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Translational Relevance

Malignant pleural mesothelioma (MPM) is a devastating therapy-resistant cancer.
Knowledge of the molecular alterations and clinico-biological heterogeneity involved is critical
to improve MPM therapeutic efficiency. We recently established a robust molecular MPM
classification consisting of two groups characterized by different molecular profiles and
survival outcomes. In the present study, we defined a new homogeneous tumor subgroup
that shares common genetic alterations and similar gene expression profiles.
Characterization of specific deregulated signal pathways led us to identify an anticancer
compound, an inhibitor of the mTOR/PI3K/AKT pathway already used in clinical trials for
other types of cancer, to target this MPM subgroup. To better select patients eligible for this
targeted therapy, we also proposed a potential biomarker. Our findings highlight the
importance for translational research of taking genetic alteration, transcriptomic classification
and signal pathway activation into account to establish a new therapeutic approach and to

improve MPM management.



Abstract

PURPOSE: To better define MPM heterogeneity and identify molecular subtypes of
malignant pleural mesothelioma (MPM), we focus on the tumor suppressor gene LATS2, a
member of the Hippo signaling pathway, which plays a key role in mesothelial

carcinogenesis.

EXPERIMENTAL DESIGN: Sixty-one MPM primary cultures established in our laboratory
were screened for mutations in LATS2. Gene inactivation was modeled using siRNAs. Gene
and protein expressions were analyzed by quantitative RT-PCR, western blot and RPPA.
Cell proliferation, viability, apoptosis, mobility and invasion were determined after siRNA
knockdown or YAP (verteporfin), mTOR (rapamycin) and mTOR/PI3K/AKT (PF_04691502)

inhibitor treatment.

RESULTS: The LATS2 gene was altered in 11% of MPM by point mutations and large exon
deletions. Genetic data coupled with transcriptomic data allowed the identification of a new
MPM molecular subgroup, C2", characterized by a co-occurring mutation in the LATS2 and
NF2 genes in the same MPM. MPM patients of this subgroup presented a poor prognosis.
Co-inactivation of LATS2 and NF2 leads to loss of cell contact inhibition between MPM cells.
Hippo signaling pathway activity, mTOR expression and phosphorylation were altered in the
C2"N MPM subgroup. MPM of this new subgroup show higher sensitivity to PF_04691502
inhibitor. The MOK gene was identified as a potential biomarker of the C2"N MPM subgroup

and PF_04691502 sensitivity.

CONCLUSIONS: We identified a new MPM molecular subgroup that shares common
genetic and transcriptomic characteristics. Our results made it possible to highlight a greater
sensitivity to an anticancer compound for this MPM subgroup and to identify a specific

potential biomarker.



Introduction

Malignant pleural mesothelioma (MPM) is an aggressive tumor that is resistant to
conventional anticancer therapies (surgery, radiotherapy and chemotherapy), resulting in
poor prognosis and very short patient survival (an average of 12 months). Its major risk factor
is past exposure to asbestos fibers, a carcinogen that induces genomic and genetic
alterations (1). To improve the prognosis of this disease, there is a strong need to develop
efficient therapeutic strategies, taking the molecular alterations and clinico-biological

heterogeneity of tumors into account.

MPM is characterized by numerous chromosomal abnormalities, gene mutations
(mainly deletions), epigenetic alterations and specific gene expression (2). Heterogeneity of
tumors was found at these different molecular levels. Concerning the genetic alteration,
sequencing analyses showed that alterations mostly concern tumor suppressor genes.
Mutations in CDKN2A (Cyclin-dependent kinase inhibitor 2A), CDKN2B (Cyclin-dependent
kinase inhibitor 2B), BAP1 (BRCA1 associated protein-1) and NF2 (Neurofibromin 2) have
been reported in a high percentage of MPM. Mutations in TP53 (Tumor protein p53) were
also found but at a lower percentage (3). Recent next-generation sequencing studies did not
find any frequent recurrent alterations in other tumor suppressor genes or oncogenes (4-6).
A recurrent oncogenic mutation in the TERT promoter was previously found in our laboratory.

It was the first hotspot oncogenic mutation identified in MPM (7).

We previously defined a robust MPM molecular classification consisting of two groups
(C1 and C2) with different molecular profiles, gene alterations, histology subtypes and
survival outcomes. Epithelioid MPM were found in both groups with a worse survival
prognosis in the C2 group. The C1 group exhibited more frequent BAP1 alterations and the

C2 group presented a mesenchymal phenotype (8).



The Hippo signaling pathway plays a key role in the control of organ size and in
carcinogenesis by regulating cell growth and apoptosis (9). The Hippo pathway regulates the
transcriptional co-activator YAP (Yes-associated protein, YAP1 gene) activity, which is
involved in MPM carcinogenesis (10, 11). Under healthy conditions, at high cell density, YAP
is phosphorylated and sequestrated in the cytoplasm after interaction with 14-3-3 proteins,
resulting in proteasomal degradation. At low cell density, YAP is transduced to the nucleus
and interacts with several transcription factors, including TEAD family members, to promote
expression of target genes that promote carcinogenesis (12). In MPM, recurrent inactivating
mutations are found in members of this pathway, NF2 and LATS2 (large tumor suppressor 2)
genes, resulting in aberrant co-transcriptional activity of YAP. However, the alteration

frequency of LATS2 in MPM remains unclear (6, 13, 14).

In the present study, we first focused on LATS2 gene alteration on our collection of
MPM primary cultures to better define the frequency and the mechanism of LATS2
inactivation in MPM. Based on genetic alterations and transcriptomic classification, we
identified a specific MPM molecular subgroup characterized by a co-occurring mutation in
LATS2 and NF2. Molecular analysis makes it possible to identify specific signal pathways
deregulated in this MPM subgroup. These data allowed us to identify a specific biomarker

and to highlight a greater sensitivity to an anticancer compound for this MPM subgroup.



Materials and Methods

Mesothelioma cells in culture

MPM in culture (61 cases), previously characterized for genetic alterations in key
genes of mesothelial carcinogenesis (CDKN2A, CDKN2B, BAP1, NF2 and TP53), were
primary cell lines established in our laboratory (they can therefore not be authenticated) and
used in several previous studies showing their relevance to MPM primary tumors (7, 8, 15,

16). Clinico-pathological, epidemiologic and molecular data are reported in Table 1.

siRNA-targeted knockdown

RNA interference was used to knockdown NF2, LATS2 and YAP expression in MPM
cells by using two different siRNA for each targeted gene. Silencer Select pre-designed
siRNA were purchased from Thermo Fisher Scientific/Ambion (Supplementary Table S1).
Knockdown was performed by reverse transfection of siRNA into cells using Lipofectamine
RNAIMAX reagent (Thermo Fisher Scientific) according to the manufacturer's instructions.
Briefly, 3.10° cells were seeded on 6-well plates (TPP) and transiently transfected with equal
amounts of siRNA (4 nM siRNA for simple transfection and 8 nM for co-transfection), using
2.5 yl/mL of transfection reagent. As a control, cells were transfected without siRNA and with
two untargeting siRNA (Silencer Select Negative Control #1 or #2 siRNA, Thermo Fisher

Scientific/Ambion).

Cell proliferation and inhibitor assays

For proliferation, MPM cells were seeded in triplicate and transfected on 96-well
plates (Corning, Falcon) at different concentrations: 5.10° or 1.10* cells/well for non-confluent

conditions and 3.10* cells/well for confluent conditions. For inhibitor assays, MPM cells were
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seeded at 1.10* cells/well in triplicate. Cells were treated for 48 hours with gradient
concentrations of a potent YAP inhibitor (verteporfin; #51786; Selleck Chemicals), a specific
mTOR inhibitor (rapamycin; #S1039; Selleck Chemicals) or a specific mTOR/PI3K/Akt
inhibitor (PF-04691502; #S2743; Selleck Chemicals). Cell proliferation was quantified by
MTS assay (CellTiter 96 AQueous One Solution Cell Proliferation Assay, Promega) using an
absorbance reader (FLUOstar Omega, BMG Labtechnologies). Area Under Curve (AUC)
was determined by Graph Pad Prism 6 software for inhibitor assays. Results were obtained
from at least two independent experiments. Apoptosis assays were performed by Annexin V

and propidium iodide (PI) staining (see Supplementary Methods for details)

Mutation and gene expression analysis

Genetic alterations in the LATS2 gene in MPM cells were screened by Sanger
sequencing as previously described (7, 16), using specific primers (Supplementary Table
S2). Gene expression was analyzed by quantitative RT-PCR. Protein expression was
determined by Western blot and Reverse Protein Phase Array (RPPA) technology (see
Supplementary Methods for details). RPPA was performed on 39 MPM in culture as
previously described (17) and arrays revealed with the antibodies are given in
Supplementary Table S3. Raw data were normalized using NormaCurve, which normalizes

for fluorescent background per spot and a total protein stain (18).

Statistical analyses

Unsupervised consensus clustering analysis of the 23 MPM of the C2 subgroup was
performed using Affymetrix HG-U133-plus-2.0 microarray data (ArrayExpress accession
number E-MTAB-1719) as previously reported (8). Differentially expressed genes were

identified from microarray data using the Bioconductor Limma package in the statistical
9



program R (19). Graph Pad Prism version 6 software was used to perform the other
statistical tests: Mann-Whitney test for the whole MPM series data, t test for the siRNA
experiment and log-rank test of the Kaplan—Meier plot for survival comparison. P-values are

shown in the figure as * P < 0.05, ** P < 0.01 and *** P < 0.001.

10



Results

Genetic alterations in the LATS2 gene

Genetic alterations in the LATS2 gene were studied by DNA sequence analysis
using our series of 61 MPM in culture (Table 1). LATS2 mutations were detected in seven of
the 61 MPM in culture (11%) and consisted of three large deletions and four different point
mutations (Fig. 1A and Supplementary Table S4). MPM_18 and MPM_40 showed a deletion
of exon 2, and MPM_29 showed a deletion of exons 3 and 4. Two nonsense mutations were
found in exon 4 of MPM_08 (c.1237C>T, p.Q413*) and MPM_14 (c.685C>T, p.Q229%). A
frameshift mutation introduced a stop codon in exon 5 (c.1425delC, p.P475fs) into MPM_47.
One missense mutation ¢.2873G>A (p.R958H) was found in exon 8 (coding for the catalytic
kinase domain of the LATS2 protein) of MPM_04 with functional consequences on the
protein activity, according to prediction programs. None of these mutations was previously
identified in the COSMIC database (http://cancer.sanger.ac.uk/cosmic/; last access:
November 16, 2016). MPM without mutation expressed LATS2 mRNA and LATS2 protein
(Fig. 1B-C). Complete loss of mRNA expression was only observed in MPM with large exon
deletions (Fig. 1B). Among the seven LATS2 mutants, only the MPM in culture with missense

mutation (MPM_04) showed LATS2 protein expression (Fig. 1C).

Molecular characteristics of LATS2 MPM mutants are shown in Fig. 1D. Mutants were
mainly found in the C2 molecular tumor group (6/7 cases). No significant association was
found between LATS2 mutations and genetic alterations in other genes involved in
mesothelial carcinogenesis (CDKN2A, CDKN2B, BAP1, NF2 and TP53). Interestingly, five of
the seven LATS2 mutants (8% of all the MPM) are also mutated for NF2, another member of
the Hippo signaling pathway, which is otherwise altered in 27 MPM in culture (44%). We
focused on these MPM with LATS2/NF2 co-occurring mutations, all found in the C2

molecular group.
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Molecular subgroup of MPM with LATS2/NF2 co-occurring mutations

Three MPM with LATS2/NF2 co-occurring mutations (MPM_04, MPM_08 and
MPM_29) were part of a previous transcriptomic analysis (8). In the present study, we
performed an unsupervised consensus classification of the C2 group (Fig. 2A). The three
MPM with co-occurring mutations were found in a C2 subgroup and shared similar
transcriptomic profiles with two other MPM (MPM_18 and MPM_38). MPM_18 is only
mutated in LATS2 gene and MPM_38 is wild-type for both LATS2 and NF2. As it is known
WWTRL1 (encoding the TAZ transcription coactivator closely related to YAP (12)) may play a
role in the function of the Hippo pathway, gene expression of both YAP1 and WWTR1 was
analyzed in the MPM series. MPM in culture have a relatively homogeneous expression for
both genes except MPM_38, which is characterized by a strong overexpression of WWTR1
gene (Supplementary Fig. S1). This subgroup of five MPM is further referred to as C2"V. The
two MPM with LATS2/NF2 co-occurring mutations (MPM_47 and MPM_40) that were not
included in the transcriptomic analysis but classified in the C2 group using gene predictors

(8) were integrated into the C2"N MPM subgroup for the subsequent analyses.

Among the MPM in the C2"N subgroup, three were sarcomatoid, two epithelioid and
one biphasic. No significant difference was found between the C2"N MPM subgroup and
other MPM patients concerning gender, age or asbestos exposure. Overall survival of the
c2™N subgroup of MPM patients was lower compared to overall NF2-mutated MPM and other

MPM patients (P=0.02) (Fig. 2B).

Effect of LATS2/NF2 co-inactivation on proliferation, invasion and migration of MPM

cells
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Simple or double inactivation of LATS2 and NF2 was simulated in three different
MPM wild-type cells for LATS2 and NF2 genes (MMP_07, MMP_32 and MPM_34) using
efficient siRNA (Supplementary Fig. S2). Cell proliferation was measured in siLATS2 and/or
siNF2 transfected cells and compared to siControl transfected cells. A significant increase of
proliferation in MPM_34 cells transfected with siLATS2/NF2 was observed only when the
cells reached the confluent state (Fig. 2C). Consistently, in the three MPM cells transfected
with siLATS2/NF2, no effect was observed up to a confluent state (Supplementary Fig. S3A)
but a proliferation increase of 30 to 50% was found at confluence (Fig. 2D). In agreement
with these observations, foci formation was observed when MPM of the C2"N subgroup were
maintained at confluence (Supplementary Fig. S3B). After single inactivation of LATS2 or
NF2, a slight increase was observed in only two MPM in culture (around 20% for MPM_07
and MPM_32) with LATS2 siRNA, and no effect on proliferation was observed with NF2
siRNA (Fig. 2D). Inactivation by siRNA of both LATS2 and NF2 did not modify cell migration

or invasion (Supplementary Fig. S3C-D).

Pathway deregulation of the C2'" subgroup MPM

To explore signaling pathways impaired by LATS2/NF2 co-occurring mutations, we
compared phosphorylation levels of 40 proteins, key members of several major signaling
pathways, between the C2"N MPM subgroup and the other MPM by RPPA (Supplementary
Table S3). The phosphorylation level was significantly decreased in the C2-N MPM subgroup
for YAP, the serine/threonine protein kinase mTOR (mammalian target of rapamycin) and the
EPHA2 receptor tyrosine factor in the C2-N MPM subgroup (Fig. 3A and Supplementary Fig.

S4A-B).

To validate the decrease of YAP phosphorylation in MPM of the C2"" subgroup, we

studied YAP phosphorylation status by western blot. A slightly lower ratio of total Phospho-
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YAP/YAP was found in the C2"N MPM subgroup compared to the NF2-mutated MPM and
other MPM (Fig. 3B and Supplementary Fig. S4C). All the MPM of the C2"N subgroup show a
relative high percentage of nuclear YAP relative to total cell YAP in comparison to the other
MPM (Supplementary Fig. S5A). The mRNA expressions of three YAP potential targeted
genes (CTGF (connective tissue growth factor), ANKRD1 (ankyrin repeat domain 1) and
CYRG61 (cysteine-rich, angiogenic inducer, 61)) were also studied. We first verified that these
three genes are YAP targeted genes in MPM by demonstrating that CTGF, ANKRD1 and
CYRG61 expressions were significantly decreased after YAP1 knockdown by siRNA either in
three MPM of the C2"N subgroup (MPM_08, MPM_40 and MPM_47) or in another MPM
(MPM_32) (Supplementary Fig. S5B-C). CTGF, ANKRD1 and CYRG61 expressions were then
compared in 61 MPM in culture, including MPM of the C2N subgroup, NF2-mutated MPM
and other MPM. A slightly increased expression of these three genes was found in the C2"N
MPM subgroup in subconfluent cells (Fig. 3C) and was enhanced when the cells were
confluent (Supplementary Fig. S5D). Verteporfin, a potent YAP inhibitor, strongly inhibited
cell viability in all MPM (Supplementary Fig. S5E). The MPM of the C2'" subgroup were
more resistant to Verteporfin than other MPM (Supplementary Fig. S5F). Overall, these data
suggest a high co-transcriptional activity of YAP and a low Hippo pathway activity in MPM of

the C2"N subgroup.

MTOR phosphorylation and total protein expression were also analyzed by western
blot (Fig. 3D-E and Supplementary Fig. S4C). RPPA data on mTOR phosphorylation were
confirmed, suggesting that mTOR is less active in the C2" MPM subgroup (Fig. 3D). A
decrease in mTOR expression was also observed in the C2"" subgroup, indicating that lower

phosphorylation of mTOR is linked to a lower protein expression (Fig. 3E).

Targeted treatment of the C2"" subgroup MPM

14



The low expression and phosphorylation of the mTOR protein allowed us to target
mTOR in the C2" MPM subgroup to determine whether mTOR inhibitors could affect cell
viability. We selected a specific mTOR inhibitor (rapamycin) and an mTOR/PI3K/AKT
inhibitor (PF_04691502). Treatment with rapamycin caused a slight decrease of cell viability
in most of the cell lines, even at high concentrations (5-48% at 10 uM) (Supplementary Fig.
S6A-B). In contrast, PF_04691502 significantly inhibited cell viability in all MPM (47-92% at
10 pM), but PF_04691502 sensitivity was variable between MPM in culture (Fig. 4A).
Interestingly, the MPM of the C2"N subgroup were more sensitive to PF_04691502 than other
MPM (Fig. 4A-B). Using two MPM of the C2"N subgroup, we confirmed that PF_04691502
inhibits mTOR by analyzing phosphorylation of mMTOR downstream targets, 4E-BP1, p70 S6
kinase (P70-S6K) and S6 ribosomal protein (S6R) (Supplementary Fig. S6C). We used
annexin V/propidium iodide staining assay to determine the PF_04691502 mechanism of cell
death in two representative MPM. After treatment with gradient concentrations of
PF_04691502, the apoptotic cells were increased from 13.2% to 85.4% in MPM of the C2""

subgroup (MPM_29) and from 12.9% to 24% in other MPM (MPM_17) (Fig. 4C-D).
Identification of MOK, a specific biomarker of the C2"N MPM subgroup

To define a specific biomarker the of C2"" MPM subgroup, we compared mRNA
expression between the C2"N MPM subgroup and the other MPM using previously reported
transcriptomic data (8) (Fig. 5A). A list of 42 deregulated genes was obtained with an
adjusted P-value < 0.01 (Supplementary Table S5). We selected four upregulated genes
(MOK, CHRDL1, TXNRD2 and PTPRB) and one downregulated gene (NEO1), based on fold
change and gene function. The mRNA expression level of these genes was further analyzed
by gqRT-PCR in all 61 MPM in culture. MOK, CHRDL1, PTPRB and NEO1 showed highly
significant deregulation in the C2"N MPM subgroup (Fig. 5B and Supplementary Fig. S7A). In
siLATS2 and/or siNF2-transfected MPM, only MOK (MAP overlapping kinase) mRNA was

specifically upregulated after knocking down both LATS2 and NF2, indicating that the MOK
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gene is a potential biomarker of the C2"N MPM subgroup (Fig. 5C and Supplementary Fig.
S7B). Furthermore, MOK mRNA expression was not modified by YAP1 inhibition using
specific siRNA in three MPM of the C2"N subgroup, suggesting that MOK expression was
regulated by LATS2/NF2 inactivation independently of YAP activity (Supplementary Fig.
S7C). Moreover, we found a significant correlation between MOK mRNA expression and
normalized AUC of PF_04691502-treated MPM cells, suggesting that MOK expression could

also be a predictor of PF_04691502 sensitivity in MPM (Fig. 5D).
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Discussion

Genetic alterations in members of the Hippo pathway are frequent in MPM cells. The
most frequently mutated gene is NF2, an upstream regulator, with rates of 40 to 60% (20).
Mutations in LATS2 were first described by Murakami et al. (13) at a high rate of mutation
(35% - 7/20 MPM in culture), which was not confirmed in two larger series of MPM tumor
samples (4% - 2/53 MPM tumor samples; 3% - 6/202 tumor samples) (6, 14). In the
Murakami series, 4/7 genetic alterations were large biallelic deletions (20% - 4/20 MPM in
culture) and 3/7 were point mutations (15% - 3/20 MPM in culture). In the present larger
series of 61 MPM cells in culture, a mutation rate of 11% of overall mutations (6% of point
mutations and 5% of large deletions) was found. Large deletions represent 42% of overall
mutations for LATS2 in our series. Most sequencing methods do not make it possible to
identify large biallelic deletions in tumor samples due to the presence of normal cells, in
contrast to cell lines. Our sequencing data confirms that the point mutation rate of LATS2 is
around 5% in MPM and underlines the need to evaluate large biallelic deletions by FISH or
other analyses to have a correct evaluation of LATS2 genetic alterations in MPM tumor
samples. Analysis of LATS2 mRNA and protein expression in our MPM series suggests that
genetic alterations are the main mechanism of inactivation for this gene. Genetic alterations
of other Hippo pathway members have been described for LATS1 (large tumor suppressor
1), SAV1 (salvador homolog 1), MST1, MST2 (macrophage stimulating 1 and 2), RASSF1
(ras association domain family member 1) and STK3 (serine/threonine kinase 3), but their
mutation frequencies were very low (4, 6, 13, 14, 21). Since LATS1 gene is a homolog of
LATS2, we analyzed LATS1 mRNA and protein expression by RT-gPCR and western blot
respectively in our MPM series (data not shown). We observed similar mRNA expression of
LATS1, but variable protein expression. Absence of LATS1 protein expression was observed
in three of seven LATS2-mutated MPM and one of 34 wild-type MPM, showing a significant
association (P=0.01) between LATS2 gene mutation and LATS1 expression loss by a post-

transcriptional mechanism. This observation needs to be confirmed in a larger series.
17



We identified co-occurring mutations of the two Hippo pathway members, LATS2 and
NF2, in 8% of MPM samples. It is generally expected that a single tumor has alterations in
only one member of a given signal pathway. However, the discovery of an increasing number
of mutated genes in human cancers has led to the identification of genes with co-occurring
mutations, which mapped to the same pathway (22). LATS2/NF2 co-occurring mutants were
also found in the Murakami series of MPM in culture (15%), and in the Miyanaga (4%), Bott
(2%) and Bueno (1%) tumor samples series (6, 13, 14, 21). These co-occurring mutations
were more frequently detected in MPM in culture than in MPM tumor samples, consistent
with the poor detection of large biallelic deletions in MPM tumor samples. Next generation
sequencing (NGS) approaches are very efficient to detect variants, but may fail to identify
large deletions because of the presence of contaminating normal stromal and immune cells
in the tumor sample. Large deletions are common in MPM, NF2 is also frequently altered by
large exon biallelic deletion (59% in our series). An integrated approach is required to
correctly estimate the frequency of LATS2/NF2 co-occurring inactivation in tumor samples
including multiplex ligation-dependent probe amplification (MLPA), fluorescence in situ
hybridization (FISH) and immunohistochemistry. Data mining of DNA sequencing studies
shows other co-occurring alterations in other Hippo pathway members, even they are
infrequent in MPM (LATS2/MST1, LATS2/RASSF1, LATS2/SAV1, NF2/LATS1,
NF2/RASSF1, NF2/SAV1) (6, 13, 14, 21). Furthermore, analysis of large-scale cancer
genomics datasets of the cBioPortal database (http://www.cbioportal.org/, last access:
November 16, 2016) did not identify other associations between LATS2 and NF2 gene
mutations in other cancer types due to their low mutation frequencies. Consequently, LATS2

and NF2 co-occurring mutants seem to be relevant and specific to MPM carcinogenesis.

Additionally, we found that LATS2/NF2 MPM mutants clustered in a specific C2""
subgroup of the C2 group, using the same clustering approach that led to the identification of
the C1/C2 groups (8). Consequently, these mutants share a similar transcriptomic profile,

suggesting a common mechanism of carcinogenesis. It is noteworthy that it is the first MPM
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subgroup for which such a strong link between a mutation profile and gene expression
signature is highlighted. We previously described a significant association between BAP1
gene mutation and the C1 group (8), but unsupervised consensus classification of the C1
group did not distinguish BAP1-mutated MPM from BAP1 wild-type MPM (data not shown).
Furthermore, a recent clustering analysis based on transcriptomic data of large MPM tumor
series did not reveal a strong association between gene mutations and transcriptomic

clusters (6).

Two other MPM in culture (MPM_18 and MPM_38) are also present in the C2" MPM
subgroup. In MPM_18, the LATS2 gene is altered by exon deletion, but no genetic alteration
in NF2 gene was identified and NF2 expression was detected both at the mRNA and protein
level (data not shown). Regulation of NF2 in MPM may occur at different levels, including the
post-translational mechanism. It was shown that NF2 is rendered inactive by phosphorylation
of Ser518 (23). This might be the case in MPM_18. MPM_38 has no mutation in NF2 and
LATS2 genes, but show a strong overexpression of WWTR1 that could support its presence

in the C2"N MPM subgroup.

Our data suggest that co-inactivation of LAST2 and NF2 modulates MPM
proliferation. NF2 is a key gene of mesothelial carcinogenesis. Inactivation of Nf2 in mice
favored mesothelioma formation after exposure to asbestos, showing that it is driver gene of
asbestos-induced mesothelial carcinogenesis (24). However, spontaneous mesothelioma is
infrequent in Nf2 homozygous conditional knockout mice, revealing that other genetic
alterations are needed for MPM formation (25). It was shown that NF2 re-expression inhibits
invasiveness in two human mesothelioma cell lines (26), but inhibition by siRNA of NF2 did
not modify the invasion property of our MPM in culture in vitro. It was also shown that the re-
expression of NF2 or LATS2 separately inhibited proliferation in MPM cell lines (13, 27).
However, our data show that single inactivation of either NF2 or LATS2 did not affect

proliferation in three NF2 wild-type MPM in culture. On the other hand, co-inactivation of
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LAST2 and NF2 led to a loss of contact inhibition, as shown by increased proliferation of
siRNA knockdown cells at confluence and foci formation in LATS2/NF2 MPM mutants. Loss
of contact inhibition may promote tumor growth and is consistent with the worse prognosis of
patients in the C2"N MPM subgroup compared to other MPM patients. Modeling of LATS2
and NF2 inactivation in mice would make it possible to better understand their contribution to

MPM progression.

Identification of specific biomarkers of tumor subgroup, sharing similar molecular
characteristic, is essential to select patients for target therapy. Gene expression based
biomarkers are especially useful for molecular subgroups relying on various or complex
genetic alterations, whose the identification by sequencing in tumor samples is problematic,
such as the C2"N MPM subgroup. We identified the MOK gene as a specific biomarker
overexpressed in the C2"N MPM subgroup. Unfortunately, we assayed several anti-MOK
commercial antibodies, but none was able to accurately detect MOK protein expression.
Nevertheless, analysis of gene expression on frozen tumors using RT-gPCR or on formalin-
fixed paraffin-embedded tumors using multiplexed hybridization assay (NanoString nCounter
system) should contribute to better identify patients with MPM tumors of the C2"N subgroup.
Interestingly, MOK overexpression was also associated with poor prognosis in hepatocellular
carcinoma patients (28). MOK overexpression is induced by the simultaneous siRNA
knockdown of LATS2 and NF2 and not of YAP1, demonstrating that co-inactivation of LATS2
and NF2 leads to gene deregulation independently of YAP. MOK is a member of the MAP
kinase family and considered as a tumor-associated antigen (RAGE-1) in renal carcinoma
cells (29) and in some MPM (30). To date, the function of MOK in carcinogenesis remains
largely unknown. MOK was found to decrease the cell invasive ability of hepatocellular
carcinoma cells (28). We attempted to knockdown MOK expression using at least six
different siRNAs from two different manufacturers. Unfortunately, MOK expression inhibition
by siRNA was only partial and we were not able to evaluate its contribution to the

proliferation and invasion of MPM cells.
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In the present study, we identified specific signaling pathways deregulated in the C2""
MPM subgroup. As expected, we observed a decrease of Hippo signaling pathway activity
(decrease of YAP phosphorylation and overexpression of CTGF, CYR61 and ANKRD1,
previously described (31, 32), and confirmed as YAP target genes by YAP1 knockdown in
MPM), not only in comparison to MPM without mutation in members of this pathway, but also
in MPM with mutation solely in the NF2 gene. Furthermore, the MPM of the C2"N subgroup
were more resistant to Verteporfin, a potent YAP inhibitor, which disrupts YAP-TEAD
interactions (33), than other MPM, consistent with higher YAP activity in the C2"" subgroup.
It was previously suggested that MPM cells with NF2 inactivation alone showed relatively
modest YAP activation, and additional alterations of other molecules such as SAV1, KIBRA,
LATS1/2 and AJUBA lead to the enhancement of YAP activation (34). This hypothesis is
supported by our data on LATS2/NF2 MPM mutants and on NF2 MPM mutants, which
showed a heterogeneous mRNA expression of YAP target genes compared to the C2'N

MPM subgroup

However, the Hippo pathway is not the only signaling pathway altered in the C2""
MPM subgroup. Our findings are consistent with a deregulation of mTOR in the C2- MPM
subgroup. MTOR is a serine/threonine kinase that belongs to the PI3BK/AKT/mTOR signaling
pathway and is often activated in MPM (20). It was suggested that the loss of merlin,
encoded by the NF2 gene, causes activation of mTOR signaling by studying 4E-BP1 and
p70-S6-Kinase phosphorylation but not mTOR phosphorylation and expression (35). We
analyzed, by western blot, the phosphorylation of 4E-BP1, p70-S6-Kinase and S6-
Ribosomal-protein using the MPM panel of Supplementary Figure S4C (data not shown). We
did not find significant difference in the phosphorylation level of these three proteins between
the nine NF2-mutated MPM and the seven wild-type MPM. Our data show that mTOR
phosphorylation is downregulated in the C2" MPM subgroup. This downregulation is linked
to a decrease of mTOR expression at the protein level, but not at the mRNA level. No

difference was found in mRNA expression between the C2" MPM subgroup and other MPM
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in our transcriptomic data (data not shown). Little is currently known about mTOR post-
translational regulation and protein degradation. MTOR is targeted for ubiquitination and
proteasomal degradation by binding to the E3 ubiquitin ligase FBXW7 (F-box/WD repeat-
containing protein 7) (36). Lysosomal degradation is another mechanism of mTOR protein
expression regulation (37). Further studies are needed to understand the decrease of mTOR

expression and, consequently, activity in the C2"N MPM subgroup.

In order to identify anticancer compounds specific to the C2"N subgroup of MPM, we
then focused on mTOR inhibitors. Rapamycin, a specific mTOR inhibitor, showed a slight
effect on MPM cell viability (inhibition of 20-30%). A previous study using this inhibitor on
several MPM cell lines also revealed inhibition of cell growth up to only 30% after 48 h of
treatment, except in one cell line (35). Furthermore, recent results of a phase Il clinical trial
showed that inhibition of mTOR alone by Everolimus (a rapamycin derivate) has a limited
effect in MPM patients (38). The inefficiency of rapamycin could be explained by the
activation of an AKT feedback after mTOR inactivation (39). In MPM, it was shown that
rapamycin strongly inhibited mTOR activity in three MPM cell lines, but was associated with
an increase of AKT activation (40). Dual inhibition of mMTOR and PI3K/AKT seemed to be
more efficient than single mTOR inhibition, with a significant effect on proliferation and
survival of MPM cell lines, as recently described (41, 42). In agreement with these studies,
PF_04691502, an mTOR/PI3K/AKT pathway inhibitor (43), strongly affected the viability of
our MPM in culture. Furthermore, MPM of the C2"N subgroup were more sensitive than other
MPM to PF_04691502 treatment. This result could be explained by the lower mTOR protein
expression and activity in this subgroup, increasing the efficiency of this ATP-competitive
dual inhibitor of mTOR and PI3K. PF_04691502 treatment affects cell viability in MPM and
apoptotic cells were detected in MPM_29 and two other sensitive cell lines (data not shown).
Our data suggest that induction of apoptosis by PF_04691502 contributes to affect cell
viability in sensitive MPM in culture, as has been described in other tumor cell types (44).

However, the plateau observed in cell viability at higher drug concentrations in most of the
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MPM in culture also indicates contribution of growth arrest and autophagy. Interestingly, we
found a correlation between MOK mMRNA expression and PF_04691502 sensitivity,
suggesting that MOK could be used as a biomarker of the C2"N MPM subgroup as well as of
PF_04691502 sensitivity. PF_04691502 was already studied in phase | and phase Il clinical
trials for several advanced cancers and recurrent endometrial cancer (45, 46), which will
facilitate the clinical transfer to MPM patients, especially to patients with LATS2 and NF2
mutations. Nevertheless, before considering a clinical transfer in MPM, the therapeutic value
of PF_04691502 should be evaluated in preclinical animal models in relevant heterotopic and

orthotopic xenograft models.

In conclusion, we clarified LATS2 alterations in MPM and identified a specific MPM
molecular subgroup, C2"N, characterized by frequent co-occurring mutations in LATS2 and
NF2, two members of the Hippo signaling pathway. Patients of the C2"" subgroup had a poor
survival prognosis, possibly in relation to a better propensity of tumor cells to grow
independently of cell-cell contact inhibition. The Hippo signaling pathway and mTOR protein
expression were altered in the C2"N MPM subgroup. This new subgroup is more sensitive to
mTOR/PI3K/AKT pathway inhibitors. We identified the MOK gene as a potential biomarker of
MPM patients of the C2"N subgroup and mTOR/PI3K/AKT pathway inhibitor sensitivity. Our
data demonstrate the importance of combining molecular classification and genetic

alterations to define a new molecular subgroup and a new potential therapeutic strategy.
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Table

Table 1. Clinico-pathological and molecular characteristics of MPM.

MPM cells in culture

(n =61)

Gender, n (%)

Male 48 (79)

Female 13 (21)
Age (years)

Median + SD 65+ 10

Range 37 -89
Histology, n (%)

Epithelioid 43 (74)

Biphasic 8 (14)

Sarcomatoid 6 (10)

Desmoplastic 1(2)
Asbestos exposure, n (%)

Exposed 47 (80)

Non-exposed 12 (20)
Survival (months)

Median 10

Range 0.3-118.8
Molecular Group, n (%)

C1 20 (33)

C2 41 (67)
Genetic alterations, n (%)

CDKN2A 46 (75)

CDKN2B 41 (67)

BAP1 30 (49)

NF2 27 (44)

TP53 6 (10)

MPM, malignant pleural mesothelioma.
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Figure 1. LATS?2 alterations in MPM cells in culture

A, Schematic representation of the LATS2 gene with genetic alterations characterized by
Sanger sequencing. Large exon deletions are shown at the bottom. B, LATS2 mRNA
expression was measured by qRT-PCR. Dot plots of -AACt values are shown for wild type
(black), mutated (blue) and exon-deleted MPM (red). C, Cell extracts from wild-type and
LATS2 MPM mutants were analyzed by western blot using anti-LATS2 antibody. a-tubulin
expression was used as a control. wt: wild type; mut: mutated; del: deletion. D, Heatmap
representation of genetic alteration profile of MPM in culture (n=61) for CDKN2A, CDKNZ2B,
BAP1, NF2, LATS2 and TP53 genes. Dark blue is for exon deletions and light blue for point
mutations. The MPM molecular classification is shown at the bottom: C1 group (green) and

C2 group (red).

Figure 2. Characteristics of the C2"N MPM subgroup and effect of LATS2/NF2

inactivation on MPM proliferation

A, Hierarchical unsupervised consensus classification of 23 MPM in culture from the C2
group was performed on gene expression profiles. The consensus dendrogram is shown.
The three LATS2/NF2 co-mutants (bold black line) are included in a specific subgroup
referred to as C2'". B, Differences between overall survival of the LATS2/NF2 wild-type
MPM, NF2 MPM mutants and the C2"N MPM subgroup are shown. The Logrank test P-value
is indicated. C, One LATS2/NF2 wild-type MPM (MPM_34) was transfected with siControl or
both siLATS2 and siNF2. Proliferation was followed by MTS assay for 120 hours. Results are
expressed as the mean + SEM of one representative experiment. D, Three LATS2/NF2 wild-

type MPM were transfected with siControl, siLATS2, siNF2 or both siLATS2 and siNF2. Two
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different siRNAs for each targeted gene were used. Proliferation was quantified by MTS
assay 96 hours after siRNA transfection. The mean of the two different siRNAs for each
targeted genes was calculated and compared to an untransfected control. The histogram
shows fold changes + SD of one representative experiment. Statistical comparisons were

performed on two or more independent experiments compared to siControl.

Figure 3. Signaling pathway activation in the C2"" MPM subgroup

A, RPPA analysis was performed on cell extracts of 39 MPM using antibodies specific to 40
phosphorylated proteins, key members of several major signaling pathways. The volcanoplot
of RPPA data comparing the C2"N MPM subgroup to other MPM is shown. B, D-E, Cell
extracts from the C2-" MPM subgroup, NF2 MPM mutants and other MPM were analyzed by
western blot. The boxplot shows the Phospho-YAP/YAP ratio (B) and Phospho-mTOR and
mMTOR ratios normalized to a-tubulin (D-E) determined from western blot signal intensity. C,
mRNA expressions of Hippo pathway target genes (CTGF, ANKRD1 and CYR61) were
measured by qRT-PCR. Dot plots of -AACt values are shown for the C2"N MPM subgroup,
NF2 MPM mutants and other MPM. Statistical comparisons were performed by comparing

the C2"N MPM subgroup to NF2 MPM mutants and other MPM.

Figure 4. Effect of mTOR/PI3K/AKT inhibitor on cell viability

A, Cell viability curves of 18 MPM were determined in the presence of a gradient
concentration of PF_04691502, a mTOR/PI3K/AKT inhibitor. Each point represents the mean
+ SD of two independent experiments. B, PF_04691502-normalized AUCs of each MPM are
compared between the C2"N MPM subgroup and other MPM. C-D, One MPM of the C2'N
subgroup (MPM_29) and another MPM (MPM_17) were treated with gradient concentration

of PF_04691502 for 48 h. MPM cells were stained with Annexin V-Alexa Fluor 488 and
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propidium iodide. Early apoptosis, late apoptosis and necrosis were determined using flow
cytometry (C). The percentage of cells in the lower left quadrant (live cells), the lower right
quadrant (early apoptotic cells), the upper right quadrant (late apoptotic cells) and the upper
left quadrant (necrotic cells) was quantified at a gradient concentration of PF_04691502 (D).

Results are shown for one representative experiment.

Figure 5. Identification of a C2"N MPM subgroup biomarker

A, Diagram of selection, from transcriptomic data, of deregulated genes between the Cc2tN
MPM subgroup and other MPM. B-C, MOK mRNA expressions were measured by qRT-
PCR. Dot plots of -AACt values are shown for the C2"N MPM subgroup and the other MPM.
Open circles and open squares represent MPM included in transcriptomic analysis; closed
circles and closed squares represent MPM not included in transcriptomic analysis (B). Three
LATS2/NF2 wild-type MPM were transfected with siControl, siLATS2, siNF2 or both siLATS2
and siNF2. Two different siRNAs for each targeted gene were used. The mean of 224
obtained from the two different siRNAs of each targeted gene was calculated. The histogram
shows the mean + SD of one representative experiment. Statistical comparisons were
performed on two or more independent experiments compared to siControl (C). D,
Correlation between MOK mRNA expression and PF_04691502-normalized AUCs of 18
MPM in culture. Each point represents the mean + SD of two independent experiments.

Circle: other MPM; Square: C2"N MPM subgroup.
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Propidium iodide
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mRNA expression (2-24Ct)
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