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We report four previously undescribed families with germline
BRCA1-associated protein-1 gene (BAPI) mutations and expand the clinical
phenotype of this tumor syndrome. The tumor spectrum in these families is
predominantly uveal malignant melanoma (UMM), cutaneous malignant
melanoma (CMM) and mesothelioma, as previously reported for germline
BAPI mutations. However, mutation carriers from three new families, and
one previously reported family, developed basal cell carcinoma (BCC), thus
suggesting inclusion of BCC in the phenotypic spectrum of the BAP tumor
syndrome. This notion is supported by the finding of loss of BAP1 protein
expression by immunochemistry in two BCCs from individuals with
germline BAP1 mutations and no loss of BAP1 staining in 53 of sporadic
BCC:s consistent with somatic mutations and loss of heterozygosity of the
gene in the BCCs occurring in mutation carriers. Lastly, we identify the first
reported recurrent mutation in BAPI (p.R60X), which occurred in three
families from two different continents. In two of the families, the mutation
was inherited from a common founder but it arose independently in the third
family.
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The BRCA1-associated protein-1 gene (BAP1) encodes a
deubiquitinase, which functions as a tumor suppressor by
regulating the cell cycle, cellular differentiation, and cell
death (1, 2). BAP1 is also recruited to double-stand DNA
break sites and promotes error-free DNA-repair (3).
Germline mutations of BAP/ predispose to uveal malig-
nant melanoma (UMM), cutaneous malignant melanoma
(CMM), epithelioid atypical spitzoid tumors, mesothe-
lioma and renal cell cancer (RCC) (4—16). A wide range
of other tumor types have been seen in germline BAPI
mutation carriers but low numbers preclude formal sta-
tistical association with the syndrome. However, somatic
mutation and/or loss of heterozygosity (LOH) of the
locus suggest that some of these other tumor types, par-
ticularly cholangiocarcinoma (17) and paraganglioma
(16), are probably to be part of the BAPI tumor predis-
position syndrome (18).

In this study, we report four new families with germline
BAPI mutations, and identified mutation carriers in three
of these families and one previously reported family
affected with basal cell carcinoma (BCC). LOH of the
BAP]I wildtype allele was observed in a BCC case, and
two cases of BCC from other BAP1 carriers showed
no BAP1 immunostaining (consistent with LOH), thus
suggesting inclusion of BCC in the phenotypic spectrum
of the BAPI tumor syndrome. In contrast, 0 of 53
sporadic BCCs showed loss of BAPI expression by
immunochemistry. Lastly, we document the first reported
recurrent mutation in BAP/ (p.R60X), which occurred in
three families from two different continents.
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Patients and families

Details of the tumor types and clinical information
for family members are given in Table S1, Supporting
Information.

BAP1 mutation detection

Families 1 and 4 (F1, F4) were referred to the genetic
clinic of Rigshospitalet, Denmark, for genetic coun-
seling, and screening for a germline BAP/ mutation
was performed. Sanger sequencing of the entire coding
region of BAPI was carried out according to rou-
tine procedures. Family 2 (F2) was referred to the
Department of Cancer Genetics at the Royal Prince
Alfred Hospital, Sydney, Australia for genetic coun-
seling, and examination of a possible germline BAP/
mutation was performed. In Family 3 (F3) exome
sequencing was performed on selected individuals, as
previously described (7). Sanger sequencing of poly-
merase chain reaction (PCR) products was subsequently
used to confirm mutations using the following primers:
5'-tcagaggcttatgetttgete-3’,  5'-tectectgtcttectecattt-3’.
Products were sequenced using BigDye Terminator v3.1
chemistry in an Applied Biosystems 3130xL Genetic
Analyser (Life Technologies, Carlsbad, California).

Haplotype analysis

Analysis of a possible common founder in these
families was carried out using whole-genome sin-
gle nucleotide polymorphism (SNP) arrays (Illumina
HumanOmniExpress-h12vl  Illumina, San Diego,
California). The age of the mutation was estimated using



A recurrent germline BAPI mutation

Family 1 Family 2
p.D404X 1 p.Q280X
! g
brain (61)
3 /M 4\(M) 9|(M) 1
n L & L]
unknownCMM (60) breast (54) unknown mesothelioma CM,M
primary prlmary (62) unconfirmed
uncon-
firmed
3(M 7 (M 8 M
Il
unknown peritoneal ~ CMM (25) breast (62) mesothe- unknown ~ CMM (55) UMM (46) CMM (62) RCC (60)
primary  mesothelioma uncon- lioma primary ~ mesothelioma
(52) (46) firmed (51) (55) (56)
spitz nevus (32) BCC (50)
Family 3 Family 4 Family 5
1 p.R60X p.R60X p.R60X 2
| —
ovary (74) CNS (40)
4 5 7M 8 4 5 1
" H o O

ovary (70) UMM (47) BCC (65)

x13

5((M)
11
UMM (54)
1] (M)
\Y

BCC (43)
\

melanocytic
tumour (24)

UMM (70)

WT4M 5 (M

CMM (24) CMM (25)

BCC (78) mesothe- lung (54)

lioma (72)

YTRIT

BCC (46) UMM (59) UMM (50) CMM (15) CMM (45)
BCC (50) x2

Fig. 1. Pedigrees of five families with BAP1 mutations. Individuals with cancer are colored by cancer type (see legend). The cancer type is also indicated
below the individual, and the age of diagnosis of each tumor is indicated in brackets. BAPI mutation carriers are indicated by an M. An M in brackets

indicates an obligate carrier.

a statistical model as described by (19). Assuming 1 cM
equals 1 Mb and a de novo mutation rate of 1.2x 1078
per generation and bp, a joint likelihood of the genotype
data was calculated taking into account the ancestral hap-
lotype, number of generations, G, because the ancestor,
and allele frequencies of the SNPs among the European
population. An estimate of G was calculated as the value
of G that maximizes the likelihood, and a confidence
interval was found by finding the range of values of G that
yielded a likelihood of at least a tenth of the maximum
likelihood.

BAP1 immunohistochemistry

Immunohistochemistry (IHC) for BAPl was per-
formed on 4 pm-thick sections cut from formalin-fixed,
paraffin-embedded (FFPE) tissue blocks. IHC was
conducted using an automated IHC system (Ventana
BenchMark ULTRA, Ventana Medical Systems Inc.,
Tucson, AZ) utilizing an UltraView universal Alkaline
Phosphatase IHC Detection Kit (Ventana, Tuscon,
Arizona). Following deparaffinization of FFPE sections,
heat-induced epitope retrieval (HIER) was applied using
CC2 for 68 min at 95°C. The sections were incubated
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with the mouse monoclonal BAP1 (C-4) antibody
(Santa Cruz Biotechnology, Santa Cruz, California;
200 pg/ml) at dilution 1:50 for 1 h followed by incuba-
tion with hematoxylin II counter stain for 4 min and then
with blueing reagent for 4 min. A positive control was
included in each IHC round. The antibody reacts with the
epitope at amino acids 430—729 of human BAP1. Loss
of nuclear staining in tumor cells was taken to indicate
inactivation of BAP1 (2, 20). The following tumors were
stained for BAP1: from the proband of family 2: atypical
Spitzoid nevus/combined nevus, cutaneous melanoma,
and peritoneal mesothelioma; from family 3: BCC from
IV-1; from family 4: BCCs from II-4 and III-1.

Results
Tumor spectrum in mutation carriers

We report four new families with germline BAP/ muta-
tions (Fig. 1). The tumor spectrum in these families is
predominantly UMM, CMM and mesotheliomas. How-
ever, we also identified five mutation carriers with BCC
(Family 1, III-7, Family 3, I1I-7 and IV-1, Family 4, I1I-1
and III-3). Individual II-7 from family 3 had 13 cuta-
neous BCCs. In addition, there were multiple primary
BCCs in two germline BAPI mutation carriers from a
published Danish family (7) (Table S1). All BCCs were
non-metastatic and most were located on sun-exposed
areas. None of the affected had history of occupational
exposure to sunlight.

Haplotype analysis

With one exception (rs699469), the carriers in the
two Danish families (Family 3 and Family 4) shared
an allele for 256 SNPs stretching from rs13073141
(3:51,410,485) to 1s6772648 (3:53,244,603), a
1,834,119 bp region spanning BAPI (Table S2). These
data are consistent with the families sharing a haplo-
type from a common ancestor and one of the families
acquiring a variant in rs699469 after the BAP mutation.
Estimates of when the BAP1 mutation arose gave a
maximum likelihood for 91 generations ago (90% CI:
20-254). Assessment of 176 'phased’ haplotypes from
88 parent-offspring trios in Hapmap indicated that the
founder haplotype on which the p.R60X mutation is
carried occurs at a frequency of 24%. The mutation
arose independently in Family 5, based on the lack
of sharing of the same BAPI haplotype as the Danish
families (Table S2).

Loss of heterozygosity in BCC

LOH analysis was performed on a BCC from individual
II-7 in Family 3 and showed clear loss of the wildtype
BAPI allele (Fig. 2).

Immunohistochemistry

The CMM, mesothelioma and atypical Spitzoid tumor
from the proband of Family 2 all had negative staining
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Fig. 2. Loss of heterozygosity analysis performed on BCC from indi-
vidual (Family 3, II-7). A distinct loss of the wildtype allele in the BCC
is observed.

for BAP1 (Fig. 3). IHC of three BCCs from individuals
Family 3: IV-1; Family 4: II-4 and III-1, showed loss of
BAP1 immunoreactivity, consistent with LOH in these
tumors (Fig. S1). It is unknown if II-4 from family 4 is a
mutation carrier. [HC analysis of 53 sporadic BCCs did
not show loss of BAP1 protein expression in any case
(Fig. S1).

Discussion

Germline BAPI mutations predispose to a variety of can-
cers with a high degree of inter- and intrafamilial vari-
ability, which could indicate the presence of modifier
genes or environmental components which influence the
specific cancer risk in a mutation carrier. Alternatively,
the phenotype could be more mutation-specific. But, as
documented by Cheung et al. (21), almost all published
germline BAP] mutations are predicted to result in a
truncated protein, and no specific genotype—phenotype
pattern has been identified to date. Here, we provide clin-
ical details of three families with the same BAP/ muta-
tion. The phenotype differs in these families, with CMM,
UMM and BCC each in two families and mesothelioma
in only one family.

We document a family with at least three cases of
metastatic carcinoma from unknown primary tumors,
where extensive up-to-date IHC analyses, radiological
investigations and clinicopathologic correlation failed to
reveal the primary tumor site in each case. This could
however be caused by very dedifferentiated tumors,
and in fact, two of these cancers of unknown primaries
were most likely a cholangiocarcinoma and a papillary
meningioma (see Appendix S1), both of which have
been documented in other BAPI mutation carriers (5,
8, 12). One person from this family had a very unusual
clinical presentation of peritoneal mesothelioma (ane-
mia, enlarged retroperitoneal lymph nodes, apart from
ascites), and the diagnosis was in fact made post-mortem,
and only in retrospect because of the knowledge of a
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Fig. 3. Hematoxylin & eosin (H&E) and BAP-1 staining of a combined nevus (a, b), primary cutaneous melanoma (¢, d) and mesothelioma (e, f) from
patient (family 2, III-1). (a). H&E stain showing a combined nevus formed by large epithelioid Spitz nevus cells (arrow) and small banal dermal nevus
cells (*). (b) BAPI immunostain showing BAP1 loss in the Spitz nevus cells (arrow) with preserved BAP1 staining in the dermal nevus cells (¥). (¢)
H&E stain of primary cutaneous melanoma showing large pleomorphic melanoma cells between the epithelium of some skin appendigeal structures.
(d) BAPI stain showing BAPI loss in the melanoma cells (arrow) and preserved BAP1 staining in the skin appendigeal structures and blood vessels
(*). (e) H&E stain of mesothelioma (some psammomatous foci of calcification are present within the tumor). (f) BAP1 immunostain showing BAP1
loss within the tumor (arrow) and preserved BAP1 staining in peritumoral lymphocytes (*).

germline BAPI mutation in the family and reconsidera-
tion of this diagnostic possibility. There have previously
been single reports of germline BAPI mutation carriers
with metastatic carcinomas of unknown primary sites
(8, 12, 14) but this is the first family reported with
multiple individuals with unknown primary cancers; this
is important information for clinicians who should con-
sider the possibility of a germline BAP/ mutation when
such a family is encountered. The frequency of germline
BAPI mutations in individuals with metastatic carci-
noma of unknown primary site is currently unknown
and warrants further investigation, but suspicion should
be focused in the first instance on the types of can-
cers that have been documented in BAPI/ mutation
carriers.

BCCs are the most mutated type of human cancer (22)
but have not previously been linked to BAP/ germline
mutation. We document seven Danish carriers with BCC,
and one of whom had 13 tumors. We did not observe
BCCs in the non-Danish families, possibly indicating
polymorphisms in the Danish population which com-
bined with BAP1 loss, promote BCC carcinogenesis. The
age-standardized incidence of BCC in Denmark is quite
high. In 2012 it was 187 and 176 per 100,000 in men
and women, respectively, and since 2005 has increased
with 70% in men and 74% in women (23). However, we
observed BCC before the age of 70 years in all seven car-
riers, and four carriers had multiple BCCs. There was
LOH of the wildtype allele in the one BCC analysed, and
loss of BAP1 immunoreactivity, consistent with LOH in
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the two BCC from known BAP1 mutation carriers, and
in a BCC from a person with unknown carrier status.
We thus propose that BAP/ mutation carriers have an
increased risk of BCC.

In conclusion, BAP/ is being increasingly recognized
as a broad spectrum tumor suppressor gene and the list
of cancers associated with BAPI mutations is growing.
It is critical that clinicians and pathologists are aware of
the various cancer associations to increase the chance of
early recognition of mutation carriers and to facilitate
appropriate counseling and screening of patients and
their families, who will benefit from genetic counseling,
close clinical follow up and regular dermatologic and
ophthalmologic evaluations.

Supporting Information

Additional supporting information may be found in the online
version of this article at the publisher’s web-site.
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