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INTRODUCTION



1. Malignant Pleural Mesothelioma (MPM)

Malignant Pleural Mesothelioma (MPM) is a lethal and aggressive tumor, representing the
most common primary malignancy of the pleura, about 70-80% of all cases (Figurel).
Rarely, other serosal membranes also coated with mesothelium, such as peritoneum
(peritoneal mesothelioma), pericardial (mesothelioma pericardial), and tunica vaginalis

(tunica vaginalis mesothelioma), are affected.
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Fig. 1: Diagram of Normal Lung and Malignant Pleural Mesothelioma (MPM) (2013

medicalartstduio.com).

Although this malignancy is rare, its incidence is significant with an estimated number of
about 40,000 deaths each year worldwide for asbestos-related MPM (1,2) due to the
augmented use of these carcinogenic mineral fibers (3,4). Asbestos refers to a group of
mineral silicate fibers that were used commercially in the 1970s, with physical properties
causing disease (5). The International Agency for Research on Cancer (IARC) assessed that
all forms of asbestos (actinolite, amosite, anthophyllite, tremolite, crocidolite and chrysotile)
are carcinogenic to humans, causing mesothelioma. To date, about 400 forms of asbestos are
known in nature, but only the six forms mentioned above are regulated, due to their current

and widespread commercial use in many western countries, and newly industrializing



economies (4). The World Health Organization (WHO) estimates that 125 million people
annually around the world are exposed to asbestos, both in the workplace and at home.
Moreover, asbestos, related to its context (commercial, mineralogical, analytical,
regulatory), is defined differently, missing the cancer causing property of some minerals (5).
Numerous scientific evidences provide a clear and strong association between asbestos and
MPM (6-9). Previous studies have reported several cases of MPM in individuals exposed to
erionite, considered the most potent carcinogenic mineral fiber, but not regulated, because it
is not defined asbestos (10).

A widely accepted view assumes that the interaction between asbestos fibers and human
pleural mesothelial (HM) cells is the first step toward MPM. Asbestos fibers enter the pleura
and depending on the size, type of fibrous mineral and length of exposure, cause
inflammation (11), inducing the activation of nuclear factor-kappa B (NF-kB) signaling,
increasing cell survival and proliferation through loss of tumor suppressor genes, oncogenes
activation and DNA damage (12,13). To date, the molecular mechanism(s), through which
asbestos influences the selection of this HM sub-population(s), is not completely explained
and it remains to be fully understood (14).

Several epidemiological studies demonstrated (15) that exposure to asbestos and other
carcinogenic mineral fibers is not only the cause of MPM among subjects with low levels or
no history of occupational asbestos exposure (7), indicating a role of para-occupational
exposure to asbestos. The term para-occupational exposure refers to asbestos-exposed
workers clothes, asbestos-containing commercial products, asbestos-containing buildings
and natural asbestos in the soil, indicating that asbestos is becoming an environmental
contaminant. Both para-occupational exposure and direct (occupational) exposure have
shown to increase the risk of mesothelioma (16,17), possibly in combination with other co-
factors in the MPM onset (18).

In vitro and in vivo studies, together with recent immunological investigations, have shown
an association between MPM and the oncogenic Simian Virus 40 (SV40) (19-22),
suggesting a transforming synergistic action between asbestos fibers and SV40 (23-25).
Some other etiologies or co-factors, alone or with asbestos, have been linked to MPM
carcinogenesis, such as genetic predisposition and ionizing radiation exposure, potentially
contributing to MPM development (15,26,27).

MPM develops with a long-term latency period of about 25 to 70 years from the first asbestos

exposure, with a poor prognosis and median survival of less than one year from the time of



diagnosis (9,28). In the setting of occupational asbestos exposure, the majority of affected
patients are 60 years old, with peaks of the age-specific incidence at 80-84 years for men
and 75-79 for women (29), with a prevalence higher among males compared to females (with
a male-female ratio of approximately 4:1 - 8:1) (7,30).

MPM is histologically heterogeneous (31) and it can be distinguished in three main subtypes
(32), according to the predominant cellular component and different biological behavior.
Epithelioid mesothelioma, the most common form (50-70 % of cases), is characterized by
polygonal or cuboidal cells similar to carcinomas; the sarcomatoid type (10-20%), with a
spindle cell morphology, similar to sarcomas and the mixed or biphasic type (30%),
composed of both epithelioid and sarcomatoid forms within the same tumor (33). The correct
identification of the MPM histological subtype facilitates the differential diagnosis and

influences subsequent prognosis with its therapeutic decisions (34,35).

2. Molecular mechanisms underlying MPM

A large number of studies conducted in the last two decades has led to the identification of
several dysregulated biological processes that may play a significant role in MPM
development, such as the increased rate of cell proliferation, the inhibition of apoptosis
(36,37) and the alteration of intracellular Ca** homeostasis (38,39).

There is evidence that some of these molecular alterations, such as overexpression of
adenosine A3 receptor (A3R) (40), purinergic receptor P2X7 (37), dysregulation of cellular
(41) and circulating microRNAs (25,42) could be used to diagnose MPM.

2.1 Tumor suppressor genes in MPM

Tumor suppressor genes play a critical role in regulating the cell cycle. The inactivation
and/or loss of their function is one of the fundamental event in the tumor development. Loss
of heterozygosity (LOH), which commonly leads to unmasking a recessive tumor suppressor
gene, seems to be a consistent feature in MPMs. Recent studies have discovered a germline
mutation/inactivation in BAPI (BRCA1-associated protein 1) in MPM cases with a family
history of cancer (43,44). BAPI is a tumor suppressor gene located on chromosome 3p21.3,
encoding the deubiquitinating hydrolase that binds the RING finger domain of the BRCA1
protein, thought to be a regulator of many pathways related to cancer (45). Previous studies

reported the involvement of BAP! several biological processes including regulation of cell



cycle, chromatin dynamics and response to DNA damage (46). The expression of BAP1 is
ubiquitous and it interacts with tissue and cell type specific proteins in mediating metabolic
stress response (47) and in promoting survival related to its de-ubiquitinating activity (48).
As shown in a recent published study, the heterozygous germline BAP1 mutations (BAP1
+/-) induce cell metabolic changes linked to the increase aerobic glycolysis, leading to
reprogramming of the activities and stabilization of favorable environment to carcinogenesis
(49). The germline BAPI gene mutations lead to a short BAP1 protein, probably broken
down prematurely, associated to various malignancies other than malignant mesothelioma
such as, uveal melanoma (44,50) and melanocytic BAP1 associated intradermal tumors
(MBAITS) (44). Somatic truncated BAPI mutations and aberrant B4AP1 expression are more
common in sporadic MPM, with a frequency that varies widely among different histologic
tumor types (43,51), correlating with survival, providing additional clinical significance by
facilitating histological classification (52—54). Besides single point mutations in the BAP!
gene, rearrangements, multiple alterations and copy number loss have also been found in the
MPM pathogenesis (54,55). Different strategies resulted insufficient and less precise to
identify the minute or larger chromosomal deletions, underestimating the frequency of
genetic alterations in MPM (56). To date, it has been demonstrated that none of
mesothelioma patients with germline BAPI mutation was an ex-exposed asbestos worker
(57), demonstrating that the development of MPM is not always a consequent of asbestos
exposure, underlining also the crucial role of genetic factors among risk factors of this
disease.

The high incidence (around 25-60%) of the somatic BAP I mutations reported in MPM (58)
is also associated with frequent alterations (aberrant expression, epigenetic silencing and
point mutations) in other major tumor suppressor genes, such as p16/Cdkn2a, p19/Arf and
pl19/Cdkn2b (59). Their genetic alterations, independently by BAPI mutations, suggest an
important role of these tumor suppressor genes, together with asbestos exposure, in the
induction of mesothelial transformation in vitro and in vivo (60). Moreover, in vivo studies
have shown that the inactivation of both p16 and p19/Arf expression accelerated the initiation
of asbestos-induced MPM with a decreased percent survival, comparing with the
inactivation of either gene alone (61). Consistent with these data, whole exome sequencing
of asbestos-induced MPM showed the homozygous loss of Cdkn2A4 and alterations in other

tumor suppressor gene (62).



Another tumor suppressor gene frequently inactivated in MPM is neurofibromin 2 (NF2). A
study has found that 38% of MPM samples revealed NF2 gene mutations, and 29.4%
revealed deletions, with no NF2 mutations in non-small cell lung cancer patients (63). The
NF?2 gene product shows a high similarity in its sequence with some members of the ERM
(Ezrin, Radixin, Moesin) protein family. The NF2 protein is a membrane stabilizing protein
that propagates extracellular signals through several cell surface receptors and it is involved
in the regulation of ion transporters by interacting with specific proteins (64).

Other studies in MPM have shown the lack of frequent mutations in two most notorious
tumor suppressor genes: p53 (60,65) and pRb (66). Nevertheless, the association between
SV40 large tumor antigen protein (Tag) and both p53 and pRb has been found in human
mesothelioma specimens (67,68), with the inactivation of these important regulators of the

cell proliferation and survival, resulting in the transformation of HM cells (21,69,70).

2.2.  Oncogenes in MPM

Oncogenes promote transformation by driving cell proliferation and preventing apoptosis.
Some of these genes are involved in the regulation of intracellular levels of calcium (Ca®"),
an important regulator of many physiological processes, including the regulation of
apoptosis of cancer cells (39,71). The remodeling of intracellular Ca** homeostasis is a
general characteristic of cancer cells, as a consequence of the activity of different proteins
with altered functions (71). It is widely accepted that both the Bcl-2 and Akt proteins are
cofactors of the Ca?’-dependent pathways leading to apoptosis (72,73). An anti-apoptotic
member of the Bcl-2 family of proteins and the oncogene Akt were found to be dysregulated
in mesothelioma cells (74,75) and elevated levels of Akt activity were found in 65% of
human mesothelioma specimens (76,77).

Several studies have shown that the aberrant expression and dysregulated activity of growth
factors and their specific transmembrane receptors induce an increased mesothelioma cell
proliferation (78). Epidermal Growth Factor Receptor (EGFR) is an oncogene closely
involved in many cancer types, including MPM, and its gene product is a transmembrane
glycoprotein belonging to the tyrosine kinase receptor family. The specific binding between
EGFR and its ligand induces cell motility, cellular proliferation and inhibits apoptosis and
expression of extracellular matrix proteins (79). Previous studies have shown the over-

expression of EGFR in MPM tissues and cell lines (80,81), with a correlation between the



induction of its phosphorylation and the carcinogenicity of the asbestos fibers observed in
rat pleural mesothelial cells (82).

Vascular Endothelial Growth Factor (VEGF) and its receptor (VEGFR) are overexpressed
in MPM human samples, in which they may stimulate tumor growth and promote
angiogenesis and lymphangiogenesis (83,84).

It is well known that inflammation contributes to tumorigenesis by promoting cell
proliferation and activating anti-apoptotic pathways. Specifically, the hallmarks of asbestos
fibers inhalation include early and chronic inflammation linked to generation of reactive
oxygen species (ROS) that cause oxidative DNA damage, thus contributing to asbestos-
mediated carcinogenesis (85). In addition, when asbestos fibers penetrate the pleura, HM
cells undergo programmed cell necrosis, releasing into the extracellular space the High-
Mobility Group Box-1 protein (HMGB-1), an abundant damage-associated protein that
mediates chronic inflammation recruiting macrophages, which actively secrete Tumor
Necrosis Factor (TNF)-a. The pro-inflammatory and pro-survival NF-kB pathway is
subsequently activated, leading to resistance to apoptosis, transformation of HM cells

towards the malignant phenotype (86,87) (Figure 2).
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Fig. 2: Chronic inflammation and HM cell transformation (Carbone M. and Yang H.,
2012)

The decisive role of inflammation in MPM has been confirmed by another study that showed
the increased concentrations of immune mediators in the sera of asbestos-exposed workers
compared to health controls (88). Moreover, in alveolar macrophages of asbestos-exposed
rats showed increased expression of Transforming Growth Factor (TGF)-f, indicating that
the asbestosis of these cells contributes to fibrosis as well as to an inflammatory response.
Furthermore, natural killer (NK) cells demonstrated impaired cytotoxicity, an immune-
suppressive effect and tumorigenic effect upon exposure to asbestos (89). Consistently,
functional alteration of NK cells and cytotoxic T lymphocytes upon asbestos exposure in
MPM patients have been reported (90).

A recent study has reported data on the high specificity of HMGBI protein in a hyper-
acetylated isoform in serum of ex-exposed mesothelioma patients, selectively discriminating
against their respective healthy control. This could suggest a role for HMGBI1 as a

serological biomarker (91).
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3. The Notch signaling pathway

The Notch signaling pathway is a highly conserved evolutionary system of short-range
intracellular communication that plays many key roles in the regulation of genes controlling
a wide range of biological processes (92).

Notch signaling pathway has linear and simple molecular architecture, characterized by a
small group of protein components, with a functional diversity and complexity. Simplicity
derives from the absence of second messengers after proteolytic cleavage and activation of
the signaling (93,94). The complexity arises from its ability to regulate a large number of
downstream cellular effects during maintenance of self-renewing embryonic and adult
tissues (95).

The Notch gene encodes the transmembrane receptor, highly conserved from invertebrates
to mammals (95), that undergoes complex routing and modification events before it is
presented in the cellular membrane in its functional conformation (96).

The maturation process of the Notch receptors is mediated by a direct contact between the
extracellular domain of Notch receptors (four family members Notchl-4) and one of 5
canonical ligands (Delta-like 1, 3, 4 or Jagged 1, 2) on neighboring cells (95) (Figure 3).
Notch receptors are proteolytically cleaved by furin-like convertase in the Golgi
compartment on Site 1, resulting in a single-pass transmembrane protein to shuttle to the cell
membrane. The mature form of protein contains an extracellular domain (NF©), a single

transmembrane domain (N™) and an intracellular domain (N') (Figure 3).
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Fig. 3: Notch receptors and ligands. There are four mammalian Notch variations (Notch1-
4) (A) Notch receptors are single-pass transmembrane proteins composed by a functional
extracellular (NF€) domain with different EGF repetitions; a transmembrane (N™) domain
and an intracellular (N'©) domain, characterized by a RAM domain, nuclear localization
sequences (NLS), seven ankyrin repeats (ANK) and a transactivation domain (PEST). (B)
The ligands can be divided in canonical Notch ligands (Jagged1/2, DLL1, 3 and 4) and non-
canonical ligands (Dlk1/2, DNER and EGFL7) (Espinoza 1. and Miele L., 2013).

Receptor activation takes place by interaction of the extracellular domain of Notch with
ligands present in the neighboring cells. This interaction triggers other two proteolytic
cleavages on different sites of the protein, mediated by metalloproteases of ADAM family
on Site 2 and followed by a y-secretase complex-mediated cleavage on Site 3 at the cell
membrane. The last cleavage allows the release of the intracellular domain of the Notch
receptor (NICD), the active form of the receptor (94,97). NICD translocates into the nucleus

and interacts with the transcription factor CSL (Suppressor of Hairless in Drosophila, Lag-
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2 in C. elegans and CBF1/RBPJ-Jk in mammals), converting the co-repressor complex into
a potent transcriptional activator of downstream target genes (94,98). This constitutes the

“canonical” Notch pathway (99,100) (Figure 4).
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Fig. 4: Schematic representation of Notch signaling pathway (Image Credit:
Ellepigrafica/Shutterstock).

Recently a “non-canonical” Notch pathway has been identified, which acts independently of
CBF-1/CSL, playing important roles in normal and transformed cells (101-104).

There is a functional diversity among the Notch receptors, in particular among their
intracellular active forms that induce the transcription of specific genes (95,105,106). There
is evidence that, in breast carcinoma, Notch-2 has opposite effects on cell survival respect
to Notch-1 and Notch-4. Moreover, the transcriptional activity of Notch-1 and Notch-3 is
reduced by co-expression with the intracellular domain of Notch-2 (107). Detailed

descriptions on the biochemical processes regulated by Notch and the implications of
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dysregulation of this pathway in the development of cancer are reported in extensive reviews

(108-110).

3.1.  Notch and MPM

The normal tissue homeostasis is guaranteed and maintained by the balanced adjustment of
these processes. A dysregulation of intracellular signaling pathways contributes to an
extensive alteration of cell physiology causing excessive proliferation of cells. This signaling
system disorder can be caused by mutations of proteins upstream or downstream of a signal
transduction cascade or by a loss of function of negative regulators. It is well known that the
Notch protein family is a critical regulator of differentiation programs during the normal
development (108). Its ability to affect the cell proliferation and the response to apoptotic
signals suggest that dysfunction of Notch proteins could be involved in the malignant
transformation of some cell system. Indeed, alterations in the Notch signaling have been
increasingly linked to many human cancer (110).

Since the biological effects of Notch activity seem to be tissue specific (92), the Notch
signaling pathway has been found to be activated in a large number of solid tumors (110),
such as breast (107), lung (111), prostate (112), gastric cancer (113), ovarian cancer (114),
colon (115), leukemias (116), and in MPM human biopsies (117), but its role as tumor
suppressor gene has also been reported in other tumors, such as squamous cells carcinoma
(118,119).

The first evidence of the involvement of Notch signaling pathway in the development of
tumors derives from the identification of a chromosomal translocation t(7;9)(q34;q34.3) in
T-cell acute lymphoblastic leukemia (T-ALL). The chromosomal rearrangement resulted in
constitutive Notch activity in T cells, due to the expression of a truncated Notch-1 protein
lacking the extracellular subunit (116,120). This chromosomal translocation appeared in less
than 1% of T-ALL cases, later it was discovered that over 50% of T-ALL examined cases
had a variety of mutations activating Notch-1. These mutations may involve the
heterodimerization domain (HD), promoting the proteolytic cleavage of the receptor in a
ligand-independent manner, or may affect the PEST domain of regulation, leading to
increased half-life of the protein due to the reduced interaction with the E3 ubiquitin ligase

Fbw27/Sel-10.

15



Emerging evidences suggest that the Notch signaling network is frequently deregulated in
human cancers, such as, characterized by over-expression of Notch receptors and their
ligands.

Deregulated Notch receptors have been detected also in several MPM human biopsies,
indicating a role for Notch in mesothelial cell transformation and/or MPM survival (121). In
cell lines established from human MPM biopsies, elevated Notch-1 and reduced Notch-2
expression have been observed (117) respect their normal counterparts. Genetic and
chemical modulation of the Notch pathway indicated that MPM cells are dependent on Notch
signaling. Specifically in MPM cells, Notch-1 inhibits PTEN (phosphatase and tensin
homolog) and activates the PI3K/Akt/mTOR signaling pathway indicating an oncogenic role
of Notch-1 receptor in MPM cells and the involvement of its activation in the growth and
survival of MPM cells (117). On the contrary, in the same cells, Notch-2 is a positive
transcriptional regulation of PTEN and an inhibitor of the PI3K/Akt/mTOR signaling
pathway and re-expression of Notch-2 was toxic to MPM cells (117). Previous studies have
shown that SV40 activates Notch-1 leading to immortalization and transformation of
primary HM cells (121-123). This indicates that Notch-1 can mediate the transformation
process of mesothelial cells, downstream of mutagenic events caused by the exposure of
carcinogenic factors, such as asbestos and viral infection (121,123). The same effect of SV40
on Notch-1 in HM cells has been reported in uterine cervical cancer with the infection of

human papilloma virus (HPV) linked to the activation of Notch-1 (124).

3.2.  The Notch signaling oncogenic network

Another aspect of Notch signaling which could enhance diversity of the signaling
downstream response is the crosstalk between Notch and other signaling pathways.
Numerous evidences suggest that Notch plays roles in both invertebrate and vertebrate
development (125), operating not in isolation, but rather in cross-comunication with other
molecular systems, often in context-specific manners. The deregulation of Notch signaling
is frequently correlated also with more than fifty connection for the network in the tumor
aggressiveness, including oncogenic pathways such as the transforming growth factor-§
(TGF-B) (126), nuclear factor kappa-enhancer of light chain of activated B-cells (NF-xB)
(127), phosphatidylinositol 3-kinase (PI3K/Akt) (128), Sonic hedgehog (Shh) (129),
mammary target of rapamycin (mTOR) (130), estrogen receptor (ER) (131), growth factors
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(132) and micro-RNA (133). These pathways are necessary for the survival of the cancer
cells and it is becoming increasingly recognised the vision of an intricate network of
signaling mechanisms that act no longer in an isolated manner. Notch is the nexus of a
unique, pleiotropic and versatile signaling network that regulates and is regulated by a
variety of cellular mechanisms highly dependent on cellular context. This reciprocity of
communication and regulation among signaling pathways suggests that the feedback cycles
represent important mechanisms of connection, useful for combining the individual signals

in an interconnected network (134).

4. Current therapeutic approaches to MPM
4.1.  Surgical treatment

Surgery is an essential option that, alone or in combination with chemo- and/or radiotherapy,
attempts to eradicate the malignant tissue, trying to help the patient to relieve symptoms by
reducing pain (135). Nevertheless, surgical resection of the tumor is controversial and
limited to MPM patients with early stage disease and good cardiopulmonary functions (136).
The intent and the role of surgical procedure influences the survival rate of MPM patients.
In the analysis of the International Association for the study of Lung Cancer Mesothelioma
Database, MPM patients undergoing curative-intent surgery showed a median survival that
ranged from 20 to 12 months, strictly correlated with the stage of disease (stage [ to IV). The
MPM patients undergoing palliative-intent surgery showed 12 months of survival (137). A
large study conducted with 14,288 patients has shown that surgery alone, compared with no
treatment, is associated with a significant improvement in survival, but not radiation. The
similar survival obtained with surgery alone has been observed after surgery and radiation
combined (138). There are two type of surgery for MPM: 1) pleurectomy/decortication (P/D)
removes radically all visible disease of the pleura or, if necessary, the entire organ affected
by the tumor; 2) extrapleural pneumonectomy (EPP), a more radical surgical option,
eradicates all macroscopic tumor through the removal of the areas surrounding it, including
other mesothelial tissue (139). During both surgeries, lymph node sampling should be done
to assess if the cancer has spread to the lymph nodes between the lungs. The optimal
procedure for resection (EPP or P/D) of MPM depends on clinical factors and on individual
surgical expertise. The authors of the study highlight similarities between the two

approaches, concluding that there is no evidence to support the use of EPP or P/D (140). The
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Mesothelioma and Radical Surgery (MARS), a multicenter randomized clinical trial,
analyzed the advantage and the relevance of EPP approach, comparing the clinical outcomes
and median survival between MPM patients assigned to EPP within trimodal therapy
(chemotherapy, EPP and postoperative hemithorax irradiation) (about 14 months) and
patients with chemotherapy, but no EPP approach (about 19 months) (141). Other groups
reported data on mortality related both to EPP and to extended P/D, observing that both
techniques can achieve prolonged median survival (142). When balancing these
considerations, it has been underlined that surgery should be applied to obtain macroscopic
compete resection limiting surgery-associated mortality. Furthermore, given the high rates
of local failure/recurrence after surgery, would be appropriate the incorporation of intra-

cavitary therapeutics into the multimodality treatments (MMT) protocol (142).

4.2.  Radiotherapy

Radiation therapy is relatively common for MPM. Several studies have shown that
radiotherapy is unable to cure MPM (143), but administrated either pre- or post-operatively,
in combination with other treatments/approaches or alone, is useful to control pain, limit
tumor spreading, improving the 2-years rate of overall survival from 20% to 34% (144).
Given the unique way that MPM spreads along the pleura, surrounding the lungs, adjacent
to the heart, spine and other vital organs, it is extremely difficult to identify the effective
radiation dose and the site of radiation. The spread of cancer cells and the formation of
nodules can occur in 20-50% of MPM patients. To prevent spreading, prophylactic radiation
has been used without a standardized clinical practice, due to mixed results obtained (145),
probably explained by differences in surgical procedures, closely related to the ability to
administer radiation (146). In the neoadjuvant setting, the optimization of the administration
of high-dose radiotherapy to the hemithorax was allowed by the development of new
intensity-modulated radiation therapy (IMRT), followed by early EPP, providing in selected
MPM patients an improved median overall survival up to about 39 months (147,148). In
contrast with these results, multicenter clinical trials observed the not promising outcomes
of IMRT in trimodality approach, due to the high toxic effects, not supporting the routine
use of hemithoracic therapy for MPM (149).
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4.3. Chemotherapy

Chemotherapy drugs kill fast-growing cells. Systemic chemotherapy for management of
MPM remains the only and primary treatment modality, despite the toxic effects of chemical
drugs, as it has shown an increased median survival from 9 to 12 months in most advanced
stage MPM patients, who are not candidates for aggressive surgery (150). Almost every
chemotherapy regimen has been tested in mesothelioma (151). Although these treatments
are no curative, they can alleviate symptoms, prolong survival and improve quality of life,
depending on the histological differentiation, tumor stage and the patient’s overall health
when treatment begins (135). Of note early clinical trials of MPM patients included
heterogeneous groups of patients with divergent risk factors and were therefore often not
powerful enough to assess therapeutic efficacy of a particular treatment (152). Vogelzang et
al. were the first to demonstrate that pemetrexed/cisplatin combination chemotherapy is
more effective with a greater activity in MPM than cisplatin monotherapy or non-platinum
containing combinations (153-155). A few other combinations were evaluated in
randomized trials, but they did not demonstrate an incisive improvement of overall survival
(156). New generation of antifolates (pemetrexed, raltitrexed) and novel platinum derivates
(157) have shown low efficacy and limited outcomes, with a three months survival benefit
in their combination over cisplatin alone (median survival ranged from 9 months to 12

months) in MPM patients with advanced disease (153).

4.4.  Multimodality therapy

A number of non-randomized clinical trial have investigates the feasibility and outcomes of
multimodality treatment for MPM, making important progresses by involving experienced
multidisciplinary team recommended by other guidelines for mesothelioma patients
(158,159), according to the 2007 UK Department of Health’s Mesothelioma Service
Framework and the British Thoracic Society’s Statement on Mesothelioma (160). For
obtaining more effective outcomes, therapeutic options include the combination of two or
more different therapeutic approaches, such as surgery, radio- and chemotherapy, with type
of agent, timing and modality still debated. Selected patients with operable disease and a
good performance status should be considered candidates for the multimodality therapy. For
each stage of MPM disease, different methods and therapeutic approaches are indicated.

Patients with clinical stage I disease, with potential for surgical tolerance, surgery is
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recommended, because the tumor is localized and non-metastatic, respect to the patients with
advanced stage who are not operable because of impaired cardiopulmonary function that can
be treated with chemotherapy (161). Patients with stage II, with larger tumor and localized
also in nearby organs, such as the lung or diaphragm, lymph nodes, may also be involved
and stage III where MPM has invaded a region or area, such as the chest wall, esophagus, or
lymph nodes should be offered trimodal therapy with surgery, chemotherapy and
radiotherapy. A recent study has confirmed that the combination of surgical treatment, such
as extra-pleural pneumonectomy (EPP) and chemotherapy with radiotherapy led to a median
survival up to 24 months (162). Data from the Cochrane Lung Cancer group’s Specialised
Register, Cochrane Central Register of Controlled Trials, Medline, Embase and the strength
of the evidence collected by Abdel-Rahman et al., revealed a lack of available evidence to
support the use of radical multimodality therapy in routine clinical practice, leaving
considerable uncertainty regarding the choice of the correct therapeutic protocol and the

right type of surgery for each individual patient (163).

5. New therapeutic approaches and novel molecular targets

Despite progresses reached, survival time and response rate to cytotoxic agents used for
MPM treatment are still not satisfactory (160), due to the high variability in treatment
outcome observed in cancer patients undergoing chemotherapy (158). Furthermore, as the
disease is still diagnosed at an advanced stage, there is a strong need for precise indicators

for early detection of MPM and for the identification of new targeted therapeutic approaches.

5.1.  Circulating biomarkers of MPM

Analysis of liquid samples, such as serum and pleural effusion, represents a promising
approach for the characterization of markers related to MPM progression, for their ease of
collection (164). Recently, proteins (165—-168), metabolites (169) and miRNAs (42) have
been identified differentially expressed in the serum of MPM patients and could be used as
biomarkers of the onset and progression of this disease.

Soluble mesothelin, a cell surface glycoprotein, is highly expressed in several human
cancers, including mesothelioma (170). Several studies have shown a sensitivity of 84% for
advanced status of MPM, a specificity of 95% and a correlation with histological subtype of
the tumor (171-173), with higher levels in epithelioid subtype than sarcomatoid one (174).
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Another highly conserved and promising biomarker is the circulating glycoprotein fibulin-3
(175). A study showed elevated fibulin-3 levels both in plasma (sensitivity of 100% and
specificity of 94%) and pleural effusion (sensitivity of 84% and specificity of 93%) of MPM
patients, distinguishing healthy individuals with asbestos exposure from patients with MPM
disease (176). The prognostic potential of fibulin-3 is greater than mesothelin, which instead
results more functional as diagnostic biomarker of MPM (166). It has been shown that the
osteopontin levels, an extracellular cell adhesion protein, were significantly higher in serum
of MPM patients than healthy asbestos exposed individuals (177), but it is unable to
distinguish between MPM, benign pleural lesion or pleural metastatic carcinoma, associated
with asbestos exposure, due to high number of false-positive (178).

A clinical study has demonstrated that total or hyper-acetylated isoform of the protein
HMGBI is a sensitive and specific biomarker that allows to distinguish early the serum
samples of asbestos-exposed MPM patients from healthy unexposed individuals and other
pleural diseases (91).

The discovery of microRNAs (miRNAs), small sequences of RNA involved in regulation of
gene expression, has changed the diagnostic approach and therapy of many diseases,
including cancer (41). MiRNAs regulate a plethora of cellular activities, such as
proliferation, metabolism, apoptosis and angiogenesis. They are characterized by high
stability, under different typology of sample treatment, processing and isolation (179—-181).
Circulating miRNAs moves through the circulatory system naked or inside microparticles,
such as microvescicles, exosomes and apoptotic bodies, representing an innovative form of
intracellular communication (42,182). The miRNAs expression profile has been found to be
altered in several human cancers, thus pointing at their role in tumorigenesis, in particular in
the cancer progression, as oncomiRNas and tumor suppressor miRNAs (183—-185). Based
on their characteristics, miRNAs could be used as measurable indicators for prognosis,
diagnosis and valuation of cancer treatment results, including MPM (8,42).

A specific circulating miRNAs signature differentiating MPM patients from ex-exposed
asbestos and healthy subjects has been identified (25,42,186). It has been proposed that the
detection of circulating miRNAs, i.e. miR-197-3p, miR-1281 and miR-32-3p, in sera of
MPM affected patients and ex-exposed asbestos workers could be used as a novel, predictive
and non-invasive biomarkers for this disease (42). This characteristic could also help to

project targeted therapies for MPM (8,187), exploiting the use of antagomir (oligonucleotide
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sequences) or anti-miRNAs (mimetic miRNA) (41), to silence the overexpressed oncomiRs

or substitute the lost miRNA in cancer, respectively (188,189) (Figure 5).

Potential therapeutlc target
(Preciinical studics)
ASBESTOS FIBERS } FPotential therapeutic target
oo » d (Clinteal studies)
% i S : T < Potential circulating blomarkers

Genetic Alterations Altcratmm

Macrophaj
g TP mmn

Mature miRNA Microvescicoles

umm:_-. lrmmrm
e r

CD]\'.NZB

C 2
@ \ R 197-3p
ormrrrr”
Extra miR-1261
HMGB1 i in 98 3p

A Mesothelioma cell A

Fig. 5: Potential therapeutic targets and biomarkers in the mesothelioma (Rossini M.
et al., 2018). Schematic representation mesothelioma cells under asbestos exposure. Genetic
alterations, such as mutations on oncogenes and tumor suppressor genes, lead to the
transformation of HM cells. Additionally, following necrosis caused by asbestos exposure,
HMGBI protein, translocates from the nucleus to the cytosol and extracellular space,
triggering the inflammatory response, supporting the mesothelial cells transformation. All
these events may contribute to the activation of the Notch signaling and it could represent a
helpful target to stop the MPM progression. Changes in microRNA expression in MPM cells
could represent a strategy for early diagnosis of mesothelioma. In the figure, the red and
green arrows represent clinical and preclinical studies, respectively, aimed to target newly
discovered pathways altered in MPM cells. The purple arrow indicates the novel potential
circulating biomarkers under study for a no invasive MPM screening.

VEGFR (vascular endothelial growth factor receptor); EGFR (epidermal growth factor
receptor); HMGB1 (high-mobility group protein 1); TNF-a (tumour necrosis factor-a).
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6. Metformin as antineoplastic drug

Metformin (1,1-dimetilbiguanide hydrochloride) is the current first-line drug used as an oral
biguanide in the treatment of type 2 diabetes mellitus (T2DM), with more than 120 million
treated patients worldwide (190). It has been reported that patients with diabetes and
untreated T2DM ones are associated with an increased cancer risk, attributed mostly to the
growth promoting effect of chronic elevated plasma glucose and insulin levels (191-194).
Insulin resistance and resultant hyperinsulinemia might indeed promote carcinogenesis
directly through the insulin receptor or indirectly by increasing the levels of insulin-like
growth factors (IGF). Metformin is known to act on liver, skeletal muscle and gut decreasing
blood glucose level in diabetic patients with hyperglycemia without inducing hypoglycemia,
with a good tolerance and minimum collateral effects (195).

The interest in potential anti-neoplastic and cancer preventive properties of metformin was
based on numerous clinical studies that showed a significantly reduced incidence of
neoplastic diseases and cancer mortality in diabetic patients treated with metformin
compared to diabetic patients treated with another antidiabetic drug (196). Several clinical
trials using metformin as a treatment also in non-diabetic cancer patients have produced
encouraging results (197), although the findings vary depending on the intrinsic properties
of the tumor. Afterwards, many groups focused their research on effects of metformin on
cancer cells, both in vitro, alone or in combination with other drugs, and in vivo,
demonstrating the efficacy of this biguanide in decreasing tumoral growth on various cancer
cell lines and several cancers in animal models (198-202).

At the molecular level, different mechanisms of antitumor effects of metformin have been
identified, but not all are yet currently full elucidated. It is now appreciated that the principal
effect of metformin on cancer cells is the direct effect, through the inhibition of complex I
of the electron transport chain (ETC) of mitochondria (195). Direct inhibition of complex I
by metformin in cells leads to block of mitochondrial respiration and decrease cellular ATP
levels, resulting in a compensatory increase in glycolysis. If the compensatory activation of
glycolysis doesn’t induce restoration of cellular ATP levels, the metabolic checkpoint AMP-
kinase (AMPK) pathway becomes activated in order to potentiate catabolic metabolism and
inhibit anabolic reactions (203—205). AMPK is an energy sensor that plays an important role

in many pathways involved in restoring energetic balance within the cell, such as
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proliferation, cell cycle regulation, cell polarity, apoptosis, and autophagy (205-207) (Figure
6).
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Fig. 6: Schematic representation of mechanisms of action of metformin (Daugan M. et
al., 2016).

Metformin also inhibits mammalian target of rapamycin complex I (mTORC1), a nutrient-
sensitive multiprotein complex whose core essential components include the protein kinase
mTOR and scaffolding protein Raptor (208,209). This complex is implicated in many
anabolic cellular processes essential for the cell growth. It is often activated in cancer cells
and can be associated with cancer therapy resistance (210). Many different mechanisms have
been discovered to explain the inhibition of mMTORCI1 complex (211).

Understanding the mechanism of action of metformin and the consequences of its action on
cancer cells bioenergetics allows the identification of cancer types most susceptible to
metformin action. Completed clinical trials have varied in outcomes depending on cancer
type and its stage, trial design, timing and modality of metformin treatment (alone or

combinatorial therapies).
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6.1.  Metformin and MPM

Mesothelioma is a disease resistant to conventional treatments. Previous studies showed that
metformin has antineoplastic effects and its prescription has been reported to be associated
with improved survival in the treatment of diabetic patients with several types of cancers
(193-195). Nevertheless, an effect of metformin has not yet been examined in mesothelioma
and there is no evidence to support trials of metformin in MPM patients. To date, there is
just a preliminary study that put in correlation the effects of metformin and MPM patients
with T2DM, reporting a lack of association between metformin use and improvement of
survival in MPM patients (212). This study presented several limitations related to the small
sample size, imprecise estimates of effects size and not complete data on mesothelioma
characteristics for the study. Lack of adjustment for mesothelioma stage may have
underestimated the association between metformin and survival if patients who received

metformin prescription had a more advanced stage of MPM at diagnosis.

6.2.  Targeting Notch pathway in MPM with metformin

There is an emerging realization that mutations in Notch genes and dysregulated Notch
signaling pathway are linked to tumor initiation and development, depending on cell type.
Numerous evidences show that inhibition of Notch signaling determines a reduction of
tumor cell proliferation in vitro and arrests tumor growth in vivo (130,213), thus the targeting
of Notch offers an attractive potential therapeutic strategy in oncology (Figure 5). Notch
inhibition is able to shrink the tumor by increasing the apoptotic rate in the bulk of tumor,
inhibiting the growth of cancer stem cells, responsible for tumor recurrence (214,215) and
interfering with angiogenesis (216,217). To date, small molecules inhibiting y-secretase, the
proteolytic enzyme required for Notch activation, are under investigation in clinical trials
(for a list of trials the reader is referred to clinicaltrials.gov) in combination with existing
drugs (218). Other agents able to reduce angiogenesis by inhibiting Notch are also being
developed, i.e. antibodies against D114 (219).

As previously discussed, Notch-1 is overexpressed in MPM and it is therefore possible to
hypothesize the targeting of this receptor to prevent MPM progression (220) and cancer stem
cells survival (221).

In addition, recent in vivo studies with transgenic mouse models of tissue specific

manipulation of Notch signaling have begun to reveal the roles of Notch pathway in
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regulating metabolism of several key metabolic organs (224). Another unanswered
important consideration is about the upstream regulator of Notch signaling. A recent study
indicates that the energy sensor AMP-activated protein kinase (AMPK), the important target
of the action of metformin, regulates Notch signaling through mTORC1 under nutrient stress

(225).
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Notch-1 signaling pathway is evolutionary conserved and it has the critical role for
developmental cell processes, emphasizing the uniqueness of this molecular pathway.
Numerous experiments and known data have underlined the involvement of Notch signaling
deregulation in various diseases, such as leukemia and solid tumors solid, including MPM.
A previous study demonstrated that mesothelioma cell lines and specimens have elevated
Notch-1 expression compared with their normal counterparts and that Notch-1 pathway is
required for malignant mesothelioma cell survival. At present time, the role of Notch-1
signaling in the onset/progression of MPM is not thoroughly investigated. To date, current
treatments and approaches for mesothelioma do not significantly prolong survival and there
is no standard second-line therapy, with very poor clinical outcomes. Many studies have
demonstrated potential anti-neoplastic activity and cancer preventive properties of
metformin, depending on the intrinsic properties of the cancer. This study was carried
because there are not strong evidences in the role of metformin in the treatment of MPM. In
this research, I investigated with different approaches the possible existence of a relation
between the Notch-1 signaling pathway the anti-neoplastic action of metformin and MPM
survival.

To this purpose, the experiments were conducted to analyze: (i) the anti-proliferative and
pro-apoptotic effects of metformin; (ii) Notch-1 protein expression levels in human
malignant pleural mesothelioma (MPM) cells and in human pleural mesothelial (HM) cells;
(111) the Notch-1 activation status after treatment with metformin and then (iv) the role of
Notch-1 in MPM cells after metformin treatment combined with y-secretase inhibitor
(DAPT).

To perform these experiments, two cell lines of human MPM were chosen as model of study,
MMP89 and IST-Mes?2 cells, sarcomatoid and epitheliod subtype, respectively and primary

human HM cells as normal control.
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1. Cell lines and culture conditions

Human malignant pleural mesothelioma (MPM) cell lines, MMP89 and IST-Mes2, were
obtained from National Institute for Cancer Research c/o CBA (ILC, Genoa, Italy), and
grown in DMEM Ham’s F12 supplemented with 10% fetal bovin serum (FBS) (Euroclone).
Primary pleural mesothelial (HM) cells were obtained from biopsies collected from non-
oncologic patients affected by pneumothorax at the Surgical Clinic of the
University/Hospital of Ferrara, Department of Thoracic Surgery. HM cells were grown in
RPMI-1640 medium, 2 mM L-Glutamine, supplemented with 10% FBS. All cell lines were
maintained in their respective media supplemented with antibiotics 100 units of Potassium
Penicillin/ml and 100 pg of Streptomycin Sulfate/ml (Lonza), under sterile conditions,
incubated at 37°C in a 5% CO»,-humidified atmosphere. The medium was changed twice a
week and the cultures were passaged by Trypsin-EDTA according to their growth rate. For

each experiment performed the cells were plated to 80-90% confluence.

2. Chemicals

Metformin and N-[N-(3,5-difluorophenacetyl-1-alanyl)]-S-phenylglycine t-butyl ester
(DAPT) were purchased from Sigma-Aldrich. Metformin was resuspended in phosphate-
buffered saline (PBS) to make the 1M stock solution that was used at concentration of 25
mM in all the experiments, with exception of some proliferation and apoptotic assays, in
which scalar concentrations, ranging from 1 mM to 50 mM were used. DAPT was
resuspended in dimethyl sulfoxide (DMSO) to make a 5 mM stock solution that was used
at concentration of 10 uM in all of the experiments. Both metformin and DAPT were

added to culture medium for each experiments.

3. Cell proliferation assay

Cell proliferation was evaluated to assess differences between treated and untreated cells,
both in MPM cells and in their counterpart primary HM cells under the same conditions of
treatment. Cells were counted and seeded in 96-well plates, ~10,000-6,000 cells/well
(depending on the cell type), in duplicate and treated with different concentrations of
metformin, DAPT and their combination. For metformin experiments, MPM cells and HM

cells were treated for 24, 48 and 72h, initially with scalar doses 1, 5 and 10 mM and then
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with 25 and 50 mM. For DAPT experiments, MPM cells were treated for 24, 48 and 72h
with scalar doses, ranging from 1 uM up to 100 uM. For combined experiments, MPM cells
were treated for 48h with scalar doses of metformin (1, 5, 10 and 25 mM) and with one
concentration of DAPT (10 uM). During all the experiments, the control wells were exposed
to the same concentration of PBS 1X (in the case of metformin treatment) and DMSO (in
the case of DAPT treatment) to eliminate any possible effect of the vehicle on cell
proliferation.

The alamarBlue assay was used to quantitatively measure the effect of the drugs on cell
proliferation and its cytotoxicity in all cells. Therefore, subsequently, 5% of alamarBlue
solution (Invitrogen) was added to each well, and after three hours of incubation, the
absorbance was measured in an automated microplate reader (Sunrise Tecan reader) at two
different wavelength, 570 nm and 620 nm. Relative cell proliferation of individual samples
were expressed as a percentage, based on the ratio of the absorbance of treated cells to that

of control cells treated with PBS 1X (100%).

4. Apoptosis assay

Cell apoptosis was evaluated by Annexin V assay. MPM and HM cells were seeded in a 6-
well plates (1.0x10¢cells per well) and, after 24h of growth, were treated with metformin
(MMP89 25 mM; IST-MES2 and HM cells 25 - 50 mM) for 24h. Briefly, both MPM cell
lines were treated with metformin for 24h, harvested by trypsin, washed twice with PBS,
stained with 200 uL FITC-Annexin V and Propidium lodide (according to the manufacturer's
protocol, 4 uLL of Annexin V-FITC and 1,5 pL of propidium iodide (PI)) (Sigma-Aldrich,
Oakville, ON, Canada), and then incubated for 20 minutes at room temperature in the dark.
Next, labeled cells were processed by flow cytometry. All early apoptotic cells (i.e., Annexin
V positive, PI negative), necrotic/late apoptotic cells (i.e., double positive) and living cells
(i.e., double negative) were detected by using a flow cytometer (Becton Dickinson, New

Jersey, USA).

S. Western blot analysis

MPM cells, after treatment with metformin 25 mM for 24 and 48h, were collected, washed
twice with ice-cold PBS, lysed with RIPA bufter (0,1% SDS, 1% NP40, Sodium
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deoxycholate (Sigma-Aldrich)), supplemented with protease inhibitors (10 pg/ml Aprotinin
(Sigma-Aldrich), 10 pg/ml Leupeptin (Sigma-Aldrich), 10 pg/ml Pepstatin A (Sigma-
Aldrich), 1 mM 1mMphenylmethylsulfonyl fluoride (PMSF) (Sigma-Aldrich) and 1 mM
sodium orthovanadate (Sigma-Aldrich)) and incubated for 30 minutes on ice. The lysates
were centrifuged at 14,000xg for 3 minutes at 4°C. The concentration of protein lysates was
quantified using the BCA protein assay Kit (ThermoFisher Scientific, Inc.). For each sample,
35 ng of protein extract were separated on 4-12% SDS-PAGE (Invitrogen by ThermoFisher
Scientific, Inc) and transferred onto PVDF membranes (GE Healthcare) using the wet
transfer system.

For immunoblotting analysis, the PVDF membranes were blocked with 5% non-fat milk at
room temperature for lh and then incubated over night at 4°C with following primary
antibodies: anti-cleaved Notch-1 (Vall1744) (1:1,000), anti-pRPS6 (Ser240/244) (1:1,000),
anti-Noxa (1:1,000), anti-Bcl2 (1:1000), anti-caspase-3 (1:1,000), anti-caspase-8 (1:1,000),
anti-caspase-9 (1:1,000), anti-PARP (1:1,000) (all purchased from Cell Signaling), anti-
Notch-1 (C-20) (1:500) (Santa Cruz Biotechnology, Inc.) and anti-B-actin (1:10,000)
(Sigma). After washing the membranes three times for 10 minutes each with Tris-buffered
saline (TBS) - Tween-20, they were incubated with HRP-conjugated secondary antibodies
(1:3,000 dilution) [ImmunoReagent, Inc. GtxMu-003-DHRPX (goat anti-mouse IgG)
(1:3,000) and GtxRb-003-DHRPX (goat anti-rabbit) (1:3,000)], purchased from Invitrogen.
Proteins were visualized using an Enhanced Chemiluminescence-Plus kit (Thermo

Scientific) and by Image Lab Software 4.0 (Bio-Rad).

6. Statistical analysis

The graphs were produced using GraphPad Prism 6.01 software. Statistical comparisons
were performed using both one-way analysis of variance and two-away (multiple
comparisons) (ANOVA). Data were expressed as the mean £ SEM. Significant differences

were considered with values of P<0.05.
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1. Metformin inhibits MPM cell proliferation in a dose- and time-dependent
manner

In order to investigate the effects of metformin on MPM cells, the treatment conditions and
cell proliferation rate were tested using the alamarBlue assay (Figure 1A-B). The toxic dose
of metformin was determined treating both MPM cell lines with three different
concentrations 1, 5 and 10 mM, for 24, 48 and 72h. The graphs related to these conditions
show a very low sensitivity to the drug action both in MMP89 cells (Figure 1A) and IST-
Mes2 cells (Figure 1B) analyzed.
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Fig. 1: MPM cell lines are not sensitive to low concentrations of metformin. (4-B) Cell
viability of MMP89 and IST-Mes?2 cells after treatment with 0, 1, 5 and 10 mM of metformin
for 24, 48 and 72h. The results were presented as relative percentage to untreated control of
each group (defined as 100%). Data represent mean = SEM of three independent experiments

in duplicate.

To determine whether MPM cells were susceptible to anti-proliferative effect of metformin,
I decided to increase its concentration up to 25 mM and 50 mM, for 24, 48 and 72h as shown
in figure 2. It is possible to observe that metformin reduced the proliferative capacity both
MMP89 and IST-Mes2 cells in a dose and time-dependent manner compared to their
respective untreated control (Figure 2C-D). In MMP89 cells, incubation with 25 mM
metformin for 24h, 48h and 72h reduced the cell proliferation to 79,7%, 71,2% and 41,1%,
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respectively. Increasing the concentration in the media, up to 50 mM metformin for 24, 48
and 72h, their cell proliferation reduced up to 37,4%, 37,3% and 32,1%, respectively (Figure
2C). The trend was the same for the IST-Mes2 cells with 25 mM metformin for 24, 48 and
72h, with a decrease of the cell proliferation up to 67,6%, 61,9% and 47,6%, respectively,
and with 50 mM metformin up to 50,6%, 36,1% and 17,5%, respectively (Figure 2D). The
difference in cell proliferation was greater both at 72h of treatment compared to the time
points 24 and 48h, and with 50 mM of metformin concentration as compared to 25 mM. To
verify if the metformin was also cytotoxic for the normal counterpart cells, it has been
repeated the alamarBlue assay under the same experimental conditions in the HM cells

(Figure 2E).
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Fig.2: Metformin inhibited the MPM cell proliferation. (C-D) MPM cells treated with 25
and 50 mM of metformin for 24, 48 and 72h. (E) The same experiment was performed for

human mesothelial (HM) cells to investigate the anti-proliferative effect of the metformin.
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Cell viability was determined by AlamarBlue assay. The results were presented as relative
percentage to untreated control of each group (defined as 100%). Data represent mean =+
SEM of three independent experiments in duplicate. The P value was calculated compared

to untreated control (*P < 0.005, **P < 0.001 and ***P < (0.0001).

After metformin treatment, under the same conditions of cell proliferation assay, the
morphology and density of resultant cells were found to be both altered and reduced as

compared with the cells growth in regular medium (Figure. 3).
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Fig. 3: Effect of metformin on morphology and proliferation of MPM cells. (4, B)
MMP89 and IST-Mes2 cells grown in DMEM F12 with 10% FBS under different treatment
conditions with metformin for 24, 48 and 72h. The controls with PBS 1X are present for
both MPM cell lines. The images were taken under 10x objective. Scale bar: 25 um.

For further experiments, it has been chosen 25 mM as metformin concentration, due to the
important decrease on MPM proliferation without cytotoxic effects in HM cells. The hyper-
activation of the PI3K-Akt pathway is a feature of a large majority of cancer cell types (226)
and MPM (78). The anti-proliferative effect of metformin in some tumor cell types, is well
described and requires inhibition of mTOR activation via the upregulation of AMPK activity
(195). Thus, to identify differences between untreated and treated MPM cells with
metformin, I assessed the mTOR activation via the phosphorylation status of the mTOR
downstream target, S6 ribosomal protein (RPS6), by western blot. Phosphorylation of S6
ribosomal protein correlates with an increase in translation of mRNA transcripts that encode
proteins involved in cell cycle progression, as well as ribosomal proteins and elongation
factors necessary for translation (227). Metformin has previously been reported to cause a
general inhibition of protein synthesis in different cancer cells (208,228,229). Here,

metformin treatment caused a strong decrease in the phosphorylation of RPS6 protein in
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both MPM cell lines, with 25 mM of concentration for 24-48h as show in the blot in the
figure 4A, validating its anti-proliferative effect.
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Fig. 4: Expression of pRPS6 in response to metformin exposure in MPM cells. (4)
Lysates of MPM cells treated with 25 mM of metformin for 24 and 48h were subject to
western blot using anti-pRPS6 and B-actin (loading control) antibodies. (B) Densitometric
analysis relative to B-actin. Results are the mean = SEM of 3 experiments (* and **
compared with the control group. *P < 0.005, **P < 0.001, ***P < 0.0001 and ****P <
0.00001).

2. Metformin induces apoptosis in MPM cells

To further investigate the anti-neoplastic effect of metformin in MPM cells, the preset thesis
examined and compared the apoptotic features of MPM cells following metformin treatment.
The results showed an increase in the number of floating cells, following metformin
treatment compared to the untreated groups, which was suggestive of apoptosis (Figure 5).
The percentage of apoptotic cells was determined by cell flow cytometric analysis following
Annexin V/PI staining (Figure 5A-B). Following incubation with metformin for 24h, the
extent of apoptosis in MMP89 cells markedly increased up to 42.12% with 25 mM
metformin. Moreover, 50 mM of metformin was used as concentration of treatment on
MMP89 for 24h, resulting in an important increase of apoptotic cell percentage (data not
shown). IST-Mes2 cells were less sensitive to metformin, as the percentage of cells
undergoing apoptosis only increased from 7.71% with 25 mM metformin to 11.16% with 50
mM metformin as shown in the graph in the figure 5SB. The MPM treated cells underwent
apoptosis in a dose-dependent manner, compared to their untreated counterpart cells,

coherent with the alteration of cell morphology and in cell number showed in the
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microscopic images (Figure SE). The same experiment was performed with the HM cells,

demonstrating the lack of cytotoxicity in non-cancer cells (Figure 5C-D).
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Fig. 5: Apoptotic effect of metformin in MPM cells but not in HM cells. (4) MMP89
cells were treated with 25 mM metformin, while IST-Mes2 and HM cells were treated at

different doses, 25 and 50 mM of metformin, both for 24 h. Apoptosis was determined by
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flow cytometry and the percentage was represented in the graph. Four fractions of the cells
were identified: live cells in the early phase of apoptosis, late stage apoptosis and necrotic
cells and quantitative analysis of individual fractions was represented. (B-C) Results are the
mean = SEM of 3 experiments (* and ** compared with the control group. *P < 0.005, **P
< 0.001, ***P < 0.0001). (D) Images of HM cells showing no morphological alteration
following treatment. (E) Images of MPM cells showing morphological alteration after 24h
treatment with 25mM and 50 mM of metformin. All these images were captured under

optical microscope (10x magnification). Scale bar: 25 um.

The apoptotic effect was also validated by several other typical characteristics of apoptotic
morphology of cells, including the condensed chromatin and micronucleation following
nuclear staining with Hoechst-33342 with and without treatment with different
concentrations (25 mM for MMP89 and 25-50 mM for IST-Mes2) of metformin for 24h
(Figure 6).
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Fig. 6: Apoptotic effect in MPM cell lines. () MMP89 cells were treated with 25 mM and
(d-e) IST-Mes2 cells with two different doses, 25 and 50 mM of metformin, both for 24 h.
(a-c) Untreated MPM cells. Nuclear morphology was examined by staining the cells with
Hoechst-33342. The images were captured under the fluorescence microscope (10x

magnification). Scale bar: 25 um.
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The metformin-treated cells showed changed shape, from spindle (MMP89) and oval (IST-
Mes2) to more elongated and stretched with a separation of the cells from the surface of
monolayer. With Hoechst-33342, the nuclei appeared brighter, granular, blue fluorescence
and typical changes of late apoptosis with small apoptotic bodies compared to control group
(Figure 6). Also for apoptosis detection by Hoechst-33342 staining, were used different
concentration of metformin 25 mM for MMP89 and 25-50 mM for IST-Mes2, because
MMPS89 resulted to much sensitive to 50 mM of metformin respect IST-mes2 that resulted
more resistant (data not shown).

To corroborate the findings of the flow cytometric analysis and morphological evaluation
previously described, cell lysates of cultured treated and untreated cells I investigated
whether the metformin-induced apoptosis observed in MPM cells was a result of activation
of the mitochondrial pathway, the caspases (3, 8 and 9), Bcl-2, PARP and Noxa proteins by
using western blot analysis (Figure 7A-B).

Since the intrinsic apoptosis pathway is physically associated with mitochondria, the levels
of conserved pro-apoptotic proteins that dysregulate the permeabilization of the outer
mitochondrial membrane were measured.

Caspases are synthesized as inactive precursors (procaspases), which undergo proteolytic
cleavage, playing an important role in apoptosis, as initiator (caspases 8 and 9) or effectors
(caspase-3) depending on their point of enter into the apoptotic pathway (230). The blots in
the figure 7A-B show a decrease of these caspases, in their total form, in both MPM cell
lines treated with 25 mM metformin after 24h and, more evident, 48h of treatment, induced
by mitochondrial dysfunction that leads the initiator caspase-9 in the cytosol inducing in turn
the activation of the effectors caspase-3 and 8 (Figure 7B).

Poly(ADP-ribose) polymerase (PARP) is a family of proteins involved also in the apoptosis
(231). PARP cleavage in early apoptosis is mediated by caspase-3, determining which cell
death pathway has been activated (232). The blots in figure 7A-B showed a downregulated
total form of PARP protein in both MPM cell lines, after treatment at 24 and 48h with 25
mM of metformin.

Bcl-2 protein has an important function in the control of activation of intrinsic apoptosis
pathway (75,233,234) The family members consist of pro- and apoptotic members that
induce opposing effects on the permeability of the mitochondria. The Bcl-2 family members
have been divided into three subfamilies: Bcl-2 subfamily pro-survival, the Bax subfamily

pro-apoptotic and BH3 subfamily pro-apoptotic.
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I found that Bcl-2 is downregulated by metformin. Moreover, the apoptosis in both the MPM
cell lines tested was consistently accompanied by another interesting observation that
concerns the pro-apoptotic Noxa protein (235). Consistent with this observation, it has been
shown here that, in MPM cell lines, metformin induces a strong Noxa protein up-regulation,
thus suggesting that Noxa plays a critical role in metformin-induced MPM cell apoptosis

(Figure 7).
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Fig. 7: Induction of pro-apoptotic proteins after metformin treatment in MPM cells.
(A-B) 35 ng whole-cell lysate extracted form treated MPM cells were subjected to western
blot analysis. There is a modulation of apoptotic proteins, PARP, caspase-8, -9, -3, Bcl-2
and Noxa in MPM cells after metformin treatment, specifically with 25 mM for 24 and 48h.
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The band of pRPS6 protein was reported as positive control for the action of metformin on
MPM cells. (a-b) Densitometric analysis calculated relative to B-actin protein (loading
control). Results are the mean £ SEM of 3 experiments (* compared with the control group.

*P < 0.005).

3. Notch-1 activation is increased in MPM cells

To investigate if Notch-1 could be a specific target of metformin action, we first evaluated
the Notchl basal level in both MPM cell lines. We detected the activation level of Notchl
signaling both in MMP89 and IST-Mes2 cell lines by western blot analysis. As shown in the
blot (Figure 8) in both MPM cell lines we observed higher levels of the active form of Notch-
1 (Cleaved Notch1/N1ICD) compared to HM cells. Notch-1 protein expression was detected
by using a specific antibody directed against the C-terminal of Notch-1 and able to recognize
the full length (FL), truncated transmembrane form (TM) and an antibody specific for the

active form of Notch-1, as shown in the blot in the figure 8A.
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Fig. 8: Expression and activation level of Notch-1 in primary HM cells and MPM cell
lines. (A) Western blot analysis of Notch-1 (FL and TM) and its active form cleaved Notch-
1 (N1ICD). The blot shows the upregulation of N1ICD form in MPM cell lines compared
with primary HM cells, where Notch-1 is expressed, but its activation is absent. The human

cervical cancer cells (HELA) and Human Umbilical Vein Endothelial Cells (HUVEC) were
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used as positive controls for Notch-1 protein and its active form. Protein samples (30 pg)
were separated by 4-12% SDS-PAGE. (B) Densitometric analysis of the bands normalized
to the PB-actin band (loading control). Error bars represent the mean + SEM for three
independent experiments. The P value was calculated compared to untreated control (***P
< 0.0001 and ****P < (0.00001). (C) Cytological features of MPM cells and primary HM
cells. The images were captured under optical microscope (10x magnification). Scale bar:

25 pm.

4. Metformin downregulates Notch-1 signaling pathway in MPM cells

Since hyper-activation of Notch-1 is a stimulatory signal for mesothelioma development and
progression, we wanted to investigate if the metformin influenced the levels of N1ICD in
the MPM cells. Thus, the MMP89 and IST-Mes2 cells were treated with 25 mM metformin
for 24h and 48h. After treatment western blot analysis was performed to assess the levels of
NI1ICD and truncated transmembrane form (TM) of Notch-1 proteins in cell lysates, as
shown in Figure 9. Metformin treatment down-regulated N1ICD and Notch-1 protein levels
in both MPM cells respect their untreated controls. As explained and shown before (Figure
4), in this thesis it has been used as positive control of action of metformin on MPM cells

the antibody against the pRPS6 (Figure 9A).
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Fig. 9: Effect of metformin treatment on Notch-1 activation in MPM cells. (4) Western
blot analysis showed downregulation of protein levels of Notch1 and its active form N1ICD
after treatment with metformin 25 mM (24 and 48h) in both MPM cell lines, respect their
untreated counterpart. pRPS6 antibody was used as positive control for the action of
metformin. The human cervical cancer cells (HELA) and Human Umbilical Vein
Endothelial Cells (HUVEC) were used as positive controls for Notch-1 protein and its active
form. Protein samples (30 pg) were separated by 4-12% SDS-PAGE. (B) Densitometric
analysis of the bands normalized to the B-actin protein band (loading control). Error bars
represent the mean + SEM for three independent experiments. The P value was calculated
compared to untreated control. (*P < 0.005). (C) Cytological features of untreated MPM
cells and altered confluence and morphology of cells have been shown after metformin
treatment. The images were captured under optical microscope (10x magnification). Scale

bar: 25 um.
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5. Notch-1 inhibition in MPM cells with DAPT treatment

After evaluating the activation level of Notch-1 in MPM cells, it has been investigated
whether y-secretase inhibitor DAPT could prevent the release of the Notch-1 intracellular
domain (N1ICD) in MPM cells. Western blot analysis showed that level of Notch-1 protein
were downregulated by DAPT treatment in MMP89 and IST-Mes?2 cells (Figure 10A). This
finding indicated that the Notch-1 activation was efficiently suppressed by DAPT treatment
in both MPM cell lines in a dose-dependent manner for 48h. Observing the blot in the figure
10A, DAPT blocked efficiently Notch-1 activation already at a 1 uM concentration. The
concentration of 10 uM of y-secretase inhibitor DAPT was used subsequently to effectively

inhibit the Notch-1 activation because showed no cell cytotoxicity.
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Fig. 10: Optimum treatment conditions to inhibit Notch-1 activation in MPM cells.
MPM cell lines were treated with different concentration of DAPT (0, 1, 5, 10, 25 and 50
uM) for 48h. (A) The blot shows the activation level of Notch-1 for each condition of y-
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secretase inhibitor DAPT in MMP89 and IST-Mes2. (B) Densitometric analysis of the bands
normalized to the B-actin band (loading control). Error bars represent the mean £ SEM for

three independent experiments.

6. DAPT enhances the anti-proliferative effect of metformin on MPM cell lines

I then determined whether y-secretase inhibitor DAPT was able to sensitize MPM cells to
metformin-reduced cell proliferation, improving its anti-proliferative action. Initially
MMP89 and IST-Mes?2 cells were pre-treated with 10 uM DAPT for 24h and then they were
treated with 10 uM DAPT combined with scalar doses of metformin up to 25 mM for 24, 48
and 72h. Cell proliferation was assessed for both MPM cell lines, as shown in the figure 11A
and B. Data showed that the treatment with the y-secretase inhibitor DAPT alone leads to a
reduction of cell proliferation in both MPM cell lines, indicating an important implication of
Notch-1 activation in MPM survival. When the MPM cells were treated combining DAPT
with scalar doses of metformin, there was an evident decrease of cell proliferation in a time-
and dose-dependent manner. Specifically, in the MMP89 cell line the proliferation was
inhibited up to 48.28%, 47.16% and 23.68% respectively after 24, 48 and 72h of combined
treatment with DAPT and 1 mM of metformin. In the IST-Mes2 cell line the proliferation
was inhibited up to 48.57%, 46.44% and 51.11% respectively after 24, 48 and 72h of
combined treatment with DAPT and 1 mM of metformin. Combined treatments with DAPT
and low concentrations of metformin enhanced the metformin-reduced cell proliferation
with a percentage comparable to treatments with 25 mM metformin alone as shown in the

graphs in figure 2 and figurel 1.
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Fig. 11: Synergic effect of DAPT-metformin combination on MPM cell proliferation.
MPM cells (4) MMP89 and (B) IST-Mes2 were treated with different concentrations of
metformin (1, 5, 10 and 25 mM) and 10 uM of DAPT for 48h at 37°C. DMSO > 99.9% on

was used as the negative control. Error bars represent the mean = SEM for three independent
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experiments. The P value was calculated compared to untreated control. (*P < 0.005, and

*£P < 0.001).
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DISCUSSION



The incidence of MPM has been increasing in the recent years, representing an enormous
burden on public health worldwide, particularly in light of the prevalence of environmental
asbestos fibers (7,17). Despite the significant progress in elucidating the molecular
mechanisms of MPM pathogenesis, current screening tools detect the MPM in advanced
stages with very underdog prognosis and poor overall survival (30,161). However, a deeper
understanding of MPM pathogenesis has highlighted additional potential targets for therapy,
together with new strategies and drugs under development, could determine the response to
treatments, improving the outcome of MPM patients.

Due to the many roles that Notch signaling plays in normal development and postnatally,
alterations of Notch-1 pathway have been described extensively in multiple human solid
tumors (92) and hematological malignancies (116). Notch signaling is also implicated in
MPM (117). In this study, we confirmed that Notch-1 activation is dysregulated in MPM
cells (Figure 8).

In the present thesis, I also investigated the in vitro antineoplastic effect of anti-diabetic drug
metformin on MPM cells, evaluating the possible role of the Notch-1 signaling as mediator
of the mechanism of action of metformin.

In this context, epidemiologic evidence show that diabetes is strongly associated with both
cancer incidence and mortality (194,196) and many retrospective analysis have shown that
metformin possesses antineoplastic properties, improving survival in the treatment of
diabetic patients with several types of tumors (190), with less toxicity compared to existing
anti-cancer drugs. Currently, for lung cancer, metformin has been suggested to be a useful
adjuvant agent to radio- and chemotherapy and most studies have indicated improved
prognosis of lung cancer of diabetic patients treated with metformin, though the results are
still inconsistent among different studies (236). To date, there are no studies reporting the
association between metformin treatment and MPM progression. Only one study has
investigated the association between the effect of metformin and survival in people with type
2 diabetes mellitus (T2DM) affected by MPM, compared to untreated diabetic ones with
MPM. However, this investigation did not provide conclusive data, due to restricted sample
size and unavailable information related to MPM stage and histological subtype (212).

In the present thesis, the relevance in vitro of antineoplastic activity of metformin on MPM
cells, reported a particular interest in investigation of the oncogenic Notch-1 signaling
pathway involved in mediating the reduction of MPM cell survival after treatment. For this

purpose, I used as experimental models two MPM cell lines, representing the two different
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histological subtypes, sarcomatoid MMP89 and epithelioid IST-Mes2 cells. I first conducted
cell proliferation assay in MPM cells treated with metformin. In agreement with other
previous reports in other tumor cell lines (237,238), metformin inhibited cell proliferation in
a dose- and time-dependent manner (Figure 2). It has been widely reported that the major
molecular mechanism of anti-proliferative effect of metformin on cancer cells is correlated
with the increased activation of AMPK and inhibition of mTOR downstream signaling
pathway, with a decrease in phosphorylation of S6K, RPS6 and 4E-BP1 (208,211). The
mTOR pathway regulates cell growth, proliferation and survival (239). Consistently with
some reports in literature, after treatment with metformin, I found a downregulation of
RPS6phosphorylation in both MPM cell lines (Figure 4).

Apoptosis is an essential physiological process of cell death responsible for deletion of cells
in normal tissue maintain proper cell homeostasis. However, defects in apoptotic pathways
are now though to influence and to be essential for sustaining malignant phenotype with
cancer cell proliferation. Most anticancer agents now in use were developed to selectively
kill tumor cells, through the disruption of apoptotic programs (240). There are no published
findings showing that metformin induces apoptosis in MPM. The results of this thesis
revealed apoptotic effects of metformin in both MPM cell lines. In particular, in the Ist-mes2
cell line the response was dose-dependent (Figure 5). At molecular level, this effect was
validated by the downregulation of anti-apoptotic protein Bcl-2 in both MPM cell lines.
Moreover, a decrease of pro-apoptotic protein Noxa and the total forms of caspase-3, 8, 9
and PARP has been observed, suggesting the possible upregulation of their respective active
forms following metformin treatments (Figure 7A-B), with no significant difference
between the two subtypes. I then performed experiments to check the involvement of Notch-
1 in the mechanism of action of metformin on MPM cells. In each experiment, after
treatment with 25 mM of metformin, the activation level of Notch-1 (N1ICD — intracellular
domain) was characterized by western blot analysis (Figure 9A). It was possible thus to
observe a clear modulation of N1ICD, decreasing in both MPM cell lines treated with
metformin added to their growth medium, thus suggesting a potential role of Notch-1
signaling in the mechanism of action of metformin.

Recent studies demonstrate that Notch signaling pathway may play critical roles in the
regulation of anti-cancer drug-sensitivity and resistance. For these observations, the role of
Notch-1 activation in both MMP89 and IST-Mes2 cell proliferation was investigated,
through the inhibition of y-secretase enzymatic activity with the DAPT inhibitor (Figure
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10A). Indeed, y-secretase is a critical proteinase for Notch-1 protein activation via nicastrin
ectodomain binding to the N-terminus of Notch-1 protein and cleavage of Notch-1 (94).
After treatment with scalar doses of y-secretase inhibitor DAPT, it was possible observe a
block of Notch-1 activation and thus a decreased levels of N1ICD in a dose-dependent
manner (Figure 10A-B), showing the efficacy and specificity of this molecule in inhibiting
Notch-1 activation in both MPM cell lines. Experiments were performed to investigate the
combination of metformin and DAPT on the proliferation rate of MPM cells and the
involvement of Notch-1 in this biological process. The pretreatment with y-secretase
inhibitor DAPT (10 uM) and the following treatment with metformin (scalar doses) induced
an important reduction of MPM cell proliferation rate (Figure 11) compared to treatment
with metformin only. Future studies need to confirm these current data before translating
into in vivo investigations and then in clinical trials.

Downregulation of Notch-1 by multiple approaches appears to be a novel strategy for
increasing drug-sensitivity of MPM cells to conventional chemotherapeutics. The inhibition
of MPM cell proliferation and the induction of apoptosis could confirm a clear link between
Notch-1 and metformin in MPM cells.

To date, metformin is still widely investigated by clinical trials for the treatment of an
increasing number of human cancers (ClinicalTrial.gov; March 2018). This thesis provides
new data on a novel therapeutic strategy based on the combination of two agents to treat
MPM. Specifically, these results showed an additive stronger effect of metformin-DAPT
combination compared to metformin alone, which has the value in reducing the
chemotherapeutic agent dose.

In conclusion, our data showed that: (i) metformin inhibits MPM cell proliferation; (i1)
metformin induces apoptosis in MPM cells; (ii1) Notch-1 is dysregulated in two MPM cell
lines compared to normal human mesothelial (HM) cells; (iv) metformin down-regulates
Notch-1 and (v) the inhibition of Notch-1 by y-secretase inhibitor DAPT induces an increase
of MPM drug-sensitivity to metformin treatments.

These results suggest that metformin inhibits MPM cell proliferation by downregulating
Notch-1 and induces programmed death in MPM cells. Hence, Notch-1 and metformin might
represent novel targets for MPM therapy.

These interesting data lead to formulations of additional hypothesis and strategies that will

be the subject of future works.
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The in vitro results presented in this thesis could demonstrate a new molecular mechanism,
among the others already studied and extensively explained, by which metformin performs
its anti-proliferative action. Further studies will aim to find explanation about the modulation
of Notch-1 signaling in response to metformin, a drug currently used worldwide against the
type 2 diabetes for over a century.

Chemotherapy is the central pillar of systemic therapy for MPM and the goal today is to
develop novel targeted chemotherapy agents, to be used either alone or in combination to
increase efficacy and to minimize and/or avoid side effects (157,199,202). At the same time
preclinical research together with clinical trials is investigating novel, more specific
approaches: the combination of inhibition Notch-1 signaling with metformin could represent

one of these new therapeutic approaches to treat MPM.
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