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A female underwent a right middle lobectomy for a pulmonary adenocarcinoma (AD). She
eventually died of a right malignant pleural mesothelioma (MPM; sarcomatoid type) 4 years
and 7 months after the removal of the AD even though she did not have any history of
asbestos exposure, smoking, or radiation exposure. Her chest CT revealed multiple
pulmonary nodules and bilateral pleural effusion with a right pleural tumor directly invading
into the abdominal cavity. The genomics of tumor origin and characteristics were
examined for the AD and the MPM. As a result, 50 somatic variants were detected in
the AD, and 29 somatic variants were detected in the MPM. The variants which were
common in both the AD and the MPMwere not present, which suggested that the AD and
the MPM had occurred independently in different origins. The MPM had two driver
oncogenes of TP53 and EP300, but the AD did not. Two driver oncogenes of TP53 and
EP300 were hypothesized to make the MPM aggressive. The speed at which the MPM
progressed without the patient having a history of asbestos exposure, smoking, or
radiation exposure was alarming.
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INTRODUCTION

Malignant mesothelioma (MM) is an aggressive malignancy of serosal membranes, including the
pleura, peritoneum, pericardium, and the tunica vaginalis of the testes, predominantly caused by
prior asbestos exposure (1). Malignant pleural mesothelioma (MPM) is the most common form of
mesothelioma, accounting for approximately 80% of the disease, and is a lethal cancer with nearly
25,000 deaths worldwide in 2018 (2). Despite global efforts to reduce asbestos exposure through
prohibition and mine closure in many countries, a decrease of mesothelioma incidences has not
been achieved. It has been characterized by a long latency period between asbestos exposure and
MPM presentation (13–70 years) and a lower survival rate (3). Some studies average the prognosis
to be roughly 1 year after diagnosis (4). Genetic changes are required for the malignant
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transformation of mesothelial cells. Several oncogenes and tumor
suppressors have been hypothesized to play a role in MPM
carcinogenesis (5). MPM is histopathologically classified into
three variants: epithelioid, sarcomatoid, and mixed/biphasic (6).

We experienced an impressive case in whom an aggressive
MPM was diagnosed 4 years and 7 months after a curative
pulmonary resection for pulmonary adenocarcinoma (AD). The
origin and characteristics for the two kinds of tumors were
examined from the point of genomics.
BACKGROUND

A 77-year-old female patient did not have a history of asbestos
exposure, smoking, or radiation exposure. She used to live in the
country and was a housewife. She did not work in a factory and
had no known contact with asbestos. She underwent a right
middle lobectomy and nodal dissection for pulmonary AD which
showed a ground glass opacity of 32 mm in size (Figure 1A). The
diagnosis of AD was determined to be a minimally invasive AD
(predominantly lepidic pattern) of pT2aN0M0 (pStage IB). For
this diagnosis, we used not only morphological methods but also
immunohistochemistry methods (Figures 2A–C). The AD was
positive for TTF-1 and Napsin A and negative for calretinin, D2-
40, or p40, which meant a pulmonary origin. Its epidermal
growth factor receptor in real-time PCR was negative, and its
anaplastic lymphoma kinase was negative. After the pulmonary
Frontiers in Oncology | www.frontiersin.org 2
resection, the patient had follow-up chest X-ray or chest CT
every 6 months. At 2 years and 3 months after the pulmonary
resection, the follow-up chest CT revealed a right pleural effusion
(Figure 1B). The cytology of the right pleural effusion was
negative for malignancy, and a recurrence of lung cancer was
judged to be negative. At 4 years and 5 months after the
pulmonary resection, there was not any symptom and any
evidence of another tumor. At 4 years and 7 months after the
pulmonary resection, the chest CT revealed multiple pulmonary
nodules and bilateral pleural effusion with a right pleural tumor
directly invading into the abdominal cavity (Figures 1C–F). The
brain CT revealed a brain metastasis. The cytology of the right
pleural effusion gave two negative results. The patient died of
respiratory failure due to the malignant tumors within a month
after the chest CT. An autopsy of the patient revealed that a right
MPM (sarcomatoid type) invaded into the right adrenal gland
and the liver with multiple pulmonary metastasis, multiple
pleural metastasis, multiple metastasis to hilar and mediastinal
lymph nodes, and oligometastasis into the heart. The MPM
consisted of fusiform-shaped sarcomatoid mesothelial cells. The
MPM was negative for TTF-1, Napsin A, or p40 and weakly
positive for calretinin and positive for D2-40 (Figures 2D–F),
which meant a mesothelium origin. The pathology was quite
different from the adenocarcinoma.

A dual deep sequence was performed to accurately compare
the genomes of the two tumors by SureSelect NCC oncopanel
(Agilent) (7). Two kinds of DNA polymerase (KAPA, Roche
A B C

D E F

FIGURE 1 | (A) Chest CT showing a ground glass opacity of 32 mm in size in her middle lobe of the right lung. (B) At 2 years and 3 months after pulmonary resection,
the follow-up chest CT revealed right pleural effusion. (C–F) At 4 year and 7 months after pulmonary resection, the chest CT revealed multiple pulmonary nodules and
bilateral pleural effusion with a right pleural tumor directly invading into the abdominal cavity. A right malignant pleural mesothelioma (sarcomatoid type) invaded to the right
adrenal gland and the liver.
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CustomBiotech; NEB, New England Biolabs) were employed for
the first (pre-capture) library amplification, then two libraries
were created for each of the AD and the MPM. Variant calls
common to the KAPA and NEB libraries were selected in each
tumor, and variant calls with variant allele frequency (VAF) less
than 5% (<0.05) were eliminated as noise (7). As a result, 50
somatic variants were detected in the AD, and 29 somatic
variants were detected in the MPM. The variants which were
common both in the AD and the MPM were not present, which
suggested that the origins of these tumors were different. The
tumor content ratio was low (25 to 30%) in the adenocarcinoma,
and all the detected mutations seemed to be heterozygous
mutations (Table 1). Mutations of TP53 and EP300 were
detected in MPM, not in AD. Although a specific driver
mutation was not detected in AD, the mutations of PIK3R1
c.1915C>T p.(Arg639Ter) and FLT3 c.931C>T p.(Arg311Trp)
were there, which were registered in the Catalogue of Somatic
Mutations in Cancer (COSIMC). The tumor mutation burden
(TMB) was 53.0 mut/Mbp in the AD and 30.7 mut/Mbp in
the MPM, whose TMBs showed a higher hypermutation rate.
There was no translocation of chromosome and no detection of
fused genes in the AD and the MPM. As for the mutation of
TP53 and EP300, VAF was high in MPM, the tumor content
ratio was about 90%, and the mutations were interpreted as
with accompanying homozygosity and loss of heterozygosity
(LOH). The two tumors had different molecular pathologies
and different origins. In the structural chromosomal
aberration analysis by DNA microarray with OncoScan CNV
(Affymetrix) (Figure 3), all chromosomes of the MPM showed
abnormality, whereas the chromosomal aberration of AD
Frontiers in Oncology | www.frontiersin.org 3
showed relatively local abnormality. The commonality was
not found in the pattern of the chromosomal aberration
between the AD and the MPM. The entire chromosome 17
and EP300 locus of chromosome 22 of MPM exhibited a single
copy, and LOH of TP53 and EP300 was confirmed to be due to
chromosome deletion.
DISCUSSION

The patient did not have any history of asbestos exposure,
smoking, occupational radiation exposure, or medical radiation
therapy. Besides these, there was no evidence of mesothelioma in
the right pleural cavity when she underwent a right middle
lobectomy and nodal dissection for pulmonary AD. Although we
should have had performed more detailed examinations to detect
the new tumor at 4 years and 5 months after the pulmonary
resection, we did not do so because we did not suspect the
recurrence of the adenocarcinoma nor a newly developed tumor.
The MPM was an extremely aggressive malignant tumor that
progressed quickly, causing the patient to die within 2 months.

We evaluated the patient and analyzed the causes and the
genomics of the AD and the MPM. The pulmonary AD was a
minimally invasive AD (predominantly lepidic pattern) of
pT2aN0M0 (pStage IB) and was removed by resection. In the
literature, there were several case reports in which malignant
pleural mesotheliomas invaded into the lung parenchyma with
intrapulmonary lepidic spread (8, 9). In our case, the
immunohistochemistry indicated that the adenocarcinoma
originated from the right lung and was a typical minimally
A B C

D E F

FIGURE 2 | (A) Pathology of primary lung cancer (×100). (B) TTF-1 of lung cancer (positive; ×400). (C) Calretinin of lung cancer (negative; ×400). (D) Pathology of
malignant pleural mesothelioma (×200). (E) Calretinin of malignant pleural mesothelioma (MPM; weakly positive; ×400). (F) D2-40 of MPM (positive; ×400).
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TABLE 1 | Suspicious pathogenic variants detected by cancer gene panel.

PP2HVAR PP2HDIV MUTTASTER MUTASSESSOR LRT

P(0.9) D(0.999) D(1) M(2.74) D(0.000001)

B(0.006) B(0.006) N(0.894783) L(1.7) N(0.052341)

D(0.999) D(1.0) D(0.999705) L(0.805) D(0.000004)

B(0.042) B(0.046) N(1) N(0) N(0.846991)

D(0.974) D(0.999) D,D(1,1) L(1.67) D(0.000000)

D(1.0) D(1.0) D,D(1,1) M(2.54) D(0.000000)

D(0.999) D(1.0) D(0.999992) M(2.14) D(0.000003)

D(0.971) D(0.999) D(0.991824) L(1.65) D(0.000141)

D(0.996) D(0.999) D(0.99977) N(-0.14) U(0.000000)

B(0.0) B(0.0) N(0.999428) N(0)

lico analysis was performed by Variant Annotation Integrator (https://genome.
ing; B, benign); PP2HVAR, PolyPhen-2 with HumDiv training set (D, probably
utral); LRT, likelihood ratio test (D, deleterious; N, Neutral; U, unknown).
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Tumor Chromosome
number

POS(hg38) dbSNP_ID REF ALT Gene HGVS_Format TV_GT VAF SIFT

AD chr9 136502399 – C T NOTCH1 NM_017617.5:c.5257G>A
p.(Gly1753Arg)

Hetero 0.16 D(0.034)

chr5 56881876 – C A MAP3K1 NM_005921:c.2676C>A
p.(Asn892Lys)

Hetero 0.14 D(0.008)

chr13 28049489 – G A FLT3 NM_004119.3:c.931C>T
p.(Arg311Trp)

Hetero 0.13 D(0.002)

chr5 68296271 – C T PIK3R1 NM_001242466.2:c.1915C>T
p.(Arg639Ter)

Hetero 0.12

chr3 47037710 – C A SETD2 NM_001349370.3:c.7306G>T
p.(Glu2436Ter)

Hetero 0.1

chr19 17840301 – G T JAK3 NM_000215.4:c.1183C>A
p.(Arg395Ser)

Hetero 0.07 T(0.063)

chr19 10499591 – C A KEAP1 NM_012289.4:c.443G>T
p.(Gly148Val)

Hetero 0.06 D(0.039)

chr9 132910576 rs118203506 TG TGG TSC1 NM_000368.5:c.1256dupC
p.(Arg420fs)

Hetero 0.06

chr16 346821 – C A AXIN1 NM_003502.4:c.205G>T
p.(Gly69Trp)

Hetero 0.05 D(0.001)

MPM chr17 7675124 rs148924904 T C TP53 NM_000546.6:c.371A>G
p.(Tyr124Cys)

Homo 0.89 D(0.0,0.0)

chr22 41117297 – G C EP300 NM_001362843.2:c.205G>C
p.(Gly69Arg)

Homo 0.87 D(0.002)

chr9 136505577 rs778742968 A G NOTCH1 NM_017617.5:c.4319T>C
p.(Ile1440Thr)

Hetero 0.1 T(0.264)

chr1 64855540 – C A JAK1 NM_001320923.2:c.1617G>T
p.(Met539Ile)

Hetero 0.09 T(0.136)

chr19 15191656 – GCCTGTGGCACACAGA
TGCAGCAGTCCAGCCA
CCTGGCGCATGTCCAC
CCGAGGCCTGCCTCCC
CGCTCCCTCTGGCCGC
AGTGCCCA

G NOTCH3 NM_000435.3:c.802+2_803del
p.(Gly268fs)

Hetero 0.09

chr9 95508310 rs756897237 TGCC T PTCH1 NM_000264.5:c.49_51del
p.(Gly17del)

Hetero 0.08

chr7 129206365 – CGCAGGTATAGT
GACTGGTAGGAA
CGGGAGACCTGG
ATGGGGTGAGTT
TGAGGGAGGGGG
CCAGTAACCCACC
TTCTGTCCCACCC
CTTCCTGCT

C SMO NM_005631.5:c.1140
+3_1142del p.(Val381fs)

Hetero 0.06

chr1 11139434 – GCCTTAAAAATAAGAGA
AACTGGGTTATAGACAG
AACTGGACAGCCCAGG
GACACCATGGGGCCC
TACCTGCCCATGTGGG
TGGGTGGTTGTCACTCA

G MTOR NM_001386500.1:c.4998
+2_4999del p.(Ala1667fs)

Hetero 0.06

chr9 136504956 rs761020817 GCAC G NOTCH1 NM_017617.5:c.4732_4734del
p.(Val1578del)

Hetero 0.06

chr9 136515399 – TCCTGAAGGGGTGGC
ACGTGTCGGTCAGTCC
TCAGGCCCGCCCTGC
CCACTGGCCCCCCGC
CGGCCACCCGCCTGGCCGGCCA

T NOTCH1 NM_017617.5:c.1903
+2_1904del p.Gly635fs

Hetero 0.06

chr4 54274562 – AGTCCTGGTGCTGTTG
GTGATTGTGATCATCTCACTTATT

A PDGFRA NM_001347827.2:
c.1599_1637del
p.(Leu534_Val546del)

Hetero 0.06

AD, adenocarcinoma; MPM, malignant pleural mesothelioma; TV_GT, zygosity of the mutations in tumors estimated from tumor cell content and VAF; VAF, variant allele frequency; in s
ucsc.edu/cgi-bin/hgVai); SIFT, sorting intolerant from tolerant (D, damaging; T, tolerated); PP2HVAR, PolyPhen-2 with HumVar training set (D, probably damaging; P, possibly damag
damaging; P, possibly damaging; B, benign); MUTTASTER, MutationTaster (D, disease causing; N, polymorphism); MUTASSESSOR, Mutationassessor (M, medium; L, low; N, ne
i
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invasive AD with a predominantly lepidic pattern. Besides this,
the immunohistochemistry indicated that the MPM originated
from the mesothelium. Our case is quite different from such
cases of a malignant pleural mesothelioma with intrapulmonary
lepidic spread. An autopsy of the patient was performed to assess
the cause of death. The patient died from the aggressive
mesothelioma. The patient’s case was discussed by surgeons
and pathologists. This research began postmortem, so we were
not able to get her perspective.

Although asbestos was certainly the largest and most well-
known cause of MM, roughly 20% of the patients did not have
any known exposure to asbestos (4). A statistically significant
increase of MM develops following radiation therapy for breast
cancer, testicular cancer, Hodgkin’s lymphoma, and non-
Hodgkin’s lymphoma (10–13). A couple of causal factors for
MPM include occupational radiation exposure and medical
radiation therapy (14). Our patient had no history of exposure
to either of these causal factors. The rate of sarcomatoid and
biphasic disease is higher in the pleura compared to the
peritoneum. A pleural MM occurs much more commonly
in men, while a peritoneal MM occurs in younger patients.
Pleural MM has a relatively lower 5-year survival, even for the
more favorable epithelioid histology. In contrast, it has been
observed that a subset of epithelioid peritoneal MM patients had
prolonged survival following an aggressive therapy. Collectively,
these observations raise the possibility that pleural MM and
peritoneal MM have a similar morphological representation but
are biologically distinct from each other.
Frontiers in Oncology | www.frontiersin.org 5
We found the main driver mutations of TP53 (p53) and
EP300 in the MPM and hypothesized that these driver mutations
made the MPM aggressive. TP53 was reported in Li-Fraumeni
syndrome, which was an autosomal dominant inheritance
disease of pathologic mutation of the TP53 gene in the
germline on ClinVar. TP53 is the most frequently mutated
gene (>50%) in human cancer, indicating that the TP53 gene
plays a crucial role in preventing cancer formation. The TP53
gene is located on the short arm of chromosome 17 (17p13.1).
MPMs with TP53 mutations were reported to have a more
aggressive phenotype (15). The mutation of the TP53 gene
predicted shorter survival (16). A univariate regression analysis
revealed that the overexpression of TP53 and B-cell lymphoma-
2-associated X protein (BAX) in colorectal cancer tissues was
associated with poor patient outcome (17). TP53 is associated
with important cell functions, such as the termination on the
border, apoptosis instruction, DNA repair promotion, and
neovascularization suppression. EP300, also known as histone
acetyltransferase p300, E1A-associated protein p300, or p300, is
an enzyme that is encoded by the EP300 gene. EP300 mutations
contribute to an unfavorable phenotype in a number of solid
tumors and hematological malignancies, and therefore EP300 is
often considered as a tumor suppressor (18). This enzyme plays
an essential role in regulating cell growth and division,
prompting cells to mature and preventing the growth of
cancerous tumors. The downregulation of EP300 gene
expression was associated with higher anti-tumor immunity in
most solid malignancies (19). The EP300 gene is located on the
FIGURE 3 | Structural chromosomal aberration analysis by DNA microarray (OncoScan CNV). All chromosomes showed abnormality in malignant pleural mesothelioma,
whereas the chromosomal aberration of lung adenocarcinoma was relatively local. A commonality was not found in the patterns of the chromosomal aberration between
the adenocarcinoma and the malignant pleural mesothelioma.
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long arm of chromosome 22 (22p13.2). EP300 and BAX
contribute to the regulation of the cell cycle and apoptosis,
cellular processes that are often impaired in cancer cells.
Dysregulations of the expression of EP300, TP53, and BAX
genes were found to contribute to colorectal cancer
pathogenesis (17).

MPM is characterized by a low mutation load (20). MPM
does not appear to be involved in the aberrant expression of
many well-studied growth control genes, such as HRAS, KRAS,
TP53 (p53), and RB1 (21–23), although the SV40 T antigen has
been proposed to inactivate p53 function in some MPM tumors
(24). MPM was reported to be characterized by the frequent
inactivation of tumor suppressor genes, e.g., the homozygous
deletion of the cyclin-dependent kinase inhibitor 2A/2B, various
genetic alterations that inactivate BRCA1-associated protein-1
(BAP1), neurofibromin 2, large tumor-suppressor kinase 2, and
tumor protein p53 (TP53) (4, 25–27). In our case study, the
mesothelioma did not have either the BAP1 or CDKN2A
mutation. The impact that the BAP1 and CDKN2A mutations
have on MPM is unclear. TP53 and RB1 tumor suppressor genes
were important in maintaining genetic homeostasis in
MPM (28).

Although a specific driver mutation was not detected in the
adenocarcinoma, there were mutations with registration in
COSIMC. PIK3R1 c.1915C>T p.(Arg639Ter) is a mutation with
registration in COSIMC, and pathologic significance is confirmed
(COSV57126125). The mutation was observed in colorectal
cancers and prostate cancers (https://cancer.sanger.ac.uk/cosmic/
search?q=PIK3R1+c.1915C). FLT3 c.931C>T p.(Arg311Trp) is
also a mutation with registration in COSIMC, and pathologic
significance is confirmed (COSV54057282). The mutation was
observed in colorectal cancers and prostate cancers (https://cancer.
sanger.ac.uk/cosmic/search?q=FLT3+c.931C). As a result, PIK3R1
and FLT3 were recognized to be mutations that were not
correlated to metastasis and the recurrence of a malignant tumor.

The patterns of chromosomal aberration of the AD and the
MPM were quite different. The AD and the MPM showed
different patterns in the chromosome structure analysis by
OncoScan; specifically, the MPM had structural abnormalities
in all chromosomes. The NCC Oncopanel showed no pathologic
fusion gene in the AD and the MPM. The two kinds of tumor
had different molecular pathologies and occurred in different
origins. The TMB was 53.0 mut/Mbp in the AD and 30.7 mut/
Mbp in the MPM. The TMBs showed higher hypermutation
rates, and immune checkpoint inhibitors could be effective for
patient therapy.
Frontiers in Oncology | www.frontiersin.org 6
CONCLUDING REMARKS

AD and MPM occurred independently and had different origins.
The MPM had the two oncogenes of TP53 and EP300, but the
AD did not. The two driver oncogenes of TP53 and EP300 were
hypothesized to make the MPM more aggressive. The MPM
progressed quickly without a history of asbestos exposure,
smoking, or radiation exposure.
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