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Summary / Samenvatting

Summary
Malignant pleural mesothelioma (MPM) is a rare yet aggressive tumor that is
causally associated with -mostly professional- asbestos exposure. Both a sporadic
and a familial form of MPM can be distinguished. Given the long latency between
asbestos exposure and disease, and because asbestos is still being used, MPM will
remain a global health issue for decades to come.
Patients diagnosed with MPM generally face a poor prognosis, with a 5-year
relative survival of only 5 to 10%. This can be explained by difficulties in (early)
diagnosis, effective and alternative treatment options and treatment monitoring. In
order to address these difficulties, a full understanding of the genetic alterations
that drive MPM is crucial.
The first studies reporting on the genomic background of MPM detected the
presence of a complex and heterogeneous set of chromosomal copy number
variations (CNVs) and identified recurrent somatic mutations in a number of
tumor suppressor genes (i.e., CDKN2A, NF2 and BAP1). More recently, nextgeneration sequencing (NGS) strategies have been used and have provided a
broader view on the genetic landscape of MPM. Overall, genetic alterations were
found to cluster mainly in the TP53/DNA repair, cell cycle, MAPK, PI3K/AKT,
Hippo, mTOR, histone methylation and RNA helicase pathways.
In the first two parts of this PhD thesis (Chapters 3 and 4), we aimed to contribute
to the unraveling of the genetic background of sporadic MPM using NGS
techniques on MPM tissue samples. In this respect, we performed both low-pass
whole genome (LP-WGS) and whole exome sequencing (WES) on matched tumor
and normal samples of 21 MPM patients.
LP-WGS was used to validate the MPM copy number landscape that was detected
by analyzing array data of 85 MPMs, available through ‘The Cancer Genome Atlas’
(TCGA). In both data sets, several chromosomal regions were identified, that
frequently exhibited a copy number loss or gain. Specifically, losses on
chromosomes 1, 3, 4, 6, 9, 13 and 22, and gains on chromosomes 1, 5, 7 and 17 were
found in at least 25% and 15% of MPMs, respectively. Several ‘Cancer census
genes’ were found to be located in these chromosomal regions exhibiting recurrent
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CNVs. Besides the well-known MPM-associated genes, CDKN2A, NF2 and BAP1,
other interesting cancer-associated genes were listed as frequently involved in a
copy number loss (e.g., EP300, SETD2 and PBRM1). Moreover, four cancerassociated genes showed a high frequency of copy number gain in both data sets
(i.e., TERT, FCGR2B, CD79B and PRKAR1A). A statistically significant association
between overall survival and the presence of copy number loss in the region
containing CDKN2A was observed in the TCGA data set.
Point mutations, small insertions and deletions in the exome of our MPM sample
set, were identified by performing WES. In total, 1289 protein-altering tumorspecific genetic alterations were identified. The known MPM-associated tumor
suppressor genes NF2 and BAP1 ranked at the top of the mutation burden output,
with nonsynonymous tumor-specific mutations in 29% and 24% of MPMs,
respectively. Next to NF2 and BAP1, HYDIN, RIOK1, KRTAP10-6, MACF1, PLIN4
and ZNF717 were the most recurrently mutated genes in our sample set. To make
the most out of the investigated samples, the data we obtained will be used in a
meta-analysis with exome data from two publicly available data sets in the future.
Although the analysis of circulating cell-free tumor DNA (ctDNA) is increasingly
being studied in oncology research, the development of ctDNA in MPM lags
behind that in other tumors. Hence, in the third part of this PhD thesis (Chapter 5),
we examined, for the first time, the possibility to detect tumor-specific genetic
variants, that were identified in MPM tissue using WES, in circulating cell-free
DNA (cfDNA) of ten MPM patients. All but one selected tumor-specific variants
were validated on primary tumor tissue using droplet digital PCR analysis. In
three out of the five previously untreated patients, the selected variants could be
detected in cfDNA, with the mutated fractions ranging from 0.28 to 0.9%. It was
not possible to detect tumor-specific variants in the cfDNA samples of any of the
patients that received chemotherapeutic treatment before sample collection.
In the last part of this PhD thesis (Chapter 6), we focused on the familial form of
MPM, as (pleural and peritoneal) malignant mesotheliomas (MMs) were found to
12
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cluster in a previously undescribed, asbestos-exposed, Belgian family. As there is a
clear association between familial clustering of MM and the presence of a germline
BAP1 alteration, the mutational status of BAP1 was investigated first. Although a
negative nuclear BAP1 expression in the malignant mesothelial cells of the index
patient was observed, no germline or somatic BAP1 (copy number) variant could
be identified by WES, LP-WGS or multiplex amplicon quantification (MAQ)
analysis. Germline WES data of the index patient were further analyzed for other
potential predisposing genetic factors. Overall, a stopgain variant in RBM15
seemed to be the most interesting, given the fact that it was predicted to be
damaging by in silico prediction programs, had a ‘highest population minor allele
frequency (MAF)’ below 0.01 and was absent in the germline DNA of the index
patient’s mother. However, the importance of this ‘Cancer census gene’ in familial
MM clustering needs to be evaluated further.
Overall, this PhD thesis aimed to contribute to the unraveling of the genetic
background of sporadic and familial forms of MPM by investigating both tissue
samples and liquid biopsies.
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Samenvatting
Maligne pleuraal mesothelioom (MPM) is een zeldzame maar agressieve tumor die
causaal geassocieerd wordt met -meestal professionele- blootstelling aan asbest.
Zowel sporadische als familiale varianten van MPM kunnen onderscheiden
worden. Gezien de lange latentieperiode tussen de blootstelling aan asbest en de
ontwikkeling van de ziekte, en aangezien asbest nog steeds gebruikt wordt, zal
MPM nog voor tientallen jaren een globaal gezondheidsprobleem blijven.
Patiënten die gediagnosticeerd worden met MPM, hebben over het algemeen een
slechte prognose. De 5-jaarsoverleving bedraagt namelijk slechts 5 tot 10%. Dit kan
verklaard worden door moeilijkheden bij (vroegtijdige) diagnostisering, effectieve
behandeling en opvolging van de behandeling. Om deze moeilijkheden aan te
pakken, is een volledig begrip van de genetische wijzigingen die MPM aandrijven
noodzakelijk.
De eerste studies die rapporteerden over de genomische achtergrond van MPM
detecteerden de aanwezigheid van een complexe en heterogene set chromosomale
copynumbervariaties (CNVs). Daarnaast werden recurrente somatische mutaties in
een aantal tumorsuppressorgenen (i.e., CDKN2A, NF2 en BAP1) geïdentificeerd.
Recenter werden ook next-generation sequencing (NGS) strategieën gebruikt, die
zorgden voor een meer genoomwijd beeld op het genetische landschap van MPM.
Hierbij werden voornamelijk genetische wijzigingen aangetoond in de TP53/DNA
herstel, celcyclus, MAPK, PI3K/AKT, Hippo, mTOR, histonmethylatie en RNA
helicase signalisatiecascades.
In de eerste twee delen van deze doctoraatsthesis (Hoofdstukken 3 en 4) was het
de bedoeling een bijdrage te leveren aan het ontrafelen van de genetische
achtergrond van MPM, door gebruik te maken van NGS technieken op MPM
weefselstalen. Specifiek werden zowel low-pass whole genome (LP-WGS) als whole
exome sequencing (WES) uitgevoerd op gepaarde tumor en normale stalen van 21
MPM patiënten.
LP-WGS werd gebruikt om de aanwezigheid van CNVs, aangetoond bij analyse
van array data van 85 MPMs, te valideren. Deze array data waren beschikbaar via
‘The Cancer Genome Atlas’ (TCGA). In beide datasets werden verschillende
15
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chromosomale regio’s geïdentificeerd die frequent copynumber verlies of winst
vertoonden. Specifiek werd copynumber verlies in minstens 25% van de MPMs
aangetoond op chromosomen 1, 3, 4, 6, 9, 13 en 22. Copynumber winst daarentegen
werd in minstens 15% van de MPMs gevonden op chromosomen 1, 5, 7 en 17.
Naast de gekende MPM-geassocieerde genen, CDKN2A, NF2 en BAP1, werden ook
andere interessante kankergeassocieerde genen geïdentificeerd die frequent
betrokken zijn in een copynumber verlies (o.a., EP300, SETD2 en PBRM1). Verder
vertoonden vier kankergeassocieerden genen een hoge frequentie van copynumber
winst in beide datasets (i.e., TERT, FCGR2B, CD79B en PRKAR1A). Een statistisch
significante associatie tussen algemene overleving en de aanwezigheid van
copynumber verlies in de regio waarin CDKN2A is gelegen, werd geobserveerd in
de TCGA dataset.
Puntmutaties, kleine inserties en deleties in het exoom van onze MPM set werden
geïdentificeerd door het uitvoeren van WES. In totaal werden hierbij 1289 nietsynonieme tumorspecifieke genetische wijzigingen geïdentificeerd. De gekende
MPM-geassocieerde

tumorsuppressorgenen

NF2

en

BAP1

bevonden

zich

bovenaan de mutation burden output, met respectievelijk niet-synonieme
tumorspecifieke mutaties in 29% en 24% van de MPMs. Naast NF2 en BAP1 waren
HYDIN, RIOK1, KRTAP10-6, MACF1, PLIN4 en ZNF717 de meest frequent
gemuteerde genen in de MPM set. Om onze onderzochte stalen maximaal te
benutten, zullen de verkregen data in de toekomst gebruikt worden in een metaanalyse met exoomdata van twee publiek beschikbare datasets.
Hoewel de analyse van circulerend celvrij tumor DNA (ctDNA) in opkomst is in
kankeronderzoek, loopt de ontwikkeling van ctDNA in MPM achter op deze in
ander tumoren. Daarom werd in een derde onderdeel van deze doctoraatsthesis
(Hoofdstuk 5) de mogelijkheid onderzocht om tumorspecifieke genetische
varianten, die geïdentificeerd werden in MPM weefsel met behulp van WES, te
detecteren in circulerend celvrij DNA (cfDNA) van tien MPM patiënten. Op één na
konden alle geselecteerde tumorspecifieke varianten gevalideerd worden in
primair tumorweefsel met behulp van droplet digital PCR. Bij drie van de vijf vooraf
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onbehandelde patiënten konden de geselecteerde varianten ook gedetecteerd
worden in het cfDNA. Hierbij lagen de gemuteerde fracties tussen 0.28% en 0.9%.
Het was niet mogelijk om tumorspecifieke varianten te detecteren in de cfDNA
stalen van de patiënten die behandeld werden met chemotherapie alvorens de
stalen werden verzameld.
In een laatste onderdeel van deze doctoraatsthesis (Hoofdstuk 6), werd gefocust op
de familale vorm van MPM. Een geclusterd voorkomen van (pleuraal en
peritoneaal) maligne mesothelioom (MM) werd namelijk aangetroffen in een
vooraf onbeschreven, asbestblootgestelde, Belgische familie. Aangezien er een
duidelijke associatie is tussen het familiaal voorkomen van MM en de
aanwezigheid van een kiemlijn mutatie in BAP1, werd de BAP1 status eerst
onderzocht. Hoewel een negatieve nucleaire BAP1 expressie werd geobserveerd in
de maligne mesotheelcellen van de indexpatiënt, kon geen kiemlijn of somatische
BAP1 (copynumber) variant worden geïdentificeerd aan de hand van WES, LPWGS of multiplex amplicon quantification (MAQ) analyse. Kiemlijn WES data van de
indexpatiënt werden verder nagekeken op de aanwezigheid van andere mogelijke
voorbeschikkende genetische factoren. Hierbij bleek de nonsense variant in RBM15
het meest interessant, aangezien deze werd voorspeld schadelijk te zijn door in
silico predictieprogramma’s, een minor allele frequency bezit kleiner dan 0.01 en
afwezig was in kiemlijn DNA van de moeder van de indexpatiënt. Het belang van
dit kankergeassocieerde gen in het familiaal voorkomen van MM moet echter wel
nog verder geëvalueerd worden.
Samenvattend trachtte deze doctoraatsthesis bij te dragen aan het ontrafelen van
de genetische achtergrond van zowel sporadische als familiale vormen van MPM.
Hiervoor werden zowel weefselstalen als vloeibare biopten onderzocht.
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Introduction
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Introduction
MALIGNANT PLEURAL MESOTHELIOMA
Malignant mesothelioma (MM) is a rare and highly aggressive cancer originating
from the mesothelial cells of the pleura, peritoneum, pericard and tunica vaginalis.
The most common form, accounting for approximately 80% of mesotheliomas, is
malignant pleural mesothelioma (MPM, Figure 1). Diffuse and localized forms of
MPM can be distinguished. Both have the same microscopic, immunohistochemical, and ultrastructural features, but localized MM shows no gross or
microscopic evidence of diffuse pleural spread. Three main histological subtypes
can be identified: the epithelioid, sarcomatoid, and biphasic subtypes, with the
latter combining features of the other two subtypes. Less frequent variants are the
papillary and desmoplastic ones. The most frequent MPM variant has a diffuse
growth pattern and an epithelioid histology [1].

Figure 1. Schematic representation of a lung of a healthy person (left) and a patient
with malignant pleural mesothelioma (right) [2].
A causal relationship between the development of MPM and -mostly professionalexposure to asbestos has been demonstrated, with up to 80% of all patients having
been exposed in the past [3]. Asbestos refers to a group of six naturally occurring
minerals, which can split into microscopic fibers: chrysotile, crocidolite, amosite,
anthophyllite, tremolite and actinolite. Whereas chrysotile belongs to the
serpentine group of minerals, the others belong to the amphibole group.
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Dissimilarities in the potency of different asbestos fiber types in inducing MPM
were noted, with amphibole asbestos being two to three times more carcinogenic
than chrysotile [1]. The exact mechanisms of asbestos carcinogenesis are not yet
fully understood. Following asbestos exposure, an inflammatory reaction might
occur, amongst others leading to the secretion of TNF-α. Moreover, asbestos also
induces mesothelial cells to express the TNF-α receptor. Upon binding of TNF-α to
its receptor, the NF-κB pathway is activated, promoting cell survival. This results
in mesothelial cells, with asbestos-induced DNA damage, to divide instead of die.
Because asbestos exposure was more common in occupations with a
predominantly male workforce, the vast majority of patients with MPM are male.
Moreover, given the mean latency period of 40 years between asbestos exposure
and MPM diagnosis, most patients with MPM are older than 60 years at diagnosis.
Besides exposure to asbestos, therapeutic radiation for other cancer types, exposure
to the mineral fiber erionite and the presence of germline mutations in the BRCA1associated protein 1 gene (BAP1), have been established as predisposing for MPM
[1].
As Belgium was the world-leading per-capita asbestos importer until the eighties
of last century, it is not surprising that it has one of the highest incidence rates of
MPM in the world (25 patients per million inhabitants) [4]. In 2015, 301 new
patients were diagnosed with MPM in Belgium. Of them, 238 were male (average
age at diagnosis: 71.6) and 63 were female (average age at diagnosis: 71.5). In total,
234 patients died from MPM in Belgium in 2015 [5]. Worldwide, the global burden
of MPM deaths was recently extrapolated to be 38 400 per year [6]. Between
countries worldwide, the incidence of MPM varies greatly, ranging from seven
patients per million inhabitants in Japan to 40 patients per million inhabitants in
Australia. Most likely, these differences are due to dissimilarities in historical
asbestos import and consumption [7]. The global incidence of MPM is expected to
peak in the coming decades. However, the exact time of this peak will vary among
countries owing to differences in the timing of reduction or prohibition of asbestos
use [7]. Whereas the peak incidence in some countries (e.g., the United States) has
22
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most probably already been reached, the peak incidences in Europe and Australia
are still awaited [8, 9]. Furthermore, asbestos is still being used in some developing
and third world countries [10]. Hence, MPM will remain a global health issue for
years to come.
Although there is a small fraction of long-term survivors, patients with MPM
generally face a poor prognosis, with the median overall survival time of untreated
patients ranging from six to ten months. Prognosis is mainly influenced by
histological subtype (better for epithelioid MPMs), disease extent, and performance
status at the moment of diagnosis [11]. In Belgium, the 5-year relative survival is
only 5.8% for male patients and 11.8% for female patients [5]. Despite this dismal
prognosis, current therapeutic options are limited and generally palliative. Less
than 10% of patients qualify for a so-called radical multimodal treatment schedule
consisting of a gross debulking with or without (neo)adjuvant chemotherapy
and/or radiotherapy [11]. With this treatment, selected patients have a median
overall survival time of up to three years in the prognostically best subgroups (i.e.,
good performance status, low stage and epithelioid subtype) [12]. Regarding
palliative treatment, a combination of a platinum analogue (e.g., cisplatin) with an
antifolate (e.g., pemetrexed) results in a median overall survival of approximately
one year and a response rate of 41.3% [13]. Whereas cisplatin works by binding
DNA, as such causing DNA damage and inducing apoptosis, pemetrexed is a
multitargeted antifolate, inhibiting the enzymes dihydrofolate reductase (DHFR),
thymidylate synthase (TS) and glycinamide ribonucleotide formyltransferase
(GART). Doing so, pemetrexed interferes with normal purine and pyrimidine
synthesis. Low expression levels of TS were previously reported to be predictive of
improved time to progression and overall survival in patients treated with
pemetrexed-based chemotherapy. This suggests a predictive role of TS (and
possibly also DHFR and GART) in the response to antifolate-containing
chemotherapy [14]. To date, the combination treatment with a platinum analogue
and an antifolate remains the only FDA approved therapy for MPM, and hence is
the current standard of care.
23
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In an attempt to improve the poor prognosis of MPM patients, clinical studies have
been and are investigating the efficacy of other -more targeted- medication types.
The use of antiangiogenic drugs for example, has shown some promising results.
In this respect, addition of the antiangiogenic bevacizumab to first-line standard
chemotherapy significantly improved overall survival in a phase III clinical trial
(MAPS trial) [15]. Positive results of the addition of the antiangiogenic nintedanib
to standard chemotherapy in a phase II trial support the rationale for the ongoing
phase III trial (LUME-Meso trial) [16, 17]. To date however, none of these
treatments have become standard of care and current clinical guidelines do not
unequivocally recommend their use [18]. Next to antiangiogenic drugs, the
potential of immunotherapeutic drugs is currently being investigated in clinical
trials. Immune checkpoint inhibitors for example, are a new class of monoclonal
antibodies reactivating silenced immune responses by blocking immune inhibitory
receptors (e.g., CTLA-4 and PD-1) or their ligands (e.g., PD-L1, PD-L2, CD80 and
CD86) [19]. Although a phase II study investigating the CTLA-4 inhibitor
tremelimumab did not reach its primary endpoint, it did show some favorable
responses [20]. A double-blind study comparing tremelimumab to placebo did not
fulfill the expected clinical benefits (DETERMINE trial) [21]. Next to inhibition of
CTLA-4, several clinical trials investigating PD-(L)1 checkpoint inhibitors are
ongoing. Recent phase I and II studies targeting PD-1 by means of nivolumab
(NivoMes and MERIT trial) or pembrolizumab (KEYNOTE-028 and Chicago Phase
II trial) or targeting PD-L1 by means of avelumab (JAVELIN trial) all showed
promising results in previously treated mesothelioma patients [22-26]. Moreover,
besides their use as a single agent, immune checkpoint inhibitors might also be
used in combination regimens with another checkpoint inhibitor or with
chemotherapy. However, the results of ongoing phase III trials are needed to get a
complete view of the role of immune checkpoint inhibitors in the treatment of
MPM [18]. Besides immune checkpoint inhibitors, also antigen-pulsed dendritic
cell vaccines are being investigated as an immunotherapeutic approach for MPM
treatment. These vaccines are composed of mature dendritic cells, pulsed with
24
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tumor-associated antigens. After administration to the patient, the dendritic cells
will be able to present the antigens, stimulating an immune response [27, 28]. Next
to antiangiogenic and immunotherapeutic drugs, mesothelin-targeting therapies,
arginine deprivation therapy and others are currently being investigated [18].
In several solid tumors (e.g., melanoma and metastatic lung cancer), the
identification of so-called actionable genomic alterations has resulted in a
paradigm shift in treatment, with the introduction of medication specifically
targeting the cancer cell [29, 30]. Hence, it remains necessary to come to a complete
understanding of the biology and genetic profile of MPM in order to successfully
identify novel actionable targets [31].
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THE GENETIC BACKGROUND OF MPM - SPORADIC MPM
In an effort to identify actionable targets in MPM, several authors have reported on
its genomic background. Traditional karyotype analyses, comparative genomic
hybridization techniques, and arrays have demonstrated a complex and
heterogeneous set of chromosomal copy number variations (CNVs) in most MPMs.
Although no single MPM-specific alteration was observed, losses in chromosomes
1p, 4q, 9p, 13q, 14q and 22q were commonly noted [32-41]. Genetic analyses have
revealed recurrent somatic mutations in a number of tumor suppressor genes. Of
these, mutations in the cyclin-dependent kinase inhibitor 2A gene (CDKN2A),
neurofibromin 2 (merlin) gene (NF2), and BAP1 seem to be the most prevalent [4244]. CDKN2A encodes both p14ARF and p16ink4a, both with their own functions
in cell survival and cell cycle progression [45]. BAP1 encodes a nuclear ubiquitin
carboxyterminal hydrolase involved in regulating transcription factors, modifying
chromatin, and repairing double-strand DNA breaks [46]. NF2 encodes the protein
merlin. Among other things, merlin is involved in contact-dependent inhibition of
cell proliferation, mainly by inhibiting mammalian target of rapamycin (mTOR)
signaling [47, 48].
In the past years, massively parallel sequencing (MPS) approaches are increasingly
being used for the detection of driver genetic alterations at an unprecedented
resolution. MPS, also known as next-generation or second-generation sequencing,
is a general term grouping high-throughput DNA sequencing approaches that
allow the production of millions of sequence reads simultaneously. Among other
things, this applies to whole genome sequencing, whole transcriptome sequencing,
and targeted sequencing.
Whole genome sequencing allows determination of the complete human DNA
sequence. Hence, when a deep coverage (i.e., the number of reads covering a
certain nucleotide in the reconstructed sequence) is reached, it is the ultimate tool
for discovering all types of genetic variation. This however results in a very large
number of variants, making consistent and reliable data analysis and interpretation
a huge challenge. When mainly being interested in structural variants, whole
26
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genome sequencing can be performed at a lower sequencing coverage (i.e., lowpass whole genome sequencing).
Transcriptome sequencing enables study of the presence and quantity of RNA
transcripts in a particular tissue at a specific moment in time. As a result,
differences in gene expression and alternatively spliced gene transcripts can be
detected.
A specific region of the genome (e.g., the exome) or a subset of genes can be
sequenced by using targeted sequencing. The exome constitutes about 1% of the
entire genome. Hence, when only being interested in point mutations, small
insertions and deletions in the protein-coding parts of the genome, whole exome
sequencing is much more cost-effective. Moreover, data analysis is more limited
and streamlined compared to whole genome sequencing. Using targeted
sequencing to look at a specific gene panel (e.g., cancer-related genes), often allows
obtaining a higher sequencing coverage compared to for example whole exome
sequencing. As a result, also subclonal variants might be picked up.
Starting a few years ago, each of these MPS approaches has also been applied on
sets of MPM tissue samples (Table 1) [41, 49-62].
Table 1. Overview of studies using MPS on MPM tissue.
Study
Sugarbaker et al. (2008) [49]
Dong et al. (2009) [50]
Bueno et al. (2010) [51]

Genome/exome/
transcriptome
sequencing
Transcriptome
sequencing
Genome
sequencing

# of
samples
4 MPMs
1 MPM &
matched
normal
sample

Platform
Roche/454pyrosequencing
Illumina Genome
Analyzer 2 and
Roche/454pyrosequencing

Suraokar et al. (2014) [52]

Transcriptome
sequencing

8 MPMs &
1 matched
normal
sample

SOLiD 4.0

Guo et al. (2015) [53]

Exome
sequencing

22 MPMs
& matched
normal
samples

Illumina HiSeq
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Lo Iacono et al. (2015) [54]

Targeted
sequencing
Transcriptome
and targeted
sequencing

123 MPMs

De Rienzo et al. (2016) [56]

Genome and
targeted
sequencing

10 MPMs
& matched
normal
samples

Complete Genomics
and Illumina HiSeq

Mäki-Nevala et al. (2016) [57]

Exome
sequencing
Exome and
targeted
sequencing

19 MPMs

Illumina HiSeq

1 MPM &
matched
normal
sample

SOLiD 5500 and Ion
Torrent Personal
Genome Machine

Bueno et al. (2016) [41]

Genome, exome,
transcriptome
and targeted
sequencing

Complete Genomics
and Illumina HiSeq

Ugurluer et al. (2016) [59]

Targeted
sequencing
Targeted
sequencing
Exome
sequencing

Total set of
216 MPMs
& matched
normal
samples
7 MPMs
23 MPMs

Illumina HiSeq

6 MPMs (3
sites) &
matched
normal
samples
7 MPMs

Illumina HiSeq

Miyanaga et al. (2015) [55]

Kang et al. (2016) [58]

Kato et al. (2016) [60]
Kiyotani et al. (2017) [61]

Kim et al. (2018) [62]

4 MPMs &
matched
normal
samples

Ion Torrent Personal
Genome Machine
Illumina Genome
Analyzer IIx and
Illumina HiSeq

Illumina HiSeq

Targeted
Illumina MiSeq
sequencing
MPS, massively parallel sequencing; MPM, malignant pleural mesothelioma.

Although the first studies had some limitations, these were the first attempts to
expand the knowledge about the MPM genetic landscape, which is critical in the
search for novel therapeutic targets [49-58]. The results obtained in these first
studies (until February 2016) are summarized and commented in the following
sections (Table 2). In 2016, the first comprehensive genomic analysis was carried
out on a large set of MPMs and paired samples of healthy tissue by Bueno et al.
[41]. The results of this large-scale study are discussed separately from the ones
obtained in previous studies (Table 3). Following the study by Bueno et al., some
28
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smaller studies have been performed, which are summarized in a final section
about the genetic background of sporadic MPMs [59-62].

Early studies using MPS in MPM: March 2008 - February 2016
Whole genome sequencing studies
Until February 2016, whole genome sequencing was the main focus of two studies.
In the first one, only one sample of primary MPM and matched normal lung tissue
were subjected to whole genome sequencing [51]. In this respect, Bueno et al. used
a combination of Illumina sequencing-by-synthesis (Illumina, San Diego, CA, USA)
and Roche/454 pyrosequencing (Roche Diagnostics, Indianapolis, IN, USA). They
detected several chromosomal CNVs in the tumor sample. Whereas some
chromosomes showed copy number losses (4, 14, 18, 19, and 10), others showed
gains (5) or a combination thereof (1, 8, 9, 11, 15, 16, 17, 21, and 22). Overall, 30
selected and tumor-specific rearrangements disrupted 17 genes, some of which are
promising candidates for further investigation (Table 2). Mitogen-activated protein
kinase kinase 6 gene (MAP2K6), for example, encodes a kinase that phosphorylates
p38 in response to stress, generally resulting in apoptosis [63]. Another interesting
candidate is the dipeptidyl-peptidase 10 gene (DPP10). DPP10 binds specific
voltage-gated potassium channels, modulating their function. Because potassium
channels are known for their roles in cell cycle regulation, DPP10 might have an
influence on tumor cell progression [64, 65]. DPP10 was further examined in the
transcriptome of 53 additional tumors, and a transcript was detected in 31 of them.
Besides regions exhibiting copy number loss in the tumor genome, 14 regions
showed gains. Approximately half of these regions contained genes known for
their role in cancer (e.g., DHFR and pterin-4-alpha-carbinolamine dehydratase 2
[PCBD2]) (Table 2). Amplification of DHFR, which encodes an enzyme important
in folate metabolism, can explain why some patients with MPM do not benefit
from treatment with antifolates [11].
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Next to CNVs, three heterozygous point mutations were identified. These were
noted in NK6 homeobox 2 gene (NKX6-2), cadherin 8 gene (CDH8), and nuclear
factor related to kappa B binding protein gene (NFRKB) (Table 2).
Six years after this first study, De Rienzo et al. also analyzed ten matched tumor
and normal samples with whole genome sequencing [56]. Overall, 85 tumorspecific single nucleotide variants (SNVs) were detected. Except for SNVs in the
tumor protein p53 gene (TP53), which were observed in two MPMs, all of the other
genes harbored SNVs in only a single tumor sample. A functional analysis of these
mutated genes led to the identification of several enriched pathways, of which the
enrichment of the integrin-linked kinase pathway was the most significant. Genes
associated with this pathway include myosin heavy chain 9 (MYH9), myosin heavy
chain 6 (MYH6), myosin heavy chain 10 (MYH10), phosphatidylinositol-4phosphate 3-kinase katalytic subunit type 2 alpha (PIK3C2A), Ras homolog family
member A (RHOA) and TNF receptor superfamily member 1A (TNFRSF1A). To
further examine the importance of the integrin-linked kinase pathway in MPM,
these pathway-related genes, complemented with BAP1, NF2 and TP53, were
further investigated using targeted resequencing in a cohort of 147 MPMs. In total,
somatic mutations were detected in 81 of these MPMs. BAP1 mutations were most
often noted, with 33 tumor-specific SNVs detected in a total of 26 MPMs of this
cohort. The presence of BAP1 mutations seemed to correlate with epithelioid/
biphasic histologic subtype and also marginally with older age. Twenty-one
tumor-specific NF2 mutations, 19 tumor-specific TP53 mutations, 3 tumor-specific
MYH9 and 2 tumor-specific RHOA mutations also were detected in this sample
cohort.
These two series were the first to sequence the entire MPM genome, revealing
some interesting candidate genes for further research.
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Whole exome sequencing studies
To detect point mutations and small insertions and deletions in the protein-coding
parts of the genome, whole exome sequencing is the most cost-effective technique.
For MPM, three studies and an abstract reported on the use of whole exome
sequencing before the comprehensive study by Bueno et al. [53, 57, 58, 66].
Guo et al. were the first to sequence the exomes of 22 MPMs and paired blood
samples using the Illumina HiSeq platform (Illumina) [53]. Overall, 517 somatic
mutations in 490 genes were detected. The highest prevalence of mutations in this
MPM cohort was noted in BAP1 and the second most frequently mutated gene was
NF2. Somatic mutations in TP53, cullin 1 gene (CUL1), phosphatidylinositol-4phosphate 3-kinase catalytic subunit type 2 beta gene (PIK3C2B), TAO kinase 1
gene (TAOK1), and radixin gene (RDX) were each found in two patients with
MPM. Except for mutations in TP53, mutations in these genes were not previously
reported in MPM.
Apart from somatic mutations, a number of CNVs were observed. The most
striking alteration noticed was a loss of 22p and 22q, in which the recurrently
mutated NF2 gene is located. Moreover, focal deletion of a region at 9p21 was
noted. This region included CDKN2A and cyclin-dependent kinase inhibitor 2B
gene (CDKN2B) in 10 of the MPMs, and microRNA31 gene (MIR31) in eight (Table
2).
Mäki-Nevala et al. also used the Illumina HiSeq platform to sequence the exomes
of 21 formalin-fixed, paraffin-embedded (FFPE) malignant mesothelioma samples
[57]. Of these samples, two had a peritoneal origin. Because this study aimed to
find genetic alterations related to asbestos exposure, only those variants detected
exclusively in the 18 asbestos-exposed individuals were further validated.
Overall, the somatic status of three of the detected mutations could be confirmed.
All of these mutations were found in BAP1. The somatic status of the other
mutations could not be determined because no matched normal material was
available. These were mutations in BAP1, mitochondrial ribosomal protein L1 gene
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(MRPL1), tubulin tyrosine ligase like 6 gene (TTLL6), inositol polyphosphat-4phosphatase type I A gene (INPP4A), semaphorin 5B gene (SEMA5B),
serine/threonine kinase 11 gene (STK11), epidermal growth factor receptor gene
(EGFR), NF2, coatomer protein complex subunit gamma 1 gene (COPG1), EPH
receptor B1 gene (EPHB1), and EPH receptor B2 gene (EPHB2). Besides mutation of
BAP1 and NF2, which are frequently found to be mutated in MPM, overexpression
of EGFR and EPHB2 was previously reported in MPM [67-70].
Kang et al. used the SOLid 5500 technology (Applied Biosystems, Foster City, CA,
USA) to investigate the exome of a single MPM sample and a matched normal
pleura sample [58]. Overall, 11 nonsynonymous variants were identified, six of
which were further validated (in SET domain bifurcated 1 gene [SETDB1], Rap
guanine nucleotide exchange factor 6 gene [RAPGEF6], actin, beta gene [ACTB],
glutamic-oxaloacetic

transaminase

1

gene

[GOT1],

nucleotide-binding

oligomerization domain containing 2 gene [NOD2], and TP53) (Table 2). Because
SETDB1 has been identified as a potential oncogene in lung cancer [71] and a
frameshift mutation in SETDB1 was previously described in a mesothelioma cell
line, the entire coding region of SETDB1 was further investigated in tissue samples
from 68 additional patients. Overall, four point mutations and three deletions in
SETDB1 were detected. Sequencing of ten matched normal pleura samples did not
reveal any variants in SETDB1.
Taken together, when whole exome sequencing was used, variants in a number of
potentially interesting genes were identified. Whereas some of these genes were
previously linked to MPM (e.g., BAP1 and SETDB1), others were not. An
integrative pathway analysis (using WebGestalt [72]) carried out by Guo et al. [53]
revealed that most alterations in their sample set clustered in the cell cycle and
mitogen-activated protein kinase (MAPK) pathways.
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Whole transcriptome sequencing studies
To identify alterations in genes that are actually expressed in MPM, Sugarbaker et
al. performed whole transcriptome shotgun 454 pyrosequencing on frozen samples
of four MPMs, one pulmonary adenocarcinoma, and one unmatched normal lung
sample [49]. Of the 619 previously unknown SNVs that were detected in the MPM
samples, only those that were nonsynonymous and not present in dbSNP (i.e., a
database for SNVs) were considered. Of these, the frequency of seven tumorspecific SNVs was further examined in 49 MPMs. These SNVs occurred in genes
(x-ray repair complementing defective repair in Chinese gene [XRCC6], ARP1
actin-related protein 1 homolog A, centractin alpha gene [ACTR1A], ubiquinolcytochrome c reductase core protein 1 gene [UQCRC1], proteasome 26S subunit,
non-ATPase 13 gene [PSMD13], PDZK1 interaction protein 1 gene [PDZK1IP1],
collagen, type V alpha 2 gene [COL5A2], and matrix remodeling associated 5 gene
[MXRA5]) encoding proteins that were either previously linked to a possible role
in tumorigenesis or were found to be overexpressed in different human tumor
types (Table 2). In total, three of these SNVs (in COL5A2, UQCRC1, and MXRA5)
were observed in at least one additional tumor.
Dong et al. reanalyzed the data of Sugarbaker et al., specifically looking at
differentially expressed, alternatively spliced genes [49, 50]. Alternative splicing is
a posttranscriptional process resulting in the generation of multiple alternative
splice variants for a certain gene. Although alternative splicing of precursor
messenger RNA is usually tightly regulated, alterations in precursor messenger
RNA splicing are observed in several disease states, including cancer [73].
To look for differentially expressed, alternatively spliced genes, an exon junction
expression index (EJEI) was calculated for 151,486 known exon junctions, both in
the four MPMs and in the normal lung sample. This EJEI is the normalized ratio of
the number of reads covering a specific exon junction of a gene divided by the total
number of reads covering any exon junction of that gene. The ten exon junctions
with the largest differences in EJEI between the MPMs and the normal lung sample
were further analyzed. Four of these (in actin, gamma 2, smooth muscle, enteric
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gene [ACTG2], cyclin dependent kinase 4 [CDK4], collagen, type III, alpha 1 gene
[COL3A1], and thioredoxin reductase 1 gene [TXNRD1]) showed an expression in
the normal lung sample that was not in the expression range of the MPMs. Only
the two exon junctions with the largest difference in expression (one in ACTG2 and
one in CDK4) were further evaluated in 18 additional MPMs and normal lung
samples. It was found that the difference in average expression of both these
junctions was statistically significant. Moreover, both these genes were previously
linked to cancer [74-77].
Next to the studies carried out by Sugarbaker et al. and Dong et al., two other
studies used whole transcriptome sequencing, although in a more limited setting.
Suraokar et al. did not detect any mutations in genes of the mitotic spindle
assembly checkpoint pathway when analyzing eight MPMs and one paired normal
sample [52]. Miyanaga et al. detected a STAT1-CDRT1 fusion transcript in their
analysis of four paired samples. Targeted sequencing of 40 Hippo pathway-related
genes in 23 sample pairs revealed somatic mutations in only four genes (NF2, large
tumor suppressor kinase 2 [LATS2], Ras association domain family member 1
[RASSF1] and salvador family WW domain containing protein 1 [SAV1]) [55].
In conclusion, these studies demonstrated that whole transcriptome data can be
used not only to detect alterations in genes that are actually expressed in the tumor
but also to enable the creation of a profile of alternative splicing events in tumor
samples.

Targeted resequencing studies
Before the comprehensive study by Bueno et al., Lo Iacono et al. used MPS on the
largest MPM sample cohort (123 FFPE MPM samples) [54]. In this study,
amplicons of 52 genes were sequenced on the Ion Torrent Personal Genome
Machine (Life Technologies, Grand Island, NY, USA). In this respect, a commercial
library kit designed to amplify amplicons covering mutations from 50 cancer-
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associated genes was used. Because this panel did not include BAP1 and NF2, a
library was designed to cover all exons of these two genes.
Several genetic variations were detected in BAP1 and NF2. In BAP1, these
variations were mainly clustered in exons 13 and 17, whereas those in NF2 were
more randomly distributed. To analyze BAP1 and NF2 protein expression,
immunohistochemical analysis was performed. Whereas BAP1 staining was
considered positive in 52% of the MPM samples, NF2 staining was considered
positive in 92% of all MPMs. Lack of BAP1 nuclear expression was significantly
correlated with the detection of nonsynonymous variants.
In total, 20 of the other investigated genes showed variations in at least 20% of the
patients. Only those variations that were previously correlated with cancer or
affected protein stability were considered for further evaluation. In total, four of
these variations (in TP53, PIK3CA, v-kit Hardy-Zuckerman 4 feline sarcoma viral
oncogene homolog gene [KIT], and kinase insert domain receptor gene [KDR])
were nonsynonymous (Table 2). Strikingly, PIK3CA is a paralog (i.e., genes related
by duplication within a genome) of PIK3C2B, which was found to be mutated in
MPM by Guo et al. [53].
Overall, it was noted that the most frequent genetic variations clustered in two
main pathways. The first affected pathway seems to be the TP53/DNA repair
pathway, with the identification of genetic variations in TP53, BAP1, and CDKN2A.
The second involved pathway is the PI3K/AKT pathway, with the identification of
genetic variations in KIT, KDR, PIK3CA, and NF2. Hence, these pathways are
interesting for further investigation.
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Table 2. Genes reported to exhibit molecular alterations in MPM in early MPS
using studies.
Disrupted
gene

Gene name

Disruption

Genes involved in intra- and interchromosomal rearrangements
MAP2K6
Intrachromosomal
Mitogen-activated
protein kinase kinase 6
rearrangement
DPP10
Dipeptidyl-peptidase 10
Intrachromosomal
rearrangement
STAT1
Signal transducer and
Interchromosomal
activator of transcription
rearrangement
1
CDRT1
CMT1A duplicated
Interchromosomal
region transcript 1
rearrangement
Genes located in regions with copy number variations
DHFR
Dihydrofolate reductase
Copy number gain
PCBD2
Pterin-4-alphaCopy number gain
carbinolamine
dehydratase 2
NF2
Neurofibromin 2
Copy number loss
Genes reported to be focally deleted
CDKN2A/B Cyclin-dependent kinase
inhibitor 2A/B
MIR31
MicroRNA31

Study
Bueno et al. (2010)
Bueno et al. (2010)
Miyanaga et al. (2015)

Miyanaga et al. (2015)

Bueno et al. (2010)
Bueno et al. (2010)

Guo et al. (2015)

Focal deletion

Guo et al. (2015)

Focal deletion

Guo et al. (2015)

Genes with a differential exon junction expression between MPM and normal lung
ACTG2
Actin, gamma 2, smooth
Differential exon
Dong et al. (2009)
muscle, enteric
junction expression
CDK4
Cyclin-dependent kinase
Differential exon
Dong et al. (2009)
4
junction expression
COL3A1
Collagen, type III, alpha
Differential exon
Dong et al. (2009)
1
junction expression
TXNRD1
Thioredoxin reductase 1
Differential exon
Dong et al. (2009)
junction expression
Genes reported to exhibit missense mutations, nonsense mutations or deletions
ACTB
Actin, beta
Missense mutation
Kang et al. (2016)
ACTR1A
ARP1 actin-related
Missense mutation
Sugarbaker et al. (2008)
protein 1 homolog A,
centractin alpha
CDH8
Cadherin 8
Missense mutation
Bueno et al. (2010)
COL5A2
Collagen, type V, alpha 2 Missense mutation
Sugarbaker et al. (2008)
CUL1
Cullin 1
Missense mutation
Guo et al. (2015)
GOT1
Glutamic-oxaloacetic
Missense mutation
Kang et al. (2016)
transaminase 1
KDR
Missense mutation
Kinase insert domain
Lo Iacono et al. (2015)
receptor
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KIT

MXRA5
NFRKB
NKX6-2
NOD2

PDZK1IP1
PIK3C2B

PIK3CA

PSMD13
RAPGEF6
RASSF1
RDX
RHOA
SAV1

SETDB1
UQCRC1
XRCC6

v-kit Hardy-Zuckerman
4 feline sarcoma viral
oncogene homolog
Matrix-remodelling
associated 5
Nuclear factor related to
kappaB binding protein
NK6 homeobox 2
Nucleotide-binding
oligomerization domain
containing 2
PDZK1 interacting
protein 1
Phosphatidylinositol-4phosphate 3-kinase
catalytic subunit type 2
beta
Phosphatidylinositol-4,5bisphosphate 3-kinase,
catalytic subunit alpha
Proteasome 26S subunit,
non-ATPase 13
Rap guanine nucleotide
exchange factor 6
Ras association domain
family member 1
Radixin
Ras homolog family
member A
Salvador family WW
domain containing
protein 1
SET domain, bifurcated 1
Ubiquinol-cytochrome c
reductase core protein 1
X-ray repair
complementing defective
repair in Chinese

Missense mutation

Lo Iacono et al. (2015)

Missense mutation

Sugarbaker et al. (2008)

Missense mutation

Bueno et al. (2010)

Missense mutation
Nonsense mutation

Bueno et al. (2010)
Kang et al. (2016)

Missense mutation

Sugarbaker et al. (2008)

Missense mutation

Guo et al. (2015)

Missense mutation

Lo Iacono et al. (2015)

Missense mutation

Sugarbaker et al. (2008)

Missense mutation

Kang et al. (2016)

Missense mutation

Miyanaga et al. (2015)

Missense mutation
Missense mutation

Guo et al. (2015)
De Rienzo et al. (2016)

Frameshift deletion

Miyanaga et al. (2015)

Nonsense mutation
Missense mutation

Kang et al. (2016)
Sugarbaker et al. (2008)

Missense mutation

Sugarbaker et al. (2008)

Genes reported to exhibit multiple mutation types
BAP1
BRCA1 associated
Nonsense
protein-1
mutations,
missense
mutations,
splice site
mutations &
frameshift
deletions

Guo et al. (2015)
Mäki-Nevala et al.
(2015)
Lo Iacono et al. (2015)
De Rienzo et al. (2016)
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LATS2

Large tumor suppressor
kinase 2

Missense
Miyanaga et al. (2015)
mutations &
(non-)
frameshift
deletions
MYH9
Myosin heavy chain 9
Nonsense
De Rienzo et al. (2016)
mutations,
missense
mutations &
frameshift
deletions
NF2
Neurofibromin 2
Nonsense
Guo et al. (2015)
mutations, missense Lo Iacono et al. (2015)
mutations, splice
Miyanaga et al. (2015)
site mutations &
De Rienzo et al. (2016)
(non-) frameshift
deletions
TAOK1
TAO kinase 1
Nonsense & splice
Guo et al. (2015)
site mutation
TP53
Tumor protein p53
Missense mutations, Guo et al. (2015)
nonsense mutations Kang et al. (2016)
& frameshift
Lo Iacono et al. (2015)
deletions
De Rienzo et al. (2016)
MPM, malignant pleural mesothelioma; MPS, massively parallel sequencing.

Summary of early studies using MPS
The first studies using MPS in MPM have reported rearrangements, point
mutations, and differentially expressed alternatively spliced genes (Table 2) [49-58,
66]. As for the candidate gene approaches, alterations in CDKN2A, NF2, and BAP1
have been among the most noted. However, a combination of the results obtained
in each of the studies does not indicate the presence of a specific mutation in a
single common driver gene. On the basis of these data, it is more likely that several
mutations need to accumulate for MPM development, a hypothesis that is
supported by the long latency of this asbestos-related disease. Despite the use of
different experimental approaches in the early MPS using studies, some of the
observed mutations clustered in four main pathways. Each of these pathways is
known to be important in cell growth, proliferation, and survival, processes that
are all altered during tumor development (Figure 2). As a result, parts of these
pathways are interesting candidates to be targeted by novel medication types.
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Figure 2. Affected pathways in malignant pleural mesothelioma. Observed mutations cluster in four main pathways: the
TP53/DNA repair pathway (orange), the cell cycle pathway (blue), the MAPK pathway (green), and the PI3K/AKT pathway
(purple). Data from the following sources, cited in the figure as numbers 1-8. 1, Dong et al. [50]; 2, Bueno et al. [51]; 3, Guo et
al. [53]; 4, Lo Iacono et al. [54]; 5, Miyanaga et al. [55]; 6, De Rienzo et al. [56]; 7, Mäki-Nevala et al. [57] and 8, Kang et al. [58]
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The TP53/DNA Repair Pathway
The first affected pathway is the TP53/DNA repair pathway, with mutations
reported in TP53, CDKN2A, and BAP1. TP53, a gene well known to be mutated in
several cancer types, encodes the p53 transcription factor involved in the response
of cells to different types of stress, including DNA damage. In the case of stress,
activated p53 can induce cell cycle arrest (through stimulation of p21) and
apoptosis [78]. Another recurrently mutated gene of this pathway is CDKN2A.
CDKN2A encodes p14ARF, a protein that interacts with a negative regulator of
p53, MDM2. As a result, p53 stays active [45]. Finally, the nuclear ubiquitin
carboxyterminal hydrolase BAP1 is involved in repairing double-strand DNA
breaks [46].
Because of its crucial role in cell survival and DNA repair, the TP53/DNA repair
pathway is often inactivated in cancer processes and hence can be an ideal target
for novel drugs. For example, the presence of TP53 mutations in MPM could result
in MPMs being sensitive to G2 checkpoint inhibition. In line with this hypothesis,
the calmodulin-binding peptide CBP501 was clinically tested in combination with
standard chemotherapy [79]. Of the patients receiving this combination, 63%
achieved a progression-free survival of more than 4 months, compared with 39% of
those receiving chemotherapy alone. However, the median overall survival was
not significantly different between the two groups, suggesting that the addition of
CBP501 alone does not improve the efficacy of standard chemotherapy [80].
On the other hand, defects in the BRCA1-mediated DNA repair pathway confer
sensitivity to poly ADP ribose polymerase (PARP) inhibitors [81]. Hence, as BAP1
interacts with BRCA1, PARP inhibitors might also be useful in the treatment of
patients with MPM. Although no differential sensitivity of BAP1-mutant and
wildtype cell lines to the PARP inhibitor MK4827 was noted, PARP1 inhibition was
found to affect MPM cell viability [44, 82]. BAP1 loss also results in activation of
the enhancer of zeste homolog 2 (EZH2) component of the polycomb repressive
complex 2. Alterations of EZH2 have been previously linked to cancer [83]. Hence,
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tazemetostat, an EZH2 inhibitor, is currently being tested in a phase II clinical trial
in MPM (NCT02860286).
The Cell Cycle Pathway
A second pathway that seems to be altered in MPM is the cell cycle pathway.
Among other things, mutations are reported in CDKN2A and CUL1. Besides
encoding p14ARF, CDKN2A also encodes p16ink4a, which is a cyclin-dependent
kinase inhibitor negatively influencing CDK4 and cyclin-dependent kinase 6
(CDK6). As a result, it blocks the phosphorylation of the retinoblastoma protein.
Nonphosphorylated retinoblastoma protein forms a complex with the E2F
transcription factor, inhibiting it to activate its target genes involved in cell cycle
progression [84]. Moreover, cell cycle progression is also influenced by CUL1. In
this respect, CUL1 encodes an essential component of the skp cullin F-box E3
ubiquitin ligase complex, mediating the ubiquitination of proteins involved in cell
cycle progression [85].
As a frequently inactivated member of the cell cycle pathway, CDKN2A is an
interesting target for novel medication types. Because inactivation of CDKN2A
results in deregulation of CDK4 and CDK6, MPMs are especially good candidate
responders to CDK4- and CDK6-inhibitory drugs. In hormone receptor–positive
metastatic breast cancer, palbociclib, an inhibitor of CDK4 and CDK6, significantly
improves progression-free survival [86]. Currently, the option of starting a phase II
study with small molecule CDK inhibitors in patients with refractory MPM is
being investigated (NCT02187783).
The MAPK Pathways
The third affected pathway is the MAPK pathway. This pathway is activated in
response to extracellular stimuli such as growth factors (MAPK/ERK pathway)
and stress (p38/MAPK14 stress-activated MAPK cascade). In general, a mitogenactivated protein kinase kinase kinase (e.g., RAF or TAOK1) is activated, which
will activate a mitogen-activated protein kinase kinase, which in turn activates a
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MAPK. This results in activation of transcription factors, influencing cell
proliferation and cell cycle progression [63]. Regarding the MAPK/ERK pathway,
alterations in the cell surface receptors KIT and KDR were noted, whereas in the
p38/MAPK14 stress-activated MAPK cascade, alterations in TAOK1 and MAP2K6
were detected.
As an inhibitor of the MAPK/ERK pathway, sorafenib has had its activity in MPM
evaluated. Overall, it was found to have only a moderate activity [87, 88].
The PI3K/AKT Pathway
The last pathway involved is the PI3K/AKT pathway. Activation of PI3K results in
phosphorylation and activation of AKT, a protein kinase involved in several
cellular processes. Among other things, AKT inhibits a conformational change in
the proapoptotic Bax protein and its translocation to mitochondria, hence
preventing the disruption of the mitochondrial membrane and promoting cell
survival [89]. Moreover, it also activates mTOR, a serine/threonine protein kinase
regulating cell proliferation, cell motility, and cell survival [90]. In MPM, mutations
in PIK3CA and PIK3C2B were noted. These paralogs both encode the catalytic
subunit of PI3K and hence are crucial for its function. Somatic mutations and
CNVs also were noted in NF2, encoding merlin, which is involved in contactdependent inhibition of cell proliferation, mainly by inhibiting mTOR signaling
[48].
As mTOR activity is aberrantly upregulated in the case of NF2 inactivation,
suppressing this activity with mTOR inhibitors (e.g., everolimus and sirolimus)
might be beneficial in the treatment of MPM. Hence, everolimus was investigated
as second-line therapy in patients with advanced MPM. However, this trial
showed only limited clinical activity of everolimus in unselected patients with
MPM [91]. As mTOR inhibition alone may not be sufficient to suppress tumor
growth because of compensatory parallel pathway activation, dual PI3K/mTORinhibitors are being investigated. A phase I trial examining the dual inhibitor
LY3023414 in patients with advanced MPM is currently recruiting patients
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(NCT01655225). Moreover, combining PI3K/AKT pathway inhibitors with
inhibitors of other pathways (e.g., selumetinib, sorafenib or palbociclib) might
improve efficacy [92-94].

How to continue after these early studies using MPS?
Overall, interesting candidate genes for further research were detected in each of
the described, early studies using MPS. However, these studies also suffered from
limitations. In general, the sample sizes used were rather limited. Moreover, the
detection of true tumor-specific mutations was hampered both by the fact that
matched normal material was missing in some cases and by the fact that also MPM
tissue from treated patients was used [95]. Regarding the sequencing technology,
some of the platforms used (the Illumina Genome Analyzer 2 and the Roche/454
GS20 sequencing system) are currently outdated and prone to errors.
Hence, to continue mapping the genomic landscape of MPM, more genetic studies
examining a larger number of MPM samples with the newest and most powerful
next-generation sequencing (NGS) platforms were needed. Only by doing so, a
complete spectrum of the mutations present in MPM can be obtained.
Besides this intertumor heterogeneity, intratumor heterogeneity might have to be
taken into account in the future. This is supported by the fact that MPMs originate
as polyclonal tumors [96]. Hence, a single tissue biopsy specimen may not
represent the entire spectrum of genetic changes present in the tumor. This might
further complicate the development and use of novel targeted therapies. Further
investigation into this field is necessary.

Recent studies using MPS in MPM: February 2016 - May 2018
Comprehensive genetic analysis by Bueno et al.
In February 2016, the first comprehensive genomic analysis was carried out on a
large number of MPM tissue samples using the newest and most powerful NGS
platforms [41]. In this study, Bueno et al. used MPS analyses to investigate a set of
216 MPMs. More specifically, they analyzed the transcriptome of 211 MPMs, the
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exome of 99 MPMs and paired normal samples, a targeted gene panel of 103 MPMs
and paired normal samples and the genome of 20 MPMs and paired normal
samples using the Illumina HiSeq and Complete Genomics platforms (Table 3).
Whole transcriptome sequencing was performed on an Illumina HiSeq platform.
The data obtained, were used in different analyses. First of all, using these data,
Bueno et al. aimed to identify molecular subtypes that might be applied in routine
patient care. Consensus clustering of the expression data indeed enabled the
detection of four distinct molecular subtypes: the sarcomatoid, epithelioid,
biphasic-epithelioid and biphasic-sarcomatoid subtype. Of these, the epithelioid
and sarcomatoid clusters were found to be the most distinct ones. Second,
transcriptome data were used to screen for gene fusions and splice variants. In
total, 43 gene fusions were detected, of which the most frequent ones involved
NF2, SET domain containing 2 (SETD2), BAP1 and polybromo 1 (PBRM1). Twentysix candidate cancer-specific splice alterations were detected.
Analysis of the 99 paired MPM exomes and 103 paired MPM targeted exomes (i.e.,
460 genes) resulted in the detection of 2529 protein-altering somatic mutations.
This corresponded to an average of 24 alterations per MPM. Recurrent mutations
were found in protein kinase-encoding genes, chromatin-modifying genes and Gprotein-coupled receptor encoding genes. Furthermore, ten genes were found to be
significantly mutated: BAP1, NF2, TP53, SETD2, DEAD-box helicase 3, X-linked
(DDX3X), unc-51 like autophagy activating kinase 2 (ULK2), ryanodine receptor 2
(RYR2), cilia and flagella associated protein 45 (CFAP45), SETDB1 and DEAD-box
helicase 51 (DDX51).
Combining whole genome data with Illumina SNP-array data led to the detection
of recurrent CNVs. Whereas copy number losses included genes such as BAP1,
NF2, CDKN2B, LATS2, large tumor suppressor kinase 1 (LATS1) and TP53,
recurrent copy number gains included the regulatory associated protein of MTOR
complex 1 gene (RPTOR) and bromodomain containing 4 gene (BRD4). Copy
number losses and copy number gains correlated with loss or elevation of gene
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expression, respectively. Chromosomal rearrangements were detected within
BAP1, NF2 and CDKN2A.
Overall, an integrated pathway analysis revealed alterations mainly in the Hippo,
mTOR, histone methylation, RNA helicase and p53 signaling pathways.
Table 3. Genes reported to exhibit molecular alterations in MPM in the
comprehensive analysis by Bueno et al. [41].
Disrupted
gene

Gene name

Disruption

Genes involved in intra- and interchromosomal rearrangements
CDKN2A
Cyclin-dependent kinase
Chromosomal rearrangement
inhibitor 2A
PBRM1
Polybromo 1
Gene fusion
Genes located in regions with copy number variations
BRD4
Bromodomain containing Copy number gain
4
CDKN2B
Cyclin-dependent kinase
Copy number loss
inhibitor 2B
LATS1
Copy number loss
Large tumor suppressor
kinase 1
LATS2
Copy number loss
Large tumor suppressor
kinase 2
RPTOR
Copy number gain
Regulatory associated
protein of MTOR
complex 1
Genes reported to exhibit missense mutations, nonsense mutations or deletions
CFAP45
Cilia and flagella
Missense mutations
associated protein 45
DDX51
DEAD-box helicase 51
Missense mutations
ULK2
Unc-51 like autophagy
Missense mutations
activating kinase 2
Genes reported to exhibit multiple mutation types
BAP1
BRCA1 associated
Gene fusion, nonsense mutations, missense
protein-1
mutations, splice site mutations, frameshift
mutations, copy number loss & chromosomal
rearrangements
DDX3X
DEAD-box helicase 3, XMissense & nonsense mutations
linked
NF2
Neurofibromin 2
Gene fusion, nonsense mutations, missense
mutations, splice site mutations, frameshift
mutations, copy number loss & chromosomal
rearrangements
RYR2
Ryanodine receptor 2
Missense & nonsense mutations
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SETD2

SET domain containing 2

Gene fusion, nonsense mutations, missense
mutations, splice site mutations & frameshift
mutations

SETDB1
TP53

SET domain bifurcated 1
Tumor protein p53

Nonsense & splice site mutations
Missense mutations, nonsense mutations &
copy number loss

MPM, malignant pleural mesothelioma.

Studies using MPS in MPM after the comprehensive analysis by Bueno et al.
To date, none of the most recent studies using MPS in MPM was comparable to the
large comprehensive analysis performed by Bueno et al. [41]. However, some
smaller studies have been carried out, investigating mostly small tissue sample sets
(often without matched normal samples) or gene panels.
Using the Illumina HiSeq platform, both Ugurluer et al. and Kato et al. performed
targeted sequencing on FFPE tumor samples of MPM patients [59, 60]. Whereas
Ugurluer et al. analyzed 236 cancer-related genes in tissue of seven patients, Kato
et al. analyzed 182 to 236 cancer-related genes in tissue of 23 MPM patients. In both
studies, alterations in BAP1, CDKN2A/B and NF2 were most often identified. In the
analysis performed by Ugurluer et al., alterations in splicing factor 3b subunit 1
gene (SF3B1), patched 1 gene (PTCH1), myeloid differentiation primary response
88 gene (MYD88), SETD2, mitogen-activated protein kinase kinase 1 gene
(MAP2K1), TP53 and STK11 each were noted in one out of seven MPMs. In the
analysis performed by Kato et al., TP53 alterations were reported in more than 10%
of patients.
Amongst others, Kiyotani et al. investigated the inter- and intratumoral
heterogeneity in MPM by performing whole exome sequencing on samples of
three different tumor sites and a matched germline sample obtained from six
patients [61]. Overall, 244 nonsynonymous genetic alterations were detected. Of
the genes often found to be mutated in MPM, only BAP1 was altered in one case
and TP53 in three cases. A high genetic heterogeneity in all six MPMs was noted.
Recently, Kim et al. performed targeted sequencing (exons of 505 cancer-related
genes and partial introns from 15 genes) on FFPE tissue samples of seven MPM
patients treated with standard chemotherapy [62]. Whereas a TP53 mutation was
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noted in two cases, BAP1, NRAS proto-oncogene (NRAS) and EGFR each showed
an alteration in one MPM. However, genetic alterations related to response after
standard chemotherapy were not found.
Although not on MPM tissue samples, Sneddon et al. recently used MPS in an
interesting study [97]. Whole exome and transcriptome sequencing were
performed on DNA and RNA extracted from cells from short term cultures of 27
mesothelioma pleural effusion samples using the Ion Torrent platform. As in MPM
tissue, BAP1, CDKN2A and NF2 alterations were detected in the pleural effusion
cells. However, alterations were detected at a higher frequency than what is
typically seen in tissue samples. In addition, TNF receptor associated factor 7
(TRAF7) and LATS2 alterations were identified at a high frequency.

Summary of recent studies using MPS
The main limitations of the early studies using MPS were countered in the
comprehensive analysis carried out by Bueno et al. [41]. A large sample set was
investigated, appropriate matched normal material was present and some of the
newest NGS platforms were used. However, although a minority, also samples
from pretreated patients were used.
In the early studies using MPS in MPM, genetic alterations were found to cluster in
the TP53/DNA repair, cell cycle, MAPK and PI3K/AKT pathways [49-58]. The
integrated analysis carried out by Bueno et al. also described alterations in the
TP53 pathway. However, their analysis defined the Hippo, mTOR, histone
methylation and RNA helicase pathways as the other ones in which most
alterations were clustered. Already in the early MPS studies, alterations in NF2,
LATS2 and SAV1, involved in the Hippo pathway, were reported. However, Bueno
et al. also reported mutations in the macrophage stimulating 1 gene (MST1),
serine/threonine kinase 3 gene (STK3) and LATS1, making the Hippo pathway
frequently altered. Also the histone methylation pathway was found to be
frequently involved in the analysis by Bueno et al., with mutations in SETD2,
SETDB1 and SET domain containing 5 (SETD5). Mutations in SETDB1 were also
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reported in the early studies using MPS. Regarding the mTOR and RNA helicase
pathways, none of the genes reported to be mutated by Bueno et al. (ULK2, TSC
complex subunit 1 and 2 [TSC1 and TSC2], DDX3X, DDX51 and SF3B1) were
altered in the early studies. There might be some reasons as to why the study by
Bueno et al. did not identify the exact same pathways as the ones identified by the
early studies using MPS. First of all, by investigating one large sample set, Bueno et
al. were able to identify genes, altered at very low frequencies (e.g., all of the genes
assigned to the mTOR and RNA helicase pathways, and some of the genes
assigned to the histone methylation pathway). Hence, it is not really surprising
that these genes did not pop up in the earlier analyses. Second, the sample set of
Bueno et al. also contained a lot more sarcomatoid and biphasic tumors compared
to the early studies using MPS. Some of the genes identified in the analysis by
Bueno et al. were however only found to be mutated in tumors with these types of
histology. Finally, in contrast to the early MPS studies, Bueno et al. thoroughly
investigated CNVs. Hence, some of the genes assigned to the pathways described
by Bueno et al. are actually mostly altered by CNVs.
Although some studies have reported on the use of MPS to investigate MPM tissue
samples after the analysis carried out by Bueno et al. [59-62], none of them was
comparable to it. As for the earlier studies using MPS in MPM, alterations in BAP1,
NF2, CDKN2A and TP53 were noted in the most recent analyses. Moreover, some
genes that were not specifically mentioned by Bueno et al., but that were found in
the earlier studies using MPS (e.g., EGFR), were picked up in these recent studies
[57, 62]. Whereas alterations in MAP2K6 were noted in an early study [51],
alterations in MAP2K1 were noted in a more recent one [59]. Also some genes
noted by Bueno et al., but not in earlier studies, were identified in the more recent
ones. These include SF3B1, involved in the RNA helicase pathway, and SETD2,
involved in the histone methylation pathway [59].
Overall, it can be concluded that combining all available data is necessary to get a
clear idea about the pathways involved in MPM and the exact frequency of
mutations in both previously MPM-associated and novel genes.
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THE GENETIC BACKGROUND OF MPM - FAMILIAL MPM
Although MM occurs most frequently as a sporadic cancer, familial clustering in
blood-relatives has been described. The reported lifetime risk of MM development
after occupational asbestos exposure ranges between 5 and 10% [98, 99]. The MM
incidence in these families however, is often higher than that. Hence, the familial
clustering might not be explained by a shared asbestos exposure alone. This
suggested the existence of a genetic predisposing factor.
A number of reports have already described the inheritance of a BAP1 germline
mutation in families with multiple MM patients [100-103]. Apart from being
associated with MM, germline mutations in BAP1 have been associated with
several other cancer types (Table 4) [100-114]. Hence, a hereditary tumor
predisposition syndrome (BAP1-TPDS, OMIM#614327) was defined, which is
characterized by the autosomal dominant inheritance of one or more of these
cancer types within a family.
Table 4. Recurrent tumor types reported in BAP1 mutation carriers.
Tumor type
Number of cases
Malignant mesothelioma
100 (56)
Uveal melanoma
93 (57)
Cutaneous melanoma
69 (37)
Renal cell carcinoma
45 (18)
Melanocytic skin tumors/papules
38 (34)
Basal cell carcinoma
29 (17)
Breast carcinoma
28 (12)
Lung carcinoma
22 (7)
The number in parentheses indicates the number of cancer cases for which DNA sequence
analysis was performed, and confirmed the presence of a BAP1 germline mutation. Family
members with cancer for which DNA sequences analysis was not performed due to
unavailability of germline DNA, contribute to the total number of cases. Adapted from
[115].

When investigating MM patients with a family history of cancer, BAP1 germline
mutations were found to be present in about 6% of them [116]. Mutation carriers
were significantly younger at diagnosis, have more often peritoneal MMs and of
epithelioid histology. This all might contribute to the significantly better prognosis
of these patients [116].
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Recently, families with multiple MM patients were described, in which the
inheritance of a germline BAP1 mutation could not be detected [117-119]. This
suggests the existence of other predisposing genetic factors, which, together with
an exposure to asbestos, might explain the familial MM clustering.
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LIQUID BIOPSIES IN MPM
Due to various difficulties associated with the use of tissue samples obtained by
biopsy or surgery, researchers have recently started to investigate the use of socalled ‘liquid biopsies’ in oncology. The term ‘liquid biopsies’ covers the detection
of a range of tumor components in body fluids, including blood, urine and saliva.
Amongst others, the investigated tumor components can be circulating cell-free
tumor DNA (ctDNA) or RNA (ctRNA), circulating tumor cells and extracellular
vesicles. To date, the detection of ctDNA is the most commonly used liquid biopsy
type in oncology research (Figure 3). More specifically, its potential as a sensitive
biomarker to address some of the issues in (early and differential) diagnosis,
treatment and treatment monitoring of cancer patients, is being investigated
heavily.

Figure 3. Schematic representation of circulating normal DNA, circulating tumor
DNA and circulating tumor cells in the bloodstream [120].
CtDNA originates from apoptosis and necrosis of, and potentially active release by
tumor cells and is thought to reflect the genetic alterations present in the tumor
tissue. It is heavily fragmented, has a short half-life and often only represents a
small fraction of the total amount of circulating cell-free DNA (cfDNA). As such, it
51

Chapter 1
requires highly sensitive techniques to be detected. A technique often used for the
detection and quantification of ctDNA is droplet digital PCR (ddPCR). In ddPCR,
DNA fragments are first partitioned into thousands of droplets, which are then
amplified by means of a polymerase chain reaction. Finally, droplets are
individually screened for the presence of target sequences.
When appropriate techniques are used, the use of ctDNA within liquid biopsies
has several promising features over the use of a tissue sample. First, ctDNA is
easily accessible by phlebotomy. As such, it avoids invasive diagnostic procedures
in patients with difficult to access tumor sites, like is the case in MPM. Moreover, it
allows for repeated sampling, offering real-time information. Furthermore, it
provides a better reflection of the whole tumor burden compared to a small tissue
biopsy sample, which circumvents possible tumor heterogeneity [121].
In several cancer types, the existence of tumor-specific mutations in the blood of
patients was already reported [122]. So far, the study of circulating nucleic acids in
MPM lags behind that in other tumor types and is limited to the detection of
epigenetic changes. In this respect, most studies focused on the analysis of
promotor methylation of a set of genes, or the expression of certain miRNAs.
Doing so, these studies tried to find correlations with prognosis or to differentiate
MPM patients from other groups (e.g., healthy controls, asbestos-exposed
individuals, lung cancer patients) [123-133]. However, there are no reports on
investigations of tumor-specific genetic variants in cfDNA of MPM patients,
leaving its development in its infancy.
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Objectives
Malignant pleural mesothelioma (MPM) is a highly aggressive cancer, with an
increasing incidence and only limited -mainly palliative- treatment options.
Despite recent efforts, the fundamental insight in the molecular tumorigenesis of
MPM still lags behind that in other solid tumor types. Hence, in this PhD thesis, we
aimed to contribute to the unraveling of the genetic background of both sporadic
and familial forms of MPM.
Objective 1: Identification of recurrent copy number changes in tissue samples
of MPM patients.
Using

karyotype

analyses

and

(microarray-based)

comparative

genomic

hybridization techniques, the presence of a complex and heterogeneous set of
chromosomal copy number variations (CNVs) in MPM was identified. As these
techniques have a limited resolution compared to highly sensitive next-generation
sequencing (NGS) platforms, we aimed to investigate the copy number landscape
of MPM using low-pass whole genome sequencing (LP-WGS). These results were
used to validate the results obtained by analyzing array data, publically available
through ‘The Cancer Genome Atlas’ (TCGA).
Objective 2: Identification of recurrent tumor-specific genetic alterations in
tissue samples of MPM patients.
To date, the comprehensive genomic analysis carried out by Bueno et al. in 2016
remains the only one investigating a large set of MPM tissue samples using NGS
techniques. More large-scale analyses will however be necessary to get a complete
picture of the genetic landscape of MPM. Hence, we aimed to perform a metaanalysis, combining exome data from an in-house sample set with exome data
from two publically available data sets. This meta-analysis however, is still a work
in progress and to date, we only were able to generate an overview of the genetic
findings in our in-house sample set.
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Objective 3: Identification of tumor-specific genetic alterations in liquid
biopsies of MPM patients.
As there are several difficulties associated with the use of tissue samples obtained
by biopsy or surgery, the use of liquid biopsies has recently gained a lot of interest
in cancer research. The development of liquid biopsies in MPM however, is still in
its infancy and limited to the detection of epigenetic alterations. Hence, we aimed
to investigate the possibility of tracing tumor-specific mutations, identified in
MPM tissue using whole exome sequencing, in circulating cell-free DNA (cfDNA)
of the corresponding patients.
Objective 4: Identification of the genetic cause of MM clustering in a Belgian
family.
Familial clustering of malignant mesothelioma (MM) in blood-relatives has been
linked to the inheritance of a germline mutation in BAP1. However, recently some
families with multiple MM patients were described, in which segregation of a
BAP1 variant could not be detected. In this final objective, we aimed to identify the
genetic factor responsible for the MM clustering in a previously undescribed
Belgian family. As BAP1 remains the only known genetic predisposing factor to
date, alterations in this gene were examined in detail.
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CNV analysis
ABSTRACT
Malignant pleural mesothelioma (MPM) is an aggressive tumor that is often
causally associated with asbestos exposure. Comparative genomic hybridization
techniques and arrays demonstrated a complex set of copy number variations
(CNVs) in the MPM genome. These techniques however have a limited resolution,
throughput and flexibility compared to next-generation sequencing platforms.
In this study, the presence of CNVs in the MPM genome was investigated using an
MPM cohort (N = 85) for which genomic microarray data are available through
‘The Cancer Genome Atlas’ (TCGA). To validate these results, the genomes of
MPMs and matched normal samples (N = 21) were analyzed using low-pass whole
genome sequencing on an ‘Illumina HiSeq’ platform. CNVs were detected using
in-house developed analysis pipelines and frequencies of copy number loss and
gain were calculated.
In both data sets, losses on chromosomes 1, 3, 4, 6, 9, 13 and 22 and gains on
chromosomes 1, 5, 7 and 17 were found in at least 25% and 15% of MPMs,
respectively. Besides the well-known MPM-associated genes, CDKN2A, NF2 and
BAP1, other interesting cancer-associated genes were listed as frequently involved
in a copy number loss (e.g., EP300, SETD2 and PBRM1). Moreover, four cancerassociated genes showed a high frequency of copy number gain in both datasets
(i.e., TERT, FCGR2B, CD79B and PRKAR1A). A statistically significant association
between overall survival and the presence of copy number loss in the CDKN2Acontaining region was observed in the TCGA set.
In conclusion, recurrent CNVs were detected in both data sets, occurring in regions
harboring known MPM-associated genes and genes not previously linked to MPM.
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INTRODUCTION
Malignant pleural mesothelioma (MPM) is a rare and highly aggressive cancer
originating from the mesothelial cells of the pleura [1]. A causal relationship
between the development of MPM and exposure to asbestos has been
demonstrated, with up to 80% of all patients being professionally exposed in the 30
to 40 years preceding the diagnosis [2]. Due to differences in historical asbestos
import, consumption and ban, the incidence of MPM greatly varies between
countries worldwide, ranging from seven patients per million inhabitants in Japan
to 40 patients per million inhabitants in Australia [3]. Moreover, since asbestos is
still being used in some non-Western and Western countries, MPM will remain a
global health issue for decades to come [4]. Besides this increasing incidence,
patients diagnosed with MPM still face a poor prognosis. The median overall
survival time of untreated patients is six to ten months with a 5-year survival rate
below 5%. Furthermore, current therapeutic options are limited and seem to
provide only modest survival benefit [5, 6].
Genetic analyses have revealed genetic alterations in a number of genes in MPM.
Of these, somatic inactivation of the tumor suppressor genes CDKN2A, NF2 and
BAP1 seems to be the most prevalent [7-9]. Additionally, the presence of a complex
and heterogeneous set of chromosomal copy number variations (CNVs) in MPM
was described. Although no single MPM-specific alteration was observed, losses in
chromosomes 1p, 4q, 9p, 13q, 14q and 22q were commonly noted using karyotype
analyses and (microarray-based) comparative genomic hybridization techniques
[10-19]. These techniques however have a limited resolution compared to highly
sensitive next-generation sequencing platforms, which allow genome-wide
detections in a high-throughput manner.
Here, we investigated the presence of CNVs in the MPM genome using an MPM
cohort (N = 85), for which genomic microarray data are available through ‘The
Cancer Genome Atlas’ (TCGA). These results were validated using low-pass whole
genome sequencing (LP-WGS) on genomic DNA from paired tumor and normal
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samples of 21 MPM patients. We found recurrent CNVs in several regions,
harboring interesting cancer-associated genes.

MATERIALS AND METHODS
TCGA data collection
TCGA is a joint effort of the National Cancer Institute (NCI) and the National
Human Genome Research Institute (NHGRI), that has generated comprehensive
maps

of

the

key

genomic

changes

in

33

types

of

cancer

(http://cancergenome.nih.gov/). Regarding MPM, TCGA holds data of 87
patients, including segmented copy number data (TCGA level 3 data, hg19.segfiles). For the latter, the original data files were generated using the ‘Affymetrix
Genome-Wide SNP Array 6.0’ (Thermo Fisher Scientific, Waltham, MA, USA), and
the files were analyzed using the ‘CopyNumberInferencePipeline’ in ‘GenePattern’
[20]. In each of the resulting files, segment means were normalized against a panel
of several thousands of blood normal samples. Patient characteristics of the TCGA
patients are summarized in Table 1. Two patients in the TCGA MPM cohort
received neo-adjuvant treatment, whereas all others did not. Therefore, we chose to
exclude these two patients from all analyses.

Copy number profiling of TCGA data
In order to identify recurrent copy number differences in the MPM samples of
which segmented copy number data were available through TCGA, frequencies of
copy number loss and gain were calculated. In this respect, regions with segment
means smaller or equal than -0.25 were considered as losses and regions with
segment means bigger or equal than 0.25 were considered as gains. Using the
‘Multi-intersect tool’ from ‘BEDtools’ [21], chromosomal regions with recurrent
copy number loss or gain in the 85 MPMs were identified, after which frequencies
were calculated. In order to identify potentially interesting genes within regions
exhibiting recurrent CNVs, the frequency of copy number loss and gain specifically
in the regions containing ‘Cancer census genes’ was determined. The ‘Cancer
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census genes’ are genes with substantial published evidence in oncology. This list,
containing 609 genes at the time of first analysis (accessed in November 2016), is
regularly updated by the COSMIC team and can be found on their website [22].

Patient samples collection and preparation
In order to validate the results obtained using TCGA data, LP-WGS was performed
on an independent MPM cohort. This study was conducted with the approval of
the ethical committee of the Antwerp University Hospital and the University of
Antwerp (Reference numbers 14/8/73 & 16/23/248). Twenty-one MPM- and
matched normal samples were obtained from the tumor bank of the Antwerp
University Hospital (Biobank@UZA, Antwerp, Belgium; ID: BE71030031000,
Belgian Virtual Tumorbank funded by the National Cancer Plan) and from the
tissue bank of the Erasmus University Medical Center Rotterdam. Patient
characteristics are summarized in Table 1. Non-tumor material consisted of
cryopreserved blood lymphocytes, collected before or after surgery. When
matched blood samples were not available, healthy lung or pleura tissue, removed
during resection, was used. All tissue samples were collected in the operating
room, immediately snap-frozen in liquid nitrogen and stored at –80°C. Diagnosis
and tumor content were confirmed by histological examination of hematoxylineosin-stained 5 μm-sections. Tumor percentages ranged between 60 and 90%.
Histology of the tumor samples included epithelioid (N = 18), biphasic (N = 2) and
epithelioid/desmoplastic (N = 1). DNA was extracted from each of the blood
samples and from fifteen 10 μm-sections per tissue sample using the ‘QIAamp
DNA Mini Kit’ (Qiagen, Hilden, Germany, Cat. No. 51304), according to the
manufacturer’s instructions.
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Table 1. Clinical characteristics of the included MPM patients (TCGA set and LPWGS set).
Patient characteristics
Gender
Male
Female
Age at diagnosis
Before or at the age of 60
After the age of 60
Unknown
History of asbestos exposure
Yes
No
Unknown
Histologic diagnosis
Epithelioid mesothelioma
Non-epithelioid mesothelioma
Unknown
Platinum/pemetrexed treatment
prior to tissue collection
No
Yes
Time to death or last follow-up
Less than 36 months
More than 36 months
Unknown
Vital status
Dead
Alive

Absolute amount (percentage)
TCGA (N=85)
LP-WGS (N=21)
69 (81%)
16 (19%)

19 (90%)
2 (10%)

32 (38%)
53 (62%)
0 (0%)

9 (43%)
10 (48%)
2 (10%)

54 (64%)
14 (16%)
17 (20%)

12 (57%)
0 (0%)
9 (43%)

56 (66%)
24 (28%)
5 (6%)

18 (86%)
3 (14%)
0 (0%)

85 (100%)
0 (0%)

10 (48%)
11 (52%)

73 (86%)
11 (13%)
1 (1%)

16 (76%)
3 (14%)
2 (10%)

56 (66%)
29 (34%)

15 (71%)
6 (29%)

Copy number profiling of LP-WGS data
Genomic DNA was fragmented using a Covaris instrument (Covaris, Woburn,
MA, USA) and sequencing libraries were generated using the ‘KAPA Library
Preparation Kit’ (Roche, Basel, Switzerland, Cat. No. KK8230). Next, sample
libraries were sequenced on an ‘Illumina HiSeq 1500 platform’ (Illumina, San
Diego, CA, USA) in high output mode, generating 2 × 100 bp paired-end reads.
This resulted in an average coverage of 1.21x, which enabled the detection of
structural variants.
Sequencing reads were adapter trimmed and mapped to the UCSC human genome
(GRCh37/hg19). The presence of CNVs in the samples was analyzed using in75
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house developed analysis pipelines. The algorithm divides the genome into nonoverlapping 50 kb-bins and counts all mapped sequencing reads for each tumor
and normal sample within each bin. After correction of read counts for local GCcontent using lowess normalization, log2-ratios were calculated for every tumor
and normal sample pair.
In order to identify recurrent copy number differences between tumor and normal
samples, frequencies of copy number loss and gain were calculated for each of the
50 kb-bins. We used a log2-ratio threshold of -0.25 for chromosomal losses and 0.25
for copy number gains. Similar as for the TCGA data, the frequency of copy
number loss and gain specifically in the regions containing ‘Cancer census genes’
was assessed [22]. For ‘Cancer census genes’ smaller than 50 kb, the frequency of
copy number loss and gain in the 50 kb-region containing at least 90% of the gene
was considered. ‘Cancer census genes’ smaller than 50 kb, that were not located for
at least 90% in one bin, were excluded from this analysis. To enable the analysis of
‘Cancer census genes’ bigger than 50 kb, additional bins with the exact
chromosomal location of these genes were analyzed. Next to this frequency-based
approach, the mean log2-ratio for each 50 kb-bin over the 21 sample pairs was
determined. This is a novel approach enabling the identification of recurrent copy
number differences between tumor and normal samples. Within each of the 50 kbbins, a one-sample t-test was carried out, testing the null hypothesis that the mean
log2-ratio within this bin equals 0. If all null hypotheses are true across all bins
tested, it is expected that the p-values of these tests follow a uniform distribution
with boundaries 0 and 1. This latter hypothesis was tested using the KolmogorovSmirnov (K-S) test. One K-S test was carried out per sliding window of 50 p-values
(coming from the one-sample t-test). The step width between the sliding windows
was set to 25.

Statistical analysis
To identify associations between clinicopathological parameters on the one hand
and the presence of copy number loss or gain in regions containing selected genes
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on the other hand, a Pearson’s Chi-squared test with Yates’ continuity correction
was performed. In case more than 20% of the cells had an expected count below
five, a Fisher’s Exact test was used. Segment means (TCGA data) and log2-ratios
(LP-WGS data) smaller or equal than -0.25 were considered as losses and values
bigger or equal than 0.25 were considered as gains.
Parameters such as the presence of copy number loss or gain in regions containing
selected genes, gender and histological subtype, were tested for association with
overall survival using the log-rank test. In this respect, overall survival was
defined as the time from initial pathologic diagnosis to the date of death or last
follow-up. Survival curves were plotted using the method of Kaplan and Meier.
All p-values were based on a two-sided hypothesis, with p-values smaller or equal
than 0.05 considered statistically significant. Decimal values were rounded to the
nearest digit. Statistical analyses were carried out using the statistical software ‘R’
version 2.3.1. [23].

RESULTS
The Cancer Genome Atlas
Copy number variations in MPM
Segmented copy number data of 85 MPMs, available through the TCGA website,
were used to assess the MPM copy number profile. In order to identify regions
with recurrent CNVs in the 85 MPMs, frequencies of copy number loss and gain
were calculated using the ‘Multi-intersect tool’ from ‘BEDtools’ (Figure 1) [21].
Large losses occurring in more than 25% of cases were identified on chromosomes
1 (p36.33-p36.13 and p31.1-p13.1), 3 (p22.2-p14.2), 4 (q13.1-q35.2), 6 (q14.1-q27), 9
(p22.2-p21.1), 13 (q11-q22.3), 14 (q11.1-q32.33) and 22 (q11.1-q13.33). Some regions
on chromosome 22 were even lost in up to 75% of all studied MPMs. Gains
occurred less frequently, with large regions on chromosomes 1 (q21.2-q44), 5
(p15.33-p11), 7 (p22.3-q11.21 and q11.21-q31.33) and 17 (q21.32-q25.1) exhibiting
gains in more than 15% of MPMs.
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Figure 1. Circos plot of the CNVs observed in array data of 85 MPMs, available
through TCGA. Frequencies of copy number loss (red) and gain (green) are
depicted for every chromosome position.
In order to identify potentially interesting genes within regions exhibiting
recurrent CNVs in the TCGA data set, the exact frequency of copy number loss and
gain in the regions containing ‘Cancer census genes’ was listed [22]. The ‘top 20’
list of ‘Cancer census genes’ most frequently involved in a copy number loss
contained some well-known MPM-associated genes (Table 2). Whereas NF2 was
lost in 62% of cases, CDKN2A was lost in 51% and BAP1 in 44% of MPMs.
However, the list also contained other genes, some even lost in a higher frequency
of samples (e.g., EP300, PDGFB, MKL1, MYH9, APOBEC3B and ZNF278). EP300 for
example was located in a chromosomal region lost in 69% of all MPMs, being the
highest reported frequency of copy number loss (Table 2). EP300 encodes an
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histone acetyltransferase, regulating transcription via chromatin remodeling and
influencing cell proliferation and differentiation [24, 25]. The frequency of copy
number gain in regions containing ‘Cancer census genes’ was significantly lower
compared to the frequency of copy number loss (highest frequency of gain: 27%
versus loss: 69%, p-value of Mann-Whitney U test < 0.001, Table 2). Nevertheless,
regions containing some interesting ‘Cancer census genes’ on chromosomes 5, 1
and 17 showed copy number gain in a substantial number of patients. The region
containing TERT, the gene encoding the catalytic component of the telomerase
enzyme [26], exhibited a copy number gain in up to 27% of MPMs, being the most
frequently reported copy number gain (Table 2).
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‘Cancer census genes’ most frequently involved in a copy
number lossa
Chromosome
Frequency
Gene name
OG or TSb
position
loss (%)c
chr22:41,488,614EP300
/
69.41
41,576,081
chr22:39,619,685PDGFB
OG
68.24
39,640,957
chr22:40,806,292MKL1
/
68.24
41,032,690
chr22:36,677,323MYH9
/
68.24
36,784,063
chr22:39,378,404APOBEC3B
OG/TS
64.71
39,388,784
chr22:31,721,790ZNF278
/
63.53
31,742,249
chr22:29,999,545NF2
TS
62.35
30,094,589
chr22:28,144,265MN1
/
62.35
28,197,486
chr22:29,083,731CHEK2
TS
62.35
29,137,822
chr22:29,663,998EWSR1
/
62.35
29,696,515
chr22:23,522,552BCR
OG
60.00
23,660,224
chr22:24,129,15060.00
SMARCB1
/
24,176,705

‘Cancer census genes’ most frequently involved in a copy
number gaina
Chromosome
Frequency
Gene name
OG or TSb
position
gain (%)c
chr5:1,253,287TERT
/
27.06
1,295,162
chr5:218,356SDHA
TS
24.71
256,814
chr5:31,400,602DROSHA
TS
23.53
31,532,282
chr5:35,856,977IL7R
/
22.35
35,879,705
chr5:38,475,065LIFR
/
22.35
38,595,507
chr1:161,632,905FCGR2B
/
21.18
161,648,444
chr1:193,091,088CDC73
TS
21.18
193,223,942
chr1:198,608,098PTPRC
/
20.00
198,726,605
chr1:204,485,507MDM4
OG
20.00
204,527,248
chr1:205,566,695ELK4
/
20.00
205,602,000
chr1:205,626,981SLC45A3
/
20.00
205,649,630
chr17:53,342,321HLF
OG
20.00
53,402,426

Table 2. ‘Cancer census genes’ most frequently involved in a copy number loss or gain in the TCGA data.
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chr22:22,113,947chr17:55,333,931MSI2
OG
57.65
/
20.00
55,757,299
22,221,970
chr22:19,167,712chr17:56,431,038CLTCL1
RNF43
TS
55.29
/
20.00
56,494,931
19,279,239
chr22:19,704,743chr17:57,697,050SEPT5
CLTC
/
55.29
TS
20.00
57,774,317
19,711,102
chr22:21,336,558chr17:58,677,544LZTR1
PPM1D
TS
55.29
OG
20.00
21,353,326
58,743,640
chr9:21,967,751chr17:59,756,547CDKN2A
BRIP1
TS
50.59
TS
20.00
21,975,132
59,940,920
chr3:47,057,898chr17:62,006,098SETD2
CD79B
TS
44.71
OG
20.00
47,205,467
62,009,704
chr3:52,435,020chr17:62,494,374BAP1
DDX5
TS
43.53
OG
20.00
52,444,121
62,502,484
chr3:48,711,278chr17:63,524,683NCKIPSD
AXIN2
/
42.35
TS
20.00
48,723,334
63,557,740
chr3:52,579,368chr17:66,507,921PBRM1
PRKAR1A
TS
42.35
/
20.00
52,713,739
66,529,570
aThe 20 ‘Cancer census genes’ most frequently involved in a copy number loss or gain were identified. However, as some ‘Cancer census
genes’ showed exactly the same frequency of loss or gain, this list can contain more than 20 genes.
bClassified as an oncogene or tumor suppressor gene according to the ‘Cancer census gene’ list.
cWhen a ‘Cancer census gene’ was spread over multiple segments, the frequency of the segment containing the largest part of the gene was
considered.
OG, oncogene; TS, tumor suppressor gene.
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Association with clinical and histological parameters
Associations between clinicopathological parameters and the presence of copy
number loss (segment mean ≤ -0.25) or gain (segment mean ≥ 0.25) in the regions
containing the most frequently involved ‘Cancer census genes’ (Table 2) were
investigated. When for a certain sample a gene was spread over multiple segments
with different segment means, this sample was not considered when examining
potential associations. No statistically significant associations with gender, age at
diagnosis (before or after the age of 60), asbestos exposure or histological diagnosis
(epithelioid or non-epithelioid) were found (Supplementary Tables 1 and 2,
depicting the p-values for the investigated associations). However, a statistically
significant association was found between a survival less than 36 months and the
presence of copy number loss in the segment containing CDKN2A (p-value: 0.01).
Moreover, a univariate survival analysis showed a significantly longer survival
time for patients with tumors without copy number loss in the segment containing
CDKN2A (p-value: 4.54e-6, median survival of 982 days versus 456 days for
patients with tumors with CDKN2A loss, Figure 2).

Figure 2. Kaplan-Meier plot of the overall survival according to the presence or
absence of copy number loss in the chromosomal region containing CDKN2A.
Dashed lines represent 95% confidence intervals.
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Univariate analyses of the prognostic effect of gender, histologic subtype and age
at diagnosis were not significant (p-values: 0.446; 0.0895 and 0.382 respectively). A
non-significant trend towards an association between age at diagnosis (younger or
older than 60 years) and the presence of copy number gain in the segment
containing TERT was identified (p-value: 0.07).

Low-pass whole genome sequencing
Copy number variations in MPM
To validate the results we obtained via the TCGA data set, 21 MPMs and matched
normal samples were assessed for CNVs using LP-WGS. For this analysis, the
genome was divided in 50 kb-bins and for every bin, the log2-ratio comparing
tumor versus normal sample was determined (Supplementary Figure 1, depicting
the copy number profile of a representative sample pair). As in the data obtained
using the TCGA set, it was observed that copy number losses occurred more
frequently in these MPMs compared to copy number gains.
In order to identify regions with recurrent CNVs in the 21 MPMs, two different
approaches were followed. A first strategy was based on calculating the
frequencies of both copy number loss and gain in each of the 50 kb-bins. Doing so,
regions with recurrent gains and losses were observed (Figure 3). Large losses
occurring in more than 25% of cases were identified on parts of chromosomes 1
(p31.1-p11.2), 3 (p22.3-p14.1), 4 (p16.3-p11 and q12-q35.2), 6 (q15-q27), 9 (p23p21.1), 13 (q11-q34), 17 (p13.3-p11.2) and 22 (q11.1-q13.33), with some regions
being lost in up to 60% of all MPMs. Gains occurred less frequently, with regions
less easy to demarcate on chromosomes 1 (q21.2-q44), 2 (p25.3-p22.3), 3 (q24-q29), 5
(p15.33-p11 and q11.1-q35.3), 7 (p22.3-p11.2 and q11.21-q36.3), 15 (q21.1-q26.3), 17
(q11.2-q25.3), 18 (p11.32-p11.21 and q11.1-q23) and 19 (p13.3-p12 and q11-q13.43)
exhibiting gains in more than 15% of MPMs.
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Figure 3. Circos plot of the CNVs observed in low-pass whole genome data of 21
MPMs. The inner layer represents the frequency of copy number loss (red) and
gain (green) in every 50 kb-bin. The outer layer represents the mean log2-ratio for
every 50 kb-bin over the 21 tumor/normal sample pairs. Mean log2-ratios smaller
than -0.10 or bigger than 0.10 are depicted in red or green respectively.
Similar as for the TCGA data, the exact frequency of copy number gain and loss in
the regions containing ‘Cancer census genes’ was assessed [22]. In contrast to the
TCGA data, the ‘top 20’ list of ‘Cancer census genes’ most frequently involved in a
copy number loss in the LP-WGS data did not contain NF2, CDKN2A or BAP1
(Table 3). These genes were lost in 48%, 52% and 43% of MPMs respectively, which
was not enough to rank them in the top. Six other ‘Cancer census genes’ however,
were listed among the most frequently lost ones, both in the TCGA and LP-WGS
data set (i.e., EP300, SETD2, PBRM1, CHEK2, MKL1 and MAPK1). As in the TCGA
data, EP300 was the ‘Cancer census gene’ with the highest reported frequency of
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copy number loss, being in 71% of studied MPMs (Table 3). The frequency of copy
number gain in regions containing ‘Cancer census genes’ was in line with that
obtained in the TCGA data and remarkably lower compared to the frequency of
copy number loss (Table 3). Of the ‘Cancer census genes’ most frequently involved
in a copy number gain, four were in common with those in the TCGA data (i.e.
FCGR2B, TERT, CD79B and PRKAR1A). PMS2, a gene encoding a component of
the DNA mismatch repair system [27], was involved in a copy number gain in up
to 33% of MPMs, being the most frequently reported copy number gain (Table 3).
A second and novel strategy to determine regions with recurrent CNVs in the 21
MPMs was based on calculating the mean log2-ratio for every 50 kb-bin over the 21
sample pairs (Figure 3). Although this strategy precludes the identification of
regions exhibiting both losses and gains in different tumors, these regions are less
likely to be important in MPM tumorigenesis. As a result, a sharper focus on the
most interesting regions is obtained. In order to statistically summarize this
information, a one-sample t-test was performed for every 50 kb-bin, with the null
hypothesis assuming a mean log2-ratio of 0. In regions with mean log2-ratios
different from 0, p-values were not uniformly distributed and some even shifted
towards the significance threshold. A K-S test was performed to confirm the nonuniform distribution of these p-values. Regions in which the p-value of the K-S test
was smaller than 10–15 were listed in Table 4. The negative logarithm of the p-value
of the K-S test was plotted against chromosome position (Supplementary Figure 2,
depicting the mean copy number profile over the 21 sample pairs).
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‘Cancer census genes’ most frequently involved in a copy
number lossa
Chromosome
Frequency
Gene name
OG or TSb
loss (%)c
position
chr22:41,488,614EP300
/
71.43
41,576,081
chr3:47,057,898SETD2
TS
66.67
47,205,467
chr3:52,579,368PBRM1
TS
66.67
52,713,739
chr6:117,609,530ROS1
OG
66.67
117,747,018
chr13:20,532,810ZNF198
/
66.67
20,665,968
chr13:48,877,883RB1
TS
66.67
49,056,026
chr22:29,083,731CHEK2
TS
66.67
29,137,822
chr1:114,935,399TRIM33
/
61.90
115,053,781
chr3:53,529,076CACNA1D
OG
61,90
53,846,492
chr13:28,577,411FLT3
OG
61.90
28,674,729
chr13:41,129,801FOXO1
OG/TS
61.90
41,240,734
chr22:40,806,292MKL1
/
61.90
41,032,690

‘Cancer census genes’ most frequently involved in a copy
number gaina
Chromosome
Frequency
Gene name
OG or TSb
position
gain (%)c
chr7:6,012,870PMS2
/
33.33
6,048,737
chr1:161,632,905FCGR2B
/
23.81
161,648,444
chr3:186,501,361EIF4A2
/
23.81
186,507,685
chr5:1,253,287TERT
/
23.81
1,295,162
HNRNPA2B chr7:26,229,556/
23.81
1
26,240,413
chr7:55,086,725EGFR
/
23.81
55,275,031
chr7:116,312,459MET
OG
23.81
116,438,440
chr8:117,858,173RAD21
/
23.81
117,887,105
chr10:3,818,188KLF6
/
23.81
3,827,473
chr12:57,482,677NAB2
OG
23.81
57,489,259
chr17:36,861,873MLLT6
/
23.81
36,886,056
chr19:42,788,817CIC
OG/TS
23.81
42,799,949

Table 3. ‘Cancer census genes’ most frequently involved in a copy number loss or gain in the LP-WGS data.
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chr1:51,819,935chr7:143,050,493FAM131B
/
57.14
/
19.05
143,059,840
51,984,995
chr4:1,873,123chr8:57,073,468WHSC1
PLAG1
/
57.14
OG
19.05
57,123,859
1,983,934
chr4:87,515,468chr8:57,124,315PTPN13
CHCHD7
TS
57.14
/
19.05
57,131,176
87,736,328
chr4:99,182,527chr8:145,736,667RAP1GDS1
RECQL4
/
57.14
/
19.05
99,365,012
145,743,210
chr4:153,242,410chr10:81,462,983FBXW7
NUTM2B
/
57.14
/
19.05
153,456,185
81,472,513
chr4:187,508,937chr10:88,985,205FAT1
NUTM2A
TS
57.14
/
19.05
187,644,987
88,994,733
chr9:14,081,842chr12:22,778,076NFIB
ETNK1
/
57.14
/
19.05
14,314,045
22,843,608
chr9:20,344,968chr14:95,552,565MLLT3
DICER1
OG
57.14
TS
19.05
20,622,514
95,608,085
chr13:32,889,617chr17:62,006,098BRCA2
CD79B
TS
57.14
OG
19.05
32,973,809
62,009,704
chr13:39,917,029chr17:66,507,921LHFP
PRKAR1A
/
57.14
/
19.05
40,177,356
66,529,570
chr13:46,700,058chr18:22,641,888LCP1
ZNF521
/
57.14
/
19.05
46,756,459
22,932,214
chr22:22,113,947MAPK1
OG
57.14
22,221,970
aThe 20 ‘Cancer census genes’ most frequently involved in a copy number loss or gain were identified. However, as some ‘Cancer census
genes’ showed exactly the same frequency of loss or gain, this list can contain more than 20 genes.
bClassified as an oncogene or tumor suppressor gene according to the ‘Cancer census gene’ list.
cFor ‘Cancer census genes’ smaller than 50 kb, the frequency of copy number loss or gain in the 50 kb-region containing at least 90% of the
gene was considered. ‘Cancer census genes’ smaller than 50 kb, that were not located for at least 90% in one bin, were excluded from this
analysis. For the analysis of ‘Cancer census genes’ bigger than 50 kb, additional bins with the exact chromosomal location of these genes
were analyzed.
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OG, oncogene; TS, tumor suppressor gene.
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Association with clinical and histological parameters
Associations between clinicopathological parameters and the presence of copy
number loss (log2-ratio ≤ -0.25) or gain (log2-ratio ≥ 0.25) in the regions containing
the most frequently involved ‘Cancer census genes’ (Table 3) were tested. No
statistically significant associations with gender, age at diagnosis (before or after
the age of 60), histological diagnosis (epithelioid or non-epithelioid), survival
(more or less than 36 months) or chemotherapeutic treatment before sample
collection were found (Supplementary Tables 3 and 4, depicting the p-values for
the investigated associations).
Table 4. Chromosomal regions showing copy number loss or gain in the LP-WGS
data set.
Copy number loss
Chromosome
Chromosomal
region
1
p31.1-p11.2
3
p22.3-p14.1
p16.3-p16.1
p16.1-p15.1
p15.1-p12
q13.1-q25
4
q26-q28.1
q28.1-q28.3
q31.1-q31.21
q31.21-q35.1
q14.3-q15
6
q16.1-q21
q21-q27
p22.2-p21.2
q21.2-q21.31
9
q21.31-q22.1
q22.31-q22.32
q23.1
q23.31-q23.33
10
q24.2-q24.31
q25.1
q21-q22.1
11
q22.3-q23.1
q23.1-q23.2
13
q11-q34
17
p13.3-p11.2
22
q11.1-q13.31

Copy number gain
Chromosome
Chromosomal
region
q25.3-q32.2
q32.3-q42.13
1
q42.13-q43
q43-q44
p15-p14
p14-p13.3
q22.2-q22.3
q22.3-q23.3
2
q24.1-q24.2
q31.1
q31.3-q32.1
q32.1-q32.3
q12.1-q13.13
q13.13-q13.31
q21.1-q21.2
3
q21.3-q22.1
q24-q26.1
q26.1-q26.33
q26.33-q28
p15.33-p15.2
5
p15.2-q11.1
6
p25.3-p25.2
p22.1-p13
p13-p11.2
q11.23-q21.12
7
q21.13-q21.3
q31.1-q31.31
q32.2-q33
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8
12
15

18

20

q12.1
q21.13
q21.3-q22.3
q14.1-q15
q15-q21.1
q21.3-q22.31
q22.31-q23
p11.32-p11.31
p11.31-p11.21
q12.1
q12.2-q12.3
q12.3-q21.1
q21.1-q21.2
q21.2-q21.31
q21.31-q21.32
q21.33-q22.1
q22.2-q23
q13.12-q13.13
q13.2-q13.32

DISCUSSION
Recurrent CNVs are detected in TCGA and LP-WGS data
In the past, karyotype analyses and (microarray-based) comparative genomic
hybridization techniques have been employed to reveal the presence of a complex
and heterogeneous set of chromosomal CNVs in MPM [10-19]. However, these
techniques have a limited resolution compared to highly sensitive next-generation
sequencing platforms. Therefore, we performed LP-WGS on genomic DNA from
21 paired tumor and normal samples to validate the results we obtained using
array data from 85 MPMs, available through TCGA.
Both in the sample set from TCGA and from LP-WGS, chromosomal regions
exhibiting frequent copy number loss or gain were identified (Supplementary
Figure 3, comparing the CNVs in both sample sets). Losses of regions on
chromosomes 1 (p31.1-p13.1), 3 (p22.2-p14.2), 4 (q13.1-q35.2), 6 (q15-q27), 9 (p22.2p21.1), 13 (q11-q22.3) and 22 (q11.1-q13.33) were found in at least 25% of MPMs,
both in the TCGA set and LP-WGS sample set. Regions with recurrent copy
number gain occurred less frequently. Nevertheless, gains were detected on
chromosomes 1 (q21.2-q44), 5 (p15.33-p11), 7 (p22.3-p11.2 and q11.21-q31.33) and
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17 (q21.32-q25.1) in more than 15% of MPMs in both sample sets. Next to these
similarities, some differences between both sample sets could be noted. The most
striking of these differences was a loss of regions on chromosomes 1 (p36.33p36.13) and 14 (q11.1-q32.33) which was not present in our LP-WGS sample set.
Moreover, some copy number gains identified in the LP-WGS sample set on
chromosomes 2 (p25.3-p22.3), 3 (q24-q29), 5 (q11.1-q35.3), 18 (p11.32-p11.21 and
q11.1-q23) and 19 (p13.3-p12 and q11-q13.43) were not that frequent in the TCGA
data. These differences might be explained by the fact that the TCGA set was
significantly bigger than LP-WGS set (i.e. 85 versus 21 MPMs). Furthermore,
different techniques with different resolutions were used to identify CNVs (i.e.,
SNP-array and LP-WGS). Whereas the resolution of microarrays is fixed
depending on the probe density, the resolution of LP-WGS is defined both by the
number of sequencing reads and by bin size. As such, it is not limited to the probes
present on the array, offering a higher flexibility. With regard to the TCGA data,
the ‘Affymetrix Genome-Wide SNP Array 6.0’ allowed the analysis of more than
906,600 markers for single nucleotide polymorphisms and more than 946,000
markers for CNVs (inter-marker distance below 700 bases). LP-WGS in contrast,
achieved an average genome-wide coverage of 1.21x.

‘Cancer census genes’ are located in regions exhibiting recurrent CNVs
In order to identify potentially interesting genes within the regions exhibiting
recurrent CNVs, the exact frequency of copy number loss and gain in the regions
containing ‘Cancer census genes’ was determined, both for the TCGA and LP-WGS
sample set [22]. The inactivation of the tumor suppressor genes CDKN2A, NF2 and
BAP1 is well documented in MPM. Hence, it was no surprise that the regions in
which these genes are located were frequently involved in a copy number loss in
both sample sets. Whereas CDKN2A was lost in 51% of TCGA samples and 52% of
in-house samples, NF2 exhibited loss in 62% and 48%, and BAP1 in 44% and 43% of
TCGA and in-house samples respectively. Although these frequencies were
sufficient to rank these genes in the ‘top 20’ list of ‘Cancer census genes’ most
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frequently involved in a copy number loss in the TCGA sample set, this was not
the case for our in-house sample set. However, given the recurrent deletion of
CDKN2A in MPM (in more than 50% of cases in both data sets), its detection could
be useful in a diagnostic and therapeutic setting. Regarding MPM diagnosis, the
use of fluorescence in situ hybridization to detect the homozygous deletion of
CDKN2A proved helpful to distinguish between malignant mesothelial cells and
benign reactive mesothelial cells both in pleural effusion and tissue samples [28,
29]. Regarding MPM therapy, inactivation of CDKN2A results in deregulation of
CDK4 and CDK6, which makes MPMs good candidate responders to CDK4- and
CDK6-inhibitory drugs. In hormone receptor-positive metastatic breast cancer,
palbociclib, an inhibitor of CDK4 and CDK6, significantly improves progressionfree survival [30]. Currently, the option of starting a phase II study with small
molecule CDK inhibitors in patients with refractory MPM is being investigated
(NCT02187783). It should however be noted that also RB1 was frequently involved
in a copy number loss in the LP-WGS sample set. As loss of RB1 function is
reported to be a mechanism of resistance to CDK inhibitors, a subset of MPMs
might have to be excluded from trials aiming at proving the efficacy of CDK
inhibitors in MPM [31].
Both in the TCGA and LP-WGS sample set, other interesting cancer-associated
genes were listed as being frequently involved in a copy number loss (Tables 2 and
3). Strikingly, both sample sets shared six genes in their ‘top 20’ list of most
frequently lost ‘Cancer census genes’ (i.e., EP300, SETD2, PBRM1, CHEK2, MKL1
and MAPK1). EP300, in both sample sets the ‘Cancer census gene’ with the highest
reported frequency of copy number loss, encodes an histone acetyltransferase,
important in cell proliferation and differentiation [24, 25]. EP300 has been reported
to play a role in tumorigenesis, and inactivating mutations in EP300 have been
described in several solid tumor types (e.g., colorectal and gastric tumors) [32].
However, not much is known about the role of EP300 in MPM. SETD2, encoding a
member of the SET-domain family containing histone methyltransferases [33], and
PBRM1, encoding a subunit of ATP-dependent chromatin remodeling complexes
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[34], have been recently linked to MPM. Not only mutations, gene fusions and
splice alterations were described, also frequent minute deletions were found in
these genes [19, 35, 36]. Moreover, silencing of SETD2 or PBRM1 was found to
increase proliferation in a mesothelioma cell line [36]. Regarding the cancerassociated genes CHEK2, encoding a cell cycle checkpoint regulator; MKL1,
encoding a protein amongst others involved in transducing signals from the
cytoskeleton to the nucleus; and MAPK1, encoding an essential component of the
MAP kinase signal transduction pathway, not much is known about their role in
MPM. Yet, one study did report that a substantial number of miRNAs,
downregulated in MPM, targeted MAPK1, which might suggest that this molecule
is overexpressed in MPM, in contrast to our results [37].
Although in both sample sets the frequency of copy number gain in regions
containing ‘Cancer census genes’ was remarkably lower compared to the
frequency of copy number loss, some interesting genes were among the most
frequently gained ones (Tables 2 and 3). Moreover, both sample sets shared four
genes in their ‘top 20’ list of ‘Cancer census genes’ most frequently involved in a
copy number gain (i.e., TERT, FCGR2B, CD79B and PRKAR1A). TERT, the ‘Cancer
census gene’ exhibiting the most frequent copy number gain in the TCGA set,
encodes the catalytic component of the telomerase enzyme. Telomerase expression
is normally repressed in postnatal somatic cells resulting in progressive shortening
of the telomeres. However, deregulation of telomerase expression in somatic cells
can contribute to a replicative immortality, which is one of the ‘Hallmarks of
Cancer’ [38]. In line with this function, TERT expression was detected in 99% of
MPMs using immunohistochemistry and in situ hybridization [39]. Furthermore,
TERT mRNA was found to be upregulated in MPM. Nonetheless, this
upregulation was reported to be the result of mutations in the TERT promoter and
not of gene copy number amplification [40]. Regarding the cancer-associated genes
FCGR2B, encoding a low affinity receptor for the Fc-region of immunoglobulin
gamma complexes; CD79B, encoding the immunoglobulin beta protein which is
necessary for functioning of the B-cell antigen receptor; and PRKAR1A, encoding
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one of the regulatory subunits of the cAMP-dependent protein kinase, not much is
known about their role in MPM. Strikingly, PMS2, the ‘Cancer census gene’ most
frequently involved in a copy number gain in the LP-WGS set, was not ranked
among the most frequently gained genes in the TCGA set. As this gene encodes a
component of the DNA mismatch repair system [27], one would not expect a copy
number gain of the region containing this gene. However, overexpression of PMS2
was previously reported to confer genetic instability and DNA-damage tolerance
in prostate cancer [41, 42].
Regarding these results, it should be noted that the ‘Cancer census genes’ that are
most frequently involved in a copy number loss or gain, are clustered in certain
regions (Tables 2 and 3). For example, a substantial number of the most lost genes
in the TCGA data set are located on chromosome 22. As chromosome 22 is almost
entirely lost in more than 60% of MPMs in this data set, this is no surprise.
Obviously, not all listed genes will be equally important in MPM tumorigenesis,
and some genes will only be listed as they are in the proximity of more important
ones. This might explain why even some oncogenes (e.g., MAPK1) pop up. Only
further functional studies can elucidate the role of each of the listed genes in the
pathogenesis of MPM.

CDKN2A loss is associated with a shorter overall survival
In the LP-WGS set, no statistically significant associations between any of the
investigated clinicopathological parameters and the presence of copy number loss
or gain in regions with selected ‘Cancer census genes’ were found (Supplementary
Tables 3 and 4, depicting the p-values for the investigated associations). In the
TCGA set however, a statistically significant association was found between an
overall survival shorter than 36 months and the presence of copy number loss in
the chromosomal segment containing CDKN2A, which was confirmed by a
univariate survival analysis (Supplementary Table 1 and Figure 2). Differences in
prognosis according to CDKN2A deletion status and CDKN2A (p16ink4a/p14ARF)
protein expression were previously reported [43-47]. In several reports, a
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statistically significant survival advantage was found for patients with tumors
without CDKN2A homozygous deletion [43, 44, 47]. Moreover, in studies by Dacic
et al. and Kobayashi et al., loss of CDKN2A (p16ink4a) protein expression, as
detected by immunohistochemistry, was shown to be associated with a poor
prognosis. Whereas Dacic et al. also reported significant differences in survival
according to the homozygous deletion status of CDKN2A, this was not mirrored by
Kobayashi et al. [44, 45]. In a study by Walter et al., a survival difference was seen
between patients with a low CDKN2A (p14ARF) mRNA-expression and patients
with a high expression. Nevertheless, the association between overall survival and
CDKN2A (p14ARF) mRNA-expression did not reach statistical significance [46].
Given the limited therapeutic options for MPM patients, their modest benefit and
sometimes substantial toxicity, identifying patients with a particularly poor
prognosis can be beneficial. Hence, the potential utility of CDKN2A deletion in a
prognostic setting holds promise for the future.

CONCLUSIONS
Recurrent copy number losses and gains were identified in the TCGA set and
confirmed in an in-house sample set using LP-WGS. These CNVs occurred in
regions harboring cancer-associated genes that are potentially useful in a
diagnostic, therapeutic and prognostic setting.
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Supplementary Figure 1. Copy number profile of a representative tumor/normal
sample pair. Log2-ratios were plotted against chromosome position.
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Supplementary Figure 2. Mean copy number profile over the 21 tumor/normal
sample pairs. In the upper figures, the mean log2-ratio over the 21 sample pairs is
plotted against chromosome position. In the lower figures, the black dots represent
the p-values for the one-sample t-test for each 50 kb-bin. The red line represents the
negative logarithm of the p-value of the Kolmogorov-Smirnov test.
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Supplementary Figure 3. Circos plot of the copy number variations observed in
low-pass whole genome data of 21 MPMs and array data of 85 MPMs. The outer
layer represents the frequency of copy number loss (red) and gain (green) in every
50 kb-bin observed in the low-pass whole genome data. The inner layer represents
the frequency of copy number loss (red) and gain (green) for every chromosome
position observed in the array data from TCGA.
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Supplementary Table 1. Associations between the presence of copy number loss in
the ‘Cancer census genes’ most frequently lost in the TCGA data set and
clinicopathological parameters.
Gene name

P-value for P-value for P-value for
P-value for
P-value for
association association association
association with association
with
with age at with asbestos histological
with
gender
diagnosis
exposure
diagnosis
survival
EP300
0.553a
0.266
0.749a
0.388
1a
PDGFB
0.489
0.740a
0.803
0.423
0.749a
a
MKL1
0.803
0.423
0.749
0.489
0.740a
a
MYH9
0.489
0.740a
0.803
0.423
0.749
APOBEC3B
0.574
1a
0.620
0.401
0.529a
ZNF278
0.702
0.586
0.826
0.283
0.524a
NF2
0.328
0.344a
0.804
0.907
0.525a
MN1
1
0.542
1
0.291
0.173a
CHEK2
0.817
0.749
0.773
0.291
0.322a
EWSR1
0.785
0.800
0.928
0.361
0.319a
BCR
0.955
0.682
0.677
0.240
0.512a
SMARCB1
1
0.553
0.872
0.271
0.340a
MAPK1
1
0.633
1
0.428
0.517a
CLTCL1
1
1
1
0.623
0.212a
SEPT5
1
1
1
0.623
0.212a
LZTR1
1
1
1
0.623
0.212a
CDKN2A
0.010
0.822
0.557
0.958
0.464
SETD2
0.644
0.623
0.141
0.549
0.514a
BAP1
1
0.855
0.217
0.945
0.513a
NCKIPSD
0.877
0.668
0.134
0.402
0.517a
PBRM1
0.835
0.649
0.322
0.945
1a
aTo identify associations, a Pearson’s Chi-squared test with Yates’ continuity correction was
performed. However, when more than 20% of the cells had an expected count below five, a
Fisher’s Exact test was used.
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Supplementary Table 2. Associations between the presence of copy number gain
in the ‘Cancer census genes’ most frequently gained in the TCGA data set and
clinicopathological parameters.
Gene name

P-value for P-value for P-value for
P-value for
P-value for
association association association
association with association
with
with age at with asbestos histological
with
gender
diagnosis
exposure
diagnosis
survival
TERT
0.532a
0.074
0.736a
0.666
1a
SDHA
0.178
0.737a
0.778
1a
0.528a
a
a
DROSHA
0.514
0.298
0.492
0.909
1a
a
a
IL7R
0.469
0.719
1
1a
0.337
LIFR
0.469
0.719a
1
1a
0.337a
FCGR2B
0.721a
0.533a
0.678a
1a
0.675a
CDC73
1a
0.705a
0.489a
0.188a
1a
a
a
PTPRC
0.729
1
1
0.721
0.110a
a
a
a
MDM4
1
1
0.764
0.112a
0.493
ELK4
1
1a
0.721
0.110a
0.729a
SLC45A3
0.729a
1
1a
0.721
0.110a
HLF
0.615
0.435a
0.336a
0.431a
1a
a
a
a
MSI2
1
0.557
0.429
0.507
0.408a
a
a
a
RNF43
0.615
0.435
0.336
0.431a
1
CLTC
1a
0.615
0.435a
0.336a
0.431a
PPM1D
0.615
0.435a
0.336a
0.431a
1a
BRIP1
0.585
0.435a
0.338a
0.436a
1a
a
a
a
CD79B
0.615
0.435
0.336
0.431a
1
a
a
a
DDX5
0.615
0.435
0.336
0.431a
1
AXIN2
1a
0.615
0.435a
0.336a
0.431a
PRKAR1A
0.615
0.435a
0.336a
0.431a
1a
aTo identify associations, a Pearson’s Chi-squared test with Yates’ continuity correction was
performed. However, when more than 20% of the cells had an expected count below five, a
Fisher’s Exact test was used.
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Supplementary Table 3. Associations between the presence of copy number loss in
the ‘Cancer census genes’ most frequently lost in the LP-WGS data set and
clinicopathological parameters.
Gene name

P-value for P-value for P-value for
P-value for P-value for
association association association with association association with
with
with age at histological
with
neo-adjuvant
gendera
diagnosisa
diagnosisa
survivala
treatmenta
EP300
0.500
0.303
1
1
0.362
SETD2
0.533
0.303
1
0.530
1
PBRM1
1
0.303
1
0.530
1
ROS1
0.533
1
1
0.517
0.659
ZNF198
1
0.303
1
0.530
1
RB1
1
0.629
0.521
0.517
0.659
CHEK2
1
0.141
1
1
0.659
TRIM33
0.133
1
1
0.517
1
CACNA1D
1
0.629
1
0.517
1
FLT3
1
0.629
1
0.517
1
FOXO1
1
0.350
0.257
0.263
1
MKL1
1
0.629
1
0.517
1
EPS15
1
0.350
1
0.263
0.387
WHSC1
0.171
1
1
0.263
1
PTPN13
0.171
1
1
0.263
1
RAP1GDS1
0.171
1
1
0.263
1
FBXW7
0.171
1
1
0.228
0.670
FAT1
0.171
1
1
0.228
0.670
NFIB
0.171
0.650
1
0.228
1
MLLT3
0.171
1
0.553
0.263
1
BRCA2
1
1
0.553
0.263
0.670
LHFP
1
0.350
1
0.263
1
LCP1
1
1
1
1
1
MAPK1
1
0.350
0.553
0.263
0.670
aTo identify associations, a Fisher’s Exact test was performed, as for every association more
than 20% of the cells had an expected count below five.
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Supplementary Table 4. Associations between the presence of copy number gain
in the ‘Cancer census genes’ most frequently gained in the LP-WGS data set and
clinicopathological parameters.
Gene name

P-value for P-value for P-value for
association association association with
with
with age at histological
gendera
diagnosisa
diagnosisa
PMS2
0.533
0.629
0.247
FCGR2B
0.429
0.629
1
EIF4A2
1
0.629
1
TERT
1
1
0.128
HNRNPA2B1 1
0.582
1
EGFR
1
1
0.128
MET
1
0.582
0.128
RAD21
1
1
1
KLF6
0.429
1
0.549
NAB2
1
0.303
1
MLLT6
0.429
0.303
1
CIC
0.429
0.629
0.549
FAM131B
1
0.303
1
PLAG1
1
0.582
1
CHCHD7
1
0.582
1
RECQL4
0.352
0.303
0.489
NUTM2B
1
1
0.489
NUTM2A
1
1
1
ETNK1
1
1
1
DICER1
0.352
1
0.489
CD79B
0.352
0.582
0.489
PRKAR1A
0.352
0.582
0.489
ZNF521
1
1
1
aTo identify associations, a Fisher’s Exact test was performed, as
than 20% of the cells had an expected count below five.
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P-value for P-value for
association association with
with
neo-adjuvant
survivala
treatmenta
1
1
1
0.635
1
0.149
0.530
1
0.530
0.311
1
1
1
1
0.155
0.635
1
0.635
1
0.635
0.530
0.635
0.155
0.635
0.530
1
0.530
0.587
1
0.311
1
0.311
1
1
1
1
0.422
1
0.530
0.311
1
1
1
0.311
1
1
for every association more

Chapter 4

An exome-wide analysis of the
genetic background of
malignant pleural
mesothelioma - Work in
progress

Marieke Hylebosa,b, Guy Van Campa,b, Matthias Beyensa,b, Robin
Cornelissenc, Patrick Pauwelsb,d, Jan P. van Meerbeeckb,e &
Ken Op de Beecka,b
Work in progress

aCenter

of Medical Genetics, University of Antwerp and Antwerp University

Hospital, Prins Boudewijnlaan 43, 2650 Antwerp, Belgium
bCenter

for Oncological Research, University of Antwerp, Universiteitsplein 1, 2610

Antwerp, Belgium
cDepartment

of Pulmonary Medicine, Erasmus Medical Center Cancer Institute, ‘s

Gravendijkwal 230, 3015 Rotterdam, The Netherlands
dLaboratory

of Pathology, Antwerp University Hospital, Wilrijkstraat 10, 2650

Antwerp, Belgium
eDepartment

of Pulmonology/Thoracic Oncology, Antwerp University Hospital,

Wilrijkstraat 10, 2650 Antwerp, Belgium

WES analysis
ABSTRACT
Objectives: Despite recent efforts to unravel the genetic landscape of malignant
pleural mesothelioma (MPM), the fundamental insight in its molecular
tumorigenesis still lags behind that in other solid cancer types. Hence, large-scale
and integrated genetic analyses remain necessary. In this study, we aimed to
investigate the exome of the MPM sample set, of which the copy number landscape
was previously assessed by low-pass whole genome sequencing.
Materials and methods: Whole exome sequencing was performed on paired tumor
and normal samples from 21 MPM patients. Sequencing reads were analyzed using
an in-house developed analysis pipeline, in which tumor-specific variants were
called using the somatic variant caller MuTect2. A mutation burden analysis was
performed, identifying the genes that are most frequently affected by
nonsynonymous mutations in our sample set. A selection of the most interesting
variants was validated using Sanger sequencing in both tumor and germline DNA.
Results: In total, 1289 protein-altering somatic mutations were detected in the
exome data, corresponding to an average of 61 mutations per MPM. Several genes
were found to be recurrently altered in our sample set. The tumor suppressor gene
NF2 ranked at the top of the mutation burden output, with mutations in 29%
(6/21) of MPMs. BAP1, HYDIN and RIOK1 each were mutated in 24% (5/21) of
MPMs in our cohort. Of the genes mutated in at least three MPMs, the only one
listed as a ‘Cancer census gene’ was BCLAF1.
Conclusion: This study identified genes that were previously reported to be
mutated in MPM, but also other genes were found to be recurrently altered. To
make the most out of the investigated samples, they will be included in a larger
meta-analysis with exome data from two publicly available data sets in the future.
Only by doing so, it will be possible to get a complete molecular picture of this
rare, but aggressive tumor type.
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INTRODUCTION
Malignant pleural mesothelioma (MPM) is a rare and aggressive cancer, of which
the development is often causally linked to asbestos exposure [1]. Despite
moderate improvements in outcome with the advent of -palliative- chemotherapy,
overall survival of MPM patients plateaus at a median of only one year [2]. There
hence remains an unmet need to improve the treatment options for, and prognosis
of, patients suffering from this invariably fatal disease.
The fundamental insight in the molecular tumorigenesis of MPM lags behind that
in other solid cancer types. As a result, there are no or limited options for tumor
stratification on a molecular basis, for targeted or for personalized treatment. Until
a few years ago, genetic studies in MPM focused on the investigation of limited
sets of candidate genes. This mainly resulted in the detection of recurrent somatic
alterations in the tumor suppressor genes CDKN2A, NF2, and BAP1 [3-5]. More
recently, high-throughput next-generation sequencing techniques have been
applied on small sets of MPM tissue samples [6]. These studies were the first
attempts to expand the knowledge about the MPM genetic landscape by
investigating whole genomes, exomes, transcriptomes or larger gene panels.
Overall, genetic alterations identified in these studies clustered in four specific
pathways: the TP53/DNA repair, cell cycle, MAPK and PI3K/AKT pathways.
These pathways are all involved in cell growth, proliferation and survival,
processes that are typically altered during tumor development. In 2016, the first
comprehensive genomic analysis was carried out by Bueno et al. on a larger set of
MPMs [7]. Amongst others, 99 paired MPM exomes and 103 paired MPM targeted
exomes (i.e., 460 genes) were investigated in this study. Doing so, ten significantly
mutated genes were detected: BAP1, NF2, TP53, SETD2, DDX3X, ULK2, RYR2,
CFAP45, SETDB1 and DDX51. Integrated analysis revealed alterations in the
Hippo, mTOR, histone methylation, RNA helicase and p53 signaling pathways.
Until today, this study remains the only one investigating a large set of paired
samples using next-generation sequencing techniques.
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In an attempt to contribute to the unraveling of the MPM genetic background, we
investigated the exome of 21 MPMs and paired normal samples. However, we are
convinced that large patient groups are necessary to obtain a complete picture of
the genetic landscape of MPM. Hence, in the future, we aim to perform a metaanalysis combining our in-house exome data, with the obtained exome data of 99
paired samples from the study by Bueno et al. [7] and paired exome data from 83
MPM patients available through ‘The Cancer Genome Atlas’ (TCGA, [8]).

MATERIALS AND METHODS
Patient samples collection and preparation
Paired frozen tumor and normal samples from 21 MPM patients were obtained
from Biobank@UZA (Antwerp, Belgium; ID: BE71030031000); Belgian Virtual
Tumorbank funded by the National Cancer Plan and from the Erasmus MC Tissue
Bank (Rotterdam, The Netherlands). This study was conducted with the approval
of the ethical committee of the Antwerp University Hospital and the University of
Antwerp (Reference numbers 14/8/73 & 16/23/248). Patient characteristics are
summarized in Table 1. Non-tumor material consisted of cryopreserved blood
lymphocytes, collected before or after surgery. When matched blood samples were
not available, healthy lung or pleura tissue, removed during resection, was used.
All tissue samples were collected in the operating room, snap-frozen in liquid
nitrogen and stored at -80°C. Diagnosis and tumor content were confirmed by
histological examination of hematoxylin-eosin-stained 5 μm-sections. Tumor
percentages ranged between 60 and 90%. DNA was extracted from fifteen 10 μmsections per tissue sample and from each of the blood samples using the ‘QIAamp
DNA Mini Kit’ (Qiagen, Hilden, Germany), according to the manufacturer’s
protocol.
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Gender

Age at
diagnosis

History of
Chemotherapeutic
Time to death
Vital
asbestos
Histologic diagnosis
treatment prior to
or last followstatus
exposure
sample collection
up (days)
P1
M
60
Yes
Epithelioid
No
1492
Alive
P2
M
68
Yes
Epithelioid
No
720
Dead
P3
M
58
NA
Epithelioid
No
1014
Dead
P4
F
60
Yes
Epithelioid
No
933
Dead
P5
M
60
Yes
Epithelioid
No
389
Dead
P6
M
73
Yes
Epithelioid
No
428
Dead
P7
M
85
NA
Epithelioid/Desmoplastic
No
243
Dead
P8
M
55
Yes
Epithelioid
No
394
Dead
P9
M
53
NA
Biphasic
No
462
Dead
P10*
M
60
NA
Epithelioid
No
47
Dead
P11
M
64
Yes
Epithelioid
Yes
1292
Alive
P12
M
70
NA
Epithelioid
Yes
797
Alive
P13
M
73
Yes
Epithelioid
Yes
684
Dead
P14
M
62
Yes
Epithelioid
Yes
858
Dead
P15
M
59
Yes
Epithelioid
Yes
1532
Dead
P16
M
59
NA
Epithelioid
Yes
1405
Dead
P17
M
62
NA
Epithelioid
Yes
1286
Dead
P18
M
67
Yes
Epithelioid
Yes
908
Dead
P19*
M
66
NA
Biphasic
Yes
191
Dead
P20
M
63
NA
Epithelioid
Yes
636
Dead
P21
F
58
Yes
Epithelioid
Yes
1081
Alive
*Because date of diagnosis was unknown, age at diagnosis and time to death were determined based on the date of sample collection.
F, female; M, male.

Table 1. Patient characteristics.

WES analysis
Whole exome sequencing and data analysis
Using a Covaris instrument (Covaris, Woburn, MA, USA), the isolated DNA was
fragmented to an average size of 180 to 220 bp. Hereafter, sequencing libraries
were generated using the ‘KAPA Library Preparation Kit’ (Roche, Basel,
Switzerland) and the exome was enriched by means of the ‘SeqCap EZ Human
Exome Kit v3.0’ (Roche), both according to the manufacturer’s instructions.
Sequencing was performed on an ‘Illumina HiSeq 1500 platform’ (Illumina, San
Diego, CA, USA) in high output mode, generating 2 x 100 bp paired-end reads. An
average target base coverage of 90x was achieved for the tumor samples and an
average target base coverage of 58x for the matched normal samples. Raw
sequencing reads were analyzed using an in-house developed analysis pipeline to
check for the presence of tumor-specific variants. Briefly, sequencing reads were
trimmed and mapped to the UCSC human genome (GRCh37/hg19) using BWAMem v0.7.4. Duplicate reads were removed and after realignment (GATK v2.8.1),
final BAM-files were generated. Tumor-specific variants were called using the
somatic variant caller MuTect2 [9] and filtered based on quality and occurrence
information using VariantDB [10]. Based on the output from MuTect2, a mutation
burden analysis was performed, identifying the genes that are most frequently
affected by nonsynonymous mutations in our sample set. Variants within these
genes were visually inspected using Integrative Genomics Viewer (IGV) [11] and a
selection of the most interesting variants was validated in both tumor and germline
DNA using Sanger sequencing on an ABI 3130xl sequencer (Applied Biosystems,
Foster City, CA, USA). Sequencing data was analyzed using CLC DNA Workbench
v5 software (Qiagen Bioinformatics).

RESULTS
An exome-wide picture of the MPM mutational profile
Analysis of the whole exome data obtained by sequencing paired tumor and
normal samples from 21 MPM patients, led to the identification of a total of 1289
protein-altering somatic alterations. These included 46 splice site, 1051 missense
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and 97 nonsense mutations, 10 in frame and 15 frameshift insertions, 31 in frame
and 39 frameshift deletions (Supplementary Table 1). This corresponded to an
average of 61 ± 31 (mean ± standard deviation) protein-altering tumor-specific
mutations per MPM. It should however be noted that this average is slightly
increased by one MPM exhibiting a remarkably higher number of protein-altering
somatic alterations. Whereas in this MPM 179 somatic mutations could be detected,
the number of mutations identified in all other MPMs ranged between 28 and 98.
Analysis of the exome data for transitions (C>T, T>C) and transversions (C>A,
C>G, T>A, T>G), showed that transversions occurred somewhat more frequent in
our sample set, and that the mutational spectrum was dominated by C>A
transversions.

Frequently mutated genes in the MPM cohort
A mutation burden analysis on the protein-altering tumor-specific mutations,
called by MuTect2, revealed several genes that are recurrently mutated in our
sample set (Supplementary Table 2). An overview of the genes mutated in at least
three patients can be found in Figure 1.

Figure 1. Graphical representation of the number and type of tumor-specific
variants found in genes altered in at least three out of 21 MPMs, investigated using
whole exome sequencing.
MPM, malignant pleural mesothelioma.
130

WES analysis
Confirming previous reports, the tumor suppressor genes NF2 and BAP1 ranked at
the top of the mutation burden output, being the two genes with the highest
frequency of nonsynonymous tumor-specific mutations in our patient cohort.
Whereas NF2 was found to be mutated in 29% (6 out of 21) of MPMs,
nonsynonymous mutations in BAP1 were detected in 24% (5 out of 21) of MPMs
(Table 2). Both genes harbored frameshift deletions, splice site and nonsense
mutations. MPMs of patients 2 and 7 showed both an NF2 and BAP1 mutation. In
some patients, the mutation in NF2 or BAP1 was accompanied by a copy number
loss of the according chromosomal region, as assessed by low-pass whole genome
sequencing in a previous study (Table 2) [12]. All BAP1 and NF2 mutations, of
which the allelic fractions were high enough to be picked up by Sanger validation,
were found to be present in tumor DNA and absent in germline DNA. The BAP1
frameshift deletion in patient 7 could not be validated due to a lack of sufficient
tumor DNA, but was absent in corresponding germline DNA.
Next to BAP1, the genes HYDIN and RIOK1 were also mutated in five out of 21
MPMs in our cohort. Both of these genes have been shown to carry somatic
mutations in cancer [13]. Strikingly, all five patients harbored the exact same in
frame deletion in RIOK1. This deletion had been assigned a COSMIC ID
(COSM5271036) and was previously detected in malignant melanoma [14]. Of the
genes mutated in at least three MPMs, the only one listed as a ‘Cancer census gene’
is BCLAF1 [15]. The ‘Cancer census genes’ are genes with substantial published
evidence in oncology. This list is regularly updated by the COSMIC team and can
be found on their website [15].
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chr22:30035202

chr22:30077418

chr22:30057302

chr22:30032738

chr22:30077462

chr22:30069354

chr3:52436684

chr3:52439898

chr3:52437888

chr3:52442488

chr3:52443729

NF2

NF2

NF2

NF2

NF2

NF2

BAP1

BAP1

BAP1

BAP1

BAP1

C>G

A>C
Splice site*

Splice site

Frameshift
deletion

TCCCTGTTCCCT
TCCCC > T

0.34

0.07

0.44

0.10

0.28

Frameshift
deletion*
Nonsense*

0.35

0.36

0.08

0.47

0.23

0.08

Allelic
fraction
WES

Nonsense*

Nonsense*

Splice site

G>A

CATCA > C

C>T

G>T

A>C

Nonsense*

Frameshift
deletion*

TTGCCGGCAGA
G>T

C>T

Splice site

Variant type

G>A

Reference >
Alternative allele

*Variants were validated by Sanger sequencing.

Chromosome
position

Gene
symbol

Copy number loss

Normal

Copy number loss

Normal

Copy number loss

Normal

Copy number loss

Copy number loss

Copy number loss

Copy number loss

Normal

Copy number of
the chromosomal
region

Table 2. Tumor-specific BAP1 and NF2 variants identified in patient cohort.
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DISCUSSION
Despite recent efforts, the genetic background of MPM remains incompletely
known. With this study, we aimed to contribute to the unraveling of the MPM
genetic landscape, starting by investigating the exome of paired tumor and normal
samples of 21 MPM patients. This whole exome sequencing experiment fits in a
larger project, in which we aim to perform a genetic meta-analysis. By combining
our in-house exome data with data from the study by Bueno et al. [7] and from
TCGA [8], we will be able to investigate the largest MPM cohort so far, being 203
paired whole exome samples. This overall analysis however, is quite challenging as
there are some differences between each of the data sets. For example, whereas the
‘SeqCap EZ Human Exome Kit’ (Roche) was used for in-house exome enrichment,
the ‘SureSelect Human All Exome Kit’ (Agilent) was used in the study by Bueno et
al. [7]. Furthermore, the study by Bueno et al. provided unaligned data, whereas
TCGA provided aligned data. Finally, also coverage between data sets is different.
The coverage from the in-house data and the data from the study by Bueno et al. is
comparable. Whereas we achieved an average target base coverage of 90x for the
tumor samples and 58x for the matched normal samples, Bueno et al. achieved a
targeted mean coverage of 88x. However, the coverage of the TCGA data set is said
to be much lower (on average about 30x). As we want to take into account these
differences, the meta-analysis is still a ‘work in progress’. However, we were able
to make some first comparisons between our data and (whole and targeted) exome
data from the study by Bueno et al. [7].
In analogy with the data obtained by Bueno et al., both NF2 and BAP1 were among
the genes most frequently mutated in our sample cohort (Figure 1 and Table 2).
Whereas NF2 was found to be mutated in 29% (6/21) of samples in our in-house
sample set, Bueno et al. reported NF2 mutations in 19% (38/202) of MPMs.
Mutations in BAP1 were identified in 24% (5/21) of in-house samples and 23%
(46/202) of samples in the cohort investigated by Bueno et al. [7].
Next to NF2 and BAP1, Bueno et al. reported TP53, SETD2, DDX3X, ULK2, RYR2,
CFAP45, SETDB1 and DDX51 to be significantly mutated in their patient cohort [7].
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Although none of these genes were recurrently mutated in our sample set, a
frameshift deletion in SETD2, a missense mutation in RYR2 and a frameshift
insertion in SETDB1 were identified. The role of RYR2, a calcium channel
component, in cancer is unclear [16]. In contrast, mutations in SETD2 and SETDB1,
genes encoding members of the SET domain family containing histone
methyltransferases, were previously found in several cancer types [17].
In our sample set, HYDIN, RIOK1, KRTAP10-6, MACF1, PLIN4 and ZNF717 were
the most recurrently mutated genes, next to NF2 and BAP1 (each in at least four
MPMs, Figure 1). Of interest, RIOK1 was previously found to promote cell cycle
progression. Knockdown of RIOK1 in different cancer cell lines, impaired
proliferation and invasiveness, mainly in RAS mutant cancer cells [18]. The exact
effect of the identified in frame deletion in MPM however, remains to be
elucidated. Missense mutations in MACF1, encoding a microtubule-actin
crosslinking factor, and ZNF717, encoding a zinc finger, were also found in the
sample set investigated by Bueno et al. [7]. The ‘Cancer census gene’ BCLAF1,
mutated in three MPMs, encodes a transcriptional repressor interacting with
several members of the BCL2 protein family. Overexpression of BCLAF1 is usually
found to induce apoptosis. A BCLAF1 protein isoform with inclusion of alternative
exon5a however, seemed to increase the tumorigenic potential in colorectal cancer
samples [19].
A final striking difference between both sample sets is the mutational spectrum.
Whereas the mutational spectrum in the data set of Bueno et al. was dominated by
C>T transitions, the spectrum in the in-house sample set was dominated by C>A
transversions. C>T transitions were the second most common. A mutational
spectrum dominated by C>T transitions at NpCpG trinucleotides is indicative of
an elevated deamination rate of 5-methylcytosine to thymine in CpG islands. A
mutational signature dominated by C>A transversions in contrast, is found to be
indicative of cigarette smoking. This latter signature has already been described in
several cancer types, including head and neck, liver, lung and esophageal cancer
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[7, 13]. Although about half of the patients in our patient cohort were former
smokers, this warrants further investigation.
In conclusion, this study aimed to contribute to the unraveling of the MPM genetic
landscape by performing whole exome sequencing on paired samples from 21
MPM patients. Besides the identification of genes previously reported to be
mutated in MPM, other genes were found to be recurrently altered. Some of these
were also found in a large study performed by Bueno et al. [7].
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P1
P2
P3
P4
P5
P6
P7
P8
P9
P10
P11
P12
P13
P14
P15
P16
P17
P18
P19
P20
P21
Total

Splice site
mutation
0
4
1
3
1
2
2
3
1
2
3
5
2
3
1
7
0
4
0
1
1
46

Missense
mutation
23
62
44
43
43
60
61
48
50
31
46
33
40
43
29
155
26
57
48
35
74
1051

Nonsense
mutation
1
8
4
3
5
4
5
6
1
3
8
4
3
5
5
8
3
3
2
6
10
97

In frame
insertion
1
0
0
1
1
0
0
0
0
0
1
0
0
0
2
0
1
1
0
0
2
10

Supplementary Table 1. MPM mutational profile.

SUPPLEMENTARY MATERIAL
In frame
deletion
0
1
1
1
2
1
2
2
2
2
2
0
0
2
2
4
1
0
1
2
3
31

Frameshift
insertion
2
0
0
0
1
1
0
0
0
0
1
0
2
2
0
1
0
1
1
0
3
15

Frameshift
deletion
1
3
1
1
2
4
3
1
1
0
1
1
2
1
0
4
3
1
1
3
5
39
28
78
51
52
55
72
73
60
55
38
62
43
49
56
39
179
34
67
53
47
98
1289

Total
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ABSTRACT
Objectives: Patients diagnosed with malignant pleural mesothelioma (MPM) face
a poor prognosis, with an overall survival plateauing at a median of one year. This
can be explained by difficulties in early diagnosis, effective treatment and
treatment monitoring. Circulating cell-free tumor DNA (ctDNA) is emerging as an
interesting biomarker addressing some of these issues. So far, the development of
ctDNA in MPM lags behind that in other tumors. In this study, the possibility of
tracing tumor-specific genetic variants, identified in MPM tissue, in circulating
DNA of the corresponding patients is investigated.
Materials and Methods: Whole exome sequencing was performed on paired
tumor and germline DNA of ten MPM patients, of which five were treatment
naïve. For each patient, a tumor-specific variant was selected and traced in tumor,
germline and circulating DNA using droplet digital PCR in two independent runs.
Results: All but one tumor-specific variants, selected after whole exome
sequencing, were validated on primary tumor tissue using droplet digital PCR
analysis. Patient-specific, selected variants could be detected in circulating DNA of
three MPM patients, either in one or both independent droplet digital PCR runs.
Mutated fractions in circulating DNA ranged from 0.28 to 0.9%. Interestingly, all
patients whose circulating DNA samples contained tumor-specific variants, were
treatment naïve.
Conclusion: We demonstrated for the first time the presence of ctDNA within
circulating DNA of treatment naïve MPM patients. This finding opens perspectives
towards the use of ctDNA as a biomarker for (early and differential) diagnosis,
treatment and treatment monitoring of MPM, which all remain challenging.
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INTRODUCTION
Malignant pleural mesothelioma (MPM) is a rare and aggressive cancer, which is
often causally associated with asbestos exposure. Given the long latency period
between asbestos exposure and MPM development and because asbestos is still
being used in some countries, MPM will remain a global health issue for decades
to come [1]. Although improvements in outcome have been observed with the
advent of -palliative- chemotherapy, overall survival of patients plateaus at a
median of one year [2]. Amongst others, this dismal prognosis can be attributed to
difficulties in (early) diagnosis, lack of effective treatment and treatment
monitoring.
In oncology, the potential of using circulating cell-free tumor DNA (ctDNA) as a
sensitive biomarker to address some of these issues, is being investigated. CtDNA,
originating from apoptosis and necrosis of, and potentially active release by tumor
cells, can be detected in the blood of cancer patients and is thought to reflect the
genetic alterations present in the tumor tissue. As such, it allows easy, minimally
invasive and repeated access to tumor DNA and reflects the whole tumor burden
instead of a non-representative tumor part [3]. However, as ctDNA is present in a
large background of normal circulating DNA, it requires highly sensitive
techniques to be detected. Nevertheless, in several cancer types, the existence of
tumor-specific mutations in the blood of patients was already reported [4]. So far,
most studies investigating circulating nucleic acids in MPM focused on the
analysis of promotor methylation of a set of genes, or the expression of certain
miRNAs. Doing so, these studies tried to find correlations with prognosis or to
differentiate MPM patients from other groups [5]. However, there are no reports
on investigations of tumor-specific genetic variants in circulating cell-free DNA
(cfDNA) of MPM patients, leaving its development in its infancy.
In this study, whole exome sequencing (WES) was performed on paired tumor and
germline DNA of ten MPM patients. For each of these patients, a tumor-specific
alteration was selected and traced in cfDNA. As such, this study aims to boost
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further research on ctDNA in MPM, as we are convinced that it has potential to be
used as a sensitive biomarker, addressing some of the key issues in MPM.

MATERIALS AND METHODS
Patient samples collection and preparation
Frozen tumor, buffy coat and plasma samples from ten MPM patients (of which
five were treatment naïve at the moment of sampling) were provided by
Biobank@UZA

(Antwerp,

Belgium;

ID:

BE71030031000);

Belgian

Virtual

Tumorbank funded by the National Cancer Plan. This study was conducted with
the approval of the ethical committee of the Antwerp University Hospital and the
University of Antwerp (Reference number 16/23/248). All tissue samples were
collected in the operating room, snap-frozen in liquid nitrogen and stored at -80°C.
Diagnosis and tumor content were confirmed by histological examination of
hematoxylin-eosin-stained sections. Tumor percentages ranged between 80 and
90%. Blood sampling and fractioning (to obtain buffy coat and plasma samples)
were performed on the same day as tissue sampling. DNA was extracted from the
buffy coat samples and from fifteen 10 μm-sections per tumor sample using the
‘QIAamp DNA Mini Kit’ (Qiagen, Hilden, Germany). CfDNA was isolated from 2
to 4 ml of plasma using the ‘Maxwell RSC LV ccfDNA Custom Kit’ (Promega,
Madison, WI,

USA), according to

the

manufacturer’s protocol. Patient

characteristics are summarized in Supplementary Table 1.

Identification of tumor-specific genetic variants using WES
WES was performed on paired tumor and buffy coat samples from ten MPM
patients. For this, the isolated DNA was fragmented using a Covaris instrument
(Covaris, Woburn, MA, USA) after which sequencing libraries were generated
using the ‘KAPA Library Preparation Kit’ (Roche, Basel, Switzerland). The exome
was enriched by means of the ‘SeqCap EZ Human Exome Kit v3.0’ (Roche).
Sequencing was performed on an ‘Illumina HiSeq 1500 platform’ (Illumina, San
Diego, CA, USA) in high output mode, generating 2 x 100 bp paired-end reads. An
149

Chapter 5
average target base coverage of 92x was achieved for the tumor samples and an
average target base coverage of 64x for the buffy coat samples. Raw sequencing
reads were analyzed using an in-house developed pipeline to check for the
presence of tumor-specific variants. Briefly, sequencing reads were trimmed and
mapped to the UCSC human genome (GRCh37/hg19) using BWA-Mem v0.7.4.
Duplicate reads were removed and after realignment (GATK v2.8.1), final BAMfiles were generated. Tumor-specific variants were called using the somatic variant
callers MuTect2 and VarScan2 and filtered using VariantDB [6].
One variant per patient was selected and subsequently validated in both tumor
and germline DNA. Criteria for variant selection were: (1) variants had to be single
nucleotide variants (SNVs) and (2) preferably located in genes previously
associated with MPM or in ‘Cancer census genes’. Validations were performed
using Sanger sequencing or double mismatch allele-specific PCR (depending on
the allelic fraction, Supplementary Table 2). Primers for double mismatch allelespecific PCR were designed using the online tool PrimerXL (www.primerxl.org,
[7]). From two patients (patients 5 and 10), not enough of the originally isolated
tumor DNA was available for validations. Hence, validations were performed on
DNA that was isolated from a new set of frozen tumor sections of the original
sample. Sequencing data was analyzed using CLC DNA Workbench v5 software
(Qiagen Bioinformatics).

Tracing tumor-specific variants in cfDNA using droplet digital PCR
To enable the detection of selected tumor-specific variants in the isolated cfDNA,
the QX200 Droplet Digital PCR system (ddPCR; Bio-Rad, Hercules, CA, USA) was
used. As no validated ddPCR mutation assays were available for the selected
variants, new assays were designed (www.bio-rad.com). CfDNA, corresponding
tumor and germline (isolated from buffy coat) DNA were each analyzed twice, in
two independent ddPCR runs. Individual ddPCR mixtures contained 10 µl of
ddPCR Supermix for Probes (No dUTP; Bio-Rad), 1 µl of ddPCR Mutation Assay
(Bio-Rad) and target DNA (and H2O) to obtain a final reaction volume of 20 µl. As
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target DNA, either 9 µl of cfDNA was added or 1 µl of tumor or germline DNA
(with a concentration of 20 ng/µl). Each 20 µl reaction and 65 µl of Droplet
Generation Oil for Probes (Bio-Rad) per reaction were loaded into separate wells of
a DG8 Cartridge (Bio-Rad). Droplets were generated on the QX200 Droplet
Generator (Bio-Rad), after which 40 µl of the resulting droplets were transferred
into a 96-well plate, before being thermal cycled on a Veriti 96-well Thermal Cycler
(Applied Biosystems, Foster City, CA, USA) using the following program: 10
minutes at 95°C, 40 cycles of 94°C for 30 seconds and 55°C for 1 minute, followed
by 98°C for 10 minutes and cooling to 4°C. After completion, droplets were
analyzed using the QX200 Droplet Reader (Bio-Rad). Data were analyzed using
QuantaSoft version 1.7.4.0917, which uses the number of positive and negative
droplets to calculate the fraction of mutated DNA.

RESULTS
Tumor-specific genetic variants are detected in MPM tissue samples
Analysis of the paired WES data led to the identification of tumor-specific SNVs,
insertions and deletions. Confirming previous studies, BAP1 and NF2 were found
to be frequently mutated in our patient cohort, with mutations detected in 50% and
30% of MPMs respectively (Supplementary Table 3) [8].
For each patient, the list of tumor-specific variants was filtered in order to obtain
interesting candidates to be detected in the cfDNA of the corresponding patients.
For all patients, variants meeting the predetermined criteria (cfr. Materials and
Methods) could be identified, except for patient 3, for whom a variant in a non‘Cancer census gene’ had to be selected (Supplementary Table 4). All tumorspecific variants, except for the selected NF2 variant of patient 5, were validated
using Sanger sequencing or double mismatch allele-specific PCR. Of note, the NF2
variant of patient 5 was validated on DNA, isolated from a different set of tumor
sections than the ones which were used for WES.
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Tumor-specific variants can be detected in cfDNA of treatment naïve MPM
patients
DdPCR was used to investigate whether variants, detected in tumor tissue, could
also be detected in cfDNA of the corresponding patients. DdPCR mutation assays
were performed on cfDNA, tumor and germline DNA, and a no template control.
All samples belonging to one patient were analyzed in one run, and afterwards
repeated in an independent run. Mimicking the results of previous validations, all
selected variants, except for the NF2 variant of patient 5, could be confirmed in
primary tumor DNA and were absent in germline DNA (Supplementary Table 5).
Of note, the mutated fraction of the tumor DNA, as determined by ddPCR
analysis, closely resembled the one defined by WES (Supplementary Table 4).
Selected tumor-specific mutations were detected in cfDNA samples from three
MPM patients (Table 1). The selected NF2 variant of patient 1 was clearly visible in
the corresponding cfDNA sample in both independent analyses (Graphical output
of first analysis in Figure 1). Selected variants from patients 2 and 3 were detected
in only one of two analyses. Whereas the cfDNA sample of patient 1 had a mutated
fraction of 0.8 and 0.9% (in the first and second run, respectively), the mutated
fraction of the cfDNA samples of patients 2 and 3 was 0.28 and 0.33%, respectively.
Of note, despite comparable tumor content as assessed by histological examination
(between 80 and 90%), also the mutated fraction of the tumor DNA of patients 2
and 3 was much lower compared to the one of patient 1 (Patient 1: 44.6 & 42.7%;
Patient 2: 12.9 & 13.4% and Patient 3: 9.9 & 10.6%). Interestingly, all patients whose
cfDNA samples contained mutant sequences, were untreated patients. No variants
could be detected in any of the cfDNA samples of patients that received
chemotherapeutic treatment before sample collection. The absence of a detectable
variant in the cfDNA sample of patient 5 mimicked the absence of the variant in
his tumor sample.
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Gene
symbol

Run 1
Run 2
# positive
# positive
Fractional
Fractional
Patient
# accepted
# accepted
droplets
droplets
abundance
abundance
droplets
droplets
mtDNA (%)
mtDNA (%)
MT
WT
MT
WT
NF2
1
16756
9
1091
0.8
18755
12
1314
0.9
BAP1
2
13559
0
372
/
13293
1
353
0.28
SLC6A1
3
14306
2
599
0.33
15715
0
647
/
NF2
4
21186
0
812
/
20486
0
737
/
NF2
5
19038
0
1331
/
17859
0
1266
/
TCF7L2
6
15939
0
747
/
16073
0
779
/
MAP3K1
7
16398
0
550
/
19875
0
626
/
BAP1
8
14916
0
1089
/
16544
0
1133
/
KIF5B
9
14925
0
1719
/
2793
0
288
/
BAP1
10
19235
0
584
/
19065
0
583
/
ddPCR, droplet digital PCR; cfDNA, circulating cell-free DNA; MT, mutant; WT, wildtype; mtDNA, mutated DNA.

Table 1. Results ddPCR analysis cfDNA.
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Figure 1. Representative two-dimensional scatter plots for NF2 variant detection in
germline (A), tumor (B) and cfDNA (C) of patient 1. The NF2 variant is labelled
with FAM (Channel 1, y-axis, blue data points), whereas wildtype DNA is labelled
with HEX (Channel 2, x-axis, green data points). Black data points represent empty
droplets. The NF2 variant was not detected in germline DNA (A), but was present
in tumor (B) and cfDNA (C).
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DISCUSSION
Circulating nucleic acids are rapidly emerging as sensitive biomarkers in oncology,
addressing issues ranging from diagnosing patients to monitoring treatment and
predicting prognosis. To date, the study of circulating nucleic acids in MPM lags
behind that in other tumor types and is limited to the detection of epigenetic
changes [5]. Reports focusing on the possibility to detect tumor-specific genetic
variants in cfDNA of MPM patients are, to the best of our knowledge, not
available. Hence, in this study, results from a WES analysis were used to select
tumor-specific variants that were subsequently used as candidates to be detected
in a cfDNA sample of the corresponding patients.
Variants selected using this strategy were detected in cfDNA of three out of ten
MPM patients, with allelic fractions ranging from 0.28 to 0.9%. Interestingly, these
three patients were all treatment naïve before sample collection, leading to a
ctDNA detection rate of 60% (three out of five) in the untreated MPM patients of
our cohort. The mutated fractions detected in the cfDNA samples were rather low,
but were in line with the ones detected in tumor DNA. The lack of detectable
tumor-specific variants in cfDNA of patients that received chemotherapeutic
treatment before sample collection is not surprising. These patients received three
to four cycles of a combination of cisplatin or carboplatin with pemetrexed, starting
approximately two to six months before sample collection by pleurectomy. In these
patients, chemotherapeutic treatment resulted in either a partial response or stable
disease. Also in other tumor types, correlations between ctDNA levels and tumor
response to chemotherapeutic treatment have been described [3]. This is
particularly interesting in view of the potential use of ctDNA as a biomarker for
treatment monitoring. Due to the unique growth pattern of MPM, the image-based
assessment of treatment response, obtained according to the modified RECIST
(Response Evaluation Criteria in Solid Tumors) guidelines, remains sub-optimal
[9]. Hence, a biomarker complementing standard image-based response
monitoring is urgently needed. It should however be noted that there still is
insufficient solid evidence regarding the clinical validity and utility of the use of
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ctDNA as a biomarker for monitoring treatment response, as this requires more
prospective studies on large patient groups [3].
In conclusion, this study provided proof of concept for the presence of ctDNA in
blood of treatment naïve MPM patients by the detection of somatic variants that
where identified by analysis of a tumor sample. As ctDNA is increasingly being
investigated as a biomarker for various purposes, this opens perspectives towards
its use in MPM.
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F

M

M

M

M

M

F

M

M

1

2

3

4

5

6

7

8

9

10

F, female; M, male.

Gender

Patient

67

70

58

73

64

85

68

55

60

73

Age at
diagnosis

Yes

NA

Yes

Yes

Yes

NA

Yes

Yes

Yes

Yes

History of
asbestos
exposure

Epithelioid

Epithelioid

Epithelioid

Epithelioid

Yes

Yes

Yes

Yes

Yes

No

Epithelioid/
Desmoplastic
Epithelioid

No

No

No

No

Chemotherapeutic
treatment prior to
sample collection

Epithelioid

Epithelioid

Epithelioid

Epithelioid

Histologic
diagnosis

Supplementary Table 1. Patient characteristics.

SUPPLEMENTARY MATERIAL

29.8

26.2

35.5

22.5

42.4

8.0

23.7

12.9

30.7

14.1

Time to death
or last followup (months)

Dead

Alive

Alive

Dead

Alive

Dead

Dead

Dead

Dead

Dead

Vital
status

160

chr22:30057302

chr3:52439898

chr3:11064140

chr22:30035202

chr22:30032738

NF2

BAP1

SLC6A1

NF2

NF2

1

2

3

4

5

A>C

G>A

G>T

G>A

C>T

Reference >
Alternative
allele

Failed

SS

DMAS

DMAS

SS

Validation
method
F: TGTGTGCCAGATTCTTTGGA
R: CGAAAATCAACAACCACACC
F: CCTGTTTGCTTCCAGCACCA
R: AGTAACACAGCCAGAGCTGCTT[C/T]
F: ACTGTTTGACCAGGCGCAAC
R: CCTTACCTTTCCAGTCCCGC[C/A]
F: CACAACTTTCAGGAAATGTGATAAA
R: TACAGAACCAAAGGGGCTGA

Forward/Reverse primersa

6

TCF7L2

chr10:114925314

G>C

SS

F: CAGCTTGGGTGTGAGCATTA
R: CCACATGGCACAAAATTAAGA
F: AATTCAGCCTCTAGAACTCTTCAT
MAP3K1 chr5:56161759
7
A>G
SS
R: TTTTAACTTGAAAGCCAAGATTCA
F: AGGCTGCTGCTTTCTGTGAG
BAP1
8
chr3:52443729
C>G
SS
R: GCCCGTTGTCTGTGTGTG
F: ACAGCAAGTTCTTCTAGGGCCTG
KIF5B
9
chr10:32320140
T>C
DMAS
R: GCTGAATCGCCTTCAAGCAGCAA[A/G]
F: ACAAAGCACAGAGTCCAGAAG[A/C]
BAP1
10
chr3:52442488
A>C
DMAS
R: TCCCGGCGAAAGGTCTCTAC
aMismatches and allele-specific nucleotides in primers for DMAS PCR are marked bold and underlined.
DMAS, double mismatch allele-specific PCR; SS, Sanger sequencing.

Chromosome
position

Gene
symbol

Patient

Supplementary Table 2. Primer sequences for DMAS PCR and Sanger validation.
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Supplementary Table 3. Tumor-specific BAP1 and NF2 variants identified in
patient cohort.
Gene
symbol
BAP1
BAP1
BAP1
BAP1
BAP1
NF2
NF2
NF2

Chromosome
position
chr3:52439898
chr3:52436684
chr3:52437888
chr3:52443729
chr3:52442488
chr22:30057302
chr22:30035202
chr22:30032738

Reference > Alternative
allele
G>A
CATCA > C
TCCCTGTTCCCTTCCCC > T
C>G
A>C
C>T
G>A
A>C

Variant type

Patient

Stopgain
Frameshift deletion
Frameshift deletion
Splicing
Splicing
Stopgain
Splicing
Splicing

2
4
5
8
10
1
4
5

Supplementary Table 4. Selected tumor-specific variants.
Reference >
Allelic
Average
Alternative
fraction
allelic fraction
allele
WES
ddPCRa
NF2
1
chr22:30057302
C>T
0.47
0.44
BAP1
2
chr3:52439898
G>A
0.10
0.13
SLC6A1
3
chr3:11064140
G>T
0.17
0.10
NF2
4
chr22:30035202
G>A
0.08
0.07
NF2
5
chr22:30032738
A>C
0.08
/
TCF7L2
6
chr10:114925314
G>C
0.33
0.30
MAP3K1
7
chr5:56161759
A>G
0.38
0.40
BAP1
8
chr3:52443729
C>G
0.34
0.32
KIF5B
9
chr10:32320140
T>C
0.16
0.13
BAP1
10
chr3:52442488
A>C
0.07
0.08
aThe average of the mutated fractions of the tumor DNA, as determined in both ddPCR
runs, was calculated.
WES, whole exome sequencing; ddPCR, droplet digital PCR.
Patient

Gene
symbol

Chromosome
position

161

162

Gene
symbol

Run 1
# positive
Fractional
Patient
# accepted
# accepted
droplets
abundance
droplets
droplets
mtDNA (%)
MT
WT
NF2
1
16303
332
412
44.6
19293
BAP1
2
14052
363
2277
12.9
9273
SLC6A1
3
13947
329
2736
9.9
17247
NF2
4
19846
263
3222
7.0
18308
NF2
5
17950
0
2340
/
15744
TCF7L2
6
15788
811
1798
30.4
15162
MAP3K1
7
13722
660
965
40.3
19243
BAP1
8
16599
1038
2073
32.6
19209
KIF5B
9
15991
568
3185
14.0
10333
BAP1
10
19333
222
2476
7.8
4842
ddPCR, droplet digital PCR; MT, mutant; WT, wildtype; mtDNA, mutated DNA.

Supplementary Table 5. Results ddPCR analysis tumor DNA.
Run 2
# positive
droplets
MT
WT
379
506
238
1432
449
3445
231
2846
0
2051
762
1765
1016
1468
1158
2431
314
1979
39
471
Fractional
abundance
mtDNA (%)
42.7
13.4
10.6
7.0
/
29.4
40.6
31.5
12.7
7.3
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MPM family
ABSTRACT
Familial clustering of malignant mesothelioma (MM) has been linked to the
presence of germline mutations in BAP1. However, families with multiple MM
patients, without segregating BAP1 mutation were described, suggesting the
existence of other predisposing genetic factors. In this study, we report a
previously undescribed Belgian family, in which BAP1 was found to be absent in
the epithelial malignant mesothelial cells of the index patient. Whole exome
analysis did not reveal a germline or somatic BAP1 variant. Also, no germline or
somatic copy number changes in the BAP1 region could be identified. However,
germline variants, predicted to be damaging, were detected in 11 other ‘Cancer
census genes’ (i.e., MPL, RBM15, TET2, FAT1, HLA-A, EGFR, KMT2C, BRD3,
NOTCH1, RB1 and MYO5A). Of these, the one in RBM15 seems to be the most
interesting given its low minor allele frequency and absence in the germline DNA
of the index patient’s mother. The importance of this ‘Cancer census gene’ in
familial MM clustering needs to be evaluated further. Nevertheless, this study
strengthens the suspicion that, next to germline BAP1 alterations, other genetic
factors might predispose families to the development of MM.
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INTRODUCTION
Malignant mesothelioma (MM) is a rare and aggressive cancer, which is
predominantly caused by exposure to asbestos. Next to its occurrence as a sporadic
cancer, familial clustering in blood-relatives has been described. As the incidence
of MM in these families is higher than expected even after occupational asbestos
exposure (lifetime risk approximately 5-10% [1, 2]), the familial clustering cannot
be explained by a shared asbestos exposure alone. This suggests the existence of a
genetic predisposing factor. To date, a number of reports have described the
inheritance of a germline mutation in the BRCA1-associated protein 1 (BAP1) gene
in families with multiple MM patients [3-6]. BAP1, a tumor suppressor gene
located on chromosome 3p21.1, encodes a nuclear ubiquitin carboxyterminal
hydrolase involved in regulating transcription factors, modifying chromatin and
repairing double-strand DNA breaks [7]. Apart from being associated with MM,
germline mutations in BAP1 have been associated with several other cancer types
(uveal melanoma, cutaneous melanoma, melanocytic skin tumors, renal cell
carcinoma, basal cell carcinoma and others) [3-6, 8-18]. Hence, a hereditary tumor
predisposition syndrome (BAP1-TPDS, OMIM#614327) was defined, which is
characterized by the autosomal dominant inheritance of one or more of these
cancer types within a family. More recently however, familial clustering of MM
was described, which was not linked to the inheritance of a germline BAP1
mutation [19, 20]. This suggests the existence of other predisposing genetic factors,
which, together with an exposure to asbestos, might explain the familial MM
clustering. Besides germline mutations, somatic BAP1 alterations are also reported,
but this both in familial and sporadic MM patients [21]. Other prevalent somatic
alterations were described in the tumor suppressor genes CDKN2A and NF2 [22,
23].
In this study, we aimed to identify the genetic factor underlying the clustering of
MM in a previously undescribed family. As there is a clear association between
familial clustering of MM and the presence of a germline BAP1 alteration, the
mutational status of BAP1 was investigated in detail using several techniques.
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MATERIALS AND METHODS
Sample collection and preparation
Tumor, buffy coat, and peripheral blood samples of the index patient (III-1 in
Figure 1) were available for immunohistochemical and molecular analyses. As all
MM patients, except for the index patient, in this family were deceased, it was
impossible to collect any samples from them. However, after consenting,
peripheral blood samples were collected from four (to date healthy) family
members (II-1, III-4, III-8 and III-9). DNA was extracted from the buffy coat sample
and from fifteen 10 µm-sections of the frozen tumor sample of the index patient
using the ‘QIAamp DNA Mini Kit’ (Qiagen, Hilden, Germany). Isolation of DNA
from the peripheral blood samples of the index patient and his family members
was performed using an in-house optimized protocol.

Immunohistochemical analysis
Immunohistochemical detection of BAP1 in an FFPE tumor tissue sample of the
index patient was performed using a BAP1 antibody (C4; Santa Cruz
Biotechnology, Dallas, TX, USA) and an automated immunostainer (BenchMark,
Ventana Medical Systems, Tucson, AZ, USA). Both nuclear and cytoplasmic
staining were evaluated. Based on the presence or absence of BAP1 nuclear
staining, the tumor tissue was classified as being BAP1 positive or negative.
Normal stromal cells served as positive internal control.

Next-generation sequencing analysis
Whole exome sequencing (WES) and low-pass whole genome sequencing (LPWGS) were performed on the (frozen) tumor and buffy coat sample of the index
patient. In this respect, the isolated genomic DNA was first fragmented using a
Covaris instrument (Covaris, Woburn, MA, USA) after which sequencing libraries
were generated using the ‘KAPA Library Preparation Kit’ (Roche, Basel,
Switzerland).
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For WES, the exome of the samples was further enriched by means of the ‘SeqCap
EZ Human Exome Kit v3.0’ (Roche). Hereafter, sequencing was performed on an
‘Illumina HiSeq 1500 platform’ (Illumina, San Diego, CA, USA) in high output
mode, generating 2 x 100 bp paired-end reads. An average target base coverage of
68x with 96.8% of bases covered more than 10x was achieved for the tumor sample
and an average target base coverage of 56x with 95.6% of bases covered more than
10x was achieved for the buffy coat sample. Raw sequencing reads were analyzed
using an in-house developed analysis pipeline. Briefly, sequencing reads were
trimmed and mapped to the UCSC human genome (GRCh37/hg19) using BWAMem v0.7.4. Duplicate reads were removed and after realignment (GATK v2.8.1),
final BAM-files were generated. Variants were called using GATK, annotated with
ANNOVAR and filtered using VariantDB [24]. Filtering was done for a
combination of criteria to reduce the likelihood of false positive results. Only
frameshift substitutions, nonsynonymous single nucleotide variants (SNVs),
stopgain and stoploss variants with sufficient quality were retained. As the main
goal of this study was to investigate the presence of germline mutations
predisposing this family to MM development, variants present in ‘Cancer census
genes’ (a.o. BAP1) in the buffy coat sample were looked at first. ‘Cancer census
genes’ are genes with substantial published evidence in oncology. This gene list is
regularly updated by the COSMIC team and can be found on their website
(accessed October 30, 2017) [25]. Potentially interesting variants within the
resulting list of variants were identified by considering three main parameters.
First, the outcome of the in silico prediction programs Mutation Taster, PolyPhen-2
and SIFT was assessed [26-28]. Variants predicted to be damaging by at least one of
these programs were selected. Second, only those variants with a ‘highest
population minor allele frequency (MAF)’ (i.e., the highest MAF observed in any
population from 1000 Genomes Phase 3, ESP and ExAC, obtained from Ensembl
genome browser 91 [29]) below 0.01 were further investigated. These variants were
also validated using Sanger sequencing on an ABI 3130xl sequencer (Applied
Biosystems, Foster City, CA, USA) in the germline DNA sample of the index
170

MPM family
patient. Finally, as the MM clustering presents at the paternal side of the family of
the index patient, only those variants absent in a germline DNA sample of the
index patient’s mother were considered to be potentially interesting. The presence
of these variants was further evaluated in germline DNA samples of the other (to
date healthy) family members (III-4, III-8 and III-9). For the selected variants, the
presence of potential ‘second hits’ in the tumor sample was examined both in the
WES and LP-WGS data.
For LP-WGS, sequencing of the sample libraries was also performed on an
‘Illumina HiSeq 1500 platform’ (Illumina) in high output mode, generating 2 x 100
bp paired-end reads. This resulted in an average coverage of 1.16x for the tumor
sample and 1.13x for the buffy coat sample. Sequencing reads were adapter
trimmed and mapped to the UCSC human genome (GRCh37/hg19). The presence
of tumor-specific copy number variations (CNVs) was analyzed using in-house
developed analysis pipelines. The algorithm divides the genome into nonoverlapping 50 kb-bins and counts all mapped sequencing reads for every sample
within each bin. After correction of read counts for local GC-content using lowess
normalization, log2-ratios were calculated. Log2-ratio thresholds of -0.25 and 0.25
were used to identify chromosomal losses and gains, respectively. Doing so, CNVs
specifically in the 50 kb-regions containing the selected ‘Cancer census genes’,
could be assessed.

Multiplex amplicon quantification analysis
To detect and analyze the presence of germline and somatic CNVs in the BAP1
gene

in

more

detail,

multiplex

amplicon

quantification

(MAQ)

assays

(Multiplicom/Agilent, Santa Clara, CA, USA) were performed. These assays
consist of the simultaneous PCR amplification of fluorescently labeled target and
reference amplicons, followed by capillary electrophoresis and fragment analysis
[30]. Prior to the multiplex PCR-based amplification, primers targeting the BAP1
region (chr3:52435020-52444121, GRCh37/hg19) were designed using the ‘MAQ
design tool’ (Supplementary Table 1). Hereafter, the amplification was performed
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according to the manufacturer’s protocol. To assess germline CNVs, 50 ng of DNA
isolated from the peripheral blood samples of the index patient and four selected
family members (II-1, III-4, III-8 and III-9) was used. To assess somatic CNVs, 20 ng
of DNA isolated from the tumor sample of the index patient was used. Unrelated
tumor samples that clearly showed a copy number loss in the BAP1-containing
region using LP-WGS in a previous study, were used as positive control samples
[31]. For accurate normalization, two reference samples with an expected normal
BAP1 copy number were included. Subsequent fragment analysis of the PCR
amplicons was performed on an ABI Prism Genetic Analyzer 3130xl (Applied
Biosystems). Resulting MAQ data was analyzed using the ‘MAQ-S software
package’. Doing so, dosage quotients (DQs), reflecting the copy number of each
target amplicon could be calculated and visualized. DQs between 1.3 and 1.75 were
considered to represent a heterozygous duplication and DQs between 0.25 and 0.75
to represent a heterozygous deletion.

RESULTS
Family description
In 2014, at the age of 60, the index patient (III-1) was diagnosed with malignant
pleural mesothelioma (MPM). After assessing personal and family history of
cancer, a high prevalence of MM and other primary malignancies in his family was
noted (Figure 1). Both the brother (III-2) and uncle (II-5) of the index patient died
from MM (at the age of 47 and 52, respectively). However, whereas patient III-2
died from MPM, patient II-5 died from peritoneal MM. The father of the index
patient died from Hodgkin’s lymphoma at the age of 52 and his cousin died from
esophageal cancer at the age of 53. Asbestos exposure in this family was assessed
and revealed a professional asbestos exposure for family members II-2 and II-5. For
periods of 20 to 25 years, both of them worked in a company recycling jute bags in
which asbestos had been stored. The index patient, his brother (III-2) and two of
his cousins (III-8 and III-9, currently aged 70 and 65) all helped in this company
during the holidays, although some of them more frequently than others. Both the
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mother and grandmother of the index patient were sporadically exposed to
asbestos when repairing torn jute bags.

Figure 1. Pedigree showing a Belgian family with a high prevalence of malignant
mesothelioma and other cancers (Hodgkin’s lymphoma and esophageal cancer).
The index patient is indicated with an arrow. Family members of whom germline
DNA was available, are indicated with an asterisk.
BAP1 analysis
Immunohistochemistry of the tumor sample of the index patient revealed BAP1
negative malignant mesothelial cells. Normal stromal cells in contrast, were found
to be BAP1 positive (Figure 2). Strikingly, WES analysis of the buffy coat sample of
the index patient did not reveal a germline BAP1 variant of any type (e.g.,
frameshift substitutions, (non)synonymous SNVs and variants affecting splicing).
Moreover, no somatic BAP1 variants could be identified. Using MAQ analysis, no
germline copy number changes were visible in the BAP1 region in the peripheral
blood samples of the index patient and four family members. LP-WGS also showed
the absence of somatic CNVs in the BAP1 region, which was confirmed by MAQ
analysis. The copy number loss in the BAP1 region of the unrelated tumor samples
that served as a positive control, was confirmed by MAQ analysis (Supplementary
Figure 1 and Supplementary Tables 2 and 3) [31].
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Figure 2. Immunohistochemical
evaluation of BAP1 presence.
On immunohistochemistry with
antibodies against BAP1, the
nuclei
of
the
epithelial
malignant mesothelial cells
were found to be negative. In
contrast, the nuclei of the
normal stromal cells were
found to be BAP1 positive
(brown). Bar = 100 µm.

‘Cancer census gene’ analysis
As WES analysis of the buffy coat sample of the index patient did not reveal a
germline BAP1 variant, the presence of germline variants in the entire list of
‘Cancer census genes’ was screened to investigate whether variants in other genes
might predispose this family to MM development. Heterozygous germline variants
in 11 ‘Cancer census genes’ (i.e., MPL, RBM15, TET2, FAT1, HLA-A, EGFR, KMT2C,
BRD3, NOTCH1, RB1 and MYO5A) were predicted to be damaging by at least one
out of three used prediction programs (i.e., Mutation Taster, PolyPhen-2 and SIFT,
Table 1). Whereas the variants in RBM15 and KMT2C were stopgain variants, the
others were nonsynonymous SNVs. Variants in FAT1 and EGFR were predicted to
be disease causing or (probably) damaging by all three prediction programs. Only
the variants in RBM15, EGFR and RB1 had a ‘highest population MAF’ below 0.01,
making them the most interesting candidates for potential involvement in the
familial MM clustering (Table 1 and Table 2). The presence of these three variants
in the germline DNA of the index patient was confirmed using Sanger sequencing.
Strikingly, only the variant in RBM15 was absent in the germline DNA of the index
patient’s mother. Variants in EGFR and RB1 were found in her germline DNA
(Figure 3). Of interest, the variant in RBM15 was detected in germline DNA of the
index patient’s brother (III-4), but not in that of his cousins (III-8 and III-9). No
additional somatic RBM15 alterations could be observed in the obtained WES or
LP-WGS data of the tumor sample of the index patient.
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Figure
3.
Pedigree
showing the genotype of
the three variants with a
‘highest population MAF’
below 0.01 in the index
patient and his parents.
Whereas
variants
in
EGFR and RB1 were
found in germline DNA
of the index patient’s
mother, the variant in
RBM15 was not. The
index patient is indicated
with an arrow.
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Table 1. Germline variants, predicted to be damaging, in ‘Cancer census genes’.

177

<0.01

<0.01

rsID

rs2000
31526

rs1489
34350

RBM15

EGFR
0.0005

0.00008

All

0.0007

0.0001

European/
American

MAF NHLBI-ESPa

0.0005

0.00004

All

0.0008

0.00007

MAF ExACa
European/
NonFinnish

0.0004

0.00004
0.0006

0.00008

MAF gnomAD exomesa
European/
All
NonFinnish

RB1

rs1425
<0.01
0.0005
0.0007
0.0006
0.0008
0.0007
0.001
09759
aMAF observed in NHLBI Exome Sequencing Project (NHLBI-ESP) Database [32], Exome Aggregation Consortium (ExAC) database and
Genome Aggregation Database (gnomAD) [33].
MAF, minor allele frequency.

Highest
population
MAF

Gene
symbol

Table 2. MAF reported in different databases of variants with a ‘highest population MAF’ below 0.01.
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DISCUSSION
Familial clustering of MM in blood-relatives has been linked to the presence of
germline mutations in BAP1 [3-6]. However, families with multiple MM patients
were described, in which the inheritance of a BAP1 mutation was not detectable
[19, 20]. Besides, recent studies have shown that genetic factors, other than BAP1,
might also predispose individuals to the development of MM [34-36]. In this
respect, pathogenic germline variants in cancer-predisposing genes were identified
in approximately 10% of MM patients. Strikingly, these patients more often had a
personal or familial history of cancer.
In the family reported here, WES analysis of a buffy coat and tumor sample of the
index patient did not reveal a germline or somatic variant in BAP1. Moreover,
MAQ analysis excluded the presence of germline copy number changes in BAP1,
and LP-WGS and MAQ analysis ruled out somatic CNVs. Despite the fact that
neither a germline, nor a somatic genetic BAP1 alteration could be observed, the
tumor sample of the index patient contained BAP1 negative malignant mesothelial
cells. Hence, this negative nuclear BAP1 expression should be the result of other
mechanisms. Somatic epigenetic silencing by DNA methylation is a quite common
mechanism of tumor suppressor gene inactivation. However, for BAP1, both gene
promoter and gene body methylation were previously found not to be altered in
MM [37].
As all of the family members that were diagnosed with MM have been exposed to
asbestos, asbestos exposure might -at least partly- be involved in the MM
development in this family. However, the high prevalence of MM and other
primary malignancies (Hodgkin’s lymphoma and esophageal cancer) in this family
remains striking and points towards the possible involvement of other
predisposing genetic factors. As such, WES data were searched for the presence of
interesting germline variants in other ‘Cancer census genes’ [25]. In 11 of these
genes, germline variants, predicted to be damaging, were detected (i.e., MPL,
RBM15, TET2, FAT1, HLA-A, EGFR, KMT2C, BRD3, NOTCH1, RB1 and MYO5A).
Strikingly, only the variants in RBM15, EGFR and RB1 had a ‘highest population
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MAF’ below 0.01 (Table 1 and Table 2). If we would hypothesize that, as is the case
in the BAP1-TPDS, only a single gene is responsible for the MM clustering in this
family, we would expect a variant with a low MAF to be involved. As the MM
clustering presents at the paternal side of the family of the index patient, Sanger
sequencing of the three selected variants in a germline DNA sample of the index
patient’s mother gave some interesting additional information. Whereas the
variant in RBM15 was absent in her germline DNA, variants in EGFR and RB1
were found (Figure 3). Of interest, the RBM15 variant was present in germline
DNA of the index patient’s brother. As such, it is highly unlikely that this variant is
a de novo variant, supporting the hypothesis that it was inherited from the paternal
side of the family. In theory, also the EGFR and RB1 variants can still be present in
germline DNA of the index patient’s father. However, given their low MAF (Table
1 and Table 2), this is rather unlikely. This leaves the variant in RBM15 as the most
interesting candidate for a predisposing genetic factor. In this respect, it is worth
noticing that it is possible that the index patient’s brother, who also carries the
variant, is not currently diagnosed with MM because of his younger age (currently
aged 54) or because of his more limited exposure to asbestos. RBM15 (RNAbinding motif protein 15), also known as OTT or OTT1, is a member of the splitend family of proteins. Members of this protein family have a repressor function in
several signaling pathways, may bind to RNA through interaction with
spliceosome components, and may function as mRNA export factor [38]. It was
also suggested that RBM15 might be involved in the development of tissues
derived from mesoderm [39]. Fusion of RBM15 to MKL1, resulting from the
chromosome

translocation

t(1;22)(p13;q13),

has

been

observed

in

acute

megakaryoblastic leukemia. The predicted RBM15-MKL1 protein encompasses all
putative functional motifs encoded by each gene [40, 41]. In contrast, the germline
variant identified in the index patient is a stopgain variant, likely to result in
nonsense-mediated mRNA decay [26]. It is however not clear how this variant
would be involved in the mesothelioma clustering in this family. Of course, in
contrast to the BAP1-TPDS, it might also be possible that the MM clustering in this
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family has a more multifactorial origin. If this would be the case, RBM15 might
play a role, but in combination with other (genetic and/or environmental) factors.
We are aware that this study has some limitations, the main one being the absence
of samples from other familial MM and cancer patients, next to the index patient.
However, as the MM clustering presents at the paternal side of the family of the
index patient, analyzing the germline DNA of the index patient’s mother and other
(to date healthy) family members also gave some valuable information.
In summary, we can conclude that the MM clustering in this previously
undescribed Belgian family appears not to be attributable to the inheritance of a
germline BAP1 mutation. Germline variants in other ‘Cancer census genes’ have
been defined in the index patient. Of these, the one in RBM15 seems to be the most
interesting given its low MAF and absence in the germline DNA of the index
patient’s mother. However, further functional research is needed to elucidate the
role of this variant in this family. Hence, at this moment, this family adds to the
growing list of families in which the MM incidence is higher than expected even
after occupational asbestos exposure [1, 2], but for which there is no clear
predisposing genetic factor identified yet.
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SUPPLEMENTARY MATERIAL

Supplementary Figure 1. Dosage plot illustrating the copy number of the BAP1
target regions in the peripheral blood sample from the index patient and a positive
control sample (tumor sample with known BAP1-containing deletion). In the
sample from the index patient, the DQ of the target amplicons is approximately
one, representing a normal diploid DNA copy number. The DQ of the target
amplicons in a positive control sample is reduced to approximately 0.5. This points
to the presence of a heterozygous deletion.
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Supplementary Table 1. MAQ primers targeting the BAP1 region.
Amplicon

Amplicon
size

Primer

Sequence

Forward

5'AGCGGATAACAATTTCACACAGGGGCTTA
AATACATCCCGACCT-3'

Reverse

5'-GTTTCTTGGGATGGCTGGAATAGAGG-3'

Forward

5'AGCGGATAACAATTTCACACAGGAATCCC
ACAGCCACGTAACTA-3'

Reverse

5'-GTTTCTTACAACAGCAGGAGCTTAGGG-3’

Forward

5'AGCGGATAACAATTTCACACAGGAACAAG
TTGAGAACCCATGATCT-3’

Reverse

5'-GTTTCTTACCTACTTTGGGAGGGACAGA-3'

BAP1.1

BAP1.2

BAP1.3
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MAQ, multiplex amplicon quantification.

Supplementary Table 2. Dosage quotients reflecting the germline copy number of
the BAP1 target regions.
Sample
Index patient
Family member II-1
Family member III-4
Family member III-8
Family member III-9
Tumor sample 1
Tumor sample 2
Tumor sample 3
DQ, dosage quotient.

DQ BAP1.1
1.10
1.04
1.03
1.05
1.10
0.45
0.62
0.78

DQ BAP1.2
1.15
1.08
1.09
1.10
1.14
0.45
0.63
0.79

DQ BAP1.3
1.10
1.06
1.05
1.06
1.07
0.43
0.62
0.76

Conclusion
/
/
/
/
/
Heterozygous deletion
Heterozygous deletion
Slight decrease

Supplementary Table 3. Dosage quotients reflecting the somatic copy number of
the BAP1 target regions.
Sample
Tumor sample
index patient
Tumor sample 1
Tumor sample 2
DQ, dosage quotient.
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DQ BAP1.1

DQ BAP1.2

DQ BAP1.3

Conclusion

1.02

1.01

1.04

/

0.45
0.60

0.48
0.60

0.48
0.59

Heterozygous deletion
Heterozygous deletion

Chapter 7

Discussion

Discussion
Although the absolute number of new annual cases of malignant pleural
mesothelioma (MPM) is moderate -301 in 2015-, Belgium has one of the highest
incidence rates in the world: 25 patients per million inhabitants [1]. This reflects the
fact that the country was the world-leading per-capita asbestos importer, until its
use was banned at the beginning of this century [2]. Because asbestos is still being
used and a long latency period exists between asbestos exposure and MPM
diagnosis, MPM will remain a global health issue for decades to come.
Patients with MPM generally face a poor prognosis, with a 5-year relative survival
of only 5.8% and 11.8% for male and female Belgian patients, respectively [1]. This
can be explained by difficulties in (early) diagnosis, effective and alternative
treatment options and treatment monitoring. In order to address these difficulties,
a full understanding of the genetic alterations that drive MPM is crucial.

THE GENETIC BACKGROUND OF MPM – SPORADIC MPM
In an effort to unravel the genetic background of sporadic MPM, early studies were
carried out by several authors using different techniques. Traditional karyotype
analyses and (microarray-based) comparative genomic hybridization techniques
revealed the presence of a complex and heterogeneous set of chromosomal copy
number variations (CNVs) in MPM [3-12]. Other studies identified recurrent
somatic alterations in the tumor suppressor genes CDKN2A, NF2 and BAP1 [13-15].
More recently, next-generation sequencing (NGS) strategies have provided a more
genome-wide view on the genetic landscape of MPM by studying entire genomes,
exomes, transcriptomes and gene panels. Overall, genetic alterations were found to
cluster mainly in the TP53/DNA repair, cell cycle, MAPK, PI3K/AKT, Hippo,
mTOR, histone methylation and RNA helicase pathways [12, 16].
To unravel the genetic background of MPM, mainly tissue samples obtained by
biopsy or surgery were used. However, besides being often difficult to obtain,
these tissue samples also have some other disadvantages (e.g., they only represent
a small sample of the tumor). Hence, in oncology research, different forms of liquid
biopsies (e.g., circulating cell-free tumor DNA (ctDNA), circulating tumor cells and
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others) are increasingly being examined. In MPM however, liquid biopsies have
not yet been thoroughly studied. To date, the study of circulating nucleic acids in
MPM for example, is limited to the detection of epigenetic alterations [17].

Identification of recurrent copy number changes in tissue samples of MPM
patients
Previous studies to detect copy number changes in MPM used techniques with
limited throughput and resolution. Therefore, we further investigated the copy
number landscape of MPM by analyzing array data of 85 MPMs, available through
‘The Cancer Genome Atlas’ (TCGA), and validated these results on 21 MPMs using
low-pass whole genome sequencing (LP-WGS).
Both data sets were found to share CNVs on several chromosomal regions.
Frequent copy number loss was seen on chromosomes 1, 3, 4, 6, 9, 13 and 22, and
less frequent copy number gain on chromosomes 1, 5, 7 and 17. The few observed
differences between both data sets might be attributed to different sample sizes
and different techniques used. Interestingly, several ‘Cancer census genes’ were
found to be located in the chromosomal regions exhibiting recurrent CNVs. As
expected and previously reported, the regions containing CDKN2A, NF2 and BAP1
were frequently involved in a copy number loss in both sets. Although these genes
were ranked in the ‘top 20’ list of ‘Cancer census genes’ most frequently involved
in a copy number loss in the TCGA sample set, this was not the case for the inhouse sample set. The previously reported association of loss of the chromosomal
region containing CDKN2A with overall survival was confirmed in the TCGA data
set. Both data sets also shared genes within their ‘top 20’ lists of ‘Cancer census
genes’ most frequently involved in a copy number loss (i.e., EP300, SETD2,
PBRM1, CHEK2, MKL1 and MAPK1) or gain (i.e., TERT, FCGR2B, CD79B and
PRKAR1A). EP300 was identified as the ‘Cancer census gene’ with the highest
reported frequency of copy number loss in both sample sets. Still, not much is
known about its role in MPM. However, this histone acetyltransferase encoding
gene has been reported to play a role in tumorigenesis, and inactivating mutations
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have been described in several other solid tumor types [18]. SETD2 and PBRM1 in
contrast, were already found to be altered by gene fusions, splice alterations,
minute deletions and other nonsynonymous mutations in MPM [12, 19-21].
Moreover, SETD2 functions in the histone methylation pathway, one of the
pathways in which genetic alterations were found to cluster in, in MPM. None of
the ‘Cancer census genes’ that were reported to be frequently involved in a copy
number gain in both data sets, were previously reported by studies using
massively parallel sequencing (MPS) in MPM. The observation that TERT was the
‘Cancer census gene’ with the most frequent copy number gain in the TCGA data
set, is interesting because deregulation of telomerase expression in somatic cells
can contribute to a replicative immortality, one of the ‘Hallmarks of Cancer’ [22].
Previously, TERT expression was detected in 99% of MPMs and TERT mRNA was
found to be upregulated in MPM [23, 24]. However, copy number gain of TERT
was not identified as the cause for this upregulation. The observation that PMS2
was ranked as the ‘Cancer census gene’ most frequently involved in a copy
number gain in the in-house sample set, is also interesting for several reasons. First
of all, PMS2 was not ranked among the most frequently gained ‘Cancer census
genes’ in the TCGA data set. Moreover, PMS2 encodes a component of the DNA
mismatch repair system [25]. Hence, one would rather expect a copy number loss
of the chromosomal region containing this gene. However, more in line with our
observations, overexpression of PMS2 was previously reported to result in genetic
instability and DNA-damage tolerance in prostate cancer [26, 27].
In conclusion, our study was the first to perform LP-WGS on an MPM sample set
and as such confirmed the frequent loss of the chromosomal regions containing
CDKN2A, NF2 and BAP1. Moreover, the importance of the histone methylation
pathway in MPM was highlighted by the frequent loss of the SETD2 containing
chromosomal region. Copy number gain of the TERT containing region was
identified as one of the possible causes for the previously reported TERT mRNA
upregulation. Recurrent CNVs in chromosomal regions harboring interesting
genes that were not previously linked to MPM (e.g., EP300 and PMS2) were also
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detected. We should however note that, as often large chromosomal regions (or
entire chromosomes) were found to exhibit copy number loss or gain, it is not
surprising that the ‘Cancer census genes’ that were listed as frequently involved in
a loss or gain, cluster in certain regions. Obviously, not all listed genes will be
equally important in MPM tumorigenesis and only functional studies might
elucidate the role of each of the listed genes in MPM.

Identification of recurrent tumor-specific genetic alterations in tissue samples of
MPM patients
To get a complete picture of the genetic landscape of MPM, large-scale and
integrated analyses trying to identify point mutations, small insertions and
deletions in the (protein-coding parts of the) MPM genome are still necessary.
Hence, we performed whole exome sequencing (WES) on the same set of 21 MPMs
and paired normal samples as the ones on which we performed LP-WGS. A
mutation burden analysis was performed and, in the future, these data will be used
to perform a meta-analysis with additional exome data from two publicly available
data sets.
A total of 1289 protein-altering tumor-specific genetic alterations were identified
within the investigated sample set and the mutational spectrum was found to be
dominated by C>A transversions. The mutation burden analysis revealed, in
analogy with previous studies, that the tumor suppressor genes NF2 and BAP1
were among the genes that most frequently carried protein-altering tumor-specific
mutations (i.e., NF2 mutations in 29% of samples and BAP1 mutations in 24% of
samples). We detected different mutations in these genes, ranging from frameshift
deletions and splice site mutations to nonsense mutations. Mutations were
distributed throughout the genes. In some patients, these mutations were
accompanied by a copy number loss of the according chromosomal region
(assessed by LP-WGS). Next to NF2 and BAP1, HYDIN, RIOK1, KRTAP10-6,
MACF1, PLIN4 and ZNF717 were the most recurrently mutated genes in our
sample set. Strikingly, of these genes, only mutations in MACF1 and ZNF717 were
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also found in the sample set investigated by Bueno et al. [12]. Conversely, of the
genes found to be significantly mutated in the patient cohort investigated by
Bueno et al. [12], only SETD2, RYR2 and SETDB1 also carried a mutation in our
sample cohort. SETD2 and SETDB1 are both part of the histone methylation
pathway, in which genetic alterations are often described in MPM. Moreover, as
revealed by our previous CNV analysis, SETD2 is located in a chromosomal region
which exhibited frequent copy number loss both in our in-house sample set (i.e.,
67% of samples) and in the TCGA data set (i.e., 45% of samples). The role of RYR2,
a calcium channel component, in cancer is currently unclear [28].
In conclusion, the first analysis of the data obtained by performing WES on tumor
and matched normal samples of 21 MPM patients, revealed protein-altering tumorspecific mutations in genes previously reported to be altered in MPM and genes
not previously linked to MPM (e.g., HYDIN and RIOK1). Compared to other
studies using MPS in MPM our study has important strengths. First of all, the
tumor-specific nature of the detected mutations was confirmed through the
analysis of paired normal samples. Additionally, a good coverage was obtained for
the tumor and matched normal samples (i.e., average target base coverage of 90x
and 58x, respectively). However, although our sample size is in line with most
other studies using MPS in MPM, it remains limited and is much smaller than the
one analyzed by Bueno et al. [12]. As in most other sample sets, some pretreated
samples were also analyzed. Hence, to make the most out of our samples, we are
convinced that they should be included in a larger meta-analysis.
By combining our in-house exome data, with the obtained exome data of 99 paired
samples from the study by Bueno et al. [12] and 83 paired samples available
through TCGA [29], we will be able to investigate the largest MPM cohort so far.
Due to several differences between each of these data sets and how these data sets
were generated, this meta-analysis however, is challenging. Although samples
from all data sets were sequenced on Illumina platforms, different kits were used
for prior exome enrichment (e.g., in-house: ‘SeqCap EZ Human Exome Kit’
(Roche); Bueno et al.: ‘SureSelect Human All Exome Kit’ (Agilent)). Furthermore,
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the study by Bueno et al. provided unaligned data, whereas TCGA provided
aligned data. Finally, also the obtained coverage between the data sets is different.
Whereas the coverage from the in-house data and the data from the study by
Bueno et al. is comparable, the coverage of the TCGA data is much lower.

Identification of tumor-specific genetic alterations in liquid biopsies of MPM
patients
To the best of our knowledge, reports investigating the possibility to detect tumorspecific genetic variants in circulating cell-free DNA (cfDNA) of MPM patients
were missing. From ten of the MPM patients of whom paired tumor and normal
samples were previously analyzed in WES and LP-WGS experiments, plasma
samples were also available. Hence, we used these plasma samples to investigate
the presence of ctDNA within the cfDNA compartment of MPM patients. In this
respect, the previously obtained WES data were first used to select a tumor-specific
variant for each of the ten MPM patients. Subsequently, this variant was used as a
candidate to be detected in a cfDNA sample of the corresponding patients using
droplet digital PCR (ddPCR).
In three out of the five previously untreated patients, the selected tumor-specific
variants (i.e., an NF2, BAP1 and SLC6A1 variant) could be detected in cfDNA. The
mutated fractions of these cfDNA samples ranged between 0.28 and 0.9%. It was
not possible to detect tumor-specific variants in the cfDNA samples of any of the
patients that received chemotherapeutic treatment before sample collection. As
chemotherapeutic treatment led to either a partial response or stable disease in
these patients, this is not surprising. Moreover, this might even be interesting in
view of the potential use of ctDNA as a biomarker for treatment monitoring, which
to date remains challenging in MPM [30]. As more large-scale prospective studies
will be necessary to investigate this hypothesis, we are currently collecting plasma
samples from newly diagnosed MPM patients during the course of their
chemotherapeutic treatment.
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In conclusion, we were the first to provide proof of concept for the presence of
ctDNA in blood of treatment naïve MPM patients by the detection of somatic
variants that were identified by analysis of a tumor sample. Despite the fact that
samples were retrospectively collected, this -limited- sample set was quite well
suited for this analysis. Both tumor and matched normal samples of MPM patients
were sequenced, tumor samples had a high tumor content as assessed by
histological examination (between 80 and 90%) and plasma samples were collected
at the day of tissue collection. Moreover, comparing genetic data from a tumor
sample, matched normal sample and plasma sample, all collected at the same day,
is currently not possible by analyzing publicly available data sets. Our study
however, also has some limitations. We opted to select single nucleotide variants
(SNVs) that were preferably located in genes previously associated with MPM or
in ‘Cancer census genes’. However, the allelic fractions of the selected variants in
the tumor DNA had a large range (i.e., between 7 and 47%), with four variants
having an allelic fraction below 10%. Although ddPCR is a highly sensitive
technique, the chances to detect tumor-specific variants in blood might be higher
when choosing a marker that is present in a more homogeneous way (e.g., truncal
mutations). In several tumor types, variants in oncogenes are preferred over those
in tumor suppressor genes, because they are often more homogeneously present.
However, to date, most MPM-associated genes are tumor suppressor genes. Hence,
for future studies (e.g., investigating the use of ctDNA as biomarker for treatment
monitoring), it might currently be better to select markers with an allelic fraction as
high as possible, even though these are not located in MPM-associated genes or
‘Cancer census genes’. Another option might be to use methylation instead of
mutation assays for these future studies, as these do not require prior knowledge
of the tumor-specific variants present. The selection of a suitable methylation
marker is one of the main focusses of another PhD thesis.
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How is the increasing knowledge about the genetic background of sporadic
MPM put into practice?
Although our and other genomic interrogations have identified a significant interpatient genetic heterogeneity in MPM, some genetic alterations are recurrently
identified. These alterations can be interesting as diagnostic, prognostic or
predictive biomarkers, or might be used as targets for personalized therapy.
Regarding diagnostic biomarkers, our CNV analysis confirmed the recurrent
deletion of the CDKN2A containing region in both the in-house and TCGA data
set. The detection of the CDKN2A homozygous deletion in both pleural effusion
and tissue samples already proved to be helpful to distinguish between malignant
mesothelial cells and benign reactive mesothelial cells [31, 32]. Our WES and LPWGS analysis also confirmed frequent alterations in BAP1 and NF2, making them
also interesting as diagnostic biomarkers. However, regarding for example BAP1, it
should be noted that immunohistochemistry seems to be the best technique to
assess BAP1 status [33].
When discussing diagnostic biomarkers, often also ‘early diagnosis’ and
‘screening’ are mentioned. Although screening seems to be the ultimate goal, we
have not reached that point yet. For now, it seems early (or earlier) diagnosis of
MPM patients has to be the main focus. In this respect, it is interesting to mention
that the use of non-tissue-based biomarkers (e.g., soluble mesothelin-related
protein) is currently not recommended [34]. The future will now have to reveal
whether there might be a role for the analysis of cfDNA in (early) diagnosis of
MPM patients.
When aiming for personalized treatment for MPM patients on the basis of their
mutational profile, subtyping of patients carrying a specific mutation is necessary.
However, despite the fact that genomic interrogation has led to the detection of
potential targets for personalized therapy, we have to note that the most frequently
identified genes to date are mostly tumor suppressor genes. In cancer treatment,
targeting tumor suppressor genes has proven to be more difficult than targeting
oncogenes [35]. Although targeting these genes might be more challenging, some
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interesting candidate genes were found. As the frequently detected inactivation of
CDKN2A results in deregulation of CDK4 and CDK6, MPMs are good candidate
responders to CDK-inhibitory drugs. However, CNV analysis in our in-house
sample set showed that also RB1 was frequently involved in a copy number loss.
Hence, a subset of MPMs might have to be excluded from trials aiming to prove
the efficacy of CDK inhibitors in MPM [36]. The frequent observation of proteinaltering tumor-specific mutations in NF2 and BAP1 might also be interesting in a
therapeutic setting. As BAP1 is part of the DNA repair pathway, poly ADP ribose
polymerase (PARP) inhibitors might be useful in the treatment of MPM [37].
Moreover, BAP1 loss also results in activation of EZH2, pointing towards the
potential utility of EZH2 inhibitors [38]. In case of NF2 inactivation, mTOR activity
is aberrantly upregulated. Hence, suppressing this activity with mTOR inhibitors
might be beneficial.
In the search for personalized therapy, one has to note that it might be possible that
the identified genetic subgroups are linked with certain clinicopathologic
characteristics (e.g., sex, age at diagnosis, histologic subtype). So far, it has been
observed that CDKN2A deletion occurred more frequently in sarcomatoid MPMs
than in purely epithelioid MPMs [32, 39-41]. Loss of the 22q chromosomal region
containing NF2 in contrast, is more frequently associated with epithelioid MPMs
[41]. Data regarding a link between mutations in BAP1 and histological subtype are
contradictory. Whereas some reports detected a possible correlation between BAP1
mutation and epithelioid subtype, others found no difference [33, 41-44]. Besides
that, links between BAP1 genotype on the one hand and marginally older age or
former or current smoking on the other hand were detected [41, 44]. Mutations in
TP53 have been reported to be more frequent in female patients [41]. As the sample
size in our in-house data set was quite limited, no correlations between results
from LP-WGS or WES with clinicopathologic features could be found. It might
however be possible that such associations will become detectable when
performing larger meta-analyses. Overall, this might lead to the detection of
mutations that are present only in the tumors of a subgroup of patients (e.g.,
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female patients, younger patients, those without asbestos exposure), which might
enable the development of therapies for these patient subgroups.
Regarding prognostic biomarkers, CNV analysis of the TCGA data set confirmed
the previously reported association of loss of the chromosomal region containing
CDKN2A with overall survival. Given the limited therapeutic options for MPM
patients, which often only have a modest benefit and sometimes a substantial
toxicity, it can be of interest to identify patients with a particularly poor prognosis.
When finally aiming to predict resistance or to follow-up response to
chemotherapeutic treatment, results from genetic research are still quite scarce. Of
interest, a retrospective study trying to predict resistance to chemotherapy using
somatic CNVs is ongoing. This study is based on the hypothesis that chemoresistance might be caused by genomic instability and high somatic CNVs [45]. As
we were able to show the presence of CNVs using LP-WGS in MPM, this might be
highly interesting. Finally, the results of our cfDNA analysis hint towards the
potential use of ctDNA as a biomarker for treatment monitoring in MPM. This
might complement the currently used -suboptimal- image-based assessment of
treatment response.
We can conclude that genomic studies in MPM have led to the identification of
genes that are potentially interesting in the search for diagnostic biomarkers,
therapeutic targets, biomarkers for follow-up and others. Apart from some already
known MPM-associated genes, studies using MPS identified some previously
undescribed genes that might be of interest, but need to be further examined in
more functional analyses. However, we have to stress that tumor genomic
sequencing is currently only done on a research basis in MPM. Although it may
become clinically applicable in the future, current clinical practice guidelines of the
American Society of Clinical Oncology (ASCO) do not recommend its use at this
moment [34].

198

Discussion
THE GENETIC BACKGROUND OF MPM – FAMILIAL MPM
Even after occupational asbestos exposure, the lifetime risk for the development of
malignant mesothelioma (MM) is -only- estimated between 5 and 10% [46, 47].
However, families have been described in which the incidence seems to be higher.
This suggests the existence of one or more genetic predisposing factors. The BAP1
tumor predisposition syndrome (BAP1-TPDS) was defined, characterized by the
autosomal dominant inheritance of one or more of several cancer types, among
which MM, within a family [48-51]. However, recently some families with multiple
MM patients were described, in which segregation of a BAP1 variant could not be
detected, suggesting the existence of other predisposing genetic factors [52, 53].

Identification of the genetic cause of MM clustering in a Belgian family
MM was found to cluster in a previously undescribed, asbestos-exposed, Belgian
family. Hence, we investigated whether a germline BAP1 variant might be
predisposing this family to MM development, and if not, whether it would be
possible to identify another potential predisposing factor.
A negative nuclear BAP1 expression in the malignant mesothelial cells of the index
patient was found by immunohistochemistry. However, no germline or somatic
BAP1 (copy number) variant could be identified by WES, LP-WGS or multiplex
amplicon quantification (MAQ) analysis. Hence, although the lack of nuclear BAP1
staining has to have another reason, the inheritance of a BAP1 germline mutation
seems unlikely. Germline WES data of the index patient was used to screen for
other potential candidates that might predispose this family to MM development.
If we would hypothesize that, as is the case in the BAP1-TPDS, only a single gene is
responsible for the MM clustering in this family, the stopgain variant in RBM15
seemed to be the most interesting. This variant, located in a ‘Cancer census gene’,
was predicted to be damaging by in silico prediction programs, had a ‘highest
population minor allele frequency (MAF)’ below 0.01 and was absent in the
germline DNA of the index patient’s mother. Of interest, the RBM15 variant was
present in germline DNA of the (to date healthy) brother of the index patient. It
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might be possible that he is not currently diagnosed with MM because of his
younger age or more limited asbestos exposure. No other potential candidates
were picked up in our analysis.
Of course, some major questions remain after this analysis. First of all, to date it is
unclear how the RBM15 variant would be involved in the MM clustering in this
family. Moreover, in contrast to the BAP1-TPDS, it might also be possible that the
MM clustering in this family has a more multifactorial origin, in which RBM15
may or may not be involved. We also cannot confirm that the RBM15 variant is
present in the other familial MM and cancer patients. Finally, we cannot exclude
that the reported asbestos exposure is the main factor explaining the MM
development in this family. However, the high prevalence of MM and other
primary malignancies in this family remains striking and points towards the
possible involvement of a predisposing genetic factor(s).

How is the increasing knowledge about the genetic background of familial
MPM put into practice?
To date, BAP1 remains the only known genetic predisposing factor for MPM.
However, our and other recent studies have shown that it is likely that there are
other genetic factors predisposing individuals to the development of MPM [52, 53].
In the search for these other predisposing genetic factors, a recent study
investigated the presence of germline mutations in 94 cancer-predisposing genes in
93 MM patients, of which 16 familial patients. In total, 9.7% of patients were found
to carry pathogenic truncating variants. All of these variants were located in genes
involved in DNA repair pathways. Interestingly, patients carrying such a variant
reported a lower asbestos exposure compared to other patients. As such, this study
suggests that germline variants in several genes may increase MPM susceptibility
[54].
As already described, screening is not yet recommended for MPM. One of the
reasons for this, is the uncertainty about whom should be offered screening.
Should this be only those individuals that were occupationally exposed to
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asbestos? Or also their families or individuals that might were subjected to
environmental asbestos exposure? Moreover, there also is debate about whether
the outcome of patients would actually be different when treatment is started
earlier. One might however argue that it is interesting to screen for MM patients
with germline BAP1 mutations. Often, these patients have a familial cancer
anamnesis, are somewhat younger at diagnosis and have an epithelioid MM. If a
MM patient is found to have a germline BAP1 mutation, it might be interesting to
follow-up his family. Although there is no effective preventive treatment that will
alter the outcome of individuals who are subsequently diagnosed with MM, the
BAP1-TPDS is also associated with other cancer types, for which these treatments
might be available.

CONCLUSION
The knowledge about the MPM genetic background, both in the sporadic and
familial form, has long been lagging behind what is known for other solid tumor
types. However, there have been some serious attempts to catch up and some
promising results from current studies are to be awaited. Hence, in the future,
MPM genomic sequencing might not just be used in a research setting, but may
become clinically applicable. As asbestos is still present in our environment, and is
even still being used in some countries, the MPM health problem is not over yet.
Hence, it remains crucial to keep investigating strategies to improve the outcome
for MPM patients. Although this thesis has lifted parts of the veil covering the
entire picture, many unresolved and challenging issues remain for future research.
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ASCO

American Society of Clinical Oncology

BAP1-TPDS

BAP1 tumor predisposition syndrome

cfDNA

Circulating cell-free DNA

CNV

Copy number variation

ctDNA

Circulating cell-free tumor DNA

ddPCR

Droplet digital PCR

DQ

Dosage quotient

EJEI

Exon junction expression index

EORTC

European Organisation for Research and Treatment of Cancer

FFPE

Formalin-fixed paraffin-embedded

IGV

Integrative Genomics Viewer

K-S

Kolmogorov-Smirnov

LP-WGS

Low-pass whole genome sequencing

MAF

Minor allele frequency

MAQ

Multiplex amplicon quantification

MM

Malignant mesothelioma

MPM

Malignant pleural mesothelioma

MPS

Massively parallel sequencing

NCI

National Cancer Institute

NGS

Next-generation sequencing

NHGRI

National Human Genome Research Institute

PARP

Poly ADP ribose polymerase

RECIST

Response evaluation criteria in solid tumors

SNV

Single nucleotide variant

TCGA

The Cancer Genome Atlas

WES

Whole exome sequencing
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eraan mij via mail mogelijk interessante presentaties, posters en abstracts door te
sturen. Dankuwel! Professor Van Camp, Guy, u was degene die na mijn
masterproef op zoek ging naar een geschikt project waarop ik een doctoraat zou
kunnen starten. Zonder dit project had ik hier nu niet gestaan. Bedankt voor uw
vertrouwen, aanspreekbaarheid, toegankelijkheid en hulp. Bedankt ook om steeds
optimistisch te blijven, wanneer ik misschien iets te realistisch werd! Ken, niet
alleen voor mij, maar voor vele anderen, ben je het eerste aanspreekpunt bij
problemen. Bedankt voor je hulp bij zowel praktische als wetenschappelijke
vragen! Professor Pauwels, ook u verdient een speciaal woordje van dank! Of het
nu op vergaderingen of bij een kort gesprekje in uw bureau is, ik ben steeds onder
de indruk van de oncogenetische kennis waarover u beschikt! Bedankt voor het
bekijken en beoordelen van alle coupes, om mijn kennis van de histologie op te
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