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BAP1 promotes the repair of UV-induced DNA damage via
PARP1-mediated recruitment to damage sites and control
of activity and stability
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BRCAT1-associated protein-1 (BAP1) is a ubiquitin C-terminal hydrolase domain-containing deubiquitinase with tumor suppressor
activity. The gene encoding BAP1 is mutated in various human cancers, with particularly high frequency in kidney and skin cancers,
and BAP1 is involved in many cancer-related cellular functions, such as DNA repair and genome stability. Although BAP1 stimulates
DNA double-strand break repair, whether it functions in nucleotide excision repair (NER) is unknown. Here, we show that BAP1
promotes the repair of ultraviolet (UV)-induced DNA damage via its deubiquitination activity in various cell types, including primary
melanocytes. Poly(ADP-ribose) polymerase 1 (PARP1) interacts with and recruits BAP1 to damage sites, with BAP1 recruitment
peaking after the DDB2 and XPC damage sensors. BAP1 recruitment also requires histone H2A monoubiquitinated at Lys119, which
accumulates at damage sites. PARP1 transiently poly(ADP-ribosyl)ates (PARylates) BAP1 at multiple sites after UV damage and
stimulates the deubiquitination activity of BAP1 both intrinsically and via PARylation. PARP1 also promotes BAP1 stability via
crosstalk between PARylation and ubiquitination. Many PARylation sites in BAP1 are mutated in various human cancers, among
which the glutamic acid (Glu) residue at position 31, with particularly frequent mutation in kidney cancer, plays a critical role in
BAP1 stabilization and promotes UV-induced DNA damage repair. Glu31 also participates in reducing the viability of kidney cancer
cells. This study therefore reveals that BAP1 functions in the NER pathway and that PARP1 plays a role as a novel factor that
regulates BAP1 enzymatic activity, protein stability, and recruitment to damage sites. This activity of BAP1 in NER, along with its

cancer cell viability-reducing activity, may account for its tumor suppressor function.
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INTRODUCTION
The mammalian nucleotide excision repair (NER) pathway repairs
structurally unrelated bulky DNA lesions, including ultraviolet (UV)
radiation-induced cyclobutane-pyrimidine dimers (CPDs). Global
genome NER (GG-NER) is a dominant subpathway of NER that
detects and eliminates bulky damages in the entire genome. The
repair process involves a series of steps for damage recognition,
removal of the damaged DNA by a double incision, synthesis of
new stretches of nucleotides and, finally, DNA ligation. DNA
damage-binding protein 1 (DDB1)/DDB2 complex and xeroderma
pigmentosum group C-complementing protein (XPC) play crucial
role in recognizing damages during GG-NER [1-3].
Poly(ADP-ribose) polymerase 1 (PARP1), the dominant and
founding member of PARP family, chemically attaches ADP-ribose
groups to target proteins by using nicotinamide adenine dinucleo-
tide (NAD") as an ADP-ribose donor, resulting in the formation of

negatively charged linear or branched polymeric chains termed
poly(ADP-ribose) (PAR) chains on the target proteins [4, 5]. PARP1
plays important role in NER and other types of DNA repair, such as
double-strand break (DSB) repair. Upon induction of DNA damage,
PARP1 rapidly localizes at damage sites through its DNA binding
ability, leading to PARylation of itself (auto-PARylation) and of
multiple other targets, which promotes recruitment of repair
proteins to damage sites [3, 6, 7]. PARP1 has been documented to
play role in recruitment of DDB1/2 and XPC to damage sites to
stimulate DNA repair during GG-NER [8-11].

BRCA1-associated protein-1 (BAP1) is a ubiquitin C-terminal
hydrolase (UCH) domain-containing deubiquitinase (DUB) with
tumor suppressor activity [12-15]. Inactivating mutations in BAP1
are found in diverse human cancers, including mesothelioma,
uveal melanoma, cutaneous melanoma, and renal cell carcinoma
(RCC) [16-21]. All carriers of inherited heterozygous BAPI-
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inactivating mutations develop at least one and often multiple
cancers during their lifetimes (called BAP1 cancer syndrome), and
acquired biallelic BAPT mutations are common in human cancers
22]. Gene targeting studies with mice support tumor
suppressor function of BAP1 [23-26]. Consistent with its tumor
suppressor activity, BAP1 has functions in many cancer-associated

[13, 21,
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cellular processes, such as cell cycle control [27-29], cell death
[30], the DNA damage response (DDR) [31, 32], DNA replication
[33-35], and genome stability [15, 31, 34, 36]. Studies have shown
that BAP1 is recruited to DSBs and promotes DNA repair [31, 37].
However, whether BAP1 functions in other types of DNA repair,
such as NER, remains unknown.

Cell Death & Differentiation (2022) 29:2381-2398
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Fig. 1 BAP1 is recruited to UV damage sites and promotes DNA repair. A siRNA knockdown of BAP1 in 293T cells. B Colony formation assay
showing that 293T cells become hypersensmve to UV irradiation upon BAP1 knockdown. n=3; error bars, mean +s.d. C Immunoblots
showing the expression of siRNA-resistant (%) versions of wild-type or C91S-mutant Flag-BAP1 in BAP1-depleted 293T cells. H2A-Ub was
analyzed as a means to monitor BAP1 activity. D BAP1 knockdown reduces CPD repair in 293T cells. After transfection as described in C, cells
were irradiated with UV light (25J/m? and fixed immediately (1min) or after 7h (for CPD) or 2h of recovery (for 6-4PP) for
immunofluorescence microscopy. Representative confocal images (top) and the graph of the average CPD and 6-4PP intensities are shown
(bottom). n=3; error bars, mean +s.d. Scale bar, 10 um. E siRNA knockdown of BAP1 in HEMa cells (three independent experiments).
F Representative results showing the effects of BAP1 knockdown on CPD repair after UV irradiation (10 J/m?) in HEMa cells. Scale bar, 20 pm.

G (Left) The CPD staining intensity values under each experimental condition as described in F were pooled from three independent
experiments and shown as a scatter plot. Cell counts: 890, 845, 811, and 817 (in the same order as presented in the graph). (Right) Percentages
of the average CPD staining |nten5|t¥ per experimental condition are shown as a bar graph. n = 3; error bars, mean * s.d. H (Left) U20S cells
were irradiated with UV light (25 J/m~) and harvested at various time points, and the chromatin binding of BAP1, DDB2 and XPC was analyzed
by cell fractionation. A representative result is shown. (Right) The intensities of the indicated protein bands were quantitated by densitometry
and depicted graphically by setting the value for the first lane of each protein to 1. n = 3; error bars, mean + s.d. The response of XPC to UV
irradiation was qualltatlvely evaluated by the production of the modified protein. I-K Results of the micropore assay. U20S cells were exposed
to UV irradiation (25 J/m?) through a micropore filter and fixed at various time points for immunostaining for CPD along with BAP1 (I, cell
counts: 158-246), DDB2 (J, cell counts: 67-130) or XPC (K, cell counts: 29-153). The data are shown as a scatter plot on the right. The lines
indicate the mean + s.d. values. Representative confocal images are shown for one time point only and the images for all time points are
shown in Supplementary Fig. 1D-F. Scale bar, 20 um. L Results of a micropore assay S|m|Iar to that described in (I) showing BAP1 foci
formation in irradiated HEMa cells. Cells were fixed immediately after UV irradiation (25 J/m?). Scale bar, 20 pm. M Knockdown of Ring1A/B in
U20S cells by cotransfection with siRNAs specific for Ring1A or Ring1B. N Results of a micropore assay with the cells in M, showing the effects
of Ring1A/B knockdown on the formation of H2A-Ub (cell counts: 138-197) and BAP1 foci (cell counts: 154-193) 4h and 1h after UV
irradiation (25 J/m?), respectively. Scale bar, 20 um. O siRNA knockdown of BAP1, Ring1A/B, or both in 293T cells. H2A-Ub was also analyzed to
monitor the knockdown effects. P Results of a CPD repair assay with the cells in O. The data were processed as in G. Cell counts for the scatter

zlot: 591, 560, 459, 551, 518, 526, 545, and 511 (in the same order as presented in the graph). n = 3; error bars, mean + s.d.

In this study, we showed that BAP1 promotes the repair of UV-
induced DNA damage via its DUB activity and that PARP1 interacts
with and recruits BAP1 to damage sites and stimulates BAP1
activity intrinsically and via PARylation. We also showed that many
PARylation sites in BAP1 are mutated in multiple human cancers,
and one site is involved in BAP1 stability and DNA repair activity as
well as in cancer cell viability.

RESULTS

BAP1 promotes the repair of UV-induced DNA damage

We set out to investigate whether BAP1 functions in the repair of
UV-induced DNA damage. BAP1 depletion rendered 293T cells
hypersensitive to UV-C light (254 nm, hereafter denoted UV)
(Fig. 1A, B), and greatly compromised the repair of CPD with little
effect on the repair of 6-4PP (Fig. 1C, D). Notably, complementa-
tion by BAP1 but not the C91S catalytic mutant rescued the defect
in CPD repair in BAP1-depleted cells (Fig. 1C, D). BAP1 depletion
reduced CPD repair in primary melanocytes (Fig. 1E-G and
Supplementary Fig. 1A) and clear cell renal cell carcinoma (ccRCC)
cells (see Fig. 8 below). BAP1 bound chromatin after UV irradiation
(Supplementary Fig. 1B), which increased transiently peaking at 30
and 60 min (Fig. TH and Supplementary Fig. 1C). The UV-induced
chromatin binding of BAP1 was modest and slower than that of
DDB2, which exhibited a robust and rapid response to UV
irradiation, as reported (Fig. 1H) [10]. Posttranslational modifica-
tions of XPC were detected in the chromatin fractions after UV
irradiation, as previously shown [8] (Fig. 1H). BAP1 formed clear
foci overlapping with CPD immediately after UV irradiation in
U20S cells; the intensity of the foci peaked at 30 and 60 min,
remaining significant until the CPD signals disappeared (Fig. 11
and Supplementary Fig. 1D). In contrast, DDB2 and XPC foci
formed only immediately after UV irradiation (Fig. 1J, K and
Supplementary Fig. 1E, F). BAP1 foci overlapping CPD were also
detected in UV-irradiated primary melanocytes (Fig. 1L). BAP1
depletion did not significantly affect the chromatin binding of
DDB2 and modified XPC (Supplementary Fig. 1G) or the formation
of DDB2 and XPC foci after UV irradiation (Supplementary
Fig. TH-J). These results collectively suggest that BAP1 directly
promotes CPD repair via its DUB activity, which is cell type-
independent, probably by participating in the entire repair
process, but is unlikely to function in damage recognition.

Cell Death & Differentiation (2022) 29:2381 - 2398

Histone H2A monoubiquitinated at Lys119 (H2A-Ub-K119,
hereafter denoted H2A-Ub) functions in NER'. H2A-Ub formed
clear foci overlapping with CPD immediately after UV irradiation,
peaking at 4 h (Supplementary Fig. 1K). Depletion of Ring1A and
Ring1B, the major E3 ligases for H2A, greatly reduced both H2A-
Ub foci and BAP1 foci (Fig. 1M, N). Ring1A/B depletion reduced
CPD repair to the similar extent as BAP1 depletion and this repair
defect was not further exacerbated by depletion of both Ring1A/B
and BAP1 (Fig. 10, P). These results suggest that H2A-Ub promotes
CPD repair via BAP1 recruitment to damage sites.

BAP1 interacts with PARP1 in response to UV damage

Next, we sought to identify the cellular proteins that interact with
BAP1 in a UV damage-dependent manner. Immunoprecipitation
(IP) from Flag-BAP1-expressing 293T cells showed that, among
numerous proteins that coprecipitated with Flag-BAP1, one
distinct protein band increased in intensity after UV irradiation
(Fig. 2A). This UV-induced protein was identified as PARP1 by MS
analysis (Fig. 2B and Supplementary Fig. 2A, B). The interaction
between BAP1 and PARP1 and its induction by UV irradiation
were confirmed by reciprocal co-IP for the epitope-tagged
(Fig. 2C, D) and endogenous proteins (Fig. 2E, F). The interaction
between BAP1 and PARP1 was direct, as assessed by in vitro
pulldown assays (Fig. 2G). Protein mapping with a set of deletion
mutants showed that the DBD is critical for PARP1 to interact with
BAP1 (Fig. 2H, I). While the HBM-containing central region of BAP1
is important for its interaction with PARP1 (Fig. 2J, K), the mutant
BAP1 lacking this region (UCH-CTD) still interacts with PARP1 and
this interaction does not increase after UV irradiation (Fig. 2J, L,
and Supplementary Fig. 2C, D). Therefore, it appears that BAP1
interacts with PARP1 using multiple domains and the integrity of
the whole protein is important for the UV-induced interaction
with PARP1.

Interestingly, the interaction between BAP1 and PARP1
increased after treatment with ionizing radiation, etoposide and
hydroxyurea (Supplementary Fig. 2E, F), which may be function-
ally meaningful in DSB repair and replication stress recovery.
BAP1 phosphorylation at Ser592, important for the repair of DSBs
and UV damage [31, 32, 37], is not important for its interaction
with PARP1 since removal of phosphate groups from BAP1
by phosphatases (Supplementary Fig. 2G) or mutation of
Ser592 to a nonphosphorylatable or phosphomimetic amino
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acid residue (Supplementary Fig. 2H) had no effect on its
interaction with PARP1.

PARP1 PARylates BAP1 in response to UV damage

To determine whether PARP1 PARylates BAP1, we performed an
in vivo PARylation assay. PARylation of Flag-BAP1, manifested by a
mobility shift and detection with an anti-PAR antibody, occurred

SPRINGER NATURE

in untreated cells, increasing transiently and peaking 30 min after
UV irradiation (Fig. 3A) in a manner dependent on the UV dose
(Fig. 3B). PARP1 depletion or treatment with PARP inhibitors
(PARPis), such as E7449 and olaparib, abolished BAP1 PARylation
under both untreated and UV-treated conditions (Fig. 3C, D),
indicating that PARP1 is responsible for BAP1 PARylation. Flag-
BAP1 and Myc-PARP1 (Flag-PARP1 also) immunoprecipitates did

Cell Death & Differentiation (2022) 29:2381-2398
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Fig.2 BAP1 interacts with PARP1 in response to UV damage A Silver-stained gel of the immunoprecipitated samples from untreated and
UV-treated 293T cells expressing Flag-BAP1 (1 h after 50 J/m? irradiation). The protein bands marked as PARP1 were excised and subjected to
MS analysis. B Sequences of the peptides matching PARP1 in MS analysis. Results of reciprocal co-IP for the interaction between BAP1 and
PARP1 before and after UV treatment (50 J/m?) in 293T cells expressing Myc-BAP1 and Flag-PARP1 (C) and in cells expressing Flag-BAP1 and
Myc-PARP1 (D) E, F Results of reciprocal co-IP for the interaction between endogenous BAP1 and PARP1 before and after UV treatment (1 h
after 50 J/m? irradiation). G In vitro pulldown assay using purified recombinant His-BAP1 and PARP1. H Schematic diagram of Myc-PARP1
mutants lacking protein domains in various combinations. PARP1 has three main functional domains: the N-terminal DNA binding domain
(DBD) comprising three zinc fingers, the central automodification domain containing a BRCA1 C-terminal (BRCT) motif, and the C-terminal
catalytic domain consisting of the tryptophan-glycine-arginine (WGR) domain, a helical domain (HD) and the ADP-ribosyltransferase (ART)
domain. | Mapping results from co-IP for the interactions between Flag-BAP1 and Myc-PARP1 deletion mutants in untreated and UV-treated
293T cells (1 h after 50 J/m? irradiation). A representative of four independent experiments with similar results is shown. The coprecipitated
full-length (FL) and mutant Myc-PARP1 proteins are indicated by tilted arrows. J Schematic diagram of the Flag-BAP1 deletion mutants. UCH
ubiquitin C-terminal hydrolase domain, HBM HCF-1 blndmg motif, CTD C-terminal domain. K, L Mapping results from co-IP for the interactions
between Flag-BAP1 deletion mutants and Myc-PARP1 in untreated and UV-treated 293T cells (1 h after 50 J/m? irradiation). A representative of
three (K) and two independent experiments (L) with similar results is shown. The precipitated FL and mutant Flag-BAP1 proteins are indicated

?, tilted arrows. The star indicates a degraded form of UCH (K) and UCH-CTD (L).

not contain PARP1 and BAP1, respectively (Fig. 3E), excluding the
possibility that the PAR signals in the Flag-BAP1 immunoprecipi-
tates were produced by associated auto-PARylated PARP1. We
confirmed PARylation of endogenous BAP1 and its increase after
UV damage by reciprocal co-IP (Fig. 3F, G). Interestingly, the
interaction between BAP1 and PARP1 transiently increased after
UV irradiation, peaking at 30min and 6h (Fig. 3H and
Supplementary Fig. 3B), however, BAP1 PARylation peaked only
at 30 min (Fig. 3I). PARPi treatment did not affect the interaction
between BAP1 and PARP1 (Fig. 3J). Therefore, the interaction
between BAP1 and PARP1 is independent of PARylation and does
not necessarily lead to BAP1 PARylation.

Contrary to our expectations that PARP1 overexpression would
increase BAP1 PARylation, ectopic expression of Myc-PARP1
instead decreased BAP1 PARylation regardless of UV exposure
(Supplementary Fig. 3A). Increasing expression of Myc-PARP1
resulted in a dose-dependent decrease in total protein PARylation,
including that of BAP1 (Supplementary Fig. 3C). Excessive PARP1
might have disrupted the cellular homeostasis of protein
PARylation activity.

PARP1 recruits BAP1 to UV damage sites to stimulate DNA
repair

Given that PARP1 recruits many DDR proteins to UV damage
sites’, we investigated whether it also functions in BAP1
recruitment. Both PARP1 depletion (Fig. 4A, B and Supplemen-
tary Fig. 4A) and PARPi treatment reduced BAP1 chromatin
binding and BAP1 colocalization with CPDs after UV irradiation
(Fig. 4C, D and Supplementary Fig. 4B, C). Similar effects of
PARP1 depletion and PARPi treatment were observed for
transfected GFP-BAP1 (Supplementary Fig. 4D, E). These results
suggest that PARP1 recruits BAP1 to UV damage sites and that
PARP1 activity is important for this process. GFP-PARP1
accumulated at damage sites faster than GFP-BAP1, as shown
by live-cell microscopy combined with laser microirradiation
(UV-A, 405 nm) (Supplementary Fig. 4F, G), consistent with the
report that BAP1 accumulation at sites of laser-induced DNA
damage is dependent on PARP1 [37]. Although the laser
generates DNA breaks in addition to CPDs and the recruitment
kinetics may thus differ [38], these results support the role of
PARP1 in BAP1 recruitment to UV damage sites.

ATM kinase is recruited to damage sites for NER [39, 40]. ATM
inhibitor (ATMi) treatment reduced BAP1 chromatin binding
(Fig. 4C and Supplementary Fig. 4B) and BAP1 colocalization with
CPDs after UV irradiation (Fig. 4D and Supplementary Fig. 4Q).
Simultaneous treatment with a PARPi and an ATMi did not
produce a combined effect on BAP1 recruitment to damage sites
(Fig. 4D). While a PARPi or ATMi alone inhibited CPD repair,
combination treatment did not enhance the inhibitory effects of
the individual drugs (Fig. 4E). Thus, it appears that ATM plays a
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role in BAP1-mediated CPD repair, likely via the same pathway
as PARP1.

Although BAP1 depletion and PARP1 depletion impaired CPD
repair to similar degrees, combined depletion of BAP1 and PARP1
did not reduce CPD repair beyond the levels achieved by
depletion of either alone (Fig. 4F, G). Importantly, the UCH-CTD-
mutant BAP1, which lacks a UV-induced PARP1 binding activity,
did not rescue the defect in CPD repair in BAP1-depleted cells
(Fig. 4H, 1). These results, in keeping with the activity of PARP1 in
recruiting BAP1 to damage sites, suggest that BAP1 functions in
CPD repair as a major target of PARP1.

PARP1 PARylates BAP1 at multiple sites in vitro

To characterize BAP1 PARylation in depth, we performed an
in vitro PARylation assay using purified recombinant proteins
(Supplementary Fig. 5A). As expected, PARP1 alone underwent
auto-PARylation dependent of NAD™ (Fig. 5A, lanes 1 and 2).
Notably, coincubation of PARP1 and BAP1 resulted in a mobility
shift of BAP1 to a slowly migrating species, which was detected by
the anti-PAR antibody, indicating that the shifted species was
PARylated BAP1. BAP1 PARylation was specific as it occurred
dependent of NAD' and activated DNA (Fig. 5A, lanes 3 and 4;
Supplementary Fig. 5B) and increased proportionally with reaction
time (Fig. 5B). PARP1 PARylated BAP1-C91S as efficiently as BAP1
(Supplementary Fig. 5B). Thus, PARP1 PARylates BAP1 directly and
the DUB activity of BAP1 is not necessary for its PARylation.
Notably, auto-PARylated PARP1 did not readily enter the resolving
gel and was barely detected on the gel after the extended
PARylation reaction (Fig. 5B and Supplementary Fig. 5B, ), likely
due to both its greatly increased molecular weight and possible
insoluble aggregation.

To identify the PARylation sites in BAP1, we treated the BAP1
PARylation reactions (Supplementary Fig. 5D) with hydroxylamine
(NH,0H), which cleaves the ester bond between the first ADP-
ribose unit of PAR and the side-chain carboxyl group of an Asp or
Glu residue [41]. We then digested the proteins with trypsin and
used LC-MS/MS to detect trypsinized peptides containing a
hydroxamic acid derivative of Asp or Glu residues that weighed
15.0105 Da more than the corresponding unmodified peptides.
We identified eight unambiguous and 29 ambiguous sites of ADP-
ribosylation in BAP1, among which 24 were on Asp residues and
13 on Glu residues (Fig. 5C, D and Supplementary Fig. 5E). Most
ADP-ribosylation sites (29 of 37) were located in the central region
between the positions 240 and 635, whereas eight sites were
located in the termini of the UCH domain (Fig. 5C).

PARP1 regulates the catalytic activity of BAP1 both
intrinsically and via PARylation

To determine whether PARP1 affects BAP1, we performed an
in vitro PARylation-coupled DUB assay using Ub-AMC as a
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BAP1 substrate (Fig. 6A and Supplementary Fig. 6A). Incubation of
BAP1 with PARP1 in the presence of NAD" increased its DUB
activity, with this activity increasing proportionally with the
PARylation reaction time (Fig. 6B, C). As control, neither BAP1-
C91S nor PARP1 alone exhibited DUB activity (Fig. 6B). Interest-
ingly, PARP1 stimulated BAP1 activity in the absence of NAD™
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(Fig. 6D), which was enhanced by PARylation (Fig. 6E). These data
show that PARP1 stimulates BAP1 both intrinsically and via
PARylation. Then, we examined this PARP1 activity using a more
physiological substrate, H2A-Ub assembled into a nucleosome
(Fig. 6F and Supplementary Fig. 6B-E).
mediated PARylation almost completely abolished the BAP1
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Fig.3 PARP1 PARylates BAP1 in response to UV damage. A Results of the in vivo PARylation assay showing a transient increase in Flag-BAP1
PARylation after UV irradiation. B Results of the in vivo PARylation assay showing a dose-dependent increase in Flag-BAP1 PARylation
(harvested 30 min after UV irradiation). C After cotransfection with PARP1 siRNA and the Flag-BAP1 expression vector, cells were harvested 30
min after UV irradiation (25 J/m?) for an in vivo PARylation assay. D After transfection with Flag-BAP1, cells were treated with a PARPi (E7499 or
olaparib, each 10 pM) 30 min before UV irradiation and harvested 60 min later for an in vivo PARylation assay. E Results of the in vivo
PARylation assay showing that the PAR signals of Flag-BAP1 are not produced by associated auto-PARylated PARP1. F, G Results of the in vivo
reciprocal PARylation assay showing that endogenous BAP1 is PARylated and that this PARylation increases after UV irradiation. BAP1 (F) and
PARylated proteins (G) were immunoprecipitated with anti-BAP1 and anti-PAR antibodies, respectively, and the anti-BAP1 and anti-PAR
precipitates were analyzed by immunoblotting for PARylation and BAP1, respectively. H After transfection with Flag-BAP1, cells were
harvested at various time points up to 8 h after UV irradiation (25 J/m?) for co-IP to evaluate the interaction between Flag-BAP1 and PARP1.
The PARP1 band intensity was quantified by densitometry and depicted graphically by setting the value for the first lane to 1. n = 3; error bars,
mean = s.d. | Results of the in vivo PARylation assay showing that Flag-BAP1 PARylation had one peak at 30 min after UV irradiation during an
extended time course up to 8 h. J Results of co-IP showing that the interaction between Flag-BAP1 and PARP1 is independent of PARylation.
PARPi treatment and UV irradiation were performed as described in D. All experiments in this figure were performed using 293 T cells and a

25 J/m? dose of UV irradiation (except for those in B).

activity toward nucleosomal H2A-Ub (Fig. 6G, lane 5), even under
conditions permitting maximal BAP1 activity (Fig. 6H, lane 3), and
this inhibition increased proportionally with the BAP1 PARylation
reaction time (Fig. 6l, lanes 4-9). PARylation-dependent BAP1
inhibition still occurred when PARylation was terminated by PARPi
before incubation with H2A-Ub nucleosomes (Fig. 6J, lanes 4-7),
excluding the possibility that potential histone PARylation
restricted the access of BAP1 to nucleosomes. In similar reactions,
inclusion of excess amounts of ASXL1°®Y did not rescue
PARylation-dependent BAP1 inhibition (Fig. 6K, lane 7), indicating
that ASXL1°®Y was not the limiting factor. Therefore, we
concluded that PARylation specifically rendered BAP1 inactive
toward nucleosomal H2A-Ub.

It was intriguing that PARylation inhibits BAP1 activity toward
nucleosomal H2A-Ub while exerting a stimulatory effect on Ub-
AMC. We hypothesized that PARylation restricts the access of BAP1
to nucleosomes, a limitation not applicable to Ub-AMC. Unmodified
BAP1 bound to nucleosomes, which was not significantly enhanced
by ASXL1°® (Fig. 6L, lanes 2 and 6; Fig. 6M, lanes 2 and 3). Contrary
to our expectations, PARylated BAP1 bound strongly to H2A-Ub
nucleosomes regardless of the presence of ASXL1°EY, yet inhibiting
H2A deubiquitination (Fig. 6L, lanes 4 and 8). The robust
nucleosome binding of BAP1 was not due to histone PARylation,
because it still occurred when PARylation was terminated by PARPi
before incubation with nucleosomes (Fig. 6M, lane 6).

As observed for Ub-AMC, PARP1 intrinsically stimulated BAP1
activity toward nucleosomal H2A-Ub (Fig. 6G, lane 4; Fig. 6l, lane
3), with this activity increasing proportionally with PARP1
concentration (Fig. 6N). However, PARP1 did not stimulate
BAP1 in the absence of ASXL1PEY (Fig. 6L, lane 3), suggesting
that it does not play the same role as ASXL1°Y in stimulating
BAP1. PARPi treatment did not affect the PARP1 activity for
BAP1 stimulation (Fig. 60) and PARP1 did not significantly
increase BAP1 binding to H2A-Ub nucleosomes (Fig. 6L, lanes 3
and 7; Fig. 6M, lane 4), indicating that PARP1 does not activate
BAP1 via its catalytic activity or by increasing the BAP1’s affinity
for H2A-Ub nucleosomes.

The Glu31 PARylation site, frequently mutated in human
cancers, promotes BAP1 stability and CPD repair

Next, we investigated the cellular functions of the identified
BAP1 PARylation sites. Individual mutation of the eight
unambiguous sites to Ala (a non-PARylatable residue) did not
noticeably affect either basal or UV-induced PARylation (Supple-
mentary Fig. 7A), suggesting that none of these sites serves as a
major PARylation site. Many of BAP1 PARylation sites were
mutated in various cancers, among which Glu31 was the most
frequently altered, particularly in kidney cancer (Supplementary
Fig. 7B). Mutation of Glu31 along with Glu30 to Ala either
individually (E30A and E31A) or in combination (E30/31A) had no
apparent effects on basal and UV-induced PARylation, probably
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for the same reason mentioned above (Fig. 7A). Interestingly,
these BAP1 mutants exhibited very low protein levels with a
significantly shortened half-life, which were fully restored by
MG132 treatment (Fig. 7B, C), suggesting that their stability is
regulated by ubiquitin-mediated proteasomal degradation.
PARPi treatment increased BAP1 polyubiquitination (Fig. 7D)
and decreased BAP1 stability in both untreated and UV-treated
cells (Fig. 7E, F), suggesting that PARylation at E30/31 stabilizes
BAP1 by suppressing its ubiquitination possibly via signaling
crosstalk [42]. UV irradiation alone decreased the stability of
BAP1 via ubiquitin-mediated degradation (Supplementary
Fig. 7C). While exhibiting a low protein level and not rescuing
the CPD repair defect in BAP1-depleted cells, E31A was still
unable to rescue this defect even when expressed at a level
comparable to that of wild-type BAP1 (Fig. 7G, H). These results
suggest that Glu31 not only stabilizes BAP1 via PARylation-
induced suppression of its degradative ubiquitination but also
promotes CPD repair via BAP1 stabilization as well as other
mechanisms.

Glu31 participates in promoting CPD repair and reducing the
viability of ccRCC cells

Finally, we investigated the clinical significance of Glu31 in BAP1
in ccRCC, the cancer type with the highest frequency of
mutations at this site. A database search identified KMRC-20 as
the only cell line harboring a missense mutation at Glu31
(altered to Lys, E31K), which exhibited relatively low BAP1 level
among the six BAPT-expressing ccRCC cell lines analyzed
(Supplementary Fig. 8A). While reexpression of BAP1 in BAP1-
depleted KMRC-20 significantly reduced the cell viability, the
E31A mutant, exhibiting a low protein level, was defective in this
activity even at a level comparable to that of wild-type BAP1
(Fig. 8A, B). We observed similar results for the E31K mutant
(Supplementary Fig. 8B, C). BAP1 depletion compromised CPD
repair in KMRC-20, and E31A, even at a level comparable to that
of wild-type BAP1, did not fully rescue the repair defects after
BAP1 depletion (Fig. 8C, D). BAP1 and E31A showed apparently
similar levels of basal PARylation, which increased after UV
irradiation (Fig. 8E). Similar experiments in UMRC-6 cells, a ccRCC
cell line lacking BAP1 expression, showed that BAP1 reduced the
cell viability and Glu31 was important for this activity (Fig. 8F, G).
Interestingly, in UMRC-6 cells, BAP1 exhibited no activity in
promoting CPD repair (Fig. 8H-J), and its PARylation did not
significantly increase after UV irradiation (Fig. 8K), suggesting
that a BAP1-independent CPD repair pathway may have
evolved in this BAP1-null cell line. These results show that
Glu31 promotes BAP1 stability and CPD repair activity in ccRCC
cells—thus, these functions are cell type-independent—and that
it plays an important role in the BAP1-mediated reduction in
ccRCC cell viability, and this role appears to be independent of
its CPD repair activity.
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DISCUSSION transiently PARylates BAP1 at multiple sites after UV damage and

Here, we showed that BAP1 promotes the repair of UV-induced
DNA damage via its DUB activity. PARP1 interacts with and recruits
BAP1 to damage sites immediately after DNA damage, with BAP1
recruitment peaking after DDB2 and XPC. BAP1 recruitment also
requires H2A-Ub, which accumulates at damage sites. PARP1
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stimulates the DUB activity of BAP1 both intrinsically and via
PARylation. Many PARylation sites in BAP1 are altered in multiple
cancers, among which Glu31, with particularly frequent mutation
in ccRCC, plays a critical role in promoting BAP1 stability via
crosstalk between PARylation and ubiquitination for DNA repair
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Fig. 4 PARP1 recruits BAP1 to UV damage sites to promote DNA repair. A The effects of PARP1 knockdown on the chromatin binding of
BAP1 after UV irradiation (25 J/m?) were determined by cell fractionation using U20S cells. The chromatin binding of DDB2, XPC and PARP1
was also analyzed as a control. The intensity of the BAP1 band was quantitated by densitometry and depicted graphically by setting the value
for the control lane (—UV) to 1 for each condition. n = 3; error bars, mean * s.d. Images of more gels showing similar results are provided in
Supplementary Fig. 4A. B Results of the micropore assay showing that PARP1 knockdown reduces BAP1 foci after UV irradiation (25 J/m?) in
U20S cells. BAP1 foci were quantitated as described in Fig. 11. The intensity values for BAP1 foci under each condition were pooled from three
independent experiments and shown as a scatter plot. Cell counts: 596 and 627 (in the same order as presented in the graph). The
percentages of the average BAP1 intensity per each condition are shown as a bar graph n = 3; error bars, mean * s.d. Scale bar, 20 pm. C U20S
cells were treated with a PARPi (E7499 or olaparib, each 10 pM) or an ATMi (10 uM) 30 min before UV irradiation (25 J/m?) and harvested 60 min
later to evaluate the chromatin binding of BAP1 by cell fractionation. PARP1 was also analyzed for comparison. The intensity of the BAP1 band
was quantitated by densitometry and depicted graphically by setting the value for the control Iane (—UV) to 1. n=3; error bars, mean £ s.d.
D After treatment with E7499 or ATMi alone or in combination 30 min before UV irradiation (25 J/m?), U205 cells were harvested 60 min after
UV irradiation to analyze BAP1 foci by a micropore assay. BAP1 foci were quantitated and shown as a scatter plot and a bar graph as described
in B. Cell counts for the scatter plot: 808, 732, 789, and 760 (in the same order as presented in the graph). n = 3; error bars, mean + s.d. Scale
bar, 20 pm. E 293T cells were treated with inhibitors and irradiated with UV light as described in D, and the efficiency of CPD repair was
analyzed and quantitated as described in Fig. 1G. Cell counts: 647, 646, 619, 660, 560, 618, 735, and 667 (in the same order as presented in the
graph). n=3; error bars, mean = s.d. Scale bar, 10 pm. F Immunoblot analysns of 293T cells with BAP1 and/or PARP1 knockdown. G The
knockdown cells described in F were irradiated with UV light (25 J/m?) and analyzed for the efficiency of CPD repair. The percentages of
the CPD staining intensity for each condition are depicted graphically. n = 3; error bars, mean * s.d. Scale bar, 10 pm. H Immunoblots showing
the expression of FL or UCH-CTD-mutant Flag-BAP1 in BAP1-depleted 293T cells. Star, a degraded form of Flag-UCH-CTD; arrowhead,
nonspecific band. I Results of a CPD repair assay with the cells described in H. The data were processed as in E. Cell counts: 687, 539, 538, 654,

612, 559, 442, and 534 (in the same order as presented in the graph). n = 3; error bars, mean + s.d. Scale bar, 10 pm.

(Fig. 8L). This study therefore reveals that BAP1 functions in the
NER pathway and that PARP1 plays a role as a novel factor that
regulates BAP1 enzymatic activity, protein stability, and recruit-
ment to damage sites. Our work also showed that Glu31
participates in reducing the viability of ccRCC cells, likely reflecting
its tumor suppressor activity, seemingly via mechanisms indepen-
dent of DNA repair.

H2A-Ub stimulates the repair of UV-induced DNA damage, for
example, by inducing modulation of chromatin structure and the
assembly of repair proteins at DNA lesions [43-47]. Our data show
that H2A-Ub functions to recruit BAP1 to damage sites, providing
additional example for the role of H2A-Ub in repair protein
recruitment. This role of H2A-Ub may be inconsistent with the fact
that BAP1 requires its DUB activity to stimulate DNA repair. One
possible scenario would be that, after recruited to damage sites
via H2A-Ub, BAP1 could in turn target H2A-Ub and fine-tune its
levels to regulate damage-site recruitment of itself and DNA
repair. Chromatin remodelers, such as INO8O, are recruited to UV
damage sites to promote repair via their activity to modulate
chromatin structure [48, 49]. BAP1 interacts with and recruits
INO80 to replication forks for both normal DNA synthesis and
replication stress recovery [34, 35]. Therefore, after recruitment by
PARP1, BAP1 may in turn recruit INO80 to damage sites to
promote DNA repair.

Although our data showed that PARP1 recruits BAP1 to
damage sites, whether PARylation contributes to this process is
currently unclear. However, we predict that neither PARP1 auto-
PARylation nor PARP1-mediated BAP1 PARylation is important
for BAP1 recruitment, based on our results that the central
modification domain of PARP1 is dispensable for BAP1 binding
and that PARPi treatment has no effect on the interaction
between BAP1 and PARP1. In support of this hypothesis, BAP1
does not directly interact with PAR polymers in an in vitro
binding study [37]. Thus, PARP1 likely recruits BAP1 to DNA
damage sites by a direct protein-protein interaction rather than
via PAR-mediated protein binding.

Our results suggest that PARP1 promotes BAP1 stability via
crosstalk between PARylation and ubiquitination and that the
Glu30/31 PARylation sites play a critical role in this activity. The
PAR chains on Glu30/31 may block recruitment of E3 ligases to
BAP1 to prevent its proteasomal degradation. This finding
therefore adds BAP1 to the list of proteins whose stability is
controlled by crosstalk between PARylation and ubiquitination.
Interestingly, while the E31A mutant exhibits low stability, it is still
defective in promoting CPD repair even at a level comparable to
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that of wild-type BAP1, suggesting that PARylation at Glu31 plays
an additional role in CPD repair beyond protein stabilization. As
PARylation stimulates BAP1 activity, one possibility is that
PARylation of Glu31 mediates this effect.

Intriguingly, while PARP1 stimulates BAP1 activity toward Ub-
AMC and further enhances this activity by PARylation, it stimulates
BAP1 toward H2A-Ub nucleosomes and completely inhibits this
activity by PARylation, accompanied by strong BAP1 binding to
the nucleosomes. We propose that PARP1 stimulates BAP1 both
intrinsically and via PARylation, probably by allosterically affecting
the intrinsic activity of BAP1. Regarding the activity of PARylated
BAP1 toward nucleosomal H2A, an unproductive complex could
form with strong affinity, rendering H2A-Ub untargetable. Forma-
tion of this complex may be an artifact of the in vitro reaction or
could truly occur in vivo as a mechanism to inhibit H2A
deubiquitination. Alternatively, PARylation may stimulate BAP1
activity toward nucleosomal H2A with the assistance of additional
factors in vivo. Regardless of the mechanisms, these activities of
PARP1 toward BAP1 may reflect the complexity of their control
over CPD repair in the context of chromatin substrates.

The activity of BAP1 in maintaining genome stability can
account for its tumor suppressor function [14]. Since this activity of
BAP1 is attributed to its functions in DSB repair and DNA
replication under normal and stress conditions, our work revealing
the role of BAP1 in NER supports the proposed mechanism.
Although DNA repair activity of BAP1 has been suggested to
enable synthetic lethal approach using PARPis for the treatment of
cancers with BAP1 mutations, recent clinical studies showed that
PARP inhibition does not selectively target BAP1 deficient
mesothelioma [50-52]. Given that synthetic lethality relies on
the inhibition of pathways upon which DDR-deficient cancer cells
have become dependent for their survival, the intimate link of
BAP1 and PARP1 in DNA repair, functioning in the same pathway,
could be a potential reason for the poor clinical outcomes.
Therefore, alternative synthetic lethal strategies will be necessary
for the treatment of BAP1 deficient cancers, for example, targeting
PARP1-independent DDR pathways.

Recent studies suggested that the activity of BAP1 to regulate
cell death also accounts for its tumor suppressor function [53-56].
For example, fibroblasts derived from heterozygous BAPT muta-
tion carriers with BAP1 cancer syndrome accumulated more DNA
damage after UV exposure due to a reduced DNA repair ability
compared to wild-type fibroblasts. These mutant cells, however,
were resistant to apoptosis, resulting in increased cell survival after
DNA damage, suggesting that a decrease in the BAP1 level
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Fig. 5 PARP1 PARylates BAP1 at multiple sites in vitro. A PARP1 alone or in combination with His-BAP1 was incubated in the absence or

presence of NAD™, and the reactions were subjected to SDS-PAGE

and immunoblotting as indicated. PARylated BAP1 and auto-PARylated

PARP1 are indicated. Note that most auto-PARylated PARP1 disappeared because it did not enter the resolving gel (see also Supplementary
Fig. 5B, C). B BAP1 was incubated with PARP1 in the presence of NAD™, and the reactions were terminated at the indicated times before SDS-
PAGE and immunoblotting. C Summary of the PARylation sites in BAP1. BAP1 and PARP1 were incubated in the presence of NAD™, and the

reactions were subjected to LC-MS/MS analysis. The numbers in

bold indicate unambiguously identified PARylation sites, and those in

parentheses indicate ambiguous sites. D The MS/MS spectra of the PARylation site at Glu221 (E in red) are shown as a representative example.
The MS/MS spectra of all identified PARylation sites in BAP1 are summarized in Supplementary Material.

contributes to cellular transformation by leading to enhanced
DNA damage and reduced apoptosis [53]. Therefore, our finding
of the BAP1 activity for UV-induced DNA damage repair in primary
melanocytes can explain why melanomas and skin cancers—often
caused by UV radiation—are prevalent, although almost every
tumor type has been reported in carriers of germline BAPT
mutations.

MATERIALS AND METHODS

Cell culture

The HEK-293T (293T), U20S, UMRC-6, UMRC-3, HK-2, A704, 786-0 and Caki-
2 cell lines were purchased from ATCC (Manassas, VA). The KMRC-20
cell line (JCRB1071) was purchased from the JCRB Cell Bank (Japan).
293T, UMRC-6, UMRC-3, HK-2, A704 and KMRC-20 cells were cultured
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in Dulbecco’s modified Eagle’s medium supplemented with 10% fetal
bovine serum (FBS) (Gibco, Carlsbad, CA), 100 U/mL penicillin, and 100 pg/
mL streptomycin. U20S and Caki-2 cells were cultured in McCoy's 5A
medium supplemented with 10% FBS, 100 U/mL penicillin and 100 ug/mL
streptomycin. 786-O cells were cultured in RPMI 1640 medium supple-
mented with 10% FBS, 100 U/mL penicillin, and 100 pg/mL streptomycin.
Normal human primary epithelial melanocytes from adult donors (HEMa,
PCS-200-013) were purchased from ATCC and cultured according to the
vendor’s instructions in Dermal Cell Basal Medium (PCS-200-030)
supplemented with Adult Melanocyte Growth Kit components (PCS-200-
042) and 10 U/mL penicillin plus 10 pg/mL streptomycin. All cells were
maintained at 37 °C in a humidified incubator with 5% CO,. The cell lines
were authenticated with DNA fingerprinting using STR (short tandem
repeat) markers every 50 passages and were tested for the absence of
Mycoplasma contamination using the e-Myco VALID Mycoplasma PCR
Detection Kit (Intron Biotechnology).

Cell Death & Differentiation (2022) 29:2381-2398
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UV irradiation Antibodies

For induction of global UV damage, cells were washed with PBS and
exposed to the indicated doses of UV using a UV crosslinker (UVP, LC-
1000). For local UV irradiation in the micropore assay, cells were washed
with PBS and exposed to UV irradiation through an Isopore polycarbonate
filter (Millipore) with a pore size of 5 um.

Inhibitor treatment

E7449 (Selleckchem, S8419), olaparib (Selleckchem, S1060) and KU-55933
(MedChemExpress, HY-12016), all dissolved in DMSO, were added to
culture media at a final concentration of 10 M 30 min prior to UV
irradiation where applicable.
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The primary antibodies used in this work were as follows: anti-BAP1
(mouse 1gG, sc-28383; rabbit 1gG, sc-28236), anti-XPC (mouse IgG, sc-
74410), anti-PARP1 (sc-8007), anti-c-Myc (rabbit 1gG, sc-789), anti-a-
tubulin (sc-8035), anti-Ha (sc-7392) and anti-actin (sc-8432) purchased
from Santa Cruz; anti-Poly/Mono-ADP ribose (E6F6A) (rabbit I1gG, #83732)
and anti-phospho-BAP1-S592 (#9373) obtained from Cell Signaling
Technology; anti-Flag (F3165) obtained from Sigma; anti-c-Myc (mouse
IgG, SA-294) and anti-PAR (mouse IgG, ALX-804-220) obtained from
Enzo Life Sciences; anti-CPD (CAC-NM-DND-001) and anti-6-4PP
(CAC-NM-DND-002) obtained from Cosmo Bio; anti-H2A (07-146) and
anti-H2A-Ub (05-678) obtained from Millipore; anti-GAPDH (LF-PA0212)
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Fig. 6 PARP1 regulates the catalytic activity of BAP1 intrinsically and via PARylation. A Experimental scheme for the PARylation-coupled
Ub-AMC DUB assay. B PARylation reactions containing the components as indicated were incubated for 30 min at 30 °C and divided into two
equal parts, one of which was used to analyze BAP1 PARylation by immunoblotting (left) and the other used for an Ub-AMC DUB assay (right).
Note that wild-type BAP1 migrates slightly faster than BAP1-C91S on the gel because the former contains only a His tag, whereas the latter
contains both His and Flag tags. C The indicated PARylation reactions were incubated for various times at 30 °C and were then divided into
two equal parts and processed as described in B. D BAP1 was incubated alone or with increasing concentrations of PARP1 for 5 min at RT, and
the reaction was subjected to a Ub-AMC DUB assay. The reaction with only PARP1 was included as a control. E Results of the Ub-AMC DUB
assays of the indicated reactions. F Experimental scheme for the PARylation-coupled H2A-Ub nucleosome DUB assay and streptavidin
pulldown. G PARylation reactions were divided into two equal parts, one of which was used to analyze BAP1 PARylation as described in B. The
other half was further incubated with H2A-Ub nucleosomes and ASXL1°®Y for 30 min at RT and was then used to analyze H2A
deubiquitination by immunoblotting. H Results of the DUB assays with H2A-Ub nucleosomes for the indicated PARylation reactions. I Results
of the H2A-Ub nucleosome DUB assay showing that PARylation of BAP1 decreases its DUB activity with reaction time. J PARylation reactions
were performed as indicated, terminated by the addition of a PARPi and divided into two equal parts before being processed as described in
G. K PARylation-coupled H2A-Ub nucleosome DUB assay similar to that described in J showing that excessive ASXL1°®Y does not alleviate the
inhibition of H2A deubiquitination by PARylated BAP1. The numbers in the ASXL1PE row indicate the relative amounts of ASXL1P% added to
the reactions. L PARylation reactions were performed as indicated and divided into three parts. The first two parts were used to determine
BAP1 PARylation and H2A deubiquitination as described above. The third part was used for a streptavidin pulldown assay to analyze the
amount of BAP1 bound to H2A-Ub nucleosomes. M Experiments similar to those described in L showing that treatment of the PARylation
reactions with a PARPi before incubation with H2A-Ub nucleosomes and ASXL1°® has no effect on BAP1 binding to the nucleosomes.
N PARP1 itself stimulates BAP1 activity toward H2A-Ub nucleosomes. BAP1 was incubated with increasing concentrations of PARP1 in the
presence of H2A-Ub nucleosomes and ASXL1°%, and H2A deubiquitination was analyzed by immunobiotting. O Results of experiments
similar to those described in N showing that PARPi treatment has no effect on PARP1-mediated stimulation of BAP1 activity toward H2A-Ub

nucleosomes.

obtained from AbFrontier; and anti-DDB2 (rabbit IgG, 181136) obtained
from Abcam.

Transfection, siRNAs and plasmids

Transfections with plasmids and synthetic siRNAs were performed using
polyethylenimine (PEl) and Lipofectamine RNAIMAX (Invitrogen), respec-
tively. The siRNA sequences used were as follows: si-BAP1, 5'-cuc cau cag
acc aau cca auu-3; si-Ring1A, 5'-cug cau uca gaa cuc aug u(dTdT); si-
Ring1B, 5'-ccu agu aac aaa cgg acc a(dTdT); si-PARP1, 5'-gga ggg ucu gau
gau agc auu-3’; and si-control, 5'-ccu acg cca cca auu ucg uuu-3’. The
plasmid vectors expressing full-length and truncated Flag-BAP1, as well as
those expressing full-length Myc-BAP1, have been described previously
[34]. The expression vector for Flag-UCH-CTD was generated by a PCR-
based sequence deletion method in which the primers were placed
outside of the region to be deleted to obtain a linear sequence that was
ligated into a circular plasmid. The oligo sequences used were as follows:
5'-agc cca gtg gag aag gag gtc gtg gaa gcc ac, and 5'-ctt gat cct gcg gtc
ggg cac cac tgc cat ¢. The expression vectors for full-length and truncated
Myc-PARP1 (ABRCT, DBD-ART, DBD, and AHD/ART) were constructed by
cloning the corresponding sequences amplified by PCR from pQCXIH-
PARP1-Hisg/FLAG into the pcDNA3.1/Myc-His(-) vector and HD/ART into the
PCMV-Myc-NLS vector. The vectors expressing GFP-BAP1, BAP1-GFP and
PARP1-GFP were constructed by cloning the corresponding sequences into
PEGFP-C2, pcDNA3-EGFP, and pEGFP-N1, respectively. The bacterial
expression vectors for His-Flag-BAP1, His-Flag-BAP1-C91S and the DEUBAD
domain of ASXL1 (ASXL1°®Y; amino acid positions 238-390) were
constructed by cloning the corresponding PCR products into the EcoRI
and Sall sites in pET-21a. The vectors expressing siRNA-resistant Flag-BAP1
and Flag-BAP1-C91S, the vectors expressing Flag-BAP1-A592/D592/E529,
and the vectors expressing the series of non-PARylatable Flag-BAP1 mutants
(E9A, E30A, E31A, E30/31A, E221A, E269A, D362A, E534A, E566A, E600A, and
E605A) were constructed with a QuikChange Site-Directed Mutagenesis Kit
(Stratagene) with specific oligonucleotides. The lentiviral vectors expressing
Flag-BAP1 and Flag-BAP1-C91S were described previously [34]. The lentiviral
vector expressing Flag-BAP1-E31A was constructed by introducing the
mutation into the Flag-BAP1 lentiviral vector with the QuikChange Site-
Directed Mutagenesis Kit (Stratagene) with specific oligonucleotides. The
oligonucleotide sequences used for PCR and site-directed mutagenesis are
available upon request. All plasmid constructs and mutations generated in
this work were verified by sequencing.

Immunoprecipitation (IP)

Cells were lysed by incubation in NETN buffer (20 mM Tris-Cl (pH 8.0), 150
mM NacCl, T mM EDTA (pH 8.0), 0.5% NP-40, 0.5 mM PMSF, 10 mM NaF, and
protease inhibitor cocktail) on ice for 30 min followed by sonication using a
Cole-Parmer Ultrasonic Homogenizer (30% amplitude, three times, 10s
each). The lysates were clarified by centrifugation at 13,000 rpm for 10 min
at 4 °C and precleared by incubation with Protein G agarose (Millipore) for
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2 h at 4 °C. After centrifugation, the supernatants were incubated with anti-
Flag M2 Affinity Gel (Sigma) for IP of Flag-BAP1 or with the indicated
primary antibodies for IP of other proteins overnight at 4°C. For all
antibody incubations, protein G agarose was added and further incubated
for 4 h at 4 °C. The precipitated beads were intensively washed with NETN
buffer and boiled for 5 min in SDS sample loading buffer before SDS-PAGE
and immunoblot analysis.

Identification of BAP1-interacting proteins by mass
spectrometry (MS)

293T cells expressing Flag-BAP1 were mock-treated or irradiated with UV
light (50 J/m?) 1 h before harvesting. Cells were lysed in NETN buffer, and
the lysates were clarified by centrifugation at 13,000 rpm for 10 min at 4 °C.
The supernatants were incubated with anti-Flag M2 Affinity Gel overnight
at 4 °C. The beads were washed several times with NETN buffer, suspended
in SDS sample loading buffer, and boiled for 5min. Samples were
subjected to SDS-PAGE and visualized by silver staining. The band of
interest was excised and subjected to trypsin digestion and MALDI-TOF
analysis by essentially the same method described previously in the MS
core facility at Ewha Womans University [57].

Immunoblot (IB) analysis

Whole-cell lysates were prepared in RIPA buffer (50 mM Tris-Cl (pH 8.0),
150 mM NaCl, 0.5% sodium deoxycholate, 0.1% SDS, 1% NP-40, 0.5 mM
PMSF, 10mM NaF, and protease inhibitor cocktail), and protein
concentrations were determined by a BCA assay (Pierce). Protein samples
were mixed with SDS sample loading buffer and boiled for 5 min. SDS-
PAGE and immunoblot analysis were conducted according to standard
procedures. Histone extraction and immunoblot analysis were performed
as previously described [58]. Full-length original western blots for the
results are provided in Supplementary materials.

Cell fractionation

Cell fractionation was performed according to the procedures provided by
the Shah group [59]. Because we observed that UV-induced chromatin
association of BAP1 was more evident in the pellet than in the chromatin
extract and that DDB2 and XPC clearly exhibited UV-induced chromatin
binding in both the chromatin extract and the pellet (Supplementary
Fig. 1B), we used the pellet as the chromatin-bound fraction for BAP1 as
well as DDB2 and XPC for convenience. In brief, cells were lysed in Buffer A
for 7 min at 4°C and centrifuged at 1000 x g for 5 min at 4 °C. The pellet
was washed with Buffer A and suspended in Buffer B for 30 min at 4°C
before centrifugation at 16,000 x g for 30 min at 4 °C. The pellet was then
incubated in Buffer C containing benzonase (25 U/mL) for 40 min at RT,
and the reaction was stopped with 5mM EGTA and 5 mM EDTA before
centrifugation at 16,000 x g for 10 min. The pellet was suspended in SDS
sample loading buffer and boiled for 5 min.

Cell Death & Differentiation (2022) 29:2381-2398
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Colony formation assay

Colony formation assay was performed as previously described [60].
293T cells transfected with nontargeting or BAP1-specific siRNAs for 24 h
were seeded into 6-well plates (7 x 10% cells per well) in triplicate,
irradiated with the indicated doses of UV light, and incubated for 8 days.
Visible colonies of more than 50 cells were counted.

Cell Death & Differentiation (2022) 29:2381 - 2398

DNA repair assay

Cells were fixed on coverslips with 4% paraformaldehyde for 10 min and
permeabilized with 0.5% Triton X-100 in PBS for 10 min. After rinsing with
PBS, the cells were incubated in 2 M HCl for 30 min at room temperature
(RT) to denature DNA. After several washes with PBS, the cells were
blocked with 4% BSA in PBS and incubated with primary antibodies
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Fig. 7 The Glu31 PARylation site, frequently mutated in human cancers, promotes BAP1 stability and CPD repair. A Results of the in vivo
PARylation assay for the E30A, E31A and E30/31A mutants of Flag-BAP1 before and 30 min after UV irradiation (25J/m?) in 293T cells.
B 293T cells were transfected with the indicated expression vectors, treated with MG132 (10 pM) for 6 h, and harvested for immunoblotting.
C After transfection with the indicated vectors, 293T cells were treated with cycloheximide (CHX) and harvested at various time points for
immunoblotting. The last lane for each condition was cotreated with CHX and MG132 for 10 h. The intensities of the Flag-BAP1 bands were
quantitated by densitometry and depicted graphically by setting the value for the first lane of each condition to 1 after normalization to
tubulin. The half-life (T,,,) of Flag-BAP1 for each condition is shown. n=3; error bars, mean+s.d. D PARP inhibition increases BAP1
polyubiquitination. After cotransfection with Flag-BAP1 and Ha-Ub, 293T cells were pretreated with a PARPi and MG132 and irradiated with UV
light (25 J/m?) where indicated. Cell lysates were prepared after 30 min, and Flag-tagged proteins were immunoprecipitated and analyzed for
Ha-Ub and PAR by immunoblotting. The intensity of the polyubiquitinated Flag-BAP1 band was quantitated by densitometry and depicted
graphically by setting the value for the control lane (without PARPi or DMSO) to 1. E Results of CHX chase experiments similar to those
described in C to determine the effects of PARPi treatment on the stability of endogenous BAP1. Quantitation was performed as described in
C. n = 3; error bars, mean * s.d. F Results of CHX chase experiments similar to those described in C to determine the effects of PARPi treatment
on the stability of endogenous BAP1 after UV irradiation (50 J/m?). Quantitation was performed as described in C. n = 3; error bars, mean + s.d.
G 293T cells were cotransfected with BAP1 siRNA and the indicated Flag-BAP1 expression vectors and were then subjected to immunoblotting
with an anti-BAP1 antibody. The relative amounts of transfected vector DNA are indicated. H After transfection as described in G, 293T cells
were irradiated with 25J/m? harvested immediately or 7 h later, and subjected to a CPD repair assay. Quantitation and analysis were
performed as described in Fig. 1G. Cell counts: 505, 371, 422, 379, 464, 340, 505, 320, 468, and 435 (in the same order as presented in the

graph). n = 3; error bars, mean £ s.d. Scale bar, 10 pm.

against CPD and 6-4PP in PBS with 1% BSA for 1h at RT. The cells were
washed four times with PBS containing 0.05% Tween 20 and incubated for
30 min at RT with Alexa Fluor 568 goat anti-mouse IgG. After washing, the
cells were mounted using VECTASHIELD Mounting Medium with DAPI
(Vector Laboratories). Cell images were acquired using a Carl Zeiss LSM 880
confocal laser scanning microscope and processed using ZEN 2.3 software
(Carl Zeiss). The CPD staining intensity was measured by ImagelJ.

Micropore assay

After local UV irradiation, cells were washed with PBS and treated with ice-
cold cytoskeleton (CSK) buffer (0.5% Triton X-100, 100 mM NaCl, 300 mM
sucrose, 10 mM PIPES (pH 6.8), 3 mM MgCl,, and 1 mM EGTA) for BAP1 and
H2A-Ub staining for 4 min. This step was necessary for BAP1 and H2A-Ub
staining likely due to their tight association with chromatin, but not needed
for DDB2 and XPC staining. The cells were fixed with methanol on ice for
10 min, blocked with 3% BSA in PBS for 1h, and incubated first with the
appropriate primary antibody in PBS for 16 h at 4 °C and subsequently with
the corresponding secondary antibody (Alexa Fluor 488 goat anti-mouse IgG
for BAP1 and XPC; Alexa Fluor 488 goat anti-rabbit IgG for DDB2) in PBS for
30 min at RT. The cells were then stained for CPD, and confocal images were
acquired as described before. The intensity of the protein foci was calculated
by quantifying the area of CPD foci and normalizing to the background value
for each cell using the ZEN 2.3 software.

In vitro pulldown assay

His-BAP1 (Boston Biochem) was first immobilized on Ni-NTA beads,
washed with buffer containing 20 mM Tris-Cl (pH 8.0), 150 mM Nacl, and
1% NP-40, and then incubated with recombinant PARP1 (Trevigen) for 2 h.
The beads were intensively washed with buffer containing 20 mM Tris-Cl
(pH 8.0), 150 MM NaCl, 1% NP-40, and 80 mM imidazole and boiled for
5min in SDS sample loading buffer before SDS-PAGE and immunoblot
analysis.

Expression and purification of recombinant proteins

The vectors expressing His-ASXL1°EY, His-Flag-BAP1 and His-Flag-BAP1-
C91S were transformed into E. coli BL21, and protein expression was
induced by 0.2-0.5 mM Isopropyl 3-d-1-thiogalactopyranoside (IPTG; at an
optical density (OD) of 0.6) at 30°C for 5h. After lysis with lysis buffer
(50 MM NaH,PO,4, 200 MM NaCl, 10 mM imidazole, and 1% NP40), lysates
were incubated with Ni-NTA agarose beads (Trevigen) and loaded onto a
Poly-Prep chromatography column (-Bio-Rad). After washing with wash
buffer (50 mM NaH,PO,4 300 mM NaCl, and 20 mM imidazole), proteins
were eluted using elution buffer (50 mM NaH,PO,, 300 mM NaCl, and
250 mM imidazole). Proteins were dialyzed with dialysis buffer (20 mM Tris-
Cl (pH 8.0), 100 MM NaCl, 20% glycerol, and 1T mM dithiothreitol (DTT)) and
stored in aliquots at —80 °C.

Ub-AMC DUB assay
The DUB activity of BAP1 was measured with a ubiquitin 7-amido-4-
methylcoumarin (Ub-AMC) DUB assay system (Boston Biochem) according
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to the manufacturer’s instructions. Reactions were carried out in black 96-
well plates at RT, and fluorescence signals were measured every 15 s using
a SpectraMax i3X microplate reader (13X-SC-ACAD, Molecular Devices) at an
excitation wavelength of 350 nm and an emission wavelength of 455 nm.

DUB assay with H2A nucleosomes

10 puL of BAP1 PARylation reactions were mixed with 10 uL of DUB buffer
(50mM Tris-Cl (pH 7.5), 50mM NaCl,, TmM MgCl, and 1mM DTT)
containing 100 ng of ASXL1°Y and 500 ng of H2A-Ub mononucleosomes
(containing H2A-K119-Ub and a 5’ biotin-TEG group, EpiCypher), and
incubated at RT for 90 min. Reactions were terminated by the addition of
7 ul of 4x SDS sample loading buffer and boiling for 5 min before SDS-
PAGE and immunoblot analysis. ASXL1°%V activates BAP1 by increasing its
affinity for the ubiquitin moiety of H2A [61].

In vitro PARylation assay

Total reaction volumes of 20 uL containing 100 ng of His-BAP1 (Boston
Biochem) and 400 ng of PARP1 (Trevigen) in buffer (20 mM HEPES (pH 7.5),
50 mM NaCl, 20 mM MgCl,, 40 pg/mL activated DNA (Trevigen), 4 mM
NAD™ (Trevigen) and 1 mM DTT) were incubated for 30 min at 30 °C. Where
indicated, His-Flag-BAP1 and His-Flag-BAP1-C91S were also used in the
reactions. Reactions were terminated by adding SDS sample loading buffer
and boiling for 5 min before SDS-PAGE and immunoblot analysis.

Streptavidin pulldown assay

Total reaction volumes of 30 uL containing 150 ng of His-BAP1 and
600 ng of PARP1 in PARylation reaction buffer were incubated at RT for
30 min. ASXL1°%Y (150 ng) and H2A-Ub mononucleosomes (500 ng) were
added to the reactions and incubated at RT for 15 min. These reactions
were mixed with 800 pL of a buffer containing 1% NP-40 and 30 pL of
streptavidin agarose (Novagen, 69203) and incubated at 4 °C overnight.
The next day, the beads were washed three times with reaction buffer
containing 1% NP-40 by centrifugation at 1000 x g for 3 min. After the
supernatants were discarded, 20 pL of SDS sample buffer was added to
the beads, which were boiled for 10 min and subjected to SDS-PAGE and
immunoblot analysis.

In vivo PARylation assay

After transfection of 293T cells with Flag-BAP1, Flag-BAP1 was immuno-
precipitated from cell lysates under denaturing conditions (to remove
associated proteins) as previously described with some modifications [62].
In brief, cells were lysed in buffer containing 25 mM Tris-Cl (pH 8.0) and 1%
SDS on ice for 30 min. Lysates were sonicated to fragment the DNA and
clarified by centrifugation. The resulting supernatants were diluted 10-fold
in EB300 (50 mM Tris-Cl (pH 8.0), 300 mM NaCl, 1% NP-40, and 10 mM (-
mercaptoethanol) and incubated overnight with the primary antibody and
protein G agarose. The beads were intensively washed with EB300 and
boiled for 5min in SDS sample loading buffer. After electrophoretic
separation of the proteins in the samples, PARylation of Flag-BAP1 was
detected by immunoblotting using an anti-PAR antibody.
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In vivo ubiquitination assay

The in vivo ubiquitination assay was performed under denaturing conditions
as previously described [63]. Cells were suspended in 1% SDS lysis buffer
containing 1% SDS, 5 mM EDTA (pH 8.0), 10 mM {3-mercaptoethanol, 10 mM
NaF, and protease inhibitor cocktail (0.5 mM PMSF, 50 pg/mL pepstatin A,
5 ug/mL leupeptin, and 5 pg/mL aprotinin) and incubated for 10 min at 4 °C.
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Lysates were boiled for 5 min at 95 °C and sonicated using a Branson Sonifier
450 Sonicator (10-s pulses for 2 min). Lysates were clarified by centrifugation
at 16,000 x g for 20 min at 4 °C. The supernatants were diluted 10-fold in RIPA
buffer (50 mM Tris-Cl (pH 8.0), 150 mM NaCl, 0.5% sodium deoxycholate,
0.1% SDS, 1% NP-40, 10 mM NaF, and protease inhibitor cocktail) to reduce
the SDS concentration to 0.1% and were then incubated with anti-Flag M2
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Fig. 8 BAP1 Glu31 promotes CPD repair and reduces the viability of ccRCC cells. A After transfection with BAP1 siRNA, KMRC-20 cells were
transduced with lentiviral vectors expressing the indicated Flag-BAP1 protein and analyzed for BAP1 expression by immunoblotting. The
relative volumes of the virus-containing medium used for transduction are indicated. B At various days after lentiviral transduction as
described in A, KMRC-20 cells were evaluated for viability by an MTS assay. n = 3 (each performed with triplicates); error bars, mean *s.d.
C Results of immunoblotting S|m|Iar to that described in A for the CPD repair assay. D After lentiviral transduction as described in C, KMRC-20
cells were irradiated with 50 J/m? and subjected to a CPD repair assay. Quantitation and analysis were performed as in Fig. 1G. Cell count: 391,
369, 433, 377, 466, 345, 438, 318, 365, 382 (in the same order as presented |n the graph). Scale bar, 20 pm. E Results of the in vivo PARylation
assay for Flag-BAP1 and Flag-E31A before and after UV irradiation (50 J/m?) in KMRC-20 cells. F UMRC-6 cells were transduced with the
lentiviral vectors for the indicated Flag-BAP1 and analyzed for BAP1 expression by immunoblotting. The relative volumes of the virus-
containing medium used for transduction are indicated. G Results of the MTS assay for UMRC-6 cells after lentiviral transduction as described
in F. n=3 (each performed in triplicate); error bars, mean + s.d. H Results of |mmunoblottlng similar to that in F for the CPD repair assay.
1, J After lentiviral transduction as described in H, UMRC-6 cells were irradiated with 50 J/m? and subjected to a CPD repair assay. Quantitation
and analysis were performed as in F|g 1G. Cell counts: 176, 185, 190, 158, 179, 161, 157, and 160 (in the same order as presented i in the graph).
Scale bar, 20 um. K Results of the in vivo PARylation assay for Flag-BAP1 and Flag-E31A before and after UV irradiation (50 J/m?) in UMRC-6

cells. L Model for the role of BAP1 and its regulation by PARP1 during NER. See text for the details.

Affinity Gel. The beads were precipitated and washed intensively before SDS
PAGE and immunoblot analysis.

Hydroxylamine treatment of PARylated BAP1 protein

The PARylation reaction mixture (40 pL) was divided in half by volume. The
first half was resolved by 12% SDS-PAGE until the tracking dye had
migrated nearly 1.5cm into the resolving gel. This short run lane was
further divided into four gel bands and minced into smaller gel pieces.
Proteins in the destained gel pieces were reduced using DTT (10 mM, 56 °C,
45 min) and alkylated using iodoacetamide (IAM; 55 mM, RT, 30 min in the
dark). Next, the gel pieces were washed, dehydrated and soaked in 0.5 M
hydroxylamine (Sigma-Aldrich) in 100 mM ABC buffer (pH 7.5) and
incubated for 16 h on a shaker at RT. Then, the gel pieces were washed,
dehydrated and saturated with trypsin digestion buffer (12.5ng/pL in
100 mM ABC (pH 8)) and incubated at 37 °C for 16 h on a shaker. Peptides
were extracted twice with 50% acetonitrile (ACN), twice with 0.1% formic
acid and once with 70% ACN and 0.1% formic acid. The supernatant from
each step was pooled and vacuum dried. In the other half of the
PARylation reaction mixture, cysteines were reduced (DTT, 5 mM, 56 °C, 45
min) and alkylated (IAM, 15 mM, RT, 30 min in the dark). Hydroxylamine
was then added to a final concentration of 0.5 M and incubated for 16 h on
a shaker at RT. Proteins were then separated by SDS-PAGE and digested
with trypsin, and peptides were extracted following the same procedure
described above.

Liquid chromatography-tandem mass spectrometry (LC-MS/
MS) analysis

Peptides were redissolved in 10 uL of 0.4% acetic acid, and 4 pL of this
solution was used for LC-MS/MS analysis. In brief, using an Eksigent
NanoLC-2D system, peptides were trapped on a trap column packed in-
house (1.5cm x 75 um, id.) with C18 beads (5um, 200 A, Dr. Maisch
GmbH). Next, peptides were eluted onto an analytical column (15 cm X
75um id.) packed in-house with C18 beads (5um, 120 A, Dr. Maisch
GmbH) using a linear gradient from 5% to 40% buffer B (ACN with 0.1%
formic acid) over 90 min at a flow rate of 300 nL/min (total run time =
120 min). With a linear trap quadrupole (LTQ) Orbitrap XL (Thermo
Scientific) mass spectrometer, full-scan survey spectra were acquired
in the Orbitrap mass analyzer in the m/z range of 300-1800 at a
resolution of 60,000. For ionization, the capillary temperature and spray
voltage were set to 250 °C and 2.1 kV, respectively. The ten most intense
ions from the MS1 scan were fragmented using collision-induced
dissociation (CID) in the LTQ (normalized collision energy, 35%; dynamic
exclusion, 60 s).

LC-MS/MS data analysis

The raw files were subjected to a database search using Proteome
Discoverer (v. 2.2.0.388) with the default workflow against a combined
database containing protein sequences from the UniProt SwissProt Human
database (accessed Sep. 26, 2019) together with sequences of contaminant
proteins from the common Repository of Adventitious Proteins (cRAP) and
the BAP1 protein sequence (His6-BAP1 sequence, obtained from Boston
Biochem, catalog number E-345). The SEQUEST HT search parameters
were set as follows: enzyme (trypsin, semi), maximum allowed missed
cleavages =2, MS tolerance =15 ppm, and MS/MS tolerance = 0.5 Da.
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Carbamidomethylation of cysteine (+57.021Da) was kept as a fixed
modification. Oxidation (+15.995Da) of methionine, hydroxamic acid
(+15.011 Da) modification of aspartic acid (Asp) and glutamic acid (Glu)
and deamidation (-+0.984 Da) of asparagine (Asn) and glutamine (GIn)
were kept as variable modifications. Only high-confidence identifications
were used for further analysis.

Laser microirradiation and cell imaging

Laser microirradiation assay was performed as previously described [64].
After transfection with the vectors expressing the indicated GFP-tagged
proteins in four-well plates for 48 h, U20S cells were incubated with 10 uM
5-bromo-2'-deoxyuridine for 24 h and subjected to laser microirradiation
using a Nikon A1 laser microdissection system (Nikon). Ten cells per well
were subjected to laser treatment for 10 s under a 60x oil objective using
a fixed-wavelength UV-A laser (405nm) in a temperature-controlled
chamber with a CO, supplier. After laser treatment, cells were incubated
at 37 °C for the indicated times. The intensity of each laser stripe at each
time point was determined using a confocal microscope. Kinetic analyses
were performed using NIS Elements C software (Nikon). Each data series
was normalized with respect to the baseline values.

Lentivirus production

Lentiviral vectors were transfected into 293T cells using FUGENE HD
transfection reagent (Promega). After 48h, the lentivirus-containing
medium was harvested and filtered through a 0.45 pm syringe filter to
remove residual 293T cells. The filtered lentivirus-containing medium was
used for cell infection.

Statistical analysis

All experimental data were expressed as mean = s.d. wherever applicable. The
significance of differences between measurements was evaluated by
Student's t test using Microsoft Excel. P values shown on the graphs are
indicated with the following asterisk code: *p < 0.05; **p < 0.01; ***p < 0.001. A
p value > 0.05 was considered not significant (ns) unless otherwise indicated.

DATA AVAILABILITY
The detailed experimental procedures and the materials used in this study will be
freely available upon request. Please contact jongkwon@ewha.ac.kr.
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