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A B S T R A C T

Our aim was to assess the activation profile of EGFR, PDGFRB and PDGFRA receptor tyrosine

kinases (RTK) and their downstream effectors in a series of cryopreserved diffuse malig-

nant peritoneal mesothelioma (DMPM) surgical specimens to discover the targets for drug

inhibition. We also made a complementary analysis of the cytotoxic effects of some kinase

inhibitors on the proliferation of the human peritoneal mesothelioma STO cell line.

We found the expression/phosphorylation of EGFR and PDGFRB in most of the tumours,

and PDGFRA activation in half. The expression of the cognate ligands TGF-a, PDGFB and

PDGFA in the absence of RTK mutation and amplification suggested the presence of an

autocrine/paracrine loop. There was also evidence of EGFR and PDGFRB co-activation.

RTK downstream signalling analysis demonstrated the activation/expression of ERK1/2,

AKT and mTOR, together with S6 and 4EBP1, in almost all the DMPMs. No KRAS/BRAF muta-

tions, PI3KCA mutations/amplifications or PTEN inactivation were observed. Real-time

polymerase chain reaction revealed the decreased expression of TSC1 c-DNA in half of

the tumours. In vitro cytotoxicity studies showed the STO cell line to be resistant to gefitinib

and sensitive to sequential treatment with RAD001 and sorafenib; these findings were con-

sistent with the presence of the KRAS mutation G12D in these cells although it was not

detectable in the original tumour.

Our results highlight the ligand-dependent activation and co-activation of EGFR and

PDGFRB, as well as a connection between these activated RTKs and the downstream mTOR

pathway, thus supporting the role of combined treatment with RTK and mTOR inhibitors in

DMPM.
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1. Introduction Despite the development and present availability of a wide
Diffuse malignant peritoneal mesothelioma (DMPM) is a rare

tumour that accounts for 10–20% of all forms of malignant

mesothelioma. It was once regarded as a rapidly lethal

disease but, over the last few years, survival has remarkably

improved (up to 5 years) as a result of the introduction of

intensive loco-regional treatment including cytoreductive

surgery together with perioperative intraperitoneal chemo-

therapy in the form of intraperitoneal hyperthermic che-

motherapy (HIPEC) +/- early postoperative intraperitoneal

chemotherapy.1,2 However, for those patients not amenable

to curative treatment, due to advanced disease stage or dete-

rioration of clinical conditions, prognosis remains poor and

systemic treatment is still unsatisfactory.3 Furthermore,

approximately 40–60% of patients recurs, but optimal man-

agement of recurrent or progressive DMPM has never been

standardised.4

Clearly, there is a need to explore new therapies in man-

agement of this tumour. One of these is to try to improve

our understanding of DMPM molecular and cytogenetic biol-

ogy, which might make it possible to identify specific new

drugs and biomarkers useful for selecting the patients who

could benefit from them.

Little is known about DMPM biology, although the prognos-

tic impact of a few biomarkers has been investigated, mainly

by means of immunohistochemistry and fluorescence in situ

hybridisation. It has been reported that reduced or no p16 pro-

tein expression is a frequent alteration in DMPMs and pleural

mesotheliomas5,6 but, although homozygous deletion of the

9p21 locus harbouring the p16INK4a gene significantly corre-

lates with pleural mesothelioma (67–100%), only a small

(25%) fraction of DMPMs shows 9p21 deletion.6,7 On the con-

trary, EGFR overexpression seems to be significantly more fre-

quent in DMPMs than in pleural mesotheliomas (92% versus

33%, p = 0.0004),5,8,9 and both pleural and peritoneal mesothe-

liomas are negative for c-Kit protein expression.9,10

The prognostic significance of loss of p16 expression is con-

troversial,3,11 while overexpression of EGFR,8 matrix metallo-

protease-2 (MMP-2) and MMP-9 is described in DMPMs5 did

not correlate with prognosis. On the contrary, it has recently

been reported that telomerase activity is expressed in the

majority of DMPMs and that it negatively affects the clinical

outcome of patients undergoing cytoreductive surgery and

hyperthermic i.p. chemotherapy.12

Potentially targetable biomarkers are indicated by the

overexpression of cytoprotective factors (such as survivin

and the other members of the family of apoptosis protein

inhibitors) in most DMPMs.13 For example, it has been found

that siRNA-mediated survivin knockdown in DMPM cells en-

hances both spontaneous and cisplatin/doxorubicin-induced

apoptosis, thus supporting the notion that survivin antago-

nists (such as YM-155, which is currently being tested in

phase I and II trials) may provide new approaches to the treat-

ment of DMPMs.14 Moreover, microarray analysis, revealing a

distinct molecular signature between epithelial and biphasic

DMPM, indicated the ubiquitin–proteasome pathway as a po-

tential therapeutic target in biphasic tumours as it was found

upregulated.15
spectrum of drugs targeting receptor tyrosine kinases (RTKs),

little is known concerning their status and downstream effec-

tors in DMPMs. There are no published data concerning

PDGFRB and PDGFRA expression in DMPMs, whereas both,16

and particularly PDGFRB,17,18 are expressed in pleural mesot-

heliomas, although neither plays a diagnostic role nor affects

patient outcome. Finally, a recent mutational analysis of

exons 18–24 spanning the entire EGFR tyrosine kinase domain

found EGFR mutations in 31% of the 29 DMPMs investigated.19

Taking advantage of the availability of a series of DMPM

undergoing cytoreductive surgery and subsequent HIPEC, we

assessed the deregulation of RTKs (EGFR, PDGFRB and

PDGFRA) and their downstream effectors in an attempt to

identify the targets susceptible to drug inhibition. This analy-

sis was complemented by a study of the effects of some ki-

nase inhibitors on the proliferation of a human DMPM cell

line.

2. Materials and methods

2.1. Samples and patients

We analysed DMPM specimens taken from 20 patients who

were treated by cytoreductive surgery and subsequent

HIPEC at Fondazione IRCCS Istituto Nazionale dei Tumori

between 2007 and 2008. Their ages and gender are listed

in Table 1. Seventeen DMPMs were histologically classified

as epitheliod, one biphasic, one sarcomatoid and one papil-

lary. All the diagnoses were confirmed by immunopheno-

typing, including immunoreactivity for calretinin (Ventana,

pre-diluted), keratin 5 and 6 (clone D5/I6B4, Zymed, diluted

1:50), podoplanin (AngiBio, diluted 1:400) and Wilms’ tu-

mour 1 proteins (polyclonal antibody, Santa Cruz, diluted

1:200), and a claudin 4 null immunophenotype (clone

3E2C1, Zymed, diluted 1:25).

The biochemical analyses were performed on frozen surgi-

cal samples obtained directly from the surgeon during surgery,

whereas the other analyses were based on formalin-fixed par-

affin embedded (FFPE) material. Morphologically normal tis-

sue was also obtained from non-tumoural FFPE specimens

surrounding the DMPM.

Our institution is the Italian reference centre for DMPM,

affording an adequate recruitment of patients affected by

such rare malignancy and uniformity of treatment protocol.

2.2. Analysis of frozen material

2.2.1. Phosphorylation of RTK array
The expression of phosphorylated growth factor RTKs was de-

tected by means of the phosphor proteome profiler Array kit

(R&D Systems) as described in the manufacturer’s protocol

using 2 mg of protein lysate per array extracted as previously

described.20

2.2.2. Immunoprecipitation and Western blotting
The experimental conditions for EGFR, PDGFRA and PDGFRB

immunoprecipitation and subsequent Western blotting (WB)

have been previously described.21,22 PTEN, AKT, ERK1/2,



Table 1 – RTK analysis.

Case Sex/age Hystotype EGFR PDGFRB PDGFRA Ligands p16

WB
expr

WB
phos

IHC WB
expr

WB
phos

IHC WB
expr

WB
phos

IHC TGF-a PDGFB PDGFA IHC FISH

1 F/37 epitheliod ++ – neg + – pos ++ + pos + + + neg D
2 M/59 epitheliod ++ +++ inter ++ + pos + – pos + + + neg D
3 M/28 sarcomatoid + + neg +++ + pos + – pos + + + pos D
4 F/50 biphasic ++ + neg +++ ++ neg ++ ++ pos + + + neg D
5 F/44 epitheliod + + high +++ – pos ++ – pos + + + neg HD
6 M/65 epitheliod ++ + high +++ – neg + – pos + + + neg M
7 M/65 epitheliod ++ +++ inter ++ + pos ++ + pos + + + neg D
8 F/51 epitheliod ++ +++ low + – pos ++ – low + + + pos ne
9 M/71 epitheliod + + neg ++ + pos ++ + pos + + + pos D
10a F/66 epitheliod ++ +++ high ++ + pos ++ + low + + + pos LP
11 F/77 epitheliod ++ +++ high ++ + pos ++ + pos + + + neg D
12 F/76 epitheliod ++ + high – – pos + – pos + + + pos D
13 F/52 papillary +++ ++ high ++ + neg – – neg + + + pos D
14 F/55 epitheliod ++ ++ low +++ +++ pos – – neg + + + pos D
15 F/66 epitheliod +++ +++ high + +++ pos ++ ++ pos + + + neg D
16 F/40 epitheliod ++ + inter +++ ++ pos + – pos + + + neg D
17 M/67 epitheliod ++ ++ high ++ +++ pos + – pos + + + neg ne
18 F/68 epitheliod + ++ high + + neg ++ + pos + + + neg LP
19 M/69 epitheliod ++ ++ high ++ ++ low – – pos + + + neg D
20 M/54 epitheliod ++ ++ inter ++ ++ pos ++ ++ pos + + + pos D

M, male; F, female; +, positive; –, negative; neg, negative; pos, positive; inter, intermediate.

D, disomy; HD, homozygous deletion; M, monosomy; LP, low polysomy.

WB expr, Western blot expression; WB phos, Western blot phosphorylation; IHC, immunohistochemistry; FISH, fluorescence in situ hybrid-

ization; RTK, receptor tyrosin kinase.

a Case carrying low polysomy of chromosomes 7, 5 and 4.
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mTOR and S6 expression/activation was analysed by means

of direct WB using 20 lg of total protein, previously described

antibodies and dilutions.21,23

To detect the possible activation of 4EBP1, WB experiments

were performed using the anti-phopsho-4EBP1 antibody

(9455S, Cell Signaling, diluted 1:1000). Subsequently, the fil-

ter was stripped and incubated with anti-4EBP1 antibody

(9644, Cell Signaling, diluted 1:1000) to assess protein

expression.

The positive controls of expression/phosphorylation were

the NIH3T3 cell line (American Type Culture Collection,

Manassas, VA) for PDGFRA; the Cal27 cell line for EGFR; the

2N5A cell line (derived from the NIH3T3 cell line and

expressing the COL1-PDGFB fusion characterising dermatofi-

brosarcoma protuberans, kindly provided by Dr. A. Greco,

Experimental Oncology Department, Fondazione IRCCS Isti-

tuto Nazionale dei Tumori, Milan, Italy) for PDGFRB, AKT

and ERK1-ERK2; and the A431 cell line for PTEN, mTOR, S6

and 4EBP1.

2.3. Analysis of FFPE material

2.3.1. Immunohistochemistry (IHC)
The IHC analyses were made using 2 lm cut FFPE tumoural

sections.24 EGFR was immunostained using the EGFR-DAKO

kit, and the level of staining was scored as high, intermedi-

ate and low as previously described.24 PDGFRA and PDGFRB

were analysed using antibodies against PDGFRA (clone

sc338, Santa Cruz Biotechnology, CA; diluted 1:200) and
PDGFRB (clone sc339, Santa Cruz Biotechnology, CA; diluted

1:100), and previously described protocols and positive con-

trols.21 p16 was analysed using a CINtec Histologic Kit

(MTM Laboratories AG, Heidelberg, Germany) following the

instruction for use. Positivity was defined as >50% of cells

showing moderate/strong cytoplasmic immunolabelling.

2.3.2. Real-time quantitative polymerase chain reaction (PCR)
After RNA extraction and retrotranscription,22 TGF-a, PDGFB

and PDGFA c-DNAs were detected by means of real-time

PCR using a TaqMan assay (ABIPRISM 5700 PCR Sequence

Detection Systems, Applied Biosystems Foster City, CA, USA)

as previously described,21,25 and PI3K, TSC1 and TSC2 c-DNAs

were relatively quantified by means of real-time quantitative

PCR using the 2–DDCt method.26 In each case, the calibrator

sample was the corresponding non-tumoural tissue.

2.3.3. Mutational analysis
After DNA extraction performed through microdissection,27

we analysed mutations in EGFR (exons 18–21), PDGFRB (exons

12, 14 and 18), PDGFRA (exons 12, 14 and 18), PTEN (exons 5–

8), PI3KCA (exons 9 and 20), KRAS (exons 1) and BRAF (exons

11 and 15) as previously described.21

2.3.4. Fluorescence in situ hybridisation (FISH)
FISH was used to analyse EGFR, PDGFRA, PDGFRB, PTEN, PI3K-

CA and p16INK4a genes in representative areas of 2 lm tumour-

al sections selected under microscopic control as previously

described.21,24
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2.4. In vitro studies

2.4.1. Cell line and drugs
The mycoplasma-free STO human peritoneal mesothelioma

cell line established in our laboratory13 was grown as a mono-

layer in DMEM F-12 medium (Lonza Milano s.r.l, Treviglio,

Italy) supplemented with 10% foetal bovine serum in a 37 �C
humidified 5% CO2 incubator. The cells were characterised

for EGFR, PDGFRA, PDGFRB, ERK1/2, AKT, mTOR, S6 and

4EBP1 expression/activation by means of immunoprecipita-

tion and Western blotting experiments, and KRAS, BRAF,

PI3KCA and PTEN mutations under the conditions described

above.

RAD001 (Everolimus) was purchased from Sigma Aldrich

(St. Louis, MO, USA), gefitinib from Astra Zeneca (London,

UK) and sorafenib from Bayer (Milan, Italy). RAD001 and

sorafenib were dissolved in dimethylsulphoxide (DMSO) and

gefitinib in ethanol (EtOH), stored at 20 �C, and then diluted

in complete culture medium immediately before use.

2.4.2. SRB cytotoxicity assay
After being harvested during the logarithmic growth phase,

2 · 103 cells were plated in 96-well flat-bottomed microtitre

plates (EuroClone, Milan, Italy) for 48 h and treated with

increasing concentrations of RAD001, gefitinib or sorafenib

individually administered for 72 h, or with RAD001 for 24 h

followed by sorafenib for 48 h. The control cells received vehi-

cle alone (DMSO or EtOH). At the end of drug exposure, cyto-

toxicity was determined by means of a sulphorhodamine B

(SRB) assay as previously described.28 Briefly, the cells were

fixed and stained with SRB solution for 30 min, after which

the plates were washed to remove any unbound stain, air-

dried, and the bound stain was dissolved by 10 mM Tris base.

Optical density was read at 550 nm on a microplate reader,

with the results being expressed as the values in the treated

samples in comparison with controls. Dose–response curves

were created, and IC50 values (i.e. the concentrations capable

of inhibiting cell growth by 50%) were determined graphically

from the curves for each drug.

The method described by Chou and Talalay29 was used to

establish the nature of the interaction between the cytotoxic

effects of RAD001 and sorafenib, which were always com-

bined at a fixed RAD001:sorafenib concentration ratio of

1:25. The interaction was quantified by determining a combi-

nation index (CI): CI values of <1 or >1, respectively, indicate

synergy or antagonism; a CI value of 1 indicates an additive

effect.

2.4.3. Apoptosis analysis
After drug treatment, the adherent and detached cells were

pooled and stained with a solution containing 50 mg/ml of

propidium iodide, 50 mg/ml of RNase and 0.05% Nonidet P40

in PBS for 30 min at 4 �C. They were then spotted onto slides

and assessed for typical apoptotic nuclear morphology

(nuclear shrinkage, condensation and fragmentation) by

means of fluorescence microscopy with appropriate filter

combinations. The number of apoptotic cells was determined

by two independent observers who scored at least 500 cells in

each sample. The APOPCYTO/caspase-3 assay kit (Medical &

Biological Laboratories, Naka-ku Nagoya, Japan) was used as
previously described to measure the catalytic activity of cas-

pase-3 in the same samples as the ability to cleave the specific

substrate N-acetyl-Asp-Glu-Val-Asp-AMC (DEVD-AMC).13

2.5. Statistical analysis

The data were analysed using a two-tailed Student’s t-test. P

values of <0.05 were considered statistically significant.

3. Results

3.1. RTK analysis

3.1.1. RTK expression/activation
3.1.1.1. Biochemical analysis. Frozen surgical specimes of the

20 DMPMs were investigated for EGFR, PDGFRB and PDGFRA

expression and phosphorylation status by means of immuno-

precipitation and WB (Table 1). Almost all the cases showed

EGFR and PDGFRB expression; EGFR and PDGFRB phosphory-

lation levels similar to or higher than those observed in the

controls were found in, respectively, 90% and 75%. PDGFRA

expression was found in 17 cases (85%), only 45% of which

showed low levels of receptor activation (Fig. 1A shows some

representative cases).

3.1.1.2. IHC. Immunohistochemical analysis revealed EGFR

expression in 16 cases (80%), 14 of which had a high or inter-

mediate score (Table 1). PDGFRB cytoplasmic immunoreac-

tivity was also found in 80% of the cases.

PDGFRA immunostaining revealed the cytoplasmic recep-

tor expression in 18 cases (90%), but two cases were only

weakly positive (Table 1).

The inconsistent results observed in cases #1, #3, #4, #6, #9,

#12, #13 and #18 may have been due to the different sensitiv-

ity of the antibodies used for the immunohistochemistry and

biochemical analyses.

3.1.1.3. Phospho RTK antibody arrays. The expression of dif-

ferent phosphorylated RTKs was evaluated in four of the fro-

zen DMPMs using the phospho-proteome profiler array kit. In

line with the immunoprecipitation western blot findings, all

of the tumours had a similar activation profile, characterised

by high levels of EGFR activation, high/moderate levels

PDGFRB activation, and very low or no PDGFRA activation

(Fig. 1B); in some cases, M-CSF-R, IGF-1R and insulin receptors

were also activated.

3.2. RTK activation mechanisms

3.2.1. Ligand expression
The expression of the cognate ligands TGF-a, PDGFB and PDGFA

was investigated by means of real-time PCR, which showed

that all the cases expressed c-DNAs encoding the three ligands

(Table 1). Fig. 1C shows some representative cases.

3.2.2. EGFR–PDGFRB heterodimerisation
Evidence of the presence of EGFR–PDGFRB heterodimers was

obtained in all six DMPMs analysed in co-immunoprecipita-

tion experiments. After protein extract immunoprecipitation

with EGFR antibody, WB experiments using PDGFRB revealed
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Fig. 1 – RTK analyses. (A) EGFR, PDGFRB and PDGFRA IP and WB experiments. The bands correspond to the activated (upper

rectangles) and expressed receptors (lower rectangles) in the tumour samples. (B) Expression profiles of different phosphor

RTKs in DMPM. The spots in the rectangles represent the activated EGFR, PDGFRB, M-CSFR, insulin and IGF-1R receptors;

PDGFRA was inactivated. The double strongly labelled spots at the four corners represent the positive controls. (C) Ligand

expression. Real-time PCR experiments showed the expression of TGF-a, PDGFB and PDGFA c-DNAs. (D) Evidence of EGFR-

PDGFRB heterodimerisation. After EGFR IP, WB experiments using anti-PDGFRB antibody revealed a 180 kDa band correspon-

ding to PDGFRB. Subsequent incubation with EGFR antibody revealed a band of 170 kDa in all the analysed samples. The

2N5A and A431cell lines were respectively used as positive controls for PDGFRB and EGFR. Abbreviations: IP, immunopre-

cipitation; WB, Western blotting; C+, positive control.

E U R O P E A N J O U R N A L O F C A N C E R 4 6 ( 2 0 1 0 ) 2 8 3 7 – 2 8 4 8 2841
the specific bands corresponding to the receptor (Fig. 1D); fur-

ther WB using EGFR antibody confirmed the EGFR expression

in all cases.

3.2.3. Mutational analysis
Automatic sequencing of the genomic DNA encoding for the

tyrosine kinase domain of EGFR (exons 18–21), the juxtamem-

brane region (exon 12), and the tyrosine kinase domain (exons

14–18) of the PDGFRB and PDGFRA genes did not reveal

mutations.

3.2.4. FISH analysis
As an increased RTK gene copy number (through gene ampli-

fication or polysomy) can sustain receptor activation, we as-

sessed RTK status by means of cytogenetic analysis, but

none of the cases showed any gene amplification. Most of

the cases had a disomic pattern; only one (#10) showed low

polysomy of the three chromosomes containing the receptors.

Taken together, the expression of the ligands coupled with

RTK heterodimerisation in the absence of any RTK gene
mutation or gain in copy number suggests an autocrine/para-

crine activation loop.

3.3. p16 analysis

This analysis was made in order to verify the published data.

Immunohistochemical analysis revealed a p16 null immuno-

phenotype in 12 of the 20 MPMs (60%), two of which carried a

homozygous deletion of the 9p21 locus containing p16INK4a or

showed monosomy of chromosome 9 as assessed by FISH.

Our results confirmed both the previously reported frequent

absence of p16 expression and the rare deletion of the p16

gene. Other molecular mechanisms sustaining the loss of

p16 expression have not yet been clarified.

3.4. RTK downstream target analysis

3.4.1. AKT/PI3K pathway
3.4.1.1. AKT analysis. AKT expression and activation were

investigated by means of direct WB experiments. All the



Table 2 – RTK downstream analysis.

Case AKT PI3KCA PTEN ERK KRAS BRAF mTOR TSC1 TSC2 S6 4EBP1

WB

expr

WB

phos

mut FISH mut FISH WB

expr

WB

expr

WB

phos

mut mut WBexpr WBphos 2-AACt 2-AACt WB

expr

WB

phos

WB

expr

WB

phos

1 ++ ++ wt D wt ne ++ ++ ++ wt wt ++ ++ ++++ ++++ +++ +

2 ++ +++ wt D wt D + ++ +++ wt wt + + + – +++ ++

3 ++ ++ wt LP wt D ++ ++ +++ wt wt ++ + 10.41 21.55 +++ ++ +++ ++

4 ++ ++ wt D wt D ++ ++ +++ wt wt + ++ ++ + +++ +++

5 ++ ++ wt LP wt D + + ++++ wt wt + + + – +++ ++

6 ++ + wt D wt D + ++ + wt wt +++ +++ +++ +++ +++ +++

7 ++ ++ wt LP wt D + + ++++ wt wt + ++ 0.48 1.61 ++ ++ ++ +

8 ++ ++ wt D wt D + ++ ++++ wt wt + ++ + + + –

9 ++ ++ wt D wt D + ++ ++++ wt wt ++ ++ 4.23 7.83 + ++ ++ ++

10a ++ ++ wt LP wt LP ++ ++ ++++ wt wt +++ +++ 4.92 9.80 +++ +++ +++ ++

11 ++ ++ wt D wt D ++ ++ ++++ wt wt ++ ++ 1.19 3.40 +++ +++ +++ +++

12 ++ + wt D wt D ++ ++ + wt wt – – + + ++ ++

13 ++ ++ wt D wt D + ++ +++ wt wt ++ ++ 0.50 2.40 + + ++ ++

14 ++ ++ wt D wt D + ++ +++ wt wt ++ ++ 0.65 1.42 – – ++ ++

15 ++ ++ wt D wt D ++ ++ ++ wt wt ++ ++ 0.85 4.17 +++ +++ ++ ++

16 ++ + wt D wt D + ++ ++ wt wt ++ ++ 2.14 7.70 + + + +

17 ++ + wt LP wt D + ++ ++ wt wt ++ ++ 0.81 5.29 ++ + ++ ++

18 ++ ++ wt D wt D + ++ ++ wt wt ++ ++ 0.41 0.24 ++ ++ ++ ++

19 ++ + wt D wt D + ++ +++ wt wt ++ ++ 0.43 29.04 ++ ++ ++ ++

20 ++ + wt D wt D + + +++ wt wt ++ ++ 1.20 3.43 ++ ++ + +

WB expr, Western blot expression; WB phos, Western blot phosphorylation; FISH, fluorescence in situ hybridization; wt, wild-type; mut,

mutation

a Case carrying low polysomy of chromosomes 7, 5 and 4.

p-4EBP1

pAKT

AKT

actin

pERK1/2

ERK1/2

actin

4EBP1

actin

PTEN
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p-S6

S6
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p-mTOR

mTOR
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C+ 13    14    15     16      17    18    19   C+ 4       1      7      8       6       10     11

C+ 13    14    15     16    17    18     19    

C+ 13     14     15      16      17    18    19  

C+ 12    13     15     16    17     18    19

C+ 13     14    15     16      17    18     19 

Fig. 2 – RTK downstream effector biochemical analysis. In the case of AKT, ERK1/2, mTOR, S6 and 4EBP1, the upper rectangle

indicates the phosphorylated (p) form of the effector obtained by means of WB experiments using the specific phospho-

antibody, whereas the lower rectangle represents the expressed forms. WB experiments using an anti-PTEN antibody

revealed protein expression in all cases. Abbreviation: C+, positive control.
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samples showed AKT expression and phosphorylation

(Table 2); Fig. 2A shows some representative cases.

3.4.1.2. PI3KCA analysis. In order to assess possible activating

mutations, exons 9 and 20 of the PI3KCA gene were se-

quenced, but no mutations were found in any of the cases

(Table 2).

FISH analysis revealed a low polysomy of chromosome 3

containing the PI3KCA gene in five cases (25%); the others

had a disomic pattern (Table 2).

In order to verify whether the low polysomy of chromo-

some 3 reflected increased PI3KCA transcript expression, we

assessed the relative PI3KCA c-DNA levels by means of real-

time PCR in 15 DMPMs using the DCt method. All but four tu-

mours showed PI3KCA expression, without any difference in

DCt between those showing low polysomy or disomy of chro-

mosome 3, thus suggesting that the gene status does not

influence transcript expression (data not shown). Moreover,

PI3KCA c-DNA levels were undetectable in the non-tumoural

tissue (despite the expression of the housekeeping gene), thus

suggesting that the DMPMs expressed more PI3KCA c-DNA

(Table 2).

3.4.1.3. PTEN analysis. Mutational analysis of the PTEN gene

(exons 5–9) did not reveal any mutations (Table 2).

Inorder toassesspotentialPTENgene loss,FISHanalysiswas

successful in 19 of the 20 DMPMs, all but one of which had a nor-

mal disomic pattern (Table 2); the other carried low polysomy of

chromosome 10. Consistently, all the DMPMs homogeneously

expressed PTEN protein in WB experiments (Fig. 2B).

3.5. ERK pathway

3.5.1. RAS and BRAF analysis
The samples were investigated for KRAS and BRAF activating

mutations, but none were found (Table 2).

3.5.2. ERK1/2 analysis
ERK1 (band of 42 kDa) and ERK2 (band of 44 kDa) were inten-

sely expressed and activated in all the samples (Table 2).

Fig. 2C shows some representative cases.

3.6. mTOR pathway

3.6.1. mTOR analysis
WB revealed mTOR expression and phosphorylation in all but

one case (Table 2) at signal levels that were mainly similar to

those observed in the positive control. Fig. 2D shows some

representative cases.

3.6.2. S6 and 4EBP1
The expression and activation of the two main mTOR down-

stream effectors, S6 (Fig. 2E) and 4EBP1 (Fig. 2F) were bio-

chemically assessed (Fig. 2). Both were frequently expressed

(S6 95%, and 4EBP1 100%), and showed significant phosphory-

lation (S6 85%, and 4EBP1 95%) (Table 2).

3.6.3. Quantitative analysis of TSC1 and TSC2
As the down-regulation of the TSC1 and TSC2 tumour sup-

pressor genes, which act as negative regulators of mTOR,
could favour mTOR activation, we relatively quantified their

c-DNAs by means of real-time quantitative PCR in matched

tumour and normal tissues using the 2–DDCt method. The

DMPM values are given as fold-expression levels in compari-

son with the corresponding non-tumoural tissue used as the

calibrator sample for each tumour.

TSC1 c-DNA expression was less than in the correspond-

ing non-tumoural tissue in seven cases (54%) (Table 2), with

a median 2–DDCt value of 0.59, whereas only one case (#34)

showed less TSC2 c-DNA expression with a 2–DDCt value of

0.24.

3.7. In vitro studies

The molecular pathology results indicated that the activation

of downstream RTK signalling in the DMPM specimens is

mediated by the activation of EGFR and PDGFRB RTKs, thus

suggesting a rationale for using RTK and mTOR inhibitors

(alone and in combination) to treat the disease. In order to

test this hypothesis, we evaluated the antiproliferative effects

of the EGFR inhibitor gefitinib, the mTOR inhibitor RAD001

and multikinase inhibitor sorafenib (which targets PDGFRB,

VEGFR-2 and VEGFR-3, the serine-threonine kinase Raf)30 in

the STO human peritoneal mesothelioma cell line.

We first biochemically analysed the RTK activation profile

of the STO cell line and observed EGFR expression and activa-

tion in the absence of any receptor mutation, whereas neither

PDGFRB nor PDGFRA was expressed or activated. Analysis of

downstream RTK signalling revealed ERK1/2, AKT, mTOR, S6

and 4EBP1 expression/phosphorylation (data not shown).

In a preliminary set of experiments, the cells were treated

with increasing concentrations of the individual drugs in a

72-h SRB assay and a concentration-dependent reduction in

cell survival was observed in all cases (Fig. 3). However, the

antiproliferative effect of gefitinib was only appreciable at

very high drug concentrations, as indicated by its IC50 of

40.1 ± 1.3 lM. Given the resistance of the STO cells to gefitinib,

we performed a mutational analysis of the downstream RTK

effectors, which revealed KRAS mutation (G12D) and the ab-

sence of BRAF, PI3KCA and PTEN mutations. It is worth noting

that the DMPM specimen from which the STO cell line derives

was KRAS wild-type, which suggests the possible in-culture

selection of a subpopulation of KRAS mutated cells that were

already present but undetectable in the original tumour.

Interestingly, the STO cells seemed to be highly sensitive

to sorafenib, as suggested by the much lower IC50 of

0.55 ± 0.07 lM. RAD001 was only moderately active as a single

agent (IC50 15.2 ± 0.8 lM) but, when the cells were treated for

24 h followed by 48 h exposure to sorafenib, the inhibition of

cell proliferation was consistently greater than that expected

on the basis of simple additive effects. This synergistic inter-

action progressively increased with increasing drug concen-

trations, as indicated by the progressive decrease in IC50

values from 0.79 to 0.39 (Fig. 4).

In order to test whether the increased cytotoxic effect of

sequential treatment with RAD001 and sorafenib was due to

the enhanced induction of programmed cell death, the pres-

ence of chromatin condensation and DNA fragmentation

(common features of apoptosis) was evaluated by means of

fluorescence microscopy after staining with propidium iodide
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stainining of STO cells treated with the two agents singly and

in sequence. In the samples exposed to different RAD001 con-

centrations, the percentage of cells with an apoptotic nuclear

morphology was not significantly different from that ob-

served in the control cells (always <5% of the overall cell pop-

ulation), whereas the samples exposed to 0.6 lM of sorafenib

showed a slightly higher percentage (8.6 ± 1.4%) (Fig. 5A).
However, the percentage significantly increased in a concen-

tration-dependent manner after sequential treatment with

RAD001 and sorafenib, and reached a peak of 23.5 ± 3.6%

when the highest concentrations of the drugs were used

(Fig. 5A). In line with this observation, at molecular level, an

assessment of the in vitro hydrolysis of the specific fluoro-

genic substrate showed that caspase-3 was only slightly
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activated in the cells treated with RAD001 alone (Fig. 5B), but

significantly activated after sequential exposure to RAD001

and sorafenib (Fig. 5B).

4. Discussion

This study describes the activation profile of RTKs in DMPMs

for the first time as assessed using a comprehensive approach

based on biochemical and molecular analyses of frozen surgi-

cal specimens, complemented by FISH and immunohisto-

chemical analyses of paired fixed material.

We found the expression and phosphorylation of both

EGFR and PDGFRB in most of the tumours, and PDGFRA acti-

vation in 50%, coupled with the expression of the cognate li-

gands TGF-a, PDGFB and PDGFA, and the presence of EGFR

and PDGFRB heterodimers. Given the absence of any gain in

RTK gene copy numbers or activating mutations, these find-

ings suggest an autocrine/paracrine loop coupled with the

co-activation of the two RTK families. In particular, we did

not find mutation L858R or the other eight novel EGFR muta-

tions (not detailed in terms of type and position) recently

found in 31% of DMPMs by means of the SURVEYOR digestion

and dHPLC analysis of exons 18–24 spanning the entire EGFR

tyrosine kinase domain.19

Moreover, analysis of downstream RTK signalling demon-

strated the activation/expression of ERK1/2, AKT, mTOR, S6
and 4EBP1 in almost all the DMPMs. Given the absence of

KRAS/BRAF mutations and PI3KCA mutation/amplification,

and the inactivation of PTEN, this confirms that the phosphor-

ylation of mTOR and its effectors is sustained by activated

EGFR and PDGFRB RTKs. We also found that additional

RTK-independent mechanisms may be involved in mTOR

activation as real-time PCR showed that 54% of the tumours

expressed less TSC1 c-DNA than the corresponding non-

tumoral tissue, thus suggesting TSC1 loss.

Taken together, these findings support mTOR as a possible

therapeutic target to be inhibited by a single agent or, better,

by drug combinations including inhibitors of the most acti-

vated RTK (Fig. 6). It is worth noting that the lack of significant

benefit using EGFR tyrosine kinase inhibitors31,32 and a single

agent Gleevec (a PDGFRB and PDGFRA inhibitor)33,34 in pleural

mesothelioma was observed in patients selected on the basis

of an immunohistochemical RTK profile restricted to receptor

expression (EGFR; PDGFRB)16–18 in fixed samples.

In the light of evidence that not only RTK mutation and

gene amplification, but also autocrine/paracrine loop activa-

tion with or without intra- or inter-family RTK cross-talk,

may contribute to the clinical response to targeted thera-

pies,35 we evaluated the possible antiproliferative effects of

EGFR and mTOR inhibitors using the STO human peritoneal

mesothelioma cell line established in our laboratory13 and

bearing activated EGFR, AKT, ERK1/2, mTOR, S6 and 4EBP1.
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Unexpectedly, the antiproliferative effect of gefitinib could

only be appreciated at very high drug concentrations, and

analysis of the downstream RTK effectors showed that, unlike

the surgical DMPM specimens, this cell line harbours a KRAS

mutation that is known to induce resistance to anti-EGFR

treatment.27 However, a consistently increased cytotoxic

effect was observed in after sequential treatment with

RAD001 and sorafenib, with evidence of a significant

enhancement in apoptotic rate and caspase-3 activity. These

results were different from those originally hypothesised but,

in line with the KRAS-mediated activation profile of the STO

cell line, they confirmed the effectiveness of RTK inhibitors

when they are critically selected on the basis of tumoural sig-

nalling deregulation and/or closely match the tumoural RTK

deregulation profile.

Although EGFR, PDGFRB and mTOR appear to be promising

for the treatment of DMPMs, it is necessary to consider the

possibility that DMPMs are not exclusively driven by EGFR

and PDGFRB activation, and that additional escape mecha-

nisms co-exist. Together with M-CSF-R, which belongs to

the same family as PDGFRB, other RTKs warrant further

investigation, such as the IGF-1R and insulin receptors that

were activated in the four DMPMs we analysed using the

phospho-proteome profiler array kit. The same is true of

MET, whose activation in pleural mesothelioma cell lines

has been extensively reported,36 but was not found in the

two DMPM cases we randomly analysed (data not shown).
In addition to RTK, p16 status may also be relevant as it is fre-

quently down-regulated in DMPM5 and 60% of our cases were

devoid of p16 at immunohistochemistry without any evi-

dence of gene loss. Finally, our finding of TSC1 c-DNA levels

merits further investigation by means of mutational and

microsatellite analyses.

In conclusion, the results of this study highlight the exis-

tence of the ligand-dependent activation of, and cross-talk

between EGFR and PDGFRB, and a connection between them

and the downstream pathway of mTOR, a key regulator of cell

growth as a result of its regulation of protein synthesis

through its S6 and 4EBP1 effectors. Apart from the possible

consequent negative feedback loop of PI3K/AKT37 and the

MAP pathway,38 these findings support the role of combined

treatment with RTK and mTOR inhibitors in DMPM (Fig. 6).
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