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Abstract Malignant mesothelioma (MM) is poorly responsive to systemic cytotoxic
chemotherapy and invariably fatal. Here we describe a screen of 94 drugs in 15 exome-sequenced
MM lines and the discovery of a subset defined by loss of function of the nuclear deubiquitinase
BRCA associated protein-1 (BAP1) that demonstrate heightened sensitivity to TRAIL (tumour
necrosis factor-related apoptosis-inducing ligand). This association is observed across human early
passage MM cultures, mouse xenografts and human tumour explants. We demonstrate that BAP1
deubiquitinase activity and its association with ASXL1 to form the Polycomb repressive
deubiquitinase complex (PR-DUB) impacts TRAIL sensitivity implicating transcriptional modulation
as an underlying mechanism. Death receptor agonists are well-tolerated anti-cancer agents
demonstrating limited therapeutic benefit in trials without a targeting biomarker. We identify BAP1
loss-of-function mutations, which are frequent in MM, as a potential genomic stratification tool for
TRAIL sensitivity with immediate and actionable therapeutic implications.
DOI: https://doi.org/10.7554/eLife.30224.001

Introduction
Amongst the most significant therapeutic breakthroughs in cancer has been the discovery of drugsensitising genomic alterations. Drugs such as the tyrosine kinase inhibitors (TKIs) developed against
the BCR-ABL fusion product in chronic myeloid leukaemia (CML) and the receptor products of HER2
mutations in breast cancer have transformed the prognosis of these cancers (Druker et al., 2006).
Malignant mesothelioma (MM) currently has no biomarker-driven therapies in routine clinical use.
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eLife digest Two patients with the same disease who receive the same treatment may respond
in different ways. This variation often arises from differences in each patient’s genetic code. Genes
encode proteins, and proteins are the targets of most medical drugs and thus determine the
patient’s response to treatment.
A major advance in the 21st century is that doctors recognise that patients can respond
differently to the same treatment and now try to predict which patients will respond best to which
drug – an approach known as personalised medicine. Cancer treatment has been at the forefront of
personalised medicine because mutations in different genes underlie each different cancer. By
analysing which mutations are present in a cancer, doctors can thus predict which drug (or
combination of drugs) will be most effective. This approach has been used successfully in several
cancers, including breast and lung cancer, leading to fewer patients being exposed to ineffective
treatments and their associated side effects and costs.
Mesothelioma is a cancer of the lining of the lung that is associated with exposure to the mineral
asbestos. Current treatment options for mesothelioma are unfortunately limited and not very
effective. No personalised treatments are currently in use and new treatment approaches are
desperately needed.
Kolluri, Alifrangis, Kumar, Ishii et al. set out to determine if any of the mutations commonly seen
in mesothelioma affected how the cancer would respond to 94 anticancer drugs that are either in
use or in development. In the laboratory, mesothelioma cells that have mutations in the gene that
codes for a protein known as BRCA associated protein-1 (or BAP1 for short) were killed much more
effectively by a drug known as TNF-related apoptosis-inducing ligand (TRAIL). The same link was
seen in experiments with tumours of mesothelioma cells that had been transplanted into mice, and
for fragments of mesothelioma tumours taken from patients. When Kolluri et al. studied why these
tumours might be killed more effectively with TRAIL, they found that mutations in the gene for BAP1
result in a change in the levels of proteins that transmit the signal from the receptors targeted by
the TRAIL drug.
These findings may one day result in a new approach to treating patients with mesothelioma. But
first, the next step would be to conduct a clinical trial of TRAIL in patients with mesothelioma and
assess if those with tumours that have mutations in the gene for BAP1 do indeed respond better. If
this proves to be the case, this would result in a new personalised treatment option for patients that
suffer from this disease.
DOI: https://doi.org/10.7554/eLife.30224.002

The mainstay of medical therapy for all patients remains systemic cytotoxic chemotherapy that offers
only limited survival benefit in unselected populations; as such the disease remains invariably
fatal (Vogelzang et al., 2003). A plethora of genomic studies in MM has identified recurrent mutations in several genes considered to be tumour drivers. CDKN2A, NF2, BAP1 and TP53 are the most
frequently mutated (Guo et al., 2015; Bueno et al., 2016) and there has been increased focus on
these genes and their associated signaling pathways as potential therapeutic targets (LaFave et al.,
2015).
We aimed to determine if the mutational status of these tumour driver genes could predict
response to a range of existing anti-cancer compounds with a view to identifying genomic biomarkers for responsive subsets of MM. We have previously reported on the ability of such unbiased
high-throughput chemical screens in cancer cell lines to identify drug-sensitising mutations in other
cancer types (Garnett et al., 2012). To this end, we conducted a high-throughput chemical screen
of molecularly characterised MM cell lines seeking associations between MM driver gene mutations
and compound response. This strategy led to the discovery of a subset of MM cell lines defined by
loss-of-function (LOF) mutations in BRCA associated protein-1 (BAP1) that demonstrated heightened
sensitivity to the death receptor agonist recombinant tumour necrosis factor (TNF)-related apoptosis-inducing ligand (rTRAIL). We validated this finding using in vitro, in vivo and ex vivo models supporting the use of BAP1 as a genomic biomarker to identify TRAIL-sensitive MM tumours and a
novel stratified approach to treat MM.
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rTRAIL and other death receptor agonists selectively induce apoptosis in cancer cells and have
long held promise as anti-cancer agents owing to their broad clinical utility and minimal off-target
effects (Wiley et al., 1995; Pitti et al., 1996; Ashkenazi et al., 1999). Despite this, successful preclinical studies have not translated to clinical efficacy in trials of unselected
populations (Herbst et al., 2010; Wainberg et al., 2013; Soria et al., 2010; Lemke et al., 2014a);
there have been no trials to date in MM. However, within these trials some patients showed signs of
therapeutic benefit and differential sensitivity within cell lines is well known. Retrospective biomarker
identification has led to the stratified use of other anti-cancer therapies that initially failed in unselected trials such as activating EGFR mutations and EGFR TKIs (Lynch et al., 2004). We propose
that BAP1 could potentially act as such a biomarker for the death receptor agonists. BAP1 is a
nuclear deubiquitinase and forms multi-protein complexes that regulate the transcription of genes
involved in key cellular functions including cell cycle regulation and DNA repair (Ismail et al., 2014;
Machida et al., 2009). We investigated which BAP1 protein-binding partners, and thus which regulatory complexes, mediate TRAIL sensitivity identifying the BAP1-ASXL1 complex, the Polycomb
repressive deubiquitinase (PR-DUB), as key. We further found that loss of BAP1 function modulates
mRNA and protein expression of components of the extrinsic apoptotic pathway.

Results
A chemical screen uncovers genetic modifiers of drug response in
mesothelioma
A 6 day viability screen using 94 drugs including small molecule inhibitors and cytotoxic chemotherapeutics (Supplementary file 1) was performed on 15 MM cell lines (Supplementary file 2) that had
been characterised using whole-exome sequencing, copy number analysis and gene expression
arrays. We generated 1425 single agent activity data profiles across the 15 cell lines (Figure 1A and
Supplementary file 3). To detect novel markers of drug sensitivity, we sought statistical associations
between drug response and the mutational status of the cell lines based on five genes identified as
candidate drivers of tumourigenesis in MM (Guo et al., 2015) (Figure 1—figure supplement 1).
There were 24 significant associations (false discovery rate (FDR) < 0.2) between single agent
response and the presence of a genomic alteration. The most statistically significant sensitising association seen was between BAP1 LOF mutations (mt BAP1) and treatment with recombinant TRAIL
(rTRAIL; FDR = 0.18, effect size 0.48) (Figure 1B,C and Supplementary file 4). No significant effect
on cell viability was observed in BAP1 wild-type (wt BAP1) lines when treated with rTRAIL. We subsequently confirmed this association in a larger panel of MM cell lines (Figure 1D and
Supplementary file 5). Strikingly, 6 of the 8 cell lines (75%) harbouring a BAP1 LOF mutation were
sensitive or partially sensitive to a dose range of rTRAIL while 7 of the 9 cell lines (78%) harbouring
wild-type BAP1 were resistant. BAP1 LOF mutations correlated with a loss of BAP1 protein expression in the majority of cell lines (Figure 1E). No sensitising association with BAP1 was observed for
pemetrexed or cisplatin, which are current first line agents for the treatment of MM (Figure 1—figure supplement 2A and B). A marginal trend towards increased sensitivity in BAP1 mutant MM lines
in response to treatment with the agonistic FAS receptor antibody CH11 and a TNF-a/IAP inhibitor
combination was observed. However, this was not as pronounced as that observed with rTRAIL or
the multivalent death receptor five superagonist MEDI3039 (Figure 1—figure supplement 2C,D
and E). Thus, while the significant sensitising association observed in the screen appears most specific to death receptor agonists, the trend observed with other TNF superfamily agonists indicates
the BAP1-rTRAIL association to be mediated by an underlying mechanism common to this family
such as the cytoplasmic extrinsic apoptotic machinery.

The association of loss of BAP1 function with TRAIL sensitivity extends
to other tumour types
To determine if knockdown of BAP1 in wild-type MM cells led to TRAIL sensitivity, we silenced BAP1
expression in four wt BAP1 MM cell lines using a lentiviral shRNA construct. Knockdown of BAP1
resulted in increased cell death following rTRAIL treatment compared with empty vector (EV) control
shRNA and the parental cell line in all four MM cell lines (Figure 2A and Figure 2—figure supplement 1B and C ). Loss of BAP1 expression has also been identified in several other tumour types
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Figure 1. A chemical screen in mesothelioma cell lines identifies a BAP1-mutant population sensitised to the death receptor ligand rTRAIL. (A) Area
under the curve (AUC) values for 15 malignant mesothelioma (MM) cells treated for 6 days with 94 compounds. Each dot indicates the AUC value for an
individual cell line treated. AUC <0.7 is indicated by the red dotted line — only those compounds with 2 cell lines below this value were analysed for
statistically significant associations with gene mutations. The AUC values for rTRAIL are indicated by the red asterisk. (B) A Welch t-test was used to test
for significant pharmacogenomics interactions between the 94 single agents in the screen and the presence of driver mutations in any of 5 MM cancer
genes. Each volcano plot circle corresponds to a significant gene–drug interaction whose position on the x-axis indicates the corresponding effect size.
Both half-axes are positive; the right side (green circles) indicates the effect sizes of sensitivity associations, whereas the left side (red circles)
corresponds with the effect sizes of resistance associations. The position on the y-axis indicates the statistical significance of the identified interaction.
The size of a given circle is proportional to the number of samples in which the selected functional event involved in the corresponding interaction
occurs. Specific examples of associations are indicated where the effect size is large (rTRAIL and BAP1 mutations) or highly significant (cisplatin and
CDKN2A mutations). (C) Cell viability between wild-type BAP1 (wt BAP1) (n = 10) and mutant BAP1 (mt BAP1) (n = 5) MM lines following 6 days of
treatment with rTRAIL (t-test; *p=0.015). (D) Cell viability data for 17 MM lines treated for 6 days with a concentration range of rTRAIL (0.4–50 ng/ml).
Figure 1 continued on next page
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Figure 1 continued
MM lines are coloured according to their sensitivity pattern (green = sensitive (S); orange = partially sensitive (PS); red = resistant (R)). *Indicates cell
lines harbouring BAP1 mutations. (E) Immunoblot of BAP1 protein expression in BAP1-mutant versus BAP1-wild-type MM cell lines. Sensitivity to rTRAIL
treatment is indicated as font colour: green (S); orange (PS); red (R).
DOI: https://doi.org/10.7554/eLife.30224.003
The following figure supplements are available for figure 1:
Figure supplement 1. Mutation status of 5 candidate tumour driver genes in the 15 MM lines used in the combinatorial chemical inhibitor screen.
DOI: https://doi.org/10.7554/eLife.30224.004
Figure supplement 2. BAP1 and the response to alternative apoptotic stimuli in MM cells.
DOI: https://doi.org/10.7554/eLife.30224.005

including uveal melanoma (47%) (Harbour et al., 2010), clear cell renal carcinoma (CCRC)
(14%) (Peña-Llopis et al., 2012) and cholangiocarcinoma (7%) (Fujimoto et al., 2015). Notably,
knockdown of BAP1 in two CCRC lines resulted in increased sensitivity to rTRAIL in addition to the
MDAMB-231 breast cancer line (Figure 2B and Figure 2—figure supplements 2 and 3). We also
analysed a panel of 1001 cancer cell lines submitted for whole exome and copy number analysis as
part of the COSMIC cell lines project (Forbes et al., 2015) and identified nine additional non-mesothelioma cell lines harbouring truncating mutations in BAP1 (http://cancer.sanger.ac.uk/cancergenome/projects/cell_lines/). These include CCRC, bladder and breast cancer lines. Treatment of
cancer cell lines harbouring nonsense mutations in BAP1 with rTRAIL resulted in markedly reduced
cell viability compared with cancer cell lines harbouring missense mutations (Figure 2—figure supplement 4).

BAP1 modulates TRAIL sensitivity through PR-DUB activity
BAP1 is a nuclear deubiquitinase that forms multi-protein complexes with transcription factors to
regulate gene transcription (Jensen et al., 1998; Ventii et al., 2008). To elucidate the mechanism
by which BAP1 modulates sensitivity to TRAIL we generated expression vectors containing wild-type
or mutant forms of BAP1, each with an inactive functional site or protein-binding domain. These
included C91A (mutation in the deubiquitination catalytic site) (Jensen et al., 1998; Ventii et al.,
2008), DHBM (deletion of the HCF-1-binding site) (Misaghi et al., 2009), T493A (mutation in the
FOXK2-binding site) (Ji et al., 2014), DASXL (deletion of the ASXL1/2 protein-binding
site) (Daou et al., 2015) and DCTD (deletion of the C-terminal domain containing the nuclear localisation signal) (Ventii et al., 2008). H226 MM cells, which harbour a homozygous deletion of BAP1
and demonstrate complete loss of BAP1 expression, were transduced with a GFP (vector control), a
wild-type BAP1 expression vector or one of these five mutant BAP1 expression vectors. rTRAIL sensitivity of the parental BAP1-null H226 MM line was significantly diminished following expression of
wild-type BAP1 and each of the mutant constructs except those with an inactive deubiquitinating or
ASXL protein-binding site (Figure 2C), implicating the function of these sites in BAP1-induced TRAIL
resistance. These effects were replicated using MEDI3039 (Figure 2D). Transduction of two further
BAP1-mutant rTRAIL-sensitive cell lines, H28 and H2804, with wild-type BAP1 also induced resistance to rTRAIL while sensitivity was maintained with transduction of the deubiquitinase mutant (Figure 2—figure supplement 5).
The BAP1 deubiquitinase and ASXL-binding sites are key to the function of the PR-DUB, an epigenetic transcriptional regulatory complex composed of BAP1 and ASXL1. Deubiquitination of the
main substrate of the PR-DUB, H2AK119Ub, alters chromatin architecture to modulate gene transcription (Scheuermann et al., 2010). This led us to hypothesise that PR-DUB, rather than exclusively
BAP1, function might underlie rTRAIL sensitivity. Consistent with this shRNA silencing of ASXL1, but
not ASXL2, induced sensitivity to MEDI3039 and rTRAIL in the BAP1/ASXL1/ASXL2-wild-type MM
line MPP-89 (Figure 2E and Figure 2—figure supplement 6). Furthermore, H2AK119Ub expression
was unaltered in the rTRAIL-sensitive H226 cells transduced with mutant constructs that disrupt PRDUB activity, while the rTRAIL-resistant H226 cells transduced with a wild-type BAP1 construct
exhibited lower H2AK119Ub levels (Figure 2—figure supplement 7). Thus, as the PR-DUB complex
is implicated in transcriptional regulation, differential modulation of specific transcriptional programmes by BAP1 may determine rTRAIL sensitivity. We therefore compared differential gene
expression data from BAP1-null H226 cells transduced with the C91A BAP1 mutant or with wild-type
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Figure 2. BAP1-induced TRAIL resistance extends to other cancer subtypes and is dependent upon functional deubiquitinase and ASXL-binding sites.
(A) BAP1-wild-type H2818, MPP-89, H2373 and H2869 MM lines were transduced with BAP1 (shBAP1) or empty vector (EV) shRNA. Immunoblot
confirmed BAP1 knockdown in the BAP1 shRNA-transduced cells. Parental and transduced cells were treated with rTRAIL (1000 ng/ml) and cell viability
assessed after 72 hr by MTT assay (t-test; ****p<0.0001). (B) The BAP1-wild-type breast cancer line MDAMB-231 and the renal cell carcinoma (RCC) lines
Figure 2 continued on next page
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Figure 2 continued
Caki-1 and BB65 were transduced with BAP1 (shBAP1) or empty vector (EV) shRNA. Immunoblot confirmed BAP1 knockdown in the BAP1 shRNA
transduced cells. Parental and transduced cells were treated with rTRAIL (1000 ng/ml) and cell viability assessed after 72 hr by MTT assay (t-test;
****p<0.0001). (C) The rTRAIL-sensitive H226 MM line, which harbours a homozygous deletion of BAP1, was transduced with either a GFP control, wildtype BAP1 or a mutant BAP1 containing an inactive functional domain: C91A — inactivating mutation of deubiquitinase catalytic site; DHBM — deletion
of HCF-1-binding motif; T493A — inactivating mutation of FOXK2-binding site; DASXL — deletion of ASXL1/2 protein-binding site; DCTD — deletion of
C-terminal domain containing nuclear localisation signal. These transduced lines were treated with 50 ng/ml rTRAIL and cell death assessed with XTT
assay (one-way ANOVA; **p<0.01). (D) The parental and transduced H226 MM lines were treated with a concentration range (1–100 pM) of the small
molecule death receptor agonist MEDI3039 and cell viability assessed with XTT assay. (E) The BAP1-wild-type MPP-89 MM line was transduced with
ASXL1 (shASXL1), ASXL2 (shASXL2) or empty vector (EV) shRNA. qPCR confirmed a decrease in ASXL1 and ASXL2 mRNA expression in the ASXL1
shRNA and ASXL2 shRNA-transduced cells, respectively (Figure 2—figure supplement 6). Parental and transduced cells were treated with a
concentration range (1–100 pM) of MEDI3039 and cell viability assessed with XTT assay. (F) Differential gene expression of apoptosis regulator genes in
the catalytically inactive BAP1-mutant (C91A) relative to the wild-type BAP1-transduced (wt BAP1) H226 cells. (G) Immunoblot of apoptosis regulator
proteins in the catalytically inactive BAP1-mutant (C91A), inactive ASXL1/2-binding site BAP1-mutant (DASXL) or wild-type BAP1-transduced (wt BAP1)
H226 cells. (H) Flow cytometry analysis of death receptor 4 (DR4) and 5 (DR5) cell surface expression in H226 cells transduced with the catalytically
inactive BAP1-mutant (C91A) or wild-type BAP1 (wt BAP1) and of BAP1-wild-type H2818 MM cells transduced with BAP1 (KD) or empty vector (EV)
shRNA. The values represent the median fluorescence intensity (MFI).
DOI: https://doi.org/10.7554/eLife.30224.006
The following figure supplements are available for figure 2:
Figure supplement 1. shRNA knockdown of BAP1 increases sensitivity to rTRAIL in MM cells.
DOI: https://doi.org/10.7554/eLife.30224.007
Figure supplement 2. shRNA knockdown of BAP1 increases sensitivity to DR agonists in breast cancer cells.
DOI: https://doi.org/10.7554/eLife.30224.008
Figure supplement 3. shRNA knockdown of BAP1 increases sensitivity to DR agonists in clear cell renal carcinoma cells.
DOI: https://doi.org/10.7554/eLife.30224.009
Figure supplement 4. Cell viability of non-mesothelioma BAP1-mutant cell lines following rTRAIL treatment.
DOI: https://doi.org/10.7554/eLife.30224.010
Figure supplement 5. Overexpression of wild-type BAP1 induces resistance to rTRAIL in BAP1 mutant MM cells.
DOI: https://doi.org/10.7554/eLife.30224.011
Figure supplement 6. shRNA knockdown of ASXL1 increases sensitivity of MM cells to rTRAIL.
DOI: https://doi.org/10.7554/eLife.30224.012
Figure supplement 7. Ubiquitinated histone 2A at K119 (H2AK119Ub) expression and BAP1 function.
DOI: https://doi.org/10.7554/eLife.30224.013
Figure supplement 8. Differential gene expression data from H226 MM cells expressing C91A-mutant (mt BAP1) or wild-type BAP1 (wt BAP1).
DOI: https://doi.org/10.7554/eLife.30224.014
Figure supplement 9. Signalling pathway impact analysis of gene expression data from H226 MM cells expressing C91A-mutant (mt BAP1) or wild-type
BAP1 (wt BAP1).
DOI: https://doi.org/10.7554/eLife.30224.015

BAP1 and carried out a signalling pathway impact analysis (SPIA) ((Figure 2—figure supplements 8
and 9 [SPIA_H226 C91A mutant vs WT]) (http://www.genome.jp/dbget-bin/www_bget?path:
map04210). Among those pathways significantly altered when comparing wild-type versus C91A
BAP1 (FDR < 0.2) was that of apoptosis. In particular, there was altered mRNA expression of components of the extrinsic death pathway (Figure 2F and Supplementary file 6). This manifested as an
imbalance in levels of pro- and anti-apoptotic mRNA expression with, for example, significantly
decreased levels of the anti-apoptotic cIAP1/2 (p=2.32E-10) and increased levels of the pro-apoptotic death receptor 5 (p=7.79E-10) in the rTRAIL sensitive C91A BAP1-transduced cells relative to the
rTRAIL resistant BAP1-wild-type transduced cells. Immunoblot analysis confirmed reduced protein
expression of cIAP1/2 and c-FLIP in both C91A and DASXL BAP1-transduced cells relative to BAP1wild-type transduced cells (Figure 2G). Flow cytometry analysis confirmed reduced DR4 and DR5
expression in C91A BAP1 transduced relative to BAP1-wild-type-transduced cells. Knockdown of
BAP1 in the BAP1 wild-type H2818 line resulted in a significant increase in DR4 expression only
(Figure 2H).
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BAP1 loss-of-function sensitises human early passage mesothelial cell
lines, human tumour explants and mouse mesothelioma xenograft
models to rTRAIL
To support the clinical relevance of our finding we extended our assays to two further models
derived from primary tumour tissue. 25 human early passage MM lines from the UK
Mesobank (Rintoul et al., 2016) were assessed for BAP1 expression by immunohistochemistry, a
technique known to correlate strongly with BAP1 LOF mutations in the absence of strong nuclear
staining (Nasu et al., 2015). When treated with rTRAIL, those without strong nuclear staining were
significantly more sensitive than those with strong nuclear staining (p=0.0067). Of the 12 lines that
did not express nuclear BAP1 9 were sensitive, 2 partially sensitive and only one resistant to rTRAIL
(Table 1, Figure 3A and Figure 3—figure supplement 1). Remarkably, rTRAIL treatment of tumour
explants derived from three patients with MM also revealed increased levels of apoptosis (as measured by poly (ADP-ribose) polymerase (PARP) cleavage) in explants with low BAP1 expression compared with those with high BAP1 expression (Figure 3B and C, Figure 3—figure supplement 2).
To test the in vivo efficacy of TRAIL in inducing apoptosis in BAP1-mutant MM cells, we transduced the H226 BAP1-wild-type and the H226 C91A BAP1-mutant cell lines with luciferase and
injected equal numbers of wild-type and mutant cells into the opposite flanks of mice (Figure 3—figure supplement 3A). On day 14 after injection the mice were divided into two groups and injected
intraperitoneally with rTRAIL or vehicle for 6 days per week until day 40. At sacrifice rTRAIL-treated

Table 1. BAP1 immunoblot status, nuclear BAP1 staining and rTRAIL sensitivity (50 ng/ml) of the 25
human early passage MM cultures.
Sample name

Western blot

Nuclear BAP1-IHC

Sensitivity

7T

Sensitive

8T

Sensitive

45

Sensitive

19

Sensitive

14T

Sensitive

12

Sensitive

23T

Sensitive

40

Sensitive

36

Low Expression

Sensitive

26

+

+

Sensitive

12T

+

+

Sensitive

3T

+

+

Sensitive

52

Partially Sensitive

2

Partially Sensitive

30

Low Expression

+

Partially Sensitive

15

Low Expression

+

Partially Sensitive

35

+

+

Partially Sensitive

24

+

+

Partially Sensitive

34

+

+

Resistant

50T

+

+

Resistant

33T

+

+

Resistant

18

+

+

Resistant

53T

+

+

Resistant

38

+

+

Resistant

43

Resistant

DOI: https://doi.org/10.7554/eLife.30224.016
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Figure 3. Loss of functional BAP1 leads to TRAIL sensitivity in early passage mesothelioma cell lines, human tumour explants and mouse xenograft
models. (A) Mean cell viability effect between human early passage MM cell lines (positive nuclear BAP1 staining; n = 13 and negative nuclear BAP1
staining; n = 12) as assessed by immunohistochemistry following 3 days of treatment with rTRAIL (50 ng/ml) (t-test, p=0.0067). (B) Immunohistochemical
images of tumour explants derived from three MM patients treated with either vehicle or rTRAIL for 24 hr. Explants were stained with anti-BAP1 and
anti-cleaved PARP (marker for apoptosis) antibodies. (C) The percentage of cleaved PARP-positive cells in tumour explants derived from three patients
and treated with either vehicle or 0, 50, 100 and 200 ng/ml of rTRAIL for 24 hr was scored based on the percentage of cells with nuclear cleaved PARPpositive staining. (D) Weights of tumour xenografts derived from BAP1-wild-type (wt BAP1) versus catalytically inactive BAP1-mutant (C91A mt BAP1)
transduced MM cells following treatment with either vehicle or TRAIL (600 mg per mouse) at the time of sacrifice (day 42) (t-test). (E) Serial
bioluminescence imaging of BAP1-wild-type (wt BAP1) and catalytically inactive BAP1-mutant (C91A) MM xenografts in mice treated with either vehicle
or TRAIL. Mice were imaged on day 0 (after tumour inoculation), day 13 (before TRAIL administration) and day 41 (time of sacrifice). The intensity of
luminescence is denoted by colour: red - high luciferase signal (high tumour burden) and blue - low luciferase signal (low tumour burden). (F) A timecourse of bioluminescence scores in BAP1-wild-type (wt BAP1) versus catalytically inactive BAP1-mutant (C91A) MM tumour xenografts.
Bioluminescence was measured on days 0, 13, 19, 26 and 41, 15 min after injecting the mice with 0.2 ml luciferin intraperitoneally. The number of
photons emitted per second indicates the tumour burden (two way ANOVA).
DOI: https://doi.org/10.7554/eLife.30224.017
The following figure supplements are available for figure 3:
Figure 3 continued on next page
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Figure 3 continued
Figure supplement 1. BAP1 expression in early passage MM cultures.
DOI: https://doi.org/10.7554/eLife.30224.018
Figure supplement 2. Ex vivo experimental protocol.
DOI: https://doi.org/10.7554/eLife.30224.019
Figure supplement 3. In vivo experimental protocol.
DOI: https://doi.org/10.7554/eLife.30224.020

BAP1-mutant tumours weighed significantly less than rTRAIL-treated BAP1-wild-type tumours
(p=0.020) and vehicle-treated BAP1-mutant tumours (p=0.019) (Figure 3D and Figure 3—figure
supplement 3B). BAP1-wild-type tumours showed no response to rTRAIL compared with vehicle.
The growth rate of rTRAIL-treated BAP1-mutant tumours was also significantly suppressed compared with rTRAIL-treated BAP1-wild-type and vehicle-treated tumours (p<0.05) as assessed by longitudinal bioluminescence intensity (Figure 3E and F).

Discussion
Malignant mesothelioma remains a devastating disease with limited systemic treatment
options (Vogelzang et al., 2003). Biomarker-driven therapies have significantly improved the prognosis for subsets of patients within other cancer types however this strategy has yet to impact MM.
Our data support the use of loss of function of BAP1 as a genomic stratification tool to identify
rTRAIL-sensitive MM tumours, an approach that may extend to other cancer subtypes. We propose
the underlying mechanism involves the transcriptional regulation of expression of components of the
apoptotic pathway by the PR-DUB. Our finding has potentially significant and immediately actionable clinical implications for both MM treatment and for the death receptor agonist field.
BAP1 has emerged as a key driver of tumorigenesis in MM (Bueno et al., 2016). As such, there
has been increased focus on this nuclear deubiquitinase and its associated pathways (LaFave et al.,
2015). While next-generation sequencing reveals MM BAP1 mutation rates in the order of 20–
30% (Guo et al., 2015; Bueno et al., 2016; Bott et al., 2011), immunohistochemical analysis has
identified loss of BAP1 function in up to 67% of MM tumours (Nasu et al., 2015) opening our biomarker-driven approach to a significant proportion of MM patients. BAP1 immunohistochemistry
accurately identifies loss of BAP1 function as a consequence of genetic and non-genetic
mechanisms (Nasu et al., 2015) and is already in clinical use as a diagnostic tool; hence the clinical
tools for our proposed approach are validated and ready. Our data indicate the BAP1-TRAIL association extends beyond MM to other tumours with loss of BAP1 function. Chromosomal deletions and
somatic inactivating mutations have been identified at high frequency in uveal
melanoma (Harbour et al., 2010), clear cell renal carcinoma (Peña-Llopis et al., 2012) and
cholangiocarcinoma (Fujimoto et al., 2015), increasing the potential clinical impact of our discovery.
Although loss of BAP1 function is seen at far lower rates in breast carcinoma (1%) (Stephens et al.,
2012) and non-small cell lung carcinoma (1%) (Owen et al., 2017), the high incidence of these cancers translates to a large cohort of patients.
Focus on death receptor agonists as anti-cancer agents has generated two decades of preclinical
studies and the development of numerous clinically tested compounds, all of which have demonstrated limited therapeutic efficacy at phase I/II trials (Herbst et al., 2010; von Pawel et al., 2014;
Paz-Ares et al., 2013; Forero-Torres et al., 2013). Strategies to overcome this have included the
development of increasingly potent death receptor agonists and combination therapies to address
resistance factors within the apoptosis pathway (Holland, 2013; Lemke et al., 2014b). As differential sensitivity has been observed in trials, it has been accepted that identification of a biomarker
predicting the therapeutic outcome is of paramount importance (Ashkenazi, 2015; von Karstedt
et al., 2017). There have been previous attempts to identify predictive biomarkers largely focused
on molecular expression panels (Passante et al., 2013). Ours is the first unbiased approach to
address how the genetic make-up of tumours predicts response to rTRAIL treatment. The identification of BAP1 as a potential genomic biomarker has the potential to reignite the death receptor agonist field of research into which significant investment has already been made. The value of
retrospective analysis of clinical trials based on the genomic landscape has clearly been
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demonstrated in the past (Lynch et al., 2004) and we wait with interest whether this will be performed on archived tumour tissue, in the context of BAP1 status, from previous trials. Notably there
have been no trials of any death receptor agonists in MM or indeed any cancer with a high proportion of BAP1 mutations. We suspect a significantly higher proportion of responders would have
been identified in such trials.
Our findings also have implications for death receptor agonists as a therapy for BAP1-wild-type
tumours as delineation of the underlying mechanism would offer a novel avenue by which to sensitise these tumours. Our mechanistic data implicate transcriptional regulation by the PR-DUB as key
to the capacity of BAP1 to modulate death receptor agonist sensitivity. BAP1 is a master genetic
regulator and is known to influence the transcription of thousands of genes as supported by our and
others’ gene expression data (Dey et al., 2012). While we highlight the extrinsic apoptotic pathway
and proteins as being significantly altered by BAP1 status, identifying a single factor to explain
BAP1-induced TRAIL resistance is extremely challenging. Of more direct clinical significance is our
finding that loss of function of either component of the PR-DUB, BAP1 or ASXL1, results in an
increase in death receptor agonist sensitivity. ASXL1 mutations have an important role in the pathogenesis of myeloid neoplasms primarily consisting of nonsense, missense and frameshift mutations
resulting in a truncated ASXL1 protein that retains the BAP1-binding domain (Boultwood et al.,
2010). It has yet to be clarified if this truncated protein possesses dominant-negative or gain-offunction properties in the context of PR-DUB activity (Balasubramani et al., 2015). In the case of the
former, ASXL1 could potentially predict death receptor agonist sensitivity in myeloid neoplasms. Further research is needed in these malignancies to determine this.
Confirmation of the clinical value of BAP1 as a targeting biomarker for death receptor agonists in
early phase clinical trials of mesothelioma is the first priority. The clinical tools for this approach are
already validated and established facilitating the translation of our discovery into a desperately
needed new therapy for this fatal thoracic cancer.

Materials and methods
Key resources table
Reagent type (species)
or resource

Designation

Source or reference

Identifiers

BRCA associated
protein-1 (human)

BAP1

Entrez Gene NCBI

Gene ID: 8314

Additional sex
combs like 1 (human)

ASXL1

Entrez Gene NCBI

Gene ID: 171023

NOD SCID mice

Charles River
Laboratories, UK

RRID:IMSR_CRL:394

Early passage
mesothelioma
cell cultures

7T, 8T, 45, 19, 14T,
23T, 40, 36, 26, 12T
, 3T, 52, 2, 30, 15, 35
, 24, 43, 34, 50T
, 33T, 18, 53T, 38

MesobanK,
Mesothelioma UK

NCI-H2373

H2373

Wellcome Trust Sanger
Institute, UK

RRID:CVCL_A533

NCI-H2803

H2803

Wellcome Trust Sanger
Institute, UK

RRID:CVCL_U997

NCI-H2452

H2452

Wellcome Trust Sanger
Institute, UK

RRID:CVCL_1553

NCI-H2722

H2722

Wellcome Trust Sanger
Institute, UK

RRID:CVCL_U994

Additional information

gene

strain, strain
background
NOD.CB17-Prkdcscid/NcrCrl
cell line
www.mesobank.com
Mesothelioma
Tissue Bank,
Papworth Hospital NHS
Trust, UK

Continued on next page
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Continued
Reagent type (species)
or resource

Designation

Source or reference

Identifiers

NCI-H2369

H2369

Wellcome Trust Sanger
Institute, UK

RRID:CVCL_A532

NCI-H2795

H2795

Wellcome Trust Sanger
Institute, UK

RRID:CVCL_U996

NCI-H2869

H2869

Wellcome Trust Sanger
Institute, UK

RRID:CVCL_V001

NCI-H2591

H2591

Wellcome Trust Sanger
Institute, UK

RRID:CVCL_A543

MPP 89

MPP-89

Wellcome Trust Sanger
Institute, UK

RRID:CVCL_1427

NCI-H2810

H2810

Wellcome Trust Sanger
Institute, UK

RRID:CVCL_U999

NCI-H2818

H2818

Wellcome Trust Sanger
Institute, UK

RRID:CVCL_V000

NCI-H513

H513

Wellcome Trust Sanger
Institute, UK

RRID:CVCL_A570

NCI-H2595

H2595

Wellcome Trust Sanger
Institute, UK

RRID:CVCL_A545

NCI-H2461

H2461

Wellcome Trust Sanger
Institute, UK

RRID:CVCL_A536

NCI-H2731

H2731

Wellcome Trust Sanger
Institute, UK

RRID:CVCL_U995

NCI-H2804

H2804

Wellcome Trust Sanger
Institute, UK

RRID:CVCL_U998

NCI-H28

H28

Wellcome Trust Sanger
Institute, UK

RRID:CVCL_1555

NCI-H226

H226

Szlosarek lab, Barts Cancer
Institute, UK

RRID:CVCL_1544

MDA-MB-231

MDAMB-231

Wellcome Trust Sanger
Institute, UK

RRID:CVCL_0062

Caki-1

Caki-1

Wellcome Trust Sanger
Institute, UK

RRID:CVCL_0234

BB65

BB65

Wellcome Trust Sanger
Institute, UK

RRID:CVCL_1078

BAP1 (C-4) mouse mAb

anti-BAP1

Santa Cruz Biotechnology,
Santa Cruz, CA

Cat# sc-28383
RRID:AB_626723

1:500 in milk; 1:50 for
flow cytometry

Caspase-8 (1C12) mouse mAb

anti-caspase 8

Cell Signaling Technology,
Danvers, MA

Cat# 9746
RRID:AB_2275120

1:1000 in BSA

FLIP (7F10) mouse mAb

anti c-FLIP

Enzo Life Sciences,
Farmingdale, NY

Cat# ALX-804-9610100 RRID:AB_271
3915

1:1000 in milk

c-IAP1 (D5G9) rabbit mAb

anti-cIAP1

Cell Signaling Technology,
Danvers, MA

Cat# 7065S
RRID:AB_10890862

1:1000 in BSA

c-IAP2 (58C7) rabbit mAb

anti-cIAP2

Cell Signaling Technology,
Danvers, MA

Cat# 3130S
RRID:AB_10693298

1:1000 in BSA

FADD rabbit pAb

anti-FADD

Cell Signaling Technology,
Danvers MA

Cat# 2782
RRID:AB_2100484

1:1000 in BSA

XIAP (3B6) rabbit mAb

anti-XIAP

Cell Signaling Technology,
Danvers, MA

Cat# 2045
RRID:AB_2214866

1:1000 in milk

survivin rabbit pAb

anti-survivin

Cell Signaling Technology,
Danvers, MA

Cat# 2803
RRID:AB_490807

1:1000 in BSA

Additional information

antibody

Continued on next page
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Continued
Reagent type (species)
or resource

Designation

Source or reference

Identifiers

Additional information

a-Tubulin (11H10)
Rabbit mAb

anti-a-tubulin

Cell Signaling Technology,
Danvers, MA

#2125

1:2000 in milk

Ubiquityl-Histone
H2A (Lys119)
(D27C4) XP
Rabbit mAb

anti-H2AK119Ub

Cell Signaling Technology,
Danvers, MA

Cat# 8240P
RRID:AB_10891618

1:2000 in BSA

Histone H2A (D6O3A)
Rabbit mAb

anti-H2A

Cell Signaling Technology,
Danvers, MA

Cat# 12349
RRID:AB_2687875

1:1000 in BSA

Anti-mouse IgG,
HRP-linked antibody

anti-mouse HRP

Cell Signaling Technology,
Danvers, MA

Cat# 7076
RRID:AB_330924

1:2000 in milk

Anti-rabbit IgG,
HRP-linked antibody

anti-rabbit HRP

Cell Signaling Technology,
Danvers, MA

Cat# 7074
RRID:AB_2099233

1:2000 in milk

Donkey anti-Mouse IgG
(H + L) Highly
Cross-Adsorbed
Secondary Antibody,
AlexaFluor 488

AlexaFluor 488conjugated antimouse antibody

Thermo Fisher
Scientific, UK

Cat# A-21202
RRID:AB_141607

1:200 for flow
cytometry

Annexin V,
AlexaFluor 647 conjugate

Annexin V
AlexaFluor 647conjugated antibody

Thermo Fisher
Scientific, UK

Cat# A23204
RRID:AB_2341149

1:100 for flow
cytometry

PE anti-human CD261 (DR4,
TRAIL-R1) antibody

PE-conjugated antibody
to DR4

Biolegend, UK

Cat# 307205
RRID:AB_314669

1:100 for flow
cytometry

PE anti-human CD262 (DR5,
TRAIL-R2) antibody

PE-conjugated antibody
to DR5

Biolegend, UK

Cat# 307405
RRID:AB_314677

1:100 for flow
cytometry

PE Mouse IgG1,
k Isotype Ctrl
Antibody

PE isotype
control antibody

Biolegend, UK

Cat# 400112

1:100 for flow
cytometry

Goat anti-Rabbit
IgG (H + L) Secondary
Antibody, AlexaFluor
488 conjugate

AlexaFluor 488-conjugated
anti-rabbit secondary
antibody

Thermo Fisher
Scientific, UK

Cat# R37116
RRID:AB_2556544

1:200 for flow
cytometry

Anti-Cleaved PARP1 (E51) mAb

cleaved PARP primary
antibody; anti-cleaved
PARP

Abcam, UK

Cat# ab32064
RRID:AB_777102

(1:6000) for
immunohistochemistry

BAP1 (NM_004656) Human
cDNA Clone

pCMV6-AC BAP1
plasmid

Origene, Rockville, MD

Cat# SC117256

pHIV-Luc-ZsGreen

ZS-green luciferase
plasmid, pHIV-LucZsGreen

Bryan Welm Lab, University
of Utah, Addgene, Logan, UT

Cat# 39196

pCMVR8.74

pCMV-dR8.74

Thrasher lab, UCL, Addgene,
UK

Cat# 22036

pMD2.G

pMD2.G

Thrasher lab, UCL, Addgene,
UK

Cat# 12259

BAP1 GIPZ Lentiviral shRNA

BAP1 shRNA

UCL RNAi Library
(Dharmacon, Lafayett, CO)

V2LHS 41473

ASXL1 GIPZ Lentiviral shRNA

ASXL1 shRNA

UCL RNAi Library
(Dharmacon, Lafayett, CO)

V2LHS 78829

ASXL2 GIPZ Lentiviral shRNA

ASXL2 shRNA

UCL RNAi Library
(Dharmacon, Lafayette, CO)

V3LHS_313940

rTRAIL

Peprotech, UK

Cat# 310–04

recombinant DNA reagent

sequence based reagent

peptide, recombinant protein
Recombinant Human sTRAIL
commercial assay or kit

Continued on next page
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Continued
Reagent type (species)
or resource

Designation

Source or reference

Identifiers

Cell Proliferation Kit XTT

XTT reagent

Applichem, UK

A8088

Q5 Site-Directed
Mutagenesis Kit

Site directed mutagenesis

New England Biolabs,
Ipswich, MA

Cat# E0554

Rabbit specific HRP/DAB
(ABC) Detection IHC Kit

rabbit-specific HRP/DAB
(ABC) detection IHC kit

Abcam, UK

Cat# ab64261

MEDI3039

MedImmune, UK

Additional information

chemical compound, drug
MEDI3039
software, algorithm
GraphPad Prism software

Graphpad Prism

GraphPad Software, CA, USA

CaVEMan algorithm

CaVEMan

https://github.com/cancerit
/CaVEMan

Pindel algorithm

Pindel

https://github.com/genome/
pindel

Predicting Integral
Copy Numbers
In Cancer algorithm

PICNIC

http://www.sanger.ac.uk/
science/tools/picnic

FlowJo software

Flowjo

FlowJo LLC

RIPA buffer

RIPA

Sigma-Aldrich, St. Louis, MO

Cat# R0278

SytoÔ 60 red fluorescent
nucleic acid stain

Syto 60

Thermo Fisher Scientific, UK

Cat# S11342

Thiazolyl Blue Tetrazolium
Bromide (MTT)

MTT reagent

Sigma-Aldrich, St. Louis, MO

Cat# M2128

jetPEI DNA
transfection reagent

jetPEI

Source Bioscience, UK

Cat# 101–10

Polybrene

Polybrene

Sigma-Aldrich, St Louis, MO

Cat# 107689

Hoechst 33342 Solution (20 mM)

Hoechst 33342

Thermo Fisher Scientific, UK

Cat# 62249

4’, 6-diamidino-2-phenylindole

DAPI

Sigma-Aldrich, St Louis, MO

Cat# D9542

Other

8 mg/ml

200 mg/ml

Drug screens
Drugs in the screen
Compounds were from academic collaborators or commercial vendors. Each compound, its therapeutically relevant target substrate and pathway and the minimum and maximum screening concentrations are listed in Supplementary file 1. Compounds were stored as 10 mM aliquots at 80˚C and
were subjected to a maximum of 5 freeze-thaw cycles. For the screen a fixed single 40 ng/ml concentration of rTRAIL was used, while each of the 94 agents was screened at a 5-point serial 4-fold
dilution to give a 256-fold range from the lowest to highest concentration. The concentrations
selected for each compound were based on in vitro data to cover the range of concentrations known
to inhibit relevant kinase activity and cell viability.

Genomic/transcriptomic characterization of mesothelioma cell lines
The genomic data is available in the COSMIC database (Forbes et al., 2015) (http://cancer.sanger.
ac.uk/cancergenome/projects/cell_lines/).

Substitution and insertion/deletion variant data
Exome sequencing was carried out using the Agilent SureSelectXT Human All Exon 50 Mb bait set
giving an average 7 Gb of unique mapped reads per sample with an average of 85% of base pairs
covered to >20 reads. Variants were identified by comparison to a reference single unmatched normal sample. Differences from the reference genome were identified using the CaVEMan and Pindel
algorithms identifying substitution and small insertions/deletions respectively (https://github.com/

Kolluri et al. eLife 2018;7:e30224. DOI: https://doi.org/10.7554/eLife.30224

14 of 23

Short report

Cancer Biology Human Biology and Medicine

cancerit/CaVEMan; https://github.com/genome/pindel) (Ye et al., 2009). The resulting variants were
then screened against approximately 8000 normal samples to remove sequencing artefacts and
germline variants (428 in-house normal exomes, 6500 normal exomes (NHLBI GO Exome Sequencing
Project, June 20th 2012 release), 1000 genomes project (29th March 2012 release) and variants in
the dbSNP database that had an associated minor allele frequency.

Copy number data
Genome-wide copy number data were obtained for the cell lines using the Affymetrix SNP6 microarray analysed using the ‘PICNIC’ algorithm, which segments the genome into integer value copy number segments (Greenman et al., 2010) (http://www.sanger.ac.uk/genetics/CGP/Software/PICNIC/).
All genes were mapped onto this segmentation data to give a gene level copy number analysis. For
genes to be classified as amplified the complete coding footprint of the gene had to map onto segment(s) present in eight or more copies. For genes to be classed as homozygously deleted a minimum of 1 bp of coding sequence had to be present within a segment of copy number ‘0’.

Cell viability assay in compound screen
Cells were seeded in either 96-well or 384-well microplates in RPMI-1640 or DMEM/F12. The optimal cell number for each cell line was determined to ensure that each was in growth phase at the
end of the assay (~70% confluency). Adherent cell lines in the screens were plated 1 day prior to
treatment with each compound using liquid handling robotics and assayed after 6 days of treatment
with either the single agent or in combination with rTRAIL. Cells were fixed in 4% formaldehyde for
30 min and then stained with 1 mM of the fluorescent nucleic acid stain Syto 60 (Thermo Fisher
Scientific, UK) for 1 hr. Quantitation of fluorescent signal intensity was performed using a fluorescent
plate reader at excitation and emission wavelengths of 630/695 nm. The sensitivity of each cell line
to various concentrations of compound was calculated as the fraction of viable cells relative to
DMSO-treated cells following a 6 day exposure. All screening plates were subjected to stringent
quality control measures and a Z-factor score comparing negative and positive control wells was calculated across all screening plates (median = 0.70, upper quartile = 0.86, lower quartile = 0.47,
n = 4857 plates).

Calculation of AUC values from cell line viability data
We derived the area under the curve (AUC) parameter from the 6 day cell line viability data to identify cell lines that are sensitive to a specific compound, with decreasing AUC associated with increasing sensitivity. The AUCs were computed using a trapezoid integration below the five measured
viability of the dose-response curve and scaled so that a constant viability of 1 gives AUC of 1.

Statistical analysis of the effect of genetic features on drug response
We used 15 mesothelioma cell lines with molecular and drug response data: H2369, H2373, H2461,
H2591, H2722, H2731, H2803, H2804, H2810, H2818, H2869, H513, MPP-89, NCI-H2452 and NCIH28. We selected five genes for inclusion in the analysis (BAP1, TAOK1, NF2, TP53 and CDKN2A).
We defined groups of cell lines based on mutations and copy number alterations (homozygous deletions or amplifications) in these genes. This resulted in a set of input features of 4 genes altered in at
least 2 of the cell lines (CUL1, RDX and PIK3C2B were not mutated and TAOK1 was only mutated in
1 cell line). For the association of gene mutations with sensitivity to each compound we restricted
the set of drugs to test to those with 2 cell lines with AUC <0.7. This resulted in 45 drugs being
suitable for analysis (of the overall 94 drugs).

Cell lines
All cell lines were sourced from the Wellcome Trust Sanger Institute except the H226 line that was a
kind gift from Dr Peter Szlosarek, Barts Cancer Institute. All cell lines were authenticated by genotyping using Short Tandem Repeat (STR) and Sequenom profiling of a panel of 92 single nucleotide
polymorphisms for each cell line to ensure non-synonymous cell lines were not used. As a cell line
classified as mesothelioma, H513 (on the list of commonly misidentified cell lines) was included in
the drug screen of 15 mesothelioma cell lines conducted. Use of this cell line however was not carried forward to further experiments in the paper. The 25 early passage MM cultures were purchased
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from MesobanK (Rintoul et al., 2016). All cell lines and cultures were tested for mycoplasma contamination and confirmed to be negative.

Cell culture
Cell lines were cultured in RPMI-1640 or Dulbecco’s modified Eagle’s medium and nutrient mix 12
medium (DMEM:F12) supplemented with 10% fetal bovine serum (FBS), penicillin/streptavidin and
sodium pyruvate. Early passage human mesothelioma cultures were cultured in RPMI-1640 medium
supplemented with 5% FBS, 25 mM HEPES, penicillin/streptavidin and sodium pyruvate. 293 T cells
were cultured in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine
serum (FBS) and 2 mM L-glutamine. All cells were maintained in a humidified environment at 37˚C
and 5% CO2.

Immunoblotting and antibodies
Cells were lysed in radioimmunoprecipitation assay (RIPA) buffer (Sigma-Aldrich, St. Louis, MO) with
protease inhibitors (Complete-mini; Roche, Switzerland) on ice to extract protein. 20 mg of protein
samples were separated by SDS–PAGE and transferred onto nitrocellulose membranes. Membranes
were incubated with specific primary antibodies, washed, incubated with secondary antibodies and
visualised using an ImageQuant LAS 4000 imaging system (GE Healthcare, Little Chalfont, NY). Antibodies used include BAP1 (Santa Cruz Biotechnology, Santa Cruz, CA) Cat# sc-28383, RRID:AB_
626723), caspase 8 (Cell Signaling Technology, Danvers, MA) Cat# 9746, RRID:AB_2275120), c-FLIP
(Enzo Life Sciences, Farmingdale, NY) Cat# ALX-804-961-0100 RRID:AB_2713915), cIAP1 (Cell Signaling Technology Cat# 7065S, RRID:AB_10890862), cIAP2 (Cell Signaling Technology Cat# 3130S,
RRID:AB_10693298), FADD (Cell Signaling Technology Cat# 2782, RRID:AB_2100484), XIAP (Cell
Signaling Technology Cat# 2045, RRID:AB_2214866), survivin (Cell Signaling Technology Cat# 2803,
RRID:AB_490807), a-tubulin (Cell Signaling #2125), H2AK119Ub (Cell Signaling Technology Cat#
8240P, RRID:AB_10891618), H2A (Cell Signaling Technology Cat# 12349, RRID:AB_2687875), antimouse HRP (Cell Signaling Technology Cat# 7076, RRID:AB_330924) and anti-rabbit HRP (Cell Signaling Technology Cat# 7074, RRID:AB_2099233). To detect the ubiquitination status of the histones, the cells were lysed with TBS buffer containing 1% SDS, protease and phosphatase inhibitors.
The cell extract was denatured by heating up at 95˚C for 10 min and centrifuged at 13000 rpm for
10 min. The supernatant was collected and immunoblotted as described above.

XTT/MTT cell viability assay
Cells were seeded in 96-well plates in 100 ml media per well at a density of 40,000 cells/ml 1 day
prior to treatment with soluble recombinant TRAIL (rTRAIL; Peprotech, UK) or MEDI3039
(Medimmune, UK). XTT (Applichem, UK; A8088) or MTT (M-2128, Sigma-Aldrich) reagent was added
on day 3. The absorbance was measured with a spectrophotometer at a wavelength of 490 nm or
560 nm for XTT or MTT respectively. Relative cell viability was calculated as a fraction of viable cells
relative to untreated cells.

Plasmids
Full-length BAP1 cDNA was amplified by PCR from pCMV6-AC BAP1 plasmid (Origene (Rockville,
MD; SC117256) and cloned into the lentiviral plasmid pCCL-CMV-flT vector previously
described (Yuan et al., 2015) in place of flT via BamHI and SalI sites, creating the BAP1 vector designated pCCL-CMV-BAP1. Vectors expressing mutant BAP1 constructs were generated by sitedirected mutagenesis (New England Biolabs) of the pCCL-CMV-BAP1 vector. The primers used are
listed below. All mutations were confirmed by sequencing.
BAP1-F CGTGGATCCGCCACCATGAATAAGGGCTGGCTGGA
BAP1-R GTCGGTCGACTCACTGGCGCTTGGCCTTGTA
C91A-F ATACCCAACTCTGCTGCAACTCATGCCTTGCTG
C91A-R CAGCTGGTGGGCAAAGAACATGTTATTCACAATATCATC
HBM-F CGCTGCTGCCAAGTCCCCCATGCAGGAGGA
HBM-R GCAGCGTCTAGAAAGGCCGGCAGCCGCT
CTD-F CGTGGATCCGCCACCATGAATAAGGGCTGGCTGGA
CTD-R GTCGTTCGAATCAGTCAGGCTTCCGCTGCTTGTGG
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T493A-F GCAGACACGGCCTCTGAGATCGGCAGTGCT
T493A-R ACTCTCATTGCTGGGGGTGGGTGA
ASXL-F AACTACGATGAGTTCATCTGCACCT
ASXL-R CTGGTCATCAATCTTGAACTTCTTCCTC
The ZS-green luciferase plasmid, pHIV-Luc-ZsGreen (a gift from Bryan Welm, Addgene plasmid
#39196) was used for generating ZS-Green luciferase-expressing lentivirus to transduce the H226
cells used in animal experiments.

RNA interference
Short hairpin RNAs (shRNAs) were expressed as part of a mir30-based GIPZ lentiviral vector
(Dharmacon, Lafayette, CO). The clones used in this study include BAP1 (V2LHS_41473), ASXL1
(V2LHS_78829), ASXL2 (V3LHS_313940) and the empty GIPZ control vector.

Lentivirus production and cell transfection
Lentiviral vectors were produced by co-transfection of 293 T cells with construct plasmids together
with the packaging plasmids pCMV-dR8.74 and pMD2.G (kind gifts from Dr Adrian Thrasher, UCL,
Addgene plasmid #22036 and #12259) in the presence of a DNA transfection reagent jetPEI (Source
Bioscience UK Ltd). Lentiviruses were concentrated by ultracentrifugation at 17,000 rpm (SW28
rotor, Optima LE80K Ultracentrifuge, Beckman Coulter, Brea, CA) for 2 hr at 4˚C. To determine the
titres of prepared lentiviruses 293 T cells were transduced with serial dilutions of viruses in the presence of 8 mg/ml Polybrene (Sigma-Aldrich) and BAP1 expression was assessed by flow cytometry.
shRNA- and luciferase-expressing vectors were assessed by analysis of GFP expression. Cell lines
were transduced in the presence of 8 mg/ml Polybrene at a range of MOIs and transduction efficacy
was assessed by flow cytometry for BAP1 expression.

Gene expression analyses
We pre-processed and normalised raw CEL files from Affymetrix Human Genome U219 array plate
hybridisations with the Multi-Array Average (RMA) method (Irizarry et al., 2003). We discarded transcripts with low sample variance and consolidated duplicated genes by averaging their expression
values across duplicates. The resulting data were subsequently normalised (m = 0, s = 1) samplewise and gene-median centred. Gene expression was averaged across three biological replicates of
H226 transduced cells with either a C91A mutant or a wild-type BAP1 construct. SPIA pathway analysis as described in Tarca et al (Tarca et al., 2009) was performed on those genes with an adjusted
p<0.05 and a fold change of >1.

Flow cytometry
All flow cytometry analysis was performed on a LSR Fortessa analyser (Becton Dickinson, Franklin
Lakes, NJ). For analysis of BAP1 expression cells were stained with primary antibody to BAP1 (Santa
Cruz Biotechnology Cat# sc-28383, RRID:AB_626723; 1:50) and then with an AlexaFluor 488-conjugated anti-mouse antibody (Thermo Fisher Scientific Cat# A-21202, RRID:AB_141607; 1:200). For
analysis of apoptosis and cell death all floating and adherent cells were harvested and stained with
an Annexin V AlexaFluor 647-conjugated antibody (Thermo Fisher Scientific Cat# A23204, RRID:AB_
2341149) and 4’, 6-diamidino-2-phenylindole (DAPI; Sigma-Aldrich, 200 mg/ml). For analysis of DR4
and DR5 expression on cell surface cells were stained with PE-conjugated antibody (DR4 - BioLegend, San Diego, CA) Cat# 307205, RRID:AB_314669, DR5 - BioLegend Cat# 307405, RRID:AB_
314677, Isotype control - Biolegend #400112; 1:100). FlowJo software was used to analyse all data.

Immunofluorescence
H226 cells were seeded at 2.5  103 cells per well into 96-well Greiner micro-clear imaging plates in
DMEM 10% FBS. After 48 hr, cells were fixed in 4% PFA for 10 min at room temperature and permeabilised in 0.3% NP-40 in PBS for 10 min. Cells were blocked in 1% BSA in 0.1% PBS tween for 1
hr at room temperature. Ubiquityl-histone H2A (Lys119) primary antibody (Cell Signaling, #8240)
was incubated overnight at 4˚C, before incubating for 1 hr at room temperature with Alexafluor 488conjugated anti-rabbit secondary antibody. Nuclei were stained with Hoechst 33342 (Thermo Fisher
Scientific Cat# 62249). Images were acquired (n = 3) with a BioTek Cytation3 Multimode reader.
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Using a 10x objective 4 fields of view were acquired per well (n = 3) and the level of nuclear ubiquityl-histone H2A intensity was determined within the primary nuclear mask and normalised to total
cell number.

Immunohistochemical analysis of early passage cultures
BAP1 immunohistochemistry of human early passage cell lines was conducted on sections of cell pellets mounted on slides. Automated staining on a Leica Bond III staining platform was used. Slides
were incubated with BAP1 primary antibody (Santa Cruz Biotechnology Cat# sc-28383, RRID:AB_
626723; 1:150) for 15 min at room temperature. Epitope retrieval was completed using HIER using
Leica Bond ER2 (high pH) for 30 min and a Leica Bond Polymer Refine with DAB chromogen detections system used.

Mesothelioma patient explants
Appropriate ethical approval was obtained from the NHS Health Research Authority National
Research Ethics Service to carry out this work (reference 14/LO/1527). Informed consent to conduct
research on samples collected and to publish results was obtained from patients. The diagnosis of
mesothelioma was confirmed histologically for all patients prior to consent and surgery. Patients
underwent pleurectomy, following which primary pleural tissue was sectioned into fragments measuring approximately 2 mm3. These tissue explants were cultured in 50% neurobasal and 50%
DMEM:F12, supplemented with B27 (2%), EGF (20 ng/ml) and FGF (10 ng/ml). After 24 hr the
explants were treated with rTRAIL (vehicle, 50 ng/ml, 100 ng/ml or 200 ng/ml) for a further 24 hr, following which explants were either fixed for PARP immunohistochemistry. The explants were fixed in
10% neutral-buffered formalin (NBF) for 24 hr and then transferred into 70% ethanol followed by
paraffin embedding. Subsequently, 5 mm sections were used for immunohistochemistry, as previously described (Busacca et al., 2016).

Immunohistochemistry of patient explants
Cleaved PARP primary antibody (Abcam Cat# ab32064, RRID:AB_777102) was used at a 1:6000 dilution and the rabbit-specific HRP/DAB (ABC) detection IHC kit (Abcam) was used for immunohistochemistry, according to the manufacturer’s instructions. Sections were counterstained with
haematoxylin and mounted using Vectamount permanent mounting media (Vector Labs, Peterborough, United Kingdom). Images were taken at 40x magnification on a Hamamatsu Nanozoomer Digital slide scanner. Cleaved PARP-positive cells were scored as the percentage of cells with nuclear
staining.

Animals
All animal studies were approved by the University College London Biological Services Ethical
Review Committee and licensed under the UK Home Office regulations and the Evidence for the
Operation of Animals (Scientific Procedures) Act 1986 (Home Office, London, UK). Mice were purchased from Charles River, kept in individually ventilated cages under specific pathogen-free conditions and had access to sterile irradiated food and autoclaved water ad libitum.

Xenograft mouse models
12 8 week old NOD.CB17-Prkdcscid/NcrCrl (NOD SCID) mice (Charles River, UK; RRID:IMSR_CRL:
394) were injected with 1  106 H226 cells transduced with a plasmid containing wild-type BAP1
and luciferase on the right flank and with a plasmid containing a catalytically inactive BAP1-mutant
(C91A) and luciferase on the left flank in a 1:1 mixture of Matrigel (Corning, Corning, NY) and
medium. Tumour size was assessed by bioluminescence in vivo imaging system (IVIS, PerkinElmer,
Waltham, MA) 15 min following intraperitoneal injection of 0.2 ml (2 mg) luciferin. Tumours were
allowed to establish for 2 weeks prior to baseline assessment of size at day 13. Mice were then
divided into two groups each of which received either 600 mg TRAIL or vehicle 6 days a week from
day 14 until day 40. Bioluminescence was measured on days 0, 13, 19, 26 and 41. Mice were sacrificed on day 42 and tumours harvested for measurement. TRAIL used in the mouse experiment was
made in Henning Walczak’s laboratory as per the established protocol (Ganten et al., 2006).
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Statistical analysis
Statistical analysis was performed using GraphPad Prism (GraphPad Software, CA, USA). t-test was
used to analyse differences between two groups whilst the analysis of variance (ANOVA) test with a
Tukey post-hoc analysis was used to analyse differences between three groups. For multiple groups
measured over multiple time points repeated measures ANOVA was used. All in vitro tests were performed in triplicate and all data are represented as mean values ± standard error of mean unless otherwise stated.
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Cazzola M, Wainscoat JS. 2010. Frequent mutation of the polycomb-associated gene ASXL1 in the
myelodysplastic syndromes and in acute myeloid leukemia. Leukemia 24:1062–1065. DOI: https://doi.org/10.
1038/leu.2010.20, PMID: 20182461
Bueno R, Stawiski EW, Goldstein LD, Durinck S, De Rienzo A, Modrusan Z, Gnad F, Nguyen TT, Jaiswal BS,
Chirieac LR, Sciaranghella D, Dao N, Gustafson CE, Munir KJ, Hackney JA, Chaudhuri A, Gupta R, Guillory J,
Toy K, Ha C, et al. 2016. Comprehensive genomic analysis of malignant pleural mesothelioma identifies
recurrent mutations, gene fusions and splicing alterations. Nature Genetics 48:407–416. DOI: https://doi.org/
10.1038/ng.3520, PMID: 26928227
Busacca S, Law EW, Powley IR, Proia DA, Sequeira M, Le Quesne J, Klabatsa A, Edwards JM, Matchett KB, Luo
JL, Pringle JH, El-Tanani M, MacFarlane M, Fennell DA. 2016. Resistance to HSP90 inhibition involving loss of
MCL1 addiction. Oncogene 35:1483–1492. DOI: https://doi.org/10.1038/onc.2015.213, PMID: 26096930
Daou S, Hammond-Martel I, Mashtalir N, Barbour H, Gagnon J, Iannantuono NV, Nkwe NS, Motorina A, Pak H,
Yu H, Wurtele H, Milot E, Mallette FA, Carbone M, Affar elB. 2015. The BAP1/ASXL2 histone H2A
deubiquitinase complex regulates cell proliferation and is disrupted in cancer. Journal of Biological Chemistry
290:28643–28663. DOI: https://doi.org/10.1074/jbc.M115.661553, PMID: 26416890
Dey A, Seshasayee D, Noubade R, French DM, Liu J, Chaurushiya MS, Kirkpatrick DS, Pham VC, Lill JR,
Bakalarski CE, Wu J, Phu L, Katavolos P, LaFave LM, Abdel-Wahab O, Modrusan Z, Seshagiri S, Dong K, Lin Z,
Balazs M, et al. 2012. Loss of the tumor suppressor BAP1 causes myeloid transformation. Science 337:1541–
1546. DOI: https://doi.org/10.1126/science.1221711, PMID: 22878500
Druker BJ, Guilhot F, O’Brien SG, Gathmann I, Kantarjian H, Gattermann N, Deininger MW, Silver RT, Goldman
JM, Stone RM, Cervantes F, Hochhaus A, Powell BL, Gabrilove JL, Rousselot P, Reiffers J, Cornelissen JJ,
Hughes T, Agis H, Fischer T, et al. 2006. Five-year follow-up of patients receiving imatinib for chronic myeloid
leukemia. New England Journal of Medicine 355:2408–2417. DOI: https://doi.org/10.1056/NEJMoa062867,
PMID: 17151364
Forbes SA, Beare D, Gunasekaran P, Leung K, Bindal N, Boutselakis H, Ding M, Bamford S, Cole C, Ward S, Kok
CY, Jia M, De T, Teague JW, Stratton MR, McDermott U, Campbell PJ. 2015. COSMIC: exploring the world’s
knowledge of somatic mutations in human cancer. Nucleic Acids Research 43:D805–D811. DOI: https://doi.
org/10.1093/nar/gku1075, PMID: 25355519
Forero-Torres A, Infante JR, Waterhouse D, Wong L, Vickers S, Arrowsmith E, He AR, Hart L, Trent D, Wade J,
Jin X, Wang Q, Austin T, Rosen M, Beckman R, von Roemeling R, Greenberg J, Saleh M. 2013. Phase 2,
multicenter, open-label study of tigatuzumab (CS-1008), a humanized monoclonal antibody targeting death

Kolluri et al. eLife 2018;7:e30224. DOI: https://doi.org/10.7554/eLife.30224

21 of 23

Short report

Cancer Biology Human Biology and Medicine
receptor 5, in combination with gemcitabine in chemotherapy-naive patients with unresectable or metastatic
pancreatic cancer. Cancer Medicine 2:925–932. DOI: https://doi.org/10.1002/cam4.137, PMID: 24403266
Fujimoto A, Furuta M, Shiraishi Y, Gotoh K, Kawakami Y, Arihiro K, Nakamura T, Ueno M, Ariizumi S, Nguyen
HH, Shigemizu D, Abe T, Boroevich KA, Nakano K, Sasaki A, Kitada R, Maejima K, Yamamoto Y, Tanaka H,
Shibuya T, et al. 2015. Whole-genome mutational landscape of liver cancers displaying biliary phenotype
reveals hepatitis impact and molecular diversity. Nature Communications 6:6120. DOI: https://doi.org/10.1038/
ncomms7120, PMID: 25636086
Ganten TM, Koschny R, Sykora J, Schulze-Bergkamen H, Büchler P, Haas TL, Schader MB, Untergasser A,
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Ismail IH, Davidson R, Gagné JP, Xu ZZ, Poirier GG, Hendzel MJ. 2014. Germline mutations in BAP1 impair its
function in DNA double-strand break repair. Cancer Research 74:4282–4294. DOI: https://doi.org/10.1158/
0008-5472.CAN-13-3109, PMID: 24894717
Jensen DE, Proctor M, Marquis ST, Gardner HP, Ha SI, Chodosh LA, Ishov AM, Tommerup N, Vissing H, Sekido
Y, Minna J, Borodovsky A, Schultz DC, Wilkinson KD, Maul GG, Barlev N, Berger SL, Prendergast GC, Rauscher
FJ. 1998. BAP1: a novel ubiquitin hydrolase which binds to the BRCA1 RING finger and enhances BRCA1mediated cell growth suppression. Oncogene 16:1097–1112. DOI: https://doi.org/10.1038/sj.onc.1201861,
PMID: 9528852
Ji Z, Mohammed H, Webber A, Ridsdale J, Han N, Carroll JS, Sharrocks AD. 2014. The forkhead transcription
factor FOXK2 acts as a chromatin targeting factor for the BAP1-containing histone deubiquitinase complex.
Nucleic Acids Research 42:6232–6242. DOI: https://doi.org/10.1093/nar/gku274, PMID: 24748658
LaFave LM, Béguelin W, Koche R, Teater M, Spitzer B, Chramiec A, Papalexi E, Keller MD, Hricik T, Konstantinoff
K, Micol JB, Durham B, Knutson SK, Campbell JE, Blum G, Shi X, Doud EH, Krivtsov AV, Chung YR, Khodos I,
et al. 2015. Loss of BAP1 function leads to EZH2-dependent transformation. Nature Medicine 21:1344–1349.
DOI: https://doi.org/10.1038/nm.3947, PMID: 26437366
Lemke J, von Karstedt S, Abd El Hay M, Conti A, Arce F, Montinaro A, Papenfuss K, El-Bahrawy MA, Walczak H.
2014b. Selective CDK9 inhibition overcomes TRAIL resistance by concomitant suppression of cFlip and Mcl-1.
Cell Death and Differentiation 21:491–502. DOI: https://doi.org/10.1038/cdd.2013.179, PMID: 24362439
Lemke J, von Karstedt S, Zinngrebe J, Walczak H. 2014a. Getting TRAIL back on track for cancer therapy. Cell
Death and Differentiation 21:1350–1364. DOI: https://doi.org/10.1038/cdd.2014.81, PMID: 24948009
Lynch TJ, Bell DW, Sordella R, Gurubhagavatula S, Okimoto RA, Brannigan BW, Harris PL, Haserlat SM, Supko
JG, Haluska FG, Louis DN, Christiani DC, Settleman J, Haber DA. 2004. Activating mutations in the epidermal
growth factor receptor underlying responsiveness of non-small-cell lung cancer to gefitinib. New England
Journal of Medicine 350:2129–2139. DOI: https://doi.org/10.1056/NEJMoa040938, PMID: 15118073
Machida YJ, Machida Y, Vashisht AA, Wohlschlegel JA, Dutta A. 2009. The deubiquitinating enzyme BAP1
regulates cell growth via interaction with HCF-1. Journal of Biological Chemistry 284:34179–34188.
DOI: https://doi.org/10.1074/jbc.M109.046755, PMID: 19815555
Misaghi S, Ottosen S, Izrael-Tomasevic A, Arnott D, Lamkanfi M, Lee J, Liu J, O’Rourke K, Dixit VM, Wilson AC.
2009. Association of C-terminal ubiquitin hydrolase BRCA1-associated protein 1 with cell cycle regulator host
cell factor 1. Molecular and Cellular Biology 29:2181–2192. DOI: https://doi.org/10.1128/MCB.01517-08,
PMID: 19188440
Nasu M, Emi M, Pastorino S, Tanji M, Powers A, Luk H, Baumann F, Zhang YA, Gazdar A, Kanodia S, Tiirikainen
M, Flores E, Gaudino G, Becich MJ, Pass HI, Yang H, Carbone M. 2015. High incidence of somatic BAP1

Kolluri et al. eLife 2018;7:e30224. DOI: https://doi.org/10.7554/eLife.30224

22 of 23

Short report

Cancer Biology Human Biology and Medicine
alterations in sporadic malignant mesothelioma. Journal of Thoracic Oncology 10:565–576. DOI: https://doi.
org/10.1097/JTO.0000000000000471, PMID: 25658628
Owen D, Sheffield BS, Ionescu D, Churg A. 2017. Loss of BRCA1-associated protein 1 (BAP1) expression is rare
in non-small cell lung cancer. Human Pathology 60:82–85. DOI: https://doi.org/10.1016/j.humpath.2016.10.
005, PMID: 27984124
Passante E, Würstle ML, Hellwig CT, Leverkus M, Rehm M. 2013. Systems analysis of apoptosis protein
expression allows the case-specific prediction of cell death responsiveness of melanoma cells. Cell Death and
Differentiation 20:1521–1531. DOI: https://doi.org/10.1038/cdd.2013.106, PMID: 23933815
Paz-Ares L, Bálint B, de Boer RH, van Meerbeeck JP, Wierzbicki R, De Souza P, Galimi F, Haddad V, Sabin T, Hei
YJ, Pan Y, Cottrell S, Hsu CP, RamLau R. 2013. A randomized phase 2 study of paclitaxel and carboplatin with
or without conatumumab for first-line treatment of advanced non-small-cell lung cancer. Journal of Thoracic
Oncology 8:329–337. DOI: https://doi.org/10.1097/JTO.0b013e31827ce554, PMID: 23370314
Peña-Llopis S, Vega-Rubı́n-de-Celis S, Liao A, Leng N, Pavı́a-Jiménez A, Wang S, Yamasaki T, Zhrebker L,
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