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Background: Mesothelioma is a notoriously chemotherapy-resistant neoplasm, as is evident in the dismal overall survival for
patients with those of asbestos-associated disease. We previously demonstrated co-activation of multiple receptor tyrosine
kinases (RTKs), including epidermal growth factor receptor (EGFR), MET, and AXL in mesothelioma cell lines, suggesting that
these kinases could serve as novel therapeutic targets. Although clinical trials have not shown activity for EGFR inhibitors in
mesothelioma, concurrent inhibition of various activated RTKs has pro-apoptotic and anti-proliferative effects in mesothelioma
cell lines. Thus, we hypothesised that a coordinated network of multi-RTK activation contributes to mesothelioma tumorigenesis.

Methods: Activation of PI3K/AKT/mTOR, Raf/MAPK, and co-activation of RTKs were evaluated in mesotheliomas. Effects of RTK
and downstream inhibitors/shRNAs were assessed by measuring mesothelioma cell viability/growth, apoptosis, activation of
signalling intermediates, expression of cell-cycle checkpoints, and cell-cycle alterations.

Results: We demonstrate activation of the PI3K/AKT/p70S6K and RAF/MEK/MAPK pathways in mesothelioma, but not in
non-neoplastic mesothelial cells. The AKT activation, but not MAPK activation, was dependent on coordinated activation of RTKs
EGFR, MET, and AXL. In addition, PI3K/AKT/mTOR pathway inhibition recapitulated the anti-proliferative effects of concurrent
inhibition of EGFR, MET, and AXL. Dual targeting of PI3K/mTOR by BEZ235 or a combination of RAD001 and AKT knockdown had
a greater effect on mesothelioma proliferation and viability than inhibition of individual activated RTKs or downstream signalling
intermediates. Inhibition of PI3K/AKT was also associated with MDM2-p53 cell-cycle regulation.

Conclusions: These findings show that PI3K/AKT/mTOR is a crucial survival pathway downstream of multiple activated RTKs in
mesothelioma, underscoring that PI3K/mTOR is a compelling target for therapeutic intervention.

Malignant mesothelioma is a locally aggressive and highly lethal
neoplasm in which the neoplastic proliferation generally originates
from pleural or peritoneal mesothelial cells (Craighead, 1987). An
estimated 3000 cases per year are diagnosed in the United States,
and most patients die within 1 year, with fewer than 5% of all
patients cured even when intensive combined modality therapeutic
strategies are employed. Mesothelioma has been linked to asbestos

exposure (Craighead, 1987), and epidemiologic studies also show
that mesothelioma risk increases after inhalation of the airborne
mineral dust, erionite (Selcuk et al, 1992; Sahin et al, 1993).
Mesothelioma histologic subtypes include epithelioid, spindled,
or mixed (epithelioid and spindled; Craighead, 1987), of which
the spindled subtype has the worst prognosis. Conventional
chemotherapies and radiation therapy have only limited efficacy
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against mesothelioma, and improved survival will require devel-
opment of novel and more effective pharmacological interventions.
A better understanding of mesothelioma biology – including key
growth factor signalling pathways – might be useful in identifying
targets for novel therapeutics.

The increasing evidences suggest that receptor tyrosine kinase
(RTK) activation participates in the oncogenic progression from
non-neoplastic mesothelial progenitor cells to mesothelioma
(Janne et al, 2002; Jagadeeswaran et al, 2006; Kawaguchi et al,
2009; Menges et al, 2010; Perrone et al, 2010; Brevet et al, 2011;
Ou et al, 2011b). The RTKs epidermal growth factor receptor (EGFR),
MET, AXL, and EPHB4, are upregulated and activated in some
mesotheliomas (Janne et al, 2002; Xia et al, 2005; Jagadeeswaran
et al, 2006; Ou et al, 2011a), resulting in downstream activation of
the AKT/p70S6K and MAPK signalling pathways (Zanella et al,
1996; Pache et al, 1998). Nonetheless, HGF/MET activation has
been convincingly implicated in mesothelioma pathogenesis, with
this ligand/receptor pair co-ordinately overexpressed (Tolnay et al,
1998) and apparently contributing to invasiveness and prolifera-
tion (Klominek et al, 1998; Harvey et al, 2000). The MET inhibitor
PHA-665752 exerts antiproliferative effects in mesothelioma cell
lines by inhibiting MET-dependent PI3K/AKT and RAF/MAPK
(Mukohara et al, 2005; Jagadeeswaran et al, 2006). AXL is
expressed and activated strongly in mesothelioma cell lines and
biopsies, and AXL inhibition by shRNA or a small molecule
(DP-3975) suppresses mesothelioma migration and cellular pro-
liferation, accompanied by inactivation of PI3K/AKT/mTOR and
RAF/MAPK (Ou et al, 2011a). In addition, high AXL expression is
associated with better prognosis in mesothelioma patients (Pinato
et al, 2013). Activation of these receptors during asbestos-induced
mesothelial mitogenicity and carcinogenesis thereby provides a
promising connection between mesothelioma pathogenesis and
potential drug targets. However, despite the evidence for tyrosine
kinase activation in mesothelioma pathogenesis, targeted anti-
kinase therapies have not shown dramatic clinical activity in
mesothelioma patients. However, the observed activation of
multiple RTKs in mesothelioma suggests that transforming activity
is dependent on coordinated activity of multiple tyrosine kinases
(Kawaguchi et al, 2009; Menges et al, 2010; Perrone et al, 2010;
Brevet et al, 2011; Ou et al, 2011b), and simultaneous inhibition of
multiple kinases by cocktails of small-molecule kinase inhibitors or
single-agent HSP90 inhibitors elicits compelling pro-apoptotic and
anti-proliferative responses in mesothelioma preclinical models
(Okamoto et al, 2008; Kawaguchi et al, 2009; Ou et al, 2011b). In
addition to the evidence for PI3K/AKT and RAF/MEK/MAPK
activation in mesothelioma initiation, there is likewise substantial
evidence that these key signalling pathways are crucial in
maintaining the transformed state, and in mesothelioma metastasis
(Altomare et al, 2005; Cole et al, 2006; Patel et al, 2007; Jacobson
et al, 2009; Suzuki et al, 2009; Shukla et al, 2011; Carbone and
Yang, 2012; Cedres et al, 2012; Fischer et al, 2012; Menges et al,
2012; Miyoshi et al, 2012; Pinton et al, 2012). In this study, we
demonstrate PI3K/AKT/mTOR dependency on multiple activated
RTKs in mesothelioma. We also demonstrate that dual targeting of
the PI3K/AKT and mTOR is effective in blocking the proliferative
and pro-survival signals from these activated RTKs.

MATERIALS AND METHODS

Antibodies and reagents. Monoclonal antibody to p53 and
polyclonal antibodies to EGFR, MET, and AXL were from
Santa Cruz Biotechnology (Santa Cruz, CA, USA). Monoclonal
antibodies to AKT1 and S6, and polyclonal antibodies to AKT,
AKT2, and AKT3 were from Cell Signaling Technology (Beverly,
MA, USA). Antibodies to MAPK, MDM2, and p21 were from

Zymed/Invitrogen Laboratories (Invitrogen life Technologies,
Carlsbad, CA, USA). All phospho-specific antibodies were from
Cell Signaling Technology. Polybrene, puromycin, and antibody to
b-actin were from Sigma-Aldrich (St Louis, MO, USA). Lentiviral
shRNA constructs were from The RNAi Consortium (TRC,
Cambridge, MA, USA), and included AXL: 50-GCTGTGAAGACG
ATGAAGATT-30; AKT1: 50-CGCGTGACCATGAACGAGTTT-30

(shRNA1), 50-CGAGTTTGAGTACCTGAAGCT-30 (shRNA2),
50-CTATGGCGCTGAGATTGTGTC-30 (shRNA3); and AKT2:
50-CTTCGACTATCTCAAACTCCT-30 (shRNA1), 50-CAAGGTA
CTTCGATGATGAAT-30 (shRNA2); and AKT3: 50-AGAAACCT
CAAGATGTGGATT-30 (shRNA1), 50-TGGCACACACTCTAAC
TGAAA-30 (shRNA2).

Gefitinib, LY294002, U0126, GDC0941, and everolimus
(RAD001) were obtained from LC Labs (Woburn, MA, USA).
PHA-665752 was from Tocris Biosciences (St Louis, MO, USA).
BEZ235 was from Axon MedchemBV (GZ Groningen, the
Netherlands). All inhibitors were reconstituted in DMSO.

Mesothelioma cell lines. Mesothelioma cell lines MESO924,
MESO257, and JMN1B were established in Dr Fletcher’s laboratory
from epithelial-type mesotheliomas (Demetri et al, 1989; Ou et al,
2011a), MESO296 was from a mixed histology mesothelioma, and
MESO428 from a spindle-cell mesothelioma (Ou et al, 2011a, b).
Each of these lines was previously shown to have survival and
proliferation pathways dependent on activation of multiple RTKs
(EGFR, MET, AXL). All cell lines were validated by demonstrating
unique clonal cytogenetic aberrations within 10 passages of the
present studies (MESO924, MESO257, MESO296, and MESO257
were validated by comparison with the corresponding surgical
specimens, and JMN1B was validated by comparison with
published cytogenetic aberrations). Normal mesothelial cells
97–510 were cultured in Dr Fletcher’s laboratory from a non-
neoplastic pleural effusion. Normal mesothelial cells HM3 were
provided by Dr James Rheinhardt, having been established from
non-neoplastic peritoneum, as described previously (Gordon et al,
2005).

Protein lysate preparations and immunoblotting. Signalling
pathway phosphorylation analyses were performed by immuno-
blotting mesothelioma cell lysates after 4 h treatment with various
inhibitors in serum-free medium, and after 4 or 10 days post
infection with kinase shRNAs. Whole-cell lysates were prepared
using lysis buffer (1% NP-40, 50 mM Tris-HCl pH 8.0, 100 mM

sodium fluoride, 30 mM sodium pyrophosphate, 2 mM sodium
molybdate, 5 mM EDTA, and 2 mM sodium orthovanadate)
containing protease inhibitors (10 mg ml� 1 aprotinin, 10 mg ml� 1

leupeptin, and 1 mM phenylmethylsulfonyl fluoride). Lysates were
cleared by centrifugation at 14 000 r.p.m. for 30 min at 4 1C, and
lysate protein concentrations were determined using a Bio-Rad
protein assay (Bio-Rad Laboratories, Hercules, CA, USA). Electro-
phoresis and western blotting were performed as described
previously (Rubin et al, 2001). The hybridisation signals were
detected by chemiluminescence (Immobilon Western, Millipore
Corporation, Billerica, MA, USA) and captured using a GE FUJI
ImageQuant LAS4000 chemiluminescence imaging system
(GE Healthcare Bio-Sciences Corporation, Piscataway, NJ, USA).
Intensity of phospho-AKT signal was quantitated by an Image
analyzer, FUJIFILM MultiGauge (Fuji Film, Tokyo, Japan).

Preparation of shRNA lentiviruses. Lentivirus preparations were
produced by cotransfecting empty vector pLKO.1puro with AXL,
AKT1, AKT2, or AKT3 shRNAs, and helper virus packaging
plasmids pCMVdR8.91 and pMD.G (at a 10 : 10 : 1 ratio) into 293T
cells. Transfections were carried out using lipofectamine and PLUS
reagent (Invitrogen Life Technologies). Lentiviruses were harvested
at 24, 36, 48, and 60 h post transfection. Virus was frozen at
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� 80 1C in appropriately sized aliquots for infection. shRNAs were
used for AXL, AKT1, AKT2, and AKT3 knockdowns.

Cell culture and virus infection. Mesothelioma cell lines were
cultured in RPMI 1640 medium supplemented with 10% fetal
bovine serum and seeded in six-well plates. Lentiviral shRNA
infections were carried out in the presence of 8mg ml� 1 polybrene.
Following transduction, MESO924 and MESO428 cells were
selected for stable expression of the AKT1 or AKT2 shRNAs using
2mg ml� 1 puromycin. Cells were lysed for western blotting or
viability analysis 10 days post infection. Mesothelioma cell lines
were lysed for western blotting 4 days post infection with AKT3
shRNAs.

Cell proliferation and apoptosis assays. Mesothelioma cells
including MESO924, MESO257, MESO296, and MESO428, and
normal mesothelial cells 97–510 were plated at 3000 and 10 000
cells per well, respectively, in a 96-well flat-bottomed plate (Falcon,
Lincoln, NJ, USA) and cultured in media for 24 h before being
treated with different inhibitors, which included gefitinib (1 mM),
PHA665752 (1mM), BEZ235 (10, 25, 50, 100, 500, and 1000 nM),
GDC0941 (0.5, 1, 2.5, 5, and 10 mM), RAD001 (20 nM), and U0126
(10 mM), or AXL shRNA. MESO924 and MESO428 cells with AKT1
and AKT2 shRNA stable expression (selection by puromycin for 10
days after infection) were plated at 3000 cells per well in a 96-well
flat-bottomed plate and cultured for 24 h before being treated with
BEZ235 (50 nM), RAD001 (20 nM), and U0126 (10 mM). Cell
viability was determined after treatment with these inhibitors for
3 and 6 days using the CellTiter-Glo luminescent assay (Promega,
Madison, WI, USA), and measured using a Veritas Microplate
Luminometer (Turner Biosystems, Sunnyvale, CA, USA). The data
were normalised to the control group (empty vector or DMSO).
The chemosensitivity assay by sulforhodamine B (SRB) was
performed after 72 h, following a slightly modified protocol
(Skehan et al, 1990). Briefly, the cells in 96-well plates were fixed
in 30% trichloracetic acid (50 ml per well) for 1 h at 4 1C, rinsed in
tap water for five times and stained with 0.4% (w/v) SRB in 1%
acetic acid (70 ml per well) for 30 min at room temperature. The
cells were then rinsed four times in 1% acetic acid to remove the
unbound stain. The protein-bound stain was extracted with 100 ml
10 mM Tris base (pH 10.5) per well. The optical density was read at
540 nm in a SpectraMax M5 Micro plate Reader (Molecular
Devices, Sunnyvale, CA, USA). The results were expressed as
cell growth determined according to the following equation:
cell growth¼ (Atreated sample,72 h�Auntreated control, 0 h), where A is
absorbance. The IC50 values were defined as the concentration that
causes 50% growth inhibition. IC50 values were calculated using a
sigmoidal curve fit with GraphPad Prism software (GraphPad
Software, Inc., La Jolla, CA, USA). All experimental points were
setup in four replicate wells and independently performed in
duplicate.

Apoptosis was also evaluated using PE Annexin V Apoptosis
Detection Kit I (BD Pharmingen, San Jose, CA, USA). Briefly,
MESO924, MESO257, MESO296, and MESO428 cells in six-well
plates were treated with BEZ235 (50 nM) or LY294002 (10 mM) for
48 h, trypsinised and washed twice with cold Hanks Balanced Salt
Solution and treated with 5ml of PE Annexin V and 5ml 7-AAD in
1� Binding Buffer for 15 min at RT (25 1C) in dark. The stained
cells were analysed in a flow cytometer within 1 h and ModFit LT
(Macitosh, Verity Software House, Topsham, ME, USA) was used
to analyse the data.

Cell cycle analysis. MESO924, MESO257, MESO296, and
MESO428 cells in six-well plates were treated with inhibitors for
48 h, then trypsinised, and washed once with Hanks Balanced Salt
Solution. For nuclear staining, cells were fixed by 70% ethanol for
24 h. A propidium iodide-containing solution (Roche, South San
Francisco, CA, USA) was added to the cells and incubated for

15 min at 37 1C. The cell suspension was analysed on a flow
cytometer within 48 h and ModFit LT (Macintosh) was used to fit
the data. Cell-cycle analysis was independently performed in
duplicate.

Statistical analysis. Student’s t-tests or one-way ANOVA was
performed to analyse data from cells treated with control DMSO or
inhibitors, as well as cells treated with control DMSO, pLKO,
combination of gefitinib, PHA, and AXL shRNA, or combination of
RAD and AKT1 shRNA/AKT2 shRNA. Statistically significant
differences between untreated control and treatment are defined as
*Po0.05, **Po0.01, and ***Po0.001.

RESULTS

Activation of AKT, S6, and MAPK. Using normal mesothelial
cells (97–510 and HM3) as a reference point, AKT and S6 were
activated strongly in each of five mesothelioma cell lines
(MESO924, MESO257, MESO296, MESO428, and JMN1B) and
MAPK (MAPK1/3) was activated in each line except JMN1B
(Figure 1).

Biologic effects of PI3K/mTOR, PI3K, mTOR, and MEK
inhibition in mesothelioma cell lines. PI3K inhibition by
BEZ235 (10 and 50 nM), GDC0941 (500 and 1000 nM), and
LY294002 (10 and 50 mM) substantially inhibited AKT in all
mesothelioma cell lines (Figure 2A). mTOR inhibition by the
rapamycin derivative RAD001/everolimus or by BEZ235 abolished
S6 phosphorylation, whereas selective PI3K inhibition with
GDC0941 only partially inhibited S6 (Figure 2A). LY294002
inhibited AKT effectively, but had unpredictable effects on S6,
confirming the nonselective activity of this broadly active PI3K-
family inhibitor. MEK1/2 inhibition by 10 mM U0126 inhibited
MAPK, as expected, in all mesothelioma cell lines but had little
impact on S6 phosphorylation (Figure 2A).

The biological relevance of PI3K, mTOR, and MEK was
evaluated by determining impact on cell proliferation
(Figure 2B). Dual targeting of PI3K/mTOR with BEZ235 (50 nM)
inhibited cell proliferation by 74%, 78%, 64%, and 60% in
MESO924, MESO257, MESO296, and MESO428, respectively

Phospho-AKT (S473)

AKT

97
–5

10

HM
3

M
ESO92

4

M
ESO25

7

M
ESO29

6

M
ESO42

8

JM
N1B

Phospho-MAPK (T202/Y204)

Phospho-S6 (S235/236)

S6

�-Actin

Normal mesothelial cells mesothelioma cell lines

MAPK

Figure 1. Immunoblotting evaluation of expression and
phosphorylation of signalling intermediates including AKT, MAPK,
and S6 in mesothelioma cell lysates. Non-neoplastic mesothelial cells
(97–510 and HM3) are controls for comparison. b-Actin staining is a
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(Figure 2B). Selective PI3K inhibition by GDC0941 resulted in
40–50% inhibition of these mesothelioma cells, and broader PI3K
family inhibition with LY294002 markedly decreased cell prolif-
eration in all mesothelioma cell lines (Figure 2B). Selective mTOR
inhibition by RAD001 was associated with moderate antiprolifera-
tive effects (30–40% reduction in proliferation), and MEK
inhibition by U0126 had only minor effects (5–25% reduction in
proliferation) in all mesothelioma cell lines (Figure 2B). Indeed, the
antiproliferative effects of PI3K/mTOR inhibition by BEZ235 were
substantially greater than those induced by GDC0941, RAD001,
and U0126 treatment alone in all mesothelioma cell lines
(Figure 2B). By contrast, PI3K inhibition by BEZ235, GDC0941,
and LY294002 had only mild anti-proliferative effects in normal
mesothelial cells 97–510 (Figure 2C). Furthermore, cell growth, as
assessed using the SRB assay, was strongly inhibited in MESO924
and MESO428 cell lines after PI3K/mTOR inhibition by BEZ235
or PI3K inhibition by GDC0941 (Figure 2D). Cell growth
inhibition IC50s at day 3 were 14 and 744 nM for MESO924, and
7 and 356 nM for MESO428, respectively (Figure 2D), suggesting
that BEZ235 has more potent anti-proliferative effects in
mesotheliomas than GDC0941.

Multiple activated RTKs in individual mesothelioma cells
contribute collectively to PI3K/AKT activation. The impact of
single or combination tyrosine kinase inhibitor treatments on the
phosphorylation of AKT and MAPK was determined in MESO924

and MESO428 (Figure 3A). EGFR, MET, and AXL inhibition by
1 mM gefitinib, 1mM PHA665752, and AXL shRNA substantially
inhibited EGFR, MET, and AXL phosphorylation, respectively, in
these cell lines. Maximal reduction of AKT phosphorylation (69%
reduction in MESO924 and 61% in MESO428) was achieved by
coordinated inhibition of EGFR, MET, and AXL, compared with
DMSO and empty vector treatment controls. EGFR and AXL
inhibition, singly or in combination, had a moderate effect on AKT
and S6 phosphorylation. Combination inhibition of MET and AXL
resulted in 29% and 57% decrease in AKT phosphorylation in
MESO924 and MESO428, respectively, whereas MET inhibition
alone resulted in 19 and 10% decrease in AKT phosphorylation.
EGFR, MET, and AXL inhibition, singly or in combination, had
little effect on MAPK and S6 activation (Figure 3A).

We next compared effects of the PI3K/mTOR inhibitor BEZ235
on cell viability, compared with those obtained by direct targeting
of EGFR, MET, and AXL. As shown in Figure 3B, the most striking
reduction in cell viability was seen in cells treated with BEZ235 or
with concurrent direct targeting of EGFR, MET, and AXL; these
approaches resulted in B70% and B60% decrease in cell viability,
respectively. EGFR and MET targeting had little effect on cell
viability, whereas AXL targeting resulted in B50% reduction of
mesothelioma viability (Figure 3B).

As AKT activation but not MAPK is dependent on coordinate
activation of EGFR, MET, and AXL, we investigated whether
combination inhibition of PI3K and MAPK has additive or
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normalised to the DMSO control, and represent the mean values (±s.d.) of quadruplicate cultures. (C) Cell viability, in MESO924 and MESO428,
was evaluated by the CellTiter-Glo luminescence assay after 72 h treatment with BEZ235 (50 nM), GDC0941 (0.5mM), RAD001 (20 nM), or U0126
(10mM) alone and together. The data were normalised to the DMSO control, and represent the mean values (±s.d.) of quadruplicate cultures from
two independent experiments. Statistically significant difference of one-way ANOVA between untreated control and treatments is presented as
*Po0.05, **Po0.01, ***Po0.001.
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synergistic anti-proliferative effects in mesothelioma. Cell viability
was strongly inhibited in MESO924 and MESO428 after
PI3K/mTOR inhibition by BEZ235 or GDC0941/RAD (Figure 3C).
The additive inhibitory effects were seen after treatment with
GDC0941/U0126 targeting PI3K and MAPK, RAD/U0126 target-
ing mTOR and MAPK, or GDC0941/RAD targeting PI3K and
mTOR. The anti-proliferative effects of combination inhibition of
PI3K/mTOR and MAPK by BEZ235/U0126 or GDC0941/RAD/
U0126 were comparable with inhibition of PI3K/mTOR
(Figure 3C), indicating that PI3K/mTOR signalling has a crucial
oncogenic role in mesothelioma.

PI3K/mTOR is a crucial regulator of mesothelioma viability and
survival. Cell viability, as assessed using an ATP-based assay
(CellTiter-Glo), was strongly inhibited in all mesothelioma cell
lines after PI3K/mTOR inhibition by BEZ235 (Figure 4A). Cell
proliferation IC50s at day 3 were 11.8 nM for MESO924, 11.4 nM for
MESO257, 12 nM for MESO296, and 10.8 nM for MESO428,
suggesting that BEZ235 has potent anti-proliferative effects in
mesotheliomas with either spindle-cell components (MESO296
and MESO428) or in those with purely epithelial-type histology
(MESO924 and MESO257).

Cell-cycle analyses demonstrated a dose-dependent G1 block
with decrease in the S-phase population after selective PI3K
inhibition by GDC0941 in each of four mesothelioma lines, and
after PI3K/mTOR inhibition by BEZ235 in those with epithelial-
type histology (MESO924 and MESO257) (Figure 4B). Mild
apoptosis after PI3K/mTOR inhibition was observed by nuclear
fragmentation in mesothelioma with spindle-cell components
(MESO296 and MESO428; pre-G1 peak). Fragmented-apoptotic
cells, in MESO296 and MESO428 treated with DMSO-only control
and 50 nM BEZ235, were 9% and 18%, respectively, in MESO296;
and 12% and 20%, respectively, in MESO428 (Figure 4B). Nuclear
fragmentation after selective PI3-K inhibition with GDC0941 did
not substantially exceed levels seen in control arms in which the
cells were exposed to DMSO alone (Figure 4B). In MESO296 and
MESO428, mild apoptosis was induced by treatment with BEZ235
and LY294002 (Supplementary Figure 1), which is consistent with
the cell-cycle analysis (Figure 4B). Immunoblotting did not show
expression of cleaved PARP, cleaved caspase 3, or cleaved caspase 8
after treatment with BEZ235 or GDC0941 (data not shown),
indicating that PI3K inhibition in these cells mostly results in
inhibition of cell growth, not apoptosis.

Dual targeting of PI3K/mTOR signalling by BEZ235 was
evaluated by immunoblotting (Supplementary Figure 2), prolifera-
tion, and cell-cycle analyses (Figure 4). AKT and S6 were
substantially inactivated in all four mesothelioma cell lines in a
dose-dependent manner (MESO924, MESO257, MESO296, and
MESO428) after PI3K/mTOR inhibition, and S6 phosphorylation
was almost completely lost after 10 nM BEZ treatment
(Supplementary Figure 2).

PI3K/AKT regulates p53 via MDM2 activity in mesothelioma.
AKT inhibition by GDC0941 abolished MDM2 phosphorylation at
Ser166 and induced p53 and p21 expression (Figure 5A). AKT1
and AKT2 gene expression were stably silenced by lentiviral
shRNA infections with puromycin selection. AKT1 and AKT2
knockdown by shRNA, whether singly or in combination, induced
expression of p53, MDM2, and p21 (Figure 5B), consistent with
AKT-mediated MDM2 functional inactivation, with resultant p53
overexpression and transcriptional activation of MDM2 and p21.
The AKT1 and AKT2 knockdowns resulted in B40% inhibition of
cell viability (CellTiter-Glo assay), at 3 and 6 days after AKT1 or
AKT2 silencing, compared with the empty vector control
(Figure 5C). The most striking reductions in cell viability (60%
and 80%, at days 3 and 6, respectively) were seen after combined
PI3K/mTOR inhibition (with BEZ235) or after mTOR inhibition
(with RAD001) combined with shRNA knockdown of AKT1 or

AKT2 (Figure 5C). By contrast, MEK inhibition had substantially
less impact on mesothelioma viability (Figure 5C). All lentiviral
shRNA studies were confirmed using at least two independent
shRNA transductions and using at least one additional AKT1 and
AKT2 shRNA sequence (Supplementary Figure 3). Moreover,
AKT1 and AKT2 inhibition by shRNA, whether singly or in
combination, resulted in increases of mTORC1 substrate p-S6
(Supplementary Figure 4). In addition, AKT3 knockdown by
shRNA also induced expression of p53, MDM2, p21, and p-S6
(Supplementary Figure 5).

DISCUSSION

Despite the use of aggressive multimodal therapy, mesothelioma
remains a highly lethal disease, and an unmet medical need,
underscoring the need for additional biologic insights as preclinical
validations for targeted therapies. We previously reported that
multiple RTKs, including EGFR, MET, and AXL, are co-activated
in an HSP90-dependent manner in mesothelioma but not in non-
neoplastic mesothelial cells (Ou et al, 2011b), and those findings
are corroborated in the present study (Figure 3A). Because
targeting of individual RTKs has shown little clinical benefit
(Govindan et al, 2005; Mathy et al, 2005), we hypothesise that
simultaneous inhibition of multiple RTKs, or their consensus
oncogenic pathways, is required for substantial clinical activity. In
this light, the studies reported herein add to the already substantial
evidence that targeting the crucial PI3K/mTOR pathway might be
an effective strategy in mesothelioma, specifically by inhibiting
oncogenic signals from the multiple activated RTKs.

Previously, several studies have shown elevated AKT activity in
mesothelioma (Altomare et al, 2005; Suzuki et al, 2009; Pinton
et al, 2012). Our findings confirm aberrant activation of
PI3K/AKT/mTOR and RAF/MEK/MAPK in mesothelioma cells,
as compared with non-neoplastic mesothelial cells (Figure 1).
Inhibition of PI3K, mTOR and MEK decreased cell viability in all
mesothelioma lines by inducing cell apoptosis and G1/G2 cell-cycle
arrest (Figures 2B and D, 4A and B and Supplementary Figure 1).
Indeed, each of these ‘downstream’ targeting approaches had
greater impact on mesothelioma viability than was observed after
EGFR, MET, or AXL inhibition (Figures 3B and 5C). The anti-
proliferative effects of combination inhibition of PI3K/mTOR and
MAPK were comparable with inhibition of PI3K/mTOR
(Figure 3C). Notably, maximal mesothelioma inhibition resulted
from inhibition of the PI3K/AKT/mTOR pathway, in which PI3K
and mTOR were biochemically inhibited by the small-molecule
dual PI3K and mTOR inhibitor, BEZ235, and AKT1 and AKT2
were inhibited by shRNA-mediated knockdown. With this
approach, 70–80% reduction in viability/cell growth was seen in
each mesothelioma line (Figures 2B and D). Although small-
molecule AKT inhibitors were not evaluated in these studies, our
findings suggest that therapeutic benefit might result from
concurrent targeting of multiple nodes in key pathways. Such
approaches could potentially minimise treatment resistance due to
feedback loops such as the well-documented compensatory
upregulation of AKT activity that is often induced by mTOR
inhibition (Rodrik-Outmezguine et al, 2011). Approaches in which
a crucial pathway is targeted at multiple points might also permit
effective targeting of the pathway at lower concentrations of each
individual drug, and therefore with reduced toxicity to the patient.

In the present study, the treatment of mesothelioma cell lines
with the dual PI3K/mTOR inhibitor BEZ235 or mTOR inhibitor
RAD001 did not result in upregulation of the MAPK signalling
pathway (Figure 2A), which is in contrast to other experimental
models in which RAD001 induced activation of MEK/MAPK
signalling because of activation of p70S6K-PI3K-signalling
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(Carracedo et al, 2008). Although the mechanism is unclear,
herein, inhibition of mTOR by RAD001 little increased PI3K/AKT
signalling in mesothelioma cell lines (Figure 2A), which can
interpret this contradiction. This was also demonstrated by the
comparable anti-proliferative effects of either mTOR inhibition
alone or in combination with MAPK inhibition in mesothelioma
cell lines (Figure 3C).

As mentioned above, therapeutic modalities directed at
individual RTKs have not shown dramatic preclinical or clinical
activity in mesothelioma (Figure 3). In the present study,
substantial inhibition of AKT phosphorylation was achieved by
coordinated inhibition of EGFR, MET, and AXL (Figure 3A).
These findings indicate that multiple RTKs contribute to PI3K/
AKT oncogenic signalling in mesothelioma. Combined
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inhibition of EGFR, MET, and AXL resulted in a 55–60%
decrease in cell viability, which was comparable to the
responses obtained with dual PI3K/mTOR inhibition by
BEZ235 (Figure 3B). Therefore, these data underscore that
simultaneous activation of multiple RTKs, including EGFR,
MET, and AXL, contributes to mesothelioma cell proliferation
and survival.

PI3K/AKT regulation of tumorigenesis is attributable in part to
mTOR (Majumder et al, 2004; Wendelet al, 2004). Unexpectedly,
AKT1, AKT2, and AKT3 knockdown by shRNAs, whether singly
or in combination, enhanced mTOR activation (Supplementary
Figures 4 and 5), and although the mechanism is unclear, these
data provide an additional rationale for dual targeting of AKT
and mTOR in mesothelioma. These concepts are particularly
compelling as PI3K and mTOR activation is associated with
decreased survival in mesothelioma patients (Varghese et al, 2011).
The in vitro evidence, here, demonstrates additive effects of

AKT1/AKT2 shRNA knockdown and RAD001 mTOR-inhibition
in mesothelioma (Figures 4A and 5C).

We also show that loss of AKT-mediated MDM2 phosphoryla-
tion and activation resulted in decreased MDM2-mediated p53
ubiquitination and degradation, which induced p21 expression
(Figure 5A). PI3K or AKT inhibition in mesothelioma induced p53
expression, associated with upregulation of MDM2 and p21
(Figure 5B and Supplementary Figure 5). In addition, a recent
study showed that the PI3K/mTOR inhibitor PF-06491502 induced
expression of wild-type p53 in head and neck cancer (Herzog et al,
2013). These observations suggest that the anti-proliferative and
pro-apoptotic effects of PI3K/AKT inhibition in mesothelioma
result both from mTOR inhibition and reactivation of p53
transcriptional programmes. This finding is in keeping with
studies showing that AKT physically associates with MDM2 and
phosphorylates MDM2 at Ser166 and Ser186, leading to nuclear
translocation and degradation of the tumour-suppressor p53
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(Zhou et al, 2001; Singh et al, 2013), and that activation of MDM2
by AKT in mammary epithelium delays mammary involution and
accelerates mammary tumorigenesis (Cheng et al, 2010).

In summary, these studies implicate a coordinated network of
RTK (EGFR, MET, and AXL) as collective regulators of PI3K/
AKT/mTOR and PI3K/AKT/p53 in mesothelioma, thereby
regulating tumorigenesis. We provide evidence that a multipoint
targeted attack on these pathways, involving concomitant inhibi-
tion of PI3K, AKT, and mTOR, might serve best to disrupt the
oncogenic signalling pathways.
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