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Abstract

IMPORTANCE Patients with mesothelioma often have next-generation sequencing (NGS) of their
tumor performed; tumor-only NGS may incidentally identify germline pathogenic or likely
pathogenic (P/LP) variants despite not being designed for this purpose. It is unknown how frequently
patients with mesothelioma have germline P/LP variants incidentally detected via tumor-only NGS.

OBJECTIVE To determine the prevalence of incidental germline P/LP variants detected via tumor-
only NGS of mesothelioma.

DESIGN, SETTING, AND PARTICIPANTS A series of 161 unrelated patients with mesothelioma from
a high-volume mesothelioma program had tumor-only and germline NGS performed during April
2016 to October 2021. Follow-up ranged from 18 months to 7 years. Tumor and germline assays were
compared to determine which P/LP variants identified via tumor-only NGS were of germline origin.
Data were analyzed from January to March 2023.

MAIN OUTCOMES AND MEASURES The proportion of patients with mesothelioma who had P/LP
germline variants incidentally detected via tumor-only NGS.

RESULTS Of 161 patients with mesothelioma, 105 were male (65%), the mean (SD) age was 64.7
(11.2) years, and 156 patients (97%) self-identified as non-Hispanic White. Most (126 patients [78%])
had at least 1 potentially incidental P/LP germline variant. The positive predictive value of a
potentially incidental germline P/LP variant on tumor-only NGS was 20%. Overall, 26 patients (16%)
carried a P/LP germline variant. Germline P/LP variants were identified in ATM, ATR, BAP1, CHEK2,
DDX41, FANCM, HAX1, MRE11A, MSH6, MUTYH, NF1, SAMD9L, and TMEM127.

CONCLUSIONS AND RELEVANCE In this case series of 161 patients with mesothelioma, 16% had
confirmed germline P/LP variants. Given the implications of a hereditary cancer syndrome diagnosis
for preventive care and familial counseling, clinical approaches for addressing incidental P/LP
germline variants in tumor-only NGS are needed. Tumor-only sequencing should not replace
dedicated germline testing. Universal germline testing is likely needed for patients with
mesothelioma.
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Key Points
Question What proportion of

mesothelioma tumor profiling assays

incidentally detect germline variants

associated with hereditary cancer

syndromes?

Findings In a case series of 161

unrelated patients with mesothelioma,

16% carried a pathogenic or likely

pathogenic germline variant associated

with hereditary cancer syndromes.

Meaning These findings suggest that

mesothelioma patients may benefit

from universal germline testing.
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Introduction

Mesothelioma is an aggressive cancer that principally affects the pleural and/or peritoneal cavities.1

The prognosis of mesothelioma is poor, with a median survival of only 18.4 months.2 Anatomic tumor
location does influence prognosis, as individuals with peritoneal mesothelioma have longer survival
compared with patients with pleural mesothelioma.3

Asbestos exposure is the major known risk factor for mesothelioma, but prior work has shown
12% of patients also carry germline pathogenic or likely pathogenic (P/LP) variants that further
modify an individual’s lifetime risk of solid tumor development.3-7 Individuals with peritoneal
mesothelioma are particularly likely to carry germline P/LP variants (25% of cases).4 Universal
germline genetic testing, which is increasingly a standard of care in other cancers, is not yet routinely
used in mesothelioma care.8 Clinical guidelines for mesothelioma recommend discussing the risks
and benefits of germline genetic testing with patients who have personal or family histories that are
suggestive of a hereditary cancer syndrome, particularly if these malignant neoplasms are associated
with germline BAP1 P/LP variants.9 Experiences with other tumor types have shown that universal
genetic testing, as opposed to germline testing triggered by high-risk personal and/or family
histories, increases the diagnosis of hereditary cancer syndromes.10

Germline BAP1 P/LP variants are the most frequent and well-studied alterations in patients with
mesothelioma who have increased cancer risk. Patients with mesothelioma and germline P/LP
variants, especially in BAP1, have improved survival relative to patients without germline P/LP
variants.3,11 Recognition of patients with germline BAP1 P/LP variants may also help guide treatment
decision-making, particularly in regard to the use of platinum-based therapies.3,4,9

Tumor-only next-generation sequencing (NGS) is increasingly being used in academic practices,
where NGS can determine eligibility for clinical trials investigating targeted agents. The genes that
are most frequently somatically altered in mesothelioma include BAP1, CDKN2A, DDX3X, NF2, and
TP53.12,13 These same genes, when altered in the germline, are associated with hereditary cancer
syndromes (BAP1, CDKN2A, NF2, and TP53) as well as developmental delays and/or disabilities
(DDX3X).9,14-18 Recognizing the germline origin of these variants has important implications for the
counseling and care of both the patient and their family members.9 Some P/LP variants detected via
tumor-only NGS may be of germline origin. The association between tumor-only NGS and germline
sequencing has not previously been performed for patients with mesothelioma.

Here, we analyzed a large series of patients with mesothelioma who underwent both tumor and
germline sequencing. We determined the prevalence of incidental germline findings that were also
detected via tumor-only sequencing.

Methods

Study Population
Patients with mesothelioma presenting to University of Chicago Medicine (UCM) were consented to
an annually reviewed, institutional review board–approved protocol, from April 2016 to October
2021. The study followed the Strengthening the Reporting of Observational Studies in Epidemiology
(STROBE) reporting guideline. After thorough discussion of the protocol, including risks and
benefits, confidentiality, and voluntary nature of participation, and allowing the patient adequate
time for consideration and asking questions, informed consent was obtained. This protocol allowed
for biobanking (peripheral blood, saliva, and tumor) and germline sequencing. Trained interviewers
used a standardized survey to collect a personal and family history of cancer from each patient.
Primary (occupational or environmental) or secondary asbestos exposure (living with persons
exposed to asbestos) was self-reported by patients. All exposures were classified as definite,
probable, possible, or no known exposure. Demographic data, such as participant-reported race,
were also collected, as patients with European ancestry have historically been overrepresented in
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most mesothelioma studies, increasing the importance of including data from non-European
populations.

Germline Variant Detection and Interpretation
DNA was extracted from peripheral blood mononuclear cells or saliva. DNA was sequenced with an
84 gene, research-based, NGS panel designed by the University of Chicago Genetic Services
Laboratory to sequence the coding and flanking intronic regions of each gene (genes listed in eTable 1
in Supplement 1). All variants were analyzed by 2 independent reviewers (S.D. and D.G.) and
interpreted according to the American College of Medical Genetics and Genomics and Association for
Molecular Pathology consensus guidelines.19 P/LP variants, including nonsense, frameshift, splice
site, missense variants, and large-scale genomic rearrangements with known moderate-to-high
penetrance cancer susceptibility were reported. All germline P/LP variants were validated by Sanger
sequencing, correlated with clinical and family history, and segregated in family members when
possible. During the informed consent process, patients could opt in to receive disclosure of clinically
relevant research results. Patients selecting yes were provided with clinical appointments with a
physician and/or genetic counselor to discuss these results.

Somatic Variant Detection and Interpretation
DNA was extracted from fresh frozen, paraffin embedded tumor tissue blocks. Somatic variants were
identified using the UCM OncoPlus NGS panel, which sequences 1212 genes with median depths
ranging from 360 × to 785 × coverage. eTable 1 in Supplement 1 contains 76 genes from the
Oncoplus panel that are clinically reported.20

Immunohistochemistry
BAP1 and PD-L1 staining was conducted in a CLIA-certified laboratory. The Santacruz, C4 monoclonal
antibody was used for BAP1 staining and the Abcam 28.8 monoclonal antibody was used to evaluate
PD-L1 staining. Percentage of cells positive for PD-L1 was calculated via the Tumor Percentage
Score (TPS).

Statistical Analysis
Fisher exact test and χ2 test were used to determine an association between patients with
mesothelioma, the presence of germline variants, patient demographics, and tumor characteristics.
A 2-sided P value of less than .05 was considered statistically significant. Data analysis was generated
in Microsoft Excel, version 16, with the Real Statistics Resource Pack software, version 7.6, (Real
Statistics) from August 2022 to March 2023.

Results

Study Population
Overall, 168 unrelated patients with mesothelioma who had tumor-only NGS were included. Of these
patients, 161 (96%) had sufficient germline tissue available for sequencing (Figure 1). Of the 161
patients, 105 were male (65%) and the mean (SD) age was 64.7 (11.2) years. Most patients self-
identified as non-Hispanic White (156 patients [97%]). Approximately 68% of all patients had pleural
mesothelioma (109 patients), 28% had peritoneal mesothelioma (45 patients), and 4% had
bicavitary disease or involvement of the tunica vaginalis (7 patients). Most patients had epithelioid
mesothelioma (138 patients [86%]), 14 patients (9%) had biphasic, and 8 patients (5%) had
sarcomatoid mesothelioma. Most patients did not have a personal history of second cancers (122
patients [76%]). Among the 39 patients (24%) with second malignant neoplasms, 12 had a history of
skin cancer not otherwise specified secondary to a lack of family knowledge and/or medical records,
8 had prostate cancer, 7 had lymphoma, and 4 had thyroid cancer. A total of 114 patients (71%) had a
first-degree family member with a malignant neoplasm (Table 1).
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Somatic and Germline P/LP Variants
Overall, 25 of 161 patients (16%) ultimately carried a P/LP germline variant (Figure 1 and eTable 5 in
Supplement 1). Most patients (126 patients [78%]) with tumor-only NGS had a P/LP variant detected
in a gene associated with a hereditary cancer syndrome. The positive predictive value (PPV) of a P/LP
variant identified on tumor-NGS was 20% (25 of 126 patients). A total of 28 germline P/LP variants
were identified. Three patients carried P/LP germline variants in 2 different genes. Most germline
variants were in genes involved in DNA repair: BAP1 (8 patients [29% of patients with a germline P/LP
variant]), CHEK2 (6 patients [21%]) and ATM (3 patients [11%]). Other genes with a germline P/LP
variant identified in at least 1 patient included ATR, DDX41, FANCM, HAX1, MRE11A, MSH6, MUTYH,
NF1, SAMD9L, and TMEM127 (Table 2). Each patient with multiple P/LP germline variants carried a
P/LP BAP1 variant with germline P/LP variants in additional genes: TMEM127 (patient 8), HAX1
(patient 9), and SAMD9L (patient 10).

Characteristics of Germline P/LP Variant Carriers
Most patients (15 patients [60%]) with P/LP germline variants had pleural mesothelioma, 36% (9
patients) had peritoneal mesothelioma, and 4% (1 patient) had bicavitary disease. Asbestos exposure
was not significantly different between germline P/LP variant carriers and patients without germline
variants (P = .77, Fisher exact test) (Table 1). Germline variant carriers were more likely to have a
history of a second cancer (12 of 25 patients [48%]; P = .005; odds ratio [OR], 3.73; 95% CI,
3.19-4.24) as compared with patients without germline variants (27 of 136 patients [18%]). Most
patients (11 of 12 patients [92%]) with P/LP germline variants and multiple cancers received a
mesothelioma diagnosis concurrently or after the diagnosis of the other malignant neoplasm
(eTable 2 in Supplement 1). The mean (SD) time between a first diagnosis of cancer and a
mesothelioma diagnosis in patients with P/LP germline variants was 9.8 (14.5) years (eTable 2 in
Supplement 1). Germline P/LP variant carriers were more likely to have at least 1 first-degree family
member with a cancer diagnosis (23 patients [92%]; P = .01, Fisher exact test) than patients without
a germline P/LP variant (91 patients [68%]) (Table 1).

Figure 1. Flow Diagram of Patients in Mesothelioma Sequencing Cohort

168 Patients with malignant mesothelioma and
tumor-only next generation sequencing

Germline tissue available

333 P or LP SNVs or CNVs identified

161 Patients with 298 P or LP SNVs or CNVs 7 Patients with 10 P or LP SNVs or CNVs

109 P or LP CNVs

1 Of 109 (0.9%) P or LP
CNVs found to be of germline

origin

21 Of 59 (36%) P or LP
SNVs found to be of

germline origin

1 Of 130 (0.8%) P or LP
SNVs found to be of

germline origin

59 Of 189 (31%) P or LP SNVs 130 Of 189 (69%) P or LP SNVs

Tumor variant allele
frequency > 0.4

189 P or LP SNVs

No

VAF >40% VAF <40%

Yes

CNV indicates copy number variants; P, pathogenic; LP,
likely pathogenic; SNV, single nucleotide variants.

JAMA Network Open | Oncology Germline Variants Detected via Tumor-Only Genomic Profiling of Mesothelioma

JAMA Network Open. 2023;6(8):e2327351. doi:10.1001/jamanetworkopen.2023.27351 (Reprinted) August 9, 2023 4/12

Downloaded from jamanetwork.com by University of Chicago Libraries user on 03/05/2024

https://jama.jamanetwork.com/article.aspx?doi=10.1001/jamanetworkopen.2023.27351&utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamanetworkopen.2023.27351
https://jama.jamanetwork.com/article.aspx?doi=10.1001/jamanetworkopen.2023.27351&utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamanetworkopen.2023.27351
https://jama.jamanetwork.com/article.aspx?doi=10.1001/jamanetworkopen.2023.27351&utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamanetworkopen.2023.27351


Table 1. Characteristics of Mesothelioma Patients and Tumors

Characteristic

Patients, No (%)

P value
Patients with P or LP
germline variants

Patients without P or LP
germline variants

Sex

Female 9 (36) 47 (35)
>.99

Male 16 (64) 89 (65)

Age at diagnosis, y

<20 0 0

.92

20-29 0 2 (1)

30-39 0 1 (1)

40-49 1 (4) 7 (5)

50-59 6 (24) 31 (22)

60-69 9 (36) 51 (38)

70-79 6 (24) 36 (26)

>80 3 (12) 8 (6)

Race and ethnicity

Asian or South Asian 0 3 (2)

>.99
Black 0 1 (1)

White, Hispanic 0 1 (1)

White, non-Hispanic 25 (100) 131 (96)

Asbestos exposurea

Definite 10 (40) 52 (38)

.77

Probable 4 (16) 32 (24)

Possible 8 (32) 41 (30)

No known exposure 3 (12) 10 (7)

No data 0 1 (1)

Mesothelioma site

Bicavitary 1 (4) 4 (3)

.61

Pericardium 0 0

Peritoneum 9 (36) 36 (26)

Pleura 15 (60) 94 (69)

Tunica vaginalis 0 2 (1)

Tumor histology

Benign multicystic 0 1 (1)

.69
Biphasic 2 (8) 12 (9)

Epithelial 23 (92) 115 (85)

Sarcomatoid 0 8 (6)

Personal history of other cancer

Yes 12 (48) 27 (18)
.005

No 13 (52) 109 (81)

Other cancersb

Colon 0 2 (6)

NA

Lymphoma 3 (19) 4 (13)

Prostate 2 (13) 6 (19)

Kidney 2 (13) 0

Skin, not otherwise specified 3 (19) 9 (29)

Thyroid 1 (6) 3 (10)

Other 5 (31) 7 (23)

Cancer in first degree relative

Yes 23 (92) 91 (68)
.01

No 2 (8) 45 (33)

Abbreviations: LP, likely pathogenic; P, pathogenic.
a Self-reported.
b Some patients had multiple other cancers.
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Pathologic Characteristics of Mesothelioma in Germline P/LP Variant Carriers
Overall, 23 of 25 germline P/LP variant carriers (92%) had epithelioid mesothelioma and 2 germline
P/LP variant carriers had biphasic mesothelioma (8%). These proportions were similar to patients
without germline variants (85% epithelioid and 9% biphasic or sarcomatoid; respectively, P = .69;
OR, 0.94; 95% CI, 0.80-1.09) (Table 1). Most tumors in germline P/LP variant carriers (17 patients
[68%]) lost BAP1 expression, which was similar to patients without germline P/LP variants (69
patients [51%]) (P = .28, Fisher exact test). Programmed death-ligand 1 (PD-L1) staining, which may
be associated with immunotherapy response in mesothelioma, was similarly positive in patients with
and without germline P/LP variants (56% and 45%, respectively; P = .38, Fisher exact test).21,22 Most
patients with evaluable CHEK2 germline P/LP variant carriers (5 of 6 patients [83%]) had tumors with
BAP1 loss and positive PD-L1 staining (eTable 3 in Supplement 1).

Plot of Somatic and Germline P/LP Variants
The tumor variant allele frequency (VAF) for incidental germline P/LP variants was greater than 40%
in 19 of the 20 variants for which VAF was available (Table 2). Only 1 germline variant, a frameshift
variant in MSH6, had a tumor VAF less than 40% (Table 2). The most frequent somatic variants in
patients with germline P/LP variants were in DDX3X (4 patients), NF2 (4 patients), and TP53 (3
patients) (Figure 2). Three of 8 patients (38%) with germline P/LP variants in BAP1 had second
somatic hits in BAP1. The VAF of these second hits in BAP1 ranged from 18% to 25%. All known
germline P/LP variants in the patient cohort were incidentally detected via tumor-only NGS panels
that sequenced the same genes (eTable 4 in Supplement 1). A small number of patients had P/LP
germline variants detected via dedicated germline sequencing only, as the genes of interest (CD36,
FANCM, HAX1, MUTYH, SAMD9L, TMEM127) were not sequenced by our institution’s tumor-only
NGS panel.

Discussion

Multiple groups have shown tumor-based NGS will incidentally detect germline P/LP variants in many
patients with otherwise unremarkable personal and family histories.23-31 None of these studies have
focused on patients with mesothelioma. Here, we demonstrate that 16% of unrelated patients (25 of
161) with mesothelioma carried P/LP germline variants associated with hereditary cancer syndromes.
These variants were incidentally detected via tumor-only sequencing. Most patients (126 patients
[78%]) in our cohort had variants detected via tumor-only NGS that warranted dedicated germline
testing. The PPV of a potentially incidental germline P/LP variant on tumor-only testing was 20%.
The high overall germline diagnostic yield in our cohort (25 patients [16%]) is similar to other tumor
types in which universal germline genetic testing is now recommended, such as metastatic prostate
cancer (12%-17%), epithelial ovarian cancer (18%-24%), and exocrine pancreatic cancer (15%).32,33

Universal genetic testing in all patients with cancer has been suggested as one approach to avoid
missing any patients who harbor pathogenic germline variants. In 1 study10 of more than 2900
patients with cancer, 1 in 8 were found to be carrying a P/LP germline variant. Half of patients with
P/LP germline variants did not meet guidelines for hereditary genetic testing. Given the high yield of
patients with mesothelioma harboring a P/LP germline variant, which is similar to other cancer types
where universal genetic testing is standard, it is reasonable to consider recommending universal
germline screening in future mesothelioma treatment guidelines. Of note, only 1 patient in our
cohort, a woman who had previously developed breast cancer in her 40s, would have met NCCN
criteria for a hereditary cancer evaluation according to personal history.

We found patients with a family history of cancer had a higher likelihood of carrying a germline
P/LP variant (92% vs 68%, respectively; P < .001) (Table 1). Despite this, we also identified germline
variants in patients who did not have a family history of cancer. Given the importance of avoiding
false negatives when deciding when to offer germline testing, family history alone is not a clinically
acceptable surrogate for guiding germline testing decisions. We also found age at diagnosis, asbestos
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exposure, site of disease, and tumor histology were not associated with the presence or absence of a
germline P/LP variant (Table 1). Tumor VAF has been proposed as a potential surrogate for germline
variants.34 Once again, however, the importance of avoiding false-negative germline evaluations
suggest that VAF alone should not be used as a surrogate for dedicated germline testing in patients
with mesothelioma. Two patients in the germline P/LP variant cohort carried the CHEK2 p.I157T,
which has variable classifications of pathogenicity.35,36 According to the high prevalence of germline
P/LP variants in patients with mesothelioma (16%), the high prevalence of variants on tumor-only
NGS that warrant dedicated germline evaluation (78%), the inability to use tumor-based NGS as a
germline assay, the clinical importance of identifying hereditary cancer syndromes, and the rapidly
decreasing cost of NGS, we are likely approaching a point at which universal germline testing of
patients with mesothelioma warrants consideration.

Figure 2. Pathogenic or Likely Pathogenic Variants in Patients With Germline Pathogenic/Likely Pathogenic Variants

Patient No. 1 2 3 4 5 6 7 8 9

NA

10 11 12 13 14 15 16 17 18 19 20 21 22 23

NA

24 25

ATM

ATR

ATRX

BAP1

BAP1 IHC

CD36

CHEK2

CSF1R

CTNNA1

DDX3X

DDX41

DMNT3A

EPHA5

FANCM

HAX1

MET

MRE11A

MSH6

MUTYH

NF1

NF2

PALB2

PTEN

SAMD9L

TERT

TMEM127

TP53

Pathogenic or likely pathogenic germline variant detected in germline tissue alone

Pathogenic or likely pathogenic somatic variant detected in tumor tissue alone

Pathogenic or likely pathogenic germline variant detected in both germline and tumor tissue

BAP1 protein retained in tumor cells via IHC

BAP1 protein lost in tumor cells via IHC

BAP1 IHC staining not performed

IHC indicates immunohistochemistry; NA, not applicable.
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Limitations
This study had limitations. One limitation is the 50 gene panel-based approach that we used for
germline sequencing. This panel-based approach will have a lower diagnostic yield than more
unbiased methods, such as whole exome or whole genome sequencing. However, panel-based
sequencing is less expensive than more unbiased approaches, which improves the feasibility of
implementing germline sequencing in a variety of clinical settings. Similar panel-based sequencing
approaches have been used to establish the prevalence of germline variants in other tumor types.33

The high germline diagnostic yield (16%) in our cohort, despite our panel-based NGS approach and
limited sample size, indicates that patients with mesothelioma represent a population that is at high
risk for hereditary cancer syndromes regardless of sequencing approach and the size of panel used.
We anticipate that the germline diagnostic yield in patients with mesothelioma will increase over
time as more unbiased sequencing approaches are used. A second limitation is that our patient
population was largely of European ancestry and was drawn from a single center, although the
proportion of white patients in our retrospective study was similar to the proportion of patients with
mesothelioma of European ancestry (93%) in larger data sets.37

Conclusions

In this case series of 161 patients with mesothelioma, 16% had confirmed germline P/LP variants.
Given the implications of a hereditary cancer syndrome diagnosis for preventive care and familial
counseling, clinical approaches for addressing incidental P/LP germline variants in tumor-only NGS
are needed. Universal germline testing is likely needed for patients with mesothelioma.
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