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SUMMARY

Synonymous mutations are generally disregarded by genomic analyses because
they are considered non-pathogenic. We identified and characterized a somatic
synonymous mutation in the epigenetic modifier and tumor suppressor BAP1, re-
sulting in exon skipping and complete protein inactivation. This radically altered
the prognosis of a clear-cell renal cell carcinoma patient from The Cancer Genome
Atlas (TCGA) with a PBRM1 mutation (a predictor biomarker for positive re-
sponses to immune checkpoint inhibitors) from good (an estimated overall sur-
vival of 117 months) to a very bad prognosis (an estimated overall survival of
31 months), emphasizing the importance of scrutinizing synonymous mutations
near acceptor splice sites of cancer genes for accurate precision medicine.

INTRODUCTION

Cancer can be broadly defined as a collection of remarkably complex diseases caused by the accumulation
of genomic and epigenetic modifications, such as mutations and chromatin alterations, which can be fatal
when metastatic. For each tumor type, and preferably for each patient, it is essential to identify the ‘driver’
mutations that lead to tumor development among the ‘passenger’ mutations. Synonymous mutations alter
the DNA sequence without changing the encoded amino acid of the resulting protein and, thus, are
assumed as ‘silent” and overlooked in many genomic studies.

Recent studies point out that synonymous mutations might affect the translation kinetics, mRNA stability,
miRNA binding sites, or splicing machinery and ultimately alter protein function (Jayasinghe et al., 2018;
Kimchi-Sarfaty et al., 2007; Sharma et al., 2019; Supek et al., 2014). In addition, synonymous mutations
represent about 6-8% of all driver mutations by single-nucleotide variants in oncogenes (Supek et al,,
2014). Overall, synonymous mutations (1) were found to be enriched in known cancer genes, (2) show a
negative correlation of their frequency with the mutational load, indicating a selective pressure resulting
in highly recurrent synonymous mutations, (3) are non-randomly distributed along the coding sequence
and within internal exons and (4) differentially affect codons for specific amino acids (Sharma et al., 2019).

Kidney canceris diagnosed annually in over 400,000 individuals and causes more than 175,000 deaths world-
wide, being clear-cell renal cell carcinoma (ccRCC) the most frequent subtype (~75%) (Ricketts et al., 2018).
An early event in ccRCC development is the inactivation of the pVHL pathway, followed by inactivating mu-
tations of chromatin remodelers, such as SETD2 (Dalgliesh et al., 2010) and PBRM1 (Varela et al., 2011). We
previously established that the deubiquitinase and epigenetic modifier BRCA1-associated protein 1 (BAP1)
is a major driver of tumor development in ccRCC (Pefia-Llopis et al., 2012) and its mutations are mutually
exclusive with PBRM1 (Pefa-Llopisetal., 2012, 2013). Thus, tumors with BAPT mutations exhibit dismal prog-
nosis and are characterized by aggressive features, including high tumor grade, mTORC1 activation (Pefia-
Llopis et al., 2012), rhabdoid and sarcomatoid histologies, tumor necrosis, and poor patient survival (Kapur
etal., 2013). In contrast, patients with PBRM 1 mutations only (without BAP1 mutations) have good prognosis
and are characterized by low tumor grade, low mTORC1 activity (Pefia-Llopis et al., 2012), and good overall
survival (Kapur et al., 2013). Tumors with loss of BAP1 and PBRM1 showed the highest aggressiveness and
shorter patient survival (Kapur et al., 2013; Pefia-Llopis et al., 2012). Notably, several other research teams
independently confirmed these discoveries (Creighton et al., 2013; Hakimi et al., 2013; Ricketts et al.,
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type based on inactivating mutations in BAPT and PBRM1 (Kapur et al., 2013; Pefia-Llopis et al., 2012),
providing the rationale for precision medicine using subtype-specific therapies.

RESULTS

A somatic synonymous BAP1 mutation leads to its loss of function and worsens patient
prognosis

We identified a patient from The Cancer Genome Atlas (TCGA) kidney renal clear cell carcinoma (KIRC)
(Creighton et al., 2013) whose tumor harbored 3p chromosomal loss (Figure S1) and a somatic nonsense
PBRM1 mutation. This patient (TCGA-B0-4842), a 73-year-old Caucasian woman, died 56 months after diag-
nosis. This was considerably rapid for a ccRCC patient with a PBRMT mutation, since an analysis of TCGA
data showed a median overall survival of 117 months (95% confidence interval [Cl]: 84-150 months) (Fig-
ure TA). This relatively short survival was more similar to those patients with a BAPT mutation (median overall
survival of 73 months [95% Cl: 20-127 months]) or patients with mutations in both BAPTand PBRM1 (median
overall survival of 31 months [95% Cl: 15-48 months]) (Figure 1A). Indeed, this patient revealed a somatic
synonymous BAP1 mutation near the acceptor splice site of exon 11 (c.936T>G, p.G312G) (Figure 1B).

Surprisingly, the tumor displayed low BAPT gene expression (Figure 1C) and one of the lowest BAP1 pro-
tein expressions among KIRC-TCGA patients (Figure S2B). A one-sample t test showed that the BAP1 pro-
tein expression of the index patient was closer to those of patients with mutations in BAP1 or both BAP1
and PBRM1 (p = 107'° and 0.004, respectively) than patients with mutations in PBRM1 (p = 2-107'%%) or
wild-type for these genes (p = 3-107""?) (Figure 1D). In addition, mTORC1 was highly active, as assessed
by very high ribosomal protein Sé phosphorylation levels (Figures 1E and 1F). These levels, together
with the highest tumor grade (grade 4) and pathologic stage llI, are typically seen in patients with inactivat-
ing mutations in both BAP1 and PBRM1, or only in BAP1, rather than justin PBRM1 (Kapur et al., 2013; Pefa-
Llopis et al., 2012). Indeed, these levels were closer to tumors with BAPT or BAP1/PBRM1 mutations than
PBRM1 mutations (Figure S2). Thereby, these data strongly suggest that the p.G312G synonymous BAP1
mutation results in loss of BAP1 function and, consequently, higher tumor aggressiveness.

The synonymous BAP1 mutation do not affect protein stability at the cDNA level

To understand the mechanism of inactivation of BAP1 expression caused by the synonymous mutation, we
cloned the full-length cDNA of wild-type BAPT (or a catalytically inactivating p.C91S BAPT mutation) into
pBABE-hygro vector to ensure a constitutive basal expression and we generated the ¢.936T>G, p.G312G
mutation by site-directed mutagenesis (Figure 2A). We then reconstituted the BAP1-null ccRCC cell line
UMRC-6 (or UM-RC-6) with wild-type BAP1, the p.G312G BAPT mutant or the p.C?1S BAPT mutant con-
structs (and corresponding empty vector control). We observed similar total BAP1 protein levels (Figure 2B)
and BAP1 protein stability upon blocking the protein synthesis with cycloheximide treatment in both wild-
type BAP1 and the p.G312G mutant (Figure 2C). We found similar results in a cholangiocarcinoma cell line,
TFK-1, which had a nonsense mutation in BAP1 (Figures 2C and 2E).

BAP1 targets the deubiquitination of histone H2A (Pefa-Llopis et al., 2012; Scheuermann et al., 2010), and
we observed that the synonymous p.G312G BAPT mutation deubiquitinated histone H2A to the same
extent as the wild-type BAP1 (Figure 2F). However, UMRC-6 cells lacking BAP1 or reconstituted with the
p.C91S BAP1 mutant showed strong ubiquitination of histone H2A, suggesting that the synonymous
€.936T>G mutation in the full-length cDNA is not affecting the BAP1 deubiquitinating function.

We previously showed that the correlation of BAP1 loss with mTORC1 activation was not direct (Pefia-Llopis
etal., 2012). We analyzed several mTORC1 readouts, such as phosphorylated ribosomal protein Sé kinase
(S6K), phosphorylated Sé, and phosphorylated eukaryotic translation initiation factor 4E binding protein 1
(EIFAEBP1, also known as 4E-BP1), observed by changes in mobility shift by western blotting (Figure 2G). As
expected, cells reconstituted with the p.G312G BAP1 mutant showed similar mTORC1 activation as the
wild-type and the p.C91S BAP1 mutant in UMRC-6 (Figure 2G) and TFK-1 (Figure S3A) cells. Furthermore,
cell proliferation of the p.G312G BAPT mutant cells was comparable to the wild-type BAPT and the p.C91S
mutant, as well the empty vector control in UMRC-6 and TFK-1 cells (Figure S3B).

Taking together, these data suggest that the ¢.936T>G, p.G312G synonymous mutation is not affecting
BAP1 at the cDNA level and the change of codon is not responsible for its inactivation.
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Figure 1. A somatic synonymous BAP1 mutation leads to its loss of function and worsens patient prognosis

(A) Kaplan-Meier curves for the indicated groups from the KIRC-TCGA data set. The green arrow indicates the index
patient. The blue arrow depicts the worsening of the median overall survival from tumors with PBRM T mutations to tumors
with mutations in both BAPT and PBRM1 (B/P).

(B) Genomic DNA sequence of the KIRC-TCGA patient displaying the somatic synonymous ¢.936T>G, p.G312G mutation
in exon 11 of BAPT in the tumor (T) but not in the normal (N) kidney.

(C) Log2-transformed RNA-Seq Expectation-Maximization (RSEM) normalized gene expression for BAP1 from KIRC-
TCGA.

(D) Reverse phase protein array (RPPA) analysis for BAP1 from KIRC-TCGA stratifying for patients with BAP1 and PBRM1
mutations individually or for both genes (B/P). Index patient was compared with each group by the one-sample t test.
(E and F) Ribosomal protein Sé6 phosphorylation at $235/5236 (E) and at $240/S244 (F). For all plots, the green dot or
dashed line indicates the index patient.

The synonymous BAP1 mutation leads to exon skipping

Since the ¢.936T>G mutation is located 4 base pairs away from the acceptor splice site (Figure 1B), we next
considered whether the synonymous mutation might affect the alternative splicing machinery, presumably
by generating a new binding site for an exonic splicing silencer (Giulietti, 2013). Thus, we cloned exon 11 of
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Figure 2. The synonymous BAP1 mutation do not affect protein stability at the cDNA level

(A) Schema depicting the ¢.936T>G mutation in the full-length BAPT cDNA.

(B) UMRC-6 cells stably expressing the p.G312G BAP1 mutant show by western blot similar total protein levels as cells
reconstituted with wild-type (WT) BAP1 or the p.C?1S mutant. EV, empty vector.

(C) The decay over time of the protein encoded by the cDNA of the synonymous BAP1 mutation is similar to the protein
decay from the wild-type BAPT cDNA in UMRC-6 cells treated with 80 png/ml of cycloheximide.

(D) BAP1-deficient cholangiocarcinoma TFK-1 cells reconstituted with the p.G312G BAPT mutant show similar levels of
protein expression as wild-type or the p.C91S mutant BAP1.

(E) Western blot of the same stable TFK-1 cell lines treated with 10 pg/ml of cycloheximide for the indicated time shows
similar protein decay for the p.G312G mutation as the wild-type BAP1.

(F) Reconstitution of UMRC-6 cells with the p.G312G mutation in BAPT decreases the ubiquitination of histone H2A to a
similar level as to wild-type BAP1, but different than the p.C91S mutant or empty vector.

(G) UMRC-6 cells reconstituted with the p.G312G mutation show similar mTORC1 activation readouts in response to
starvation as wild-type and the p.C91S mutant BAPT.

BAP1 into a bichromatic splicing minigene reporter (Orengo et al., 2006) to examine exon inclusion and
exon skipping events in an in vivo splicing assay (Figure 3A). As a control, we cloned a BAPT synonymous
mutation found in lung adenocarcinoma 6 base pairs away from the donor splice site in exon 7 (c.576C>T,
p.D192D) obtained from the SynMICdb database (Sharma et al., 2019). These plasmids were transiently ex-
pressed in Hela cells. Controls showed similar levels of exon integration and skipping, as assessed by
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Figure 3. The synonymous BAP1 mutation leads to exon skipping

(A) Diagram of the bichromatic alternative splicing reporter system to assess exon inclusion or skipping.

(B-D), BAP1 exon 11 is skipped in Hela cells transiently transfected with a minigene reporter containing the c.936T>G,
p.G312G synonymous mutation whereas it is more inclusive with the wild-type exon 11, as indicated by western blotting of
Flag-tagged proteins (B), RT-PCR (C) and fluorescence microscopy (D). Quantifications are the average + SD of three
independent experiments. *, p<0.05; **, p<0.01; ***, p<0.001. Scale bar represents 200 um.

western blotting (Figure S5A), RT-PCR (Figure S5B) and fluorescence microscopy (Figure S5C). The co-
expression of CELF2 (also known as ETR-3) induced exon integration, whereas the co-expression of

MBNL3 induced exon skipping, as expected (Orengo et al., 2006).

Replacement of the synthetic exon by BAPT exon 7 resulted in exon integration, which was not affected by
the ¢.576C>T mutation and only partially altered by the co-expression of CELF2 and MBNL3 (Figure S4).
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However, the synonymous p.G312G mutation near the acceptor splice site at exon 11 showed striking exon
skipping, quantified as 92% by western blotting (Figure 3B), 96% by RT-PCR (Figure 3C), and 92% by fluo-
rescence microscopy (Figure 3D). Exon skipping of the p.G312G mutant BAP1 was significantly higher than
the wild-type BAPT exon 11 (74% [p = 2-1077], 84% [p= 5-1077], and 60% [p= 2-107"", respectively). The
degree of exon skipping difference between the wild-type and mutant sequence was then between 12 and
32%, which is similar to the 10-23% reduction of exon-skipping frequency previously reported for several
oncogenes and TP53 (Supek et al., 2014). Therefore, these data demonstrate that the synonymous
c.936T>G, p.G312G BAPT mutation leads to exon 11 skipping. The fact that exon 11 was virtually
completely excluded in the mutant and partially included in the wild-type BAP1 suggests that exon 11
might be a potential bottleneck for BAP1 synthesis.

Clinical significance of BAP1 exon 11 skipping

To get further insight into the clinical significance of BAPT exon 11 skipping, we analyzed the raw RNA-Seq
data from the index patient. Unfortunately, the coverage was very poor and only two wild-type reads were
observed between exon 10 and exon 11 and three reads between exon 11 and exon 12 of BAP1 from two
RNA-Seq tumor samples (Figure S6A). However, these reads did not contain the c.936T>G, p.G312G syn-
onymous mutation, indicating that there is an extensive mMRNA degradation of BAP1, in consonance with its
low gene expression (Figure 1C). Thus, the wild-type reads proceed from the mixture of the RNA from the
tumor with normal cells, such as stroma and infiltrating lymphocytes, as reflected at DNA level in Figures 1B
and S1, and as we previously described in solid tumors but not in patient-derived xenografts, where human
stroma is replaced by mouse stroma, which do not interfere and dilute the tumor DNA and RNA (Pefa-Llo-
pis et al.,, 2012). In addition, BAP1 exon 11 skipping is predicted to result in protein frameshift and a pre-
mature stop codon (Figure S7), which can enhance mRNA decapping and the nonsense-mediated mRNA
decay to selectively degrade imperfect mRNAs with early translation termination codons (Couttet and
Grange, 2004; Muhlrad and Parker, 1994). Consistent with this notion, similar wild-type reads were
observed in PBRM1, which harbored a nonsense mutation, but not in adjacent genes (Figure S6B). There-
fore, the lack of BAPT mutant mRNA reads in the index patient (Figure S6A) agrees with the nonsense-
mediated mMRNA decay caused by premature translation termination codon due to exon 11 skipping.

Unexpectedly, a close examination of the eight KIRC-TCGA patients with splice-site mutations in BAP1 re-
vealed that two patients had mutations in the acceptor splice site of BAP7 exon 11. TCGA-BP-4798 showed
a cIVS932-2A>G mutation that was considered likely pathogenic according to dbSNP database
(rs112194987) and resulted in exon 11 skipping, as evidenced by RNA-Seq reads between exons 10 and
12 (Figure 4A). TCGA-CZ-5985 showed a ¢.IVS932-1G>T mutation (rs9848343 in dbSNP) and solid evidence
for exon 11 skipping with 4 reads between exons 10 and 12 (Figure 4B). Similar to the index patient, both
splice-site mutations resulted in low BAPT gene expression (Figure 4C) and BAP1 protein expression (Fig-
ure 4D), especially for TCGA-CZ-5985, which displayed the second lowest BAP1 levels from KIRC-TCGA. In
addition, ribosomal protein Sé expression (Figure 4E) and phosphorylation levels (Figure 4F) were high, as
expected to be found in patients with BAP1 loss.

Considering that there are 32 splicing sites among the 17 exons of BAP1, the fact of finding 2 of 8 patients
with splice-site mutations in the acceptor splice site of exon 11 is very unlikely by chance alone (p = 0.0015),
according to a cumulative binomial distribution. This suggests that exon 11 skipping might be a hotspot for
BAP1 inactivation.

The clinical significance of exon 11 skipping is, however, more complicated. Patient TCGA-BP-4798
harbored an additional missense mutation in TP53 and showed distant metastasis at diagnosis, dying
almost 11 months thereafter, whereas patient TCGA-CZ-5985 was still alive 65 months after diagnosis.
This suggests that despite having a similar BAPT mutation and inactivation, other alterations contribute
decisively in the patient prognosis, such as an additional PBRM1 mutation in the index patient and a
TP53 mutation in TCGA-BP-4798.

In summary, we have strong evidence to claim that the somatic synonymous mutation in BAP7 of the index
patient results in exon 11 skipping, frameshift and premature stop codon, leading to mRNA and protein
degradation and ultimately, together with chromosome 3p loss, to the complete loss of function for
BAP1 (Figure 4G). The inactivation of BAP1 contributed to a shorter survival than the one that would be ex-
pected for a patient with ccRCC with a PBRM1 mutation.
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Figure 4. Mutations in the acceptor splice site of BAP1 exon 11 lead to exon skipping and loss of function

(A) Patient TCGA-BP-4798 has a somatic mutation in the acceptor splice site of exon 11 (c.IVS932-2A>G) as depicted by
whole-genome sequencing (WES) and RNA-Seq of the tumor (T) but not normal kidney (N) WES. Exon 11 skipping for
patient TCGA-BP-4798 is evidenced by RNA-Seq reads spanning from exon 10 to exon 12 and highlighted in red. The red
arrow indicates the splice-site mutation.

(B) Patient TCGA-CZ-5985 has a somatic mutation in the acceptor splice site of exon 11 (c.IVS932-1G>T) as depicted by
whole-genome sequencing (WES) and RNA-Seq of the tumor (T) but not normal kidney (N). Exon 11 skipping for patient
TCGA-CZ-5985 is indicated by RNA-Seq reads spanning from exon 10 to exon 12 and highlighted in red. The red arrow
indicates the splice-site mutation.
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Figure 4. Continued

(C-F) Log2-transformed RNA-Seq RSEM normalized gene expression for BAP1 (C), RPPA for BAP1 (D), total ribosomal

protein Sé expression (E) and S6 phosphorylation at $235/5236 (F) from KIRC-TCGA for patients TCGA-BP-4798 (in cyan)
and TCGA-CZ-5985 (in orange).

(G) Diagram illustrating the summary of this study, where a synonymous mutation near the acceptor splice site of exon 11
of BAP1 leads to exon skipping, frameshift and premature stop codon, inducing its mRNA and protein degradation and
loss of function.

DISCUSSION

We describe here a patient with renal cell carcinoma with presumably good prognosis due to a PBRM1 mu-
tation, who experienced a relatively short survival by harboring an additional unacknowledged inactivating
synonymous mutation in BAP1.

The tumor with the synonymous p.G312G mutation in BAPT showed low gene expression and one of the
lowest protein expressions from KIRC-TCGA, suggesting loss of function, as evidenced by phosphorylation
of ribosomal protein Sé, which is associated with BAP1 loss (Kapur et al., 2013; Pefa-Llopis et al., 2012).
However, reconstitution of BAP1-deficient ccRCC and cholangiocarcinoma cell lines with the ¢.936T>G
BAP1 mutation in the full-length cDNA showed similar protein levels, stability and histone H2A deubiquiti-
nation as the wild-type BAP1, proving that the synonymous mutation is not disrupting BAPT at the cDNA
level. Interestingly, the synonymous mutation was near the acceptor splice site of exon 11. Thus, we cloned
this exon into a sophisticated bichromatic in vivo splicing system (Orengo et al., 2006) and demonstrated by
western blotting, RT-PCR, and fluorescent microscopy that the BAPT synonymous mutation resulted in
exon 11 skipping. Remarkably, two of eight patients with splice-site BAP1 mutations from KIRC-TCGA
showed mutations in the acceptor splice site of exon 11, suggesting that exon 11 skipping might be a hot-
spot for BAP1 inactivation. It is well known that frameshift mutations leading to premature termination of
translation can cause rapid mRNA degradation to prevent the production of non-functional or toxic trun-
cated proteins (Couttet and Grange, 2004; Muhlrad and Parker, 1994). Hence, we provide here strong ev-
idence to support that the c.936T>G, p.G312G synonymous mutation in BAP1 results in exon 11 skipping,
frameshift, premature stop codon, mRNA degradation, protein loss and, eventually, loss of function, which
contributed negatively to decrease almost fourfold the expected patient survival (from 117 to 31 months).

This study has clinical relevance, since PBRM1 mutations were reported to be predictive biomarkers for
positive responses to immune checkpoint inhibitors in renal cell carcinoma (Braun et al., 2019; Miao
et al., 2018). However, recent clinical trials in advanced renal cell carcinoma showed no association of
PBRM1 mutations with progression-free survival (Motzer et al., 2020). Furthermore, a recent study failed
to associate the inactivation of several genes of the mammalian Switch/Sucrose Non-Fermentable
(mSWI/SNF) with clinical outcomes in patients with cancer treated with systemic immune checkpoint inhib-
itors, except PBRM1 in ccRCC (Abou Alaiwi et al., 2020). Therefore, the clinical benefits observed by treat-
ment with immune checkpoint inhibitors in patients with ccRCC with PRBMT mutations, most likely are sim-
ply because, as we previously described, they are mutually exclusive of BAPT mutations (Pefia-Llopis et al.,
2012, 2013), which displayed poor overall patient survival (Kapur et al., 2013). Thus, PBRMT mutation should
not be taken solely as a predictive marker in ccRCC but rather in combination with potential BAP1 inacti-
vation (by DNA sequencing and/or immunohistochemistry) (Pefa-Llopis et al., 2012) to have a more com-
plete picture for each patient, fostering an accurate identification of the individual cancer driver genes and
facilitating precision oncology.

A BAP1T missense mutation (p.N78S), but not a synonymous mutation, was recently found to lead to alter-
native splicing (Jayasinghe et al., 2018). By comparing immunohistochemistry with mutation data, we pre-
viously showed that all frameshift mutations (11/11) and 85% (11/13) of point mutations in BAP1 were unable
to be translocated to the nucleus in ccRCC tumors, indicating loss of function (Pena-Llopis et al., 2012). The
two missense mutations that showed nuclear BAP1 expression had mutations in the catalytic site of binding
to ubiquitin and the binding to the ULD domain, respectively, and thus unlikely to be functional (Pefa-Llo-
pis et al., 2012). In addition, all tumors with BAPT mutations are accompanied by chromosomal 3p loss.
Thus, the only allele left is the one with the mutation. Therefore, to our knowledge, this study provides
the first evidence of a synonymous mutation in BAP1 that leads to exon skipping and protein inactivation.
This work also delivers insight into an unappreciated mechanism of inactivation of a very important tumor
suppressor, which is frequently mutated and drives tumorigenesis in many cancer entities besides ccRCC
(Pena-Llopis et al., 2012), including uveal melanoma (Harbor et al., 2010), mesothelioma (Bott et al., 2011),
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and cholangiocarcinoma (Jiao et al., 2013). Remarkably, synonymous mutations toward the 5’ end of coding
sequences were shown to be depleted but exhibited more pronounced predicted structural impact, sug-
gesting higher selective pressure in this region (Sharma et al., 2019). The database of synonymous muta-
tions in cancer (SynMICdb) recently generated (Sharma et al., 2019) could be a good resource for assessing
the potential impact of specific synonymous mutations. Hence, synonymous mutations identified in clinical
samples should not be systematically discarded but carefully analyzed in cancer genes, especially near the
acceptor splice sites.

Limitations of the study

A limitation of this study is that we are analyzing the expression of an exogenous minigene. However, it was
previously shown to be a reliable system for claiming that certain mutations affected splicing (Jayasinghe
etal., 2018; Supek et al., 2014), observing similar ratios of exon inclusion/exclusion as we report here.

Resource availability
Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by
the lead contact, Samuel Pefia-Llopis (Samuel.Pena-Llopis@dkfz.de).

Materials availability
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Figure S1. Index patient (TCGA-B0-4842) and patients with splice-site mutations in BAP1
exon 11 (TCGA-BP-4798 and TCGA-CZ-5985) display representative copy number
alterations (CNAs) of clear-cell renal cell carcinoma, Related to Figure 1. The copy numbers
of the index patient are 1.7 for copy number loss and 2.3 for copy number gain instead of 1 and 3,
respectively, indicating that about 30% of the DNA comes from the tumor and 70% comes from
normal cells that contaminated the tumor. For TCGA-BP-4798 and TCGA-CZ-5985, ~40% and
~50% of DNA, respectively, come from the tumor. CNAs were obtained from KIRC-TCGA and
visualized with Integrative Genomics Viewer (IGV).
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Figure S2. The tumor of the index patient with the synonymous p.G312G mutation in BAP1
displays more similarities to tumors with BAP1 or BAP1/PBRM1 (B/P) mutations than
those with PBRM1 mutations, Related to Figure 1. (A) Log2-transformed RNA-Seq
Expectation-Maximization (RSEM) normalized gene expression for BAP1 from KIRC-TCGA
stratifying for patients with BAP1 and PBRM1 mutations individually or for both genes (B/P). Index
patient was compared with each group by the one-sample t test. (B) Reverse phase protein array
(RPPA) for BAP1 from KIRC-TCGA. (C-D) Ribosomal protein S6 phosphorylation at S235/S236
(C) and at S240/S244 (D). For all plots, the green or dashed line dot indicates the index patient.
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Figure S3. There are no significant differences between the p.G312G synonymous
mutation and the wild-type, p.C91S mutant BAP71 or empty vector in the response to
starvation and cell proliferation, Related to Figure 2. (A) Western blotting for mTORC1
activation readouts in TFK-1 cells starved with HBSS for the indicated time. (B) Cell proliferation
measured with CellTiter Glo shows no significant differences between cells reconstituted with the
BAP1 synonymous mutation and the other vectors for UMRC-6 and TFK-1 cells. Data is the
average * SD of three independent experiments.
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Figure S4. RG6 minigene provides a reliable readout for in vivo splicing, Related to Figure
3. A-C, Hela cells transiently transfected with the minigene reporter (RG6) control showed similar
levels of exon inclusion and skipping, as indicated by western blotting (WB) of Flag-tagged
proteins (A), RT-PCR (B) and fluorescence microscopy (C). Co-expression of Flag-CELF2
enhanced exon inclusion whereas co-expression of Flag-MBNL3 enhanced exon skipping, as
previously reported by Orengo and colleagues (2006). Quantification of western blotting and RT-
PCR represents the average + SD of three independent experiments. *, P<0.05; **, P<0.01; ***,
P<0.001.
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Figure S5. The ¢.576C>T, p.D192D synonymous BAP1 mutation in exon 7 near the donor
splice site do not affect splicing, Related to Figure 3. A-C, BAP1 exon 7 is largely included
regardless of the ¢.576C>T, p.D192D synonymous mutation in HeLa cells transiently transfected
with a minigene reporter, as indicated by Western blotting (WB) of Flag-tagged proteins (A), RT-
PCR (B) and fluorescence microscopy (C). Quantifications are the average + SD of two
independent experiments. n.s., not significant.



A

TCGA-B0-4842

o
I I
I
I
I
|
L] L L 1l 11— 1l 1l | B
17 16 15 14 13 12 1 10 8 7 6 5 4 321
BAP1
B
TCGA-B0-4842 @, sA~all I
MTHWH =~ fiv~r—
Ay =y N p—
i ﬂv,v., S— - \-/ e ————— o — — — = uml\)l\dew
N
- — Frt p—— o e — et :nmgmmmw—q—um—
STag ]/ Tenc3 s PBRM1 6N 780" gpCS'

Figure S6. Index patient shows low RNA-Seq reads for BAP71 and PBRM1 but not adjacent
genes, consistent with nonsense-mediated mRNA decay, Related to Figure 4. RNA-Seq

data from two tumor samples was obtained from KIRC-TCGA and visualized with IGV. Red arrow
indicates somatic mutation.
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Figure S7. BAP1 exon 11 skipping results in frameshift and premature stop codon at
amino acid 335, Related to Figure 4. BAP1 sequence was analyzed using SnapGene.



Table S1. List of primers, Related to Figures 2 and 3.

Primer name

Sequence 5’-3’

Primers for cloning BAP1

BamHI-Kozak-BAP1 F

CGCGGATCCGCCACCATGAATAAGGGCTGGCTGGAG

EcoRI-Stop-HA-BAP1_RC

CCGGAATTCTCAAGCGTAATCTGGAACATCGTATGGGTACT
GGCGCTTGGCCTTGTAGGG

Primers for the generation of the p.G312G mutation by site-directed mutagenesis

BAP1_(G312G)-SDM_F

GGCAACCACACAGATGGGGCAGAGGAGGCGGCT

BAP1_(G312G)-SDM_RC

AGCCGCCTCCTCTGCCCCATCTGTGTGGTTGCC

Primers for cloning BAP1 Exon 7

BamHI-BAP1_E7 F

CGCGGATCCCCCGAGCCACGCCACCTCC

EcoRI-BAP1_E7_RC

CCGGAATTCATGGTCAATGGGGTAGACC

EcoRI-BAP1-Mutant_E7_RC

CCGGAATTCATGATCAATGGGGTAGACC

Primers for cloning BAP1 Exon 11

BamHI-BAP1_E11 F

CGCGGATCCGATGGTGCAGAGGAGGCGGCTG

BamHI-BAP1-Mutant_E11 F

CGCGGATCCGATGGGGCAGAGGAGGCGGCTG

EcoRI-BAP1_E11 RC

CCGGAATTCCTGCATGGGGGACTTGGCAT

Primers for RT-PCR

RG6_RT-PCR_Fwd

CAAAGTGGAGGACCCAGTACC

RG6_RT-PCR_Rev

GCGCATGAACTCCTTGATGAC




TRANSPARENT METHODS
KEY RESOURCES TABLE

REAGENT or RESOURCE

| SOURCE

IDENTIFIER

Antibodies

Rabbit polyclonal anti-human 4E-BP1

Cell Signaling Technology

Cat# 9452; RRID: AB_331692

Mouse monoclonal anti-human 3-Actin
HRP

Santa Cruz

Cat# sc-47778 HRP; RRID:
AB_2714189

Mouse monoclonal anti-human BAP1 Santa Cruz Cat# sc-28383; RRID:
(C-4) AB_626723
Rabbit polyclonal anti-human Histone Sigma-Aldrich Cat# ABE327

H2A

Rabbit polyclonal anti-human p70 S6
Kinase

Cell Signaling Technology

Cat# 9202; RRID: AB_331676

Rabbit polyclonal anti-human Phospho-
p70 S6 Kinase (Thr389)

Cell Signaling Technology

Cat# 9205; RRID: AB_330944

Rabbit polyclonal anti-human Phospho-
S6 Ribosomal Protein (Ser240/244)

Cell Signaling Technology

Cat# 2215; RRID: AB_331682

Rabbit monoclonal anti-human S6
Ribosomal Protein (5G10)

Cell Signaling Technology

Cat# 2217; RRID: AB_331355

Mouse monoclonal anti-human Millipore Cat# 05-678; RRID: AB_309899
Ubiquityl-Histone H2A (H2A-Ub) (E6C5)
Mouse monoclonal anti-Flag (M2) Sigma-Aldrich Cat# F3165; RRID: AB_259529

Goat polyclonal anti-mouse 1gG (H + L)
HRPO

Jackson ImmunoResearch

Cat# 115-035-003; RRID:
AB_10015289

Goat polyclonal anti-rabbit 1IgG (H + L)

Jackson ImmunoResearch

Cat# 111-035-003; RRID:

HRPO AB 2313567
Chemicals, Peptides, and Recombinant Proteins

DMEM, High Glucose Gibco Cat# 41965062
Fetal Bovine Serum (FBS) Gibco Cat# 10500064
Hanks' Balanced Salt Solution (HBSS) Gibco Cat# 24020117
HotStarTaq Plus MasterMix Qiagen Cat# 203643
Hygromycin B Santa Cruz Cat# sc-29067

Platinum Tagq DNA Polymerase High
Fidelity

Life Technologies

Cat# 11304011

RPMI 1640 Medium, GlutaMAX Suppl. Gibco Cat# 61870044
T4 DNA Ligase New England Biolabs Cat# M0202
Critical Commercial Assays

AllPrep DNA/RNA Mini Kit Qiagen Cat# 80204
CellTiter Glo Luminescent Viability Promega Cat# G7573
Assay

High-Capacity cDNA Reverse Applied Biosystems Cat# 4368814
Transcription kit

QuickChange Il XL Site-Directed Agilent Technologies Cat# 200521

Mutagenesis Kit

TransIT-LT1 Transfection Reagent

Mirus

Cat# 731-0029

Deposited Data

Level 3 RNA-Seq, segmented DNA copy
numbers (GRCh37/hg19) and RPPA
data.

Legacy BAM files for DNA and RNA
sequencing data

TCGA Data Portal

https://portal.gdc.cancer.qgov



https://portal.gdc.cancer.gov/

REAGENT or RESOURCE

SOURCE

IDENTIFIER

Experimental Models: Cell Lines

HEK-293GP (Phoenix-GP)

Laboratory of Stefan Frohling

RRID: CVCL_H718

HelLa

ATCC

Cat# CCL-2; RRID: CVCL_0030

TFK-1 Laboratory of Stephanie RRID: CVCL_2214
Rossler

UMRC-6 Sigma-Aldrich Cat# 08090513; RRID:

CVCL 2741

Oligonucleotides

Primers for BAP1 cloning This paper Table S1

Primers for site-directed mutagenesis This paper Table S1

Primers for BAP1 exon 7 cloning This paper Table S1

Primers for BAP1 exon 11 cloning This paper Table S1

Primers for RT-PCR Orengo et al. (2006) Table S1

Recombinant DNA

pBABE-hygro

Morgenstern and Land (1990)

https://www.addgene.org/1765

pBABE-hygro-BAP1-HA This paper https://www.addgene.org/154020
pBABE-hygro-BAP1-C91S-HA This paper https://www.addgene.org/154021
pBABE-hygro-BAP1-G312G-HA This paper https://www.addgene.org/154022
pCMV-VSV-G Stewart et al. (2003) https://www.addgene.org/8454
FlagETR3 (CELF2) Orengo et al. (2006) https://www.addgene.org/96900
FlagMBNL3 Orengo et al. (2006) https://www.addgene.org/96901
RG6 Orengo et al. (2006) https://www.addgene.org/80167
RG6-BAP1 E7 This paper https://www.addgene.org/154023
RG6-BAP1_E7-D192D This paper https://www.addgene.org/154024
RG6-BAP1_E11 This paper https://www.addgene.org/154025
RG6-BAP1_E11-G312G This paper https://www.addgene.org/154026

Software and Algorithms

GraphPad Prism 8

GraphPad Software

https://www.graphpad.com/scienti
fic-software/prism

IBM SPSS Statistics 25.0 IBM https://www.ibm.com/products/sps
s-statistics
ImageJ NIH https://imagej.nih.gov/ij/

Integrative Genomics Viewer (IGV)

Broad Institute

https://software.broadinstitute.org/
software/igv

IGV Crawler 2.0

DKFZ Omics IT & Data
Management Core Facility

https://github.com/DKFZ-
ODCF/igv-crawler

Mutation Surveyor 5

Softgenetics

https://softgenetics.com/mutation
Surveyor.php

SnapGene 5

GSL Biotech

https://www.snapgene.com

Zeiss ZEN 3.0

Zeiss

https://www.zeiss.com/microscop
y/int/products/microscope-
software/gen-lite.html

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Subject details

The index patient involves a 73-year-old Caucasian woman from KIRC-TCGA (TCGA-B0-4842), who died
56 months after diagnosis and was homozygous for a nonsense mutation in PBRM1 and a somatic
synonymous mutation in BAP1 near the acceptor slice site of exon 11. KIRC-TCGA patients with mutations
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in the acceptor splice site of BAP1 exon 11 comprise patient TCGA-BP-4798, a 74-year-old Caucasian
man with an additional TP53 missense mutation and distant metastasis at presentation, who died almost
11 months after diagnosis, and patient TCGA-CZ-5985, a 58-year-old Caucasian man, who was still alive
65 months after diagnosis. Further information on the other KIRC-TCGA patients can be found elsewhere
(Creighton et al., 2013; Ricketts et al., 2018).

Ethical issues

NCI and NHGRI developed a set of policies to protect the privacy of participants donating specimens to
TCGA (https://www.cancer.gov/about-nci/organization/ccg/research/structural-
genomics/tcga/history/policies).

METHOD DETAILS

Bioinformatics Analyses

RNA-Sequencing (RNA-Seq), segmented DNA copy numbers (GRCh37/hg19) and reverse phase protein
array (RPPA) data from clear-cell renal cell carcinoma (KIRC) patients from The Cancer Genome Atlas
(TCGA) were downloaded from the Genomic Data Commons (GDC) data portal
(https://portal.gdc.cancer.gov). Updated mutation and survival data was obtained from Ricketts et al. (2018)
and analyzed as previously described (Pefa-Llopis et al., 2016). Gene expression levels were estimated
by the RNA-Seq Expectation-Maximization (RSEM) normalization method and log2 transformed. Whole-
exome sequencing (WES) and RNA-Seq raw BAM files from legacy (GRCh37/hg19) KIRC-TCGA were
downloaded from the GDC data portal and indexed using IGV Crawler v2.0, an open source tool by the
DKFZ Omics IT & Data Management Core Facility (ODCF, https://github.com/DKFZ-ODCF/igv-crawler).
Genomic data  was visualized with the Integrative Genomics  Viewer (IGV,
https://software.broadinstitute.org/software/igv).

Plasmids

Full-length human wild-type BAP1 and the p.C91S mutant was cloned by PCR amplification with Platinum
Taqg DNA polymerase (Life Technologies, 11304011) of previous vectors (Machida et al., 2009) using
primers with BamHI and EcoRI restriction sites (Table S1) and ligated into pBABE-hygro (Morgenstern and
Land, 1990) (Addgene #1765) to generate C-terminal HA-tagged BAP1 (pBABE-hygro-BAP1-HA) and its
corresponding p.C91S mutant (pBABE-hygro-BAP1-C91S-HA). The ¢.936T>G, p.G312G BAP1 mutation
was introduced into pBABE-hygro-BAP1-HA using the QuickChange Il XL Site-Directed Mutagenesis Kit
(Agilent Technologies, 200521) and specific primers (Table S1) to obtain pBABE-hygro-BAP1-G312G-HA.

Wild-type and mutant exon 7 and exon 11 of BAP1 were designed with SnapGene (GSL Biotech) and
cloned by PCR amplification with Platinum Tagq DNA polymerase (Life Technologies, 11304011) using
primers with BamHI and EcoRlI restriction sites (Table S1) and ligated into RG6 plasmid (Orengo et al.,
2006) (Addgene #80176) with T4 DNA Ligase (New England Biolabs, M0202). All plasmids generated in
this study were confirmed by Sanger sequencing (Eurofins Genomics) with Mutation Surveyor
(Softgenetics) and have been deposited to Addgene (Addgene IDs 154020-154026).

Cell Culture

The clear-cell renal cell carcinoma cell line with a BAP1 frameshift deletion (Pefia-Llopis et al., 2012),
UMRC-6, was obtained from Sigma-Aldrich. The cholangiocarcinoma cell line with a BAP1 nonsense
mutation, TFK-1, was a generous gift from Dr. Stephanie Rdssler (University Hospital Heidelberg). HEK-
293GP (Phoenix-GP) was kindly provided by Prof. Stefan Frohling (DKFZ, Heidelberg). HelLa cells were
obtained from ATCC. Cells were maintained in Dulbecco's Modified Eagle’s Medium (DMEM) (Gibco,
41965062) supplemented with 10% Fetal Bovine Serum (FBS) (Gibco, 10500064) and 1% (v/v)
Penicillin/Streptomycin in a humidified incubator at 37 °C and 5% CO2, with the exception of the TFK-1
cells, which were grown in RPMI (Gibco, 61870044) supplemented with 10% FBS and 1% Pen/Strep. Cells
were routinely tested for mycoplasma by PCR. Cell lines were authenticated using Multiplex Cell
Authentication by Multiplexion (Heidelberg, Germany) as described (Castro et al., 2013).


https://www.cancer.gov/about-nci/organization/ccg/research/structural-genomics/tcga/history/policies
https://www.cancer.gov/about-nci/organization/ccg/research/structural-genomics/tcga/history/policies
https://portal.gdc.cancer.gov/
https://github.com/DKFZ-ODCF/igv-crawler
https://software.broadinstitute.org/software/igv

Retroviral Transduction

To stably express BAP1 in BAP1-null cell lines, we generated retroviruses by transfecting the HEK-293GP
cells with pVSV-G envelope plasmid (Stewart et al., 2003) (Addgene #8454) and the pBabe-hygro
constructs using TransIT-LT1 Transfection Reagent (Mirus, 731-0029) according to the manufacturer’s
instructions. Media were collected and filtered through a 0.45-um syringe filter (Corning, 431220). UMRC-
6 and TFK-1 cells were transduced with retroviruses and 48 h later selected with 250 pg/ml hygromycin B
(Santa Cruz, sc-29067) for at least a week.

BAP1 Protein Stability Assay
UMRC-6 and TFK-1 cells were treated with 80 and 10 ug/ml of cycloheximide, respectively, for 6, 12 and
24 h. Cells were washed with ice-cold PBS and harvested for western blotting.

In Vivo Splicing Assay

We transfected Hela cells when reaching 80% confluency in a 6-well plate with 2.5 pg of the cloned RG6
constructs using Opti-MEM reduced-serum medium (Life Technologies) and TransIT-LT1 Transfection
Reagent (Mirus, 731-0029) according to the manufacturer’s instructions. Flag-tagged CELF2 (Addgene
#96900) and Flag-MBNL3 (Addgene #96901) were also co-expressed to promote exon inclusion and
exclusion, respectively (Orengo et al.,, 2006). Cells were observed under a fluorescence inverted
microscope (Zeiss Primovert, Oberkochen, Germany) using an excitation of 488 nm to detect eGFP and
594 nm to detect dsRed and quantified with Zeiss ZEN 3.0 microscope software. Cells were harvested 48
h after transfection to obtain proteins for western blotting and RNA for RT-PCR.

Western blotting

Cells were harvested in Protein Lysis buffer (Pefia-Llopis and Brugarolas, 2013) containing Halt protease
inhibitors (Fisher Scientific, 11834101) and Halt phosphatase inhibitors (Fisher Scientific, 11814101) for 10
minutes at 4 °C. Upon clearing of the lysate, proteins were quantified with Bradford protein assay (Bio-Rad,
500-0006) and boiled at 95 °C for 10 min in 4x Laemmli Sample Buffer (Bio-Rad, 1610747). Samples were
loaded in 4-15% Mini-PROTEAN TGX Precast Protein Gels (Bio-Rad, 4561084DC) and run in 1x SDS
running buffer in a Mini-PROTEAN Tetra Cell (Bio-Rad) at 120 V for approximately 1 h. Samples were then
transferred to a 0.2-pm nitrocellulose membrane using a semidry Trans-Blot Turbo Transfer System (Bio-
Rad). Membranes were blocked in 5% BSA in TBS-T on a rocking platform for 1 h at room temperature and
incubated overnight with primary antibodies diluted in 5% BSA/TBS-T containing 0.05% sodium azide on a
digital tube roller (Roth) at 4 °C. Primary and secondary antibodies are listed in the Key Resources Table.
Membranes were developed with ECL Prime Western Blotting Detection Reagent (GE Healthcare,
RPN2236) and visualized in a ChemiDoc MP Image System (Bio-Rad). Exon inclusion and exclusion were
guantified with ImageJ and means compared using a two-tailed Student’s t test (or a Welch’s t test if unequal
variances).

Reverse-Transcribed PCR (RT-PCR)

Cells were washed with PBS 48 h after transfection and harvested with RLT Buffer (Qiagen). RNA was
extracted using RNeasy columns (Qiagen, 80204) and cDNA from 1 pg RNA was synthesized using the
High-Capacity cDNA Reverse Transcription kit (Applied Biosystems, 4368814) according to the
manufacturer’s instructions. PCR was performed with 2 pl of cDNA and HotStarTaq Plus MasterMix kit
(Qiagen, 203643) for 20 cycles (30 sec at 94 °C, 30 sec at 60 °C and 1 min at 72 °C) using a T100 Thermal
Cycler (Bio-Rad). PCR products were analyzed by 2% agarose gel electrophoresis in 1x TAE buffer. Exon
inclusion and exclusion were quantified with ImageJ and means compared using a two-tailed Student’s t
test (or a Welch’s t test if unequal variances).

Histone Purification

Histones were isolated by acid extraction as previously described (Pefia-Llopis et al., 2012). Briefly, cells
were washed with PBS, scraped and centrifuged at 1,000-g for 5 min. Cell pellets were resuspended in 400
I of cold 0.4 M HCI and rocked at 4 °C for at least 30 min. Extracts were pelleted after spinning 10 min at
16,000-g, and supernatants were precipitated with 10% trichloroacetic acid and analyzed by western
blotting.



Starvation studies

Cells were seeded in 6-well plates the day before the experiment. Media was changed in untreated samples
by full media containing 10% FBS. For starved samples, cells were washed twice with PBS and incubated
with Hanks' Balanced Salt Solution (HBSS) (Gibco, 24020117) for 1 or 3 h.

Cell Proliferation Assay

500 cells/well of each cell line were seeded in 384-well plates in triplicate in their usual culture medium
using a total volume of 30 pl per well. Every 24 h, cell viability was assessed using the CellTiter Glo
Luminescent Viability Assay (Promega, G7573) according to the manufacturer’s protocol. Briefly, CellTiter
Glo (CTG) reagent was diluted 1:4 in DPBS before use. Assay plates were removed from the incubator at
37 °C and incubated for 30 min at room temperature. 30 pl/well of diluted CTG reagent were added to the
assay plate and the plate was shaken for 2 min for full cell lysis. The assay plate was incubated for 8 min
at room temperature in the dark and luminescence was measured for 500 ms/well using the Spark 10M
plate reader (Tecan) and the software Spark Control (Tecan, Version 1.2). Viability data was normalized to
day 0 and graphs were plotted using GraphPad Prism 8.

Statistical Analyses

Overall survival from KIRC-TCGA was determined from the date of diagnosis to time to death or last follow-
up, using updated mutation and survival data from Ricketts et al. (2018). Kaplan-Meier survival curves were
compared by log-rank tests using IBM SPSS Statistics 25.0. To compare BAP1 gene expression and
protein expression of the index patient to the BAP1 and/or PBRM1 subgroups of KIRC-TCGA, one-sample
t tests were conducted in IBM SPSS Statistics 25.0. Microsoft Excel and GraphPad Prism 8 were used to
calculate the rest of statistical analyses. Data is representative of three independent experiments, except
two experiments for the splicing of BAP1 exon 7. Exon skipping quantification was displayed as mean + SD
and P values were calculated using a two-tailed Student’s t test when equal variances or a Welch’s t test
when unequal variances. A cumulative binomial distribution was used to calculate the probability of having
two splice-site mutations in the acceptor splice site of BAP1 exon 11 out of 8 splice-site mutants from KIRC-
TCGA.
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