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Uveal melanoma is a lethal cancer with a strong propensity to metastasize. Limited therapeutic options are
available once the disease has disseminated. A strong predictor for metastasis is the loss of chromosome 3.
Inactivating mutations in BAP1 encoding the BRCA1-associated protein 1 and located on chromosome 3p21.1,
have been described in uveal melanoma and other types of cancer. In this study, we determined the prevalence
of somatic BAP1 mutations and examined whether these mutations correlate with the functional expression of
BAP1 in uveal melanoma tissue and with other clinical, histopathological and chromosomal parameters. We
screened a cohort of 74 uveal melanomas for BAP1 mutations, using different deep sequencing methods. The
frequency of BAP1 mutations in our study group was 47%. The expression of BAP1 protein was studied using
immunohistochemistry. BAP1 staining was absent in 43% of the cases. BAP1 mutation status was strongly
associated with BAP1 protein expression (P<0.001), loss of chromosome 3 (P<0.001), and other aggressive
prognostic factors. Patients with a BAP1 mutation and absent BAP1 expression had an almost eightfold higher
chance of developing metastases compared with those without these changes (P=0.002). We found a strong
correlation between the immunohistochemical and sequencing data and therefore propose that, immunohisto-
chemical screening for BAP1 should become routine in the histopathological work-up of uveal melanoma.
Furthermore, our analysis indicates that loss of BAP1 may be particularly involved in the progression of uveal

melanoma to an aggressive, metastatic phenotype.
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With an incidence in the Western world of about 5
per million people per year, uveal melanoma is the
most common primary malignancy in the eye.!
Approximately half of the individuals who were
diagnosed with uveal melanoma will develop
metastatic disease, with a 4-6-month median survi-
val period when metastasized to the liver.? Several
prognostic parameters are available to identify the
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patients at risk of developing metastases including
cytogenetic aberrations such as loss of chromosome
1p, loss of chromosome 3, gain of chromosome 8,
and abnormalities on chromosome 6.3~7

Harbour et al® reported inactivating somatic
mutations in BAP1, the gene encoding BRCA-asso-
ciated protein 1 in the predominantly metastasizing
(class 2) uveal melanoma. BAP1 is located on
chromosome 3p21.1, which is frequently deleted
in uveal melanoma. Monosomy 3 is considered to be
a relatively early event in wuveal melanoma
pathogenesis, and several studies have shown that
it strongly correlates with decreased survival.*=7-9
BAP1 is a nuclear deubiquitinase that catalysis the
removal of single ubiquitin moieties from ubiquitin
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chains or cleavage of the isopeptide bond between
ubiquitin and the substrate protein.'? It is involved
in several biological processes, including chromatin
dynamics, the DNA damage response, and regula-
tion of the cell cycle and cell growth.''!3 Inactivating
somatic and germline BAP1 mutations have been
identified in a variety of cancers, including malig-
nant pleural mesotheliomas, cutaneous melanoma,
atypical cutaneous melanocytic tumors, meningioma,
lung adenocarcinoma, and renal cell carcinoma.'4-19
The number of reported cancer-prone families with
germline BAP1 mutations is rising and suggesting a
BAP1 cancer syndrome. However, the prevalence of
germline BAPI1 mutations in uveal melanoma
patients is low compared with BAP1 mutations of
somatic origin.?16-20 Although somatic mutations in
BAP1 are highly prevalent in metastasizing primary
uveal melanoma, the role of BAP1 in the progression
of uveal melanoma towards metastatic disease
requires further investigation.

The purpose of this study was to identify BAP1
mutations in uveal melanoma patients and examine
whether these mutations coincide with the protein
expression of BAP1 in uveal melanoma tissue. We
also investigated whether BAP1 mutations in uveal
melanoma were associated with additional clinical,
histopathological, and chromosomal parameters.

Materials and methods
Tissue Samples

Uveal melanoma specimens were collected from
patients who underwent enucleation between the
period 1993 and 2012 at the Erasmus University
Medical Center and the Rotterdam Eye Hospital
(Rotterdam, The Netherlands). Clinical and histo-
pathological features, such as tumor localization,
tumor diameter and thickness, age at time of
diagnosis, cell type, and the presence of extracel-
lular matrix patterns were evaluated. Cell type was
scored by hematoxylin and eosin (H&E) staining
according to the modified Callendar classification
system. The presence of extracellular matrix pat-
terns were examined with periodic acid—Schiff
staining without hematoxylin. The study was
performed according to the tenets of the Declaration
of Helsinki and an informed consent was obtained
before the operation.

DNA Extraction

DNA was isolated from fresh tumor samples using
the QIAamp DNA-mini kit (Qiagen, Venlo, The
Netherlands) according to the manufacturer’s
instructions. The DNA concentration was measured
using the NanoDrop ND-1000 Spectrophotometer
(NanoDrop technologies, Wilmington, DE, USA) and
Picogreen assay (Molecular Probes, Eugene, OR,
USA). DNA was stored at — 20 °C.
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Copy Number Analysis

The DNA copy number status of the tumor was
examined with single nucleotide polymorphism
(SNP) array and fluorescent in situ hybridization
(FISH) analysis. Two hundred nanograms of fresh
tumor DNA was used as input for whole-genome
analysis by SNP array (Illumina 610Q BeadChip,
Nlumina, San Diego, CA, USA). The data were
analyzed with version 6 of the Nexus software
(Biodiscovery, El Segundo, CA, USA). Chromosomal
abnormalities were validated with FISH on directly
fixed tumor cells using centromeric or locus-specific
probes for chromosome 1, 3, 6, and 8, as described
previously.?!

Sequence Data Analysis

A 10.2kb region containing the entire BAP1 gene
was amplified from primary choroidal and ciliary
body melanomas by long-range polymerase chain
reaction (PCR) kit (Takara Holdings, Kyoto, Japan)
using the primers 5-GGCGCCGCTGTACTGGAG
CTTTAGT-3" and 5-CGGCAGAGGAGAGCGGGACA
GAGG-3'. Details of the PCR protocol are available
upon request. If no PCR product could be obtained,
two additional primers (5-GGCAGCCTCCCCACA
AGCCAAGG-3' and 5-CGGCAGAGGAGAGCGGGA
CAGAGG-3’) were used to amplify the gene as two
overlapping 6.6 kb and 4.2 kb fragments. The ampli-
fied DNA was then purified using the QIAquick PCR
Purification Kit (Qiagen, Hilden, Germany) accord-
ing to the manufacturer’s instructions. Sample
preparation was performed according to the Illumi-
na TruSeq v3 protocol and the samples were
sequenced on the Hiseq2000 with a v3 paired-end
flow cell for a read length of two times 100 bp with
an index of 7 bp. The reads were aligned against the
human reference genome build 19 (hg19) using
BWA?2 and the NARWHAL pipeline.?® Genetic
variants were called using tools from the genome
analysis toolkit,?* Picard and samtools.?> A VCF
and Mpileup file for each sample were generated
and processed with an in-house variant annotation
tool.

The BAPI1 region was captured and a unique
index code with a length of 7bp was incorporated
into the sample using a HaloPlex Target Enrichment
Kit (Agilent Technologies, Santa Clara, CA, USA).
Sample preparation was performed as above and the
samples were sequenced on the MiSeq using v2 flow
cell for a paired-end read a length of 150 bp. Adapter
trimming, alignment, variant calling, and annotation
were performed as above.

Whole exome sequencing was performed using
the Agilent version 4 capture kit on at least 1 g of
genomic tumor DNA, followed by sample prepara-
tion, sequencing, alignment, variant calling, and
annotating, as described above (Koopmans et al,
manuscript in preparation).



Variants were validated by Sanger sequencing.
Oligonucleotide primers were designed from intronic
sequences to amplify all coding sequence of BAP1
with PCR. The primers are listed in the Supplementary
Table S1, and PCR amplification and Sanger sequen-
cing protocols are available upon request.

Immunohistochemical Staining

Immunohistochemistry was performed with an
automated immunohistochemistry staining system
(Ventana BenchMark ULTRA, Ventana Medical
Systems, Tucson, AZ, USA) using the alkaline
phosphatase method and a red chromogen. In brief,
following deparaffinization and heat-induced anti-
gen retrieval for 64min, the tissue sections were
incubated with a mouse monoclonal antibody raised
against amino acids 430—729 of human BAP1 (clone
sc-28383, 1:50 dilution, Santa Cruz Biotechnology,
Dallas, TX, USA) for 1h at 36°C. A subsequent
amplification step was followed by incubation with
hematoxylin II counter stain for 8 min and then a
blue-colouring reagent for 8 min according to the
manufacturer’s instructions (Ventana). Liver, tonsil,
breast tissue, and the retinal pigment epithelium
were used as positive controls for BAP1 expression.
An ophthalmic pathologist independently evaluated
the histopathological characterization of the tissue
sections and the immunohistochemistry stainings.
In some cases with suspected clonal sub-
populations, multiple staining and double staining
of BAP1 and HMB-45 and/or CD45 was conducted
using the 3,3’-diaminobenzidine method. The
samples were scored positive or negative by masked
screening.

Statistical Analysis

The co-occurrence of BAP1 mutations with absence
of BAP1 expression and other clinical, histopatho-
logical, and genetical data were calculated using
either the y2-test or Fisher’s exact test (categorical
variables) and the Mann—Whitney test (continuous
variables). The influence of these wvariables on
survival was determined with the Kaplan—Meier
method for categorical variables and using the Cox
regression method for continuous variables. Survi-
val analysis was performed on the basis of disease-
free survival, defined as the time period from
enucleation until the development of metastasis or
death due to metastasis. Death due to another cause
or lost to follow-up was treated as censored.
Subsequently, Cox multivariate proportional
hazards regression (forward logistic regression
method) was used to confirm that the variables were
independent predictors of survival. All tests were
two-sided. An effect was considered significant
if the P-value was 0.05 or less. The statistical
analyses were performed with the SPSS-20 software
package.

BAP1 in uveal melanoma

AE Koopmans et al

Results
Tumor Samples

A total of 74 patients with histopathologically
proven uveal melanoma were included in our study.
There were 34 men and 40 women, and the mean
age was 63 years (range 37—86). The mean disease-
free survival was 52 months (5-209). Thirty-five
patients were alive at the last follow-up, 29 patients
developed metastatic disease of which 26 died, 9
patients died due to another cause and 1 patient was
lost during follow-up (with a survival of 69 months).
Detailed clinicopathological data are provided in

Table 1 Clinicopathological and chromosomal features of the
study cohort (n=74)

Clinicohistopathological data Mean
Age (years) 3 (37-86)
Largest basal tumor diameter (mm) 13.6 (5 0-21.0)
Tumor thickness (mm) 7. 8 (1.5-15)
Disease-free survival (months) 2 (5-209)
n (%)
Follow-up
Alive 35/74 (47%

3/74 (4%

)

Metastasis present )
26/74 (35%)
)

)

Died due to metastatic disease

Died due to other disease cause 9/74 (12%

Lost to follow-up 1/74 (1%
Gender

Male 34/74 (46%)

Female 40/74 (54%)

Localization tumor
Choroid
Ciliary body

64/74 (87%)
10/74 (13%)

Tumor invasion ciliary body

No invasion 56/74 (76%)

Invasion 18/74 (24%)
Cell type

Spindle 29/74 (39%)

Mixed 35/74 (47%)

Epithelioid 10/74 (14%)

Epithelioid cells
Absent
Present

25/74 (34%)
49/74 (66%)

Size category according to TNM7

1 7174 (10%)
2 26/74 (35%)
3 35/74 (47%)
4 6/74 (8%)

Extracellular matrix patterns
Absent
Present

38/74 (51%)
36/74 (49%)
Chromosomal data n (%)
Ploidy status

Disomy 66/74 (89%)
Triploidy 5/74 (7%)
Tetraploidy 3/74 (4%)
Chromosome 3 loss 46/74 (62%)
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Table 1 and the Supplementary Table S2. The
majority of uveal melanoma were of choroidal origin
(n=64), only 10 tumors (14%) originated from the
ciliary body. From the 64 choroidal tumors, 8
invaded the ciliary body. Most cases displayed a
spindle or mixed cell morphology (n=64) and only
10 cases (14%) revealed a pure epithelioid pheno-
type. The tumors ranged from 5 to 21mm in
diameter (a mean value of 13.6 mm) and from 1.5
to 15 mm thick (a mean value of 7.8 mm). According
to the 7th edition of the American Joint Committee
on Cancer TNM classification (TNM7) for uveal
melanoma, we classified uveal melanoma on the
basis of the anatomic extent of the primary tumor
(T).26 Seven tumors (10%) were classified as T1, 26
(35%) as T2, 35 (47%) as T3, and 6 (8%) as T4.
Extracellular matrix patterns were present in 36
uveal melanoma (49%).

Genetic and Histopathological Analyses

FISH and SNP array analysis. Cytogenetic analysis
was performed using a SNP array (n=59) and FISH
(n=66). The study group contained 46 tumors with
loss of chromosome 3 (62%). Three tumors appeared
to have a loss of heterozygosity (LOH) region ranging
from 0.57 to 4.1 Mb around the BAP1 gene. There-
fore, we coded them as LOH for chromosome
3p21.1. A SNP array of one case with LOH is shown
in Figure 1a. Other chromosomal aberrations
included loss of chromosome 1p (n=23, 31%),
gain of chromosome 6p (n=37, 51%), loss of
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chromosome 6q (n=29, 40%), loss of chromosome
8p (n=16, 22%), gain of chromosome 8p (n=15,
20%), and gain of chromosome 8q (n=43, 58%).
Eight tumors were polyploid with either a triploid
(n=5, 7%) or tetraploid (n=3, 4%) status. Seven
out of these eight tumors showed relative loss of
chromosome 3 compared with their baseline chro-
mosome status.

Mutation analysis. In all, 57 tumor samples were
sequenced using the long-range PCR approach,
generating 2 992 269-46 389 045 mapped reads per
sample. Six samples were sequenced using the
HaloPlex method. Of these, two samples were also
sequenced with the long-range approach. Nineteen
tumors were subjected to whole exome sequencing,
in which the coding region of the entire genome was
sequenced. Of these, seven were also sequenced with
the long-range approach. Two groups of untypical
uveal melanoma were selected for the exome sequen-
cing: seven uveal melanomas with monosomy 3 and
a follow-up of more than 60 months without any
metastasis, and 10 disomy 3 tumors who did develop
metastasis. Two samples were polyploid with relative
chromosome 3 loss and metastatic disease. For all 19
samples, a mean coverage over 68 x was reached for
the target regions (Koopmans et al, manuscript in
preparation). For the current study, we only investi-
gated the BAPI1 gene in the samples that were
subjected to exome sequencing.

A BAP1 mutation was detected in 35 uveal
melanoma samples (47%). These included 7 mis-

?

Figure 1 Histopathological and genetic features of two uveal melanoma cases. (a) In case S42, loss of heterozygosity (LOH) of 3p21.1 was
observed on single nucleotide polymorphism (SNP) array. (b) The tumor shows mainly spindle cells in a hematoxylin and eosin (H&E)
staining (400 x ). (c) Immunohistochemistry revealed no expression of BAP1 in the tumor cells and positive expression in endothelium
and inflammatory cells (400 x ). (d) In case S4, the SNP array displays a disomy 3. (e) Spindle tumor cells in the uveal melanoma are
shown in a H&E staining (200 x ). (f) Inmunohistochemistry revealed a strong nuclear positivity for BAP1 (400 x ).
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Figure 2 Schematic overview of sequence data and immunohistochemical analyses. (a) A schematic overview of the BAP1 gene and its
functional domains. BAP1 is composed of an N-terminal UCH domain (orange; amino acid (aa) 1-250), an HCF1-binding domain (HBM)-
like motif (blue; aa 363-366), an UCH37-like domain (ULD) (green; aa 634—-693), and a nuclear localization signal (NLS) consisting of two
parts (blue; aa 656—661 and aa 717—722). BAP1 has been reported to interact with BARD1 (aa 182—365), HCF1 (aa 365—385), BRCA1 (aa
596-721), and YY1 (aa 642—686).% The binding site for BAP1 antibody is depicted with a dashed line (aa 430-729). The found mutations
and indels are shown below, classified according to their type and position. (b) A multilevel doughnut chart was constructed for all
samples (n = 74) regarding the chromosome 3 status (outer ring), BAP1 mutations status (middle ring), and BAP1 expression (inner ring).

Figure 3 Histopathological features of a uveal melanoma case with heterogeneous expression of BAP1. (a) In case S7, a heterogeneous
distribution of BAP1 expression was observed throughout the tumor with immunohistochemistry (400 x ). (b) Staining with HMB-45
revealed strong positivity (3,3’-diaminobenzidine staining, brown color) concluding that the cells investigated were melanoma cells

(400 x ).

sense mutations, 3 nonsense mutations, 12 deletions,
and 2 insertions leading to a frameshift, 1 in-frame
deletion and 10 mutations located at a splice site.
The mutations were located throughout the gene
(Figure 2a). Thirty-three out of the 35 variants were
validated using Sanger sequencing.

Immunohistochemistry. We assessed BAP1 expres-
sion by immunohistochemistry. In 31 of the 73 uveal
melanoma investigated (43%), BAP1 expression was
below the level of detection in the tumor. In these
samples, the retinal pigment epithelium stained
positive. One of the paraffin slides could not be
examined due to insufficient material (sample S20). In
the upper panel of Figure 1, an uveal melanoma is

shown with LOH of the BAP1 gene and no detectable
BAP1 staining (Figures 1a—c). In the lower panel, a
uveal melanoma with a disomy 3 and positive BAP1
expression is shown (Figures 1d—f). In four tumors, a
subpopulation of cells, ranging from 20 to 80% of
the total, was observed, that were negative for BAP1
staining. The remaining tumor cells (corresponding
80-20% of the total), stained positive for BAP1
(Supplementary Table S2). In these four samples, a
staining with HMB-45 was performed. We observed
that both the BAP1-positive and -negative cells
stained positive for HMB-45 (Figure 3).

The majority of the BAP1-negative tumors also
harbored a BAP1 mutation (Figure 2b). More
specifically, 30 out of the 31 uveal melanomas that
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Table 2 Correlations between BAP1 mutation status and clinicopathological and genetic data

BAP1 mutation status

Mutated Wild-type
Clinicohistopathological data n=35 n=39 P-value
Mean age (years) 66 60 0.060*
Mean largest basal diameter (mm) 14.1 13.2 0.2892
Mean tumor thickness (mm) 8.0 7.6 0.5743
Gender
Male 15 19 0.613P
Female 20 20
Localization tumor
Choroid 29 35 0.502°¢
Ciliary body 6 4
Ciliairy body involvement
Absent 25 31 0.420P
Present 10 8
Epithelioid cells
Absent 5 20 0.001"
Present 30 19
Extracellular matrix patterns
Absent 12 26 0.005"
Present 23 13
BAP1 expression
Negative 30 1 0.000"
Positive 4 38
Chromosomal data
Ploidy status
Diploid 31 35 1.000¢
Polyploid 4 4
Chromosome 3 loss
Yes 33 13 0.000"
No 2 26

A P-value of 0.05 or less was considered significant and is shown in bold.
dAssociations for continuous variables were calculated with the Mann—Whitney test.

Associations for categorical variables were calculated with the y2-test if the expected count was >5.
CAssociations for categorical variables were calculated with the Fisher’s exact test if the expected count was <5.

did not show any BAP1 staining had a BAPI
mutation (SNPs, base insertions, or deletions). Four
of the 42 BAP1-positive tumors harbored a BAP1
mutation (Table 2). As shown in Figure 2b, two of
the 28 tumors possessing a normal chromosome 3
copy number had a BAP1 sequence variant (sample
S11 and S71; Supplementary Table S2). In the group
of uveal melanoma with loss of chromosome 3
(including the polyploid tumors with a relative
chromosome 3 loss), 33 of the 46 tumors harbored a
BAP1 mutation. We did not observe any BAP1 stain-
ing in 30 of the corresponding samples. Immuno-
histochemistry could not be conducted for sample
S20. Two tumors, S23, and S43, stained positive for
BAP1 despite their monosomy 3 and BAP1 mutation
status. Tumor S23 contained a heterozygous dele-
tion of 22bp in exon 16 (p.R666fs) leading to a
frameshift in 74% of the reads. In this sample,

MODERN PATHOLOGY (2014) 27, 1321-1330

heterogeneous levels of BAP1 expression were
observed. We estimated that BAP1 expression was
absent in 20% of the tumor, whereas the remaining
80% of the tumor cells did stain positive for BAP1.
Tumor S43 had a 7 bp frameshift deletion in exon 16
(p.E673X) in 54% of the reads. However, in this
tumor 100% of the tumor tissue showed normal
BAP1 expression. Lastly, there was one BAP1 wild-
type uveal melanoma (sample S3) that did not stain
positive for BAP1. In this case, BAP1 staining was
absent in ~50% of the tumor cells.

Statistical Analysis

BAP1 mutations strongly coincided with an absent
BAP1 expression (P<0.001) and monosomy 3
(P<0.001) (Table 2). The presence of epithelioid
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Figure 4 Kaplan—Meier estimate of disease-free survival in uveal melanoma patients. (a) Kaplan—-Meier survival curves displaying
melanoma-related mortality for 55 patients on the basis of BAP1 mutation status and (b) the survival curves for 34 patients with loss of
chromosome 3. The table shows the number of events and cases at risk overtime at the respective time point. Log-rank tests were used to

compare survival distributors across subgroups.

Table 3 Multivariate Cox regression of disease-free survival in 55 patients

Variable Beta SE Wald Hazard ratio 95% CI P-value
BAP1 mutation with negative BAP1 staining 2.045 0.644 10.076 7.731 2.187-27.322 0.002
Largest basal diameter 0.205 0.085 5.847 1.228 1.040-1.450 0.016
Age — — — — — —

Epithelioid cells — —
Extracellular matrix patterns — —
BAP1 mutation status — —
Monosomy 3 — —

Abbreviations: HR, hazard ratio; CI, confidence interval.

cells (P=0.001) and extracellular matrix patterns
(P=0.005) were also significantly overrepresented
in uveal melanoma with BAP1 mutations. The
sensitivity and specificity for the detection of
BAP1 depletion by immunohistochemistry com-
pared with mutation analysis were 88% and 97%,
respectively. For survival analysis, we included only
the unselected uveal melanoma samples (n=55)
and excluded uveal melanoma specimens that were
selected for exome sequencing. Univariate analyses
showed that the disease-free survival was signifi-
cantly shorter in patients with a BAP1 mutation
(32 wvs 133 months, P<0.001, Figure 4a). We
examined whether BAP1 mutations influenced the
prognosis of monosomy 3 patients by constructing
Kaplan—-Meier curves and performing the Log-rank
test. Patients with monosomy 3 uveal melanoma and
a BAP1 mutation seem to have a worse prognosis,

although this was not statistically significant
(P=0.122, Figure 4b). Patients with tumors with a
negative BAP1 staining also had a significant shorter
disease-free survival compared with tumors with
positive BAP1 staining (31 vs 133 months, P<
0.001). Other factors that affected the survival in uveal
melanoma patients were: age at time of diagnosis
(P=0.040), largest basal tumor diameter (P=0.005),
the presence of epithelioid cells (P=0.003), the
presence of extracellular matrix patterns (P=0.001),
and chromosome 3 loss (P<0.001). Considering the
strong interaction between BAP1 mutation status
and BAP1 expression, we validated whether this
concurrent inactivation of the gene and protein is an
independent parameter for disease-free survival.
The possible confounding variables were analyzed
in a multivariate model. After correcting for these
variables, we found that patients with a concurrent
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BAP1 mutation and a negative BAP1 expression
have a 7.7 times greater chance of developing meta-
stases compared with those without these aberra-
tions (P=0.002) (Table 3). The largest basal diameter
of the tumor was also an independent predictor for
disease-free survival (P=0.016). The age at time of
diagnosis, presence of epithelioid cells, extracellu-
lar matrix patterns, and loss of chromosome 3 did
not reach significance and were rejected.

Discussion

In this study, we found that nearly half of the
investigated uveal melanoma tumors harbored an
inactivating BAP1 mutation and that this was
strongly associated with the absence of BAP1
staining, monosomy 3, and other prognostic features
of aggressive tumors, such as the presence of
epithelioid cells and extracellular matrix patterns.
Nonetheless, a few discrepancies were observed
between BAP1 mutation status and BAP1 immuno-
histochemistry. For two samples (S11 and S71), the
immunohistochemistry results can be explained by
the fact that both tumors were disomic for chromo-
some 3 and harbored a heterozygous BAP1 muta-
tion. Thus, presumably the remaining wild-type
allele led to a normal positive staining. As men-
tioned previously, LOH of a small region containing
the BAP1 gene was found in three tumors by SNP
array analysis. These tumors (S21, S37, and S42)
were classified as loss of chromosome 3p21.1
although chromosome 3 was not entirely deleted.
In addition, S21 and S42 harbored a hemizygous
BAP1 mutation (Figures la—c and Figure 2b). Our
study confirms that biallelic inactivation of BAP1 in
uveal melanoma tumor tissue is required to prevent
BAP1 protein expression, through loss of a copy of
chromosome 3 and a BAP1 mutation in the remain-
ing copy. Two uveal melanomas (S23 and S43) with
monosomy 3 had a positive BAP1 staining, despite
harboring an out-of-frame deletion in exon 16. One
possibility for the positive staining could be that the
truncated proteins (p.R666fs and p.E673X) are still
detected by the BAP1 antibody. Interestingly, both
deletions were heterogeneous for hemizygous mu-
tant suggesting that a normal population of cells is
still present in the tumor, which could have led to a
positive staining. However, this is not supported by
the observation that, 80% and 100%, respectively, of
the S23 and S43 tumor cells stained positive for
BAP1. In two cases with evident heterogeneous
subpopulations of cells with and without BAP1
expression within the same uveal melanoma (S5 and
S7), the percentage of BAP1-negative uveal melano-
ma cells was equal to the percentage of chromosome
3 loss. Even though in our study, the percentage of
BAP1 mutation does not always correlate with the
percentage of absent expression, in most cases, these
percentages are high enough to classify the tumors
in the correct category. In one tumor sample (S3),
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50% of the cells did not stain positive for BAP1 even
though no BAP1 mutation was detected by exome
sequencing. To be sure that the investigated clonal
subpopulations were melanoma cells, we carried
out a staining with HMB-45 and confirmed that this
was the case. In this tumor S3, LOH of chromosome
3 was detected by FISH and SNP array analysis.
Possibly, intronic variants that cannot be detected
with exome sequencing prevent BAP1 expression in
some of the cells in this tumor. Alternatively, the
apparent LOH might reflect a more complex genetic
rearrangement, where BAP1 is lost in a proportion of
the cells comprising the tumor.

Somatic BAP1 mutations have been described in
other cancers, such as malignant pleural mesothe-
liomas and cutaneous melanoma, and the absence of
BAP1 expression in mesotheliomas has been
demonstrated by immunohistochemistry.’® In con-
trast to our uveal melanoma cohort, 25% of the
mesotheliomas without a BAP1 mutation did not
display any immunohistochemistry staining for
BAP1.

In two uveal melanomas, a mutation was detected
by one of the NGS approaches but could not be
validated with Sanger sequencing (S58 and S63). In
both cases, the percentage of reads with the muta-
tion was quite low (5% and 4%, respectively). A
limitation of conventional Sanger sequencing is that
low mosaicism variants are difficult to detect below
a level of ~20%?7 and this is likely to be the reason
why S58 and S63 could not be validated. Both tumor
samples stained BAP1-negative.

A recent study suggested that BAP1 inactivation
might be more characteristic of epithelioid mesothe-
liomas.?® We also found a correlation between BAP1
inactivation and uveal melanoma with an epithe-
lioid cell type suggesting that BAP1 deficiency
may be particularly involved in the pathogenesis
of uveal melanoma with an aggressive phenotype.

Previous research has shown that BAP1 mutations
are present in 47% (27/57) of the primary uveal
melanoma and 84% (26/31) of class 2 uveal
melanoma.? Our findings support the hypothesis
that somatic BAP1 mutations promote metastases. In
the overall study group, we found a BAP1 mutation
in 62% (18/29) of metastasizing uveal melanoma,
and it is important to note that this could be an
underestimation, since in a few patients, limited
follow-up data was available. Selection bias could
have occurred because untypical uveal melanomas
were selected for exome sequencing. Therefore, we
excluded these tumors from our survival analysis.
Nonetheless, it would be interesting to enlarge the
study group with random, nonselected uveal
melanoma with a longer follow-up. After excluding
the exome sequencing samples, there were six
patients without metastasis after a follow-up of 4
years or longer. None of these individuals had a
BAP1 mutation. Of the 18 patients who developed
metastases, 15 uveal melanomas harbored a BAP1
mutation.



In the current study, we only investigated the
BAP1 expression in tumors from enucleated eyes.
Over the years, eye-sparing therapies have proved to
be equally effective in terms of patient survival
compared with radical treatment.?%39 With eye-spar-
ing therapies biopsies can be taken for prognosti-
cation and it is also possible to perform BAP1
immunohistochemistry on biopsy specimens in our
institute. This technique has an additive value in
determining the patients’ prognosis.

Recent work of Matatall and associates3! demon-
strated that BAP1 depletion induces a primitive,
stem-like phenotype and these findings implicate
BAP1 in the maintenance of melanocyte identity in
uveal melanoma cells. Therapeutic strategies that
target these specific pathways in uveal melanoma
are urgently needed. Currently, therapeutic agents
targeting BAP1 deficiency are being investigated.
Histone deacetylase inhibitors have shown to
reverse the effects of BAP1 depletion in uveal
melanoma cells.?? As therapeutic options emerge,
it is important to be able to rapidly identify the
patients, enucleated and conservatively treated
patients, who would benefit from a specific inter-
vention. Given the costs of BAP1 mutation analysis,
immunohistochemistry offers an economical and
fast alternative. In our study, we demonstrated that
there is a strong association between BAP1 staining
and BAP1 mutation status with a sensitivity of 88%
and a specificity of 97%. We propose that, the BAP1
immunohistochemistry should be implemented in
the routine histopathological examination of uveal
melanoma.
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