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Abstract

Heritable mutations in the BAP1 tumor suppressor gene predispose individuals to mesothelioma
and other cancers. However, a large-scale assessment of germline BAP1 mutation incidence and
associated clinical features in mesothelioma patients with a family history of cancer has not been
reported. Therefore, we examined the germline BAP1 mutation status of 150 mesothelioma
patients with a family history of cancer, 50 asbestos-exposed control individuals with a family
history of cancers other than mesothelioma, and 153 asbestos-exposed individuals without familial
cancer. No BAP1 alterations were found in control cohorts, but were identified in 9 of 150
mesothelioma cases (6%) with a family history of cancer. Alterations among these cases were
characterized by both missense and frameshift mutations, and enzymatic activity of BAP1
missense mutants was decreased compared to wild-type BAP1. Furthermore, BAP1 mutation
carriers developed mesothelioma at an earlier age that was more often peritoneal than pleural (5 of
9), and exhibited improved long-term survival compared to mesothelioma patients without BAP1
mutations. Moreover, many tumors harboring BAP1 germline mutations were associated with
BAP1 syndrome, including mesothelioma and ocular/cutaneous melanomas, as well as renal,
breast, lung, gastric, and basal cell carcinomas. Collectively, these findings suggest that
mesothelioma patients presenting with a family history of cancer should be considered for BAP1
genetic testing to identify those individuals who might benefit from further screening and routine
monitoring for the purpose of early detection and intervention.
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Introduction

A history of asbestos exposure has been documented in about 80% of individuals diagnosed
with malignant mesothelioma (MM) (1). However, MM has been shown to develop in only
about 5% of heavily exposed asbestos miners who were followed for 45 years (2), and just
3,200 new cases of MM are diagnosed each year (3) among the nearly 27 million workers in
the US who were exposed to ashestos between 1940 and 1979 (4). Additionally, there is no
dose-response relationship between asbestos exposure and MM (1). Collectively, these data
have led investigators to conclude that ashestos exposure appears to be necessary, but not
sufficient, for the development of MM (5).

Intriguingly, MM has been shown to cluster in certain families, i.e., those with so-called
familial MM. Furthermore, a history of other common cancers is frequent among individuals
who develop both familial and sporadic MM, and the enhanced susceptibility to common
cancers appears to extend to other members of such families, as well (6-8). In a study of
familial MM, clustering was not found to be due to similar exposures to ashestos, leading
investigators to conclude that genetic factors must be involved (7). Thus, genetic
susceptibility likely has a significant role in the etiology of MM (8, 9).

In 2011, germline mutations of the BAP1 tumor suppressor gene were reported in two
families with multiple MMs and/or uveal melanomas (UMs) as well as other tumors such as
kidney cancer (8). In addition, germline BAP1 mutations were identified in 2 of 26 sporadic
MMs, and both individuals with mutant BAP1 were previously diagnosed with UM.
Concurrently, Weisner et al. described germline BAP1 mutations in two families with
atypical melanocytic tumors as well as cutaneous melanoma (CM) and UM (10). To
investigate the potential contribution of germline BAP1 mutations in UM patients with
possible predisposition to hereditary cancer, Abdel-Rahman et al. identified a patient with a
germline truncating mutation of BAP1, which segregated in several family members with
UM, lung adenocarcinoma, and meningioma (11). Moreover, several other members of this
family had MM. A number of other papers have confirmed these findings and/or extended
the disease phenotype to other cancer types, including renal cell carcinoma (RCC) (12).
Collectively, these findings have led to the identification of a BAP1 tumor predisposition
syndrome characterized by MM, CM, UM, RCC and potentially other tumors due to
heterozygous germline mutations of BAP1 (13, 14).

Based on these studies, we hypothesized that germline mutations in BAP1 may contribute to
susceptibility to MM in ashestos-exposed individuals through a mechanism that involves a
gene-environment interaction. We further postulated that germline BAP1 mutations would
more likely occur if an MM index case had a family history of various cancers, consistent
with a genetic predisposition to cancer. We recently reported in vivo genetic evidence that
germline heterozygous mutation of Bapl accelerates development of asbestos-induced MM
(15). No spontaneous MMs were seen in unexposed Bapl-mutant mice, suggesting that high
penetrance of MM requires environmental exposure to asbestos of other carcinogenic fibers.
To further investigate its role in ashestos-induced MM, we determined the prevalence of
germline BAP1 mutations in a population of asbestos-exposed MM cases and controls. The
MM cases were selected for a past personal or family history of cancer and compared with
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asbestos-exposed controls either with or without a personal or family cancer history. While
no alterations of BAP1 were found in controls, BAP1 mutations were identified in a 9 of 150
MM cases with a personal or family history of cancer. The findings presented here imply
that patients presenting with a MM and a family history of cancer should be considered for
genetic testing to identify families who might benefit from screening and regular
monitoring, with the goal of early cancer detection and intervention.

Materials and Methods

Study Populations and Data Acquisition

All MM cases had a history of asbestos exposure and were identified through one or more of
the following sources: 1) their health care providers; 2) a support organization
(Mesothelioma Applied Research Foundation, MARF); or 3) independent medical
evaluations for medical legal purposes. All study participants gave informed consent for
their participation, and the protocol was approved by the Institutional Review Board at
Wake Forest School of Medicine. Additionally, MM cases were selected based on a past
personal or family history of one or more of the cancers previously reported in BAP1
syndrome families, as above. Study entry criteria consisted of a pathology report, including
immunohistochemical staining confirming the diagnosis of MM, from a CLIA-certified
hospital laboratory within the United States or Canada. All cases had a personal interview
with the examining physician or study coordinator to clarify questionnaire responses, and
most subjects also underwent a complete physical examination and physician review of the
full medical record. Legal cases frequently had independent pathologic review in addition to
the clinical pathologic diagnostic workup noted above. Demographic data, such as gender,
age, age at first exposure to asbestos, occupational history, and personal and family health
history, were collected and archived from the questionnaire/interview.

We developed a scoring system to prioritize the intensity of this “cancer signal.” As part of
this system, the following four conditions were identified: 1) personal history of cancer; 2)
parent, 3) sibling, or 4) child with history of cancer. To ascertain individual case scores the
following criteria were used. Initially, the population was narrowed by identifying MM
cases that had either a personal history of cancer or a first degree relative with a cancer. In
order to help prioritize which of the MM subjects had a higher cancer signal, we developed a
“Cancer Epi” scoring system. As part of this system, the following four conditions were
identified: personal history of cancer, parent with history of cancer, sibling with history of
cancer, and child with history of cancer. Scores were assigned as follows: 4 conditions, 4
points; 3 conditions, 3 points, 2 conditions, 2 points; and 1 condition only, 1 point. In
addition, MM cases were given an additional point for each of the following two situations
that were thought to indicate a higher cancer signal in the family: sib ratio = 0.5 (at least half
of the subject’s siblings must have cancer), and a child with cancer. Finally, subjects were
also given an additional point for having a personal or family history of one of the following
known or potential BAP1 syndrome-related cancers: CM, UM, RCC and breast cancer,
and/or MM in another family member. Altogether, we identified 150 MM cases with known
asbestos exposure and a family history of cancer (i.e., high cancer signal).
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Like the MM case cohort, two control cohorts were identified through screening for
litigation. One control cohort consisted of 50 individuals chosen using the same scoring
criteria as for our MM cases (i.e., asbestos exposed and with a high family cancer signal),
except that MM was not observed in the index cases or their families. Nineteen of the index
cases in this control cohort had been diagnosed with a cancer other than MM, and the
remaining 31 had no personal history of cancer. A second control group consisted of 153
subjects without a familial cancer history but with a known asbestos exposure history; these
individuals were diagnosed with mild asbestosis and/or pleural plaques. This group was
selected specifically to minimize cancer signal and to maximize latency (the time elapsed
from date of first ashestos exposure to diagnosis of ashestos related diseases, other than
MM). The second control cohort therefore shared the following characteristics: 1) long
latency; 2) older age; and 3) absence of a personal or family history of cancer.

Sequence Analysis—Nine PCR products encompassing the entire BAP1 coding exons,
adjacent intron splice sites, and 5" and 3’ untranslated regions were amplified for
sequencing. PCR primer pairs used to amplify the BAP1 gene were previously described
(16). PFU Turbo (Stratagene/Agilent; Santa Clara, CA) was used following the
manufacturer’s suggested protocol and the following cycling program: 95°C 2 min; 45
cycles of (95°C 30 sec, 65°C 30 sec, 72°C 2 min); 72°C 10 min. PCR products were gel
purified and Sanger sequenced using the following primers: preT7, gggaggtctatataagcaga;
and T3, attaaccctcactaaaggga. Variants found were subjected to analysis through dbSNP to
find previously described polymorphisms. BAP1 mutations were described using cDNA and
protein mutation nomenclature standardized by the Human Genome Variation Society
(HGVS, http://www.hgvs.org/mutnomen) and cDNA accession # NM_004656 and protein
accession # NP_004647 as references.

Ub-AMC Assay—293T cells were transfected with Myc-tagged wild-type (WT) or mutant
BAP constructs. Whole cell lysates were extracted with NP40 lysis buffer. Bapl antibody
was pre-coated on protein A/G PLUS-Agarose beads in immunoprecipitation (IP) binding
buffer and A/G resin and rotated overnight at 4°C. Then 0.5 mg cell lysate in 0.5 ml of IP
binding buffer was mixed with 100 pl of BAP(rAb) conjugated A/G beads, followed by
rotation at 4°C for 2 h and then washed several times in washing buffer and then in Ub-
AMC Reaction Buffer. The resin was resuspended in 40 pl of 1x Reaction Buffer for Ub-
AMC assay. For each reaction, 15 nM of Ub-AMC (3 plI) was diluted into 12 pl of 1x
Reaction Buffer, and then 15 pl of Ub-AMC substrate was added into each of IP-BAP1
reaction. Purified BAP1 protein (1 nM) was used as positive control for the Ub-AMC assay.
Ub-AMC activity was assayed at 25°C in 20 mM HEPES buffer (pH 7.5), 100 mM NaCl, 1
mM EDTA, 5 mM DTT, and 0.05% (w/v) Tween-20. Assays were performed in 384-well
plates (PerkinElmer), and fluorescence was measured at 5-min intervals at excitation and
emission wavelengths of 355 nm and 460 nm, respectively. The hydrolysis rate was linear
for 40~60 min. and corrected for background signal (no enzyme). BAP1 [A/G bead
conjugated BAP (rAb)] (~40 ul) was mixed with Ub-AMC (~15 pul) and then rotated at room
temperature for 5, 10 or 15 min. The resin was spun down and 25 pl of supernatant was used
for each activity reading. After completing the Ub-AMC assay, immunoblotting was
performed to determine BAPL1 protein expression level using anti-BAP1 monoclonal
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antibody (Oncogene) (1:1000). For each sample, Ub-AMC activity was normalized based on
its BAP1 protein level.

Splicing Assay—The splicing assay was performed using mini-gene expression
constructs. A PCR-based strategy was used to clone genomic BAP1 sequences
encompassing exons and intervening introns flanking the regions of analysis (i.e., splice site
mutation sites), using genomic DNA from samples MC7039 and MC7058 as templates. The
primers incorporated a Xhol restriction site at the 5" end and an EcoRl restriction site at the
3’ end of the PCR product for directional cloning into the pcDNA 3.1(-) plasmid
(Invitrogen, Carlsbad, CA). Individual clones were sequenced to identify WT as well as the
splice site mutant clones. The plasmids were then transfected, individually, into 293T cells
(Lipofectamine 2000, Invitrogen) following the manufacturer’s suggested protocol. Two
days later, total RNA (Trizol, Invitrogen) was isolated and converted into first-strand cDNA
(Superscript 11, Invitrogen). T7 and BGH-rev primers were used to PCR amplify the
ectopically expressed BAP1 cDNA from each sample for analysis by gel electrophoresis and
Sanger sequencing.

BAP1 mutations

Among the 150 MM cases with a family history of cancer, germline mutations of BAP1
were identified in 9 index cases, of which 8 tumors (88.9%) were of the epithelioid subtype,
and 1 was sarcomatous. Of the 141 MM cases without BAP1 mutations, the
histopathological subtype was available in 126 cases, of which 94 (74.6%) were epithelioid,
13 (10.3%) were biphasic, and 19 (15.1%) were sarcomatous. Of the 9 index cases with a
germline BAP1 mutation, 5 MMs (55.6%) were peritoneal and the 4 (44.4%) were thoracic.
Of the MM cases without a germline BAP1 mutation, 116 (82.3%) were thoracic tumors and
25 (17.7%) were peritoneal neoplasms. No mutations of BAP1 were found in either of the
two control cohorts, i.e., 50 cases from families with a history of cancers other than MM and
153 ashestos-exposed cases without a familial history of cancer. The demographic data on
these cohorts are summarized in Table 1.

Of the 9 cases found to harbor germline mutations affecting the coding sequence of the
BAP1 protein, 3 were missense mutations, 2 were splice site mutations, and 4 were
insertions/deletions (in/dels) (Table 2). Analysis of the missense mutations was done using
three tools: Protein Variation Effect Analyzer (PROVEAN), Sorting Intolerant from
Tolerant (SIFT), and PolyPhen-2 (Fig. 1A). Generally, there was no consensus among the
programs in predicting the effect of the missense mutations on protein function. However,
two missense mutations sites, Asn78 and Arg383, are highly conserved across different
vertebrate species (Fig. 1B), implying the importance of the amino acids at these sites. In
addition, the Arg383Cys mutation is not a conservative change, as a basic, positively-
charged arginine is changed to a non-basic, uncharged cysteine and, thus, could potentially
affect BAP1 protein structure or function. In addition, the introduction of a cysteine residue
could alter disulfide bonds within the protein. The third missense mutation (p.Ser585Leu),
involves a serine that is not as conserved across species (Fig. 1B), explaining how two of the
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three software tools predicted the mutation to be ‘neutral’ or ‘benign’. However, several
studies have shown that BAP1 Ser583 is phosphorylated in human cells after UV light
exposure, providing functional significance of the serine at position 583 (17, 18).

The Ub-AMC assay revealed that the enzymatic activity of each of the three BAP1 missense
mutants was reproducibly decreased compared to that of WT BAP1 protein (Fig. 2).
However, as expected, these BAP1 mutant proteins could still bind ASXL2 substrate, which
was expected given that the missense mutations do not affect the carboxy-terminal ASXL1/2
binding domain of BAP1. As a control, we used a BAP1 mutant construct corresponding to
the S628fs*8 mutation seen in family ABS3428. This mutation results in a predicted BAP1
protein truncation with loss of its ASXL1/2 binding motif. As expected, this protein was
unable to bind ASXL2, based on IP experiments in which BAP1 and ASXL2 were co-
expressed in 293T cells (data not shown). Location of missense mutations and the S628fs*8
mutation are shown in Fig. 2A, and representative Ub-AMC experiment of exogenously
expressed wild-type and mutant BAP1 proteins are depicted in Fig. 2B.

Two cases had germline BAP1 mutations at consensus splice sites: cases MC7039 and
MC7058. These mutations affect intron splice sites that are highly conserved and required
for proper intron/exon splicing. We utilized a mini-gene expression assay to functionally test
the implications of these mutations. The mutation in sample MC7039 was found to lead to
an mRNA message lacking exon 13 (Fig. 3A). On the other hand, the mutation in case
MC7058 resulted in the retention of a portion of intron 14 in the mRNA (Fig. 3B). Based on
sequence analysis, the latter may have resulted from the use of an alternative, cryptic splice
site within intron 14. In both of these MM cases, the loss of an exon and the retention of part
of an intron were each predicted to lead to a frameshift and premature truncation of the
translated BAP1 protein.

The four cases with in/dels consisted of three different mutations. Interestingly, two cases
(ABS2778 and ABS3554) had the same germline mutation, c.1717delC, and the pedigrees
of these two cases did not indicate any known relationship, although they may have a
common ancestor. Interestingly, this mutation is also identical to our previously identified
germline mutation in a sporadic MM case who also had UM (SP-002) (8).

Four intronic SNPs in BAP1 (rs116234404, rs141765555, rs187797012 and rs190356708),
were found in < 4 cases and in < 1 control. To determine if these SNPs had any potential
functional relevance, we examined regulatory data from a number of sources, including
ENCODE histone modifications and transcription factor binding sites, RegulomeDB (19),
Haploreg (20), as well the eQTL browser (21). None of these four SNPs were in obvious
regulatory regions.

Demographics

By design, controls without familial cancers were older and had a longer latency than cases.
Compared with MM cases without a BAP1 mutation, the cases harboring germline mutations
that could affect BAP1 protein coding sequence were diagnosed at an earlier age and were
more likely to have peritoneal rather than pleural MM (Table 1). There was no significant
difference in cancer signal score, gender or latency between cases with and without a BAP1
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mutation. Both families with and without mutations of BAP1 exhibited a significant number
of malignancies that have been repeatedly associated with the BAP1 syndrome, i.e., MM,
CM, UM and RCC, although the relative proportion of these neoplasms appeared to be
greater in families of MM cases with a BAP1 mutation. A total of 11 such tumors (4 RCC, 3
MMs, 2 CMS, and 2 UMs) were identified in the 9 families in which the MM proband has a
germline BAP1 mutation. Among the 141 MM cases without a BAP1 mutation, 27 such
tumors (7 RCCs, 9 MMs, 10 CMs, and 1 ocular tumor) were documented. Atypical
cutaneous melanocytic tumors are also associated with the BAP1 syndrome (10), and we
cannot rule out the existence of such lesions in some members of the 9 families with a
germline BAP1 mutation, but detailed dermatological assessments of these families were not
available. Among the families of cases with BAP1 mutations, 4 MM index cases had a
second primary tumor, including 3 with RCC and 1 with UM. Of the cases without a BAP1
mutation, 5 MM index cases had a second primary tumor (2 with RCC and 3 with CM). One
MM case with a BAP1 mutation (ABS3554) had two siblings who also developed MM;
similarly, two MM cases without a BAP1 mutation each had two siblings who developed
MM. Thus, the existence of multiple MMs in a given family need not be due to inheritance
of a BAP1 mutation.

Among the three cases (ABS2570, ABS3023, ABS3313) with missense mutations, multiple
malignancies were observed in their past personal and family histories. The cancers
observed in families of these cases were similar to those identified in the six families with
frameshift or splice site mutations, suggesting that families with missense BAP1 mutations
also belong to the BAP1 syndrome. For example, case ABS3023 had a daughter with breast
cancer, and case ABS3313 had a daughter with cutaneous melanoma (Fig. 4A). Moreover,
case ABS2570 had a kidney cancer diagnosed 2 years prior to his MM diagnosis, and his
father and three brothers were reported to have gastric cancer.

Of the two splice site mutations, the father of MM case MC7058 had a non-Hodgkin’s
lymphoma and his sister had thyroid cancer. Notably, all three were diagnosed with a
malignancy at a relatively young age (MC7058: age 47; father: 52; sister: 34). The family
history of case MC7039 is replete with malignancy (Fig. 4B). His father had metastatic
cutaneous melanoma, and his mother had non-Hodgkin’s lymphoma. Moreover, his paternal
uncle had MM, an aunt and cousin (not shown in figure) both had lung cancer, and an
additional uncle had Hodgkin’s lymphoma.

As noted above, both ABS2778 and ABS3554 exhibited the same mutation ¢.1717delC,
which is identical to that described in a sporadic MM (SP-002) we reported earlier (8).
Notably, both ABS2778 and ABS3554 had MM simultaneously affecting both the pleura
and peritoneum. Case ABS3554 had two sisters with MM, one with peritoneal and the other
with pleural disease. Her mother, by self-report, had gastric cancer, and her father had throat
cancer. A pedigree of the family of case ABS3554 is shown in Figure 4C. Reportedly, the
father of case ABS2778 died from lung cancer. His mother and two siblings were unaffected
by cancer. No family history of melanoma was evoked from either case ABS2778 or
ABS3554.
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The ¢.1882_1885delTCAC germline mutation observed in case ABS3428 was also
previously described by us in a sporadic case (SP-008) (8). Case ABS3428 was diagnosed
with peritoneal MM and reported a previous UM. His mother was diagnosed with UM, and a
brother reportedly had two distinct primary malignancies, prostate and lung cancer (Fig.
4D). The fourth MM case with an in/del, ABS2573, had a past medical history of breast
cancer and kidney cancer; thus, ABS2573 had three separate primary tumors. The kidney
cancer was diagnosed 21 years prior to the MM, and the breast cancer was diagnosed the
year following her diagnosis of MM. A daughter had RCC, a sister breast cancer, and a
brother had a brain tumor. Her mother died at the age of 46 from a possible malignancy.

Discussion

Altogether, we found germline mutations of BAP1 in 9 of 150 (6%) cases with a personal or
family history of cancer based on a high cancer signal, as defined above. Among the 9
families with BAP1 mutations, a total of 11 MMs were identified. The median age of these
11 MM patients was 54.5 years, and the mean was 58.5 years (57.9 among the 9 index
cases). Among the 141 cases without a BAP1 mutation, the mean age of MM diagnosis was
68.2 years (Table 1). Since MM is generally regarded as a disease of the 60s and 70s (6), the
age of onset in our BAP1 mutation carriers is younger than among the general population of
sporadic MM cases. This would be expected based of the increased susceptibility associated
with a tumor predisposition syndrome, in this case due to the existence of a heterozygous
germline mutation of BAP1. However, it is noteworthy that while BAP1 mutation carriers
tend to develop MM prior to the age of 60, two probands were diagnosed at 67 and 81 years
of age (ABS3313 and ABS3023, respectively), and another (a sister of ABS3554) developed
peritoneal MM at age 68. Thus, not all MM cases with BAP1 mutations develop the disease
at an early age.

Among the 11 MM cases identified from the 9 families with germline BAP1 mutations, the 7
deceased patients had a median survival of 60 months after the initial diagnosis. In contrast,
the median age of MM survival among individuals without a germline BAP1 mutation was
17 months. This 3.5-fold increased median survival rate among mutation carriers is similar
to the improved long-term survival reported in a recent study in which a 60-month median
survival was observed in MM patients with germline BAP1 mutations compared to a 9-
month median survival among all MM cases recorded in the U.S. Surveillance,
Epidemiology, and End Results (SEER) data from 1973 to 2010 (22). In contrast, somatic
BAP1 mutations in uveal melanomas are strongly associated with a more metastatic
phenotype (23). Some factors that may contribute to the prolonged survival observed in
BAP1 mutation carriers include the high proportion of peritoneal and epithelioid tumors in
this subgroup as well as the younger age of diagnosis compared to non-carriers.

The BAP1 syndrome is characterized by a high incidence of MM, UM, CM and benign
melanocytic tumors, RCC, and potentially other tumors such as carcinomas of the lung and
breast (13, 14). Among the nine families corresponding to cases with germline BAP1
mutations, two had a single case of cutaneous melanoma (father of MC7039; daughter of
ABS3313), and one family had two UMs (case ABS3428 and his mother). Three of the
families with germline BAP1 mutations exhibited RCCs: ABS2573 and her daughter,
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ABS2570 (who also had MM), and ABS2778 (who also had MM). The findings are similar
to those reported by Popova et al., who determined that hereditary RCCs were associated
with germline mutations of BAP1 mainly in families that also exhibited other tumors known
to be associated with the BAP1 syndrome (12).

Carcinomas of the lung and breast have been previously reported in several BAP1 families.
In our series, breast cancer was observed in three individuals (ABS2573 and her sister;
daughter of MM case ABS3023). Lung carcinomas were present in two individuals (father
of ABS2778; brother of ABS3428). However, because lung and breast cancers are so
common, it is still too early to know if these cancer types are associated with the BAP1
syndrome. Interestingly, gastric cancers were identified in 5 individuals among the 9
affected families (3 brothers and father of case ABS2570; mother of ABS3554). However,
histopathological assessments of the gastric tumors were not available to confirm the
diagnosis in these tumors. Thus, it is uncertain whether the tumors were gastric carcinomas,
gastrointestinal stromal tumors, peritoneal MM, or metastatic tumors of unknown origin. To
date, at least one stomach cancer has been previously reported in a BAP1 mutation carrier
(24).

Interestingly, 5 of the 11 MM patients (each from a different family) from our 9 BAP1
families were diagnosed with a second primary cancer: one with RCC and breast cancer (3
primary tumors); two with RCC; and two with basal cell carcinoma. We previously reported
a family with a remarkable history of multiple cancers, including the proband’s father, who
had both MM and CM, and a paternal uncle, who had UM, CM, and lung cancer. The fact
that several members of the family manifested two or more different types of cancer
suggests widespread BAP1-related tumor susceptibility involving multiple organs (16). Our
finding of two basal cell carcinomas in MM index cases is of interest in relation to recent
work showing that germline BAP1 mutations can predispose to multiple basal cell
carcinomas (25). In this study, multiple basal cell carcinomas were identified in four patients
from two independent BAP1 families, with all tumors located in chronic sun-exposed areas.
Immunohistochemical analysis revealed complete or partial loss of BAP1 protein nuclear
expression in all 19 basal cell carcinomas from these four patients, but not in a control set of
22 sporadic basal cell carcinomas. Based on their observations, the investigators suggested
that BCCs are also part of the BAP1 cancer syndrome, perhaps in relation with chronic sun
exposure. However, it should be noted that basal cell carcinoma is the most common of all
malignant tumors (26), and this tumor was seen even in families of cases without BAP1
mutations. In fact, even among the families of the 141 MM cases without BAP1 mutations,
11 family members were diagnosed with basal cell carcinoma, including 10 that were found
in MM index cases, i.e., non-BAP1 associated individuals who developed two primary
cancers.

The BAP1 mutation sites observed in this study were spread widely within the gene,
although most mutations occurred in the 3’ end of the BAP1 coding region, with 7 of 9
mutations distributed between ¢.1695 and ¢.1891 (exons 13-14), corresponding to the
ASXL1/2 binding domain of BAP1). Although no BAP1 mutation hotspot has been
identified to date, it was remarkable that two unrelated families (ABS2778 and ABS3554)
had an identical mutation: ¢.1717delC, p.Leu573fs*3. Upon review of reported germline
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hereditary and sporadic cases, we found the very same in/del mutation in a previously
reported sporadic case of MM (SP-002) that was obtained through MARF(8). In addition,
the germline BAP1 mutation found in family ABS3428, i.e., ¢.1882_1885delTCAC, is
identical to that seen in a previously reported “sporadic” MM case, SP-008, obtained
through MARF (8). In retrospect, SP-008 appears to be a member of a BAP1 syndrome
family, given that both this patient and his mother had UM.

The six BAP1 changes that involve frameshift or splice site mutations are predicted to result
in loss of the carboxy-terminal region of the protein, which contains the nuclear localization
signal. In contrast, the carboxy terminus is retained in the three BAP1 missense mutants,
although they appeared to have decreased activity (Fig. 2B). The Ub-AMC assay
demonstrated that the missense mutations still permit the BAP1 enzyme to be activated, but
to a lesser extent than the WT protein.

We had hypothesized that germline mutations of BAP1 contribute to susceptibility to MM in
asbestos-exposed individuals through a mechanism that involves gene x environment
interaction. Our finding of an increased prevalence of inherited BAP1 mutations in asbestos-
exposed MM cases versus asbestos-exposed controls appears to be consistent with this
notion. The results from the cohort of 153 individuals with a significant exposure to ashestos
but without MM or a familial cancer history did not, as expected, show any germline BAP1
mutations. The other control cohort, consisting of 50 ashestos-exposed individuals from
non-MM families with a high cancer signal similar to that of the 150 MM case cohort, also
did not show any germline BAP1 mutations. These findings thus mitigate possible concerns
about a selection bias related to the family history scoring system that was used in this
investigation. Consistent with our findings, Betti et al. recently reported a truncating
germline mutation of BAP1 in one of five families with exposure to asbestos and multiple
MMs (27). These families were selected, as in our MM case cohort, based on a familial
history of cancer that included MM. Unlike our cohort, however, each of these five families
had at least two cases of MM. In their single family with a germline BAP1 mutation, three
individuals who had potential exposure to asbestos developed MM, whereas another family
member who was not exposed developed a different tumor type, i.e., a mucoepidermoid
carcinoma.

If genetic factors were inconsequential, one might expect a similar incidence of germline
mutations of BAPL1 in both cases and controls. Instead, the significantly higher incidence of
BAP1 mutations observed in MM cases versus controls suggests that asbestos and genetic
factors cooperate to enhance the onset of MM. Similarly, we have recently shown that mice
carrying a heterozygous germline mutation of Bapl have a significantly higher incidence,
and accelerated rate of onset, of asbestos-induced MM than similarly-exposed WT
littermates (8). Taken together, the findings presented here indicate that patients presenting
with MM and a personal or family history of other cancers should be considered for genetic
testing, with the goal of identifying those families that might benefit from BAP1 mutation
screening and regular clinical monitoring of family members for the purpose of early
detection of cancers and clinical intervention.
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Figure 1.
Analysis of the missense BAP1 mutations identified in a population of ashestos-exposed

malignant mesothelioma (MM) cases. A) Analysis performed using Protein Variation Effect
Analyzer (PROVEAN), Sorting Intolerant from Tolerant (SIFT), and PolyPhen-2 software
tools. B) Assessment of the degree of conservation across different vertebrate species at sites
of three BAP1 missense mutations identified among MM cases. Note that two missense
mutations sites, Asn78 and Arg383, are highly conserved, indicative of the importance of
the amino acids at these sites.
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Figure 2.

Representative results of Ub-AMC assay depicting decreased activity of three exogenously
expressed BAP1 missense mutant proteins (N78S, R383C, and S583L — corresponding to
mutations seen in families ABS2570, ABS3023 and ABS3313, respectively) compared to
the activity of the wild-type BAP1 protein. Exogenous expression of a BAP1 mutant
construct corresponding to the S628fs*8 mutation (case ABS3428) showed no BAP1
activity. 293T cells were transfected with individual BAP1 expression constructs, and then
protein levels for each construct were normalized prior to Ub-AMC assay. BAP1 and Ub-
substrate were incubated for 15 min, and then fluorescence indicative of activity was
assessed after 5, 10 and 15 min. A) Location of each BAP1 missense mutation and S628fs*8
mutation. B) Results of fluorescence activity observed in two representative Ub-AMC
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experiments to assay activity of exogenously expressed wild-type and mutant BAP1
proteins. The experiment was repeated a total of three times with similar results.
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Figure 3.
Splicing assay using mini-gene expression constructs. Genomic DNA encompassing exons

12 through 14 or exons 14 through 16 of wild-type and splice site-mutant BAP1 were cloned
into pcDNA 3.1 expression constructs. The plasmids were then transfected into 293T cells.
A) RT-PCR analysis of BAP1 expression amplified two strong bands in cells transfected
with the wild-type construct but only the smaller band in the cells transfected with a mutant
construct containing the mutation found in case MC7039. Sequencing of the PCR products
(not shown) revealed that the higher molecular weight band consists of the correctly spliced
exons 12, 13 and 14, whereas the smaller band containing only exons 12 and 14. B) RT-PCR
analysis of BAP1 expression amplified a smaller band in cells transfected with the wild-type
construct, whereas a larger band was observed in cells transfected with the mutant construct
containing the mutation found in case MC7058. Sequencing of the PCR products (not
shown) revealed that the higher molecular weight band retained sequences from part of
intron 14. *, location of splice site mutations.
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Figure4.

Pedigrees of four families with MM and family history of cancer, with each index case
(arrow) and BAP1 mutation shown. A) Pedigree of family of MM case ABS3313, whose
germline DNA contained a missense mutation of BAP1, ¢.1748 C>T. The index case has had
both MM and basal cell carcinoma, and his daughter died of cutaneous melanoma (CM). B)
Pedigree of family of MM case MC7039, whose germline DNA contained a splice site
mutation of BAP1, ¢.1729+1 G>A. The family of the index case (MC7039) has humerous
malignancies, including the proband’s father, who died of metastatic CM, as well as a
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paternal uncle, who had MM. C) Pedigree of family of MM case ABS3554, who had a
germline in/del mutation of BAP1, ¢.1717delC. In addition to the index case, two sisters had
MM, one with peritoneal and the other with pleural disease. D) Pedigree of family of MM
case ABS3428, who was found to have a germline in/del mutation of BAPL, c.
1882_1885delTCAC. Case ABS3428 was diagnosed with both peritoneal MM and UM,
which is depicted as a split-colored box symbol. His mother was diagnosed with UM, and a
brother had two distinct primary malignancies, prostate and lung cancer.
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Table 2

Germline BAP1 mutations observed in MM cases.

SampleID | DNA Mutation Change | Predicted Protein Change | Mutation Type
ABS2570 €.233A>G p.78 Asn>Ser Missense
ABS3023 | ¢.1147C>T(rs201844078) p.383 Arg>Cys Missense
ABS3313 c.1748C>T p.583 Ser>Leu Missense
ABS2573 €.1695insT p.Glu566fs*1 In/del, frameshift
ABS2778 ¢.1717delC p.Leu573fs*3 In/del, frameshift
ABS3428 €.1882_1885delTCAC p.Ser628fs*8 In/del, frameshift
ABS3554 ¢.1717delC p.Leu573fs*3 In/del, frameshift
MC7039 €.1729+1G>A Unknown Splice site
MC7058 c.1891-1G>A Unknown Splice site
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