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In Brief
Lower expression of WT BAP1
was correlated with longer over-
all survival in ccRCC patients.
Quantitative proteomic analysis
revealed that BAP1 was largely
involved in cytoskeletal remodel-
ing and cell proliferation. Func-
tional assays determined that
loss of BAP1 decreased cell mo-
tility and inhibited cell prolifera-
tion in ccRCC cell lines. BAP1
knockout rendered accumulation
of H2AK119ub on the Snail gene
region and inhibited Snail tran-
scription, and thus led to mes-
enchymal-epithelial transition in
ccRCC tumor cells.
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Highlights

• Proteomic analysis revealed that BAP1 was involved in cell motility and morphology.

• Loss of BAP1 promoted MET and inhibited cell proliferation.

• Rho GTPase family participated in the MET induced by BAP1 knockout.

• Loss of BAP1 increased H2AK119ub on Snail gene and inhibited Snail transcription.
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Loss of BAP1 Results in Growth Inhibition and
Enhances Mesenchymal–Epithelial Transition in
Kidney Tumor Cells*□S

Pengsheng Chen‡, Huan Wang§, Wenhao Zhang‡, Yuling Chen‡¶, Yang Lv�, Di Wu�,
Mingzhou Guo�, and Haiteng Deng‡**

BRCA1-associated protein 1 (BAP1) is a member of the
ubiquitin C-terminal hydrolase family of deubiquitinating
enzymes and is implicated in transcriptional regulation.
The BAP1 gene is mutated in about 10% of patients with
ccRCC, the most common form of renal cancer, suggest-
ing that BAP1 is a tumor suppressor. However, whether
BAP1 influences the progression of ccRCC tumors ex-
pressing wild-type (WT) BAP1 is unclear. Here, we as-
sessed the expression and function of BAP1 using human
ccRCC specimens and cell lines. Analysis of datasets in
The Cancer Genome Atlas revealed that lower BAP1 ex-
pression is correlated with longer overall survival of
ccRCC patients. We established human ccRCC cell lines
with stable BAP1 knockout and performed multiomic
analysis of BAP1-mediated cellular processes. BAP1
knockout downregulated proteins associated with protein
synthesis, resulting in decreased cell growth. Importantly,
loss of BAP1 decreased the formation of stress fibers and
membrane protrusions and induced migration and inva-
sion defects. BAP1 knockout in ccRCC cells also down-
regulated the expression of transcriptional repressor
protein Snail and decreased the activity of Rho family
GTPases, promoting the cells to undergo mesenchymal-
epithelial transition. Unexpectedly, quantitative proteom-
ics also showed that BAP1 knockout increased expres-
sion of several amino acid transporters and multiple
tyrosine kinases, including the epidermal growth factor
receptor. Overall, our results suggest that BAP1 regulates
multiple cellular processes, and we also uncover a new
role for BAP1 in controlling mesenchymal-epithelial tran-
sition in ccRCC cells. Molecular & Cellular Proteomics
18: 1320–1329, 2019. DOI: 10.1074/mcp.RA119.001457.

BAP11 is a member of the ubiquitin C-terminal hydrolase
subfamily of deubiquitinating enzymes (DUBs) (1). Histone
H2A (Lys119) was the first identified substrate of BAP1 (2);
since then, many other targets have been reported, including

the transcription factor Krueppel-like factor 5, the cytoskeletal
protein �-tubulin, and the receptor protein IP3R3 (3–5). Ca-
lypso, the Drosophila orthologue of BAP1, interacts with the
additional sex combs protein to form the polycomb-repres-
sive deubiquitinase complex, which is involved in repression
of HOX genes during embryo development (2). BAP1 has
been shown to interact with several transcription factors and
epigenetic modifiers (6), indicating that it plays important roles
in transcriptional regulation. Consistent with this, BAP1 is
known to be involved in a variety of cellular processes, such
as cell cycle progression, endoplasmic reticulum stress re-
sponse, and DNA repair (7–10).

BAP1 was originally identified as a ubiquitin C-terminal
hydrolase that binds to the RING finger domain of BRCA1 and
enhances BRCA1-mediated tumor suppressive activity (1).
However, BAP1 also exhibits tumor suppressive behavior in a
BRCA1-independent manner (11, 12). BAP1 is located on
chromosome 3p21 in a region frequently altered in various
cancers, such as mesothelioma and uveal melanoma (13, 14),
suggesting that BAP1 is a tumor suppressor. Interestingly, an
increasing number of studies have demonstrated that deple-
tion of BAP1 inhibits the proliferation of various tumorigenic or
nontumorigenic cell types (3, 9, 15–17), and germline mutation
or low expression of BAP1 correlates with long-term survival
of patients with mesothelioma (18, 19). These results suggest
that BAP1 plays context-specific roles in cancer progression.

Renal cell carcinoma (RCC) is the seventh and ninth most
common cancer in men and women, respectively, worldwide.
Among the various subtypes, clear cell RCC (ccRCC) is the
most common and aggressive subtype, accounting for �75%
of cases (20, 21). Genomic studies have revealed that BAP1 is
mutated in about 10% of ccRCCs, and mutant BAP1 is as-
sociated with poor overall survival in patients with higher
Fuhrman grade (22, 23). BAP1 mutation is also associated
with up-regulation of the mammalian target of rapamycin
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(mTOR) pathway in ccRCC (22) and has been suggested to be
predictive not only for sensitivity to mTOR inhibitors but also
for responsiveness to radiotherapy (24). Given the molecular
heterogeneity of ccRCC (25, 26), it is equally important to
characterize BAP1 function in the �90% of ccRCC patients
carrying WT BAP1. Such studies will help to identify molecular
diagnostics and possible therapeutic targets for personalized
therapy.

To explore the function of BAP1 in ccRCC, we used
clustered regularly interspaced short palindromic repeats
(CRISPR)-Cas9 technology to knock out BAP1 in human
ccRCC cell lines and performed proteomic and functional
analyses. We found that BAP1 knockout (KO) affected genes
involved in cell proliferation, cytoskeletal reorganization, and
cell motility. Functional assessment confirmed that BAP1 KO
inhibited the growth, altered the morphology, and reduced the
migration and invasion of ccRCC cells. These results provide
a comprehensive view of BAP1-mediated cellular processes
in ccRCC and reveal that it plays essential roles in cytoskeletal
remodeling.

EXPERIMENTAL PROCEDURES

Cell Culture—786-O and 769-P cell lines were obtained from the
cell bank of Chinese Academy of Sciences (Shanghai, China). 786-O
and 769-P cells were maintained in RPMI 1640 media (Wisent, Nan-
jing, China, #350–006-CL) supplemented with 10% fetal bovine se-
rum (PAN, Aidenbach, Germany, #ST30–3302) and 1% penicillin/
streptomycin (Gibco, Waltham, MA, #15140122) at 37 °C in a
humidified incubator with 5% CO2.

Gene Editing—Genome engineering for creation of BAP1 null al-
leles was performed as previously described (27) with modification
that dual single-guide RNAs (sgRNAs) were used to achieve high
efficiency (28) (guide sequence 1: tagagacctttcgccgggac score:94;
guide sequence 2: gggttgtcggtaccgacacc score:95). Briefly, guide
sequences were designed by the online tool (http://crispr.mit.edu/)
according to the protocol and were cloned into PX458 vector and
then transfected into cells with Lipofectamine 3000 (Invitrogen, Wal-
tham, # L3000015) following manufacturer’s guidance. 48 h post
transfection, cells were trypsinized into single cells and resuspended
with PBS, then GFP-positive cells were sorted into 96-well plates by
FACSAriaTMII flow cytometer (BD) in a single-cell mode. 10–14 days
after sorting, visible monoclones were submitted to PCR genotyping
(primer-up: tgagtgatgacgcagtgcaaaggat; primer-down: tggagaccaaga-
caaggaatcagcg) and then validated by Western blotting.

Experimental Design and Statistical Rationale—Quantitative pro-
teomic profiling was performed on three independent biological rep-
licates. 786-O BAP1 knockout and WT cells were used as experimen-
tal and control cell lines, respectively. To minimize the variability
between samples, Tandem Mass Tag labeling was used to obtain
accurate quantitative information. For quantitative analysis, at least
two unique peptides were considered for the identification and quan-
tification of proteins. To minimize experimental bias or errors and
based on the assumption that the majority of the proteins do not or
just slightly changed between samples, the reporter ion abundance

was normalized to total peptide amount so that the total abundance
is the same for all channels. The normalized abundances from each
channel were used to calculate the mean ratios of identified proteins,
and Student’s t test was used to verify the significance of the results.
Significantly changed proteins were screened by volcano plot analy-
sis using R (V.3.5.1). Histograms of protein fold-changes in proteomic
data were used to demonstrate normal data distribution. Pearson
correlation was calculated to test the reproducibility of protein
quantification.

Sample Preparation—Cells were lysed with 8 M urea supplemented
with protease inhibitor mixture (Bimake, Shanghai, China, #B14002),
100 �g of protein were reduced with 5 mM DTT for 60 min at room
temperature and alkylated with 12 mM iodoacetamide for 45 min at
room temperature in the dark. Samples were then digested with
trypsin (Promega, Madison, # V5280) at 37 °C overnight. The peptides
were desalted with Sep-Pak C18 Cartridge (Waters, Milford, #
186004619) and labeled with Tandem Mass Tag (ThermoFisher, Wal-
tham, MA) following manufacturer’s instructions. The labeled pep-
tides of different samples were mixed, desalted, and separated by
high performance liquid chromatography (HPLC) into 12 fractions at
pH 10 and then analyzed by LC-MS/MS.

LC-MS/MS Analysis—For LC-MS/MS analysis, each fraction was
separated by HPLC (Ultimate 3000, ThermoFisher) in a 135-min gra-
dient elution with 0.1% formic acid, which was connected to a
Thermo Orbitrap Fusion Lumos mass spectrometer. The mass spec-
trometer was programmed to acquire in the data-dependent acqui-
sition mode. The master scan was from 350 to 1,550 m/z with a
resolution of 120K at 400 m/z, and the duty cycle was 3 s. After one
master scan, the top N most intense peaks with charge state 2 and
above were dissociated by normalized collision energy of 35% (27%
for stable isotope labeling with amino acids in cell culture (SILAC)
samples) with an isolation window of 0.7 Da width, and the dynamic
exclusion duration was 15 s. The MS2 spectra were acquired with a
resolution of 30K, automatic gain control (AGC) target of 2 � 105, and
maximum injection time of 60 ms.

Protein Identification and Quantification—The MS/MS spectra were
searched against the UniProt human database (release on October
25, 2017, containing 20,168 entries) using the SEQUEST search
engine of Proteome Discoverer 2.1 software (ThermoScientific). The
search criteria were as follows: full tryptic specificity was required,
two missed cleavage was allowed, carbamidomethylation on cysteine
and Tandem Mass Tag sixplex on lysine/peptide N terminus were set
as the fixed modifications, oxidation on methionine and acetylation on
protein N terminus were set as the variable modification, precursor
ion mass tolerances were set at 10 ppm, and the fragment ion mass
tolerance was set to 0.02 Da. Peptide spectral matches were vali-
dated using the Percolator provided by Proteome Discoverer soft-
ware at a 1% false discovery rate. The reporter ion abundance was
normalized to total peptide amount, and abundance from each chan-
nel was used to calculate the mean ratio of identified proteins.

Identification of Ubiquitinated Proteins—786-O WT and BAP1 KO
cells were cultured in heavy (13C6-L-arginine, 13C6-L-lysine, Cam-
bridge Isotope Lab, Cambridge, UK) and light (unlabeled L-arginine
and L-lysine) SILAC RPMI 1640 medium (Thermo Fisher Scientific),
respectively. After more than 10 passages, cells were lysed with 8 M

urea and 5 mg protein from each group were mixed. The ubiquitinated
peptide enrichment was performed using PTMScan® (Cell Signaling
Technology, Boston, MA, #5562) following the manufacturer’s in-
structions. Briefly, the sample was reduced with 5 mM DTT for 60 min
at room temperature and alkylated with 12 mM iodoacetic acid for 45
min at room temperature in the dark. Samples were then digested
with trypsin (Promega) at 37 °C overnight. The peptides were de-
salted with Sep-Pak C18 Cartridge (Waters) and lyophilized. The
peptides were dissolved in immunoaffinity purification (IAP) buffer and

1 The abbreviations used are: BAP1, BRCA1-associated protein 1;
ccRCC, clear cell renal cell carcinoma; BRCA1, breast cancer type 1
susceptibility protein; IP3R3, inositol 1,4,5-trisphosphate receptor type
3; SETD2, histone-lysine N-methyltransferase SETD2; KDM5C, lysine-
specific demethylase 5C; EMT, epithelial–mesenchymal transition.
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incubated with motif antibody beads for 2 h at 4 °C. Then the beads
were washed by IAP buffer for two times and PBS for two times and
eluted by 0.15% TFA. The sample was desalted by home-made C18
stage-tips for LC-MS/MS analysis. The LC-MS/MS and search criteria
were the same as described above with changes: (1) 13C(6) at lysine,
ubiquitination at lysine, 13C(6)�ubiquitination at lysine, and 13C(6) at
arginine were set as variable modifications and carboxymethylation
on cysteine was set as fixed modifications (carbamidomethylation
and Tandem Mass Tag modification were removed); (2) relative pep-
tide expression ratios were calculated using the precursor ion inten-
sity of Lys0Arg0 and Lys6Arg6.

RNA Sequencing—Total RNA was extracted with RNAprep kit
(TIANGEN, Beijing, China, #DP430) and the quality of RNA was
checked by 2100 bioanalyzer (Agilent, Palo Alto, CA), samples have
the RNA Integrity Number (RIN) value that higher than 7 can be used
for sequencing. For library preparation, KAPA mRNA HyperPrep Kit
(Roche, Basel, Switzerland, # KK8581) was used following manufa-
cturer’s instructions. Then the library quality was checked by a 2100
bioanalyzer and quantified by Qubit (ThermoFisher). Illumina Hiseq
X-TEN platform was used for sequencing.

Rho Activity Assay—The activities of RhoA, Rac, and Cdc42 were
determined as previously described (29). GST-Rhotekin-RBD and
GST-PAK-RBD were prepared in-house. Cells were lysed with radio-
immune precipitation assay buffer supplemented with protease inhib-
itor mixture (bimake) for 2 h at 4 °C. 100 �g of lysate of each cell type
were incubated with GST-Rhotekin-RBD (for GTP-RhoA assay) or
GST-PAK-RBD (for GTP-Rac and GTP-Cdc42 assay) prebound GSH-
Sepharose beads (GE Healthcare, Boston, # 17075604) for 2 h at
4 °C. Then the beads were washed by PBS and boiled with 50 �l of
loading buffer for 5 min. The eluted proteins were submitted to
Western blot analysis.

Western Blotting—Cells were lysed with radioimmune precipitation
assay buffer supplemented with protease inhibitor mixture and son-
icated. After centrifugation at 14,000 � g for 15 min at 4 °C, the
supernatant was collected. The protein concentration was measured
by BCA assay kit. Equal amount of proteins was separated by 12%
SDS-PAGE gel and transferred onto a PVDF membrane. After block
with 5% milk for 1 h, the membrane was incubated with primary
antibody overnight at 4 °C then incubated with secondary antibody
conjugated with HRP for 1 h. The membrane was detected by ECL
reagents (GenStar, Beijing, China, #E171–04) with Image Lab system
(Bio-Rad, Hercules). BAP1 antibody (#sc-28383) was purchased from
Santa Cruz; H2AUbi (#8240), H2A (#12349), beta-actin (#4970), Rac
(#2465), RhoA (#2117), Cdc42 (#2466), Snail (#3879), N-cadherin
(#13116), and vimentin (#5741) antibodies were purchased form Cell
Signaling Technology.

Quantitative Real-time PCR—Total RNA was extracted by
RNAprep kit (TIANGEN, #DP430) and reverse transcribed to cDNA
by GoScriptTM system (Promega, #A5001) according to manufactu-
rer’s instructions. Real-time PCR was performed by LightCyclerTM

480II (Roche, Switzerland) with SYBR green qPCR mix (Takara, Da-
lian, China, #RR390A), 18s rRNA was used as internal control. Rela-
tive expression level was calculated by double delta Ct analysis.
Primers used for qPCR were listed in Table S3.

Wound Healing Assay—Cells were counted and seeded in 12-well
plates (2 � 105 per well) overnight before experiment. Two cross
wounds were made in each well with a sterile tip. Then the cells were
rinsed several times with PBS and then culture media. Pictures were
taken by Eclipse Ts2 (Nikon, Tokyo, Japan) at indicated time point.

Transwell Assay—Transwell 24-well permeable supports (Corning,
Coring, #3422) were used. The upper surface of the inserts (6.5 mm
diameter) were coated with 0.5 mg/ml rat tail collagen (Corning,
Coring, #354236) for 2 h before use. 3 � 104 cells were counted and
seeded in the inserts with RPMI 1640 without FBS, and the lower

chambers were filled with RPMI 1640 containing 10% FBS. After 12 h,
the upper surface of the inserts were cleaned and the invasive cells on
the lower surface were fixed with 4% paraformaldehyde and stained
with crystal violet solution (Beyotime, Shanghai, China, #C0121). The
number of invasive cells were calculated with three areas (up, middle,
and down) on the lower surface of inserts.

Chromatin Immunoprecipitation (ChIP) Analysis—ChIP assay was
performed following the ChIP protocol from Cold Spring Harbor (30).
Briefly, 786-O WT and BAP1 KO cells were harvested and fixed with
1% formaldehyde/PBS for 10 min at room temperature. Nuclei were
extracted and lysed, and the chromatins were sonicated into frag-
ments with an average length of 0.3–0.5 kb. Chromatins were incu-
bated with E6C5 antibody (mouse IgM, Merck Millipore, Darmstadt,
Germany, #05–678) at 4 °C overnight, and then incubated with sec-
ond antibody (rabbit anti-mouse IgM, Merck Millipore, #12–488)-
preconjugated protein A dynabeads (Invitrogen, #10001D) at 4 °C
overnight. Input and purified immunoprecipitated DNA were quanti-
fied by real-time PCR. Primers used for ChIP-qPCR were listed in
Table S3.

Phalloidin Staining—Cells were plated on a 35-mm glass bottom
cell culture dishes (NEST, Wuxi, China). After 24 h, cells were
washed in PBS, fixed with 4% paraformaldehyde for 10 min, per-
meabilized with 0.1% Triton X-100 for 5 min, washed in PBS, and
then stained with phalloidin-TRITC (1:200, YEASEN, Shanghai,
China, #40734ES75) in 1% BSA for 30 min at 4 °C, washed in PBS
and then stained with DAPI staining solution (Beyotime, #C1006). The
dishes were mounted with antifading mounting medium (Solarbio,
Beijing, China, #S2100). Images were captured by Nikon A1 Laser
Scanning Confocal Microscopy and then analyzed by ImageJ
software.

Dual-luciferase Assay—The Snail promoter was synthesized and
cloned into pGL3-Basic vector. 293T cells were plated in 24-well
plates overnight. pcDNA3.1-BAP1 or empty pcDNA3.1 was co-trans-
fected into 293T with Renilla and pGL3-Snail-promopter. 48 h post
transfection, luciferase activity was measured by using the dual lucif-
erase reporter assay system (Promega) following the manufacturer’s
instructions. The experiments were repeated in triplicate with normal-
ization to Renilla activity.

Cell Proliferation Assay—Cells were counted and seeded in 96-well
plates (2,500 cells per well). Cell proliferation rate was measured by
Cell Counting Kit-8 (Dojindo, Kyushu, Japan, # CK04) according to
the manufacturer’s guidance. Optical density at 450 nm was mea-
sured with a microplate reader (ThermoFisher) after incubation with
Cell Counting Kit-8 for 2 h.

Statistical Analysis—Data plotting and statistical analysis were car-
ried out with SigmaPlot software. Data are presented as mean � S.D.
n � 3. Student’s t test was used to determine the significance, and p
values lower than 0.05 were considered to be significant. A Kaplan-
Meier survival curve was plotted by GraphPad Prism 6 software, and
the raw data were downloaded from OncoLnc online tool (31) and
listed in Table S2. For the analysis, 33% of the upper and lower
percentile were used.

RESULTS

Low BAP1 Expression Correlates With Longer Overall Sur-
vival in ccRCC Patients—To determine whether expression of
WT BAP1 correlates with the survival of ccRCC patients, we
analyzed genomic datasets from two cohorts (32) in The Can-
cer Genome Atlas. Among these, 89.62% (380 of 424) and
90.69% (409 of 451) of the patients expressed WT BAP1 (Fig.
1A). Using the OncoLnc data analysis tool, we found that
lower BAP1 mRNA expression levels correlated with longer
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overall survival within patients carrying WT BAP1 (Fig. 1B).
This result suggested that BAP1 may play complex roles in
tumor progression other than a tumor suppressor.

To investigate the function of BAP1 in ccRCC progression,
we used CRISPR-Cas9 technology with dual sgRNAs to
knock out BAP1 in the human 786-O and 769-P ccRCC cell
lines with high efficiency. The catalytic region of BAP1 in-
cludes four crucial amino acids (glutamine 85, cysteine 91,
histidine 169, and aspartic acid 184), in which cysteine 91 is
the active site (1). Therefore, we designed two sgRNAs to
flank this domain and designed genotyping primers to flank
the sgRNAs (Fig. 1C). BAP1 KO was confirmed by Sanger
sequencing. As shown in Fig. 1D, about 1,500 bp was deleted
in both alleles of BAP1 to generate two stable KO cell mono-
clones. BAP1 KO was also subsequently confirmed by West-
ern blot analysis (Fig. 1E).

Proteomic Analysis Showed That BAP1 was Involved in
Cytoskeleton Remodeling and Cell Growth in ccRCC Cells—
H2A is a canonical substrate of BAP1 (2). Western blot anal-
ysis showed that H2A ubiquitination was significantly in-
creased in BAP1 KO 786-O cells compared with the control
cells (Fig. 1F), indicating that BAP1 epigenetically regulates
gene expression in these cells. Because BAP1 is a deubiq-
uitinating enzyme, we probed changes in the ubiquitome of
BAP1 KO cells compared with WT cells. Gene Ontology anal-
ysis of proteins with increased ubiquitination in KO cells
showed that BAP1 participated in RNA processing, transla-
tion, and chromatin remodeling in 786-O cells (Fig. S1).

Next, we performed quantitative proteomic analysis to ex-
plore the effects of BAP1 KO on proteostasis in ccRCC cells.
In triplicate samples, we identified 7,738 proteins, of which
1,469 were classified as differentially expressed proteins
(DEPs; Table S1) according to the following criteria: (1) false
discovery rate of protein �0.01, (2) average reporter ion ratio
�1.3 or �0.77, (3) p value of the ratio �0.05, and (4) identi-
fication of two or more unique peptides. Histograms showed
normal Gaussian distributions of fold-changes from pro-
teomic data (Fig. 2A). A high Pearson correlation coefficient
indicated high correlation in fold-changes among three bio-
logical replicates (Fig. 2A). The cutoff ratio for up- or down-
regulated proteins was determined using a biological replicate
method (33). Applying this method to our data, we observed
about 25% variation corresponding to 88% coverage of data
(Fig. 2B). Based on this, the cutoff was set at 1.3-fold (1 �

30% variation). In the volcano plot, blue dots in the upper left
and red dots in the upper right sections represent proteins
with fold-change � 0.77 or � 1.3 and p values � 0.05
(Fig. 2C).

Gene Ontology enrichment analysis was then performed to
determine the biological relevance of the DEPs. The most
highly enriched Molecular Function terms for the DEPs were
Binding and Catalytic Activity (Fig. S2), especially Cytoskel-
etal Protein Binding and Motor Activity (Fig. 3A). Totally, 130
cytoskeleton binding proteins and 12 motor proteins were
enriched (marked in Table S1), which indicated that BAP1 was
involved in cytoskeleton remodeling and cell motility. To gain

FIG. 1. Low expression of BAP1 was
correlated with better survival in
ccRCC patients. (A) Analysis of
genomic datasets from TCGA showed
that about 90% of ccRCC patients do
not harbor BAP1 mutation. (B) Lower
BAP1 mRNA expression levels corre-
lated with longer overall survival within
patients carrying WT BAP1 (n � 133
each in low and high groups). (C) Sche-
matic diagram of BAP1 engineering site
for CRISPR-Cas9 and binding site for
genotyping primers on genome. (D) The
CRISPR-Cas9-derived mutations in
786-O BAP1-KO #1 and KO #2 cells
were sequenced by Sanger sequenc-
ing. (E) Validation of endogenous BAP1
by Western blotting in BAP1 WT and
KO cells. (F) Verifying the increase of
ubiquitination on lysine119 of histone
H2A by Western blotting.
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FIG. 2. Quantitative proteomic analysis of 786-O BAP1 KO cells and WT cells. (A) Histograms showed normal Gaussian distributions of
log2(fold change) from proteomic data and high Pearson correlation coefficient indicated high correlation in fold-changes among three
biological replicates. (B) About 25% variation corresponded to 88% coverage of the proteomic data, and based on this, the cutoff was set at
1.3 fold (1 � 30% variation). (C) Volcano plots showed significantly changed proteins in BAP1 KO cells with fold-change � 1.3 (labeled in red)
or � 0.7 (labeled in blue) and p value � 0.05.

FIG. 3. GO analysis of differentially expressed proteins between 786-O BAP1 KO cells and WT cells. (A) Cytoskeleton and motor
related proteins were highly enriched within DEPs using Molecular Function enrichment with PANTHER bioinformatics platform. (B) Cellular
processes enriched by Ingenuity Pathway Analysis software showed that BAP1 was significantly involved in cell morphology and mobility
(indicated by *) and cell proliferation (indicated by 	).
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further insight, we subjected the DEPs to ingenuity pathway
analysis (IPA) and found that proteins related to cell morphol-
ogy and motility (* in Fig. 3B) and cell proliferation (	 in Fig. 3B)
were highly enriched. Cell morphology and motility networks
were represented by cellular assembly and organization, and
cellular movement and cell morphology. Cell proliferation was
represented by cell death and survival, cellular growth and
proliferation, and cell cycle. In total, 576 DEPs were related to
cell morphology and motility, and 683 were related to cell pro-
liferation. Among the proteins downregulated by BAP1 KO were
filamins, which promote actin filament branching; myosins,
which are responsible for cell contraction; and fibronectin, a
matrix protein that plays a key role in wound healing. Canonical
pathways related to cell morphology and motility were also
significantly enriched in the IPA (Fig. S3). Similar results were
observed from analysis of RNA-seq data (Fig. S4). All these
results suggested that BAP1 played a crucial role in regulation
of cell motility and cytoskeletal reorganization.

BAP1 KO Downregulates Snail Expression to Promote the
Mesenchymal-epithelial Transition (MET) in ccRCC Cells—We
next examined the effects of BAP1 KO on cell migration in more
detail using a wound-healing assay. While migration of BAP1
WT cells effectively closed the wound within 11 h of incubation,

the migration of BAP1 KO cells was much slower (Fig. 4A).
Similar results were obtained with the 769-P ccRCC cell line
(Fig. S5A). Next, we examined the effects of BAP1 KO on
invasive behavior using a Transwell assay with collagen-coated
wells. After 12-h incubation, the number of invaded BAP1 KO
cells was much lower than that of the WT cells (Figs. 4B and 4C).
These results demonstrated that BAP1 plays an important role
in the migratory and invasive behavior of ccRCC cells.

The observed reduction in ccRCC cell motility suggested
that BAP1 might be involved in the EMT and/or the reverse
process MET, which are crucial not only for embryonic devel-
opment but also for the progression of tumors (34, 35). While
the EMT promotes tumor invasion and initiates metastasis,
metastatic cells may undergo MET to form new colonies
(metastases), which are responsible for �90% of deaths from
cancer in humans (36, 37). The transcription factor Snail plays
a key role in these processes by regulating the expression of
several EMT- and MET-related proteins, such as E-cadherin,
vimentin, and fibronectin (38). Consistent with the results of
the migration and invasion assays, Western blot analysis of
ccRCC cells showed a pronounced decrease in the expres-
sion of Snail, N-cadherin, and vimentin in BAP1 KO cells
compared with WT cells (Fig. 4D), which suggests a role for

FIG. 4. Loss of BAP1 promoted mesenchymal-epithelial transition in 786-O ccRCC cells. (A) Representative images of wound-healing assay
showed that loss of BAP1 inhibited cell migration. Scale bar: 200 �m, n � 3. (B) Representative images of Transwell assay showed that BAP1 KO
induced invasion defect. Scale bar: 100 �m, n � 3. (C) Bar graphs based on quantitative data from panel B, n � 3. (D) Western blot analysis
quantifying makers related to epithelial-mesenchymal transition, n � 3. (E–G). Proteomic analysis showed downregulated proteins associated to
EMT process in BAP1 KO cells. *p � 0.05; **p � 0.01; ***p � 0.001.
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BAP1 in coordinating the EMT process. Proteomic data also
showed that proteins associated with integrin-linked protein
kinase-, ras homolog-, and transforming growth factor beta-
signaling pathways were significantly downregulated in BAP1
KO cells (Figs. 4E–4G).

Because BAP1 deubiquitnates H2A on Lys119, which is an
epigenetic marker implicated in transcription repression (39,
40), we hypothesized that BAP1 regulated Snail expression at
the transcription level. To verify this, real-time PCR assay was
performed and the result confirmed that Snail mRNA was
significantly downregulated in BAP1 KO cells (Fig. 5A). In
addition, ChIP analysis showed that H2Aub (Lys119) was
highly enriched in the Snail but not �-actin gene region (Fig.
5B). Further, we performed dual-luciferase reporter assays in
which firefly luciferase expression was driven by Snail pro-
moter activity. Indeed, luciferase activity was fourfold higher
in 293T cells transfected with the pcDNA3.1-BAP1 expression
vector compared with the control empty vector (Fig. 5C),
which confirmed that BAP1 directly regulated Snail-promoter
activity. Collectively, these results suggested that BAP1 di-
rectly regulates Snail mRNA levels by deubiquitinating H2A in
the Snail gene region and that loss of BAP1 in 786-O cells
induced MET by inhibiting Snail expression.

Loss of BAP1 Decreases Rho Activity and Induces Morpho-
logical Changes in ccRCC Cells—To further probe the mech-
anism by which BAP1 regulates the migration and invasion of
ccRCC cells, we examined cytoskeletal organization in BAP1
KO and WT cells using the fluorescent F-actin-binding protein

phalloidin. As shown in Fig. 6, cells with BAP1 KO exhibited
smooth margins, decreased formation of stress fibers, disor-
dered actin alignment, and reduced pseudopodia (Fig. 6A and
insets). The Rho family GTPases (Rho, Rac, and Cdc42) are
key regulators of cytoskeletal organization and play crucial
roles in cell adhesion and movement. Rho participates in the
formation of stress fibers and modulates cell morphology and
motility; Rac regulates actin polymerization and cell-cell ad-
hesion; and Cdc42 is involved in filopodia formation and
cell-cell adhesion (41). During cell migration, Cdc42 deter-
mines the direction of cell movement, Rac and Cdc42 induce
actin-rich membrane protrusions at the leading edge, and
Rho promotes actin-myosin contractility for forward move-
ment (42). Consistent with these functions and the observed
effects of BAP1 KO on ccRCC cell morphology and motility,
GTPase activity assays showed that RhoA, Rac, and Cdc42
activities were all significantly downregulated in BAP1 KO
cells compared with WT cells (Fig. 6B). Interestingly, West-
ern blotting and quantitative real-time PCR analysis showed
that total protein and mRNA levels of each Rho family
member were downregulated, indicating that BAP1 regu-
lates their expression at the mRNA level (Fig. 6C). Several
studies have demonstrated that Snail regulates cell motility
through modulating the expression and activity of Rho fam-
ily GTPases (43–46). As described above, loss of BAP1
directly downregulated the expression of Snail, and this
should result in the decreased expression and activity of
Rho family GTPases, subsequently. Importantly, the reduc-
tion in stress fiber and pseudopodia formation and GTPase
activities induced by loss of BAP1 was observed in both
786-O and 769-P (Fig. S6) cell lines.

Loss of BAP1 Inhibits ccRCC Cell Growth—Because a large
number of the proteins differentially expressed in BAP1 KO
cells were involved in cellular processes related to cell prolif-
eration (683 DEPs), we examined cell proliferation using the
Cell Counting Kit-8 assay. Indeed, loss of BAP1 decreased
the growth of both 786-O and 769-P (Fig. 7A and Fig. S7)
cells. Because proteomic analysis revealed a significant
down-regulation of 28 ribosomal subunits in BAP1 KO cells
(Fig. 7B), it seems likely that the observed growth inhibition of
these cells was at least partly due to decreased protein syn-
thesis. To determine whether BAP1 KO affected cell cycle
progression, we performed FACS analysis of ccRCC cells
stained with the DNA-intercalating dye propidium iodide. Cell
cycle analysis showed that BAP1 KO in 786-O cells induced
S-phase arrest (Fig. 7C), consistent with an earlier report that
shRNA-mediated BAP1 knockdown slowed S-phase progres-
sion in HeLa cells (17).

Paradoxically, we also found that BAP1 KO up-regulated
several growth-promoting transporters and growth factors/
receptors in ccRCC cells. These included transporters of
amino acids (SLC3A2, SLC7A5, SLC7A1, SLC25A15, and
SLC15A4) and monocarboxylates (SLC16A1), epidermal
growth factor receptor, fibroblast growth factor 2, and hep-

FIG. 5. BAP1 regulated the transcription of Snail through deu-
biquitinating H2A. (A) Quantitative real-time PCR quantifying the
mRNA level of EMT markers, n � 3. (B) ChIP analysis showed that
H2Aub (Lys119) modification was highly enriched on Snail gene but
not on �-actin gene, n � 3. (C) Dual-luciferase assay showed that
BAP1-enhanced Snail promoter activity by about fourfold compared
with control empty vector, n � 3. *p � 0.05; **p � 0.01; ***p � 0.001.
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atocyte growth factor receptor (Fig. S8). This observation
suggested that BAP1 plays complex roles in cell growth
regulation.

DISCUSSION

Next-generation sequencing studies have shown that epi-
genetic modifiers such as protein polybromo-1, SETD2,
BAP1, and KDM5C are frequently mutated in RCC and other

tumors (13, 25, 47–49). These proteins are involved in reg-
ulating diverse cellular processes, including DNA repair,
cytoskeletal remodeling, and transcription (47). Previous
studies have proposed that BAP1 functions as a tumor
suppressor (1, 11), but accumulating evidence suggests
that it also plays a role in promoting cell proliferation (9, 10,
15). BAP1 is estimated to be mutated in about 10% of
ccRCC cases. In the present study, we found that lower
expression of WT BAP1 in ccRCC correlated with longer
overall survival, suggesting that BAP1 played complex roles
in ccRCC other than just a tumor suppressor. Ubiquitomic
analysis showed that BAP1 was associated with multilevel
regulation of gene expression. Our quantitative proteomic
analysis revealed that BAP1 KO altered proteostasis in
ccRCC cells, especially the expression of proteins associ-
ated with cell motility, cytoskeletal organization, and cell
proliferation. These properties were confirmed by functional
assays of ccRCC cell motility and invasion. The EMT mark-
ers Snail, N-cadherin, and vimentin were downregulated
in BAP1 KO cells, and importantly, we demonstrated
that BAP1 regulates Snail transcription by directly deubiq-
uitinating H2A in the Snail gene region. Consistent with an
MET phenotype, the activities of RhoA, Rac, and Cdc42
GTPases were all significantly decreased by BAP1 KO, re-
sulting in a striking loss of stress fiber and pseudopodia
formation.

The observed suppression of cell growth in BAP1 KO
ccRCC cells could be at least partially attributed to a decrease
in protein synthesis. Previous work has identified cytochrome
c oxidase subunit 7C (COX7C), a subunit of the mitochondrial

FIG. 6. BAP1 knockout decreased the formation of stress fibers and membrane protrusions in 786-O ccRCC cells. (A) Staining of
786-O cells with TRITC-phalloidin (red) to observe F-actin fibers. BAP1 KO cells exhibited smooth margins and decreased formation of stress
fibers, with disordered actin alignment and reduced pseudopodia. Scale bar: 25 �m, n � 3. (B) Western blotting quantifying the total and active
form of Rho family GTPases in 786-O WT and KO cells, n � 3. (C) Quantitative real-time PCR quantifying the mRNA level of Rho family GTPases
in 786-O WT and KO cells, n � 3. **p � 0.01; ***p � 0.001.

FIG. 7. BAP1 knockout inhibited cell proliferation in 786-O ccRCC
cells. (A) Loss of BAP1 inhibited cell proliferation in 786-O cells, n � 3.
(B) Proteomic analysis showed downregulated subunits of cytosolic and
mitochondrial ribosomes in 786-O BAP1 KO cells. (C) Loss of BAP1
induced S-phase cell cycle retardation in 786-O BAP1 KO cells.
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respiratory chain complex cytochrome c oxidase IV, as a
BAP1-activated gene (50). Consistent with this, we found that
BAP1 KO in ccRCC cells reduced COX7C expression by three
fold compared with BAP1 WT cells (Table S1). Interestingly,
both protein and mRNA level of the immunosuppressive pro-
tein programmed death-ligand 1 (PD-L1) were also down-
regulated in BAP1 KO 786-O cells (data not shown). Previous
studies have shown that PD-L1 is expressed in 70% of
ccRCC tumors (51, 52) and that EMT is linked to CD8� T cell
immunosuppression via up-regulation of PD-L1 (53). Thus, the
results presented here point to a possible role for BAP1 in
immunosuppression.

In summary, we have demonstrated that inactivation
of BAP1 in ccRCC cells altered cellular proteostasis, sup-
pressed cell proliferation, and induced a MET-like phenotype.
Importantly, Snail and Rho family GTPases played fundamen-
tal roles in the biological processes regulated by BAP1. Our
results also suggested that BAP1 played context-dependent
roles in tumor progression.
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