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Abstract

We report a high-risk cancer family with multiple mesotheliomas, cutaneous melanomas, basal
cell carcinomas, and meningiomas segregating with a germline nonsense mutation in BAP1 (c.
1938T>A; p.Y646X). Notably, most (four of five) mesotheliomas were peritoneal rather than the
usually more common pleural form of the disease, and all five mesothelioma patients also
developed second or third primary cancers, including two with meningiomas. Another family
member developed both cutaneous melanoma and breast cancer. Two family members had basal
cell carcinomas, and six others had melanocytic tumors, including four cutaneous melanomas, one
uveal melanoma, and multiple benign melanocytic tumors. The family resides in a subtropical
area, and several members had suspected exposure to asbestos either occupationally or in the
home. We hypothesize that the concurrence of a genetic predisposing factor and environmental
exposure to asbestos and UV irradiation contributed to the high incidence of multiple cancers seen
in this family, specifically mesothelioma and various skin tumors, respectively.
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1. Introduction

Malignant mesothelioma (MM) is an aggressive cancer typically caused by asbestos
exposure and accounts for approximately 3,200 deaths per year in the U.S. [1]. Prognosis is

"Corresponding Author: Cancer Biology Program, Fox Chase Cancer Center, 333 Cottman Avenue, Philadelphia, PA, 19111 USA.
Tel.: 1-215-728-2610 joseph.testa@fccc.edu (J.R. Testa).

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Cheung et al.

Page 2

poor in MM patients due to chemo- and radio-resistance as well as the ineffectiveness of
surgical intervention [2]. Cutaneous melanoma (CM) and uveal melanoma (UM) are also
aggressive cancers involving melanocytes of the skin and eye, respectively [3]. UMs
account for less than 4% of all melanoma cases and are more common among Caucasians,
with an estimated incidence of 6 per million (~1,800 cases) in the U.S. [4]. About half of
UM patients have metastatic disease, with poor survival rate when metastasis to the liver is
involved [4]. Notably, inactivating somatic mutations of the tumor suppressor gene encoding
the BRCALl-associated protein 1 (BAP1) have been reported in nearly 85% of metastasizing
UMs [5]. Dissimilar to CMs, ultraviolet (UV) light does not have a clear role in the cause of
UMs [4], at least in the absence of a predisposing genetic alteration.

Some individuals develop MM when exposed to small amounts of ashestos, whereas others
do not develop MM despite large asbestos exposures [6]. Also, uveal melanomas are not
strongly associated with sun exposure, unlike in CM [4]. Thus, these observations suggest
the possibility of a role for genetic involvement in families where there is increased
susceptibility to MM and UM. The cloning and identification of somatic mutations of the
BAP1 tumor suppressor gene in lung and breast cancer cells were first reported by the
Rauscher laboratory [7]. Subsequently, BAP1 somatic mutations were discovered in MM [8,
9] and metastasizing UMs [5]. We reported the discovery of germline mutations of BAP1 in
two families with multiple MMs, one of which had two family members with UMs (one also
having MM), as well as in two additional cases having both MM and UM [9].
Simultaneously, germline BAP1 mutations were reported in two families with atypical
melanocytic tumors, CM, and UM [10]. Subsequent work by several groups have confirmed
these findings and/or further extended the phenotype to other tumor types [11-15]. Here we
describe a new BAP1 family with an unusually high incidence of MMs, CMs, basal cell
carcinomas and meningiomas, with five MM patients also developing second or third
primary cancers.

2. Materials and Methods

2.1 Patients

All study participants gave informed consent for their participation, and the research
protocol was approved by the Institutional Review Board of Fox Chase Cancer Center.
Disease diagnoses were based on pathology reports obtained from various hospital
laboratories. We also performed a personal interview of the proband, who is a physician,
regarding family medical history as well as sun and asbestos exposures. Blood samples from
10 family members were collected and sent to Fox Chase for DNA sequence analysis of
BAPL.

2.2 Sequence Analysis

PCR products encompassing all BAP1 coding exons and adjacent intron sequences were
amplified for sequencing. The primers and PCR conditions were previously described [16].
The Human Genome Variation Society (HGVS, http://www.hgvs.org/mutnomen)
standardized mutation nomenclature was used to describe the BAP1 mutation using cDNA
accession # NM_004656 and protein accession # NP_004647 as references.
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2.3 Chromosome Microarray Analysis (CMA)

The CMA was performed with Affymetrix Oncoscan arrays. Total genomic DNA was
digested with Nspl restriction enzyme and ligated to adapters that recognize cohesive 4-
basepair (bp) overhangs. A generic primer that recognizes the adapter sequence was used to
amplify the adapter-ligated DNA fragments. Amplification products were purified using
magnetic beads, fragmented, biotin-labeled, and hybridized to the arrays according to the
manufacturer’s recommendations. Next, the hybridized array was washed and scanned with
a GeneChip Scanner 3000 7G. The intensities of probe hybridization signals were analyzed
by using Affymetrix’s GeneChip Command Console, and copy number analyses were
performed using Affymetrix Chromosome Analysis Suite software with default settings.

2.4 Immunohistochemistry

3. Results

Detection of BAP1 in tumor tissues was performed using a BAP1 antibody (C4, from Santa
Cruz Biotechnology), as reported elsewhere [9].

This extended family (pedigree shown in Fig. 1) first came to our attention due to the large
number of individuals with MMs and various melanocytic tumors. Genomic DNA was
isolated from blood of all 10 participants for mutation screening of BAP1. We identified a
nonsense mutation in exon 15 (c.1938T>A), which is predicted to result in nonsense-
mediated decay of the BAP1 mRNA or truncation of the translated BAP1 protein
(p.Tyr646X), with loss of the C-terminal nuclear localization signal (Fig. 2). Individuals
who tested positive for this mutation and the types of cancers are shown in the family
pedigree (Fig. 1).

The proband, 111-07, developed epithelioid peritoneal MM and a superficial CM. His son
(IV-03) was diagnosed with a single atypical Spitz nevus, also called juvenile melanoma, as
well as several other atypical nevi, at 17 years of age. The index case’s two sisters (111-09
and 111-10) both developed meningioma as well as MM (thoracic and peritoneal,
respectively); 111-09 also developed a third primary tumor: a basal cell carcinoma.
Meningioma and MM tissues that were available for case I11-10 revealed loss of nuclear
BAP1 staining in both tumor tissues but not in adjacent normal brain parenchyma or stroma,
respectively (Fig. 3), suggesting biallelic inactivation of the BAP1 gene. To confirm this
possibility at the chromosomal and DNA level, meningioma tumor tissue was
macrodissected from formalin-fixed, paraffin-embedded sections for DNA isolation.
Affymetrix SNP-based copy number analysis of the meningioma DNA revealed only a
single copy of chromosome 3, where the BAP1 gene is located (Fig. 4A). Sequencing of the
BAP1 gene in the same tumor DNA showed that the vast majority of the remaining BAP1
allele was the mutant copy (Fig. 4B). The copy number analysis also revealed several other
genomic imbalances in the meningioma, including losses of one copy each of entire
autosomes 1, 4, 8, 9, 13, 14, and 16 in about 50% of cells (Supplemental Fig. 1). Notably,
monosomy 3 appears to be the primary (driver) somatic genetic change in this tumor, given
that this copy number loss was observed in nearly 100% of tumor cells, with the most clear
evidence for loss of heterozygosity (LOH) among all the chromosomal losses observed. One
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child from each of these two sisters with MM and meningioma developed CM (1V-06 and
IV-07). Even though DNA was not available for testing of the proband’s father (11-03), it is
likely that he was a BAP1 mutation carrier as he developed both peritoneal MM and UM.
Interestingly, this individual survived his initial tumor, UM, but died 30 years later due to
MM at 74 years of age. The cousins of the proband developed CM (111-04) or peritoneal
MM and bladder cancer (111-05).

4. Discussion

Peritoneal MM accounts for about 20% of all MMs [17]. Epidemiological and animal
studies have shown that asbestos exposure is a major cause of peritoneal as well as pleural
MM [17, 18]. Three members of the family (1-01, 11-03, and 11-04) were involved in a
construction business in the 1930’s, one of whom (11-03) developed MM. Individual 11-03
helped his father build homes while in high school and worked with framing, siding, and
concrete/plaster mixing materials as well as with sheet rock. Individual 1-01 constructed an
addition to his house in the early 1960s, which lasted about 3 months. Construction
materials used at the time included asbestos roofing shingles. Since asbestos was widely
used before the health problems associated with these fibers were clearly delineated [19], it
is likely that asbestos was also present in other materials used in the family’s construction
business. Another family member who developed MM (111-09: pleural MM) lived in a home
during the time of removal of asbestos shingles from the roof and potentially also was
exposed.

MM is generally regarded as a cancer of the 60s and 70s, with a median of about 64 years of
age [20]. The age of diagnosis in the five MM cases in this family was 55-74, with a median
of 61 years of age.

All nine family members with CM, UM, basal carcinoma or atypical Spitz tumor grew up in
Florida, a subtropical area of the U.S. characterized by year-round high levels of sun
exposure due to the locale’s proximity to the equator [21], thus possibly contributing to the
high incidence of these tumors in this family. Additionally, although UV light does not have
a clear role in the cause of UM in the general population [4], BAP1 mutation carriers may be
more prone to the carcinogenic effects of sunlight, similar to the way that asbestos-exposed
mice carrying a Bapl mutation show an increased incidence of MM compared to that
observed in asbestos-exposed wild type littermates [22].

In addition to the high incidence of MM and various skin and ocular tumors, this family
showed another notable tumor type: meningioma. Two sisters (111-09 and 111-10) were
diagnosed with meningioma as well as MM, and both were found to carry a BAP1 mutation.
Similarly, Abdel-Rahman et al. reported a BAP1 family with two meningiomas, one of
which was confirmed to be a mutation carrier [11]. Thus, two independent studies indicate
that meningioma should be included in the spectrum of neoplasms connected with the BAP1
tumor predisposition syndrome.

It is also noteworthy that family member 1VV-03, another BAP1 mutation carrier, had an
atypical Spitz nevus, and well-documented studies have shown that such benign melanocytic
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tumors can be the predominant type of tumor in some families with germline mutation of
BAP1[10, 12]. Interviews of 111-07, a physician, revealed that individual 1VV-03 and other
younger members of the family who developed CM all had had significant sun exposure.

Other family members had lung, breast or kidney cancers, each of which has been
previously reported in some BAP1 families. However, germline DNA was not available for
analysis in these individuals. While BAP1 is now recognized as a renal cell carcinoma-
predisposition gene [23, 24], additional studies are required to determine whether lung and
breast carcinoma belong in the BAP1 syndrome or, instead, represent background consistent
with the high incidence of these cancers generally [25].

We previously reported in a mouse model that germline mutation of Bapl predisposes to the
tumorigenic effects of asbestos and that high penetrance of MM requires such environmental
exposure [22]. The high incidence of MMs and various skin tumors and UM in the family
reported here suggests a devastating perfect storm caused by a potent concurrence of factors.
Specifically, the data provide evidence for a gene-environment interaction involving BAP1
and environmental exposure to asbestos and UV irradiation. The findings in this highly
unusual family provide strong evidence for a BAP1 cancer syndrome characterized by
susceptibility to a growing list of tumor types, including MM, CM, UM, basal cell
carcinoma, atypical Spitz nevi, RCC, meningioma, and potentially other neoplasms in
association with germline mutation of BAP1. MM and UM are the two cancer types most
frequently reported in BAP1 mutation carriers, with a recent review uncovering 39 of 174
(22%) reported BAP1 mutation carriers having MM and 54 of 174 (31%) having UM [26].
Moreover, somatic mutations and deletions of BAP1 have been reported in 60-65% of
sporadic MMs [27, 28] and in ~85% of metastasizing UMs [5], lending further support for a
strong connection between BAPL1 inactivation and these two malignancies. Why somatic
BAP1 mutations are so common in these diseases that involve tissues from different germ
layers is currently unknown. Notably, a similar situation occurs with regard to germline
mutations of TP53 in Li-Fraumeni syndrome, in which the most common types of cancer
observed, i.e., osteosarcoma, soft-tissue sarcoma, acute leukemia, breast cancer, brain cancer
and adrenal cortical tumors, are derived from a variety of embryonic tissues from the
ectoderm and mesoderm [25, 29]. Moreover, as with BAP1, somatic mutations of TP53 are
frequent in cancers originating in tissues from various germ layers.

Importantly, many members of this family are cancer survivors, including three who have
MM and one or more additional primary cancers. In addition, two mutation carriers (111-08
and 1VV-08) have not developed malignancies to date. The fact that multiple family members
have had more than one primary cancer suggests widespread BAP1-related tumor
susceptibility targeting tissues of multiple lineages [16]. Intriguingly, these findings are
reminiscent of the multiple cancer phenotype observed in Li-Fraumeni syndrome [29]. Thus,
cancer survivors, individuals with benign melanocytic tumors, and mutation carriers who
have not yet developed cancer should be monitored closely throughout their lifetime, e.g.,
through regular dermatologic, ophthalmologic and pulmonary examinations, with the goal of
early detection and intervention.
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Highlights

e Six members of a BAP1 syndrome family developed two or more primary
tumors.

»  Mesotheliomas, melanomas, basal cell carcinomas and meningiomas
predominated.

» A gene/environment interaction is proposed to play a role in this high-risk
family.
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Figure 1.

Pedigree of family reported here, whose germline DNA contained a nonsense mutation in
BAP1 exon 15 (¢.1938T>A). The family of the proband (111-07, arrow) shows numerous
malignancies, including six family members (1-02, 11-03, I11-05, 111-07, 111-09, and 111-10)
with two or more primary cancers. Predominant tumors include malignant mesothelioma
and cutaneous melanoma, each observed in five family members.
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Figure 2.
Electropherogram of BAP1 mutation of the index case. The nonsense mutation ¢.1938T>A

is predicted to lead to a BAP1 protein truncation (p.Y646X) or nonsense-mediated decay of
the BAP1 mRNA.
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Figure 3.
H&E and immunohistochemical staining of meningioma and mesothelioma tissues from

patient 111-10. A) H&E staining of meningioma. B) BAP1 immunohistochemistry of
meningioma, showing absence of nuclear BAP1 staining in tumor (T) and both cytoplasmic
and strong nuclear staining in adjacent normal brain parenchyma (N). C) H&E staining of
peritoneal mesothelioma. D) BAP1 immunohistochemistry of same mesothelioma, showing
absence of nuclear BAP1 staining in tumor (T) and both cytoplasmic and strong nuclear
staining in normal stroma (S).
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Figure 4.

DNA sequencing and chromosome microarray analysis of DNA from FFPE meningioma
tissue of patient 111-10. A) Oncoscan DNA copy number and allele analysis revealing loss of
one copy of chromosome 3. B) Sequence analysis of BAP1 analysis of tumor sample
showing loss predominantly of the wild-type BAP1 allele and retention of the mutated BAP1
allele.
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