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utational Profiling of Malignant
esothelioma Revealed
otential Therapeutic Targets in
GFR and NRAS
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Abstract
Pemetrexed and platinum (PP) combination chemotherapy is the current standard first-line therapy for treatment of
malignant mesothelioma (MM). However, a useful predictive biomarker for PP therapy is yet to be found. Here, we
performed targeted exome sequencing to profile somatic mutations and copy number variations in 12 MM
patients treated with PP therapy. We identified 187 somatic mutations in 12 patients (65 synonymous, 102
missense, 2 nonsense, 5 splice site, and 13 small coding insertions/deletions). We identified somatic mutations in
23 genes including BAP1, TP53, NRAS, and EGFR. Interestingly, rare NRAS p.Q61K and EGFR exon 19 deletions
were observed in 2 patients. We also found somatic chromosomal copy number deletions in CDKN2A and
CDKN2B genes. Genetic alteration related to response after PP therapy was not found. Somatic mutation profiling
in MM patients receiving PP therapy revealed genetic alterations in potential therapeutic targets such as NRAS and
EGFR. No alterations in genes with potential predictive role for PP therapy were found.

Translational Oncology (2018) 11, 268–274
dress all correspondence to: Tae Won Kim, MD, PhD, Department of Oncology,
an Medical Center, University of Ulsan College of Medicine, 88, Olympic-ro 43-gil,
ngpa-gu, Seoul 05505, Korea.E-mail: twkimmd@amc.seoul.kr
These authors contributed equally to this work.
ceived 1 December 2017; Revised 5 January 2018; Accepted 5 January 2018

2018 The Authors. Published by Elsevier Inc. on behalf of Neoplasia Press, Inc. This is
open access article under the CC BY-NC-ND license (http://creativecommons.org/
enses/by-nc-nd/4.0/).
36-5233/18
tps://doi.org/10.1016/j.tranon.2018.01.005
troduction
alignant mesothelioma (MM) is a rare [1], highly malignant tumor
at arises from mesothelial cells lining the serosal cavities of the body,
cluding pleural, peritoneal, and pericardial surfaces. Despite
eatment, the median survival of patients with MM currently ranges
om 12 to 18 months from the time of diagnosis [2,3]. Previous
trospective studies have shown that prognosis of MM is associated
ith several clinical variables including performance status, sex, anemia,
diological parameters at presentation, and molecular or pathologic
dings [4,5]. BRCA1-associated protein-1 (BAP1) mutations is
own to be related to a high rate of MM and MM associated with
rmline BAP1mutations has a better prognosis of overall 7-fold
creased long-term survival compared to sporadic MM [6].
Pemetrexed and platinum (PP) combination chemotherapy is the
rrent standard first-line therapy for systemic treatment of MM.
esponse rate of PP therapy is approximately 40%; almost half of all
tients are primary resistant, and all develop resistance ultimately [3,7].
Many studies have investigated the biology of mesothelioma in
der to identify novel molecular therapeutic targets as well as
tential predictive or prognostic biomarkers. MM may arise as
lyclonal tumors, we need to evaluate simultaneously several
fferent molecular targets in different MM cell clones, as each
one may carry its own distinct set of molecular alterations [8].
efore 2015, most studies used copy number arrays to profile
tential chromosomal variations and Sanger sequencing methods to
entify somatic mutations in tumors. Recently, genome wide
matic mutations of MM were profiled using next-generation
quencing (NGS) methods with whole genome [9,10], whole exome
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1–15] and targeted amplicons [16]. However, to the best of our
owledge, predictive biomarkers for PP therapy has not been
entified in MM patients. In the present study. We performed
rgeted exome sequencing to profile somatic mutations and copy
mber variations in malignant pleural and peritoneal mesothelioma
tients treated with PP therapy.
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Table 1. Patient Characteristics and Clinical Outcomes of PP Therapy (N = 51)

No. of Patients % of Patients

Age
Median (range) 58 (36-75)

Sex
Female 21 41.2
Male 30 58.8

Primary site
Peritoneum 21 41.2
Pleura 28 54.9
Pleura and pericardium 2 3.9

Cytoreductive surgery
Not performed 33 64.7
Performed 18 35.3

Best overall response of PP therapy
CR 3 5.9
PR 9 17.6
SD 27 52.9
PD 9 17.6

Not available 3 5.9

PP; pemetrexed and platinum, CR; complete response, PR; partial response, SD; stable disease, PD;
progressive disease.
aterials and Methods

atients and Tissue Samples
Between January 1990 and December 2012, 98 MM patients
ere diagnosed and received treatment at Asan Medical Center in
oul, Korea. The diagnosis of MM was based on standard
stological and immunohistochemical criteria. Of 98 patients, 71
ceived systemic chemotherapy and 51 of these received first-line PP
erapy. Thirty-two patients treated with PP therapy as first-line
lliative chemotherapy had tissues available as formalin fixed,
raffin embedded (FFPE) blocks. Hematoxylin/eosin stained
&E) slides and corresponding FFPE blocks were reviewed by a
thologist, who selected the area with tumor cells for genomic DNA
traction. Fifteen patients with adequate tumor tissues were
cluded for targeted NGS. Targeted NGS was performed with
mples from 15 patients with adequate tumor tissues, but 3 samples
d not pass quality control.

enomic DNA Extraction
After review of the matched H&E slides for each FFPE tissue section
a pathologist, 2 to 5 sections (6 μm thick) were used for extraction of
nomic DNA for each FFPE tissue, depending on the sample size and
llularity. After treatment with xylene and ethanol for de-
raffinization, genomic DNA was isolated using a NEXprep FFPE
issue kit (#NexK-9000; Geneslabs, Korea), according to the
anufacturer’s protocol. Briefly, the tissue pellet was completely lysed
incubation with proteinase K in lysis buffer overnight at 56°C,

llowed by additional incubation for 3 minutes with magnetic beads
d solution A at room temperature. After incubation for 5 minutes on
magnetic stand, supernatant was removed and washed three times
ith ethanol. After air-drying the beads for 5 minutes, DNA was eluted
50 μL of nuclease-free water, and quantified using a Quant-iTTM

coGreen dsDNA Assay kit (Invitrogen, Carlsbad, CA, USA).

argeted Next Generation Sequencing
Targeted NGS was performed using the MiSeq platform (Illumina,
n Diego, CA, USA) with OncoPanel version 2 (OPv2) for
pturing exons of 505 cancer-related genes plus partial introns from
genes often rearranged in cancer [17]. gDNA 200 ng was

agmented by sonication (Covaris Inc., Woburn, MA) to an average
250 bp, followed by size selection using Agencourt AMPure XP
ads (Beckman Coulter, High Wycombe, UK). A DNA library was
epared by ligation of 50 ng of purified DNA with a TruSeq adaptor
ing a SureSelect XT Reagent kit (Agilent Technologies, Santa Clara,
A), Each library was synthesized with sample-specific barcodes of 6
, quantified using PicoGreen, and four libraries were pooled to a
tal of 600 ng for hybrid capture using an Agilent SureSelectXT
stom kit (OPv2 RNA bait, 2.9 Mb; Agilent Technologies). The
ncentration of the enriched target was measured by quantitative
lymerase chain reaction (PCR) (Kapa Biosystems, Woburn, MA),
d loaded on the MiSeq platform (Illumina Inc., San Diego, CA) for
ired end sequencing.
ioinformatics Analysis
Sequenced reads were aligned to the human reference genome
CBI build 37) with BWA (0.5.9) with default options [18]. To
move PCR duplicates from the aligned reads, we used the
arkDuplicates of Picard package (available at http://
oadinstitute.github.io/picard). De-duplicated reads were re-
igned at known indel positions with the GATK IndelRealigner
9]. Base qualities were then recalibrated using the GATK
ableRecalibration. Somatic single nucleotide variants and short
dels were detected with an unmatched normal using Mutect
.1.6), VarDict and SomaticIndelocator in GATK [19–21].
ommon and germline variants from candidates of somatic variants
ere filtered out with common dbSNP (141 found in N1% of
mples), Exome Aggregation Consortium (ExAC; r0.3.1), Korean
eference Genome database (KRGDB) and in-house panel of
rmals [22,23]. Final somatic variants were annotated using Variant
ffect Predictor (version 79) [24] and were then converted to maf
e format using vcf2maf (https://github.com/mskcc/vcf2maf). False-
sitive variants were manually curated using Integrative Genomics
iewer (IGV) [25]. Both somatic mutations and copy number
riations were loaded in a local cBioPortal [26,27]. Pathway analysis
as performed using DAVID [28].

ructural Variation Analysis
Copy number analysis was performed using CNVkit, and copy
mbers of tumors were analyzed against a panel of unmatched
rmals [29]. Heatmap plots were generated using the heatmap
mmand from the CNVkit with segments files. The GISTIC
gorithm was applied to samples that satisfied the quality criteria to
entify significant focal and arm level amplifications and deletions
0]. The GISTIC q-value cut-off was set to 0.25.
Rearrangement analysis was performed using BreaKmer and
ndidates of germline mutations or false positives were filtered out
ith an in-house panel of normals [31].

atistical Analysis
Overall survival (OS) was defined as the time from chemotherapy
itiation until death or when the patient was last known to be alive.
ogression-free survival (PFS) was defined as the time from

http://broadinstitute.github.io/picard
http://broadinstitute.github.io/picard
https://github.com/mskcc/vcf2maf
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Ta e 2. Patient Characteristics and Clinical Outcomes of 12 Patients with Bioinformatics Analysis

C Age/Sex Primary Site CRS Best Overall Response to PP PFS, Months

1 63/F peritoneum Performed SD 17.6
2 61/F pleura Performed CR 69.7
3 58/M peritoneum Performed SD 51.3
4 47/M pleura Performed PR 15.7
5 52/M pleura Performed SD 6.1
6 56/M pleura Not

performed
PR 41.6

7 58/F peritoneum Not
performed

SD 55.5

8 54/M peritoneum Performed SD 6.4
9 36/F pleural and

pericardium
Performed SD 23.4

10 53/M pleura Performed PD 1.4
11 49/F pleura Not

performed
PD 1.6

12 51/M pleura Not
performed

SD 17.5

C ; cytoreductive surgery, PP; pemetrexed and platinum, CR; complete response, PR; partial
re nse, SD; stable disease, PD; progressive disease, PFS; progression free survival.

Ta e 3. Non-Silent Somatic Mutations Identified in 12 Malignant Mesotheliomas

G Variant Class Reference Variant A.A Change

AP Missense mutation G A R106H
AT Missense mutation G A A2575V
BA 1 Missense mutation T C Q85R
CR BBP Missense mutation G C P2077A

270 Mutational Profiling of Malignant Mesothelioma Kim et al. Translational Oncology Vol. 11, No. 2, 2018
emotherapy initiation to the first confirmation of progressive
sease or death. Survival curves of PFS and OS were plotted using the
aplan-Meier method. R package (http://www.R-project.org/) was
ed to perform t tests.

esults

atient Characteristics and Clinical Outcomes of PP Therapy
Between January 1990 and December 2012, 51 patients received
P combination therapy as first-line chemotherapy at Asan Medical
nter. The median age was 58 years (range, 36–75 years) and 30
tients (58.8%) were males. The primary site of malignant
esothelioma was pleura in 28 patients, peritoneum in 21 patients,
d pleura and pericardium in 2 patients. Among the 51 patients, 33
derwent cytoreductive surgery (Table 1) and 44 were evaluated for
mor response. The best overall tumor responses were complete
sponse (CR) in 3 patients, partial response (PR) in 9 patients, and
able disease (SD) in 27 patients. The median PFS was 7.5 months
5% CI, 3.9-11.0 months), and the median overall survival (OS)
as 17.8 months (95% CI, 9.6-26.0 months, Figure 1).
Out of the 51 patients, 15 patients with adequate tumor tissues
ere included for targeted next-generation sequencing (NGS), but 3
mples did not pass quality control. Finally, samples from 12 patients
ere sequenced, and their patient characteristics, clinical outcomes,
d the results of the bioinformatics analysis are shown in Table 2.
ut of the 12 patients, 4 showed short PFS less than 12 months;
rticularly, 2 patients had progressive disease immediately after PP
erapy and showed less than 2 months of PFS. In contrast, 8 patients
owed prolonged PFS of over 12 months.

andscape of Somatic Mutations in MM
We performed targeted capture sequencing (OncoPanel v2, OPv2;
pplementary Table 1) on tumor samples from12 cases ofMM.These
tisfied our minimum quality control criteria (mean target coverage
0x, target bases over 30x ≥80%). On average, 12,050,189 reads were
nerated for each sample, yielding coverage of targeted regions to a
ean depth of 136x. More than 90% of the targeted regions were
fficiently covered for confident mutation calling (≥30 reads)
upplementary Table 2).
We identified a total of 32 somatic mutations in coding regions,
cluding 7 synonymousmutations, 19missensemutations, 2 splice site
utations, and 4 small coding insertions/deletions (indels) (Table 3) in
cases (no mutation detected in 3 cases). We detected a mean of 2.8
gure 1. Overall survival and progression-free survival of patients
ho received Pemetrexed and Platinum therapy.
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matic mutations per tumor (range, 1–8), corresponding to an average
1.4 mutations per megabase (range, 0.5–4; Figure 2A). The

utational spectrum in our 9 MM cases was dominated by CNT
ansitions, which is in line with the results from a previous
esothelioma study [13].

ecurrently Mutated Genes
We found 23 genes harboring protein-altering mutations, 2 of
hich were recurrently mutated in at least 2 individuals (Figure 2A).
he genes that most frequently carried somatic mutations were BAP1
d TP53 (2 out of 12 cases (16.7%)). In detail, we found a somatic
utations in BAP1, which resulted in p.Q85R and p.S469Rfs*22
ino acid change (peritoneum −1; pleural −1; Figure 2B). Somatic
utations in TP53 were also found at the P53 DNA binding domain
N Missense mutation G A A99V
ER1 Missense mutation A C F72C
1 Missense mutation C G D1406H
R1 Missense mutation T C D175G
R4 Missense mutation G A V168I
S Missense mutation G A D883N
R Missense mutation A G T917A
2D Missense mutation G A S5404F

Splice-site mutation G A X2580_splice
S Missense mutation G T Q61K
7 Missense mutation C T D421N
Z1 Missense mutation A C L195W
M1 Missense mutation T C N1115D
H1 Missense mutation C A W851L
O2 Missense mutation C T R689C
3 Missense mutation T C Y205C
3 Splice-site mutation T C X261_splice
X2 Frame shift insertion - A P1365Tfs*20
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Image of Figure 1
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Figure 2. Mutational landscape in 12 malignant mesotheliomas.(A) Clinical data (main site, sex, Pemetrexed and Platinum therapy (PP)
response) and mutation type for 21 genes that were recurrently mutated in 12 malignant mesotheliomas. (B) Mutation diagram of BAP1.
(C) Mutation diagrams of TP53 (green color represents missense mutation; red color represents frame-shift deletion).
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.Y205C and p.X261_splice) (Figure 2C). These two TP53
utations were observed in pleural mesothelioma. No noticeable
netic alteration was observed in tumors that rapidly progressed after
therapy, or in tumors with long lasting durable response after PP

erapy. Therefore, we did not find any genetic alteration related to
eatment response after PP therapy.
Previous studies of MM have reported significantly or recurrently
utated genes such as BAP1, TP53, CUL1, NF2, TP53, KIT, andMET
–16]. However, our 9 MM cases had relatively lower mutational
quencies for these genes (22%,22%,0%,0%,0%, and0%, respectively).

ructural Variations
We profiled the somatic copy number variations (CNVs) of 12
alignant mesotheliomas using targeted NGS (OPv2) data obtained
CNVkit, and identified CDKN2A and CDKN2B copy number
letions. We performed GISTIC2 analysis to detect significant focal
NVs, which yielded 2 amplified (9q34.12 and 17q21.3) and 1
leted (9p21.3) regions (q-value b0.25; Figure 3, Supplementary
able 3). The most common recurrent focal amplification contained
BL1 (9q34.12) and COL1A1 (17q21.33). A focal deletion (9p21.3)
emed to target CDKN2A, CDKN2B (Supplementary Figure 1),
hich is a widely reported genomic alteration in MM [32].
We performed rearrangement analysis using targeted exome
quencing designed for detecting 15 recurrently rearranged genes
cancer, including RET, ALK, BRAF, and AKT. No rearrangement
ent was identified in any of our 12 MM cases.

otential Therapeutic Candidates
Interestingly, we found one missense mutation and one deletion
at may be potential therapeutic targets for MM. A missense NRAS
utation was identified at amino acid of 61 position (p.Q61K) in
alignant pleural mesothelioma (Figure 4A and B). A novel EGFR
on 19 deletion (p.E746_A750del) was detected in malignant
eural mesothelioma (Figure 4C and D). These two different somatic
utations were observed in separate patients.

iscussion
e identified 32 somatic mutations in 12 MM patients treated with
P therapy using targeted exome sequencing. We identified
matically recurrent mutations in 2 genes including BAP1 and
P53. We also found somatic chromosomal copy number deletions
CDKN2A and CDKN2B genes. The results are similar to recent
GS studies on MM [9–16]. We did not find any noticeable genetic
teration related to PP therapy response.

Image of Figure 2
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Figure 3. Copy number variants in 12 malignant mesotheliomas. GISTIC analysis identified 4 significantly altered copy number variations
(q-value cutoff: 0.25).
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Recently, genomic mutation profiling studies using NGS have
ovided valuable understanding of the genetic basis of MM [9–16].
hese previous studies confirmed the genetic changes in BAP1,
P53, CUL1, NF2, and LATS1-PSEN1 fusion. The frequency of
gure 4. Somatic mutations in NRAS and EGFR as a potential the
esothelioma shown by integrative genomic viewer (IGV). (B) EGFR exo
) Mutation diagram of NRAS Q61K. (D) mutation diagram of EGFR ex
matic mutations in BAP1 is approximately 40% in pleural MM
3]. However, somatic mutations in BAP1 were relatively low in our
udy. In recent study, Nasu et al. [33] reported that approximately
% of MM specimens had somatic mutations in BAP1 and half of
rapeutic target. (A) NRAS Q61K mutation in malignant pleural
n 19 deletion in malignant pleural mesothelioma, shown by IGV.
on19 deletion.

Image of Figure 3
Image of Figure 4
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e mutations were deletions which were too large to be detected
ing NGS (ranging from 300 to about 3,000 kb). We assume that
ese large deletions may affect relatively low frequency of somatic
utations in BAP1 in this study.
TP53 is well-known tumor suppressor gene in multiple tumor
pes. Somatic mutations in TP53 have been reported as one of the
gnificantly mutated gene in MM. The frequency of somatic
utations in TP53 is approximately 16% in MM (TCGA). Most of
e somatic mutations in TP53 were observed at recurrent hotspots
ch as K132N, R273H, V216L, C238F, G244D, G245S, Y234C,
273C, Q331*, A276D, and Q331*. Similarly, somatic mutations in
P53 were detected in17% of MM in our study.
Notably, the rare, previously unreported NRAS Q61K mutation
d EGFR exon 19 deletion may be potential therapeutic candidates
MM. This is the first report of NRAS mutation in mesothelioma.
RAS is an oncogene encoding a family of GDP/GTP-regulated
itches and is frequently mutated in a diverse type of cancers such as
elanoma and thyroid cancer. RAS gene family has a recurrently
utated hotspot at G12, G13 and Q61 amino acid positions. NRAS
61K mutation is involved in the onset and progression of several
ncers such as melanoma, papillary thyroid, colorectal, and ovarian
mor, and is often associated with poor prognosis [34]. Mutated
RAS triggers the MAPK signaling cascade through activation of
AF, which in turn activates MEK, thereby triggering ERK
osphorylation and cellular proliferation. Blocking a downstream
gnaling partner is an effective therapeutic strategy [35]; particularly,
EK inhibitor single therapy or combination therapy of MEK
hibitor with PI3K-AKT-mTOR inhibitors were shown to be
fective in melanoma [36].
EGFR is a well-known oncogene that encodes a tyrosine kinase
ceptor. Activating somatic mutations in EGFR have been observed
10–30% of non-small cell lung cancer (NSCLC) patients, and are
ed as genomic biomarkers for prediction of sensitivity to EGFR
hibitors in NSCLC. EGFR exon 19 (729-761 amino acid) deletions
cur in approximately 50% of NSCLC patients and are well-
aracterized as a EGFR-tyrosine kinase inhibitor (TKI)-sensitive
utations. Interestingly, these mutations have not been reported in
evious MM studies. In our current study, EGFR exon 19 deletion
.E746_A750del) was identified in malignant pleural mesothelioma,
hich suggests that EGFR TKI could be a potential therapeutic
ndidate for MM by targeting EGFR exon 19 deletion.
Our study has the following limitations. First, only 12 tumor
mples were included in mutation profiling using NGS. The small
mber of patients was due to the rarity of mesothelioma and the
mescale of PP therapy. Using formalin fixed, paraffin embedded
FPE) samples further limited the availability of adequate specimens
r NGS. Second, because we collected clinical information in a
trospective manner, we could not collect the patients’ history of
oking and occupational exposure to asbestos, which are risk factors
r the development of mesothelioma. A previous study reported that
bestos exposure is associated with mutations in KRAS and worse
ognosis in MM patients [37]. Lastly, we could not perform tumor-
atched normal pair analysis due to limited sample availability.
Our study is the first to use targeted NGS to describe the somatic
utation profiles in malignant pleural and peritoneal mesothelioma
eated with PP therapy. We did not find any predictive marker for PP
erapy, but found potential actionable targets such as NRAS p.
61K mutation and EGFR exon 19 deletion. Further investigations
ith a larger number of patients including functional studies for
tential therapeutic targets with NRAS and EGFR inhibitors are
eded.
Supplementary data to this article can be found online at https://
i.org/10.1016/j.tranon.2018.01.005.
uthor Contributions
K analyzed the data. JEK, YSH, KPK, DHL, SWK, SMC, SJJ, and
WK prepared the samples and generated the data. JEK and TWK
signed the study. JEK and DK prepared the manuscript. All authors
ad and approved the final manuscript.

ompeting Interests
he authors declare no conflict of interest.

unding
his study was supported by the National Research Foundation of
orea (NRF) grant (grant number 2016R1C1B2013126), the Bio &
edical Technology Development Program of the NRF (grant
mber 2017M3A9B6061815) funded by the Korean government,
inistry of Science and ICT (MSIT) and the post-genome
chnology development program (grant number 10053582) funded
the Ministry of Trade, Industry and Energy (MOTIE, Korea).

his study was also supported by grant 2016-0733 from the Asan
stitute for Life Sciences, Seoul, Republic of Korea.

cknowledgement
e thank Dr. Joon Seo Lim from the Scientific Publications Team
Asan Medical Center for his editorial assistance in preparing this
anuscript.
eferences

1] Robinson BM (2012). Malignant pleural mesothelioma: an epidemiological
perspective. Ann Cardiothorac Surg 1, 491–496.

2] Ray M and Kindler HL (2009). Malignant pleural mesothelioma: an update on
biomarkers and treatment. Chest 136, 888–896.

3] Vogelzang NJ, Rusthoven JJ, Symanowski J, Denham C, Kaukel E, Ruffie P,
Gatzemeier U, Boyer M, Emri S, and Manegold C, et al (2003). Phase III Study
of Pemetrexed in CombinationWith Cisplatin Versus Cisplatin Alone in Patients
With Malignant Pleural Mesothelioma. J Clin Oncol 21, 2636–2644.

4] Rice D (2012). Standardizing surgical treatment in malignant pleural
mesothelioma. Ann Cardiothorac Surg 1, 497–501.

5] Curran D, Sahmoud T, Therasse P, van Meerbeeck J, Postmus PE, and Giaccone
G (1998). Prognostic factors in patients with pleural mesothelioma: the
European Organization for Research and Treatment of Cancer experience. J Clin
Oncol 16, 145–152.

6] Baumann F, Flores E, Napolitano A, Kanodia S, Taioli E, Pass H, Yang H, and
Carbone M (2015). Mesothelioma patients with germline BAP1 mutations have
7-fold improved long-term survival. Carcinogenesis 36, 76–81.

7] Feldman AL, Libutti SK, Pingpank JF, Bartlett DL, Beresnev TH, Mavroukakis
SM, Steinberg SM, Liewehr DJ, Kleiner DE, and Alexander HR (2003). Analysis
of factors associated with outcome in patients with malignant peritoneal
mesothelioma undergoing surgical debulking and intraperitoneal chemotherapy.
J Clin Oncol 21, 4560–4567.

8] Comertpay S, Pastorino S, Tanji M, Mezzapelle R, Strianese O, Napolitano A,
Baumann F, Weigel T, Friedberg J, and Sugarbaker P, et al (2014). Evaluation of
clonal origin of malignant mesothelioma. J Transl Med 12, 301.

9] Rienzo AD, Archer MA, Yeap BY, Dao N, Sciaranghella D, Sideris AC, Zheng Y,
Holman AG, Wang YE, and Cin PSD, et al (2016). Gender-SpecificMolecular and
Clinical Features Underlie Malignant Pleural Mesothelioma. Cancer Res 76, 319–328.

0] Sheffield BS, Tinker AV, Shen Y, Hwang H, Li-Chang HH, Pleasance E, Ch’ng
C, Lum A, Lorette J, and McConnell YJ, et al (2015). Personalized
Oncogenomics: Clinical Experience with Malignant Peritoneal Mesothelioma
Using Whole Genome Sequencing. PLoS ONE 10, e0119689.

https://doi.org/10.1016/j.tranon.2018.01.005
https://doi.org/10.1016/j.tranon.2018.01.005
http://refhub.elsevier.com/S1936-5233(17)30429-1/rf0005
http://refhub.elsevier.com/S1936-5233(17)30429-1/rf0005
http://refhub.elsevier.com/S1936-5233(17)30429-1/rf0010
http://refhub.elsevier.com/S1936-5233(17)30429-1/rf0010
http://refhub.elsevier.com/S1936-5233(17)30429-1/rf0015
http://refhub.elsevier.com/S1936-5233(17)30429-1/rf0015
http://refhub.elsevier.com/S1936-5233(17)30429-1/rf0015
http://refhub.elsevier.com/S1936-5233(17)30429-1/rf0015
http://refhub.elsevier.com/S1936-5233(17)30429-1/rf0020
http://refhub.elsevier.com/S1936-5233(17)30429-1/rf0020
http://refhub.elsevier.com/S1936-5233(17)30429-1/rf0025
http://refhub.elsevier.com/S1936-5233(17)30429-1/rf0025
http://refhub.elsevier.com/S1936-5233(17)30429-1/rf0025
http://refhub.elsevier.com/S1936-5233(17)30429-1/rf0025
http://refhub.elsevier.com/S1936-5233(17)30429-1/rf0030
http://refhub.elsevier.com/S1936-5233(17)30429-1/rf0030
http://refhub.elsevier.com/S1936-5233(17)30429-1/rf0030
http://refhub.elsevier.com/S1936-5233(17)30429-1/rf0035
http://refhub.elsevier.com/S1936-5233(17)30429-1/rf0035
http://refhub.elsevier.com/S1936-5233(17)30429-1/rf0035
http://refhub.elsevier.com/S1936-5233(17)30429-1/rf0035
http://refhub.elsevier.com/S1936-5233(17)30429-1/rf0035
http://refhub.elsevier.com/S1936-5233(17)30429-1/rf0040
http://refhub.elsevier.com/S1936-5233(17)30429-1/rf0040
http://refhub.elsevier.com/S1936-5233(17)30429-1/rf0040
http://refhub.elsevier.com/S1936-5233(17)30429-1/rf0045
http://refhub.elsevier.com/S1936-5233(17)30429-1/rf0045
http://refhub.elsevier.com/S1936-5233(17)30429-1/rf0045
http://refhub.elsevier.com/S1936-5233(17)30429-1/rf0050
http://refhub.elsevier.com/S1936-5233(17)30429-1/rf0050
http://refhub.elsevier.com/S1936-5233(17)30429-1/rf0050
http://refhub.elsevier.com/S1936-5233(17)30429-1/rf0050


[1

[1

[1

[1

[1

[1

[1

[1

[1

[2

[2

[2

[2

[2

[2

[2

[2

[2

[2

[3

[3

[3

[3

[3

[3

[3

[3

274 Mutational Profiling of Malignant Mesothelioma Kim et al. Translational Oncology Vol. 11, No. 2, 2018
1] Alakus H, Yost SE, Woo B, French R, Lin GY, Jepsen K, Frazer KA, Lowy AM,
and Harismendy O (2015). BAP1 mutation is a frequent somatic event in
peritoneal malignant mesothelioma. J Transl Med 13.

2] Bueno R, Stawiski EW, Goldstein LD, Durinck S, De Rienzo A, Modrusan Z,
Gnad F, Nguyen TT, Jaiswal BS, and Chirieac LR, et al (2016). Comprehensive
genomic analysis of malignant pleural mesothelioma identifies recurrent
mutations, gene fusions and splicing alterations. Nat Genet 48, 407–416.

3] Guo G, Chmielecki J, Goparaju C, Heguy A, Dolgalev I, Carbone M, Seepo S,
Meyerson M, and Pass HI (2015). Whole-Exome Sequencing Reveals Frequent
Genetic Alterations in BAP1, NF2, CDKN2A, and CUL1 in Malignant Pleural
Mesothelioma. Cancer Res 75, 264–269.

4] Kang HC (2016). Whole exome and targeted deep sequencing identify genome-
wide allelic loss and frequent SETDB1 mutations in malignant pleural
mesotheliomas. Oncotarget 7, 8321–8331.

5] Miyanaga A, Masuda M, Tsuta K, Kawasaki K, Nakamura Y, Sakuma T,
Asamura H, Gemma A, and Yamada T (2015). Hippo Pathway Gene Mutations
in Malignant Mesothelioma Revealed by RNA and Targeted Exon Sequencing. J
Thorac Oncol 10, 844–851.

6] Iacono ML, Monica V, Righi L, Grosso F, Libener R, Vatrano S, Bironzo P,
Novello S, Musmeci L, and Volante M, et al (2015). Targeted Next-Generation
Sequencing of Cancer Genes in Advanced Stage Malignant Pleural Mesotheli-
oma: A Retrospective Study. J Thorac Oncol 10, 492–499.

7] Wagle N, Berger MF, Davis MJ, Blumenstiel B, DeFelice M, Pochanard P,
Ducar M, Hummelen PV, MacConaill LE, and Hahn WC, et al (2012). High-
Throughput Detection of Actionable Genomic Alterations in Clinical Tumor
Samples by Targeted, Massively Parallel Sequencing. Cancer Discov 2, 82–93.

8] Li H and Durbin R (2009). Fast and accurate short read alignment with
Burrows–Wheeler transform. Bioinformatics 25, 1754–1760.

9] McKenna A, Hanna M, Banks E, Sivachenko A, Cibulskis K, Kernytsky A,
Garimella K, Altshuler D, Gabriel S, and Daly M, et al (2010). The Genome
Analysis Toolkit: A MapReduce framework for analyzing next-generation DNA
sequencing data. Genome Res 20, 1297–1303.

0] Cibulskis K, Lawrence MS, Carter SL, Sivachenko A, Jaffe D, Sougnez C,
Gabriel S, Meyerson M, Lander ES, and Getz G (2013). Sensitive detection of
somatic point mutations in impure and heterogeneous cancer samples. Nat
Biotechnol 31, 213–219.

1] Lai Z, Markovets A, Ahdesmaki M, Chapman B, Hofmann O, McEwen R,
Johnson J, Dougherty B, Barrett JC, and Dry JR (2016). VarDict: a novel and
versatile variant caller for next-generation sequencing in cancer research. Nucleic
Acids Res 44, e108.

2] Sherry ST, Ward M-H, Kholodov M, Baker J, Phan L, Smigielski EM, and
Sirotkin K (2001). dbSNP: the NCBI database of genetic variation. Nucleic Acids
Res 29, 308–311.

3] Lek M, Karczewski KJ, Minikel EV, Samocha KE, Banks E, Fennell T,
O'Donnell-Luria AH, Ware JS, Hill AJ, and Cummings BB, et al (2016).
Analysis of protein-coding genetic variation in 60,706 humans. Nature 536,
285–291.

4] McLaren W, Pritchard B, Rios D, Chen Y, Flicek P, and Cunningham F (2010).
Deriving the consequences of genomic variants with the Ensembl API and SNP
Effect Predictor. Bioinformatics 26, 2069–2070.

5] Robinson JT, Thorvaldsdottir H, Winckler W, Guttman M, Lander ES, Getz G,
and Mesirov JP (2011). Integrative genomics viewer. Nat Biotechnol 29, 24–26.

6] Cerami E, Gao J, Dogrusoz U, Gross BE, Sumer SO, Aksoy BA, Jacobsen A,
Byrne CJ, Heuer ML, and Larsson E, et al (2012). The cBio Cancer Genomics
Portal: An Open Platform for Exploring Multidimensional Cancer Genomics
Data. Cancer Discov 2, 401–404.

7] Gao J, Aksoy BA, Dogrusoz U, Dresdner G, Gross B, Sumer SO, Sun Y,
Jacobsen A, Sinha R, and Larsson E, et al (2013). Integrative Analysis of Complex
Cancer Genomics and Clinical Profiles Using the cBioPortal. Sci Signal 6, pl1.

8] Huang DW, Sherman BT, and Lempicki RA (2008). Systematic and integrative
analysis of large gene lists usingDAVIDbioinformatics resources.Nat Protoc 4, 44–57.

9] Talevich E, Shain AH, Botton T, and Bastian BC (2016). CNVkit: Genome-
Wide Copy Number Detection and Visualization from Targeted DNA
Sequencing. PLoS Comput Biol 12, e1004873.

0] Mermel CH, Schumacher SE, Hill B, Meyerson ML, Beroukhim R, and Getz G
(2011). GISTIC2. 0 facilitates sensitive and confident localization of the targets
of focal somatic copy-number alteration in human cancers.Genome Biol 12, R41.

1] Abo RP, Ducar M, Garcia EP, Thorner AR, Rojas-Rudilla V, Lin L, Sholl LM,
Hahn WC, Meyerson M, and Lindeman NI, et al (2015). BreaKmer: detection
of structural variation in targeted massively parallel sequencing data using kmers.
Nucleic Acids Res 43, e19.

2] Illei PB, Rusch VW, Zakowski MF, and Ladanyi M (2003). Homozygous
Deletion of CDKN2A and Codeletion of the Methylthioadenosine Phosphor-
ylase Gene in the Majority of Pleural Mesotheliomas. Am Assoc Cancer Res 9,
2108–2113.

3] Nasu M, Emi M, Pastorino S, Tanji M, Powers A, Luk H, Baumann F, Zhang
YA, Gazdar A, and Kanodia S, et al (2015). High Incidence of Somatic BAP1
alterations in sporadic malignant mesothelioma. J Thorac Oncol 10, 565–576.

4] Martinelli E, Morgillo F, Troiani T, and Ciardiello F (2017). Cancer resistance to
therapies against the EGFR-RAS-RAF pathway: The role of MEK. Cancer Treat
Rev 53, 61–69.

5] Johnson DB and Puzanov I (2015). Treatment of NRAS-mutant melanoma.
Curr Treat Options in Oncol 16, 15.

6] Boespflug A, Caramel J, Dalle S, and Thomas L (2017). Treatment of NRAS-
mutated advanced or metastatic melanoma: rationale, current trials and evidence
to date. Ther Adv Med Oncol 9, 481–492.

7] Mezzapelle R, Miglio U, Rena O, Paganotti A, Allegrini S, Antona J, Molinari F,
Frattini M, Monga G, and Alabiso O, et al (2013). Mutation analysis of the
EGFR gene and downstream signalling pathway in histologic samples of
malignant pleural mesothelioma. Br J Cancer 108, 1743–1749.

http://refhub.elsevier.com/S1936-5233(17)30429-1/rf0055
http://refhub.elsevier.com/S1936-5233(17)30429-1/rf0055
http://refhub.elsevier.com/S1936-5233(17)30429-1/rf0055
http://refhub.elsevier.com/S1936-5233(17)30429-1/rf0060
http://refhub.elsevier.com/S1936-5233(17)30429-1/rf0060
http://refhub.elsevier.com/S1936-5233(17)30429-1/rf0060
http://refhub.elsevier.com/S1936-5233(17)30429-1/rf0060
http://refhub.elsevier.com/S1936-5233(17)30429-1/rf0065
http://refhub.elsevier.com/S1936-5233(17)30429-1/rf0065
http://refhub.elsevier.com/S1936-5233(17)30429-1/rf0065
http://refhub.elsevier.com/S1936-5233(17)30429-1/rf0065
http://refhub.elsevier.com/S1936-5233(17)30429-1/rf0070
http://refhub.elsevier.com/S1936-5233(17)30429-1/rf0070
http://refhub.elsevier.com/S1936-5233(17)30429-1/rf0070
http://refhub.elsevier.com/S1936-5233(17)30429-1/rf0075
http://refhub.elsevier.com/S1936-5233(17)30429-1/rf0075
http://refhub.elsevier.com/S1936-5233(17)30429-1/rf0075
http://refhub.elsevier.com/S1936-5233(17)30429-1/rf0075
http://refhub.elsevier.com/S1936-5233(17)30429-1/rf0080
http://refhub.elsevier.com/S1936-5233(17)30429-1/rf0080
http://refhub.elsevier.com/S1936-5233(17)30429-1/rf0080
http://refhub.elsevier.com/S1936-5233(17)30429-1/rf0080
http://refhub.elsevier.com/S1936-5233(17)30429-1/rf0085
http://refhub.elsevier.com/S1936-5233(17)30429-1/rf0085
http://refhub.elsevier.com/S1936-5233(17)30429-1/rf0085
http://refhub.elsevier.com/S1936-5233(17)30429-1/rf0085
http://refhub.elsevier.com/S1936-5233(17)30429-1/rf0090
http://refhub.elsevier.com/S1936-5233(17)30429-1/rf0090
http://refhub.elsevier.com/S1936-5233(17)30429-1/rf0095
http://refhub.elsevier.com/S1936-5233(17)30429-1/rf0095
http://refhub.elsevier.com/S1936-5233(17)30429-1/rf0095
http://refhub.elsevier.com/S1936-5233(17)30429-1/rf0095
http://refhub.elsevier.com/S1936-5233(17)30429-1/rf0100
http://refhub.elsevier.com/S1936-5233(17)30429-1/rf0100
http://refhub.elsevier.com/S1936-5233(17)30429-1/rf0100
http://refhub.elsevier.com/S1936-5233(17)30429-1/rf0100
http://refhub.elsevier.com/S1936-5233(17)30429-1/rf0105
http://refhub.elsevier.com/S1936-5233(17)30429-1/rf0105
http://refhub.elsevier.com/S1936-5233(17)30429-1/rf0105
http://refhub.elsevier.com/S1936-5233(17)30429-1/rf0105
http://refhub.elsevier.com/S1936-5233(17)30429-1/rf0110
http://refhub.elsevier.com/S1936-5233(17)30429-1/rf0110
http://refhub.elsevier.com/S1936-5233(17)30429-1/rf0110
http://refhub.elsevier.com/S1936-5233(17)30429-1/rf0115
http://refhub.elsevier.com/S1936-5233(17)30429-1/rf0115
http://refhub.elsevier.com/S1936-5233(17)30429-1/rf0115
http://refhub.elsevier.com/S1936-5233(17)30429-1/rf0115
http://refhub.elsevier.com/S1936-5233(17)30429-1/rf0120
http://refhub.elsevier.com/S1936-5233(17)30429-1/rf0120
http://refhub.elsevier.com/S1936-5233(17)30429-1/rf0120
http://refhub.elsevier.com/S1936-5233(17)30429-1/rf0125
http://refhub.elsevier.com/S1936-5233(17)30429-1/rf0125
http://refhub.elsevier.com/S1936-5233(17)30429-1/rf0130
http://refhub.elsevier.com/S1936-5233(17)30429-1/rf0130
http://refhub.elsevier.com/S1936-5233(17)30429-1/rf0130
http://refhub.elsevier.com/S1936-5233(17)30429-1/rf0130
http://refhub.elsevier.com/S1936-5233(17)30429-1/rf0135
http://refhub.elsevier.com/S1936-5233(17)30429-1/rf0135
http://refhub.elsevier.com/S1936-5233(17)30429-1/rf0135
http://refhub.elsevier.com/S1936-5233(17)30429-1/rf0140
http://refhub.elsevier.com/S1936-5233(17)30429-1/rf0140
http://refhub.elsevier.com/S1936-5233(17)30429-1/rf0145
http://refhub.elsevier.com/S1936-5233(17)30429-1/rf0145
http://refhub.elsevier.com/S1936-5233(17)30429-1/rf0145
http://refhub.elsevier.com/S1936-5233(17)30429-1/rf0150
http://refhub.elsevier.com/S1936-5233(17)30429-1/rf0150
http://refhub.elsevier.com/S1936-5233(17)30429-1/rf0150
http://refhub.elsevier.com/S1936-5233(17)30429-1/rf0155
http://refhub.elsevier.com/S1936-5233(17)30429-1/rf0155
http://refhub.elsevier.com/S1936-5233(17)30429-1/rf0155
http://refhub.elsevier.com/S1936-5233(17)30429-1/rf0155
http://refhub.elsevier.com/S1936-5233(17)30429-1/rf0160
http://refhub.elsevier.com/S1936-5233(17)30429-1/rf0160
http://refhub.elsevier.com/S1936-5233(17)30429-1/rf0160
http://refhub.elsevier.com/S1936-5233(17)30429-1/rf0160
http://refhub.elsevier.com/S1936-5233(17)30429-1/rf0165
http://refhub.elsevier.com/S1936-5233(17)30429-1/rf0165
http://refhub.elsevier.com/S1936-5233(17)30429-1/rf0165
http://refhub.elsevier.com/S1936-5233(17)30429-1/rf0170
http://refhub.elsevier.com/S1936-5233(17)30429-1/rf0170
http://refhub.elsevier.com/S1936-5233(17)30429-1/rf0170
http://refhub.elsevier.com/S1936-5233(17)30429-1/rf0175
http://refhub.elsevier.com/S1936-5233(17)30429-1/rf0175
http://refhub.elsevier.com/S1936-5233(17)30429-1/rf0180
http://refhub.elsevier.com/S1936-5233(17)30429-1/rf0180
http://refhub.elsevier.com/S1936-5233(17)30429-1/rf0180
http://refhub.elsevier.com/S1936-5233(17)30429-1/rf0185
http://refhub.elsevier.com/S1936-5233(17)30429-1/rf0185
http://refhub.elsevier.com/S1936-5233(17)30429-1/rf0185
http://refhub.elsevier.com/S1936-5233(17)30429-1/rf0185

	Mutational Profiling of Malignant Mesothelioma Revealed Potential Therapeutic Targets in EGFR and NRAS
	Introduction
	Materials and Methods
	Patients and Tissue Samples
	Genomic DNA Extraction
	Targeted Next Generation Sequencing
	Bioinformatics Analysis
	Structural Variation Analysis
	Statistical Analysis

	Results
	Patient Characteristics and Clinical Outcomes of PP Therapy
	Landscape of Somatic Mutations in MM
	Recurrently Mutated Genes
	Structural Variations
	Potential Therapeutic Candidates

	Discussion
	Author Contributions
	Competing Interests
	Funding
	Acknowledgement
	References


