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Feature Editor’s Introduction—Malignant pleural meso-
thelioma (MPM) is a highly fatal cancer of the pleura that
has been defeating standard and investigational therapies
since its first description. The efficacies of chemotherapy,
radiotherapy, and surgical therapy are limited, and we
have been writing for decades that improved therapies are
needed. MPM is born of inflammation, and approximately
80% of cases are associated with the smoldering tissue in-
flammatory responses against the carcinogenic fibers of
asbestos. Emerging data on the use of programmed cell
death protein 1 immune checkpoint inhibitors were initially
exciting, but response is less than 20% and these agents are
finding their place on the list of approaches with narrow ef-
ficacy. Molecular targeted therapies have revolutionized
the treatment of other cancers, commonly result in striking
antitumor responses, and directly embody precision
medicine. For an example, we prescribe drugs for some
lung adenocarcinomas that target the secondary mutations
that develop as a resistance mechanism to their initial
targeted therapy. The discovery of molecular therapeutics
for any tumor begins with identification of a target through
investigation of the genomic, epigenomic, and transcrip-
tomic drivers of its carcinogenesis. Such an advance could
revolutionize the treatment of mesothelioma. A comprehen-
sive dissection of MPM’s molecular structure was recently
published by 2 groups, the first from the Brigham and
Women’s Hospital and then from The Cancer Genome
Atlas. In the Invited Expert Opinion article that follows, a
practical account of the molecular underpinnings of
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NGS studies, including the 2018
TCGA publication on MPM, have
improved our molecular and ge-
netic understanding of the
disease.

This Invited Expert Opinion provides a perspec-
tive on the following paper: Cancer Discov.
2018;8(12):1548-1565.  https;//doi.org/101158/2159-
8290.CD-18-0804.

See Commentaries on pages 1084 and 1086.

MPM is eloquently presented by the Brigham group and
will inspire the discovery and translation of novel
molecular targets by mesothelioma investigators and
practitioners.

Bryan M. Burt, MD

The —omics technologies have expanded widely because of
advances in both mass spectrometry and nucleotide
sequencing technology. Together, these approaches have
led to numerous new insights in medicine and biology. In
cancer, the developments in nucleotide sequencing have
been transformative, allowing cancer biologists to charac-
terize cancer-specific driver genes (genomics), identify
altered gene expression (transcriptomics, methylomics, in-
teractomics), and generate candidates for novel drug
targets. Malignant pleural mesothelioma (MPM) research
has also benefitted from those advances. In The Cancer
Genome Atlas (TCGA) article “Integrative Molecular
Characterization of Malignant Pleural Mesothelioma,”
published in Cancer Discovery in 2018, Hmeljak and
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colleagues' applied these technologies in an integrated
fashion. Before further discussion of the article by TCGA,
the history and fundamentals of both MPM and nucleotide
sequencing technology merit some introduction.

KEY FEATURES OF MALIGNANT PLEURAL
MESOTHELIOMA

MPM is a deadly, but relatively rare malignancy caused
by prior asbestos exposure. MPM is derived from malignant
transformation of the mesothelium, the monolayer of
epithelial cells lining the pleural lumen.” Approximately
60% of MPMs are epithelioid, another 20% are
sarcomatoid characterized by spindle cell morphology,
and the remaining 20% are a mixed type called
“biphasic mesothelioma.”” These histologic subtypes are
prognostic. The ranges of median survival for patients
presenting with sarcomatoid-, biphasic-, and epithelioid-
type MPM are 7 to 18 months, 8 to 21 months, and 12 to
27 months, respectively.” Despite the phenotypic and
prognostic diversity of these 3 histologic subtypes, few
specific differences in genetic etiology have been identified
to date.

Several investigations suggest that decades of chronic
inflammation in the pleural microenvironment facilitate
carcinogenesis.” Asbestos exposure is the initiator of this
chronic, carcinogenic proinflammatory milieu in the major-
ity of MPM cases.” Radiation may be implicated in a minor-
ity of cases.” Variants in the gene BAPI have also been
associated with familiar and sporadic MPM.” Because little
is known about the pathogenesis of MPM, the identification
of somatic mutations and subsequently altered pathways
that drive mesothelial transformation are of great interest
in the field. The various “—omics” technologies, especially
transcriptomics and genomics, have contributed greatly to
our understanding of relevant genetic alterations and
pathway perturbations in MPM.

A BRIEF HISTORY OF NEXT-GENERATION
SEQUENCING

The technology allowing whole genome and transcrip-
tome study represents a convergence of numerous discov-
eries and innovations in molecular biology. In 1953 when
Watson and Crick® identified the double-helix chemical
structure of DNA, the inevitable quest to sequence and
understand the genome began. Rapid, although low
throughput, techniques such as Maxam and Gilbert’s
method® and Sanger sequencing’ were essential to fulfilling
this mission. The advent of polymerase chain reaction in
1988 expedited the rate of gene discoveries, which culmi-
nated in 2004 when the entire human genome was finally
sequenced.”

Soon after, technologies collectively called “next-gener-
ation sequencing” (NGS) became available for genome-
wide study.'” These massively parallel sequencing
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technologies made possible the simultaneous sequencing
of millions to trillions of parallel base pairs and dramati-
cally decreased the time and cost of sequencing. The field
accelerated as sequencing individual genomes became or-
ders of magnitude cheaper and faster. The thousand ge-
nomes project was completed in 2012."" NGS technology
was also used to understand functional elements. Whole
transcriptomes of tissue were analyzed by sequencing
cDNA, so-called RNA sequencing.'” In ChIP-seq, chro-
matin immune precipitation of histone modifications and
transcription factors enriched for DNA associated with
these macro-molecules and the resulting DNA was
sequenced.'” The ENCODE project combined these func-
tional approaches, and the project’s phase 3 conclusion in
2011 represented a great leap forward in decoding the
fundamental language of gene expression and regulation.'*
After these achievements, costs have continued to decline;
individual genomes and transcriptomes are routinely
sequenced (Figure 1). Multi-institutional teams such as
TCGA, and even individual laboratories, can now afford
to tackle individual biological problems by applying multi-
ple NGS approaches to numerous samples. In this way, in
the last few years the understanding of MPM has improved
because of high-throughput studies.

GENOMICS IN MALIGNANT PLEURAL
MESOTHELIOMA BEFORE THE CANCER
GENOME ATLAS

Numerous cytogenetic, molecular genetics, and high-
density array methods have identified many of the specific
chromosomal rearrangements, epigenetic alterations, and
genes that are important in MPM.'®> Chromosomal abnor-
malities have long been recognized as important in MPM,
and aneuploidy has been observed to be characterized by
widespread chromosomal loss.'” These losses frequently
occur in regions 1p, 3pl4-p21, whole chromosome 4, 6q,
9p, and 22q."° Notably, several tumor suppressor genes
(TSGs) frequently mutated in MPM, cyclin-dependent
kinase inhibitor 2A (CDKNZ2A), ubiquitin carboxyl-
terminal hydroxylase (BAPI), and tumor protein p53
(TP53) are found within 9p21.3, 3p21, and 17pl3,
respectively.'” In epigenetic studies, tumor suppressors
CDKN2A and cyclin-dependent kinase inhibitor 2B
(CDKN2B), among others, were hypermethylated in
patients with MPM compared with asbestos-exposed
patients who were in turn hypermethylated compared with
nonexposed patients.’” Loss of TSGs was found to be a
common feature in MPM; specific mutations in known
TSGs, such as neurofibromatosis type 2 (NF2), large tumor
suppressor kinase 2 (LATS2), CDKN2A, CDKN2B, and
TP53, were identified mutations in MPM.'>'® No
oncogene has been identified in MPM to date.'” Taken
together, these observations suggest MPM is a malignancy
resulting from inhibition of cellular mechanisms of tumor
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FIGURE 1. NGS experiments in MPM in the context of sequencing costs. Line plot depicts the cost of sequencing a single human genome in USD from
data provided by the National Human Genome Research Institute (https://www.genome.gov/about-genomics/fact-sheets/DNA-Sequencing-Costs-Data).

Plots are annotated with major landmark achievements in genomics (red) and specific sequencing and microarray experiments in MPM (blue).

Appendix E1 shows references of displayed events.

suppression rather than transformation by activation of
oncogenes.

In 2016, our group confirmed many of these findings us-
ing Illumina SNP arrays, whole exome, and targeted deep
sequencing of 95, 99, and 103 tumors, respectively.'’
Consistent with previous studies,'” somatic copy number
alterations (SCNAs) identified in the cohort of 95 MPMS
were broadly characterized by copy number loss in TSGs
(eg, BAPI, NF2, CDKN2B, and TP53)."” A subset of
MPMs were characterized by copy number neutral wide-
spread loss of heterozygosity.'” The previously described
tumor suppressors, NF2, BAPI, and TP53 were among
the most frequently and significantly mutated in the MPM
cohort.!” In addition to these, we observed several new
significantly mutated genes including histone modifiers,
such as SETD2, SETDBI, and SETD5, RNA helicase family
members DDX3X and DDX51, a target of mTOR negative
regulation ULK2, and a calcium channel component
RYR2."

TRANSCRIPTOMICS IN MALIGNANT PLEURAL
MESOTHELIOMA BEFORE THE CANCER
GENOME ATLAS

Early work in MPM transcriptomics used microarray
technology. In 2005, Gordon and colleagues'® identified 2
molecular phenotype groups and observed that these groups
associated with histologic classification consistent with
similar observations in a smaller cohort made by Hoang
and colleagues in 2004.'” Although the histology of

1080

mesothelioma did not perfectly correlate with these molec-
ular features, a spectrum of histologically associated molec-
ular signatures was beginning to emerge. In 2014, de
Reyniés and colleagues”’ profiled 38 MPM primary cell
lines using microarray profiling. Clustering of these expres-
sion profiles identified 2 major groups.” These clusters
were associated with, but not identical to, histology; both
groups contained epithelioid samples, but all the sarcoma-
toid samples were found in cluster 2.” Furthermore, genes
associated with epithelioid-mesenchymal transition (EMT)
were differentially regulated between the 2 clusters, and
cluster 2 exhibited a more mesenchymal phenotype.”’
This work suggested that a primary feature of MPM hetero-
geneity was related to EMT phenotype. By using a 3 gene
molecular test based on the observed gene expression dif-
ferences in the 2 clusters, the relationship between the
EMT status and histology and survival was demonstrated
in 108 MPM tumor samples.”’

Following this work, in 2016 our group published
RNA-sequencing profiles of 211 MPM tumor samples.'’
In our cohort, unsupervised consensus clustering identi-
fied 4 molecular clusters approximately associated with
the spectrum from epithelioid to sarcomatoid histol-
ogy.'” Analysis of genes differentially expressed be-
tween the 2 extreme clusters identified in our MPM
cohort suggested these clusters appeared to be related
to EMT consistent with the observations of de Reynies
and colleagues.'”* Additionally, a simple ratio of 2
genes, CLDN15 and VIM, the ratio of CLDNI5/VIM
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genes (C/V) score, significantly discriminated each mo-
lecular cluster.'’

THE CANCER GENOME ATLAS: AN
INTEGRATIVE APPROACH IN MALIGNANT
PLEURAL MESOTHELIOMA

Hmeljak and colleagues' performed a comprehensive
analysis of 74 MPM tumors as part of the effort by
TCGA. Genomic, epigenomic, and transcriptomic profiles
were generated using high-throughput array and NGS ex-
periments. Specifically, copy-number arrays and exome
sequencing characterized chromosomal and genetic aberra-
tions. For gene expression analysis, TCGA performed total
RNA sequencing including long noncoding RNA analysis.
In addition, micro-RNA, DNA methylation, and protein
level profiles were also obtained using micro-RNA
sequencing, hybridization arrays, and reverse-phase protein
arrays, respectively.

The SCNA landscape of MPM tumors described in
TCGA cohort was consistent with previous NGS results
in MPM."!'>!7 Several focal and arm-level deletions, but
no recurring amplifications, were observed in this cohort.'
Loss of regions containing TSGs previously described in
MPM such as CDKN2A and NF2 were present in 41
(56%) and 55 (74%) of 74 MPM tumors, respectively.1
Intriguingly, genomic analysis revealed a subpopulation
of MPM tumors (n = 3 in TCGA) with loss of heterozygos-
ity across more than 80% of the genome.' This subpopula-
tion was also observed in our previous study.'’ To better
describe this cohort, the 3 TCGA loss of heterozygosity
samples were combined with 2 additional cases from the
Japanese International Cancer Genome Consortium for a to-
tal of 5 (3%) samples of 154 MPM tumors examined.' This
subpopulation was defined as having “genomic—near hap-
loidization,” where homozygous deletion of SETDBI was
a common feature of this subgroup, but absent in all other
samples.' Interestingly, 4 of these samples were female
and 4 of them had TP53 mutations.'

Genomic alterations at the single nucleotide level were
also consistent with previous work.""'>!7 The TSGs,
BAP1, NF2, TP53, LATS2, and SETD2 were mutated
significantly above the background mutation rate in this
cohort." Several mutations identified in previous NGS
studies, '’ including SETDBI, DDX3X, DDX51, ULK2,
and RYR2, were found to be recurrently mutated in this
cohort, but did not rise to significance likely because
of a lack of statistical power. As in previous MPM
studies.'”'” these mutations in TSGs were characterized
by inactivation. Although BAPI genetic alterations dis-
played nonrandom patterns of co-occurrence with recur-
rently mutated genes (NF2, TP53, LATS2, SETD2, and
MALATI), the associations were not significant when
multiple hypothesis testing was taken into account.' Tu-
mors with BAPI homozygous mutation had significantly
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more arm stability when compared with wild-type
tumors. "

In this study, SCNAs, gene expression, and epigenetic in-
formation were integrated using 2 previously published
clustering algorithms, iCluster”' and PARADIGM.** Both
algorithms identified 4 distinct groups of MPMs." There
was strong concordance in the grouping of samples between
the 2 methods, especially for cluster 1 and cluster 4 from
each clustering.' In both analyses, the clusters were signif-
icantly associated with histology, with cluster 1 enriched
for epithelioid tumors and cluster 4 enriched for sarcoma-
toid tumors as observed in other studies.''”*° In addition,
EMT genes were found to be differentially expressed be-
tween clusters 1 and 4." These results together with previ-
ous work'”*” indicate that molecular data identify distinct
groups of MPM independent of algorithm or cohort.
TCGA clusters were also characterized by distinct immuno-
logical cell infiltrates." VISTA, an immune checkpoint in-
hibitor, was found to be highly expressed in cluster 1
compared with the other clusters.’ These findings are sug-
gestive of distinct immune microenvironments in different
groups of MPMs.

SINCE THE CANCER GENOME ATLAS: AN
UPDATE IN TRANSCRIPTOMICS

More recently, a comprehensive meta-analysis of meso-
thelioma profiles has been conducted by Blum and
colleagues.” Previously published data from 2 RNA
sequencing"'” and 3 microarray'®*’** MPM expression
profiles were analyzed with 63 new microarray profiles of
primary MPM. In this analysis, Blum and colleagues char-
acterized the molecular profiles of MPM samples from mul-
tiple studies. First, they identified 4 distinct groups (C1A,
C1B, C2A, and C2B) in their 63 MPM samples, and then
the expression profile of these groups was compared
with clusters of previously published MPM expression
data."'”'%?%** This analysis identified 2 main groups of
highly correlated clusters present in all datasets that corre-
sponded to the most extreme epithelioid and sarcomatoid
phenotypes.”” The remaining tumors did not show high cor-
relation, indicating that other clusters may represent various
thresholds applied to a continuum, or ‘“histo-molecular
gradient.” Next, by using a deconvolution approach, 2 mo-
lecular signatures, E-score and S-score, were identified to
define the proportion of epithelioid-like and sarcomatoid-
like components in each tumor. Both scores are composed
of the same 150 genes, but the contribution of each gene
to the E- or S-score is different.

We previously reported that the ratio of CLDNI5 and
VIM (C/V score) significantly discriminates among the 4
transcriptional clusters in our cohort.'” To determine
whether the C/V score could be an effective metric for
describing “EMT-ness” for each MPM tumor, we examined
the correlation between the C/V score and 3 other published
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metrics associated with EMT: E—score,23 S-score,23 and
Creighton score (EMTCreighm).25 The EMTcreighion SCOTE,
consisting of 16 genes, was previously used to analyze
EMT-associated genes in molecular profiling datasets of
breast and lung tumors.”” We used the RNA-seq profiles
from TCGA' and our cohort'” in addition to the microarray
profiles from the series by Blum and colleagues.”” We found
that the C/V score was significantly correlated with all 3
EMT metrics scores (Figure 2). This suggested that the C/
V score may be an alternative metric for determining the
“EMT-component” in each MPM tumor using only 2 genes.

The existence of a “histomolecular gradient” associated
with EMT across MPM tumors has been identified by
several studies suggesting that each MPM is a mixture of
epitheliod and sarcomatoid components that may define
the molecular profile of each tumor.

TOWARD THE FUTURE

The genomic and transcriptomic work completed before,
during, and after TCGA study has thus far focused on the
heterogeneity across different tumors. We now know the
prevalent genomic alterations in MPM at both the gene
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FIGURE 2. C/V score correlates with E-score, S-score, and EMTcighion Score. Scatterplots depict correlation among the C/V score (x-axis) and 3 EMT
metrics (y-axis), that is, the EMT¢yeighion (A, D, G), the E-score (B, E, H), S-Score (C, F, I), in the Bueno RNA-seq (A-C), Blum microarray (D-F), and TCGA
RNA-seq (G-I) MPM series. The line in each plot illustrates the least squares fit, and the R? and P values for the Pearson correlation between C/V score and
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ratio of CLDN15/VIM genes; TCGA, The Cancer Genome Atlas.
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and chromosome levels. We have also learned from
RNA-sequencing and micro-array studies that the
heterogeneity across MPM tumors exists on a ‘“histo-
molecular gradient” that significantly correlates with
EMT. This gradient is prognostic and can be described
effectively using the C/V score. Despite these insights
into the heterogeneity across tumors, little is understood
about the heterogeneity within MPM tumors. MPMs are
typically bulky with large surface area; different regions
of these large tumors could have distinct histomolecular
phenotypes. Moreover, many MPMs are biphasic with
admixtures of cell phenotypes. Therefore, genomic and
transcriptomic heterogeneity studies that examine samples
across multiple sites within a patient and use single-cell
sequencing techniques or both will be of particular interest
for future work.
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