PKC-¢, (4) the enhancement of MMP-2 expression and activity, (5) the
generation of ROS and (6) the activation of the apoptotic intrinsic pathway. Inhibition or
down regulation of EGFR reduced (1) the phosphorylation of MAPK/p38 (2) the cisplatin-
provoked activation of PKC-¢, and (3) the activation of caspase-7 and PARP cleavage and
the overall cells sensitivity to cisplatin. PKC-¢ inhibition achieved by siRNA blocked
MAPK/p38 activation and significantly increased the cell resistance to cisplatin. Finally,
when the cisplatin-induced ROS generation was blocked by using NAD(P)H oxidase
inhibitors, a decrease in cisplatin-induced MMP-2 enhancement, MAPK/p38 and EGFR
activation, and caspase-7 proteolysis occurred.

In conclusion, these findings supported a model in which cisplatin provokes an oxidant-
induced MMP-2-dependent EGFR transactivation responsible for the induction of cell

apoptosis, a process ascribable to the intracellular signalling of PKC-e and MAPK/p38.
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1. Introduction

Medical treatment of cancer is based on cytotoxic drugs that determine cell killing by
acting on cellular targets that are generally common to both cancer and normal cells. The
chemo-therapeutic agent cisplatin (cis-diamminedichloroplatinum) is widely employed for
treatment of human cancer, and is a potent inducer of growth arrest and/or apoptosis in
most cell types. Cisplatin, doxorubicin, and taxol are among the cytotoxic drugs that have
elicited the best response in patients affected by poorly differentiated thyroid cancers
(PDTC) and undifferentiated (anaplastic) thyroid carcinomas (UTC); however, overall the
rate of response to the different chemotherapeutic regimens is generally low, and the rapid
occurrence of resistance leads to an often fatal relapse of the disease [1-3]. Another major
limitation of cisplatin chemotherapy is serious toxicity. Cisplatin toxicological profiles are
similar to many anticancer agents: nephrotoxicity, neurotoxicity, and emesis. Much
evidence, however, has been gathered in recent years suggesting that cisplatin has major
effects on the endocrine system, particularly the hypothalamic-pituitary-axis. Cisplatin
activates nuclear as well as cytoplasmatic signalling pathways involved in regulation of the
cell cycle, damage repair and programmed cell death and it also activates a membrane-
integrated protein, the epidermal growth factor receptor (EGFR) [4]. EGFR, commonly
expressed in a variety of human tumours, thyroid cancer included [5], provides a target for
cancer therapy since EGFR-tyrosine kinase inhibitors caused growth inhibition of tumours
and enhancement of the activity of a number of cytotoxic drugs [6,7]. In response to
cisplatin, EGFR has been implicated in the activation of downstream events [8], including
extracellular signal-regulated kinase (ERK) [4]. In this context, the mitogen-activated
protein kinase (MAPK) cascades, involved in both growth factor and stress response
signaling, play a complex and controversial role in determining the ultimate fate of the cells
depending on cell type and molecular background. For example, ERK and p38 are
structurally related but biochemically and functionally distinct. Whereas ERK
predominantly confers survival advantage to cells during most stress conditions in various
types of cells, p38 is associated with cell death [9]. Several signalling transduction
pathways activated by cisplatin, such as the MAPK pathway components, have been
correlated to matrix metalloproteinases (MMPs) activation and expression [10];
furthermore, the anti-invasive properties of cisplatin associated with decrease in MMPs
activity have also been reported [11]. Stimulation of MMPs production in some cancer cells
appeared to be EGFR-dependent [12], whilst, on the other hand, among multiple

mechanisms for EGFR transactivation, the autocrine/paracrine release of soluble EGF
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ligands cleaved by MMPs, is also described [13,14]. Finally, the -cisplatin-induced
cytotoxicity seems to be closely associated with the increased production of reactive
oxygen species (ROS) [15] and ROS contribute to cell death partly through effects on
various cellular signalling pathways, including the mitogen-activated protein kinase
(MAPK) pathway [16].

In previous studies we have described the effects of cisplatin in fully differentiated
thyroid PC CI3 cells and in cancerous PC E1Araf cells [17,18], which are PC CI3 cells
completely transformed by the combination of adenovirus E1A gene and raf oncogene
[19,20]. It was shown that PC CI3 cells are most sensitive to cisplatin with IC50 values of
5.2 uM, after 72 h of cisplatin exposure, and that ERK has a protective role in cisplatin-
induced apoptosis. With the present study we carried on with the study of the signalling
brought about by cisplatin and assessed the relevance of EGFR and/or p38/MAPK in the
sensitivity of normal PC CI3 thyroid cells to cisplatin. Other authors have published some
of the findings presented here when working with various cancer tissues and cells.
However, we have obtained such results for the first time using normal thyroid cells where
the effects of cisplatin may be different and opposite to thyroid cancer cells [17,18]. In
addition, and even though thyroid cells are constantly exposed to ROS that are
physiologically necessary and closely associated with thyroid hormone synthesis, we

determined whether cisplatin-induced EGFR activation was correlated to ROS generation.
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2. MATERIALS AND METHODS

2.1 Reagents. The PKC inhibitors GF109203X, G66976, and the PKC-e-selective
translocation inhibitor eéV1 were obtained from Calbiochem (Darmstadt, Germany). PKC-¢,
caspase-3, caspase-7, porin, Bid, Bax, Bcl-2, PARP, phospho-specific ERK1 and ERK2,
polyclonal unphosphorylated EGFR and phosphorylated (on Tyr 1173) EGFR (p-EGFR)
antibodies, goat anti-rabbit IgG conjugated with peroxidase, as well as control antibodies,
were obtained from Santa Cruz Biotechnology, Santa Cruz, CA, USA. Phospho-specific
p38/MAPK (Thr180/Tyr182) and total (phosphorylated and unphosphorylated) p38/MAPK
antibodies were obtained from Cell Signaling Technology (Celbio, Pero, Milan, ltaly). The
inhibitors of NADPH oxidase, diphenyleneiodonium (DPI) and apocynin, were obtained

from Sigma (Milan, Italy).

2.2 Cell lines. PC CI3, a rat differentiated thyroid cell line, was grown in Coon’s modified
Ham’s F-12 medium (Celbio, Pero, Milan, Italy) supplemented with 5% calf serum (Sigma,
Milan, Italy) and a mixture of hormones and growth factors (insulin 1 pg/ml; TSH 1 miU/ml;
glycylhistidyl- L-lysine 10 ng/ml; human transferring 5 pg/ml; cortisone 10 nM; somatostatin

10 ng/ml; all from Sigma).

2.3 Preparation of sub cellular fraction. To obtain protein cell extracts, cells were
washed twice in ice-cold PBS and harvested in 1 ml of PBS. The samples were
centrifuged for 30 s at 10,0009, and cell pellets were resuspended in the following buffer
(in mM): 20 Tris—HCI, pH 8, containing 420 NaCl, 2 EDTA, 2 NagVO4, and 0,2% Nonidet
P-40, 10% glycerol, supplemented with a cocktail of protease inhibitors. After a 10 min
incubation on ice, cells were passed several times through a 20 gauge syringe and then
centrifuged at 13,000g for 10 min at 4°C. Other samples were centrifuged (100,0009) for
40 min at 4 °C. The resultant supernatant is referred to as the cytosolic fraction. The pellet
was solubilized in buffer B (in mM, 20 Tris-HCI, pH 7.5, 150 NaCl, 1 EGTA, 1 EDTA, and

protease inhibitors) containing 1% Nonidet P-40. We evaluated the Nat/K+-ATPase
activity using a coupled enzyme assay method [21] to determine the purity of the cell
membrane fraction used for immunoblotting. The enrichment factor (enzyme activities of
final purified membrane pellet and cytosol compared with those of the initial homogenate)
were 33 + 2.2 and not determined. Moreover, lactate dehydrogenase activity (a marker

enzyme for the cytoplasm) was determined by measuring the decrease at 340 nm due to
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the oxidation of NADH [22]. The reaction buffer contained 50 mM HEPES, pH 7.5, 8 mM
sodium pyruvate, 0.2 mM NADH and the protein sample in a 1 ml volume. Sodium
pyruvate was added last to minimize non-specific NADH oxidation. The specific activity of
LDH in the cytosol was 13.1 times higher than that in the homogenate.

Nuclei were pelleted by centrifugation at 2,000g for 15 min at 4 °C and resuspended in
high salt buffer (in mM, 20 Tris-HCI, pH 7.9, 420 NaCl, 10 KCI, 0.1 Na3VvO4, 1 EDTA, 1

EGTA, 20% glycerol, supplemented with a cocktail of protease inhibitors) and sonicated
until no nuclei remained intact. The purity of fractions was tested by immunoblotting with
antibodies specific to NucP62 (nuclear protein). The mitochondrial fraction was harvested
by centrifugation at 10,000g for 30 min (4°C). The supernatant was harvested as the
cytoplasmic fraction (S-100 extract).

Proteins in homogenates and cellular fraction were determined using the Bio-Rad protein
assay kit 1 (Milan, Italy). Lyophilised bovine serum albumin was used as a standard.

2.4 Western blot analysis. Proteins in homogenates and cellular fraction were
determined using the Bio-Rad protein assay kit 1 (Milan, Italy). Lyophilised bovine serum
albumin was used as a standard. Total cell proteins or proteins of the distinct sub cellular
fractions were dissolved in SDS sample buffer and separated on 10% or 15% SDS gels.
Separated proteins were transferred electrophoretically onto polyvinylidene difluoride
membrane (PVDF) (Amersham International). Equal protein loading was confirmed by
Ponceau S staining. Blots were incubated with specific primary antibodies and the immune
complexes were detected using appropriate peroxidase-conjugated secondary antibodies
and enhanced chemiluminescent detection reagent ECL (Amersham International). Blots
were stripped and used for several sequential incubations with control antibodies.
Densitometric analysis was carried out on the Western blots using the NIH Image 1.62
software (National Institutes of Health, Bethesda, MD, USA). The pixel intensity for each
region was analyzed, the background was subtracted, and the protein expressions were

normalized to B actin loading control for each lane.

2.5 Design and preparation of small interfering RNA (siRNA). siRNAs were prepared
by an in vitro transcription method. Initially, four siRNA-¢ target sites specific to rat PKC-¢
mMRNA, and three siRNA-EGFR target sites specific to rat mMRNAs as determined by blast
analysis, were chosen. A nonspecific siRNA (siRNA-NS) was also designed to serve as a

negative control. For each siRNA, sense and antisense templates were designed based
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on each target sequence and partial T7 promoter sequence. All template oligonucleotides
were chemically synthesized and PAGE purified. In vitro transcription, annealing, and
purification of siRNA duplexes were performed using the protocol supplied with the T7
RiboMAX Express RNAi System (Promega Corporation, Madison, WI, USA). Briefly,
approximately 2 ug of each single-strand (ss) transcription template was first annealed
with the T7 promoter and filled in by Klenow DNA polymerase to form double-strand
transcription templates. For preparation of each siRNA duplex, transcription reactions were
first performed with separated antisense and sense templates using the T7 RNA
polymerase provided with the kit and then annealed to form siRNA duplexes. Then, the
siRNA duplex was treated with DNase and RNase to remove the extra nucleotides of
transcribed siRNA to meet the structural 3’'UUU overhang and 5’ phosphate requirement.
Immunoblottings were performed 24 and 48 h post transfection to determine the efficiency
of siRNA incorporation in PC CI3 cells and to measure PKC-¢ and EGFR expression.
Quantitative analysis of PKC-e and EGFR expression, as measured by intensity of
immunoreactivity, in siRNA-transfected PC CI3 revealed a higher reduction in PKC-¢ and
EGFR expression, with the  following sense RNA sequences: 5-
GCCCCUAAAGACAAUGAAGTT-3 and 5-TTACAAACTTTGCGACAGG-3' for PKC-¢ and
EGFR respectively. Such reduction in PKC-e expression was not revealed in siRNA-NS-
transfected (nonspecific siRNA, sequence 5-AAGTTCTCCGAAGTGTGAGAA-3) cells
designed to serve as a negative control.

2.6 siRNA transfection. The cells (50-70% confluence) were transfected with siRNA
duplexes using the protocol supplied with the CodeBreaker siRNA transfection reagent
(Promega Corporation, Madison, WI, USA). Briefly, transfection reagent was first diluted
into Coon’s modified Ham’s F12 medium without serum and antibiotics for about 15 min,
and then the siRNA-¢, siRNA-EGFR and nonsense siRNA (siRNA-NS) duplex were added
to the medium to form a lipid—siRNA complex. Following additional 15-min incubation,
transfection was initiated by adding the lipid—siRNA complex to 6-well plates. The final

concentrations of siRNAs were 10 nM.

2.7 Cytotoxicity assay. Cells at 70-80% confluency were trypsinised (0.25% trypsin with
1 mM EDTA), washed and re-suspended in growth medium. 100 ul of a cell suspension
(10° cells/ml) was added to each well of a 96-well plate. After overnight incubation, cells

were treated with specific reagents for different incubation periods.
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The conversion of MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenol tetrazolium bromide] by
cells was used as an indicator of cell number as previously described [18]. This method
measures the reduction of MTT by active mitochondria, which results in a colorimetric
change measured at 550 nm wavelength. Experiments were performed to define the linear
range of the assay. A good correlation was observed up to 50,000 cells per well (data not
shown).

Increasing concentration of heat-killed cells per well (killed by incubating at 70 °C for 15
min) caused no significant change in the absorbance; thus, this spectrophotometric
method was a valid technique for measuring the number of viable cells. All subsequent
experiments performed were within the linear range of the assay.

The percentage cell survival was calculated as the absorbance ratio of treated to untreated
cells. The data presented are means =+ standard deviation (SD) from eight replicate wells

per microtitre plate, repeated four times.

2.8 Sulforhodamine B (SRB) assay. The SRB assay was carried out as previously
described [23]. Briefly, 70 pL 0.4% (w/v) sulforhodamine B in 1 % acetic acid solution was
added to each well and left at room temperature for 20 min. SRB was removed and the
plates washed 5 times with 1% acetic acid before air drying. Bound SRB was solubilised
with 200 pl of 10 mM unbuffered Tris-base solution and plates were left on a plate shaker
for at least 10 min. Absorbance was measured in a 96 well plate reader at 492 nm. The
test optical density (OD) value was defined as the absorbance of each individual well,
minus the blank value (‘blank’ is the mean optical density of the background control wells,
n=8). The percentage survival was calculated as the absorbance ratio of treated to
untreated cells. The data presented are means + standard deviation (SD) from eight

replicate wells per microtitre plate, repeated four times.

2.9 Trypan Blue Dye Exclusion Assay. The cells were seeded in 60 mm tissue culture
dishes (100,000 cells/ml). After overnight incubation, the cells were treated with the
concentrations of cisplatin. Cell viability was estimated using the trypan blue exclusion

assay and light microscopy.
2.10 Apoptosis analysis. For 4,6-diammine-2-phenylindol (DAPI) staining, cells treated

with cisplatin were fixed with 3% formalin and stained with 1 mg/ml DAPI in PBS for 10

min. Cells were mounted on glass slides, covered, and analysed using fluorescence
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microscopy. For statistical analysis of each experiment, 5-10 fields (magnification X 400)
were counted (between 400 and 700 cells in total). The mean + SD was calculated and

displayed as bar graph.

2.11 MMP-2 Gelatin Zymography. After cisplatin treatment, the culture medium was
collected and centrifuged at 14,000 rpm for 5 min at 4°C to remove cells and debris. Each
sample was mixed with equal amounts of SDS sample buffer and electrophoresed on 10%
polyacrylamide gels containing 1 mg/ml gelatin as the protease substrate. Following
electrophoresis, gels were placed in Triton X-100 solution (2.5% Triton X-100 e 50 mM
Tris-HCI pH 7.4) for 1 h to remove SDS, and then incubated for 16-18 h at 37°C in
developing buffer (in mM: 50 Tris base, 200 NaCl, 5 CaCl2, and 1% Triton X-100, pH 7,4)
on a rotary shaker. After incubation, gels were stained in 30% methanol, 10% acetic acid,
and 0.5% w/v coomassie brilliant blue for 1 h followed by destaining. Gelatinolytic activity

was manifested as horizontal white bands on a blue background.

2.12 Intracellular ROS formation. ROS generation was detected by NBT assay [24]. NBT
(1 mg/ml) was added to medium of treated PC CI3 and incubations were carried out at
37°C for 15-60 min. Cells were then carefully washed and lysed in buffer containing 90%
dimethylsulfoxide, 0.01 N NaOH, and 0.1% SDS. Absorbance of NBT reduction product
formazan was measured at 715 nm against lysis buffer blank. Data are expressed as % of

control PC CI3 cell not treated.

2.13 Statistical analysis. Experimental points represent means + standard deviation (SD)
of 3-6 replicates. Statistical analysis was carried out using the ANOVA. When indicated,
post hoc tests (Bonferroni/Dunn) were also performed. A P value less than 0.05 was

considered to achieve statistical significance.
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3. RESULTS

3.1 Cisplatin activates EGFR pathway in PC CI3

We showed previously that in PC CI3 cells cisplatin activates ERK which has a protective
role [17]. Because cisplatin treatment can activate EGFR upstream to ERK [4], we
determined the role of this receptor in the survival of PC CI3 cells treated with cisplatin.
Indeed, PC CI3 cells treated with cisplatin showed the activation (phosphorylation) of
EGFR (Fig. 1A). Furthermore, a membrane translocation of EGFR was also detected in
western blot experiments (Fig. 1B), in agreement with data published by others [8]. EGFR
translocation was completely blocked by pre-incubation with the specific EGFR inhibitor
AG1478 ([25]; 30 uM, 1 h before cisplatin treatment) (Fig. 1B). Interestingly, the use of 30
MM AG1478 did not inhibit the cisplatin-provoked ERK phosphorylation (Fig. 3).

3.2 Effects of inhibition of EGFR on cisplatin-induced apoptosis

To determine whether activated EGFR pathway affects drug sensitivity, PC CI3 cells were
exposed to increasing concentration of cisplatin for 12, 24 and 48 hours in the absence or
presence of AG1478. The viable cell number was determined by MTT colorimetrical assay
and confirmed by SRB assay to rule out potential effects of cisplatin on mitochondrial
enzymes. Indeed, comparable results were obtained when cell number was directly
determined by cell counting; consequently, we used the MTT assay in the all the
cytotoxicity experiments described herein. Treatment of thyroid cells with cisplatin induced
cell death with the morphological characteristics of apoptosis, including nuclear
condensation and DNA fragmentation, as well as caspases activation. Apoptotic
morphology was detectable 24-72 h after treatment, with a maximum after 48 h [18]. Pre-
incubation of PC CI3 cells with AG1478 (15-30 uM) increased resistance to cisplatin (Fig.
2; p<0.001). As shown in Fig. 2C, after 24 h of 100 uM cisplatin treatment, approximately
50% and 78% of untreated and AG1478-treated PC CI3 cells, respectively, had survived.
Inhibition of EGFR by AG1478 significantly improved PC CI3 cells morphology after
cisplatin treatment. DAPI analysis demonstrated that the percentage of cisplatin-induced
apoptotic cells (45.3%) was significantly decreased in AG1478 pre-treated (22.15%)
(Table 1).

Then, we determined the role of EGFR pathway in cisplatin-induced PC CI3 cell death. As
shown in Fig. 3, cisplatin-induced PARP cleavage was patrtially inhibited by AG1478 pre-
treatment. Sequential incubation of the nitrocellulose membrane with anti-actin antibody

confirmed the equal protein loading. Similarly, the activation of caspases by treatment with
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cisplatin and AG1478 was qualitatively monitored by measuring the levels of the
precursors of caspase 3 and caspase 7 and their relative active forms. AG1478 pre-
treatment completely inhibited the cisplatin-provoked caspase-7 activation and slightly
reduced the effect of cisplatin on caspase-3 (Fig. 3). To provide conclusive evidence of the
involvement of the EGFR in cisplatin-induced apoptosis, siRNA-mediated EGFR
knockdown was performed. The efficacy of EGFR knockdown was verified by immunoblot
analysis (Fig. 7, upper part). Pre-treatment with siRNA-EGFR significantly improved cell
morphology (Table 1), decreased apoptotic cells, inhibited caspase-7 and also decreased

PARP activations 24 h after cisplatin treatment (Fig. 3).

3.3 Cisplatin-induced phosphorylation of p38/MAPK.

Activation of EGFR has been implicated in the activation of the p38 mitogen-activated
protein kinases (MAPK) [26]. Thus, we first investigated whether cisplatin activates the p38
in PC CI3 cells. Using an antibody recognising the dually phosphorylated (threonine 180
and tyrosine 182) p38, we found that cisplatin provoked its phosphorylation in a time-
dependent manner (Fig. 4A) without affecting the overall level, detected with an antibody
recognising both phosphorylated and un-phosphorylated MAPK (Fig. 4A). Therefore,
cisplatin significantly increased the phosphorylation of both MAPKs ERK and p38, with
different kinetics. A high level of ERK phosphorylation was already apparent after 2 h of
treatment, whereas p38 phosphorylation was observed later on (6 h). In both cases an

elevated MAPKSs phosphorylation was maintained up to 24 h post-treatment.

3.4 Effects of p38/MAPK on cisplatin-induced apoptosis

To test whether the activation of p38/MAPK is required for cisplatin-induced apoptosis, the
p38 inhibitor SB203580 [27] was employed to block p38/MAPK kinase activity in cisplatin-
treated cells. The viable cell number was then determined by MTT and confirmed by SRB
methods. Remarkably, SB203580 effectively blocked the cytotoxicity of cisplatin (Fig. 4 B-
D) and decreased apoptosis (Table 1). These results strongly suggest that p38/MAPK

activation is essential for cisplatin-induced apoptosis in PC CI3 cells.

3.4 The mechanism of cisplatin-induced p38/MAPK phosphorylation

Role of PKC-¢. PC CI3 cells express PKC-a, -B1, -, -g, -1 and -{ [28]. To investigate
whether or not PKCs were involved in cisplatin-mediated p38/MAPK activation, PC CI3
cells were pre-incubated for 30 min with the PKC inhibitor GF109203X: Fig. 5A shows that

Page 11 of 41



Muscella et al. - Role of EGFR in cisplatin-treated cells - 12

the effects of cisplatin on p38/MAPK phosphorylation were completely inhibited at the
lowest GF109203X concentration used, indicating a potential involvement of conventional
or novel PKCs (GF109203X is also able to inhibit atypical PKCs but at very higher doses
[29]). Since the conventional PKCs inhibitor G66976 had not effects on p38/MAPK kinase
(Fig. 5A), we pointed to novel PKCs. In a previous study, we found that PKC-& plays a
central role of in the upstream activation of ERK pathway, which is important for
maintaining the cell vitality after cisplatin treatment in PC CI3 [18]. Thus, here it seemed
appropriate to investigate the role of PKC-¢ on cisplatin-provoked p38/MAPK activation.
Since activated PKCs translocate from the cytosol to the cellular membranes, we analysed
by western blot the distribution of PKC-¢ in PC CI3 treated with cisplatin (100 uM) for
different incubation times (1, 3, 6, 12 and 24 h). As shown in Fig. 5B, a cytosol-to-
membrane translocation of PKC-e¢ was observed. Fig. 5C shows western blot analyses of
homogenates from PC CI3 cells; cisplatin caused a transient rise in PKC-¢ expression,
with maximal increase occurring at 3 h, followed by a progressively decreasing level, and
its final cleavage after 24-48 h of cisplatin treatment. Pre-incubation with AG1478 (30 uM)
blocked both the cytosol-to-membranes translocation (Fig. 5B) and the cleavage (Fig. 5C)
of PKC-¢. Sequential incubation of the membrane with anti-actin antibody confirmed the
equal protein loading. Then, we used molecular (PKC-e-siRNA) and pharmacological (the
PKC-¢ translocation inhibitor peptide €V1 [30]) techniques in order to specifically inhibit
PKC-¢ and establish its role in p38/MAPK control. Preliminary experiments by western
blotting demonstrated that PKC-e-siRNA was able to reduce PKC-¢ expression and that
nonspecific SIRNA (siRNA-NS) had no silencing effect on PKC-¢ expression at either 24 or
48 h post transfection (Fig. 5D). The PKC-e-siRNA (10 nM) inhibited cisplatin-induced
p38/MAPK phosphorylation in PC CI3 cells (Fig. 5E). This result was confirmed by using
100 uM €V1 (Fig. 6A top).

3.5 Role of EGFR activation. Next we examined the relationship between p38/MAPK and
EGFR activities. PC CI3 were exposed to cisplatin in the presence or absence of AG1478
and the phosphorylation of p38/MAPK was followed by immunoblot analysis; the inhibition
of EGFR kinase activity blocked cisplatin-provoked p38/MAPK phosphorylation in a dose-
dependent manner (Fig. 6B top). Co-incubation of cells with €V1 and AG1478 had not
additive effects on the cisplatin-induced activation of p38/MAPK (Fig. 6C top).

To examine whether cisplatin citotoxicity was restored in p38/MAPK:-inhibited PC CI3, cells

were exposed to cisplatin in the presence and absence of ¢V1 or AG1478 (both able to
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block the cisplatin-provoked p38/MAPK phosphorylation) and viable cell number was
assessed after 24 h treatment. It can be seen that both inhibitors increased viable cells
from 50 to 76% (ANOVA: p < 0.001; Fig. 6 A and B). When PC CI3 cells were pre-
incubated combining €V1 (100 uM) and AG1478 (30 uM) no further effects were observed
(Fig. 6C).

To explore mechanisms that might contribute to the induction of apoptosis, levels of pro-
apoptotic and anti-apoptotic proteins were measured by Western blot analysis, in whole
lysates of cisplatin-treated cells. Thus, cisplatin treatment increased levels of the anti-
apoptotic protein Bcl-2, without affecting the pro-apoptotic protein Bax (Fig. 7A), indicating
the involvement of the intrinsic pathway. Enforced expression of Bcl-2 occurred in PC CI3
cells when EGFR and p38/MAPK were inhibited (Fig. 7A). Immunoblot analysis of
mitochondrial proteins showed that cisplatin treatment strongly increased Bax level and
drastically decreased Bcl-2 level suggesting a shuttle of these proteins between cytosol
and mitochondria (Fig. 7B). These translocations were not observed if EGFR and
p38/MAPK were inhibited by siRNA-EGFR or by SB203580, respectively (Fig. 7B).

3.6 Cisplatin regulated MMP-2 activity in PC CI3 cells

In order to understand whether MMPs were implicated in cisplatin induced EGF receptor
activation, we first assayed the activity of gelatinolytic enzymes in conditioned medium
from PC CI3 cells by gelatin zymography. Indeed, a gelatinolytic activity at around 72 kDa
was observed which was considered to correspond to matrix metalloproteinase-2 (MMP-
2). Cisplatin treatment (100 uM for 3-24 h) progressively increased MMP-2 secretion up to
24 h (Fig. 8A). Western analyses demonstrated that MMP-2 protein increased after
cisplatin treatment in PC CI3 cell lysates, thus confirming that the regulation was at the
protein expression level (Fig. 8A). When PC CI3 cells were pre-incubated with the MMP-2
inhibitor |1 (20 uM for 30 min) the cell viability assessed after 24 h of cisplatin treatment
increased from 46 to 73% (ANOVA: p < 0.001; Fig. 8C); furthermore, MMP-2 inhibitor |
also blocked the activation of caspase-7 (Fig. 8D). Consistent with the hypothesis that
MMP-2 participates in EGFR activation, no significant difference in cell viability was
observed when PC CI3 cells were pre-incubated simultaneously with MMP-2 inhibitor | and
AG1478 (Fig. 8C and table 1). In addition, inhibition of MMP-2 prevented cisplatin-induced
p38/MAPK phosphorylation (Fig. 8B). Collectively these results demonstrate that MMP-2-

EGFR activated signaling regulates cisplatin-provokated PC CI3 cell apoptosis.
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3.7 ROS are responsible for the induction of MMP-2 and EGFR transactivation

To examine whether ROS affected secretion and expression of MMP-2, we first
determined the main source of ROS in PC CI3 treated with cisplatin. ROS production
increased during cisplatin treatment and was markedly suppressed by both structurally
unrelated inhibitors of NADPH oxidase, diphenyleneiodonium (DPI) and apocynin (Fig.
9A). DPI and apocynin also suppressed cisplatin-induced secretion of MMP-2 (Fig. 9B),
and the cisplatin-induced activation of p38/MAPK and caspase-7 (Fig. 9B); consistently,
DPI and apocynin decreased cisplatin-induced intrinsic pathway activation (Fig. 9D) and
cell death (Table 1). These observations indicate that some ROS-mediated event leads to
caspase-7 activation and apoptotic cell death induced by cisplatin through MMP-2 activity.
Finally, we determined the influence of ROS generation on EGFR activation by monitoring
the phosphorylation of EGFR induced by cisplatin in PC CI3 cells pretreated with DPI or
apocynin. As shown in Fig. 9C, both NADPH oxidase inhibitors were able to block the
cisplatin-induced phosphorylation of EGFR.
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4. Discussion

Cisplatin is an efficient DNA-damaging antitumor agent employed for the treatment of
various human cancers. Unfortunately, cisplatin induces many side-effects and its
cytotoxicity may disrupt hypothalamic, pituitary, or thyroid function in a variety of ways [31].
The correlation of hypothyroidism and the cumulative doses of cisplatin implicates this
drug in the causation [32]. Furthermore, the molecular mechanism to induce growth arrest
and/or apoptosis in the normal thyroid cells is still unknown. Cisplatin activates nuclear as
well as cytoplasmatic signalling pathways involved in regulation of the cell cycle, damage
repair and programmed cell death. In previous studies, we demonstrated that in fully
differentiated PC CI3 thyroid cells cisplatin activated MAPK/ERK which behaved as a
prosurvival pathway [17]; here we report that cisplatin also activates a membrane-
integrated protein, the epidermal growth factor receptor (EGFR). EGFR plays an important
role in the flow of information from the outside of a cell to the inside. Aberrant regulation of
EGFR signalling has been implicated in the pathogenesis and progression of many types
of cancer. In the normal thyroid gland, EGFR expression is detectable albeit at a low level
[33], but its expression is significantly higher in thyroid carcinoma cell lines [33] and it is
over expressed in up to 90% of follicular and papillary thyroid carcinoma specimens [34].
The therapeutic potential of EGFR inhibition in thyroid carcinoma has been shown in
several in vitro studies [35-36]. The EGFR can be activated by different stimuli through
diverse mechanisms; non-specific stimuli such as osmotic stress, ultraviolet light, oxidative
stress, hypoxia/reoxygenation injury, and also cisplatin, trigger EGFR autophosphorylation
[4,37,38]. Autophosphorylation of tyrosine 992 and 1173 are critical to EGFR signalling.
Phosphorylation at tyrosine 992 creates a direct binding site for phospholipase C-y, which
results in the activation of PKCs and the subsequent activation of downstream signalling
cascades. Using a specific antibody, we demonstrated that in PC CI3, cisplatin induces the
phosphorylation of EGFR at tyrosine 1173, that changes cellular localization of receptors
due to rapid endocytosis (Fig. 1), as occurs in several cancer cell lines [8,37]. The
inhibition of EGFR tyrosine kinase achieved by using the AG1478 inhibitor blocks EGFR
internalization (Fig. 1) and improved significantly cell survival attenuating the apoptosis
provoked by cisplatin (Fig. 2). Consistent with our results are reports that link EGFR
activation (by growth factors or cisplatin) with the induction of apoptosis in other cell types
[39,40]. Caspase-7 activation plays an important role in the induction of apoptosis by
EGFR activation in PC CI3 cells (Fig. 3); similary, in breast cancer cells heregulin-induced

apoptosis in the signalling network of EGFR, involves activation of caspase-7 and
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degradation of PARP [40]. Although the induction of apoptosis is clearly a very complex
process that involves several factors and signal pathways, this study supports the
involvement of the intrinsic pathway, characterized by Bcl-2 down regulation and Bax
translocation to the mitochondria (Fig. 7).

Although it has been reported that cisplatin provokes EGFR internalization mediated by
p38/MAPK phosphorylation [8,37], we found that inhibition of EGFR tyrosine kinase
prevented cisplatin-induced p38/MAPK activation (Fig. 6) without affecting cisplatin-
induced ERK activation (Fig. 3). These MAPK pathways are structurally related but
biochemically and functionally distinct. Whereas ERK activation, as previously
demonstrated [17,18], confers survival advantage to PC CI3 cells, the inhibition of
p38/MAPK activity decreased cisplatin-induced apoptosis (Fig. 4). Thus, our results and
the data reported by others [41] support the notion that p38/MAPK activation is a critical
step in cisplatin-induced apoptosis. There is conflicting evidence for the role of p38/MAPK
in influencing cell survival of cisplatin-treated cells. For example, studies have suggested
that over expressing an active form of the p38/MAPK activator MKK6 protects cardiac
myocytes from treatment with anisomyc [42]. Similarly, early activation of p38/MAPK is
necessary and sufficient to protect Kym cells from tumour necrosis factor-a-mediated
apoptosis [43], and expression of the p38/MAPK attenuates cell death induced by Fas
ligand and UV light [44]. There are even more reports concerning a proapoptotic function
of p38/MAPK: it is proapoptotic in apoptosis induced by withdrawal of trophic factors [45],
glutamate [46], and sodium salicylate [47]. Such opposite effects on apoptosis are not
unique to p38/MAPK. Many growth-promoting pathways can be either pro- or
antiapoptotic, depending on the cellular context [48]. The exact position of p38/MAPK
activation in the chain of signalling pathways from EGFR leading to the execution of cell
death program is still undetermined; however, it is clear that activation of p38/MAPK
kinase is an event mediated by PKC-¢, since its inhibition (by siRNA-PKC-¢ oreV1
inhibitor) blocks p38/MAPK activation (Fig. 5) and significantly increased the cellular
resistance to cisplatin (Fig. 6). In PC CI3, cisplatin was able to induce both a cytosol-to-
membrane translocation and a proteolytic activation of PKC-¢, both blocked by EGFR
pathway inhibition (Fig. 5). Also for PKC-¢, there is conflicting evidence as regards its role:
activation of PKC-¢ may have a pro-apoptotic or anti-apoptotic effect which is presumably
dependent on cell type or apoptosis inducing agent. PKC-¢ acts a protective role against
oxidative stress-induced injury in diverse cell types [49], for example, inhibiting

mitochondrial permeability transition pore opening, which prevents apoptosis [50]. Over
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expression of PKC-¢ in MCF-7 cells inhibited TNF-induced apoptosis and proteolytic
cleavage prevented its antiapoptotic signal [51]. A down-regulation of PKC-¢ by chronic
exposure to a phorbol ester was associated with resistance to drug-induced apoptosis in
human prostatic carcinoma cells [52]. However, consistently with our results, there is also
evidence that suggest a pro-apoptotic role of PKC-¢. In fact, in SKBR-3 human breast
carcinoma cell lines, antisense oligonucleotides against PKC-¢ reduced cisplatin
cytotoxicity [53]. In NIH3T3 cells PKC-¢e-mediated ERK1/2 activation was responsible for
the radiation- [54], and cisplatin- induced cell death. However, the role for PKC-¢ in PC CI3
apoptosis-signaling pathways, caused by many stimuli, such as growth factor or TSH
deprivation, protein synthesis inhibitors, UV radiation, ceramide and a lipid second
message commonly generated after DNA damage, was already well known [55]; but here
for first time, we described its linkage with p38/MAPK mediated-apoptosis. An alternative
mechanism to p38/MAPK, for EGFR transactivation, is the autocrine/paracrine release of
soluble EGF ligands [56]. HB-EGF, epiregulin, and TGF-a can activate EGFR; these
ligands are synthesized as transmembrane proteins (proforms) and cleaved by
metalloproteases to yield soluble forms, thereby binding and leading to EGFR activation
[13,14]. Indeed, we detected a baseline MMP-2 activity in conditioned media from PC CI3
cells, and such activity, and MMP-2 protein expression, increased in a time-dependent
manner after cisplatin treatment (Fig. 8). MMP-2 inhibition affected cisplatin sensitivity,
with an increase of cell survival and prevented the cisplatin-stimulated p38/MAPK
activation and caspase-7 proteolysis, suggesting the role of MMP-2 in activating cell death
pathway (Fig. 8). In addition, since combination of MMP-2 inhibitor and down regulation of
EGFR (by siRNA) did not result in synergistic effect on cell survival and on inhibition
caspase-7 proteolysis (Fig. 8), it is clear that MMP-2 and EGFR mediate their physiological
responses using overlapping pathways. But the signalling mechanisms by which cisplatin
stimulation modulated MMP-2 expression in thyroid cells are not yet clear. Several studies
suggest that reactive oxygen species (ROS) play a major role in the activation of MMPs
[57,58], and that NAD(P)H oxidase activation, a major source of ROS, is a key event in
this process [59]. We here show that the inhibition of NAD(P)H oxidase not only prevented
cisplatin-induced ROS generation and increase of MMP-2, but also inhibited p38/MAPK
and EGFR activation, caspase-7 proteolysis and the arise of the apoptotic intrinsic
pathway (Fig. 9). Obviously, this leads to a decrease of cisplatin-induced cell death. Thus,
this study provides compelling data to support a model (oxidant-induced metalloprotease-

dependent EGFR transactivation) that could identify a relationship between cisplatin and
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EGFR transactivation in inducing cell apoptosis. The key points of this model are
summarized in Fig. 10.

Enhanced tumor chemosensitivity may be due, in addition to DNA-damaging effects, also
to the internalization of important receptors for growth and survival factors [37]. We
propose that removal of EGFR and other receptors from the PC CI3 cell surface helps
evade survival signaling (like MAPK and phosphoinositide 3 kinase; PI3K) and enhances
cisplatin-induced cell death. When cisplatin treatment is combined with kinase inhibitor,
receptors remaining at the cell surface are catalytically inhibited, thereby blocking escape
from cell death. Another possibility is that the repression of the EGFR pathway may confer
a survival advantage to PC CI3 cells by slowing cell growth and reducing sensitivity to cell
cycle-dependent anticancer drug. Small-molecule tyrosine kinase inhibitors, monoclonal
antibodies to EGFR or pan-EGFR inhibitors are safe and well tolerated by patients with
cancer [60]. Thus, targeting EGFR could be a useful measure in preventing cisplatin-
induced normal thyroid cell death, in addition to the treatment of cancer. These EGFR-
modulated biochemical/molecular events necessary for the cellular response to cisplatin
are currently in progress in PC CI3-derived cells (tumourigenic PC E1Araf cells)
transformed by a combination of the adenovirus E1A gene and the raf oncogene [19]. In
preliminary experiments, the EGFR-tyrosine kinase inhibition caused an enhancement of
the cisplatin cytotoxicy in these cells (Muscella: unpublished data). However these
attractive results will require further study. In conclusion, our in vitro studies have shown
that elimination of EGFR signalling in normal thyroid cells results in the decrease of the
sensitivity to the drug. Conversely, in tumour cells, an overexpression of growth-regulatory
signals frequently occur and blocking of EGFR signalling may lower the threshold for drug-

mediated programmed cell death. This scenario has significant clinical implications.
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6. Legend to table and figures

Figure 1 - Cisplatin induces phosphorylation and internalization of EGFR.

(A) Cells were treated with cisplatin for the indicated time intervals and cell lysates were
analyzed by western blotting with anti-phosphorylated-EGFR (p-EGFR) and with anti-total-
EGFR (unphosphorylated and phosphorylated-EGFR) antibodies. Control loading is shown
by B-actin.

(B) Cells were pre-treated or not with EGFR inhibitor, AG1478, and with cisplatin for the
indicated time intervals. Membrane fractions were analyzed by western blotting with anti-
total-EGFR (unphosphorylated and phosphorylated-EGFR) antibody. Control loading is
shown by alpha subunity of Na*/K*ATPase.

Representative immunoblots of three experiments are depicted.

Figure 2 - Effect of EGFR inhibition on cisplatin-induced cytotoxicity.

Cells were pre-treated or not with two different concentration of EGFR inhibitor AG1478,
and then with increasing concentrations of cisplatin for the indicated time periods. Viable
cell numbers were assessed by a MTT assay as described in Material and Methods. The
data are means = S.D. of four different experiments run in eight replicate and are
presented as percent of control. Values with shared letters are not significantly different

according to Bonferroni/Dunn post hoc tests.

Figure 3 - Effects of EGFR inhibition on cisplatin-induced apoptosis.

Cells were pre-treated or not with 30 uM EGFR inhibitor AG1478 for 1 h (Left) or were
transfected with EGFR siRNA or control siRNA (NS) (Right) and then incubated with
cisplatin for 24 h. On total lysates western blotting was performed with anti-total EGFR,
anti-caspase-7, anti-caspase-3 and anti-ERK1/2 antibodies. Nuclear fractions were
analyzed by western blotting with anti-PARP polyclonal antibody. The same blots were
stripped and reprobed with an anti-B-actin monoclonal antibody. Representative

immunoblots of three experiments are depicted.

Figure 4 - Cisplatin induces p38/MAPK activation.
(A) Cells were treated with cisplatin for the indicated time intervals and cell lysates were

analyzed by western blotting with anti-total-p38/MAPK (unphosphorylated and
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phosphorylated-p38/MAPK) and phosphorylated-p38/MAPK antibodies. Control loading is
shown by B-actin. Representative immunoblots of three experiments are depicted.

(B-D) Cells were pre-treated or not with 10 uM of SB203580, a p38/MAPK inhibitor, and
then with increasing concentrations of cisplatin for the indicated time periods. Viable cell
numbers were assessed by a MTT assay as described in Material and Methods. The data
are means + S.D. of four different experiments run in eight replicate and are presented as
percent of control. Asterisks indicate values that are significantly different (P<0.05) from

cisplatin alone at the same time point.

Figure 5 - Role of PKC-¢ in cisplatin-induced p38/MAPK activation.

(A) Cells were pre-treated or not with a PKC inhibitors, GF109203X or G66976, and then
treated with cisplatin. Cell lysates were analyzed by western blotting with anti-
unphosphorylated (p38/MAPK) and with phosphorylated-p38/MAPK (p-p38/MAPK)
antibodies.

(B and C) Cells were pre-treated or not with 30 uM of EGFR inhibitor AG1478 and then
treated with cisplatin for the indicated time intervals; whole cell lysates or cell fractions
(cytosol, membranes and nuclei for translocation studies) were analyzed by western
blotting with specific anti-PKC-¢ antibody.

(D, E) Cells were transfected with siRNA-PKC-¢ or control siRNA (NS) and then were
incubated with cisplatin. Total lysates were made and western blotting was performed with
specific anti-PKC-¢ (D and E, in set) or with anti-unphosphorylated (p38/MAPK) and
phosphorylated-p38/MAPK (p-p38/MAPK) antibodies (E). Control loadings are shown by

B-actin. Representative immunoblots of three experiments are depicted.

Figure 6 - Role of PKC-¢ and EGFR in cisplatin-induced p38/MAPK activation and
apoptosis.

Cells were pre-treated or not with the PKC-¢ inhibitor €V1 (10-100 uM) (A) or with the
EGFR inhibitor AG1478 (15-30 uM) (B) or with both (C) and then were treated with
cisplatin for 24 h. Upper: Cell lysates were analyzed by western blotting with anti-
unphosphorylated (p38/MAPK) and phosphorylated-p38/MAPK (p-p38/MAPK) antibodies.
The same blots were stripped and reprobed with an anti-B-actin monoclonal antibody.
Representative immunoblots of three experiments are depicted. cisPt = cisplatin

Down: Viable cell numbers assessed by MTT assay as described in Material and Methods

The data are means + S.D. of four different experiments run in eight replicate and are
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presented as percent of control. Values with shared letters are not significantly different

according to Bonferroni/Dunn post hoc tests.

Figure 7 - Role of EGFR and p38/MAPK in cisplatin-induced apoptosis.

Cells transfected with sSiRNA-EGFR or control siRNA (NS) were pre-treated or not with the
p38/MAPK inhibitor SB203580 (10 uM) for 1 h and then were treated with cisplatin for 24
h. Cell lysates (A) or mitochondrial fraction (B) were analyzed by western blotting with anti-
Bcl-2 and anti-Bax antibodies. The same blots were stripped and reprobed with anti-3-
actin monoclonal or with anti-porin antibodies. Inset: Cell were pre-treated with 10 yM
SB203580 or transfected with siRNA-EGFR and cell lysates were analyzed by western
blotting with anti-(P o No)EGFR antibody. Representative immunoblots of three

experiments are depicted.

Figure 8 - Role of MMP-2 in cisplatin-induced p38/MAPK activation and apoptosis.
Serum-starved thyroid cells were treated with cisplatin for the indicated time intervals.
Conditioned media and cell lysates were subjected to gelatin zymography and western blot
analysis with anti-MMP-2, respectively (A).

Cells were pretreated with the MMP-2 inhibitor | (MMP-2i), or with the EGFR inhibitor
AG1478, or with both inhibitors combined for 1 h. Cells were then treated with cisplatin for
24 h. Cell lysates were analyzed by Western blotting with anti-unphosphorylated
(p38/MAPK) and phosphorylated-p38/MAPK (p-p38/MAPK) (B), or with anti-caspase-7
antibodies (D), and viable cell numbers were assessed by a MTT assay as described in
Material and Methods (C). The data are means +S.D. of four different experiments run in
eight replicate and are presented as percent of control. Values with shared letters are not
significantly different according to Bonferroni/Dunn post hoc tests. For western blottings,
control loadings are shown by B-actin and representative immunoblots of three

experiments are depicted.

Figure 9 - Intracellular ROS generation and apoptosis induced by cisplatin are
prevented by apocynin and DPI.

Cells were preincubated with apocynin or DPI for 1 h and exposed to cisplatin for 24 h. (A)
ROS production was measured by NBT reduction as described in Material and Methods.
(B) Conditioned media were subjected to gelatin zymography and cell lysates were
analyzed by western blotting with anti-phosphorylated p38/MAPK, or with anti-capase-7.
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(C) Cell lysates were analyzed by western blotting with anti-phosphorylated-EGFR (p-
EGFR) antibody. (D) mitochondrial fractions were analyzed by western blotting with anti-
Bcl-2 and anti-Bax antibodies.

The same blots were stripped and reprobed with anti-B-actin or anti-porin antibodies.

Representative immunoblots of three experiments are depicted.

Fig 10 — A proposed model for PC CI3 cell response to cisplatin.

Oxidant stress (1) results in activation of MMP-2 (2). Activated MMP-2 can then cleave
membrane ligands to a soluble form able to bind to EGFR. (3) EGFR activation results in
downstream PKC-¢ (4) and p38/MAPK activation which increases cisplatin mediated-

apoptosis (6) by partially be identified intrinsic pathways.

Table 1 - Modulation of sensitivity to cisplatin by different inhibitors in thyroid PC
CI3 cell line.

Drug-induced apoptosis was measured by DAPI assay after 24 h exposure to cisplatin
(100 uM) in the presence or absence of various inhibitors. Mean + S.D. of three
independent experiments, and statistical analysis was carried out using the Student’s t test

between treated respect to control (*) or to cisplatin (f). N.S. = not significantly different.
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Tablel

Table 1 - Modulation of sensitivity to cisplatin by different

inhibitors in thyroid PC CI3 cell line.

Apoptotic cells

(%) P value
Control 2.94 0.5
Cisplatin 4534 + 5.0 <0.001*
AG-1478 286+0.8 N.S.*
CisPt + AG-1478 22.10+£3.8 <0.001¢
CisPt + siRNA-EGFR 23.14 + 0.5 <0.001%
SB203580 3.14+05 N.S.*
CisPt + SB203580 2255 £ 3.8 <0.001¢
CisPt + SB+AG 22.55+ 3.8 <0.001%
MMP-2 ihnibitor 45312 N.S.*
CisPt +MMP-2i 26.64 = 5.8 <0.001¢
CisPt +MMP-2 i+AG 2538+ 5.8 <0.0014¢%
DPI 3.02+05 N.S.*
CisPt +DPI 22.87 = 4.1 <0.001%
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