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and Véronique Serre-Beinier

Experimental Model of Human Malignant Mesothelioma in Athymic Mice
Reprinted from: Int. J. Mol. Sci. 2018, 19, 1881, doi:10.3390/ijms19071881 . . . . . . . . . . . . . . 167

Emanuela Felley-Bosco and Hubert Rehrauer

Non-Coding Transcript Heterogeneity in Mesothelioma: Insights from Asbestos-Exposed Mice
Reprinted from: Int. J. Mol. Sci. 2018, 19, 1163, doi:10.3390/ijms19041163 . . . . . . . . . . . . . . 184

vi



About the Special Issue Editor

Emanuela Felley-Bosco, PhD PD, received a PhD degree in Pharmacology and Toxicology from the

University of Lausanne in Switzerland (1986). She was then post-doc for one year at Occupational

Health Institute in Lausanne; then for two and a half years at the Swiss Institute for Experimental

Cancer Research, Switzerland; and, finally, for three years at National Cancer Institute, Bethesda,

USA. Emanuela Felley-Bosco was a group leader (1994–2006) at the Department of Pharmacology

and Toxicology at the University of Lausanne thanks partly to a women-academic promotion award.

She has been a lecturer at Lausanne University since 1998. Since 2007, she has been group leader in
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Abstract: This editorial aims to synthesize the eleven papers that have contributed to this special
issue, where the mechanisms of mesothelioma heterogeneity have been tackled from different angles.

Keywords: mesothelioma heterogeneity; NF2/Hippo pathway; BAP1; non-coding RNA; tumor
microenvironment; experimental models

A general feature of a tumor is that it comprises tumor cells and stroma containing immune
cells, fibroblasts, matrix and blood vessels. Therefore, it is not surprising that in this special issue,
the mechanisms of mesothelioma heterogeneity have been addressed extensively at the level of
tumoral cells, highlighting differences in genetic alterations [1–5] or temporal differences during tumor
progression [2].

In this context, it is worth noting that besides the two pathways widely mutated in cancer, namely,
cell cycle control (cyclin-dependent kinase Inhibitor 2A, CDKN2A) and genome integrity (TP53),
there are also two specific pathways frequently mutated in MPM, namely, the neurofibromatosis type 2
(NF2)/Hippo and the Breast-Repair-associated-Cancer 1(BRCA)-associated protein 1 (BAP1) pathways.

With regard to NF2/Hippo, as pointed out by Sato and Sekido [5], it is intriguing that if their
downstream targets are activated yes-associated protein 1 (YAP1) and transcriptional co-activator with
PDZ domain-binding motif (TAZ), no mutations that result in their activation have been observed
in mesothelioma. Mutations that result in their constitutive activation would involve mutations
of individual or multiple phosphorylation sites, allowing YAP and TAZ retention in the cytosol
preventing activation of YAP/TAZ-dependent transcription. However, there are well-known examples,
like Phosphatase and tensin homolog (PTEN), where loss of control of phosphorylation targets are
tumorigenic. In addition, both YAP and TAZ have multiple phosphorylation sites so it is likely that
deregulation of the upstream kinase would be more efficient. As reviewed by Sato and Sekido [5],
YAP has been largely investigated in mesothelioma, however, Hagenbeeck et al. [6] recently noted that
YAP and TAZ have slightly different transcriptional profiles, whereby TAZ increases, for example,
the expression of wound-healing-associated, pro-tumorigenic genes such as Arginase 1. This gene was
one of the genes with the highest expression in tissues from asbestos exposed mice and remained high
in tumors [7]. Therefore, there remains an open question about a possibly synergistic mode of action
where TAZ modifies the tumor microenvironment while YAP promotes tumor cell proliferation.

While the understanding of the mechanisms behind the contribution of the NF2/Hippo pathway
to mesothelioma has progressed greatly since the seminal observation of the high frequency of NF2
mutations in mesothelioma [8,9], understanding of the mechanisms underlying BAP1 are less advanced.
This is to be expected as this mutational event was discovered more recently [10,11]. Interestingly, in the
analysis of TCGA samples, BAP1 status was associated with differential gene expression [12] as
originally described in Drosophila (fruit fly). Here the BAP1 homolog was responsible for repression
of HOX genes in the fly embryo while also increasing HOX expression in particular tissues in central
nervous system [13].

Int. J. Mol. Sci. 2018, 19, 3560; doi:10.3390/ijms19113560 www.mdpi.com/journal/ijms1
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Because of the known role of long non-coding RNA (lncRNA) in assembling and controlling
transcriptional complexes (reviewed in [14]), it would be of interest to explore if lncRNA
associated with BAP1 show differential transcriptional profiles that are associated with better
clinical outcome [12,15]. In fact, their expression may, for example, point to a given cell of origin
and commitment to epithelial differentiation phenotype. This was observed in patients’ samples
by Felley-Bosco and Rehrauer [16] for FENDRR, a lncRNA found to be overexpressed in tumors
developing in mice after exposure to asbestos fibers, and which also clusters with better outcomes in
human mesothelioma patients [12]. Similarly, Meg3, another lncRNA found to be overexpressed in
tumors developing in mice after exposure to asbestos fibers [16] is overexpressed in TCGA cluster 1,
which was characterized by better overall survival [12] compared to the other 3 clusters of patients
with different transcription profiles.

Other non-coding RNA of interest that have been extensively reviewed [17] include microRNA
(miR), which have been deeply investigated for diagnostic and prognostic purposes and reviewed by
Martinez-Rivera et al. [17]. They highlight the challenges to come with the investigation of circulating
miR in total plasma/serum vs exosomal vesicles. In this context, additional complexity has been
recently added by the investigation of expression obtained through RNA-seq data. This has revealed
how classical analysis approaches may miss isomiRs [18].

Even though peritoneal mesothelioma is less frequent compared to pleural mesothelioma,
the mutational landscape is similar, with BAP1 frequently being mutated [19]. The reported case
of long-survivor peritoneal mesothelioma by Serio et al. [4] did not display any of the mutations in the
frequently mutated genes BAP1, CDKN2A, or NF2 and was treated with oxaliplatin, a known inducer
of immunogenic cell death [20]. Therefore, if more tissue were available from mesothelioma patients
treated with oxaliplatin, it would be interesting to establish a cohort where potential neoantigens
generation and immune response could be explored.

Heterogeneity in the tumor environment has been widely reviewed [1,21] with more emphasis
on heterogeneity in immune cell content in the tumor microenvironment, which is also in line with
the intensive exploration of immunotherapy in mesothelioma treatment [22]. Minnema-Luiting
and colleagues [21] emphasize how several studies point to the important role of M2-polarized
macrophages in mesothelioma. Interestingly, according to the interactive web-based platform
https://www.cri-iatlas.org/ [23], which was established as an analytic tool for studying the
interactions between tumors analyzed in TCGA and the immune microenvironment, the best
relationship with leukocytes tumoral infiltration is observed for the signature known as the
“macrophage regulation” (Figure 1a) This is better when compared to the relationship with the
signature called the “IFN-gamma response” (Figure 1b). Altogether, these observations point to the
macrophage population as a major regulator of the immune system in mesothelioma.

Besides immune cells, the mesothelioma tumor environment also contains cancer-associated
fibroblasts and a matrix, likely produced by the tumor, immune cells and fibroblasts themselves.
However, both cancer-associated fibroblasts and the matrix, which are likely to be major contributors
of stiffness-dependent effects such as modulation of YAP/TAZ transcriptional regulators [24], remain to
be explored.

As highlighted by Tolani et al. [1], a stem cell signaling pathway that should be further explored
is the Notch signaling pathway, especially since it is expressed in patients with predominantly
non-epithelioid histologies with poorer outcomes [12] compared to patients in cluster 1, who are
characterized by better overall survival.
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(a) (b) 

Figure 1. Mesothelioma leukocyte fraction is highly correlated with the signature “Macrophage
regulation” (a) compared with the correlation with IFN-gamma response (b). These graphics were
obtained using the interactive web-based platform https://www.cri-iatlas.org/ [23].

Jean and Jaurand wrote a timely, comprehensive review on how experimental murine
mesothelioma models [25] have helped in understanding the mechanism of mesothelioma development
using tissue specific targeted gene disruption using injections of AdenoCre or exposure to asbestos
fibers. Genetic alteration signatures observed in mice exposed to asbestos resemble what is observed
in human clinical samples and is mostly associated with copy number variations. This is in line
with the lack of detection of a specific point mutation signature (https://cancer.sanger.ac.uk/cosmic/
signatures), besides aging, in the two-human high-through-put studies [12,26]. These models are
useful for the investigation of other relevant changes, such as epigenetic modifications.

Finally, yet importantly, Colin et al. [27] developed a human orthotopic (intrapleural) xenograft
model in athymic mice, where it is possible to investigate the role of macrophage migration inhibiting
factor (MIF) because this particular model expresses both MIF and its functional receptor CD74.
The authors show the presence of M2-polarized macrophages in this model. Therefore, the model
allows not only investigating the role of MIF but also testing drugs acting on macrophage polarization,
thus allowing testing of the effect of macrophage polarization on tumor growth.

Funding: E. Felley-Bosco research is supported by the Stiftung für Angewandte Krebsforschung, the Krebsliga
Zürich and the Swiss National Science Foundation 320030_182690.
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Abstract: Despite advances in malignant pleural mesothelioma therapy, life expectancy of affected
patients remains short. The limited efficiency of treatment options is mainly caused by inter- and
intra-tumor heterogeneity of mesotheliomas. This diversity can be observed at the morphological
and molecular levels. Molecular analyses reveal a high heterogeneity (i) between patients; (ii) within
different areas of a given tumor in terms of different clonal compositions; and (iii) during treatment
over time. The aim of the present review is to highlight this diversity and its therapeutic implications.

Keywords: mesothelioma; inter-tumor heterogeneity; temporal intra-tumor heterogeneity;
spatial intra-tumor heterogeneity; chemoresistance; cancer stem cells; targeted therapy

1. Introduction

Malignant Pleural Mesothelioma (MPM) is a rare and aggressive neoplasm arising from a layer of
mesothelial cells lining the pleura. The main cause of MPM is exposure to asbestos fibers that provoke
constant inflammation and malignant transformation of mesothelial cells by direct mitotic spindle
interference, reactive oxygen species release, and macrophage attraction [1]. The latency of the cancer
is about 40 years, but once diagnosed, the life expectancy without treatment is less than 12 months [2].
The treatment usually includes chemotherapy followed by surgery, which can prolong the median
survival to 22 months [3]. However, the chemotherapy is only effective in approximately 30–40% of
the patients [4]. In addition, an effective alternative treatment or second line treatment has not yet
been established [5]. With the exception of a recent phase three trial combining Bevacizumab with
the standard cisplatin and pemetrexed chemotherapy in newly diagnosed MPM [6], clinical trials
aiming for a targeted therapy approach in common cancer signaling pathways have not resulted in
a better overall survival (OS) [7]. These studies stress the need for new biomarkers to predict the
clinical response to chemotherapy as well as to find new possible targets for alternative therapy
approaches. The search for new treatment options is complicated by the genetic composition of the
tumor. Mutations are mainly found in tumor suppressors (COSMIC [8]), but common oncogenes
such as PI3K, EGFR, and VEGFR are, if any, rarely found to be mutated in MPM, which limits the
choice of targeted inhibitors. Although studies have shown that loss of tumor suppressors, such as
NF2 and CDKN2A/p16, lead to upregulation of associated oncogenic pathways, the translation of this
knowledge into effective treatments has not yet occurred.

The mechanisms underlying the poor response of patients with MPM to a wide range of
therapeutic interventions is still unknown. One reason for the inefficacy of the treatment regimens is
the molecular inter-tumor heterogeneity, describing the diverse mutational (referred to as “genetic”
in this review), epigenetic, expressional, and macroscropic (summarized as “phenotypical”) changes
between patients. Many mutations, such as in EGFR or TP53, are undetectable in the majority of MPM
cases (COSMIC [8]). In contrast to non-small cell lung cancer [9], the relatively low number of MPM

Int. J. Mol. Sci. 2018, 19, 1603; doi:10.3390/ijms19061603 www.mdpi.com/journal/ijms6
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cases combined with the low prevalence of drug-targetable EGFR mutations in MPM compromises the
investigation and use of selective EGFR inhibitors in the treatment of mesothelioma.

Adding to the complexity that arises due to inter-tumor heterogeneity, patient tumors also
display intra-tumor heterogeneity. The existence of several tumor clones and subclones within
one tumor sample of the same patient significantly limits the ability to devise logical treatment
strategies. Intra-tumor heterogeneity appears during the course of the disease (temporal intra-tumor
heterogeneity) as well as in different locations within the tumor at one time point (spatial intra-tumor
heterogeneity).

Histologically, temporal and spatial intra-tumor heterogeneity in MPM manifests with
a morphological spectrum, ranging from epithelioid to sarcomatoid tumors with the biphasic subtype
containing a combination of both epithelioid and sarcomatoid components, each constituting at least
10% of the tumor. Adding to the complexity of histological subtyping, morphological biomarkers in
epithelioid MPM, including nuclear atypia and number of mitoses, have been used to determine a total
score which independently correlates with overall survival [10]. This further supports the existence
of tumor heterogeneity, even within morphological well-defined subgroups of MPM. Furthermore
some MPMs show a change of histology during the course of the disease, which represents temporal
heterogeneity [11]. Besides this microscopic diversity, an increasing number of publications highlight
the importance of genetic intra-tumor heterogeneity for therapeutic resistances in several cancer
types [12]. Until now, this phenomenon has attracted little attention in MPM.

The aim of the present review is to highlight the different forms of heterogeneity in MPM with
emphasis on the genetic and phenotypic intra-tumor heterogeneity. We summarize evidence of the
spatial and temporal evolution of MPM, during the treatment with standard of care chemotherapy,
and discuss the implications of heterogeneity on treatment decisions.

2. Inter-Tumor Heterogeneity

MPMs are known to have a high degree of molecular inter-tumor heterogeneity. In terms of
genetic alterations, MPM generally displays a low number of mutations and recurrent mutations
compared to other cancers [13]. The genes that were reported to be most often mutated are
BAP1 and NF2. Other commonly detected SNVs are found in LATS1/2, TP53, and TERT [14,15].
More prominent than SNVs are large chromosomal aberrations, which are thought to arise from
direct interference with asbestos fibers or general chromosomal instability due to dysfunctional DNA
damage response [1]. Chromosomal losses are the most frequent alterations in MPM, mostly affecting
the chromosomal arms 3p, 9p, and 22q, where, amongst others genes, BAP1, CDKN2A, and NF2 are
located, respectively [8,16,17]. A high number of patients even harbor homozygous deletions of the
CDKN2A region [18].

Despite these common alterations, the composition and gene locations of the mutations vary
considerably between patients. A large sequencing study by Lo Iacono and colleagues, using 123 FFPE
samples, sequenced 50 genes using the AmpliSeq Cancer Hotspot Panel plus another custom-designed
amplicon panel covering the exons of the NF2 and BAP1 genes [19]. Although the authors reported
a higher number of mutations clustering in exon 13 and 17 of the BAP1 gene, which are the two largest
exons, it did not seem that those were common hotspots for BAP1 mutations (COSMIC [8]); there was
more of an enrichment found in the N-terminal Ubiquitin Hydrolase domain (COSMIC [8]). Another
study by Guo et al. compared 22 MPM tumor samples with matched blood samples using exome
sequencing [13]. In total, they detected 490 somatic protein-altering mutations of which 477 were
private alterations. Another working group led by Mäki-Nevala also performed exome-sequencing on
21 patients (two of them with peritoneal mesothelioma) and only found two non-private mutations
in TTLL6 and MRPL1 occurring in two asbestos-exposed MM patients [20]. Ugurluer and colleagues
as well as Kato and colleagues [21,22] both used a large gene panel covering 236 genes. Both groups,
analyzing 11 [21] and 42 [22] mesothelioma patients, also failed to find any non-private alterations.
Other groups working with smaller gene panels [14,23] also showed only private mutations. The results
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from these publications clearly illustrate that, in contrast to e.g., the L858R mutation in EGFR in lung
cancer [24], there are no commonly mutated amino acid positions or “hotspot” regions in any of the
genes tested.

In summary, these molecular analyses highlight the high inter-patient variability of locations and
compositions of mutational patterns. This heterogeneity compromises the use of targeted therapy for
mesothelioma patients and necessitates a personalized approach (Table 1). Clinical trials inhibiting
for example the EGFR receptor in MPM patients using Erlotinib (NCT01592383, NCT00137826,
NCT00039182), Gefitinib (NCT00787410, NCT00025207), Vandetanib (NCT00597116), or Cetuximab
(NCT00996567) did not reveal any beneficial effects of the treatment. Although the mutational rate
of EGFR is below 1% in MPM (COSMIC [8]), the rationale of those studies were the overexpression
of EGFR which is found in over 50% of cases [25,26]. Destro and colleagues stained tumor tissue of
61 patients, whereby positive staining in 0–10% of tumor cells was regarded as negative expression,
in 10–50% as low, and in >50% as high [25]. Only 9/61 (14.8%) showed a high EGFR expression,
whereas 41.0% (21/61) only showed a staining in less than 50% of tumor cells, indicating that only
a subpopulation of tumor cells overexpress EGFR. Enomoto and colleagues also stained 22 MPM
cases, setting the thresholds for score 1+ for <5% positive tumor cells, score 2+ for 5–50% and score
3+ for >50% [26]. They scored 50% (11/22) of tumors as 3+ expression. Based on the assumption that
high EGFR expression predicts the success of EGFR inhibiting drugs such as Erlotinib, detection of
strong positive staining should be used as inclusion criteria in future studies. However, it was already
shown that in many cancers, EGFR expression levels are not associated with a positive response
to targeted therapy [27]. This was also documented in MPM by Garland and colleagues assessing
EGFR expression in 57 patients with MPM [28]. A score of 0 was given for negative staining, score 1
for weak and focal staining, score 2 for positive and homogenous staining and score 3 for intense
staining. In their cohort, 75% of the tumors stained score 2 or 3 for EGFR. However, no objective
clinical responses to Erlotinib treatment was noted. Similar results were shown using Gefitinib [29]
and Cetuximab [30], which strongly indicates that high EGFR expression cannot be used to predict
response to EGFR inhibitors in patients with mesothelioma.

In our sequencing studies (Oehl et al., manuscript in preparation), we could see EGFR mutations
at low allele frequency in the tissues, indicating a subclonal origin. Further, EGFR staining, as described
above, often shows a focal pattern. Both findings suggest that there could be, additionally to
the inter-tumor variability, a high intra-tumor heterogeneity additively influencing the outcome
of anti-EGFR treatments in a negative way.
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3. Spatial Intra-Tumor Heterogeneity

3.1. Spatial Genetic Heterogeneity

MPM is known to show intrinsic therapy resistances and is so far non-curable. The high number
of non-responders to chemotherapy [4] as well as the frequent recurrences of the disease [37,38] suggest
a substantial degree of resistant clones within an MPM patient. In silico modeling of spatial tumor
growth suggests that the number of driver gene mutations, as well as the speed of cell turnover, greatly
influences the degree of heterogeneity within a tumor [39]. Interestingly, the model proposed by
Waclaw et al. shows that fewer driver mutations and a slow cell turnover lead to an increased level of
heterogeneity [39]. Given that mesothelioma is supposed to develop over many years, the replication
rate is in most cases quite low, indicating that there should be a very high degree of molecular diversity
within the tumor.

Indeed, Comertpay and colleagues assessed the clonality of malignant mesothelioma in 14 female
patients using a HUMARA assay [40]. This assay is based on X-chromosome inactivation by
methylation and the HUMARA gene which is located on the X-chromosome. This gene encodes for
the Human Androgen Receptor and harbors a varying number of CAG repeats, which usually differs
between the maternal and paternal allele. One allele gets deactivated in healthy females; therefore,
if a cancer was of monoclonal origin, only one allele would be detected in the tumor. However, when
using the HUMARA assay on MPM tissue, Comertpay et al. detected paternal and maternal HUMARA
alleles within most of the tumors, indicative of a polyclonal origin of MPM.

As described above, a common molecular alteration is the homozygous deletion of CDKN2A (p16)
on chromosome 9. However, when measured by fluorescent in-situ hybridization (FISH) on tumor
tissue, it is well known that the homozygous deletion cannot be detected in all cells of the tumor.
Indeed, the status of the CDKN2A gene is highly variable, with no detectable loss, hemizygous losses
and homozygous losses of CDKN2A within the same tumor. Defining a tumor as “homozygously
deleted for CDKN2A” therefore requires defined cut-offs, such as 14.4% in a study by Wu et al. that
compared the homozygous deletion patterns of CDKN2A between sarcomatoid mesothelioma and
fibrous pleuritis [41]. These detections of non-homogenous deletions of CDKN2A suggest that besides
the polyclonal origin, several genetic subclones might also exist within one tumor.

However, the only study so far describing genetic spatial heterogeneity was recently conducted
by Kiyotani and colleagues [42]. From the surgical specimens of six MPM patients, they extracted
DNA and RNA from fresh frozen tissue from three different locations within the tumor, namely from
anterior, posterior, and diaphragm positions. They then conducted whole-exome sequencing, resulting
in 19–47 non-synonymous mutations per sample. When looking at the SNVs that were detected at the
three different locations within one patient, they found clearly distinct mutational patterns. Comparing
the allele frequencies of these mutations, they detected some high variant allele frequency mutations
in every examined location of the respective tumor, indicative of mutations of early clonal origin.
Moreover, they saw a high degree of intra-tumoral spatial heterogeneity represented by varying
amounts of subclonal fractions. The addition of TCRβ sequencing data and immune-related gene
expression analysis revealed that this heterogeneity also extends to the immune microenvironment.

3.2. Spatial Phenotypic and Tumor Microenvironment Heterogeneity

As mentioned above, tumor heterogeneity is not only described by a heterogeneous genetic
makeup of tumor cells within the same patient. The heterogeneity can also arise from selective
environmental pressure such as nutrient, oxygen, tumor stroma, and immune microenvironment
that can induce tumor heterogeneity by altering their phenotypes. This selective pressure of the
microenvironment can govern the tumor phenotype by altering signaling pathways, regulating gene
and protein expression. These intra-tumoral differences in the environment could result in therapy
resistances [43]. To support this idea, it has been clearly demonstrated that hypoxic tumors are
more resistant to chemotherapy and radiotherapy [44]. A recent study visualized tumor hypoxia by
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non-invasive imaging, [F-18] fluoromisonidazole (FMISO) PET-CT, and demonstrated that MPM has
a visible area of hypoxia, predominantly in bulky tumor masses [45]. Thus, tumor cells in different
regions of the tumor nodule may respond differentially to treatment. In view of immunotherapeutic
approaches, for example using PD-1 or PD-L1 blocking antibodies, the heterogeneity of PD-L1 protein
levels between primary and metastatic sites was recently studied in 64 MPM patients [46]. It was shown
that PD-L1 expression, measured by immunohistochemical staining, was discordant in up to 31% of
the cases (depending on the reviewer), which pronounces the limits of successful immunotherapy
using anti-PD-L1 antibodies in mesothelioma. However, as seen in the example of the focal EGFR
staining described above, the heterogeneity of protein expression is not only found in primary tumors
and metastases but it also occurs within different regions within the same primary tumor. For example,
loss of BAP1 expression in biphasic MPM can only be found in the epithelioid part of the tumor
(Figure 1), whereas BAP1 is retained in the sarcomatoid component. The different expression profiles
in different parts of the tumor could be related to the genetic or epigenetic background and require
further investigation.

Although some studies indicate that genetic, phenotypic, and microenvironmental intra-tumor
heterogeneity in MPM exist, our knowledge is still limited. More studies assessing spatial MPM
heterogeneity are needed to improve our understanding of the pathophysiological mechanisms
underlying MPM and to develop new treatment approaches that circumvent the impact of
intra-tumor heterogeneity.

However, the question remains, which mechanisms lead to the development of spatial
heterogeneity in MPM? A widely accepted theory (besides the cancer stem cell (CSC) theory which we
will discuss later in this review) is that of clonal tumor evolution [47]. Hereby, a tumor accumulates
somatic mutations and chromosomal aberrations in a stepwise manner. Some of these alterations are
so-called “driver mutations”, conferring a fitness advantage to the respective clones and leading to the
development of several subclones, which are ultimately detected as spatial heterogeneity (Figure 2).
Therefore, the spatial heterogeneity within a tumor can be seen as the result of a temporal heterogeneity,
which we will discuss in the next chapters.

 

Figure 1. Morphological and immunohistochemical heterogeneity in mesothelioma. (A) Biphasic
mesothelioma consisting of an epithelioid and sarcomatoid component (H&E stain), highlighted
by a calretinin staining (B) showing a weaker expression in the sarcomatoid proliferation.
(C) Heterogeneous expression of BAP-1 with positive nuclear staining in the sarcomatoid component
and loss of BAP-1 expression in the epithelioid areas of the tumor. All pictures were taken at
10× magnification (scale bar: 100 μm).
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Figure 2. Models of tumor heterogeneity. In the clonal evolution model (upper panel) all cells are
able to replicate (indicated by “R”). Mutations (colored arrows) are gained over time, leading to the
formation of subclones which results in a heterogeneous tumor. In the cancer stem cell (CSC) model
with clonal evolution, only CSCs are able to replicate. However, mutations occurring over time lead to
the formation of additional CSCs.

4. Temporal Intra-Tumor Heterogeneity

Mesothelioma is often diagnosed at an advanced stage due to late onset and non-specific
symptoms. Surgery and cytotoxic chemotherapy, platinum (cis- or carboplatin) plus pemetrexed,
are standard first-line treatment for patients with MPM. Nevertheless, the prognosis of MPM remains
poor because of tumor recurrence within a median time of 10–18 months after initial treatment [2].

As described above, tumors can evolve over time during multiple rounds of cell division.
The presence of selective pressure such as treatment with an anti-cancer drug is an additional factor
driving tumor clonal evolution (Figure 2). This temporal heterogeneity has severe implications for
treatment decisions, as seen in various cancer entities. For example, a study in medulloblastoma,
revealed that genetic aberrations of recurrent tumor tissues following the treatment with chemotherapy
and radiotherapy diverged from that of diagnostic (treatment naive) tissues. This was due to the
selection of the preexisting subclones that were already present before the treatment [48]. Another
study in breast cancer observed an enrichment of slow proliferating cell populations with different
molecular and biological characteristics following the treatment with chemotherapy, depending on the
subtype of cancer. Employing single cell FISH analysis, they further demonstrated that breast cancer
patients with low genetic heterogeneity responded better to the treatment [49]. To date, there is no
study directly assessing temporal MPM heterogeneity and its implication on treatment outcomes.

4.1. Chemotherapy and Tumor Heterogeneity

Cisplatin and pemetrexed are the common cytotoxic agents given to MPM patients as a first-line
treatment. Cisplatin is a genotoxic drug that induces intrastrand DNA cross-linking, inducing DNA
damage, growth arrest, and cell death [50]. Pemetrexed is a folate antimetabolite that inhibits three
enzymes involved in purine and pyrimidine synthesis. The lack of purine and pyrimidine results in the
inhibition of deoxyribonucleic acid (DNA) and ribonucleic acid (RNA) synthesis, essential elements
for cell proliferation and survival. Treatment with cisplatin-pemetrexed may eradicate sensitive and
highly proliferative cells, but the resistant cells remain and can still grow or regrow following the
treatment. Thus, this selective pressure can alter the composition of the tumor cell population and the
extent of tumor heterogeneity following the treatment. Moreover, these cytotoxic agents can change
the biological characteristics of tumor cells. For example, changes in the expression of genes associated
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with both cellular senescence (PAI-1 and IL-6) and a gene identified as a cancer stem cell marker
(Thy-1) were detected in primary MPM cells following exposure to cisplatin-pemetrexed. Moreover,
increased Thy-1 expression was observed in acquired cisplatin pemetrexed resistant cells in vitro [51].
In addition to inducing phenotypical changes, DNA damage caused by cisplatin, if incorrectly repaired,
can generate novel mutations or chromosome alterations, thereby increasing genetic diversity of
tumors. Nonetheless, chemotherapy may generate a novel targetable mutation or cause an enrichment
of targetable mutations that are not detectable prior to the treatment.

Thus, knowing the genetic and phenotypical changes of relapse tumors can be useful for the
selection of effective second line treatment. For MPM, there has been no study assessing the effect of
chemotherapy on the temporal heterogeneity. To study whether the genetic makeup of MPM changes
over the course of treatment and disease progression, we compare the mutation profile of MPM
in tumor tissues collected at three different time points during treatment (pre-chemo, post-chemo,
and recurrence). Preliminary data (Oehl et al., manuscript in preparation), suggests that the genetic
basis of some of the MPM tumors change over the course of treatment with chemotherapy.

Phenotypic changes of MPM tumor cells following the treatment with chemotherapy have
also been observed in some studies. Indeed, the histologic subtype of the tumor changes over the
course of therapy [11]. We also observed protein expression changes of MPM tumors following
the treatment with chemotherapy. In our previous study [52], we compared protein expression of
markers of the PI3K-mTOR pathway namely PTEN, p-mTOR, and p-S6 in matched MPM tissues
pre- and post- cisplatin-based induction chemotherapy. Staining of the tissue microarray (TMA)
revealed a reduction of protein expression of PTEN, p-mTOR, and p-S6 in the tumor tissues following
chemotherapy. A decrease in tumor proliferative activity (Ki-67 expression) and slightly increased
numbers of apoptotic cells (cleaved Caspase-3 staining) were also detected following the treatment.
In another study [53] using the same patient cohort, we observed increased NF2 (Merlin) expression and
decreased Survivin labelling in post chemotherapy treatment tissues (unpublished data). Employing
a cohort of 34 patients with pre- and post- chemotherapeutic tissues available, Sidi et al. demonstrated
that expression of senescence marker genes such as PAI-1 and p21 was significantly increased after
chemotherapy [54].

These studies show that sampling at different time points during MPM treatment might reveal
new potential treatment targets, which were not detectable at the time of diagnosis. Thus, longitudinal
analysis of tumor tissues may be useful for the selection of subsequent effective therapies for
MPM patients.

4.2. MPM Cancer Stem Cell

Cancer stem cells also play a role in tumor heterogeneity. Cancer stem cells represent a small
population of tumor cells that are able to self-renew (Figure 2). Upon cell division, cancer stem cells
give rise to progeny cells that maintain self-renewal properties or differentiate into various cell entities.
It is widely demonstrated that cancer stem cells are commonly resistant to various anti-cancer drugs.
Although the stem cell model remains controversial, cells with stem-cell like properties have been
shown to contribute to tumor heterogeneity and therapy resistance in many solid tumors [55].

Relying on the basis that cancer stem cells express high levels of membrane drug transporter
ABCG2, a study by Kai et al., employed Hoechst 33342 dye efflux assay to identify a MPM stem
cell population [56]. Using this assay, they detected a small subset of cells (side population; SP) that
can exclude Hoechst dye in three MPM cell lines and a transformed mesothelial cell line (MeT-5A)
(number ranging from 0.05–1.32%). Treatment with cisplatin substantially increased the SP fraction
of MPM cells. Interestingly, this SP population expressed higher levels of stem cell related genes
namely BMI1, OCT4, and NOTCH1 compared to non-SP (NSP) cells. However, despite exhibiting
enhanced proliferation in vitro, there was no difference in in vivo tumorigenicity of both SP and NSP
when implanted subcutaneously in NOD/SCID mice. Another study by Frei et al., also employed the
same functional assay (using DyeCycleViolet) to identify SP on MPM cell lines and primary cells [57].
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This study could also detect a small population of SP in all cell lines tested (ranging from 0.2–1%).
Similar to the previous study, there was no difference in tumorigenicity between SP and NSP when
implanted under the renal capsular of NOD/SCID mice. However, when SP cells were sorted from the
in vivo tumor tissues, these tended to be more tumorigenic compared to NSP (although this was not
statistically significant). MPM SP were however more resistant to cisplatin and expressed increased
level of PTCH1, a gene of the sonic hedgehog signaling pathway.

Kim Chul et al. further characterized MPM SP using genome wide DNA methylation profiling
coupled with mRNA expression [58]. This study described increased DNA methylation in CpG
islands, gene flanking, and intragenic regions in SP cells compared to NSP. They identified 1130 genes
differentially expressed in SP compared to NSP, among which, 122 genes are known to be regulated
by aberrant DNA methylation. Importantly, these candidate genes, such as YAP1 and NOTCH2,
are known to play an important role in the maintenance of stem cell and the regulation of differentiation
and development.

High level of ALDH1A has been used as a marker of CSCs. Thus, a study by Shapiro, et al.
identified a CSC population of Merlin (NF2) negative MPM cell lines using the Aldefluor assay [59].
Here, they detected MPM CSCs (Aldefluor + cells) with increased tumor initiating potential compared
to non-CSCs when implanted into immunodeficient mice. Treatment with cisplatin-pemetrexed
increased this CSC population of MPM cell lines while treatment with the FAK inhibitor VS-4718
reduced the number of CSCs in vitro. Using a preclinical patient derived xenograft (PDX) model,
they further demonstrated that treatment with the FAK inhibitor targeting CSC populations was
effective in the control of tumor growth following cisplatin-pemetrexed treatment, that had enriched
the CSC population.

In conclusion, SP displaying CSC characteristics have been identified in MPM cell lines and
primary cells. In a preclinical model, CSCs survive during the treatment with cisplatin and pemetrexed
and thus can give rise to a new generation of tumor cell population and create the diversity of recurrent
tumor clones that differ from tumor at diagnosis. Thus far, all studies isolated potential MPM CSCs
from cell lines, thus more evidence on the existence of CSCs in MPM clinical specimens and their
role in treatment resistant is needed. An important factor when investigating CSCs in MPM is to
take into account the intrinsic self-renewing capacity of mesothelial tissues which is conferred by
mesothelial progenitor cells [60]. Given the heterogeneous and polyclonal nature of MPM, one can
speculate that there exist several MPM CSC clones with different genetic alterations. These can also
stem from clonal evolution of CSCs that acquire mutations over time during disease progression
(Figure 2). This scenario would further increase the complexity of MPM heterogeneity.

5. Implications for Therapy

Results from clinical trials testing targeted treatments in MPM have so far been discouraging.
As illustrated above, one factor responsible for poor treatment outcome is inter-patient variability
in the expression or mutational status of the target molecules. Thus, appropriate predictive markers
for targeted treatments are needed for the design and implementation of clinical studies. Although
stratification of patients regarding to predictive markers is difficult to realize given the low incidence
of MPM, this personalized treatment is probably the only way to overcome the high inter-patient
heterogeneity of the disease.

As discussed above, another level of heterogeneity, namely the intra-tumor heterogeneity
observed on both the genetic and phenotypic level in MPM, is another hurdle for the success of
MPM treatment. MPM tumor may comprise of heterogeneous variants of tumor cells possessing
different levels of chemosensitivity that can affect macroscopic response outcomes. The remaining
chemoresistant cells can progress and reestablish tumor heterogeneity in the relapse tumor.
Cancer stem cells may also play a role in chemoresistance of MPM. Their role in actual tumor
and disease progression, however, remains to be elucidated. If CSCs can be defined in the patient
tumor tissue, they might represent a potent target for therapy approaches to overcome chemotherapy
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resistance of MPM. Intra-tumor heterogeneity is also a major factor that complicates the development
of new targeted agents. Treatment targeting only a small subpopulation of tumor will not be effective,
but targeting the core gene or pathway alteration that are shared across all tumor cells will provide
the most efficient way to eradicate tumors. To address genetic heterogeneity, an obvious approach
would be to model the tumor evolution by either single cell or tumor bulk sequencing to define driving
mutations of early clonal origin. Understanding the pathways behind those mutations could then be
exploited to develop new therapeutic approaches targeting most, if not all, of the tumor cells. However,
using this approach it will be inevitable to monitor the development of the tumor over the course
of treatment, since the probability of selecting resistant clones is quite high, as seen previously for
example in lung adenocarcinoma [61]. This monitoring will further provide important information for
the selection of subsequent effective treatment.

In general, the tracking and multi-level analysis of the tumor tissue implies the need for sufficient
material. This is usually available after surgery (if conducted), but in order to reveal alternative
treatment options prior to or instead of operative interventions and chemotherapy, it will be necessary
to analyze the tissue derived from the diagnostic biopsy. Therefore, it is critical to remove an adequate
amount of tissue.

Furthermore, knowing that MPM is a heterogeneous disease, single-region sampling is unlikely to
reflect the complete genetic and phenotypic landscape of the tumor. Therefore, multi-region sampling
is required in order to determine dominant clones and potential therapy resistant subclones.

Since this approach might be difficult to be carried out in clinics, an alternative option could be the
detection of circulating cell free tumor DNA (ctDNA) in the blood or pleural fluid of MPM patients [62].
In this scenario, ctDNA is a pool of DNA released from tumor cells at different locations thus could
serve as a good representation of genomic heterogeneity. A recent study in colorectal cancer for example
collected plasma samples at different time points during multimodality treatment [63]. They could
show that patients that tested mutation-positive in their ctDNA after chemoradiotherapy or surgery
had an increased risk of recurrence. A previous study by the same group, also in colorectal cancer,
could even show that the median lead time between ctDNA detection and radiological recurrence
was higher than five months [64]. However, both studies relied on the detection of mutations that
were previously found in the primary cancers of the respective patients, and thus could not identify
novel mutations or mutations that were enriched during the treatment course. In order to address this
drawback, other groups like Shu et al. used a panel of 382 cancer-associated genes for sequencing
of ctDNA from various cancer entities and reported several mutations that were not found in the
corresponding primary tumor, probably representing temporal or spatial heterogeneity [65]. A similar
approach using MPM associated genes could be envisioned for the future monitoring of mesothelioma
treatment. New next generation sequencing techniques and improved bioinformatical pipelines hereby
enable the reliable detection of low frequency alleles and possible subclones also in clinical settings [66].

Taken together, intra-tumor heterogeneity and its importance in the treatment of cancer has been
clearly demonstrated in recent years. It is predictable that MPM is a heterogeneous tumor as it takes
30–40 years from asbestos exposure to disease development with the tumor developing on a large
surface of the mesothelial layer lining the thoracic cavity. Nevertheless, there has only been a limited
number of publications addressing the intra-tumor heterogeneity of MPM, an aggressive malignancy
with limited therapeutic options. Thus, more studies are required to dissect different levels of MPM
intra-tumor heterogeneity at different time points during treatment. Clearly, a better understanding of
MPM evolution is essential for designing more effective treatment regimens.
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Abstract: The neurofibromatosis type 2 (NF2) gene encodes merlin, a tumor suppressor
protein frequently inactivated in schwannoma, meningioma, and malignant mesothelioma (MM).
The sequence of merlin is similar to that of ezrin/radixin/moesin (ERM) proteins which crosslink
actin with the plasma membrane, suggesting that merlin plays a role in transducing extracellular
signals to the actin cytoskeleton. Merlin adopts a distinct closed conformation defined by specific
intramolecular interactions and regulates diverse cellular events such as transcription, translation,
ubiquitination, and miRNA biosynthesis, many of which are mediated through Hippo and mTOR
signaling, which are known to be closely involved in cancer development. MM is a very aggressive
tumor associated with asbestos exposure, and genetic alterations in NF2 that abrogate merlin’s
functional activity are found in about 40% of MMs, indicating the importance of NF2 inactivation in
MM development and progression. In this review, we summarize the current knowledge of molecular
events triggered by NF2/merlin inactivation, which lead to the development of mesothelioma and
other cancers, and discuss potential therapeutic targets in merlin-deficient mesotheliomas.

Keywords: malignant mesothelioma; neurofibromatosis type 2 (NF2); merlin; Hippo signaling
pathway; PI3K/AKT/mTOR signaling pathway

1. Introduction

Mutations in the neurofibromatosis type 2 (NF2) gene are responsible for neurofibromatosis 2,
a dominantly inherited familial cancer syndrome characterized by the formation of bilateral vestibular
schwannomas and meningiomas [1,2]. Besides sporadic schwannomas [3] and meningiomas [4],
frequent biallelic inactivation of NF2 was also found in malignant mesothelioma (MM), a very
aggressive tumor which is not associated with the NF2 cancer syndrome [5,6]. Tumors carrying
NF2 mutations are also observed, albeit infrequently, in multiple organs such as the breast, the prostate,
the liver, and the kidney [7,8], indicating a significant role of NF2 in the development of various
human malignancies.

Findings in mouse models support the biological function of NF2 as a tumor suppressor gene.
Since it was shown that a homozygous mutation in the NF2 gene of mice causes embryonic death by day
6.5 of their development [9], the role of NF2 as a tumor suppressor gene has been studied in mice that
are heterozygous for NF2 mutations. It was found to develop a variety of malignant tumors, including
lymphoma, sarcoma, and carcinoma [10,11]. Furthermore, some studies revealed the involvement of
NF2 in the development of malignant plural mesothelioma after asbestos exposure. Thus, heterozygous
NF2+/− mice had a higher sensitivity to asbestos, which resulted in an increased risk of malignant
mesothelioma formation compared to wild-type NF2+/+ mice [2,12]. A direct injection of the Adeno-Cre
virus into the pleural cavity of adult mice resulted in a conditional knockout of oncosuppressor genes,
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which further demonstrated that the loss of NF2, together with Tp53 or Ink4a/Arf, frequently causes
the development of mesothelioma which closely mimicked human MM [13]. It was also shown
that the restoration of NF2 expression in NF2-deficient mesothelioma cells significantly inhibited
their growth [14–16]. These in vitro and in vivo data strongly support the role of NF2 inactivation in
mesothelioma development.

2. Domain Organization and Functions of Merlin

2.1. NF2 Transcript Variants

The NF2 gene is located in the chromosomal region 22q12 [1,17]; the gene contains 17 exons and
spans approximately 95 kb of DNA. NF2 transcripts undergo alternative splicing, thereby generating
multiple isoforms [18], and variable NF2 transcripts are observed in human mesotheliomas [5,12].
Two transcripts, one lacking exon 16 and the other containing all 17 exons, are the predominant variants
encoding isoforms I and II; the first contains 595 amino acids, while the second, which is generated by
the insertion of exon 16 into mRNA which creates a new stop codon, contains 590 amino acids and is
identical to isoform I in the first 579 residues (Figure 1A). Initially, it was thought that isoform II lacked
anticancer activity [19,20]; however, later studies showed that both isoforms exhibited the function of
tumor suppression [21–23].

Figure 1. Mechanisms underlying the activation/inactivation of merlin. (a) Domain organization of
merlin. The protein consists of the N-terminal FERM (band 4.1/ezrin/radixin/moesin) domain (green)
comprising three subdomains (A, B, and C), a central helical domain (yellow), and a C-terminal domain
(CTD, orange). Major phosphorylation sites are indicated; (b) NF2 mutations and their frequency in
pleural and peritoneal cancers. Nonsense/frameshift (blue) and missense (red) mutations registered
in COSMIC (Catalogue of Somatic Mutations in Cancer; http://cancer.sanger.ac.uk/cosmic/) as of
27 February 2018, are mapped; (c) Phosphorylation-dependent inactivation of merlin. Phosphorylation
at Ser518 inactivates merlin and inhibits its growth suppression activity; (d) Frequency of genetic
alterations in the NF2 gene, including mutations, fusions, and copy number variations in different
subtypes of malignant pleural mesothelioma based on an analysis of 211 malignant plural mesothelioma
samples. The data were adapted from Bueno et al. [24].
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2.2. Domain Organization

The NF2 gene product, named merlin, is widely expressed in various human tissues and is most
closely related to the ezrin/radixin/moesin (ERM) family proteins, which are localized at cell-surface
structures such as ruffling membranes and cell–cell adhesion sites, and connect actin filaments to
the plasma membrane. The significant similarity in amino acid sequences between merlin and ERM
proteins suggests that merlin can be associated with the actin cytoskeleton and the organization of
membrane domains [25].

A structural analysis shows that merlin consists of three domains: the N-terminal FERM (band 4.1,
ezrin, radixin, moesin) domain containing three subdomains (A, B, and C), the central helical domain,
and the C-terminal domain (CTD) (Figure 1A). Merlin shares 45–47% sequence similarity with the ERM
family members, especially in the conserved FERM domain (60–70%). The FERM of merlin binds to
membrane proteins such as hyaluronate receptor CD44 [26,27], adaptor molecule Na+/H+ exchanger
three, regulating factor one (NHERF/EBP50) [28,29], and E-cadherin [30]. Furthermore, the FERM
mediates protein binding to phospholipids such as phosphatidylinositol 4,5-bisphosphate (PIP2) [31,32].
Despite the similarity in the binding properties between merlin and ERM proteins, their CTDs show
distinct binding preferences. The CTDs of ERM proteins have actin-binding sites [33] linking the
plasma membrane to the actin cytoskeleton, whereas merlin lacks the region corresponding to the
C-terminal F-actin-binding site [34] and interacts with actin fibers through residues 1–27 and 280–323,
which seem to be sufficient for the binding [35]. Moreover, merlin has a unique seven-amino-acid
stretch (residues 177–183) in the FERM domain, named the ‘blue box’, which is conserved from fly to
mammalian proteins but is lacking in ERM family members [34,36]. Alanine substitution in, or deletion
of, this region produces unique merlin mutants, which have dominant-negative activity and result
in an excessive proliferation of wing epithelial cells in flies [36] and a loss of contact inhibition in
mammalian cells [26,37]. The unique characteristics of merlin domains suggest that the regulation of
merlin is distinct from that of ERM proteins.

2.3. Molecular Conformation and Phosphorylation

ERM proteins have a ‘closed’ inactive conformation formed by the binding of CTD to the
N-terminal FERM, whereas the phosphorylation of C-terminal residues disrupts the interaction,
resulting in the ‘open’ active state, where the released FERM and CTD can bind to cell adhesion molecules
and actin filaments, respectively [31]. Although a C-terminal phosphorylation site, threonine 576, critical
for the conformational change in ERM proteins, is also conserved in merlin; the Thr576Ala substitution
does not affect merlin’s ability to suppress cell growth and motility [38]. Aside from this, the
phosphorylation of merlin at serine 518 abrogates its growth inhibition activity [38,39]. These findings
indicate that in merlin, phosphorylation causes inactivation, which is in contrast to its effect in ERM
proteins (Figure 1C).

Merlin phosphorylation at Ser518 was frequently observed in mesothelioma cells expressing
full-length merlin [12]. Moreover, CPI-17, a cellular inhibitor of myosin phosphatase targeting subunit
1 (MYPT1-PP1δ), was increased in mesothelioma cells with full-length NF2 compared to normal
pleura or mesothelioma with truncated NF2 [38]. As MYPT1-PP1δ dephosphorylates merlin at
Ser518 [40], CPI-17 upregulation would result in an increased phosphorylation and inactivation
of merlin (Figure 1C). These findings suggest that merlin can be inactivated not only by mutations but
also through posttranslational modifications occurring in mesothelioma cells.

The Ser518 phosphorylation in merlin is independently catalyzed by distinct protein kinases such
as p21-activated kinase (PAK) [41–43] and protein kinase A (PKA) [44]. PAK causes a phosphorylation-
dependent inactivation of merlin and promotes the loss of contact inhibition of proliferation [45],
whereas PKA, in addition to Ser518, also phosphorylates Ser10 that is not conserved in ERM proteins,
which results in increased cell migration [46]. Another protein kinase, AKT, phosphorylates merlin at
Thr230 and Ser315, which appears to stimulate ubiquitin-dependent protein degradation [47].
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Given the data on ERM proteins, Ser518 phosphorylation in merlin has been suggested to change
its conformation from a ‘closed’ to an ‘open’ state [48]. Although the FERM and the CTD of merlin
bind each other, their mutual affinity is low compared to that in ERM proteins [49], suggesting that
merlin may not form a fully closed form. Instead, phosphorylation was shown to rather strengthen
the head-to-tail folding in merlin [23]. Analysis by fluorescence resonance energy transfer (FRET)
suggests that phosphorylation causes a subtle conformation change in merlin [50]. Furthermore,
although merlin isoform II does not form the ‘closed’ state since it lacks five C-terminal residues [51],
both isoforms I and II exhibit antitumor activity [21–23]. Cumulatively, these findings suggest that the
phosphorylation at Ser518 would inactivate merlin without the accompanying dynamic conformational
change observed in ERM proteins.

2.4. NF2 Inactivation in Mesothelioma

In addition to a frequent loss of the 22q12 region, which is the locus of the NF2 gene, mutations
within the entire NF2 coding region are common for mesothelioma (Figure 1B). Nonsense mutations
either totally abolish merlin expression or lead to the production of truncated forms. The functional
activity of the truncated merlin variants, especially those with a short deletion at the C-terminus, has
not been fully characterized. However, it was shown that the mutant with a C-terminal deletion of
40 residues was incapable of restoring proper growth inhibition in NF2-null mesothelioma cells [15],
and that merlin truncated by 63 residues at the C-terminus did not cause growth arrest of primary
Schwann cells [13], indicating the importance of the CTD for the antitumor activity of merlin. Therefore,
nonsense mutations in NF2, even those occurring close to the C-terminus, are suggested to produce
functional defects and are responsible for mesothelioma development. In contrast, the impact of
missense mutations that cause amino acid substitutions is less understood, and it is unclear as to how
and to what extent individual mutations affect merlin tumor-suppressive function. Although the
pathogenic activity of several missense mutants identified in tumors have been studied [14], further
investigation is required for a complete understanding of the effect produced by merlin mutations on
tumor progression. In addition, NF2 gene rearrangements are also frequently detected in MM, and
each NF2 gene fusion variant was thought to cause functional inactivation [24].

Regarding gene mutation frequency in MM, gene alterations in NF2 are considered to be the
second most common after those in BAP1. Developed mesothelioma tumors have different histological
subtypes: epithelioid, sarcomatoid, and biphasic MMs. An expression analysis of 211 malignant
plural mesothelioma samples suggested that among the subtypes, sarcomatoid tumors had the highest
NF2 mutation rate, while epithelioid tumors had the lowest NF2 mutation rate [24] (Figure 1D).
Furthermore, hemizygous NF2 loss has been shown to decrease both the overall survival and the
progression-free survival in a cohort of 86 peritoneal mesothelioma patients [52]. These data suggest
that NF2 inactivation might be involved in the epithelial–mesenchymal transition during metastasis,
and that the development of sarcomatoid mesotheliomas is characterized by a poorer overall survival
compared to the epithelioid subtype.

2.5. Loss of Contact Inhibition in NF2-Deficient Cells

Contact inhibition, a regulatory mechanism providing cell growth arrest at confluence in tissue
culture, is frequently disrupted in cancer cells [53], and NF2-null cells grow to a significantly
higher density compared to wild-type cells, suggesting that NF2 controls tumor progression.
The mechanism underlying the merlin regulation of growth arrest in response to cell confluence
has been addressed in several studies. For example, it has been shown that merlin forms a complex
with CD44, which is activated by the stimulation of extracellular hyaluronate, resulting in growth
inhibition of rat schwannoma cells in vitro. Other studies have suggested that merlin regulates
contact inhibition through small GTPase Rac1 [45,54], α-catenin, cell-polarity protein Par3 [55], and a
tight-junction-associated complex composed of angiomotin (AMOT), Patj, and Pals1 [48] (Figure 2,
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shown in pink). These findings suggest that merlin could sense its environmental conditions and
control cell growth via complex interactions with signaling proteins involved in cell–cell adhesion.

2.6. Subcellular Localization

FERM domain-containing proteins link plasma membrane receptors to cytoskeleton components [12].
Consistent with this notion, immunostaining with merlin-specific antibodies detects merlin at the cell
membrane or the ruffling edges in human fibroblasts, meningioma cells, and Schwann cells [56,57].
Although the localization of the wild-type or the mutant merlin in mesothelial and mesothelioma
cells is not defined, we have observed exogenously expressed full-length V5-tagged merlin both at
the plasma membrane and in the cytoplasm of merlin-negative mesothelioma cells [58]. However,
as merlin localization is dynamically regulated in response to various signals (described below),
a further detailed investigation is necessary.

3. Proteins and Signaling Related to Merlin’s Functions

3.1. Hippo Signaling Pathway

Merlin exerts its tumor-suppressive effects by controlling the expression of oncogenic genes
through the activation of Hippo signaling (Figure 2, shown in orange). The Hippo pathway is composed
of core proteins including MST1/2 (Mammalian STE20-Like Protein Kinases), SAV1 (Salvador Family
WW Domain Containing Protein 1), MOB (MOB Kinase Activators), and LATS1/2 (Large Tumor
Suppressor Kinase 1/2) [59]. At the plasma membrane, merlin recruits LATS1/2 kinases which directly
phosphorylate the downstream effectors of the Hippo pathway, YAP (Yes-Associated Protein) and
its paralogue TAZ (WW Domain-Containing Transcription Regulator 1, alternatively WWTR1), thus
preventing their translocation to the nucleus and inhibiting their function as transcription co-activators.
Alternatively, Hippo pathway inactivation induces an accumulation of underphosphorylated YAP
and TAZ in the nucleus and their association with DNA-binding TEAD (TEA Domain Transcription
Factor) family proteins, which upregulates the transcription of multiple oncogenic genes [60]. Along
with NF2 mutations, gene alterations are also frequently observed in Hippo pathway components,
including LATS1/2, SAV1, and LIM-domain containing protein AJUBA, a Drosophila djub homolog
and LATS1/2 binding partner [61,62]. High-level amplification of the 11q22 locus encompassing the
YAP gene was also observed in a small subset of MMs [58]. These results indicate that the disruption
of Hippo signaling plays a central role in the transformation of mesothelial cells.

YAP activation in mesothelial cells drastically changes their behavior. Kakiuchi et al. [63] have
shown that the expression of constitutively active YAP Ser127Ala mutants in immortalized mesothelial
cells promotes their growth in vitro, as well as tumor formation after their transplantation in mice.
Conversely, YAP knockdown inhibits cell growth, motility, and invasion in mesothelioma cells with
activated YAP, but did not show any effects in cells without YAP activation [64]. Furthermore,
these studies showed that the YAP-dependent transcriptional activations of cyclin D2 (CCND2),
forkhead box M1 (FOXM1), and phospholipase C beta 4 (PLCB4) are involved in mesothelioma
cell growth [63,64], suggesting that activated YAP influences diverse cellular processes, thereby
resulting in mesothelial cell transformation. The role of TAZ in mesothelioma has not been defined yet,
but considering its functional redundancy with YAP, the oncogenic function of TAZ could be predicted.

3.2. DCAF1

It has been reported that merlin can translocate into the nucleus, where it binds to DCAF1 (also
known as VprBP) through the N-terminal FERM domain [65]. DCAF1 is a substrate adaptor of
E3 ubiquitin ligase CRL4DCAF1 containing CUL4 and DDB1. The interaction between merlin and
DCAF1 depends on merlin activation, since neither the Ser518Asp phosphomimetic mutant, nor
the Ser64Ala mutant, which lacks tumor-suppressor activity, bind to CRL4DCAF1. Merlin inhibits the
activity of CRL4DCAF1, which regulates ubiquitination of target proteins. It was shown that LATS1/2 are
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functional targets of CRL4DCAF1 and that in tumors with mutated NF2, such as mesothelioma, activated
CRL4 induces LATS1/2 ubiquitination to promote their degradation and YAP/TAZ activation,
thus stimulating oncogenesis [66] (Figure 2, shown in purple). These results suggest that DCAF1 and
CRL4DCAF1 are potential therapeutic targets for merlin-deficient mesothelioma. Cooper et al. [67]
tested whether CRL4DCAF1 inhibition with NEDD8-activating enzyme (NAE) inhibitor MLN4924
could suppress the growth of tumor cells carrying NF2 mutations. MLN4924 alone caused only a
moderate inhibition of mesothelioma cell growth, but the combination of MLN4924 and GDC-0980,
an mechanistic target of rapamycin/phosphatidylinositol 3-kinase (mTOR/PI3K) inhibitor, strongly
suppressed cell proliferation. Despite blocking a broad spectrum of Cullin–RING E3 ligases including
CRL4DCAF1, NF2–NAE inhibitors could be a promising target for therapeutic intervention in patients
with merlin-negative mesothelioma.

Figure 2. A model of the NF2/merlin signaling pathway. Merlin is involved in contact inhibition by
interacting with many membrane-associated proteins such as CD44 [26,27], the angiomotin (AMOT)
–Patj–Pals1 complex [48], E-cadherin–α-catenin [30,55], and actin fibers. A loss of merlin expression
disrupts cancer-related signaling through the Hippo and mTOR pathways. Merlin is also localized in
the nucleus where it binds to and inhibits E3 ubiquitin ligase CRL4DCAF1, which promotes LATS1/2
degradation [66,67], and RNA-binding protein Lin28B, which suppresses let-7 miRNAs that are
involved in the silencing of oncogenes such as MYC and RAS [68]. TJ: tight junction; AJ: adherens
junction; ZO-1: Zonula occludens-1; AMOT: angiomotin; mTOR: mechanistic target of rapamycin;
TSC1/2: tuberous sclerosis complex 1/2; Rheb: Ras homolog enriched in brain; Sav1: Salvador Family
WW Domain Containing Protein 1; Mst1/2: mammalian Ste20-like kinase 1/2; Mob: Mps one binder
kinase activator-like protein; YAP: yes-associated protein 1; TAZ: WW domain-containing transcription
regulator 1; CRL4: Cullin-RING ubiquitin ligase 4; DCAF1: DDB1- and CUL4-associated factor 1;
LATS1/2: large tumor suppressor kinase 1/2; TEAD: TEA domain transcription factor; Lin28B: lin-28
homolog B.
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3.3. PI3K/AKT/mTOR Signaling Pathway

mTOR is a serine/threonine kinase that plays a key role in cell growth and proliferation.
The mTOR signaling pathway has been reported to be frequently activated in a variety of human
malignancies, indicating its close involvement in carcinogenesis.

mTOR is composed of two distinct complexes, mTOR complex 1 (mTORC1) and mTOR complex 2
(mTORC2) [69,70]; both of them contain mTOR kinase and a mTORC subunit mLST8, which is
suggested to stabilize the structure of the mTOR catalytic domain [71]. mTORC1 binds to raptor,
whereas mTORC2 binds to rictor and Sin1, forming functional kinase complexes. mTORC1 and its
activator Rheb have been shown to enhance protein translation and pyrimidine nucleotide biosynthesis,
thereby promoting cell growth and proliferation [72–74].

The involvement of the mTOR pathway in mesothelioma formation has been suggested in several
studies. Thus, López-Lago et al. [75] showed, using a panel of malignant mesothelioma cell lines, that the
loss of merlin correlated with the activation of mTORC1 signaling and the sensitivity to rapamycin.
Similarly, James et al. [76] reported that merlin-deficient meningioma cells also exhibited constitutive
mTORC1 activation and increased growth. Furthermore, it was demonstrated that the concurrent loss
of Tp53 and tuberous sclerosis 1 (TSC1), a negative regulator of Rheb–mTORC1 signaling, induces
the development of peritoneal mesothelioma in mice [77]. Immunohistochemical analysis of human
mesotheliomas revealed the hyperactivation of mTORC1 and the reduced expression of TSC2, which
binds to TSC1 and negatively regulates the activation of mTORC1 by Rheb. These findings suggest that
mTOR activation caused by merlin inactivation plays a significant role in mesothelioma development
(Figure 2, shown in orange).

The deregulation of mTORC1 signaling in mesothelioma cells can be attributed to changes
in the state of various upstream effectors. AKT, an mTORC1 activator and mTORC2 substrate,
is stimulated in more than 60% of malignant mesothelioma cell lines and tumors [78,79]; furthermore,
the homozygous deletion of PTEN, a negative regulator of AKT signaling, has also been reported in
mesothelioma cells [78,79]. PTEN loss leads to an increase in phosphatidylinositol (3,4,5)-triphosphate
(PIP3), resulting in the activation of both mTORC1 and mTORC2 signaling. These data suggest that
the activation of mTORC1, as well as mTORC2, may be involved in mesothelioma development.
On the other hand, no activating mutations in the MTOR, nor the RHEB genes, have been identified
in mesothelioma cells to date, although such mutations were shown to cause the hyper-activation
of mTORC1 [80,81] observed in mesothelioma. The biological role of mTORC1 in mesothelioma
formation is now beginning to be examined.

3.4. Lin28B and let-7 miRNAs

An RNA-binding protein, Lin28B, has been recently reported to be an alternative binding
partner of merlin. Lin28B is involved in cell growth and reprogramming [82,83] and suppresses
the biogenesis of the let-7 microRNAs (miRNAs) that function as tumor suppressors by silencing
the expression of several oncogenes such as MYC and RAS [84,85]. Hikasa et al. [68] found that
merlin bound to Lin28B through the FERM domain and translocated Lin28B from the nucleus to
cytoplasm, leading to let-7 miRNA maturation (Figure 2, shown in purple). The association between
merlin and Lin28B is induced when merlin is dephosphorylated, which occurs at high cell density,
suggesting a novel mechanism in which merlin exerts cell-density-dependent tumor suppression
through let-7 miRNA maturation.

3.5. TRAF7

Recurrent mutations in the TRAF7 gene are observed in mesothelioma cells. TRAF7 belongs
to tumor necrosis factor (TNF) receptor-associated factors (TRAFs) possessing E3 ubiquitin ligase
activity [86], and it was shown to promote ubiquitination of an apoptosis inhibitor, FLIP [87], which
is increased in mesothelioma cells [88]. FLIP inhibition by small interfering RNA (siRNA) sensitizes
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mesothelioma cells to Fas- and TRAIL-induced apoptosis, suggesting a role of FLIP in protecting cells
from death signals. Interestingly, TRAF7 and NF2 mutations are mutually exclusive in malignant
pleural mesothelioma [24] as well as in meningioma [89], suggesting that merlin and TRAF7 may use a
common signal transduction pathway.

4. Potential Molecular Targets in Merlin-Negative Mesothelioma

4.1. FAK Inhibitors

Focal adhesion kinase (FAK) is a serine/threonine kinase that mediates signals from focal adhesion
complexes to the cell growth and migration machinery. FAK is elevated in most human cancers, and its
inhibition has been recognized as a novel approach to targeted anticancer therapy against various
types of solid tumors. In 2014, Shapiro and colleagues [90] reported that a beneficial effect of an FAK
inhibitor, VS-4718 (alternatively PND-1186), on MM cells lacking merlin expression was the increased
sensitivity of MM cells to VS-4718 in vitro and in tumor xenograft models. Therefore, FAK inhibitors
were considered as potential candidates for mesothelioma therapy. However, a phase II clinical trial
investigating the effects of an FAK inhibitor, defactinib (VS-6063), on merlin-deficient mesotheliomas
was terminated early due to its futility, and the reason for the poor clinical performance is currently
unclear. A recent study on the pharmacological effects of FAK inhibitors has demonstrated a significant
correlation between E-cadherin mRNA levels and VS-4718 in merlin-negative mesothelioma [15],
suggesting that E-cadherin may serve as a promising biomarker for predicting the response to FAK
inhibitors in mesothelioma, which should be tested in clinical settings.

4.2. YAP Inhibitors

The screening of more than 3300 Food and Drug Administration (FDA)-approved small molecules
resulted in the identification of verteporfin as a novel compound that disrupts the YAP–TEAD
interaction and inhibits YAP oncogenic activity [91]. Verteporfin, a benzoporphyrin derivative,
is currently used in clinics as a photosensitizer in photodynamic therapy for macular degeneration.
The compound is activated by 690 nm far-red light, generating reactive oxygen species (ROS) which
eliminate abnormal blood vessels; however, its inhibition of YAP–TEAD interactions does not require
light activation. Several in vitro studies revealed that verteporfin can suppress the growth, the
migration, and the tumorsphere formation of cultured MM cells [92,93]. Recently, CIL56 (also named
CA3), a small molecule that induces cellular ferroptosis through ROS production [94], has been
identified as a novel YAP inhibitor. By preventing the interaction between YAP and TEAD, CIL56
strongly inhibited esophageal adenocarcinoma cell growth both in vitro and in vivo [95]. Therefore,
YAP inhibitors may be effective anticancer drugs for mesothelioma and other tumors in which
YAP/TAZ are activated through the disruption of the Hippo pathway.

In addition to the nucleocytoplasmic shuttling of YAP/TAZ, a recent study revealed a mechanism
for the intracellular translocation of TEAD proteins. The findings of Lin et al. [96] suggest that
environmental stresses such as osmotic stress, high cell density, and cell detachment promote
TEAD translocation from the nucleus to the cytoplasm via p38 mitogen-activated protein kinase
(MAPK). Interestingly, TEAD nucleocytoplasmic transfer occurred in a Hippo-independent manner
and suppressed YAP and YAP-dependent cancer cell growth, suggesting that the regulation of TEAD
translocation might serve as another therapeutic strategy in merlin-deficient tumors.

4.3. mTOR Inhibitors

Given the emerging role of mTOR in mesothelioma development and proliferation, mTOR
inhibitors are thought to be promising drugs against merlin-negative mesothelioma. Unfortunately,
however, a phase II clinical trial of everolimus, a first-generation mTOR inhibitor rapamycin analog
(so-called rapalog), demonstrated that there was insufficient activity in patients with advanced
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mesothelioma [97]. The reason for this limited success is not fully understood; it is possible that
certain rapamycin-resistant functions of mTORC1 [98] may account for the low efficacy of rapalogs.

To date, various types of improved mTOR inhibitors have been developed. Second-generation
mTOR inhibitors (also called ATP-competitive mTOR inhibitors) directly compete with ATP for
the binding to the mTOR kinase domain, thus completely inhibiting both mTORC1 and mTORC2.
PI3K/mTOR dual inhibitors also target the ATP-binding pocket; the advantage of these compounds is
that they recognize the ATP-binding site not only in mTOR but also in PI3K. Considering the reports
of mTORC2 activation in mesothelioma cells due to the loss of PTEN, which is an mTORC2 negative
regulator, or the increased phosphorylation of mTORC2 substrate AKT [79,99], PI3K/mTOR dual
inhibitors are predicted to be more effective in suppressing mesothelioma growth than rapalogs.
Moreover, a combination treatment with mTOR or PI3K/mTOR inhibitors together with other
antitumor drugs appears to be a reasonable approach, because mTOR signaling is involved in a
compensatory pathway that renders cancer cells drug resistant; thus, increased mTORC1 activity
in breast and pancreatic cancer cells confers resistance to cyclin-dependent kinase 4/6 (CDK4/6)
inhibitors [100,101]. Although in vivo experiments are lacking, in vitro data indicate that a combination
treatment with the CDK4/6 inhibitor, palbociclib, and a PI3K/mTOR dual inhibitor exerts a synergistic
effect on mesothelioma cell growth [102].

Recently, a third-generation mTOR inhibitor which overcomes the resistance to first- and
second-generation mTOR inhibitors has been developed [103] and already showed promise by
exhibiting a higher efficacy in glioblastomas compared to previous mTOR inhibitors [104]. Although
the antitumor activity of the new mTOR inhibitors against mesothelioma has yet to be demonstrated,
enhanced clinical benefits can be expected.

4.4. Statins

Statins are inhibitors of 3-hydroxyl-3-methyl coenzyme A (HMG–CoA) reductase, the rate-limiting
enzyme of the mevalonate pathway for the biosynthesis of mevalonate and downstream isoprenoids,
which are suggested to have beneficial effects on several cancers, including colorectal cancer, breast
cancer, and melanoma [105]. The therapeutic potential of statins for suppressing mesothelioma
cell growth has been reported in vitro and in mouse xenografts [106,107]. Furthermore, statins are
suggested to have synergistic or additive antitumor effects when used with other drugs [108–110].
Recently, it was reported that mesothelioma cells with NF2 and/or LATS2 mutations were more
sensitive to fluvastatin compared to those with BAP1 mutations [111], whereas merlin-negative breast
cancer cells showed sensitivity to simvastatin [112]. The regulation of YAP and TAZ through the
mevalonate pathway [113] suggests that statins may show a more significant effect on cell growth in
NF2-deficient mesothelioma and other types of tumors.

4.5. COX2 Inhibitors

It has been demonstrated that YAP activation in NF2-null Schwann cells promotes the transcription
of the PTGS2 gene encoding cyclooxygenase 2 (COX-2), the key enzyme in prostaglandin biosynthesis.
Interestingly, the treatment of NF2-null Schwann or schwannoma cells with a COX-2 inhibitor,
celecoxib, dramatically inhibited cell growth in vitro and in vivo [114], which suggests that COX-2 is a
potential therapeutic target in NF2-null tumors. However, a recent study showed that celecoxib failed to
prevent the generation of schwannomas in a genetically engineered mouse model of NF2 inactivation,
although COX-2 expression was increased in tumors that developed in these mice [115]. Considering
the controversial results on COX-2 as a target in NF2-inactive tumors, further investigations are
required in this direction.

5. Conclusions

Malignant mesothelioma is highly refractory to conventional therapies, and the current
chemotherapeutic approach approved in clinics is still based on a combination of platinum and
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an antifolate, pemetrexed [116]. NF2 is one of the most frequently mutated genes in mesothelioma;
therefore, the restoration of NF2 functions is expected to cure a large population of mesothelioma
patients. However, the introduction of tumor suppressor genes in every tumor cell and the subsequent
expression of the encoded proteins at levels that are comparable to those of normal cells remain highly
challenging [117]. Growing evidence demonstrates that merlin is distributed in multiple subcellular
compartments and suppresses a number of proteins and signaling pathways that are related to
tumor progression [118]. Once NF2 is inactivated, these oncogenic mechanisms are constitutively
induced, conferring malignant phenotypes to the cells; therefore, targeting merlin-dependent molecular
pathways is a promising strategy for the treatment of NF2-deficient cancers. The restoration of the
Hippo signaling and the inhibition of the PI3K/AKT/mTOR pathway are predicted to exert potent
anticancer effects, but the clinical performance of the perspective drugs has not yet been evaluated,
and the mechanisms underlying NF2 control of these signaling pathways in mesothelial and other
cells are still unknown.

Although NF2 is frequently inactivated in MMs, recent progress in NF2-targeted therapies has been
limited [119]. To search for more effective drugs against NF2-deficient mesothelioma cells, we have to
understand when, where, and how merlin exerts its tumor-suppressive effects, especially in mesothelial
cells. Further, the roles of downstream signals that are activated by NF2 loss in mesothelioma
progression also remain incompletely defined. For example, is the activation of YAP via the inactivation
of the Hippo signaling pathway enough for mesothelioma formation? If so, why are YAP gene
mutations that constitutively activate their transcription activity undetected in MMs? The activation of
TAZ in merlin-deficient MM cells should be evaluated as a potential key oncogene that drives tumor
initiation and progression together with YAP. It is to be noted that NF2 loss might be involved in drug
resistance. A genome-wide CRISPR screen in human cells has identified NF2 as the highest-ranking
candidate whose loss is involved in the resistance to vemurafenib, a therapeutic RAF inhibitor [120].
Future studies focusing on defining the alteration of molecular networks caused by the loss of merlin
expression would further foster the development of new therapeutic strategies in mesothelioma.
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Abbreviations

AMOT angiomotin
BAP1 BRCA1 Associated Protein 1
CCND2 cyclin D2
CDK cyclin-dependent kinase
COX-2 cyclooxygenase 2
CPI-17 protein kinase C-potentiated inhibitor protein of 17 kDa
CRL4 Cullin-RING ubiquitin ligase 4
CTD C-terminal domain
CUL4 Cullin 4
DCAF1 DDB1- and CUL4-associated factor 1
DDB1 damaged DNA binding protein 1
ERM ezrin/radixin/moesin
FAK focal adhesion kinase
FDA Food and Drug Administration
FERM band 4.1/ezrin/radixin/moesin
FLIP caspase-like apoptosis regulatory protein
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FOXM1 forkhead box M1
LATS1/2 large tumor suppressor kinase 1/2
Lin28B lin-28 homolog B
MAPK mitogen-activated protein kinase
mLST8 mammalian lethal with Sec13 protein 8
MM malignant mesothelioma
Mob Mps one binder kinase activator-like protein
mTOR mechanistic target of rapamycin
mTORC mTOR complex
MST1/2 mammalian Ste20-like protein kinase 1/2
MYPT1-PP1δ myosin phosphatase target subunit 1-protein phosphatase 1 δ

NAE NEDD8-activating enzyme
NF2 neurofibromatosis type 2
PAK p21-activated kinase
Pals1 protein associated with Lin7-1
Patj Pals1-associated tight junction protein
PI3K phosphatidylinositol 3-kinase
PKA protein kinase A
PLCB4 phospholipase C beta 4
PTEN phosphatase and tensin homolog
Rheb Ras homolog enriched in brain
ROS reactive oxygen species
SAV1 Salvador Family WW Domain Containing Protein 1
siRNA small interfering RNA
TAZ WW domain-containing transcription regulator 1
TEAD TEA domain transcription factor
TNF tumor necrosis factor
TRAF TNF receptor-associated factor
TRAIL TNF-related apoptosis inducing ligand
TSC1/2 tuberous sclerosis complex subunit 1/2
VprBP viral protein R (VPR)-binding protein
YAP Yes-associated protein 1
ZO-1 Zonula occludens-1
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Abstract: Malignant pleural mesothelioma (MPM) is a highly aggressive cancer with limited
therapy options and dismal prognosis. In recent years, the role of immune cells within the tumor
microenvironment (TME) has become a major area of interest. In this review, we discuss the current
knowledge of heterogeneity in immune cell content and checkpoint expression in MPM in relation
to prognosis and prediction of treatment efficacy. Generally, immune-suppressive cells such as
M2 macrophages, myeloid-derived suppressor cells and regulatory T cells are present within the
TME, with extensive heterogeneity in cell numbers. Infiltration of effector cells such as cytotoxic
T cells, natural killer cells and T helper cells is commonly found, also with substantial patient to
patient heterogeneity. PD-L1 expression also varied greatly (16–65%). The infiltration of immune
cells in tumor and associated stroma holds key prognostic and predictive implications. As such,
there is a strong rationale for thoroughly mapping the TME to better target therapy in mesothelioma.
Researchers should be aware of the extensive possibilities that exist for a tumor to evade the cytotoxic
killing from the immune system. Therefore, no “one size fits all” treatment is likely to be found and
focus should lie on the heterogeneity of the tumors and TME.

Keywords: malignant pleural mesothelioma (MPM); tumor microenvironment (TME); heterogeneity;
immunotherapy; myeloid-derived suppressor cells (MDSCs); tumor-associated macrophages (TAMs);
tumor-infiltrating lymphocytes (TIL); regulatory T cells (Tregs)

1. Introduction

Malignant pleural mesothelioma (MPM) is a rare and highly aggressive cancer arising from
the mesothelial cells of the pleura with a median survival of 9 months. More than 70 percent of
MPM results from exposure of asbestos [1]. The only licensed treatment is palliative antifolate and
platinum combination chemotherapy which results in a moderate overall survival benefit of about
three months [2]. MPM consists of three histological variants: (1) epithelioid (~60% of mesotheliomas);
(2) sarcomatoid, characterized by spindle cell morphology (~20% of mesotheliomas); (3) biphasic,
a mixture of epithelioid and sarcomatoid characteristics (~20% of mesotheliomas) [3,4]. Currently,
accepted prognosticators include stage and histology of which sarcomatoid subtype results in the
lowest survival rates [5]. It has been demonstrated that protumor and antitumor immune responses
within the tumor and associated stroma also correlate with the clinical outcome of MPM [6,7].
This review discusses current knowledge of heterogeneity in immune cell content in MPM in relation
to prognosis and prediction of treatment efficacy.

2. Tumor Microenvironment (TME) in Mesothelioma

The mesothelioma tumor microenvironment (TME) is a complex and heterogeneous mixture of
stromal, endothelial and immune cells. This composition differs between individuals and histologic
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types, and can change upon administered anti-tumor therapies [8]. The role of immune cells within
the TME has become a major area of interest, as these immune cells are capable of influencing
tumor growth. In general, immune infiltration in tumors include natural killer (NK) cells, B and
T lymphocytes, mast cells, neutrophils, myeloid-derived suppressor cells (MDSCs), macrophages
and dendritic cells (DCs). NK cells, cytotoxic T cells, mature DCs and T helper cells are known to
be anti-tumorgenic, while others, like regulatory T cells (Tregs), type 2 macrophages, and MDSCs
suppress the immune response and therefore favor tumor growth and dissemination [9]. The TME
in mesothelioma is unique as it arises from exposure of mesothelial cells to asbestos fibers [6,8]. It is
known to be highly immunosuppressive, with higher numbers of immunosuppressive cells such as
type 2 tumor associated macrophages and Tregs [10–13].

3. Macrophages

Macrophages are specialized phagocytic cells which play a dual role in cancer depending on their
differentiation. Schematically, tumor-associated macrophages (TAMs) can be divided into classically
activated (M1) macrophages and alternatively activated (M2) macrophages. M1 macrophages have
pro-inflammatory, tissue destructive and anti-tumor activity. Whereas M2 macrophages can be seen
as pro-tumorgenic by promoting the metastatic capacity of a tumor due to production of multiple
cytokines (e.g., IL-1, IL-6, IL-10, VEGF and TGF-β). TAMs derive from circulating monocytic precursors.
In tumors, chemokines play an important role in recruitment of monocytes. Once recruited, interleukins
such as IL-4, IL-13 and IL-10 produced by tumor infiltrating lymphocytes (TILs) promote differentiation
of macrophages towards an M2 phenotype [14,15]. Certain drugs can skew M2 macrophages into
a more M1 phenotype [16,17]. Table 1 describes the antibodies and their associated immune cells.
Burt et al. performed a CD68 staining on tissue microarray of 52 MPM patients. Macrophages were
abundantly present in both epithelial (n = 34) and non-epithelial (n = 18) mesothelioma (tumor
infiltrating macrophages in percentage of tumor area (%) 25.2 ± 9.3 and 29.7 ± 10.2, p = 0.11).
The relatively high standard deviation indicates large heterogeneity in macrophage infiltration in
MPM. In seven patients, three with epithelial and four with non-epithelial MPM, flow cytometry was
performed displaying high levels of CD163 and CD206, characterizing them as M2 macrophages.
The absolute number of macrophages was associated with worse prognosis in non-epithelioid
mesothelioma after surgery, but not in epithelioid mesotheliomas [18]. Cornelissen et al. described
expression of CD68 and CD163 in tumor specimens of sixteen patients with epithelial MPM, eight of
them receiving induction chemotherapy and surgery and eight patients receiving chemotherapy only.
In both groups macrophages were abundantly present, whereby a large spreading in actual number of
macrophages was seen (surgery vs. non-surgery 211.3/0.025 cm2 ± 80.2 and 213.9/0.025 cm2 ± 100.4
p = 1.0). Most of these macrophages showed a M2 phenotype. A higher percentage of M2 macrophages
was significantly negative correlated with overall survival [19]. In lung cancer, Cornelissen et al.
described ten MPM patients with local tumor outgrowth after surgery and their matched controls
without local tumor outgrowth. Two biphasic and eighteen epithelial MPM patients were included.
Macrophage infiltration was characterized by large heterogeneity with a mean macrophage count of
202/0.025 cm2, ranging from 45 to 408/0.025 cm2. These macrophages show a M2 phenotype with a
mean count of 153/0.025 cm2 and a range of 42 to 422/0.025 cm2 [20]. Marcq et al. found macrophages
in stroma of all 54 MPM specimens, with a majority of samples having less than 50% CD68+ cells.
Numbers of stromal macrophages were positively correlated to the number of stromal Tregs (R = 0.41,
p = 0.002), suggesting that macrophages stimulate and recruit CD4+ cells by affecting the adaptive
immune response [15,21]. Schürch et al. found heavy infiltration of M2 macrophages in all 40 MPM
analyzed [22]. Table 2 summarizes the extent of macrophage infiltration found in these studies.

39



Int. J. Mol. Sci. 2018, 19, 1041

Table 1. Cell surface markers and correlating immune cell type.

Surface Marker Present on

CD3 T lymphocytes

CD4 T helper cells

CD8 Cytotoxic T cells

CD11b Monocytes, macrophages, MDSCs, NK cells, eosinophils, neutrophils, basophils,
dendritic cells, mast cells, CD8+ T cells, B cells

CD16 Natural killer cells, myeloid cells, monocytes, neutrophils

CD19 B cells

CD20 B cells

CD33 Myeloid cells

CD45 Leucocytes

CD45RO T effector and memory cells

CD56 Natural killer cells

CD68 Macrophages

CD163 M2 macrophages

CD206 M2 macrophages

Foxp3+CD4+CD25+ Regulatory T cells

Table 2. Infiltration of TAMs and M2 macrophages in mesothelioma.

Study n CD68+
Coefficient of

Variation (CV) *
CD163+

Coefficient of
Variation (CV) *

[18] 52
25.2 ± 9.3%, (epithelial)

29.7 ± 10.2%,
(non-epithelial)

0.37, (epithelial)
0.34, (non-epithelial) n.a. *** n.a. ***

[19] 16
211.3 ** ± 80.2, (surgery)

213.9 ** ± 100.4,
(non-surgery)

0.37, (surgery)
0.47, (non-surgery)

168.3 ** ± 80.2, (surgery)
164.1 ** ± 82.5,
(non-surgery)

0.48, (surgery)
0.50, (non-surgery)

[20] 20 202 ** Range 45–408 153 ** Range 42–422

[21] 54 Present in all specimens n.a. *** n.a. *** n.a. ***

[22] 40 Heavy infiltration n.a. *** Heavy infiltration n.a. ***

* CV is defined as the ratio of the standard deviation to the mean; ** Cell count per field; *** n.a is not applicable.

4. Myeloid-Derived Suppressor Cells

Myeloid cells are abundantly present in stroma of MPM [8]. MDSCs are immature myeloid
cells with immune suppressive capacities. MDSCs are generally characterized by being positive for
CD33 and CD11b and low or negative for HLA-DR. They induce Tregs and produce nitric oxide and
arginase, leading to loss of function of CD4+ and CD8+ T cells. These strongly immunosuppressive
characteristics promote immune escape, tumor growth, invasion and angiogenesis [8,18]. Immune
suppression by MDSCs was found to be one of the main factors for immunotherapy insufficiency [10].
MDSCs are induced by several tumor-derived factors, e.g., prostaglandins. Celecoxib reduces
prostaglandin levels. Veltman et al. found celecoxib to improve dendritic cell-based immunotherapy
by reducing numbers of MDSCs and suppressing function [10]. In mice, MDSCs are defined by IL-4Rα
expression [23]. Burt et al. found IL-4Rα to be highly expressed on tumor cells of 52 MPM specimens,
with presence of IL-4Rα in 97% of epithelial and 95% of non-epithelial tumors. Only a scattered and
small fraction of stromal cells stained positive for IL-4Rα, conversely macrophages were predominantly
found in stroma [24]. In another study of Burt et al., flow cytometry was performed on mononuclear
cell suspensions from seven MPM patients; these macrophages displayed high levels of IL-4Rα [18].
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Awad et al. found myeloid cells (CD33) to represent approximately 42% of CD45+ immune cells (range
5.7–86.1%); 0.6–31% of these myeloid cells were typed as MDSCs [25].

5. T Cells and Natural Killer Cells in Mesothelioma

TILs play an important role in the immune defense in cancer. They recognize tumor-specific
antigens presented on HLA-1, to then kill the tumor cells via production of perforins and granzymes.
In many cancers, T cell infiltration is associated with a good prognosis [26–28]. T helper CD4+ cells play
an important role in the generation of a T cell-mediated antitumor response, via stimulation of CD8+
TILs and NK cells and via activation of antigen-presenting cells (APCs) [29–31]. NK cells are lymphoid
cells of the innate immune system with strong immunostimulatory effector functions and efficient
cytotoxic capacity [32]. In 1982, Leigh et al. were the first to describe a relation between presence of
significant lymphoid infiltration and prolonged survival in 58 mesothelioma patients. Tumors were
found without, with insignificant and with significant lymphocyte inflammation. Due to absence of
modern immunohistochemical agents, no lymphocyte subsets could be identified [33]. Mudhar et al.
performed immunohistochemical staining on fifteen cases of epithelioid MPM, scoring CD45, CD3,
CD20 and CD56 with 0 (no significant infiltrate), 1 (non-brisk) or 2 (brisk infiltrate). In one patient,
none of these immune cells were present. Specimens demonstrated some heterogeneity in numbers of
T lymphocyte and NK cells. With brisk infiltration of T-lymphocytes and NK cells in one case, non-brisk
infiltration in eleven and ten cases, respectively. The other three and four specimens showed absence
of T lymphocytes and NK cells, respectively. No B cells were present in any specimens. No relation
was found between the infiltration of immune cells and survival [34]. A comprehensive analysis by
Hegmans et al. demonstrated leukocyte infiltration in all four MPM patients. Most inflammatory cells
were identified as macrophages and NK cells (CD16). Some heterogeneity was noted. Eosinophils,
mast cells, B cells and neutrophils were rarely detected. DCs were not found in the biopsies [35].
Immunohistochemical analysis of T cells of 32 extrapleural pneumonectomy specimens after induction
chemotherapy was performed by Anraku et al. Results are summarized in Table 3. The distribution of
T cells varies, with only CD3+ and CD45RO+ TILs showing normal distribution. The coefficient of
variation ranges from 0.49 to 0.87, implying substantial heterogeneity. In multivariate data analyses,
presence of CD8+ TILs was associated with better prognosis [36].

Table 3. Infiltration of T cell subtypes in 32 extrapeural pneumonectomy specimens.

Surface Marker Mean (Cell Count per Field) Standard Deviation Coefficient of Variation (CV) *

CD3+ 232.16 114.1 0.49
CD4+ 119.9 94.2 0.79
CD8+ 73.1 40.2 0.55
CD25+ 17.5 12.6 0.72

FOXP3+ 21.8 19.0 0.87
CD45RO+ 115.7 56.2 0.49

* CV is defined as the ratio of the standard deviation to the mean.

Yamada et al. [37] analyzed presence of TILs and NK cells in 44 MPM cases, comprised of
26 epithelioid, fourteen biphasic and four sarcomatoid mesotheliomas. Results of T cell subtype
counts are presented in Table 4. Again, the heterogeneity is substantial, indicated by wide ranges
and CVs ranging from 0.82 to 1.54. Presence of CD4+ and CD8+ T cells was strongly correlated
(R = 0.74, and p = 0.001). In multivariate data analysis high CD8+ TILs and epithelioid histology were
independent favorable prognostic factors [37].

Awad et al. [25] performed flow cytometry with various leukocyte markers on 38 malignant
mesothelioma, with all histologies. They found considerable variability in immune cell infiltration
across tumors. Numbers of CD45+ leukocytes were increased in non-epithelioid mesothelioma
compared to epithelioid mesothelioma (median 91.4% vs. 64.1%). Amount of T cells ranged from
5.2% to 81.2% of CD45+ cells, with a higher fraction of T cells in non-epithelioid mesothelioma.
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There was considerable variability in numbers of leukocytes and in immune cell composition across
cases [25]. Marcq et al. [21] found lymphocytic infiltration in all 54 tested mesotheliomas, ranging
from 20% to 80% of stromal cells. The fourteen chemotherapy pretreated samples showed higher
numbers of lymphocytes. CD8+ TILs were the predominant cell type of the immune infiltrate and were
present in all samples. In 70% of the untreated and 57% of the pretreated samples, the majority of the
lymphocytes were CD8+ TILs. High expression of CD45RO on stromal lymphocytes was associated
with worse response to chemotherapy. T helper cells were found in 85% of untreated and 100% of
pretreated samples. T helper cells in lymphoid infiltrates were associated with better survival in
multivariate analysis [21]. Suzuki et al. [38] evaluated inflammatory responses in tumor and stroma of
175 chemotherapy naive epithelioid MPM specimens with H&E-stained slides. Acute response was
represented by presence of neutrophils, while chronic inflammation was represented by lymphocytes
and plasma cells. Acute inflammatory reaction was sparse in tumors and stroma, with high scores
(>1% of total area) in 18% of specimens. The chronic reaction was more heterogenic, with high scores
(>50% of total area) in 37% of tumors and 34% of stromal tissue. In multivariate analysis, chronic
inflammation in stroma was an independent predictor of survival while other inflammatory responses
were not significantly correlated with survival [38]. These studies suggest considerable infiltration of
TILs in mesothelioma. Higher levels of TILs are associated with better survival in most studies.

Table 4. Infiltration of T cell subtypes in 44 MPM cases [37].

Surface Marker Mean (Cell Count per Field) Standard Deviation Coefficient of Variation (CV) * Range Median

CD4+ 51.1 41.8 0.82 0.2–159.7 37.3
CD8+ 103.3 106.9 1.03 8.8–547.5 64.5
CD56+ 5.4 8.3 1.54 0.0–41.8 1.8

* CV is defined as the ratio of the standard deviation to the mean.

6. Regulatory T Cells (Tregs)

FOXP3+CD25+CD4+ regulatory T cells maintain self-tolerance and prevent autoimmune disease.
They are abundantly present in tumors, where they suppress activation and proliferation of effector T
cells. High numbers of Tregs are associated with poor prognosis in many cancers [39]. Hegmans et al.
demonstrated that human mesothelioma biopsies harbor significant numbers of Tregs at the rim of
the tumor [35]. Marcq et al. [21] found Tregs to be present in 72% of samples, both chemotherapy
pretreated and untreated. Lower numbers of Tregs were seen in samples pretreated with cisplatin
and pemetrexed [21]. DeLong et al. performed flow cytometry on malignant pleural effusions from
seven patients with mesothelioma; 7.8% ± 6.8% of T-lymphocytes were functionally suppressive
CD4+CD25+ cells, which might be Tregs. This is a significant lower number of Tregs than seen in
malignant effusions secondary to breast cancer or NSCLC. Some heterogeneity was noted, including
two patients with <3% CD4+CD25+ T cells and one patient with 21% CD4+CD25+ T cells in pleural
effusion. The latter was a sarcomatoid subtype [40].

7. B Lymphocytes

B lymphocytes contribute to humoral immunity as they can differentiate into antibody-secreting
plasma cells. Also, B cells can stimulate T cells or serve as APCs. In several cancers, including
mesothelioma, B lymphocyte infiltration is associated with better patient survival [41]. Two studies
found low numbers of B lymphocytes (CD20) in mesothelioma [34,35]. A third study found low
B lymphocyte (CD19) infiltration (median 3% of CD45+ cells), although some outliers with B cell
infiltration up to 51.8% of CD45+ cells were seen [26]. Patil et al. [42] classified three molecular
subgroups based on immune profiles; in one subgroup high numbers of B cells were found [42].
Generally, B cell infiltration in mesothelioma is sparse, although a subgroup with higher numbers of B
cells is described. More research is needed for determining the clinical implications.
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8. Cancer-Associated Fibroblasts (CAFs)

The major component of the TME are cancer-associated fibroblasts, also known as
tumor-associated fibroblasts [43]. MPM recruit and activate CAFs by secreting fibroblast growth
factor-2 (FGF-2) and platelet-derived growth factor-AA (PDGF-AA) [44]. CAFs can contribute to tumor
growth by inhibiting cytotoxic T cell influx and by secreting several growth factors such as hepatocyte
growth factor, thereby inducing angiogenesis [44,45]. In 1996 Harvey et al. demonstrated infiltration
of CAFs in six of eight MPM samples [46]. Li et al. performed histological analyses on specimens from
51 MPM patients and revealed considerable CAF infiltration [44].

9. PD-L1 Expression and Other Immune Checkpoints

Programmed cell death 1 (PD-1) is an immune checkpoint receptor present on activated
T cells. PD-1 and its ligands, PD-L1 and PD-L2, which are expressed by tumor cells and/or
stromal cells share immunosuppressive capacities [47]. In several tumors, including NSCLC, PD-L1
enrichment is associated with higher response rates to PD-1 and PD-L1-blocking antibodies [47–49].
However, responses have also been observed in PD-L1-negative patients [50]. We found eight
studies evaluating PD-L1 expression in mesothelioma. A summary of the results is displayed in
Table 5. PD-L1 was found to be expressed in 16% to 65% of malignant mesothelioma. PD-L1
expression is higher in non-epithelioid mesothelioma compared to epithelioid mesothelioma
(37.5–97.4% vs. 6.7–31%) [21,25,42,50–54]. Several studies found higher PD-L1 expression to be an
independent prognostic indicator for worse overall survival in multivariate data analysis [50,52,53,55].
Khanna et al. [54] analyzed PD-L1 expression in peritoneal and pleural fluid of respectively six and
three mesothelioma patients. PD-L1 expression was found in all samples, varying from 12% to 83%.
Immune cells were evaluated for PD-1 expression in seven samples. PD-1 was expressed in 21.8%
of CD4+ cells and 37.5% of CD8+ cells. Together, these data suggest that malignant effusions of
mesothelioma patients have high PD-L1 expression on tumor cells as well as PD-L1 and PD-1 on
infiltrating immune cells [54]. Staining for other checkpoint inhibitors such as TIM-3 and LAG-3
was performed by Marcq et al. [21] TIM-3 expression was found in 36 of 54 samples (both treated
and untreated). LAG-3 expression was absent in all 54 MPM samples, pointing out the possible
opportunities of TIM-3 as a promising immunotherapy target in mesothelioma. In multivariate
analysis, TIM-3 expression in lymphoid aggregates was a prognosticator for better survival [21].
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10. Discussion

We performed a comprehensive literature search focusing on the heterogeneity of immune cell
infiltration, PD-L1 expression and other immune checkpoints in MPM. The composition of TME holds
therapeutic and prognostic implications [6,7]. Stage and histology are currently accepted prognostic
indicators [5], but evidence is accumulation that infiltrating immune cells and expression of immune
checkpoints are of high prognostic value in MPM [7,50–53]. Infiltration of M2 macrophages seems to
be associated with worse prognoses [18–20], as is PD-L1 expression [50–53]. Infiltration of cytotoxic T
cells was associated with better prognosis in MPM in most studies [21,33,36–38].

TME composition differs between various histologic subtypes and individuals [25]. Macrophages
are found to be abundantly present in all MPM, although the level of infiltration can vary
significantly. Macrophages generally show an M2 phenotype [18–22,24]. Stroma of MPM is infiltrated
by MDSCs [8,18,25]. Leukocyte infiltration was found in almost all mesothelioma, with higher numbers
of leukocytes in non-epithelioid mesothelioma [25]. T cell subsets showed considerable heterogeneity
with wide ranges and high coefficients of variation across all studies. Cytotoxic T cells, NK cells and T
helper cells were most abundantly present [21,33–38]. B cell infiltration is sparse, although a (molecular)
subgroup with an increased number B cells is described [25,34,35,42]. Significant numbers of Tregs
were found in biopsies and pleural fluid of mesothelioma [21,35,40]. Tumor growth promoting CAFS
are found in TME of most MPM [44,46]. PD-L1 expression is commonly found in MPM, with higher
expression in non-epithelioid histologic subtypes [21,25,42,50–54].

Altogether, substantial heterogeneity in immune cell content in mesothelioma was found. MPM
are highly infiltrated by immune effector cells, but also immune suppressive cells such as Tregs
and M2 macrophages and PD-L1 expression are found. Apparently, the tumor finds several ways to
bypass the immune system. Thoroughly mapping the composition of the TME is rational in targeting
therapy in mesothelioma. For example, tumors with high amounts of T effector cells and Tregs
might benefit from a combination of immunotherapy and drugs that control Tregs, to invigorate
immunotherapy efficacy. Tumors highly infiltrated by MDSCs might benefit more from (dendritic
cell-based) immunotherapy when this is combined with celecoxib, as this reduces the suppressive
function and number of MDSCs [10]. In MPM expressing PD-L1 and cytotoxic T cells present in TME,
treatment with PD-(L)1 inhibitors is more rational. Other rational treatment options include nintedanib
or emactuzumab for the skewing of M2 macrophages to the M1 subtype in TME highly infiltrated with
M2 macrophages [16,17], or OX40 for the stimulation of cytotoxic T cells when they are not already
present in the TME [56]. Inhibition of the cytokines FGF-2, PDGF-AA, and HGF may be appropriate in
MPM infiltrated with CAFs [44]. This opens up a whole new era of personalized immunotherapy in
which we are just scratching the surface. Researchers should be aware of the extensive possibilities that
exist for a tumor to evade the cytotoxic killing by the immune system. Therefore, no “one size fits all”
treatment is likely to be found and focus should lie on the heterogeneity of the tumors and TME.
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Abstract: Malignant pleural mesothelioma (MPM) tumors are remarkably aggressive and most
patients only survive for 5–12 months; irrespective of stage; after primary symptoms appear.
Compounding matters is that MPM remains unresponsive to conventional standards of care;
including radiation and chemotherapy. Currently; instead of relying on molecular signatures and
histological typing; MPM treatment options are guided by clinical stage and patient characteristics
because the mechanism of carcinogenesis has not been fully elucidated; although about 80% of
cases can be linked to asbestos exposure. Several molecular pathways have been implicated in
the MPM tumor microenvironment; such as angiogenesis; apoptosis; cell-cycle regulation and
several growth factor-related pathways predicted to be amenable to therapeutic intervention.
Furthermore, the availability of genomic data has improved our understanding of the pathobiology
of MPM. The MPM genomic landscape is dominated by inactivating mutations in several tumor
suppressor genes; such as CDKN2A; BAP1 and NF2. Given the complex heterogeneity of the tumor
microenvironment in MPM; a better understanding of the interplay between stromal; endothelial
and immune cells at the molecular level is required; to chaperone the development of improved
personalized therapeutics. Many recent advances at the molecular level have been reported and
several exciting new treatment options are under investigation. Here; we review the challenges and
the most up-to-date biological advances in MPM pertaining to the molecular pathways implicated;
progress at the genomic level; immunological progression of this fatal disease; and its link with
developmental cell pathways; with an emphasis on prognostic and therapeutic treatment strategies.

Keywords: malignant pleural mesothelioma (MPM); tumor microenvironment heterogeneity;
molecular pathways; tumor suppressors; immunotherapy; developmental cell pathways

1. Introduction

Malignant mesothelioma is an aggressive and universally lethal cancer that arises because of
pathological transformations in the mesothelium, a protective serous membrane that lines several
organs in the body, such as the lungs (pleural), the intestines (peritoneum), the heart (pericardium)
and tunica vaginalis. Of these, malignant pleural mesothelioma (MPM) is the most common and
accounts for the predominant subtype—80% of all cases. MPM has an unusually dismal prognosis;
its 5-year survival rate is a mere 10%, making it the most fatal among rare cancers [1]. Although MPM
is classified as a rare disease and an estimated 3000 cases are diagnosed in the United States each
year, the incidence is expected to remain steady, or rise, until 2055, because of the developmental
latency of the disease; correspondingly, two thirds of mesothelioma cases are diagnosed in patients
over the age of 65 [1]. The established cause of carcinogenesis is direct workplace exposure to asbestos,
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a naturally-occurring silicate fibrous mineral used in insulating material, and approximately 80%
of MPM cases can be linked to it; consequently, males have a four times higher incidence rate than
females [1]. While asbestos use has declined in the United States since the 1980s, it has not been banned,
as in other countries; thus, more clinical diagnoses are expected to emerge as a result of the disease’s
late manifestation (~20–40 years from exposure). Although the exact mechanism by which asbestos
fibers lead to disease onset is still under debate, some hypotheses include the role of toxic oxygen
radicals, elevated growth factor-induced cell signaling of kinases, and chronic inflammation, which
ultimately leads to malignancy [2]. Other etiological factors include infection with simian virus 40
(SV40) and exposure to erionite and radiation, but their contributions remain controversial [3].

Current treatments for MPM are limited to surgery, radiation, and chemotherapy. However, since
80% of patients are diagnosed in stage III/IV, they are not candidates for surgical cure because their
disease is no longer resectable [4]. Some hope lies in the recent advancement of intensity-modulated
radiotherapy (IMRT), which precisely delivers radiation doses to the malignant tissues, while sparing
normal counterparts [5]. Unfortunately, because of its low radio- and chemo-sensitivity, MPM remains
unresponsive to systemic therapy. Currently, there are only two Food and Drug Administration
(FDA)-approved chemotherapeutic drugs specifically for treating MPM: cisplatin and pemetrexed.
Although combination therapy, consisting of cisplatin and pemetrexed, has shown promising
prognostic outcomes and a response rate of 41.3%, making it the standard treatment for mesothelioma,
overall survival has been a low 16.6 months [6].

Histologically, there are three main sub-types of malignant mesothelioma: epithelioid (~60% of
cases), sarcomatous (~20%), and biphasic (combinations of the first two) [7]. Whereas patients diagnosed
with epithelioid mesothelioma reportedly survive the longest (12–27 months), the appropriate course
of treatment can be onerous to determine [8]. This is due to the inherent tumor heterogeneity and
the difficulty in staging the disease, which underscores the need to better understand the disease
pathobiology at the molecular level.

The goal of this review is to provide translational scientists with an up-to-date account of recent and
potential therapeutics to address the treatment of MPM. We discuss current advances in mesothelioma
biology and heterogeneity in the tumor microenvironment, starting with heterogeneity at (1) the
molecular pathway level, followed by progress at (2) the genomic level, then (3) immunological
progression of MPM, and finally the link with (4) developmental/stem cell pathways associated
with the disease. In the first section on molecular pathways, we explicate translational implications
of pathways, such as angiogenesis, apoptosis, and the cell cycle, along with their characteristics in
mesothelioma. In the genomic landscape section, we explore the three main genetic alterations exclusive
to this rare cancer. Next, we review the contribution of the immune environment, including the
stromal compartment, immune population and tumor cells. The last section describes the development
pathways, such as Hedgehog, Wnt/β-catenin, Notch and Hippo/yes-associated protein (YAP) in
MPM. Our focus is to discuss promising new therapeutic strategies under investigative development,
which could potentially permit a longer and better quality of life for those with mesothelioma.

2. Molecular Pathways in Malignant Pleural Mesothelioma

Therapeutic exploitation of the following vulnerabilities present in MPM, by harnessing
overabundant growth signaling factors and cytokines, could help in the fight against this disease.
A summary of the clinical study status and potential feasibility for the following are provided in
Table 1.
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2.1. Angiogenesis

The formation of new blood vessels via angiogenesis is prompted by the release of cellular
cues, such as cytokines, and mesothelioma has been shown to express angiogenic factors along with
their corresponding cellular receptors [9–12]. Approximately 30% of MPM cases express vascular
endothelial growth factor (VEGF), and about 67% express the sub-type VEGF-C [11,12], one of the more
abundant angiogenic factors found in any solid tumor patients [10]. Moreover, about 20% of cases
show positive staining for the VEGF receptor (VEGFR-1), expressed almost exclusively in endothelial
cells [11]. Inhibition of VEGF or its receptors can decrease proliferation in mesothelioma [10]. Other
angiogenesis-related factors, such as fibroblast growth factor-2 (FGF-2) and hepatocyte growth factor
(HGF), are hyper-expressed in mesothelioma, at 50% and 85%, respectively [12,13]. HGF, known to
induce angiogenesis via activating endothelial cell migration and capillary tube formation, is significantly
associated with epithelioid histology [13]. Given the strong correlation of elevated angiogenesis levels
with diminished survival of MPM patients, several anti-angiogenic agents have been under clinical
investigation. Bevacizumab, a neutralizing monoclonal antibody, targeted at VEGF-A, received FDA
approval in 2004 for use in colon cancer [14]. Although it led to considerable toxicity in clinical trials,
investigations have shown that the addition of bevacizumab to cisplatin and pemetrexed combinations
was beneficial in MPM [15].

The strong rationale for angiogenesis inhibition has prompted the study of several alternative
small molecules in MPM, such as vatalanib, lenvatinib, thalidomide, sorafenib and sunitinib, as well
as other modalities, such as a competent adenovirus and NK-4, which is an HGF variant. A clinical
trial was launched to investigate the efficacy of vatalanib, a dual pan-VEGFR and platelet derived
growth factor receptor (PDGFR)-β inhibitor in mesothelioma, and although the results showed
minimal benefits, its low toxicity could warrant further experimentation to explore synergistic effects
if combined with other standard treatments [16]. Lenvatinib is a pan-tyrosine kinase inhibitor, aimed
at multiple targets, such as VEGFR-2, fibroblast growth factor receptor (FGFR), and PDGFR, which
inhibits endothelial cell growth, crucial for supplying blood to tumor cells [17]. Thalidomide, sorafenib
and sunitinib are in various phases of clinical investigation [18–20] and a replicative competent
adenovirus that targets the VEGF promoter is being tested preclinically [21]. NK-4, produced during
inflammation, is a mimic fragment of HGF that can bind to its receptor, c-Met, without angiogenic
stimulation, and therefore, when injected as an adenoviral vector into mesothelioma-bearing mice,
there was tumor growth inhibition, caused by decreased blood vessel formation and apoptosis
induction [22]. Finally, additional anti-angiogenesis agents under clinical investigation that target
VEGFR, some of which are being combined with chemotherapy, include dovitinib, nintedanib, and
cediranib and others [23].

2.2. Apoptosis

Programmed cell death, or apoptosis, is a carefully regulated process evaded by most cancers,
partly because of inactivating mutations in the tumor suppressor gene, TP53, which is found to be
mutated in about 50% of human tumors [24]. Distinct from other cancers, mesothelioma typically
expresses functional p53 [25] and only 20–25% of cases harbor TP53 mutations [26]; thus, both
p53-dependent and independent mechanisms of apoptosis occur in MPM. Mesothelioma cell lines
with normal p53 are sensitive to cisplatin treatment, show increased DNA binding and elevated
phosphorylation, which prevents targeted degradation by MDM2, and thus, increased transcriptional
activation of apoptotic genes ultimately leads to p53-dependent cell death [27,28]. Survivin, a negative
regulator of p53, is an anti-apoptotic protein associated with unfavorable patient outcomes [28] and
as a treatment strategy, introduction of inhibitory anti-sense Survivin oligonucleotides sensitized
mesothelioma cells to chemotherapy and induced apoptosis [27,28].

Downstream of p53, many defects in the apoptotic core machinery have been reported in
cancer. The Bcl-2 family of proteins is most well-known for orchestrating mitochondrial-mediated
apoptosis and encodes both pro- and anti-apoptotic proteins that either protect tumor cells from
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chemotherapy-induced apoptosis or confer resistance to these drugs. One apoptotic repressor, Bcl-xL,
which is strongly expressed in mesothelioma, prevents apoptosis induction by inhibiting mitochondrial
permeabilization and activated caspase release, thus contributing to tumor growth [26]. Small molecule
HDAC inhibitors and antisense oligonucleotides directed at Bcl-xL were shown to induce tumor cell
death via apoptosis and enhance chemo-sensitivity in MPM [29,30]. A second anti-apoptotic protein,
MCL1, is also expressed in mesothelioma, and together with Bcl-xL, can further inhibit apoptosis
and confer resistance to mesothelioma [25]. Bcl-2 is not commonly expressed in mesothelioma,
but down-regulating Bcl-2 in conjunction with Bcl-xL is more effective in inducing apoptosis [25].
One such small molecule, 2-methoxy antimycin A3, alone, or in chemotherapeutic combinations,
exhibited a synergistic relationship in promoting tumor cell death via apoptosis, as well as promoting
chemo-sensitivity [31].

Outlined below are several noteworthy proof-of-concept studies, which demonstrate that the
induction of apoptosis in resistant mesothelioma cells could be used as a therapeutic approach. These
comprise taking aim at the following targets: focal adhesion kinase (FAK) and Src, Fas receptor and
modulation of reactive oxygen species (ROS), calcium ions, and tumor necrosis factor-related apoptosis
inducing ligand (TRAIL).

2.2.1. FAK (Focal Adhesion Kinase) and Src, Fas Receptor and ROS (Reactive Oxygen Species)

FAK is an important regulator of cell proliferation, migration, and invasion expressed in primary
mesothelioma cell lines. Dual pharmacological inhibition of FAK and MDM2 was synergistic and
resulted in decreased cell viability and increased total phosphorylation of p53 and p21, along with
a decrease in the proliferative marker, cyclin A [32]. Furthermore, about half of the mesothelioma
samples express a protein similar to FAK called Src, whose presence is correlated with advanced
tumor pathology given its role in cell migration and invasion. The use of the Src/Abl inhibitor,
dasatinib, decreased activated Src in mesothelioma cell migration and invasion, which led to cell
cycle arrest and apoptosis in sensitive cell lines [33]. The Fas family of receptors and ligands are
part of many death-signaling pathways that can initiate apoptosis. One study showed that the
combined effect of cisplatin-induced ROS levels with Fas ligands (FasL) and sensitized Fas receptor
positive cells to apoptotic death by activating caspase 9, evidenced by apoptosis-specific DNA
fragmentation [34]. These in vitro data were recapitulated in an in vivo mouse model, where tumor
growth decreased significantly after treatment with cisplatin and FasL, thereby highlighting the
possibility for personalized treatment of Fas-positive patients by combining ROS-mediated apoptosis
induction with chemotherapy [34].

2.2.2. Calcium Ions

Mitochondrial calcium ion concentration can induce death via apoptosis in cancer cells and tissue.
When exogenous calcium ions were added to primary mesothelioma culture, there was an increase
in apoptosis via cleaved caspase 3 activities, which also occurred if the mitochondrial calcium ion
uniporter was expressed exogenously, underscoring the utility of harnessing this mechanism for MPM
treatment [35].

2.2.3. TRAIL

TRAIL can induce apoptosis by binding to death receptors expressed on cancer cells. Immune
modulating human mesenchymal stromal cells (MSCs) have been genetically engineered to express
TRAIL, which, when injected intraperitonially into mesothelioma-bearing mice, significantly reduced
tumor burden [36]. This was accompanied by an increase in apoptotic, Terminal deoxynucleotidyl
transferase dUTP nick end labeling (TUNEL)-positive cells, which potentially allows for personalized
and autologous treatment of mesothelioma by harvest and modification of patients’ own MSCs to
express TRAIL without adverse immune reactions [36].
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2.3. Cell Cycle Effectors

Uncontrolled cell growth results in cancer when mutations accumulate in several control
mechanisms that cause cells to no longer respond to biological signals. The effectors of the cell
cycle machinery play crucial roles in the progression of MPM and a study that compared patients by
grouping long-term (>1 year) and short-term (<1 year) survivors reported that the majority of cell cycle
genes, such as AURKA, AURKB, CDC25C, PTTG3, CCND1, and KIF4, are negatively correlated with
survival [37]. Christensen et al. demonstrated that several cell cycle genes—APC, CCND2, CDKN2A,
CDKN2B, APPBP1, and RASSF1—are methylated in older mesothelioma patients, and those with
methylation of RASSF1, a gene that encodes an activator of G1/S cell cycle arrest, through sequestering
of CCND1, is significantly associated with elevated asbestos body counts and therefore longer asbestos
exposure [38]. These investigators also showed a significant correlation between asbestos body
count/asbestos exposure and the number of cell cycle genes that are methylated, highlighting the
importance of age and the duration of asbestos exposure in the development of mesothelioma [38].

Counterintuitively, an important regulator of DNA damage-mediated cell cycle arrest, checkpoint
kinase 1 (CHEK1), is overexpressed in 50% of mesothelioma cases compared to normal pleural tissue,
and CHEK1 knockdown leads to synergistic apoptosis in mesothelioma cell lines when combined with
the chemotherapeutic drug, doxorubicin [39]. In addition, over 70% of mesothelioma cases express
YAP, which is known to up-regulate cell cycle genes in mesothelioma and subsequently decrease the
Merlin–Hippo interaction. Given that YAP promotes TEA domain family member 1 (TEAD)-mediated
transcription of cell cycle genes, such as CCND1 and FOXM1, one study found that silencing YAP
in mesothelioma resulted in suppression of these genes and inhibition of cell motility, invasion and
anchorage-independent growth [40]. Concurrently, inhibition of YAP led to decreases in E2F1, AURKB,
PLK1, NEK2, and anti-apoptotic BIRC5/Survivin, as well as an increase in pro-apoptotic BCL2L11/BIM,
which ultimately resulted in broad decreases in anchorage properties, proliferation, migration, and
invasion [40]. Thus, targeting YAP could potentially be feasible in treating this aggressive cancer.

2.4. TERT

In addition to cell cycle regulators and effectors, telomere production and regulation are also
dysfunctional in mesothelioma [41]. For a tumor cell to continue to grow and proliferate, its telomere
length must be elongated to ensure the basal integrity of its already unstable genome after many
rounds of cell division. Tallet et al. established that telomerase activity is present in over 90%
of mesothelioma cases, and its catalytic subunit TERT mRNA is expressed in over 80% of patient
samples. While TERT can be mutated at its promoter region (>15% of cases present with C228T
somatic mutations), the TERT locus (5p15.3) can also be amplified to induce higher TERT levels
(around 50% of mesothelioma); however, the TERT promoter mutation is responsible for elevated
TERT expression. Mutations in the TERT promoter along with NF2 and CDKN2A alterations frequently
occur concurrently and anti-telomerase drugs might therefore have clinical utility when combined
with other targeted therapies [42,43].

2.5. Growth Factors Implicated in Mesothelioma

Several growth factors involved in MPM have been identified, such as epidermal growth factor
receptor (EGFR), platelet derived growth factor receptor (PDGFR), and fibroblast growth factor (FGF),
making them potential candidates for therapeutic intervention.

2.5.1. EGFR

Although mutations that lead to overexpression of EGFR have been associated with a wide range
of malignancies, the role of elevated levels of EGFR in MPM appears limited. Okuda et al. showed
that 0 out of 25 MPM samples expressed any of 13 known EGFR mutations, and only eight were
positive for the presence of EGFR via immunohistochemistry (IHC) [44]. Although another study

56



Int. J. Mol. Sci. 2018, 19, 238

reported higher rates of EGFR expression in MPM tumors using IHC (38/83 positive for EGFR) [45],
both studies confirmed by fluorescence in situ hybridization (FISH) analysis that there are only few
occurrences of EGFR copy number gains, and thus EGFR overexpression did not appear to be due to
gene amplification [44,45]. Whereas growth in EGFR-expressing mesothelioma cell lines is significantly
deterred by EGFR small molecule inhibitors [45], clinical evaluations of gefitinib and erlotinib were
dismal in MPM patients [46,47]. Only two mesothelioma patients out of 43 responded to gefitinib and
21 had stable disease, suggesting that a subset of patients might benefit from this treatment [46].

2.5.2. PDGFR

PDGFR has two subtypes: alpha (α) and beta (β); PDGFRα can bind three different PDGF ligand
combinations (AA, AB, and BB), but PDGFRβ only binds to PDGF-BB [48,49]. Whereas PDGFRα
functions in normal mesothelial cell growth, PDGF-BB and PDGFRβ are implicated in MPM growth [48,
49]. Like EGFR, PDGFRβ is overexpressed in 20–40% of MPM samples without frequent somatic
mutations, and overexpression of PDGFRβ levels correlates with poor survival [44]. Additionally,
human MPM cell lines have shown up to 70-fold increases in PDGFRB expression, when compared to
a non-malignant mesothelial cell line [49]. The use of siPDGFRB to silence gene expression in these
MPM cell lines caused a significant reduction in growth and clonogenicity [49]. Since non-malignant
Met5A cells showed no noticeable adverse effects after PDGFRβ silencing, it could be a potential target
gene for therapeutic intervention [49].

2.5.3. FGF

Hyper-expressed components of the FGF pathway contribute to MPM tumorigenicity and in
particular, FGF2, FGF18, and FGFR1 have shown elevated levels in MPM cell lines and human
tissue samples [50,51]. Schelch et al. demonstrated that FGF2-mediated stimulation increased MPM
cell proliferation and motility but did not affect normal mesothelial controls [50], establishing the
importance of FGF’s role in tumorigenicity and thus the potential for therapeutic interference as
a treatment route. Furthermore, high serum and pleural effusions of FGF levels are significantly
associated with poor survival [52]. Use of the FGFR1 inhibitor, PD-166866, was particularly promising
as it not only hindered in vitro MPM cell proliferation and caused an increase in death via apoptosis,
but also reduced in vivo MPM tumor growth in mouse models; this was accompanied by synergism
when coupled with cisplatin or radiotherapy treatment [50]. Moreover, Pattarozzi et al. reported
that pharmacological inhibition with sorafenib reduced tumor growth in MPM primary cells, mainly
by derailing FGFR1 activation [53]. Despite previous limited success with sorafenib in clinical trials,
this study renews interest in sorafenib treatment in select MPM patients who have particularly highly
active FGFR1. Similarly, the tyrosine kinase inhibitor (TKI) ponatinib has also been shown to selectively
inhibit growth and clonogenicity of MPM cell lines that express FGFR1 [51], further suggesting its
potential for targeted therapy in MPM.

3. Genomic Landscape Prevalent with Tumor Suppressor Inactivation

The genomic landscape of mesothelioma is characterized by frequent alterations in tumor
suppressor genes resulting from mutational events involving copy number losses, single nucleotide
variants (SNVs), gene fusions and splicing events. MPM exhibits a distinct genomic signature, including
inactivating mutations in cyclin-dependent kinase inhibitor 2A (CDKN2A), and more recently, ubiquitin
carboxyl-terminal hydrolase (BAP1) and neurofibromin 2 (NF2), have been shown to be the most prevalent
in this type of cancer (Figure 1A). Of particular interest, although the frequency of point mutations in
cancer genes is low, several studies report global tumor suppressor inactivation, associated with CpG
promoter methylation in MPM, which contrasts with the epigenetic landscape of normal pleura [54,55].
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Figure 1. Heterogeneous contributing factors in MPM disease progression. (A) The MPM genomic
landscape is dominated by frequent gene inactivation in CDKN2A, NF2 and BAP1. (B) Several stem
cellular signaling pathways, such as Hedgehog (Hh), Wnt/β-catenin, Hippo/YAP and Notch have
been implicated in MPM pathobiology. (1) Hh ligands (DH, IH, and HH) bind patched (PTCH1) to
relive inhibition of Smoothened (SMO) and this activates the Hh signaling pathway, via transcriptional
activation of glioma-associated protein (Gli) factors; in the inactive state, Gli3 gets degraded when
suppressor of fused homolog (Sufu) is inhibited. (2) Protein-serine O-palmitoleoyltransferase porcupine
(PORCN) is required for efficient binding of Wnt ligands to cell-surface Frizzled (Fzd) receptors and to
LRP5/6 which signals to the Dishevelled (Dvl) proteins. This causes an accumulation of β-catenin in the
cytoplasm, followed by nuclear translocation and activation of transcription factors. (3) Hippo signaling
consists of a cascade of kinases, which ultimately phosphorylate and activate serine/threonine-protein
kinase (LATS)1/2 to inhibit two major downstream effectors of the Hippo pathway—YAP and Tafazzin
(TAZ)—to stymie signaling (protein degradation). However, in NF2-mutant tumors, NAE activates
CRL4DCAF1 and thus sustains tumor growth. (4) The Notch pathway can be activated by CK2α
and when the Notch transmembrane receptors bind to a Notch ligand, a cascade of events promote
gene transcription via γ secretase. Therapeutics (red) to target these pathway components have been
developed for Smoothened (Vismodegib), Gli (GLI-I, GANT61), PORCN (LGK-974), NAE (MLN-4924)
and CK2α (CX-4945 and CIGB-300). Arrows indicate interaction or activating effect and T-bars indicate
inhibition. Green arrows indicate cross-talk between pathways.
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3.1. CDKN2A

Occurring at a frequency of over 70%, the most common homozygous deletion or incidence of gene
inactivation in MPM is found in the 9p21 region of CDKN2A. As a result of alternative reading frames,
this tumor suppressor gene acts as a negative regulator of cell proliferation, by encoding two distinct
protein products: INK4A (p16, named by its molecular weight) and ADP-ribosylation factor (ARF)
(human: p14, murine: p19). P16 is an inhibitory protein that prevents cyclin-dependent kinases, such
as CDK4 and CDK6, from hyper-phosphorylating tumor suppressor protein RB, thereby activating RB,
which blocks cell cycle progression from traversing the G1-S phase transition [26]. Inactivating mutations
can thus disrupt this cell growth control pathway and contribute to carcinogenesis. Incidentally, P16 is
also a key regulator of RB-mediated cellular senescence [56]. As part of the p53 pathway, P14 promotes
ubiquitylation and degradation of MDM2, but loss of P14 increases MDM2 stability and activation,
thereby repressing p53 and disrupting cell cycle control [26].

Using genetically engineered mouse models, Altomare et al. established the importance of losses
in both P16INK4a and P14ARF in the latency and development of mesothelioma tumorigenesis. When
exposed to asbestos, mice with mono-allelic deletions of P16INK4a or P19ARF (human: P14ARF) developed
mesothelioma earlier and more often than their wild type littermates, and those with deletions of both
P16INK4a and P19ARF showed even faster progression into malignancy relative to the mice bearing single
deletions [57]. Furthermore, adenoviral-based reintroduction of P16INK4a or P14ARF showed reversal of
mesothelioma growth by decreasing hyper-phosphorylation of RB, increasing p53 levels, and ultimately
resulted in cell cycle arrest [43]. Interestingly, over 75% of patients with mesothelioma have only
P16INK4a deletions, and these patients generally have poor prognoses and shorter survival rates; almost
30% of primary tumors have been reported to have methylated P16INK4a [26,58]. Moreover, sustained
P16INK4a expression is associated with better survival in patients after chemotherapy, regardless of
histological subtypes, and deletion of P16INK4a correlates with poor outcomes [37,59].

Pharmacological intervention, through the use of CDK inhibitors, is an attractive therapeutic
strategy and a multicenter phase II clinical trial as a second-line treatment for MPM is ongoing [60].

3.2. NF2

Deleted in around 35–40% of MPM cases and often functionally inactive if present due to somatic
mutations, the tumor suppressor, Neurofibromin 2 (NF2) gene, has been implicated as a “gatekeeper” in
asbestos-induced mesothelioma tumorigenicity via several mechanisms [61–64]. First, it is a putative
regulator of the Hippo/SWH (Sav/Wts/Hpo) signaling pathway, known to be important for tumor
suppression, and encodes the ezrin radixin and meosin (ERM) family protein, Merlin. NF2-mediated
oncogenesis stems from the loss of Merlin and subsequent dysregulation of the Hippo pathway [62,63].
Whereas the Hippo pathway typically halts cell growth and inhibits the transcriptional regulator, YAP,
the lack of Merlin leads to overactive YAP and thus uncontrolled cell growth and cancer progression.
By transducing NF2 into MM cells that had NF2 mutations, YAP has been shown to be translocated
from the nucleus to the cytoplasm [63], suggestive of NF2’s role in YAP activity. In addition, YAP1
is negatively regulated by large tumor suppressor kinases (LATS1 and LATS2), which are commonly
deleted in mesothelioma; in contrast, forced expression of LATS2 inactivates YAP1 and causes a reduction
in cell growth [65].

Second, Merlin has also been suggested to negatively regulate the PI3K-AKT-mTOR signaling
pathway, whose activation contributes to the pathogenesis of a number of malignancies [62,63].
In tumors that lack Merlin, the use of mTOR inhibitors led to reduced proliferation, yet were ineffective
in Merlin-expressing tumors [62], suggestive of the role of the NF2 deletion in MPM oncogenesis and
its association with mTOR. NF2-depleted mesotheliomas are sensitive to the mTOR inhibitor molecule,
rapamycin, and thus, a better understanding of the role of NF2 in MPM, may hold pronounced
potential for various targeted therapies.

Third, Cho et al. reported that NF2 typically prevents p53 inhibition caused by Snail-p53
interaction, but since it is often deleted in MPM, the tumor suppressive role of p53 is hindered, despite
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its low mutational frequency in MPM [25,26,61,66,67]. In MPM cell lines, a chemical inhibitor of
Snail-p53 binding, GN25, induced p53 activity, followed by apoptosis, opening up potential therapeutic
exploitation now that a clearer understanding of the molecular function of NF2 has been discerned [61].
GN25 is currently a drug candidate for MPM treatment, but there are no records of clinical trials at
this time.

3.3. BAP1

The deubiquitinase enzyme encoded by the BAP1 tumor suppressor gene is inactivated in over 60%
of mesothelioma cases and is associated with global methylation via activation of PRC2. Rare germline
mutations in BAP1 contribute to predispositions in malignant mesothelioma, among other cancers,
despite lack of exposure to high levels of asbestos or other carcinogens [68], suggesting that BAP1 may
serve as a predictive biomarker. Bott et al. reported that BAP1 also harbored nonsynonymous mutations
in 12/53 samples, was located in the center of the 3p21.1 locus, and also had somatic mutations and
copy number losses [66]. Although they found no significant correlation between BAP1 mutations and
MPM subtype, Yoshikawa et al. found that BAP1-inactivating mutations occurred in epithelioid-type
MM nearly exclusively, indicating that BAP1 may be more useful in diagnosing only epithelioid-type
MM [67]. BAP1 plays a key role in chromatin biology by mediating deubiquitination of core histones
and is recruited to double-strand breaks in DNA, given its role in DNA repair. Accordingly, BAP1
inactivation results in impaired DNA repair functions, which can have dire consequences, consistent
with its role as an epigenetic modulator and transcriptional regulator [69]. Thus, drugs designed to
target the epigenome, and, in particular, enhancer of zeste homolog 2 (EZH2), may hold promise for
MPM harboring BAP1 mutations, but these have not been evaluated clinically.

4. Immune Microenvironment of MPM Tumors

The immune system plays a crucial role in tumor surveillance and attack; consequently,
understanding the dynamic associations between pro-tumorigenic and anti-tumorigenic components of
the MPM immune microenvironment is paramount to developing new treatments. Asbestos exposure
by inhalation has become incontrovertible in MPM pathobiology and the physiological response
of chronic inflammation as an immune reaction has been implicated in disease progression [70].
The secretion of VEGF and inflammatory cytokines by activated macrophages, coupled with the
inability of mesothelial cells to expunge asbestos, along with the elevated presence of growth
factors, results in malignant transformation. This leads to an influx of immune-suppressing cells like
tumor-associated macrophages (TAMs), myeloid-derived suppressor cells (MDSCs) and regulatory
T cells (Tregs) [71]. These events further propel tumor growth, due to immune surveillance escape, influx
of stromal fibroblasts, and an increase in angiogenesis-sustaining endothelial cells [71]. Deciphering
what differentiates one tumor from another could help in modulating the immune microenvironment
to effectively induce an anti-tumor immune response, by strategic design and delivery of appropriate
therapeutic agents.

Broadly, the microenvironment of the mesothelioma tumor contains a heterogeneous network
of stromal cells, the immune population, tumor cells, fibroblasts, extracellular matrix and blood
vessels [72]. Here, we focus on aspects of the tumor microenvironment where more information
is available.

4.1. The Stromal Compartment

Connective tissue-derived stromal cells in the body secrete growth factors, like hepatocyte growth
factor (HGF), that support regular cell division, but their interaction with cancer cells can be deleterious
as they provide an extracellular matrix for tumor progression. Cancer-associated fibroblasts (CAFs)
and myeloid cells are both stromal cells that help malignant cells to proliferate, migrate, and offer
resistance to therapy, primarily by preventing immune T cells from entering the tumor [73]. In turn,
the tumor cells themselves produce cytokines, such as fibroblast growth factor 2 (FGF-2) and platelet
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derived growth factor (PDGF), to continuously recruit more fibroblasts, and then these fibroblasts
generate even greater amounts of HGF, thus contributing to the growth of the tumor mass [73]. This
symbiosis between tumor cells and their stromal neighbors has been demonstrated by co-culturing
lung fibroblasts with mesothelioma cell lines or patient-derived fibroblasts, because proliferation
and migration of cancerous cells increased significantly due to activated MET-induced HGF; these
effects were abrogated when the cells were treated with an anti-HGF antibody or FGFR/PDGFR
inhibitors [70]. Thus, targeting fibroblast activation protein (FAP) in stromal cells has led to a decrease
in mesothelioma tumor growth in preclinical animal studies [74]. Since chimeric antigen receptor
(CAR)-T cell therapy is still quite new and exciting, it remains to be seen whether FAP targeting will
become an effective therapeutic.

On the other hand, myeloid cells, which are highly abundant in mesothelioma, can be both
immunosuppressive, as well as immunostimulatory, which can lead to tumor cell evasion or immune
activation, depending on the environmental cues present. The tumor microenvironment has been
demonstrated to be generally more immunosuppressive because of programmed death-ligand 1(PDL1)
upregulation, which can inhibit T cell function [75]. Methods to target PD1/PDL1 using nivolumab
are currently in phase II clinical trials for MPM use, and this may be adopted for clinical practice in the
future. However, given variations in the tumor microenvironment from one mesothelioma patient
to the next, an analysis of all individual cells and factors which make up this complex ecosystem is
important to the pursuit of treatment.

4.2. The Immune Population

The presence of several different types of immune cells which support tumor formation can have
a clinical impact on the immune microenvironment of MPM patients. CD3+ pan T cells, CD4+ helper
T cells, and CD8+ cytotoxic T cells are mainly found within the stromal compartment, CD25+CD4+FOXP3+

regulatory T cells border the tumor cells, and CD68+ macrophages and CD16+ natural killer cells make up
the majority of the tumor infiltrating population within the tumor [72]. The presence of CD8+ cytotoxic
T cells within the tumor has been associated with early stage disease, more apoptosis, and better
survival. Conversely, in preclinical studies, the presence of immunosuppressive CD4+CD25+FOXP3+

regulatory T cells and immunosuppressive soluble factors inside the tumor corresponded with poor
prognosis in MPM, due to suppression of anti-tumor immune responses [76]. Accordingly, Hegmans
et al. demonstrated that survival increased when FoxP3+CD4+CD25+ Tregs were depleted in an in vivo
model of MPM [72]. Adenosine and prostaglandin E2 (PGE2) immunosuppression has been shown
to inhibit T cell function [77], and cyclooxygenase-2 (COX-2) suppression blocks the growth of
mesothelioma tumors via an immunological mechanism which permits more effective cytotoxic
T cell (CTL) build up in the tumors [78]. Kiyotani et al. demonstrated that different regions of the
tumor yield different repertoires of tumor-infiltrating lymphocytes (TILs). This is due to the presence
of distinct somatic mutations in different areas of the tumors, leading to discrete clonotypes of T
cell receptors, and ultimate results in pronounced region-specific TILs [79]. The accumulation of
CD8+ tumor infiltrating lymphocytes (TILs) in tumors of MPM patients who underwent surgical
resection correlated significantly with better survival [80]. Dendritic cells are rare, and interestingly,
Cornwall et al. showed that there was a decline in the dendritic cell population, a reduction in
expression of CD68, which can affect the cell’s ability to become fully active, as well as a decrease
in the cell’s antigen-processing ability, in mesothelioma patients, compared to age-matched healthy
donors [72,81]. Eosinophils, neutrophils, mast cells, and B cells are also rarely observed [72]. Thus,
the presence of unique cell surface markers found on these various T cell populations could be exploited
to selectively target those populations which are implicated in MPM progression, but progress has
been limited thus far.
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4.3. Tumor Cells

Cancer cells found within the tumor secrete high levels of VEGF to recruit endothelial cells
for angiogenesis. The formation of new blood vessels has been established to contribute to tumor
development by providing a continuous source of nutrients, growth factors and other related
molecules described here. Tumor cells are reported to have elevated levels of chemokine (C-X-C
motif) ligand 1 (CXCL1), a chemokine that plays a role in inflammation and tumorigenesis, as well
as interleukin-6 (IL-6), a cytokine that prevents immune dendritic cell development [72]. Similar to
their symbiotic relationship with stromal fibroblasts, tumor cells also have a beneficial relationship
with the tumor-infiltrating macrophages. Cornelissen et al. demonstrated that factors secreted by the
tumor cells transformed normal macrophages into malignant M2 macrophages, which reciprocally
produce cytokines, such as interleukin-1 (IL-1), interleukin-6 (IL-6), interleukin-10 (IL-10), VEGF, and
transforming growth factor beta (TGF-β), which contribute to tumor formation and development [82].
Chronic inflammation of the stromal compartment is associated with better patient survival in patients
with epithelial histology, regardless of whether they received prior neoadjuvant therapy [83]. Cutting
off the supply of one or more of the above-mentioned factors in the surrounding milieu is a therapeutic
strategy being used to combat MPM tumors.

5. Developmental Pathways in Malignant Pleural Mesothelioma

MPM tumorigenesis is linked with asbestos exposure, chronic tissue inflammation, and subsequent
tissue repair. Tissue regeneration and repair is associated with stem cell renewal genes and stem
cell pathway activation. The activation of stem cell signaling is generally regulated and chronic
stimulation and accompanying oncogenic events in these developmental pathways are correlated
with poor prognosis in MPM patients [84]. Below we describe the role of four stem cell-associated
developmental pathways (Figure 1B) and how they contribute to the heterogeneity in MPM tumors.

5.1. Hedgehog Pathway

Upon Hedgehog (Hh) ligand binding, the inhibition of transmembrane protein, Patched on
Smoothened (Smo), is relieved and this activates the Hh signaling pathway via transcriptional
activation of glioma-associated protein (Gli) factors [85]. Hedgehog-dependent Gli-mediated
transactivation of target genes is negatively regulated by suppressor of fused homolog (Sufu); it is
required for normal embryonic development and its loss leads to unfettered Hh activation and
lethality [86]. This pathway is crucial for embryonic development, but also remains active in regulation
of adult stem cells responsible for maintaining and regenerating adult tissues, post-injury [87].
Abnormal overactivation of the Hedgehog pathway has been suggested to lead to tumorigenesis,
through the transformation of adult stem cells into the cancer stem cells that give rise to tumors. When
aberrantly reactivated, this developmental pathway has been implicated in multiple human cancers,
including MPM [88–90].

In a study of MPM specifically, in which quantitative PCR and in situ hybridization were used
on 45 clinical samples, GLI1, SHH, and human hedgehog interacting protein (HHIP) gene expression
were significantly increased in MPM tumors, compared with healthy pleural tissue, although other
Hedgehog pathway genes, such as PTCH1, IHH, DHH, SMO, and GLI2 did not differ [91]. In that
study, smoothened inhibitors suppressed hedgehog signaling in primary MPM cell culture systems
and decreased tumor growth in MPM xenografts, indicating a potential therapeutic approach [91].
In contrast, we showed that elevated SMO expression levels strongly correlated with poorer overall
MPM patient survival (n = 46), underscoring the heterogeneity of Hh pathway gene expression profiles
in these tumor microenvironments [92]. Furthermore, whereas autocrine Hh pathway up-regulation was
initially described in MPM pathobiology, Meerang et al. detected paracrine activation of Hh signaling in
MPM patients and reported heterogeneous expression of GLI1 in both tumor and stroma fractions [93].
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Their study provides evidence for targeting Hh signaling, as well as a number of MPM-specific pathway
perturbations in the stromal compartment, as a treatment strategy for MPM [94].

Additional heterogeneity in MPM tumors is introduced by Hh-independent Gli activation and we
showed aberrant GLI1 and GLI2 activation in about 90% of MPM tissue samples (n = 46) [95]. We also
demonstrated that targeting Gli using siRNA and small molecule inhibitors (alone and in combination
with chemotherapy) suppressed cell growth dramatically, both in vitro and in vivo, providing strong
support for Gli being a novel clinical target for MPM treatment [95]. Evidence suggests that crosstalk
between Gli and other cell signaling pathways that are independent of Hh, such as Kirsten rat sarcoma
(KRAS), EGFR and mTOR, are linked to worse clinical outcomes in MPM and crosstalk between
Gli and mTOR actually causes increased Gli activation [96]. Finally, loss of the tumor suppressor
Numb, known to regulate Notch, Hedgehog and TP53 pathways, was reported in ~50% of tissue
specimens and has been associated with poor prognosis in epithelioid MPM [97]. Forced expression of
Numb conferred sensitivity to cisplatin and activated apoptotic pathway proteins, suggesting potential
therapeutic options for MPM [97].

Pharmacological inhibition of the Hh pathway could prove extremely useful as a therapeutic
strategy. Most experimental models report Hh antagonists that target Smo or Gli, such as cyclopamine,
vismodegib, GANT61, arsenic trioxide or GLI-I, strongly suppressed MPM cell viability by blocking Gli
activation. Several clinical trials of Hh inhibitors are underway; thus far, three mesothelioma patients
who participated in the phase I study for vismodegib have not responded to treatment [94], but their
tumors were not assessed for Hh activity before study enrollment. Thus, reliable biomarkers and
patient stratification would significantly ameliorate unfavorable clinical outcomes so that appropriate
individuals who can benefit most are selected [95,98].

5.2. Wnt/β-Catenin Pathway

The Wnt signal transduction pathway is activated by a secreted Wnt ligand, from a 19-member
family, binding to one of 10 cell-surface Frizzled (Fzd) receptors and to LRP5/6 [99,100]. Through
a series of intracellular events in the canonical pathway, Fzd signals to the Dishevelled (Dvl) proteins,
which causes an accumulation of β-catenin in the cytoplasm, followed by nuclear translocation and
activation of the T-cell factor/lymphoid enhancer factor (TCF/LEF) family of transcription factors in
a context-dependent manner [99,100]. In the absence of Wnt, β-catenin is degraded in the cytoplasm
via a destruction complex (Axin, APC, GSK3, PP2A, CK1α) and the pathway becomes inactive [99,100].
This conserved pathway orchestrates cell fate decisions during embryonic development, maintenance
of self-renewing stem cells in adults, and integration of signaling cues from other pathways, like bone
morphogenetic protein (BMP), FGF, TGF-β and retinoic acid [99]. Mutations in the Wnt pathway
are frequently observed in cancer, including germline mutations in APC, responsible for familiar
adenomatous polyposis and colorectal cancers [101]. Loss-of-function mutations in Axin lead to
hepatocellular carcinomas, and mutations in β-catenin lead to melanoma and several solid tumors;
in addition, studies have reported the expression of β-catenin, a Wnt stem cell pathway activation
indicator, in the progression of mesothelioma [102,103].

In a comparative Wnt-specific microarray study between MPM and normal lung tissue, our
laboratory reported that the most common event in MPM was up-regulation of Wnt2 [104]. Subsequent
targeted-Wnt2 inhibition via siRNA and a monoclonal Ab has an anti-proliferative effect and prompted
apoptosis in MPM cells, thereby validating Wnt2 as a therapeutic target [104,105]. Other members
of the Wnt signal transduction pathway, such as secreted frizzled-related proteins (sFRP), which are
negative Wnt modulators, were shown to be transcriptionally down-regulated in MPM primary tissues
and cell lines [106].

To identify meaningful biomarkers in MPM, our group used qRT-PCR to evaluate the expression
of Wnt7A in 50 tumor specimens from patients who underwent surgical resection at the University
of California, San Francisco (UCSF) [107]. We found that Wnt7A expression predicted sensitivity
to chemotherapy; in particular, low Wnt7A expression was significantly correlated with negative
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overall survival in a univariate analysis, and patients with epithelioid tumors and low Wnt7A had
significantly worse prognoses [107]. Furthermore, patients who had low Wnt7A-expressing tumors
and received neoadjuvant chemotherapy had a better prognosis than those who did not [107]. Finally,
a set of microRNAs was identified, which antagonize Wnt signaling, and were all down-regulated
in MPM, compared to lung adenocarcinoma; these biomarkers could facilitate differential diagnoses
between these different, but related, cancers [108].

About two dozen small-molecule inhibitors have been designed to target the Wnt pathway,
but the most effort has been aimed at the TCF/β-catenin complex, to try to block signaling at the
transcriptional level [101]. Of these inhibitors, LGK-974, a protein-serine O-palmitoleoyltransferase
porcupine (PORCN)-specific inhibitor that is a key regulator of the Wnt signaling pathway, is currently
being evaluated in phase I clinical studies for solid malignancies with documented genetic alterations
upstream in the Wnt pathway, but no MPM patients were reported to have enrolled (NCT01351103).
Additional small molecules have been developed for other Wnt pathway targets, such as β-catenin,
GSK-3β, KCNQ1/KCNE1, Wnt3A, TNKS1/2, TNIK, and Axin/β-catenin interaction. However, it is
not yet known whether any of these or other therapies that target the Wnt pathway will be effective in
curbing the growth of MPM tumors.

5.3. Notch Pathway

Yet another stem-cell signaling and/or developmental pathway that exerts its effect on MPM
cell lines, is the Notch pathway, which maintains tissue homeostasis and regulates neural stem
cells in adults [109,110]. Four single-pass transmembrane receptors—Notch 1–4—consisting of large
extracellular domains, get bound to a Notch ligand, which induces proteolytic cleavage and release
of the intracellular domain, which translocates to the nucleus to influence gene transcription [111].
The Notch family plays an important role in normal development, and when it goes awry, promotes
tumorigenesis [112]. As described in the Hh pathway, Numb acts as a tumor suppressor and in
a Notch-specific context, promotes neural differentiation and maintains stem cell compartments; loss of
Numb expression is linked to worse clinical prognoses in epitheliod MPM, and its upregulation could
be associated with chemosensitivity, making it an informative biomarker [97].

Paralog-specific heterogeneity in the Notch pathway has been reported, since Notch1 and Notch2
exhibit opposing effects, depending upon the disease context [113]. For instance, Notch2 suppresses the
effects of Notch1 in mesothelioma, but in medulloblastoma, Notch2 actually stimulates tumorigenesis,
whereas Notch1 inhibits it [110]. Furthermore, several Notch ligands exist, and some trigger pathway
activation, whereas others have inhibitory effects; thus, the complexities and biological consequences
need to be carefully considered in therapeutic targeting [114,115]. Several small molecules have been
developed to target Notch and γ secretase and a few have advanced to phase II/III clinical trials
for indications like solid cancers and Alzheimer’s disease; testing these molecules in MPM might be
worthwhile [116,117]. We have shown that CK2α inhibition down-regulates Notch1 signaling and
reduces CSC-like populations in human lung cancer cells. Since there are no active trials of CK2
inhibitors in mesothelioma, small-molecules like CX-4945 or CIGB 300 anti-CK2 peptides may have
therapeutic utility [118]. Interestingly, CK2 participates in the regulation of Hedgehog (Hh)/Gli1
signaling, underscoring the prevalence of cross-talk between crucial stem cell pathways implicated in
cancer [119]. However, since much less investigation of MPM and Notch signaling has been reported,
as compared to Hh and Wnt, further studies are warranted.

5.4. Hippo/YAP Pathway

Hippo signaling regulates organ size, cell contact inhibition, and stem cell self-renewal, but
dysregulation can result in cancer development [120,121]. Central to Hippo signaling is a cascade of
kinases, comprising Mst1/2, which complex with SAVI to phosphorylate and activate LATS1/2 [120].
These phosphorylation events inhibit two major downstream effectors of the Hippo pathway–YAP
and TAZ—to stymie signaling [120,122]. However, in the dephosphorylated state, YAP/TAZ interact

64



Int. J. Mol. Sci. 2018, 19, 238

with TEAD 1–4 and other transcription factors in the nucleus to activate cell proliferation genes and
inhibit apoptosis [120]. The Hippo pathway is regulated by several upstream factors, and two in
particular, the NF2/Merlin and YAP oncogenes, are mutated or overactive in approximately 40% and
70% of MPM cases, respectively [96]. Furthermore, NF2 regulates homeostasis in tissue repair and
controls stem cell signaling, making it the most notorious perpetrator of MPM oncogenesis and an
ideal therapeutic target for drug development [96]. In fact, Bueno et al. performed integrated analyses
on 216 MPM samples and identified alterations in Hippo, among the most frequent signaling pathways
in MPM [123].

In an effort to group MPM patients by molecular sub-type, to address intertumoral heterogeneity,
Tranchant et al. reported that the tumor suppressor LATS2 gene was altered in 11% of MPM [124]. They
identified a new subgroup, C2LN, in which mutations in the LATS2 and NF2 genes co-occur within
the same MPM and these patients showed enhanced sensitivity to PF-04691502, a PI3K-AKT-mTOR
inhibitor [124]. Also, these investigators reported the MOK gene as a specific potential biomarker,
noting that studies like these would be ideal for ameliorating clinical outcomes based on specialized
gene signatures, but no clinical trial information is available [124]. To develop targeted treatment
for NF2-mutant cancers, Cooper et al. demonstrated that MLN4924, an NEDD8-activating enzyme
(NAE) inhibitor, suppresses CRL4DCAF1 (E3 ubiquitin ligase) and interferes with YAP activation in
NF2-mutant cancers alone, and in combination with, the PI3K-mTOR inhibitor, GDC-0980 [125].

In order to investigate the association between NF2/Merlin and YAP gene alterations and clinical
outcomes, Meerang et al. performed multivariate analyses in MPM patients [126]. They found
that NF2/Merlin protein expression and the Survivin labeling index were prognosticators for poor
clinical outcomes in two independent MPM cohorts, indicating that this data could guide treatment
selection [126]. Interestingly, Felley-Bosco et al. reported an interaction between Hedgehog and YAP
signaling, which makes Hh-specific modulating agents amenable to treating MPM [96]. Therapeutic
strategies, aimed at disrupting YAP activity, include (1) targeting the Hh pathway as it down-regulates
the YAP protein, (2) a small molecule called verteporfin, which inhibits YAP-TEAD transcription
factor assembly, and (3) obstructions of lysophosphatidic acid (LPA) and thrombin receptor signaling,
because upon agonist binding, they activate YAP [96].

We have outlined a few stem cell pathways which not only get deregulated in several types of
cancer, but also in MPM. A number of therapeutics have been developed for components of these
pathways, which are under clinical investigation and may be used for patient care in the near future.

6. Conclusions and Perspectives

Over the past 10 years our knowledge of MPM biology has advanced substantially, specifically
regarding the molecular pathways involved, genetic and epigenetic associations, and the heterogeneous
immune microenvironment of MPM tumors. This progress has led to the development of new
and exciting therapeutic strategies and treatment options for patients diagnosed with this deadly
malignancy. However, a “one-size fits all” approach will not suffice because heterogeneity in the
tumor microenvironment exists from one malignancy to another, and one patient to another, and also
evolves in response to therapies administered. In addition, stratification of patients based on genetic
signature to guide targeted therapeutic interventions, such as the use of CDK and mTOR inhibitors,
and epigenetic modulators, could be more effective for treating patients. Furthermore, several clinical
investigations of therapies outlined in this review for MPM are underway.
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Abstract: Malignant pleural mesothelioma (MPM) is a rare but aggressive tumor that originates in
the pleura, is diagnosed in advanced stages and has a poor prognosis. Accurate diagnosis of MPM
is often difficult and complex, and the gold standard diagnosis test is based on qualitative analysis
of markers in pleural tissue by immunohistochemical staining. Therefore, it is necessary to develop
quantitative and non-subjective alternative diagnostic tools. MicroRNAs are non-coding RNAs that
regulate essential cellular mechanisms at the post-transcriptional level. Recent evidence indicates
that miRNA expression in tissue and body fluids is aberrant in various tumors, revealing miRNAs as
promising diagnostic biomarkers. This review summarizes evidence regarding secreted and tissue
miRNAs as biomarkers of MPM and the biological characteristics associated with their potential
diagnostic value. In addition to studies regarding miRNAs with potential diagnostic value for MPM,
studies that aimed to identify the miRNAs involved in molecular mechanisms associated with MPM
development are described with an emphasis on relevant aspects of the experimental designs that
may influence the accuracy, consistency and real diagnostic value of currently reported data.

Keywords: malignant pleural mesothelioma; microRNAs; diagnosis biomarkers

1. Introduction

Malignant pleural mesothelioma (MPM) is an uncommon but aggressive tumor that originates in
mesothelial cells of the pleural membrane [1,2]. The disease is associated with asbestos exposure in 80%
of cases, and symptoms manifest after a prolonged period of latency after exposure (20–40 years) [2–4]
with a survival of 9–12 months [1–3,5].

The World Health Organization (WHO) estimated 92,252 worldwide deaths in the period of
1994–2008 due to this disease [6]; however, this figure may be underestimated due to the lack of reliable
records on MPM diagnosis [7]. Moreover, an increase in the global incidence of mesothelioma is
predicted based on high exposure to asbestos in past years [2].

MPM is classified histologically into three types: epithelioid, sarcomatoid and biphasic [5,8].
The epithelioid type is the most frequent with approximately 50–60% of cases [9]. Overall, accurate
diagnosis of MPM is considered difficult and complex. First, early clinical MPM symptomatology is
not disease-specific; however, advanced stages are characterized by pleural effusion, chest pain and
dyspnea [10], which usually lead to chest X-ray analysis. Broad chest X-ray analysis can detect the
presence of diffuse pleural thickening and nodular prominences, which suggest mesothelioma [2,11,12].
Cytological examination of the pleural fluid can be performed; however, only 60% of true positive
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cases can be identified using this technique [2,13,14]. The confirmatory diagnosis test or gold standard
is based on the detection of pleural tissue markers by immunohistochemistry [15], but it requires
pleural tissue samples obtained by invasive techniques [16]. In addition, there is no known marker that
is 100% diagnostic; therefore, a combination of antibodies that recognize several positive and negative
markers in MPM is used [8]. A pathologist observes the tissue under a microscope and decides
whether the test is positive or negative based on his/her criteria and experience; therefore, diagnosis
is subjective and qualitative. For MPM diagnosis, at least two positive and two negative markers
are recommended [17]. Typically, MPM is positive for calretinin and cytokeratin 5/6 but negative
for thyroid transcription factor 1 (TTF-1) and carcinoembryonic antigen (CEA) [8,17]. In addition,
epithelial MPM (tubulopapillary and acinar subtype) may be difficult to distinguish from metastatic
lung adenocarcinoma (AD), due to the mesenchymal/epithelial pattern that is present in both [8,17].
Their differential diagnosis requires an additional panel of antibodies in immunohistochemical staining
that is positive for epithelial MPM [17]. This differential diagnosis is relevant since the treatment
regimen is different for each disease. Because of this complexity, the MPM diagnostic guide issued by
the “International Mesothelioma Interest Group (IMIG)” recommends that diagnosis is based on the
interpretation of clinical, radiological and pathological findings altogether [17] in order to increase the
likelihood of an accurate MPM diagnosis.

Therefore, the development of alternative, quantitative diagnostic biomarkers would have
significant clinical potential.

In recent years, microRNAs (miRNAs) have been the subject of intense studies as key regulators
of gene expression at the post-transcriptional level. Furthermore, it was found that miRNA expression
was altered in tumor tissue and body fluids from several neoplastic pathologies, pointing to miRNAs
as potential diagnostic biomarkers. Moreover, the miRNAs found in biological samples have all been
stable and quantifiable.

Alternative miRNA-based biomarker tests could add relevant adjunct information and increase
the probability of reaching the right diagnosis.

This review aims to summarize evidence regarding the potential diagnostic value of secreted and
tissue miRNAs as MPM biomarkers with an emphasis on the relevant aspects of experimental designs
that may influence the accuracy, consistency and real diagnostic value of currently reported data.

2. MicroRNAs

miRNAs are small double-stranded RNAs of ~22 nt that regulate gene expression at the
post-transcriptional level by blocking the translation of target messenger RNA [18]. miRNAs
have been found in every organism analyzed to date and regulate essential cellular processes,
such as differentiation, proliferation and apoptosis [18–20]. It is important to note that these cellular
processes are deregulated in several neoplastic processes [21,22]. miRNAs are expressed in normal
physiological conditions in a cell- and tissue-specific-manner, but their expression pattern was found
to be aberrant in tumor tissue and could be distinguished from the normal expression pattern of
healthy tissue. Cumulative evidence showed that altered miRNA expression profiles in tumor tissues
could be associated with the diagnosis, prognosis and even histological classification of lung, breast,
colorectal, and pancreatic cancer, hepatocellular carcinoma and malignant mesothelioma, among
others [23–29]. Moreover, several of these tissue miRNAs have been associated with carcinogenesis per
se: experimental manipulation of certain altered miRNAs in several cancers has been shown to regulate
the tumorigenic properties of tumor cell lines and tumor growth in mouse models [30–33]. In addition,
the expression of tissue miRNAs does not seem to depend on the age or race of the individual [34,35].

Nevertheless, tumor tissue sampling requires the use of invasive retrieval techniques. Favorably,
cell-free miRNAs are also detected in peripheral blood (circulating miRNAs) and in other body fluids,
such as tears, urine, and saliva. In healthy individuals, miRNAs are secreted by cells into body
fluids with stable and constant concentrations [36]; however, similar to tissue miRNAs, alterations
in their expression levels have been associated with several cancers [36]. These secreted cell-free
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miRNAs are resistant to endogenous RNases and external conditions, such as freeze-thaw and extreme
pH [36–38]. These characteristics are desirable in potential diagnostic biomarkers due to their transport,
storage and manipulation in the laboratory. Because obtaining peripheral blood and body fluids is less
invasive than obtaining tissue samples, secreted miRNAs are considered to be potential non-invasive
biomarkers of cancer.

The biogenesis of miRNAs (Figure 1) starts in the cell nucleus through the transcription of miRNA
genes by RNA polymerase II (Pol II), which generates the primary miRNA precursors known as
pri-miRNAs. Pri-miRNAs (60–100 nt) have a “hairpin” structure, consisting of a stem of 33–35 base
pairs with a terminal loop [18,39]; pri-miRNAs are enzymatically cleaved by the Drosha-DGCR8
protein complex to produce a smaller precursor called pre-miRNA (~70 nt). These pre-miRNAs are
transported to the cytoplasm through exportin-5-RanGTP. In the cytoplasm, pre-miRNAs are cleaved
by DICER type III RNase, which produces mature ~22 nt miRNAs. Mature miRNAs are recruited by the
protein complex called RISC or miRISC through its protein component Argonauta (AGO). The double
strand of mature miRNA dissociates, and a single strand is retained (guide strand) in the miRISC
complex. The guide strand recognizes the 3′ untranslated region (UTR) of its target mRNA, which
has partial sequence complementary; however, this binding must exhibit perfect complementarity in
a region of 2–8 nt called the seed region, which is located at the 5′ end of miRNAs [18,40]. The binding
of miRNA to its target mRNA induces the blocking of translation by three possible mechanisms:
translation repression, mRNA degradation and mRNA destabilization [41–43].

Figure 1. Biogenesis of miRNAs in the cell. miRNA precursors (pre-miRNAs) are transcribed in the
nucleus and processed by the Drosha complex to generate pre-miRNAs. Pre-miRNAs are exported
to the cytoplasm via exportin-5 and excised by DICER into a mature form of double-stranded RNA
~22 nt long. Double-stranded RNA is loaded onto AGO2 that is the catalytic component of the miRISC
complex. One strand is removed from the duplex (the passenger strand) and the remaining RNA
strand (the guide strand) binds to complementary sequences typically located in the 3’ untranslated
region (UTR) of target mRNAs to repress translation or trigger mRNA cleavage.

Regarding miRNAs in body fluids, four mechanisms of secretion of miRNAs have been described
to date: (a) inside exosomes; (b) associated with AGO2 protein; (c) associated with high-density
lipoprotein (HDL); and (d) associated with nucleophosmin 1 protein (NPM1) [36]. As shown in
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Figure 2, miRNAs are sorted into multivesicular bodies (MVBs) derived from early endosomes,
which is a process that requires neutral sphingomyelinase 2 (nSMase2), endosomal sorting complex
transport machinery (ESCRT) and sumoylated hnRNPA2B1 protein [44–46]. MVBs are enriched
with two main components of the miRISC, GW182 and AGO2, which could be associated with
miRNA functionality [36,47]. Finally, MVBs fuse with the plasma membrane and release exosomes
into the extracellular medium. It has been shown that exosomes carrying miRNAs fuse with the
plasma membrane of target cells and that the delivered miRNAs are functional inside the target
cell [48,49]. In addition, miRNAs associated with Argonaute2 protein (AGO2) [50,51] and miRNAs
bound to HDL [52,53] can be exported stably into human plasma samples. HLD-associated miRNAs
are transferred actively to target cells in a functional form [52,54]; however, there is no experimental
evidence for AGO-associated miRNAs; miRNAs released by these two mechanisms have not been
reported in clinical samples from cancer patients. Lastly, one study reported that the RNA binding
protein nucleophosmin (NPM1) binds miRNAs from the culture supernatants of tumor cell lines and
fibroblasts while protecting them from RNase activity [55]. NPM1-associated miRNAs have not been
reported in clinical samples or as part of active transfer into target cells.

Figure 2. Mechanisms of secretion of miRNAs. (A) Secretion of the miRNAs associated with
Argonaute2 protein (AGO2); (B) Secretion of the miRNAs by exosomes; (C) Secretion of the miRNAs
associated with high-density lipoprotein (HDL); (D) Secretion of the miRNAs associated with the RNA
binding protein nucleophosmin (NPM1). (A) miRNAs associated with AGO2, a main component of the
RISC, can be stably exported into plasma samples. (B) miRNAs are sorted into multivesicular bodies
(MVBs) derived from early endosomes. This mechanism requires ceramide production on the cytosolic
side by neutral sphingomyelinase 2 (nSMase2), ESCRT machinery, and sumoylated hnRNPA2B1 protein,
which specifically binds mature miRNAs and controls their loading into MVBs. MVBs are enriched
with GW182 and AGO2, which are known to regulate the function of miRNAs. MVBs fuse with the
plasma membrane and release exosomes into the extracellular medium. (C) miRNAs bound to HDL
also can be stably exported into plasma samples via a mechanism repressed by nSMase2. (D) NPM1
binds miRNAs from the culture supernatants of tumor cell lines and fibroblasts while protecting them
from RNase activity.
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3. Studies Regarding microRNAs as Biomarkers for MPM

A biomarker in cancer can be any cellular, molecular or genetic component that can be measured
and associated with the neoplastic process or the presence of disease [56,57]. Ideally, a biomarker for
cancer diagnosis should distinguish between patients with a specific type of cancer and those who
do not have the disease with high specificity and sensitivity. It also should have high stability in
biological samples and should be measured with a simple, accurate and reproducible method in any
laboratory [56,57].

Most studies with the main goal to identify candidate miRNAs with diagnostic value started
by identifying miRNAs differentially expressed in tumor samples compared to non-tumor samples,
which is known as the discovery phase. During the discovery phase, high-throughput techniques,
such as semi-quantitative microarrays and deep sequencing, enable the analysis of an extensive
number of miRNAs, but they usually have a limited number of samples due to the high cost of these
methods. Alternatively, a limited number of miRNAs are tested as potential biomarkers based on
a hypothesis-driven method. The following validation phase is usually performed using a quantitative
technique, such as reverse transcription quantitative real-time PCR (RT-qPCR), preferably on a larger
number of samples obtained from an independent set of patients.

In addition to studies with a main goal to identify candidate miRNAs with diagnostic value,
studies that aimed to identify miRNAs involved in the oncogenic mechanisms of MPM and those that
analyzed miRNA levels in biological samples are addressed in this section. Certainly, the potential
association of miRNAs with the MPM carcinogenic process increases the likelihood of miRNAs having
diagnostic value for this disease.

Here, studies regarding miRNAs with potential diagnostic value for MPM are described with an
emphasis on relevant aspects of the experimental strategy, which includes the following: (i) source,
size and preservation method of the tumor samples and the samples that they are compared against
(normal controls, healthy controls or another cancers); (ii) specific assays used for miRNA analysis
in the discovery and validation phase; (iii) number of miRNAs analyzed; (iv) sensitivity and
specificity values (Receiver operating characteristic curve analysis); and (v) potential limitations
of the experimental design.

The studies are listed by the year of publication and sectioned by the type of sample source for
clarity. Table 1 summarizes the described studies.

3.1. Studies in Pleural Tissue

Guled et al. [58] reported the first study aimed to evaluate the expression of miRNAs in MPM
in 2009. The authors evaluated the expression of 723 miRNAs in 17 frozen MPM tissue samples
and in commercially available total RNA from normal human pericardium as a control (Ambion,
Austin, TX, USA) using microarrays (Agilent human miRNAs V2). They reported 12 over-expressed
miRNAs (let-7b*, miR-1228*, miR-195*, miR-30b*, miR-32*, miR-345, miR-483-3p, miR-584, miR-595,
miR-615-3p, and miR-885-3p) and nine sub-expressed (let-7e*, miR-144*, miR-203, miR-340*, miR-34a*,
miR-423, miR-582, miR-7-1* and miR-9) in MPM tissue compared to the single control. The authors also
compared miRNA expression between MPM samples and reported seven miRNAs that were expressed
exclusively in the epithelioid subtype, five in the biphasic subtype and three in the sarcomatoid
subtype. Bioinformatic analysis was used to identify three suppressor genes (CDKN2A, NF2 and
RB1) as putative targets of over-expressed miR-30b*, miR-32*, miR-483-3p, miR-584, and miR-885-3p,
whereas oncogenes hepatocyte growth factor (HGF), Platelet Derived Growth Factor Subunit (PDGFA),
Epidermal Growth Factor (EGF) and Jun proto-oncogene (JUN) were identified as putative targets of
sub-expressed miR-9, miR-7-1* and miR-203. Nevertheless, experimental assays were not performed
to verify these findings. There are major limitations in this study; first, only one normal control (total
RNA from one donor) was used in the discovery phase, and second, quantitative validation of the
microarray results was not performed. There was no follow up work for this study.
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In 2010, Gee et al. [59], in order to identify biomarkers for the differential diagnosis of MPM
and lung adenocarcinoma (AD), analyzed miRNA expression profiles of pleural tissue samples from
MPM patients (n = 15) and AD patients (n = 10) using microarrays (Affymetrix). Microarray data
were validated by RT-qPCR in 100 samples of MPM and 32 samples of AD. The authors reported
seven miRNAs sub-expressed in MPM that could discriminate MPM from AD with greater than 80%
specificity and sensitivity (miR-200c, miR-200b, miR-141, miR-429, miR-203 and miR-205), providing
the first evidence of potential differential diagnosis biomarkers for these different tumors that are often
difficult to differentiate histologically.

Also in 2010, Benjamin et al. [60] performed a study to identify biomarkers that could distinguish
MPM from other carcinomas of epithelial origin that can invade pleura. In the discovery phase, seven
pleural tissue samples of MPM and 97 tissue samples of epithelial carcinomas from various organs
(lung, bladder, breast, and kidney, among others) were analyzed by microarray (Nexterion Slide E,
Schott, Mainz, Germany). The results indicated that miR-193a-3p was over-expressed in MPM vs. all
carcinomas, miR-200c was sub-expressed in MPM vs. renal cell carcinoma (RCC) and miR-192 was
sub-expressed in MPM vs. non-RCC carcinomas. It should be noted that miR-200c was also reported
by Gee et al. [59] as down-regulated in MPM compared to AD. These results were validated in 22
MPM and 43 carcinoma samples (new samples added: 15 MPM and 36 carcinomas) by RT-qPCR.
The sensitivity and specificity of using these three miRNAs to diagnose MPM were analyzed in 32
MPM and 113 carcinoma samples (new samples added: 11 MPM and 77 carcinomas), resulting in
a sensitivity of 97% and a specificity of 96%. Finally, a blind study of 63 new samples of pleural and
lung tissue (14 MPM and 49 metastatic carcinomas) was performed. The results indicated that 14 MPM
samples were correctly identified (100% sensitivity) and that 46 of the 49 carcinomas were correctly
identified (94% specificity). This report was the first study that provided a quantitative diagnostic tool
(RT-qPCR) to discriminate MPM vs. other epithelial carcinomas that may invade pleura and MPM vs.
lung adenocarcinoma.

In 2011, Santarelli et al. [29] analyzed miRNA expression profiles in the pleural tissue of MPM
patients and matched adjacent non-neoplastic pleural samples to identify candidate biomarkers for
the diagnosis of MPM. They quantified the levels of 88 miRNAs that were previously reported to be
associated with cancerous processes in ten samples of MPM and one sample of healthy mesothelial
tissue from an RNA-pool of five individuals using a customized PCRArray (Array MAH-102A,
SABiosciences). These samples were previously preserved in RNALater solution (Ambion) at −80 ◦C.
Three sub-expressed miRNAs in MPM that were identified in PCRArray analysis (miR-335, miR-126
and miR-32) were subsequently analyzed by RT-qPCR in 27 formalin-fixed paraffin-embedded (FFPE)
samples of MPM and 27 adjacent healthy pleural tissues. The data indicated that only hsa-miR-126
showed significant sub-expression in MPM compared to healthy tissues. It should be noted that this
study was limited to the analysis of 88 microRNAs in the discovery phase and that samples were
preserved with different methods. It has been reported that some miRNAs detected in frozen tissue
samples may vary from those detected in FFPE samples because of the degradation of some miRNAs
in the latter; however, these profiles were shown to be comparable [61]. Samples preserved in FFPE
are frequently more available than frozen samples; therefore, this information is valuable for future
studies regarding diagnostic purposes. Nevertheless, there were no follow up studies in malignant
tissues from these authors.

In 2013, Xu et al. [62] performed miRNA profiling to identify altered miRNAs in MPM tissues
that could be associated with the oncogenic transformation of mesothelial cells. They analyzed miRNA
expression in 25 MPM specimens and six normal parietal pleural samples from patients without
mesothelioma or other malignancies by microarray (BeadChips v2, Illumina). The results indicated
that 49 miRNAs were over-expressed and 65 were under-expressed in MPM compared to controls.
The authors reported the validation of four miRNAs by RT-qPCR (sub-expressed miR-206, miR-1
and miR-483-5p; over-expressed miR-155*), but they did not state clearly whether a new group of
tissue samples was used for this validation. Because this study aimed to identify biologically relevant
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miRNAs in the development of MPM instead of miRNAs with diagnostic value, under-expressed
miR-1 was transfected into two MPM cell lines (H513, epithelioid type and H2052, sarcomatoid type),
which caused cycle arrest and apoptosis. This effect was associated with increased mRNA expression
of the tumor suppressors p53, Bcl2-associated X protein (BAX) and cyclin-dependent kinase inhibitors
p16/p21 and decreased mRNA expression of anti-apoptotic Bcl-2 and surviving. However, direct
experimental evidence of this association was not provided in the paper. None of the putative target
genes of the altered miRNAs identified by informatics analysis were tested experimentally.

Reid et al. [63] in 2013 reported that miR-16, miR15a, miR-15b, and miR-195 were markedly
sub-expressed in FFPE tissue samples of MPM patients (n = 60) compared to normal pleural tissue
samples of cardiac surgery patients (n = 23). Four-fold to 22-fold (miR-16) under-expression was
verified in four MPM cell lines relative to the normal mesothelial cell line MeT-5A (two-fold to
five-fold). The expression of miR16/15 was restored in cell lines to elucidate their biological function
in MPM to find a new potential target for therapy. Restoring miR-16 using synthetic mimics resulted
in growth inhibition, cell cycle arrest in G0/G1, increased apoptosis and reduced colony formation in
the MPM cell line MSTO-211H but not in MeT-5A cells. These effects correlated with down-regulation
of the miR-16 known target anti-apoptotic gene Bcl-2 and cyclin D1-encoding gene (CCND1) in H28
and MSTO-211H cell lines. Further, intravenous injection of miR-16-containing minicells to nude mice
already xenografted with MSTO-211H cells led to tumor growth inhibition that was dose-dependent.

In 2014, Cioce et al. [64] performed a screening test (887 miRNAs) on 29 pleural tissue samples
of MPM vs. 12 tissue samples of peritoneal mesothelial cysts (preserved in FFPE) with microarrays
(Human miRNA Microarray V2, Agilent). Among the 19 miRNAs differentially expressed in MPM,
sub-expressed miR-145 was chosen for validation by RT-qPCR in fresh pleural tissue samples of
MPM (n = 6) and normal tissue (n = 14) and subsequently in frozen samples of pleural tissue with
MPM (n = 36) and normal peritoneal mesothelial tissue (n = 36, same patients). They proceeded with
over-expression of miR-145 in three MPM cell lines and a normal mesothelial cell line and reported
reductions in proliferation and migration in two of the MPM cell lines compared to the control.
They further performed a xenotransplant of MSTO-211H cells that over-expressed miR-145 in SCID
mice and observed an inhibition of tumor growth in six of eight treated mice compared to controls.
The authors concluded that the results suggested that miR-145 functions as a tumor suppressor;
however, the number of experimental animals and cell lines were rather limited to provide reliable
evidence. In addition, peritoneal mesothelial cyst tissue was used as a comparative control group in
the discovery phase. Cystic mesothelial lesions are benign; therefore, they may not be comparable
to the validation phase when normal peritoneal mesothelial tissue was used as a control. Like the
study reported by Xu [62], this paper does not focus on the diagnostic value of miR-145 in MPM but
on its potential association with a carcinogenic process. Additionally, this study also reported the
sub-expression of miR-200c, which coincides with the results reported by Gee, et al. in 2011 [59].

Ramirez-Salazar et al. [65] in 2014 analyzed miRNA expression profiles in pleural tissue with
epithelioid MPM (n = 5), pachypleuritis (PP) (n = 4) and atypical mesothelial hyperplasia (HP)
(n = 5) and in non-cancerous/non-inflammatory tissue (n = 5) as a control using PCRArray (TaqMan
Array, Applied Biosystems). The aim of this study was to elucidate mechanisms associated with the
development of MPM since pleural chronic inflammation is considered to be a detonating factor in
MPM pathogenesis. Different from most studies on mesothelioma, this study provided a description
of the histological diagnosis of all tissue samples. Moreover, only tumor samples containing
>80% neoplastic cells were used, which provided better tumor representativeness. The authors
reported 19 miRNAs that were differentially expressed in MPM samples compared to control samples,
11 that were sub-expressed (miR-517b-3p, miR-627, miR-766-3p, miR-101-3p, miR-501-3p, miR-212-3p,
miR-596, miR-145-5p, miR-671-3p, miR-181a-5p and miR-18a-3p), and eight that were over-expressed
(miR-30e-3p, miR-34a-3p, miR-622, let-7a-5p, miR-196b-5p, miR-135b-5p, miR-18a-5p and miR-302-3p).
Bioinformatic analysis revealed that the targets of four under-expressed miRNAs in MPM (miR-181a-5p,
miR-101-3p, miR-145-5p and miR-212-3p), one in PP (miR-101-3p) and one in HP (miR-494) were
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significantly associated with “cancer pathways”. Nevertheless, the authors did not perform any
experimental studies to assess the predictive results. Coincidently, Cioce et al. also reported the
sub-expression of miR-145 in MPM [64].

Andersen et al. [66] sought to identify miRNA candidates for diagnostic biomarkers by analyzing
miRNA expression in samples preserved in FFPE of five MPM specimens previously treated
with chemotherapy (MPM), five preoperative diagnostic biopsy samples of MPM (DB) and five
non-neoplastic pleural tissue samples of a patient with MPM previously treated with chemotherapy
(NNP) using PCRArray (miRCURYLNA Universal RT microRNA Ready-to-Use, Human Panels
I + II v2). The authors chose four sub-expressed (miR-126, miR-143, miR-145 and miR-653) and two
over-expressed (miR-193a-3p, miR-193b) miRNAs found in either the DB or MPM samples compared to
NNP samples for RT-qPCR validation using 40 MPM, 12 DB and 14 NNP samples. The results indicated
statistically significant sub-expression of miR-126, miR-652, miR-145 and miR-143 in both DB and MMP
compared to NNP. It was reported that miR-145 and miR-652 had a sensitivity or specificity >80%,
whereas miR-143 and miR-126 had a sensitivity or specificity <80% (Receiver operating characteristic
curve or ROC curve). It is important to note the main potential design limitations of this study: first,
the samples analyzed at the screening phase contained 40–85% neoplastic tissue, but it was not clear
how many samples contained specific percentages in that range. This point could be relevant if we
consider the representativeness of each sample as a tumor whose non-neoplastic content was 60%
versus 15%. Second, the authors stated that in order to test for any chemotherapy-induced changes in
miRNA expression profiles, they had to compare diagnostic biopsy samples without treatment (DB) to
NNP; however, the latter samples were previously treated with chemotherapy. Chemotherapy affects
normal and tumor tissues, potentially inducing changes in the miRNA expression profiles of both;
therefore, this aim cannot be achieved with the stated comparison. Nevertheless, this study was the
third to report the sub-expression of miR-145 in MPM pleural tissue.

In 2015, Ak et al. [67] investigated miRNA expression levels in frozen pleural tissues from
MPM and benign asbestos-related pleural effusion (BAPE) patients using PCRArray. BAPE tissue
samples showed non-specific pleuritis/fibrosis. The authors performed PCRArray (384 miRNAs,
Applied Biosystems) on 18 MPM (11 with chemotherapy treatment) and six BAPE samples and
reported 11 over-expressed miRNAs in MPM samples compared to BAPE (miR-484, miR-320, let-7a,
miR-744, miR-20a, miR-193b, let-7d, miR-125a-5p, miR-92a, miR-155, and miR-152). They evaluated
the diagnostic value of these miRNAs to differentiate MPM from BAPE using ROC and area under the
curve (AUC) analysis. The results showed that four miRNAs had AUC values ≥0.90 (miR-484, miR-320,
let-7a and miR-125a-5p). Meanwhile, miR-484 had a sensitivity and specificity of 100%, miR-320 had
a sensitivity of 78% and a specificity of 100%, let-7a had a sensitivity of 94% and a specificity of
83% and miR-125a-5p had a sensitivity of 89% and a specificity of 100%. This study had some
limitations: using a mixture of tissue samples from MPM patients treated with chemotherapy and
without treatment and a limited number of samples without validation in an independent cohort
of patients. Potential chemotherapy-induced changes in the miRNA expression profiles may have
induced bias in the analysis.

Also in 2015, Birnie et al. [68] investigated the role of miR-223 in MPM based on evidence
that suggested that miR-223 might be a tumor suppressor in other hematopoietic and solid tumors
and on their own initial findings that indicated that miR-223 was down-regulated in three MPM
cell lines compared to one human mesothelial cell control. They examined the expression levels of
miR-223 in 17 MPM pleural tissue samples and six normal pleural tissue samples from non-cancer
patients undergoing cardiac or aortic surgery by RT-qPCR. They enriched the tumor content of the
FFPE-conserved specimens by performing laser-capture micro-dissection. In addition, they examined
miR-223 expression in cells obtained from the pleural effusion of 26 MPM and ten benign pleural
disease patients. Down-regulation of miR-223 was confirmed in MPM tissues and MPM effusion
cells. After over-expression of miR-223 in MPM cell lines (Human JU77 and CRL2081), STMN1 levels
were reduced, cell motility was inhibited, and tubulin acetylation was induced. Migration of both cell
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lines was significantly reduced following the knockdown of STMN1 expression. In addition, miR-223
levels increased, whereas STMN1 was reduced following the re-expression of c-Jun N-terminal kinase
(JNK) isoforms in JNK-null murine embryonic fibroblasts, suggesting that miR-223 and its target
STMN1 are involved in the regulation of MPM cell motility, which may be associated with their
carcinogenic properties.

In 2016, Cappellesso et al. [69] searched for miRNAs that could be used as a complementary tool
for the diagnosis of MPM in pleural effusion cytology. For this study, the authors decided to test 15
miRNAs previously reported by three publications as potential candidates for MPM biomarkers using
RT-qPCR. First, they analyzed miRNA expression levels in two MPM cell lines (H2052 and H28) and
one normal mesothelium cell line (MET-5A) and reported the over-expression of miR-19a, miR-19b,
miR-21 and miR-25 and sub-expression of miR-126. These miRNAs were further analyzed in pleural
tissue samples preserved in FFPE of 51 MPM and 40 benign/reactive pleurae with the same results.
Likewise, these five miRNAs were evaluated in 29 cytological samples of MPM and 24 cytological
samples with reactive mesothelial cells (RMCs). It was indicated that 31 samples were air-dried and
stained with May–Grunwald–Giemsa and 22 samples were fixed in 95% alcohol and stained with
Papanicolaou, but the authors did not clarify which type of samples were stained (MPM or RMCs).
They found over-expression of miR-19a and miR-21 and sub-expression of miR-126 in MPM compared
to RMCs. ROC analysis suggested that miR-19a, miR-19b, miR-21 and miR-126 could be diagnostic
biomarkers of MPM in cytological samples because they showed a sensitivity or specificity >0.80.
The results showed that the five analyzed miRNAs were detectable in these samples. One striking
detail is that this study is the first to report the quantification of miRNAs from stained cytological
samples. The authors stated that “staining, fixation, and the length of time in storage did not markedly
affect final RNA quality or yield among smears”, but they did not provide evidence to support this
statement. It would have been relevant to this field and to other researchers to report this evidence as
new findings.

In a subsequent study, Cappellesso et al. (2017) [70] searched for candidate biomarker miRNAs for
differential diagnosis of MPM from AD in histologic and cytological specimens. First, a bioinformatic
analysis of three data sets regarding the expression of miRNAs in MPM and AD was performed
to select candidate miRNAs. Three upregulated miRNAs (miR-130a, miR-193a, and miR-675) and
three downregulated miRNAs (miR-141, miR-205, and miR-375) in MPM vs. AD were selected.
Their expression was tested in 41 epithelioid MPM and 40 AD histologic specimens (FFPE) and 26 MPM
and 27 AD cytological specimens, by RT-qPCR. In this study, tumor cells were microdissected manually
from histologic samples and the cells were scraped from each slide from cytological samples to ensure a
tumor cell content >70%. Results indicated that only miR-130a was significantly overexpressed in both
histologic and cytological MPM specimens compared to AD. Finally, the ROC analysis of miR-130a in
cytological samples demonstrated a low sensitivity of 77%, a specificity of 67%.

3.2. Studies in the Cellular Fraction of Peripheral Blood

Tissue miRNAs have promising diagnostic value for several tumors, including MPM. However,
obtaining pleural tissue samples requires invasive procedures. An alternative is using biological
samples than can be obtained with less invasive procedures, such as peripheral blood.

In 2012, Weber et al. [71] published the first study that analyzed the diagnostic value of miRNAs in
the cell fraction of human peripheral blood of MPM patients, cancer-free asbestos-exposed individuals
(AEC) and cancer-free individuals from the general population (CGP). They first analyzed 328 miRNAs
in 23 MPM and 17 AEC using microarrays (miRVana miRNA Probe Set v3.3, Ambion, TX, USA) and
found that miR-20a and miR-103 were under-expressed in MPM. These two miRNAs were quantified in
23 MPM, 17 AEC and 25 CGP by RT-qPCR, and the results showed that only miR-103 was significantly
under-expressed in MPM. ROC analysis showed that miR-103 could discriminate MPM from AEC with
a sensitivity of 83% and specificity of 71% and could discriminate MPM from CGP with a sensitivity of
78% and specificity of 76%.
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In 2014, Weber et al. published a follow up paper [72] in which they analyzed the diagnostic
value of a combination of miR-103a-3p levels in the cell fraction of peripheral blood (by RT-qPCR)
and the mesothelin concentration in plasma (ELISA test). The analysis of 43 male MPM patients
and 52 male controls formerly exposed to asbestos revealed that the combination of mesothelin and
miR-103a-3p showed a sensitivity of 95% and a specificity of 81% for MPM diagnosis. For individual
determinations, mesothelin showed a sensitivity of 74% and specificity of 85%, whereas miR-103a-3p
showed a sensitivity of 89% and a specificity of 63%.

These two studies did not provide details on how the healthy status of normal controls and
asbestos-exposed subjects were assessed.

3.3. Studies in Serum and Plasma

MicroRNAs are secreted into the liquid fraction of peripheral blood (serum and plasma) and into
all body fluids analyzed to date. These studies described here focus on miRNAs found in serum and
plasma (also known as circulating miRNAs) as potential biomarkers for MPM.

In their study performed in 2011, Santarelli et al. [29] also evaluated the levels of miR-126 in
serum samples of 44 MPM patients, 196 asbestos-exposed subjects and 50 healthy subjects together
with the levels of soluble mesothelin-related peptides (SMRPs) using RT-qPCR and ELISA, respectively.
ROC analysis showed that cut-off values of miR-126 discriminated asbestos-exposed subjects from
controls with a sensitivity of 60% and specificity of 74%, and from MPM patients with a sensitivity
of 73% and specificity of 74%. These values are promising, although the recommended values for
good biomarkers are a sensitivity and specificity >80%. One advantage is the large number of samples
analyzed. In addition, asbestos-exposed subjects were very well classified as a control group in this
study. Chest radiography and high-resolution computed tomography were performed to verify the
absence of tumors, and detailed questionnaires on asbestos exposure were administered. The authors
also reported that a combination of decreased levels of miR-126 and increased levels of SMRPs
correlated with a higher risk of developing MPM, but they did not report sensitivity or specificity
values for that determination.

In a subsequent study (2012), Tomasetti et al. [73] aimed to validate an optimized method for
the detection of miR-126 in serum. In this new contribution, endogenous and exogenous controls
were used for the normalization of RT-qPCR data, the accuracy and precision of the method were
evaluated, and relative plus absolute RT-qPCR quantification was performed. The authors quantified
miR-126 in diluted serum samples of 45 MPM, 20 non-small cells lung cancer (NSCLC) patients and 56
healthy controls using RT-qPCR. The results showed an under-expression of miR-126 in MPM and
NSCLC compared to healthy controls, which significantly discriminated MPM patients from healthy
controls and from NSCLC patients, but did not differentiate NSCLC patients from healthy controls.
ROC analysis indicated that miR-126 in serum is a candidate biomarker for MPM with high sensitivity
(80%) but low specificity (60%).

Also in 2012, Kirschner et al. [74] analyzed miRNA expression profiles in the plasma of five MPM
patients (three epithelioid and two sarcomatoid types) and three healthy controls using microarrays
(V3, miRBase V12.0, Agilent Technologies, Santa Clara, CA, USA). They found 15 over-expressed
miRNAs in MPM compared to controls. The authors further validated the microarray results of 12
candidate miRNAs with the most significant elevation levels in the plasma of 15 MPM patients and 14
control subjects (eight patients with coronary artery disease and six healthy subjects) using RT-qPCR.
The results indicated that only miR-625-3p was significantly over-expressed in MPM. ROC analysis
showed that plasma miR-625-3p levels discriminated between MPM patients and control subjects
with an accuracy of 82.4%, a sensitivity of 73.3% and a specificity of 78.5%. Instead of testing a larger
cohort of plasma samples, the levels of miR-625-3p were quantified in serum from a new cohort of
30 MPM patients and ten subjects with asbestosis. Levels of miR-625-3p were significantly elevated
in MPM patients compared with asbestosis patients with an accuracy of 79.3%, a sensitivity of 70%
and a specificity of 90%. Then, the authors decided to evaluate the levels of 12 miRNAs identified in

82



Int. J. Mol. Sci. 2018, 19, 595

microarray analysis of 18 tissue samples from MPM patients and seven pericardial tissue samples used
as controls. Unlike previous results in plasma and serum, the data indicated an over-expression of
miR-625-3p and an under-expression of miR-29c*, miR-16, miR-196b, miR-26a-2-3p and miR-1914-3p
in MPM tumor samples compared to controls. These mismatched data are not surprising; there are
studies that suggest that miRNA expression profiles in cells/tissues do not necessarily reflect the
profiles of their secreted miRNAs [75,76]. The disadvantages of this study include a limited number
of samples for each type of biological sample used. Perhaps choosing a larger number of plasma
samples instead of analyzing a very limited number of serum and tissue samples would have been
more useful. In addition, the authors used plasma from eight patients with coronary artery disease
(together with six healthy subjects) as normal controls in the validation phase. These samples should
not be considered controls because they are not from healthy subjects and because miRNA profiles
can be altered due to coronary artery conditions [77,78]. Details on how the healthy status of control
subjects was assessed were not provided. Later, levels of miR-16 were tested in a larger number of
tissue samples (60 MPM samples) in a paper published in 2013 [63], but they were not tested in serum
or plasma samples.

On the other hand, Gayosso-Gómez (2014) [79] searched for candidate biomarker miRNAs for
differential diagnosis of MPM from AD in serum. They analyzed the miRNA profiles of pooled serum
samples of 22 MPM (epithelioid), 36 AD patients and 45 healthy controls using deep sequencing
(Illumina). The results indicated over-expression of seven miRNAs in MPM and 12 miRNAs in AD
patients compared to healthy controls. Among these miRNAs, four were common to both neoplasms
(miR-4791, miR-185-5p, miR-96-5p and miR-1271-5p), whereas miR-1292, miR-409-5 and miR-92b -5p
were over-expressed exclusively in MPM. Comparative analysis of MPM vs. AD patients showed 13
miRNAs over-expressed and five miRNAs sub-expressed in MPM patients. The disadvantages of this
study are the lack of quantitative validation of the sequencing results and the lack of a follow up study.
An advantage was that the respiratory function of healthy subjects was verified.

In 2015, Lamberti et al. [80] reported the identification of two serum miRNA signatures that
correlate with the clinical outcome and histological subtype of MPM. They quantified 384 miRNAs
in the serum of 14 MPM patients (seven epithelioid, three sarcomatoid and four biphasic types) and
ten patients affected by non-cancer-related pleural effusions as normal controls using PCRArray
(Microfluidic card A, Applied Biosystems). The results indicated over-expression of miR-101, miR-25,
miR-26b, miR-335 and miR-433 and sub-expression of miR-191 and miR-223 in MPM. Additionally,
miR-29a and miR-516 were detected exclusively in MPM patients. Notably, it was stated that RT-qPCR
was performed to evaluate miRNAs in “an extended group of patients”, but clear information about
these patients was not provided in the study. Patients were subdivided into two groups: group A,
which was composed of patients with over-expression of ≥3/9 miRNAs and miR-516 undetectable
or unchanged, and group B, which contained patients with at least 3/9 miRNAs sub-expressed or
without change and/or miR-29a sub-expressed. Based on these criteria, patients in group A (n = 5)
had a significantly shorter mean survival than patients in group B (n = 9) (7 months vs. 17 months,
p = 0.0021). They reported that in patients with signature A, 2/5 had sarcomatoid and 3/5 had biphasic
MPM, but statistical significance was not provided in this study. Therefore, two important pieces of
information are missing. In addition, MPM patients were compared to non-cancer related pleural
effusion patients as normal controls. Pleural effusion patients should not be considered normal or
healthy controls. Pleural effusion does not occur in healthy subjects. In addition to tumor-related
conditions, etiologies of pleural effusions are diverse and range from cardiopulmonary disorders
to systemic inflammatory conditions that could be infectious (viral or bacterial) or non-infectious.
More importantly, the authors did not report the diagnosis or etiology of the ten pleural effusion
patients; therefore, there is no information on a potential bias in case of different etiologies. In addition
to differences in pathogenesis and clinical characteristics, for example, viral or bacterial pneumonitis
vs. cardiac failure, it has been suggested that miRNA expression profiles are distinctive for different
diseases [81–84]. Perhaps the initial approach to this study should have considered the discovery
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of miRNAs in MPM patients that can distinguish them from patients with other non-cancer related
diseases that induce pleural effusion, which also would have clinical value.

In a new contribution, Santarelli et al. [85] analyzed the diagnostic value of a combination of three
markers (miR-126, methylated thrombomodulin promoter or Met-TM and SMRPs) in serum samples
of 45 MPM patients, 99 asbestos-exposed subjects and 44 healthy controls to detect MPM. They further
evaluated the three biomarkers in 18 MPM, 50 asbestos-exposed subjects, 20 healthy controls and 42
lung cancer (LC) patients. The population of LC patients was included for cancer specificity evaluation.
The data indicated that the risk of MPM significantly increased at high SMRP levels with at least one
or both altered epigenetic biomarkers (low miR-16 or high Met-TM), whereas the disease risk was
maximum when all three biomarkers were altered. Conversely, the LC patients showed low miR-126
and high Met-TM levels but were associated with low levels of SMRPs. The combination of SMRPs,
miR-126 and Met-TM improves the differential diagnosis of MPM up to an AUC of 0.857 (95% CI,
0.767–0.927) compared to SMRP alone at 0.818 (95% CI, 0.723–0.914). Importantly, the authors reported
that the expression of these biomarkers was independent of gender, age, smoking and duration of
asbestos exposure, which is a new contribution for MPM-related studies.

In 2016, Bononi et al. [86] investigated miRNA expression profiles in the serum of ten MPM
patients, ten subjects exposed to asbestos (AE) and ten healthy subjects (HC) by using microarrays
(Agilent Technologies, Human miRNA G4470A) in the discovery phase. Out of 37 differentially
expressed miRNAs in MPM, three were validated in 30 sera previously used for microarray analysis
and in additional 19 serum samples (ten MPM, five AE and four HC) by RT-qPCR. The results indicated
that miR-197-3p, miR-1281 and miR-32-3p were up-regulated in MPM compared to HC; miR-197-3p
and miR-32-3p were up-regulated in MPM compared to AE; and miR-1281 was up-regulated in MPM
and AE compared to HC. AUC in all cases were a little less than 0.8. This work was one of few studies
that identified endogenous stable miRNA that could be used as suitable normalizer. On the other hand,
some relevant information was missing, such as the histological subtypes of MPM patients and how
the healthy status of the controls was verified. This study did not find the down-regulation of miR-126
in MPM as previously reported by Santarelli et al. [29,85], who also used serum from asbestos-exposed
subjects as comparative controls.

Cavalleri et al. [87] in 2017 aimed to identify a specific miRNA signature in plasmatic
extracellular vesicles (EV) that discriminates MPM patients from past asbestos-exposed subjects (PAE).
They analyzed 754 miRNAs in plasmatic EVs of 23 MPM patients and 19 cancer-free subjects exposed
to asbestos in the past using an OpenArray method. Among 62 miRNAs differentially expressed
in MPM compared to PAE (sub-expression), 16 out of 20 analyzed miRNAs were quantitatively
confirmed by RT-qPCR. The authors found a signature of the five best discriminating miRNAs of
miR-103a-3p, miR-98, miR-148b, miR-744 and miR-30e-3p with an AUC of 0.864, 0.864, 0.852, 0.845
and 0.827, respectively. They further simplified the signature with miR-30e-3p and miR-103a-3p,
which generated an AUC of 0.942 with a sensitivity of 95.5% and specificity of 80%. Down-regulation
of miR-103a-3p was also found in the cellular fraction of peripheral blood of MPM patients in two
previous reports [71,72]. In addition, the authors tested other miRNAs reported in the literature as
potential biomarkers of MPM (miR-126, miR-625-3p, miR-25, miR-29 and miR-433) and did not find
significant differences between the study groups. Nevertheless, the evidence indicates that the type
and levels of miRNAs may vary in the exosomal fraction compared to those found in exosome-free
fraction and may vary between different body fluids, such as serum vs. plasma [36]. This work is the
first study that exclusively analyzed the miRNAs in exosomes isolated from plasma samples of MPM
patients, which may provide relevant information about miRNA release mechanisms associated with
neoplastic processes for future studies. However, a potential disadvantage of this approach for future
clinical applications is that ultracentrifugation requires a specialized heavy apparatus (ultracentrifuge)
that is not common in clinical laboratories and two extra hours of sample processing.
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In 2017, Weber et al. [88] aimed to identify candidate biomarker miRNAs in plasma for diagnosis
of MPM. For the discovery phase, they analyzed 377 miRNAs in plasma of 21 MPM patients and 21
asbestos-exposed controls, using PCRArray (TaqMan Low density Array Human MicroRNA CardA
v2.0). The authors reported the identification of three stable reference miRNAs (miR-20b, miR-28-3p
and miR-146b-5p), and also reported that they normalized the raw Ct values from the PCRArray
with combinations of the three reference miRNAs to identify the candidate miRNAs. Then, miR-24
(miR-146b-5p as reference) and miR-132-3p (miR-146b-5p as reference), miR-24 (miR-146b-5pMiR-28-3p
as reference) and miR-132-3p (miR-28-3p as reference) showed statistically significant down-regulation
in MPM, and they were analyzed in the subsequent validation phase (22 MPM patients and 44
asbestos-exposed controls) using RT-qPCR. Results indicated that only miR-132-3p (and miR-146b-5p
as reference) reached a significant difference in MPM patients compared to controls.

The authors additionally measured the expression of miR-126 (using U6 snoRNA as reference)
and miR-625-3p (miR-16 as reference) in the verification phase to evaluate the discrimination
potential of biomarker combinations. These miRNAs were previously described as candidate MPM
biomarkers by Santarelli [29] and Kirschner et al. [74]. Results indicated that miR-126 was statistically
significantly downregulated in MPM compared to controls. However, there are confusing details in
this experimental design and results. First, miR-126 is included in the Human MicroRNA Card A
v2.0 that was used for this study (discovery phase), and the authors did not report that the miR-126
expression was altered in MPM compared to controls. Therefore, it is not clear how the levels of
miR-126 were found downregulated in the validation phase but not in the discovery phase in this
study. Second, Santarelli et al., 2011 [29] used U6 snoRNA as a normalizer, but U6 snoRNA was not
discovered as a suitable normalizer in this study, but it was used as reference anyway. Perhaps this
inconsistency in miR-126 levels can be explained by the use of inadequate normalizer for these samples.
Finally, the authors also reported that the combination of miR-132-3p and miR-126 within a panel
(with two different references for normalization) implicate a less robust diagnosis method.

3.4. Studies in Other Body Fluids

To date, there are no publications that analyze the diagnostic value of secreted miRNAs in
other biological fluids in MPM. Samples such as pleural effusion fluid could be a good option.
This condition is a common clinical manifestation of late MPM, which is when most patients seek
medical attention. Moreover, recent evidence suggests that secreted miRNAs in pleural effusion may
have diagnostic value in other neoplasms, such as lung cancer [89]. As mentioned before, Birnie
et al. analyzed the miRNA expression patterns of cells from pleural effusion [68]. Although they
were not secreted miRNAs, miRNAs from pleural effusion cells would be a good option for potential
non-invasive biomarkers.

4. Relevant Aspects of the Experimental Designs That May Influence the Accuracy, Consistency
and Real Diagnostic Value of Currently Reported Data

4.1. Number of Samples

Most of the MPM-related studies analyzed a limited number of biological samples. Even for
the validation phase, less than 100 samples were analyzed with a few exceptions. In fact, power and
sample size calculations were not presented in any of the published studies. There is no doubt that
data obtained from large-scale studies are considered the most reliable; however, it is relevant to notice
that MPM is a low frequency disease that is difficult to diagnose and therefore samples may not be
available in great number to the investigators at the time of research. For this particularly rare but
aggressive tumor, information provided by well-designed studies will be relevant even with a limited
number of samples. One strategy to overcome this scenario is to validate findings in follow up studies
with larger, independent sets of patients when samples are available.
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4.2. Follow up Studies of Promising Candidate miRNAs Biomarkers

Unfortunately, most of the studies reported data that were never confirmed in subsequent
independent analysis with a few exceptions. Down-regulation of miR-126 was assessed in the serum of
MPM patients in three subsequent studies by Santarelli et al. in 2011 [29], Tomasetti et al. in 2012 [73]
and Santarelli et al. in 2015 [85]. Weber et al. reported the sub-expression of miR-103 in the cellular
fraction of peripheral blood of MPM patients in two subsequent studies [71,72].

On the other hand, independent studies identified some common miRNAs as candidate
biomarkers for MPM: in addition to Weber et al., an independent research group reported the
sub-expression of miR-103 in the plasma of MPM patients [87]. Three independent authors found that
miR-145 was downregulated in the pleural tissue of MPM patients [64–66].

Consistently reported miRNAs in different publications are more likely to have clinical relevance;
therefore, a simple vote-counting method could be applied to choose promising candidate miRNAs
that will be evaluated in statistically well-powered prospective studies. Table 2 summarizes the
candidate miRNAs biomarkers of MPM reported by at least two independent studies and includes
only RT-qPCR-validated miRNAs.

Table 2. miRNAs with potential diagnosis value for MPM reported by at least 2 independent studies.

miRNA
Number of

Studies
Sample Source Comparative Analysis Design References

miR-200c↓ 2 Pleural tissue (1) MPM vs. AD. (2) MPM vs. epithelial carcinoma [59,60]

miR-126↓ 3 Pleural tissue
(1) MPM vs. normal pleura. (2) MPM vs. normal
pleura (with Cth). (3) MPM vs. benign/reactive
pleurae

[29,66,69]

miR-145↓ 3 Pleural tissue (1) MPM vs. benign pleural tissue. (2) MPM vs.
normal pleura. (3) MPM vs. normal pleura (with Cth) [64–66]

miR-16↓ 2 Pleural tissue (1) MPM vs. pericardial tissues. (2) MPM vs. normal
pleural tissue [63,74]

miR-103↓ 2 Cellular fraction of
peripheral blood

Two subsequent studies: MPM vs. asbestos-exposed
controls [71,72]

miR-126↓ 3 Serum

Three subsequent studies: (a) MPM vs.
asbestos-exposed controls vs. healthy controls.
(b) MPM vs. Healthy controls. (c) MPM vs.
asbestos-exposed controls vs. healthy controls

[29,73,85]

Only validated miRNAs (RT-qPCR) are included in this list. ↑ = upregulated expression; ↓ = downregulated
expression.

On the other hand, a meta-analysis is a better approach because it provides statistical analysis of
multiple data, increasing the likelihood of finding good candidate miRNAs. However, performing a
meta-analysis requires an investigator to decide how to search for studies, how to select those studies,
which criteria to use and which data to include. These choices affect the results of this analysis.

Therefore, both vote-counting methods and meta-analysis should be performed carefully by
choosing reliable data for the analysis, for example only RT-qPCR-validated miRNAs.

In this regard, Micolucci et al. (2016) [90] performed a systematic review and meta-analysis
in order to identify high-confidence miRNAs that could serve as biomarkers of MPM compared to
asbestos exposure subjects. First, they listed the most frequently reported miRNAs that had been
described in 2–5 papers in their table 1 and supplementary table 1 by using a vote-counting method.
Nevertheless, the authors listed all miRNAs reported in those papers without analyzing the reliability
of the studies. For example, both tables included miRNAs that were identified by a single microarray
analysis, without verification with RT-qPCR. Moreover, Table 1 included miR-20a (reported by Weber
2012 [71]), which was not significantly down-regulated in MPM after the verification test performed
by Weber et al. themselves. Another example is miR-101, which was reported by Kemp et al. [91]
as downregulated in only six tumor samples vs. three normal pleural tissues. Next, the authors
conducted a qualitative meta-analysis using only RT-qPCR-validated miRNAs to improve the results
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of the vote-counting method, but details of other criteria were not provided. This method identified
nine miRNAs as the most significant in tissue (miR-145-5p, miR-126-3p, miR-16-5p, miR-192-5p,
miR-193a-3p, miR-200b-3p, miR-203-3p, miR-143-3p and miR-652-3p) and three circulating miRNAs
(miR126-3p, miR-103a-3p and miR-625-3p). In addition, authors analyzed the biological function of
these promising miRNAs to estimate their potential value as biomarkers. In spite of the heterogeneity
of MPM studies, these qualitative meta-analyses and functional research provide an undeniably useful
list of candidate miRNAs that should be analyzed in a large-scale study in order to assess their
clinical relevance.

4.3. Relevance of Tumor Representativeness in Tissue Samples

It is notable that only two studies assessed tumor representativeness in the analyzed tissue samples
by using only MPM samples with >80% tumor content and by using laser micro-dissection [65,68].
Few other studies mentioned the percentage of tumor content in MPM tissue samples, which ranged
from 40–85% [58,60,62,66]. As previously mentioned, this information could be relevant if we consider
the representative tumor content in a sample with a non-neoplastic content of 60% vs. 15%, for example.
Remember that a potential diagnostic value is based on the hypothesis that tumor tissue expresses
miRNA profiles that are distinct from normal tissue; therefore, the experimental design should ensure
that the obtained data corresponds to each type of tissue.

4.4. Relevance of the Normal/Healthy Controls Used in These Studies

Only three studies that analyzed miRNAs in peripheral blood, serum or plasma of healthy subjects
as controls provided details on how the “healthy” status of those subjects was verified [73,79,85].
This relevant information should have been included in the other studies. On the other hand, a few
studies used subjects who suffered from disease as “normal controls”. For example, patients with
pleural effusion were used as controls, which implies that these subjects suffered from a disease that
was not disclosed in the study. Another example was the use of patients with coronary artery disease as
normal controls. This scenario may be considered an important flaw in the design if the study aim was
to compare MPM patients to “healthy” subjects. Evidence indicates that miRNAs are altered in several
diseases; therefore, there is bias in analysis when the presence of another disease is not acknowledged.

4.5. Relevance of Proper Normalizers for Quantitative RT-qPCR Analysis (Validation Phase)

Currently, the relevance of proper and rigorous normalization of quantitative RT-qPCR data is
well known. The accuracy of expression measurements requires the identification and validation of
appropriate reference miRNA for each type of biological sample used [92–94]. It is notable that only
a few studies identified and experimentally validated the most stable miRNAs to normalize qPCR
expression data (Table 1). Inappropriate normalization can result in statistical confidence in the wrong
conclusion [92] and can lead to false discovery.

4.6. Analysis of Different Histological Subtypes of MPM

In addition to different histological characteristics, there are differences in the clinical behavior,
malignity and outcome between the three main histological subtypes of MPM. Consequently, analysis
of miRNA expression may be separately performed for each histological subtype of MPM in order to
maximize discoveries with clinical usefulness. Unfortunately, most studies did not report such analysis
despite using different histological subtypes of MPM, or they omitted this analysis from the report it
if it was actually performed. Moreover, some studies did not report the histological subtype of the
samples used.
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4.7. More Than One Biomarker Used for Diagnosis

Cancer, including MPM, is a multifactorial disease that involves multiple genetic/epigenetic
alterations and environmental risk factors. Thus, it is unlikely that a single biomarker will provide
a method of detection with the sensitivity and specificity required to reach an accurate diagnosis.
Accordingly, evidence showed that the diagnostic value of serum levels of miR-126 increased when
it was measured together with SMRPs and Met-TM [73,85], and the diagnostic value of levels of
miR-103a-3p in the cellular fraction of peripheral blood increased when it was measured together with
mesothelin in plasma [71,72]. In addition, signatures of two or more miRNAs may increase diagnostic
value in future clinical use [87].

4.8. Complete and Accurate Reporting

Complete and accurate reporting allows readers to critically identify the strengths and weaknesses
of the research study and therefore evaluate the validity and potential applicability of the reported
data. However, critical information is often missing or unclear in most of the reviewed publications.
This scenario is not unique for studies regarding MPM; lack of relevant information in design,
conduct and analysis of diagnostic studies has been detected previously [95,96]. Because of this
lack of information, the Standards for Reporting of Diagnostic Accuracy (STARD) initiative emerged
to improve the quality of reporting of studies of diagnostic accuracy, among other guidelines.
Recommendations of guidelines, such as the Standards for Reporting of Diagnostic Accuracy (STARD)
for diagnostic studies [97], the Reporting recommendations for tumour Marker prognostic Studies
(REMARK) for prognostic studies [98], or the Strengthening the Reporting of Observational Studies
in Epidemiology (STROBE) for observational studies [99], are useful to determine the reliability and
quality of biomarkers in the initial discovery phase. These guidelines have been available since 2003,
2007 and 2012, respectively. Following the recommendations of these guidelines may be helpful to
standardize which vital information is published.

5. miRNAs Associated with Neoplastic Mechanisms of MPM and Their Potential
Diagnostic Value

In addition, increasing evidence suggests that aberrant levels of miRNAs contribute to
oncogenesis, progression and metastasis of several cancers, such as tumor suppressor or oncomiR [100].
As previously mentioned, the potential association of altered miRNAs with MPM carcinogenic
mechanisms increases the likelihood of having a diagnostic value for this disease. This feature, together
with their tumor tissue-specific expression, may facilitate the identification of diagnostic and prognostic
miRNA biomarkers that can be applied for clinical use. Table 3 summarizes deregulated miRNAs
associated with carcinogenesis mechanisms in MPM.

For example, miR-145 was reported as downregulated in MPM tissue by three independent
studies; importantly, its over-expression in MPM cell lines induces a reduction of proliferation and
migration in two out of three transfected MPM cell lines (Tables 2 and 3).

Perhaps, greater effort should be devoted to elucidate which miRNAs are associated with
neoplastic mechanisms along with the searching for candidate biomarkers.
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Table 3. Deregulated miRNAs associated with carcinogenesis mechanisms in MPM.

miRNA with
Deregulated

Expression in MPM

Potential
Function

Biological Effect of Experimental
Manipulation of miRNA Expression

Other Effects Reference

miR-16↓ (tissue) Tumor
suppressor

Restoring miR-16: growth inhibition,
cell cycle arrest in G0/G1, increased

apoptosis and reduced colony
formation in MPM cell lines

Correlation with downregulation of
Bcl2, CCND1. Administration of
miR-16-containing minicells to

xenografted mice inhibited tumor
growth

[63]

miR-1↓ (tissue) Tumor
suppressor

Restoring miR-1: cell cycle arrest,
increased apoptosis.

Correlation with upregulation of p53,
BAX, p16/21; and downregulation of

Bcl2 and survivin
[62]

miR-145↓ (tissue) Tumor
suppressor

Restoring miR-145: reduction of
proliferation and migration of two out

of three transfected MPM cell lines

Xenotransplant (transfected MPM cell
line): inhibition of tumor growth in 6
of 8 treated mice compared to controls

[64]

miR-223↓ (tissue) Tumor
suppressor

Over-expression of miR-223:
reduction of two MPM cell lines

motility.

STMN1 levels were reduced and
tubulin acetylation was induced [68]

↑ = upregulated expression; ↓ = downregulated expression.

6. Conclusions and Future Perspectives

Accurate diagnosis of MPM is often difficult and complex. Difficulty in diagnosis has led to the
search for new diagnostic tools that can be added to the resources currently used in the clinic. In this
regard, accumulating evidence indicates that miRNAs are potential diagnostic biomarkers for several
tumors, which prompted the study of microRNA expression levels as an important diagnostic and
prognostic tool for MPM.

However, for this disease, limited availability of patient cohorts seemed to be an initial problem
that had to be solved in order to perform research. Possibly, in order to advance in the field, it would be
preferable to identify the most promising candidate miRNAs reported in the peer-reviewed literature
and validate them in a multi-institutional/international coordinated effort using well-characterized
biological samples from multiple research institutions in statistically well-powered prospective studies.

However, analysis of the published literature showed the heterogeneity of the data, samples,
controls, and methods and the critical limitations and potential bias of several of the reviewed
studies. Moreover, important information is often missing or unclear in various revised papers.
Nevertheless, despite these limitations, several common candidate biomarker miRNAs were confirmed
by various studies. Moreover, some of these miRNAs were associated with cellular mechanisms that
are potentially involved in carcinogenesis in in vitro experiments. This result is telling of the true
potential of miRNAs as diagnostic biomarkers for MPM.

This analysis allows some essential conclusions. (A) Larger and prospective studies are needed to
confirm the true diagnostic value of all candidate miRNAs reported in the reviewed literature. (B) It is
fundamental that research is reported clearly and transparently regarding study design, performance,
and analysis. (C) It is necessary to critically evaluate the published data in order to identify deficiencies
or bias and to overcome these issues in future or subjacent studies. (D) To date, none of the studies
have successfully reached the final objective, which is the use of miRNAs as diagnostic biomarkers in
the clinic.

Finally, miRNA-based biomarker tests could add relevant adjunct information to increase the
probability of reaching the right diagnosis. Therefore, they may be used as complementary tests to
gold standard immunohistochemical diagnostic tests, X-rays and clinical data.
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Abstract: Malignant pleural mesothelioma (MPM) is a deadly cancer that is caused by asbestos
exposure and that has limited treatment options. The current standard of MPM diagnosis requires
the testing of multiple immunohistochemical (IHC) markers on formalin-fixed paraffin-embedded
tissue to differentiate MPM from other lung malignancies. To date, no single biomarker exists for
definitive diagnosis of MPM due to the lack of specificity and sensitivity; therefore, there is ongoing
research and development in order to identify alternative biomarkers for this purpose. In this study,
we utilized primary MPM cell lines and tested the expression of clinically used biomarker panels,
including CK8/18, Calretinin, CK 5/6, CD141, HBME-1, WT-1, D2-40, EMA, CEA, TAG72, BG8, CD15,
TTF-1, BAP1, and Ber-Ep4. The genomic alteration of CDNK2A and BAP1 is common in MPM and
has potential diagnostic value. Changes in CDKN2A and BAP1 genomic expression were confirmed
in MPM samples in the current study using Fluorescence In situ Hybridization (FISH) analysis or
copy number variation (CNV) analysis with digital droplet PCR (ddPCR). To determine whether
MPM tissue and cell lines were comparable in terms of molecular alterations, IHC marker expression
was analyzed in both sample types. The percentage of MPM biomarker levels showed variation
between original tissue and matched cells established in culture. Genomic deletions of BAP1 and
CDKN2A, however, showed consistent levels between the two. The data from this study suggest that
genomic deletion analysis may provide more accurate biomarker options for MPM diagnosis.

Keywords: mesothelioma; biomarker; FISH; genomic deletion; copy number variation; ddPCR

1. Introduction

Malignant pleural mesothelioma (MPM) is a tumor originating from the mesothelium,
the membrane lining the thoracic and peritoneal cavities [1]. MPM is strongly linked to previous
asbestos exposure [2] and asbestiform minerals such as erionite and fluoroedenite [3]. Australia has
one of the world’s highest incidences of MPM due to the heavy industrial utilization of asbestos in
the past [4]. MPM is a deadly cancer with poor prognosis [1,5,6], and treatment options are mainly
palliative [7]. Most MPM patients are diagnosed at a late stage of the disease where limited treatment
options are available; this is due to a lack of symptoms at early stages and the long latency period

Int. J. Mol. Sci. 2018, 19, 3056; doi:10.3390/ijms19103056 www.mdpi.com/journal/ijms100



Int. J. Mol. Sci. 2018, 19, 3056

between asbestos exposure and the development of MPM. Mesothelioma is especially difficult to
diagnose, as symptoms closely resemble those of lung cancer. Delays or errors in diagnosis hinder
treatment intervention that can subsequently adversely affect the patients’ survival and quality-of-life
(QoL); therefore, accurate diagnosis is essential for prognostic and therapeutic purposes [8].

Immunohistochemistry (IHC) is the standard method for biomarker detection of MPM,
and multiple mesothelial markers have been identified to enable the distinction between epithelioid
MPM and adenocarcinomas in routine practice. The three predominant subtypes differentiated by
their MPM histomorphology are epithelioid, biphasic, and sarcomatoid. The proteins assessed using
IHC vary in different laboratories, but the use of antibodies for the identification of calretinin and
CEA is prominent [8]. To date, it is generally accepted that no single biomarker is absolutely sensitive
or specific for MPM, and multipanel immunohistochemical tests are essential for diagnosis [9,10].
Therefore, further molecular characterization of the tumor is required to potentially identify more
specific markers to aid in the diagnosis of MPM.

As well as intertumor heterogeneity, MPM tumors also exhibit intratumor heterogeneity.
This tumour complexity limits the ability to delegate suitable treatment options due to the existence
of several tumor clones and subclones within a single patient [11]. Intertumor heterogeneity is
inclusive of the variable molecular phenotype of MPM. While genomic loss and gain are evident
in MPM tumors, they exhibit low levels of drivers and recurrent mutations in comparison to other
cancers [12]. The most commonly reported mutations are identified in genes such as NF2, BAP1,
TP53, NRAS, and EGFR [13,14]. Asbestos fibers have been demonstrated to induce chromosome
instability resulting in dysfunctional DNA damage response [15]. The most frequently reported
chromosomal losses are those affecting chromosomal arms 3p, 9p, and 22q. Genes located in these
regions include BAP1, CDKN2A, and NF2, respectively [16,17]. Among the three, CDKN2A represents
the highest number of homozygous deletions in MPM-patient tumors [18]. To date, the mechanisms
underlying the poor response of MPM patients to a wide range of therapeutic interventions are largely
undetermined. Molecular intertumor heterogeneity, including a diversity of mutation, epigenetic,
expression, and microscopic (phenotypic) changes may cause inefficacy of the treatment regimens.
In contrast to nonsmall cell lung cancer, many mutations, such as in EGFR or TP53, are uncommon in
the majority of MPM cases [9,19].

Due to the lack of single, accurate biomarkers for MPM, recent studies have focused on the
analysis of biomarker combinations or panels, as well as the development of new diagnostic methods
separate from IHC. For example, the determination of p16 (CDKN2A) homozygous deletion using
Fluorescence In Situ Hybridization (FISH) and identification of BRCA1-associated protein 1 (BAP1)
loss by IHC are particularly useful to differentiate mesothelial hyperplasia (MH) from MPM. Currently,
these two markers are not widely used in the clinic, potentially due to the low sensitivity of the existing
detection method [20–23]. Considering this, new markers with increased sensitivity and specificity are
thus required. Cell-line models derived from MPM tumors are useful for the discovery of biomarkers
and testing their efficacy. Cell culture is limitlessly renewable and can be manipulated to study cell
function and gene signatures. Cultured cells derived from tumors have been shown to maintain
many of the hallmarks of cancer apart from tumor-specific angiogenesis [24,25]. The development of a
primary MPM cell culture provides an inexpensive and more homogeneous MPM cell population for
genomic marker identification. Primary MPM cell lines have provided a medium to better understand
the genomic alterations that exist in mesothelioma [26]. Further, in tumor samples, the inevitable
infiltration of stromal and inflammatory cell populations can influence the molecular phenotype.
The implementation of cell-culture models allows the exclusion of such populations, and allows
exclusive testing of the tumor cells and accurate estimation of gene copy number.

This study aimed to utilize the MPM cell lines that were established between 2013–2017 [27]
to study different types of biomarkers, including protein markers using IHC and genomic markers
using qualitative FISH analysis coupled with absolute quantification analysis with droplet digital
PCR (ddPCR).

101



Int. J. Mol. Sci. 2018, 19, 3056

2. Results

2.1. Immunohistochemistry Analysis Demonstrates Variable Marker Expression between MPM Tissue and
Derivative Cell-Line Samples

A total of 15 biomarkers used in clinical practices for differential diagnosis of MPM were assessed
in all samples, including MPM tumor samples together with derivative primary cell-line samples from
the corresponding parent tumor tissue and/or plural effusion. Short Tandem Repeat (STR) profiling
was employed to provide genomic signatures for confirmation of cell-line identity (Supplementary
Table S1). Figure 1 shows the IHC staining of a MPM tumor and the expression of 15 protein markers
used in the clinic. MPM primary cells were extracted from tumor tissue and/or pleural effusion
samples and grown in cell culture until they reached passage 15 to eliminate normal cell contamination,
after which they were cultured into 3D. Two-dimensional and three-dimensional MPM cell blocks were
used for protein marker analysis, and our results indicated that the 3D model more closely represents
the tumor architecture (Supplementary Figure S1). Protein levels were compared between MPM tumor
samples and subsequent derivative cell lines from the same tissue. The detailed percentage scoring
of protein marker expression in MPM tumor samples and cell lines is listed in Table 1 (each MM ID
represents samples from one patient). It was found that the majority of IHC protein markers are not
correlative between tumor tissue and their derived cells (Table 1). Due to the observed variability of
protein markers between tissue and cell lines, other molecular biomarker strategies were considered.

 
Figure 1. Cont.

102



Int. J. Mol. Sci. 2018, 19, 3056

Figure 1. Representative immunohistochemical (IHC) staining of a malignant pleural mesothelioma
(MPM) (sample ID 1157) patient tumor sample with the 15 biomarkers currently used for clinical
diagnosis. BAP1 is not expressed in sample MM ID 1157, therefore BAP1 staining of sample MM ID
1518 is included as an example of positive BAP1 expression in this figure. All pictures are taken at same
magnification with scale bar indicated left bottom corner of TFF-1 staining.

 

Figure 2. Representative example of Fluorescence In situ Hybridization (FISH) to visualise method of
CDKN2A deletion in MPM samples. Images depict (A) homozygous, (B) heterozygous and (C) no loss
of CDKN2A in MPM. The bottom-right corner of each image shows CDNK2A (red) as well as control
CEP9 (green) signals. Images were taken using ZEISS Axio Imager M2. All pictures taken at same
magnification with scale bar indicated at panel C.

103



Int. J. Mol. Sci. 2018, 19, 3056

T
a

b
le

1
.

M
es

ot
he

lio
m

a
bi

om
ar

ke
r

sc
or

in
g.

M
M

ID
S

a
m

p
le

T
y

p
e

C
K

8
/1

8
C

a
lr

e
ti

n
in

C
K

5
/6

C
D

1
4
1

H
B

M
E

-1
W

T
-1

D
2
-4

0
E

M
A

C
E

A
T

A
G

7
2

B
G

8
C

D
1
5

T
T

F
-1

B
A

P
1

B
e
r-

E
P

4

1
1
3
7

Ti
ss

ue
(+

++
)9

0%
-

(+
++

)<
5%

(+
+)

10
%

-
(+

+)
10

%
(+

)<
5%

-
-

-
(+

+)
70

%
-

-
(+

++
)

90
–1

00
%

-

1
1
3
7

T

3D
ce

lls
(+

++
)

10
0%

-
-

-
-

-
-

-
-

-
(+

+/
++

+)
90

–1
00

%
-

-
(+

++
)3

0%
-

2D
ce

lls
(+

++
)9

0%
(+

+)
5%

(+
)1

0%
(+

)2
0%

(+
++

)1
0%

(+
)1

0%
-

(+
)<

5%
(+

+)
10

%
-

(+
+)

60
%

-
(+

++
)<

5%
-

(+
+/

++
+)

60
%

1
1
5
7

ti
ss

ue
(+

++
)

90
–1

00
%

(+
++

)8
0%

(+
++

)
90

–1
00

%
(+

)5
0%

(+
++

)1
0%

(+
+)

90
%

(+
+)

30
%

(+
++

)
40

%
-

-
(+

++
)

90
–1

00
%

-
-

-
-

1
1
5
7

T

3D
ce

lls
(+

++
)

10
0%

(+
)4

0%
(+

++
)7

0%
-

-
(+

++
)9

0%
(+

)<
10

%
(+

++
)

40
%

-
-

(+
)4

0%
-

-
-

-

2D
ce

lls
(+

++
)

90
–1

00
%

-
(+

+/
++

+)
90

%
(+

)<
5%

-
-

-
(+

)<
5%

-
-

-
-

-
-

(+
)5

0%

1
1
8
0

Ti
ss

ue
(+

++
+)

90
–1

00
%

(+
++

)3
0%

(+
++

)<
5%

(+
++

)
30

%
(+

++
)<

5%
-

(+
++

)
10

%
-

-
-

(+
+)

80
%

-
-

(+
++

)8
0%

-

1
1
8
0

T

3D
ce

lls
(+

++
)

10
0%

-
-

-
-

(+
+)

30
%

-
(+

+)
40

%
-

-
(+

)3
0%

-
(+

)1
0%

(+
++

)9
5%

-

2D
ce

lls
(+

++
)

90
–1

00
%

-
-

-
-

(+
++

)
<1

0%
-

-
-

-
-

-
(+

+)
<1

0%
(+

++
)9

5%
-

1
1
8
7

ti
ss

ue
(+

++
)

90
–1

00
%

(+
++

)
90

–1
00

%
(+

++
)

90
–1

00
%

(+
++

)
90

–1
00

%
(+

++
)

90
–1

00
%

(+
++

)
90

–1
00

%
(+

++
)

40
%

-
-

(+
++

)
90

–1
00

%
-

-
(+

+)
90

–1
00

%
-

(+
+)

90
–1

00
%

1
1
8
7

T

3D
ce

lls
(+

+)
10

%
-

-
-

-
(+

++
)9

0%
(+

+)
40

%
-

-
-

-
-

-
(+

++
)8

0%
-

2D
ce

lls
(+

++
)

10
0%

-
-

(+
+)

40
%

-
(+

+)
80

%
(+

)1
0%

-
-

-
(+

)7
0%

-
-

(+
++

)9
5%

(+
)8

0%

1
5
0
5

Ti
ss

ue
(+

++
)

90
–1

00
%

(+
++

)4
0%

(+
++

)1
0%

(+
+)

30
%

-
(+

+)
<5

%
(+

++
)

<5
%

-
-

-
(+

++
)

90
–1

00
%

-
(+

++
)4

0%
(+

++
)

90
–1

00
%

-

1
5
0
5

T

3D
ce

lls
(+

++
)

10
0%

(+
)2

0%
(+

)<
5%

(+
)<

5%
(+

)<
5%

(+
)<

5%
-

(+
+)

60
%

(+
+)

60
%

(+
)2

0%
(+

++
)

10
0%

-
(+

++
)8

0%
(+

++
)

10
0%

(+
++

)5
0%

2D
ce

lls
(+

++
)

10
0%

(+
+)

80
%

(+
)8

0%
(+

)7
0%

(+
)2

0%
-

(+
)3

0%
-

(+
)<

5%
(+

+)
60

%
(+

++
)

10
0%

(+
)8

0%
(+

++
)8

0%
(+

++
)

10
0%

(+
++

)1
00

%

104



Int. J. Mol. Sci. 2018, 19, 3056

T
a

b
le

1
.

C
on

t.

M
M

ID
S

a
m

p
le

T
y

p
e

C
K

8
/1

8
C

a
lr

e
ti

n
in

C
K

5
/6

C
D

1
4
1

H
B

M
E

-1
W

T
-1

D
2
-4

0
E

M
A

C
E

A
T

A
G

7
2

B
G

8
C

D
1
5

T
T

F
-1

B
A

P
1

B
e
r-

E
P

4

1
5
0
6

Ti
ss

ue
(+

++
)9

0%
(+

++
)8

0%
-

(+
+)

70
%

(+
++

)
10

0%
(+

+)
60

%
(+

)1
0%

-
-

-
(+

+)
40

%
-

-
(+

++
)9

0%
(+

)1
0%

1
5
0
6

T

3D
ce

lls
-

-
(+

)<
5%

(+
++

)
40

%
-

-
-

(+
+)

80
%

-
-

(+
++

)9
0%

-
-

(+
++

)
10

0%
(+

++
)8

0%

2D
ce

lls
(+

)1
0%

-
(+

)4
0%

(+
)1

0%
(+

)<
5%

-
-

(+
+)

40
%

(+
)2

0%
(+

+)
70

%
(+

++
)

10
0%

(+
)9

0%
(+

)<
5%

(+
++

)8
0%

(+
++

)1
00

%

1
5
1
8

Ti
ss

ue
(+

++
)4

0%
-

(+
++

)3
0%

(+
)2

0%
-

(+
+)

10
%

(+
+)

30
%

(+
+)

10
%

-
-

(+
)4

0%
-

-
(+

++
)2

0%
-

1
5
1
8

P

3D
ce

lls
(+

++
)

10
0%

(+
)1

0%
(+

)<
5%

-
(+

)5
%

(+
++

)4
0%

(+
)<

5%
(+

)<
5%

-
-

(+
++

)
10

0%
-

-
(+

++
)9

0%
(+

++
)9

0%

2D
ce

lls
(+

++
)

10
0%

(+
)5

%
-

(+
)1

0%
-

(+
)1

0%
(+

)<
5%

(+
)<

5%
(+

)1
0%

-
(+

++
)

10
0%

(+
)8

0%
(+

+)
80

%
(+

++
)1

00
%

1
5
1
8

T

3D
ce

lls
(+

++
)7

0%
(+

+)
10

%
-

(+
)<

5%
-

-
-

-
-

-
-

-
-

-
(+

)1
0%

2D
ce

lls
-

(+
+)

4%
-

(+
)<

5%
-

(+
++

)4
0%

(+
+)

30
%

-
(+

+/
++

+)
10

%
(+

)1
0%

-
-

(+
++

)2
0%

-
(+

++
)4

0%

1
1
7
0

T

3D
ce

lls
(+

+/
++

+)
70

%
-

-
(+

)4
0%

(+
+)

<5
%

(+
++

)2
0%

-
(+

++
)

30
%

-
-

(+
)1

0%
(+

)<
5%

(+
++

)
90

–1
00

%
(+

++
)9

5%
(+

+/
++

+)
40

%

2D
ce

lls
(+

+)
70

%
-

-
-

(+
+)

70
%

(+
+/

++
+)

80
%

-
-

-
-

-
-

(+
++

)8
0%

(+
++

)9
5%

(+
+)

20
%

1
8
4
3

Ti
ss

ue
(+

+)
40

%
(+

)<
10

%
(+

++
)4

0%
(+

++
)

30
%

(+
++

)3
0%

(+
)5

%
-

(+
++

)
20

%
-

-
(+

)2
0%

-
(+

)<
5%

-
-

1
8
4
3

T
3D

ce
lls

(+
++

)5
0%

-
-

-
-

(+
++

)
10

0%
(+

)2
0%

(+
+/

++
+)

40
%

-
-

-
-

(+
++

)9
0%

-
-

2D
ce

lls
(+

+)
80

%
-

-
-

-
(+

+)
70

%
-

-
-

-
(+

)5
0%

-
(+

+)
80

%
-

(+
)5

0%

2
1
6
4

Ti
ss

ue
(+

++
)4

0%
(+

+)
40

%
-

(+
+)

40
%

-
(+

)<
5%

(+
++

)
70

%
(+

++
)

60
%

-
-

(+
)1

0%
-

-
-

-

2
1
6
4

P

3D
ce

lls
-

-
-

-
-

(+
+)

90
%

-
-

-
-

-
-

-
-

-

2D
ce

lls
-

-
-

-
-

(+
+)

90
–1

00
%

(+
+)

30
%

(+
)1

0%
-

-
(+

)4
0%

-
-

-
-

105



Int. J. Mol. Sci. 2018, 19, 3056

T
a

b
le

1
.

C
on

t.

M
M

ID
S

a
m

p
le

T
y

p
e

C
K

8
/1

8
C

a
lr

e
ti

n
in

C
K

5
/6

C
D

1
4
1

H
B

M
E

-1
W

T
-1

D
2
-4

0
E

M
A

C
E

A
T

A
G

7
2

B
G

8
C

D
1
5

T
T

F
-1

B
A

P
1

B
e
r-

E
P

4

2
1
7
0

Ti
ss

ue
(+

++
)9

0%
(+

++
)6

0%
(+

)5
%

(+
+)

40
%

(+
++

)9
0%

(+
++

)4
0%

(+
++

)
80

%
(+

++
)

80
%

-
-

(+
+)

10
%

-
-

-
(+

++
)5

%

2
1
7
0

T

3D
ce

lls
-

(+
)<

5%
-

-
-

-
-

-
(+

)1
5%

-
(+

++
)

10
0%

(+
+)

5%
-

(+
++

)
10

0%
-

2D
ce

lls
-

-
-

(+
+)

10
%

(+
)5

%
-

(+
)<

5%
(+

)1
0%

-
-

(+
++

)
10

0%
(+

)1
0%

-
(+

++
)

10
0%

(+
)8

0%

2
1
7
4

P

3D
(+

++
)

10
0%

(+
+)

<5
%

-
(+

++
)

50
%

(+
++

)
10

0%
(+

++
)8

0%
-

(+
+)

40
%

-
-

(+
++

)
10

0%
-

-
(+

++
)

10
0%

-

2D
(+

++
)8

0%
(+

+)
80

%
-

(+
++

)
90

%
(+

)2
0%

-
(+

++
)

90
%

(+
++

)
80

%
(+

)1
0%

-
(+

++
)

10
0%

(+
)9

0%
-

(+
++

)7
0%

(+
)9

0%

2
1
7
5

Ti
ss

ue
(+

++
)

10
0%

(+
++

)6
0%

(+
++

80
%

)
-

(+
)1

0%
(+

)2
0%

(+
)5

0%
(+

++
)

70
%

-
-

-
-

-
(+

++
)8

0%
-

2
1
7
5

P

3D
ce

lls
-

-
-

(+
++

)
60

%
-

-
-

(+
+/

++
+)

80
%

-
-

-
-

-
(+

++
)9

5%
-

2D
ce

lls
-

-
-

(+
+)

<5
%

-
-

-
(+

)<
5%

-
-

-
-

-
(+

++
)9

5%
-

2
2
8
0

Ti
ss

ue
(+

++
)

10
0%

(+
)<

5%
-

(+
++

)
90

%
-

-
-

(+
)<

5%
-

-
-

-
-

(+
)1

00
%

-

2
2
8
0

T

3D
ce

lls
-

-
-

(+
++

)
60

%
-

-
-

(+
++

)
80

%
-

-
(+

++
)8

0%
-

-
(+

++
)

10
0%

-

2D
ce

lls
(+

++
)<

5%
-

-
(+

)5
%

-
-

(+
)<

5%
(+

)1
0%

-
-

(+
++

)
10

0%
(+

)2
0%

-
(+

++
)

10
0%

(+
)9

0%

T
=

ce
ll

lin
es

es
ta

bl
is

he
d

fr
om

M
PM

tu
m

or
ti

ss
ue

;P
=

ce
ll

lin
es

es
ta

bl
is

he
d

fr
om

M
PM

pl
eu

ra
le

ff
us

io
n.

+,
++

,+
++

=
1

po
si

ti
ve

,2
,p

os
it

iv
e,

3
po

si
ti

ve
of

IH
C

in
te

ns
it

y.

106



Int. J. Mol. Sci. 2018, 19, 3056

2.2. Genomic Deletion of CDKN2A Was Identified in MPM Samples Using FISH

In this study, we have established FISH analysis to identify the genomic deletion of CDKN2A
using specific probes in MPM tissue samples. FISH staining identified heterozygous or homozygous
loss of the CDNK2A region in MPM tumor samples (Figure 2); alternatively, normal cells retained
expression of both alleles. Figure 2 demonstrates the homozygous loss in the majority of tumor cells
(Figure 2A), whereas a smaller portion of samples displayed heterozygous loss (Figure 2B) or no loss
(Figure 2C). Of the 12 MPM tumor samples analyzed, 66% (8/12, cut-off 15%) showed homozygous
and 16% (2/12, cut-off 40%) showed heterozygous loss of CDKN2A. These data indicate that FISH
provides a qualitative presentation of genomic deletion in MPM. Although FISH is a well-established
technique for the identification of genomic deletion, it is not largely accessible in every laboratory and
difficult to provide quantitative assessment; therefore, a more accessible approach to identify genomic
changes would be beneficial. To be able to quantitatively analyze genomic deletion, we have assessed
the absolute quantification of genomic expression using ddPCR.

2.3. Copy Number Variation Contributes to Loss of BAP1 and CDKN2A Expression in MPM

Our initial attempt to study the DNA content of MPM cells was carried out using metaphase
spread and flow-cytometry analysis of DNA content (Supplementary Figure S2). Results indicated
cell lines 1180, 1843, 2164, 1157, and 1518 showed tetraploidy. However, these data did not provide
conclusive information in regard to specific genes containing copy number variation (CNV). Prior to
this study, we reviewed that about 50% MPM cases tested show loss of BAP1 protein expression.
Many studies have reported that loss of BAP1 protein expression is due to genetic mutation or
DNA methylation in the genomic region. To better understand the mechanism causing BAP1
loss in MPM, we performed genomic Sanger sequencing of the genetic regions spanning exon 6
and 7, where the majority of mutations reside, as reported in the literature [28,29]. In addition,
DNA methylation status was determined by methylation-specific PCR (MSP) analysis to study the
involvement of DNA methylation in BAP1 loss. Results from DNA sequencing and MSP studies
(Supplementary Figure S3) indicated no evidence of genomic mutation near exon 6 and 7, and there
was no promoter hypermethylation in the nine samples tested. We therefore performed CNV to assess
loss of heterozygosity (LOH) of BAP1 using ddPCR. Results obtained from ddPCR analysis confirm
BAP1 deletion (Figure 3) in MPM samples that correlate with the loss of BAP1 protein expression
observed using IHC analysis (Figure 1). Loss of CDKN2A is a common event in mesothelioma [30].
We tested its genomic alteration using FISH and, similar to previous studies, we showed that either
heterozygous or homozygous loss of CDKN2A is prevalent in our MPM cohort. To assess the potential
of detecting copy number loss of CDKN2A in MPM samples using ddPCR, we performed CNV
ddPCR analysis in MPM tissues and their matched primary cell lines. The percentage of CDKN2A
loss assessed using ddPCR correlated to results observed using FISH ananlysis (Figure 2). Our results
also showed the stability and consistency of CNV detection across formalin-fixed paraffin-embedded
(FFPE) samples and established cell lines. Using a normal mesothelial cell line and healthy individual
buffy coat (BCN7) samples as normal controls for the presence of both CDKN2A alleles and MPM
cell lines (H2052 and H28) as controls for gene deletion. Seven percent (one out of 14) of samples
showed the retention of both alleles, and the majority of cases (93%: 13 out of 14) showed deletion of
the CDKN2A genomic region.
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Figure 3. CDKN2A and BAP1 protein loss is due to copy number. Copy number (Blue = results from
cell line, grey = results from tumor tissue, red line = two copies, red dotter line = one copy) of (A)
CDKN2A and (B) BAP1 in MPM tumor and its derivative cells normalized to the ribonuclease P protein
subunit p30 (RPP30) assessed by droplet digital PCR (ddPCR).

2.4. Concordance of BAP1 Protein Expression and Genomic Deletion

Table 2 demonstrates BAP1 protein expression and the corresponding ddPCR CNV analysis in
matched cell line and tissue samples. In our sample cohort, 54% of MPM FFPE samples showed
high levels of BAP1 protein expression, and 46% showed low or no expression of the BAP1 protein.
When examining cell lines established from tissue collection (matched samples), 64% showed a
high level of expression, while 36% showed low to no expression of BAP1. Strong correlation (92%,
24 out of 26) was demonstrated between the BAP1 protein and genomic expression in FFPE and cell
lines samples, as measured by IHC and ddPCR, respectively. Our results indicated low correlation
between BAP1 protein and genomic expression, as determined by IHC and CNV. respectively
(Supplementary Figure S4). Both FFPE and matched cell-line samples exhibited 50% of BAP1 genomic
retention (13 out of 26) and 70% BAP1 protein expression (19 out of 27), whereas 42% (11 out of
26) of samples that displayed low BAP1 protein expression also showed genomic deletion in the
BAP1 region. SPSS software was utilized for the measurement of sensitivity and specificity of
biomarkers for detection of MPM. CDKN2A genomic loss had 96.4% of sensitivity and 100% specificity
for MPM detection. BAP1 protein expression (using IHC) and genomic deletion (using ddPCR)
results were analyzed for their concordance by measuring their combined sensitivity and specificity.
Results from SPSS indicated there was 93.3% sensitivity and 63.6% specificity when combining the
protein expression and genomic deletion of BAP1 as a marker for MPM. When analyzing genomic
deletion (ddPCR results) alone, BAP1 genomic loss had a sensitivity of 42.9% and specificity of 100%
in identifying MPM compared to normal mesothelial cells and healthy donor buffy-coat controls.
In comparison, BAP1 protein expression identifies MPM with lower sensitivity and specificity levels of
67.9% and 28.6%, respectively. These results indicate that detection of BAP1 and CDKN2A by genomic
analysis (CNV using ddPCR) is a more distinctive method to identify MPM.

108



Int. J. Mol. Sci. 2018, 19, 3056

Table 2. Concordance of BAP1 IHC and ddPCR analysis.

MM ID Sample Type BAP1 IHC BAP1 ddPCR (Reference to RPP30)

1137
Tissue (+++) 90–100% 1.94
cells (+++) 30% 2

1157
Tissue ND 0.028
cells ND 0.07

1180
Tissue (+++) 80% 2.91
cells (+++) 95% 1.69

1187
Tissue ND 3.28
cells (+++) 80% 2

1505
Tissue (+++) 90–100% 1.87
cells (+++) 100% 2.01

1506
Tissue (+++) 90% 1.96
cells (+++) 100% 1.87

1518
Tissue (+++) 20% 0.82
cells (+++) 90% 0.86

1170
Tissue (+++) 95% No tissue availible
Cells (+++) 95% 1.98

1843
Tissue ND 1
Cells ND 0.94

2164
Tissue ND 0.24
Cells ND 0.39

2170
Tissue ND 1.15
Cells (+++) 100% 1

2174
Tissue No tissue availible No tissue availible
Cells (+++) 70% 1.327814

2175
Tissue (+++) 80% 1.91
Cells (+++) 95% 1.92

2280
Tissue (+) 100% 1.88
Cells (+++) 100% 1.85

ND = not detected. +, ++, +++ = 1 positive, 2, positive, 3 positive of IHC intensity.

3. Discussion

MPM tumors are histologically heterogeneous and have distinct morphological subtypes that
range from epithelioid, sarcomatoid, and biphasic. The biphasic histological subtype consists of
epithelioid and sarcomatoid components, with each contributing to at least 10% of the tumor. Further,
histomorphological features such as mitotic numbers and nuclear atypia have been included to
conclude a total score [31]. This heterogeneity within morphological subgroups further adds to
the complexity of the definitive identification of MPM [32]. It is therefore important to establish
cultured cells from mesothelioma biopsies and pleural effusions to be utilized for studying the cellular,
molecular, and genetic levels of this tumor. Over a period of four years (2013–2017), we established
fifteen cell lines (defined as successful subculture) from a primary culture [27] from fourteen human
tumor and/or plural effusion samples. In the current study, we utilized these established mesothelioma
cell lines to determine biomarker expression in a system that closely parallels the tumor.

Currently, no single immunohistochemical marker offers high specificity and sensitivity or
definitive negative predictive value for the diagnosis of mesothelioma. The most useful mesothelial
and epithelial markers proposed for the diagnosis of mesothelioma are a combination of markers,
often including calretinin (a vitamin D-dependent calcium-binding protein involved in calcium
signalling) [33], HBME-1, thrombomodulin, WT-1, mesothelin, and podoplanin as mesothelial markers,

109



Int. J. Mol. Sci. 2018, 19, 3056

and pCEA, Ber-EP4, TTF-1, and TAG72 as epithelial markers [34]. The cytokeratin-19/CEA ratio is a
useful marker for mesothelioma diagnosis due to the high level of cytokeratin (18 and 19) expression
in mesothelial cells. Additionally, cytokeratin-19 was previously found in two hereditary cases of
mesothelioma [35]. The IHC panel included a total of 15 markers, and these were tested in the matched
tumor and primary cell-line sample set. Unexpectedly, we did not observe a complimentary pattern
in expression between tumor samples and derivative cell lines; often, the cell-line marker expression
scores deviated from what was observed in the tumor samples. This finding suggests that in terms
of MPM identification, IHC marker subtyping is not an ideal method for use in cell lines. Cell-to-cell
communication in tumors creates distinct protein expression phenotypes that differ from those in cell
culture [36] and this could explain the observed difference in protein marker expression. Analysis of
the genomic phenotype could, instead, provide an alternative method of tumor identification.

Homozygous deletion (HD) of CDKN2A is one of the most common gene alterations associated
with MPM [30]. Detection of CDKN2A HD using FISH can be used to differentiate between MPM
and RMH (43% to 93% sensitivity; 100% specificity) [37]. However, the CDKN2A FISH assay only
provides qualitative measurement of genomic expression and is inaccessible to many laboratories due
to high costs and a highly specialised workflow. Furthermore, the complex structural chromosomal
instability in mesothelioma cell lines can lead to the complication of karyotype differentiation and
problems in chromosomal abnormality detection that may not be revealed by routine G-banding or
FISH techniques [38]. ddPCR offers an alternative method for genomic analysis that provides absolute
quantification, thereby enabling CNV analysis. Additionally, it is relatively cost-effective for routine
use [39], thus enabling high-throughput application in the clinic. Hida et al. previously carried out
BAP1 IHC analysis and CDKN2A-specific FISH in 40 MPM and 20 reactive mesothelial hyperplasia
(RMH) samples [40]. Results indicated that BAP1 expression loss and CDKN2A homozygous deletion
were present in 27 (67.5%) and 17 (42.5%) MPM cases, respectively. Three MPM cases (7.5%) and
all 20 RMH cases had neither BAP1 loss nor CDKN2A homozygous deletion. The combination of
two markers produced higher sensitivity (92.5%, 37/40) and estimated probability than BAP1 IHC
and CDKN2A FISH used alone. In our study, the combination of the two markers produced 96.4% of
sensitivity and 100% specificity. Our results indicate that CNV analysis of tumor and matched cell-line
samples were concurrent and both indicated CDKN2A deletion. BAP1 loss in MPM is attributed to
multiple mechanisms including mutation, DNA methylation, or copy number loss [41]. These data
show that BAP1 protein loss was due to genomic deletion and BAP1 CNV at the tumor level was also
found to be reiterated in the matched MPM cell lines.

The discovery of alternative molecular markers for MPM is required to facilitate effective
diagnosis to improve the dire prognosis of the disease. This study suggests that the CNV of CDKN2A
is identifiable in MPM tumor samples and derivative cell lines alike using ddPCR. Additionally,
BAP1 CNV was demonstrated using ddPCR and was correlated between tumor and cell-line samples.
This highlights the stability of CDKN2A and BAP1 genomic deletion in MPM tumors and suggests
identification of CNV could offer a potential alternative in MPM diagnostic testing.

4. Materials and Methods

4.1. Patient Tissue-Sample Collection and MPM Cell-Line Establishment

MPM Cell-Line Establishment

Formalin-fixed paraffin-embedded (FFPE) tumor tissues and fresh tumor samples were collected
from MPM patients. All patients gave informed written consent and the project was approved by the
Human Research Ethics Committees at Concord Repatriation General Hospital (HREC/11/CRGH/75
approved since 2011). Patient demographics are listed in Table 3.
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Table 3. Patient demographics.

MM
ID

Aga at
Diagnose

Gender
Histological

Subtype
Surgery Procedure

Survival
(months)

Asbestos
Exposure

1137 83 Male Desmoplastic Biopsy, Decortication, Pleurodesis 0.7 Yes
1157 51 Male Epitheliod Biopsy, Decortication, Pleurodesis 20.6 Yes
1170 74 Male Biphasic Biopsy, Decortication, Pleurodesis 0.8 Yes
1180 72 Male Biphasic Biopsy, Decortication, Pleurodesis 7.4 Yes
1187 64 Male Biphasic Extrapleural pneumonectomy 33.5 Yes
1505 57 Male Epitheliod Biopsy, Surgical exploration 7.2 Yes
1506 72 Male Epitheliod Biopsy, Pleurodesis 24.0 Yes
1518 80 Male Biphasic Biopsy, Decortication, Pleurodesis 22.7 Yes
1843 60 Male Biphasic Decortication, Pleurodesis 15.6 Yes
2164 73 Male Epitheliod Biopsy, Decortication, Pleurodesis * Yes
2170 75 Male Epitheliod Biopsy, Decortication, Pleurodesis * ND
2174 78 Male Epitheliod Biopsy, Decortication, Pleurodesis 3.0 Yes
2175 66 Male Epitheliod Biopsy, Decortication, Pleurodesis 12.5 Yes
2280 69 Male Epitheliod Extrapleural pneumonectomy * Yes

* = still alive; ND = no data provided.

4.2. Immunohistochemical Analysis of MPM Tissue Sections and Established Cell-Line Blocks

MPM cell lines were cultured into a 3D model and embedded into cell blocks that were
further processed into paraffin blocks. MPM tissue blocks and cell blocks were sectioned at
0.4 μm thickness, deparaffinised, and rehydrated in graded concentrations of xylene and ethanol.
Antigen retrieval and immunohistochemical staining were performed on an automated Leica
Bond III (Leica Microsystems, Melbourne, Australia) using a Bond Polymer Refine Detection Kit
(Leica Biosystems, Milton Keynes, UK). Either enzyme 1 (Leica Biosystems, UK) or Heat-Induced
Epitope Retrieval (HIER) was performed on all slides in either Bond Epitope Retrieval Solution
(Leica Biosystems, UK) 1 (pH6) or 2 (pH9) for 20 min. Primary antibody was applied and incubated
for 20 min at room temperature (Table 4). Slides were then immersed in H2O2 for 5 min to quench
endogenous peroxidases. Slides were processed for postprimary detection for 15 min, followed
by a polymer for 15 min. 3,3′-diaminobenzidine (DAB with enhancer) chromogenic detection and
haematoxylin counterstaining were used. Diagnostic clinical procedures related to diagnosis of the
cases were performed in a NATA-approved laboratory using external quality-assurance program
(QAP)-validated tests. The method of scoring for each antibody in each case was as per usual clinical
diagnostic practice. A negative staining pattern was defined as no staining. Positive staining cells
were defined as 1+ (weak), 2+ (moderate), or 3+ (strong) staining intensity in the cells, and the number
of cells showing the relevant positive intensity were scored as a percentage over the total number of
cells present.

4.3. FISH Analysis of CDKN2A Genomic Analysis

FISH dual-color analysis was performed with a CEP9 Spectrum Green-labelled probe and a
Spectrum Orange-labelled, locus-specific CDKN2A (p16) probe (Cat. 05J51-001, Abbott Molecular,
Sydney, Australia). Briefly, paraffin sections were deparaffinised, dehydrated in ethanol, and washed
3 times with H2O. Sections were digested with protease K (0.5 mg/mL) at 37 ◦C for 20 min. The slides
were washed in SSC twice, dehydrated with ethanol, and air-dried. The probes were denatured for
5 min at 95 ◦C before hybridization. Slides were hybridized overnight at 37 ◦C and washed in 0.2 ×
SSC/NP40 71 ◦C for 2 min. Nuclei were counterstained with DAPI/antifade (Vysis, Abbott Molecular,
Sydney, Australia). Each FISH assay included normal lung-tissue sections as a negative control,
and sections of mesothelioma previously identified as carrying p16 deletion as a positive control.
Analyses were performed with a fluorescence microscope (Axio M2, ZEISS, Oberkochen, Germany)
equipped with filter sets with single- and dual-band exciters for Spectrum Green, Spectrum Orange,
and DAPI (UV 360 nm). The histologic areas previously selected on the hematoxylin-eosin-stained

111



Int. J. Mol. Sci. 2018, 19, 3056

sections were identified on the FISH-treated slides. Overlapping cells were excluded and individual,
and well-defined cells were analyzed and scored. At least 100 cells were scored for each mesothelioma
case. Homozygous deletion was defined as the absence of both red CDKN2A signals (9p21) in the
presence of at least one green chromosome 9 signal (CEP9). A heterozygous deletion was defined as
the presence of one 9p21 signal, and two CEP9 signals. The cut-off values were established by methods
previously described [42]. The cut-off value was the mean percentage plus three SD using normal
mesothelial cell nuclei. We established a cut-off value of 15% for homozygous deletion and 40% for
heterozygous deletion.

Table 4. Antibodies used in this study.

Antibody Clone Manufacturer Product Code Species Dilution

CK8/18 EP17/30 Dako M3652 Rabbit 1:100
Calretinin Polyclonal Biocare CP092C Rabbit 1:100
CK5/6 D5 & 16B4 Cell Marque 358M-16 Mouse 1:150
CD141 15CB Novocastra NCL-CD141 Mouse 1:50
HBME1 HBME-1 Dako M3505 Mouse 1:50
WT1 WT49 Novocastra NCL-L-WT1-562 Mouse 1:50
D2-40 D2-40 Biocare CM266C Mouse 1:100
EMA GP1.4 Novocastra NCL-L-EMA Mouse 1:350
CEA 11-7 Dako M7072 Mouse 1:200
TAG72 B72-3 Cell Marque 337M-84 Mouse 1:2000
BG8 F3 Covance SIG-3317-1000 Mouse 1:100
CD15 Carb-3 Dako M3631 Mouse 1:100
TTF-1 SPT24 Novocastra NCL-L-TTF-1 Mouse 1:100
BAP1 C-4 Santa Cruz SC-28383 Mouse 1:200
HEA Ber-EP4 Dako M0804 Mouse 1:100

4.4. CDKN2A and BAP1 Genomic Loss Were Suggested by CNV Using ddPCR

Primers for the amplification of the genomic region of BAP1, CDKN2A, and RPP30 were
optimized using ddPCR EvaGreen (Bio-Rad, California, CA, USA) according to the manufacturer’s
recommendations. Eighty nanograms of total genomic DNA was isolated from MPM tissues and
MPM cell lines for use as a template for ddPCR. ddPCR reaction mixtures were assembled using
2× EvaGreen ddPCR Supermix (Bio-Rad) and primers at a final concentration of 0.2 μM in a total
reaction volume of 20 μL. Reactions were dispensed into each well of droplet generator DG8 cartridge
(Bio-Rad). Seventy microliters of Evagreen specific droplet generation oil (Bio-Rad) was used to
generate approximately 15,000 to 20,000 droplets using the droplet generator (Bio-Rad). A 40 μL
droplet emulsion was then loaded onto a 96-well PCR plate (Bio-Rad). The plate was then heat-sealed
with a pierceable foil in the PX1 PCR Plate Sealer (Bio-Rad), and placed in the thermocycler (Bio-Rad
T1000). Optimal thermal-cycling conditions were used: 95 ◦C for 5 min; 35 cycles of 95 ◦C for 30 s, 60 ◦C
for 30 s, 72 ◦C for 1 min; and a final step at 72 ◦C for 1 min. The reaction mixtures were then held at
4 ◦C until needed. The cycled droplets were read individually with the QX200 droplet reader (Bio-Rad),
and analyzed with QuantaSoft droplet-reader software, version 1.7 (Bio-Rad). The error reported
for a single well was the Poisson 95% confidence interval. No template controls (NTC) were used
to monitor contaminations and primer–dimer formation and determination of the cut-off threshold
(Supplementary Figure S5), copy number for each genomic region was calculated by normalization to
the included reference gene RPP30 (retains two copies per cell). Homozygous deletion was considered
in cases where no detection of the target genomic region was determined, but a distinctive RPP30
population was apparent. MPM tissue samples and matched cell-line positive populations were
used to calculate the positive expression values, and results were plotted as copy number detected
per sample.
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4.5. Statistics

All statistical analyses were carried out using IBM SPSS software version 25. The sensitivity
and specificity of BAP1 and CDKN2A deletion were performed using the crosstabs function of in the
descriptive statistics of SPSS.

5. Conclusions

Loss of BAP1 and CDKN2A are important diagnostic biomarkers in MPM. This study
demonstrated the feasibility of genomic deletion as an appropriate biomarker for MPM detection that
is consistent in both MPM tumor tissue and matched MPM cell lines.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/19/10/
3056/s1.
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Abstract: Malignant pleural mesothelioma (MPM) is a rare malignancy, with extremely poor survival
rates. At present, treatment options are limited, with no second line chemotherapy for those who
fail first line therapy. Extensive efforts are ongoing in a bid to characterise the underlying molecular
mechanisms of mesothelioma. Recent research has determined that between 70–90% of our genome
is transcribed. As only 2% of our genome is protein coding, the roles of the remaining proportion of
non-coding RNA in biological processes has many applications, including roles in carcinogenesis
and epithelial–mesenchymal transition (EMT), a process thought to play important roles in MPM
pathogenesis. Non-coding RNAs can be separated loosely into two subtypes, short non-coding RNAs
(<200 nucleotides) or long (>200 nucleotides). A significant body of evidence has emerged for the
roles of short non-coding RNAs in MPM. Less is known about the roles of long non-coding RNAs
(lncRNAs) in this disease setting. LncRNAs have been shown to play diverse roles in EMT, and it
has been suggested that EMT may play a role in the aggressiveness of MPM histological subsets.
In this report, using both in vitro analyses on mesothelioma patient material and in silico analyses of
existing RNA datasets, we posit that various lncRNAs may play important roles in EMT within MPM,
and we review the current literature regarding these lncRNAs with respect to both EMT and MPM.

Keywords: malignant pleural mesothelioma; long non-coding RNAs (lncRNAs); epithelial-
mesenchymal transition

1. Introduction

Malignant pleural mesothelioma (MPM) is a rare, but aggressive form of cancer, predominantly
associated with prior exposure to asbestos [1]. Whilst many countries have banned the use of
asbestos [2], it is still used in developing countries. A recent report based on extrapolations for
asbestos use estimated global mesothelioma deaths at 38,400 per annum [3], and while there have been
some recent advances in this disease, particularly with respect to immune-oncology [4,5], the current
standard of care (a combination of pemetrexed/raltitrexed and cisplatin chemotherapy) [6,7] is
non-curative, and results in a response rate of approximately 40% [8].

Epithelial–mesenchymal transition (EMT) is a process by which epithelial cells shed many of their
epithelial traits and acquire various features observed in mesenchymal cells. During this transition,
epithelial cells lose their polarity and many of their intercellular contacts, such as desmosomes,
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adherens junctions, and tight junctions, resulting in their disassociation from epithelial sheets. At the
end of this process, cells undergoing EMT assume a variety of mesenchymal-like properties: enhanced
migratory capacity, invasiveness, heightened resistance to apoptosis, and greatly increased production
of extracellular matrix components [9].

Most MPMs have three main histologic subtypes, divided into epithelioid, sarcomatoid, or mixed
(biphasic) [10,11]. However, multiple morphological patterns have also been described within these
subtypes, and similarities in clinical presentation and histological appearance of MPM, primary
lung carcinoma, pleural metastases, reactive pleural diseases, and rare pleural malignancies can
pose challenges to MPM diagnosis [12]. Indeed, “The current gold standard of MPM diagnosis is
a combination of two positive and two negative immune-histochemical markers in the epithelioid
and biphasic type, but sarcomatous type do not have specific markers, making diagnosis more
difficult.” [12]. Because MPM has a partial fibroblastic phenotype in the context of EMT, it has been
postulated that this may, in part, explain the aggressiveness of this cancer conferring both high
invasiveness and chemoresistance [13], and in this regard, it may be applied to the epithelioid versus
sarcomatoid histotype of MPM [13]. In this regard, the epithelioid and sarcomatoid histologic variants
of MPM can be considered as E- and M-parts of the EMT axis, with the biphasic histotype considered
an intermediate [14]. In support of this, hierarchical clustering of transcriptomic data from MPM
separates this cancer into two distinct molecular subgroups, and one subgroup (C2) with an associated
EMT molecular signature has worse overall survival (OS) [15].

A significant body of work has examined the roles of other forms of non-coding RNA such as
microRNAs in both EMT [16,17] and MPM [18,19], and there is some evidence that miRNAs and
lncRNAs interact or cross-talk to orchestrate EMT [20]. Despite the known roles of lncRNAs in the
establishment of EMT in cancer, a topic recently reviewed in detail by us and others [21,22], very few
studies have specifically examined the functional roles of lncRNAs in MPM [23–26].

With the advent of high-throughput sequencing technology, transcriptomic data for MPM is
emerging. Using unsupervised consensus clustering of RNA-seq-derived expression data from
211 MPM samples, Bueno et al. [27] identified four major clusters: sarcomatoid, epithelioid,
biphasic-epithelioid (biphasic-E), and biphasic-sarcomatoid (biphasic-S). Of these, differential
expression analysis of the sarcomatoid and epithelioid consensus clusters identified a significant
number of lncRNAs which could distinguish between these, as shown in Table 1.

A discussion of the putative roles for these and other lncRNAs in EMT will be presented in
subsequent sections.

Table 1. Differentially expressed long non-coding RNAs (lncRNAs) between sarcomatoid versus
epithelioid samples as identified by Bueno et al. [27], and discussed in this article.

Name
log2 Fold
Change

Unadjusted
p-Value

Comments

PCAT1 −1.227580845 0.000168412
HOTAIR 4.342211972 1.09 × 10−10 Associates with chromatin remodelling complexes to regulate EMT [21]
MALAT1 −0.902533139 2.72 × 10−7

NEAT1 −0.534058107 0.012990525 Identified as an lncRNA with altered
(−2.8 fold) expression in MPM [26]

GAS5 0.053707959 0.785538121 GAS5 shown to have altered expression in MPM
HULC −0.724711448 0.03946186 Known roles in EMT in other cancers [28–30]

H19 2.155715056 1.09 × 10−9 Promotes EMT in NSCLC [31], and various other cancers [21]
ZFAS1 −0.443662478 0.018761094 Known regulator of EMT in other cancer settings [32–36]
PVT1 −0.64835701 7.75 × 10−5 Previously identified as an lncRNA with altered expression in MPM [24]

CASC2 −1.434979397 5.64 × 10−12
Overexpression shown to inhibit EMT in lung adenocarcinoma [37].
Associated with Epithelioid and Biphasic samples and high expression
associated with better OS in The Cancer Genome Atlas (TCGA) dataset

In this manuscript, we examined the expression of a novel series of lncRNAs (Epidermal Growth
Factor Receptor- antisense RNA 1 EGFR-AS1, prostate cancer associated transcript 6 PCAT6 and zinc
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finger E-box binding homeobox 2 antisense RNA 1 ZEB2-AS1) for altered expression in MPM. We show
that all three of these lncRNAs are overexpressed in MPM, and that one of them, PCAT6, is significantly
altered across all of the histological subtypes.

Subsequently, using in silico meta-analysis of existing The Cancer Genome Atlas (TCGA) and
other datasets (www.cbioportal.org; http://watson.compbio.iupui.edu/chirayu/proggene/database/
?url=proggene; www.oncomine.org), we review the known lncRNAs previously described by us and
others in MPM (PVT1, NEAT1, PAX8-AS1, and GAS5). Finally, using in silico analyses, combined with
a review of the current literature, we examine additional lncRNAs with known roles in EMT for the
dysregulated expression in MPM, and show that for many of these, this dysregulated expression is
often associated with the biphasic histological subtype. These results suggest that many lncRNAs
may be a factor in the transition from the epithelioid to the more aggressive sarcomatoid histotype of
malignant pleural mesothelioma.

2. Results

2.1. Novel LncRNAs with Altered Expression in MPM

Several lncRNAs have recently been identified by our unit as having potentially significant roles in
MPM. In the following sections we describe their expression and putative roles in both EMT and MPM.

2.1.1. EGFR-AS1

High expression of EGFR is associated with MPM [38]. However, clinical trials of EGFR tyrosine
kinase inhibitors (TKIs) as single agents in MPM failed [39–41]. However, more recently, expression of
EGFR on MPM has been used for the targeted delivery of microRNA mimics delivered by targeted
bacterial minicells (TargomiRs) in a recent clinical trial in MPM [42], while most recently a patient
harbouring mutations in EGFR (G719C and S768I) was successfully treated with Afatinib an EGFR
TKI [43]; an lncRNA associated with EGFR called EGFR-AS1 has been identified. This lncRNA was
shown to regulate EGFR expression in liver cancer [44], and most recently, expression of this lncRNA
has been shown to be associated with sensitivity to EGFR TKIs in patients with head and neck SCC
(HNSCC) [45]. Strikingly, knockdown of EGFR-AS1 in vitro and in vivo lead to increased sensitivity,
whereas overexpression is sufficient to induce resistance to EGFR TKIs [45]. In this regard, preliminary
data from our group has shown that EGFR-AS1 is significantly overexpressed in MPM (Figure 1); this
may explain in part why EGFR TKIs failed as single agents in clinical trials of MPM. The role of EGFR-AS1
in EMT has as yet to be determined. However, the known role of EMT in bypassing EGFR dependence [46]
suggests that this lncRNA may indeed play a role in orchestrating EMT transitions in MPM.

Figure 1. Overexpression of EGFR-AS1 in primary malignant pleural mesothelioma (MPM). EGFR-AS1
lncRNA expression was examined by RT-PCR in a series of primary MPM (n = 17) versus benign pleura
(n = 5). Semi-quantitative densitometric analysis of the results determined that EGFR-AS1 lncRNA was
significantly elevated in the tumours compared to benign pleura. Statistical significance was assessed
using a 1-tailed unpaired Students t-test (* p = 0.0445).
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2.1.2. PCAT6

PCAT6 is a lncRNA linked to KDM5B (also known as JARID1B). This lysine demethylase has
been shown to induce EMT in various cancers, including lung cancer [47–49]. Expression of PCAT6
has also been shown to be altered in NSCLC [50,51], and circulating levels of this lncRNA in patient
blood has potential as both a diagnostic and prognostic biomarker in NSCLC [51].

Preliminary data from our group indicates that expression of KDM5B is significantly upregulated
in primary MPM (Figure 2A), remaining significant across all histological subtypes (Figure 2B). Similar
significant overexpression of KDM5B is also observed in MPM samples in the Gordon et al. [52]
mesothelioma dataset (Figure 2C). Across the TCGA dataset, KDM5B appears to have significant
alterations in about 14% of MPM cases, including amplification of its genomic region, overexpression,
or indeed downregulation of its mRNA (Figure 2D), all of which are found in either the epithelioid or
biphasic subtypes (Figure 2E).

Moreover, we have also shown that PCAT6 itself is upregulated in MPM (Figure 2F). However,
when examined across histological subtypes, the upregulation observed was significant only in the
biphasic subset (Figure 2G). In the TCGA dataset, expression of this lncRNA does not appear to
be upregulated, although amplification of its genomic location occurs in 3% of MPM specimens
(Figure 2H), again, similar to KDM5B, these are spread over the epithelioid and biphasic subsets.
(Figure 2I).The functional role of this lncRNA in EMT is as yet unknown, but knockdown of this
lncRNA in lung cancer is associated with inhibited cellular proliferation and metastasis [50].

Figure 2. Cont.
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Figure 2. An examination of KDM5B and PCAT6 expression/alterations in MPM. (A) KDM5B
mRNA is significantly elevated in tumours (n = 17) compared to benign pleura (n = 5), (B) the same
samples stratified by histological subtype, (C) Oncomine analysis of the Gordon mesothelioma dataset
confirming significant overexpression of KDM5B, (D) in silico examination using cBioPortal reveals
that 14% of samples had alterations to KDM5B, (E) when stratified by histotype, these alterations
were restricted to epithelioid or biphasic subtypes, (F) total PCAT6 lncRNA is significantly elevated in
tumours (n = 16(red) compared to benign pleura (n = 4—green), (G) when stratified by histological
subtype (Benign = green; Epithelioid = yellow; Biphasic = blue; Sarcomatoid = red), elevated expression
of total PCAT6 is significant only in the biphasic subset. Statistical significance was assessed using
a Mann–Whitney t-test (* p < 0.05), or by an ANOVA using Dunnett’s Multiple Comparison Test
(* p < 0.05; ** p < 0.01; *** p < 0.001), (H) in silico examination using cBioPortal reveals that 3% of
samples had amplification of PCAT6, (I) when stratified by histotype, these alterations were restricted
to biphasic or epithelioid subtypes.
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2.1.3. ZEB2-AS1

ZEB2 is a known regulator of EMT [21]. Originally called ZEB2NAT, but now more often described
as ZEB2-AS1, this natural anti-sense lncRNA of ZEB2 was shown to regulate ZEB2 during the process
of EMT [53]. This lncRNA has been found to be upregulated in both urinary bladder cancer [54] and
hepatocellular carcinoma [55], and in bladder cancer cells is partly responsible for activation of ZEB2
during EMT induction by Transforming growth factor beta (TGF-β) [54]. Furthermore, knockdown
of this lncRNA in Hepatocellular Carcinoma (HCC) cells results in reduced vimentin and N-caherin
expression with restoration of E-cadherin expression [55], further supporting a role for this lncRNA in
the regulation of EMT.

ZEB2 was found to be a significantly altered gene between the sarcomatoid vs. epithelioid clusters
(unadjusted p-value: p < 2.03 × 10−26) in the analysis by Bueno et al. [27], but this has not been
supported by earlier analysis in the Gordon dataset [52]. There is some suggestion that in the larger
dataset by Lopez-Rios that higher expression of ZEB2 is associated with the sarcomatoid subtype
(p = 0.065) [56]. Very little is known about the expression of ZEB2-AS1 in MPM. Our preliminary
analysis suggests that expression of this lncRNA is potentially dysregulated in MPM (Figure 3),
but further studies will be required to validate these observations.

Figure 3. Altered expression of ZEB2-AS1 in primary MPM. ZEB2-AS1 lncRNA expression was
examined by RT-PCR in a series of primary MPM (n = 16—red) vs. benign pleura (n = 4—green).
Semi-quantitative densitometric analysis of the results suggests that ZEB2-AS1 lncRNA was elevated in
the tumours compared to benign pleura. Statistical significance was assessed using a 1-tailed unpaired
Students t-test (p = 0.0769).

2.2. Previously Published lncRNAs with Known Links to MPM

A significant body of research has shown that many short non-coding RNAs, such as microRNAs
(miRNAs), have extensive alterations and diverse roles in MPM, and have been discussed by us in
depth in a previous review [18]. The evidence for altered expression or roles of lncRNAs in MPM
has not as yet been exhaustively analysed in MPM. In the following sections we review the current
knowledge of the known lncRNAs associated with MPM, and whether or not these lncRNAs can be
linked to EMT processes.

2.2.1. PVT1 and c-Myc

PVT1 is an lncRNA which has been shown to be associated with poor prognosis in many
cancers [57]. Its expression has also been linked to EMT in various cancers. For example, in breast
cancer, PVT1 is significantly upregulated, and directly interacts with SOX2 to drive EMT [58].
In pancreatic cancer, PVT1 has been found to promote EMT by downregulation of the cyclin-dependent
kinase p21 [59]. The other ways PVT1 has been shown to elicit responses include by acting as a
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competitive endogenous RNA (ceRNA) for various miRNAs [60–67], or by interactions with EZH2 to
epigenetically regulate genes associated with EMT [68–75].

Both PVT1 and c-Myc are located at the same chromosomal location (8q24.21) and an increase in
PVT1 expression is required for high MYC protein levels in 8q24-amplified human cancer cells [76].
In this regard, frequent coamplification and cooperation between c-MYC and PVT1 oncogenes have
been observed to promote malignant pleural mesothelioma [24]. Next Generation Sequencing (NGS)
demonstrated a downregulation of PVT1 in a sarcomatoid subset compared to epithelioid (Table 1) [27].

In silico analysis of the TCGA provisional dataset demonstrated that amplification occurred only
in epithelioid samples (Figure 4A,B), which is somewhat in agreement with the observations made
by Riquelme et al., where copy number gains were seen in the biphasic (6 of 26, 23%) and epithelioid
(5 of 37, 13%) histotypes but not in the sarcomatoid cases [24]. In samples where PVT1 overexpression
is observed it is either associated with the epithelioid or biphasic histology (Figure 4B).

Figure 4. An examination of PVT1 expression/alterations in the TCGA dataset. (A) In silico
examination using cBioPortal reveals that 5% of samples had overexpression of PVT1 RNA; (B) when
stratified by histotype, only the epithelioid subtype had amplification of PVT1, whereas some patients
with epithelioid and biphasic but not sarcomatoid subtypes had overexpression of this lncRNA.

2.2.2. NEAT1

Neat1 was identified by our group as an lncRNA altered in MPM [26]. It is now well-established
that this lncRNA promotes EMT [21,77], and one of the means by which it affects EMT is through
regulation of EZH2 [78,79]. Most recently, the expression of NEAT1 has been shown to be BAP1
dependent [80]. Given that it is estimated that approximately 65% of mesotheliomas harbour mutations
inactivating BAP1 [81], this may have implications with respect to the role of this lncRNA in MPM
pathogenesis. Both our data, and that of Bueno et al. (Table 1) [27], showed an overall downregulation
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of this lncRNA in MPM. Further analysis of the TCGA dataset shows that a proportion of samples have
upregulation of this lncRNA (Figure 5A), which when stratified by histology, is found mostly in the
Epithelioid subset, with a smaller proportion in the Biphasic subset also showing elevated expression
(Figure 5B).

Figure 5. An examination of Neat1 expression/alterations in the TCGA dataset. (A) In silico
examination using cBioPortal reveals that 6% of samples had overexpression of Neat1 lncRNA.
(B) When stratified by histotype, the majority of samples with elevated Neat1 are found in the
epithelioid subset, followed by a proportion in the biphasic subset.

2.2.3. PAX8-AS1

This lncRNA was also identified [26] as being significantly altered in MPM. The gene associated
with this lncRNA, PAX8, has been shown to play important roles in the development of ovarian
cancer [82], and may do this through upregulation of markers of EMT [83]; although conflicting results
have emerged [84]. Interestingly, PAX8 expression is observed in peritoneal mesotheliomas [85,86],
but not in pleural mesotheliomas [86]. In MPM, no significant changes in expression of PAX8 were seen
in the Gordon dataset [52], whereas high expression of PAX8 was observed in 4 of 87 MPM samples
(5%) in the TCGA dataset (data not shown).

Whilst our previous publication found that PAX8-AS1 was significantly altered in MPM [26],
analysis of the TCGA dataset using cBioPortal found no alterations in this lncRNAs expression,
suggesting that perhaps this lncRNA may not play a direct role in the regulation of EMT and/or the
pathogenesis of MPM.
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2.2.4. GAS5

A link between GAS5 and EGFR TKI sensitivity has also been identified. Levels of GAS5 were
downregulated in the EGFR TKI resistant lung adenocarcinoma cell line A549 compared to sensitive
cell lines. Moreover, restoration of GAS5 expression could greatly sensitise these cells to gefitinib
treatment in xenograft mouse models [87]. In a separate study relating to prostate cancer, increased
expression of GAS5 was associated with decreased Akt signalling [88]. Therefore, it could be suggested
that lncRNA mediated regulation of Akt signalling seems to highly important in determining the
sensitivity of NSCLC cells to EGFR TKI, such as gefitinib.

In MPM, Felley-Bosco and colleagues have shown that this lncRNA is overexpressed in malignant
tumours compared to non-tumoural tissue, (* p < 0.0001 expression, Mann–Whitney test) [25]. While
loss of this lncRNA is associated with a shortening of the cell-cycle in MPM cell lines, the role of
this lncRNA in regulating EMT in MPM is unknown, however, studies in other cancers, such as
osteosarcoma, have shown that expression of this lncRNA decreased in tumours compared to adjacent
normal tissue. Furthermore, overexpression of GAS5 suppressed cellular proliferation, migration,
and EMT in osteosarcoma cell lines [89].

2.3. Previously Published lncRNAs with Known Links to EMT

It is now well established that various lncRNAs play essential roles in the regulation of EMT,
a subject we recently reviewed in depth [21]. Despite this, several of these key lncRNAs have not been
studied in depth in MPM. In the following sections we discuss the known roles of several of these key
lncRNAs, and using in silico analyses to describe the current evidence for their altered expression in
mesothelioma histological subtypes.

2.3.1. HOTAIR

HOTAIR is a lncRNA transcribed from the HOXC gene cluster that promotes epigenetic
silencing of target genes, including the HOXD gene cluster, through the recruitment of the PRC2 and
LSD1/CoREST/REST chromatin remodelling complexes [90,91]. It is well established that HOTAIR
is overexpressed in a wide variety of solid malignancies, and moreover, that this overexpression is
associated with metastasis and tumour recurrence [21]. Critically, HOTAIR has been linked extensively
to the promotion of EMT in solid tumours [21]. In this regard, HOTAIR has been found to regulate
EMT through recruitment of PRC2 to the CDH1 promoter [92]. HOTAIR also forms a tripartite complex
with Snail and EZH2, facilitating the recruitment of EZH2 to Snail binding sites at the promoters of
the epithelial genes E-cadherin, Hepatocyte nuclear factor (HNF), HNF1α, and HNF4α, resulting in
their epigenetic silencing [93]. HOTAIR also positively regulates the expression of JMJD3 and Snail to
regulate EMT [94]. In addition, this lncRNA plays roles in the silencing of many anti-EMT regulators,
such as the miRNAs miR-7, miR-34a, and miR-568 [95–97].

In MPM, overexpression of HOTAIR was found in the sarcomatoid subset of the Bueno NGS
dataset (Table 1) [27], suggesting that HOTAIR is a lncRNA associated with the progression of MPM
from the epithelioid to the sarcomatoid subtype. In silico analysis of an existing TCGA dataset shows
that for those samples showing overexpression of this lncRNA the majority were biphasic (Figure 6A,B),
and further analysis reveals that higher expression of HOTAIR in mesothelioma is associated with an
poorer overall survival (Figure 6C).
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Figure 6. An examination of HOTAIR expression/alterations in the TCGA dataset. (A) In silico
examination using cBioPortal reveals that 8% of samples had overexpression of HOTAIR RNA; (B) when
stratified, the majority of these samples were associated with the Biphasic subtype; (C) when examined
using ProGeneV2 (http://watson.compbio.iupui.edu/chirayu/proggene/database/?url=proggene),
higher expression of HOTAIR was associated with a worse overall survival.

2.3.2. MALAT1

MALAT-1 (metastasis-associated lung adenocarcinoma transcript 1 also called NEAT2 or nuclear
enriched abundant transcript 2) was first identified in NSCLC as a predictive marker associated with
metastatic disease and shorter survival in early stage lung adenocarcinoma [98]. Since its initial
discovery, MALAT-1 has been shown to be overexpressed and linked to the promotion of EMT in
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many cancers [21,99,100]. However, there are conflicting results which suggest that this lncRNA can
either promote or inhibit EMT [77,101,102]. This may be in part because MALAT-1 can regulate EMT
and other processes in various ways. For example, MALAT-1 can act as a competing endogenous RNA
(ceRNA) for various miRNAs including miR-1, miR-200c, miRNA-204, and miR-205 resulting in the
subsequent promotion of EMT [103–106]. Another mechanism by which MALAT-1 induces EMT is
via the recruitment of the PRC2 components Suz12 and EZH2 to regulate E-Cadherin [105,107] and
β-catenin [108,109].

MALAT-1 has been shown to activate EMT through either MAPK/ERK or PI3K/Akt signalling.
MALAT-1 knockdown significantly reduced MAPK/ERK signalling in gallbladder cancer cells [110],
and in glioma, MALAT-1 acts as a tumour suppressor by attenuating ERK/MAPK mediated
signalling [111]. In osteosarcoma cells, downregulation of MALAT-1 inhibits PI3K/Akt signalling [112],
whereas in breast and ovarian cancer cells, knockdown of MALAT-1 knockdown results in
increased PI3K/Akt signalling and induction of EMT [102,113]. In this regard, in amodel of
silica induced pulmonary fibrosis, MALAT-1 acts as a ceRNA for miR-503, one of whose targets
is PI3K p85. By “sponging” this miRNA, MALAT-1 allows stimulation of EMT through a
MALAT-1-miR-503-PI3K/Akt/mTOR/Snail pathway [114].

MALAT-1 is induced by TGF-β and plays a critical role during the promotion of EMT by TGF-β
in bladder cancer cells [107]. TGF-β often elicits its effect through the Wnt signalling pathway,
and significant evidence now suggests that lncRNAs play a major role in this process [115]. For example,
MALAT-1 induces EMT in various cancers via the Wnt/β-catenin signalling pathway [116–118], while
loss of WIF1 enhances the migratory potential of glioblastoma cells through WNT5A activation
mediated by MALAT1 [119]. Intriguingly, MALAT1 expression was found to be overexpressed in the
sarcomatoid subset of the Bueno NGS dataset (Table 1) [27]. In silico analysis of an existing TCGA
dataset also shows that for MPM samples with overexpression of this lncRNA, the majority were
epithelioid with some in the biphasic category (Figure 7A,B).

In renal cell carcinoma, a link between MALAT-1 and c-MYC, a downstream effector of
Wnt/β-Catenin signalling, was found to be an element in the regulation of β-catenin and transcription
factor c-Myc [116]; other lncRNAs have now been shown to play additional roles in regulating EMT
via either c-Myc or n-Myc.

Figure 7. An examination of MALAT1 expression/alterations in the TCGA dataset. (A) In silico
examination using cBioPortal reveals that 5% of samples had overexpression of MALAT1 RNA; (B) when
stratified by histotype, the majority of these samples were associated with the epithelioid subtype.
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2.3.3. MYCNOS and N-MYC

N-Myc (MYCN) belongs to the MYC family and was originally identified as being amplified
in 20–30% of neuroblastoma tumours, but it is now well established that dysregulation of this
transcription factor is common in many non-neuronal tumours [120]. N-Myc has also been shown to
play roles in driving EMT in cancer [121]. In this regard, an lncRNA called MYCNOS has been shown
to regulate the expression of N-Myc [122–124].

While a role for this lncRNA has not yet been identified in MPM, MYCNOS is upregulated in a
proportion of MPM (5%—Figure 8A), and is mostly upregulated in the biphasic subset—Figure 8B.
N-Myc also shows overexpression in a subset of MPM samples, but the majority of the samples do not
fall into a defined histotype (Figure 8C). In these samples only two patients have co-overexpression of
both MYCNOS and MYCN.

Figure 8. An examination of MYCNOS and N-Myc expression/alterations in the TCGA dataset. (A) In
silico examination using cBioPortal reveals that 5% of samples had overexpression of MYCNOS RNA,
while 6% had overexpression of N-Myc, (B) when stratified by histotype, the majority of samples with
elevated MYCNOS were found in the biphasic subset, (C) N-Myc stratification does not fall into any
defined histotype.

2.3.4. H19

H19 is an imprinted lncRNA, and has long been identified as an aberrantly expressed non-coding
RNA in a great number of cancers, and has been shown to play multi-faceted roles during the
tumourigenic process [125]; and is considered to be a critical element in EMT [126]. Indeed,
overexpression of this lncRNA is associated with the activation of EMT in numerous cancers,
including pancreatic cancer, CRC, nasopharyngeal carcinoma, bladder cancer, gallbladder cancer,
and oesophageal cancer4 [21], where it has been shown to silence E-cadherin through recruitment of
EZH2 to its promoter, or functions as a ceRNA for several pro-EMT miRNAs [21].

Upregulation of this lncRNA is found in the differential analysis between the epithelioid versus
sarcomatoid clusters in the analysis by Bueno et al. (Table 1) [27]. In silico analysis of the TCGA
dataset suggests that a small number of samples have higher expression of H19 (Figure 9A), which are
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distributed between the epithelioid (n = 1) and biphasic (n = 2) (Figure 9B). However, higher median
expression of H19 is associated with a worse overall survival in this dataset (Figure 9C).

Figure 9. An examination of H19 in MPM. (A) H19 lncRNA is altered/overexpressed in a small
proportion of MPM patients, as assessed using cBioPortal; (B) when separated by histology these
samples fall into either the biphasic or epithelioid subsets; (C) when overall survival is assessed in this
dataset, high median expression is associated with a significantly worse OS (p = 0.0016).
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2.3.5. HULC

The lncRNA Highly Upregulated in Liver Cancer (HULC) was originally identified as one of
the most upregulated genes in hepatocellular carcinoma (HCC) [127]; this lncRNA has now been
shown to be aberrantly upregulated in several cancers [128]. Some evidence has also been reported
suggesting that HULC can also act to inhibit c-Myc expression and PI3K/Akt signalling [129,130],
and HULC has also been shown to cooperate with MALAT1 to promote liver cancer stem cell
growth/aggressiveness [131]. Moreover, HULC has been shown to affect transcription through
interaction with EZH2 [132].

A role for HULC in the regulation of EMT has been observed in HCC where it functions as a
ceRNA for miRNAs (miR-122, miR-200a-3p, miR-372, and miR-488) [29,30,133,134] to mediate EMT
via upregulation of Snail [135], ZEB1 [29], or ADAM9 [30], and this lncRNA has also been reported to
induce EMT in gastric cancer [28].

A functional role for this lncRNA in MPM has not yet been identified. However, it was observed to
be significantly downregulated in the sarcomatoid compared to the epithelioid subgroup (Table 1) [27].
cBioPortal analysis of the current TCGA mesothelioma dataset finds that 7% of samples have either
amplifications or deletions in HULC, or overexpress this lncRNA (Figure 10A). When separated
according to histology, the majority of alterations observed were found to be of the biphasic subtype
(Figure 10B).

Figure 10. An examination of HULC in MPM. (A) HULC is either amplified/deleted or overexpressed
in a small proportion (7%) of MPM patients, as assessed using cBioPortal, (B) when separated by
histology the majority of these samples fall into the biphasic subgroup.

2.3.6. CASC2

In a study of NSCLC, expression of this lncRNA in the adenocarcinoma subtype was associated
with inhibition of EMT through regulation of SOX4 [37]. A similar role for this lncRNA in regulating
EMT in HCC has been identified, where this lncRNA has been shown to act as a ceRNA for miR-367
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via a CASC2/miR-367/FBXW7 axis [136]. Furthermore, CASC2 has been shown to inhibit HCC by
acting as a ceRNA for miR-362-5p, which resulted in the inhibition of the Nuclear Factor Kappa Beta
(NF-κB) pathway [137].

A functional role for this lncRNA in MPM has not yet been defined, but decreased expression of
this lncRNA is significantly associated with the sarcomatoid subtype in the Bueno NGS samples [27]
(Table 1). Moreover, analysis of the TCGA dataset in cBioPortal reveals that those samples showing
high expression of this lncRNA are associated with more with epithelial and biphasic subtypes, with the
majority of the overexpression being observed in the epithelioid subset, while amplifications/deletions
of this lncRNA were observed in biphasic samples (Figure 11A,B). When expression of this lncRNA was
examined for Overall Survival (OS) benefit using ProGeneV2, high median expression was associated
with better overall survival (Figure 11C).

As CASC2 is downregulated in human HCC samples, it may therefore be of interest to examine the
levels of this lncRNA in MPM to see if loss of CASC is associated with a more aggressive histological
phenotype as observed in Table 1.

Figure 11. Cont.
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Figure 11. An examination of CASC alterations and expression in MPM. (A) CASC2 mRNA is
altered/overexpressed in a small proportion of MPM patients as assessed using cBioPortal, (B) when
separated by histology these samples fall into either the biphasic or epithelioid subsets, (C) when
overall survival is assessed in this dataset, high median expression is associated with a significantly
better OS (p = 0.000203).

2.3.7. ZFAS1

ZFAS1 is a lncRNA transcribed antisense to the ZNFX1 protein-coding gene, first identified as
an lncRNA involved in mammary development and subsequently found to have altered expression
in breast cancer [138]. Since this initial finding, ZFAS1 has been shown to be pro-tumourigenic
and promote EMT in a number of other cancers, including colon cancer, gastric carcinoma, and
glioma [33–36,139–148].

The role of this lncRNA has not yet been identified in MPM, but this lncRNA was found to be
significantly altered between epithelioid versus sarcomatoid samples (Table 1) [27]. In the TCGA
dataset, ZFAS1 shows overexpression in 5% of the samples; this was associated in samples with
epithelioid or biphasic histologies (Figure 12A,B).

3. Materials and Methods

3.1. Primary Tumor Samples

Surgical specimens were obtained as discarded tumour samples from patients who had undergone
an extended pleuropneumonectomy at Glenfield Hospital, Leicester, UK. Benign specimens were
acquired from patients never diagnosed with MPM. Informed consent was obtained from each patient,
and the study was conducted after formal approval from the relevant Hospital Ethics Committee
(Leicestershire Research Ethics Committee (REC) references 6742 and 6948). Samples consisted of 5
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benign lesions and 17 MPM samples (epithelioid: n = 7; sarcomatoid: n = 4; biphasic: n = 6), details of
which are provided in Table 2.

Figure 12. ZFAS1 is altered in a subset of MPM. (A) ZFAS1 is overexpressed in a small proportion (5%)
of MPM patients as assessed using cBioPortal; (B) when separated by histology the majority of these
samples fall into epithelioid or biphasic subgroups.

Table 2. Details of pleura/mesothelioma samples used in this study.

Sample Pathology (Benign, Epithelial, Biphasic, Sarcomatoid) Age Gender

JE29 Benign—pleural plaque 55 Male
JE30 Benign—pleural plaque 55 Male
JE32 Benign—pneumothorax 30 Male
JE41 Benign—empyema 68 Male
JE48 Benign—pleural plaque 55 Male
JE31 Epithelioid 62 Male
JE139 Epithelioid 73 Male
JE149 Epithelioid 66 Male
JE155 Epithelioid 56 Female
JE157 Epithelioid 52 Male
JE162 Epithelioid 56 Male
JE173 Epithelioid 54 Male
JE86 Biphasic 54 Male
JE89 Biphasic 54 Female
JE136 Biphasic 41 Male
JE150 Biphasic 58 Male
JE151 Biphasic N/A Male
JE160 Biphasic 60 Female
JE106 Sarcomatoid 74 Male
JE125 Sarcomatoid 64 Male
JE133 Sarcomatoid 59 Male
JE145 Sarcomatoid (desmoplastic) 64 Male

N/A—not available.
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3.2. Ethics Statement

Investigations were conducted in accordance with the relevant ethical standards, the Declaration of
Helsinki, national, and international guidelines, and were approved by the relevant institutional review
board (041018/8804, 13 October 2004, St James’s Hospital/The Adelaide and Meath incorporating the
National Childrens Hospital (SJH/AMNCH) REC).

Ethics Approval and Consent to Participate

All subjects gave their informed consent for inclusion before they participated in the study.
The study was conducted in accordance with the Declaration of Helsinki.

Fresh Frozen Samples: The study was conducted after formal approval from the relevant Hospital
Ethics Committee (Leicestershire REC references 6742 and 6948).

3.3. RNA Isolation and RT-PCR Amplification

Total RNA was extracted from fresh frozen patient samples using TRI reagent® (Cincinnati, OH,
USA) according to manufacturer’s instructions. Prior to first strand cDNA synthesis, 200 ng of total
RNA was pre-treated by digestion with amplification grade DNase (Sigma-Aldrich, St. Louis, MO,
USA) according to the manufacturer’s instructions. cDNA was then generated using an all-in-one
cDNA Synthesis Supermix (Bimake, Houston, TX, USA) according to the manufacturer’s instructions.
Patient samples were examined for the expression of various lncRNAs and 18S rRNA at the end point
of PCR, using primers and annealing temperatures as outlined in Table 3. Each analysis was carried
out once.

Table 3. Primers and associated annealing temperatures.

Gene/lncRNA Primer Sequence Temp Source

EGFR-AS1 F: 5′-CTTTGCGATCTGCACACACC-3′
62 This study

R: 5′-GAAGCCTACGTGATGGCCAG-3′

PCAT6
F: 5′-CCCTAGATACACCCGCCTGGT-3′

64 This study
R: 5′-ACATTCCAGGGCACCGAGAG-3′

ZEB2-AS1
F: 5′-GAGAGAGACGAGAGACCCTGAA-3′

60 This Study
R: 5′-AAATTCATCATGCACACACCC-3′

KDM5B (JARID1B)
F: 5′-GCTACCCCCTCCAGCTACTCAGA-3′

62 This study
R: 5′-TCCTCCTCGACTTCCTCCTCATC-3′

18S rRNA
F: 5′-GATGGGCGGCGGAAAATAG-3′

60 [149]R: 5′-GCGTGGATTCTGCATAATGGT-3′

PCR cycling conditions were 1 min at 95 ◦C, 1 min at the appropriate annealing temperature as
per Table 2, 1 min at 72 ◦C for 35 cycles, with a final extension of 72 ◦C for 10 min. RT-PCR products
for each experimental gene and appropriate housekeeping genes (18S rRNA) were run on 2% agarose
gels. Following image capture, product quantification was performed using TINA 2.09c (Raytest,
Isotopenmeßgeräte GmbH, Straubenhardt, Germany) densitometry software. The mRNA expression
was normalised to loading controls, and was expressed as a ratio of target mRNA expression: loading
control expression.

3.4. Statistical Analysis

All data are expressed as mean ± SEM unless stated otherwise. Statistical analysis was performed
with Prism 5.01 (GraphPad, La Jolla, CA, USA) using either t-tests or one-way analysis of variance
(ANOVA) where groups in the experiment were three or more. Following ANOVA, post-test analyses
utilised the Dunnett’s Multiple comparison test.
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3.5. In Silico Analysis

In silico analysis was conducted on three additional mesothelioma datasets as follows:
(a) The dataset previously published by Gordon et al. [52], which was interrogated using

Oncomine, (b) and an existing TCGA data set (TCGA Mesothelioma; raw data at the NCI; the dataset
consists of n = 87 samples: epithelioid (57), biphasic (23), sarcomatoid (2), other mesothelioma (5).

Data-mining of the available mesothelioma datasets was conducted using Oncomine [150,151]
cBioportal [152–154], or PROGgeneV2 [155,156], using their respective default settings.

4. Conclusions

Despite intensive efforts, the range of treatment options available to clinicians for the treatment
of patients with MPM remains low. The current mainstay of treatment is a combination of cisplatin
and pemetrexed (or alternatively raltitrexed), and only approximately 40% of patients will respond
to this regimen. At present, no second-line strategy has been approved to date, except rechallenging
the patients with long-lasting tumour control after first-line treatment with pemetrexed-based
chemotherapy [157].

Across the histological subtypes of MPM, patients who have an epithelioid histology generally
have the best OS. Because MPM has a partial fibroblastic phenotype in the context of EMT, it has
been postulated that this may, in part, explain the aggressiveness of this cancer by conferring both its
high invasiveness and chemoresistance [13]; in particular, with regard to the epithelioid rather than
sarcomatoid histotype of MPM [13]. In this regard, the epithelioid and sarcomatoid histologic variants
of MPM can be considered as E- and M-parts of the EMT axis, with the biphasic histotype considered
an intermediate [14].

In this report, we have shown that many lncRNAs associated with EMT have predominantly
altered expression, associated for the most part with the sarcomatoid histologies. Therefore, a greater
understanding of the molecular mechanisms governing EMT remains imperative for the development
of novel therapies that can slow or prevent metastasis, the current great unmet need of cancer therapy.

In a previous review, we discussed the role of many lncRNAs as elements associated with
resistance mechanisms to cisplatin [21], and many of the lncRNAs discussed in this article such as
HOTAIR or MALAT1 have well defined roles in cisplatin resistance [21].

If these lncRNAs are both associated with driving MPM from the epithelioid subtype to the
more aggressive forms with poorer OS (biphasic and sarcomatoid) with resistance to cisplatin, then
potentially targeting these may have therapeutic applicability. Methodologies to restore ncRNAs in
MPM, such as the recently completed Phase I MesomiR 1 clinical trial [42], suggest that this technology
could also be utilised or adapted to specifically target lncRNAs in MPM.

In conclusion, a large body of evidence suggests that lncRNAs associated with EMT are
dysregulated in MPM, and their alteration may be associated with the more aggressive histological
subtypes. More work remains to delineate how we may be able to take advantage of this clinically.
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Abbreviations

ceRNA competitive endogenous RNA
EMT Epithelial Mesenchymal Transition
lncRNA long non-coding RNA
NSCLC Non-Small Cell Lung Cancer
miRNA microRNA
MPM Malignant Pleural Mesothelioma
NGS Next Generation Sequencing
OS Overall Survival
TCGA The Cancer Genome Atlas
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Abstract: Malignant mesothelioma is a rare and aggressive tumor with limited therapeutic options.
We report a case of a malignant peritoneal mesothelioma (MPM) epithelioid type, with environmental
asbestos exposure, in a 36-year-old man, with a long survival (17 years). The patient received
standard treatment which included cytoreductive surgery (CRS) and hyperthermic intraperitoneal
chemotherapy (HIPEC). Methods and Results: Molecular analysis with comparative genomic
hybridization (CGH)-array was performed on paraffin-embedded tumoral samples. Multiple
chromosomal imbalances were detected. The gains were prevalent. Losses at 1q21, 2q11.1→q13,
8p23.1, 9p12→p11, 9q21.33→q33.1, 9q12→q21.33, and 17p12→p11.2 are observed. Chromosome
band 3p21 (BAP1), 9p21 (CDKN2A) and 22q12 (NF2) are not affected. Conclusions: the defects observed
in this case are uncommon in malignant peritoneal mesothelioma. Some chromosomal aberrations
that appear to be random here, might actually be relevant events explaining the response to therapy,
the long survival and, finally, may be considered useful prognostic factors in peritoneal malignant
mesothelioma (PMM).

Keywords: peritoneum; mesothelioma; molecular-array; asbestos

1. Introduction

Peritoneal malignant mesothelioma (PMM) is a rare, lethal malignancy, whose main known
cause is occupational or environmental asbestos exposure. Other possible risk factors are radiation
exposure and genetic predisposition [1]. The peritoneal mesothelioma incidence is rising continuously
without peaking; often the disease is unresectable and the patient’s prognosis poor (10–13 months) [2].
In recent years, the prognosis has improved due to therapeutic advancements such as surgery in
combination with other treatment modalities such as hyperthermic intraperitoneal chemotherapy or
radiation [3]. It has been ascertained that mesothelioma generally occurs in elderly asbestos-exposed
men. When the tumor occurs in younger people, generally a genetic predisposition and environmental
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exposure to asbestos or other mineral fibers are implicated. Genetic susceptibility alone cannot explain
mesothelioma in young people, but an inordinate sensitivity to these fibers must be considered. In fact,
in familial mesothelioma, germline bands 3p21 (BAP1) mutations make the members susceptible to
the development of cancer even in the presence of low amounts of inhaled asbestos [4].

Patients younger than 40 years appear to have a significantly longer survival compared to older
patients (both in pleural and peritoneal mesothelioma). In a recent report, Thomas et al. [5] suggested
that female gender, peritoneal site, histology, surgery, and radiation therapy are the better prognostic
factors. However, the authors emphasize the need for genetic study of the tumor to identify recurring
changes that can define the disease at a young age. Therefore, the identification of genetic changes
will produce the development of new agents targeting these oncogenic abnormalities. Many DNA
copy number alterations (CNAs) have been identified in peritoneal malignant mesothelioma [6].
Generally, the genetic alterations observed in malignant mesothelioma (MM) are deletions in 1p21-22,
1p36, 3p21, 4p, 4p12-13, 4q, 4q31-32, 6q14-25, 6q22, 9p21, 10p13-pter, 13q13-14, 14q, 14q12-24, 14q32,
15q15, 17p12-13, 17p12-pter, and 22q12, and amplifications in 1q23, 1q32, 1p36.33, 5p, 5p15.1-pter, 7p,
7p14-15, 7q21, 7q31, 8q, 8q22-23, 8q24, and 15q22-25 shown by comparative genomic hybridization
(CGH) analysis [7–15]. Deletion of 9p21 is particularly frequent in MM, especially in the biphasic
histotype, although this deletion has been reported to be less frequent in peritoneal than in pleura
mesothelioma [15–17]. Also 3p21 and 22q12 losses are less common in peritoneal mesothelioma.
Generally, a higher frequency of loss was seen in pleural MM, gains were seen more frequently in
peritoneal MM, including regions at 3q, 7q, 8p, 9p, 16p, and 20q [16,18,19].

This study describes the genetic alterations observed in a case of diffuse asbestos-related peritoneal
mesothelioma affecting a young man (under 40 years) who has survived and is currently disease-free.

2. Results

The CGH-array analysis revealed multiple chromosomal abnormalities (27 gains and 7 losses).
Deletions were found at 1q21, 2q11.1→2q13, 8p23.1, 9p12→9p11, 9q21.33→9q33.1, 9q12→9q21.33,
and 17p12→17p11.2. Amplifications were at 1p36.33→1p36.32, 1q31, 3p25.3→3p25.1, 3p22.2→3p22.1,
3q29, 4p16.3→4p16.1, 4q13.1, 5p15.33, 7p22.3→7p22.1, 7q21.11, 8q24.3, 9q34.11→9q34.3, 10q26.3,
11p15.5→11p15.4, 11q13.1→11q13.2, 11q13.3→11q13.4, 12q24.33, 13q33.2, 16q22.1→16q22.2, 17p13.1,
17q24.3→17q25.3, 19p13.3, 20p13→20p12.3, 22q11.21→22q11.23, Xp22.33, Xq22.2, and Xq28. CNAs
detected are shown in Figure 1.

3. Discussion

Epidemiological studies report a significant risk of mesothelioma in people exposed to asbestos
in non-occupational settings. The prominent characteristic of non-occupational exposure is the
considerably younger age at the start of exposure, and hence the risk of a longer exposure and latency.
Furthermore, the risk of MM is increased with cumulative dose of asbestos even in analyses limited to
non-occupationally exposed subjects [20]. Peritoneal mesothelioma is difficult to diagnose, particularly
when the tumor affects women and younger patients. Currently, cytoreductive surgery, combined
with hyperthermic intraperitoneal chemoperfusion is the best treatment for young patients. However,
clinical trials have shown that this treatment improves median overall survival by 27–46 months [21].
In a multivariate analysis, Thomas et al. [5] report that younger age was a favorable independent
prognostic factor, including after multimodal treatments. Because multimodal treatment is associated
with a significant perioperative risk it is necessary to consider prognostic markers during patient
selection. At present, the morphological growth patterns of the tumor and the mitotic index are the
prevalent aspects used to select patient groups to be submitted to treatment options [21,22].

Frequent molecular alterations [deletion/mutation] at CDKN2A (9p21), NF2 (22q12), and BAP1
(3p21) are considered the predictive prognostic factors for progression-free survival and overall survival
in malignant peritoneal mesothelioma (MPM) [23]. The molecular pathway and mechanism still
remains unknown due to a lack of large-scale studies. Currently, in oncology, these alterations are not
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decisive, nor do they affect the choice of chemotherapy. In a younger patient with non-asbestos-related
peritoneal mesothelioma, epithelioid type, Sheffield et al. [16] observed that loss of function in NF2
was correlated with a worse prognosis and no response to chemotherapy. By contrast, a middle-aged
woman with non-asbestos-related peritoneal mesothelioma, sarcomatoid type, with mutations in NF2
(22q12.1), CDKN2A (9p21), p53 (17p12), and LATS2 (13q12), had an excellent response to treatment.
Hence the question, whether it is appropriate to exclude patients with sarcomatoid mesothelioma from
aggressive treatment options. BAP1 was normal in both cases.

Alakus et al. [24], did not observe CDKN2A changes when analyzing a series of peritoneal
mesothelioma. BAP1 was lost or inactivated in three of seven cases of peritoneal mesothelioma,
suggesting a potential genetic predisposition in these patients. The same results were reported by
Borczuk et al. [18] in a series of 32 peritoneal mesothelioma cases. However, when considering BAP1
in other tumors, its loss is a marker of poor prognosis; in mesotheliomas, the real biologic role of BAP1
(germline or somatic mutations) is unclear and it appears to work with different results [25].

Singhi et al. [26], in a recent report of 86 malignant peritoneal mesothelioma, had observed that
the absence of BAP1 nuclear expression correlated with increased mean age and with the epithelioid
subtype; the loss or absence of nuclear BAP1 expression was not associated to asbestos exposure,
incomplete cytoreduction, invasion, or metastasis. BAP1 immunohistochemical staining, loss vs.
preserved, was not associated with clinical outcome, whereas the CDKN2A and NF2 deletions were
negative prognostic markers.

Our mesothelioma asbestos-related (environmental exposure), epithelioid subtype, shows a high
nuclear immunohistochemical BAP1 expression, the chromosome bands 3p21 (BAP1), 9p21 (CDKN2A),
and 22q12 (NF2) are not altered, and the young patient is disease-free.

The Pin2/TRF1-interacting telomerase inhibitor (PinX1) is a novel cloned gene located at human
chromosome 8p23, playing a vital role in maintaining telomeres length and chromosome stability [27].
Loss of heterozygosity (LOH) regions, PinX1 overexpression or inhibition are detected in human
malignancies. Thus, PinX1 might be considered as a putative tumor suppressor gene. The mechanism
for PinX1-gene inactivation in human cancer is not clear. Recently, it has been demonstrated that PinX1
expression is directly activated by p53 in cervical cancer. The authors suggest that PinX1 inhibition via
p53 transcriptional activity results in the enhancement of telomerase activity [28]. PinX1 has also been
demonstrated to be a new potential cancer therapy target (i.e., fibrosarcoma, hepatocellular carcinoma,
breast cancer, gastric carcinoma, lymphoma, etc.). Interestingly, our case presented loss at 8p23.

Gelsolin, a Ca2+-regulated actin filament severing, capping, and nucleating protein, is a ubiquitous,
multifunctional regulator of cell structure and metabolism. Gelsolin (GSN) can act as a transcriptional
cofactor in signal transduction and its own expression and function can be influenced by epigenetic
changes. In humans, intracellular (cGSN) and extracellular forms (pGSN) of GSN are encoded by
genes on chromosome 9q33. A decreased expression of cGSN has been observed in breast, bladder,
lung, colorectal, ovarian cancers, etc. and was associated with cell proliferation and survival [29].
GSN is involved in the modulation of several signaling pathways, including c-erb-2/EGFR, p53, PI3K,
Ras-PI3K-Rac, etc. [27,30]. GSN represses transactivation of p53 via inhibition of nuclear translocation
of p53, thus inhibiting p53-mediated apoptosis in hepatocarcinoma cells [31]. Our case reports 9q33
loss, being the putative site of GSN, this tumor suppressor gene.

Finally, Telomerase is a ribonucleoprotein complex mainly composed of a reverse transcriptase
catalytic subunit which copies a template region of its RNA subunit to the end of the telomere.
Human telomeres function as a protective structure capping the ends of chromosomes. Dysfunction of
telomeres plays an important role in cancer initiation and progression. The active human telomerase
enzyme is composed of human telomerase reverse transcriptase (hTERT), encoded by the TERT gene
located at 5p15.33; human telomerase (hTR) encoded by the TERC gene at 3q26.3; and dyskerin
encoded by the DKC1 gene located at Xq28. Gains at 5p15.33, 3q26.3, and Xq28 are the regions known
to be involved in cancer cells [18,32,33]. Gains at 5p15.33 and Xq38 are shown in our case. So, detection
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of TERT amplification may be useful to reveal an initial mesothelioma but we should also consider that
TERT promoter mutations might be associated with inactivation of many cell cycle regulator genes.

Our study is coherent with the CGH findings reported in the literature for the mesothelioma
diagnosis, but failed to identify a compelling alteration to explain the patient’s outcomes. So,
CGH-array may be a helpful and sometimes definitive approach in the diagnosis of mesothelioma,
to evidence the role of TSGs in the tumor pathogenesis, but it is not the method to detect genes-status
involved in the tumor progression. Therefore, whole-genome sequencing data represent a crucial
milestone not only in the understanding of the mesothelioma pathogenesis, but also to detect the
genes that are important for personalized therapy. Next-generation sequencing (NGS) coupled with
bioinformatics analysis of the somatic mutations would allow for the screening of tumor-specific
mutated proteins, candidate targets for the design of individualized therapy. Our patient, who
received a combined chemotherapy with raltitrexed and oxaliplatin, appears to have responded to
therapy not merely by chance. The combination of ralitrexed and oxaliplatin would have a synergistic
effect on the early inhibition of DNA synthesis promoted by the mutations described [34]. No alteration
of the chromosome 18p11.32 (site of the thymidylate synthase gene) was observed in our case.

A smaller total number of losses in the tumoral chromosomes might be related with a longer
survival [7,11], but further investigations need to be performed to characterize the recurrent mutations
useful to improve the prognosis.

4. Material and Methods

4.1. Case Report: Clinical History an Pathological Features

In May 1999, a 36-year-old man was admitted to the Hospital “Azienda Ospedaliera Universitaria
Policlinico” in Bari, Apulia Region—Southern Italy, for ascites, abdominal pain, and weight loss.
His past medical history was unremarkable; he had been a smoker (20 cigarettes per day) since he
was 13 years old. A CT-scan revealed that there was irregular thickening (thickness > 2 mm) of
the peritoneum and suspect nodules but no abdominal viscera invasion. Routine laboratory tests
were unremarkable. Tumor markers were negative. An exploratory laparotomy with biopsy was
performed. Histology showed MM with a solid epithelial (60%, predominant subtype) (Figure 1a) and
pseudotubular (40%, subdominant) pattern. The neoplastic cells were generally polygonal, cuboidal
or low columnar, with a pale-to-eosinophilic, abundant cytoplasm; cellular atypia ranged from mild
to moderate. Nucleoli were prominent and eosinophilic. Nuclear pseudoinclusions and psammoma
bodies were also seen (Figure 1a). The mitotic count was 2/mm2. Necrotic foci and vascular invasion
were not found. Immunohistochemical (IHC) analysis showed intense expression of 5/6 cytokeratins,
calretinin, WT-1, HBME-1, and vimentin. Ki67-index was 5%. In addition, IHC detection of BAP-1 was
performed using a primary anti-human BAP1 antibody (C-4, Santa Cruz Biotechnology, Santa Cruz,
CA, USA). Tumor tissue showed a strong/moderate BAP1 nuclear expression in pseudo-tubular and
solid epithelioid pattern (Figure 1b).

Patient opted for surgery at a specialist center (Institute Gustave Roussy, France); where
he underwent cytoreductive surgery (CRS) and hyperthermic intraperitoneal chemotherapy with
oxaliplatin (HIPEC). Complete cytoreduction of all macroscopic tumors (>2 mm) was combined with
peritonectomy, omentectomy and organ resection (cholecystectomy, half the distal small intestine and
right colon). In accordance with the French hospital protocol, preoperatively the patient underwent
six cycles of chemotherapy (raltitrexed (Tomudex®) and oxaliplatin combined). The patient was
enrolled in the Apulia Regional Mesothelioma Register by the pathology department, in compliance
with Italian law for the compulsory notification of new cases of MM. According to the standardized
mesothelioma register questionnaire to detect asbestos exposure, lifestyle habits and work history,
including a possible asbestos exposure during military service, were investigated. The work history of
cohabiting family members and a family history of cancer were also evaluated. Exposure during leisure,
travel or hobby activities was excluded, as well as any exposure to ionizing radiation. The ascertained
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asbestos exposure was residential: he had lived near a source of asbestos pollution, in-situ in buildings,
at a distance of less than 15 m for 36 years. In fact, the subject had always lived, since birth, in an
apartment overlooking military barracks, built in the period 1920–1930, and also played football there.
The presence of asbestos (eternit) in the barracks had been ascertained in roofs and chimneys. In 2001,
reclaiming of the asbestos roofing began, and ended in 2006. At follow-up in November 2016 (Positron
Emission Tomography (PET)/CT-scan performed in July 2016 was negative), more than 17 years after
diagnosis, the patient is alive and disease-free without recurrence. Currently, he has chronic diarrhea
and chronic abdominal pain.

 

Figure 1. Malignant peritoneal mesothelioma: histology, immunohistochemical (IHC) and comparative
genomic hybridization (CGH)-array results.

4.2. CGH-Array Analysis

Informed written consent to the use of histological samples for additional studies was obtained.
Molecular analysis with CGH-array was performed on paraffin-embedded tissue. Genomic DNA
was extracted from 5-μm sections of paraffin-embedded tissue with the Dneasy Tissue Kit (Qiagen,
Hilden, Germany) according to the manufacturer’s instructions. Normal sex-matched DNA was
extracted from peripheral blood lymphocytes according to standard hybridization procedures (Nucleon
BACC3, Amersham Pharmacia Biotech, Bucks, UK). Array-CGH with a genomic resolution of about
0.5 Mb, increasing to 0.25 Mb in the subtelomeric regions, was carried out using the Cytochip V3
genomeARRAY slide (Techno Genetics Srl-Bouty Spa, Milan, Italy), containing 5.380 BAC clones,
according to the manufacturer’s instructions. Slides were scanned at 633 nm (Cy3) and 543 nm
(Cy5) using the Scan ArrayGx (PerkinElmer, Waltham, MA, USA). Image analysis was done using
BlueFuse software (Bluegnome Limited, Cambridge, UK). Once the positions of the biological sample
were known, a powerful quantification algorithm was used to calculate the amount of signal at
each spot location. For each clone, a log2 of the ratio Cy3/Cy5 fluorescent intensity was calculated.
The raw results delivered by quantification were subjected to a series of post-processing stages
including normalization, data exclusion, and identification of copy number change regions considering
the replicate standard deviation values, the internal controls, the degree of confidence, and the
median of the log2 ratio of clones in the regions. Data points lying beyond three standard deviations
were considered to be part of a change analysis region. Regions exceeding the ratio thresholds
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of log 0.3 and log −0.3 and containing at least one clone were considered to be amplifications or
deletions, respectively. The results of experiments were visualized on the copy number panel. Full
reports, including an ISCN summary of regions of change, were provided as Excel spreadsheets in the
results directory.

5. Conclusions

On the basis of the evidence of genomic abnormalities found in our case, related to asbestos
exposure in a patient with a supposed genetic cancer predisposition, these may be very important
in the choice of therapy, but systematic molecular analyses are needed to understand the
complexity and heterogeneity of the chromosomal aberrations that characterize such malignancies.
Chromosomal regions of common allelic loss or gain may contain more than one gene associated
with clinical-pathological features such as age, histological type, therapy response, or survival. Some
chromosomal aberrations that appear to be random here might actually be relevant events explaining
the response to therapy, the long survival and, finally, may be considered useful prognostic factors
in PMM.
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Abstract: Malignant mesothelioma (MM), a rare and severe cancer, mainly caused as a result of
past-asbestos exposure, is presently a public health concern. Current molecular studies aim to
improve the outcome of the disease, providing efficient therapies based on the principles of precision
medicine. To model the molecular profile of human malignant mesothelioma, animal models have
been developed in rodents, wild type animals and genetically engineered mice harbouring mutations
in tumour suppressor genes, especially selecting genes known to be inactivated in human malignant
mesothelioma. Animals were either exposed or not exposed to asbestos or to other carcinogenic fibres,
to understand the mechanism of action of fibres at the molecular level, and the role of the selected
genes in mesothelial carcinogenesis. The aim of the manuscript was to compare mesothelioma
models to human malignant mesothelioma and to specify the clue genes playing a role in mesothelial
carcinogenesis. Collectively, MM models recapitulate the clinical features of human MM. At least
two altered genes are needed to induce malignant mesothelioma in mice. Two pathways regulated
by Cdkn2a and Trp53 seem independent key players in mesothelial carcinogenesis. Other genes and
pathways appear as bona fide modulators of the neoplastic transformation.

Keywords: malignant mesothelioma; mesothelium; mineral fibres; gene mutations; tumor suppressor
genes; signalling pathways; carcinogenesis

1. Introduction

Human malignant mesothelioma (HMM) is a cancer with current poor outcome, which is
diagnosed with advanced non-curable disease. HMM has a strong association with asbestos exposure,
a natural mineral fibre. The present researches mainly aim to find efficient therapeutics. Many of the
current studies focus on target therapy to counteract the physio-pathological mechanisms allowing
mesothelioma cells to grow in and invade their microenvironment, and to escape from the immune
survey. For that purpose, mesotheliomas are developed in so called “mesothelioma models”, which
include orthotopic or heterotopic xenografts of human mesothelioma cell lines and patient-derived
xenografts in immunodeficient mice [1,2]. Moreover, experimental mesotheliomas models have been
developed for different purposes. Malignant mesotheliomas (MM) models have been generated to
understand the carcinogenic mechanism induced by asbestos fibres or to identify the most relevant
genes and important signalling pathways associated to mesothelial cell transformation. This aim
was developed with both in vitro studies on mammalian cells, including mesothelial cells, and
in vivo studies in animals [3]. Efforts have been also made to generate MM in animals treated
or not treated with asbestos fibres. More recently, recombinant inbred mouse lines were designed to
determine the genetic bases of the disease. In this context, genetically engineered mice (GEM) carrying
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genes modified to mimic the human disease were chosen and exposed or not to carcinogenic fibres.
These experiments allow comparison between mesotheliomas developed in different genetic context
and possibly emphasise specific clinical and molecular features.

The application of target therapy needs a deep knowledge of the tumour microenvironment
characteristics to permit an appropriate way to suppress tumour cell proliferation, survival, migration,
invasiveness and impair the interactions with the microenvironment as final outcome to eradicate the
tumour. The different animal models may bring some relevant knowledge of the specific molecular
pattern of the tumours and of the disease. In this review, we will discuss the features of mesothelioma
induced in animals and to what extent they are close to the HMM.

2. Human Malignant Mesothelioma

2.1. Human Malignant Pleural Mesothelioma

The clinical and pathological features of pleural MM will be briefly summarised here.
Several reviews can be suggested to the reader [4–6].

2.1.1. Natural History

The major risk factor for malignant pleural mesothelioma (MPM) is a past exposure to asbestos
fibres, and more than 80% of MM are located in the pleura as a result of inhalation exposure.
MPM occurs after a long delay, up to 40 years, after the beginning of exposure. However, malignant
peritoneal mesothelioma (MPeM) is also found in asbestos-exposed patients, exceptionally in the
testis [7]. MPM can be found in populations not exposed for occupational reasons, but showing
domestic or environmental exposures [8–11]

2.1.2. Histological Classification

On the basis of histological morphology, MM is divided into three major histologic types,
epithelioid, sarcomatoid, or mixed (biphasic) categories. Epithelioid and sarcomatoid categories
have several secondary growth patterns as reported by Hussain et al. [12].

2.1.3. Physiopathology

Mesothelial cells form a monolayer at the surface of the mesothelium. Their cellular morphology
is not uniform, depending on the regional location with flattened, intermediate, cuboidal and
microvilli-rich mesothelial cells. Mesothelial cells play an important role in maintaining pleural
homeostasis [13]. Pleuro-lymphatic communication is made through stomas [14]. In human,
stomas open at the mesothelial surface and extend into a lymphatic capillary connected to the
submesothelial lymphatics [15]. Inhaled asbestos fibres are deposited in the respiratory airways,
reach the lung and are translocated into the pleura. The presence of fibres has been demonstrated both
in the human pleura and in animals [16,17].

2.1.4. Molecular Alterations in MPM

Many publications have reported molecular alterations in MPM (see for review [6,18]).
They concern copy number alterations (CNAs) of chromosome regions, gene mutations and epigenetic
modifications. One recurrent finding is the numerous chromosome rearrangements, with several
specific chromosomal gains on 1, 5, 7 and 17 or losses on 1, 3, 4, 6, 9, 13 and 22 [19]. Losses in 3p21, 9p21,
14q and part or whole chromosome 22 were recurrently observed. These loci contain many tumour
suppressor genes (TSGs) such as BAP1, CDKN2B, CDKN2A, and NF2 which are frequently inactivated.
Other genes of interest, LATS2, SETD2 and TP53 are inactivated at a lower extent [20–22]. A loss
on the chromosome region 14q11.2–q21 was the only difference detected between patients exposed
(loss) and not exposed (no loss) to asbestos [23,24]. Gene alterations consisted in base substitution,
apuric or apurinic base losses, deletion of one or several exons, or the whole gene. Gene fusions and
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splice alterations were also described mostly in NF2, BAP1 and SETD2 genes [22]. So far, no recurrent
oncogene was found altered in MM, but an oncogenic hotspot mutation was reported in the promoter
of TERT in 15% MPM [25]. However amplification of oncogenes such as PDGFRB, MYC or VEGFR
could play a role in mesothelial neoplastic transformation [26–28].

Investigation of epigenetic changes demonstrated changes in gene methylation, and differential
expression in non-coding RNAs such as microRNAs and long non-coding RNAs in comparison with
normal cell [29]. It is known that miRNAs interact with the regulation of oncogenes and TSGs and
can work either as oncogenes or TSGs [30]. Methylome analyses have shown a variety of methylation
profiles in MPM, and an association with asbestos exposure [31]. Analysis of promoter methylation
of cell cycle control genes showed that the number of methylated genes was a predictor of asbestos
exposure [32]. MiRNome analyses also revealed differential expression between MPM and normal
counterparts, between MPM and reactive pleural cells and between histological categories [33–35].

2.1.5. Alterations in Regulatory Pathways

Whole genomic and transcriptomic analyses have emphasised the regulatory pathways activated
or inactivated in MPM. Hippo and PI3K/AKT/mTOR are deregulated either because of the mutation
in critical genes of the pathway and/or inappropriate activation of members of the pathway [36–38].
Other regulatory pathways that play a role in development and cell differentiation are reported to
be differentially activated in comparison with normal cells, Hedgehog that is associated with the
maintenance of cancer stem cells, and Wnt, a pathway, which plays a role in intracellular signal
traffic [39–41]. Important deregulation of the mitotic spindle assembly checkpoint pathway (MSAC)
and microtubule network has been reported in MPM, although no mutation was detected in these
genes [42]. Highest levels of expression of genes of the MSAC pathway, notably in sarcomatoid
MPM [42].

2.1.6. Molecular Classification of MPM

In addition to histological classification, molecular classification of MPM was performed from
trancriptomic analyses. Studying primary MPM cultures and tumour samples by transcriptomic
microarray resulted in the definition of two molecular classes (C1 and C2) [43]. Gene mutations were
investigated in selected genes BAP1, CDKN2A, CDKN2B, NF2 and TP53. Briefly, BAP1 alterations were
more frequent in C1 and epithelioid MPM were found in both groups, with a worse survival prognosis
in the C2 subgroup. Pathway analysis revealed that EMT was differentially regulated between MPM
subgroups [43].

In an extensive study, transcriptomes, whole exomes (n = 99) and targeted exomes were analysed
in MPM tumours [22]. Using RNA-seq data, four molecular subtypes were defined, sarcomatoid,
epithelioid, biphasic-epithelioid (biphasic-E) and biphasic-sarcomatoid (biphasic-S). In this study,
genes significantly mutated were identified: BAP1, NF2, TP53, SETD2, DDX3X, ULK2, RYR2, CFAP45,
SETDB1 and DDX51, and a multitude of mutations in several genes. These mutations result in the
alteration of several signal pathways such as Hippo, mTOR, histone methylation, RNA helicase and
p53 pathways. Hippo pathway was altered in all molecular subtypes, mTOR more in biphasic-S.
Histone methylation and BAP1 alteration were more frequent in epithelioid MPM. Six mutation
signatures were identified, but none was associated to asbestos exposure [22].

Gene expression was also investigated to differentiate MPM cells and benign mesothelial
hyperplasia (MH) using NanoString technologies in tumour tissues [33]. One hundred and seventeen
genes were selected. An unsupervised cluster analysis defined two clusters, one composed only
of MPM and one only of MH samples. Interestingly, this approach identified already known
mesothelioma genes, BAP1 and NF2 being downregulated, and MSLN, which encodes mesothelin,
upregulated in MPM in comparison with MH. In contrast, CDKN2A was not statistically deregulated
in MPM in comparison with MH [33]. This suggests different roles of these genes in the neoplastic
progression of mesothelial cells.
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2.1.7. MPM Response to Treatments

There is agreement that globally, MPM survival is dependent on the histological subtype;
epithelioid mesothelioma having better prognosis that sarcomatoid mesothelioma. The recent
molecular analyses have shown that the outcome of MPM is also related to the molecular group
with differential outcome within epithelioid mesothelioma [43].

2.2. Malignant Peritoneal Mesothelioma

MPeM also found as a result of asbestos inhalation, is reported as slightly different from MPM.
As in MPM, the major histologic types of MPeM as in MPM are found, with the epithelioid type being
the most frequent. Histologic variants comprise heterologous (osteosarcomatous, chondrosarcomatous,
and rhabdomyosarcomatous) elements and desmoplastic mesothelioma [44]. However, MPeM shows
differences with MPM in terms of survival, which is longer than MPM. The main risk factor remains
asbestos exposure in about 50% of the cases, lower than in MPM [45].

Genome wide analysis of epithelioid MPeM and MPM showed similarities in CNAs [24]. Overall,
regions of copy number gain were more common in MPeM, whereas losses were more common in
pleural MPM. Losses occurring in 3p, 9p and 22q genomic regions carrying the TSGs BAP1, CDKN2A
and NF2, respectively were seen at a statistically significant higher rate MPM than in MPeM [24].
The authors studied CNAs in groups of different exposures and found different results. Patients with
history of medical radiation exposure showed multiple regions of gain, including 1q, 3p, 3q and 5p.
Region of losses in 6q, 14q, 17p and 22q and gains 7q, 10p, 10q, 17q were found in tumours from
asbestos-exposed patients [24]. Reccurent mutations are also found in similar genes than MPM [46],
even if specific alterations were described in subgroup of MPeM such as ALK rearrangement [47].

2.3. Conclusions on Human Malignant Mesothelioma Biology

HMM appears to have a spectrum of different features. First, MM can grow in the serosa of the
pleura, peritoneum, pericardium or tunica vaginalis. The MM tumour morphology is heterogeneous.
MM cells in different tumours differ by their physiological and genomic status, and relationship with
their microenvironment. Although some physiological and molecular alterations are recurrently found
in mesothelioma cells, sometimes at a high rate, given tumours have specific features that need to be
known to more precisely define groups of tumours and perform precise therapeutics. In the following,
it is discussed to what extent models of MM are close to HMM.

3. Models of Malignant Mesothelioma

Mesotheliomas have been developed in rodents by injection of asbestos fibres in wild type (WT)
rats or in mice and GEM mice, exposed or non-exposed to asbestos, refractory ceramic fibres (RCF) or
carbon nanotubes (CNT).

3.1. Spontaneous Mesotheliomas in Wild Type Rodents

Spontaneous mesotheliomas that occur in control or sham cohorts in toxicological studies using
rats are rare events. An incidence of 4.3% (7/395) of genital and serosal mesotheliomas, and only one
pleural mesothelioma has been reported in male rats, with a variety of morphological patterns [48].
More recently, 0.2–5% mesotheliomas of the tunica vaginalis (MTV) were classified as epithelioid,
sarcomatoid of mixed, consistent with the histologic classification in HMM [49]. Spontaneous
mesotheliomas were reported in male F344/N rats controls in a summary over 5 decades from
2-year National Toxicology Program carcinogenicity bioassays. The frequency was 0.2–5% MTV [49].
Spontaneous mesothelioma is also rare in mice [50–52].
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3.2. Mesothelioma in Animal Experiments

3.2.1. Asbestos-Induced Mesotheliomas in WT Animals

These studies were carried out mainly in rats, less in mice. The aim was to investigate the
carcinogenicity of different types of fibres [53]. Rats were exposed by inhalation, intra-tracheal
instillation or intra-serosal administration. Lung tumours and mesotheliomas were observed at
different rates, depending on the route of exposure and fibre type [54]. The natural history of
mesotheliomas showed similarities with HMM, they occurred after a long delay and ascites developed
after exposure via the intra-peritoneal route. Histological analyses reported similar features as found
in HMM, but epithelioid is not the most frequent histologic category. For instance, after administration
in the pleural cavity of rats, reported histologic types were tubulo-papillary (a category of pleural
epithelioid, 8.2%), mixed (74.8%) and spindle (16.9%) MM [55].

Recently, a whole exome sequencing of asbestos-induced murine mesotheliomas (MuMM) was
performed in 3 different strains of WT mice stains, BALB/c, CBA and C57BL/6, and 15 MM cell lines
were analysed, obtained from 4, 4 and 6 ascites, respectively [56]. In all but one cell line, recurrent
genomic changes included homozygous (Hom) loss of Cdkn2a (this gene encodes two proteins, p16Ink4a

and p19Arf) and deletion in Lats2 and Setd2, but no mutation in Bap1 or Nƒ2. Hom loss of Trp53 was
found in one cell line. Mutation signature was principally C to T, as found in HMM, and G to A
transitions, but transversions were also found. BALB/c cell lines carried more mutations than the
others. Several pathways were affected by mutations such as Wnt, Hedgehog, Notch, mTOR, MAPK
and p53 pathways, but not Hippo [56]. These results suggest a unique key role of Cdkn2a in murine
mesothelial carcinogenesis. Moreover, mesotheliomas arose in the absence of alteration of Bap1 and
Nƒ2, as in HMM, consistent with a role of other pathways affected by the genes mutated at low
frequency, or epigenetic mechanism.

An epigenetic mechanism of inactivation of Cdkn2a locus was suggested to be an initial step of
MuMM induction, leading later to allelic deletion of Arf, in WT mice exposed to CNT by intrapleural
instillation [57].

3.2.2. Mesothelioma in GEM

Spontaneous MuMM

GEM heterozygous (Htz) or homozygous (Hom) in Nf2, Bap1, Cdkn2a (Ink4a and/or Arf ), Trp53 or
Bap1 genes, either alone or in combination, were generated, based on the knowledge of the TSGs genes
playing a role in mesothelial carcinogenesis. GEM in Rb, Tsc1 and Pten were also generated despite
the absence of mutation in HMM [58–61]. Tables 1 and 2 summarize the different studies carried out
with GEM.

One MuMM was reported (6%) in Nƒ2KO3/+ carrying the loss of Nƒ2 exon 3 [8]. Jongsma et al. [59]
injected AdCre in the pleural cavity of mice carrying conditional mutant alleles in Nf2, Cdkn2a, Trp53
or Rb, and Htz Ink4a mutant [59]. The highest rate of thoracic MuMM was observed in double mutants
Nf2 and Cdkn2a, Trp53 or Rb and triple mutants Nf2, Trp53 and Ink4a. Mutations in Cdkn2a, Ink4a
or Trp53 were the most pejorative in term of MuMM incidence. Rb inactivation induces the lowest
incidence of MuMM. Hom Nƒ2 enhanced tumours rate in Rb mutants [59]. A majority of epithelioid
mutants was only found in Hom Nf2/Htz Trp53 mice. Guo et al. [58] injected AdCre in the peritoneal
cavity or in the bladder, in conditional mutants Trp53 and Tsc1. High rate of MuMM was found in
double Hom Trp53/Tsc1 mutants, but none in Htz/Hom mutants. MM were mostly of epithelioid
type [58]. Hom Pten leads to MuMM with a frequency of 7% in mice, but when coupled with Hom
Trp53, 56% of mice developed pleural MuMM. The histologies of Hom Pten and Trp53 MuMM were
sarcomatoid and biphasic [61].

Three types of Htz Bap1 mutants were generated in mice, one was knockout in exons 6 and 7 of
Bap1, and the two others with point mutations identical to germline mutations found in two human
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families (W and L, respectively) with a BAP1 cancer syndrome presenting mesothelioma in several
family members [60]. Htz germline mutations in BAP1 predispose to a range of benign and malignant
tumours, including mesothelioma. In Htz mice, although numerous types of cancers were developed,
mesothelioma was absent or rare (2/93 Htz mice) and developed after a long delay (19 and 29 months).
The tumour type with the highest incidence was ovarian sex cord stromal tumours, 38 of 60 (63%) in
Bap1 mutant mice.

Collectively, the results show a differential role of the altered genes. Data from Jongsma et al. [59]
suggest a prominent role of Cdkn2a and Trp53, compared to Nƒ2, as mice harbouring Hom Nƒ2 and
either Htz Cdkn2a or Htz Trp53 have longer survival than mice with Hom Cdkn2a or Trp53 and Htz
Nƒ2. However, Htz Trp53 in association with Htz or Hom Tcs1 did not induce MM, contrary to its
association with Nƒ2, but consistent with a bona fine role of Nƒ2 in MM [58,59]. Results also showed
that Bap1 Htz mutations are not sufficient to induce MuMM [60]. All histologic types of mesotheliomas
were observed, with a majority of mixed and sarcomatoid types, with the exception of epithelioid type
in Tsc1/Trp53 mice. Despite the different genetic background of mice, these studies underline several
key genes for MM, consistent with findings in HMM, and that MM can develop with a variety TGS
mutations, and likely with more than one TSG.

MuMM in Mice Exposed to Carcinogenic Fibres

Mice harbouring Htz genes Nƒ2, CdKn2a (Ink4a and/or Arf ), Trp53 or Bap1 and their WT
counterparts were exposed to carcinogenic fibres administered intra-peritoneally [60,62–68]. In one
study, both Nƒ2 and Cdkn2a were HTz [69]. MuMM arose in both WT and Htz mice, more frequently
and with a shorter survival in Htz mice than in their WT counterparts, showing the role of these genes
in enhancing sensitivity to fibres. MuMM generally arise after a long delay, often preceded by the
occurrence of ascetic fluid. MM were detected several months after exposure, 18 and 27 weeks In Htz
Nƒ2 mice [66,69] and 21 to 37 weeks in Htz Cdkn2a, Ink4a or Arf [63]. Median survivals were around
one year or more. From the number of MuMM or lag time after fibre exposure in different genetic
situations, it is difficult to establish a hierarchy between genes, because of the variety of protocols
between studies (mice strains, dose and schedule of exposure, fibre type). Htz Trp53 mice were also
developed high rate of MuMM when exposed to asbestos or to CNT [68,70].

Additionally, genes other than TSG such as Asc, relevant of inflammatory process, was also
Hom- or Htz-inactivated in GEM [71]. Inactivation of Asc in GEM non-significantly reduced the
percentage of mice with MuMM, but the disease-free survival was significantly lowered. These results
suggest a role of inflammation in disease progression and the authors showed a relation with IL1b/IL1R
signalling [71].

Asbestos induces MuMM in MexTAg transgenic mice that carry a fragment of the Simian Virus 40
(SV40) TAg open reading frame [72]. These MuMM replicate many aspects of MM at the molecular level,
but MuMM development was not dependent on Cdkn2a, likely attributable to the Tag expression [73].

3.2.3. Mutation Profiles in MuMM of Mice Exposed to Fibres

Genetic alterations have been studied in MM cells cultured from ascitic fluids in fibre-exposed
GEM. In MM cells from Htz Nƒ2 mice, a loss of heterozygosity (LOH) of Nƒ2 was found in all or a
majority of MM cell lines from Htz Nƒ2 mice, 85% (6/7), 83.5% (10/12) and 100%, respectively [64–66].
Inactivation of Cdkn2a and Cdkn2b was predominant, and resulted from biallelic deletions. Otherwise,
co-deletion of Cdkn2a (Ink4a and Arf ) and Cdkn2b was predominant [64,65,74]. Rates of Trp53 mutations
were less frequent, about 20% as in HMM [64,65,74]. Two cell lines with alteration of Trp53 were Cdkn2a
(Ink4a and Arf ) and Cdkn2b WT, suggesting two different pathways of carcinogenesis [74]. A role of
the hippo pathway is suggested by the activation of Yap/Taz in tissue from asbestos-exposed Htz Nƒ2
mice, as shown by its nuclear localisation [75].

Altomare et al. [62] reported biallelic inactivation of Arf in all cell lines from Htz Arf mice, in 3/7
from WT mice, and no deletion of Ink4a or Ink4b (Cdkn2b) in all but one cell line from these mice,
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and no loss of p53 protein. However, one WT cell line showed loss of Trp53 and p53 and retention
of both Cdkn2a and Cdkn2b. Most of MM cells from Htz Arf mice showed hemizygous loss of Faf1
and down-regulation of its protein, which regulated TNF-α-mediated NF-κB signalling pathway in
these cells. Accordingly, in Htz Cdkn2a (Ink4a and Arf ) mice, a biallelic loss of both Ink4a and Arf
was observed, with protein loss of p16Ink4a and p19ARF, and in Htz Ink4a mice, there was a biallelic
inactivation of Ink4a, loss of p16Ink4a or p53, and frequent loss p15Inkba and p19Arf, but one cell line from
Htz Ink4a mice expressed p19Arf but did not express p53 [63]. In the three configurations of Htz Ink4a,
Arf or Cdkn2a (Ink4a and Arf ), nearly all cell lines expressed Nƒ2 and p53 [63]. The reciprocity between
retention and loss of Cdkn2a (Ink4a and Arf ) and Trp53 expression of p53 consistent with an alternative
role of the p53 pathway independently of hippo pathway and Ink4a regulation. These results suggest
a major role of Arf in a context of fibre exposure and the role of alternative pathways in mesothelial
carcinogenesis, as suggested above from the results obtained in Htz Nƒ2 mice.

Molecular analyses of cell lines from Htz Bap1 mice showed Bap1 LOH, but no alteration of Ink4a,
Ink4b and Arf, in contrast to WT mice that retain WT Bap1, but were deleted in Ink4a, Ink4b and Arf,
suggesting two alternative mechanisms of MM development despite the fact that CDKN2A and BAP1
mutations are not exclusive in HMM [76]. Rb protein was down regulated in cells from Htz Bap1
mice due to aberrant epigenetic of the Rb promoter, suggesting a role of Bap1 on Rb expression [76].
Fifty per cent of MM cell lines from ascites in asbestos-exposed Htz Trp53 mice had loss of the WT allele.
In addition while cell lines with no loss of WT allele were diploid, those with LOH were tetraploid,
consistent with a genetic instability related to checkpoint.

In tissues from asbestos-exposed Htz Nƒ2 mice, Rehrauer et al. [75] reported a higher number of
mutations determined by RNA-seq, with an increase in A to G mutations, but not T to C, as compared to
sham. This may be due to hydrolytic deamination of adenosine (Ada), as Ada expression is significantly
increased, and linked to an Adar downstream activity [75].
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4. Discussion

Literature data on MM in rodents led us to consider several issues concerning the molecular
mechanism of mesothelial cell transformation, and its relationship with exposure to mineral and
synthetic fibres. Most studies showed remarkable similarities between human and rodent MM. In both
species, MM is a rare spontaneous cancer that is found in the similar sites, pleura, peritoneum and
tunica vaginalis. When exposed to carcinogenic fibres, MM occurs after a long delay post-exposure, and
all histological categories are observed. From studies carried out in GEM, no single gene predisposes
to MM since MuMM are only in fibre-exposed mice, but asbestos is a powerful agent to facilitate the
development of MM. MuMM were developed in mice harbouring Htz and Hom inactivation of TSG,
or Hom and Hom inactivation.

In WT animals, exposure to fibres induces a significant incidence of MPM or MPeM, depending
on the route of administration, respectively, in both rats and mice. The animals were symptomatic,
showing ascites after intra-peritoneal administration of fibres. When reported, early MM appeared
after several months, and were further detected during the whole life time of the species. In mice,
the median survival in animals was about more than one year, except in Hom Nf2/Trp53 and Hom
Nƒ2/Trp53/Ink4a. The survival was lower in asbestos-exposed GEM mice.

Although no precise quantitative data in the distribution of histological categories are given,
the epithelioid type is not the most frequent in WT rodents and in GEM. In GEM the most frequent
categories are sarcomatoid or mixed MPeM. In contrast, the epithelioid type is the most frequent
human MPeM. However, a prevalence of epithelioid MPeM was reported in GEM Hom Trp53/Tsc1
not exposed to asbestos [58], and in both WT and Htz Arf asbestos-exposed mice [62].

Investigations of spontaneous MM in GEM harbouring co-mutations in TSG showed that two
genes, Cdkn2a and Trp53 are predominant for MM development, as biallelic inactivation generates
the highest rate of MM [58,59]. This is found despite the biallelic inactivation of Nƒ2, suggesting a
cooperative but not predominant role of this gene [59]. Accordingly, in asbestos-exposed Htz Nƒ2
mice, Nƒ2 LOH is associated to loss of Cdkn2a and/or Cdkn2b. A key role of Cdkn2a and Trp53 is also
seen when using cell cultured from ascites fluids from Htz Cdkn2a, Ink4a and Arf GEM. Among genes
encoded at the Ink4 locus (Ink4a, Ink4b and Arf ), Trp53 biallelic inactivation is an alternative mechanism
to carcinogenesis via genes inactivated at the Ink4 locus. Of note, TP53 mutations are found in 11% of
HMM (Cosmic database v85, https://cancer.sanger.ac.uk). Interestingly, in Htz Bap1 mice, Cdkn2a or
Cdkn2ab are not inactivated in MM, in contrast to MM with WT Bap1 where both genes are lost, but Rb
down regulation was evidenced [76]. Independently of the inactivation of TSG already known to be
involved in MM, mutations in genes involved in other regulatory pathways act as complementary
mechanism accounting for mesothelial carcinogenesis.

As a whole, these studies brought information on the molecular changes in MM. A few genes are
key players in the carcinogenic process. Others are bona fide modulators, which may be requested
to favour the progression of the tumour, due to their involvement in signal or metabolic pathways.
The diversity of mutated genes, the complex combination of altered genes, and the variety of associated
deregulated pathways, lead to the heterogeneity of the tumour molecular profiles and is in agreement
with the inter-tumour heterogeneity observed in HMM.

5. Conclusions

The data on asbestos-exposed mice do not bring significant information on the mechanism of
genotoxicity of asbestos fibres. A better identification of the mutation signatures, characterisation of
deleted regions and break points localisation and epigenetic changes, in both MM tumours and MM
cell lines could help understanding the mechanism genome damage [77]. Inflammation is thought
to act as a contributor, but it is not known whether it is the driving force for DNA damaging at
lower doses than required in experiments [78]. Events entailing gene deletion and rearrangements
should be considered. The contribution of gene methylation is not enough documented, but Rb is
regulated by DNA methylation in Htz Bap1 mice [76]. Jongsma et al. [59] reported that epigenetic
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inactivation of Ink4a, although enhancing the malignancy, does not contribute to the development
of pleural MuMM in Htz Nƒ2/Trp53, in agreement with the evidence of deletions of this gene
demonstrated in several studies [59]. Nevertheless, hypermethylation of Cdkn2a locus preceding
allelic Arf deletion was suggested to be a mesothelial carcinogenesis step in pleura of mice exposed
to CNT [57]. These studies have emphasised the diversity of the molecular events entailing the
development of MM in experimental animals, and their consistency with the molecular status of HMM,
in term of key genes and pathways, and potent modulators of tumour progression.
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CNT Carbon Nanotubes
GEM Genetically Engineered Mice
HMM Human Malignant Mesothelioma
MM Malignant Mesothelioma
MPeM Malignant Peritoneal Mesothelioma
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Abstract: Malignant pleural mesothelioma (MPM) is a thoracic aggressive cancer caused by
asbestos exposure, which is difficult to diagnose and treat. Here, we characterized an in vivo
orthotopic xenograft model consisting of human mesothelioma cells (designed as H2052/484)
derived from a pleural NCI-H2052 tumor injected in partially immunodeficient athymic mice.
We assessed tumor formation and tumor-dependent patterns of inflammation. H2052/484 cells
conserved their mesothelioma phenotype and most characteristics from the parental NCI-H2052
cells. After intra-thoracic injection of H2052/484 cells, thoracic tumors developed in nearly all mice
(86%) within 14 days, faster than from parental NCI-H2052 cells. When the mice were euthanized,
the pleural lavage fluid was examined for immune cell profiles. The pleural immune cell population
increased with tumor development. Interestingly, the proportion of myeloid-derived suppressor cell
and macrophage (especially CD206+ M2 macrophages) populations increased in the pleural fluid
of mice with large mesothelioma development, as previously observed in immunocompetent mice.
This reliable orthotopic model recapitulates human mesothelioma and may be used for the study of
new treatment strategies.

Keywords: cancer; pleura; mesothelioma; orthotopic xenotransplantation; athymic mouse; immune cells

1. Introduction

Malignant pleural mesothelioma (MPM) is an aggressive tumor that develops in the lining of the
lungs. This cancer is causally associated with asbestos exposure. Although asbestos use is banned in
many of the world’s industrialized countries, the incidence of mesothelioma has overall not decreased
for the last twenty years in most occidental countries [1]. Surgery is an option for early-stage MPM
patients but not for most patients with advanced invasive disease [2] for whom treatment consists
of palliative chemotherapy combining cisplatin with pemetrexed. While this treatment may relieve
symptoms, it provides only modest survival, since the median survival average is 9–18 months from
the time of diagnosis. Therefore, there is an urgent need for more effective treatments. Previous
results from our laboratory, mostly obtained from in vitro experiments, suggest that inhibition of the
Macrophage migration inhibitory factor (MIF)/CD74 pathway decreases the development of MPM [3].
These data need validation in a reliable in vivo preclinical model. Several murine mesothelioma models
have been developed, and the selection of an appropriate model depends upon the experimental
aims. Asbestos-induced and genetically engineered mesothelioma mouse models recapitulate the
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phenotypic and genetic heterogeneity as well as the carcinogenesis steps of human mesothelioma.
They have also a strong predictive power for drug response and resistance, but their use to validate
new therapies is limited by a low take rate, a long latency in tumor development, and a high cost.
Syngeneic transplantation of murine mesothelioma cell lines could be an alternative with a high take
rate and a rapid tumor development. Nevertheless, murine and human cells present fundamental
phenotypic and functional differences. For example, there are two CD74 isoforms in mice (p31 and p41)
and four in humans (p33, p35, p41, and p43) [4]. Up to now, the role of these different isoforms has
not been clearly identified. Therefore, the effect of a treatment on murine mesothelial tumors could
be not reproducible in human mesothelioma. Finally, preclinical studies on MPM mostly rely on
subcutaneous or peritoneal xenotransplants of human mesothelioma cell lines in immunodeficient
mice. These models provide reliable data and allow for rapid clinical translation. The major limitation
is that the tumor environment is different from the in situ thoracic pleural mesothelioma environment.
Transplantation in the orthotopic site offers a tumor microenvironment close to that of the original
human tumor. To date, the use of the orthotopic thoracic site for xenografting has not been widespread,
which is largely due to the technical difficulties in reaching and monitoring tumor development in
this location. Here, we present a reliable orthotopic model of human MPM obtained after injection
of a human mesothelioma cell line into the pleural space of athymic mice. Athymic mice have the
advantage to be only partially immunodeficient, since they lack the thymus but produce most other
immune cell types. Phenotypical and molecular characterizations of the tumor masses are described.
For the first time in this orthotopic xenograft mesothelioma model, immune cell populations in the
pleural environment of human mesothelioma-bearing mice are assessed.

2. Results

2.1. Selection and Characterization of the Human H2052/484 Cell Line

We were interested in the human MPM H2052 cells. Previous data from our lab showed that H2052
cells expressed MIF and its receptor CD74 [3] and that reduction of MIF and CD74 expression decreased
the growth of H2052 cells. We previously observed that H2052 cells injected into the pleural cavity of
athymic nude mice formed extensive pleural tumors in nearly all injected mice (5/6). Nevertheless,
H2052 tumors developed slowly in the thoracic cavity. Using 2-deoxy-2-[18F]fluoro-D-glucose
([18F]FDG)-PET/CT analyses, H2052 pleural tumors were identified in the thoracic cavity starting on
day 69 after cell injection, and their development continued until 102 days after cell injection, time at
which the mice were sacrificed because of the extent of tumor development [3]. In order to evaluate
whether preliminary in vivo engraftment of H2052 cells increased their tumorigenicity, thoracic tumors
were mechanically dissociated into cell suspensions. Among many cell populations which could be
maintained in monolayer culture, one cell line named H2052/484 was further characterized.

First, we compared the vitality and the multiplication of H2052/484 cells to those of the parental
H2052 cells and of three other MPM cell lines using a mitochondrial activity assay (3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide, MTT) and crystal violet assay, respectively.

We observed similar vitality and multiplication rates for H2052/484 and the parental H2052 cells
(Figure 1). Nutritional supplementation with fetal bovine serum (FBS) did not change the vitality of H28,
H2052/484, and H2052 cells after 48 h of culture (Figure 1, upper panels); however, the multiplication
of these three cell lines increased dose-dependently with FBS concentrations after 48 h of culture.
After 48 h, the density of cells cultured with 10% FBS compared to cells cultured with 0% FBS,
estimated by the absorbance level, was 2.81 ± 0.94 times higher for H28 (n = 3), 2.99 ± 0.80 times
higher for H2052 (n = 7), and 6.53 ± 3.10 times higher for H2052/484 (n = 7). FBS supplementation
dose-dependently increased the vitality of JL-1 and MSTO-211H as well as their multiplication (Figure 1,
left lower panels). After 48 h, the vitality of cells cultured with 10% FBS compared to cells cultured
with 0% FBS was 1.65 ± 0.23 times higher for JL1 (n = 4) and 1.79 ± 0.25 times higher for MSTO-211H
(n = 3). The density of cells cultured for 48 h with 10% FBS compared to cells cultured with 0% FBS,
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estimated by the absorbance level, was 7.60 ± 0.07 times higher for JL1 (n = 3) and 12.23 ± 0.60 times
higher for MSTO-211H (n = 3).
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Figure 1. Cell vitality (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide, MTT) and
multiplication (Crystal Violet) of H2052/484 cells (blue-green) are similar to those of the parental
H2052 cells (blue). The vitality and multiplication of the five malignant pleural mesothelioma (MPM)
cell lines (H28 in pink; H2052 in blue; H2052/484 in blue-green; JL-1 in grey, and MSTO-211H in
purple) were evaluated after the cells were cultured for 24 h (hashed bar) and 48 h (full bar) in medium
supplemented with different percentages of fetal bovine serum (FBS). DO, optical density. The bars are
mean values (±SEM) for n = 3–7 experiments. Kruskal–Wallis test between FBS concentrations and 0%:
* p < 0.05, ** p < 0.01, *** p < 0.001.
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Then, we compared the phenotype of H2052/484 cells to that of the parental H2052 cells and of
three other MPM cell lines by studying the expression of different epithelial-to-mesenchymal (EMT)
markers. Compared to parental H2052 cells, H2052/484 cells expressed 1.9 higher mRNA levels of the
epithelial marker E-cadherin (CDH1) (Figure 2) and higher mRNA levels of the transcription factors
SNAIL2 (3.3-fold change), ZEB1 (1.9-fold change), and ZEB2 (1.4-fold change), which are considered
mesenchymal markers.

   

  

 

Figure 2. H2052/484 MPM cells express high levels of epithelial–to-mesenchymal (EMT) transcription
factors. The mRNA levels of the EMT markers were measured in parental H2052 cells, in H2052/484 cells,
and in three other MPM cell lines (H28, JL-1, and MSTO). The relative mRNA expression levels were
measured by RT-qPCR and are presented as a ratio to the mRNA levels in parental H2052 cells. The data
represent the mean values (±SD) of three independent experiments. Kruskal–Wallis test between MPM
cell lines: * p < 0.05, ** p < 0.01.

The mRNA expression levels of these three transcription factors were higher in H2052/484 cells
compared to the three other MPM cell lines (H28, JL-1, and MSTO). These differences were not
statistically significant. Interestingly, H28 cells failed to form tumors in vivo [3] and expressed the
lowest mRNA levels of ZEB1, ZEB2, SNAIL1, SNAIL2, and TWIST. H2052/484 cells expressed the
lowest level of N-cadherin mRNA (CDH2). Western blot analyses of EMT markers in H2052/484, JL-1,
and MSTO cell lines confirmed the highest expression levels of Snail (SNAIL1) and Slug (SNAIL2) and
the lowest expression of N-cadherin in H2052/484 cells (Figure 3). We did not detect E-cadherin protein
expression in any of the studied MPM cell lines. MIF and CD74 mRNA levels in H2052/484 cells were
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similar to the levels in parental H2052 (for MIF: 1.39 ± 0.07, n = 3, for H2052/484; 1.31 ± 0.05, n = 3,
for H2052; for CD74: 1.14 ± 0.07, n = 3, for H2052/484; 1.22 ± 0.22, n = 3, for H2052).

  

  

Figure 3. H2052/484 cells express epithelial and mesenchymal markers. Protein expression of EMT
markers was measured in H2052/484 cells and two other MPM cell lines (JL-1 and MSTO) by western
blotting. Representative western blot results are shown; the dashed red lines indicate the manual
cropping of the bands detected for samples run on the same gels and identically exposed. Protein
expression levels are presented as the ratio to the respective protein level in H2052/484 cells. The data
represent the mean values (±SD) of three independent experiments. Kruskal–Wallis test between MPM
cell lines: * p < 0.05.

2.2. Characterization of Orthotopic Tumor Masses Generated by Human MPM H2052/484 Cells

Intrapleural (i.pl.) injection of H2052/484 cells into athymic nude mice yielded sizable tumor
masses identifiable by ([18F]FDG)-PET/CT imaging within 2 weeks. H2052/484 tumors developed in
nearly all injected mice (24/28). The tumors were distributed freely in the thoracic cavity or attached to
the aortic arch (close to the thymus rudiment), to the inferior vena cava, to thoracic muscles, or to the
lungs (Figure 4a).
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Figure 4. H2052/484 cells formed pleural mesothelioma in athymic mice. H2052/484 cells were injected
intrapleurally (i.pl.) (1 × 106 cells) into athymic nude mice (single experiment; n = 28). (a) H2052/484
tumors were free in the thoracic cavity or attached to the aortic arch (close to the thymus rudiment,
left panel, black arrows), the inferior vena cava (left panel), thoracic muscles (middle panel), or to lungs
(right panel). (b) The mice were sacrificed at different time points (end-point criteria), and the tumor
scores were evaluated post-mortem following criteria described in Table 1. (c) Survival of athymic mice
after intrapleural injection of H2052/484 MPM cells.

The tumor attached to the left lung (Figure 4, right panel, asterisk) was localized close to the injection
site. These tumors were poorly invasive and did not often penetrate deep into intercostal tissues or into the
lung to which they were attached. There was no evidence of metastases, as we found no tumors in distant
organs. The mice were followed using positron-emission tomography/computerised tomography
(PET/CT) imaging until they were sacrificed, once tumor development reached euthanasia endpoints
(described in Material and Methods) such as large size or signs of unacceptable pain and clinical
distress. Macroscopic evaluation of tumor size and extent was performed when the mice were
sacrificed (Figure 4b). The scoring of tumor development is detailed in Table 1. Between days 18 to
29, tumors of different size and extent were observed, ranging from score 1 to 5 and indicating an
active phase of tumor growth (Figure 4b). Between days 29 to 66, all tumors reached the maximum
scores of 5 or 6 (Table 1). Half of the mice were sacrificed during the active phase of tumor growth,
and a median survival of 31 days was observed (Figure 4c).

Figure 5a shows haematoxylin–eosin (HE) staining of explanted and formalin-fixed H2052/484
pleural tumors. Necrotic (N) areas were observed in big tumors (mouse 2, right panel, Figure 5a).
A meshwork of capillaries and vessels was detected inside the tumors by identifying the red blood
cells on HE-stained slices (Figure 5b) or after immunostaining with anti-CD31 antibody (Figure 5b).
Ki67 labelling showed a high proliferation rate of tumoral cells (Figure 5c). Apoptotic cells were also
clearly identified after immunolabelling of γ-H2AX histone that showed strong homogeneous nuclear
labelling (Figures 5c). The excised H2052/484 tumors were tested for retention of classical MPM
markers. H2052/484 tumoral cells expressed calretinin and mesothelin (Figure 6a), confirming their
MPM behaviour after in vivo orthotopic engraftment. Finally, cytoplasmic MIF was clearly observed in
all H2052/484 tumor cells (Figure 6b). MIF receptor CD74 and co-receptor CD44 were also detected in
the cytoplasm and the membrane of MPM cells (Figure 6b), suggesting an active MIF/CD74 pathway.
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Table 1. Score of H2052/484 tumor development.

Score Macroscopic Observations

1 Tumor limited to the thoracic surface of the left lung (injection site)

2

Tumor(s) on the left lung
Tumor(s) 2 mm or less along

- the pulmonary veins and arteries
- the inferior vena cava (mediastinal pleura)

No tumor on the aortic arch, the thoracic muscle, the diaphragm, and the pericardium

3

Tumors (more than 2 mm or more than 5 tumors)

- on the left and right lungs or/and
- along the pulmonary veins and arteries or/and
- along the inferior vena cava (mediastinal pleura)

Scattered foci of tumor (2 mm or less) on the thoracic muscle or/and the aortic arch
No tumor on the diaphragm and the pericardium

4

Tumors (more than 2 mm or more than 5 tumors) on

- the lungs or/and
- the pulmonary vascular trunk or/and
- the mediastinal pleura or/and
- the thoracic muscles and/or the aortic arch

Scattered foci of tumor (1 mm or less) on the diaphragm or the pericardium

5

Tumors (more than 2 mm or more than 5 tumors) on

- the lungs or/and
- the pulmonary vascular trunk or/and
- the mediastinal pleura or/and
- the thoracic muscles and/or the aortic arch or/and
- on the diaphragm or the pericardium

OR

- extension of tumor from the visceral pleura into the underlying pulmonary parenchyma

6 Advanced tumors involving each of the pleural surfaces (parietal, mediastinal, diaphragmatic,
and visceral pleura) with confluent pleural tumors.

  
(a) 

  
(b) 

Figure 5. Cont.
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(c) 

Figure 5. Characterization of H2052/484-derived orthotopic tumors. (a) Haematoxylin–eosin (HE)
sections of two representative pleural MPM generated after intrathoracic injection of H2052/484
cells in athymic nude mice at day 46 after cell injection. Necrotic areas (N) were identified in the
largest tumor (right panel). Scale bars: 500 μm. (b) Vascularization of H2052/484 tumors: left, CD31
(green, endothelial marker) expressed in tumors; right, HE staining showing red blood cells in vessels
(black arrow) in the tumor. Scale bars: 20 μm. (c) Cell proliferation and DNA damage representative
of cell apoptosis were identified in H2052/484 tumors. The tumor slices were stained (green) with
anti-Ki67 (cell proliferation), anti-γ-H2AX (DNA damage and cell apoptosis), and DAPI (nuclear
counterstaining, blue). Scale bars: 500 μm and 50 μm.

 
(a) 

 

  
(b) 

Figure 6. MPM markers and macrophage migration inhibitory factor (MIF), CD74, and CD44 expressions
in orthotopic H2052/484 tumors. Representative photomicrographs of a H2052/484 intrathoracic tumor
stained with (a) anti-calretinin, and anti-mesothelin, (b) anti-MIF, anti-CD74, and anti-CD44 antibodies.
Scale bars: 20 μm.
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2.3. Local Immune Cell Response of Athymic Nude Mice Developing Orthotopic H2052/484 Tumors

Due to the lack of thymus maturation, a T-cell deficiency was observed in athymic nude mice.
B cells, dendritic cells, and granulocytes were all relatively intact, and there was a compensatory
increase in both natural killer (NK)-cell activity and tumoricidal macrophages in these mice
(as reviewed in reference [5]). Therefore, an immune response could be expected after malignant cell
injection. Using flow cytometry, the immune cell populations (lymphocytes, neutrophils, monocytes,
and macrophages) were characterized in the thoracic cavity of mice injected i.pl with H2052/484 cells
(Figure 7).

 
(a) 

 
(b) 

  
(c) 

 
(d) 

Figure 7. Immune cell populations increased in the pleural fluid of H2052/484 tumor-bearing mice.
(a) Viable immune cell populations (lymphocytes (blue), monocytes (yellow), macrophages (red) and
granulocytes (green)) were identified first according to side scatter (SSC-A) vs. forward scatter (FSC-A).
Doublets were excluded using a pulse geometry gate FSC-H × FSC-A plot. Representative flow
cytometry dot plots and scatter plots of pleural cells are shown. Comparisons of the number of (b) total
cells, (c) lymphocytes, monocytes/macrophages, and (d) granulocytes in the pleural fluid of mice
with no tumor (empty dots) and in tumor-bearing mice scored 1 to 3 (1–3; half dots) and 4 to 6 (4–6,
full dots). The data represent the mean values ± SEM. Comparisons were made using Kruskal–Wallis
test; * p < 0.05, ** p < 0.01, **** p < 0.0001.
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First, the cell populations were identified according to their sizes (forward scatter, FSC) and
internal structures (side scatter, SSC). Second, labelling of immune cells with specific antibodies was
performed as follows: CD19+B220+ for B lymphocytes, CD19−CD11b+ for monocytes/macrophages,
CD19−CD11b+ F4/80+ for macrophages, CD11b+F4/80+CD206+ for M2 macrophages, CD49b+ for NK
cells, CD11b+Gr1+ for myeloid-derived suppressor cells (MDSC).

Mice with a high tumor development score (4 to 6) showed an increase of cell number in the pleura
compared to mice with a low tumor development score (1 to 3) or mice without tumor (Figure 7b,
Table 2). The number of cells for each cell population, i.e., lymphocytes, granulocytes (neutrophils),
monocytes, and macrophages, increased in the pleural cavity of mice with a high tumor development
score (Figure 7; Table 2).

Table 2. Immune cell number in the pleural fluids from mice with differential H2052/484
MPM development.

Tumor Development Score 0 1–3 4–6

Total pleural cells 185,942 ± 118,481 111,068 ± 35,687 425,358 ± 63,830
n = 4 n = 10 n = 14

p vs. 0 >0.9999 0.1472
p vs. 1–3 0.0021

Lymphocyte number 36,376 ± 4135 18,779 ± 2638 96,651 ± 21,303
n = 4 n = 10 n = 14

p vs. 0 0.2943 0.3602
p vs. 1–3 <0.0001

Granulocyte number 2085 ± 515 7025 ± 1686 33,012 ± 8879
n = 4 n = 10 n = 11

p vs. 0 0.6575 0.0037
p vs. 1–3 0.0238

Monocyte/macrophage number 121,038 ± 93,659 81,626 ± 32,076 305,638 ± 54,706
n = 4 n = 10 n = 14

p vs. 0 >0.9999 0.1696
p vs. 1–3 0.0044

Despite the increased number of lymphocytes in the pleural cavity, the percentage of total
lymphocytes in the pleural cell population tended to decrease with the increase of the tumor
development score (Figure 8a; Table 3). The percentage of lymphocytes in mice with tumor score 4–6
was 1.7 lower than in mice without tumor. This lymphocyte population identified by the FSC and SSC
cytometric parameters included T and B lymphocytes and NK cells. The percentage of CD19+B220+

B lymphocytes was relatively stable in mice with different tumor development scores (Table 3),
representing 6.8 to 17.5% of total cells in the thoracic cavity. The monocytes/macrophages population
represented 53.8 to 68.3% of pleural cells (Table 3). This percentage was not different in mice with or
without tumor (Figure 8b). This population contains several cell types, including MDSC, dendritic
cells, monocytes, macrophages. The percentage of CD11b+F4/80+ macrophages increased in the
thoracic cavity of mice with high tumor development score (Figure 8c, left panel) from 22.9 ± 8.0%
(mice without tumor) to 45.3 ± 7.0% (mice with tumor development score 4–6) (Table 3).

We observed an increase of the percentage of CD11b+F4/80+CD206+ M2 immunosuppressive
macrophages in the pleural cell population of mice with higher tumor scores from 1.6% (mice without
tumor) to 5.6% (mice with tumor development score 4–6) (Figure 8c, right panel; Table 3). This result is
in concordance with previous reports of Jackaman C et al. [6].
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(a) 
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Figure 8. The proportion of immune cell populations in the pleural fluid of H2052/484 tumor-bearing
mice changed with the tumor score. Comparisons of percentages of (a) total lymphocytes, (b) total
monocytes/macrophages, (c) CD19−CD11b+F4/80+ macrophages and CD206+ M2 macrophages,
and (d) granulocytes in the pleural fluid of mice with no tumor (empty dots) and in tumor-bearing
mice with development scores 1–3 (half dots) and 4–6 (full dots). The percentages represent the number
of each cell population in the total pleural cell number as determined by flow cytometry. The data
represent the mean values ± SEM. Comparisons were made using Kruskal–Wallis test; * p < 0.05.

Using an immunocompetent orthotopic mouse model of MPM, it was shown that the proportion
of CD11b+F4/80+ tumor-associated macrophages increased significantly with MPM progression. Large
tumors contained more macrophages of the M3 subset (a macrophage subset expressing a mixed M1
and M2 phenotype) and MDSCs. In this model, the percentage of CD11b+Gr1+ MDSC was two-fold
higher in mice with tumors compared to mice without tumors (Table 3). Finally, the proportion of
neutrophils in the pleural cell population was approximately fourfold higher in mice with tumors than
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in mice without tumors, and this independently of the tumor development score (Figure 8d; Table 3).
While the proportion of total lymphocytes decreased with tumor development, we observed a sixfold
increase in the neutrophil-to-lymphocyte ratio in mice with tumor development compared to mice
without tumors (Table 3).

In summary, a high score (4–6) of H2052/484 tumor development in athymic mice was associated
with an increase of immune cells in the thoracic cavity. Two-thirds of this population were CD11b+

cells, with a high proportion of F4/80+ macrophages and Gr1+ MDSC. Tumor development was also
associated with a decrease of the percentage of total lymphocytes and an increase of the percentage
of neutrophils.

Table 3. Immune cell distribution in the pleural fluids of mice with differential H2052/484 MPM
development. MDSC, myeloid-derived-suppressor cells

Tumor Development Score 0 1–3 4–6

Lymphocytes (% of total cells) 41.9 ± 10.7 28.5 ± 4.8 24.6 ± 4.0
n = 4 n = 10 n = 14

p vs. 0 0.6644 0.3602
p vs. 1–3 >0.9999

CD19+ B220+ lymphocytes (% of total cells) 8.7 ± 2.7 17.5 ± 5.3 6.8 ± 1.9
n = 4 n = 5 n = 11

p vs. 0 >0.9999 >0.9999
p vs. 1–3 0.2621

monocytes/macrophages (% of total cells) 53.8 ± 11.2 58.7 ± 6.8 68.3 ± 4.3
n = 4 n = 7 n = 14

p vs. 0 >0.9999 0.6247
p vs. 1–3 >0.9999

CD19− CD11b+ monocytes/macrophages
(% of total cells)

52.1 ± 10.6 53.3 ± 7.1 65.5 ± 4.7
n = 4 n = 7 n = 14

p vs. 0 >0.9999 0.9253
p vs. 1–3 0.4993

CD19− CD11b+ F4/80+ Macrophages
(% of total cells)

22.9 ± 8.0 26.3 ± 10.2 45.3 ± 7.0
n = 4 n = 7 n = 14

p vs. 0 >0.9999 0.2956
p vs. 1–3 0.3193

CD11b+ F4/80+ CD206+ M2 macrophages
(% of total cells)

1.6 5.6
n = 4 n = 9

p vs. 0 0.4140

Neutrophils (% of total cells) 2.2 ± 0.6 8.9 ± 1.7 7.8 ± 1.5
n = 4 n = 10 n = 14

p vs. 0 0.0224 0.0456
p vs. 1–3 >0.9999

Neutrophil-to-lymphocyte ratio 0.06 ± 0.01 0.38 ± 0.06 0.36 ± 0.06
n = 4 n = 10 n = 11

p vs. 0 0.0095 0.0206
p vs. 1–3 >0.9999

CD49b+ NK cells (% of total cells)
5.5 ± 1.9 7.6 ± 1.3 7.0 ± 1.7

n = 4 n = 7 n = 12
p vs. 0 >0.9999 >0.9999

p vs. 1–3 >0.9999

CD11b+ Gr1+ MDSC (% of total cells)
27.7 ± 6.7 51.1 ± 8.1

n = 4 n = 9
p vs. 0 0.1063

178



Int. J. Mol. Sci. 2018, 19, 1881

3. Discussion

In order to assess the effect of the MIF/CD74 pathway in the development of MPM, we derived
a new human MPM cell line expressing MIF, CD74, and CD44 and able to generate orthotopic
intra-thoracic tumors. H2052/484 cells were obtained from the dissociation of a pleural tumor
obtained after NCI-H2052 cell injection. Furthermore, H2052/484 cells conserved their mesothelioma
phenotype and most characteristics of the parental H2052 cells. They demonstrated faster tumor
growth than parental H2052 cells after intrathoracic injection in athymic mice. This higher tumor
development may be related to higher levels of the EMT transcription factors Snail 2, Zeb1, and Zeb2.
The activation of the EMT program is commonly observed in human cancers and is closely related
to tumor invasiveness and progression [7]. H2052/484 cells were modestly virulent in vivo, and the
mice were found to tolerate a certain level of tumor burden (1 × 106 cells) over a two-week time
course, without euthanasia requirements due to distress. Thus, this model represents a reproducible
mean to test new therapies targeting the MIF/CD74 pathway as well as other pathways that promote
the growth of MPM. This model provides a large time window to evaluate the anticancer effects of
new treatments and possible tumor relapse and resistance due to subpopulations of cells that might
escape therapy. We used athymic mice as hosts, given that our study objective was to evaluate the
effects of the MIF/CD74 pathway inhibition on human MPM development in vivo. These mice are
partially immunodeficient because of the lack of thymus [8], which leads to a very poor response to
thymic-dependent antigens [5]. Except for the lack of T lymphocytes, most other immune cell types
are present in these mice, and we observed an increase in the immune cell population in the pleural
fluid with the increase of tumor development. CD19+B220+ B lymphocytes and NK cells (CD49b+)
were identified in the pleural fluid. No expansion of these populations was observed in tumor-bearing
mice compared to mice without tumors. Myeloid-derived suppressor cells (CD11+Gr1+), monocytes
(CD19−CD11b+), and macrophages (CD19−CD11b+F4/80+) were also detected in the pleural fluid.
Interestingly, MDSC and macrophages (especially CD206+ M2 macrophages) expanded during MPM
development as previously shown in an immunocompetent mouse model of mesothelioma [6]. The lack
of T cells in nude mice is not an obstacle to study the relationship between inflammatory cells and
mesothelioma development. Indeed, Jackaman et al. have shown [6], using an immunocompetent
mouse model, that the suppressive role of regulatory T cells is important during the early stages of
mesothelioma tumor evolution, but, in advanced-stage mesothelioma, myeloid cells and macrophages
are major regulatory cells, as confirmed in our study. Both cell types have been shown to promote
tumor growth, recurrence, and tumor burden in multiple ways, including promotion of angiogenesis
and immunosuppressive activity [9,10]. Several studies reported a role for macrophage migration
inhibitory factor (MIF) in promoting MDSC and macrophage accumulation and immunosuppressive
activity in several cancers [11,12]. We previously showed that human MPM expresses MIF and its
receptor CD74 and that this pathway is important for MPM cells proliferation [3]. In this model, MIF
secretion by H2052/484 tumor cells may attract immunosuppressive cells such as MDSC and polarized
macrophages toward an immunosuppressive M2 phenotype, thus promoting tumor growth. We plan
to evaluate the effect of MIF inhibitors on H2052/484 development. The data obtained on the extent of
tumor development and the immune cell types present in the local (pleural) tumor environment should
help us to design new therapies. Then, these new agents should be validated on other mouse models
such as humanized mouse models. In these models, immunocompromised mice (generally non-obese
diabetic (NOD) scid gamma and NOD Rag gamma mice characterized by a great immunodeficiency)
are immunologically reconstituted with human immune cells. The effects of MIF inhibitors on the total
human immune cell populations could be characterized.

In summary, this study shows that the orthotopic xenotransplantation model of H2052/484 MPM
cells in nude mice is a reproducible model to study the functional and mechanistic effects of new
treatments for MPM. This model can be used to test the therapeutic effects of MIF inhibition on human
MPM development and possibly to develop new therapies for this fatal disease.
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4. Materials and Methods

4.1. Isolation of H2052/484 Cells and Cell Culture

The MPM cell lines H28 (NCI-H-28), H2052 (NCI-H2052), and MSTO (MSTO211H) were
purchased from American Type Culture Collection (Manassas, Virginie, VA, USA). The MPM cell lines
JL-1 was established and characterized in our laboratory from human biopsies [13]. H2052/484 cells
were subcultured after mechanical dissociation of an orthotopic tumor explanted 102 days after an
intrapleural implantation of 1 × 106 NCI-H2052 cells into an athymic Nude-Foxn1nu nu/nu. All cells
were routinely cultured in RPMI 1640 medium containing 10% (v/v) fetal bovine serum (complete
RPMI, Life Technologies, Carlsbad, CA, USA). The cultures were grown at 37 ◦C in 5% CO2.

4.2. Total RNA Isolation and Real-Time RT-PCR

The expressions of CDH1, CDH2, VIM, TWIST, SNAIL1, SNAIL2, ZEB1, ZEB2, MIF, CD74, GAPDH,
GUSB, EEFLA1, and TBP mRNAs were evaluated by quantitative RT-PCR analysis. Total mRNA from
each cell lines was extracted by InViTrap® Spin Universal RNA Mini kit (Stratec, Birkenfeld, Germany)
according to the manufacturer’s instructions.

Reverse transcription and Real-time RT-PCR was performed at the same time using ONE-step
kit Converter (Takyon-Eurogentec UF-RTAD-D0701, Eurogentec, Liège, Belgium) and No ROX SYBR
MasterMix blue dTTP (Takyon Eurogentec UF-NSMT-B0101, Eurogentec, Liège, Belgium). Real-time
RT-PCR was performed on each sample in duplicate with 50 ng cDNA per condition, using a Biorad
CFX Connect Real Time system. SYBR green primer sequences for the targeted human genes are
available upon request. The results were normalized to the expression levels of housekeeping genes,
including GAPDH, GUSB, EEFLA1, and TBP genes.

4.3. Cell Growth and Vitality

Five thousand cells per well were cultured into 96-well microplates in complete RPMI. After cell
adhesion, the medium was replaced, and the cells were cultured in RPMI without or with increasing
concentrations of FBS for 24 h and 48 h at 37 ◦C. Cell growth was determined by crystal violet staining.
Briefly, after fixation with formalin 10%, the cells were stained with 0.1% crystal violet (Sigma-Aldrich
Corp., St. Louis, MO, USA) for 30 min at room temperature. The cells were lysed in a 10% acetic acid
solution for 30 min at room temperature. The absorbance was read in a spectrophotometer at 570 nm.

Cell vitality was determined by the reduction of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT, Sigma-Aldrich Corp., St. Louis, MO, USA). The MTT solution (500 μg/mL in RPMI)
was added for 2 h at 37 ◦C. The cells were lysed with dimethyl sulfoxide. The absorbance was read in
a spectrophotometer at 570 nm.

4.4. Cell Lysis and Western Blotting Analysis

The samples were lysed in RIPA buffer (50 mM Tris, 150 mM NaCl, 0.1% SDS, 0.5% Sodium
deoxycholate, 1% Igepal CA630, 2 mM EDTA, 50 mM NaF, pH 8) supplemented with a protease
inhibitor cocktail (Roche Molecular Diagnostics, Pleasanton, California, CA, USA) and titrated using
the DC Protein Assay (Bio-Rad Laboratories, Hercules, California, CA, USA). Amounts of 5 to 20 μg of
proteins were separated by SDS-PAGE and transferred onto nitrocellulose membranes (Amersham,
Little Chalfont, UK). The membranes were blocked 1 h at room temperature, incubated overnight at
4 ◦C with primary antibodies (EMT sampler kit, 9782 Cell signaling (Danvers, Massachusetts, MA,
USA) and B-Actin, A2066 Sigma-Aldrich (Sigma-Aldrich Corp., St. Louis, MO, USA), incubated for
1 h with secondary antibodies (Bio-Rad Laboratories, Hercules, California, CA, USA), and developed
using a standard ECL protocol. The quantifications were performed by using a ChemiDoc MP and the
Image Lab software (Bio-Rad Laboratories, Hercules, California, CA, USA).

180



Int. J. Mol. Sci. 2018, 19, 1881

4.5. In Vivo Development of H2052/484 MPM Cells in Nude Mice

The mice were anaesthetized with isoflurane. Buprenorphin (analgesic) was injected
subcutaneously. (0.05 mg/kg). MPM H2052/484 cells were injected into the left pleural cavity
(1 × 106 tumor cells suspended in 50 μL of RPMI) of 19-week-old athymic female nude mice nu/nu
(Envigo, Huntingdon, UK) (n = 28). Briefly, the mouse was placed on the left side (left lateral decubitus).
A 0.5 to 1 cm incision of the skin was made to expose the ribs. An amount of 50 μL of cell suspension
was slowly injected into the intercostal space on the right dorsal mid-axyllary line just below the
inferior border of the scapula. The wound was closed with three to four absorbable sutures. Anesthesia
was stopped. The mouse was placed under a heat lamp until awake.

2-deoxy-2-[18F]fluoro-D-glucose ([18F]FDG)-PET/computed tomography (CT) scans were used
to follow the intrapleural tumor growth. PET/CT was performed using a Triumph PET/SPECT/CT
system (Trifoil, Chatsworth, CA, USA) on mice fasted for 12 h. An amount of 5–6 MBq of [18F]FDG
was i.v. injected retro-orbitally on anesthetized mice. The mice were then left awake at RT during
an uptake time of 60 min. Subsequently, 700 μL of 132 mg/mL meglumine ioxitalamate (Telebrix,
6% m/v iodide, Guerbet AG, Zürich, Switzerland) was injected intraperitoneally in mice to delineate
the abdominal region, and the mice were subjected to CT scans. Images were obtained at 80 kVp,
160 μA, and 1024 projections were acquired during the 360◦ rotation, with a field of view of 71.3 mm
(1.7× magnification). Sixty min after the [18F]FDG injection, PET scans were started for a duration of
20 min. PET scans were reconstructed with the built-in LabPET software (Triumph-Adler, Nuremberg,
Germany), using an OSEM3D (20 iterations) algorithm, and the images were calibrated in Bq/mL by
scanning a phantom cylinder. Reconstruction of the CT scans was performed with the Triumph XO
software (Triumph-Adler, Nuremberg, Germany) that uses a matrix of 512 and a voxel size of 0.135 mm.
CT scans and PET scans were co-registered using the plugin Vivid (Trifoil) for Amira (FEI, Hillsboro,
OR, USA) and exported as dicom files. The software Osirix (Pixmeo, Bernex, Switzerland) was used to
quantitatively analyse the datasets and generate pictures.

Two weeks after cell injection, the mice were checked every other day by observers for signs
of morbidity. Euthanasia endpoints were chosen to minimize the distress of the transplanted mice.
They were defined in a previous pilot study in which body weight, body condition scoring, appearance,
and behavioral assessments were used to evaluate morbidity in this orthotopic mouse model of
mesothelioma. The following criteria were determined: significant tumor growth and/or malignant
pleural effusion in the thoracic cavity (detected by PET/CT imaging), labored breathing, abnormal
posture, dehydration, and weight loss of 15% within a few days. This study was conducted under
protocols revised and approved by the institutional animal care and use committee and by Geneva’s
veterinarian state office.

When committee-approved endpoints (authorization GE/106/16 approved by the “Direction
Générale de la Santé”, Republic of Geneva, 19 July 2016, 25291) were achieved, the mice were
euthanized and closely examined for the presence of thoracic tumors. For each euthanized mouse,
blood was drawn from the heart. For histology, spleen, lung, and tumors were explanted and fixed in
10% neutral buffered formalin.

4.6. Immunohistochemistry Analysis

The MPM samples fixed in formalin were embedded in paraffin. Four-μm-thick MPM tumor
sections were cut and stained with haematoxilin-eosin (HE) or analyzed by immunohistochemistry.
Labeling with anti-MIF (gift of Thierry Roger, Lausanne, Switzerland), anti-CD74 (HPA010592,
Sigma-Aldrich Corp., St. Louis, MO, USA), and anti-CD44 antibodies (HPA005785, Sigma-Aldrich
Corp., St. Louis, MO, USA) was performed using the Ventana Discovery automated staining system
(Ventana Medical Systems, Tucson, AZ, USA). Ventana reagents for the entire procedure were used.
Antigen retrieval was performed by heating the slides in CC1 cell conditioning solution for 20 min
(EDTA antigen retrieval solution pH 8.4; 20 min for CD74 and CD44, 36 min for MIF). The slides
were incubated 30 min at 37 ◦C with primary antibodies diluted at 1/300 (MIF), 1/1000 (CD74),
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and 1/500 (CD44) in an antibody diluent from Dako (S2022, Agilent technology, Santa Clara, CA, USA).
Anti-MIF, anti-CD74, and anti-CD44 labeling was detected using the rabbit OmniMap kit (760-149).
Immunostaining with anti-Ki67 (9027, Cell signaling technology, Danvers, MA, USA), γ-H2AX
(sc-101696, Santa Cruz Biotechnology, Dallas, TX, USA), CD31 (ab28364, Abcam, Cambridge, UK),
calretinin (18-0211, Invitrogen, Carlsbad, CA, USA), and mesothelin (HPA017172, Sigma-Aldrich
Corp., St. Louis, MO, USA) was performed after EDTA antigen retrieval for 15 min. After a 20 min
blocking step in PBS 0.2%/Triton X100 (PBST), the sections were incubated with primary antibodies
in blocking buffer overnight at 4 ◦C (Ki67, 1/500; γ-H2AX, 1/500; CD31, 1/50; calretinin, 1/80;
mesothelin, 1/80). The sections were washed with PBST and incubated for 1 h with DAPI 0.4 μg/mL
and secondary A488-conjugated anti-rabbit antibodies in blocking buffer (A21206, Molecular Probes,
ThermoFisher Scientific, Waltham, MA, USA). The slides were washed and mounted in fluorescence
mounting medium (Dako, Agilent technology, Santa Clara, CA, USA). The slides were scanned
with an Axioscan.Z1 and analyzed with Zen (Zen 2.3, Carl Zeiss, Oberkochen, Germany). Specific
binding of all antibodies was previously checked by running controls without primary antibodies
(see Supplementary Materials figure).

4.7. Collection of Pleural Fluid and Flow Cytometry Staining

Following euthanization, the thoracic cavity of each mice was opened and washed with 1 mL of
cold sterile PBS supplemented with 3% FBS. The pleural fluid (PF) was aspirated and placed on ice
before centrifugation at 300× g for 5 min. The supernatant was removed and stored at −80 ◦C. The cell
pellet was washed with 10 mL of PBS/3% FBS, resuspended in 2 mL PBS/3% FBS, and carefully
layered upon 2 mL of Ficoll-Paque Plus separation medium (GE Healthcare, Munich, Germany).
The Ficoll gradient was centrifuged for 20 min at 400× g without brake. The mononuclear cells were
collected, washed in PBS/3% FBS, and resuspended in 400 μL of PBS-3% FBS-1mM EDTA (FACS
buffer). The cells were incubated with Fc-blocking reagent (TrueStain, Biolegend, San Diego, CA, USA)
for 5 min and subsequently stained for 30 min at 4 ◦C with the relevant antibody. The lymphocytes
were characterized with APC anti-CD19 (6D5) and FITC anti-CD45R/B220 (RA3-6B2). The antibodies
used to analyze monocytes, macrophages, and MDSC were PE anti-CD11b (M1/70), PE/Cy7 anti-F4-80
(BM8), APC anti-CD206 (C068C2), and FITC anti-Gr1 (RB6-8C5). NK cells were characterized
with PE anti-CD49b (DX5) (BioLegend, San Diego, CA, USA). The controls received equivalent
concentrations of isotype-matched IgG. All samples were acquired with a BD Accuri C6 flow cytometer
and analyzed with BD Accuri C6 and FlowJo software (FlowJo V10-CL, Tree Star Inc., Ashland, OR,
USA) Monocytes/macrophages, lymphocytes, and granulocytes were first gated according to a SSC-A
vs. FSC-A scatter plot, and doublets were excluded using a pulse geometry gate FSC-H × FSC-A plot.

4.8. Statistics

The results are presented as means ± SEM or SD as indicated. Kruskal–Wallis test was used to
examine statistical differences among three or more groups. Differences between pairs of groups were
examined for statistical significance using the unpaired Mann–Whitney U test. A p value < 0.05 was
considered statistically significant.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/19/7/
1881/s1.
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Abstract: Mesothelioma is an aggressive, rapidly fatal cancer and a better understanding of its
molecular heterogeneity may help with making more efficient therapeutic strategies. Non-coding
RNAs represent a larger part of the transcriptome but their contribution to diseases is not fully
understood yet. We used recently obtained RNA-seq data from asbestos-exposed mice and performed
data mining of publicly available datasets in order to evaluate how non-coding RNA contribute
to mesothelioma heterogeneity. Nine non-coding RNAs are specifically elevated in mesothelioma
tumors and contribute to human mesothelioma heterogeneity. Because some of them have known
oncogenic properties, this study supports the concept of non-coding RNAs as cancer progenitor genes.

Keywords: mesothelioma heterogeneity; non-coding RNA; long-non-coding RNA

1. Introduction

Protein coding genes make up only 2% of the human genome. In the remaining part of the
genome, many transcriptionally active regions are found that give rise to non-coding RNA (ncRNA) [1].
Long non-coding RNAs (lncRNAs) are defined as longer than 200 nucleotides and represent the
major class of ncRNAs since there are nearly three times as many lncRNA genes as protein-coding
genes [2,3], and recently there has been a steep increase in research focusing on lncRNAs owing to
their impact in several biological processes [4,5]. The class of non-coding RNAs that are smaller than
200 nucleotide includes the microRNA (miRNA, 19–25 nucleotides) that post-transcriptionally regulate
gene expression via the suppression of specific target mRNAs [6].

LncRNA expression plays a crucial role in regulating the gene expression during differentiation
and development [7,8]. For a few lncRNAs, functional characterization is available and indicates
an association with transcriptional regulation and post-transcriptional processing of coding regions.
Specifically, these lncRNAs affect miRNA expression, mRNA stability, and translation [9]. One of the
first lncRNAs described to contribute to cancer was the HOX antisense intergenic RNA (HOTAIR)—this
lncRNA interacts with chromatin and represses the transcription of human HOX genes, thus regulating
development [10]. Several lncRNAs have been identified to be involved in the various hallmarks of
cancer causing various tumor types including lung, liver, prostate, breast, and ovarian cancers [11–13].

Mesothelioma is a rare, aggressive cancer developing from the mesothelium and it is mostly
associated with exposure to asbestos [14]. Recent molecular analyses have defined four different types
of mesothelioma on the basis of gene expression [15], and two molecularly defined groups associated
with different prognosis [16]. In this study, we explore the variation of non-coding RNA expression
associated with this heterogeneity. In order to prioritize which ncRNA might be the most relevant
in a given cancer type, it has been suggested that by using the The Cancer Genome Atlas (TCGA)
ncRNAome information as a clinical filter, one would be able to generate a reduced and clinically
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relevant ncRNA list that could be used for a candidate-oriented functional screening. Here, we take the
opportunity of our recent study in asbestos-exposed C57Bl/6J Nf2+/− mice [17], to identify lncRNAs
and miRNAs associated with tumor development and scrutinize their expression and heterogeneity
in human mesothelioma and human mesothelioma TCGA RNAome. Nf2 heterozygote background
was chosen based on the fact that NF2 mutations are often observed in mesothelioma [18–21], and a
previous study showing its contribution to tumor development [22].

2. Results

We analyzed the expression of non-protein-coding RNA in the RNA-seq data [17] obtained
in tissue extracted from either C57Bl/6J Nf2+/− mice that were exposed eight times to crocidolite
(blue asbestos) every three weeks, or sham-treated mice. Mice had been sacrificed 33 weeks after
first crocidolite exposure in order to have the possibility of investigating pre-cancer and cancer
stages. In order to identify gene expression changes during mesotheliomagenesis, we have analyzed
three treatment groups by RNA-seq: sham, age-matched crocidolite-exposed, and age-matched
crocidolite-exposed with observable tumors. We performed differential expression analysis between
crocidolite-exposed and sham, and identified 108 non-protein-coding genes with more than 2-fold
expression (p < 0.01, False Discovery Rate (FDR) < 0.017). Differential expression analysis between
crocidolite-exposed with tumors and crocidolite-exposed, identified 366 non-protein-coding genes
with more than 2-fold expression (p < 0.01, FDR < 0.024). 33 genes were found in both comparisons, as
shown in the Venn diagram (Figure 1).

Figure 1. Overlap of the differentially expressed non-coding genes (more than 2-fold change, p < 0.01) in
crocidolite-exposed vs. sham (asb over sham) and crocidolite-exposed with tumors vs. crocidolite-exposed
(asbtum over asb) comparisons visualized as a Venn diagram.

We selected some of them based on (a) the significance of their differential expression in
tumor vs. crocidolite-exposed inflamed mesothelium and (b) the availability of some functional
knowledge about them (Table 1).
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Table 1. Selected non-coding RNA more than 2-fold upregulated in murine mesothelioma compared to
inflamed crocidolite-exposed mesothelium.

Gene
Name

Type p-Value FDR
Chromosome Location

(GRCm38.p5)
Human

Ortholog
Upregulation in

Crocidolite vs. Sham

Fendrr
Divergent
lincRNA,
nuclear

1.94 × 10−15 1.4 × 10−14 Chromosome 8:
121,054,882-121,083,110 yes no

Gm26902 lincRNA 1.16 × 10−9 4.91 × 10−9 Chromosome 19:
34,474,808-34,481,546 no no

Gm17501 lincRNA 3.84 × 10−5 8.33 × 10−5 Chromosome 3:
145,650,312-145,677,580 no no

Meg3 lincRNA 7.97 × 10−5 0.0001805 Chromosome 12:
109,541,001-109,571,726 yes no

miR 17-92
cluster lincRNA 7.02 × 10−10 3.05 × 10−9 Chromosome 14:

115,042,879-115,046,727 yes no

Dio3os antisense 0.003026 0.005339 Chromosome 12:
110,275,384-110,278,068 yes yes

Dubr linRNA,
nuclear 9.36 × 10−7 2.79 × 10−6 Chromosome 16:

50,719,294-50,732,773 yes yes

Malat1 antisense,
nuclear 6.09 × 10−7 1.86 × 10−6 Chromosome 19:

5,795,690-5,802,672 yes no

Dnm3os antisense 2.26 × 10−16 1.87 × 10−15 Chromosome 1:
162,217,623-162,225,550 yes no

Hoxaas2 antisense 5.73 × 10−7 1.76 × 10−6 Chromosome 6:
52,165,674-52,169,564 yes no

Firre lincRNA,
nuclear 4.09 × 10−7 1.28 × 10−6 Chromosome X:

50,555,744-50,635,321 yes no

Morrbid nuclear 1.18 × 10−7 3.92 × 10−7 Chromosome 2:
128,178,319-128,502,765 yes yes

miRlet7b miRNA 0.000884 0.001697 Chromosome 15:
85,707,319-85,707,403 yes no

Mir214 mirRNA 1.08 × 10−5 2.78 × 10−5 Chromosome 1:
162,223,368-162,223,477 yes no

Then we compared the selected ncRNAs to differentially expressed genes with more than two-fold
increased expression between inflamed tissue from crocidolite and sham (Table 1, last column).
Of the 14 selected genes, three (Dios3os, Dubr, and Morrbid) were also overexpressed in inflamed
crocidolite-exposed tissues compared to tissues from sham-treated mice.

The ncRNA gene with the highest upregulation in mesothelioma tumor in mice exposed to
asbestos was Fendrr (Fetal-lethal noncoding developmental regulatory RNA) and we validated this finding
by quantitative-PCR (Figure 2a). We then took the opportunity to investigate its expression in tumor
tissue collected at different time (Figure 2b) during tumor progression in nine patients. We have
recently deeply characterized genomic alterations in two out of these nine patients [23]. Interestingly,
FENDRR expression was increased in the tissue of the patient, which had maintained epithelioid
histology (P236A_tum and P236B_tum), compared to the patient that had initially been diagnosed
as epitheloid mesothelioma (P95A_tum) but where we have observed epithelial to mesenchymal
transition (EMT) during tumor progression. We could detect FENDRR expression in all first tumor
samples from patients diagnosed with epithelioid mesothelioma but not in patient P399, who had been
diagnosed with biphasic histology.
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Figure 2. Fendrr is overexpressed in mice mesothelioma and associates with epithelial histotype
commitment in human mesothelioma. (a) q-PCR of Fendrr expression was performed in sham,
crocidolite-exposed mice without malignant tumors. Mean ± SE, N = 5–8 mice. * p < 0.05, Mann–Whitney
test. (b) FENDRR gene expression analysis in tumor samples from nine patients for whom tissue is
available at different time points during the progression of the disease. Mean ± SD, N = 3.

The existence of known orthologs in human for 13 of the selected ncRNAs allowed us to evaluate
their contribution to tumor heterogeneity by interrogating publicly available TCGA data of 87 MPM
samples (MESO) through the cBioPortal [24,25] together with five tumor suppressor genes frequently
mutated in mesothelioma (Figure 3). For HOXA-AS2 (lncRNA–HOXA cluster antisense RNA 2), FIRRE
(functional intergenic repeating RNA element) and MORBIDD (myeloid RNA regulator of Bim-induced death),
no differences were detected in TCGA data; therefore, they were not included in the figure. All other
ncRNAs contribute to tumor heterogeneity.

Figure 3. Non-coding RNAs contribute to mesothelioma heterogeneity. “Oncoprint” analysis
performed using cBioportal of selected ncRNAs and five tumor suppressor genes frequently mutated
in mesothelioma.
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Interestingly DNM3OS (dynamin 3 (Dnm3) gene antisense) is amplified in two patients and
consistent with DNM3OS being a precursor for miR214, the latter is amplified as well. Although
DNM3OS overexpression is associated with enrichment is sarcomatoid histotype compared to
epithelioid histotype in Bueno et al [15], in TCGA samples it is amplified in a patient bearing a biphasic
and a patient bearing an epithelioid tumor.

In human mesothelioma miRlet7b was deleted in a patient bearing a biphasic and a patient bearing
an epithelioid tumor, indicating that it possibly contributes to epithelial heterogeneity. FENDRR was
deleted in a patient with biphasic histotype, which would fit with the observation that it is enriched in
epithelioid mesothelioma, but this observation is based only on a single patient.

Interestingly there is a significant co-occurrence of alterations of BAP1 and DIO3OS (p = 0.024),
and of DUBR and miRlet7b (p = 0.028).

3. Discussion

In order to improve the treatment of mesothelioma, it is necessary to better understand how
molecular heterogeneity contributes to tumor growth.

We report here the likely contribution of ncRNAs to the heterogeneity profile and suggest
that oncogenic driver events in mesothelioma development are associated with lncRNA expression.
This extends the current view that focuses on the loss of tumor suppressor functions as drivers.

Fendrr is transcribed divergently from the transcription factor-coding gene Foxf 1. Fendrr-deficiency
results in mice lethality due to lack of proper differentiation of mesenchymal derived tissue [26,27].
This lincRNA is predominantly nuclear and physically associates with the PRC2 Polycomb
complex [28]). In humans the orthologous transcript is expressed from a syntenic region [29].
Silencing FENDRR increases FN1 expression in gastric cancer cells and increases their migration [30].
Interestingly, FENDRR is among the genes enriched in the epithelioid compared to sarcomatoid
mesothelioma cluster based on gene-expression profile [15].

Not much is known about gm26902, except that its expression characterizes a subset of microglia
CD11c+ population, which sustains brain development [31], while expression of gm17501 has been
associated with cardiac hypertrophy [32].

Meg3 (maternally expressed 3) binds to p53 and activates the transcription of a part of
p53-regulated genes [33]. In gastric cancer, MEG3 increases Bcl-2 levels by sequestering miR-181-a [34].
In addition, MEG3 modulates the activity of TGF-β pathway genes by binding to distal regulatory
elements, which have GA-rich sequences, allowing MEG3 specific binding to the chromatin through
RNA–DNA triplex formation [35,36].

miR17-92 cluster (miR-17-92a-1 cluster host gene) binds HuR, a member of the ELAVL family,
which has been reported to contribute to the stabilization of AU-rich elements (ARE)-containing
mRNAs, possibly modulating HuR activity on target mRNA stability [37]. MiR 17-92 cluster is
amplified in high-grade B-cell lymphoma with Burkitt lymphoma signature, resulting in higher
expression of miR17-92 and lower expression of BIM and PTEN and increased BCR signaling [38]. It is
noteworthy that miR17-92 expression is increased in mesothelioma [39].

Dio3os is transcribed in the antisense orientation to Dio3, which codes for the type 3 deiodinase,
an enzyme-inactivating thyroid hormones that is highly expressed during pregnancy and development [40].

Dubr (also called Dum: developmental pluripotency-associated 2 (Dppa2) Upstream binding
Muscle lncRNA) silences its neighboring gene, Dppa2, in cis through the recruitment of Dnmt1,
Dnmt3a and Dnmt3b, thereby promoting myoblast differentiation and damage-induced muscle
regeneration [41].

Malat1 (Metastasis-associated lung adenocarcinoma transcript 1) expression results in
alternatively spliced transcripts [42]. It is for example necessary for correct splicing of B-Myb,
a transcription factor involved in G2/M transition [43]. In patients with early-stage non-small cell
lung cancer high levels of MALAT1 predict a high risk of metastatic progression [44]. Malat1 loss
of function in mouse revealed that it is a nonessential gene in development or for adult normal
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tissue homeostasis [45,46], but depletion of MALAT1 in lung carcinoma cells impairs cellular motility
in vitro and metastasis in mice [47]. Therefore, it has been suggested that MALAT1 overexpression
in cancer may drive gain-of-function phenotypes not observed during normal tissue development or
homeostasis. Its action seems mediated not only by regulation of alternative splicing, as mentioned
above, but also possibly through interaction with HuR [48] like for miR17-92 cluster.

Firre-encoded lncRNA serves as a platform for trans-chromosomal association by interacting with
the nuclear matrix factor heterogeneous nuclear ribonucleoproteins U (hnRNPU) through a 156-bp
repeating sequence and localizes across a ~5-Mb domain on the X chromosome [49]. It was suggested
that it modulates nuclear architecture across chromosomes [49]. Transcription of FIRRE is regulated
by NF-κB signaling in macrophages and intestinal epithelial cells [50]. Indeed, FIRRE positively
regulates the expression of several inflammatory genes in macrophages or intestinal epithelial cells in
response to lipopolysaccharide stimulation via posttranscriptional mechanisms including interaction
with hnRNPU, which controls the stability of mRNAs of selected inflammatory genes through targeting
the adenine-rich element of their mRNAs [50].

Dnm3os is essential for skeletal muscle formation and body growth during development and it
serves as precursor of miR214 [51,52]. It is enriched in the sarcomatoid mesothelioma subtype cluster
compared to epithelioid [15].

Hoxaas2 directly interacts with enhancer of zeste homolog 2 (EZH2) and lysine-specific
demethylase 1 (LSD1), promoting pancreatic cell growth [53].

Morrbid is highly and distinctively expressed by mature eosinophils, neutrophils, and classical
monocytes in both mice and humans [54]. Interestingly it could be a marker of exposure to carcinogenic
fibers since it is overexpressed in tissues of mice exposed to long carcinogenic compared to short
non-carcinogenic asbestos and also long compared to short nanotubes [55].

miRlet7 downregulates interferon β (IFNβ) and is upregulated in macrophages upon IFNβ

treatment [56].
Although the method that we have used to extract RNA was not optimal for miRNA analysis

we detected the overexpression of miR214, likely because of Dnm3os overexpression. MiR214
downregulates PTEN [57] and Sufu [58].

Although only Malat1, from the ncRNAs mentioned, is an lncRNA for which a clear genetic link
with tumorigenesis has been established [59,60], it is likely that ncRNAs function in mesothelioma as
“cancer progenitors genes” [61]. In addition to MALAT1, overexpression of miR17-92 cluster is likely
oncogenic and of potential therapeutic interest because it activates druggable pathways. Similarly,
overexpression of miR214 possibly indicates activation of Hedgehog and PI3K signaling.

Although for FENDRR the contribution to heterogeneity is based on the observation that it is
enriched in epitheloid histotype and that one patient has a deletion in this gene, the fact that it is
overexpressed in tumors and associates with epithelioid commitment in the patients analyzed indicate
that further studies should explore the role of this lncRNA in mesothelioma.

Because MEG3 has been found to modulate TGF-β activity and it has an heterogeneous expression,
it would be interesting to investigate whether its expression plays a role in the EMT signature that
we observed in the mesothelioma tumors developing in asbestos-exposed mice [17] and also if it
contributes to mesothelioma’s so-called transitional state [62].

In an era where immunotherapy is also being intensively explored in mesothelioma treatment [63],
it might be wise to consider the deletion of miRlet7b as a possible biomarker for response.

In summary, we were able to identify lncRNAs that are overexpressed in mesothelioma and
we found that they contribute to human mesothelioma heterogeneity. We suggest that they may
indicate pathways for precision medicine. One limitation of our approach might be the fact that in our
experimental model we observed only spindeloid tumors, which is the opposite of what is observed in
human mesothelioma, where epithelioid histotypes are the most frequent.

Appropriate functional experiments need to be carried out and it would make sense to establish
consortia to validate our hypotheses. There is a plethora of ncRNA genes whose functions we need to
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understand better. In addition, very instructive functional studies rely on animal models but modeling
lncRNA function in mice might be difficult because lncRNAs are conserved at much lower rates
compared to protein-coding genes, and therefore orthologs are more difficult to identify.

4. Materials and Methods

4.1. Analysis of RNA-Seq Data from Tissue Samples from Asbestos-Exposed Mice

RNA was extracted and analyzed as described in our previous paper, where we characterized the
overall transcriptome profile of the same samples [17]. Assessment of miR expression was not optimal
because the Qiagen RNeasy kit was used to extract RNA, which does not preserve very short RNAs.

4.2. Relative Gene Expression

Fendrr gene expression was conducted as previously described [17] [64–66] using the following
primers (5’–3’): human: AGTGCACTGTGTGCTCTTAG and GAGGATCTGTGGTTGGGTATTT mouse
GAAACCAGAGAGCTCCGAATAG and CTTCTGGTGGAGTCAGATCAAA. As in previous studies,
histone 3 and β-actin were used as normalizer genes for human and murine gene expression,
respectively. RNA was extracted from human mesothelioma tumors and cDNA was prepared as we
recently described [23].

4.3. Analysis of Publicly Available Datasets

To analyze the expression and genetic alterations of selected non-coding RNA together with five
tumor suppressor genes frequently mutated in mesothelioma, we obtained the data from TCGA, using
www.cbioportal.org. For mRNA differential expression we used a z score of 1.2, where the z-score is
the standard deviation of static levels of transcript expression in a given case compared to the mean
transcript expression in diploid tumors.
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