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Survival from malignant mesothelioma, particularly pleural meso-
thelioma, is very poor. For patients with breast, ovarian, or prostate
cancers, overall survival is associated with increased sensitivity to
platinum chemotherapy due to loss-of-function mutations in DNA
repair genes. The goal of this project was to evaluate, in patients
with malignant mesothelioma, the relationship between inherited
loss-of-function mutations in DNA repair and other tumor suppressor
genes and overall survival following platinum chemotherapy. Pa-
tients with histologically confirmed malignant mesothelioma were
evaluated for inherited mutations in tumor suppressor genes.
Survival was evaluated with respect to genotype and site of
mesothelioma. Among 385 patients treated with platinum chemo-
therapy, median overall survival was significantly longer for patients
with loss-of-function mutations in any of the targeted genes
compared with patients with no such mutation (P = 0.0006). The
effect of genotype was highly significant for patients with pleural
mesothelioma (median survival 7.9 y versus 2.4 y, P = 0.0012), but
not for patients with peritoneal mesothelioma (median survival 8.2 y
versus 5.4 y, P = 0.47). Effect of patient genotype on overall survival,
measured at 3 y, remained independently significant after adjusting
for gender and age at diagnosis, two other known prognostic fac-
tors. Patients with pleural mesothelioma with inherited mutations in
DNA repair and other tumor suppressor genes appear to particularly
benefit from platinum chemotherapy compared with patients with-
out inherited mutations. These patients may also benefit from other
DNA repair targeted therapies such as poly-ADP ribose polymerase
(PARP) inhibitors.
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Malignant mesothelioma is an aggressive tumor arising from
the mesothelial cells lining the pleura, peritoneum, peri-

cardium, or tunica vaginalis, with ∼3,000 cases diagnosed each year
in the United States (1). Asbestos is the principal carcinogen as-
sociated with mesothelioma development, with exposure to other
minerals such as erionite also causally implicated (1, 2). Mesothe-
lioma can also develop in patients who have received radiation
therapy for another cancer (3).
Inherited loss-of-function mutations in BAP1 (BRCA1-associated

protein) predispose to mesothelioma (4–7), as well as to other
conditions (8) including uveal melanoma (9), cutaneous melanoma
(10), meningioma (11), basal cell carcinoma (12), and renal cell
carcinoma (13). BAP1 encodes a deubiquitinase that binds to
BRCA1 and BARD1 and enhances their tumor suppressor
function (14). It has been suggested that BAP1 is involved in
homologous recombination DNA repair by cleaving ubiquitin
from histone 2A at a critical step in the process (15). Inherited
loss-of-function mutations in other genes may also predispose to
mesothelioma (16–18) with lifetime risks expected to be much
lower than risks to carriers of mutations in BAP1.

Median overall survival of patients with pleural mesothelioma
is especially poor: ∼12–16 mo following treatment with cisplatin
plus pemetrexed (19, 20), the first-line standard of care chemo-
therapy for this disease. Of potential importance to mesotheli-
oma, ovarian and breast cancers that develop in patients with
inherited mutations in BRCA1 and BRCA2 are particularly
sensitive to cisplatin chemotherapy and, for ovarian cancer, these
patients have better overall survival (21–24). BRCA1 and BRCA2
are integral to DNA repair by homologous recombination.
Breast, ovarian, and prostate cancers in patients with mutations
in BRCA1 or BRCA2 are also more sensitive to poly-ADP ribose
polymerase (PARP) inhibitors, which cause cell death by inducing
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synthetic lethality of alternate DNA repair pathways (25–27). Cell
lines with loss of function of BAP1 are also sensitive to PARP
inhibitors (28–30).
The goal of the present project was to evaluate inherited loss-

of function mutations in patients with malignant mesothelioma,
not selected for family history or age at diagnosis, then to assess
whether inherited mutations in BAP1 and in DNA repair genes
impact overall survival following platinum-based chemotherapy.
If so, patients’ genotypes may impact front-line chemotherapy
decision-making and increase the likelihood that PARP inhibitor
treatment may benefit these patients as well.

Results
Patients and Clinical Characteristics. Patients were enrolled from
two centers. All patients with malignant mesothelioma attending
the Thoracic Medical Oncology Clinic of the National Cancer
Institute (NCI) between September 2013 and December 2016 were
offered participation in a study of the natural history of malignant
mesothelioma (ClinicalTrials.gov no. NCT01950572), and 241
consecutive patients were enrolled. The NCI Laboratory of Pa-
thology confirmed all diagnoses of mesothelioma and character-
ized their origin as pleural, peritoneal, pericardial, or tunica
vaginalis. All patients with malignant mesothelioma attending The
University of Chicago (UC) Medicine Mesothelioma Clinic be-
tween April 2016 and September 2017 were offered participation
in a similar study of the role of inherited genetics in solid tumors.
Of 250 eligible patients, 198 unrelated patients had adequate DNA
for testing and were enrolled (15). Five patients were seen at both
clinics, yielding the final combined study sample of 434 patients. At
both clinics, patients were enrolled regardless of asbestos exposure,
age at diagnosis, or personal or family history of cancer.
Features of patients and their tumors are indicated in Table 1.

Mesotheliomas most frequently originated in the pleura (66%)
and second most frequently in the peritoneum (31%). Most tu-
mors had epithelial histology (83%). Average age at diagnosis
was 60.3 y (range 12–83 y); 67% of patients were male. Patients
with pleural mesothelioma were diagnosed at older ages than
patients with peritoneal mesothelioma (64.6 ± 10.9 y vs. 51.4 ±
14.4 y, P < 0.0001) and were more likely to be male (70% vs.
59%, P = 0.02). Approximately one in five patients had a prior
history of another cancer, primarily cutaneous melanoma, ocular
melanoma, urothelial cancer, or breast cancer. Most patients
(66%) had at least one first-degree relative with cancer. In the
NCI cohort, cancers of relatives were most frequently mesothe-
lioma, ocular or cutaneous melanoma, breast cancer, or bladder
cancer. Of patients providing information on asbestos exposure,
74% reported a history of exposure, either occupational or
paraoccupational. Patients reporting asbestos exposure were
more likely to have developed pleural disease (P = 0.005).

Genetics of Patients and Tumors in the NCI Cohort. Genetic profiles
of patients in the UC cohort have been reported (15). This
section provides comparable information for the patients in the
NCI cohort. Overall, 28 of 239 unrelated patients (12%) from
the NCI cohort carried an unambiguously damaging mutation in
a targeted gene: 16 in BAP1 and 12 distributed among CHEK2,
PALB2, BRCA2, MLH1, POT1, TP53, and MRE11A (Fig. 1 and
SI Appendix, Table S1). Of these 28 mutations, three were large
rearrangements, two in CHEK2 and one in MLH1. Most of the
genes harboring mutations are required for DNA repair, either
by homologous recombination or by mismatch repair.
Inherited mutations in all genes except POT1 and MLH1 have

been reported in patients with mesothelioma (15, 31). Patient
MNH153, diagnosed with peritoneal mesothelioma at age 54,
carried a nonsense mutation in POT1 (SI Appendix, Table S1).
He reported 6-y asbestos exposure while working in engine
rooms during naval service in the 1970s. Inherited mutations in
POT1, a critical telomere maintenance gene (32), predispose to

melanoma (33) and to glioma (34), but have not been suggested
previously to predispose to mesothelioma. Patient MNH145,
diagnosed with peritoneal mesothelioma, inherited a genomic
deletion of at least 4.6 kb atMLH1 leading to loss of exons 16–19
and 3′UTR. His mother had developed primary cancers of the
colon and ovary, and eight other maternal relatives developed
MLH1-associated cancers. Patient MNH041, diagnosed with
pleural mesothelioma at age 27 with no family history of cancer,
carried a loss-of-function mutation in TP53. Her mutation oc-
curred de novo; it was not present in DNA from either parent;
familial relationships were verified by multiple genetic markers.
Inherited mutations were approximately equally frequent

among patients with pleural mesothelioma (14/140, 10%) and
patients with peritoneal mesothelioma (15/92, 16%, P = 0.22)
but were significantly more frequent among female patients (16/
83, 19%) than among male patients (14/158, 9%, P = 0.02) and
among patients diagnosed younger than age 60 (21/123, 17%)
versus those diagnosed age 60 or older (9/118, 8%, P = 0.03).

Table 1. Characteristics of mesothelioma patients and tumors

NCI UC Total*

n [%] n [%] n [%]

Patient characteristics 241 [100] 198 [100] 434 [100]

Gender
Male 158 [66] 136 [69] 292 [67]
Female 83 [34] 62 [31] 142 [33]

Age at diagnosis, y
<20 3 [1] 0 0 3 [1]
20–29 12 [5] 4 [2] 15 [3]
30–39 18 [7] 5 [3] 21 [5]
40–49 29 [12] 5 [3] 33 [8]
50–59 61[25] 44 [22] 105 [24]
60–69 71 [29] 77 [39] 147 [34]
70–79 43 [18] 57 [29] 100 [23]
≥80 4 [2] 8 [4] 12 [3]

Ethnicity
White, non-Hispanic 223 [93] 192 [97] 410 [94]
White, Hispanic 11[5] 0 [0] 11 [3]
Black 4 [2] 3 [2] 7 [2]
Asian 3 [1] 3 [2] 5 [1]

Asbestos exposure†

Yes 135 [56] 126 [64] 258 [59]
No 59 [24] 35 [18] 92 [21]
Unknown 47 [20] 37 [19] 84 [19]

Mesothelioma site
Pleura 140 [58] 148 [75] 286 [66]
Peritoneum 92 [38] 44 [22] 133 [31]
Pericardium 2 [1] 0 [0] 2 [0]
Pleura and peritoneum 0 [0] 3 [2] 3 [1]
Tunica vaginalis 7 [3] 3 [2] 10 [2]

Tumor histology
Epithelial 207 [86] 157 [80] 359 [83]
Sarcomatoid/biphasic 17 [7] 36 [18] 53 [12]
Unknown 17 [7] 5 [3] 22 [5]

Personal history of other cancer
Yes 58 [24] 27 [14] 84 [19]
No 183 [76] 171 [86] 350 [81]

Cancer in first-degree relative
Yes 147 [61] 142 [72] 286 [66]
No 94 [39] 54 [28] 146 [34]
Unknown 0 2 2

NCI, National Cancer Institute; UC, University of Chicago.
*Five patients were treated at both clinics; duplicate records were excluded.
†Asbestos exposure by self-report.
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Inherited mutations in BAP1 were strongly associated with di-
agnosis younger than age 60 (16/123, 13%) versus diagnosis at
age 60 or older (2/118, 2%, P = 0.001) and modestly associated
with gender (10/83, 12% of female patients, versus 8/158, 5% of
male patients, P = 0.069).
Mesothelioma tumor tissue was available for 12 of the 18 NCI

patients with inherited mutations in BAP1. All 12 tumors carried
a second, somatic mutation in BAP1 likely to lead to complete

loss of BAP1 function (Fig. 1 B and C). Somatic BAP1 mutations
included truncating mutations (n = 5), possible splice or dam-
aging missense mutations (n = 2), and large genomic lesions
leading to copy number changes at the BAP1 locus (n = 7) (SI
Appendix, Table S2). Most of the copy number changes were
deletions; the one copy number gain could be due to endor-
eduplication of the mutant alleles. All copy number changes led
to loss of heterozygosity (LOH) for the wild-type allele at the
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BAP1 locus. These tumors also harbored somatic point muta-
tions in 10 other genes (Fig. 1B).
Previous studies of sporadic (noninherited) mesothelioma

with somatic inactivation of BAP1 revealed tumor mutation
profiles enriched for DDX3X (35) or for NF2 and SETD2 (36).
Of the 12 mesothelioma tumors in the NCI series with in-
activation of BAP1 due to both germline and somatic mutation,
one tumor carried a somatic point mutation in NF2, none in
SETD2, and three in DDX3X (Fig. 1B). The mutation burden of
mesothelioma tumors from patients with a germline BAP1 mu-
tation was compared to reported mutation burden of mesothe-
lioma tumors from The Cancer Genome Atlas (TCGA) (36). For
these 12 patients, the average somatic mutation rate was 1.33
(range 0.44–2.88) nonsynonymous mutations per megabase,
similar to the somatic mutation rate of <2 nonsynonymous mu-
tations per megabase reported by the TCGA. Although the
numbers are small, this observation suggests that there may be
no differences in somatic mutation burden of patients with
germline BAP1 mutations compared with those without germline
mutation. In the future, analysis of all classes of somatic events in
tumors of all patients will enable comparison of somatic muta-
tion profiles of patients with inherited versus sporadic disease.
Patients with inherited mutations in BAP1 were more likely

than patients with no germline mutation to have a prior personal
history of any cancer (P = 0.002), melanoma (P = 0.02), or
bladder cancer (P = 0.0004; Fig. 1D), and to have a family history
of mesothelioma (P < 0.0001), ocular melanoma (P < 0.01), or
breast cancer (P = 0.03; Fig. 1E). It is well established that BAP1
carriers are at increased risk for mesothelioma and melanoma (6,
7, 9–12, 15). A very rough estimate of the magnitude of this risk
can be made from the 15 BAP1 families in the NCI cohort with
cancer history information available for both parents. Of the 15
obligate BAP1 mutation carrier parents, five developed meso-
thelioma by the date of the family’s enrollment in the study (SI
Appendix, Table S1). Their experience suggests 33% as an esti-
mate of mesothelioma risk by elderly age for BAP1 carriers.
Among carriers of germline mutations in these genes, in-

teraction of genotype and asbestos exposure exacerbates meso-
thelioma risk (27, 37). In the NCI series, 9 of 12 patients with
BAP1 mutations and 8 of 10 patients with mutations in other
genes reported asbestos exposure (SI Appendix, Table S1). Six
NCI patients had a family history of mesothelioma but no
inherited mutation in any sequenced gene. Three of these pa-
tients reported personal occupational history of asbestos expo-
sure, and four reported such exposure in their affected relative
(SI Appendix, Table S3). For example, MNH125 and his father
were both retired insulators who both developed mesothelioma.
Shared exposure to asbestos could mimic the effect of shared
genetic predisposition.

Genes Enriched for Inherited Loss-of-Function Mutations in the
Combined Cohort. Based on genetic analysis of 432 unrelated
patients from both the NCI and UC clinics, loss-of-function
mutations in BAP1, BRCA2, CHEK2, PALB2, MLH1, MRE11A,
and POT1 were significantly more frequent among cases than
among controls (Table 2 and SI Appendix, Table S4). Other than
BAP1, each gene harbored mutations in only a few patients, so
the associations of these genes with mesothelioma, although
significant, remain preliminary. Conversely, mutations in other
DNA repair genes may prove associated with mesothelioma as
more patients are evaluated.

Association of Genotype with Survival Among Patients Treated with
Platinum Chemotherapy. The association of patient genotype with
overall survival was evaluated for all 385 patients from the
combined cohort who received platinum-based chemotherapy
(Fig. 2 and SI Appendix, Table S5). Compared with patients with
no germline mutation, overall survival was significantly better for

patients with a mutation in BAP1 (P = 0.004) or for patients with
a mutation in any of the targeted genes (P = 0.0006). The sur-
vival benefit associated with genotype was similar for patients
with mutations specifically in BAP1 (SI Appendix, Fig. S1A) and
for patients with mutations in any of the targeted genes (Fig. 2A).
Multiple genes other than BAP1 contributed to this survival
advantage, but there was little power to detect effects of indi-
vidual genes other than BAP1 (SI Appendix, Table S6). The ef-
fect of genotype was highly significant for patients with pleural
mesothelioma (Fig. 2B and SI Appendix, Fig. S1B); median
survival was 7.9 y, both among patients with mutations in BAP1
and among patients with a mutation in any gene versus 2.4 y for
patients without a mutation (P = 0.0021 and P = 0.0012, re-
spectively). In contrast, the effect of genotype was not significant
for patients with peritoneal mesothelioma (Fig. 2C and SI Ap-
pendix, Fig. S1C); median survival was 8.2 y for mutation carriers
versus 5.4 y for those without a mutation (P = 0.47; Fig. 2C). The
survival curves for patients with peritoneal mesothelioma sug-
gested possible benefit to mutation carriers in the first years after
chemotherapy, but the difference in survival was not significant
at any time point in the first 10 y.
Patients with germline mutations were younger at diagnosis and

more likely to be female, perhaps because mesothelioma in females
is less frequently due to environmental exposure. Because being
young and female were both associated with improved survival, we
evaluated the effect of genotype on survival for pleural mesotheli-
oma patients adjusted for age and gender. Genotype had an in-
dependent and significant effect on survival at 3 y after treatment
after adjusting for age at diagnosis and gender (SI Appendix, Table
S7). Patients with versus without a germline mutation did not differ
with respect to tumor histology (83% versus 88% of tumors were
epithelial) or with respect to reported asbestos exposure (57%
versus 56% reported exposure). These results suggest that the effect
of genotype on overall survival of these patients is independent of
histology and asbestos exposure.

Discussion
The proportion of mesothelioma patients from the NCI and UC
with germline loss-of-function mutations in any tumor suppres-
sor gene was 11.7% [23/198 from UC (15) and 28/239 from NCI].
In addition to BAP1, loss of function mutations in BRCA2,
CHEK2, MLH1, MRE11A, PALB2, and POT1 were more fre-
quent among patients with mesothelioma than among controls.
Most significantly for patient care, the data suggests that patients
with pleural mesothelioma with inherited mutations in these genes

Table 2. Genes associated with inherited predisposition to
malignant mesothelioma

Gene Controls* OR (95% CI) P

BAP1 ExAC 1,458 (196, 10,843) <10e-30
WHI 393 (53, 2,923) <10e-30

BRCA2 ExAC 2.80 (1.02, 7.66) 0.036
WHI 5.67 (1.82, 17.65) 0.0007

CHEK2 ExAC 3.29 (1.61, 6.75) 0.00004
WHI 4.28 (1.96, 9.34) 0.0006

MLH1 ExAC 20.9 (2.16, 201.0) 0.00008
MRE11A ExAC 6.98 (1.62, 30.19) 0.002

WHI 6.78 (1.31, 35.04) 0.008
PALB2 ExAC 5.24 (1.24, 22.23) 0.012

WHI 4.84 (1.00, 23.37) 0.030
POT1 ExAC 8.94 (1.11, 72.84) 0.013

*Control series are ExAC: Exome Aggregation Consortium with exomes from
TCGA removed, n = 27,173; and WHI: Women’s Health Initiative participants,
age >70 y and cancer free, n = 7,325. All patients with damaging mutations
were of European ancestry, so only European ancestry controls were in-
cluded in analyses.
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have better overall survival following platinum-based chemotherapy
compared with patients with no germline mutation, consistent with
previous reports based on small numbers of patients (17, 38).
Cisplatin plus pemetrexed is the current front-line standard

of care therapy for pleural mesothelioma (19), and response to

chemotherapy is associated with improved survival (39). How-
ever, not all patients respond to this therapy, and there have
been no biomarkers to identify likely responders. Our results
suggest that after adjusting for age at diagnosis and gender,
patients with an inherited loss-of-function mutation in one of the
targeted genes may have significantly better survival following
platinum-based chemotherapy. That is, germline mutation in one
of these genes may be a prognostic marker for response to
platinum chemotherapy for this disease. Among mutation car-
riers, survival experience was similar for patients with pleural
mesothelioma (median 7.9 y) and for patients with peritoneal
mesothelioma (median 8.2 y). For these patients, survival may be
driven more by genotype than by site of origin.
In this analysis, survival of patients with germline mutations in

tumor suppressor genes was compared with survival of patients
with no detectable damaging germline mutation. However, loss
of function of BAP1 due to purely somatic events is well estab-
lished for mesothelioma (31). Loss of function of BAP1, or of
other tumor suppressor genes, due to purely somatic events is
likely to have the same effect on response to therapy and on
survival as loss of function due to germline plus somatic muta-
tion. By assigning patients with undetected, purely somatic
inactivating events to the “no mutation” comparison group, we
have very likely underestimated the effect of mutation on overall
survival. Nonetheless, the effect of mutation on survival for pa-
tients with pleural mesothelioma is highly significant. Future
analyses should address the impact on survival from mesotheli-
oma of biallelic somatic inactivation of these genes, as well as
other tumor markers of homologous recombination deficiency.
The improved overall survival of our patients closely mirrors

that of patients with solid tumors due to inherited mutations in
BRCA1 or BRCA2. In ovarian cancer, improved survival has
been attributed in part to better platinum response rates and
longer treatment-free duration after platinum therapy, especially
for BRCA2 mutation carriers (21, 22, 40). These clinical obser-
vations reflect the underlying deficits in homologous re-
combination DNA repair seen in BRCA-null cells. These cells
are unable to efficiently repair platinum-induced DNA cross-
links (41) and, notably, are more susceptible to inhibitors by a
synthetic lethal mechanism (42).
Among patients with ovarian, breast, or prostate cancer, the

combination of inherited and somatic mutations in DNA repair
genes define a subset of tumors that are particularly sensitive to
PARP inhibitors. Among the NCI patients with mesothelioma
with inherited BAP1 mutations, all tumors harbored additional,
somatic mutations likely leading to complete loss of BAP1
function. Cell lines with these features are sensitive to PARP
inhibitors (28, 29), suggesting that these primary tumors might
also be particularly vulnerable to PARP inhibitors (43). Whether
patients with mesothelioma with inherited mutations in BAP1 or
related DNA repair genes would benefit from PARP inhibitor
therapy is now an open question (15). An enrolling clinical trial
of the PARP inhibitor olaparib in patients with mesothelioma
will examine the relationship between patient genotype and re-
sponse to therapy (Clinicaltrials.gov no. NCT03531840). An-
other trial, of the PARP inhibitor niraparib in patients with
various neoplasms including mesothelioma, is evaluating the
relationship between patient genotype and response to therapy
(Clinicaltrials.gov no. NCT03207347). The observation of better
overall survival following platinum therapy in patients with mu-
tations in these genes provides additional rationale for trials of
PARP inhibition.
Based on the cancer experience of parents of NCI mesothe-

lioma patients with BAP1 mutations, the risk of mesothelioma
was 33% among obligate BAP1 mutation carriers. In contrast,
absolute risks of malignant mesothelioma were low for obligate
carriers of mutations in other genes. An interaction between
genotype and asbestos exposure on mesothelioma risk has been
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Fig. 2. Survival of patients with mesothelioma treated with platinum che-
motherapy, by patient’s genotype and primary site of tumor. Survival of
patients with an inherited damaging mutation in any targeted gene is in-
dicated in blue; survival of patients with no inherited mutation is indicated
in red. (A) All mesothelioma patients with versus without inherited muta-
tions. Median survival: 8.0 vs. 2.9 y, P = 0.0006. (B) Pleural mesothelioma
patients with versus without inherited mutations. Median survival: 7.9 vs. 2.4
y, P = 0.0012. (C) Peritoneal mesothelioma patients with versus without
inherited mutation. Median survival: 8.2 vs. 5.4 y, P = 0.47.
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demonstrated in mouse models (44, 45) and is consistent with
the reported experience of our patients.
A limitation of this study was that history of asbestos exposure

was based on patient report rather than on independent measure-
ment. The interaction of asbestos exposure and genetic pre-
disposition has been established (17), but confirmation in this study
was inevitably tentative. A second limitation was that although
patients were not selected for clinical characteristics, the NCI co-
hort included a high proportion of female and young patients, who
have better survival from the disease, hence our evaluation of the
effect of genotype on overall survival after adjusting for effects of
age at diagnosis and gender. Finally, for genes other than BAP1, the
number of patients with inherited mutations was small. Evaluation
of additional cases will more clearly reveal the role of other genes in
predisposition to mesothelioma and of interaction with asbestos
exposure in mesothelioma development.
The experience of these patients demonstrates that patient

genotype predicts improved overall survival following platinum
therapy and that patients with either pleural or peritoneal me-
sothelioma with a germline mutation survive on average 8 y.
We therefore suggest genetic testing at diagnosis for germline

mutations in a broad range of DNA repair and related genes for
every mesothelioma patient. Results of this testing are important for
treatment, prognosis, and surveillance for second cancers for patients,
as well as for cancer screening and prevention for their families.
In conclusion, we found that inherited mutations in DNA repair

genes among patients with malignant mesothelioma occur at fre-
quencies similar to their frequencies among patients with other solid
tumors. Mesothelioma patients with mutations in BAP1 or in DNA
repair genes have improved overall survival following platinum-
based chemotherapy. These data support exploration of other
therapies that exploit synthetic lethality of DNA repair pathways.

Methods
Human subjects committees of the NCI, UC, and the University ofWashington
approved the studies; all patients provided written informed consent. Methods
for genomic and statistical analyses are described in SI Appendix.
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