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Abstract

BRCA1-associated protein 1 (BAP1) has emerged as a major tumor suppressor gene in diverse 

cancer types, notably in malignant pleural mesothelioma (DPM), and has also been identified 

as a germline cancer predisposition gene for DPM and other select cancers. However, its role 

in the response to DNA damage has remained unclear. Here, we show that BAP1 inactivation 

is associated with increased DNA damage both in Met-5A human mesothelial cells and human 
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DPM cell lines. Through proteomic analyses, we identified PRKDC as an interaction partner of 

BAP1 protein complexes in DPM cells and 293T human embryonic kidney cells. PRKDC encodes 

the catalytic subunit of DNA protein kinase (DNA-PKcs) which functions in the nonhomologous 

end-joining (NHEJ) pathway of DNA repair. Double-stranded DNA damage resulted in prominent 

nuclear expression of BAP1 in DPM cells and phosphorylation of BAP1 at serine 395. A 

plasmid-based NHEJ assay confirmed a significant effect of BAP1 knockdown on cellular NHEJ 

activity. Combination treatment with X-ray irradiation and gemcitabine (as a radiosensitizer) 

strongly suppressed the growth of BAP1-deficient cells. Our results suggest reciprocal positive 

interactions between BAP1 and DNA-PKcs, based on phosphorylation of BAP1 by the latter and 

deubiquitination of DNA-PKcs by BAP1. Thus, functional interaction of BAP1 with DNA-PKcs 

supports a role for BAP1 in NHEJ DNA repair and may provide the basis for new therapeutic 

strategies and new insights into its role as a tumor suppressor.
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Introduction

In the past decade, there has been a considerable effort to better characterize the molecular 

pathogenesis of malignant diffuse pleural mesothelioma (DPM), a highly lethal cancer 

arising from the mesothelial cells lining the chest cavity 14. Genomic profiling studies 

first identified BAP1 as a frequently inactivated gene in DPM, with deletion, mutation, 

or both in up to 42% of cases 5. More recent genomic data suggest that the prevalence 

of BAP1 inactivation in DPM may be close to 60% 20. Inactivating somatic mutations of 

BAP1 are also common in uveal melanomas, primarily in the metastasizing subset where 

the BAP1 mutation rate approaches 80% 18. BRCA1-associated protein 1 (BAP1) is a 

729-amino acid nuclear ubiquitin hydrolase that has been implicated in cell proliferation, 

chromatin regulation, and DNA repair response 23. As further evidence of its tumor 

suppressor function, germline BAP1 mutations are found in families predisposed to DPM 

and uveal melanomas 44, 48. The tumor spectrum of the Germline BAP1 syndrome now also 

includes several other cancers in which it has also been found to be commonly inactivated 

somatically 9. BAP1 has also been confirmed to behave as a classic tumor suppressor in 

mice carrying heterozygous germline BAP1 mutations 24.

One of the functions first postulated for BAP1 was in the DNA repair response to 

double-strand breaks (DSBs) 23. These are repaired via two major pathways: homologous 

recombination (HR) and nonhomologous end-joining (NHEJ) 19. NHEJ involves binding 

of the Ku70/Ku80 (Ku) protein to DNA termini which ensures alignment of the ends 

of the DNA strands and recruitment of the catalytic subunit of DNA-dependent protein 

kinase (DNA-PKcs) 8, 46, 49. DNA-PKcs then stimulates processing of the aligned DNA 

strands 32, 49. To date, the best described phosphorylation target of DNA-PKcs is DNA-

PKcs itself; several autophosphorylation sites in DNA-PKcs have been identified and it 

is phosphorylated in vivo upon DNA damage. Importantly, cells defective in DNA-PKcs 

have increased sensitivity to radiation 3, 11, 32, 46, 49. While some previous studies provided 
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experimental evidence that BAP1 is involved in HR 22, 27, 52, pre-clinical studies 39, 50 and 

clinical trials based on the notion that BAP1 loss might make DPM more sensitive to PARP 

inhibition have been uniformly disappointing15, 16, 38. This is consistent with a recent study 

that found no genomic signature of HR deficiency in 294 breast, ovarian, pancreatic, or 

prostate cancers with biallelic inactivation of BAP1 47.

The original study that identified BAP1 as a BRCA1-interacting protein used a yeast 

two-hybrid assay with cDNA libraries from mouse embryos and human B-cells23. Most 

subsequent screens for BAP1-interacting proteins have used HeLa or Hek293 cells (see 

Baas, et al. 1 and references therein) and none have used DPM cells. Here, using DPM 

cells in an unbiased proteomic analysis for BAP1-interactors, we report the identification of 

DNA-PKcs as a major interaction partner of the tumor suppressor BAP1 and the functional 

characterization of the role of this interaction in NHEJ-mediated DNA repair in DPM cells.

Results

A role for BAP1 in DNA damage repair

To assess the effect of BAP1 on DNA repair at a global cellular level, we first performed 

knockdown of BAP1 using siRNAs in an DPM cell line, H-Meso, and evaluated genome 

stability by comet assay. Knockdown of BAP1 resulted in an increase in the length of 

the comet tail, compared to a negative control, suggesting the involvement of BAP1 in 

maintenance of genome stability (Figure 1A). To examine the specific domain of BAP1 

involved in DNA repair, we performed domain-specific knockdown of BAP1 targeted to 

known key functional domains by a lentiviral expression system for sgRNA and Cas9 

protein (CRISPR/Cas9) using a human mesothelial cell line, MeT-5A. The targeting site of 

each sgRNA is shown in Figure 1B. Sanger sequence analysis revealed that the site-specific 

mutations were successfully introduced into cells (Supplementary figure 1). We found that 

DNA damage induced by radiation (10 Gy), as measured by comet assay, was significantly 

increased in MeT-5A cells expressing sgRNA targeting ubiquitin C-terminal hydrolase 

(UCH) domain (sgRNA#1 and #2), near serine 395 (sgRNA#4) and the nuclear localization 

signal (NLS) domain (sgRNA#5) (Figure 1C). On the other hand, genomic instability was 

not induced by irradiation in Met-5A cells expressing sgRNA targeting the helical bimodular 

(HBM) domain (sgRNA#3). We next examined the status of key proteins involved in DSBs 

repair by western blot analysis. As shown in Figure 1D, the expression of BAP1, DNA-PKcs 

and γ-H2AX was enhanced in irradiated Met-5A cells transfected with sgRNA targeting 

specific domains (especially for sgRNA#4), suggesting a role for BAP1 in maintaining 

genomic stability following radiation damage, possibly dependent on serine 395, and the 

importance of near serine domain.

Interactional total peptide (ITOP) analysis nominates DNA-PKcs as a major BAP1 
interaction partner

To better define the role of BAP1 in DPM cells, in particular to identify its interaction 

partners in DNA damage-repair pathways, we performed immunoprecipitation (IP) of 

protein complexes using Flag-tagged wild-type and mutant BAP1 construct (BAP1 C91W) 

in the human DPM cell line, H-Meso and in HEK293T (293T) cells. This mutant 
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was chosen because this missense mutation was previously shown to impair ubiquitin 

hydrolase activity in functional assays 5. The flow chart of ITOP analysis is shown in 

Figure 2A. Affinity-purified protein complexes were resolved using SDS-polyacrylamide 

gel electrophoresis, followed by staining with Coomassie Blue. Separated protein bands 

were excised and subjected to nano-LC-MS/MS analysis as described in “Materials and 

Methods”. Peptide spectral matches and protein identifications obtained using the Mascot 

search engine were imported into Scaffold Proteomics software which was used to 

further validate and cross-tabulate tandem mass spectrometry-based peptide and protein 

identifications. Peptide counts obtained from co-immunoprecipitated, non-BAP1 fused Flag 

samples were used for normalization to obtain a fold enrichment score of peptides detected 

in each Flag-fused BAP1 sample. Protein sequences which co-precipitated with BAP1 

(along with their normalized fold enrichment score) were subjected to canonical pathway 

analysis using the GO Analysis (DICE tool, https://tools.dice-database.org/). This enabled 

comparisons of each of the protein complexes that showed a strong interaction with BAP1 

in both H-Meso and 293T cells. Combining the results of mass spectrometric analysis 

from H-Meso and 293T cells, GO analysis of the co-IP proteins identified a significant 

overrepresentation of NHEJ pathway protein, DNA-PKcs (encoded by PRKDC), in 

association with wild type BAP1 (Figure 2B) but not with BAP1 C91W (results not shown), 

suggesting that BAP1 may play a role but also in DSB repair via NHEJ. Interestingly, the 

interactions with BRCA1 and Rad51, which are key proteins for HR, were not detected in 

this analysis. This finding consistent with previous co-IP studies that have failed to confirm 

BRCA1 as a significant interaction partner 8, 52. Nonetheless, recent data confirm that BAP1 

can function via both BRCA1-dependent and –independent mechanisms43. The complete list 

of proteins identified in this study is provided in Supplementary table 1.

Next, we investigated the interaction domains of DNA-PKcs and BAP1 by generating 

deletion mutants of BAP1. The schemas of the deletion mutants are shown in Figure 2C. 

Co-IP assays revealed that strong interaction between DNA-PKcs and Flag-fused BAP1 was 

detected in cells expressing deletion mutant#3 and #4, suggesting that the interaction site of 

DNA-PKcs lies between amino acids 435 to 729 of BAP1, a region that includes the NLS 

domain (Figure 2D). This interaction site overlaps the previously identified BRCA1 binding 

site 33. All other detected kinases that interact with BAP1 wild-type in both H-Meso and 

293T cells interacted less strongly than DNA-PKcs (Supplementary table 1). ATM and ATR, 

two major kinases involved in the response to DSBs, were not observed to interact with 

BAP1 in our mass spectrometric analysis data. Taken together, among kinases in the NHEJ 

pathway, DNA-PKcs showed the strongest evidence of interaction with BAP1 even in the 

absence of DNA damage.

Phosphorylation of BAP1 upon DNA damage

BAP1 is known to be phosphorylated in an ATM-dependent manner at several sites upon 

DNA damage 12, 22. Given the key role of phosphorylation events in the DNA damage 

response and the identification of DNA-PKcs as a putative BAP1 interaction partner, we 

examined whether double-strand DNA (dsDNA) damage from ionizing radiation (10 Gy) 

affected the degree of BAP1 phosphorylation. Based on additional LC-MS/MS analyses, we 

found strong phosphorylation at serine 395 of BAP1 (phosphoBAP1S395) upon ionizing 
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radiation (Supplementary figure 2 and Supplementary table2). We next sought to examine 

the role of BAP1 S395 phosphorylation in BAP1-mediated DNA repair. We found that 

the level of phosphoBAP1S395 in irradiated H-Meso cells expressing BAP1 WT was 

reduced by pretreatment with the DNA-PKcs inhibitor II, suggesting that DNA repair by 

DNA-PKcs may be regulated through phosphoBAP1S395 (Figure 3A and Supplementary 

table 3). In addition, Phos-tag SDS gel analysis showed that overall phosphorylation of 

BAP1 was increased when dsDNA damage was induced with 0.5μg/ml neocarzinostatin 

(NCS), but mutation of serine 395 markedly reduced overall BAP1 phosphorylation, 

indicating that serine 395 is a major phosphorylation site (Figure 3B and Supplementary 

figure 3). Finally, phosphoBAP1S395 upon DNA damage by NCS was also confirmed 

using a custom phosphospecific serum to phospho-BAP1-S395 (COVANCE) generated 

using the peptide sequence CVRPPQQY(pS)DDED (specific detection of this peptide and 

not the non-phosphorylated peptide was confirmed by ELISA) (Supplementary figure 4). 

Interestingly, the C91W inactivating mutation in the UCH domain abolished expression of 

phosphoBAP1S395 (Supplementary table 2). This phenomenon was validated by western 

blot analysis and immunofluorescent staining. As shown in Figure 3C and 3D, the 

induction of BAP1 C91W reduced the level of phosphoBAP1S395. These results suggest 

the possibility that the deubiquitinating activity of BAP1 plays an important role in the 

process of DNA repair mediated through a phosphoBAP1S395/DNA-PKcs axis.

Phosphorylation changes BAP1 localization

To assess the influence of DNA damage on BAP1 and DNA-PKcs, we next investigated 

the expression of endogenous BAP1 and DNA-PKcs in MeT-5A and H-Meso cells. 

Immunofluorescent staining showed nuclear expression of both BAP1 and DNA-PKcs, 

most apparent in the setting of DNA damage (Figure 4A). Their nuclear localization was 

disrupted by treatment with 500 nM of DNA-PKcs inhibitor II in the H-Meso cell line 

(Supplementary figure 5). As shown in Figure 2C, the interaction site for DNA-PKcs maps 

to the C-terminal of BAP1, and BAP1 has two nuclear localization signal (NLS) sites 

between amino acids 656–722 at the C terminus, designated NLS1 and NLS2. We then 

examined the changes of BAP1 localization upon dsDNA damage. NCS (0.5μg/ml)-induced 

dsDNA damage caused immediate translocation of GFP-fused BAP1 into the nucleus in 

H-Meso cells. This nuclear translocation occurred within 15 min and GFP-fused BAP1 

stayed in the nucleus for more than 3 h (Figure 4B). Interestingly, GFP-BAP1 S395A did 

not enter the nucleus even upon DNA damage, while GFP-BAP1 C91W did (Figure 4B). 

Considering that the deubiquitination activity of cells expressing BAP1 S395A is conserved 

(Figure 4C), phosphoBAP1S395 may influence protein localization only.

Interaction of BAP1 with DNA-PKcs

We next studied interactions between DNA-PKcs and BAP1 including wt and mutant 

forms with decreased (BAP1 C91W) or increased (BAP1S63C) deubiquitination activity 
5, under different conditions in 293T cells (Figure 5A) and the H-Meso DPM cell line 

(Figure 5B). Cancer cell lines show nearly constitutive expression of DNA-PKcs which 

does not change markedly upon experimentally induced DNA damage 35. We noted a 

similar interaction between wild type BAP1 and DNA-PKcs or Ku70, which are key 

proteins for NHEJ DNA repair, under irradiated and non-irradiated conditions. 48 hours 
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after irradiation, this phenomenon was also evident in H-Meso cells expressing BAP1 

WT or deubiquitination-proficient BAP1 S63C mutant (Figure 5B). In contrast, while 

interaction between DNA-PKcs and BAP1 C91W was detected in the absence of irradiation 

in cells expressing deubiquitination-defective BAP1 C91W mutant, in the setting of DNA 

damage by irradiation (10 Gy), this interaction was notably decreased, at least partly due 

to a decrease in the levels of DNA-PKcs protein (Figure 5A and 5B). Hypothesizing 

that this might be related to increased ubiquitin-mediated degradation of DNA-PKcs, we 

examined the degree of ubiquitination of DNA-PKcs. This showed that immunoprecipitated 

DNA-PKcs from irradiated 293T cells that expressed the deubiquitination-defective mutant 

BAP1 C91W displayed increased K48-linked polyubiquitin (Figure 5C). Intriguingly, 

overexpression of BAP1 C91W appears to cause an increase in DNA damage in H-Meso 

cells as measured by γH2AX induction, even in the absence of exogenous DNA damage 

(Figure 5B, 24 after irradiation). These results suggest that the deubiquitinase activity of 

BAP1 may be necessary to stabilize protein levels of DNA-PKcs in the setting of DNA 

damage. Together with our data supporting phosphorylation of BAP1 by DNA-PKcs, these 

results suggest that BAP1 and DNA-PKcs may target each other to mutually enhance their 

respective functions, stabilizing the NHEJ DNA repair complex.

Functional effect of BAP1 on the NHEJ pathway

To further investigate a possible role of BAP1 in the NHEJ pathway, nuclear extracts from 

293T cells treated with BAP1 siRNA or negative control siRNA were used in a plasmid-

based NHEJ assay 21, 31. Nuclear extracts from 293T cells following BAP1 knockdown 

showed significantly poorer ligation activity, compared to negative control. Conversely, the 

introduction of wild-type BAP1 caused increased ligation activity. Rescue experiments using 

recombinant Flag-fused BAP1 immunoprecipitated from 293T cells showed that NHEJ 

activity in the plasmid-based NHEJ assay could be restored by wild-type BAP1 but not 

by the ubiquitin hydrolase-defective BAP1 C91W mutant, implicating the deubiquitination 

activity of BAP1 in NHEJ (Figure 5D). Together, these results support a major role for 

BAP1 in NHEJ activity and suggest that DNA repair pathways should be surveyed for 

synthetic lethal targets in BAP1-deficient cells.

Exploiting the role of BAP1 in NHEJ to enhance DPM therapy

We then examined the effect of BAP1 status on radiation damage enhancement 

by gemcitabine, reasoning that gemcitabine could help expose a latent DNA repair 

vulnerability. Previous data have shown that DNA-PK inhibition can enhance radiotherapy 

response54. Three types of shRNA (non-target, BAP1#1, and BAP1#2) were introduced by 

lentivirus in H-Meso cells and the cells were then treated with gemcitabine with or without 

irradiation. BAP1 knockdown in H-Meso cells was associated with increased radiation 

sensitivity (Figure 6A). This result shows that suppressing NHEJ activity by knocking down 

of BAP1 expression enhanced the sensitivity of H-Meso cells to irradiation, possibly due to 

combined impairment of NHEJ and HR. A schema outlining a potential therapeutic strategy 

targeting genomic instability in DPM is shown in Figure 6B.
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Discussion

In the present study, we nominate DNA-PKcs as a novel interaction partner of BAP1 in both 

normal and DPM cells. Our results suggest that dsDNA damage may increase the interaction 

between BAP1 and DNA-PKcs, and this interaction increases phosphoBAP1S395, resulting 

in BAP1 translocation into the nucleus in DPM cells. Thus phosphorylation of BAP1 serine 

395 appears to be mediated at least in part by DNA-PKcs. BAP1 serine 395 is a known 

phosphorylation site 6, but its effects and the kinase responsible for this phosphorylation had 

not previously been identified 7, 37, 42, 52.

In the process of NHEJ DNA repair, nuclear BAP1 is important for maintaining the 

levels of DNA-PKcs by inhibiting the degradation of DNA-PKcs. We also find that BAP1 

mutants with loss of deubiquitination activity or C-terminal deletions impairing nuclear 

localization and interaction with DNA-PKcs resulted in decreased levels of DNA-PKcs, a 

key regulator of NHEJ, due to its increased degradation. Considering that mutation in S395 

of BAP1 inhibited the nuclear translocation of BAP1 and BAP1 C91W reduced the level 

of phosphoBAP1S395, the deubiquitination activity of BAP1 not only contributes to the 

maintenance of DNA-PKcs protein levels, but may also play a role in the regulation of BAP1 

localization in DPM. Some studies reported that similarly to BRCA1, BAP1 is required 

for the effective assembly of key HR factors, such as RAD51 17, 52. Ismail and colleagues 

reported that in human osteosarcoma U2OS cells and human squamous cell carcinoma cells, 

BAP1 promotes the repair of DSB via HR, and BAP1 has less impact DSB repair via 

NHEJ in those cells 22. Yu and colleagues also reported that BAP1 is essential for efficient 

assembly of the HR factors BRCA1 and RAD51 in chicken DT40 cells, and concluded that 

BAP1 plays an important role in DSB repair by HR 52. In contrast to these previous studies, 

our results suggest the possibility that BAP1 also plays a role in NHEJ-mediated DSB 

repair, indicating that BAP1 contributes significantly to DNA repair in general in DPM. 

How this may affect outcomes in DPM is unclear because, unlike other cancer types such as 

uveal melanoma and renal cell carcinoma, the inactivation of BAP1 does not correlate with 

poor prognosis in DPM 20, 53. However, it is notable that, in uveal melanoma, DNA-PKcs 

(encoded by PRKDC) is more highly expressed in the setting of BAP1 inactivation10, 26 and 

this subset is sensitive to DNA-PK inhibition10. Further independent evidence is provided 

by a recent study that identified PRKDC as a synthetic lethal target in BAP1-inactivated of 

clear cell renal cell carcinoma30.

Several reports indicate that DPM can be sensitive to high-dose irradiation. For instance, 

a recent clinical trial involving patients with DPM found improved long-term survival rate 

using pemetrexed plus cisplatin followed by extrapleural pneumonectomy and radiation, 

particularly for patients who completed all therapies 25, 34. Median survival in the overall 

population was longer than that of patients not receiving irradiation 4, 25. Several classes 

of drugs have shown in vitro radiation enhancement activity, including taxanes, platinum 

analogs, topoisomerase inhibitors, and gemcitabine 13. In particular, gemcitabine has 

radiation-sensitizing capabilities, as established in vitro and in clinical studies 28 based at 

least in part on specific interference with HR 45. Consistent with these reports, several 

studies including our results showed that BAP1 knockdown in BAP1 wild-type cells 

enhanced the radiation sensitizing effect of gemcitabine, suggesting a possible synergistic 
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effect due to their induction of impaired NHEJ and HR, respectively 2, 51. These results 

suggest that the latent NHEJ deficiency induced by BAP1 inactivation in DPM may 

be synthetic lethal with inhibition of HR DNA repair mechanisms, indicating a novel 

therapeutic strategy for targeting the process of DNA repair in DPM. An impairment of 

NHEJ alone may not lead to carcinogenesis in the absence of extrinsic sources of DNA 

damage as mutant mice with deletion of Ku70, Ku80, or both show early aging without 

substantially increased cancer incidence 29. Consistent with this observation, Kadariya and 

colleagues reported that the impairment of NHEJ in BAP1-deficient mice may increase 

their susceptibility to DNA damage from asbestos or other sources 24. Given our results, 

NHEJ activity may be constitutively suppressed in BAP1-inactivated DPM through the 

downregulation of DNA-PKcs (due to unopposed ubiquitination and therefore increased 

turnover). Use of BAP1 S195 phospho-specific antibody, in conjunction with robust 

antibodies already available for immunohistochemistry for total BAP1 40, might allow 

assessment of BAP1 functional status in DPM and thereby possibly serve as a predictive 

biomarker for novel therapeutic approaches targeting the latent impairment of DNA repair 

activity in BAP1-deficient DPM.

In conclusion, we provide the evidence that the direct interaction with BAP1 and DNA-

PKcs is associated with phosphorylation by the latter at BAP1 residue S395 in DPM, 

resulting in maintenance of deubiquitination activity through BAP1 nuclear translocation. 

The degradation of DNA-PKcs is regulated by deubiquitination by BAP1, which contributes 

to the process of NHEJ DNA repair. The dependence of efficient NHEJ DNA repair on this 

BAP1/DNA-PKcs interaction may inform new therapeutic approaches for DPM.

Materials and Methods

Domain specific gene targeting by CRISPR/Cas9

The non-targeted sgRNA sequences and the BAP1 genomic DNA targeting sequences 

used for the cloning of sgRNAs are shown in Supplementary table 4A. The sgRNA 

sequence selection and design was performed using online software Optimized CRISPR 

Design - MIT (http://crispr.mit.edu). pLKO5.sgRNA.EFS.tRFP and pL-CRISPR.SFFV.PAC 

(Addgene: #57823, #57829) were used as backbone vectors for constitutional sgRNA and 

Cas9 expression. Lentiviral particles were produced by transient transfection of 293T cells 

using the calcium-phosphate transfection method. Viral constructs were co-transfected with 

pMD2.G (Addgene plasmid 12259) and psPAX2 (Addgene plasmid 12260). Lentiviral 

particles were concentrated using ultracentrifugation.

Peptide and Protein identification by LC-MS/MS

FLAG-tag purified protein complexes were resolved using SDS-polyacrylamide gel 

electrophoresis followed by brief staining with Coomassie Brilliant Blue and excision 

of the protein bands. In all samples, prominently stained bands were excised separately 

to increase the dynamic range encountered during the mass spectrometric analysis of 

complex protein mixtures and detection of peptides arising from proteins found in less 

abundant amounts than, for example, BAP1. In situ trypsin digestion of polypeptides in 

each gel slice was performed and resulting tryptic peptides were purified using a 2-μL 
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bed volume of Poros 50 R2 (Applied Biosystems, Foster City, CA, USA) reverse-phase 

beads packed in Eppendorf gel-loading tips 41. The purified peptides were diluted with 

0.1% formic acid and then subjected to nano-liquid chromatography coupled with tandem 

mass spectrometry (nanoLC-MS/MS) analysis as follows. Peptide mixtures (in 20 μL) were 

loaded onto a trapping guard column (0.3 × 5 mm Acclaim PepMap 100 C18 cartridge 

from LC Packings Inc., San Francisco, CA, USA) using an Eksigent nano MDLC system 

(Eksigent Technologies, Inc. Danaher Corp, Dublin, CA, USA) at a flow rate of 20 μL/ 

min. After washing, the flow was reversed through the guard column and the peptides eluted 

with a 5–45% acetonitrile gradient over 85 min at a flow rate of 200 nL/min, through a 

75-micron x 15-cm fused silica capillary PepMap 100 C18 column (LC Packings). The 

eluent was directed to a 75-micron (with 10-micron orifice)-fused silica nano-electrospray 

needle (New Objective, Inc., Woburn, MA, USA). The electrospray ionization voltage 

was set at 1800. A linear ion quadrupole trap-Orbitrap hybrid analyzer (LTQ-Orbitrap, 

ThermoFisher) was operated in automatic, data-dependent MS/MS acquisition mode with 

one full MS scan (450–2,000 m/z) in the Orbitrap analyzer at resolving power of 60, 000 

and up to five concurrent MS/MS scans in the LTQ for the five most intense peaks selected 

from each survey scan. Survey scans were acquired in profile mode and MS/MS scans 

were acquired in centroid mode. The collision energy was automatically adjusted for the 

experimental mass (m/z) value of the precursor ions selected for MS/MS. A minimum ion 

intensity of 2,000 counts was required to trigger an MS/MS spectrum and the dynamic 

exclusion duration was set at 60 s. Initial protein and peptide identifications from the LC-

MS/MS data were performed using the Mascot search engine (Matrix Science, London, UK, 

version 2.3.02) with the human segment of the Uniprot protein database (20,329 sequences; 

European Bioinformatics Institute, Swiss Institute of Bioinformatics and Protein Information 

Resource). The search parameters were as follows: (i) one missed tryptic cleavage site was 

allowed; (ii) precursor ion mass tolerance,10 ppm; (iii) fragment ion mass tolerance,0.8 

Da; and (iv) variable protein modifications were allowed for methionine oxidation, cysteine 

acrylamide derivatization, and protein N-terminal acetylation. MudPit scoring was typically 

applied using significance threshold score p < 0.01. Decoy database search was always 

activated and, in general, for merged LS-MS/MS analysis of a gel lane with p < 0.01, the 

false discovery rate averaged around 1%. Scaffold (Proteome Software Inc., Portland, OR, 

USA, version 4.4.3) was used to further validate and cross-tabulate MS/MS-based peptide 

and protein identifications. The two search engine results were combined and displayed at 

1% FDR. Protein and peptide probability were assigned by the Protein Prophet algorithm 36 

was set at 95% with a minimum peptide requirement of 1.

In vitro NHEJ plasmid assay

Cell-free nuclear extracts from 293T cells for NHEJ assay were prepared as described 21, 

31. Briefly, 48 h after transfection, nuclear extracts from 2 × 107 cells were purified with an 

NE-PER protein extraction kit (Thermo). The nuclear pellet was then resuspended in two 

volumes of nuclear extraction buffer (20 mM Tris–HCl pH 7.6, 1 mM DTT, 2 mM EDTA, 

20% glycerol, 500 mM NaCl, and protease inhibitors) and incubated for 30 min on ice. 

Nuclear extracts were then clarified for 30 min at 40,000g and dialyzed overnight against 

dialysis buffer D (20 mM Tris–HCl pH 7.6, 1 mM EDTA, 1 mM DTT, 20% glycerol, 25 

mM NaCl, and 0.2 mM PMSF). The end-joining reaction was performed in a final volume 
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of 30μl by incubation of 50ng of Sal I-digested pBS-SK(−) plasmid with 1μg or 5μg of 

nuclear extract for 1h at 37°C in buffer E (50 mM Tris–HCl pH 7.6, 5 mM MgCl2, 1 

mM ATP, 1 mM DTT, 50 μM dNTP, 80 mM NaCl, and protease inhibitors). The reaction 

was stopped by RNAse treatment (0.25 μg/μl of RNAse for 10 min at 37°C) followed by 

proteinase K treatment (0.5% SDS, 50 mM EDTA, and 1 μg/μl of proteinase K at 37°C 

for 1h). DNA was purified by phenol and chloroform extraction and recovered by ethanol 

precipitation. Linear plasmids and multiple ligated linear plasmids were quantified by Sal 
I-cleaved site-specific (604–740 bp) and non-cleaved site (1,500–1,650 bp) TaqMan probes 

(Invitrogen) (Supplementary table 4B), using an iCycler Real-Time PCR Detection System.

Ubiquitin-AMC assay

All procedures were performed as described previously 5. Wild-type and mutant Bap1-

flag proteins were immunopurified with anti-Flag beads (30 μl) and eluted with four 

washes (50 μl/each) of NP-40 buffer containing 2 mM DTT, 5% glycerol, and 0.5 mg 

of three-Flag peptide/ml. To assess the UCH activity, the fluorogenic substrate 7-amido-4-

methylcoumarin-derivatized ubiquitin (ubiquitin-AMC; Boston Biochem) was diluted to a 

final concentration of 340 nM in 190 μl of the assay buffer (50 mM HEPES [pH 7.5], 0.5 

mM EDTA, and 1 mM DTT). Samples were incubated for 2 h at room temperature and 

levels of hydrolyzed AMC were measured by excitation at 380 nm and emission at 460 nm. 

UCH-L3 (400 μg; Boston Biochem) was used as a positive control and 10 μl of BAP1-Flag 

elution was used in each assay. All samples were tested in triplicate.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: Comet assay analysis for genomic instability caused by genomic alteration of BAP1.
(A) H-Meso cells were transfected with siBAP1 and negative-control siRNA (siCTR). DNA 

damage were detected by COMET assay, 48h after transfection of siRNA. Representative 

images were shown. The plot shows the mean tail length of 50 comets +/− SD. Tails of 300–

500 μm length, related to the number of DSBs, were counted for each sample (*p < 0.05). 

(B) The location of sgRNAs targeting the ubiquitin C-terminal hydrolase (UCH) domain 

(sgRNA#1, #2 and #3), the helical bimodular (HBM) domain (sgRNA#4 and #5), near serine 

395 site (sgRNA#6) and the nuclear localization signal (NLS) domain (sgRNA#7) are shown 
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on the schematic diagram of human BAP1. (C) Visualization of DSBs by the comet assay 

in MeT-5A cells. MeT-5A cells were transected with each sgRNA.EFS.tRFP expression 

lentiviral vectors followed by the transfection of spCas9-Puro expression lentiviral vectors. 

The dots or squares shows mean tail length of 50 to 400 comets ± SE. *P < 0.05 and ** P 

< 0.01. (D) Protein expression of BAP1, DNA-PKCs, Rad5, γH2AX, cleaved Caspase3 and 

beta-Actin in Met5A cells with or without irradiation. The lane numbers correspond to the 

number of the sgRNAs targeting the BAP1 domains.
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Figure 2: Analysis of BAP1 interacting proteins by Interactional Total Peptide (ITOP) analysis.
(A) Procedure of ITOP analysis. (B) The top gene sets related to DNA repair upregulated in 

BAP1-WT transfected 293T and H-Meso cells, compared to parental cells are displayed. 

Listed genes are from peptide sequences detected by LC/MS of immunoprecipitated 

samples. (C) The schemas of deletion mutants of BAP1. Putative DNA-PKcs binding site is 

shown as red bar. (D) 293T cells were transfected with the indicated expression plasmids or 

parental 3xFlag vector. Co-IP assay was performed using anti-DNA-PKcs antibody and Flag 

antibody. 10% of total cell extract was preserved for input. SDS-Page was used to denature 

Sato et al. Page 17

Oncogene. Author manuscript; available in PMC 2024 October 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



the proteins and separate them with respect to the size of immunopurified samples. Each 

protein was detected by Western blot assay.
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Figure 3: Analysis of phosphorylation sites on BAP1.
(A) Each phosphorylation site detected by LC-MS is shown by the amino acid symbols. 

The presence of phosphorylation sites was observed between threonine 273 and serine 597. 

Two kinds of protease were used to perform a more detailed mapping of phosphorylation 

sites, especially in the UCH domain, but no phosphorylation was detected in the first 240 

amino acid residues. (B) Phosphorylation of Flag-tagged BAP1 was detected in H-Meso 

cells by WB analysis using Phos-Tag SDS gel. (C) Detection of phosphoBAP1S395. One 

hour after the treatment with NCS or control, cell lysates from H-Meso cells that expressed 
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Flag-BAP1wt, Flag-BAP1C91W, and Flag as negative control were subjected to western 

blot analysis. (D) Immunofluorescent staining study of phosphoBAP1S395. H-Meso cells 

expressing GFP-fused BAP1 WT or BAP1 C91W were used in this study. Red: Green: Blue 

= phosphoBAP1S395: H2AX: DAPI
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Figure 4: BAP1 protein expression in the (a-h) mesothelium cell MeT-5A and (i- p) DPM cell line 
H-Meso.
(A) The localization of BAP1 in the DPM cell line H-Meso was examined by 

immunofluorescence. (Red: Green: Blue = BAP1: DNA-PKcs: DAPI) (a, b, c, d, i, j, 

k, l) normal conditions, (e, f, g, h, m, n, o, p) 1hr after X ray Irradiation (10Gy). (B) 

The time-course of BAP1 localization in the DPM cell line H-Meso was examined by 

immunofluorescence. (C) Ub AMC assay. Flag-fused BAP1 plasmid and parental 3xFlag 

vector were transfected into H-Meso cells. (*p < 0.05).
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Figure 5: Relationship between BAP1 and DNA-PK.
(A) Flag-fused BAP1-WT and mutated BAP1 were transfected into 293T cells. IP was 

performed 24 h after DNA damage by X-ray. (B) Western blot analysis of H-Meso cells. 

Whole cell lysate was collected 24 and 48 h after DNA damage by X-ray. Five micrograms 

of total protein were loaded into each well. (C) Flag-fused BAP1-wt and mutated BAP1 

were transfected into 293T cells. IP was performed 24 h after DNA damage by X-ray. (D) 

Plasmid-based NHEJ assays were performed using 293T cells (*P < 0.05, **P < 0.01). NC: 

negative control.
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Figure 6: Therapeutic potential of targeting latent genomic instability induced by BAP1 loss in 
DPM.
(A) Effect of BAP1 shRNA knockdown on the growth of H-Meso cells was examined in 

cells treated with Gemcitabine with or without X-irradiation (10 Gy) for 96 h prior to 

determination of cell viability. Alamar blue assay was performed to estimate cell viability. 

(B) Model for targeting genomic instability in DPM (Lt, normal cell, Rt, abnormal cell 

with BAP1 mutation). DSB: Double strand break, HR: homologous recombination, NHEJ: 

non-homologous end joining, GM: Gemcitabine
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