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Figure 5. Cosegregation and LOH
studies of BAP1 variant in family
NCI-1326. A, sequence
chromatogram for proband IV:1
and affected individual IV:4 with the
c.41T>A (p.L14H) BAP1 variant.
Unaffected individuals IV:3and IV:5
were negative for the BAP1 variant.
B, sequence chromatograms of
renal tumors from proband 1V:1
displaying LOH at the BAP1 locus
for 2 different regions from one
tumor (Tumors 1a and 1b) and
mutant allele enrichment in another
tumor (Tumor 3). Sequence
chromatogram of individual IV:4
tumor showing LOH. Nx,
nephrectomy.

(p.L14H) variant cosegregated with the RCC predisposition
in this family. The odds against random segregation are 5;
under a dominant mode of inheritance and assuming full
penetrance, the backward odds (22, 23) are 16 and the
logarithm of the odds (LOD) score is 1.2.

The BAP1 variant (p.L14H) maps to the catalytic domain,
a domain that is a frequent site of pathogenic missense
mutations. Somatic mutations in the ubiquitin C-terminal
hydrolase (UCH) domain have been reported in several
RCC studies as well as in COSMIC and the Kidney Renal
Cell Carcinoma (KIRC) dataset produced by The Cancer
Genome Atlas (TCGA) (Fig. 6A; refs. 11, 21, 24). Leucine
14 is highly conserved (Fig. 6B) and along with previously
reported RCC mutations in neighboring residues, L14H
is predicted to be deleterious by Protein Variation Effect
Analyzer (PROVEAN), Sorting Intolerant from Tolerant
(SIFT), and DPolyPhen-2 prediction tools (Fig. 6C;
refs. 19, 25, 26).

We previously constructed a BAP1 structural model based
on the related family members Uch-L3 and Uch37 (11).
Leucine 14 maps to the first helix of the UCH domain and
is physically adjacent to two previously identified residues
subject to pathogenic RCC mutations, p.G13V and p.
H144N (Fig. 6D). The leucine 14 side chain in the paralogue
UCH-L3 helps organize a crossover loop and other flexible
portions of the UCH domain that order upon ubiquitin
binding, and forms a portion of the interaction surface for the
ULD tail (27). Mutation of this residue to histidine is
predicted to increase the effective volume of the side chain,
possibly causing steric clashes with surrounding residues, and
may prevent productive ubiquitin binding (Fig. 6D).

BAPI is a two-hit tumor suppressor gene, and we con-
ducted studies for LOH. Three tumors (including 2 samples

from different regions of 1 tumor) were examined from the
proband. DNA was extracted from the different tumors and
sequenced for the BAPI variant (c.41T>A). Two samples
from a surgery in 2008 showed clear LOH (Fig. 5B, Tumors
la and 1b). From a surgery in 2012, 2 tumors were
examined. One did not show appreciable LOH, possibly
due to contamination by nonmalignant cells or the acqui-
sition of a somatic mutation in the other BAPI allele (Tumor
4, data not shown). Enrichment of the mutant allele relative
to the wild-type allele was observed in the other tumor
from the proband's 2012 surgery (Fig. 5B, Tumor 3). In
addition, a tumor was evaluated from individual IV:4. This
tumor also showed enrichment of the mutant allele consis-
tent with LOH (Fig. 5B, IV:4 Tumor 1). In addition, BAP1
protein expression in the tumors was investigated by immu-
nohistochemistry. Immunohistochemical staining was neg-
ative for BAP1 protein in the tumor from individual 1V:4
(Fig. 7 and insert A) and Tumors 3 and 4 from the proband
(data not shown). For reference, nuclear BAP1 staining was
observed in the normal adjacent epithelium (Fig. 7, asterisk
and insert B). All the tumors examined, including Tumor 4
that failed to show LOH at the DNA level, were negative
for BAP1 by immunohistochemistry. Thus, the immuno-
histochemical data confirm loss of BAPI protein and
provide further evidence for "two-hit" inactivation of BAP1I
in the tumors from this family. Given that BAP1 loss by
IHC is observed in 15% of sporadic ccRCC (11), the
probability that all 3 tumors would be BAP1 negative by
chance alone is 0.0034. These data are most consistent with
the notion that (1) p.L14H is a causative mutation, (2)
p.L14H abrogates protein expression in tumors, and (3)
mutations abolishing expression of the second allele are
uniformly present.
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Figure 6. Analysis of the novel
p.L14H BAP1 variant. A, schematic
of BAP1 protein showing the
position of the novel p.L14H
missense variant (gray triangle) in
comparison with known BAP1
missense mutations associated
with sporadic RCC (black
triangles). Data compiled from
Pena-Llopis and colleagues,
Hakimi and colleagues, COSMIC,
and KIRC (TCGA,; refs. 11, 21, 24).
UCH domain (blue); HBM, HCF-1-
binding motif (yellow); ULD,
Uch37-like domain (black);
BRCAA1, putative BRCA1-
interacting domain (red); NLS,
nuclear localization signal (green).
B, BAP1 amino acid conservation
across species assessed with
BioEdit's ClustalW multiple
alignment function. Protein
sequences are from UniProt
(Q92560, HOGOD9, FETYN2,
E2R9Z2, D3ZH56, Q99PU7,
G1PS27, F6SMM8, F6RI15,
Q5F3N6, Q52L14, H2UEV1,
A1L2G3, Q7K5N4, Q17N72) and
Ensembl (ENSPTRP00000025898;
ref. 33). C, in silico predicted effects
of the novel p.L14H missense
variant and the surrounding
sporadic RCC-associated
missense mutations assessed with
PROVEAN, SIFT, and PolyPhen-2
prediction tools (19, 25, 26).

D, BAP1 structure model. Left:
cartoon depiction of the BAP1
UCH domain (purple) noting p.
Leu14 (red sphere) involved in
organizing a flexible crossover loop
and other flexible portions of the
domain (salmon) that order upon
ubiquitin substrate (cyan) binding.
Uch37-like domain (ULD) is shown
in green. Right top: zoom-in of
wild-type BAP1 leucine 14 residue
with atom radii depicted in dots
interacting with surrounding
residues (side chains within 4 A
displayed in stick). Right bottom:
zoom-in of BAP1 histidine 14
mutant with atom radii (dots)
revealing clashes with surrounding
residues.
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Figure 7. Loss of BAP1 protein in renal tumor from individual IV:4. Low
power view of renal tumor from individual IV:4. The tumor involves the
medullary area of the kidney and shows negative staining for BAP1. Note
the pelvic transitional epithelium that stains positive for BAP1 (") as
positive internal control (x150). Insert A: high-power image showing the
renal tumor with negative BAP1 immunohistochemical staining (x200).
Insert B: high-power image of BAP1 immunohistochemical staining
showing pelvic transitional epithelium with positive nuclear staining as a
positive internal control (x250).

Previous VHL mutation testing of germline DNA from
the proband of family NCI-1326 was negative. However,
the VHL and BAPI genes are both on chromosome 3p so
we asked whether somatic mutations in VHL could be
detected in the tumors. VAL mutation analysis (Supple-
mentary Materials and Methods) showed VHL mutation
in some tumors (IV:1, Tumor 1 and IV:4, Tumor 1), but
not in others (IV:1, Tumors 3 and 4; Supplementary Fig.
S2 and data not shown). Thus, mutations in VHL and
BAPI may cooperate in the development of at least some
tumors.

Together, these data suggest that the novel BAP1 p.L14H
missense variant is the cause of the underlying cancer phe-
notype in the family described. First, the variant cosegregated
with the RCC phenotype. Second, the variant targets the
catalytic domain, which is a common site of missense muta-
tions including pathogenic somatically-acquired mutations in
neighboring residues pG13V and p.H144N. Third, L14 is
highly conserved across species, and iz silico analyses suggest
that a histidine substitution at this position precludes pro-
ductive ubiquitin binding. Fourth, consistent with BAPI
function as a two-hit tumor suppressor gene, the variant was
associated with LOH in tumors from the proband and an
affected sister by DNA sequence analysis. Finally, albeit
indirectly, the absence of BAP1 protein, by immunohis-
tochemistry in all tumors examined, suggests that the BAP1
p.L14H variant abrogates protein expression. Furthermore,
these findings confirm that even in the samples in which
LOH was not observed, BAP1 function was lost.

Although it is not possible to generalize from a single
kindred, our data suggest that BAP! mutations will be
found, albeit infrequently, in familial RCC, and thus, it
seems fitting to comment on the phenotypic aspects of the
family we report. The family in which the novel p.L14H

variant cosegregated with RCC showed a cancer phenotype
characterized by an early-onset, aggressive form of ccRCC.
The proband is noted to have had bilateral, multifocal disease
with multdple solid and cystic lesions with a rapid rate of
growth. Individual IV:6 died of early-onset metastatic dis-
ease at the age of 36. Two other individuals (II:1 and I1I:4)
died of metastatic RCC at 48 and 58 years of age, respec-
tively. Another family member, who inherited the p.L14H
variant, developed early-onset ccRCC at the age of 40 years.
Overall, this is consistent with our previous research find-
ings, which have shown an association of BAPI loss with
high tumor grade and poor survival (11, 12). In addition,
other studies have correlated BAPI loss with metastases in
other BAP1-associated cancers, particularly uveal melanoma
(9). Taken together, these observations support the idea that
germline BAPI mutations may be associated with aggressive
familial ccRCC.

The NCI-1326 family kidney cancer phenotype is, in
some ways, similar to the von Hippel-Lindau (VHL) phe-
notype, that is, the presence of bilateral, multifocal clear cell
tumors and cysts, and tumors within cysts. However, the
kidney cancer phenotype in this family seems to differ from
the typical VHL phenotype in several ways. The renal
tumors in proband IV:1 grew faster than might have nor-
mally been expected in a patient with VHL. In the expe-
rience at NCI, the average growth rate of VHL-associated
RCC is 3 mm per year, which is consistent with the growth
rate of sporadic small renal masses (28). In addition, there are
a number of high Fuhrman grade ccRCCs in this family,
which are uncommonly seen in VHL tumors, particularly
those less than 3 cm in size.

There are several clinical implications for the physician
when determining a differential diagnosis for germline
genetic analysis. Our findings and the fact that somatic
BAPI mutations are often associated with ccRCC of high
grade may encourage clinicians to look for these features
when deciding whether to proceed with germline BAPI
mutation analysis. Identifying cues associated with germline
BAPI mutation will be importantas these mutations are rare.
In addition, our family (although not all individuals) dis-
played a cancer phenotype that was noted to be "VHL-like"
with bilateral, multifocal disease and multiple renal cysts.
Thus, clinicians may consider BAPI analysis for individuals
who test negative for germline VAL mutations and display a
more "aggressive" phenotype that lacks other VHL hallmark
findings such as hemangioblastomas, pancreatic cysts, and
pheochromocytomas.

Before this report, germline BAPI mutations were
reported to predispose to several additional cancers including
uveal and cutaneous melanoma and mesothelioma (14-17).
However, other tumor types have been found in these
pedigrees such as lung carcinomas, meningiomas, and cho-
langiocarcinomas (14, 16-18, 29). We did not observe any
of these cancers in our family. The reason for this is unclear.
However, these data are in keeping with the previous
literature in which, initially, BAPI germline mutations were
associated with two clinically distinct syndromes of familial
melanoma and mesothelioma (17, 18). These separate
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cancer phenotypes were later shown to overlap (29, 30). As
germline BAPI mutation families continue to be described,
the phenotype may be clarified. No clear genotype/pheno-
type correlation has been observed, and familial mutations
frequently result in early truncation of the BAP1 protein (14,
15, 17, 18, 29, 31, 32). It seems plausible that germline
BAPI mutations produce a cancer susceptibility syndrome
in which the penetrance of each given feature (RCC,
melanoma, or mesothelioma) depends upon additional
environmental or genetic factors. Nevertheless, the presence
of other BAP1-associated malignancies in RCC families may
increase suspicion for a germline BAPI mutation.

Although germline BAPI mutations may predispose to
RCC, the frequency of these mutations is low but in keeping
with that of other studies. For comparison, several other
studies describing germline BAPI mutations in a variety of
cohorts describe an overall germline frequency of approxi-
mately 3.8% (range of 1.9% in a group of individuals with
uveal melanoma to 8.0% in a subset of apparent sporadic
mesotheliomas; refs. 14—17, 30). Overall, these data show
that germline BAP! mutations predispose to several tumor
types, and the degree of tumor susceptibility conferred by
BAPI mutation may vary across tissues.

There are several limitations to this study. First, among the
82 probands successfully evaluated, only one significant BAPI
variant was found. Second, the functional significance of p.
L14H remains to be examined. Third, cosegregation studies
could be conducted in just 4 individuals and the LOD score is
low. However, given the loss of BAP1 protein by IHC in all
tumors examined (z = 3) and a probability that this finding
would be from chance alone of 0.0034, our results strongly
suggest that the variant identified is responsible for the RCC
predisposition observed.

In conclusion, we report for the first time a BAP! germline
missense variant predisposing to familial, early-onset, aggres-
sive ccRCC. Our data suggest that BAP! may be the
causative gene for renal tumor development in a subset of
patients with inherited kidney cancer, although the frequen-
cy of BAPI gene mutations in RCC families seems to be low.
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