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BAPI1 loss augments sensitivity to BET inhibitors in

cancer cells

Yu-yan Xu'?, Zhong-lu Ren®*, Xiao-lian Liu', Gui-ming Zhang’, Si-si Huang', Wen-hui Shi', Lin-xuan Ye', Xin Luo'?, Shu-wen Liu’,

Yi-lei Li* and Le Yu'

The tumor suppressor gene BAP1 encodes a widely expressed deubiquitinase for histone H2A. Both hereditary and acquired
mutations are associated with multiple cancer types, including cutaneous melanoma (CM), uveal melanoma (UM), and clear cell
renal cell carcinoma (ccRCC). However, there is no personalized therapy for BAP1-mutant cancers. Here, we describe an epigenetic
drug library screening to identify small molecules that exert selective cytotoxicity against BAP1 knockout CM cells over their
isogenic parental cells. Hit characterization reveals that BAP1 loss renders cells more vulnerable to bromodomain and extraterminal
(BET) inhibitor-induced transcriptional alterations, G1/GO cell cycle arrest and apoptosis. The association of BAP1 loss with sensitivity
to BET inhibitors is observed in multiple BAP1-deficient cancer cell lines generated by gene editing or derived from patient tumors
as well as immunodeficient xenograft and immunocompetent allograft murine models. We demonstrate that BAP1 deubiquitinase
activity reduces sensitivity to BET inhibitors. Concordantly, ectopic expression of RING1A or RING1B (H2AK119 E3 ubiquitin ligases)
enhances sensitivity to BET inhibitors. The mechanistic study shows that the BET inhibitor OTX015 exerts a more potent suppressive
effect on the transcription of various proliferation-related genes, especially MYC, in BAP1 knockout cells than in their isogenic
parental cells, primarily by targeting BRD4. Furthermore, ectopic expression of Myc rescues the BET inhibitor-sensitizing effect
induced by BAP1 loss. Our study reveals new approaches to specifically suppress BAP1-deficient cancers, including CM, UM,

and ccRCC.
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INTRODUCTION

Heterozygous germline mutations in the deubiquitinase BAP1
predispose carriers to the development of uveal melanoma (UM),
cutaneous melanoma (CM), clear cell renal cell carcinoma (ccRCC),
mesothelioma, and potentially other cancers, a condition known as
BAP1 cancer syndrome [1]. In line with BAPT being a classic two-hit
tumor suppressor gene, patient tumors often show inactivating
somatic mutation of the remaining functional BAPT allele. In parallel,
somatic BAPT mutations and loss of BAP1 expression have also been
reported in sporadic cancers of various origins, including the
abovementioned cancer types [1]. Thus, BAP1 mediates tumor
suppression in both hereditary and sporadic cases [2]. BAP1 loss may
combine with other genetic aberrations to promote tumorigenesis
given that BAPT is often comutated with BRAF in CM [3], GNAQ or
GNATT in UM [4, 5], and VHL in ccRCC [6]. Moreover, accumulating
evidence has shown that tumors with BAP1 mutations have a worse
prognosis than those without BAP1 mutations [1]. For example,
mutations in BAPT are strongly correlated with a higher metastatic
risk and reduced survival rate, with up to 84% of metastatic UM
cases harboring BAP1 inactivating mutations [7].

BAP1 loss-of-function mutations limit the development of
therapies directly targeting BAP1, and no personalized treatments
are currently in use for cancers carrying BAP1 mutations. BAP1 is a
deubiquitinating hydrolase associated with multiprotein com-
plexes that are involved in various key cellular functions, including
protein deubiquitination, cell cycle progression, DNA damage
repair, and transcriptional regulation [1, 8]. Of note, increasing
evidence suggests a critical role of BAP1 in epigenetic regulation.
In this respect, BAP1 and ASXL1/2/3 (additional sexcombs like 1/2/
3) form the polycomb repressive deubiquitinase (PR-DUB) com-
plex, which removes monoubiquitin from ubiquitinated histone
2A at lysine 119 (H2AK119ub1); thus, BAP1 loss leads to
hyperubiquitination of H2AK119 [9].

We hypothesized that an altered epigenetic status, such as a
histone hyperubiquitination status, could serve as the Achilles’
heel of cancer cells with BAPT mutations. In this scenario, further
epigenetic disturbance is likely to induce synthetic lethality with
BAP1 loss. Therefore, we conducted epigenetic compound library
screening using BAP1 knockout (KO) isogenic cells generated with
CRISPR/Cas9. One advantage of screening a compound library
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with defined targets is that the compounds, which are structurally
diverse, can function as probes to cross-validate each other. This
strategy led to the discovery that BAP1 KO CM cells display
heightened sensitivity to bromodomain and extraterminal (BET)
inhibitors. Similar results were observed in BAP1-deficient UM and
ccRCC cell lines. We used in vitro and in vivo models to explore the
potential of BET inhibitors as an individualized therapy for cancers
with BAP1 mutations.

MATERIALS AND METHODS

Epigenetic compound library

The TargetMol library of epigenetic compounds (Catalog No.
L1200) contains 303 compounds related to epigenetic regulation.
Each compound was supplied as 250 uL at 10 mM in DMSO. The
compounds were screened at a final concentration of 10 uM in
this study.

Cell lines

KMRC1, VMRC-RCW, and VMRC-RCZ cells were purchased from
JCRB Cell Bank (Japan). Caki-1 and 7860 cells were from the Cell
Resource Center of the Chinese Academy of Sciences (Shanghai,
China). B16-F10, A498 and OS-RC2 cells were from Cellcook
Biotech Co., Ltd. (Guangzhou, China). M14 and OMM2.3 cells were
kindly provided by Dr. Kun-Liang Guan (University of California,
San Diego). B16-F10 and B16-F10 BAP1 KO clones were
maintained as previously described [10]. A498, VMRC-RCW, and
VMRC-RCZ cells were cultured in MEM (Corning). KMRC1 cells were
cultured in DMEM (Thermo Fisher Scientific). Caki-1 cells
were cultured in McCoys 5A (Thermo Fisher Scientific). Other cells
were cultured in RPMI-1640 (Thermo Fisher Scientific) supple-
mented with 10% fetal bovine serum (Gemini) and 1% penicillin/
streptomycin (Invitrogen). All cell lines and cultures were tested
for mycoplasma contamination and confirmed to be negative.

Cell cytotoxicity assay

We established isogenic BAP1 KO clones directly from BAP1 wild-type
(wt) cell lines by targeting the BAPT gene utilizing CRISPR/Cas9. M14
and its isogenic BAP1 KO#1 clone were paired to screen for
compounds that exhibited selective cytotoxicity toward BAP1 KO#1
clone. Cell cytotoxicity was measured with MTT assays. In brief, cells
were seeded in 96-well plates and allowed to attach overnight before
being incubated for 6 d with the test compounds. MTT at a final
concentration of 0.5mg/mL was then added, and the cells were
further incubated for 4h. The optical density was measured
spectrophotometrically at 570 nm in a multiwell plate reader (Bio-
Rad Laboratories). Each condition consisted of three replicate wells,
and data are expressed as the percentage of survival compared to
vehicle control (DMSO) cells. The fold change was used to compare
compound selectivity for M14 BAP1 KO#1 clone over parental M14
cells. The fold change was calculated as the ratio of the survival
percentage of treated M14 cells to that of treated M14 BAP1
KO#1 cells. Positive hits (BET inhibitors) were further validated in BAP1
wt and KO isogenic cancer cell lines (B16-F10, OMM2.3, and 7860).
Detailed information on the tested compounds and the results are
shown in Supplementary Table 1.

Colony formation assay

M14 (1500 cells per well), OMM2.3 (2000 cells per well), and VMRC-
RCW (1500 cells per well) cells were seeded in six-well plates.
Colonies were stained using 0.1% crystal violet and counted
10-14 days after plating.

Immunoblot

Western blotting was performed following standard methods.
Antibodies against BAP1 (sc-28383, 1:100), CDK4 (sc-601, 1:1000),
CDK6 (sc-7961, 1:200), RING1B (sc-101109, 1:100), BRD2 (sc-
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393720, 1:100), BRD3 (sc-81202, 1:100), and GAPDH (sc-25778,
1:10000) were purchased from Santa Cruz Biotechnology.
Antibodies against H2AK119ub1 (8240S, 1:200000), Myc (139875,
1:1000), Bcl-2 (15071S, 1:1000), CDK2 (2546S, 1:1000), RINGTA
(2820S, 1:1000), BRD4 (13440S, 1:1000), HA (2367S, 1:1000), p21
(2947T, 1:1000), and p-Rb (ser780) (9307T, 1:1000) were purchased
from Cell Signaling Technology. The antibody against vinculin
(V9131, 1:100,000) was purchased from Sigma-Aldrich.

Immunofluorescence

Cells on coverslips were fixed with 4% paraformaldehyde in PBS
for 15 min followed by permeabilization with 0.1% Triton-X for 5
min. After blocking, the cells were stained with anti-BAP1 (SC-
28383, 1:50, Santa Cruz Biotechnology), Alexa Fluor 555-
conjugated secondary antibody (A31570, 1:500, Thermo Fisher
Scientific) and Alexa Fluor 488 phalloidin (A12379, 1:400, Thermo
Fisher Scientific). Slides were mounted with ProLong Gold antifade
reagent with DAPI (P36931, Thermo Fisher Scientific) for observa-
tion. Images were captured with a Zeiss LSM880 with Airyscan
confocal microscope. Images were exported from ZEN software
and processed in ImageJ.

Gene deletion with the CRISPR/Cas9 system

The CRISPR/Cas9 system was used to delete genes in M14,
OMM2.3, and 7860 cells. The single guide RNA (sgRNA) sequences
were cloned into the plasmids px459 v2 (Addgene #62988) or
lentiCRISPR v2 (Addgene #52961). Sequences of the sgRNAs
targeting human BAP1, BRD2, BRD3, BRD4, RING1A, and RING1B
from 5’ to 3’ are provided as follows: ACCCACCCTGAGTCGCATGA
(sgBAP1), GCTGCAGTAACAGCAAGGAG (sgBRD2), TCGTGGCGGTG
GACATCCTC (sgBRD3), TTCAGCTTGACGGCATCCAC (sgBRD4), TCTC
CTATTACCCGCTCCGT (sgRING1A), and CCCTTGACTAGACTGCAG
CG (sgRING1B).

Retroviral infection and mutagenesis

Complementary DNAs (cDNAs) encoding BAP1 (BC001596, Transo-
mic), Myc, Bcl-2, RING1A, RING1B and H2A (G152835, G157085,
F110731, F105989, and F11945, respectively, Youbio Technologies)
were subcloned into the pQCXIH retroviral plasmid (Clontech).
Retroviral packaging and infection were performed as described
previously [11]. BAPT (C91S and K116K) and H2A (K118R and K119R)
point mutation constructs were generated by site-directed muta-
genesis using Q5 Hot Start High Fidelity DNA Polymerase (New
England Biolabs) and the following primers: C91S-BAP1-forward, 5
ACCCAACTCTAGCGCAACTCATGC-3’; C91S-BAP1-reverse, 5-ATCAGC
TGGTGGGCAAAG-3’; K116K-BAP1-forward, 5-GTCGCATGAATGACTT
CACCAAGGGTTTTAG-3/, K116K-BAP1-reverse, 5-TCAGGGTGGGTCC
CAGGT-3’; K118R-H2A-forward, 5-GCTACTGCCCAGGAAGACCGAG
A-3/, K118R-H2A-reverse, 5-ACAGCCTGGATGTTGGGC-3’; and K119R-
H2A-forward, 5'-ACTGCCCAAGAGGACCGAGAGTC-3/, K119R-H2A-
reverse, 5-AGCACAGCCTGGATGTTG-3". The BAP1 K116K mutation
impairs the PAM recognition site, which can avoid CRISPR/Cas9-
mediated gene editing. This synonymous mutation was introduced
by utilizing degeneracy of codons and used in cells stably expressing
BAP1 sgRNA and Cas9 in the rescue experiments.

RNA extraction and quantitative real-time PCR with reverse
transcription

Total RNA was extracted using an RNAsimple Total RNA kit (DP419,
Qiagen), and reverse transcription was performed using PrimeScript
RT Master Mix (RR036A, Takara). Primer sequences were obtained
from PrimerBank (http://pga.mgh.harvard.edu/primerbank/). Real-
time PCR was performed using GoTaq gqPCR Master Mix (A6002,
Promega) and an Applied LightCycler480 real-time PCR system. RT-
PCR experiments were carried out with technical and biological
triplicates. Relative mRNA levels were determined by normalization
to endogenous GAPDH mRNA.
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Cell cycle analysis

Cells were treated with OTX015 at the indicated concentrations for
48 h. Cells were then fixed with ice-cold 75% ethanol in PBS
followed by incubation with 50 pg/mL propidium iodide (Sigma-
Aldrich) and 10 ug/mL RNase A (Sigma-Aldrich) at 37°C for 1h.
The distribution of cells in different phases of the cell cycle was
analyzed by flow cytometry (BD FACSCanto ).

Annexin V staining for apoptosis analysis

Cells were treated with OTX015 at the indicated concentrations for
96 h. The cells were harvested, rinsed with precooled PBS, and
then stained with Annexin V-FITC and Pl according to the
manufacturer’s protocol (Annexin V-FITC Apoptosis Detection Kit,
AD10, Dojindo). Flow cytometry was used to analyze the stained
cells within 1 h (BD LSRFortessa X-20).

RNA sequencing and differential expression analysis

Total RNA was extracted by an RNAsimple Total RNA kit (DP419,
Qiagen) from M14 and BAP1 KO#1 cells treated with vehicle control
(DMSO) or 5uM OTXO015 for 24 h. Three replicates for each sample
were generated and analyzed. RNA was sent to a sequencing
company (Novogene) for sequencing. The quality of sequencing
reads was evaluated using FastQC. Read pseudoalignment to the
human hg38 reference transcriptome and read counting were
performed using Kallisto [12]. The abundance values were then
imported into the R platform using the tximport package [13]. DEGs
(differentially expressed genes) were identified by the DESeq2
package [14]. Genes with adjusted P < 0.05 and absolute log2-fold-
change > 1 were considered significant DEGs. Kyoto Encyclopedia of
Genes and Genomes (KEGG) enrichment analysis of the DEGs was
performed using the online database KOBAS 3.0 [15].

Animal work

All animal procedures were carried out according to protocols
approved by the Institutional Animal Care and Use Committee of
Southern Medical University (2015-0056). Male nude mice (6 weeks
old) and female C57BL/6 mice (6-8 weeks old) purchased from
Guangdong Medical Laboratory Animal Center (Guangzhou,
China) were used to evaluate the in vivo anticancer efficacy of
OTX015 against M14, OS-RC2, VMRC-RCW and B16-F10 cells. For
subcutaneous xenograft experiments, M14 (3 x 10%), M14 BAP1
KO#1 (3% 10°), OS-RC2 (3 x 10°), and VMRC-RCW (5 x 10°) cells
were grafted subcutaneously into the right back flank of nude
mice. For the orthotopic allograft model, B16-F10 (5 x 10°) and
B16-F10 BAP1 KO#1 (5 x 10°) cells were intradermally injected into
the abdominal walls of C57BL/6 mice. When tumors were just
palpable, mice were randomly assigned to the vehicle control
(200 pL water) or OTX015 (n =10 or 6 per group) group. OTX015
was administered by oral gavage at 50 mg/kg body weight twice
daily. Tumor height and width were measured with a caliper to
calculate tumor volume (=width? x heightx 0.5). Mice were
sacrificed after OTX015 treatment (22 days for M14 cells; 14 days
for OS-RC2 and VMRC-RCW cells; 10 days for B16-F10 cells). Tumor
xenografts were excised, recorded, and fixed.

Statistical analysis
All data analysis was performed using GraphPad Prism version
6.0c for Mac (GraphPad Software, CA).

RESULTS

Epigenetic compound library screening identifies BET inhibitors
exhibiting selective cytotoxicity toward BAP1-deficient cancer cells
We performed cytotoxicity screening with an epigenetic com-
pound library using wt and BAP1 KO M14 CM cells. We deleted
BAP1 in M14 cells using CRISPR/Cas9 [16]. The epigenetic drug
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library has 303 compounds, including the majority of currently
available inhibitors of epigenetic regulatory enzymes (Fig. 1a and
Supplementary Table 1).

The output of the screen was the percentage survival of cells
treated with individual compounds (10 uM) compared to that of cells
treated with the vehicle control (DMSO). We ranked the compounds
by fold change in selectivity for BAP1 KO#1 clone over wt cells.
Applying a selection threshold of fold change >1.5, we identified 72
candidates, of which 13 exhibited strong selectivity with fold change
>3 (Fig. 1b and Supplementary Table 1). These 13 compounds
included five BET inhibitors, four HDAC inhibitors, three Aurora kinase
inhibitors and one Sirtuin inhibitor (Fig. 1c). We focused our study on
BET inhibitors based on the percentage hit rates for the compounds
in each class. In this regard, 12 of 14 BET inhibitors showed selective
cytotoxicity against BAP1 KO#1 clone. Two BET inhibitors (apabeta-
lone and CeMMECT) that failed to show selectivity displayed
noncytotoxicity at the tested dose (Fig. 1d). In contrast, 16 of 45
HDAC inhibitors (Fig. 1e), 10 of 22 Aurora kinase inhibitors
(Supplementary Fig. S1a) and one of 16 Sirtuin inhibitors (Supple-
mentary Fig. S1b) displayed selectivity (Supplementary Table 1).

We also deleted BAP1 in OMM2.3 UM cells and 7860 ccRCC cells
and then determined the cellular selectivity of OTX015, an oral BET
inhibitor that has entered phase I/ll clinical trials (http://
clinicaltrials.gov). The obtained BAP1 KO clones were verified to
have both a lack of protein expression of BAP1 and elevated
H2AK119ub1 (Fig. 2a). We generated BAP1 KO clones from the
murine CM cell line B16-F10 in our previous study [10].
OTX015 selectively suppressed the viability of BAP1 KO cells
compared with their parental M14, B16-F10, OMM2.3, and 7860
cells (Fig. 2b). In addition, JQ1, a widely used BET inhibitor in
laboratory applications, similarly exhibited selective cytotoxicity
against the tested BAP1 KO clones (Supplementary Fig. S2). These
findings demonstrate that deletion of BAP1 in CM, UM and ccRCC
cells confers sensitivity to BET inhibitors in vitro.

We next evaluated the impact of OTX015 on the viability of a
panel of ccRCC cell lines harboring wt or mutant BAPI. In this
regard, BAP1-deficient ccRCC cell lines (VMRC-RCW and VMRC-
RCZ) were more sensitive to OTX015 than the tested BAP1-
competent ccRCC cell lines (7860, A498, Caki-1, KMRC1, and OS-
RC2) (Fig. 2c-e).

On the basis of the above data, we speculate that BAP1 loss
generated by gene editing or occurring in patient tumors renders
cells more sensitive to BET inhibitors.

Deubiquitinating activity of BAP1 is required to reverse the
sensitivity of BAP1-deficient cells to BET inhibitors

We performed rescue experiments in BAP1 KO cells. Reexpression
of wt BAP1 protein (synonymous mutation K116K) decreased
H2AK119ub1 and completely reversed the sensitivity of BAP1 KO
M14 cells to OTX015 (Fig. 3a, b). We next assessed whether BAP1
function requires its deubiquitinase activity. wt BAP1 and a
catalytically dead version (BAP1 C91S) were re-expressed at a
similar level in OMM2.3 BAP1 KO clones. Consistent with previous
studies [9], both versions of BAP1 were predominantly localized in
the nucleus, while BAP1 C91S failed to deubiquitinate H2AK119
(Fig. 3¢, d). Reexpression of wt BAP1 reversed the sensitivity of
BAP1 KO OMM2.3 cells to OTX015 and JQ1, while BAP1 C91S did
not exhibit any effect (Fig. 3e and Supplementary Fig. S3a),
implying that BAP1 catalytic activity is required. Similarly,
exogenous expression of wt BAP1 conferred resistance to
OTX015 and JQ1 in BAPT-mutant VMRC-RCW cells (Fig. 3f, g and
Supplementary Fig. S3b). In contrast, exogenous expression of
BAP1 C91S did not alter H2AK119ub1 levels or the cellular
sensitivity to OTX015 of VMRC-RCW cells (Fig. 3f, g). These data
suggest that BAP1 modulates the cellular response to BET
inhibitors via its deubiquitinase activity.
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Fig. 1 Epigenetic compound library screening to identify compounds selectively suppressing the viability of BAP1-deficient cancer cells.

a Summary of compound classification in the epigenetic compound library. The library comprises 303 compounds directly targeting
epigenetic enzymes and other related factors. b Scatter plot for 303 compounds grouped by fold change in selectivity for BAP1 KO#1 clone
over parental M14 cells. The fold change was calculated by dividing the percentage survival of parental cells by that of M14 BAP1 KO#1 cells
exposed to the individual compound at 10 pM for 6 d. Each dot represents one compound from the library, and the colors represent different
fold changes (black dots: <1.5, orange dots: 21.5 and <3 and red dots: 23). ¢ Rank of the 13 compounds displaying strong selectivity with fold
change 23. See also Supplementary Table 1. Scatter plot for 14 BET inhibitors (d) and 45 HDAC inhibitors (e) grouped by fold change in

selectivity for BAP1 KO#1 clone over parental M14 cells.

OTX015 exhibits selective cytotoxicity in BAP1-deficient cells via
transcriptional repression of genes critical to cell survival and
proliferation

To explore the molecular mechanisms by which BAP1 deletion
confers sensitivity to BET inhibitors, we performed RNA-sequencing
analysis of parental M14 and BAP1 KO#1 clone with or without
OTX015 (5uM) treatment for 24 h. BAP1 deletion resulted in
preferential downregulation of genes (1070 downregulated genes
of 1474 total DEGs; Supplementary Fig. S4a and Supplementary
Table 2), consistent with the reported gene activation function of
BAP1 [9]. We noticed that OTX015 similarly caused many genes to
be suppressed or upregulated in BAP1 KO#1 and parental M14
cells, yielding a Pearson correlation coefficient of 0.64 (Supple-
mentary Fig. S4b). We identified 2388 DEGs between OTX015-
treated and OTX015-untreated M14 cells and 3549 DEGs between
OTX015-treated and OTX015-untreated M14 BAP1 KO#1 clone.
Strikingly, M14 BAP1 KO#1 clone showed more dramatic tran-
scriptome alterations in response to OTX015 treatment (781
uniquely downregulated DEGs in BAP1 KO#1 clone versus 303 in
M14 cells; 1021 uniquely upregulated DEGs in BAP1 KO#1 clone
versus 338 in M14 cells) (Fig. 4a and Supplementary Table 2).

SPRINGERNATURE

To understand the cellular processes involving the identified
DEGs, we performed enrichment analysis of KEGG pathways.
Downregulated DEGs in M14 BAP1 KO#1 clone upon OTX015
treatment were mainly enriched in terms related to cell survival
and proliferation, including the PI3K-Akt signaling pathway, DNA
replication, ECM-receptor interactions, the cell cycle, and cellular
senescence (Fig. 4b and Supplementary Table 3). In contrast, no
significantly enriched terms were identified for the downregulated
DEGs identified in M14 cells treated with OTX015 (Supplementary
Table 3). The upregulated DEGs in M14 cells and BAP1 KO#1 clone
upon OTXO015 exposure were associated with similar terms
(Supplementary Fig. S4c, d; Supplementary Table 3). Quantitative
PCR with reverse transcription analysis confirmed that OTX015
decreased the expression of most selected genes (MYC, BCL-2,
CKD2 and CKD4) in M14 BAP1 KO#1 clone to a greater extent than
in M14 cells (Fig. 4c). In agreement with their mRNA down-
regulation, the reduction in the protein levels of Myc, Bcl-2, CKD2,
CDK4, and CDK6 by OTX015 was much greater in BAP1 KO#1 clone
than in parental M14 cells at the indicated concentrations.
Similarly, a more dramatic reduction in these proteins was
observed in BAP1 KO#2 clone than in parental OMM2.3 cells
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Fig.2 BAP1 loss augments sensitivity to BET inhibitors. a Immunoblot analysis showing the deletion of BAP1 and increased H2AK119ub1 in
M14, OMM2.3, and 7860 cells. Two clones for each cell line (#1 and #2) are shown. b The BET inhibitor OTX015 exhibited potent and selective
cytotoxicity against BAP1-deficient M14, B16-F10, OMM2.3, and 7860 cells. Cells were treated with OTX015 at the indicated concentrations for
6 days. The data are presented as the mean + SD (n = 3) from one representative experiment out of three. ¢ The mutation status of VHL and
BAP1 as well as OTX015 IC50 values are shown for each ccRCC cell line. The mutation data are from Cell Model Passport Databases (http://
cellmodelpassports.sanger.ac.uk). The IC5, values for each cell line are shown as the mean + SD (n = 3) from three independent experiments.
d Immunoblot analysis showing VHL and BAP1 expression in multiple ccRCC cell lines. e Cell viability of multiple ccRCC cell lines with wt or
mutant BAP1T in response to OTX015 treatment at the indicated concentrations for 6 days. The data are presented as the mean = SD (n=3)
from one representative experiment out of three.
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Fig. 3 BAP1 confers resistance to BET inhibitors in a manner dependent on functional deubiquitinases. a Inmunoblot analysis showing
reexpression of BAP1 (with the synonymous mutation K116K) in M14 BAP1 KO cells. b Reintroduction of BAP1 completely reversed the
OTX015 sensitivity of M14 BAP1 KO cells. Cells were treated with OTX015 at the indicated concentrations for 6 days. The data are presented as
the mean £SD (n=3) from one representative experiment out of three. ¢ Immunoblot analysis showing reexpression of wild-type (wt) or
catalytically dead (C91S) BAP1 in OMM2.3 BAP1 KO cells. d Representative immunofluorescence images showing nuclear localization of BAP1
wt and BAP1 C91S in OMM2.3 cells. e Reintroduction of wt but not BAP1 C91S reversed the OTX015 sensitivity of OMM?2.3 BAP1 KO cells. Cells
were treated with OTX015 at the indicated concentrations for 6 days. The data are presented as the mean + SD (n = 3) from one representative
experiment out of three. f, g Exogenous expression of wild-type BAP1 but not mutant BAP1 (C91S) induced OTXO015 resistance in VMRC-RCW
cells carrying BAP1 nonsense mutation. Immunoblot analysis showing the expression of BAP1 in VMRC-RCW cells. Cells were treated with
OTXO015 at the indicated concentrations for 6 days. The data are presented as the mean + SD (n = 3) from one representative experiment out

of three.

(Fig. 4d). We also determined the expression of p21 and p-Rb
(Ser780), cell cycle regulatory proteins mediating the G1-to-S-
phase transition [17]. The protein levels of p21 and p-Rb (Ser780)
were more profoundly affected by OTX015 in BAP1 KO#1 clone
than in parental M14 cells. The expression of p-Rb (Ser780) was
also decreased more by OTX015 in BAP1 KO#2 clone than in
parental OMM2.3 cells. The expression of p21 was weak or
undetectable in OMM2.3 cells with or without OTX015 treatment,
suggesting that p21 might not contribute to cell cycle arrest in this
cell line (Fig. 4d).

Since the enriched pathways were closely associated with cell
proliferation and cell survival, we examined whether OTX015

SPRINGERNATURE

affects cell cycle progression and apoptosis. OTX015 dramatically
increased the percentage of cells in G1/GO phase in a dose-
dependent manner in M14 BAP1 KO#1 clone, indicating that
OTX015 induced G1/GO phase arrest. In contrast, OTX015 induced
much milder G1/G0 phase arrest in parental M14 cells (Fig. 4e and
Supplementary Fig. S5a). Furthermore, BAP1 deletion rendered
cells more susceptible to OTX015-induced apoptosis (Fig. 4f and
Supplementary Fig. S5b). We also employed BAP1-proficient cell
lines (KMRC1 and OS-RC2) and BAP1-deficient cell lines (VMRC-
RCW and VMRC-RCZ). OTX015-induced G1/GO phase arrest and
apoptosis were observed in VMRC-RCW and VMRC-RCZ cells but
not in KMRC1 and OS-RC2 cells (Supplementary Figs. S6, S7). Taken
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Fig. 4 Functional consequences of BAP1 deletion on the transcriptome, cell cycle progression and apoptosis in response to OTX015
treatment. a Venn diagram showing the overlap between differentially expressed genes (DEGs) downregulated or upregulated in parental
M14 and BAP1 KO#1 cells upon 24 h OTX015 treatment (5 pM). b KEGG pathway enrichment analysis of the downregulated DEGs in M14 BAP1
KO#1 cells upon 24 h OTX015 treatment (5 pM). The bars represent the enrichment scores as —log10 (adjusted P values). Pathways with
adjusted P value <0.01 are shown. ¢ The expression levels of the indicated genes (downregulated DEGs in M14 BAP1 KO#1 cells upon OTX015
treatment) were determined by qRT-PCR. Expression was normalized to GAPDH expression. The data are presented as the mean +SD (n = 3)
from one representative experiment out of three. d Immunoblot analysis was performed to measure the indicated protein expression upon
48 h OTX015 treatment in BAP1 KO clones and their isogenic parental cells. OTX015 concentrations are indicated in the figure. e Parental M14
or BAP1 KO#1 cells were treated with OTX015 at the indicated concentrations for 48 h, and their DNA content was determined by flow
cytometry analysis. The data are presented as the mean + SD (n = 3) from one representative experiment out of three. f Parental M14 or BAP1
KO#1 cells were treated with OTX015 at the indicated concentrations for 96 h. Cell apoptosis was assessed by phosphatidylserine
externalization and binding of Annexin V-FITC. The data are presented as the mean + SD (n = 3) from one representative experiment out of
three. One-way ANOVA test was used.
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together, these data indicate that BAP1-deficient cells are more
susceptible to OTX015-induced transcriptional modulation, G1/G0
phase arrest and apoptosis.

Exogenous expression of Myc rescues BAP1-deficient cells from
OTX015-induced cytotoxicity

Since Myc is a well-known target of BET inhibitors [18], we tested
whether exogenous expression of Myc could rescue BAP1-
deficient cells from the cytotoxic effects of OTX015. Two BAP1
KO clones from M14 cells were stably transduced with retroviral
vectors that express Myc cDNA, and the expression was confirmed
by Western blotting (Fig. 5a). Ectopic expression of Myc
substantially but not completely rescued BAP1 KO clones from
the deleterious effects of OTX015 (Fig. 5b). In contrast, ectopic Bcl-
2 expression displayed a minor effect (Fig. 5¢, d). Consistently,
ectopic expression of Myc significantly attenuated the G1/GO
phase arrest and apoptosis induced by OTX015 treatment
(Supplementary Fig. S8). In addition, ectopic expression of Myc
or Bcl-2 rendered VMRC-RCW cells less sensitive to OTX015
(Supplementary Fig. S9). These data suggest that downregulation
of Myc and Bcl-2 contributes to the cytotoxic effect of BET
inhibitors on BAP1-deficient cells.

Ectopic expression of RING1A or RING1B renders cells more
sensitive to OTX015

PRC1 contains the RING finger domain proteins RING1A (encoded
by RINGT) and RING1B (encoded by RNF2), which mediate the
monoubiquitination of H2AK119 via E3 ubiquitin ligase activity [9].
As expected, deletion of either RING1A or RING1B by CRISPR/Cas9
decreased H2AK119ub1 levels (Supplementary Fig. S10a), while
ectopic expression of RINGTA or RING1B increased H2AK119ub1
levels (Fig. 5e). Ectopic expression of RING1A or RING1B
comparable to endogenous levels rendered M14 cells more
sensitive to OTX015 (Fig. 5e, f). Of note, the enhancing effects of
ectopic expression of RING1A or RING1B on cellular sensitivity to
OTX015 were weaker than those of BAP1 deletion, which were
proportional to their different potencies in affecting H2AK119
ubiquitination levels (Fig. 5e, f).

Deletion of BRD2 or BRD4 but not BRD3 suppresses colony
formation
We investigated inhibition of which BRD member or members
could phenocopy the cytotoxic action of BET inhibitors. Deletion
of BRD2 or BRD4 decreased Myc protein expression, while BRD4
deletion exhibited a stronger effect. BRD2 deletion exerted a
stronger effect on reducing Bcl-2 than BRD4 deletion. In contrast,
BRD3 deletion did not alter the protein levels of Myc and Bcl-2
(Fig. 6a). In agreement with these observations, BRD2 or BRD4
deletion obviously decreased colony formation in BAP1 KO clones
and parental M14 cells; however, BRD3 deletion exhibited no
effect (Fig. 6b, c). The downregulation of Myc and Bcl-2 as well as
the reduction in colony formation by BRD2 or BRD4 deletion were
similarly observed in VMRC-RCW cells (Supplementary Fig. S11).
We noticed that deletion of BRD2 or BRD4 induced no selective
cytotoxicity toward BAP1 KO cells but reduced colony-forming
capacity in both parental M14 and BAP1 KO cells to a similar
extent. It has been reported that cells that are resistant to BET
inhibitors are still sensitive to genetic silencing of BRD4,
suggesting that BRD4 has both bromodomain-dependent and
bromodomain-independent roles [19]. Thus, a bromodomain-
independent mechanism may also contribute to the cytotoxic
effects induced by BRD2 or BRD4 deletion in parental M14 and
BAP1 KO cells.

BAP1-deficient xenografts and allografts are sensitive to OTX015
treatment

To assess the effects of OTX015 on BAP1-deficient tumor growth,
we first performed xenograft experiments in nude mice. When
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injected into athymic nude mice, M14 BAP1 KO cells formed
tumors that were much larger than those obtained with parental
M14 cells (Fig. 7a, b). Notably, OTX015 reduced both the size and
weight of BAP1-deficient tumors compared to those of tumors
treated with the vehicle control, whereas their wt counterparts
were not responsive to OTX015 treatment (Fig. 7a, b). We also
tested the antitumor effect of OTX015 by using a syngeneic
allograft model. In contrast to the result from M14 cells, BAP1
deletion in B16-F10 cells strongly inhibited tumor growth in
C57BL/6 mice. Remarkably, we still observed a suppressive effect
of OTX015 on BAP1 KO#1 B16-F10 tumor growth but not on the
tumor growth of wt cells (Fig. 7¢, d). We next assessed the effects
of OTX015 in nude mice xenografted with BAP1-proficient OS-RC2
cells and BAP1-deficient VMRC-RCW cells. Similarly, OTX015
treatment significantly suppressed the growth of VMRC-RCW
xenografts but not of OS-RC2 xenografts in nude mice (Fig. 7e-h).
These data indicate that BET inhibitors represent potential
therapeutic drugs for BAP1-deficient tumors.

DISCUSSION

Individualized therapies have impressively improved the prog-
nosis for selected patient populations carrying certain genetic or
epigenetic aberrations, although this strategy has yet to impact
cancers with BAP1 mutations. Our data suggest that BAPT-
mutated cancers such as CM, UM, or ccRCC could benefit from
BET inhibitors. We propose that the underlying mechanism
involves transcriptional downregulation of genes critical for
proliferation and survival upon the combination of BAP1 loss
and BRD2/4 inhibition.

BAP1 has multifaceted functions. Thus, it is not unexpected that
BAP1 deletion would sensitize cancer cells to some screened
compounds with different mechanisms of action, including BET
inhibitors, PARP inhibitors (Supplementary Fig. Si1c), HDAC
inhibitors and Aurora kinase inhibitors. A previous study demon-
strated a link between BAPT status and sensitivity to PARP
inhibitors [20] and HDAC inhibitors or shRNAs [21, 22]. According
to our screening data, PARP inhibitors either had no selectivity or
showed only moderately selective inhibitory activity in BAP1 KO
M14 cells compared to parental cells. We also found that more
than half of the tested HDAC inhibitors (29 out of 45) failed to
display selectivity toward BAP1 KO cells. Considering the tested
HDAC inhibitors, including nonselective broad-spectrum and
selective inhibitors, inhibition of different HDAC subtypes or
classes with varying efficiency might contribute to the observed
heterogeneity. It is important to identify which HDAC subtype/
subtypes when inhibited could preferentially suppress BAP1-
deficient cancer cells. Of note, our screening data suggest that BET
inhibitors are a promising individualized therapy for BAP1-
deficient cancers given that all the tested BET inhibitors exhibited
moderate to high selectivity toward BAP1 KO M14 cells, in which
they showed cytotoxicity.

The bromodomain and extraterminal (BET) domain family proteins
BRD2, BRD3, BRD4, and BRDT bind via their tandem bromodomains to
acetylated lysine residues, particularly in histones, and thereby have
important roles in transcription [23]. Unlike the other three BET
proteins that are ubiquitously expressed, BRDT expression is normally
testis-specific [24]. BET inhibitors occupy the acetylysine binding
pocket of BET proteins, preventing BET bromodomains from binding
to acetylated histone tails and thus from localizing to chromatin. As a
result, BET inhibitors cause extensive transcriptional changes [25].
Although our data show a positive correlation between transcriptome
alterations of M14 BAP1 KO cells and those of parental cells upon
OTX015 treatment, the number of upregulated and downregulated
DEGs in BAP1 KO cells is much higher than that in parental cells,
indicating that the loss of BAP1 renders cells more vulnerable to
OTX015-induced transcriptional alteration. The upregulated DEGs in
BAP1 KO and parental cells were found to be enriched in similar
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three. One-way ANOVA test was used.

pathways; however, enrichment of the downregulated DEGs in
pathways related to cell proliferation and survival was exclusively
found in BAP1 KO cells. This finding suggests that repressed DEGs
account for the heightened sensitivity of BAP1-deficient cells to BET
inhibitors. In agreement with its different abilities to repress
transcription, OTX015 treatment resulted in reduced levels of multiple
proteins, including Myc and Bcl-2, as well as cell cycle arrest and
apoptosis in BAP1 KO cells at concentrations at which OTX015 failed
to exert effects on parental cells. BET inhibitors have previously been
shown to exhibit broad antiproliferative effects in various cancer types
through either Myc-dependent or Myc-independent mechanisms
[18, 26, 27]. Our data show that ectopic expression of Myc
significantly, although not completely, rescued the cytotoxic effect
of OTX015 on BAP1 KO cells, while overexpression of Bcl-2 exerted a
marginal rescue effect. We therefore conclude that BET inhibitors
exert cytotoxicity against BAP1-deficient cancer cells primarily via
transcriptional repression of Myc and possibly other genes.

Despite their similarity, BRD2, BRD3, and BRD4 have been
shown to have some overlap in their chromatin binding sites by
genome-wide analysis, but significant differences in these sites
could contribute to their differing functions [28, 29]. In line with
this, our data show that BRD4 deletion preferentially decreased
Myc over Bcl-2, while BRD2 deletion showed the opposite effect.
BRD3 deletion exhibited no effect. Concordantly, deletion of either
BRD2 or BRD4 but not BRD3 inhibited clonogenic growth.
Although our data indicate that BRD3 deletion exerted no effect
on cell proliferation, a recent study suggests a growth-repressive
function of BRD3, raising the concern that pan-BET inhibitors may
have unintended consequences of inhibiting BRD3 in parallel with
inhibiting the desired BRD4 functions [30]. Thus, we propose that
inhibitors that specifically target BRD2/4 may have an advantage
in this situation.

SPRINGERNATURE

Some targeted therapies are only effective for a limited number
of tumor types or even a certain subtype within a tumor type due
to genetic and epigenetic heterogeneity seen in tumors. For
instance, BAP1-deficient mesothelioma cells were found to be
more sensitive to EZH2 inhibition [31], whereas BAP1-deficient UM
cells were not [32]. Moreover, GNAQ/GNAT1-mutant UM cells were
more sensitive to BET inhibitors than UM cells with wt GNAQ and
GNATT [26]. Our data demonstrate that BET inhibitors preferen-
tially suppress BAP1-deficient CM, UM, and ccRCC cells. These
findings suggest that the association between BAP1 deficiency
and sensitivity to BET inhibitors might be highly penetrant across
different backgrounds. It would be interesting to determine
whether other tumor types with BAPT mutations are more
sensitive to BET inhibitors. Notably, the specific phenotype that
results from BAP1 loss has been demonstrated to be context- and
cell-dependent [2, 33]. We also observed that BAP1 deletion
exerted different effects on the tumor growth of M14 and B16-F10
cells. However, more importantly, OTX015 treatment suppressed
the in vivo growth of BAP1-deficient M14 and B16-F10 cells
regardless of the effect of BAP1 deletion on tumor growth.

It should be noted that our hypothesis that the hyperubiquitination
status of H2AK119 might contribute to BAP1 loss-induced sensitivity
to OTX015 mainly relies on indirect evidence. Indeed, it is challenging
to definitively establish the causal link between BAP1 deletion-
induced high H2AK119ub1 levels and OTX015 sensitivity. A typical
approach to address this issue would investigate whether BAP1 loss-
induced OTX015 sensitivity is attenuated in H2AK119R (nonubiquiti-
nated) mutation-expressing cells compared to H2AK118R mutation-
expressing cells or H2A wt cells. However, this approach is rarely used
in the epigenetic field to study the functional relevance of a histone
modification (including H2AK119ub1), mainly because of the
abundance of histone proteins and the potential of introducing
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histone mutants to induce undesired global effects [34]. In this
respect, we found it extremely challenging to overexpress H2AK119R
to sufficient levels to efficiently suppress H2AK119ub1 expression
(Supplementary Fig. $12), which has also been reported by a previous
study [34]. More importantly, genome-wide analyses have shown that
BAP1 and RING1B occupy similar regions (i.e, the Bcl-2 promoter)
across the genome [2]. As expected, ectopic expression of H2AK119R
globally diminished H2AK119ub1 but did not specifically diminish
H2AK119ub1 induced by BAP1 loss or RING1A/1B overexpression.
Interestingly, the H2AK119ub1 level was decreased upon OTX015
treatment, possibly due to the downregulation of RING1A and RING1B
(Supplementary Fig. S10b, ), implying a complex association between
H2AK119ub1 and the cellular response to OTX015. Future studies to
compare dynamic H2AK119ub1 occupancy on the promoters of
critically regulated genes (ie, Myc and Bcl-2) by chromatin
immunoprecipitation (ChIP) sequencing upon OTX015 treatment in
BAP1-deficient and wt cells will shed new light on our hypothesis.

BAP1 alterations (including genetic and mRNA alterations) were
mutually exclusive with RINGTA mRNA upregulation (P < 0.001)
and RINGT1B mRNA upregulation (P=0.0031) in the TCGA UM
cohort (Supplementary Fig. S13a). Although the mechanism
underlying this mutual exclusivity is unclear, the findings suggest
that a considerable number of UM patients with RINGTA or
RING1B upregulation in the absence of BAPT alterations may also
benefit from treatment with BET inhibitors. Strikingly, a pancancer
analysis of genetic alterations of BAP1, RINGIA, and RINGI1B
revealed that the major genetic aberration of RINGTA or RING1B is
amplification, which seems to occur primarily in tumors without
BAP1 alterations among all available TCGA cohorts (10950 cases in
32 studies) (Supplementary Fig. S13b). Accumulating evidence
demonstrates that elevated RINGTA or RING1B expression
contributes to cancer initiation and progression [35, 36]. However,
to date, there are no therapeutic drugs that target RING1A or
RING1B aberrations. It would be interesting to explore the
potential application of BET inhibitors for cancers with RING1A
or RING1B upregulation.

More than 20 clinical trials have been initiated to investigate the
efficacy of BET inhibitors in a wide range of cancer types (http://
clinicaltrials.gov), yielding mixed results [37]. BAP1 immunohisto-
chemistry provides a rapid, reliable and economical way to screen
for biallelic BAPT inactivating mutations in patients [38]. Our
findings suggest that BAP1 mutation status stratification may
improve drug response rates in ongoing clinical trials exploring
the use of BET inhibitor therapy in cancers, especially CM, UM, and
ccRCC, in which BAP1 status is not considered.
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