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Abstract

Objectives

Malignant pleural mesothelioma (MPM) is an aggressive tumor with limited
therapeutic options, requiring the development of efficient targeted therapies based
on molecular phenotype of the tumor and to identify predictive biomarkers of the

response.

Materials and Methods

The effect of inhibitors was investigated by cell viability assessment on primary
MPM cell lines established in our laboratory from patient tumors, well characterized
at the molecular level. Effects on apoptosis, cell proliferation and viability on MPM
growing in multicellular spheroid were also assessed for verteporfin. Gene and
protein expression, and gene knockdown by RNA interference were used to define

mechanism of inhibition and specific predictive biomarkers.

Results

Anti-tumor effect of eight major signaling pathways inhibitors involved in
mesothelial carcinogenesis was investigated. Three inhibitors were more efficient
than cisplatin, the drug used as first-line chemotherapy in patients with MPM:
verteporfin, a putative YAP inhibitor, defactinib, a FAK inhibitor and NSC668394, an
Ezrin inhibitor. Verteporfin, the most efficient inhibitor, induced cell proliferation arrest
and cell death, and is effective on 3D spheroid multicellular model. Verteporfin
sensitivity was YAP-independent and related to molecular classification of the
tumors. Biomarkers based on gene expression were identified to predict accurately

sensitivity to these three inhibitors.



Conclusion

Our study shows that drug screening on well-characterized MPM cells allows
for the identification of novel potential therapeutic strategies and defining specific

biomarkers predictive of the drug response.



Highlights

e Three signal pathway inhibitors show higher toxicities than cisplatin: verteporfin,

defactinib and NSC668394

e Verteporfin sensitivity is related to molecular classification in subgroups

e Verteporfin inhibits cell viability independently of YAP

e Defactinib sensitivity is related to FAK protein kinase activation

e Predictive biomarkers of inhibitors response were defined based on gene

expression
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1. Introduction

Malignant pleural mesothelioma (MPM) is a rare tumor principally due to past
exposure to asbestos, a carcinogenic natural mineral fiber that induces genomic and
genetic alterations [1]. Lack of curative treatment due to resistance to anti-cancer
therapies combined with tumor aggressiveness accounts for the poor prognosis
associated to MPM. Despite the significant advances in oncotherapy, MPM is still a

challenging cancer to treat [2].

MPM tumors are heterogeneous at the molecular level, showing a complex
pattern of chromosomal abnormalities and tumor suppressor gene mutations. These
alterations result in differential gene expression between MPM tumors, and
deregulation of cell signaling pathways specific to each tumor [3], [4]. On the basis of
gene expression profiles, we recently defined a robust MPM molecular classification
consisting of two groups (C1l and C2) with different gene alterations, pathway
deregulations, histologic subtypes and survival outcomes [5]. More recently, we
identified a new MPM molecular subgroup, C2'N, characterized by inactivating
mutations in NF2 and LATS2 tumor suppressor genes, and targetable by

mTOR/PI3K/AKT inhibitor [6].

Presently, there is a strong need to develop efficient therapeutic strategies based
on the molecular characteristics of each tumor that takes into account the tumor
specificity and inter-tumor heterogeneity. Therapies targeting signal pathways are
promising in cancer treatment including MPM. However, clinical trials in MPM using
targeted therapies have not improved the results of standard cisplatin-pemetrexed
chemotherapy until recently with the addition of bevacizumab, an inhibitor of

angiogenesis (VEGF) [7]. These disappointing results could be due to the lack of



consideration of MPM molecular heterogeneity during the clinical trials. The use of
existing treatments from other cancers has not showed significant benefit in MPM [8].
It is also likely due to the limited number of relevant preclinical studies investigating
potent anti-cancer compounds as most of these preclinical studies were performed

using a few number of MPM cell lines not-well characterized at the molecular level.

One of the major issues in targeted therapy is to identify predictive biomarkers of
treatment response. Predictive biomarkers based on a gene expression signature are
reliable, implementable in clinic and complementary to biomarkers defined by

immunohistochemistry or mutation status [9], [10].

The present work focuses on several inhibitors of signal pathways, with the aim
to evaluate their therapeutic interest, to determine the correlation between inhibitor-
sensitivity and MPM molecular phenotype as defined by molecular group (C1, C2 or
C2'N) and mutational status, and to identify predictive biomarkers of inhibitors

sensitivity.



2. Materials and methods

2.1 Mesothelioma cell cultures

MPM in culture (33 cases) were primary cell lines established in our laboratory
and used in several previous studies, showing their relevance to MPM primary
tumors [11], [12], [13], [5], [6]. Cells were grown as previously described and used at

low-passage numbers (< 12 passages) [14].

2.2 siRNA-targeted knockdown

YAP1 and EZR knockdown was performed as previously described by using two
different siRNA for each targeted gene (Supplementary Table S1) [6]. Control cells
were transfected without siRNA and with two untargeting siRNA (siControl.1 and

siControl.2).

2.3 Inhibitors assays

MPM cells were seeded in triplicate on 96-well plates (Corning, Boulogne-
Billancourt, France) at 1 x 10* and 3 x 10* cells/well for non-confluent and confluent
conditions, respectively. For spheroid assay, 1 x 10* cells/well were also seeded in
triplicate on 96-well Ultra Low Attachment Spheroid Microplate (Falcon #4520,
Corning). Cells were treated for 48 hours with gradient concentrations of inhibitors.
All inhibitors were diluted in DMSO except cisplatin, which was diluted in NaCl 0.9%
at 0.5 mg/mL. For adherent cells assay, cell viability was quantified by MTS assay
(CellTiter 96 AQueous One Solution Cell Proliferation Assay, Promega) using an
absorbance reader (FLUOstar Omega, BMG Labtechnologies). For spheroid assay,
pictures were taken using a 2.5x objective on a Carl Zeiss Axiocam MRc. Results

were obtained from at least two independent experiments. A first screen was realized



on 20 MPM cell lines representative of the different molecular phenotypes. Some
results were discarded because they did not give reproducible results depending on
the inhibitor or the cell line. The screen was extended to another cell lines based on
the preliminary correlation we observed between inhibitor-sensitivity and MPM
molecular phenotype. The overlap between the MPM in culture treated with the

inhibitors is shown in the heat map (Fig. S1a).

2.4 Apoptosis assays

Apoptosis assays were performed by Annexin V and propidium iodide (PI)

staining as previously described [6].

2.5 Proliferation assays

MPM cells were seeded in triplicate on 96-well plates (Corning) at 1 x 10*
cells/well. Twenty-four hours after verteporfin treatment, cells were labeled with EdU
(A10044, ThermoFisher, lllkirch, France - 10 umol/L) during 24 hours. Cells were
fixed with Formalin (HT5012, Sigma-Aldrich, St. Quentin Fallavier, France - 4%),
stained with Hoechst 33342 (H3570, ThermoFisher — 5 pg/mL) and permeabilized
with Triton (X-100, Sigma-Aldrich - 0.3%). EdU incorporated in DNA was detected by
fluorescent-azide coupling reaction using a mix of Alexa Fluor 647 Azide (A10277,
ThermoFisher - 3 pmol/L) - CuSOs4 (35185, VWR, Fontenay-sous-bois, France - 1
mmol/L) - Ascorbic acid (A5960, Sigma-Aldrich - 100 mmol/L). Cells were imaged
with a high-content imaging device (Operetta CLS, Perkin Elmer, Villebon sur Yvette,
France) using a 10x objective with four fields per well captured. Number of nuclei and
EdU positive cells were determined using Harmony software (version 4.6, Perkin

Elmer).



2.6 Protein and mRNA expression analyses

Preparation of MPM cells lysates, western blot and reverse phase protein array
(RPPA) were done as previously described [6], [15]. Preparation of total RNA and
gene expression measurement by RT-quantitative PCR were done as previously
described [6]. Predefined TagMan probes (Supplementary Table S1) were chosen
from the Thermo Fisher Scientific database (http://www.thermofisher.com). All
samples were assayed in duplicate and gene expression was normalized to internal
control ribosomal 18S relative to the mean expression of the corresponding gene in
three normal mesothelial cells in culture or to control cells (DMSO treatment)

according to the 2-22Ct methods.

2.7 Data and statistical analyses

Graph Pad Prism version 6 software was used to calculate normalized Area
Under Curve (AUC) and GI50 of inhibitors assays and to perform the statistical tests:
Mann-Whitney test for the whole MPM series data, unpaired t test with or without
Welch’s correction as appropriate for siRNA or inhibitor assay and rank Spearman
test for correlation analysis. P-values are shown in the figures as * P < 0.05, ** P <

0.01 and *** P < 0.001.



3. Results

3.1 Screening of pre-selected inhibitors

Cell viability was measured on 19 to 30 MPM in culture treated with eight
signaling pathway inhibitors or cisplatin, the chemotherapy drug used as first-line
therapy in patients with MPM. These MPM cell lines were selected according to their
molecular phenotypes i.e. molecular group (C1, C2 or C2"N) and mutational status to
have a sufficient number of MPM cell lines for each molecular characteristic
(Supplementary Table S2). Summary of normalized AUC and GI50 calculated from
cell viability curves (Fig. S1b and Supplementary Table S3) is shown in Figure 1a.
Verteporfin, a YAP/TEAD inhibitor, NSC668394, an Ezrin inhibitor, and defactinib, a
FAK inhibitor, show the highest effect on viability. Based on the GI50 and AUC
average, but also the profiles of the viability curves obtained on all MPM in culture,
these three inhibitors were more efficient than cisplatin (Fig. 1la-b and Fig. S1).
Vandetanib, a multi-kinase inhibitor targeting EGFR/VEGFR-2/RET, and PD166866,
a FGFR1 inhibitor, have an anti-tumor effect on some cultured MPM, but their overall
efficacy is lower than cisplatin. Saracatinib, a Src and Bcr-Abl dual inhibitor,
Trametinib, a MEK1/2 inhibitor, and galunisertib, a TGF@ pathway inhibitor, have no
decrease or only a slight decrease in cell viability in most cultured MPM, even at high
concentration. Verteporfin, NSC668394 and defactinib remain the most efficient
inhibitors even if the analysis is limited to the 13 overlapping cell lines used in the

viability assays of all the inhibitors except galunisertib (Fig. S1a and Fig. S2a).

As YAP is regulated by cell-cell contact via Hippo pathway, verteporfin sensitivity
was determined on confluent MPM cells (Fig. S1b and Supplementary Table S3).

However, the different sensitivities of MPM were not modified under confluent



conditions, except a slight increase between non confluent and confluent conditions

in MPM treated with verteporfin (Fig. S2b-c).

3.2 Relations between inhibitor sensitivity and molecular phenotype

We then focused on the three most efficient inhibitors, verteporfin, NSC668394
and defactinib. These inhibitors also showed a high coefficient of variation between
MPM for G150, 91%, 60% and 40% respectively, as compared to 28% for cisplatin

(Fig. S2d), possibly associated to a specific molecular phenotype.

Consequently, we determined whether inhibitor sensitivity of MPM in culture was
associated to molecular groups, C1, C2 or C2N [5], [6]. We also analyzed the
correlation with the mutational status, since all MPM were previously characterized
for genetic alterations in key genes of mesothelial carcinogenesis (CDKN2A,

CDKN2B, BAP1, NF2, LATS2, TP53 and TERT promoter) [11], [12], [13], [5], [6].

NSC668394 and defactinib sensitivities were not related to molecular
classification or mutational profile, including inactivating mutation in NF2 gene or
protein expression of Merlin (protein encoded by NF2) as previously described for
defactinib (Fig. S3a-e) [16]. In contrast with the two previous inhibitors, we observed
an association between verteporfin sensitivity and molecular groups, with MPM of the
C1 group being significantly more sensitive to verteporfin than MPM of the C2 group,
based on AUC (Fig. 2a, P = 0.01) and GI50 (Fig. 2b, P = 0.03). No link was found
with mutational status of NF2 and LATS2 genes, two genes of the Hippo pathway

that regulate YAP activity (data not shown).



3.3 Effect of verteporfin on cell viability

To further analyze the verteporfin effect on cell viability, additional experiments

were performed on selected verteporfin sensitive and resistant cell lines.

We confirmed the effect of verteporfin on MPM cell viability in a 3D spheroid-
model. This model better mimics some features of solid tumors, such as their spatial
architecture. Figure S4 shows two representatives MPM in culture (MPM_38 and
MPM_04) of four MPM tested (also including MPM_32 and MPM_16) with variable
molecular phenotypes i.e. molecular classification subgroup and LATS2/NF2
mutation status (Supplementary Table S3). In all cases, treatment with verteporfin

induced cells detaching from the spheroids and floating in the medium.

To better understand the mechanism of verteporfin toxicity, the percentage of
proliferating cells was analyzed by detection of EdU-positive cells in two MPM in
culture treated with two concentrations of verteporfin during 48 hours. A decrease of
EdU-positive cells number was observed in both cell lines, with a higher decrease in
MPM_32, a sensitive MPM than in MPM_37, a resistant MPM (Fig. 2c and Fig. S5a).
To determine the induction of apoptosis/necrosis by verteporfin treatment, we used
annexin V/propidium iodide staining assay. After treatment with two concentrations of
verteporfin during 48 hours, necrotic and apoptotic cells were observed in both cell
lines, with 78.4% and 32.7% of death cells observed in sensitive and resistant MPM,
respectively (Fig. S5b). This result was validated in two other sensitive and two other
resistant MPM in culture confirming the higher induction of cell death in sensitive

MPM by verteporfin treatment (Fig. 2d).

3.4 Relation between verteporfin anti-tumor effect and YAP activity

As verteporfin was described as a YAP/TEAD inhibitor, we first studied its effect



on YAP activity. Our data show that verteporfin induced significant downregulation of
the expression of YAP target genes, CTGF and CYR61 in MPM_32, one of the most
verteporfin sensitive cell line (Fig. 3a). We compared the effect of verteporfin
treatment and of YAP1 downregulation using specific SIRNA on MPM cell viability in
nine MPM in culture. The level of downregulation of YAP1 by siRNA was similar
between MPM in culture [6]. YAP1 siRNA-downregulation resulted in variable
inhibition of cell viability ranging from 12% to 45%, but the inhibition levels were not
correlated to verteporfin sensitivity (Fig. 3b and 3c). Furthermore, when YAP1 was
downregulated by siRNA before verteporfin treatment, verteporfin sensitivity of two

MPM in culture was not modified (Fig. 3d).

3.5 Identification of biomarkers of sensitivity

To define a specific biomarker to predict verteporfin response in MPM, we
considered the genes differentially expressed between C1/C2 molecular groups as
we found a relation between verteporfin sensitivity and molecular groups (Fig. 2a-b).
Correlations between mRNA expressions of several of these genes and verteporfin
sensitivity are shown in figure 4a. In control, we also compared the verteporfin
sensitivity to markers of YAP activity. Contrary to several biomarkers of molecular
groups, no significant correlation was found, supporting our previous observation of a
YAP-independent anti-tumor effect of verteporfin. The most significant P were
obtained with MOK (r = 0.67; P = 0.0006) and SLC9A3R1 (r = - 0.61; P = 0.001),
inversely correlated and correlated with verteporfin sensitivity, respectively (Fig. 4b-
c). We found that the better correlation occurred with logz ratio MOK/SLC9A3R1
(M/S) and verteporfin sensitivity (r = 0.72; P = 0.0002) (Fig. 4d). This ratio allows to

refine the prediction of verteporfin sensitivity.



For NSC668394, we found a significant correlation with the level of Ezrin gene
and protein expression (Fig. 5a-b). However, no correlation was observed with the
level of Ezrin-Radixin-Moesin phosphorylation and no alteration of cell viability was
detected after downregulation of Ezrin by siRNA in three MPM, highly sensitive to

NSC668394 (GI50: 1.6 to 2.9 pmol/L) (Fig. S6a-c).

For defactinib, an inverted tendency was observed when correlations were
analyzed between defactinib normalized AUC and FAK protein expression or
phosphorylation in all MPM in culture (Fig. 5c-d), but not with the gene expression of
the encoding gene PTK2 (Fig. S7a). The correlation between defactinib normalized
AUC and FAK protein expression (r = - 0.59; P = 0.008) or phosphorylation (r = -
0.67; P = 0.010) was significant when only epithelioid MPM (MME) are considered
(Fig. 5c¢-d). FAK phosphorylation is highly correlated to Paxilin phosphorylation in all
MPM in culture (r = 0.72; P = 0.0002) and MME (r = 0.64; P = 0.022) (Fig. 5e),
suggesting regulation of FAK pathway by integrin signaling pathway. To define a
specific biomarker to predict defactinib response in MPM, we analyzed correlations
between defactinib normalized AUC and several regulators of integrin pathway: VTN,
VCAN and LUM. LUM gene expression shows the strongest correlation with FAK
phosphorylation and defactinib sensitivity in all MPM and in MME (Fig. 2f-g, Fig.

S7b).



4. Discussion

An important issue in the management of MPM, and in the development of new
therapies, is to consider the molecular diversity of tumors between patients. Despite
discouraging results in clinical trials, target therapy is still a promising strategy in
MPM and is complementary to immunotherapy, which has recently emerged as an
effective treatment in MPM [17]. Signaling pathways are attractive targets in the
treatment of cancers as major contributors to tumor growth in response to autocrine

or paracrine stimuli.

In this study, we make a robust assessment of the anti-tumor potential of eight
inhibitors of major signaling pathways deregulated during MPM carcinogenesis by
analyzing more than twenty MPM cell lines. We also compared their toxicity to that of
cisplatin, the first-line reference treatment in MPM. Concerning cisplatin, our results
are consistent with data from the Genomics of Drug Sensitivity in Cancer (GDSC)
database (Release 7.0, March 2018, http://www.cancerrxgene.org/), which include
also data for two others inhibitors used in this study (trametinib and saracatinib) [18].
GDSC data showed an average AUC of 0.90 (Min — Max: 0.79-0.96) on 15 MPM cell
lines compared to an average AUC of 0.93 (Min — Max: 0.76-1.07) observed in our

19 MPM in culture.

The three inhibitors, galunisertib, trametinib and saracatinib show slight effect on
MPM cell viability. Galunisertib, a selective ATP-mimetic inhibitor of transforming
growth factor beta receptor | (TGFBRI), is the only TGF- pathway inhibitor currently
used in clinical trials. This pathway, a key regulator of epithelial-mesenchymal
transition in tumor cells, is one of the main signal pathways deregulated between our

previously identified molecular groups, C1 and C2 [5]. For the first time, we tested



this inhibitor on MPM cells, and we were not able to show any significant effect on
cell viability in vitro, despite the fact that in mouse preclinical models, targeting of
TGFB pathway inhibits the growth of established MPM tumors [19]. This supports that
anti-tumor effect of TGF pathway inhibitors is related to increase anti-tumor immune
response rather than a direct effect on tumor cells. Trametinib is a mitogen-activated
protein kinase (MEK) inhibitor and several studies described MAPK kinase pathway
contribution to MPM carcinogenesis [20]. As for galunisertib, the MPM in culture of
our collection are not sensitive to trametinib and a recent study reported similar
results [21]. These authors found IC50 higher than 10 pmol/L in 3/4 commercial MPM
cell lines. Only MSTO-211H cell line was sensitive to trametinib with an IC50 equal to
0.15 umol/L. Surprisingly, in the GDSC database, 17/19 MPM show an IC50 below
10 pmol/L including one cell line, NCI-H2452, which is resistant in Cho et al. study
[21]. Saracatinib is an inhibitor of Bcr-Abl tyrosine-kinase and Src family kinases
shown to be activated in MPM [22]. To our knowledge, this inhibitor was not
investigated previously on MPM and only three MPM cell lines were assayed in the
GDSC database, showing a low AUC (0.92). We confirmed that saracatinib exerted
very slight effect on MPM viability. Interestingly, dasatinib, an inhibitor that targets the
same kinases than saracatinib, also showed a moderate effect on three MPM cell

lines [23].

The two inhibitors, PD166866 and vandetanib inhibited viability of some MPM
cells, but at high concentration. PD166866 is a selective FGFR1 tyrosine kinase
inhibitor, which was suggested as a growth driver of MPM [24]. In our study, no
significant effect was found on MPM cells viability, except in two epithelioid MPM
cells in culture after treatment by PD166866. At least two studies have already

analyzed the anti-tumor effect of PD166866 in MPM, showing also contrasting results



depending of the MPM cell lines, but a significant in vivo anti-tumor effect in synergy
with cisplatin and ionizing radiation in sensitive MPM cell lines [25], [26]. Our results
highlight that PD166866 may have a therapeutic interest, only in a small subset of
patients. Vandetanib is an anti-angiogenic inhibitor that targets tyrosine kinase
activities of three receptors EGFR/VEGFR-2/RET. Vandetanib was assayed in two
other studies, but in only two and four different MPM cell lines [27], [28]. Another anti-
angiogenic inhibitor, bevacizumab, has shown significant improvement of patient
survival [7]. It could be interesting to use anti-angiogenic inhibitors in clinical trials
that impair viability of tumor cells. Our results indicate that vandetanib is not the best
candidate in this perspective, but another anti-angiogenic inhibitor, nintedanib, that
showed higher toxicity in 20 MPM cell lines, could be more relevant [29]. However,
we should mention that the results of the recent phase 3 clinical trial LUME-Meso
(ClinicalTrials.gov Identifier: NCT01907100) associating nintedanib to the

combination pemetrexed/cisplatin for the treatment of MPM were disappointing.

NSC668394, defactinib and verteporfin were the more effective inhibitors and
demonstrated a stronger effect on viability than cisplatin. It would be interesting to
compare also their efficiencies to the cisplatin/pemetrexed combination used as the
standard first-line systemic treatment in MPM, even if it could be problematic to
compare the efficiency of single compound to combination of compounds from a
methodological point of view. No correlation with the molecular phenotype (molecular
classification or mutational profile) was found for NSC668394 and defactinib.
However, verteporfin sensitivity was strongly linked to the C1 and C2 molecular
classification we previously defined [5], with MPM from the C1 molecular group being

more sensitive than those from C2 group.

We are the first to show an anti-tumor effect of NSC668394 in MPM. This



inhibitor was developed as an inhibitor of the phosphorylation of Ezrin (EZR gene),
an ERM (Ezrin, Radixin and Moesin) protein involved in the organization of
specialized cell-membrane domains found in epithelial cells by linking the actin
cytoskeleton to multiple membrane-associated proteins [30]. We observed a negative
correlation between NSC668394 sensitivity and EZR gene and protein expression.
However, the specific and effective inhibition of EZR by siRNA (more than 90%
inhibition observed in three MPM in culture) did not affect cell viability, as shown in
Fig. S6a-c, nor migration or cell invasion of three MPM in culture (data not shown).
NSC668394 was shown to have a higher affinity for Ezrin than for its two related
proteins Moesin or Radixin with an IC50 of 8.1, 59.5 and 35.3 umol/L, respectively
[31]. However, we can not exclude that this inhibitor, contrary to siRNA, abrogated
phosphorylation of Moesin and Radixin. Further investigations need to be done to

understand the mechanism of this inhibitor.

Defactinib is an inhibitor of FAK protein kinase. A synthetic lethality was
described with another FAK inhibitor, the VS-4718, in MPM cell lines that lost the
expression of merlin protein, encoded by the NF2 gene, one of the most frequently
mutated tumor suppressor genes in MPM [16]. In our study, we tested defactinib
rather than VS-4718 as defactinib is used in several MPM clinical trials
(ClinicalTrials.gov Identifier: NCT01870609, NCT02004028 and NCT02758587).
Despite the clinical trial NCT01870609 was stopped during recruitment when no
difference in defactinib versus placebo were observed, the two other clinical trials are
still ongoing. The two last clinical trials are still ongoing. We did not find a significant
correlation between the protein expression or the mutational status of NF2 gene and
defactinib sensitivity. A lack of significant association between merlin expression and

VS-4718 sensitivity was also reported in a recent study by Kato et al., contrary to



what was previously suggested by Shapiro et al. [16], [32]. Defactinib sensitivity is
also not related to E-cadherin (CDH1 gene) gene and protein expression in NF2-
mutated MPM as suggested by Kato et al. (Fig. S7c-d) [32]. However, our results
demonstrated that defactinib sensitivity is strongly correlated to FAK activity

especially in epithelioid MPM.

Verteporfin was found to inhibit YAP transcription cofactor activity by disrupting
YAP/TEAD complex without light activation [33]. This transcription cofactor has an
oncogenic role by regulating cell proliferation in MPM [34]. Verteporfin is a FDA
approved molecule clinically used in photodynamic therapy for neovascular macular
degeneration [35], and was tested in several clinical trials evaluating photodynamic
therapy for cancer treatment. Our results show the toxicity of verteporfin assessed by
cell viability on 25 MPM and confirmed previous observation on 5 MPM commercial
cell lines [36]. We have demonstrated that verteporfin induces cell proliferation arrest
and cell death, and is effective in a 3D model of spheroid multicellular. In vivo
inhibition of tumor growth by verteporfin was also demonstrated by Zhang et al. [36].
These data support the interest of verteporfin as an anti-cancer molecule, not only as

a photosensitizing agent in MPM treatment.

In our study, we observed that verteporfin inhibited YAP activity, in agreement
with the studies of Zhang et al. who showed downregulation of CTGF expression,
and further inhibition of YAP expression and TEAD-dependent promoter activity in
three verteporfin treated MPM cell lines [36]. However, the authors did not compare
the inhibition of MPM cell viability between verteporfin treatment and YAP inhibition
by siRNA. Our experiment showed that the effect of YAP1 inactivation by siRNA on
cell proliferation varies between MPM in culture and did not correlate with verteporfin

sensitivity, and that the proliferation of verteporfin sensitive MPM cells was not



modified after inhibition of YAP1. These results suggest that verteporfin anti-tumor
effect is independent of YAP activity, a result previously reported in colorectal and
endometrial cancer cells [37], [38]. Verteporfin toxicity could be related to other
mechanisms such as the formation of high molecular weight protein complexes that

inhibit autophagy machinery [37].

A common feature of NSC668394, defactinib and verteporfin is the variability of
MPM cells response to the inhibitors. The occurrences of sensitive and resistant
MPM cell lines lead us to identify specific biomarkers to predict the MPM cells
response. Biomarkers based on gene expression are accurate, easy to use and
implementable in clinic. NSC668394 anti-tumor effect could be predicted by EZR
gene expression. Since defactinib sensitivity was correlated to FAK activity, which
relied on Paxilin activation in MPM, we focused on regulators of integrin pathway
such as lumican, encoded by LUM gene, which activates FAK pathway in melanoma
and gastric cancer cells [39], [40]. LUM gene expression was the best predictor for
defactinib sensitivity. Concerning verteporfin sensitivity, significantly related to MPM
molecular classification, analysis of discriminant biomarkers between C1 and C2
group emphasizes two genes MOK and SLC9A3R1 and the better predictor for
verteporfin sensitivity was the ratio between these two genes. MOK is a member of
the MAP kinase family that we previously described as a potential biomarker of one
molecular subgroup C2'N [6], [41]. SLC9A3R1 is the most deregulated gene between
C1 and C2 molecular groups [5]. It encodes the protein EBP50/NHERF, which is
involved in actin anchoring mechanism to cell membrane and in different signaling
regulatory pathways [30]. It is obvious that these predictive biomarkers will need to
be validated on patient tumor samples from clinical trials with these inhibitors. They

can nevertheless be informative for a first selection of patients in clinical trials with



these inhibitors.



5. Conclusions

We identified three inhibitors that are more efficient than cisplatin treatment in
MPM cells. Verteporfin sensitivity is linked to the molecular phenotype, more
precisely to the C1 and C2 molecular classification, and could be a potent anti-cancer
drug for MPM of the C1 group. We identified biomarkers based on genes expression,

which could accurately predict sensitivity of these three inhibitors in MPM.
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Legends of figures

Figure 1. Screening of signaling pathway inhibitors

(@) Summary of normalized AUC and GI50 calculated using Graph Pad Prism
(version 6) and obtained on 19 to 30 MPM in culture was shown. Cell viability was
determined in the presence of a gradient concentration of each inhibitor by MTS
assay for each MPM in culture in at least two independent experiments. (b) Boxplots
show normalized AUC of signaling pathway inhibitors and cisplatin calculated on all

MPM in culture for each inhibitor.

Figure 2. Relations between inhibitor sensitivity and molecular phenotype and

characterization of verteporfin anti-tumor effect

(a-b) Boxplots shows verteporfin normalized AUC (a) or GI50 (b) of 23 MPM in
culture according to their belonging to C1 and C2 molecular groups. (c) MPM_32, a
verteporfin sensitive MPM, and MPM_37, a resistant MPM, were treated with 0.1%
DMSO, 0.5 or 1 umol/L of verteporfin for 48 hours. MPM cells were stained with
Hoescht 33342 and EdU incorporated in DNA was detected by fluorescent-azide
coupling. The histogram shows the percentage means = SD of EdU-positive cells of
two independent experiments for each MPM. (d) Three verteporfin sensitive MPM
(MPM_12, MPM_15 and MPM_32) and three resistant MPM (MPM_04, MPM_29 and
MPM_37) were treated with 0.1% DMSO or 1 umol/L of verteporfin for 48 hours.
MPM cells were stained with Annexin V-Alexa Fluor 488 and propidium iodide. Early
apoptosis, late apoptosis and necrosis were determined using flow cytometry. The

histogram shows the percentage means + SD of necrotic and apoptotic cells.



Figure 3. Relation between verteporfin anti-tumor effect and YAP

(a) MPM_32, a verteporfin sensitive MPM, was treated with 0.1% DMSO or 1 pumol/L
of verteporfin for 24 hours. mMRNA expression of YAP target genes (CTGF and
CYR61) was measured by qRT-PCR. The histogram shows the mean of 222t + SD
of two independent experiments. (b-c) Nine MPM in culture were transfected with
siControl and siYAP1, two different sSiRNAs for each, and proliferation was quantified
by MTS assay 96 hours after siRNA transfection. Proliferation of siYAP1 transfected
cells was normalized to proliferation of siControl transfected cells (black bars).
Verteporfin normalized AUC (white bars) (b) or GI50 (white and striped bars) (c) of
each MPM in culture were also represented. The histogram shows means + SD. (d)
MPM_15, a verteporfin sensitive MPM, and MPM_04, a resistant MPM, were
untransfected or transfected with siControl (siControl.1 or siControl.2) and siYAP1
(SiYAP1.1 or siYAP1.2) and then cells were treated with a gradient concentration of
verteporfin during 48 hours. The upper diagram describes the schedule of the
experiment. The cell viability percent was determined by a MTS assay for the five
different conditions per cell line. The means of the cell viability percents were
calculated for cells transfected with both siControl or with both siYAPL. Cell viability
curves are shown: plain curves with round dots represent untransfected MPM; dot
curves with square dots siControl transfected MPM; dash curves with triangle dots

siYAP1 transfected MPM.

Figure 4. Identification of a predictive biomarker for verteporfin sensitivity

(a) Correlation analyzes between verteporfin normalized AUC and gene expression
of several biomarkers. Histogram shows the P-values (-log10). Black bars are for

gene expression of biomarkers of C1 and C2 molecular groups (20 most deregulated



genes) and the biomarker of the C2'N subgroup (MOK) [5], [6]. White bars are for
gene expression of YAP1 and YAP1 target genes (CTGF and CYRG61), YAP protein
expression and YAP level activity based on the ratio phospho-YAP/YAP. (b-d)
Correlation curves between verteporfin normalized AUC and gene expression of
MOK (b), SLC9A3R1 (c) and ratio logz MOK/SLC9A3R1 (d). Each point represents
the mean of the normalized AUC + SD of two independent experiments for each
MPM. Close circles represent MPM of the C1 molecular group and open circles MPM

of the C2 molecular group.

Figure 5. Identification of predictive biomarkers for NSC668394 and defactinib

sensitivities

(a-b) Correlation were performed between NSC668394 normalized AUC and EZR
MRNA expression (a) and Ezrin protein expression (b). (c-g) Correlations were
performed in all MPM and MME between defactinib normalized AUC and FAK protein
expression (c) or phosphorylation (d) or LUM gene expression (e), and between FAK
phosphorylation and Paxillin phosphorylation (f) or LUM gene expression (g). Each
point represents the mean of the normalized AUC = SD of two independent
experiments for each MPM. Close circles represent MME and open circles other

MPM.



Figure 1
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Normalized AUC GI50 (umol/L)
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Verteporfin (Visudyne) YAP/TEAD association 25 0.70 0.45-0.97 1.66 0.20-5.85
NSC668394 Ezrin 23 0.83 0.56-1.06 4.86 0.51-10
Defactinib (VS-6063) FAK 29 0.85 0.69-0.99 7.11 1.16-10
Cisplatin DNA replication 19 0.93 0.76-1.07 7.11 3.26-10
Vandetanib (ZzD6474) VEGEFR tyrosine kinase 24 0.92 0.66-1.19 8.47 2.44-10
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Figure 5
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