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Abstract: Calcium ions (Ca2+) are central in cancer development and growth, serving as a major
signaling system determining the cell’s fate. Therefore, the investigation of the functional roles of ion
channels in cancer development may identify novel approaches for determining tumor prognosis.
Malignant mesothelioma is an aggressive cancer that develops from the serosal surface of the body,
strictly related to asbestos exposure. The treatment of malignant mesothelioma is complex and
the survival outcomes, rather than the overall survival data are, to date, disappointedly daunting.
Nevertheless, conventional chemotherapy is almost ineffective. The alteration in the expression
and/or activity of Ca2+ permeable ion channels seems to be characteristic of mesothelioma cells. In this
review, we explore the involvement of the Ca2+toolkit in this disease. Moreover, the established
sensitivity of some Ca2+channels to selective pharmacological modulators makes them interesting
targets for mesothelioma cancer therapy.
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1. Introduction

Cancer cells embody characteristics that allow them to survive beyond their normal life span and
to proliferate abnormally, presenting defects in the mechanisms underlying cellular growth, migration,
and death [1].

Calcium ions (Ca2+) play a pivotal role in these processes, acting as principal signalling agent
and the expression of Ca2+ channel transcripts have been highlighted as a potential biomarker in the
growing number of cancers [2,3]. Furthermore, a increasing number of works have revealed that tumor
suppressors and oncogenes regulate Ca2+ transport systems, including inositol 1,4,5-trisphosphate
(IP3) receptors (IP3Rs) [4]. For that reason, the investigation of the functional roles of ion channels in
cancer development may identify novel approaches for determining tumour prognosis [5] and the
discovery that alteration in key Ca2+-transport molecules could underlie pathological changes, might
provide promising targets for treatment of tumours.

Biomarkers are considered as a cost-effective means of controlling neoplasms, and in the last 30 years,
many investigations for a mesothelioma biomarker has taken place [6]. Although Ca2+ transport and
Ca2+ expression is still a novel research area in oncology, and in particular for mesothelioma, prompt
development of the field ensures the advancement of improved molecular Ca2+ transport-targeting tools
for the diagnosis and treatment of mesothelioma patients.
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2. Mesothelioma Biology

Malignant mesothelioma is an aggressive tumour rising from the serosal surface of the body.
Pleural mesothelioma represents about 80% of mesothelioma diagnoses. Uncommonly, other serosal
membranes of the human body can be affected such as the peritoneum (peritoneal mesothelioma),
pericardium (pericardial mesothelioma), and tunica vaginalis (tunica vaginalis mesothelioma) [7].

Mesothelioma is normally linked to prior asbestos exposure (job-related or, less frequently,
domestic or environmental exposure). Malignant pleural mesothelioma is a sporadic tumour, however
the annual rate differs from ten cases per million people (in the USA) to 29 cases per million people (in
the UK and in Australia), in agreement to national registries in some countries. The mesothelioma
frequency appears, for some countries such as USA, to have reached a plateau (around 3200 per year).
Conversely, for several European countries the incidence peak is not expected before the 2020s, due
to the long latency period between asbestos exposure and diagnosis (up to 30–50 years), and the
widespread asbestos use until the 1970s in most high-income countries [8]. Moreover, asbestos still
not being banned worldwide, and its mining and usage is continuing in several countries (e.g., India,
China, Russia, and Kazakhstan). According to 2013 WHO predictions, this continuous use of asbestos
could be responsible for an epidemic of asbestos-related illnesses in the next decades [8].

Subsequent to inhalation, asbestos fibres can reach the lung edge and the pleura producing
a local chronic inflammation and other oncogenic effects [9]. In recent years, some molecular
alterations and new targets were identified in mesothelioma [10], such as growth factors and angiogenic
pathways, regulators of cell-cycle and apoptosis (i.e., NF-κB pathway), and epigenetic modulators
(acetylation/deacetylation of DNA) [11].

The management of mesothelioma is difficult and the outcomes can be disheartening. Cancer
cells are resistant to treatments and patients are typically identified at an advanced disease stage, due
to the late and generic symptoms [11]. The use of radiotherapy is rare and is usually reserved for pain
relief induced by the infiltration of the chest wall [8]. Most international guidelines recommend that
surgery should be part of a multimodal treatment regimen (i.e., surgery combined with chemotherapy,
radiotherapy, or both). First-line chemotherapy normally combines pemetrexed and cisplatin or
pemetrexed and carboplatin. Raltitrexed represents, as first-line chemotherapy, a valid alternative
to pemetrexed, associated to cisplatin [8]. No therapy has been yet approved or formally endorsed
beyond first-line treatment for malignant pleural mesothelioma, except to consider a repeat course of
chemotherapy with pemetrexed [8].

Based on these data, malignant mesothelioma is a sporadic disease with scarce therapeutic
choices. Moreover, there are several unresolved issues, such as the lack of predictive biomarkers and
adequate tools for response evaluation. Therefore, it is mandatory to improve our knowledge of the
mesothelioma biology.

3. The Intracellular Ca2+ Toolkit

The intracellular Ca2+ concentration [Ca2+]i in unstimulated cells is around 100 nM, whereas the
concentration is higher in the extracellular space and in the intracellular Ca2+ stores, ranging from 1
to 2 mM. Although the [Ca2+]i is maintained very low, small variations, due to intracellular release
from endogenous stores, or to extracellular Ca2+ entry may induce local or global Ca2+ signals, thereby
activating specific Ca2+-dependent downstream pathways [12].

Intracellular Ca2+, which represents one of the most widespread second messengers, plays a
crucial role in the control of cellular processes, and this plethora of Ca2+ activities is primarily induced
through spatial localization, magnitude, and temporal variations in cytosolic Ca2+ concentrations—local
spikes of Ca2+, transient waves of intracellular Ca2+, and global fluttering, ranging from rapid events
(neurosecretion and muscle contraction), to slower responses (cell division and differentiation, and the
apoptotic pathway) [13].

A network of different Ca2+ channels and transporters, referred to as the “Ca2+ signalling tookit”,
regulates the intracellular homeostasis of Ca2+ (see Figure 1). Here, however, we will not focus
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our interest on normal trans-membrane transport mechanisms, but instead, we will explore the
connections between the altered expression of specific Ca2+ channels/pumps and cancer development,
with particular attention to malignant mesothelioma [14].
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Figure 1. Examples of Ca2+-permeable channels, pumps, and plasma membrane and intracellular
organelles exchangers. Ca2+ entry from the extracellular space is mediated by plasma membrane
channels including Transient Receptor Potential channel (TRP ) and Voltage-Gated Ca2+ Channel
(VGCC), and the plasma membrane transporters such as NCX (Na+/Ca2+ exchanger) and PMCA (Plasma
Membrane Ca2+-ATPase) allow for the removal of Ca2+ from the cytoplasm. Upon the depletion of
internal Ca2+ stores, a particular way of Ca2+ entry is through the store-operated calcium entry (SOCE)
channels, Orai1 (Ca2+ release-activated Ca2+ modulator 1), and STIM (Stromal Interaction Molecule).
The movement of Ca2+ toward intracellular stores and the cytoplasm occurs by intracellular calcium
channels and transporters as well as endoplasmic reticulum channels, IP3R (Inositole 3 Phosphate
Receptor) and RyR (Ryanodine Receptor), and transporters, SERCA (Sarco/Endoplasmic Reticulum
Ca2+-ATPase); mitochondrial transporter, MCU (Mitochondrial Ca2+ Uniporter) and channels, VDAC1
(Voltage Dependent Anion Channel 1); and lysosomal channel, TPC (Two-porte channel).

4. Remodelling of the Ca2+ Toolkit in Cancer

Cancer relapse with treatment resistance underlines the strong necessity to recognise new
molecular targets for the creation of different therapies.

In recent times, the role of ion channels in influencing malignant cancer cell behaviour has been
discovered and much has been obtained from brain cancer. In fact, the first direct suggestions that
ion channels play a crucial role in carcinogenesis came in the late 1980s, with studies describing
that brain cancer cells show uncommon configurations of ion channel functional expression and
that blockade by pharmacological inhibitions of some channels can hinder the growth of tumour
cells [15]. Among genes altered during cancer progression, it is expected that those coding for ion
channels are present. Several data have been gathered suggesting that the alteration of ion channels
can be prominent to the hallmarks of cancer. The remodelling of intracellular Ca2+ signals and Ca2+

homeostasis is assumed as key events in inducing, or sustaining, malignant behaviours. Definitely,
cancer alteration is linked with a Ca2+-transporting molecules rearrangement (changes in function
and/or expression), which contributes with other signalling pathways. This could result in improved
survival (apoptosis evasion), disproportionate cellular growth, cell migration, malignant angiogenesis,
and metastatisation [16]. So, due to the increased knowledge of ion pumps and channels involved
in neoplasm growth, tumours can be categorised as a channelopathy, or a disease induced by the
disturbed function of ion channels, frequently due to channel expression deregulation (transcriptional
channelopathy) or other alterations resultant in transformed function [15]. Many examples of the
Ca2+-toolkit remodelling and Ca2+ mishandling are reported and some of these variations have been
suggested to be important drivers stimulating and preserving the cancer phenotype [17]. Channels
in the plasma membrane allow for the entry of Ca2+ into the cytoplasm, alongside the concentration
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gradient across the plasma membrane. Many Ca2+ channels, such as voltage-gated Ca2+ channels (Cav

family), can be activated in this Ca2+ influx. Members of the low voltage-activated (low threshold
of activation) Cav3 subfamily are expressed or overexpressed in different tumour cells [18]. Despite
Cav expression, Ca2+ entry into non-excitable cells classically happens by way of non-voltage-gated
channels, such as Receptor-Operated Channels (ROC) or Secondary Messenger-Operated Channels
(SMOC) linked to GPCR (G-Protein Coupled Receptor) activation—the Orai family and members of
the TRP (Transient Receptor Potential) superfamily of channels; Store-Operated Channels (SOC: Orai
family and members of TRPC (TRP Canonical) subfamily of channels); ligand-gated channels (P2X
purinergic ionotropic receptor families, for instance); and stretch-operated channels (members of TRP
channel superfamily). In the literature, one or several of these Ca2+-permeable channels present in the
plasma membrane have been revealed to be altered in expression and/or activity in many cancer cells,
with a pivotal role in some pathophysiological processes leading to the malignant phenotype [19].
Store-Operated Ca2+ entry (SOCE) has been described to play a central role in cell proliferation, cycle
progression, migration, and metastasis as well as apoptosis evasion [20]. There is an increasing number
of studies that support this fundamental role for SOCE. These data underlie the phenotypic alterations
of tumour cells that suggest the Stromal Interaction Molecule 1 (STIM1) and the SOC channels as
appropriate candidate targets for future prognostic or therapeutic plans [21].

In addition to the plasma membrane Ca2+ channels, alterations in Ca2+-transporters, such as the
Plasma Membrane Calcium ATPase (PMCA) and Na+/Ca2+ exchanger, have also been suggested to
play a pivotal role in Ca2+ homeostasis of neoplastic cells [22].

Similarly, mutations as well as transformed expression levels of Sarco/Endoplasmic Reticulum
Calcium ATPase (SERCA) isoforms have been involved in many tumours, including lung, prostate,
and colon cancers [23]. Also, mitochondria can store an important amount of Ca2+ within their
matrix, 10-fold higher than the homeostatic cytosolic concentration. Ca2+ is transported from the ER
via specialized regions, called mitochondria-associated membranes (MAMs) [24]. There is a clear
connection between MAMs and cancer, derived from observations on promyelocytic leukemia (PML)
and Akt, a proto-oncogene frequently upregulated in tumour. The phosphorylation state of IP3R is a
significant characteristic in defining the amount of Ca2+ efflux from the ER to the mitochondria [25].
In the MAMs regions, the presence of the PML pool, is fundamental to allow the transmission of
pro-apoptotic Ca2+ signals across IP3R to the mitochondria, that lead to mitochondrial Ca2+ overload
and the consequent apoptotic process under stress conditions [26]. Similarly, PTEN can also impact
Akt/IP3R signalling by localizing at the MAMs, demonstrating again that the ER–mitochondria contact
sites are leading locations for the regulation of cell fate in cancer [27].

The Ca2+-permeable channels of the plasma membrane are encouraging candidates as targets
for pharmacological approaches. Modulators of the Ca2+ toolkit have been revealed to decrease or
oppose malignant behaviour in different neoplastic cells. The low sensitivity of pharmacological drugs
is one of the main limits for clinical utilization. However, hindering or controlling some of the Ca2+

channels, which are strongly expressed in tumour cells, and show a circumscribed tissue distribution,
could avoid general concerns. The study of the Ca2+ toolkit and homeostasis in neoplastic cells is a
slightly new but auspicious research area.

5. Ca2+ Signalling and Mesothelioma

Until now, few data are available for the role of Ca2+ in mesothelioma (see Table 1).
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Table 1. Altered Ca2+ toolkit in malignant mesothelioma.

Major Effects Ref.
Overexpression of Kca1.1 channel [28]
T-type Ca2+ channel upregulation [29]

[Ca2+]i dysregulation resveratrol-induced [30]
Calretinin [31–33]

BAP1 regulates IP3R3-mediated Ca2+ flux [34]
Mineral asbestos can induce ER-stress response [35]
Critical role for Ca2+ in the control of apoptosis [36]

5.1. Calcium Activated Potassium Channels

Since mesothelioma is characterized by mutations in many genes, a genome-wide gene expression
profile, obtained by microarray and next generation sequencing, allows for the identification of precise
expression profiles. Using such an approach, Cheng et al. [28] described the contribution of microRNAs
in the regulation of mesothelioma growth. In particular, they showed the minor expression of
miR-17-5p and miR-20a-5p in epithelioid histology. Among the predicted targets of these differentially
expressed microRNA families, they identified KCa1.1, a Ca2+-activated potassium channel subunit
alpha 1 encoded by the KCNMA1 gene, as a target of miR-17-5p. KCa1.1 was expressed at higher levels
in mesothelioma cells compared to the (normal) mesothelial line MeT-5A, and was highly expressed in
the patient tumour specimen compared to the normal mesothelium [28]. Potassium ion channels such
as KCa1.1 are the topic of growing interest in oncology due to their roles in cellular processes such as cell
growth, cell migration, cell adhesion, new vessel formation, and metastasis [37]. In mesothelioma cells,
KCNMA1 knockdown induces a sustained increase in the basal [Ca2+]i. As KCNMA1 contributes to the
resting membrane potential, this effect seems to be due to an incomplete membrane depolarization and
greater activity of Ca2+ channels [38]. Additional studies are requested to appreciate accurately how
KCNMA1 activity loss and resultant variations in Ca2+ flux decreases migration and invasion without
affecting apoptosis. Some studies are suggesting that the potassium channels, such as Kv10.1, Kv11.1,
KCa1.1, and KCa3.1, may have central parts in tumour cell invasion and metastatic processes [39], and
targeting these channels is a potential therapeutic option for mesothelioma treatment.

5.2. T-Type Calcium Channel

An increasing body of data have suggested the potential for voltage-activated Ca2+ channels, in
particular T-type, in the regulation of cancer proliferation and evolution.

Molecular biology works divided these Ca2+ channels in three main subfamilies called Cav1,
Cav2, and Cav3. Cav3 channels Cav3.1 (α1G), Cav3.2 (α1H), and Cav3.3 (α1I) are low voltage-activated,
dihydropyridine-sensitive, T-type or ‘transient currents’ indicating their kinetics of activation and
inactivation [40]. At low voltages, T-type Ca2+ channels generate the so-called ‘window current’ at
membrane potential-appropriate values, resulting in a sustained inward Ca2+ current. This regulation of
Ca2+ homeostasis permits T-type Ca2+ channels to control cell growth and differentiation. Therefore, the
loss of T-type Ca2+ channel control may lead to abnormal cell proliferation and cancer progression [41].

Recently we have demonstrated that T-type Ca2+ channels are highly present in mesothelioma
patient tissues compared to in normal mesothelial tissue [29]. In particular, we found the overexpression
of Cav3.2 α1H protein encoded by the CACNA1H gene. Then, we elucidated the role of T-type Ca2+

channels as the transducing factor between the epigallo-catechin-3-gallte (EGCG)-induced extracellular
H2O2 release and the intracellular harmful effects observed in mesothelioma cells. The demonstration
of this mechanism was suggested by the preventive action of mibefradil and Ni2+ on Ca2+ homeostasis
disturbance induced by EGCG. Hereafter, to obtain a more direct evaluation, we have targeted the
Cav3.2 isoform. The higher expression of this channel in mesothelioma cell lines, with respect to
normal mesothelium, elucidates the selective toxicity mechanism of EGCG to mesothelioma. Therefore,
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with the reconstruction of the selective mechanism of EGCG toxicity to mesothelioma cells, we have
pointed out T-type Ca2+ channels as a potential novel therapeutic target for this neoplasia.

Moreover, as a confirmation of the role of T-type channels, another work [30] has demonstrated
that a polyphenol, resveratrol, induced [Ca2+]i dysregulation in mesothelioma cells by stimulation of
T-type Ca2+ channels.

Recent literature have discussed the idea of pharmacological inhibition or RNAi-mediated
downregulation of T-type Ca2+ channels as a way to inhibit cancer cell growth and increase cancer cell
death [42]. In addition to a single agent activity, the results validate that T-type Ca2+ channel blockers
improve the anticancer properties of conventional radio- and chemotherapy [43]. Consequently, T-type
Ca2+ channels could be attractive molecular targets for the improvement of mesothelioma treatment,
considering the actual inefficacy of classic therapy.

5.3. Calcium Binding Protein

Calretinin, a 29-kD calcium-binding protein, initially detected in the central nervous system, is
expressed in benign mesothelial cells and mesothelioma. Staining is both cytoplasmatic and nuclear,
with nuclear staining required for the epithelioid and mixed (biphasic) mesothelioma identification, to
distinguish from metastatic breast or lung cancer [31]. Calretinin is suggested to have a pivotal role in
the initiation process of mesotheliomagenesis [32], being essential for cell growth and survival.

Blum and co-workers showed that mouse mesothelial cell proliferation and migration was
augmented or decreased, respectively, by the overexpression or absence of calretinin, suggesting this
protein as a possible target [33].

5.4. BRCA1-Associated Protein 1 (BAP1)

BRCA1-associated protein 1 (BAP1) is a deubiquitinase enzyme, a member of the ubiquitin carboxy
(C)-terminal hydrolase family, involved in the regulation of some cellular pathways, ranging from cell
cycle regulation, to cell death, metabolism, and the DNA damage response [44]. Mutations and deletions
determining BAP1 loss have been described in several tumors including lung, breast, melanoma, and
mesothelioma [45,46]. People with one inactive BAP1 allele (BAP1 tumour predisposition syndrome)
have a significantly higher predisposition to cancer, and somatic BAP1 point mutations were present
in up to 60% of sporadic mesothelioma [34].

Bononi et al. [47] described that BAP1 is present in the endoplasmic reticulum (ER) where it
deubiquitylates, stabilizes, and modulates the activity of type 3 IP3R (IP3R3). The IP3R3 on the ER
membrane regulates the Ca2+ flux release from the ER to the mitochondria. In cells that carry the BAP1
mutation, its resultant low level determines a reduction in the release of Ca2+ from the ER leading to
low mitochondrial Ca2+ concentration, which in turn reduces the capacity of BAP1+/- cells to complete

the apoptotic pathway. Furthermore, mesothelioma cells lacking of BAP1, for acquired or inherited
mutations, are resistant to gemcitabine-induced apoptosis [48]. A novel mechanism for BAP1 has been
proposed in neuroblastoma [49] demonstrating that the association between BAP1 and 14-3-3 protein
can induce the release of the apoptotic inducer protein Bax from 14-3-3 and so promoting cell death
through the intrinsic apoptotic pathway. Therefore, other observations are strongly required to assess
the role of BAP1 on mesothelioma biology and with particular attention to drugs used for this cancer
such as pemetrexed and platinum-based treatments, as well as to avoid second line treatment with
compounds not effective in BAP1 mutant patients [48].

5.5. ER-Mitochondrial Ca2+ Handling

Some authors [35] have already suggested that mineral asbestos, considered as the main cause of
mesothelioma onset, can induce an ER-stress response, moreover altering ER Ca2+ release.

The earliest works on asbestos exposure effects on intracellular Ca2+ suggested that the exposure
of polymorphonuclear leucocytes (PMNs) to asbestos fibers increases cell membrane permeability,
measured as the release of lactate dehydrogenase, not observed in the absence of extracellular Ca2+ [50].



Cancers 2019, 11, 1839 7 of 10

Similar results have been observed for alveolar macrophages [51]. However, this latter study suggests
also that asbestos fibers can open Ca2+ channels on the macrophage membrane, permitting extracellular
Ca2+ to enter and contribute to the increase in cytosolic Ca2+ levels.

Then, Kamp et al. [52] explored how asbestos fibers can initiate the ER stress response to activate
the mitochondria-regulated cell apoptotic pathway, demonstrating that, in alveolar epithelial cells,
asbestos induces an ER stress response that determines Ca2+ release from the ER, playing a crucial
role in augmenting mitochondria-regulated apoptosis, an important early event in the pathogenesis
of pulmonary fibrosis. This finding suggested the presence of an important cross-talk between
the mitochondria and ER in alveolar epithelial cells exposed to oxidant-induced toxicity, such as
asbestos fibres.

The ER and mitochondria are physically and functionally interconnected organelles, which modulate
mitochondrial metabolism, intracellular Ca2+ concentration, and complex cell survival/death signals [53].
B-cell lymphoma 2 (Bcl-2) family members have a significant role in regulating ER/mitochondrial cross
talk. The transient ER Ca2+ release can boost pro-survival signalling, while intrinsic apoptotic stimuli
necessitates the sustained ER Ca2+ release along with mitochondrial Bax/Bak binding. Bax and Bak are
normally requested to preserve homeostatic levels of ER Ca2+ required for regulating intrinsic apoptosis,
while Bax/Bak mitochondrial localization is enough for activating BH3-only induced cell death [54]. ER
stress can prompt intrinsic apoptosis by activating the unfolded protein response (UPR) [55]. These and
other observations suggest the important role for the cross talk between the mitochondria and ER in
modulating intrinsic apoptosis. [52]

Given the role of Ca2+ in many key cellular processes, it will play a possible role in the functional
responses to asbestos, including the carcinogenic process. Mutation and alterations of many key
genes in cellular signalling, which are responsible for the control of both apoptosis and Ca2+ handling,
have been recognised in mesothelioma histologic samples and are considered responsible for the
onset/progression of mesothelioma [56,57].

Patergnani and colleagues [36] have revealed a critical role for Ca2+ ions in the control of apoptosis
in mesothelioma cells. By comparing mesothelioma cells with normal mesothelial cells, various
signalling and apoptotic parameters were evaluated. Increased expression of AKT, BCL-2, and BCL2L1
was found, whereas the expression of PML, a suppressor of oncogenesis, was reduced. They also
found a reduced level of the Mitochondrial Calcium Uniporter (MCU), highlighting that the alteration
of mitochondrial Ca2+ uptake is crucial for the unresponsiveness of mesothelioma cells to apoptotic
stimuli, and silencing MCU by RNAi or NaV (sodium orthovanadate) treatment to restore the Ca2+

homeostasis and mesothelioma sensitivity to apoptotic stimuli [29,30,34,40–48,58].

6. Conclusions

It is becoming clear that Ca2+ channels/transporters/pumps play a pivotal role in a huge number
of neoplasms. In fact, deregulated Ca2+ homeostasis could act like a “driver”, rather than a “passenger”
in carcinogenesis or tumorigenesis [49]. This novel research field has already obtained important
contributions in the identification of potential chemotherapeutic agents for a certain number of
neoplasms, with a few even moved to clinical trials [49]. Since some of these Ca2+ channels have a role
in physiological cell activities, one challenge in drug discovery, affecting these Ca2+ signalling proteins,
is to recognise their cancer specific roles.

Despite huge efforts made in recent years, the development of therapies for mesothelioma continue
to be challenging and the outcome for patients remains disappointedly poor. There is, therefore, an
unmet need to identify more reliable diagnostic and/or prognostic markers and to highlight novel
molecular targets to bolster chemotherapy in mesothelioma patients. Chemotherapy is the main
strategy for cancer management, but a major challenge limiting its realisation is the occurrence of an
intrinsic or acquired drug resistance.

The important role of Ca2+ signalling in growth, cell death, invasion, and metastatic process, offers
many chances for targeting altered Ca2+ signalling during tumorigenesis course. Moreover, some
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authors are arguing that the regulation of gene expression in drug resistant cells via [Ca2+]i may play an
important role in acquired drug resistance [59]. Models comparing the Ca2+ signal between neoplastic
and non-neoplastic phenotypes, coupled with the use of high throughput and/or advanced Ca2+

imaging approaches, might further support the translation of deregulated Ca2+ signalling assessment
into the development of targeted tumour therapy [59].

Moreover, the changes in the expression and/or activity of Ca2+ permeable ion channels seem to be
a distinguishing sign of mesothelioma cells. The clearly recognised sensitivity of some Ca2+ channels
to selective pharmacological modulators makes them attractive targets for mesothelioma management.
Additional studies are essential to explain the finest therapeutic strategy for mesothelioma as well as
the involvement of the Ca2+ toolkit in this disease.

Funding: Simona Martinotti is recipient of a Research Fellowship from LILT (Lega Italiana per la Lotta contro i
Tumori) Alessandria, Italy. Elia Ranzato received a financial support from the University del Piemonte Orientale
(Ricerca Locale 2015).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Hanahan, D.; Weinberg, R.A. Hallmarks of cancer: The next generation. Cell 2011, 144, 646–674. [CrossRef]
[PubMed]

2. Prevarskaya, N.; Ouadid-Ahidouch, H.; Skryma, R.; Shuba, Y. Remodelling of Ca2+ transport in cancer:
How it contributes to cancer hallmarks? Philos. Trans. R. Soc. B 2014, 369, 97. [CrossRef]

3. Prevarskaya, N.; Skryma, R.; Shuba, Y. Calcium in tumour metastasis: New roles for known actors. Nat. Rev.
Cancer 2011, 11, 609–618. [CrossRef]

4. Vervliet, T.; Clerix, E.; Seitaj, B.; Ivanova, H.; Monaco, G.; Bultynck, G. Modulation of Ca(2+) Signaling
by Anti-apoptotic B-Cell Lymphoma 2 Proteins at the Endoplasmic Reticulum-Mitochondrial Interface.
Front. Oncol. 2017, 7, 75. [CrossRef] [PubMed]

5. Feitelson, M.A.; Arzumanyan, A.; Kulathinal, R.J.; Blain, S.W.; Holcombe, R.F.; Mahajna, J.; Marino, M.;
Martinez-Chantar, M.L.; Nawroth, R.; Sanchez-Garcia, I.; et al. Sustained proliferation in cancer: Mechanisms
and novel therapeutic targets. Semin. Cancer Biol. 2015, 35 (Suppl.), S25–S54. [CrossRef] [PubMed]

6. Creaney, J.; Robinson, B.W.S. Malignant Mesothelioma Biomarkers From Discovery to Use in Clinical Practice
for Diagnosis, Monitoring, Screening, and Treatment. Chest 2017, 152, 143–149. [CrossRef] [PubMed]

7. Rossini, M.; Rizzo, P.; Bononi, I.; Clementz, A.; Ferrari, R.; Martini, F.; Tognon, M.G. New Perspectives on
Diagnosis and Therapy of Malignant Pleural Mesothelioma. Front. Oncol. 2018, 8, 91. [CrossRef] [PubMed]

8. Scherpereel, A.; Wallyn, F.; Albelda, S.M.; Munck, C. Novel therapies for malignant pleural mesothelioma.
Lancet Oncol. 2018, 19, e161–e172. [CrossRef]

9. Liu, G.; Cheresh, P.; Kamp, D.W. Molecular basis of asbestos-induced lung disease. Annu. Rev. Pathol. 2013,
8, 161–187. [CrossRef]

10. Zucali, P.A.; Ceresoli, G.L.; De Vincenzo, F.; Simonelli, M.; Lorenzi, E.; Gianoncelli, L.; Santoro, A. Advances
in the biology of malignant pleural mesothelioma. Cancer Treat. Rev. 2011, 37, 543–558. [CrossRef]

11. Zucali, P.A. Target therapy: New drugs or new combinations of drugs in malignant pleural mesothelioma.
J. Thorac. Dis. 2018, 10, S311–S321. [CrossRef] [PubMed]

12. Clapham, D.E. Calcium signaling. Cell 2007, 131, 1047–1058. [CrossRef] [PubMed]
13. Moccia, F. Endothelial Ca(2+) Signaling and the Resistance to Anticancer Treatments: Partners in Crime. Int.

J. Mol. Sci. 2018, 19, 217. [CrossRef] [PubMed]
14. Berridge, M.J.; Bootman, M.D.; Roderick, H.L. Calcium signalling: Dynamics, homeostasis and remodelling.

Nat. Rev. Mol. Cell Biol. 2003, 4, 517–529. [CrossRef] [PubMed]
15. Prevarskaya, N.; Skryma, R.; Shuba, Y. Ion Channels in Cancer: Are Cancer Hallmarks Oncochannelopathies?

Physiol. Rev. 2018, 98, 559–621. [CrossRef]
16. Shapovalov, G.; Ritaine, A.; Skryma, R.; Prevarskaya, N. Role of TRP ion channels in cancer and tumorigenesis.

Semin. Immunopathol. 2016, 38, 357–369. [CrossRef]
17. Deliot, N.; Constantin, B. Plasma membrane calcium channels in cancer: Alterations and consequences for

cell proliferation and migration. Bba-Biomembranes 2015, 1848, 2512–2522. [CrossRef]

http://dx.doi.org/10.1016/j.cell.2011.02.013
http://www.ncbi.nlm.nih.gov/pubmed/21376230
http://dx.doi.org/10.1098/rstb.2013.0097
http://dx.doi.org/10.1038/nrc3105
http://dx.doi.org/10.3389/fonc.2017.00075
http://www.ncbi.nlm.nih.gov/pubmed/28516063
http://dx.doi.org/10.1016/j.semcancer.2015.02.006
http://www.ncbi.nlm.nih.gov/pubmed/25892662
http://dx.doi.org/10.1016/j.chest.2016.12.004
http://www.ncbi.nlm.nih.gov/pubmed/28007619
http://dx.doi.org/10.3389/fonc.2018.00091
http://www.ncbi.nlm.nih.gov/pubmed/29666782
http://dx.doi.org/10.1016/S1470-2045(18)30100-1
http://dx.doi.org/10.1146/annurev-pathol-020712-163942
http://dx.doi.org/10.1016/j.ctrv.2011.01.001
http://dx.doi.org/10.21037/jtd.2017.10.131
http://www.ncbi.nlm.nih.gov/pubmed/29507801
http://dx.doi.org/10.1016/j.cell.2007.11.028
http://www.ncbi.nlm.nih.gov/pubmed/18083096
http://dx.doi.org/10.3390/ijms19010217
http://www.ncbi.nlm.nih.gov/pubmed/29324706
http://dx.doi.org/10.1038/nrm1155
http://www.ncbi.nlm.nih.gov/pubmed/12838335
http://dx.doi.org/10.1152/physrev.00044.2016
http://dx.doi.org/10.1007/s00281-015-0525-1
http://dx.doi.org/10.1016/j.bbamem.2015.06.009


Cancers 2019, 11, 1839 9 of 10

18. Buchanan, P.J.; McCloskey, K.D. Ca-V channels and cancer: Canonical functions indicate benefits of
repurposed drugs as cancer therapeutics. Eur. Biophys. J. 2016, 45, 621–633. [CrossRef]

19. Lee, J.M.; Davis, F.M.; Roberts-Thomson, S.J.; Monteith, G.R. Ion channels and transporters in cancer. 4.
Remodeling of Ca(2+) signaling in tumorigenesis: Role of Ca(2+) transport. Am. J. Physiol. Cell Physiol. 2011,
301, C969–C976. [CrossRef]

20. Mo, P.; Yang, S. The store-operated calcium channels in cancer metastasis: From cell migration, invasion to
metastatic colonization. Front. Biosci. (Landmark Ed) 2018, 23, 1241–1256.

21. Jardin, I.; Rosado, J.A. STIM and calcium channel complexes in cancer. BBA-Mol. Cell Res. 2016, 1863,
1418–1426. [CrossRef] [PubMed]

22. Prevarskaya, N.; Skryma, R.; Shuba, Y. Targeting Ca(2)(+) transport in cancer: Close reality or long
perspective? Expert Opin. Ther. Targets 2013, 17, 225–241. [CrossRef] [PubMed]

23. Roti, G.; Carlton, A.; Ross, K.N.; Markstein, M.; Pajcini, K.; Su, A.H.; Perrimon, N.; Pear, W.S.; Kung, A.L.;
Blacklow, S.C.; et al. Complementary genomic screens identify SERCA as a therapeutic target in NOTCH1
mutated cancer. Cancer Cell 2013, 23, 390–405. [CrossRef] [PubMed]

24. Giorgi, C.; Missiroli, S.; Patergnani, S.; Duszynski, J.; Wieckowski, M.R.; Pinton, P. Mitochondria-associated
membranes: Composition, molecular mechanisms, and physiopathological implications. Antioxid. Redox Signal.
2015, 22, 995–1019. [CrossRef]

25. Vanderheyden, V.; Devogelaere, B.; Missiaen, L.; De Smedt, H.; Bultynck, G.; Parys, J.B. Regulation of
inositol 1,4,5-trisphosphate-induced Ca2+ release by reversible phosphorylation and dephosphorylation.
Biochim. Biophys. Acta 2009, 1793, 959–970. [CrossRef]

26. Giorgi, C.; Wieckowski, M.R.; Pandolfi, P.P.; Pinton, P. Mitochondria associated membranes (MAMs) as
critical hubs for apoptosis. Commun. Integr. Biol. 2011, 4, 334–335. [CrossRef]

27. van Vliet, A.R.; Verfaillie, T.; Agostinis, P. New functions of mitochondria associated membranes in cellular
signaling. Biochim. Biophys. Acta 2014, 1843, 2253–2262. [CrossRef]

28. Cheng, Y.Y.; Wright, C.M.; Kirschner, M.B.; Williams, M.; Sarun, K.H.; Sytnyk, V.; Leshchynska, I.; Edelman, J.J.;
Vallely, M.P.; McCaughan, B.C.; et al. KCa1.1, a calcium-activated potassium channel subunit alpha 1, is
targeted by miR-17-5p and modulates cell migration in malignant pleural mesothelioma. Mol. Cancer
2016, 15. [CrossRef]

29. Ranzato, E.; Martinotti, S.; Magnelli, V.; Murer, B.; Biffo, S.; Mutti, L.; Burlando, B. Epigallocatechin-3-gallate
induces mesothelioma cell death via H2 O2 -dependent T-type Ca2+ channel opening. J. Cell Mol. Med. 2012,
16, 2667–2678. [CrossRef]

30. Marchetti, C.; Ribulla, S.; Magnelli, V.; Patrone, M.; Burlando, B. Resveratrol induces intracellular Ca(2+) rise
via T-type Ca(2+) channels in a mesothelioma cell line. Life Sci. 2016, 148, 125–131. [CrossRef]

31. Gotzos, V.; Vogt, P.; Celio, M.R. The calcium binding protein calretinin is a selective marker for malignant
pleural mesotheliomas of the epithelial type. Pathol. Res. Pract. 1996, 192, 137–147. [CrossRef]

32. Wang, H.; Gillis, A.; Zhao, C.; Lee, E.; Wu, J.; Zhang, F.; Ye, F.; Zhang, D.Y. Crocidolite asbestos-induced
signal pathway dysregulation in mesothelial cells. Mutat. Res. 2011, 723, 171–176. [CrossRef] [PubMed]

33. Blum, W.; Pecze, L.; Felley-Bosco, E.; Schwaller, B. Overexpression or absence of calretinin in mouse primary
mesothelial cells inversely affects proliferation and cell migration. Respir. Res. 2015, 16, 153. [CrossRef] [PubMed]

34. Bononi, A.; Giorgi, C.; Patergnani, S.; Larson, D.; Verbruggen, K.; Tanji, M.; Pellegrini, L.; Signorato, V.;
Olivetto, F.; Pastorino, S.; et al. BAP1 regulates IP3R3-mediated Ca2+ flux to mitochondria suppressing cell
transformation. Nature 2017, 546, 549. [CrossRef]

35. Ryan, A.J.; Larson-Casey, J.L.; He, C.; Murthy, S.; Carter, A.B. Asbestos-induced disruption of calcium homeostasis
induces endoplasmic reticulum stress in macrophages. J. Biol. Chem. 2014, 289, 33391–33403. [CrossRef]

36. Patergnani, S.; Giorgi, C.; Maniero, S.; Missiroli, S.; Maniscalco, P.; Bononi, I.; Martini, F.; Cavallesco, G.;
Tognon, M.; Pinton, P. The endoplasmic reticulum mitochondrial calcium cross talk is downregulated in
malignant pleural mesothelioma cells and plays a critical role in apoptosis inhibition. Oncotarget 2015, 6,
23427–23444. [CrossRef]

37. Pardo, L.A.; Stuhmer, W. The roles of K+ channels in cancer. Nat. Rev. Cancer 2014, 14, 39–48. [CrossRef]
38. Bentzen, B.H.; Olesen, S.P.; Ronn, L.C.B.; Grunnet, M. BK channel activators and their therapeutic perspectives.

Front. Physiol. 2014, 5, 389. [CrossRef]
39. Oeggerli, M.; Tian, Y.M.; Ruiz, C.; Wijker, B.; Sauter, G.; Obermann, E.; Guth, U.; Zlobec, I.; Sausbier, M.;

Kunzelmann, K.; et al. Role of KCNMA1 in Breast Cancer. PLoS ONE 2012, 7, 1664. [CrossRef]

http://dx.doi.org/10.1007/s00249-016-1144-z
http://dx.doi.org/10.1152/ajpcell.00136.2011
http://dx.doi.org/10.1016/j.bbamcr.2015.10.003
http://www.ncbi.nlm.nih.gov/pubmed/26455959
http://dx.doi.org/10.1517/14728222.2013.741594
http://www.ncbi.nlm.nih.gov/pubmed/23294334
http://dx.doi.org/10.1016/j.ccr.2013.01.015
http://www.ncbi.nlm.nih.gov/pubmed/23434461
http://dx.doi.org/10.1089/ars.2014.6223
http://dx.doi.org/10.1016/j.bbamcr.2008.12.003
http://dx.doi.org/10.4161/cib.4.3.15021
http://dx.doi.org/10.1016/j.bbamcr.2014.03.009
http://dx.doi.org/10.1186/s12943-016-0529-z
http://dx.doi.org/10.1111/j.1582-4934.2012.01584.x
http://dx.doi.org/10.1016/j.lfs.2016.01.048
http://dx.doi.org/10.1016/S0344-0338(96)80208-1
http://dx.doi.org/10.1016/j.mrgentox.2011.04.008
http://www.ncbi.nlm.nih.gov/pubmed/21570478
http://dx.doi.org/10.1186/s12931-015-0311-6
http://www.ncbi.nlm.nih.gov/pubmed/26695618
http://dx.doi.org/10.1038/nature22798
http://dx.doi.org/10.1074/jbc.M114.579870
http://dx.doi.org/10.18632/oncotarget.4370
http://dx.doi.org/10.1038/nrc3635
http://dx.doi.org/10.3389/fphys.2014.00389
http://dx.doi.org/10.1371/journal.pone.0041664


Cancers 2019, 11, 1839 10 of 10

40. Catterall, W.A.; Perez-Reyes, E.; Snutch, T.P.; Striessnig, J. International Union of Pharmacology. XLVIII.
Nomenclature and structure-function relationships of voltage-gated calcium channels. Pharmacol. Rev. 2005,
57, 411–425. [CrossRef]

41. Santoni, G.; Santoni, M.; Nabissi, M. Functional role of T-type calcium channels in tumour growth and
progression: Prospective in cancer therapy. Br. J. Pharmacol. 2012, 166, 1244–1246. [CrossRef] [PubMed]

42. Dziegielewska, B.; Gray, L.S.; Dziegielewski, J. T-type calcium channels blockers as new tools in cancer
therapies. Pflügers Arch. Eur. J. Physiol. 2014, 466, 801–810. [CrossRef] [PubMed]

43. Sallan, M.C.; Visa, A.; Shaikh, S.; Nager, M.; Herreros, J.; Canti, C. T-type Ca2+ Channels: T for Targetable.
Cancer Res. 2018, 78, 603–609. [CrossRef] [PubMed]

44. Wang, A.; Papneja, A.; Hyrcza, M.; Al-Habeeb, A.; Ghazarian, D. Gene of the month: BAP1. J. Clin. Pathol.
2016, 69, 750–753. [CrossRef] [PubMed]

45. Bott, M.; Brevet, M.; Taylor, B.S.; Shimizu, S.; Ito, T.; Wang, L.; Creaney, J.; Lake, R.A.; Zakowski, M.F.;
Reva, B.; et al. The nuclear deubiquitinase BAP1 is commonly inactivated by somatic mutations and 3p21.1
losses in malignant pleural mesothelioma. Nat. Genet. 2011, 43, 668–672. [CrossRef]

46. Cheung, M.; Testa, J.R. BAP1, a tumor suppressor gene driving malignant mesothelioma. Transl. Lung
Cancer Res. 2017, 6, 270–278. [CrossRef]

47. Guazzelli, A.; Meysami, P.; Bakker, E.; Demonacos, C.; Giordano, A.; Krstic-Demonacos, M.; Mutti, L. BAP1
Status Determines the Sensitivity of Malignant Mesothelioma Cells to Gemcitabine Treatment. Int. J. Mol. Sci.
2019, 20, 429. [CrossRef]

48. Sime, W.; Niu, Q.; Abassi, Y.; Masoumi, K.C.; Zarrizi, R.; Kohler, J.B.; Kjellstrom, S.; Lasorsa, V.A.; Capasso, M.;
Fu, H.; et al. BAP1 induces cell death via interaction with 14-3-3 in neuroblastoma. Cell Death Dis. 2018,
9, 458. [CrossRef]

49. Cui, C.C.; Merritt, R.; Fu, L.W.; Pan, Z. Targeting calcium signaling in cancer therapy. Acta Pharm. Sin. B
2017, 7, 3–17. [CrossRef]

50. Elferink, J.G.R.; Deierkauf, M.; Kramps, J.A.; Koerten, H.K. The Involvement of Ionic Interactions during
Asbestos-Induced Enzyme-Release from Polymorphonuclear Leukocytes. Chem. Biol. Interact. 1989, 72,
215–227. [CrossRef]

51. Kalla, B.; Hamilton, R.F.; Scheule, R.K.; Holian, A. Role of extracellular calcium in chrysotile asbestos
stimulation of alveolar macrophages. Toxicol. Appl. Pharmacol. 1990, 104, 130–138. [CrossRef]

52. Kamp, D.W.; Liu, G.; Cheresh, P.; Kim, S.J.; Mueller, A.; Lam, A.P.; Trejo, H.; Williams, D.; Tulasiram, S.;
Baker, M.; et al. Asbestos-Induced Alveolar Epithelial Cell Apoptosis The Role of Endoplasmic Reticulum
Stress Response. Am. J. Respir. Cell Mol. Biol. 2013, 49, 892–901. [CrossRef] [PubMed]

53. Marchi, S.; Patergnani, S.; Pinton, P. The endoplasmic reticulum-mitochondria connection: One touch,
multiple functions. BBA-Bioenerg. 2014, 1837, 461–469. [CrossRef] [PubMed]

54. Shamas-Din, A.; Brahmbhatt, H.; Leber, B.; Andrews, D.W. BH3-only proteins: Orchestrators of apoptosis.
BBA-Mol. Cell Res. 2011, 1813, 508–520. [CrossRef]

55. Carreras-Sureda, A.; Pihan, P.; Hetz, C. Calcium signaling at the endoplasmic reticulum: Fine-tuning stress
responses. Cell Calcium 2018, 70, 24–31. [CrossRef]

56. Ni, Z.Y.; Liu, Y.Q.; Keshava, N.; Zhou, G.; Whong, W.Z.; Ong, T.M. Analysis of K-ras and p53 mutations in
mesotheliomas from humans and rats exposed to asbestos. Mutat. Res. Genet. Toxicol. Environ. 2000, 468,
87–92. [CrossRef]

57. Mossman, B.T.; Shukla, A.; Heintz, N.H.; Verschraegen, C.F.; Thomas, A.; Hassan, R. New Insights into
Understanding the Mechanisms, Pathogenesis, and Management of Malignant Mesotheliomas. Am. J. Pathol.
2013, 182, 1065–1077. [CrossRef]

58. Kee, Y.; Huang, T.T. Role of Deubiquitinating Enzymes in DNA Repair. Mol. Cell Biol. 2016, 36, 524–544.
[CrossRef]

59. Busselberg, D.; Florea, A.M. Targeting Intracellular Calcium Signaling ([Ca2+](i)) to Overcome Acquired
Multidrug Resistance of Cancer Cells: A Mini-Overview. Cancers 2017, 9, 48. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1124/pr.57.4.5
http://dx.doi.org/10.1111/j.1476-5381.2012.01908.x
http://www.ncbi.nlm.nih.gov/pubmed/22352795
http://dx.doi.org/10.1007/s00424-014-1444-z
http://www.ncbi.nlm.nih.gov/pubmed/24449277
http://dx.doi.org/10.1158/0008-5472.CAN-17-3061
http://www.ncbi.nlm.nih.gov/pubmed/29343521
http://dx.doi.org/10.1136/jclinpath-2016-203866
http://www.ncbi.nlm.nih.gov/pubmed/27235536
http://dx.doi.org/10.1038/ng.855
http://dx.doi.org/10.21037/tlcr.2017.05.03
http://dx.doi.org/10.3390/ijms20020429
http://dx.doi.org/10.1038/s41419-018-0500-6
http://dx.doi.org/10.1016/j.apsb.2016.11.001
http://dx.doi.org/10.1016/0009-2797(89)90029-X
http://dx.doi.org/10.1016/0041-008X(90)90288-6
http://dx.doi.org/10.1165/rcmb.2013-0053OC
http://www.ncbi.nlm.nih.gov/pubmed/23885834
http://dx.doi.org/10.1016/j.bbabio.2013.10.015
http://www.ncbi.nlm.nih.gov/pubmed/24211533
http://dx.doi.org/10.1016/j.bbamcr.2010.11.024
http://dx.doi.org/10.1016/j.ceca.2017.08.004
http://dx.doi.org/10.1016/S1383-5718(00)00043-7
http://dx.doi.org/10.1016/j.ajpath.2012.12.028
http://dx.doi.org/10.1128/MCB.00847-15
http://dx.doi.org/10.3390/cancers9050048
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Mesothelioma Biology 
	The Intracellular Ca2+ Toolkit 
	Remodelling of the Ca2+ Toolkit in Cancer 
	Ca2+ Signalling and Mesothelioma 
	Calcium Activated Potassium Channels 
	T-Type Calcium Channel 
	Calcium Binding Protein 
	BRCA1-Associated Protein 1 (BAP1) 
	ER-Mitochondrial Ca2+ Handling 

	Conclusions 
	References

