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ABSTRACT

Malignant mesothelioma (MM) is a highly aggressive neoplasm with poor prognosis and
survival averaging 6-12 months after diagnosis. The efficacy of the first-line treatment
(pemetrexed plus cis-platinum) improves the overall survival of only 2-3 months because
the marked resistance of MM cells to chemo-induced apoptosis limits response to the
therapy. Recently, we demonstrated that the release of calcium (Ca") from the endoplasmic
reticulum (ER) to mitochondria, a crucial event in apoptotic cell death, is deregulated in MM
cells. Similarly, different studies highlighted a pivotal role of the autophagic process in MM,
wherein enhanced autophagy allows cells to survive cytotoxic stimuli, thus conferring cell
death resistance. Here, we found that some antidepressants (ADs), DCMI and sertraline, and
antipsychotics (APs), clozapine and haloperidol, presented anti-autophagic effects that
increased apoptosis in MM cells treated with pemetrexed and cis-platinum, alone or in
combination. Furthermore, we showed that in MM cells, autophagy induced the degradation
of type I1I inositol 1,4,5-trisphosphate receptor (IP3R3), the main player in Ca?* release from
ER to the cytosol and mitochondria, reducing apoptosis. By the other hand, ADs by
inhibiting the autophagic-UPS (ubiquitin-proteasome system) degradation increased IP3R3
levels, an effect that led to increased Ca®" transfer from the ER to mitochondria and promoted
apoptosis. In conclusion, our results suggest that the chemo-resistance in MM is largely
related to reduced levels or activity of the IP3R3 and consequent lower mitochondrial Ca**
concentrations, which render cancer cells incapable to execute apoptosis. Thus, inhibiting
the autophagic-UPS degradation of IP3R3 in MM cells could stabilize the receptor and it
could restore susceptibility to chemo-induced apoptosis. In this light, we propose that ADs
and APs, in combination with chemotherapy drugs, could represent an interesting novel

therapeutic strategy for MM.



INTRODUCTION

Chapter 1. Malignant mesothelioma: an overview

1.1 Tumour characteristics, epidemiological data and clinical outcome

Malignant mesothelioma (MM) is a rare and highly aggressive cancer whose incidence
continues to increase worldwide !. It originates from the cells of the mesothelium, a tissue
that covers, like a thin film, the surface of most of the internal organs. Mesothelium includes
the pleura, the membrane that lines the lungs; the peritoneum, that lines the abdomen; the
pericardium, the sac around the heart, and the funica vaginalis, which lines the interior of
the scrotum * (Fig.1). However, in most cases, mesothelioma developed in the pleura

originating the malignant pleural mesothelioma (MPM).

Mormal Plauss

Cancerous Right Plaura

Figure 1. Malignant pleural mesothelioma (MPM).

Malignant mesothelioma (MM) is a rare and highly aggressive cancer that starts in the mesothelium, which
includes the pleura, the thin layer of tissue that lines the lungs; the peritoneum, the membrane that lines the
abdomen; and rarely the pericardium, the sac around the heart, and the tunica vaginalis, which lines the interior
of the scrotum. Most cases of mesothelioma start in the pleura. This type of mesothelioma is also called
malignant pleural mesothelioma (MPM). Mesothelioma almost always is caused by past exposure to fibers of
asbestos. In rare cases, mesothelioma can be passed down from one generation to the next. Familial forms of

MM are linked to germline mutations of several genes, mostly BRCA 1-associated protein 1 (BAP1) gene.

Therefore, MM can originate in four different areas of the body: in the chest, in the abdomen

and, very rarely, in the cavity around the heart and in the membrane that covers the testicles.
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Benign tumours (adenomatous tumours, benign cystic mesothelioma, etc.) may also arise
from the mesothelium, which are generally removed surgically and do not require further
treatment 2. Among all the forms of malignant mesothelioma, MPM is certainly the most
common, accounting about 80% of all MMs .

MM is a male-predominant disease and, according to the Italian Cancer Registry Association
(AIRTum), it represented 1% of all cancers affecting men and 0.2% of those diagnosed in
women in Italy in 2019. Besides, 1800 new mesothelioma cases were estimated in 2019
(1300 in male subjects and 500 in female subjects) (P. Bironzo, F. Grosso and AIRTum
Working Group, “Mesotelioma - I numeri del cancro in Italia 2019”). In the last few years,
the number of cases is slightly increasing among women, probably because of the increasing
number of female workers employed in the industrial production of materials containing
asbestos, the main risk factor for this tumour *. In fact, MM is mainly associated with
exposure to asbestos and, until a few years ago, this mineral was a widely used material in
industry, thanks to its excellent soundproof properties, thermal, electrical and chemical

resistance and great flexibility and versatility of use °

. Remarkably, there are huge
differences in the number of mesothelioma cases in different italian regions. For example,
in the province of Alessandria, where there was an important industry for the production of
materials containing asbestos, the incidence is above the national average with 16 cases per
100.000 for men and 13 cases per 100.000 for women *.

The onset of mesothelioma is rare before 50 years old and has a maximum peak incidence
around 70 years old. After diagnosis, 5-year survival rate is less than 20% in people between

45-54 years old and gradually decreases with advancing age !. Instead, in Italy, the estimated

5-year survival rate was less than 9% in 2019 &7
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1.2 Causes and risk factors
1.2.1 Exposure to asbestos and environmental risk factors

As already mentioned, the main risk factor for mesothelioma is asbestos exposure and its
role in carcinogenesis has been known for over 50 years ®°. Most of MMs developed in
people who have directly worked with this mineral or in its presence '°. In addition, people
who live in close contact with exposed workers are also at risk, since asbestos fibers can
stick to clothes and be transported with them from work to home. Asbestos indicates a family
of minerals, rather common in nature, with a very heat-resistant fibrous structure. The group
consists of six naturally occurring fibrous minerals (chrysotile, amosite, crocidolite,
tremolite, actinolite and anthophyllite) composed of thin, needle-like fibers, even more than
a thousand times thinner than a human hair !'. The small fibers that compose the minerals
can be inhaled and can damage the mesothelial cells causing several cancers and diseases,
including lung cancer °, mesothelioma and asbestosis, a chronic disease characterized by
scarring in the lungs, due to asbestos fibers deposited in the organ, which leads to long-term
breathing complications. The International Agency for Research on Cancer (IARC)
classifies all types of asbestos as carcinogens for humans, although a minor carcinogenic
power is described for chrysotile respect to the others '!. Therefore, these minerals are very
dangerous to human health and, although there are asbestos strengthens and fireproof
materials, they are banned in many countries. In Europe and in various developing countries,
asbestos has been banned since 2005 but some nations, such as Russia, China, Kazakhstan,
Brazil and Canada, still remain important producers. Interestingly, also exposure to other
minerals, with similar fibers and physical characteristics to asbestos, like erionite (a naturally
occurring fibrous mineral that belongs to a group of minerals called zeolites), could be a risk
factor for the development of the MM 12,

Notably, there has not been reported so far a threshold value for asbestos amount that can be

cause mesothelioma onset. However, a single fiber cannot cause cancer but a sufficient
12



"cumulative dose" is required. The risk increases with the amount of asbestos that has been
inhaled and with the time exposure to the mineral. For this reason, the risk is very high in
people who have worked in industries for the production or processing of objects containing
asbestos but the required "cumulative dose” for the development of MM presents large
variations between individuals '°. Furthermore, it is important to remember that the latency
time, which is the time that can elapse between the first exposure to asbestos and the onset
of mesothelioma, is very long and can last up to 50 years '°. In addition, the risk does not

decrease once the exposure is completely eliminated, but remains constant throughout life.

1.2.2 Genetic risk factor

Although the exposure to asbestos is a major risk factor for mesothelioma, having been
exposed to this mineral does not necessarily mean to develop the disease as, on the other
hand, having not been exposed does not imply the certainty of never be affected by this form
of cancer. In fact, 90% of the MM is caused by the exposure to asbestos, but only 5% of
exposed people developed MM !. These observations indicate that there are also other causes
for the onset of mesothelioma, even without occupational asbestos exposure. Indeed, rare
familial forms of MM have also been described !>!4, which are linked to germline mutations
of several genes (such as BRCA1-associated protein 1, BAPI) that can be transmitted from
one generation to another '*1>16. BAP1 is a deubiquitinating enzyme with several roles in
regulating deoxyribonucleic acid (DNA) repair, histone modification and gene expression
and its dysfunction induces alterations in global gene expression profiling '”!8, In the last
decade, many studies have shown that polymorphism in the genes involved in oxidative
metabolism or in DNA repair processes may play an important role in the pathogenesis of
these diseases °. Indeed, molecular genetic analysis on MM patients have identified several
genetic alterations, which are responsible for the development and progression of MM and
are potential targets for molecular targeted therapy 2°. The loss of various tumour suppressor
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genes was identified as the most common molecular event in MM 2!. Most frequently
mutated tumour suppressor genes are the cyclin-dependent kinase inhibitor 2A/alternative
reading frame (CDKN2A/ARF), neurofibromatosis type 2 (NF?2), the already cited BAPI and
occasionally the tumour protein p53 (TP53) genes '>!'7. A recent comprehensive genomic
analysis has confirmed that recurrent gene fusions and splice alterations are frequent
mechanisms for inactivation of NF2 and BAPI in these diseases and their alteration are
relatively characteristic of MM !3. Notably, Merlin, which is encoded by NF2, regulates
multiple cell signalling cascades including the Hippo and mammalian target of rapamycin
(mTOR) pathways, which regulate important cell functions such as cell proliferation and
growth. Through integrated analyses, alterations in Hippo, mTOR, histone methylation,
ribonucleic acid (RNA) helicase and p53 signalling pathways have also identified in MM 22,
The discovery of familial cancer syndromes with germline mutations of these tumour
suppressor genes also indicates the importance of genetic factors in MM predisposition.
However, the genetics of MM susceptibility remains a relatively unexplored area.

The pathogenesis of MM has not yet been fully understood but seems to be related to the
release of reactive oxygen and nitrogen species by macrophages. These molecules have
mutagenic effects on DNA, with autocrine stimulation deriving from the activation of
oncogenes (MET, EGFR, PDGF, IGF-1, VEGF) *, the inactivation of tumour suppressor

genes (as BAPI) '° and the resistance to apoptosis >°.

1.2.3 Other risk factors

Other less common risk factors that have been reported to cause MM are thorax and abdomen
1onizing radiation and exposure to Thorotrast10 (thorium dioxide, contrast medium used in
) 24

radio-diagnostics until the 1950s) “* and also, as reported in many studies, the simian virus

40 (SV40) infection 2>?’. Indeed, one of the most studied risk factor is SV40, which was

14



found to be able to cause mesothelioma in mice and has been found in some forms of human

MM %7,

1.3 Diagnosis

Unfortunately, the formulation of a correct diagnosis is not easy and it often comes at an
advanced stage of the disease when MM becomes more difficult to treat ¢. Indeed, the clinical
symptoms are underestimated or misunderstood, since MM is a heterogeneous tumour and
can be confused with other benign or malignant pathologies affecting the pleura.
Furthermore, the diagnosis is hampered by the difficulty to correlate the symptoms with an
exposure to a harmful carcinogenic substance that occurred many years ago. However, there
are no screening methods that allow the early diagnosis of the disease in asymptomatic
subjects, therefore the only real prevention that can be implemented today is to avoid

exposure to asbestos and erionite.

1.4 Therapeutic strategies

Even with the current use of different therapeutic options, MM remains challenging to treat.
Patients with MM have poor outcomes because multimodality treatments are suboptimal and
currently no therapy is curative. Indeed, MM is largely unresponsive to chemotherapy and
refractory to conventional therapies even with a combination of aggressive surgical
intervention, radiation therapies and multimodality strategies. First line therapy is
chemotherapy based on cis-platinum in combination with pemetrexed 2%, drugs that induce
apoptosis through unknown mechanisms, which have not yet been clearly defined. Because
MM cells are largely resistant to apoptosis 2, the efficacy of cis-platinum and pemetrexed
is limited, resulting only in 2-3 months improvement in median survival "*. Nowadays, no

validated treatment beyond standard front-line therapy is available. Combination of novel
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drugs, such as the addition of bevacizumab (anti-VEGF antibody, an antiangiogenic
compound) combined with cis-platinum plus pemetrexed, has shown some promise ° but it
should be noted that bevacizumab is not approved, at present, by the Italian Agency of drugs
(AIFA) for this application. However, immunotherapy, specially immune checkpoint
inhibitors, has generated a lot of excitement because of data suggesting the potential value
of immune checkpoint inhibitors for patients who have failed chemotherapy but modern
targeted therapies, or combination of novel drugs, that have been shown to be beneficial for
other cancers have failed in MM so far *!. More effective therapeutic strategies are therefore

needed for MM !,
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Chapter 2. Ca’" signalling and apoptotic cell death in cancer

2.1 Ca?" as intracellular signal

Eukaryotic cells perceive and correctly respond to a wide range of extracellular signals,
including hormones, growth factors, neurotransmitters and cell-cell interactions. Commonly,
these extracellular inputs, through the interaction with cellular receptors harboring intrinsic
enzymatic activity, coupled to intracellular effectors via G proteins or acting as ion channels,
conveying the extracellular “message” in intracellular responses activating different
signalling pathways. Frequently, the activated internal responses lead to the increase of the
concentration of calcium ions (Ca?") in the cytoplasm with defined amplitude and kinetics
that are used by the cell as intracellular signals for the regulation of multiple cellular
processes 2. Indeed, since life begins, Ca?* mediates a plethora of different mechanisms,
from the fertilization and regulation of the cell cycle events during the early developmental
processes, to specific functions once the cells differentiate. In order to use Ca** as cellular
messenger, cytosolic Ca** concentration [Ca**]. is maintained at very low levels in resting
cells (~100 nM) and its intracellular distribution is highly and finely regulated.
Consequently, controlled changes in intracellular Ca®* levels provide dynamic and versatile
signals permitting to use Ca®" variations as pleiotropic messengers in the context of wide-
ranging cellular events as diverse as gene expression, proliferation, cell death, motility,
membrane trafficking, secretion, fertilization, development, muscle contraction and
membrane excitability, and neuronal synaptic plasticity in learning and memory *.

The universality of Ca®" as intracellular messenger, capable of regulating such different
processes, depends mainly on the spatio-temporal complexity of Ca*" signals in terms of
amplitude, duration, frequency and localization 3**3. The formation of the correct spatio-
temporal Ca®" signals depends on a wide cellular machinery named the Ca*" signalling

toolkit, which includes several cellular Ca**-binding and Ca**-transporting proteins, present
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mainly in the cytosol, plasma membrane, ER and mitochondria, and is continuously
remodeled both in health and in disease *** (Fig.2).

Since Ca®" diffusion rates are slow and an extended intracellular stay of this cation is
cytotoxic, cells have devised an ingenious mechanism of signalling to overcome the inherent
problems connected to the features of Ca?* and utilize it as second messenger, by presenting
spatio-temporal changes in Ca’" concentration. Indeed, single cell measurements have
revealed that changes in Ca®" levels can occur as repetitive brief spikes (Ca>" oscillations) 3
or localized increases, confined or gradually propagate within the cells (Ca*" waves)
32.3337.38 While rapid highly localized Ca** spikes regulate fast responses, repetitive global
Ca?" transients or Ca>* waves manage slower reactions. To provide a very fast and effective
Ca’"-signalling, the cells use a huge amount of energy to maintain an almost 10000-fold
Ca’"-gradient between intracellular Ca?" concentrations (~100 nM free) and extracellular
environment (~1 mM) and internal stores, as endoplasmic reticulum (ER). However, to
maintain this Ca®" gradient, the cells compartmentalize, chelate or extrude Ca®" from the

cytoplasm to the outside milieu through active mechanisms by the plasma membrane Ca*’-

ATPase (PMCA) and the Na'/Ca>" exchanger (NCX) 3+3%40,

2.1.1 The Ca** signalling toolkit

In response to a wide range of stimuli, such as extracellular agonists, toxic stimuli,
membrane depolarization, and stretch, intracellular [Ca®'] increases through two
fundamental mechanisms (or a combination of both). The first involves Ca** entry from the
external milieu, through the opening of several plasma membrane Ca®" channels, also driven
by the electrochemical gradient existing between the two sides of the plasma membrane.
These Ca**-entry channels display distinct features and their opening is triggered by different
external signals, therefore they are traditionally grouped into three classes: voltage-
dependent Ca?"channels (VDCCs) #!, typical of excitable cells, receptor-operated Ca>*

18



channels (ROCs) 2, for example the N-methyl-d-aspartate (NMDA) receptor that responds
to glutamate, and second messenger-operated Ca?’ channels (SMOCs) # that respond to
internal messengers. The second mechanism is the release of Ca?' that is stored in
intracellular compartments, mainly the ER and its specialized form in muscle, the
sarcoplasmic reticulum (SR) *. Ca?* release from internal stores can be modulated by Ca*"
itself, upon the entry of external Ca*" induced by different stimuli, but also by the formation
of second messengers, such as inositol 1,4,5-trisphosphate (IP3) and cyclic adenosine
diphosphate ribose (cADPr). The main Ca" release-channels, present in the intracellular
stores, are the IP; receptors (IP3Rs) *** and the ryanodine receptors (RyRs) 6. However,
IP3Rs, present on the ER membrane, are the most ubiquitous. They are ligand-gated
channels that release Ca** from ER Ca®" stores, in response to the binding of their ligand,
the second messenger IP3, usually generated upon the activation of G protein coupled
receptors (GPCRs) or tyrosine-kinase receptors (TKR). Indeed, GPCRs can activate
phospholipase C (PLC)-f and TKR can activate PLC-y, which then cleave
phosphatidylinositol 4,5-bisphosphate (PIP2) into IP3 and diacylglycerol (DAG), both of
which function as second messengers *’. IP3 binding to the IP3Rs, causes efflux of Ca®" from
the ER to the cytoplasm resulting in increase in [Ca®']. from ~100 nM up to 1-3 pM for
several seconds, activating various Ca*’-dependent intracellular events *’. Diverse cellular
proteins with Ca**-binding affinities, ranging between nM to mM, are ubiquitous present in
the cells to buffer the [Ca®']. increase as well as to regulate cellular processes via Ca?'-
signalling. Indeed, intracellular Ca®" is predominantly bound to these buffers, whereas a
small proportion binds to the effectors that activate different cellular processes. The correct

cellular outcome depends on the spatio-temporal characteristics of the generated Ca>* signal

32,33
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Figure 2. Schematic representation of Ca?*circulation in the cell.

The universality of Ca’" as an intracellular messenger depends on its enormous versatility. Cell have a Ca?*
signalling toolkit with many components, which includes several cellular Ca?*-binding and Ca>'-transporting
proteins, present mainly in the cytosol, plasma membrane, endoplasmic reticulum (ER) and mitochondria that
can be mixed and matched to create a wide range of spatial and temporal signals. Ca?" enters into the cell
through channels and pumps situated on the plasma membrane: VDCCs, typical of excitable cells, receptor-
operated Ca?" channels (ROCs) that responds to external messengers, e.g. NMDAR that responds to glutamate,
and second messenger-operated Ca?" channels (SMOCs) that respond to internal messengers (not shown).
Various stimuli that act on cell surface receptors triggers the activation of phospholipase C (PLC) that catalyses
the hydrolysis of PIP; to IP; and DAG. The binding of IP; to its receptor IP3R stimulates ER Ca?* release and
consequently the transfer of Ca*" from ER to mitochondria. Mitochondrial Ca?" import occurs through its
uniporter MCU. Ca?" levels return to resting conditions through a series of channels and pumps: PMCA and
NCX permit the ion extrusion into the extracellular milieu, SERCA (situated on the ER) and SPCA (on the
Golgi apparatus) re-establish basal Ca®" levels in intracellular stores. Abbreviations: Glu, glutamate; IP3,
inositol trisphosphate; IP3R, inositol 1,4,5-trisphosphate receptor; MCU, mitochondrial Ca?"uniporter;
NCKX, Na'/Ca?-K* exchanger; NCX, Na'/Ca?" exchanger; NMDAR, N-methyl-d-aspartate receptor; PIP2,
phosphatidylinositol 4,5-bisphosphate; PMCA, plasma membrane Ca>*-ATPase; SERCA, sarco/endoplasmic
reticulum Ca?*-ATPase; SPCA, secretory-pathway Ca?*-ATPase; VDCC, voltage-dependent Ca?‘channel
(figure from %),

Once its downstream targets are activated, Ca®>" leaves the effectors and buffers and is
removed from the cell by signal switching off mechanisms, in order to preserve the resting
levels of Ca*" and to refill internal stores. Hence, basal [Ca®"]c levels are regained by the
combined activity of Ca®" extrusion mechanisms, such as multiple pumps and exchangers,
PMCA and NCX **%, which extrude Ca®>" from cytosol to the external milieau, and

mechanisms that refill the intracellular stores, like sarco/endoplasmic reticulum Ca?*
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ATPases (SERCAs) *. Since SERCAs activity and the presence of several intraluminal
Ca?"-binding proteins (CABPs) inside the ER, such as calnexin and calreticulin, this cellular
compartment is able to accumulate Ca?* up to 1 mM, whereas the free [Ca®"] reaches ~100-
700uM, resulting in an overall estimated ER Ca?" concentration ([Ca®'Jgr) equal to a 1000-
10000-fold higher compared to the cytosol **-32, Furthermore, also mitochondria participate
to the recovery process sequestering Ca>" rapidly, inside the mitochondria, through its
uniporter, the mitochondrial Ca*" uniporter (MCU) > (Fig.2). Indeed, although the ER (and
its specialized form in muscle, the SR) is the main intracellular Ca" store, almost all other
53,55,

organelles are involved in Ca®* signalling such as the Golgi apparatus °*, mitochondria

lysosomes ¢ and peroxisomes >’.

2.2 IP3R: main player in calcium release from cellular store

ER represents the most extensive intracellular organelle and the main dynamic cellular store
of Ca?" ions, which can rapidly respond to a huge variety of external stimuli, making this
organelle a key component of Ca®" signalling pathway °3. The ER Ca?* signalling system is
composed by channels and pumps, IP;Rs, RyRs and SERCAs, but also by Ca**-buffering
proteins, such as calnexin and calreticulin, and other accessory proteins including triadin,
sorcin and phospholamban *°. As previously mentioned, Ca®" release from ER is mainly
mediated by the ubiquitous integral membrane ligand-gated channels IPsRs . Numerous
extracellular stimuli, such as hormones, growth factors and neurotransmitters, can trigger
downstream IP; generation and Ca** release from the ER store through the interaction with
different cellular receptors and the following activation of diverse isoforms of PLC. In
particular, GPCRs and TKRs can activate PLC-B and PLC-y respectively, whereas Ras
proteins induce PLC-¢ activation and an increase in Ca®" concentration stimulates PLC-§
61.62 Therefore, the activated phosphodiesterases trigger the hydrolysis of the membrane
phospholipid PIP; in DAG and IP3, both of which function as second messengers *’. Whereas
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DAG mainly affects the activity of the Protein Kinase C (PKC) isoforms, IP; diffuse in the
cytosol and binds to the nonselective cationic channels IP;Rs on the ER, causing their
opening and Ca?" release . Besides the ER, IP; can also stimulate Ca®" release from the
nucleus, Golgi apparatus and secretory vesicles.

In mammalian cells, three isoforms of IP3R have been identified (IP3R1, IP3R2 and IP3R3)
that are encoded by different genes and share 60-80% aminoacids (aa) sequence homology
63, They present different agonist affinities and tissue distribution %%, In particular, IP;R2
has more IP5 affinity than IPsR 1, and both are largely more sensitive than IP3R3 %, Whereas,
for the diversity of protein expression, IP3R1 is the dominant isoform in neuronal cells and
smooth muscle, while IP3R2 is mainly present in skeletal and cardiac muscle and IP3R3 has
a widespread expression in all tissues.

IPsRs are glycoprotein receptors with a molecular weight of approximately 260 kDa.
Functional receptors exist as tetramers, composed of four identical (homotetramers) or
different (heterotetramers) IP3R isoforms, each one containing a cytoplasmic N-terminus, a
hydrophobic region containing 6 transmembrane (TM) helices, and a cytoplasmic C-
terminus ¢’. The N-terminal of the each subunit contains a proximal IP3-binding domain (IP3-
BD), i.e. the minimal sequence sufficient for IP3 binding, and a distal regulatory domain 3.
N-terminally to the IP3-BD, aa ranging from 1 to 222 form a suppressor domain, which
inhibits ligand binding reducing the global receptor IP3 affinity ®. Moreover, this region
plays a critical role in coupling the ligand binding to the channel gating, since experimental
evidences showed that IP3R cannot function when the entire domain is removed, although
IP; still correctly binds the receptor °. Interestingly, between the IP3-BD and the pore of the
channel, there is the regulatory domain, which mediates intramolecular interactions with
other IP3R domains as well as the association with other regulatory proteins. In particular,
the modulatory domain contains many consensus sequences for the binding of several factors

involved in IP3R regulation, such as Ca**-binding protein calmodulin (CaM), CABPI,
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adenosine triphosphate (ATP) and Caspase-3 (Cas3) ’!. Moreover, this region possess
phosphorylation sites for numerous kinases, including pro-survival protein kinase Akt (also
known as Protein Kinase B, PKB) 2, cAMP-dependent Protein Kinase A (PKA) 3, Ca**-
calmodulin-dependent protein kinase II (CaMKII) 74 PKC 7, cGMP-dependent protein
kinase (PKG) 7® and various protein tyrosine kinases 7', which can directly phosphorylate
and modulate IPsR activity "%, At the end, C-terminal of each subunit is composed by a six
transmembrane-spanning domain, which enables IP3R to be embedded in the ER membrane,
and plays also a crucial role in receptor tetramerization and channel Ca®" conductance
regulation 780,

IPsRs are distributed and organized within clusters along the ER membrane. Cooperative
receptor activation, mediated by both IP3 and Ca®", which basically act as channel co-
agonists, allow the formation of local and long-range Ca*" signals *. Indeed, brief opening
of single IP3R, at a discrete site, creates localized Ca*" pulses, known as “sparks” or “puffs”,
that recruit neighboring IP3Rs, through a process named Ca?*-induced Ca*" release (CICR),
combining Ca** “puffs” in Ca** waves 312,

The Ca?" release from ER is a nonlinear and cooperative process that begins when IP3 binds
to all four receptor sites on the IP3R, one on each subunit of the tetramer, inducing the
conformational change within the transmembrane region that leads to Ca**-binding site
sensitization 3. Finally, upon Ca** binding, the channel opens and release Ca** from the
cellular store. Ca®" can induce Ca®" release from ER in a biphasic manner. Indeed, early
studies showed that micromolar concentrations of Ca** could inhibit IPs-mediated Ca*"
mobilization ®. Whereas, lower concentrations were found to potentiate the effects of IP3 on
the receptor %. In addition, also Ca®" inside the organelle is able to regulate the channel
opening since it has been seen that an increase in [Ca®"]er enhances the sensitivity of IP3R

for its ligand, promoting also spontaneous Ca>" release, in permeabilized hepatocytes.
g p g P P P

However, the nature of this direct regulation and the protein involved are still a matter of
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debate %. Although IP; and Ca®" are essential for IP;R channel activation, other

137, For example,

physiological ligands can finely modulate the Ca®*-sensitivity of the channe
ATP can regulate IP;R in a biphasic manner as well as Ca’?": while at micromolar
concentrations ATP exerts a stimulatory effect, in the millimolar range it inhibits the channel
opening %,

As previously mentioned, IP3R activity is modulated by a huge variety of stimulators and
inhibitors, as well as phosphorylation and dephosphorylation events, mainly acting on the
N-terminal suppressor domain of the channel ’®. Besides these interactions, also IPsR
expression levels can be regulated within the cell. Most of these processes are Ca®"
dependent, but also Ca®*-independent mechanisms or acting via specific drugs have been
described. Whereas, at post-transcriptional level, [IP;Rs mRNA is modulated by microRNAs
and IP3R protein expression is finally determined by ubiquitylation events and consequently
by proteasomal degradation via ER-associated degradation (ERAD) ¥°. Notably, also
proto-oncogenes and tumour suppressors, as the phosphatase and tensin homolog (PTEN),
B-cell lymphoma 2 (Bcl-2), promyelocytic leukemia protein (PML) and the breast cancer

type 1 susceptibility protein (BRCAT1), can affect IP;Rs activity decreasing and enhancing

it, respectively.

2.3 Ca?"-uptake in mitochondria

ER is tightly connected to mitochondria creating very dynamic platforms that are termed
mitochondria-associated membranes (MAMs). These specialized structures, at the interface
between the two organelles, have been identified as microdomains enriched in Ca*'
signalling factors, which enable to rapidly respond to physiological and pathological Ca*"
signals selectively conveyed by ER directly to mitochondria °'2. The tight spatial
relationship between ER and mitochondria, and the capacity of the latter to quickly clear the
high [Ca?"] microdomain generated in the proximity of the IP;R, makes mitochondria an
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active player in Ca** buffering and a resulting controller of IPsR function. The uptake of the
Ca’' ions into the mitochondrial matrix leads to an increase, in a few seconds, in
mitochondrial Ca** concentration ([Ca*']m) to values above 10 uM and in some cell types
up to 500 uM *3-°, Nevertheless, besides its essential role in the maintenance of the Ca?*
homeostasis, mitochondrial Ca** uptake also modulates a wide-range of crucial processes
like cellular metabolism, secretory functions, proliferation, migration, cell survival and
apoptosis °.

This process have long been considered to take place only when [Ca?*]c increases in a high-
amplitude prolonged manner, i.e. in the Ca*" overload that is observed in numerous
pathological conditions, due to the low affinity of the mitochondrial Ca*" uptake system
under physiological stimulation ([Ca®']. rarely exceeds 2-3 uM) °’. However, using a novel,
genetically encoded chemiluminescent probe, aecquorin, which allow dynamic, accurate and
specific monitoring of the [Ca®'] within the matrix of mitochondria in living cells, Rizzuto,
Pozzan and colleagues showed in 1992 that mitochondria undergo very fast and large
increases in their matrix Ca** levels upon physiological stimulation **?%, In addition, similar
results were also obtained with other tools that accumulate within the organelle like
fluorescent indicators, as the positively charged Ca®" indicator rhod-2 ** and the more
recently developed green fluorescent protein (GFP)-based fluorescent probes . In light of
these results and a large body of other experimental evidences, it is now generally accepted
that the rapid uptake of Ca®" into mitochondria rests in the strategic location of mitochondria
close to the opening ER Ca?" channels (in MAMs regions) or Ca** channels situated on the
plasma membrane °'.

Mitochondria are organelles characterized by two structurally and functionally different
membranes: an outer membrane (outer mitochondrial membrane, OMM) and an internal one

(inner mitochondrial membrane, IMM), which define an intermembrane space

(intermembrane space, IMS) between them, and a mitochondrial matrix inside the organelle.
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OMM is similar to the ER membrane and mainly consists of phospholipids, proteins and
cholesterol. This plain outer membrane is mostly soluble to ions and metabolites up to 3000
Daltons (Da) due to the presence of many non-selective channels termed porins. Whereas,
IMM is not plain but characterized by particular invaginations called cristae, which enclose
the mitochondrial matrix, and presents high selectivity to ions and metabolites '°°. Inner
membrane ion-impermeability enable mitochondria to generate and preserve an enormous
electrochemical gradient, which is used to promote the mechanism of oxidative
phosphorylation (OXPHOS) that produce cellular ATP. In fact, mitochondria are the main
site of ATP production and generally considered the powerhouse of the cell. Glucose
converted to pyruvate by glycolysis and products from fatty acid metabolism are converted
to acetyl-CoA, which enters the tricarboxylic acid (TCA) cycle wherein they are fully
degraded to carbon dioxide (CO2). More importantly, these enzymatic reactions generate
reduced forms of nicotinamide adenine dinucleotide (NADH) and flavin adenine
dinucleotide (FADH>), which trigger the mitochondrial electron transport chain (mETC).
The mETC is composed by five different protein complexes: NADH dehydrogenase
(complex I), succinate dehydrogenase (complex II), ubiquinol-cytochrome c¢ (cyt c)
reductase (complex III), cyt c oxidase (complex IV) and Fi1Fo-ATP synthase that constitutes
the final enzyme (complex V). Electrons transferred from NADH and FADHo, through these
complexes, move along the respiratory chain storing the energy as a very large
electrochemical protons (H") gradient across the IMM. Thus, the translocation by protein
complexes of H', from mitochondrial matrix to IMS, creates a mitochondrial membrane
potential difference, Aym = -180 mV, negative inside. Consequently, H' are forced to re-
enter the matrix mainly through complex V, which dissipate this electrochemical gradient
coupling the proton driving force to the phosphorylation of adenosine diphosphate (ADP)

into ATP, according to the chemiosmotic theory '°!. Besides ATP production, it has become
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clear that mitochondria employ the dissipation of the proton gradient, generated by the
respiratory complexes, also to accumulate cations into the matrix 33192,

The uptake of the Ca>* ions into the mitochondria, taking advantage of the enormous driving
force related to the negative transmembrane mitochondrial potential, involves different
transport systems responsible for the transport of Ca®" across the outer and the inner
mitochondrial membrane. In particular, the Ca®" transfer is carried out by the mitochondrial
porin of the outer membrane, the voltage-dependent anion channel (VDAC), and by MCU
through the IMM. However, the key transporter involved in mitochondrial Ca?* uptake is the
MCU, a highly selective ion channel with low affinity for Ca®*, which takes up Ca** in the
micromolar range and it reaches saturation only at more than physiological [Ca*']c 1.
Indeed, the overexpression of MCU (once called “CCDC109A”) has been shown to increase
mitochondrial Ca** uptake, which strongly sensitizes cells to apoptotic stimuli, and, by the
other hand, silencing of MCU, using short interfering RNA (siRNA), reduce specifically
Ca?" uptake in mitochondria '*!1% Recently, MCU was shown to be a macromolecular
complex composed by pore-forming and regulatory subunits '°. This mitochondrial
uniporter is located in the IMM and presents two putative transmembrane domains with the
N- and C-terminus facing the mitochondrial matrix. The MCU gene is nuclear and located
on chromosome 10. It encodes for a 40kDa protein, which comprises the target sequence to
mitochondria, that is cleaved when the protein is imported into the organelle, and the mature
35kDa protein. The resulting MCU is expressed in all the tissues and is able to
oligomerization, giving rise to a complex of higher molecular weight 1%,

Among the MCU regulatory subunits, mitochondrial calcium uptake 1 (MICU1), also known
as FLJ12684 or CBARAL, has a key role in the modulation of the complex. Indeed, MICU1
acts as a gatekeeper of the channel, stabilizing MCU complex in its closed state and

cooperating to allow Ca** to accumulate inside the mitochondria. Silencing MICU1 has been

reported to abolish mitochondrial Ca?* entry in intact and permeabilized cells, and to
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attenuate the metabolic coupling between cytosolic Ca®" transients and activation of
mitochondrial dehydrogenases 7. In 2012, it was also identified another important regulator
of MCU, CCDC90A, now called mitochondrial calcium uniporter regulator 1 (MCUR1), an
integral membrane protein that binds to MCU and regulates ruthenium-red-sensitive MCU-
dependent mitochondrial Ca?" uptake '®®. Ablation of MCURI can disrupt OXPHOS
reducing cellular ATP and activating AMP kinase-dependent pro-survival autophagy. In
addition, a biphasic effect of Ca?* on the MCU has been reported since, beyond a certain
level, [Ca*']c increase inactivates the uniporter, preventing further Ca?* uptake and avoiding
an excessive accumulation of the cation in mitochondria '%°,

In light of these evidences, it becomes clear the essential role of MCU complex in

mitochondrial Ca®" uptake and the maintenance of the normal cellular bioenergetics.

2.4 Apoptotic cell death

Through their numerous and different metabolic functions, mitochondria power life. Indeed,
they are the main energy producers in the cell and Ca®" uptake into mitochondria can also
modulate matrix enzymes that are involved in a wide range of other crucial cellular processes
like cellular metabolism, cell survival, proliferation, migration, contraction and secretory
functions %¢. Paradoxically, mitochondria also have a central role in apoptotic cell death since
the above processes must be accomplished within the context of Ca*" being highly toxic
100.110 I fact, exceeding its normal spatial and temporal boundaries can result in cell death,
mainly through the activation of the apoptotic pathway .

Apoptosis is a tightly regulated, energy-dependent and efficient mechanism of cell death,
which involve various cell signalling pathways. The apoptotic process is defined by an
orchestrated collapse of the cell, cytoplasmic shrinkage, chromatin condensation, DNA and
protein cleavage, nuclear fragmentation and formation of apoptotic bodies followed by
phagocytosis by neighboring cells '''!12, The apoptotic network components are usually
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already translated and present in the cell, at defined sites, ready to be activated by a pro-
apoptotic stimulus and quickly respond to the death signal. Numerous stimuli, from outside
or inside the cell, can induce the activation of the apoptotic pathways, such as oxidative
stress, DNA damage, treatment with cytotoxic drugs or irradiation, interruption in cell cycle

1" Furthermore, also the absence of survival

signalling and death receptors activation
factors is enough to drive a cell into apoptosis. This process occurs through two types of
pathways: the extrinsic apoptotic pathway, triggered by the binding of death receptor ligands
(tumour necrosis factor, TNF, and Fas ligand) to their receptors, and the intrinsic apoptotic
pathway, which involve mitochondria and requires the activity of specific enzymes
(caspases) and regulatory proteins (such as the Bcl-2 related family) %113,

Upon induction of the intrinsic apoptotic pathway, initial stage is the mitochondrial outer
membrane permeabilization (MOMP), which usually commits a cell to die triggering the
mitochondrial release into the cytoplasm of cyt ¢ and intermembrane space-resident pro-
apoptotic factors, which include caspase-independent death effectors, such as nucleases
and/or proteases, as well as caspase co-factors %115, Cyt ¢ is undoubtedly one of the main
players in the pivotal events that initiate the intrinsic apoptotic pathway. Once released into
the cytoplasm, this protein drives the rearrangement and heptaoligomerization of the
apoptosis—protease activating factor 1 (Apaf-1) leading to the assembly of the apoptosome,
a platform that activates pro-caspases in response to intrinsic cell death signals 'S, Each of
these complexes can recruit up to seven pro-caspase molecules, leading to their proteolytic

17 A significant number of other pro-apoptotic

cleavage and consequent activation
molecules, such as Smac/DIABLO (second mitochondria derived activator of caspase/direct
inhibitor of apoptosis-binding protein with low isoelectric point), apoptosis-inducing factor
(AIF), HtrA2 (high temperature requirement protein A2) and endonuclease G (EndoG), are

contained into the IMS and released into the cytosol upon cell death signals. They activate

apoptosis through different pathways: Smac/DIABLO and HtrA2 interact and inhibit the
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cytosolic inhibitors of apoptosis proteins (IAPs), such as XIAP, cIAP-1 and cIAP-2. The
IAPs are generally associate to pro-caspases, stabilizing them and preventing their
activation. Thus, Smac/DIABLO and HtrA2 inhibition of these peptides induce caspase
activation. Instead, AIF and EndoG translocate directly from IMS to the nucleus where they
are thought to mediate chromatin condensation and DNA fragmentation '8,

Beyond question, the crucial event that initiate the apoptotic process is the OMM
permeability. However, the precise molecular mechanism underlying the process is still
controversial. Indeed, different models have been proposed. One model involves opening of

the mitochondrial permeability transition pore (mPTP) ¥

. mPTP opening can be triggered
by various stimuli and leads to the loss of mitochondrial membrane potential, as ions
equilibrate across the OMM, and consequent water entry and swelling of the mitochondrial
matrix. The latter can result in OMM dysruption, thus leading to the non-specific release of
proteins from the IMS !?°. The second model for MOMP appears to be regulated by members
of the Bcl-2 family acting directly on the OMM. It has been proposed that Bax, a pro-
apoptotic Bcl-2 family member, directly interacts with the adenine nucleotide translocator
(ANT) and VDAC inducing mitochondria permeabilization. Another model suggests that
the release of pro-apoptotic proteins exclusively depends on the dynamic interactions and
balance between pro-apoptotic and pro-survival members of the Bcl-2 protein family. In this
model, BH3-only proteins (such as Bid, Bim, Puma and Noxa) play a pivotal role in pro-
apoptotic Bax and Bak activation that results in their homo-oligomerization within the
OMM. Pro-apoptotic Bax and Bak proteins exist as inactive monomers, with Bax localized
in the cytosol and Bak in the mitochondrial fraction. Upon apoptosis induction, Bax
translocates to mitochondria where it homo-oligomerizes and inserts in the OMM. Similarly,

also Bak undergoes a conformational change that induces its oligomerization at the OMM.

This leads to the formation of a pore in the OMM, which triggers the permeabilization of the
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membrane and subsequent release of apoptogenic proteins and programmed cell death

accomplishment 13121,

2.5 Remodelling of Ca?* signalling machinery in cancer cells

Intracellular Ca®" signalling is fundamental for the regulation of innumerable cellular
processes including muscle contraction, hormone secretion, synaptic transmission, as well
as proliferation and cell migration. However, increases in intracellular Ca*>* that exceed the
normal spatial and temporal boundaries are cytotoxic and lead to programmed cell death 22,
Consequently, Ca** needs to be modulated in an appropriate manner to determine cell fate,
and cell survival finely depends on Ca** homeostasis. If this balance is compromised, several
pathological situations may ensue 23124,

ER and mitochondria form a highly dynamic interconnected network within which they can
control Ca" signalling. During normal signalling, there is a continuous flow of Ca** between
these two organelles, mainly transferred from the ER to the mitochondria. The switch into a
death signal depends on the amplitude of the mitochondrial Ca?" signal and the coincidental
presence of pro-apoptotic stimuli '**. A wide number of cell death signals, such as
arachinodic acid, ceramide and oxidative stress induced by H>O> or menadione, triggers a
progressive release of Ca®" from the ER, which consequently induces a mitochondrial Ca**
overload '%. Because of their central role in Ca** release from ER stores, IPsRs are directly
responsible of the massive and/or prolonged Ca** overload into mitochondria. The relevance
of these receptors in Ca?"-dependent cell death has been demonstrated by several studies that
have shown that ablation or reduction of IP3R expression significantly reduces agonist-
induced mitochondrial Ca?" uptake, resulting in apoptosis-resistant cells >*1?’. In this
context, the three isoforms of the IP3R appear to function in different manners since IP3R1
has shown to predominantly mediate cytosolic Ca*>" mobilization, whereas IP3R3 seems to
128'

play a preferential role in apoptotic Ca®" signals transmission to mitochondria
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Interestingly, cell sensitivity to apoptosis correlates with the Ca®" content of the ER.
Numerous studies indicate that procedures that decrease the Ca** loading of the ER, such as
genetic ablation of calreticulin (an ER Ca?"-buffering protein) or overexpression of plasma
membrane Ca’>" ATPases, protect cells from apoptotic cell death '*°. On the contrary,
molecular tools that increase the ER Ca*" loading, such as overexpression of calreticulin or
SERCA, sensitize cells to apoptotic stress. Accordingly, also procedures that enhance the
transfer of Ca*>" from the ER to mitochondria increase cell death '*°.

Since ER and mitochondria play significant roles in the regulation of apoptosis as well as
cell survival and proliferation, through Ca** signalling machinery, it is not surprising that
many cancer cells take advantage of this system to limit pro-apototic Ca®" signals during
oncogenic transformation and cancer development. In fact, Ca** signalling proteins and
organelles are emerging as additional cellular targets of various oncogenes and tumour
suppressors 1°!. In this context, cancer cells proliferate at higher rates and protect themselves
from apoptosis modulating the expression or the activity of Ca** signalling components,
which regulate many relevant processes during tumourigenesis, such as apoptotic sensitivity,
proliferation, migration and cell invasion. A common strategy for cancer cells is to increase
expression of anti-apoptotic members of the Bcl-2 protein family (Bcl-2 and Bel-XL), or
decrease expression of the pro-apoptotic BH3-only proteins (Bax or Bak), in order to protect
themselves from apoptosis by modulating intracellular Ca®* signals. Remarkably, in cancer
cells, Bcl-2 protein family mainly affects ER-mitochondrial Ca®" crosstalk. Indeed, the over-
expression of the anti-apoptotic protein Bcl-2 reduces the Ca®* content of the ER making the
cells resistant to apoptosis '?°. Similarly, mouse embryonic fibroblasts deficient for the pro-
apoptotic proteins Bax and Bak (double KO cells) were found to have a reduced ER Ca*"
content that results in decreased Ca** transfer to mitochondria and in a dramatic increase in

132

cell death resistance Recently, it has been demonstrated that Bcl-2 forms a

macromolecular complex with the IP;Rs. This interaction seems to control IP3R-mediated
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Ca?" flux, suppressing release of Ca*>" from ER stores and preventing pro-apoptotic Ca’*
signalling '3*. In this light, anti-apoptotic Bcl-2 proteins seem to be the main physiological
inhibitors of IP3Rs. Moreover, decreased levels of pro-apoptotic proteins Bax and Bak are
inversely correlated with the amount of Bcl-2 bound to the IPs;R, Ca®* leak from the ER and
the phosphorylation status of the IPsR suggesting that Bcl-2 may regulate ER Ca**-store
content by modulating the phosphorylation status and the activity of the IP3R. IP3Rs possess
many consensus sequences, in their modulatory domains, for phosphorylation by numerous
kinases, including Akt and PKA. The phosphorylation event is inhibitory for IP3Rs activity,
decreasing IPs3-induced Ca®" release from the ER and mitochondrial Ca**-uptake, upon
stimulation with pro-apoptotic stimuli, and consequently leading to apoptosis resistance
134135 Interestingly, in human prostate cancer and other tumours, Akt is constitutively active
and IP;Rs are hyper-phosphorylated suggesting that cancer cells take advantage of the
functional interaction between Akt and IPsRs to escape from apoptosis by limiting Ca**-

dependent cell death signalling 7.

2.5.1 IP3R3 degradation through the ubiquitin-proteasome system in cancer

Among the three mammalian IP3R isoforms, type III IP;R (IP3R3) appears to be the major
player in Ca®*-dependent apoptosis. Recently, two important studies have identified and
highlighted novel molecular mechanisms that limit mitochondrial Ca** overload to prevent
cell death in cancer cells carrying out IP3R3 degradation through the ubiquitin-proteasome
system (UPS) 136137,

Critical cellular processes, such as cell cycle transitions and cell death induction, are
normally regulated by maintaining the appropriate intracellular levels of specific proteins.
Since de novo protein synthesis is a comparatively slow process, protein levels are usually
regulated by a faster process, the degradation. A major mechanism for protein degradation

is the UPS system 38, In this process, addition of long poly-ubiquitin chains targets proteins
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for degradation/recycling by the 26S proteasome, a cylindrical organelle that recognizes
ubiquitinated proteins and triggers their proteolytic cleavage. The addition of multiple
ubiquitin monomers, an abundant and essential 9kDa protein that is conserved across
evolution from yeast to man, is a three-step process, which comprises ubiquitin activation,
substrate recognition and is mediated by a three-enzyme ubiquitination complex '*°. In
summary, an ubiquitin-activating enzyme (E1) binds ubiquitin in an ATP-dependent
manner. Ubiquitin is then transferred to an ubiquitin-conjugating enzyme (E2) that
transiently carries ubiquitin until its conjugation with the ubiquitin ligase (E3). This enzyme
finally mediates the ubiquitin transfer to an internal lysine on the target protein. The
formation of a poly-ubiquitin chain constitutes then the protein degradation signal for the
26S proteasome *°. However, ubiquitin can also be reversibly conjugated to some proteins
to regulate their function, depending on the degree of ubiquitination *!. The selectivity of
the UPS system for a specific substrate relies on the interaction between the E2 enzyme and
the ubiquitin-ligase E3. While just a few ubiquitin-conjugating enzymes E2 are present in
the cell, there are possibly hundreds of E3 ubiquitin ligases. Among them, the SCF (SKP1-
CULI-F-box protein) E3 ligases are the largest family and are responsible for the turnover

of several regulatory proteins involved in many key cellular processes 2.

The first mentioned study showed that the F-box protein FBXL2 (F-box/LRR-repeat protein
2), the receptor subunit of one of 69 human SCF E3 ligases, is directly involved in IP;R3
ubiquitin-mediated degradation through the proteasome pathway '*°. In this study, the
authors demonstrated that FBXL2 binds IP3R3 and targets it for protein degradation through
the UPS system in order to limit Ca?* influx into mitochondria. Indeed, FBXL2-knockdown
cells and FBXL2-insensitive IP3R3 mutant knock-in clones display increased cytosolic Ca**
release from the ER and sensitization to Ca?*-dependent apoptotic stimuli. Interestingly, the
authors also found PTEN competes with FBXL2 for IP3R3 binding, and the FBXL2-

dependent degradation of IP3R3 is increased in Pten”” mouse embryonic fibroblasts (MEF)
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and PTEN-null cancer cells. Remarkably, Pten” is a common genotype in human tumours
and syndromes that predispose individuals to cancer. Furthermore, experiments using a new
compound called GGTi-2418, a geranylgeranyl transferase inhibitor, which could prevent
the interaction between FBXL2 and IP3R3, has been shown that xenotransplanted tumours
can be sensitized to photodynamic therapy, which is based on the ability of photosensitizer
agents to cause Ca®’-dependent cytotoxicity after irradiation with visible light. Thus, this
evidence indicates that the molecule could stabilize IP3R3, leading to an increased cytosolic
Ca”" release from the ER and a major sensitization to Ca**-dependent apoptotic stimuli !¢,
Whereas, in the second study, the researchers have identified another protein, BAPI, as a
master regulator of Ca®'-induced apoptosis through the regulation of the IP3;R3
ubiquitination and degradation '37. BAP1 is a potent tumour suppressor gene that regulates
gene environment interaction in human carcinogenesis. Carriers of mutations in BAPI gene
presents a high incidence of cancers, mostly malignant mesothelioma. Indeed, more than
60% of MMs carry BAPI mutations '*. In this work, the authors demonstrated that BAP1
localizes at the ER wherein it can bind, deubiquitylates and stabilizes IP3R3, allowing Ca**
transfer from the ER to mitochondria promoting apoptosis. Reduced levels of BAP1 cause
reduction both of IP3R3 levels and of ER Ca** flux to mitochondria, preventing apoptotic
cell death. Consequently, a higher number of cells exposed to genotoxic stress such as
1onizing or ultraviolet radiation, or to asbestos, could survive, resulting in a higher rate of
tumoral transformation. Furthermore, using mesothelioma cell lines and primary cultures
obtained from MM-affected patients, our research group demonstrated that a critical
dysregulation in Ca** signalling is present in mesothelioma. This feature has been associated
with resistance to apoptotic stimuli and, of considerable interest, correction of intracellular
Ca?" signalling resulted in the rescue of efficient apoptotic responses through mitochondrial

Ca*"-uptake .
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In light of this, it becomes clear that ER-mitochondria Ca®" transfer is a key process for Ca**-
dependent cell death signalling. Hence, modulation of targets that regulate [Ca?"]gr and/or
ER-mitochondrial Ca®* transfer, such as IP;R3 stabilization or inhibition of its degradation,
could increase sensitization of tumour cells to apoptotic cell death, representing a valid

therapeutic strategy for cancer.
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Chapter 3. The autophagic pathway in mesothelioma

In addition to apoptosis, the ER-mitochondria Ca*" signalling mediated by IPsR3 can also
modulate autophagy '*°. In response to environmental cues that promote IP; generation,
IPsRs, located on the ER, allow Ca®' transfer to mitochondria to promote oxidative
phosphorylation. When Ca" entry into mitochondria decreased, it can result not sufficient
for the activation of Kreb’s cycle enzymes and the sustainment of the mitochondrial
respiration, thus the autophagic process is induced as a survival mechanism to respond to
the lack of energy production 46147,

3.1 Autophagy

Autophagy is an evolutionarily conserved process of self-degradation of cellular components
and organelles *31%°_ In eukaryotic cells, there are two different mechanisms that are
responsible for degradation of cellular components: the already mentioned UPS system and
autophagy. While the UPS system mediates only protein degradation, predominantly short-
lived proteins, which are previously tagged by ubiquitin for the recognition by the 26S
proteasome, the autophagic process is responsible for the degradation of cytosolic
components and macromolecules, including long-lived proteins, and mediates the organelles
turnover through the lysosomal degradation '*°. Although the UPS system and the autophagy
were initially thought to be independent in substrate selectivity, components and action
mechanisms, recent studies have highlighted a dynamic crosstalk and interplay between
these two pathways of cellular degradation that share notable similarity in many aspects and
functionally cooperate to maintain protein homeostasis '*!. However, there are mostly three
types of autophagy: chaperone-mediated autophagy (CMA), micro- and macro-autophagy
152 (Fig.4). The latter two are evolutionary conserved ranging from yeast to man, whereas

CMA is specific for mammals. CMA is a highly selective form of autophagy wherein
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substrate proteins with the pentapeptide motif KFERQ, usually oxidized or misfolded
proteins, are selectively targeted to lysosomes and translocated into the lysosomal lumen for
degradation. CMA requires the tightly coordinated action of chaperones, such as the
cytosolic heat-shock cognate protein HSC70, which carry target proteins, and a dedicated
protein translocation complex, the lysosomal receptor LAMP2A, which is responsible of the
protein translocation into the organelle '33. Microautophagy is, instead, the direct uptake of
soluble or particulate cellular constituents into lysosomes. Thus, the cytoplasmic substances
are directly incorporated by lysosomal membranes and then degraded within the internal
lumen. However, macroautophagy (hereafter referred as autophagy) is the most prevalent
form of autophagy. This process requires the transient formation of double-membraned
vesicles, called autophagosomes, for the cytoplasmic components sequestration and the
subsequent fusion with lysosomes, wherein the enclosed materials are degraded by resident

hydrolases 1>,

3.1.1 The autophagic machinery

Autophagy is a five steps process that requires the concerted action of three core machinery
complexes and other proteins. The pivotal discovery of autophagy-related genes (ATG),
characterized in yeast and highly conserved from yeast to man, has provided a significant
breakthrough in the understanding of this process '>>. Autophagy comprises the formation
of the isolation membrane or phagophore (nucleation), elongation, membrane enclosure and
autophagosome formation, autophagosome-lysosome fusion and finally lysosomal

degradation (Fig.3-4).

38



|Plasma membrane

L+]

Amphisome

Endocytosis
(heterophagy) \ Endosome

Membrane
protein

(J Acid hydrolase

(G- Permease

Lysosome

Figure 3. Schematic overview of the autophagic process.

Autophagy begins with the formation of the isolation membrane or phagophore (nucleation step). The process
can engulf bulk cytoplasm nonspecifically, including entire organelles, or target cargos specifically. The
concerted action of the autophagy core machinery proteins at the phagophore assembly site (PAS) is thought
to lead to the expansion of the phagophore into an autophagosome (elongation step). When the outer membrane
of the autophagosome fuses with an endosome (forming an amphisome before fusing with the lysosome) or
directly with a lysosome (docking and fusion steps), it forms an autophagolysosome or autolysosome. Finally,

the sequestered material is exposed to the lysosomal hydrolases and degraded inside the autophagolyosome

(vesicle breakdown and degradation) and recycled (figure modified from '3%).

The induction of autophagy, that lead to the formation of the phagophore, is triggered by the
ULK1 complex, composed by ULK1 (unc51-like kinase 1), the regulatory protein ATG13,
RBI1CCI1/FIP200-C120rf44, and the ATGI3-binding protein ATGI101. The second
autophagy core machinery complex is the class III phosphatidylinositol (PtdIns) 3-kinase
(PI3K) complex, consisting of Beclinl, class III PI3KC3/VPS34, its regulatory protein
kinase PI3KR4/VPS15/p150, AMBRA1 and ATG14/ATG14L/Barkor. It essentially exerts
its role by the PI3K-III catalytic unit VPS34, which generates phosphatidylinositol 3,4,5-
trisphosphate (PIP3) that recruit a number of autophagy proteins involved in the nucleation
of the autophagosome '*’. The integrated action of the core machinery proteins at the
phagophore assembly site (PAS) leads to the expansion of the phagophore into an
autophagosome (vesicle elongation) (Fig.4). Extension and closure of the autophagosome

double membranes are mediated by two ubiquitin-like conjugation systems: the ATG12—
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ATGS5-ATGI6L complex and the MAPILC3/LC3-phosphatidylethanolamine (PE)
conjugation system '8, ATG7 and ATG10 enzymes covalently modify ATGS with the
ubiquitin-like protein ATG12 forming the ATG12-ATGS conjugate, which is then stabilized
by the interaction with the multimeric protein ATG16L. This complex is strictly required for
the development of the autophagic membrane since it creates a coating surrounding the
vacuole in formation and controls its curvature. Furthermore, ATG12-ATG5-ATG16L
complex promotes the formation of the LC3-PE (LC3-II), the other conjugate essential for
autophagosome formation. LC3 (microtubule-associated protein 1 light chain 3, a principal
mammalian homologue of yeast ATGS8) is a ubiquitin-like modifier synthesized in the pro-
LC3 form, which is first processed by the cysteine protease ATG4 leading to LC3 (LC3-I)
generation, and then covalently conjugated to PE by ATG7 (E1-like) and ATG3 (E2-like)
enzymes through an ATP-dependent ubiquitin-like reaction, forming LC3-PE (LC3-II) '*%,
This lipidated LC3-PE is then recruited on the newly forming autophagosome membranes.
The conversion of the soluble form LC3-I to the lipidated LC3-II is thus well-known and
widely used as a marker of autophagy activation '*°. After autophagosome formation, the
LC3-II located in the outer site is released to the cytosol by ATG4 cleavage, whereas the
LC3-II located in the inner site is degraded by lysosomal hydrolases. Remarkably,
p62/SQSTMI1, a cargo adaptor protein, which interacts with autophagic substrates and
delivers them to autophagosome for lysosomal degradation, is itself degraded during the
process. Thus, decrease in p62 levels indicates that autophagy has occurred, making p62 a
suitable marker for autophagic degradation '®°, LC3-II localization on the phagophore is
necessary for its elongation and final closure to form the mature autophagosome.
Subsequently, autophagosome fuses with endosome forming amphisome, which undergoes
a further fusion with lysosome generating autophagolysosome (or autolysosome) ¢! (Fig.3

and Fig.4). Upon the fusion of its outer membrane with the lysosomal membrane, the
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sequestered material as well as the inner membrane of the autophagosome are degraded to

generate aminoacids and other cellular building blocks for recycling by the cell.
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Figure 4. Overview of mammalian autophagy pathways.

In macroautophagy, initiation begins with the formation of the phagophore assembly site (PAS). This is
mediated by the UNCS51-like kinase (ULK) complex, which consists of ULK1, autophagy-related protein 13
(ATG13), FAK family kinase interacting protein of 200 kDa (FIP200) and ATG101. Further nucleation
requires the class III PI3K complex, which is composed of the vacuolar protein sorting 34 (VPS34), along with
its regulatory subunits ATG14L, VPS15 and Beclinl. Phagophore membrane elongation and autophagosome
formation requires two ubiquitin-like conjugation pathways. The first produces the ATG5—-ATGI12 conjugate,
which forms a multimeric complex with ATG16L, whereas the second results in the conjugation of
phosphatidylethanolamine (PE) to LC3 (the microtubule-associated protein 1 light chain 3, ATGS in yeast).
PE-conjugated LC3 (LC3-PE) is required for the expansion of autophagic membranes, their ability to
recognize autophagic cargoes and the fusion of autophagosomes with lysosomes. The resulting autophagosome
fuses with endocytic and lysosomal compartments, ultimately leading to formation of the autolysosome. In
microautophagy, substrates are directly engulfed by lysosomal membrane. In chaperone-mediated autophagy
(CMA), substrates with the pentapeptide motif KFERQ are selectively recognized by the heat shock cognate
70kDa protein (HSC70) chaperone and translocated to lysosomes in a LAMP2A-dependent manner. In all three

processes, the autophagic cargo undergoes the lysosomal degradation (modified figure from '62).

Autophagosome can engulf bulk cytoplasm non-specifically, including entire organelles, or
target cargos specifically. As physiological event, a basal autophagy provides the
constitutive turnover and recycling of cytoplasmic components, maintaining cellular
homeostasis. During starvation, autophagy is rapidly upregulated to provide an alternative
source of energy to maintain essential activity and viability in response to nutrient limitation.

Besides this recycling function, autophagy is increasingly recognized as a cellular quality
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control mechanism through the removal of damaged or obsolete organelles and proteins,

which could become toxic for the cell 32

3.1.2 Autophagy regulation

Autophagy is highly regulated in order to avoid both insufficient and excessive activation,
which may cause inadequate removal of damaged proteins and organelles and thus
accumulation of cellular damage or results in cell death respectively. Mammalian
autophagosome formation is induced by the activation of the ULK1 complex, which is
promoted by suppression of the evolutionarily conserved serine/threonine protein kinase
mTOR (mammalian target of rapamycin), the autophagy major regulator. mTOR can be
divided into two functionally and biochemically distinct complexes, mTORCI and
mTORC2. Among them, mTORCI is generally the one associated with cell proliferation
and cancer progression when deregulated. mTORCI is a rapamycin sensitive complex,
whose other components are Raptor (regulatory-associated protein of mTOR), GBL/mLSTS8
(mammalian lethal with Sec13 protein 8), PRAS40 (proline-rich akt substrate 40 kDa), and
Deptor (DEP domain-containing mTOR-interacting protein) and exerts a repressor role on
the autophagic process. mMTORCI acts as a central regulator of cell growth, proliferation and
survival in response to nutritional status, growth factor, and stress signals. In the presence of
nutrients, mMTORCI is active and inhibits autophagy by phosphorylating ULK1, as well as
ATG13, at multiple residues. Phosphorylation of ULK1 and ATG13 by mTORCI results in
suppression of ULK1 catalytic activity and negatively influences complex translocation to
PAS, thus inhibiting autophagy initiation '3, Upon starvation conditions, mTORC1 is
inactivated and both ULK1 and ATG13 are rapidly dephosphorylated, resulting in activation
of the ULK1 kinase and concomitant autophagy induction. Indeed, once activated, ULK1
complex translocates to subdomains of the ER where it coordinates the initiation of
autophagosomes. Besides the presence of nutrients, mTORCI can also be regulated by

AMP-activated protein kinase (AMPK). AMPK is a key energy sensor, which is activated
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in conditions of low ATP levels or increases in the AMP/ATP ratio promoting autophagy.
In low energy states, AMPK inactivate mMTORC1 through phosphorylation of Raptor, a key
protein present within the mTORC1 complex, and through the phosphorylation and
activation of the tuberous sclerosis 2 (TSC2) component of the TSC1/2 complex, a negative
mTORCI regulator, leading to the activation of the autophagic pathway. Notably, AMPK

can also directly phosphorylate and activate ULK1 at multiple serine residues ',

Although originally classified as a type of programmed cell death, currently autophagy is
more widely viewed as adaptive response to stress conditions acting as a basic cell survival
mechanism. In physiological conditions, autophagy have been associated with a wide range
of different cellular processes such as the clearance of intracellular microbes during
infection, the clearance of ubiquitinated protein aggregates (or inclusion bodies) in
neurodegeneration, and tumour suppression '®>. Thus, dysfunctions in the autophagic

process results in the onset of a huge variety of pathological conditions 6.

3.2 Autophagy in mesothelioma

The autophagic PI3K/mTOR pathway has been reported to be upregulated in MM. Recently,
some researchers have tested the cell growth inhibition properties of two dual PI3K/mTOR
inhibitors, NVP-BEZ235 and GDC-0980, on several MM cell lines, identifying resistant and
sensitive lines. However, no correlation to the downregulation of PI3K/mTOR activity was
found in these conditions. As a result of mTOR inhibition, both drugs efficiently induced
long-term autophagy but not cell death. Interestingly, using a classic autophagy inhibitor,
chloroquine (CQ), in combination with the dual PI3K/mTOR inhibitors, researchers could
block autophagy and significantly induced caspase-independent cell death in MM cell lines
167 Similarly, another recent study has demonstrated that inhibition of autophagy enhances

the pemetrexed and simvastatin-induced apoptosis in a MM cell line. Pemetrexed is a multi-
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target antifolate used as the first line treatment for MM (paragraph 1.6). It presents clinical
potential, either alone or in combination with cis-platinum, and has been shown to inhibit
cell proliferation and stimulate apoptosis and autophagy in cancer cells. Simvastatin is a
lipophilic drug with anti-cancer effects, mainly through the induction of apoptotic cell death
168 In this study, researchers have showed that co-treatment with pemetrexed and
simvastatin induced greater caspase-dependent apoptosis and autophagy than either drug
alone. Interestingly, inhibition of autophagy with 3-methyladenine (3-MA), ATGS siRNA,
bafilomycin A (Baf-Al), and E64D/pepstatin A, enhanced the apoptotic potential of
pemetrexed and simvastatin, indicating that pemetrexed and simvastatin-induced autophagy
may be a negative regulator of apoptosis '*. Together, these results suggest that autophagy
could be the main mechanism of cell death resistance in MM. To date, however, the

molecular mechanisms underlying the interplay between autophagy and apoptosis have not

yet been clearly understood.
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AIM

Endoplasmic reticulum (ER)-mitochondria calcium (Ca2") transfer is a key process for Ca**-
dependent cell death signalling. The “quasi-synaptical” feeding of Ca’* to the mitochondria
can lead to massive and/or prolonged Ca** overload into the latter, promoting apoptotic
induction. In addition to apoptosis, the ER-mitochondria Ca®* signalling mediated by type
I11 inositol 1,4,5-trisphosphate receptor (IP3R3) can also modulate autophagy '**. In response
to environmental cues that promote inositol 1,4,5-trisphosphate (IP3) generation, IP3Rs,
located on the ER, allow Ca®" transfer to mitochondria to promote oxidative
phosphorylation. When Ca®" entry into mitochondria decreased, it can result not sufficient
for the activation of Kreb’s cycle enzymes and the sustainment of the mitochondrial
respiration, thus the autophagic process is induced as a survival mechanism to respond to
the lack of energy production '*°. In malignant pleural mesothelioma (MPM), a critical
dysregulation in Ca** signalling has been shown to lead to reduced mitochondrial respiration
and to an impaired apoptosis. Correction of the intracellular Ca** signalling resulted in the
rescue of efficient apoptotic responses through mitochondrial Ca**-uptake '**. By the other
hand, the autophagic pathway has been reported to be upregulated in MPM and inhibition of
the process with classic autophagy inhibitors, such as chloroquine (CQ) and derivatives,
block autophagy and significantly rescue susceptibility to chemo-induced apoptosis in

cancer cells '671%° Thus, resistance to apoptotic stimuli and chemo-resistance in MPM has

135-137 167,168

been associated to both reduced ER-mitochondria Ca** transfer and autophagy
However, it has not been clearly defined whether these two mechanisms are independent
each other or are involved in a crosstalk to cooperate in order to exert their pro-survival
function in cancer cells. More than 60% of malignant mesotheliomas (MMs) carry mutations
in BRCA 1-associated protein 1 (BAP1) gene 4*. BAP1 deubiquitylates and stabilizes IP3R3,

allowing Ca?" transfer from the ER to mitochondria promoting apoptosis. Reduced levels of

BAP1, in carriers of BAPI mutations, cause reduction both of IP;R3 protein levels and of
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ER Ca?' flux to mitochondria, preventing apoptosis and sustaining cell death-resistant in
cancer cells 137, As expected for a gene that has a critical role in cellular physiology, several
other genes modulate IP3R3 activity: BCL-2 family, AKT, PML, PTEN, BRCA1. Moreover
TP53 mutations indirectly influence the same mechanism by reducing ER Ca?"
concentrations '#°. Since it is not yet feasible to replace the activity of mutated genes in
cancer cells, we hypothesized that by decreasing autophagy we might counteract the
deficiency of IP3R3 induced by mutations of BAP/ and/or other genes. Resistance to
chemotherapy-induced apoptosis is common in MM, and it is probably linked to frequent
mutations of BAPI (~60%), TP53 (~10%), and of the other genes that stabilize IP3R3
14322170 Recent data suggested that antidepressants (ADs) and antipsychotics (APs) could
inhibit autophagy in breast, prostate and bladder cancer cells. Moreover, it has been
demonstrated that ADs and APs reduce cancer cell growth synergizing with chemotherapy
drugs, such as gemcitabine and mitomycin, in killing cancer cells by blocking autophagy "',
Here, we investigated the anti-autophagic effects of the ADs, desmethylclomipramine
(DCMI) and sertraline, and the APs, clozapine and haloperidol, in primary MM cells derived
from patient’s biopsies to test whether these drugs would increase the activity of

chemotherapy in MM by inducing susceptibility to chemo-induced apoptosis.
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RESULTS

1. ADs inhibit the excessive autophagy in cultures obtained from MM patients

We established primary human MM cell cultures from MM patients biopsies; moreover we
established cell cultures of primary benign human mesothelial cells (HM, control) from
pleural fluids of individuals with non-malignant conditions (Supplemental Figure 1A). We
used primary cells, rather than cell lines, to limit the possibility that the results might be
influenced by mutations occurring during extensive passage of cells in tissue culture. Cell

lines were used to validate the results.

Specific autophagic markers were examined in HM cultures from three different patients,
studied between cell culture passages 2-5, and in cultures from five human MM biopsies
studied between passages 2-8. The expression levels of the autophagic markers LC3B and
p62 were assessed by immunoblotting (Figure 1A). We visualized autophagic vacuoles via
live cell microscopy using a GFP-LC3 plasmid (Figure 1B). We found that human MM
samples have higher levels of the lipidated form of LC3 (LC3-II) and a reduced amount of

p62 protein compared to HM, indicating increased autophagy in MM cells.

To verify that the increased LC3-II levels (Figs 1A-B) were related to increased autophagy
in MM cells, rather than to alterations in the autophagic flux, we treated cells with
bafilomycin-A1l (Baf-A1), a macrolide that by preventing the passage of protons into the
lysosomal lumen disrupts the autophagic flux. When the autophagic flux is disrupted, the
amount of the cleaved form of LC3 in resting conditions is similar to that observed after Baf-
Al treatment. In contrast, when the LC3-II levels differ between these two conditions, is
evidence that the autophagic flux is maintained '*°. We found that both HM and MM samples

have a functional autophagic flux (Figure 1C).
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Figure 1. ADs and APs block the excessive autophagy in human MM samples.

(A) Representative immunoblot of the autophagic markers LC3B and p62 in HM and MM samples. (B) Cells
were infected with an adenovirus carrying the GFP-LC3 plasmid. Autophagic dots were quantified using
ImagelJ software. The data shown are representative of five independent experiments (mean + SEM, n=5,
P<0.01). Statistical comparisons of groups were performed using ANOVA test. (C) Autophagic flux was
monitored by quantification of LC3 lipidation following treatment with bafilomycin-A1l (Baf-Al). (D)The
effects of ADs and APs compounds on the autophagic process were analyzed by an immunoblot assay. The

immunoblot is representative of at least three independent experiments.

The increased activation of autophagy in MM cells compared to HM, was further confirmed
in MM cell lines (PHI, REN and MPP89) (Supplemental Figure 1, B and C). Because
enhanced autophagy supports tumour growth 72, antagonists of autophagy have been used

in clinical trials '73.

Recent data suggested that some antidepressants (ADs) and
antipsychotics (APs) may possess anti-autophagic effects '""!74!7> Thus, it has been

suggested that these drugs (ADs: DCMI and sertraline; APs: clozapine and haloperidol)

interfere with the normal execution of the autophagic flux, similarly to the classical
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autophagy inhibitor chloroquine (CQ). We tested the effects of these compounds in primary
HM and MM cells. Immunoblot assays showed that ADs and APs promoted the
accumulation of both LC3-II and p62, indicating inhibition of the late stages of autophagy

(Figure 1D). Thus, ADs and APs inhibit autophagy in MM cells.

2. ADs block autophagy and improve MM cell response to chemotherapy

167,168 \ve tested

Since autophagy has been associated to a pro-survival function in MM cells
whether autophagy inhibition with ADs and APs could increase apoptotic cell death. Neither
pemetrexed nor cis-platinum, the chemotherapy drugs currently in use against MM, given
alone or in combination, induced apoptosis in the MM cultures (Figure 2A and Supplemental
Figure 2A-D). In contrast, HM were killed (Figure 2A-C). On the contrary, the ADs, DCMI
and sertraline, and the APs, clozapine and haloperidol, sensitized MM cells to apoptosis
induced by pemetrexed and Cis-Platinum in MM (Figure 2B-F and Supplemental Figure 2C-
G). The ability of ADs and APs to increase chemotherapy-induced apoptosis was observed
also in MM cell lines (Supplemental Figure 2E-G). Apoptosis was assessed by measuring
two apoptotic markers: cleaved poly (ADP-ribose) polymerase 1 (PARPI) and cleaved
Caspase-3 (Cas3) (Figure 2B, D, E, F and Supplemental Figure 2C-G). These results were
confirmed using Annexin-V labeling, which allows detection of phosphatidylserine
externalization, an early signal of apoptosis (Figure 2C-F). Interestingly, ADs and APs did

not cause apoptosis in either HM or MM when used alone (i.e., no Pemetrexed no Cis-

Platinum, Figure 2B-F and Supplemental Figure 2C-G).

We performed a genetic ablation of A7G7 (Supplemental Figure 2H), a gene required for the

159: when ATG7 was ablated, we increased pemetrexed-induced

autophagic process
apoptosis (Supplemental Figure 2I). Furthermore, using classical inhibitors of the early (3-

methyladenine, 3-MA) and late (CQ) stages of autophagy we were also able to increase
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pemetrexed-induced apoptosis (Supplemental Figure 2J-K). These findings indicate that

ADs and APs enhance apoptosis induced by conventional chemotherapy by reducing

autophagy.
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Figure 2. FDA-approved compounds increased the MM cancer cell response to cytotoxic drugs.

(A-C) Human samples obtained

from healthy (HM) and MM-affected patients (MM) were treated with

pemetrexed alone or in combination with DCMI. The cell viability (A) and apoptotic activity (B-C) were

measured. The graph depicts the Annexin-V intensity expressed as mean = SEM, n=5, P<0.01. (D-F) Similar

measurements were carried out in MM samples exposed to treatments combining pemetrexed with sertraline

(D), clozapine (E) or haloperidol (F). Immunoblots and cell viability plots are representative of three

independent experiments. Annexin-V graphs are representative of four independent experiments. Data are

expressed as mean + SEM, n=5, P<0.01 by ANOVA test.
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3. ADs modulate apoptosis by regulating ER-mitocondria Ca** signals

Since ADs and APs modulate autophagy and improve the apoptotic response when given in
combination with conventional chemotherapy, we asked whether these drugs exerted this
activity via Ca®" signalling. Mitochondrial Ca?" uptake was measured using aequorin
technology in response to IP3-evoked Ca?" stimuli that induce Ca**-release from the ER via
IPsRs 'S, Following agonist stimulation, ADs induced a significant increase in Ca?'
accumulation in the mitochondrial and cytosolic compartments of MM cells in culture
(Figure 3A-B). Similar results were obtained using MM cell lines (Supplemental Figure 3A-
B). These findings suggested that ADs restore the Ca*" cross-talk between the ER and

mitochondria in MM cells, allowing Ca**-dependent apoptosis.

This hypothesis was tested via live single-cell imaging with specific Ca**-sensitive probes
to record real-time Ca’?" shifts. MM cells were treated with pemetrexed alone or in
combination with ADs. Pemetrexed but not ADs induced a modest cytosolic and
mitochondrial Ca?* accumulation (Figure 3C-D). However, when cells were pretreated with
DCMI and later treated with pemetrexed, we observed major increases in Ca?'
concentrations in the cytosol and mitochondria (Figure 3C-D), which caused apoptosis
(Figure 2B-C and Supplemental Figure 2C-D). Similar effects were observed in MM cell

lines (Supplemental Figure 3C-D).

It has been recently reported that the protein levels of IP3R3, the main player in Ca** release
from ER, are regulated by ubiquitylation and deubiquitylation *®!37. Ubiquitylated proteins
are degraded by the proteasome; accordingly, the proteasome inhibitor MG132 by blocking
the degradative pathway should stabilize IP;R3 protein levels. MM cells treated with MG132
showed a significant increase in both mitochondrial and cytosolic Ca** concentrations

(Figure 3E-F and Supplemental Figure 3E-F). Accordingly, when MM cells were pretreated

51



[Ca?']m, uM

a

Normalized F340/F380

[Ca?']m, UM

with MG132, the ability of pemetrexed to induce ER Ca*'-release (Figure 3G and

Supplemental Figure 3G) and trigger apoptosis was significantly enhanced (Figure 3H).

B
BK 1pM
80, ___mnm 25
70 100 4 — cTRL 25 *
60 - = CTRL — DCMI 20 * =
—— DCMI 80 1 ) .
50 1 == Sertraline %. == Sertraline s L] A jas
40 '_‘g 60 35 1.5
& 1 o hd
30 - © 40 Ntv 1.0
20 - = | S
20 = o5
10 4 30s
0 30s - 0.0
- CTRL Sertraline  DCMI CTRL  Sertraline  DCMI
D
treatment treatment
1,6 2 o
1,5 { == CTRL g * 2 — CTRL K
©
1,4 { — P £ w0 v 18 | —Pem =
’ — DCMI 3 . i —— DCMI u K
1,3 | —— pcM1+pem § £ 300 W16 | — bcmitpem w ‘S
12 8 e W
1,1 I 3" g
1 T2 g 1,2 é 2
5
0,9 z 0 g 1 g
0,8 CTRL Pem DCMI DCMI 08 CTRL Pem DCMI DCMI
+Pem +Pem
F G H
16 treatment MG132 - - + +
BK 1uM 5 BK 1uM ’ e CTRL pemetrexed - + - +
- — 3 . P
8 1,4 | —me1n2 PARP
== CTRL 1,5 1 s CTRL S e M G132+pem —
— Me132 E_ ——Me132 g 1.2 PARPI /actin 011 015 012 077
5 | )
:; ! E GADPH | P G Gy
S =
20 20,5 - g 1
ZB - Cas3
30 30 min
0 = 0 = 08 —

Cas3/actin 0.15 0.19 0.16

Figure 3. ADs modulate Ca®* transmission between the ER and mitochondria in MM primary cells.

(A-B) Primary MM cells were infected with an adenovirus encoding a mitochondrial (A) and cytosolic (B)
aequorin. To induce the ER-Ca?" release, cells were perfused with bradykinin (BK). Data are shown as mean
+SEM, n=6-7, **P <(.01. (C-D) ER-Ca>" release was also investigated in live single cells using fluorescence
imaging. Primary MM cells were loaded with Ca?" indicator FURA-2 (C) or transfecting cells with a plasmid
encoding a mitochondrial chameleon (D) to measure the cytosolic and mitochondrial Ca?" dynamics,
respectively. Data are shown as mean £ SEM, n = 5-7, **P < 0.01. (E-G) The aequorin and FURA-2
experiments were replicated upon MG132 treatment. (H) The apoptotic potential of MG132 in MM cells was

investigated by immunoblot assay (n=3 independent experiments).
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4. ADs stabilize IP3R3 by blocking its degradation

Autophagy and ubiquitin-proteasome system (UPS) are the primary processes involved in
cellular degradation and they highly cooperate sharing various pathways and protein partners
151 'In this light, we tested if ADs and inhibitors of UPS could have similar effects in our
conditions.

When we treated MM cells with DCMI or MG132, we induced simultaneous increases in
the lipidated form of LC3 (LC3-II) and p62 in response to both stimuli (Figure 4A) indicating
that the autophagic flux was blocked in both conditions. Moreover, both DCMI and MG132
treatment increased IP3R3 levels in MM (Figure 4B and Supplemental Figure 4A), and this
change was accompanied by a significant increase in protein ubiquitylation (Figure 4C).
These same effects were obtained using other ADs (Supplemental Figure 4B), as well as by
inhibiting autophagy with genetic ablation of the A7G7 gene (Supplemental Figure 4C) and
by using the classical pharmacological inhibitors CQ and 3-MA (Figures 4D-E and

Supplemental Figure 4D).

ADs and MG132-mediated increases in IP3R3 protein levels were not due to an increased
mRNA levels (Supplemental Figure 4E). There were no differences in basal IP3R3 mRNA
levels between MM and HM cells (Supplemental Figure 4F). Instead, we found that both,
ADs and MG132 increased the overall amount of protein ubiquitylation in MM cells.

Specifically, we observed a significant increase in IP3R3 ubiquitylation (Figure 4F).

To determine whether this effect was due to an inhibition of proteasome activity, we
determined the amount of active proteasomes in living MM cells treated with ADs and
MG132 by measuring fluorescence of VF Bodipy, which binds to catalytically active
proteasome subunits !”7. A reduction of active proteasomes was observed in cells treated
with MG132 and different ADs (Figures 4G-H and supplemental Figures 5SA-B). Notably,

ADs directly inhibited B1, B2 and B5 active sites of the proteasome semi-purified from MM
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cells, as shown by the strong reduction of peptidylglutamyl-peptide hydrolyzing (PGPH),
trypsin-like (T-L) and chymotrypsin-like (ChT-L) activities (Figures 41-K and supplemental

Figure 5C).

These findings suggested a possible novel therapeutic approach to sensitize MM cells to
chemotherapy-induced apoptosis. However, in spite of significant efforts searching
databases and contacting physicians who treat large number of MM patients in the USA and
in Europe, we did not find sufficient data to verify whether ADs administration influenced
survival of MM patients treated with chemotherapy. The only cohort in which the
information about ADs use in MM patients were recorded, were from a small cohort in
Lombardia (Italy). These data did not reach significance and lacked valid controls, however
they showed a trend suggesting that chemotherapy-treated MM patients who also received
ADs may have improved survival (Figure 4L). We specifically, identified 123 MM patients
treated with standard first-line chemotherapy, with a mean age of 69.6 = 7.1 (SD), whose 53
females (43.1%). Among them, there were 13 patients treated with ADs/APs that regulate
autophagy; and 12 patients with a reference drug class with no influence on autophagy,
angiotensin-converting enzyme (ACE) inhibitors (ACE-I). MM patients treated with
ADs/APs showed a tendency towards a lower mortality (HR [CI] 0.60 [0.29-1.24], log-rank
test p==0.05) (Figure 4L). Although caution here is appropriate, this encouraging findings
may warrant a prospective annotation of the use of ADs and APs in mesothelioma patients
undergoing chemotherapy, to see whether the observed improved positive trend in survival

is confirmed in a larger cohort.

54



A B C

DCMI - - = -+
mMG132 - - - - - - * * ocmi - - - - F - -
— - - - - - - + +
peMI - - - =+ o+ - M G132
P62 | e e ooew c ,
MG132 - L e
p62/actin 1.08 110 0.61 0.59 281 278 2.76 2.78
c
actin IP3R3| - - s o - — - — £ =G~ |
Ratio IP3R3/actin 080 082 040 037 102 105 105 109 g N -
) =1
[H ok e —_— N | g - - - - - - —
LC3-1 - m
HM1 HM2 MM1MM2 MM1MM2 MM1 MM2
LC3-IVacti 0.58 061 1.22 128 263 261 266 2.77
aetin ’ HM1HM2MM1MM2MM1MM2MMIMM2
HM1 HM2 MM1MM2 MM1MM2MM1 MM2

input IP: anti-lP3R3

3-MA - - - + - =
3MA - - - +
ca - - o+ -
ca - - o+ - . £ .
DCMI - - - £
pcMl - + - - E ,’ e | Q - =
: - sl 3
IP3R3 - } 3 8 | oom
IP3R3/actin 027 088 093 091 3 . A
adtin g : |MG132 I
-1 — S : 71\
pcmi - - o+ - -+ CTRL SN
pregamy o grp —eerpehp g
M G132 - + - - + - 0 107 10*
H I J K L VS Bodipy  m—
TL Ch-L ]
8000 501 120 ACEi ADIAP
* 2 * 2 w
. £ s 2 3 o
g 6000 2 40 g 10 a E é Log rank test g=0.05
O = =
z c2% _E c2% ig
g S £ £ 3 SEE S6E = °
g 4000 £58 £28 s 588 H
e £&%5 0 £9% £8% g ﬂ
> 2000 g &4 Pt 11
- 7 o o
,:- 10: S 2 9 = T T
] 5 5 0 1 2 3 4
o o Number at rsk Yoarn
& & & & & ACEL 12 a 3 0
& 4 & & ADEP 13 8 H 1

Figure 4. ADs stabilize IP;R3 by blocking degradation events.

(A) MG132 and DCMI exert similar autophagy-blocking effects. (B-C) Ability of ADs and the classic UPS
inhibitor MG132 to increase the protein accumulation of IP3R3 analyzed via immunoblots (B) and by
disrupting ubiquitin activities (C). (D-E) Similar effects were found after treatment with 3-MA and CQ. (F)
The selectivity of ADs in modulating the IP3R3 ubiquitination was investigated by immunoprecipitation assays
where IP3R3 was used as bait. Immunoblots shown are representative of at least three independent experiments.
(G-H) Ability of ADs and MG132 to inhibit proteasome activity was measured by flow cytometry. (I-K) We
obtained same results on semi-purified proteasomes from MM cells. Data are shown as mean + SEM, n =3
independent experiments, **P <0.01. (L)The Kaplan-Meier curve compares survival of MM patients from the
beginning of the first-line treatment with pemetrexed/Cis-Platinum in the subgroup of patients concomitantly

exposed to ADs versus those exposed to ACE-I, drug class with no influence on autophagy.

55



DISCUSSION

Malignant mesothelioma (MM) is a highly aggressive neoplasm with poor prognosis, which
leads to patient death within a few months or years after diagnosis. Presently, no standard
curative therapy exists for MM, since this tumour is largely unresponsive to standard chemo-
and radio-therapies. Hence, new targets for effective therapeutic strategies are needed and
development of novel therapies require a better understanding of the processes that sustain
chemo-resistance and that drive MM growth. MM is strongly correlated to exposure to
asbestos with a percentage of 90% of positive cases to exposure to this mineral .
Nevertheless, there are also rare familial forms of MM, which are linked to germline
mutations of several genes (such as BRCAl-associated protein 1, BAPI) that can be
transmitted from one generation to another '*!>1° The presence of a specific genetic
background influences the susceptibility to MM, thus representing a risk factor for the
development of the malignancy. Mutations of the tumour suppressor BAP1 cause a high
incidence of MM '*. More than 60% of MMs carry mutations in the gene encoding for this
protein. Recently, it has been showed that BAP1 localizes at the endoplasmic reticulum (ER),
where it binds, deubiquitylates, and stabilizes the type III inositol 1,4,5-trisphosphate
receptor (IP3R3), modulating calcium (Ca®") release from the ER into the cytosol and
mitochondria and promoting apoptosis '*”. In fact, ER-mitochondria Ca** transfer is a key
process for Ca**-dependent cell death signalling and reduced levels of BAP1, in carriers of
BAPI mutations, cause reduction both of IP3R3 protein levels and of ER Ca*" flux to
mitochondria, preventing apoptosis and sustaining cell death-resistant in MM cells '*¥’. In
addition, different studies place IP;R3 in the core of the machinery regulating autophagy
178179 Recently, we demonstrated that in cancer cells autophagy is activated when IP3R3-
mediated Ca®* transfer from ER to mitochondria is reduced '*7. Indeed, reduced Ca" uptake
into mitochondria is unable to promote oxidative phosphorylation and to sustain

mitochondrial energy production, thus triggering autophagy activation 4. The autophagic
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process is probably induced as a survival mechanism to respond to the lack of energy

production 4. Accordingly, resistance to apoptotic stimuli and chemo-resistance in MM has

135-137 167,168

been associated to both reduced ER-mitochondria Ca" transfer and autophagy
Resistance to chemotherapy-induced apoptosis is common in MM, and it is probably linked
to frequent mutations of BAPI (~60%), TP53 (~10%), and of the other genes that stabilize
IP;R3 22143170 Interestingly, independent research groups have shown that MM cell lines
have enhanced autophagy levels and that the treatment of MM cells with the classic
autophagic inhibitor chloroquine (CQ) improves the anti-proliferative effects of
chemotherapy %71, Unfortunately, CQ possesses several undesired side effects and, most
important, its exact mechanism of action remains still elusive. So, safer and more efficacious
inhibitors could represent a valuable tool for clinic practice. Recent data suggested that
antidepressants (ADs) and antipsychotics (APs) could inhibit autophagy in breast, prostate
and bladder cancer cells. Moreover, it has been demonstrated that ADs and APs reduce
cancer cell growth synergizing with chemotherapy drugs, such as gemcitabine and
mitomycin, in killing cancer cells by blocking autophagy '"!.

Here, we investigated the anti-autophagic effects of the ADs, desmethylclomipramine
(DCMI) and sertraline, and the APs, clozapine and haloperidol, in primary MM cells derived
from patient’s biopsies. Our data demonstrated that these drugs are effectively autophagic
inhibitors (Fig.1D), which improve the efficacy of chemotherapic drugs, pemetrexed and
cis-platinum, to promote apoptosis in MM cells (Fig.2B-F and Fig.S2). As reported in
Fig.3C-D, we noted that chemotherapic agent pemetrexed alone is unable to activate the
Ca*"-transfer from ER to mitochondria necessary to provoke cell death. Whereas, when ADs
are added, the amount of mitochondrial Ca*>" in a MM cell increases (Fig.3D and Fig.S3)
and, therefore, MM cells undergo to apoptosis when exposed to chemotherapy (Fig 2B-F).
Thus, we hypothesized that the observed chemo-resistance in MM cells could be due to the

reduced IP3R3 levels compared to healthy mesothelial cells (Fig.4B). Autophagy and the
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ubiquitin-proteasome system (UPS) are the two major mechanisms responsible for
degradation of cellular components, which functionally cooperate with each other to
maintain protein homeostasis. These two pathways share notable similarity in many aspects,
in particular during the ubiquitination process '°!. Hence, we asked whether autophagic
inhibitors ADs and APs might also modulate the UPS pathway. ADs mediated autophagy
inhibition increased IP3R3 levels in MM cells (Fig.2B and Fig.S4) and this change was
accompanied by a significant modification in protein ubiquitylation (Fig.2C). Similar effects
were found by using the well-known proteasome inhibitor MG132. In addition, we found a
reduction of active proteasomes in living MM cells treated with ADs (Fig.4G-K and Fig.S5).
Therefore, these drugs could increase IP3R3 levels in MM cells by preventing its degradation
by the autophagic-UPS system, an effect that leads to increased Ca** transfer from the ER
to mitochondria priming cells for pemetrexed induced apoptosis. Together, these data
confirm the idea that autophagy inhibition is helpful to improve the efficacy of
chemotherapy. To support their potential usage against MM, we conducted a pharmaco-
epidemiological analysis on patients with a diagnosis of MM. We found that MM patients
treated with ADs and/or APs showed a tendency towards a lower mortality (Fig.4L),
suggesting a possible beneficial effect of ADs and APs in MM patients by increasing their
response to conventional chemotherapy.

In conclusion, our results suggest that the chemo-resistance in MM is largely related to
reduced levels or activity of the IP;R3 and consequent lower mitochondrial Ca**
concentrations, which render cancer cells incapable to execute apoptosis. Thus, inhibiting
the autophagic-UPS degradation of IP3R3 in MM cells could stabilize the receptor and it
could restore susceptibility to chemo-induced apoptosis. In this light, we propose that ADs
and APs, in combination with chemotherapy drugs, could represent a novel therapeutic

strategy for MM.
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Figure S1. Immortalized mesothelioma cell lines have increased autophagy levels.

(A) Characterization of normal and mesothelioma primary cell samples obtained from healthy and MM-
affected individuals. (B-C) The autophagic process was analyzed by immunoblotting assay (B) and live
fluorescence microscopy (C) in immortalized mesothelial cells (HMCs and MET5A) and immortalized
mesothelioma cell lines (PHI, REN and MPP89). Data are shown as mean £+ SEM, n = 5 independent

experiments, **P < (0.01, and immunoblot is representative of three independent experiments.
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Figure S2. ADs and APs enhance activity of conventional chemotherapy in primary and commercial

MM cell lines.

(A-B) Human samples obtained from healthy (HM) and MM-affected patients (MM) were treated with Cis-

Platinum alone or in combination with pemetrexed and the cell viability was measured. (C-D) Measurement

of the apoptotic activity of primary MM cells exposed to pemetrexed and/or Cis-Platinum in combination with

DCMI. Combinatory treatment of DCMI and pemetrexed promoted apoptosis in primary human MM cells

(MM1 and MM2). Interestingly, single treatment of DCMI did not exert increases in apoptotic levels. (E-G)

Representative immunoblots showing the efficacy of ADs and APs to improve the apoptotic effect of

pemetrexed in a MM cell line. (H-K) Similar effects were found after genetic ablation of an essential autophagy

gene (ATG7, H-I), treatment with an early stage autophagy inhibitor (3-MA, J) or a late stage autophagy

inhibitor (CQ, K). Immunoblots showed are representative of at least three independent experiments.
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Figure S3. Modulation of Ca?>* dynamics in MM cell line exposed to ADs.
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(A-B) REN MM cell line was transfected with a mitochondrial (A) and cytosolic (B) aequorin in order to

evaluate the Ca?* accumulation in the mitochondria and in the cytosol. Data are shown as mean = SEM, n=10,

**%P < (0.01. (C-D) Reactivation of Ca>"-dependent apoptotic events was measured in live single cells using

fluorescence imaging. MM cells were loaded with the Ca?" indicator FURA-2 (C) or transfected with

mitochondrial chameleon (D) to measure the cytosolic and mitochondrial Ca?" dynamics, respectively. Data

are shown as mean + SEM, n=7-8, **P < 0.01 (E-G). Quantification of the experiments reported in Figure 3E-
G. Data are shown as mean = SEM, n=9-11, **P < 0.01
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Figure S4. ADs and autophagy inhibitors work on UPS-autophagic process to stabilize IP3;R3.

(A) Immunofluorescence staining assay reveals that DCMI and MG132 treatments increase the protein

accumulation of IP3R3. The graph represents the mean = SEM, n=4, **P < 0.01 (B-D) The ability of other

ADs, MG132 and inhibitors of the autophagic machinery (3-MA, CQ and shATG?7) to increase the expression

of IP3R3 and modulate ubiquitin activity was evaluated by immunoblotting (n= 3 independent experiments).

(E) MG132, DCMI and CQ did not modulate the IP3R3 mRNA levels. Data are shown as mean + SEM, n=4.

(F) The graph (mean + SEM, n=4) depicts the [P3R3 mRNA levels in normal and human MM samples.

62




150+
2 %
8000 £
2 =~
535
c & 2 100
§ et
b=t a
3 2 * z s
) =] =8 5
© | sertraline a 0 ¥ 504
g - o
/ ‘I — ‘5
\
f \ T 0= -
\ b b
CTRL / \ & T &
L - r
'

Il 107 10

VS Bodipy ———————————-

Figure SS5. Other ADs inhibit proteasome activity.

The ability of the AD sertraline to inhibit proteasome activity was measured by flow cytometry (A-B) and on

purified proteasomes from MM cells (C). Data are shown as mean + SEM, n=3, *P < 0.01
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MATERIALS AND METHODS

The study was approved by the Committee for Medical Ethics in Research of the University

of Ferrara, and documented informed consent was obtained from participants.

Cell Cultures

Human normal mesothelial cells (HM) and human mesothelioma cells (MM) were obtained
from biopsies collected at the Surgical Clinic of the University-Hospital, Ferrara. HM were
established from young no oncologic patients (age 29—-35 ys) in tissue culture from pleural
fluids that accumulated in individuals with congestive heart failure or other non-malignant
conditions, who provided previous written informed consent. Primary MM cells were
established from tumour biopsies. HM and MM cells were -characterized by
immunohistochemistry and cultured in Dulbecco's Modified Eagle Medium (DMEM) with
20% fetal bovine serum (FBS) !89-182 Independent human mesothelial cells cultures from
three different donors and independent human mesothelioma cells cultures from five patients
were used for the experiments. Each experiment for each of these human mesothelial cell
cultures was conducted at least in triplicate. HM cell lines (HMCs and MET5A) and MPM

cell lines (REN, PHI and MPP89) were from our cell line collections #4183,
Growth curves

Cell culture proliferation was measured using crystal violet method. Cells were seeded with
a low cell density (10.000 per well) in 6-well plates in triplicate and allowed to grow at 70%
of confluence. Cells were then incubated with the indicated compound. After 48h, the cells
were washed, fixed with 2% paraformaldehyde and stained with 0.1% crystal violet. After

dissolved crystal violet with 1 mol/L acetic acid, the absorbance at 595nm was measured.
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Gene silencing with shRNA, adenovirus-mediated gene transfer and transfection

Adenovirus expressing cytosolic aequorin (Ad-cytAEQ), mitochondrial aequorin (Ad-
mtAEQ), green fluorescent protein-LC3 (Ad-GFP-LC3) comes from our laboratory '8+,
Transfection of mitochondrial-targeted (4mtD3cpv) Ca** biosensor was performed using
Lipofectamine LTX&PLUS (ThermoFisher Scientific). Cells (human mesothelial cells,
human mesothelioma cells, HMCs, REN, as indicated in the figures) were seeded and
allowed to grow to 60-70% confluence for 36h before transduction or transfection. For
aequorin measurements, the cells were seeded onto 13mm glass coverslips. For cell imaging
experiments, cells were seeded onto 24mm glass coverslips. For immunoblotting analysis
cells were seeded in 6-well plates. For silencing experiments short hairpin RNAs (shRNAs)
targeting ATG7 (sh#1: TRCN 0000151963; sh#2: TRCN 0000151474) were purchased from
SigmaAldrich. HEK 293T cells were transfected the indicated shRNAs together with the
pVSVG and dr8.2 plasmids in a 3:1:1 ratio using the Lipofectamine 2000 transfection
reagent (ThermoFisher Scientific). After 24h, culture medium containing viral particles was
collected and passed through 0.8-micron filter. Next, media was added to MM-REN cells
with polybrene (10 mg/mL) and incubated at 37°C for 24h. Media was than replenished and
cells were selected for puromycin resistance (0.4 mg/mL) for 6 days, after which knockdown

was further validated.
Real-Time RT-PCR

1x10° cells of HM and MM cells were seeded in 6-well plates. After 36h, total cellular RNA
was extracted using an RNeasy Kit (Qiagen, Germany) according to the manufacturer's
instructions. Where indicated, before extraction cells were treated with specific compounds
as indicated in figures. Extracted RNA was then purified with DNasel (Takara, Bio Inc.
Tokyo, Japan) to remove DNA contamination. 4 pg of total RNA was reverse transcribed

into cDNA using the PrimeScriptTM 1st strand cDNA synthesis kit (Takara, Bio Inc. Tokyo,
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Japan) according to the manufacturer's instruction. Real-time quantitative analysis of gene
expression was performed in a Rotor Gene 2000 Real-Time PCR machine (Qiagen, USA)
using the SYBR Green method (AccuPower Green Star gPCR Master Mix; Bioneer, Korea)
according to the manufacturer’s instructions. Each of the gene expression assays was
performed in duplicate and the reaction mixture was composed of 10 pL of SYBR Premix
Ex Taq II (Takara, Japan), 10 pmol of each the forward and reverse primers, 2 uL. of cDNA,
and distilled water to reach a final volume of 20 pL. The thermocycling conditions were
performed as follows: one cycle at 95°C for 10 min, 40 cycles at 95°C for 20 sec, and 60°C
for 45 sec. Data were normalized with glyceraldehyde-3-phosphate dehydrogenase

(GAPDH) as housekeeping gene and endogenous in the same reaction as the gene of interest.
The primers used in this study were as follows:

IP3R3 RT F: 5>-TCTTGTTATCAAACTTGTCCCTCTC-3’

IP;R3 RT R:5’-GTCTATGACCTCCTGTTCTTCTTCA-3’

GAPDH_RT F: 5’-CTTTGTCAAGCTCATTTCCTGG-3’

GAPDH_RT R: 5’-TCTTCCTCTTGTGCTCTTGC-3’

Aequorin measurements

Experiments were performed by using aequorin technologies as previously described 76,
Cells were incubated with 5 mM coelenterazine (Fluka, 7372) for 2 h in DMEM
supplemented with 1% FBS. A 12-mm glass with transfected cells was placed in a perfused
thermostated chamber located in close proximity to a low-noise photomultiplier with a built-
in amplifier/discriminator. All aequorin experiments were executed in 1 mM Ca®"/KRB
supplemented and the agonist was added to the same medium. To determine the remaining
aequorin pool, cells were lysed with a hypotonic Ca**-rich solution (10 mM CaCl, in H>O)

supplemented of 100 mM digitonin. The luminescence values were determined offline into

66



[Ca?*] values using a computer algorithm based on the Ca**-response curve of aequorins.

Where indicated, cells were pre-treated with specific compounds.
Intracellular Ca** measurements

Cells were cultured on 24-mm coverslips and treated with the indicated compounds when
cells reached 60% of confluence. Cells were then loaded with the fluorescent Ca* indicator
Fura-2/AM at 37°C for 30min in ImM Ca?"/Krebs-Ringer buffer supplemented with 0.02%
Pluronic F-68 (Merck), 0.1mM sulfinpyrazone (Merck). After three washes, cells were
placed on an open Leyden chamber on a 37°C thermostated stage and exposed to 340/380nm
wavelength light using the Olympus Xcellence multiple wavelength high-resolution
fluorescence microscopy system. Chemotherapic drug was added to the ImM Ca**/Krebs-
Ringer buffer and the Ca®" release was recorded upon stimulation as indicated in the figures

for at least 30 min.
Mitochondrial Ca?* measurements with 4mtD3cpv

Mitochondrial Ca®>" dynamics was detected by transfecting cells with the Ca**-sensitive
fluorescence resonance energy transfer (FRET)-based cameleon protein 4mtD3cpv. After
24h, cell were pre-treated with specific compound and imaged with a on a Zeiss Axiovert
200M microscope equipped with C-apochromat 40% oil objective (numerical aperture 1.2)
and a cooled CCD camera (Photometrics). The microscope was controlled by MetaFluor 7.0
software (Universal Imaging) and by a Lambda 10-2 filter changer (Sutter Instruments),
which permitted to register the emission ratio imaging of the cameleon by using a 436DF20
excitation filter, a 450nm dichroic mirror, and two emission filters (475/40 for enhanced
cyan fluorescent protein (ECFP) and 535/25 for citrine). Changes in mitochondrial Ca**
levels were expressed as the ratio of the emissions at 535 and 470 nm. Before analysis,

fluorescence images were background corrected.
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Co-immunoprecipitation

Mesothelioma cells were treated with the indicated compounds and lysed in buffer
containing 30mM Tris-HCI, at pH7.5, 50mM NaCl, 1% NP-40. Extracted proteins pre-
cleared by incubating lysates with G-coated Sepharose beads (GE Healthcare) for 1h at 4°C.
The supernatant was then collected and quantified. 800 pg (referred to as ‘Input’) was
incubated overnight with IP3R3 antibody at 4°C. The next day, the precipitation of the
immune complexes was performed with G-coated Sepharose beads at 4°C, according to the
manufacturer’s instructions. After 3h, the beads were washed three times, and finally
suspended in 40pL of 2% Laemmli buffer. Ten microliters were loaded on the gel and the
samples were processed by SDS— polyacrylamide gel electrophoresis (SDS-PAGE) and

analyzed by immunoblot assay.

Antibodies and reagents

For immunoblot and immunostaining analysis, the following antibodies were used: anti-
LC3B (Merck, L7543), anti-actin (Merck, A2668), anti-SQSTM1/p62 (Merck, P0067), anti-
citokeratin8/18 (abcam, ab17139), anti-calretinin (thermoFisher, MA5-14540) anti-Cas3
(Cell Signaling, 9665), anti-PARP1 (Cell Signaling, 9532), anti-IP3R3 (BD, 610312), anti-
ubiquitin (Cell Signaling, 3933), anti-ATG7 (Cell Signaling, 8558). Other chemicals used
are the following: chloroquine (Merck, C6628), haloperidol (Merck, 1303002), clozapine
(Merck, 1142107), sertraline (Merck, S6319), Desmethylclomipramine (Merck, N1280),
pemetrexed (Merck, 1500659), 3-methyladenine (Merck, M9281), MG132 (Merck, C2211),

Bafilomycin A1 (Merck, B1793 ).

Immunoblotting

Cells were plated in 6-well plates. After 36h, cells were washed three times and collected
into ice-cold, phosphate-buffered saline and lysed in a modified 10 mM Tris buffer pH 7.4

containing 150 mM NaCl, 1% Triton X-100, 10% glycerol, 10 mM EDTA and protease
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inhibitor cocktail. After 30 min of incubation on ice, homogenates were cleared via
centrifugation centrifuged at 12.000 g at 4°C for 10 min. Where indicated, before collection,
cells were treated with specific compounds. The supernatatant were collected ant the protein
concentrations were determinated by the Lowry procedure. Protein extracts, 15 pg, were
separated on 4-12% Bis-Tris acrylamide (Life Technologies, NP0323) and electron-
transferred to nitrocellulose membrane according to standard procedures. After saturation of
unspecific membranes binding sites with tris-buffered saline (TBS)-Tween 20 (0.05%)
supplemented with 5% nonfat powdered milk, membranes were incubated overnight with
primary antibodies and the revelation was performed with horseradish peroxidase (HRP)-
labeled secondary antibodies [ThermoFisher Scientific, A27036 (goat anti-rabbit) and
A28177 (goat anti-mouse)] plus a chemiluminescent substrate (ThermoFisher Scientific,
34080). The chemiluminescence signals were detected using ImageQuant LAS 4010 (GE

Healthcare).

Immunofluorescence

Cells previously plated onto 24-mm glasses were washed three times with phosphate
buffered saline (PBS), fixed in 2% formaldehyde for 15 min RT and permeabilized for 10
min with 0.1% Triton X-100 in PBS and blocked in PBS containing 2% BSA for 30 min.
Cells were then incubated with primary antibody (anti-IP3R3) overnight at 4°C and washed
three times with PBS. The appropriate isotype-matched, AlexaFluor-conjugated secondary
antibodies [ThermoFisher Scientific, A-11003 (546 goat anti-mouse)] were used. Images
were collected by using a Nikon Swept Field Confocal equipped with CFI Plan Apo
VC60XH objective (numerical aperture, 1.4) (Nikon Instruments) and an Andor DUS885

electron multiplying chargecoupled device (EM-CCD) camera (Andor Technology Ltd.).
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Fluorescence microscopy and quantitative analysis of GFP-LC3 dots

Cells were cultured in a 24 mm glass coverslips and infected at 60% confluence with ad-
GFP-LC3. After 36 h, images were taken on a Nikon LiveScan Swept Field Confocal
Microscope (SFC) Eclipse Ti equipped with NIS-Elements microscope imaging software
(Nikon Instruments). For each condition, the number of GFP-LC3 dots was automatically

detected in at least 20 independent visual fields by using ImageJ (Fiji) software.
Quantitative analysis of the autophagic-flux

Primary HM and MM cells were plated in 6-wells. When cells reached 60% confluence, they
were treated with the specific inhibitors of lysosomal V-ATPases bafilomycin Al (BafAl,
Sigma) (100 nM) in DMEM with 10% FBS. After 2h, cells were collected for

immunoblotting analysis.
Quantitative analysis of proteasome activity

To measure the activity of proteasome of living cells, MM cells were plated in 24-wells.
When cells reached 60% confluence, they were treated with the the different compounds for
1 hour and, subsequently, with 2.5 uM VS Bodipy or 2.5 uM S Bodipy for 2 hours at 37°C.
VS Bodipy (MesBodipyFLAhx3L3VS) and its reduced form (S Bodipy), that constitutes a
control probe, are a kind gift of Dr. Salvatore Pacifico (University of Ferrara). Cells were
acquired using a BD FACS Canto II (BD Biosciences). Proteasome activity was measured
by subtracting S Bodipy mean fluorescent intensity (MFI) from VS Bodipy MFI, after
excluding doublets and dead cells by the use of the viability dye Aqua (Life Technologies)
as previously described '3°. To measure the effects of drugs on specific proteasome subunits,
proteasomes were isolated from MM cells as previously described '%¢. Suc-LLVY-AMC,
Boc-LRR-AMC and Z-LLE-AMC (Sigma) were used to measure ChT-L, T-L and PGPH
proteasome activities, respectively. Substrates were incubated at 37 °C for 30 min with

proteasomes, untreated or pre-treated with drugs, in activity buffer. Fluorescence was
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determined by a fluorimeter (Spectrafluor plus, Tecan, Salzburg, Austria), using an
excitation of 360 nm and emission of 465 nm. Activity was evaluated in fluorescence units
and the inhibitory activity of the compounds is expressed as compared to untreated (CTRL)

proteasomes.

Pharmacoepidemiological analyses

We identified patients with a diagnosis of MM by relevant International Classification of
Disease (ICD) 9-CM codes from the Hospital Discharge Forms in a population-based
convenience sample of 270.000 subjects from Italy, between 2004 and 2013. Patients who
started a first line chemotherapy with cis-platinum (ATC LO1XAO01) or pemetrexed (ATC
LO1BAO4) were included in the analyses. After record linkage with pharmacy data,
concomitant exposure to any of the drugs of interest was defined as at least one drug delivery
of antidepressants (ATC NO6A) or antipsychotic (ATC NO5A) medications, during
chemotherapy. ACE-inhibitors (ATC C09A) were chosen as control drug, to limit the bias
arising from the association between survival and outpatient drug delivery. This drug class
were prescribed in the study sample and has not known anti-autophagy effects. Secondary
analysis evaluated the following specific drugs: clomipramine (NO6AAO0O4), sertraline
(NO6ABO06), haloperidol (NOSADO1) and clozapine (NO5SAHO02). The influence of the
concomitant exposure to chemotherapy and antidepressants/anti-psychotics on the overall
survival was explored by Kaplan Meier curves and Cox-proportional hazard models by

survival analyses and presented as hazard ratio (HR) and 95% confidence intervals (CI).

Statistical analysis

All data presented were analyzed by Prism 6 (GraphPad). Unless otherwise specified in
figure legends, data are representative of at least three biologically independent
experiments. Two-group datasets were analysed by Student’s unpaired t-test. For three or

more group analysis, one-way ANOVA with Tukey’s multiple comparison test was used.
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FUTURE PERSPECTIVES

MM is an aggressive neoplasm of the serosal cavities that exhibits a strong correlation with
exposure to asbestos fibers. According to world health organization (WHO) estimates, about
125 million people worldwide are exposed to asbestos at the workplace and at least 107 000
people die each year from asbestos-related diseases, such as mesothelioma !. Asbestos
indicates a family of minerals, rather common in nature, with a very heat-resistant fibrous
structure. The group consists of six naturally occurring mineral silicate fibers of the
serpentine and amphibole series, which include the serpentine mineral chrysotile (also
known as “white asbestos”), and the five amphibole minerals: actinolite, amosite (also
known as “brown asbestos”), anthophyllite, crocidolite (also known as “blue asbestos”) and
tremolite. The small needle-like fibers that compose the minerals, even more than a thousand
times thinner than a human hair, can be inhaled and can damage the mesothelial cells causing
several cancers and diseases, including lung cancer, mesothelioma and asbestosis *'*’. The
International Agency for Research on Cancer (IARC) classifies all types of asbestos as
carcinogens for humans, although a minor carcinogenic power is described for chrysotile
respect to the others ''. However, little is known about the mechanisms by which asbestos
causes the neoplastic transformation of human mesothelial cells. Recently, a primary
mechanism has been elucidated. It has been showed that asbestos induces necrotic cell death
with resultant release of the protein high-mobility group box 1 (HMGBI1) into extra-cellular
space and, interestingly, increased serum HMGBI levels were found in MM patients '®,
Hence, subjects potentially at risk may benefit of an early clinical diagnosis based on
HMGBI as a promising specific biomarker for MM. Notably, HMGBI1 functions as a pro-
inflammatory cytokine and is one of the most intriguing molecules in inflammatory disorders
and cancers. Despite that, HMGBI is an abundant nonhistone protein that play a central role
in the induction of autophagy and it has been reported to be a key regulator of the

transcriptional alterations induced by asbestos '®. In this light, since our results and other
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evidences suggest that autophagy is an indispensable component during the chemo-
resistance and the progression of MM, we asked whether HMGB1-induced autophagy could
be involved in the neoplastic transformation of mesothelial cells caused by asbestos. Thus,
we started to investigate the effects of the exposure to different asbestos fibers in primary
cells isolated from healthy human mesothelium (HM cells). Our preliminary data report that
the fibers prompt different intracellular cell death pathways in HM cells by inducing
mitochondrial reactive oxygen species (ROS) production. Interestingly, also the autophagic
machinery is highly activated and HMGBI translocation, from nucleus to cytosol, seems to
be fundamental to induce the process. Therefore, we asked whether HMGBI silencing could
prevent the increase of autophagy in HM cells exposed to asbestos, leading to an increase of
cell death. Our preliminary data seem to confirm this hypothesis, indicating that HMGB1-
mediated autophagy could sustain the tumoral transformation of HM cells caused by
asbestos fibers. In summary, our preliminary data suggest that mitochondrial ROS
production could be induced in HM cells, after exposure to asbestos, as stress signal that,
through the translocation of HMGBI, from the nucleus to the cytoplasm, activate the
autophagic process promoting cell death resistance and supporting tumoral transformation.
However, research on the role of autophagy in MM and other cancer diseases is still in its
infancy and many questions remain concerning the precise mechanisms by which autophagy

is involved in carcinogenesis and tumour progression.
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