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Abstract

Malignant pleural mesothelioma is a rare and aggressive neoplasm, which has primarily been attributed to the exposure to
asbestos fibers (83% of cases); yet, despite a ban of using asbestos in many countries, the incidence of malignant pleural
mesothelioma failed to decline worldwide. While little progress has been made in malignant pleural mesothelioma diagnosis,
bevacizumab at first, then followed by double immunotherapy (nivolumab plus ipilumumab), were all shown to improve
survival in large phase III randomized trials. The morphological analysis of the histological subtyping remains the primary
indicator for therapeutic decision making at an advanced disease stage, while a platinum-based chemotherapy regimen
combined with pemetrexed, either with or without bevacizumab, is still the main treatment option. Consequently, malignant
pleural mesothelioma still represents a significant health concern owing to poor median survival (12—18 months). Given this
context, both diagnosis and therapy improvements require better knowledge of the molecular mechanisms underlying malig-
nant pleural mesothelioma’s carcinogenesis and progression. Hence, the Hippo pathway in malignant pleural mesothelioma
initiation and progression has recently received increasing attention, as the aberrant expression of its core components may
be closely related to patient prognosis. The purpose of this review was to provide a critical analysis of our current knowledge
on these topics, the main focus being on the available evidence concerning the role of each Hippo pathway’s member as a
promising biomarker, enabling detection of the disease at earlier stages and thus improving prognosis.

Key Points

This review highlights the common and multiple
alterations of the Hippo pathway and its regulators, thus
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suggesting that this pathway is strongly inactivated in
malignant pleural mesothelioma, and that YAP/TAZ
would likely be major players in pleural carcinogenesis.

The Hippo pathway is a promising biomarker, possibly
allowing for the detection of malignant pleural mesothe-
lioma at earlier stages, thus improving patient prognosis.
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Malignant pleural mesothelioma (MPM) is a rare (preva-
lence 8-30 cases/million/year) and aggressive neoplasm,
originating from the mesothelium lining the pleural sur-
face of the lungs [1], which has been largely attributed to
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environmental/occupational exposure to asbestos fibers (83%
of cases) [2, 3]. However, despite the ban of using asbestos
in many countries for over 20 years, the incidence of MPM
has failed to decline worldwide, with a total of 250,000
deaths anticipated for the next 30 years [4, 5] because of
the following reasons: (i) a significant lag between first-
time exposure to asbestos and the onset of symptoms in an
aging, genetically susceptible population (> 30-60 years)
[6, 7]; (ii) on-going use of asbestos in middle-income and
low-income countries [8]; (iii) presence of other risk factors
of MPM’s pathogenesis, including refractory ceramic fibers
[9], hormonal factors [10, 11], and some mineral (erionite,
fluoro-edenite) or chemical exposures [12—15] such as ion-
izing radiation [16—18].

Although MPM’s etiology is rather well consolidated,
only little progress has been made in MPM diagnosis and
treatment. Over the past 20 years, the morphological analy-
sis of the three histological subtypes, including epithelioid,
biphasic also called mixed, and sarcomatoid forms, has been
the primary indicator for therapeutic decision making at an
advanced disease stage [5, 19, 20]. In daily practice, only a
few effective biomarkers have been recommended for MPM
[21], whereas an invasive biopsy followed by first-line sys-
tematic chemotherapy with cisplatin plus pemetrexed,
with or without bevacizumab, are still the main treatment
options [22-24]. Indeed, double immunotherapy combin-
ing nivolumab and ipilimumab has recently emerged for
frontline [25] or second-line therapy [26], with an overall
survival (OS) benefit that was mainly observed in patients
with the non-epithelioid histological subtype, while median
OS in patients with the epithelioid subtype was close to that
recorded in patients who underwent chemotherapy plus bev-
acizumab (around 18 months) [21]. Consequently, MPM still
represents a significant health concern, with poor median
survival (12-18 months [21]). Given this context, both diag-
nosis and therapy improvements require better knowledge
of the molecular mechanisms underlying the carcinogenesis
and progression of MPM.

2 Cellular Processes and Molecular
Alterations Leading to MPM

2.1 Damages Induced by Asbestos Fibers

The underlying mechanisms by which asbestos fibers
induce malignant transformation of mesothelial cells
remain enigmatic [27]. Fiber dimension and surface prop-
erties are critical determinants of asbestos bioactivity and
toxicity [28]. Nevertheless, the three following theories
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have been proposed to explain how asbestos fibers could
induce carcinogenesis:

— The controversial “chromosome tangling theory” sug-
gests that the direct action of asbestos by physical
interactions with chromosomes of mesothelial cells
during cell division causes DNA breaks and lesions,
responsible for structural and numerical chromosomal
abnormalities [29, 30].

— The “oxidative stress theory” explains that an indirect
action of asbestos, due to the inability of phagocytic
cells to digest asbestos fibers, results in a massive
release of reactive oxygen species and reactive nitro-
gen from macrophages (Fig. 1), thus causing chronic
inflammation [31, 32]. Consequently, oxidative stress
impairs DNA repair mechanisms [33, 34] and leads
to genetic and epigenetic alterations responsible for
uncontrolled growth, resistance to apoptosis, and ulti-
mately the occurrence of MPM [33, 35, 36].

— According to the “adsorption theory,” the presence of
negative or positive charges on asbestos imprisons spe-
cific proteins or chemicals, including the components
of cigarette smoke in vivo [37].

Furthermore, growing evidence suggests that asbestos-
induced damage is supported by a genetic predisposition,
mainly concerning tumor suppressor genes involved in
DNA damage repair/checkpoint, including BRCA2 [34,
38-40], CHECKI, TOP2A [41], ERCCI, and XRCCI
[42]. In addition to their action on mesothelial cells’ DNA,
asbestos fibers could activate several signaling pathways
(STAT3, MAPK, or PI3K/AKT/mammalian target of rapa-
mycin [mTORY]) involved in the survival of mesothelial
cells downstream of tyrosine kinase receptors such as epi-
dermal growth factor, hepatocyte growth factor, or down-
stream integrin receptors [43—45]. Other early epigenetic
modifications have likewise been described such as histone
modification [46, 47] (Fig. 1).

In response to chronic inflammation caused by asbestos
deposition, the single flat layer of mesothelial cells often
forms multicellular layers that start to release numerous
cytokines and growth factors that stimulate neo-angi-
ogenesis and autophagy, which then, in turn, promote
cell survival and malignant transformation [46, 48, 49].
For instance, it has been shown that the release of tumor
necrosis factor-a from surrounding immune cells activates
the nuclear factor-kappa B pathway, which induces cell
proliferation and resistance to apoptosis, thus increasing
the number of mesothelial cells that survive following
asbestos exposure [50, 51].
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Fig. 1 Cellular processes leading to malignant pleural mesothelioma
(MPM) initiation and growth. The asbestos fibers induce MPM by
causing chronic inflammation of the parietal pleura recruiting phago-
cytes [279]. Phagocytes fail to degrade these fibers, which (i) gener-
ates reactive oxygen species (ROS) and nitrogen species resulting
in a chronic inflammatory reaction, (ii) alters the DNA molecule of
the mesothelial cells, with the appearance of chromosomal aberra-
tions and mutations, (iii) impairs DNA repair mechanisms [33, 34],
and (iv) leads to epigenetic alterations responsible for uncontrolled
growth, resistance to apoptosis, and hence the occurrence of MPM
[33, 35, 46, 279]. In addition to their action on the DNA of meso-
thelial cells, asbestos fibers would activate several signaling pathways
(MAPK, PI3K/AKT/mammalian target of rapamycin) involved in the
survival of mesothelial cells downstream of tyrosine kinase recep-
tors such as the epidermal growth factor (EGF), hepatocyte growth
factor, or downstream integrin receptors. In parallel, signaling from
growth factor receptors can be reinforced, these receptors often being

2.2 Recurrent (Epi)genetic Alterations of MPM
Apart from Alteration of the Hippo Signaling
Pathway

Several recurrent genetic or epigenetic alterations in MPM
lesions are now well defined. These molecular considera-
tions reveal the lack of many oncogenic events that are typi-
cal to other tumors (KRAS, BRAF, epidermal growth factor
receptor [EGFR], and PIK3CA gene mutations) in MPM,
while loss of tumor suppressor genes (TSGs) emerges as a
molecular signature [23, 46, 52, 53]. The recurrent altera-
tions of MPM are listed below.

Conjonctive
fibers

chromosomal
damage

overexpressed, thus accentuating the stimulation of the Ras associa-
tion domain family 1 isoform A (RASSF1A)/Hippo signaling path-
way, a pathway involved when it functions physiologically in cellu-
lar homeostasis. Malignant pleural mesothelioma are lesions rich in
T lymphocytes and fibroblasts, but expression of PDL-1 by tumoral
mesothelial cells could inhibit CD4+4 and CD8+ T-cell activation or
lead to T-cell apoptosis, allowing tumor growing [102]. Finally, the
interaction of hyaluronic acid with its main receptor, CD44, regulates
matrix assembly, cytoskeleton architecture, cell migration, prolifera-
tion and differentiation of cancer stem cells [155, 156], and activates
matrix metalloproteinases (MMPs) involved in tumor progression
[165]. CD cluster of differentiation, ECM extracellular cell matrix,
EGFR EGF receptor, MAPK mitogen activated protein kinase, PD-L]
programmed death-ligand 1, PD] programmed death-1, PI3K phos-
phoinositide 3-kinase, STAT Signal Transducers and Activators of
Transcription

2.2.1 Inactivation of Tumor Suppressor Genes

p16 and p14 (Cyclin-Dependent Kinase Inhibitor 2A/2B
CDKN2A/2B Gene)

The cyclin-dependent kinase inhibitor 2A (CDKN2A) gene
encodes, by alternative splicing, two cell-cycle repressors,
pl6™K4 and p142RF which are involved in the cell-cycle
control by regulating retinoblastoma and p53 proteins [54].
The p16™X4 protein binds to CDK4/6 and inhibits the
phosphorylation of retinoblastoma protein, thereby block-
ing the cell’s transition from G1 to S phase (control point)
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and, thus, arresting cell division [55]. The loss of p16 INK4a
expression leads to the phosphorylation and inactivation of
the retinoblastoma protein and, consequently, to unchecked
cell-cycle progression into the S phase [56]. The alterations
of the p16 tumor suppressor gene, commonly described in
MPM, are point mutations (2%), hypermethylation of the
promoter (10%), associated with either a loss of heterozygo-
sity of the locus at 9p21 or homozygous deletions (70-80%)
[46, 57, 58].

The loss or inactivation of p16™ 4 is usually associ-
ated with the loss or inactivation of CDKN2A/p14. The pl4
ARF hrotein also participates in cell-cycle control, interact-
ing with human double minute 2 homolog, which is a p53
negative regulator. The p14 ARF Joss of expression leads to
the degradation of p53 by the proteasome, which is linked
to its interaction with human double minute 2 homolog. The
coding sequence of p14*RF is deleted in 62% of MPM cases
(55% of epithelioid forms, 65% of sarcomatoids, and 71% of
biphasics). Among the most common genetic alterations in
TSGs, only those in CDKNA2A/2B are associated with poor
survival of MPM-affected patients [23, 59]. Importantly,
three CDK4/6 inhibitors, namely palbociclib, ribociclib,
and abemaciclib, are currently under clinical investigation
in MPM management [23].

BAP1

BRCA1-associated protein 1 (BAP1) is a nuclear deubiquit-
inase acting on lysine 119 of histone H2A, which is involved
in regulating essential target genes that are implicated in
transcription, DNA repair, cell-cycle control, cell differen-
tiation, and apoptosis [60-62]. It also acts as a homologous
recombination DNA repair component found in the BRCA1/
BARDI1 complex [63]. Somatic inactivating aberrations in
BAPI, including point mutations, copy number loss, and
rearrangements, are another common inactivation process in
20-64% of MPM cases [52, 59]. Additionally, the germline
mutations (7%) are similarly responsible for a cancer suscep-
tibility syndrome [38, 64, 65]. Indeed, some families display
a high incidence of MPM after exposure to asbestos due to
the loss of one of the asbestos-induced alleles, while the
second allele is inactivated by a germline mutation [40, 66].
In a recent study, the alterations of BAP/ in MPM have been
revealed to act as a negative response predictor for cisplatin-
based chemotherapy via transcriptional downregulation of
apoptotic genes [67].

p53
The p53 protein is a transcription factor, which has been

described as the genome guardian, given that this agent is
essential for maintaining cellular integrity by controlling
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the expression of many genes involved in cell proliferation,
apoptosis, and DNA repair. In healthy cells, only little p53
is detected, owing to its rapid degradation by the proteasome
after binding with MDM2, which is responsible for its short
half-life (approximately 20 minutes). However, under stress
conditions (DNA damage, cell-cycle abnormality, or cel-
lular metabolism disturbance), the pS3/MDM?2 interaction
is abolished leading to p53 stabilization and cell division
(in G1/S and G2/M) arrest for DNA repair. If the damage is
non-repairable, these cells undergo apoptosis following the
activation of other apoptotic genes such as Bax [68].
While a Tp53 mutation is likely the most common
genetic abnormality in human cancers, in MPM, p53
loss of function through post-translational regulation is
more common than the somatic 7p53 gene mutations that
account for about 10% of cases [59, 69-72]. The rarity of
Tp53 mutations is related to the low mutational load of
these tumors, as compared with bronchial cancers, which
has been estimated at 0.79 mutations/megabase, on average
[73]. More recently, Tp53 mutations have been associated
with poorer OS [74, 75]. Yet, the nuclear accumulation
of p53 protein in malignant mesothelial cells is detected
in more than 50% of cases, following its stabilization by
phosphorylation or acetylation in response to chronic
inflammation and the release of reactive oxygen species
under the effect of asbestos fibers. It must be emphasized
that the first favorable results of the immunotherapy tri-
als conducted in the mesothelioma indication were the
results published by Bueno et al. These data underlined
the potential immunogenicity of the mutations found on
NF2, BAPI1, and p53, resulting in the formation of neo-
epitopes that are strongly binding (half-maximal inhibitory
concentration <50 nM) to the HLA Class I molecules [71].

WIF1

The binding of the Wnt (Wingless Integrase) glycoprotein
to the Frizzled receptor activates the Wnt/fcatenin intra-
cellular signaling cascade, leading to the stabilization and
accumulation of pB-catenin. The latter then enters into the
nucleus where it regulates cell proliferation and dediffer-
entiation through interaction with TCF/LET transcription
factors. In MPM, common alterations of the Wnt inhibitory
factor-1 and Wnt inhibitory factor-2 regulatory pathways
have been well described, resulting in the overexpression of
Wnt proteins in tumor cells [76]. For instance, WIF1 is an
essential negative regulatory factor of Wnt, which is com-
monly inactivated through hypermethylation of its promoter
in MPM, thereby promoting the activation of this signaling
pathway, in addition to uncontrolled mesothelial prolifera-
tion [77-79].



Hippo Alterations in Malignant Pleural Mesothelioma

411

SETD2, SETB1, and SETDS

These genes encode histone methyltransferase that regulates
the conformation of histones and thus gene transcriptional
activity regulation. A decrease in histone methylation leads
to tumorigenesis, progression, chemotherapy resistance, and
an unfavorable prognosis, suggesting that these genes possi-
bly act as tumor suppressors [80]. Inactivating mutations of
these genes, through recurrent mechanism of gene fusions,
splice alterations, and nonsynonymous mutations, or their
functional loss is a common molecular feature in MPM, as
shown in two large studies of massively parallel genomic
sequencing and RNA sequencing with a quite probable func-
tional impact according to the prediction program structure/
function [71, 80]. Although the functional consequences of
these genes’ inactivation in MPM are not yet known, recent
research has highlighted that the SETD2 expression level
would possibly represent an influential factor for MPM prog-
nosis [81].

2.2.2 Receptor Tyrosine Kinase (RTK) Overexpression

While the acquisition of mutations that activate proto-onco-
genes has not been described so far in large genomic stud-
ies of MPM, RTK alterations essentially result from protein
overexpression without true gene amplification [56, 82—-85].

Epidermal Growth Factor Receptor (EGFR)

Overexpression of EGFR has been described in 50-95% of
MPM cases, and the pathway is biologically functional [84,
86—88], but activating mutations of EGFR have not been
reported in the Western population of patients with meso-
thelioma [87] (Fig. 1). Accordingly, first-generation tyrosine
kinase inhibitors against EGFR, including erlotinib and gefi-
tinib, have failed to reveal any significant efficacy in MPM
[89]. Additionally, mutations of signaling pathways down-
stream of EGFR have been identified in the few publications
dealing with this topic. The functional significance of these
mutations is still uncertain, and some of them could rather
be sequencing artifacts of the paraffin-embedded samples
or just constitute a “passenger’” event. The most commonly
identified event is a PIK3CA mutation, the consequences
of which on mesothelial cancer cells are still unknown [59,
90-92].

Hepatocyte Growth Factor Receptor (or Met)

Met activation may contribute to MPM’s pathogenesis.
Indeed, mutations in Met receptor’s juxta-membrane domain
have been described in 3—16% of MPM cases, the functional
consequences of which are still unclear, with overexpression
detected in 74-100% of cases upon immunohistochemistry

[82, 93-95] (Fig. 1). A predominant location of Met at the
mesothelial cancer cells’ membrane is of better prognosis

compared with that of nuclear or cytoplasmic localization
[94].

Vascular Endothelial Growth Factor Receptor (VEGFR)

A comparative analysis of mesothelioma tumor samples to
non-neoplastic mesothelium revealed an increased expres-
sion of multiple proangiogenic cytokines, including vascular
endothelial growth factor [VEGF] (81% vs 20%), fibrocyte
growth factor-1 (67% vs 50%), and fibrocyte growth factor-2
(92% vs 40%) [35]. In addition, the expression of angiogenic
cytokines was shown to correlate with increased intra-tumoral
microvessel density and worse patient survival [35]. The
expression of VEGF receptors has been confirmed in patients’
mesothelioma samples, and it was shown to vary between
20% and 70%, depending on the receptor subtype [96].

In the past 2 decades, different antiangiogenic agents
have been trialed in patients with mesothelioma. However,
only the Avastin Cisplatin Pemetrexed Study (MAPS) trial
demonstrated the benefit of combining bevacizumab (a
full-length recombinant humanized monoclonal antibody
directed against VEGF) with cisplatin/pemetrexed doublet
on OS and progression-free survival in 448 patients with
MPM [21, 97]. For a more detailed discussion about the
history and role of anti-angiogenic strategies in patients with
mesothelioma, we direct the reader to a recent review [98].

2.3 Place of the Immune Microenvironment in MPM
Development

Numerous studies, involving numerous cancers, have
reported that surrounding stromal cells sustain tumor cells’
growth by enhancing genomic instability and epigenetic
dysregulation [99-102]. Among them, immune cells have
been shown to attempt retaining tumor development in
the malignant transformation’s early stages, but they end
up being inevitably overwhelmed and, thus, too ineffec-
tive to kill tumor cells. The host immune response against
cancer cells was actually shown to be negatively regulated
by the complex consisting of programmed death-1 (PD-1)
and its main ligand PD-L1 (programmed death-ligand 1)
[103], as cancer cells expressing PD-L1 inhibit CD4+ and
CD8+ T-cell activation or lead to T-cell apoptosis, thereby
enabling tumor growth [103].

As in carcinomas, in the early steps of MPM develop-
ment, CD8+ tumor-infiltrating lymphocytes, which are
activated by chronic inflammation due to irritation caused
by asbestosis fiber deposits within the pleural space or
deep lung, after either inhalation [104] or brought by via
blood vessels [105, 106], predict a favorable prognosis

A\ Adis



412

F. Dubois et al.

Upstream regulators

Hippo Kinases

Hippo effectors

A\ Adis

Hyaluronic acid

ECM

CDA44 inactivation

HGFR

LAL6AbA5858
v/ mutation of the |
juxta-membrane

ECM remodeling

ofirenomenes

~N

v' Overexpressed

v inactivating in 50-95 % of

mutation in MPM domain in 3-16%

50-56 % of \ — of MPMs

MPM " 7 v Overexpressed in
74-100 % of MPM

Proliferation
migration v Promotor hypermethylated

in 10-32% of MPM

v Promotor hyper-
methylation (8,5%
of MPM) Ieads to

G ) b b

v' Homozygous deletion
in 12% of MPM

cytoplasm

v cytoplasmic retention in
mesothelial cell lines

~ Activated in 59% of MPM nucleus



Hippo Alterations in Malignant Pleural Mesothelioma

413

«Fig.2 Indexed alterations of the expression of members of the
RASSF1A/Hippo pathway in malignant pleural mesothelioma
(MPM) at a glance. In mammals, the Hippo pathway is subdivided
into three groups of proteins: upstream regulators (CD44, NF2,
RASSF1A), the core kinases (MST and NDR [nuclear Dbf2-related
kinase]) and their respective adapters (not shown) and the end effec-
tors, namely YAP (Yes-associated protein) and its paralogous TAZ
(transcriptional co-activator with PDZ-binding motif). CD44, linked
to hyaluronic acid (HA), a glycosaminoglycan found abundantly in
the pleural cavity leads to cell proliferation/invasion. In healthy meso-
thelial cells, NF2 negatively regulates the CD44-HA (HA) interaction
and thus the pro-tumorigenic activity of CD44 [171], but in MPM,
NF2 is inactive in near 50% of MPM [59, 71, 92]. The intracellular
segment of CD44 also fixes MST and prevents its action, thus, YAP/
TAZ activity cannot be inhibited by their phosphorylation by LATS
kinases [172]. Next to this direct inhibition of the activity of Hippo
kinases, there are losses of expression of MST1 (MST1 promoter is
methylated in 8.5% of MPM cases and leads to worse prognostic of
patient [252]) and LATS2 (homozygous deletion mutations are found
in 12% of the MPM [250]). Each of these anomalies results in an
aberrant activation of YAP, that why, YAP has been shown to be con-
stitutively activated in 59% of patients with MPM [254] while TAZ is
reported to be sequestered in cytoplasm from MPM cell lines [252].
CD cluster of differentiation, ECM extracellular cell matrix, EGF epi-
dermal growth factor, EGFR EGF receptor, HGFR hepatocyte growth
factor receptor, LATS large tumor suppressor kinase, MST mamma-
lian Ste20-like serine/threonine kinase, NDR nuclear Dbf2-related
kinase, TAZ transcriptional co-activator with PDZ-binding motif,
YAP Yes-associated protein

for the patient with MPM following tumor resection
[107]. Investigation on eight tumor-infiltrating immune
cell types, as well as evaluation of the expression of five
cytokine/chemokine receptors in 230 patients with MPM
demonstrated that CD163/CD8 and CD163/CD20 were
independent prognostic factors of survival [108]. How-
ever, evaluation of high PD-L1 expression by immuno-
histochemistry is a poor predictive response marker for
PD-L1 inhibitors in patients with MPM [109, 110]. The
analysis of PD-L1 expression in 214/448 patients from
the phase II/IIT MAPS trial only revealed that PD-L1
expression was higher and more common in sarcomatoid
and biphasic MPM cells than in epithelioid subtype cells,
which negatively impacted patients’ outcome [111].
Interestingly, in the multicenter randomized, non-com-
parative, open-label, phase II clinical MAPS?2 trial, in which
the patients with MPM who relapsed after one or two lines
of pemetrexed-platinum chemotherapy were randomly allo-
cated to receive either the PD1-inhibitor nivolumab alone
or in associated with the CTLA4 inhibitor ipilimumab, the
authors found encouraging clinical activity of the combina-
tion therapy and survival benefits for patients [26]. Consist-
ently, the data from another multicenter, randomized, open-
label, phase III trial (CheckMate 743) have supported the
beneficial and meaningful effects of first-line nivolumab plus
ipilimumab on OS of the patients with unresectable MPM
versus platinum plus pemetrexed chemotherapy (median OS:
18.1 months) [25]. It is of note that following these results,

nivolumab plus ipilimumab has now been authorized in the
USA and in Brazil as first-line treatment for unresectable
MPM.

3 Hippo Signaling

Originally identified and characterized in Drosophila, the
Hippo signaling pathway takes its name from one of its
major members, the Hippo kinase (MST [Mammalian Ste20-
like serine/threonine kinase] in mammals); mutations of this
gene lead to tissue hyperplasia, generating a phenotype that
evokes features of a hippopotamus. Highly conserved from
flies to mammals, the Hippo signaling pathway not only
regulates organ size through regulation of cell proliferation
and apoptosis [112—-114], but it also plays a key role in the
self-renewal of stem cells and tissues [115, 116].

Whilst many of the core proteins that constitute the path-
way are well established, the full components and their inter-
action remain to be fully elucidated. In fact, the regulation of
this pathway has become increasingly complex in the course
evolution, as Drosophila’s protein homologs exist at several
isoforms in mammals; they are not only encoded by different
genes but also through the alternative splicing of each gene,
thereby enabling the production of multiple mature mRNAs
from a pre-mRNA [117]. Although these isoforms are struc-
turally very similar and often exhibit interchangeable roles,
specific roles of each isoform are currently emerging in the
literature. For the sake of clarity, only the mammalian Hippo
signaling pathway will be described hereafter, with only a
few exceptions.

In mammals, the main proteins of the Hippo pathway
are subdivided into three groups (Fig. 2): (i) the upstream
regulators (CD44, NF2, RASSF1A...); (ii) the core kinases
(MST and NDR [nuclear Dbf2-related kinase]) and their
respective adapters; and (iii) the downstream effectors,
namely yes-associated protein (YAP) and its paralogous
transcriptional co-activator (TAZ) with the PDZ-binding
motif.

During development, the Hippo pathway participates in
the transition from a proliferative/undifferentiated state into
a non-proliferative/differentiated state of epithelial cells.
In undifferentiated and proliferating (non-confluent) cells,
core kinases of the Hippo pathway remain inactive. As a
result, non-phosphorylated transcriptional coactivator YAP/
TAZ enter the nucleus and regulate the expression of several
target genes that are mainly involved in cell proliferation
and apoptosis. At confluence, the activation of upstream
Hippo components leads to the subsequent phosphorylation
of YAP/TAZ and their cytoplasmic sequestration blocking
their activation of target genes in the nucleus [118, 119].

Importantly, with the exception of YAP and TAZ, all
the other Hippo pathway members are considered to be the
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tumor-suppressor genes, which exhibit frequent alterations
in multiple cancers through a variety of mechanisms includ-
ing amplification, mutations in upstream signaling factors,
and gene fusions (reviewed in [120, 121]). In this case,
despite contact inhibition, YAP/TAZ continue to translo-
cate into the nucleus and induce target gene expression. This
aberrant nuclear localization has been correlated with poor
prognosis [122—124].

3.1 Upstream Regulators of the Hippo Pathway

A large number of proteins, which can regulate Hippo
kinases (MST and NDR [LATS1/2, NDR1/2) and their effec-
tors (YAP and TAZ), are localized at intercellular junctions
(tight and adherent). These regulators are involved in the
maintenance of apical-basal polarity or epithelial cell shape
and geometry [125]. These components are also known to
sense, integrate, and respond to extracellular physical forces,
such as attachment and mechanical forces, and chemical sig-
nals, such as hormones and growth factors, from neighbor-
ing cells, in addition to the extracellular matrix (ECM), and
surrounding biological fluids [113, 119, 126].
Regulators of the Hippo pathway include:

e components of apical-basal polarity complexes such
as Scribble [127], Crumbs [128-130], PAR (protease-
activated receptors) [131], Ex (Expanded), Kibra (kidney
and brain expressed protein), NF2, a-catenin [132—134],
AMOT (angiomotin) [115, 135-137], and PTPN14 (pro-
tein tyrosine phosphatase non-receptor type 14) [138,
139],

e components of the FAT4 polarity complexes [140],

guardians of the epithelial phenotype such as RASSF1A

[141],

G-protein coupled receptors [112],

Rho (Ras homolog family) GTPases [141, 142],

cytoskeletal proteins [123],

ECM, including its composition, density and, therefore,

rigidity [143, 144].

The Hippo pathway regulators that are best characterized
and most frequently recognized as implicated in tumorigenic
processes are as follows:

Neurofibromatosis Type 2 (NF2)

The Neurofibromatosis Type 2 (NF2) gene encodes a “Mer-
lin” protein of 595 amino acids with strong sequence homol-
ogy to the ezrin/radixin/moesin family proteins. This protein
plays a role in the dynamics and structure of the cell surface
by linking transmembrane proteins to the actin cytoskele-
ton. Consequently, NF2 is known to regulate the interaction
of mesothelial cells with ECM cycle elements, as well as
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that of mesothelial cells with each other, as it stabilizes the
intercellular junctions. By stabilizing these junctions, NF2
contributes to establishing and maintaining the apical-basal
polarity of mesothelial cells, which is lost early during the
cellular transformation process [145]. By its functional inter-
action with adhesion proteins such as CD44 (hyaluronic acid
[HA] receptor) [146], FAK [147, 148], or Met receptor, NF2
represses several signaling cascades including the mTOR
pathway and Hippo signaling pathway [56]. The inactiva-
tion of NF2-Hippo signaling induces the activation of YAP,
which is responsible for the transcription of several genes
that promote cell proliferation and anti-apoptotic activity.
Last, NF2 participates in the regulation of several cellular
processes including the invasion, proliferation, and sur-
vival of mesothelial cells [149, 150]. Thus, Merlin negative
expression has been suggested to represent a biomarker of
worse prognosis, as based on 344 patients with MPM treated
with either the FAK inhibitor defactinib or placebo as main-
tenance therapy following induction chemotherapy [151].
Nonetheless, such subgroup analysis did not support this
compound’s further clinical development, given that defac-
tinib failed to significantly prolong survival as compared
with placebo. However, YAP tyrosine 357 phosphorylation
by FAK was shown to mediate nuclear localization of YAP
and favor drug-persistent cancer cells in an EFGR-mutated
lung cancer organoid model, whereas a FAK inhibitor was
able to suppress such escape to treatment. This observation
shed a new light on the potential role of FAK inhibition in
YAP-driven cancer processes [152].

Finally, a role for NF2/Merlin in the nucleus has also
been evidenced, as Merlin was shown to translocate into
the nucleus in order to inhibit the culling-RING E3 ubig-
uitin ligase CRLAPCAF! [153]. CRL4PCAF! directly ubiquit-
inylates and destabilizes the Hippo pathway tumor suppres-
sor kinases LATS1 and LATS2 within the nucleus. Such
inhibition of LATS1/2 activates the Hippo pathway terminal
effector and transcriptional co-activator YAP, resulting in
the transcription of genes involved in tumorigenesis. More
recently, blocking of CRL4APCAF! ubiquitin ligase activity by
targeting its upstream activator NEDDS8-activating enzyme
was shown to suppress LATS1/2 ubiquitinoylation in vitro,
leading to inhibitory YAP phosphorylation at serine 127.
Furthermore, activation of mTOR in NF2-mutated cells was
shown to play a role, given that an in vitro synergy was
found between a CRLAP“AF! inhibitor and dual mTOR/PI3K
inhibitor, though the interplay between the Hippo pathway
and mTOR signaling is still imperfectly understood.

CD44

CD44, a non-kinase transmembrane glycoprotein, is widely
expressed on the surface of multiple cell types includ-
ing endothelial cells, epithelial cells, mesothelial cells,
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fibroblasts, and leukocytes [154, 155]. The interaction of
the CD44 receptor with appropriate extracellular ligand was
shown to be involved in cell-cell and cell-matrix interactions
and, consequently, regulates cells proliferation, adhesion,
migration, lymphocytes activation, and release of cytokines
[156, 157]. All these biological properties are essential for
the physiological activities of normal cells, but they can also
influence the behavior of cancer cells.

CD44 was originally known to be the main receptor
of HA, a glycosaminoglycan component of the ECM,
expressed not only by stromal but also abundantly by can-
cerous cells [158, 159] (Fig. 1). Elevated HA levels in
tumor stroma were shown to correlate with poorly differ-
entiated tumors and short OS through stimulating cancer
cell migration and cell invasion [160]. The interaction of
HA and CD44 results in activation of various intracellu-
lar signaling pathways, including the Rho GTPases [161],
MAP kinases, and PI3K/AKT [162] through heterodimeri-
zation with tyrosine kinase receptors such as EGFR or Met
[163-165]. In addition, CD44 isoforms serve as substrates
for matrix metalloproteinases and can modulate cellular
signaling and cytoskeleton independently of the RTKs,
through the release of physiologically active cleavage
products [166-168] (Fig. 2).

Overall, through activation of these pathways, CD44
plays a role in tumor progression through promoting drug
resistance, tumor invasiveness, and other oncogenic proper-
ties [156, 169, 170]. However, CD44 acts also as a tumor
suppressor gene. This activity is related to the interaction
of its cytoplasmic domain with NF2, thus preventing HA

binding [146, 171], and through its relationship with MST
kinase [172, 173].

RASSF1A

RASSF1A belongs to a protein superfamily with strong
sequence homologies for a Ras (domain family associa-
tion) protein-binding domain, which comprises ten mem-
bers including RASSF1 to RASSF 10. The first identified
member in humans is RASSF1, which is encoded by a gene
located on the short arm of chromosome 3, measuring 11
Kb and consisting of eight exons. Alternative splicing and
the use of both transcription promoters (distance of about
3.5 Kb) allow the synthesis of eight variants, including
RASSF1A to RASSFIH [174]. The RASSF1A variant
encodes a 39-kDa protein with multiple association domains
(Fig. 3), as follows:

e Ras association (RA) domain, which constitutes the main
structural feature of the RASSF family and extends from
amino acids 194-289. This domain allows for a specific
interaction with activated members of the Ras family
(GTP-bound form), most often after stimulation of RTK,
among those most expressed by tumor mesothelial cells,
such as EGFR, platelet-derived growth factor receptor,
or c-Met hepatocyte growth factor receptor.

e C-terminal Salvador/RASSF1/Hippo (SARAH) mediates
the direct interaction of RASSF1A with the members of
the Hippo signaling pathway, including the SAV/WW45
adapter and MST1/2 kinase.
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e ataxia telangiectasia mutant domain, which is poten-
tially phosphorylatable by the kinase of the same name,
in response to DNA damage in the form of single-strand
and double-strand breaks.

o The N-terminus CI/DAG domain, which is involved in
the associations of RASSF1A with the death receptors
complex (TNF-R1/MOAP-1 or TRAIL-R1/MOAP-1).

RASSFI1A interacts with nearly 50 different partners,
which enables its action as a nexus for the coordination
of numerous signaling pathways that control cell fate, cell
metabolism, cell communication, cell motility, cell growth
and division, as well as cell death [174, 175]. Additionally,
RASSFI1A is one of the main regulators of the epithelial phe-
notype (reviewed in [176]). The studies conducted by our
group have indeed demonstrated that RASSF1A allows for the
maintenance of the epithelial phenotype of human bronchial
cells; therefore, altering this pathway in this cellular model
causes: (i) epithelial-mesenchymal transition; (ii) acquisi-
tion of a migratory phenotype (two-dimensional migration,
three-dimensional migration, invasion, and trans-endothelial
migration) [141]. Indeed, RASSF1A maintains this epithelial
phenotype by regulating the activity of the Hippo pathway
kinases and their YAP end effector [141, 177].

The RASSFI gene encodes another variant named
RASSFIC. Despite being encoded by the same gene,
RASSFIC has opposite actions to those of RASSF1A, and
unlike RASSFI1A, the expression of RASS1C is conserved
in most cancers thus enabling the expression of its oncogenic
actions [178]. Deregulated, the RASSF/Hippo pathway is
often involved in tumorigenesis processes including those
leading to MPM [179, 180].

3.2 Kinases (MST and NDR) of the Hippo Pathway
and their Respective Adapters

In mammals, the core of the Hippo pathway is largely char-
acterized by kinase signaling cascade, formed by two types
of serine/threonine kinases (MST1 and NDR) and their
respective adapters (WW45 and MOB1), activating each
other through phosphorylation.

MST Family

The five mammalian-related proteins of MST comprise
MST1 (STK4), MST2 (STK3), MST3 (STK24), MST4
(STK26), and YSKI1 (STK25 or SOKI). These kinases
are members of the “STE20” superfamily [181]. The five
MST kinases are divided into two subgroups: MST1/2 and
MST3/4/YSK1.

MST1/2 kinases are closely related (76% homology) and
widely expressed in human tissues [182]. They are structurally
and functionally distinct from MST3/MST4/YSK1, giving
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them unique roles. In addition to a kinase domain, the pro-
tein sequence of the MST1/2 kinases comprises a coiled-coil
domain, as well as a SARAH domain, by which they interact
with both adaptor proteins, WW45 and RASSF1A (Fig. 3).

MST1/2 are involved in the control of cell growth, apop-
tosis, and migration, while MST3/MST4/YSK1 plays an
essential role in the distribution of the cytoskeleton and
subsequent control of cell movements [183]. In fact, MST3
and MST4 regulate the activities of ezrin/radixin/moesin
and Paxiline proteins [184]; in addition, they control cell
polarity and the organization of the Golgi apparatus through
cavernous malformation-3 protein (also known as PDCD10)
[185]. YSKI also controls cell polarity and the organiza-
tion of the Golgi apparatus, yet through its substrate 14.3.3
protein [186, 187].

Protein WW45 (Savl)

The WW45 (Savl) tumor suppressor protein contains two
WW domains, a SARAH domain and a coiled-coil region.
WW4S5 is ubiquitously expressed in adult tissues and plays
an essential role in the regulation of a wide variety of cel-
lular functions, including protein degradation, transcription,
and RNA splicing. This protein was initially identified as
an adaptor protein associated with the MST kinases, which
promotes MST1-induced cell-cycle blockage and apoptosis
[188]. However, WW45 is also required for the stabilization
of MST1/2 and forms a complex that brings MST1/2 and
LATS1/2 kinases together so that MST1/2 could phospho-
rylate Lats1/2 [189, 190].

NDR Kinases

The NDR kinases comprise four members in mammals,
including the LATS1 and LATS2 kinases, as well as the
NDR1 and NDR2 (aka STK38/STK38L) kinases. These
kinases belong to the subclass of AGC serine/threonine
kinases (protein kinase A, G, and C) that present in species
from yeast to humans, and they regulate cellular proliferation
and morphogenesis [191] (Fig. 3).

The NDRs are composed of a binding domain at their
Mob-called NTR (N-terminal regulatory domain) that
other AGC kinases do not have; two kinesics domains
I-VII and VIII-IX separated by an auto-inhibitory
sequence, and an activation segment located in the cata-
lytic domain, where here is a serine residue, and a C-ter-
minal hydrophobic motif, outside of the catalytic domain,
containing a threonine phosphorylation site [192]. The
NDR/LATS kinases must be phosphorylated on two
residues to achieve full kinase activation. In mammalian
cells, MST1/2 activates NDR kinases by phosphorylation,
although other upstream regulators are similarly involved
in their regulation [193].
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NDR1/2

NDR1/2 kinases exhibit strong sequence homology (87%),
which provides them with many common roles [194].
NDR1/2 kinases are fully activated by: (i) phosphoryla-
tion of their hydrophobic motifs on threonine 444/442 via
MST1/2/3 kinases; (ii) their binding to Mob1 via their NTR
domain on serine 281/282 in their T-loop activation loop,
which is necessary to support the auto-phosphorylation of
NDR1/2; and (iii) PP2A, which by dephosphorylating the
two threonine 444/442 NDR1/2 inactivates these kinases
[193, 195] (Fig. 3).

YAP stability is regulated through its phosphorylation at
serinel27 residue by NDR1/2 kinases, which results in YAP
cytoplasmic sequestration and proteasomal degradation, and
subsequently inhibition of the YAP transcriptional activity
[196]. Additionally, through phosphorylation of other sub-
strates, NDR1/2 kinases have likewise been implicated in the
regulation of ciliogenesis, centrosome duplication, chromo-
some alignment during mitosis, cytokinesis, and apoptosis
[197-201]. Recent studies additionally demonstrated critical
functions of NDR kinases in autophagy [202], cell motility
[177], innate immunity, and inflammation [203].

The LATS1 and LATS2 kinases share considerable
sequence similarity within their kinase domain (85% simi-
larity) that is located at the proteins’ C terminus, while the
N terminus portion exhibits significantly lower conservation.
Each kinase displays two main regulatory sites, including
an activation loop where the serine residues 909 and 841
are harbored, in addition to a phosphorylation site by MST
kinases on threonine 1079 and 1041 [204] (Fig. 3). The
phosphorylation of these two residues promotes the activity
of YAP/TAZ transcription cofactors through their phospho-
rylation on four to five serine residues (including S127 and
S381 for YAP and S89 for TAZ). LATS1/2 can be dephos-
phorylated at both sites by PP2A phosphatase.

LATS1/2

However, YAP/TAZ are not the only substrates of LATS1/2
kinases, as the latter also control cellular homeostasis, cell-
cycle regulation, cell mobility, and apoptosis through the
regulation of the actin cytoskeleton and microtubules, par-
ticularly through modulation of the LIMK/Cofilin pathway
[113, 141, 205]. Overall, by modulating the functions of
both oncogenic and tumor suppressor effector, LATS kinases
have emerged as central regulators of cell fate [206].

Mob1 Protein
The Mob adaptor proteins impact the Hippo pathway

through interactions with both effector kinases and an inac-
tivating phosphatase [207]. The human genome encodes

seven MOB-related proteins (hMOB1A/B, hMOB2 A/C,
and hMOB3A/B/C), whereas hMOB1A and hMOB1B share
95% sequence identity [208]. Interestingly, only hMOBI1
protein directly interacts with all four human NDR kinases,
whereas hMOB2 only forms a complex with NDR1/2 but not
with LATS1/2 kinases [195]. The effectiveness of hMOB1
binding with NDR kinases has proven to be significantly
increased upon phosphorylation on threonine residues
(T12/35) by MST1/2 kinases [209-212]. This results in
conformational changes [195]. In addition, the formation of
the hMob1/NDR and hMob1/LATS complexes leads to an
increased autophosphorylation of NDR and LATS kinases
on their regulatory loops. The interaction of hMob1 with
NDR is also essential for the phosphorylation of NDR1/2
hydrophobic motifs by MST kinases, whereas the phospho-
rylation of LATS/2 motifs is independent from this inter-
action [213]. Importantly, there is a competition between
hMob1 and hMob2 for NDR kinase binding, whereas hMobl1
interaction is associated with increased NDR1/2 activity,
while hMob2 binding to NDR1/2 blocks kinase activation
[214, 215].

3.3 Downstream Effectors, YAP and TAZ

Following the sequential phosphorylation/activation of
MST and then NDR kinases, transcription cofactors YAP
and TAZ are directly phosphorylated by NDR kinases, on
Ser127 and Ser89 residues, respectively, which leads to
their cytoplasmic sequestration by the protein 14.3.3 [216]
or alpha-catenin [217, 218]. When the NDR kinases remain
inactive, non-phosphorylated YAP/TAZ accumulate within
the nucleus, and thus drive a pro-oncogenic transcriptional
program. Interestingly, YAP/TAZ transcriptional activity
can be promoted by phosphorylation on tyrosine 357 by the
SRC/YESI kinase, c-Abl, or FAK, following nuclear locali-
zation [137, 219-223].

The 46% homologous YAP and TAZ proteins are
derived from the transcription of two distinct genes, YAP!
(11922) and WWTRI (3q25), which are probably derived
from a duplication of the YAPI gene during evolution
[224]. Importantly, these two transcriptional cofactors do
not harbor an intrinsic DNA-binding domain, whereas
they share several functional domains enabling them to
interact with more than 20 proteins, including transcrip-
tion factors that allow them to activate different clusters
of downstream target genes (Fig. 3) as follows:

e TEAD-binding domain (TB), which recognizes the
transcriptional enhancer factor domain (TEAD) fam-
ily of transcription factors;

e 14.3.3 binding domain;
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e one or two WW interaction domains (isoform depend-
ent), where two conserved tryptophan (W) residues
enable the interaction with a number of PPxY motif-
containing proteins (particularly LATS1/2 and Kibra);

e coiled-coil domain;

e transcriptional activation domain, which is rich in
serine, threonine, and acidic amino acids, which gov-
erns the transcriptional activity of DNA-binding pro-
teins, most notably TEADs, along with others, such as
SMADs, RUNXSs, p63/p73, and AP-1;

e C-terminal PDZ-binding motif enabling YAP and TAZ
to interact with all the proteins containing the same
PDZ motif [225];

e N-terminal proline-rich domain and an SH3-binding
motif that is present on YAP but not on TAZ.

YAP has eight known alternately spliced isoforms
(from YAP1-1a to YAP1-10 and YAP1-2a to YAP1-205)
separated into two groups, YAP1-1 and YAP1-2, which
differ in the transcriptional activation domain regions and
the second WW domain (four YAP-1 isoforms display a
single WW domain, whereas the four YAP1-2 isoforms
display only two) [226]. However, the functional impor-
tance of different YAP isoforms is still incompletely
understood.

The gene WWTRI, which encodes the protein TAZ
(400 amino acids), consists of seven exons. At present,
no work has been published focused on the existence of
the TAZ isoforms in humans. The TAZ protein structure
is largely similar to that of YAP, yet with only one WW
domain present on this YAP paralog (Fig. 3).

Following activation and interaction with partner tran-
scription factors, the cofactors YAP and TAZ are then
rendered able to regulate apoptosis, motility, growth, and
cell proliferation. We should keep in mind that transcrip-
tional activity of Yap and Taz can be modulated via other
signaling pathways, which are also “non-canonical” path-
ways (for a review, please see [112, 227]).

4 Alteration of Hippo Pathway Members
in MPM

Most members of the Hippo signaling pathway are
potent tumor suppressors, as their inactivation promotes
the migration, invasion, and malignancy of cancer cells
through strong activation of downstream effectors YAP
and TAZ, with the latter being the only oncogenes of this
pathway. These events strongly correlate with poor patient
prognosis (Fig. 2).

Here, below, is the current situation of Hippo signaling
alteration in MPM:
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CD44 Inactivation

The tumor suppressor role of CD44 is related, at least to
some extent, to its interaction with NF2. Indeed, dephos-
phorylated NF2 binds to cytoplasmic domain of CD44
(first 50 amino acids of NF2), instead of ezrin/radixin/
moesin proteins, thus blocking the signal transduction and
consequent enhancement of cell proliferation and invasion
[146]. By blocking the interaction of HA with CD44, NF2
prevents the pro-tumorigenic activity of CD44 [171]. In
addition, NF2 overexpression inhibits CD44 ectodomain
cleavage by the metalloprotease, thus preventing cellular
migration as a crucial tumor property [228]. These results
support not only the idea that proteolytic processing of
CD44 promotes tumor growth, but also the hypothesis that
cells exhibiting NF2 gene mutations have become unable
to block CD44 cleavage. These cells are thus naturally
predisposed to malignant degeneration.

The tumor suppressor activity of CD44 addition-
ally depends on its relationship with MST kinase [172],
namely, the first core kinase of the Hippo pathway cascade.
In the presence of high standard CD44 levels, YAP/TAZ
activity cannot be inhibited by their phosphorylation by
LATS kinases that are localized downstream of the MST
kinases. Indeed, the interaction of cytoplasmic CD44
domain with MST prevents its action occurring [173]. Fol-
lowing cleavage of CD44, the intracellular domain can
be translocated into the nucleus and then modulates the
expression of certain genes, including matrix metallopro-
teinase 9, which further increases the invasion capacity
of cells.

In addition, high HA expression levels have been asso-
ciated with drug resistance and progression in different
tumor cells that initially displayed initial sensitivity to the
drugs, particularly on account of the CD44/HA interac-
tion’s capacity to stimulate the expression of MDR1 [229]
or MRP2 [230] and their corresponding ATP-binding cas-
sette (ABC) transporters, which can induce the selective
expulsion of anti-cancer treatments out of cells.

Already many years ago, several studies had revealed
the existence of high HA levels in patients’ pleural effu-
sions [231, 232] and reported the interaction of HA with
CD44 in the MPM setting [233]. Indeed, some MPM
cell lines display HA binding sites on their cell surface,
whereas these sites are absent in normal mesothelial cells
[234]. In MPM, it is more specifically established that
HA and its receptors facilitate neoplastic cell motility
and invasion, and thus that CD44/HA interactions facili-
tate tumor progression. Malignant pleural mesothelioma
cell lines expressing high CD44 amounts thus exhibit
increased proliferation and invasion capacity following
HA treatments. These abilities are suppressed follow-
ing inhibition of CD44 function by gene knockdown or
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neutralizing antibodies [232, 235]. Remarkably, by using
lipid nanoparticles equipped with a new HA derivative
conjugated with an anti-cancer drug, in the form of an
advanced drug-delivery system against CD44-expressing
cells, a recent study reported an accumulative effect on
cellular drug uptake, which subsequently permitted sig-
nificant suppression of MPM progression [236].

NF2 (Merlin) Deletion

Loss-of function mutations in the NF2 gene (22q12 locus)
were the first molecular alterations identified in MPM [237,
238]. These mutations have been frequently observed,
accounting for 20-50% of MPM cases depending on the
molecular assessment technique used [59, 71, 92]. These
mutations are either deletions of the entire gene or only part
of 22q, or insertions leading to truncated and inactive NF2
proteins, and thus the deregulation of all the cellular pro-
cesses that NF2 helps control [239]. It is worth mentioning
that NF2 deficiency contributes to tumorigenesis, indepen-
dently of the canonical Hippo-Yap pathway [240]. In support
of these data, a recent elegant transcriptomic and proteomic
study revealed that dysregulation of NF2 and Hippo-Yap
engage different protein interactions and exhibit different
tumor-infiltrating immune cells in MPM [72].

RASSF1A Silencing

Hypermethylation of the RASSFI gene promoter (3p21.3),
which is known for its tumor suppressor activity, has been
reported in 10-32% of MPMs, which was associated with
shorter patient OS [241-244]. Surprisingly, our observa-
tion demonstrated that RASSF1A’s depletion enhances
not only formation of long-membrane protrusion, which
is also known as tunneling nanotubes, but it also increases
tunneling nanotube-mediated intercellular propagation of
different organelles such as mitochondria or lysosomes in
mesothelioma cell lines [245]. By facilitating intercellular
communication between cells, tunneling nanotubes play a
critical role in cancer progression and metastasis [246, 247].
It is worth mentioning that the depletion of all or only part
of the 3p21.1 locus has also been related to the function loss
of another tumor suppressor gene, which is known as BRCA-
associated protein 1 (BAP1) [247, 248].

MST1 and Large Tumor Suppressor 2 (LATS2)
Inactivation

In MPM, the Hippo pathway may be inactivated by MST1
or LATS?2 inactivation, which could play a crucial role in the
deregulation of cell proliferation or survival in mesothelial
cells [249, 250]. In a recent study, our group monitored the
methylation status of the Hippo pathway components using

methylation-specific polymerase chain reaction in 223 sam-
ples from patients with MPM who participated in a phase
III trial (MAPS/ IFCT-GFPC-0701). This trial assessed the
prognostic value of the methylation status with regard to OS
and disease-free survival, using both univariate and multi-
variate analyses. The methylation of RASSF1A, RASSF2A,
RASSF6, and RASSF10 were detected in 11.1%, 14.5%,
21.5%, and 4.4% of samples, respectively, whereas no sam-
ple exhibited any RASSF5, MST2, LATS1, or LATS2 meth-
ylation. Furthermore, none of these methylations influenced
patient survival in a univariate analysis [251]. Interestingly,
MST1 promoter was methylated in 19/223 samples (8.5%),
the median OS of patients with the methylated MST1 pro-
moter being 1.4-fold lower than that of patients with the
unmethylated MST1 promoter [251].

The first observation of an inactivating homozygous
deletion or point mutation of LATS2 gene (13q12) was
first described in 12% of MPM tumor samples (35% of
MPM cell lines) using comparative genomic hybridiza-
tion and sequencing analyses [249]. These results were
further confirmed by another study showing that LATS2
mutation results in an increased nuclear accumulation
of YAP, where it can activate the transcription of target
genes [252]. In complementary experiments, the authors
showed that simultaneous mutations of LATS2 and NF2
were observed in 8% of patients with MPM with poor
prognosis. Interestingly, this co-mutation appears to
be specific to MPM’s carcinogenesis [252]. While the
normal NF2 protein promotes YAP’s sequestration and
thus inactivation at intercellular adhesion structures,
the inactivating NF2 mutations result in an increased
non-phosphorylated YAP pool within the cytoplasm (as
LATS2 is inactivated), then followed by its nuclear trans-
location. Another study in this line showed the mutations
of both LATS1 and SAV (Salvador or WW45), which
represents a chaperone protein that negatively regulates
Hippo kinases, were observed in a MPM tumor sample,
reflecting again the relevance of this signaling pathway
in this tumor [71].

Subsequent YAP Activation

All these alterations of the Hippo pathway and its regulators
suggest that this pathway is commonly inactivated in MPM,
and that YAP/TAZ could be major players in pleural car-
cinogenesis. YAP, but not TAZ, could indeed be the effector
of the Hippo pathway involved in pleural carcinogenesis.
Consistent with this hypothesis, YAP has been shown to
be constitutively activated in 59% of patients with MPM
tested [253]. Additionally, our group reported that MST1
inactivation reduced cellular basal apoptotic activity, thereby
increasing proliferation, invasion, and soft agar or in sus-
pension growth, resulting in nuclear YAP accumulation (yet
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TAZ cytoplasmic retention in mesothelial cell lines), and
that YAP silencing decreased the invasion of MST1-depleted
mesothelial cell lines [251]. Based on this observation, YAP
could be a putative target for therapeutic interventions in
human MPM.

5 What Therapeutic Targets Among Hippo
Pathway Members Should be Considered
in Patients with MPM?

The alteration of the Hippo/RASSF signaling pathway is,
therefore, a key event in pleural carcinogenesis [250-252,
255]. Restoring the proper functioning of this signaling path-
way and monitoring YAP’s nuclear activity could block the
progression of various cancers including MPM. Neverthe-
less, we should bear in mind that, given the multiple number
and functions of YAP targets, it would be unfortunate that
by blocking one YAP/TAZ downstream effector, we would
fully recapitulate the effects of direct YAP/TAZ inhibition.
Several strategies could be considered:

e [ncrease the activity of core Hippo pathway kinases
(MST/NDR) in order to restore YAP cytoplasmic seques-
tration

Importantly, Hippo pathway agonists, such as C19 or
GGTI-298, are under development; these agonists induce
the phosphorylation of both MST1/2 and LATS1/2,
increase YAP cytoplasmic levels, and enhance TAZ deg-
radation [255, 256].

Using the DNA methyltransferase inhibitor can also
activate Hippo pathway upstream regulators RASSF1 and
RASSF5 by demethylating their promoter sequence,
which ultimately enhances the activation of Hippo path-
way, thus reducing tumor growth [257].

e [nhibit YAP transcription activity

By preventing YAP interaction with TEAD: as men-
tioned, the YAP-TEAD complex regulates the expres-
sion of genes involved in oncogenic transformation [258].
Verteporfin is the first compound identified that directly
inhibits YAP-TEAD’s binding and reduces organ over-
growth caused by increased YAP activity [259]. In meso-
thelial cells, verteporfin significantly reduces the expres-
sion of YAP through downregulating its transcription and
orientation of the YAP protein to the proteasome for deg-
radation [260]. Unfortunately, verteporfin exhibits many
undesirable effects that prevent its use in clinical practice.
Another study showed that using the extract from the top
flower of a medicinal plant, Dropwort, restrains the onco-
genic activity of both YAP and TAZ through promoting
ubiquitination in both “in vitro” and “in vivo” MPM mod-
els [261]. Additionally, peptide inhibitors that disrupt the
interaction between TEAD and YAP/TAZ could represent
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a potential therapeutic option, as recently shown in gastric
cancer [262]. In another study, the authors validated the
newly generated tri-functional cell-penetrating peptides
with anti-tumoral effects, which block the interaction
between YAP and TEAD in the nucleus in both in vitro and
in vivo experiments [263]. In addition, the vestigial-like
protein VGLLA is a transcriptional repressor that directly
competes with YAP for TEAD binding [196].

¢ By inhibiting non-canonical signals and pathways partici-
pating in controlling YAP activity. For instance, statins,
bisphosphonates, and nitrogen-containing bisphosphates
inhibit the mevalonate cascade, which is necessary for
the activation of Rho GTPase and thereby suppresses
YAP/TAZ activity [264]. The Rho/ROCK inhibitor,
GSK269962A, prevents YAP’s activation and inhibits
the transcriptional activity of YAP-TEAD [260]. Moreo-
ver, ibudilast and rolipram block the phosphodiesterase,
thereby activating cAMP-dependent protein kinase A sign-
aling, which ultimately suppresses Yap’s activity [112].
Accordingly, forskolin, which is an adenylyl cyclase acti-
vator that leads to cAMP production, can significantly
increase YAP phosphorylation and its cytoplasmic accu-
mulation [265]. Likewise, strategies inhibiting both SRC
family kinase and PI3K-AKT signaling could likewise
complete inhibition of YAP/TAZ in tumors. Nevertheless,
they are not yet available [266].

It should be noted that many targeted therapies are
used, in addition to conventional therapies, at the second/
third therapeutic line for patients, the tumors of whom do
not meet the usual protocol inclusion criteria or for those
patients who start to develop resistance. Currently, only
YAP is being described to modulate the efficacy of thera-
peutic inhibitors or antibodies, in contrast to conventional
chemotherapy for which both YAP and TAZ are likely to
be implicated [267, 268]. Indeed, YAP would possibly
increase the chemo-sensitivity of hepatocellular carcinoma
cells by modulating pS3, whereas pS3 most probably exerts
positive feedback for controlling YAP expression through
promoter interaction [269].

6 Inhibiting YAP’s Anarchic Activity: Is it
the Right Therapeutic Strategy to be
Adopted for Patients with MPM?

The results obtained from our work on mesothelioma
or bronchial epithelial cells raise the question of the
relevance of inhibiting YAP activity as a therapeutic
strategy in patients with MPM presenting an alteration
of the RASSF/Hippo pathway. Indeed, we showed that
the concomitant inactivation of YAP and RASSFIA in
mesothelial (H28 and H2052) or bronchial (HBEC-3) cell
lines failed to prevent all the cellular disorders caused by
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disrupting the RASSF1/Hippo signaling pathway, while
these cells retained their ability to grow without adhesion
(agar) [141, 251].

This result could be explained by the observation that
there is not one single YAP but rather several YAP iso-
forms, and that the siRNAs used in our work, as well as
in other studies, are not able to inactivate the expression
of all these variants. Although only very few data exist
regarding the specificities of the different YAP variants,
especially because of a lack of proper tools, it has, how-
ever, been established that these isoforms do not exert the
same function. For instance, as YAP1-1 does not bind to
the p73 factor, this agent is unable to induce apoptosis
when HEK?293 cells are deprived of nutrients [270]. As
another example, through interaction with YAP1-2, not
YAPI1-1, angiomotin inhibits YAP1-2’s proapoptotic func-
tion and nuclear shuttling [271]. Similarly, in the mela-
noma setting, only YAP2 would promote the invasion of
tumor cells [272].

If YAP’s inactivation does not prevent all the disorders
induced by the disruption of the RASSF1/Hippo pathway
in in vitro experiments, this is explained by the observa-
tion that the siRNAs used in our work do not inactivate
the expression of all of the variants. Given this scenario,
it must be ensured that the YAP activity inhibitors that are
currently under development actually inhibit all of these
isoforms. There may indeed be a compensation phenom-
enon between these isoforms, when only one of the YAP’s
isoforms is being targeted by anti-YAP/TEAD therapies.
Additionally, it should be kept in mind that YAP does not
contribute to controlling gene expression only by associat-
ing with the TEAD transcription factor. Therefore, YAP’s
interactions with other transcription factors (Smad1/2/3,
RUNX1/2/3, p73) should also be considered for explain-
ing YAP’s oncogenic activity of YAP [79, 273, 274]. Fur-
thermore, YAP is able to interact with pS3 mutant pro-
teins, modulating the transcriptional activity of these p53
mutants (cyclin A, cyclin B, and CDK1), which undoubt-
edly contributes to the oncogenic properties of mutants
p53 “function gains” [275]. Finally, another possible sce-
nario to be taken into account is that YAP can play contra-
dictory roles in carcinogenesis. Indeed, if YAP is mostly
described as being an oncogene, it can at times behave as
having tumor suppressor gene properties [276-278].

7 Conclusions

This literature review highlights the common and multiple
alterations of the Hippo signaling pathway in patients with
MPM. It must, however, be noted that signaling pathways
interfere in its regulation; therefore, the essential place
that this pathway’s deregulations actually play in the

natural MPM history is still unclear. Further experiments
are required to better understand the manner in which
we could correct these deregulations and, thus, halt the
development of this devastating cancer. Although we still
lack the necessary tools, it has already been established
that the Hippo pathway turns out to be a promising bio-
marker, enabling us to detect MPM at earlier stages and
thus improve overall patient prognosis. Given this context,
systematic screening of either abnormal promoter methyla-
tion patterns of the Hippo pathway component in samples
of human tissues or stable circulating microRNA with the
capacity of regulating the Hippo pathway (ex: miR-122,
miR-847-3p) is likely to be a relevant foundation for pos-
sible MPM monitoring and early detection in the post-
professional follow-up of workers who were previously
exposed to asbestos.
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