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Nuclear localization of BRCA1-associated protein 1 is important
in suppressing hepatocellular carcinoma metastasis via CTCF

and NRF1/0OGT axis

Xiaoyu Xie'?3, Yu-Man Tsui'?3, Vanilla Xin Zhang'?, Tiffany Ching-Yun Yu
Eva Lee'?, Joyce Man-Fong Lee'?, Hoi-Tang Ma'?, Daniel Wai-Hung Ho'?, Karen Man-Fong Sze

© The Author(s) 2025

2 Abdullah Husain'?, Yung-Tuen Chiu'?, Lu Tian'?,
2% and Irene Oi-Lin Ng '™

Germline mutations of the deubiquitinase BRCA1-associated protein 1 (BAP1) lead to the “BAP1 cancer syndrome” characterized by
development of cancers. However, the role of BAP1 in hepatocellular carcinoma (HCC) is unclear. We found that BAP1 was
upregulated at mRNA level in human HCCs and significantly correlated with a more aggressive tumour behaviour. Intriguingly, we
observed cytoplasmic but no or minimal nuclear BAP1 in human HCC samples by immunohistochemistry. We observed that, while
BAP1 protein was found mainly in the cytoplasm and less in the nuclei of HCC cell lines, BAP1 expression was predominantly
nuclear in HepG2 cells, by cell fractionation and immunofluorescence analyses. Functionally, in the orthotopic liver injection mouse
model, silencing the BAP1 predominant nuclear expression of HepG2 cells promoted intrahepatic tumor metastasis, with more
frequent tumor microsatellite formation and venous invasion. With transcriptomic profiling, we identified RHOJ amongst the
downregulated targets in HepG2 cells upon BAP1 knockdown. Subsequent overexpression of RHOJ suppressed cell migration in
HCC cells, suggesting that BAP1 might upregulate RHOJ resulting in reduced cell migratory ability of HCC cells. Furthermore, we
identified two transcription factors, CTCF and NRF1, which activated BAP1 transcription by binding to BAP1 promoter region. On
the other hand, we uncovered that O-linked N-acetylglucosamine (GIcNAc) transferase (OGT) physically bound to BAP1 in the
nucleus, resulting in diminished stability of the nuclear BAP1. Intriguingly, OGT transcription was upregulated and was also under
the control of CTCF and NRF1 in human HCC, acting as a negative regulator of BAP1. To summarize, this study uncovered the
underlying mechanisms of the regulation of BAP1 and that loss of the nuclear localization of BAP1 protein contributed to enhanced

cell migration in vitro and more aggressive tumor behavior in human HCCs.
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INTRODUCTION
Hepatocellular carcinoma (HCC) is prevalent malignancy worldwide
and ranks as the sixth most common and third most fatal in cancer
mortality [1, 2]. However the molecular mechanisms of hepato-
carcinogenesis are varied [3]. Deubiquitinating enzymes are a
group of enzymes that cleave ubiquitin from ubiquitinated
proteins, hence promoting their protein stability as well as cell
signaling cascades. Until now, there are more than 100 genes
encoding deubiquitinating enzymes in humans. BRCA1-associated
protein 1 (BAP1), encoded by the BAP1 gene, belongs to the
ubiquitin C-terminal hydrolase (UCH) superfamily, first identified as
a BRCA1 Ring finger domain binding protein by yeast two-hybrid
screen in 1998. BAP1 is located on chromosome 3p21.3 [4].
Human BAP1 protein consists of a total of 729 amino acids and
possesses a UCH domain at its N-terminus, indicating that BAP1 is
a thiol-dependent deubiquitinase (DUB) [4]. Unlike other UCH
family proteins, BAP1 has a long C-terminal extension providing
many binding sites for its interacting proteins such as OGT, FOXK1
and 2, KDM1B, YY1, and HCF1 [5]. Different complexes containing

BAP1 may form, based on different cellular environments and
consequently may determine some tissue-dependent gene
transcriptions [6, 7]. BAP1 is positively involved in the regulation
of chromatin and also binds to some transcription factors and
cofactors, thereby bridging chromatin-remodeling complexes and
chromatin [8, 9]. By means of deubiquitinating HCF1, which
actively participates in the process of transcription, BAP1 is
recognized as a cell proliferation regulator [8, 10]. Interacting with
the transcription factor FOXK2, BAP1 is similarly recruited to DNA,
thus deubiquitinating local histones and regulating the activity of
the target genes [11]. In addition, two nuclear localization signal
(NLS) domains are present at the C-terminus of BAP1, implicating
that localization at the nucleus is important for BAP1 to exert its
functions. Indeed, it has been reported that nuclear localization is
required for its tumor suppressor function [12].

BAP1 has been reported to be a tumor suppressor in many
cancers, for instance, uveal melanoma and mesothelioma, while
conversely it has been reported to promote cell proliferation in
esophageal carcinoma [13]. Thus, the role of BAP1 in cancer
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development is controversial. In HCC, the role of BAP1 is unclear.
In this study, we aimed to investigate BAP1 in HCC from different
aspects, including its expression, subcellular localization, functions,
and transcription regulation.

MATERIAL AND METHODS

The details of materials and methods used in this study are described in
Supplementary information. The original data of western blots are
reported as Original Data 1.

RESULTS

Upregulation of BAP1T mRNA expression in human HCCs
From TCGA-LIHC and our in-house RNA-sequencing cohorts, BAP1
was significantly upregulated at mRNA level in both (Fig. 1A)
(P<0.0001 for both). We validated the upregulation of BAP1
mRNA levels in an independent University of Hong Kong-Queen
Mary Hospital (HKU-QMH) cohort comprising 124 HCC cases using
gRT-PCR. There was significant upregulation of BAP1 in HCC as
compared with the corresponding non-tumorous livers
(P <0.0001), with 35.5% (n =44/124) of the cases showed more
than 2-fold upregulation (Fig. 1B). Upon clinicopathological
analysis, overexpression of BAP1 at mRNA level was significantly
correlated with a more aggressive tumor behavior, with absence
of tumor encapsulation (P=0.030) and presence of tumor
microsatellite formation (P=0.049), which is a feature of
intrahepatic metastasis (Fig. 1C). In addition, BAPT mRNA was
upregulated from the early stages to late stages of HCC
progression, as compared with normal subjects (Fig. 1D). Its
upregulation was also associated with poor overall survival
(P=0.0465) in HCC patients (Fig. 1E). These observations some-
what contradicted the general notion that BAP1 is a tumor
suppressor, and further research into the role of BAP1 in HCC was
justified.

Overexpression of cytoplasmic BAP1 protein in human HCCs
To examine the protein expression and sub-cellular localization
of BAP1, we conducted immunohistochemistry using tissue
microarray (TMA) on a total of 48 pairs of HCC and
corresponding non-tumorous liver samples from our patients’
resected samples at HKU-QMH, Hong Kong. Twenty-two
(45.83%) of the 48 cases showed a higher expression in the
HCC tumors than their corresponding non-tumorous liver
tissues (Fig. 2A); 17 (35.43%) cases had comparable expression
of BAP1 between the two; and 9 (18.75%) cases had lower BAP1
expression in HCCs than the corresponding non-tumorous
livers. To our surprise, the BAP1 protein was detected only in
the cytoplasm of tumor cells in patients’ HCCs, and no clear
nuclear stain was detected in the nuclei (Fig. 2A). Since
mutations at C-terminus of BAP1 can lead to loss of NLS, to rule
out this possibility, we examined the mutations in BAP1 gene.
The BAP1 mutation rates in TCGA-LIHC cohort and our in-house
whole exome-sequencing in 16 HCCs were low, with 6% and
0%, respectively (Fig. 2B).

In general, BAP1 was ubiquitously expressed at protein levels in
HCC cell lines as well as in immortalized liver cell line MIHA
(Fig. 2C). Furthermore, we observed that with immunofluores-
cence staining, BAP1 was localized predominantly in the nuclei of
HepG2 cells but localized in both nuclear and cytoplasm in PLC/
PRF/5 and Huh7 cells (Fig. 2D). Similarly, with cell fractionation,
BAP1 was mainly found in the nuclear fraction whereas it was
found predominantly in the cytoplasmic fraction in both PLC/PRF/
5 and Huh?7 cells (Fig. 2E). Taken altogether, these findings showed
that BAP1 was upregulated at the mRNA and protein levels in
human HCC tumors and was independent of BAP1 mutations in
the tumors. It was localized in different compartments of HCC cell
lines.
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Loss of nuclear but not cytoplasmic BAP1 protein enhanced
HCC metastasis
Nuclear BAP1 expression was clearly detected in HepG2 cells
(Fig. 2D, E). Interestingly, upon knockdown of BAP1 in HepG2 cells
(Fig. 3A) hence resulting in loss of predominantly nuclear BAP1
protein, there was significant increase in cell migratory ability
using the transwell assay, as compared with non-target control
(shNTC) (Fig. 3B), while upon knockdown of BAP1 in PLC/PRF/5
and Huh?7 cells, which had mainly cytoplasmic expression of BAP1,
the cell migratory ability remained similar to the NTC (Fig. S1).
To investigate the functional role of nuclear BAP1 in HCC, we
also employed orthotopic liver injection mouse model. We used
shNTC or shBAP1 HepG2 cells tagged with luciferase to inoculate
into the left lobe of liver of nude mice to examine the tumor
growth and intrahepatic metastasis in mice. Of note, knockdown
of BAP1 promoted intrahepatic tumor metastasis, with both BAP1
knockdown groups (shBAP1#1 and shBAP1#3) showing more
frequent irregular tumor borders with invasion into the adjacent
liver parenchyma, more frequent tumor microsatellite formation
and venous invasion (Fig. 3C, D). There was significant increase in
tumor size upon BAP1 knockdown in shBAP#3 but not with
shBAP1#1, as compared with the shNTC group (Fig. 3E).

Transcriptome sequencing identified RHOJ as a potential
downstream target suppressed by BAP1 expression

Previous reports have shown that BAP1 protein is involved in gene
transcriptional regulation by removing mono-ubiquitins on
histone H2AK119 [14], which is one of epigenetic modifications
on chromosomes. Thus, to find the BAP1 downstream targets, we
performed transcriptomic sequencing in HepG2 cells with shBAP1.
A total of 185 genes had upregulated expression by 2 folds and a
total of 222 genes had downregulated expression by 2 folds
(Fig. 4A). Since from our afore-mentioned in vitro and in vivo
experimental findings that BAP1 was more involved in HCC
metastasis, we focused on the Rho protein family, which is one of
the important regulators in controlling cell motility. We found that
RHOJ was among the Rho protein family that were downregulated
upon knockdown of BAP1 (Fig. 4B). RHOJ was previously reported
to be associated with cancer metastasis [15-18]. Therefore, we
investigated if RHOJ played a role in the migratory ability of HCC
cells. To this end, we overexpressed RHOJ in HepG2 (Fig. 4B) cells.
The overexpression of RHOJ suppressed the cell migration
(Fig. 4C). The data suggest that the pro-migratory/pro-metastatic
effects upon reduced BAP1 expression might be through the
downregulation of RHOJ. Furthermore, upon RHOJ rescue in BAP1-
knockdown HepG2 cells, the increase in cell migration induced in
shBAP1#1 cells was significantly abolished, suggesting that RHOJ
participates in suppressing cell mobility in HCC cells (Fig. 4D).

OGT physically bound BAP1 and maintained BAP1 nuclear
localization in HCC cells

To search for proteins that might directly alter the stability of nuclear
BAP1, we performed GST-pull down assay followed by silver
staining. We observed some differential bands above 95kDa in
the group of GST-BAP1 fusion protein incubated with PLC/PRF/5
nuclear protein, as compared with the group of GST-BAP1 fusion
protein only (Fig. 5A, left panel). The gel with the differential bands
(denoted with red rectangular 2) was cut and submitted for liquid
chromatography-mass spectrometry (LC-MS/MS), with an aim to
reveal the identities of the specific bands. Upon analysis of the mass
spectrometry data, a total of 87 proteins was detected, among
which 30 proteins were denoted as human proteins and 57 proteins
were from E. coli. Of these 30 human proteins detected, 8 proteins
showed enrichment upon incubation with the nuclear protein
(Fig. 5A, right panel), while 22 proteins had higher levels in the GST-
BAP1 fusion protein alone group, which likely represented back-
ground noise. Of note, O-linked N-acetylglucosamine (GIcNAc)
transferase (OGT) was the only protein among these 8 proteins
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Fig. 1 BAP1 mRNA level was upregulated in human HCC with more aggressive tumor behavior. A BAPT mRNA expression in HCC tumor
tissues and non-tumorous liver tissues in TCGA-LIHC (n = 50) and our in-house HCC (n = 41) cohorts. T: Tumor tissue, NT: Non-tumorous liver
tissue. (***P < 0.001, Student’s t-test). BBAP1 mRNA expression in tumors and corresponding non-tumorous livers by gRT-PCR in in-house HCC
cohort (n = 124). 35.5% of the tumors showed >2-fold upregulation. C Clinicopathological correlation of BAP1T mRNA expression in human
HCCs. D Upregulation of BAPT mRNA expression in different stages of HCC. (***P < 0.001, Student’s t-test) E Overall survival analysis of HCC
patients with high or low BAP1 expression in TCGA-LIHC cohort. (*P < 0.05, Log rank test).
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Fig.2 Cytoplasmic BAP1 was upregulated in human HCCs. A Representative immunohistochemical staining of BAP1 protein on TMAs of human
HCCs (upper panel) Black scale bar, 50 pm. The pie chart represents the ratios of different groups of BAP1 protein expression as detected by
immunohistochemistry on the TMAs from HCC clinical samples (lower panel). T: Tumor tissue, NT: Non-tumorous liver tissue. Scale bar, 100 pm.
B BAP1 mutation rate detected by RNA sequencing in TCGA-LIHC cohort and our in-house HCC cohort by whole exome sequencing. The pie chart
represents the ratios of different BAP1 mutation types in TCGA-LIHC cohort. € Western blot showing the protein expression levels of HCC cell lines.
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Huh? cells. Scale bar, 50 pm. E Subcellular fractionation confirmed the predominant nuclear localization of BAP1 in HepG2 cells and predominant
cytoplasmic localization in PLC/PRF/5 and Huh7 cells. o-Tubulin served as internal control of cytoplasmic protein fraction while Lamin B1 served as
internal control of nuclear protein fraction. The total protein of each cell line served as loading control before cell fractionation.
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E Bioluminescence signal of the dissected mouse liver after orthotopic liver injection of shBAP1 HepG2 cells in nude mice (n=86).

(ns=P>0.05, *P < 0.05, **P < 0.01, Student’s t-test).

that might be related to the ubiquitin proteasome system [19]. From
the experiments, we demonstrated the direct interaction between
BAP1 and OGT using in vitro GST-pull down assay followed with
mass spectrophotometry, and the data was in accordance with

Cell Death and Disease (2025)16:123

previous report that OGT binds BAP1 protein [20]. However, the
influence on the stability of nuclear BAP1 is largely unknown. Hence,
we further proceeded to investigate the role of OGT on the stability
of nuclear BAP1.
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Fig.4 RHOJ was suppressed upon BAP1 knockdown in HepGz2 cells. A Transcriptome analysis of BAP1 knockdown in HepG2 cells. A total of
185 genes were upregulated (left panel) and 222 genes downregulated (right panel) upon BAP1 knockdown in HepG2 cells. B Transcriptome
expression level changes of Rho protein family upon knockdown of BAP1 in HepG2 cells (left panel). RHOJ expression level in HepG2 cells with
BAP1 knockdown (right panel). C Cell migration assay upon overexpression of RHOJ in HepG2 cells (n = 3). Scale bar, 100 pm. (*P < 0.05,
Student’s t-test). D Overexpression of RHOJ in shBAP1 HepG2 cells resulted in significantly reduced cell migratory ability as compared with the
shBAP1#1 cells (n = 3). Scale bar, 100 pm. (*P < 0.05, **P < 0.01, Student’s t-test).
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To confirm the physical association between BAP1 and OGT in has O-GIcNAc transferase activity to influence the stability of
HCC, co-immunoprecipitation (co-IP) assays using BAP1 antibody target substrate [21]. Upon overexpression of OGT and OGT
and endogenous nuclear proteins from PLC/PRF/5 was performed. H911A (an O-GlcNAc transferase-dead mutant) in PLC/PRF/5 cells,
The results positively showed that BAP1 was physically associated BAP1 protein level was downregulated (Fig. 5C), whereas knock-
with OGT in the nucleus (Fig. 5B). It has been reported that OGT down of OGT upregulated BAP1 protein level by Western blotting
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Fig. 5 OGT physically interacted with BAP1 resulting in nuclear degradation of BAP1. A GST pull-down assay with silver staining using
BAP1-GST fusion protein. Blue arrowheads indicate GST protein, and red arrowheads indicate BAP1-GST fusion proteins. Orange arrowheads
indicate the differential bands in the group of BAP1-GST fusion protein incubated with PLC/PRF/5 nuclear protein, as compared with BAP1-
GST fusion protein only group (left panel). The list of the human proteins fished out by BAP1-GST fusion protein upon incubation with PLC/
PRF/5 nuclear proteins, as compared with GST protein alone (right panel). B Co-immunoprecipitation (co-IP) assay using anti-BAP1 antibody
and nuclear protein compartment of PLC/PRF/5. C Overexpression of OGT reduced the BAP1 protein levels in PLC/PRF/5 cells. D Knockdown of
OGT enhanced the BAP1 protein levels. E Immunofluorescence staining of BAP1 upon knockdown OGT in PLC/PRF/5 cells. Arrows indicated
BAP1 localized at nucleus upon knockdown OGT. Scale bar, 50 pm. F O-linked-N-acetylglucosamine (O-GIcNAc) modification status of nuclear
EAP1 protein in PLC/PRF/5 cells using anti-O-GIcNAc antibody detection. Arrows indicate the corresponding BAP1 protein.

and immunofluorescence (Fig. 5D, E, respectively). We further
investigated whether BAP1 was modified by OGT via O-GlcNAc
modification, by using a specific anti-O-GIcNAc antibody which
detects O-GIcNAc modified structure in protein by Western
blotting. However, upon purified BAP1 from nuclear protein lysate
by immunoprecipitation and further detection by Western
blotting using the anti-O-GIcNAc antibody, no observable band
representing BAP1 protein could be detected (Fig. 5F), suggesting
that loss of nuclear BAP1 is independent of the O-GIcNAc activity
of OGT. Taken altogether, these findings suggest that the absence
of nuclear BAP1 in HCC might be related to OGT.

Both BAP1 and OGT are under NRF1 and CTCF transcriptional
control in HCCs

Although both BAP1 and OGT mRNA (Fig. 6A) were upregulated
in human HCCs from TCGA-LIHC cohort, the transcriptional
control of BAP1 and OGT in HCC are largely unknown. To
investigate their transcriptional control, we extracted the ChlIP
sequencing data from the Encyclopedia of DNA Elements data
portal [22] to search putative transcription factors which
physically interact with BAP1 and OGT promoter region in
context of liver tissue or in HepG2 cells. In addition, we further
analyzed the putative consensus DNA binding site on BAP1 and
OGT promoter region using the IN-silico SEarch for Co-occurring
Transcription factors 2.0 [23]. From these two analyses, we
identified two potential transcription factors (CTCF and NRF1)
for further validation of their functional role in binding BAP1
promoter and regulating its activity. To this end, we generated
(1) both wild-type BAP1 and OGT promoters, (2) mutants on
putative CTCF binding site on —46 nt of BAP1 promoter and
—1 nt of OGT promoter, (3) mutants on putative NRF1 binding
site on —95 nt of BAP1 promoter and —191 nt of OGT promoter,
and (4) double mutants on both putative CTCF and NRF1
binding sites on BAP1 and OGT promoters to conduct the
luciferase reporter assays. Upon mutations of both putative
CTCF and NRF1 binding sites on both BAP1 and OGT promoters,
a significant reduction of the promoter activity (53.9% and
84.9% respectively) as compared with corresponding wild-type
control (Fig. 6B, C). In addition, with either single knockdown of
CTCF and NRF1, or double knockdown of both transcription
factors by shRNA, there was an observable reduction in both
BAP1 and OGT at mRNA level and protein level (Fig. 6D).
Moreover, with ChIP qRT-PCR examination, there was a
significant enrichment of the corresponding DNA binding motif
of both CTCF and NRF1 in PLC/PRF/5 cells (Fig. 6E). Furthermore,
with TCGA-LIHC cohort correlation analysis, there was significant
and positive correlation between both BAP1 and OGT with CTCF
(Fig. 6F) and NRF1 (Fig. 6G) at mRNA level. Collectively, the
physical interaction of CTCF and NRF1 with BAP1 and OGT
promoters enhanced both BAP1 and OGT transcriptional
activities in HCCs.

DISCUSSION
In this study, we showed that BAP1 was upregulated at mRNA
level in human HCC tumors from TCGA-LIHC database and our in-
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house RNA sequencing cohort and also with qRT-PCR analysis. The
upregulation of BAP1 occurred even at early stages of HCC
progression. With clinicopathological analysis, the upregulation of
BAP1T mRNA expression was correlated with more aggressive
tumor features and poorer patient overall survival. Intriguing, high
expression of BAP1 protein was only detected in the cytoplasm
but not the nucleus of tumor cells in human HCC tumors.
Moreover, BAP1 protein was largely localized in the cytoplasm of
HCC cell lines. Functionally, the knockdown of BAP1 in HCC cells
had no significant effects on their proliferation but enhanced their
migratory ability in certain types of HCC cells with mainly nuclear
BAP1 protein expression such as HepG2 cells. Consistently, the
knockdown of BAP1 promoted intrahepatic metastasis in HepG2
cells in vivo.

Subsequently, with RNA sequencing on stable BAP1-
knockdown HepG2 cells, RHOJ was identified among the gene
targets that were downregulated upon BAP1 knockdown.
Overexpression of RHOJ suppressed cell migratory ability in
HCC cells. RHOJ belongs to Rho-related GTP-binding protein
family that regulates cell cytoskeleton remodeling and cell
motility. Recent studies have suggested that RHOJ is preferen-
tially expressed in epithelial-to-mesenchymal transition cells,
with interaction with proteins (FLNB, TLN1 and IPQ9) that
regulate nuclear actin and inhibit actin polymerization in cancer
cells [24]. Our data in this study suggests that RHOJ might be the
downstream target of BAP1 in the biological activity of
migration. On the other hand, the important function of nuclear
BAP1 is to catalyze the removal of monoubiquitination from the
histone H2A and thus regulate gene transcription [5]. However,
whether BAP1 can positively regulate the transcription of RHOJ
via removing the monoubiquitination of histone H2A remains to
be further delineated.

Regarding the regulation of BAP1 at the transcriptional level
in HCC, we identified two transcription factors, CTCF and NRF1,
which positively regulated BAP1 transcription by direct binding
to the promoter region of BAP1. On the other hand, we found
that OGT physically bound BAP1 and negatively regulated
BAP1 stability in the nuclei of HCC cells in an O-GIcNAcylation
independent manner. A study has reported that OGT physically
interacts with the C-terminus region of BAP1, and this might
mask the putative nucleus localization of BAP1, resulting in
maintenance of cytoplasm subcellular localization in HCC cells
[12, 20]. This might alter the interaction with other proteins,
which can stabilize BAP1 [25], resulting in facilitation of BAP1
protein degradation. In other words, the reduced level of
nuclear BAP1 protein in HCC might be the consequence of up-
regulation of OGT in HCC. OGT is a well-known protein
associated with BAP1 in the BAP1 core complex, which include
ASXL1, ASXL2, HCF1, OGT, and the forkhead transcription factors
FOXK1 and FOXK2 [9], and BAP1 can deubiquitinate and stabilize
OGT [26]. Reversely, OGT mediates the O-GIcNAcylation of BAP1
by interacting with BAP1 C-terminal region [20]. However, we
did not detect the O-GlcNAcylation of BAP1 in HCC cells.
Recently, it has been reported that O-GlcNAcylation plays a role
in enhancing HCC formation in mice via a high dietary fructose
intake; this implies that OGT is important in promoting cancer

Cell Death and Disease (2025)16:123



X. Xie et al.

A TCGA
S 6
.g P <0.001**
o :
0=
g2 4
°f
2%
£ &7
|—
Q
o c T L
B NT C
-1000 -1 -1000 -1
BAP1 Wild type Promoter Luc | OGT Wild type Promoter [ Luc |
-46 Mutant (CTCF) -1 Mutant (CTCF)
-95 Mutant (NRF1) -191 Mutant (NRF1) |
-46, -95 Mutant | -191, -1 Mutant ||
1.5 1.5
o [}
o)
2 1.01 £ 1.01
8 £
=
[} . . g
v — -
E 05- LE 05 dekek o
kK
0.0- 0.0-
o x x X 3 » & »
S SIS
RS N
D & » ¢ & N NG
< ,bg’q c N SAPAN
L 15 9 15 L AO K W©
7] » OO
] @ PSP AR
[} o 2 9 % %
3 58 :
521.0 521.0 BAP1 .‘.._95
=9 i s 9 J x
nE:%o.s - € 205 . OGT |l e o
[ g T e 100
a =
< oo 9 oo cTCF [ ~‘1-130
o shNTC shCTCFshNRF1 shDKD  © shNTC shCTCFshNRF1 shDKD s
NRF1 [ % s o = L
E ) BAP1 Promoter ) OGT Promoter 7o
t . e a-Tubulin | % s wo s = 55
Q []
£ 3 £3 .
< L < .
] S
£ 2 £ 2
w w
T T
2 s’
0
19G CTCF  NRF1 I9G CTCF  NRF1
F__ TCGA .
- — OGT e ® — 0GT
% é Pearsonr =0.5696 % é Pearsonr=0.5781
22 4 P-value < 0.0001 28 4 P-value < 0.0001
SN — BAP1 ‘Q_VN — BAP1
3 9 Pearsonr=0.1254 % g’ Pearsonr=0.1951
< = o P-value =0.0156 g = o P-value = 0.0002
Z = Z =
x X A~
EL 0 : : ; . BEE,
o 1 2 3 4 5 0 1 2 3 4
CTCF mRNA expression NRF1 mRNA expression
(FPKM (log2(FPKM*1))) (FPKM (log2FPKM+1))

cell survival. However, how OGT governs HCC progression
remains to be further investigated [27]. Surprisingly, we found
that the BAP1 and OGT transcription was both upregulated and
under control of CTCF and NRF1 in vitro and in human HCC,
suggesting that both positive and negative factors, which
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influence BAP1 nuclear localization in HCC, are present. In the
present study, we observed that both BAP1 and OGT were
overexpressed in HCC tissues. BAP1 has been reported to serve
as an epigenetic regulator in cancer [28]. OGT might serve as a
negative regulator, via controlling BAP1 stability, to indirectly
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Fig.6 CTCF and NRF1 were transcriptional regulators of BAP1 and OGT in human HCCs. A OGT mRNA is upregulated in TCGA-LIHC cohort.
B Schematic diagram of the wild-type BAP1 promoter and BAP1 promoter with mutations of the two putative transcription factor binding
motifs (CTCF at —46 nt in BAP1 promoter; NRF1 at —95 nt in BAP1 promoter; and combined mutations at both regions of the BAP1 promoters)
(upper panel). Dual luciferase reporter assays of BAP1 promoters of wild type and with the corresponding mutations in PLC/PRF/5 (lower
panel) (n=3). C Schematic diagram of the wild-type OGT promoter and promoters with two mutations of putative transcription factor
binding motifs (CTCF at -1 nt in OGT promoter; NRF1 at -191 nt in OGT promoter; and combined mutations at both regions of the BAP1
promoters) (upper panel). Dual luciferase reporter assays of OGT promoters of wild type and with the corresponding mutations in PLC/PRF/5
(lower panel). D BAP1 and OGT expression upon single or double knockdown of CTCF and NRF1 in PLC/PRF/5 cells (n = 3). E ChlIP assays using
specific antibodies against CTCF and NRF1 in PLC/PRF/5 cells. The results confirmed both transcription factors specifically bound to and were
enriched on both BAP1 and OGT promoters (n=4). (ns=P>0.05 *P<0.05 **P<0.01, *** P<0.001, **** P<0.0001, Student’s t-test)
F Correlation analysis among the expression of BAP1, OGT and CTCF at mRNA level from TCGA-LIHC cohort (n =371). G Correlation analysis

among the expressions of BAP1, OGT, and NRF1 at mRNA level from TCGA HCC cohort (n =371).
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Fig. 7 Summary of the study. Created with BioRender.com.

control the epigenetic reprogramming in HCC. To summarize,
this study uncovered the underlying mechanisms of how BAP1
was upregulated at mRNA. Loss of the nuclear localization of
BAP1 protein contributed to enhanced cell migration and
promoted more aggressive tumor behavior in human HCCs
(Fig. 7).
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