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Abstract: BRCAl-associated protein 1 (BAP1) is a member of the ubiquitin C-terminal hydrolase family of deubiqui-
tinating enzymes and is implicated in transcriptional regulation. The BAP1 gene is mutated in 5%-15% of patients
with clear cell renal cell carcinoma (ccRCC), the most common form of renal cancer, which suggests that BAP1 is
a tumor suppressor. However, whether BAP1 influences the progression of ccRCC tumors expressing wildtype (WT)
BAP1 is unclear. Here, we identified DIDO1 as a bona fide substrate for BAP1. DIDO1 is a component of the centro-
some proteins and plays an essential role in spindle assembly. BAP1 binds to DIDO1 and stabilizes DIDO1 through
de-ubiquitination. BAP1 contributes to chromosome stability partially via DIDO1. A positive correlation was identified
between BAP1 and DIDO1 expression in ccRCC tissues. Downregulation of both BAP1-loss and DIDO1 protein ex-
pression in ccRCC was associated with adverse clinicopathological features. This study revealed a novel mechanism
involving BAP1 in the regulation of DIDO1 stability, and the results also provide insight into the relationship between
BAP1 mutations and chromosome instability in ccRCC.
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Introduction

Renal cell carcinoma (RCC) is the most lethal of
the common urologic cancers and constitutes
2%-3% of all adult malignant neoplasms [1, 2].
Clear cell renal cell carcinoma (ccRCC) is the
most common type of RCC, accounting for
70%-80% of all kidney cancers. Despite the
emergence of novel targeted therapies over the
last decade, including antiangiogenetic drugs
and mammalian target of rapamycin inhibitors,
the prognosis of ccRCC patients with metasta-
sis or relapse remains poor, with a 5-year sur-
vival rate of less than 10% [3]. Therefore, a bet-
ter understanding of the mechanisms underly-
ing RCC tumorigenesis is required to help in the
development and improvement of treatment
options for RCC patients.

Recent analyses of the ccRCC tumor genome
using next-generation sequencing revealed fre-
quent gene mutations, including BAP1, PBRM1,
SETD2, and KDM5C [4-6]. Such genes encode
proteins involved in chromatin regulation and
function as tumor suppressors. The BAP1 gene

encodes the BRCA1l-associated protein 1
(BAP1), a deubiquitinating enzyme, that exerts
its tumor suppressor activity through deubiqui-
tinating activity and nuclear localization.
De-ubiquitination involves the NH2-terminal
ubiquitin  COOH-terminal hydrolase (UCH)
domain, while nuclear localization involves a
nuclear localization signal (NLS). As previously
reported, BAP1-deficient cancer cells are more
vulnerable to y-radiation and more sensitive to
olaparib, which indicates that radiotherapy and
PARP inhibitors may be more effective in cases
with BAP1 mutations than in cases with wild-
type BAP1 [7, 8]. However, how a BAP1 muta-
tion contributes to the initiation and progres-
sion of ccRCC remains poorly understood.

The ubiquitin ligases select substrates for ubig-
uitin conjugation, which is reversed by the
action of deubiquitinating enzymes [9]. BAP1 is
a nuclear deubiquitinating enzyme that was
originally identified as a BRCA1-binding protein
in a yeast two-hybrid screen [10, 11]. BAP1 has
been linked to the de-ubiquitination of several
cellular substrates, including the transcriptional
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regulator host cell factor 1 (HCF1), histone
H2Aub, Ino80, and y-tubulin [12-16]. However,
very few BAP1 targets have been identified and
functionally explored in ccRCC. The death
inducer-obliterator 1 protein (DIDO1), the short-
est splicing variant encoded by the DIDO gene,
regulates the maintenance of mouse embryon-
icstem cells [17]. The DIDO gene encodes three
splicing variants (DIDO1, DIDO2, and DIDO3)
and has been implicated in apoptosis and
development [18-20]. A recent study demon-
strated that targeted disruption of the DIDO
gene gives rise to centrosome amplification, a
weakened spindle-assembly checkpoint (SAC)
and division defects that challenge chromo-
some stability [21].

In this study, DIDO1 was identified as a BAP1
interactor. BAP1-loss expression correlated
with DIDO1 downregulation in ccRCC. Moreover,
the de-ubiquitination of DIDO1 by BAP1 plays a
significant role in the regulation of mitotic pro-
gression and the prevention of chromosome
instability.

Methods
Cell culture and transfection

786-0, 769-P and 293T cells were obtained
from the American Type Culture Collection.
786-0 and 769-P cells were cultured in RPMI
1640 medium with 10% fetal bovine serum.
293T cells were cultured in DMEM with 10%
fetal bovine serum. Cells were transiently trans-
fected with plasmids or siRNAs using Lipo-
fectamine 3000 or RNAiMax Transfection
Reagent (Invitrogen) according to the manufac-
turer’s instructions.

Expression constructs

The BAP1 and DIDO1 cDNAs were purchased
from Genechem, and subcloned into pCIN4-
FLAG-HA and pCMV-Myc expression vectors.
The cDNA for DIDO1 was also subcloned into
PCIN4-mCherry vectors to create a mCherry-
DIDO1 fusion protein. BAP1 and DIDO1 mutants
were generated by the KOD-Plus Mutagenesis
Kit (TOYOBO). All the constructs were verified by
DNA sequencing.

RNA interference

The negative control and specific siRNAs for
BAP1 and DIDO1 were purchased from Ge-
nePharma. Transfection of siRNAs was per-
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formed following the manufacturer’s instruc-
tions. siRNA sequence information is provided

in Supplementary Table 1.

Immunoprecipitation

For immunoprecipitation of the FLAG-tagged
proteins, transfected cells were lysed with
BC100 buffer 24 h after transfection. Whole-
cell lysates were immunoprecipitated by over-
night incubation with monoclonal anti-FLAG
antibody conjugated M2 agarose beads (Sig-
ma). After three washes with FLAG lysis buffer,
followed by two washes with BC100 buffer, the
bound proteins were eluted from the beads
with FLAG Peptide (Sigma)/BC100 and were
subjected to Western blot (WB) analysis. For
immunoprecipitation of the endogenous pro-
teins, cells were lysed with cell lysis buffer (Cell
Signaling), and the lysates were centrifuged.
The supernatant was precleared with protein
A/G beads (Sigma) and incubated overnight
with the indicated antibody at 4°C. The immu-
nocomplexes were then incubated for 2 h at
4°C with protein A/G beads. After centrifuga-
tion, the pellets were collected and washed fi a
times with lysis buffer, resuspended in sample
buffer, and further analyzed by SDS-PAGE.

Western blotting

Cell lysates or immune-precipitates were sub-
jected to SDS-PAGE, and then proteins were
transferred onto nitrocellulose membranes (GE
Healthcare). The membranes were blocked in
Tris-buffered saline (pH 7.4) containing 5% non-
fat milk and 0.1% Tween-20, washed three
times in Tris-buffered saline containing 0.1%
Tween-20, and incubated with the primary anti-
body overnight at 4°C. The membranes were
then incubated with the secondary antibody for
1 h at room temperature. Antibody binding was
visualized using the ECL Chemiluminescence
System (Santa Cruz). Information regarding the
primary antibodies used in this study is provid-
ed in Supplementary Table 2.

Quantitative RT-PCR

Total RNA from transiently transfected cells
was extracted using the TRIzol reagent (In-
vitrogen), and cDNA was reverse transcribed
using the Superscript RT Kit (TOYOBO), accord-
ing to the manufacturer’s instructions. Primer
sequence information is provided in Supple-
mentary Table 1. PCR amplification was per-
formed using the SYBR Green PCR Master Mix
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Kit (TOYOBO). Endogenous GAPDH was used
for normalization.

Protein complex purification

The epitope-tagging strategy to isolate BAP1-
containing protein complexes from human cells
was performed as previously described, with
some modifications. Briefly, to obtain a FLAG-
HA-BAP1-expressing cell line, 786-0 cells were
transfected with pCIN4-FLAG-HA-BAP1 con-
structs and selected for 2 weeks in 1 mg/ml
G418. The tagged BAP1 protein levels were
detected by WB analysis. The stable cell lines
were chosen to expand for protein complex
purification. For purification, the cells were
lysed on ice for 2 h in BC100 buffer (20 mM
Tris-Cl, pH 7.9, 100 mM NaCl, 0.2 mM EDTA,
20% glycerol) containing 0.2% Triton X-100 and
fresh protease inhibitor. The homogenate was
centrifuged for 30 min at 12000 rpm at 4°C.
Cleared lysates were filtered through 0.45 uyM
spin filters (Millipore) and immunoprecipitated
by anti-FLAG antibody-conjugated M2 agarose
(Sigma). The bound polypeptides eluted with
the FLAG Peptide (Sigma) were further affinity
purified by anti-HA antibody-conjugated aga-
rose (Sigma). The final elutes from the HA-beads
with HA peptides were resolved by SDS-PAGE
on a 4%-20% gradient gel (Bio-Rad) for
Coomassie Blue staining. Gel bands were cut
out from the gel and subjected to mass-spec-
trometric sequencing.

Immunofluorescence

Cells cultured on coverslips in 24-well plates
were fixed in 4% paraformaldehyde for 10 min
and permeabilized in 0.2% Triton X-100 solu-
tion for 5 min. The coverslips were blocked with
2% BSA plus 5% goat serum for 1 h, and subse-
quently incubated with primary antibodies
against HA, a-tubulin, and y-tubulin, which was
followed by sequential incubation with fluo-
rescent secondary antibodies (Alexa488 goat
anti-mouse, Alexa 488 goat anti-rabbit, or Alexa
546 goat anti-mouse; Invitrogen). Finally, cells
were counterstained with DAPI to reveal the nu-
clei. Fluorescence images were captured and
processed using a fluorescence microscope.

Clinical specimens and immunohistochemistry

Tissue samples were obtained from patients
with previously untreated, nonmetastatic ccR-
CC who underwent radical nephrectomy at the
Department of Urology, Zhongnan Hospital of
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Wuhan University from August 2017 to Decem-
ber 2018. Two specimens were collected from
each patient; one specimen was taken from a
normal region of the kidney (at least 0.5 cm
from the tumor) and another specimen was
taken from the tumor. Two pathologists simulta-
neously confirmed the histological diagnosis by
examining hematoxylin and eosin stained sec-
tions of the specimens. The pathological stage
was determined according to the American
Joint Committee on Cancer (AJCC), and the
tumor grade was classified using the Fuhrman
grading system [22]. All patients gave informed
consent.

All specimens were fixed in formalin for up to 24
h immediately after they were collected. The
specimens were then dehydrated, paraffinized,
and embedded in paraffin blocks. Tissue sec-
tions were cut at a thickness of 3-4 ym and
were air-dried overnight. The sections were de-
paraffinized, rehydrated, and subjected to heat-
induced antigen retrieval with sodium citrate
buffer (10 mM sodium citrate, 0.05% Tween-20
pH 6.0) before being incubated with 3% hydro-
gen peroxide for 5 min to block endogenous pe-
roxidase activity. Sections were then incubat-
ed, first with the appropriate primary antibody,
and subsequently with biotinylated goat anti-
mouse IgG. To detect a signal, the VECTASTAIN
ABC kit (Vector Laboratories) was used accord-
ing to the manufacturer’'s instructions. The
slides were further counterstained with hema-
toxylin. Appropriate positive and negative con-
trols were utilized for each immune-stain run.

Statistical analysis

Experiments were performed in at least tripli-
cates, unless otherwise stated. All statistical
tests were two-sided and were performed us-
ing GraphPad Prism (Graphpad Software). Stu-
dent’s t-tests were used to analyze the data for
most experiments. The relationship between
BAP1 and DIDO1 expression was analyzed by
the Spearman rank correlation. Differences
between the expression of BAP1 or DIDO1 and
clinicopathological features were assessed by
Fisher’'s exact test. Values with P<0.05 were
considered statistically significant.

Results
BAP1 interacts with DIDO1

To investigate the cellular functions and to
identify the molecular mediators of BAP1 in
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Figure 1. BAP1 interacts with DIDO1. A, B. Tandem affinity purification of the BAP1-containing protein complex was
conducted using 786-0 cells stably expressing FH-BAP1. A. Associated proteins were separated by SDS-PAGE and
visualized by Coomassie Blue (CB) staining. B. The number of total/unique peptides identified by mass spectrometry
analysis is shown in the table. C. 293T cells were co-transfected with FH-DIDO1 and Myc-BAP1 constructs. After 24
h, cell lysates were prepared for Co-IP with an anti-FLAG antibody and for WB analyses. D. FH-BAP1 was immuno-
precipitated from 293T cells expressing Myc-DIDO1 and FH-BAP1. The immune-precipitates were subjected to WB
analyses with the indicated antibodies. E, F. Immunoprecipitation using anti-DIDO1 or anti-BAP1 antibody was per-
formed using cell lysates prepared from 786-0 cells. The immune-precipitates were subjected to WB analyses with
the indicated antibodies. G. 786-0 cells transfected with FH-BAP1 and mCherry-DIDO1 constructs were immune-
stained with the anti-HA antibody and visualized by confocal microscopy. 50 cells were counted per experiment, and
15 cells show colocalization of BAP1 and DIDO1.

RCC, we isolated the BAP1 complex from 786-0 (FH)-DIDO1 and Myc-BAP1 constructs were co-
RCC cells using TAP methods and determin- expressed in 293T cells. Cells were subse-
ed the proteins present in the complex using quently harvested for coimmunoprecipitation
mass spectrometry (Figure 1A, 1B). Notably, (Co-IP) with the anti-FLAG antibody. As shown
HCF1, RBBP7, and MCRS1 were detected in in Figure 1C, Myc-BAP1 was immunoprecipitat-
abundance in the complex, verifying the effi- ed by FH-DIDO1, suggesting an exogenous
ciency of this approach. We also found that interaction between these two proteins. In
DIDO1 was present in the purified BAP1 com- addition, a reciprocal Co-IP assay was per-
plex (Figure 1B). Since the function of BAP1 formed using lysates of 293T cells that were
in DIDO1 regulation has not been previously co-transfected with FH-BAP1 and Myc-DIDO1
reported, we selected DIDO1 for subsequent constructs. The results indicated that FH-BAP1
analyses. To verify that DIDO1 is a bona fio was able to immune-precipitate Myc-DIDO1
BAP1 interactor, we first examined whether (Figure 1D). Next, we investigated whether
BAP1 can interact with DIDO1 in cells. FLAG-HA endogenous BAP1 and DIDO1 interact with
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Figure 2. Identification of the mutual-binding regions of BAP1 and DIDO1. A. Schematic representation of BAP1
deletion mutants used in the study. The ability of each BAP1 fragment to bind to DIDO1 is indicated (+: binding, -:
no binding). B. 293T cells were co-transfected with Myc-DIDO1 and the indicated FH-BAP1 or deletion mutants. Cell
lysates were prepared and subjected to immunoprecipitation using the anti-FLAG antibody, followed by WB analyses
with indicated antibodies. C. Schematic representation of DIDO1 deletion mutants. The ability of each DIDO1 frag-
ment to bind to BAP1 is indicated. D. 293T cells were co-transfected with Myc-BAP1 in combination with a series of
FH-DIDO1 deletion mutants. Cell lysates were immunoprecipitated with anti-FLAG antibody, followed by WB analyses

with indicated antibodies.

each other. Immunoprecipitation using the
anti-DIDO1 antibody was performed using ce-
Il lysates prepared from 786-0 cells. As shown
in Figure 1E, endogenous BAP1 was efficie-
ntly coimmunoprecipitated with endogenous
DIDO1. Moreover, reciprocal immunoprecipi-
tation experiments confirmed endogenous
DIDO1 was co-immunoprecipitated with en-
dogenous BAP1, confirming an endogenous
interaction between these proteins (Figure
1F). To investigate whether BAP1 colocalizes
with DIDO1 in vivo, 786-0 cells transfect-
ed with FH-BAP1 and mCherry-BAP1 were
immune-stained with the anti-HA antibody and
visualized by confocal microscopy. As shown in
Figure 1G, BAP1 and DIDO1 were colocalized in
the nucleus. Taken together, these results indi-
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cate that BAP1 forms a complex with DIDO1 in
Vivo.

Identification of the mutual-binding regions of
BAP1 and DIDO1

To gain more insight into the BAP1-DIDO1 inter-
action, we determined which region of BAP1
mediates its interaction with DIDO1. BAP1 is
composed of an N-terminal UCH domain, an
HBM motif, a region that mediates the associa-
tion with BRCAZ1 (BR), a 60 residue helical motif
that shares conservation with UCH37 (ULD for
UCH37 like domain), and a NLS (Figure 2A). We
determined the region of BAP1 that binds to
DIDO1. We generated BAP1 deletion mutants
and tested their ability to interact with DIDO1

Am J Cancer Res 2020;10(5):1455-1466
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Figure 3. BAP1 stabilizes DIDO1 by de-ubiquitination. A. 293T cells were transfected with Myc-DIDO1 and increasing
amounts of FH-BAP1-WT or C91S mutant constructs. 24 h after transfection, cells were harvested for WB analyses.
B. 786-0 cells were transfected with Myc-BAP1-WT or C91S mutant constructs. 24 h after transfection, cells were
harvested for WB analyses. C, D. 786-O and 769-P cells were transfected with the negative control or two inde-
pendent BAP1 siRNAs, respectively. 48 h after transfection, cells were harvested for WB analyses. E, F. qRT-PCR
measurement of the mRNA levels of BAP1 and DIDO1 in BAP1-depleted 786-0 and 769-P cells. GAPDH was used for
normalization. The mean values (S.D.) of three independent experiments are shown (*, P<0.05). G, H. 786-0 cells
were transfected with the negative control or BAP1 siRNAs. 48 h after transfection, cells were collected at various
times after cycloheximide (CHX) treatment and then were subjected to WB analyses. At each time point, the relative
intensities of DIDO1 were first normalized to the intensities of actin and then to the value of the O-hr time point. Simi-
lar results were obtained from two independent experiments. I. HA-Ub and FH-DIDO1 along with Myc-BAP1-WT or
C91S constructs were co-transfected into 786-0 cells. 24 h after transfection, cells were treated with 20 yM MG132
for 6 h. FH-MDIDO1 protein was immunoprecipitated with anti-FLAG antibody. The ubiquitinated forms of DIDO1
were analyzed by WB with anti-HA antibody. J. BAP1 was depleted by siRNAs in 786-0 cells transiently expressing
HA-Ub and FH-DIDO1. Cells were treated with 20 yM MG132 for 6 h. FH-DIDO1 protein was immunoprecipitated
and subjected to WB analyses.

by Co-IP assay. The results showed that BAP1-
FL, BAP1-1-692, and BAP1-1-597, but not oth-
ers, were able to immune-precipitate Myc-
DIDO1 (Figure 2C), suggesting that the UCH
domain was responsible for binding to DIDO1.

DIDO1 protein includes glutamine rich region,
acidic region, NLS, zinc finger region and lysine
rich region (Figure 2B). As shown in Figure 2D,
Co-IP assay showed that DIDO1-FL, DIDO1-
330-562, DID01-210-562, and DIDO1-146-
562 were able to bind to BAP1. Therefore, we
concluded that the region of DIDO1 (330-
562aa) is required for the interaction with
BAP1.
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BAP1 stabilizes DIDO1 by de-ubiquitination

Since BAP1 is a deubiquitinating enzyme, we
explored whether BAP1 deubiquitinates and
stabilizes DIDO1. First, we assessed whether
BAP1 stabilizes DIDO1. We generated a BAP1
mutant in which the highly conserved Cys resi-
dues (C91) in its UCH domain were mutated to
Ser (BAP1-C91S). The C91S mutation has been
shown to abrogate BAP1's de-ubiquitinase
activity. As shown in Figure 3A, ectopic expres-
sion of BAP1-WT, but not the BAP1-C91S
mutant (lacking catalytic activity), increased
the co-expressed DIDO1 protein level in a dose-
dependent manner, indicating that its de-ubig-

Am J Cancer Res 2020;10(5):1455-1466
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uitinse activity is required for promoting DIDO1
stabilization. Moreover, ectopic expression of
BAP1-WT, but not the BAP1-C91S mutant in
786-0 cells, resulted in a moderate increase of
the protein level of endogenous DIDO1 (Figure
3B). Next, we depleted the endogenous BAP1
with two specific siRNAs in 786-0 and 769-P
cells and observed that DIDO1 protein was
markedly downregulated (Figure 3C, 3D). To
exclude the possibility that DIDO1 protein
downregulation resulted from transcriptional
downregulation, we performed qRT-PCR to
measure the mRNA level of BAP1 and DIDO1 in
BAP1-depleted 786-0 and 769-P cells. In con-
trast to the significant decrease in BAP1 mRNA
levels, DIDO1 mRNA levels in BAP1-depleted
786-0 and 769-P cells stayed at a level similar
to that of the control cells (Figure 3E, 3F), sug-
gesting that the effect of BAP1 on DIDO1 is not
mediated through the upregulation of DIDO1
MRNA expression. To determine whether BAP1
increases DIDO1 by extending its half-life, the
protein level of DIDO1 was monitored after
treatment with the protein synthesis inhibitor
cycloheximide (CHX). In the absence of de novo
protein synthesis, the half-life of endogenous
DIDO1 protein was much shorter in the BAP1-
depleted cells than that in control cells (Figure
3G, 3H), further suggesting that BAP1 regu-
lates DIDO1 at the posttranslational level.

To further determine whether BAP1 promotes
DIDO1 stabilization through the regulation of
DIDO1 de-ubiquitination, HA-ubiquitin and
FH-DIDO1 constructs were co-expressed with
BAP1-WT or C91S mutant in 786-0 cells. As
shown in Figure 3l, ectopically expressing
BAP1-WT, but not the C91S mutant, markedly
reduced the DIDO1 poly-ubiquitination. Con-
versely, depletion of BAP1 using siRNAs
increased DIDO1 ubiquitination (Figure 3J),
indicating that BAP1 is responsible for DIDO1
de-ubiquitination. Taken together, these data
demonstrate that the de-ubiquitinase BAP1
maintains DIDO1 protein steady-state level
through promoting DIDO1 de-ubiquitination in
ccRCC cells.

BAP1 contributes to chromosome stability par-
tially via DIDO1

Defects in chromosome segregation result in
chromosomal instability and aneuploidy, which
are hallmarks of many cancers. Accumulating
evidence suggests that BAP1 is critical for
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maintaining chromosome stability, and DIDO1
depletion in cells causes abnormal spindles
and aneuploidy. These observations led us to
explore whether BAP1 maintains chromosome
stability via DIDO1. HK-2, an immortalized prox-
imal tubule epithelial cell line from normal adult
human kidney, was used in these experiments.
We depleted BAP1 or DIDO1 in HK-2 cells using
siRNAs. WB analyses confirmed that BAP1 or
DIDO1 protein was efficiently depleted after
siRNA transfection (Figure 4A). Then the cells
were stained with o/y-tubulin and DAPI. A
significant proportion of multipolar spindle for-
mation in BAP1 or DIDO1-depleted HK-2 cells
was observed (Figure 4B, 4D). We also
observed that a significant multipolar spindle
formation in BAP1 or DIDO1-depleted HK-2
cells (Figure 4C, 4E). To determine whether
BAP1 exerts its activity for chromosome stabil-
ity by stabilizing DIDO1, we generated HK-2 cell
lines stably overexpressing FH-DIDO1 (Figure
4F). Compared to control cells, BAP1 depletion-
induced multipolar spindle formation was par-
tially rescued in HK-2 cells stably overexpress-
ing FH-DIDO1 (Figure 4G, 4H). Taken together,
these results suggest that BAP1 and DIDO1
were both required for proper mitotic progres-
sion, and BAP1 contributes to chromosome
stability at least in part via DIDO1.

BAP1 protein expression correlates with
DIDO1 expression in ccRCC patients

BAP1 is mutated in 5-15% of sporadic ccRCCs,
and the majority of BAP1 mutations in ccRCCs
lead to BAP protein loss in tumor tissues. We
investigated whether DIDO1 is downregulated
in BAP1-loss tumors. First, we analyzed the
expression of BAP1 and DIDO1 in 34 paired tis-
sues from ccRCC patients by immunohisto-
chemistry. The clinical and pathologic charac-
teristics of the patients are shown in Su-
pplementary Table 3. We scored the staining of
both BAP1 and DIDO1 from O to 3 and desig-
nated scores 0-1 as negative and scores 2-3 as
positive. In 34 paired ccRCC cases, BAP1 and
DIDO1 were positive in adjacent normal tis-
sues, but 4/34 were BAP1-negative in tumor
tissues, and 6/34 were DIDO1-negative in
tumor tissues (Figure 5A). The expression of
BAP1 and DIDO1 was also strongly correlated
(Figure 5B, r=0.7606, P<0.001). In the tumor
from case 1, both BAP1 and DIDO1 were
stained strongly in ccRCC cells. The tumor from
case 2 showed ccRCC cells with BAP1 loss and
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Figure 4. Stabilization of DIDO1 by BAP1 contributes to chromosome stability. A. BAP1 and DIDO1 protein levels
were assessed by WB analyses in HK-2 cells transfected with si-BAP1 (#1) or si-DIDO1. B. Representative images of
mitotic spindles observed in HK-2 cells transfected with BAP1 or DIDO1 siRNAs and stained for y-tubulin (green) and
DAPI (blue) as indicated. C. The HK-2 cells transfected with BAP1 or DIDO1 siRNAs were stained for a-tubulin (red)
and DAPI (blue) as indicated. D, E. The percentage of cells with abnormal mitotic spindles is shown. The mean val-
ues (S.D.) were obtained from three independent experiments, with at least 50 mitotic cells counted per experiment
(*, P<0.05). F. HK-2 cells stably expressing FH-DIDO1 were transfected with BAP1 siRNAs. Cells were harvested for
WB analyses. G, H. The percentage of abnormal mitotic spindle cells is shown. The mean values (S.D.) were ob-
tained from three independent experiments, with at least 50 mitotic cells counted per experiment (*, P<0.05). (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article).

weak staining of DIDO1 (Figure 5C). We also wide sequencing studies [8, 23, 24]. The clini-
observed that two ccRCCs that were BAP1 posi- cal implication of BAP1 loss has been explored
tive still showed weak DIDO1 staining, suggest- and shows that ccRCC with BAP1 mutations is
ing that other mechanisms such as epigenetic associated with worse clinical outcomes and
silencing may downregulate DIDO1. aggressive clinicopathological features [4, 5,

25, 26]. Although frequent mutations of BAP1
Discussion in ccRCC have been identified, the functional

impact of BAP loss is still poorly understood. In
Recurrent BAP1 mutations in ccRCC have been this study, we demonstrated for the first time
confirmed by several independent genome- that DIDO1 is a bona fide substrate for BAP1.
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which indicates that DIDO1 is
dispensable in cell polariza-
tion [29]. Our results showed
that depletion of BAP1 or
DIDO1 in a normal renal epi-
thelial cell line causes abnor-
mal mitotic spindles, suggest-
ing these two proteins are
both essential for maintaining
chromosome stability in renal
epithelial cells.

Our results also showed exog-
enous overexpressed DIDO1
only partially rescued BAP1

A BAP1 negative B
11.8%
® BAP1 and DIDO1 negative
5- ® BAP1 positive and DIDO1 negative
S 41 o P°°
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Figure 5. BAP1 protein was positively correlated with DIDO1 in ccRCC. A. via
BAP1 and DIDO1 staining patterns in 34 paired ccRCC cases. B. BAP1 and
DIDO1 expression positively correlated (r=0.7606, P<0.001). Staining in-
tensities were quantified by morphometry. The x/y axis represents the ex-
pression ratio of the indicated proteins between paired tumor and normal
tissues. According to the depth of immunohistochemical staining, the ex-
pression of BAP1 and DIDO1 in renal cell carcinoma was evaluated by points
of 0-3, and the deeper the staining, the higher the score. The expression of
0-1 was considered to be negative, while 2-3 was considered to be positive.
C. Representative IHC of normal and tumor tissues with positive or negative

staining of BAP1 and DIDO1. Scale bar =50 ym.

Our study also provides new insights into our
understanding of BAP1-mutated ccRCC.

Studies of the DIDO1 gene and its variants sup-
port their important function in numerous cel-
lular processes, such as apoptosis and chro-
mosomal segregation, particularly in the hema-
topoietic system [18-21, 27-29]. A previous
study showed that the cellular level of DIDO1 is
tightly regulated by the ubiquitin-proteasome
pathway, and ubiquitin E3 ligase WPP2 targets
DIDO1 for proteasomal-dependent degradation
in the nucleus [29]. Thus, it is possible that
DIDO1 abundance and activity is fine-tuned by
a subtle balance between ubiquitination and
de-ubiquitination. In our study, we demonstrat-
ed that BAP1 binds to DIDO1 and stabilizes
DIDO1 by de-ubiquitination. A previous study
showed DIDO1 associated with polarization,
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depletion-induced mitotic ab-
normality in HK-2 cells. A
recent study revealed that
BAP1 deubiquitinates DIDO1
and MCRS1, that BAP1 binds
to MCRS1 and stabilizes
MCRS1 by de-ubiquitination.
And that BAP1 contributes to
chromosome stability partially
MCRS1 [30]. Another
study showed BAP1 deubiqui-
tinates and stabilizes Ino80,
which is involved in various
chromosomal processes, in-
cluding DNA repair, telomere
regulation, centromere stabil-
ity and chromosome segrega-
tion [16]. Another study sh-
owed de-ubiquitination of y-
tubulin by BAP1 prevents ch-
romosome instability in breast cancer cells
[15]. Therefore, it is possible that BAP1 main-
tains chromosome stability by modulating the
ubiquitination status of various substrates.

Our tandem affinity purification test revealed
that in addition to interacting with DIDO1, BAP1
also potentially interacts with Forkhead box
protein K1 (FOXK1), 14-3-3 protein zeta/delta
(YWHAZ), and karyopherin 1 (KPNB1). FOXK1
was overexpressed in 16 cancerous human tis-
sue types, induced tumor cell EMT, maintained
the invasive potential of colorectal cancer and
appeared to have a crucial role in the metastat-
ic progression of human carcinomas [31].
YWHAZ is included in the 14-3-3 family of pro-
teins, which are a family of evolutionarily highly
conserved acidic proteins expressed in all
eukaryotic organisms. YWHAZ has been impli-
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cated in the initiation and progression of can-
cer and has been shown to be overexpressed in
multiple cancer tissues and cell lines [32].
KPNB1 is a nuclear transport receptor belong-
ing to the karyopherin family that is involved in
transporting proteins through the nuclear pore.
KPNB1 is required for proteostasis mainte-
nance and its inhibition induces apoptosis in
glioblastoma cells [33]. It is possible these pro-
teins are molecular mediators of BAP1 activity,
but the detailed molecular mechanisms and
clinical relevance in ccRCC remain to be deter-
mined through further study. A better under-
standing of the molecular mechanism and clini-
cal consequence of BAP1 loss in ccRCC will
help identify targets for drug development.
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Supplementary Table 1. Sequences for siRNAs and primers used for gRT-PCR

Sequences for siRNAs

Gene

Sequence

si-BAP1#1
Si-BAP1#2
si-DIDO1
si-Control

5’-CGUCCGUGAUUGAUGAUGAdTAT-3’
5’-CCAACUCUUGUGCAACUCAdTAT-3’
5’-GCACAAGAGACUAGCGUCAGAGAAA-3’
5’-ACAGACUUCGGAGUACCUGATAT-3’

Sequences for primers

Gene

RT Forward RT Reverse

BAP1
DIDO1

5-AGGAGCTGCTGGCACTGCTGA-3’
5’-TTCCATCCAAACTCTTGCCCTTT-3’

5-TTGTGGAGCCGGCCGATGCT-3’
5’-CCAAGAATTATATTCGGACGTGGTG-3’

Supplementary Table 2. Antibody list

Antibody epitope Mono/polyclonal Host Source Catalog No. Application
BAP1 Monoclonal Rabbit Cell Signaling D7TW70 WB, IP
BAP1 Monoclonal Mouse Santa Cruz sc-28383 IHC
DIDO1 Monoclonal Mouse Santa Cruz sc-25264 WB, IP, IF, IHC
o-tubulin Monoclonal Mouse Sigma 75168 IF
y-tubulin Monoclonal Rabbit Abcam ab179503 IF
ubiquitin Monoclonal Rabbit Epitomics 6652-1 WB
Myc Polyclonal Rabbit MBL 562 WB

HA Monoclonal Mouse MBL M180-3 WB, IF
FLAG Monoclonal Mouse Sigma F1804 WB
Actin Monoclonal Mouse Sigma A2228 WB

IF: immunofluorescence; IP: immunoprecipitation; IHC: immunohistochemistry; WB: Western blotting.

Supplementary Table 3. Patient characteristics and clinicopathological factors by ARRDC3 and YAPL1

expression
BAP1 neg BAP1 pos p value DIDO1 neg DIDO1 pos p value
No. of patients 4 30 6 28
Median age (years) 58.5 53.2 59.4 5
Sex 0.649 0.891
Male 3 23 5 22
Female 1 7 1 6
Fuhrman grade 0.048 0.001
Low (G1/G2) 1 24 1 23
High (G3/G4) 3 6 5
Primary T stage 0.003 0.01
Low (pT1/pT2) 1 25 2 25
High (pT3/pT4) 3 5 4 3




