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CANCER

UFMylation maintains tumor suppressor pVHL stability
by activating the deubiquitinase BAP1

Xiao Yang11', Yalei Wen?t, Shengying Qin®*1, Yang Zhou't, Caishi Zhang‘, Lei Huang1, Mei Li',
Xiuging Ma’, Rui Wan', Jiaqi Chen’, Rong-Rong He'>"%, Hao Gao®, Colin R. Goding7,
Oscar Junhong Luo®*, Xiangchun Shen®*, Rutao Cui'’*, Tongzheng Liu**

BRCA1-associated protein 1 (BAP1) can function as a tumor suppressor or oncogene depending on context, but its
role in colorectal cancer (CRC) is not well understood. Here, we demonstrate that BAP1 suppresses CRC progres-
sion primarily by deubiquitinating and stabilizing von Hippel-Lindau tumor suppressor protein (pVHL). BAP1 un-
dergoes covalent modification by ubiquitin-fold modifier 1 (UFM1) at Lys>", Lys®', Lys'®’, and Lys?*®, enhancing its
interaction with pVHL and promoting pVHL stabilization. Loss of this modification through UFL1 depletion or re-
constitution with a UFMylation-defective BAP1 mutant (4KR) impairs pVHL stabilization and promotes tumor pro-
gression in CRC cell line-based and patient-derived xenograft models. Clinically, down-regulation of UFL1 and BAP1
correlates with reduced pVHL level and poor prognosis in patients with CRC. These findings identify a previously
unrecognized posttranslational mechanism regulating BAP1 activity and highlight UFMylation as essential for
maintaining pVHL tumor-suppressive function. Targeting BAP1 UFMylation may represent a potential therapeutic
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strategy in CRC and other cancers with wild-type BAP1 and VHL.

INTRODUCTION
Colorectal cancer (CRC) is one of the most prevalent cancers and a
leading cause of cancer-related death worldwide (1). Despite advance-
ments in early diagnosis and systemic therapies for CRC, the progno-
sis for advanced CRC remains poor, with a dismal 5-year survival rate
due to metastasis and resistance to existing therapies (2). Thus, to elu-
cidate the key mechanisms driving CRC progression and to identify
potential therapeutic targets are urgently needed.

Recent evidence suggests that the role of BRCA1l-associated protein
1 (BAP1) in cancer is highly context dependent, varying across cell
types. Frequent mutations or deletions in the BAPI gene are associated
with a high incidence of malignant mesothelioma, clear cell renal cell
carcinoma (ccRCC), and uveal melanoma (3-5). In murine models,
heterozygous loss of BAP1 in the pancreas causes pancreatitis and,
in combination with Kras®'?® expression, leads to rapid progres-
sion to metastatic pancreatic cancer, suggesting that BAP1 acts as a
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haploinsufficient tumor suppressor in pancreatic cancer (6). Further-
more, BAP1 exerts tumor-suppressive effects in intrahepatic cholan-
giocarcinoma and clear cell renal carcinoma by inhibiting extracellular
signal-regulated kinase 1/2-c-Jun N-terminal kinase/c-Jun pathway
or regulating SLC7A11 expression through the deubiquitination of
histone 2A (H2A) to induce ferroptosis (7, 8). In contrast, BAP1 can
also exhibit oncogenic activity. Truncation mutations of Additional
Sex Combs Like 1 (ASXL1), a BAP1-associated protein, have been
showed to increase BAP1 protein stability, driving a pro-leukemic
transcriptional signature and promoting leukemogenesis (9, 10). Ad-
ditionally, ASXL3 functions as an adaptor protein linking BRD4 to the
BAP1 complex, regulating enhancer activity and promoting small cell
lung cancer (SCLC). Inhibition of BAP1 in SCLC disrupts the BAP1/
ASXL3/BRDA4 epigenetic axis, inducing protein ASXL3 degradation
and suppressing tumor growth in vivo (11, 12). Furthermore, BAP1
has been implicated in promoting breast cancer proliferation and me-
tastasis by deubiquitinating KLF5 (13). However, despite these nota-
ble findings, the role of BAP1 in CRC remains poorly understood.

Our analysis of the cBioPortal database revealed that the BAPI
gene in CRC is largely wild type (WT), and its expression is down-
regulated in primary CRC specimens and even more significantly
in metastatic CRC specimens. Additionally, we demonstrated that BAP1
plays a tumor-suppressive role in CRC primarily by deubiquitinat-
ing and stabilizing the key tumor suppressor protein pVHL, without
affecting other known BAP1 substrates such as LKB1 and SLC7A11,
which are implicated in other cancers (7, 14).

The regulation of BAP1 in human cancers is also not well under-
stood. BAP1 has been reported to undergo several posttranslational
modifications, including phosphorylation and ubiquitination, which
influence its subcellular localization (15-18). However, the mecha-
nisms regulating BAP1’s activity toward its substrates in cancer con-
texts remain largely unclear. In this study, we demonstrate that BAP1
can be covalently modified by ubiquitin-fold modifier 1 (UFM1), a
recently identified ubiquitin-like modification (19-23). Notably, the
UFMylation at specific lysine residues (Lys™', Lys®, Lys'*’, and Lys*®)
in BAP1 substantially enhances its specific interaction with pVHL,
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promoting the deubiquitination and stabilization of pVHL in CRC.
Conversely, loss of UFMylation, either through UFL1 depletion or re-
constitution with the UFMylation-defective BAP1 mutant 4KR, fails
to stabilize pVHL efficiently, thereby promoting CRC progression
both in vitro and in vivo. Clinically, down-regulation of UFL1 and
BAP1 in CRC specimens correlates with reduced pVHL levels and
poor prognosis in patients with CRC. In summary, our findings iden-
tify UFMylation as a critical posttranslational mechanism regulating
BAP1 activity and its role in maintaining pVHL stability and tumor-
suppressive function. These results suggest that targeting BAP1
UFMylation could be a promising therapeutic strategy for CRC and
potentially other cancers with WT BAPI and VHL.

RESULTS

BAP1 exerts a tumor-suppressive role in CRC

Alterations in the BAPI gene are frequently detected in several hu-
man cancers, including malignant mesothelioma (3) and melanoma
(5). However, the status and role of BAP1 in CRC has not been well
characterized. To address this, we analyzed BAP] alterations in CRC
using cBioPortal for Cancer Genomics databases and found that the
BAPI gene is predominantly WT in CRC (fig. S1A). To further in-
vestigate BAP1 expression, we reanalyzed two independent single-
cell RNA sequencing (scRNA-seq) datasets of human CRC (Gene
Expression Omnibus: GSE132257 and GSE132465), which include
data from 23 and 5 primary CRC samples and their matched normal
mucosa, respectively (24). Both datasets demonstrated significantly
lower BAPI expression in the epithelial cells of CRC tumors com-
pared to normal mucosa tissues (Fig. 1A). Consistent with these
findings, analysis from The Cancer Genome Atlas (TCGA) datasets
also revealed a notable down-regulation of BAPI expression in CRC
relative to normal tissues (fig. S1B). To validate these observation at
the protein level, we performed immunoblotting and immunohisto-
chemistry (IHC) analyses. These experiments confirmed reduced BAP1
protein expression in primary CRC specimens compared to that in
adjacent normal tissues (Fig. 1, B and C). Notably, BAP1 expression
was even more significantly reduced in metastatic tissues than adja-
cent normal tissues (Fig. 1C). Additionally, Kaplan-Meier plot anal-
ysis indicated that higher BAP1 expression in CRC correlates with
improved recurrence-free survival (fig. S1C).

To investigate the functional role of BAP1 in CRC, we overexpressed
WT BAP1 (WT) in CRC cells. This overexpression led to a marked
reduction in cell proliferation, migration, and invasion, as well as
increased sensitivities to cisplatin and 5-fluorouracil (5-FU). In con-
trast, overexpression of a catalytically inactive mutant (BAP1 C91S)
did not elicit these effects (Fig. 1, D and E, and fig. S1D). Consistent
with this, a similar effect was observed in CRC cell-based xenograft
experiments (Fig. 1F). Conversely, the knockdown of BAP1 en-
hanced cell proliferation, migration, and invasion of CRC cells, as
well as reduced chemosensitivity (Fig. 1, G and H; and fig. S1, E and
F). The tumor-suppressive role of BAP1 was further supported by
in vivo xenograft experiments (Fig. 1I). In tumors from mice treated
with saline or cisplatin, BAP1 depletion in HCT116 cells led to a
marked increase in Ki67 expression and a reduction in apoptosis, as
indicated by decreased cleaved caspase-3 staining (fig. S1G). Col-
lectively, our findings suggest that BAP1 functions as a tumor sup-
pressor in CRC, with its down-regulation correlating with poor
clinical outcomes. These results underscore the potential of BAP1 as
a therapeutic target in CRC.
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Fig. 1. BAP1 exerts a tumor-suppressive role in CRC. (A) Reanalysis of BAP1 ex-
pression across five cell types in patients with CRC using scRNA-seq datasets
(GSE132257 and GSE132465), comparing tumor and matched normal mucosa
(n =5), and in a larger cohort of CRC tumor (n = 23) and matched normal mucosa
samples (n =10). (B) BAP1 expressions were assessed in CRC and adjacent normal
tissues (N, normal; T, tumor). (C) Representative immunohistochemical staining of
BAP1 in normal (n = 73), primary (n = 38), and metastatic (n = 35) CRC tissues, with
corresponding IHC score analysis. (D) HCT116 and LoVo cells stably expressing vec-
tor, Flag-BAP1 WT, or Flag-BAP1 C91S (CS) mutant were generated, and Western
blotting was performed. Cell proliferation assay was performed. Data are shown as
means + SD (n = 3). (E) Cells in (D) were treated with cisplatin or 5-FU. Cell survival was
determined. Data are shown as means + SD (n = 4). (F) HCT116 cells (1 x 10°) in (D) were
subcutaneously implanted into nude mice (n = 6). Tumors were harvested at endpoint
and weighed (means + SD). (G) HCT116 and LoVo cells stably expressing control or
BAP1 shRNAs were analyzed by Western blotting and subjected to proliferation assay.
Data are shown as means + SD (n = 3). (H) Cells in (G) were treated with cisplatin (Cis) or
5-FU. Cell survival was determined. Data are shown as means + SD (n = 4) (I) HCT116
cells (1 x 10%) in (G) were subcutaneously implanted into nude mice. Upon reaching
about 100 mm?, mice were treated with saline or cisplatin (2 mg/kg weekly, n = 6). Tu-
mors were weighed at endpoint and analyzed. Data are shown as means + SD and were
analyzed using one-way analysis of variance (ANOVA). *P < 0.05; ***P < 0.001.
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BAP1 deubiquitinates and stabilizes pVHL
Accumulating evidence suggests that BAP1 exerts its effects on sub-
strates in a context-dependent manner, either suppressing or pro-
moting tumor progression (7, 13, 25). To investigate it in the context
of CRC, we first examined the expression levels of Phosphatase and
Tensin Homolog (PTEN), Liver Kinase B1 (LKB1), and Solute Car-
rier Family 7 Member 11 (SLC7A11), previously reported substrates
of BAP1 in prostate cancer, lung cancer, and kidney clear cell carci-
noma, respectively (7, 14, 26). As shown in fig. S2A, BAP1 depletion
in CRC cells did not significantly affect the protein levels of PTEN,
LKB1, and SLC7AL11. To identify CRC-specific substrates of BAP1,
we performed tandem affinity purification and mass spectrometry
(MS) analysis using HCT116 cells stably expressing Flag-S-BAP1. In
addition to some known BAPI interacting proteins such as FOXK1
(27, 28) and HCFCI1 (27, 29), we identified the von Hippel-Lindau
protein pVHL as a previously unrecognized interactor of BAP1 in
CRC cells (Fig. 2A). The endogenous interaction between BAP1 and
pVHL was further validated through co-immunoprecipitation as-
says in HCT116 cells (Fig. 2B). Additionally, in vitro binding assays
demonstrated that purified glutathione S-transferase (GST)-BAP1,
but not GST alone, could directly interact with recombinant His-
VHL, confirming a direct interaction between BAP1 and pVHL
(Fig. 2C). To further map this interaction, we generated several BAP1
fragment constructs on the basis of the functional domains and found
that both full-length BAP1 (FL) and its N-terminal region (amino ac-
ids 1 to 240) could directly interact with pVHL (Fig. 2D).

pVHL is a key tumor suppressor that targets hydroxylated hypoxia-
inducible factor o (HIFar), Akt, and other substrates for degradation
or inactivation. pVHL is frequently down-regulated in cancers har-
boring WT VHL (30, 31). As shown in fig. S2B, the VHL gene is pre-
dominantly WT in CRC, with a mutation frequency of less than 1%.
This contrasts with its frequent mutations or loss in ccRCC (30). Given
the direct interaction between BAP1 and pVHL, thus, we further in-
vestigated whether BAP1 could suppress CRC progression by regulat-
ing pVHL stability and function. As shown in Fig. 2E and fig. S2C,
BAP1 depletion in CRC cells resulted in a marked decrease in pVHL
protein levels, accompanied by the accumulation of HIF-1a and in-
creased expressions of HIF-1a target genes VEGF and MMP2. We
reanalyzed publicly available scRNA-seq data (GEO: GSE132465),
which include samples from 23 patients with primary CRC and 10
matched normal mucosae. As shown in Fig. 2F, canonical HIF-1 tar-
get genes, including CCNDI1, MYC, SLC2A1, LDHA, BNIP3, CDK4,
MET, and BHLHE40, were significantly up-regulated in epithelial
cells of CRC tumors compared to those of matched normal tissues.
Consistent with these findings, RNA sequencing (RNA-seq) of BAP1-
depleted HCT116 cells revealed a significant enrichment of HIF-1
signaling-associated genes (Fig. 2, G and H), including up-regulation
of HIF-1a target genes (e.g., MYC, SLC2A1, and LDHA) and down-
regulation of HIF-1la-repressed genes, including CAD and CDHI
(32-34). This transcriptional profile supports the mechanistic link
between BAP1 loss, pVHL destabilization, and enhanced HIF-1a sig-
naling in CRC cells. Conversely, the overexpression of BAP1 W', but
not the catalytically inactive C91S mutant, markedly increased pVHL
protein levels (fig. S2D). Notably, this regulation occurred at the post-
translational level, as no significant differences in VHL mRNA levels
were observed upon BAP1 depletion or overexpression in CRC cells
(fig. S2E). Further investigation revealed that treatment with the
proteasome inhibitor MG132 rescued the reduced pVHL protein
levels in BAP1-deficient HCT116 cells, suggesting that BAP1 stabilizes
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pVHL by preventing its proteasomal degradation (Fig. 2I). Ad-
ditionally, cycloheximide pulse-chase assay demonstrated that BAP1
depletion significantly reduced the half-life of pVHL, whereas overex-
pression of BAP1 WT, but not the C91S mutant, markedly stabilized
pVHL protein in HCT116 cells (Fig. 2] and fig. S2F).

Given that the direct deubiquitinase (DUB) for pVHL has not yet
been identified, we sought to determine whether BAP1 acts as the bona
fide DUB for pVHL. Our data demonstrate that depletion of BAP1
markedly increased the ubiquitination level of pVHL (Fig. 2K). Fur-
thermore, cells transfected with BAP1 W, but not the C91S mutant,
exhibited a notable decrease in polyubiquitylated pVHL (fig. S2G). Ad-
ditionally, incubation with purified GST-BAP1 W' in vitro, but not the
C91S mutant, caused a notable reduction in polyubiquitinated pVHL
(fig. S2H). We also found that BAP1 WT rather than the C91S mutant
catalyzed the cleavage of K48, but not K63-specific polyubiquitin chain
(fig. S2I). While OTUDG6B has been reported to regulate pVHL stability
by modulating the interaction between pVHL and the ubiquitin E3 li-
gase WD repeat and SOCS box-containing protein 1 (WSB1) in an
enzyme-independent manner in hepatocellular carcinoma (35, 36),
our results showed that the BAP1 depletion had minimal impact on the
pVHL-WSBI interaction in HCT116 cells (fig. S2J), suggesting that
BAPI serves as the DUB for pVHL in CRC.

BAP1 suppresses tumor progression through

stabilizing pVHL

pVHL has been well-documented as a tumor suppressor in melano-
ma and other cancers harboring WT VHL (35). We further validated
the tumor-suppressive role of pVHL in CRC, as pVHL depletion led
to a marked increase of cell growth, migration, and invasion, while
overexpression of pVHL strongly suppresses these phenotypes (fig. S3,
A to D). Given the role of BAP1 in deubiquitinating and stabilizing
pVHL, we next investigated whether the tumor-suppressive effects
of BAP1 in CRC are mediated through pVHL. As shown in Fig. 3 (A
and B) and fig. S3 (E and F), reconstitution of Flag-VHL significantly
inhibited the increased cell proliferation and enhanced cellular sensi-
tivity to cisplatin and 5-FU in BAP1-depleted cells. This effect
was also observed in CRC cell-based xenograft experiments and
patient-derived xenograft (PDX) models (Fig. 3, C and D). In addi-
tion, we examined the potential functions of the BAP1-pVHL axis in
other tumor types. As shown in fig. S3 (G and H), BAP1 depletion in
pancreatic cancer (AsPC-1 and MIA PaCa-2 cells) and ovarian cancer
(A2780 and SKOV3 cells) also resulted in a significant decrease in
pVHL protein levels and enhanced cell proliferation as well as re-
duced chemosensitivity. The reconstitution of Flag-VHL significantly
inhibited the increased cell proliferation and enhanced cellular
chemosensitivity in BAP1-depleted cells. Furthermore, we explored
whether BAP1 regulates CRC metastasis in a pVHL-dependent
manner, as metastasis remains the primary cause of CRC-related
mortality (2). As shown in Fig. 3E and fig. S31, BAP1 depletion in
CRC cells significantly promoted migration, invasion, and liver
metastasis, which was markedly reversed by reconstitution of Flag-VHL
in BAP1-depleted cells. These findings underscore that the tumor-
suppressive activity of BAP1 in CRC is predominantly mediated
through the stabilization of pVHL.

UFL1 interacts with and UFMylates BAP1 at Lys®', Lys®’,
Lys'®, and Lys?*®

While various substrates of BAP1 have been identified in previous
study, the mechanisms regulating BAP1 activity toward substrates
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Fig. 2. BAP1 deubiquitinates and stabilizes pVHL. (A) Volcano plot of BAP1-associated proteins identified by MS in HCT116 cells stably expressing Flag-S-BAP1 and
treated with MG132 (10 pM) for 10 hours. (B) Co-immunoprecipitates (Co-IP) in HCT116 cells using immunoglobulin G (IgG), anti-BAP1, or anti-pVHL antibodies followed
by immunoblotting with the indicated antibodies. (C) In vitro binding assay showing interaction between purified His-VHL and recombinant GST or GST-BAP1. CBS, Coo-
massie blue staining. (D) Mapping of BAP1 regions required for pVHL interaction using GST-fused full-length (FL) and truncated BAP1 proteins incubated with purified
His-VHL in vitro. (E) Western blotting of HCT116 and LoVo cells stably expressing control or BAP1 shRNAs using the indicated antibodies. (F) Reanalysis of scRNA-seq data
(GEO: GSE132465) from patients with CRC containing 23 primary CRC tumors and 10 matched normal mucosae. *##P < 0.001, Wilcoxon rank sum test, one-sided. (G) Gene
set enrichment analysis (GSEA) of RNA-seq data from BAP1-depleted HCT116 cells showing significant enrichment of HIF-1 signaling pathway genes. NES, Normalized
Enrichment Score. (H) Heatmap of HIF-1 target gene expression in BAP1-depleted versus control HCT116 cells by RNA-seq. (I) Western blotting of HCT116 cells stably ex-
pressing control or BAP1 shRNAs treated with vehicle or MG132 (10 pM) for 10 hours. (J) Cycloheximide pulse-chase assay to assess pVHL protein stability in cells as in (E).
Data are shown as means =+ SD (n = 3). h, hours. (K) Cells stably expressing control or BAP1 shRNAs were transfected with vector or pIRES-VHL (containing Flag and S tag),
then treated MG132 for 10 hours. Cell lysates were pulled down by S-agarose, and the polyubiquitylated pVHL was measured by Western blotting with an anti-ubiquitin
antibody. Data are shown as means + SD and were analyzed by one-way ANOVA. ***P < 0.001.
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Fig. 3. BAP1 suppresses tumor progression through stabilizing pVHL. (A) HCT116 cells stably expressing control or BAP1 shRNAs were transfected with vector or
Flag-VHL. The protein levels of BAP1 and pVHL were determined by Western blotting, and cell proliferation was measured. Results represent the means + SD of three in-
dependent experiments. (B) Cells as in (A) were treated with the indicated concentrations of cisplatin or 5-FU, and cell survival was determined. Results represent the
means + SD of four independent experiments. (C) HCT116 cells expressing control or BAP1 shRNAs and stably reconstituting vector or Flag-VHL were injected subcutane-
week), respectively (n = 6 per group). Tumors were
collected at 6 weeks, and tumor weights were measured and analyzed. (D) CRC patient-derived xenografts (PDXs) were subcutaneously implanted into nude mice. Xeno-
graft tumors were injected with lentivirus expressing the indicated constructs when tumor volume reached 30 mm?. Mice were then treated with saline or cisplatin (2 mg/
kg once a week), respectively (n = 6 per group). Tumors were collected, and tumor weights were measured and analyzed. Results represent the means + SD from six mice.
(E) HCT116 cells expressing control or BAP1 shRNAs were stably reconstituted with vector or Flag-VHL and injected into the spleen of nude mice (n = 6 per group). Mice
were euthanized, and metastatic nodules on liver were counted. Representative images and quantitative analysis of liver metastatic nodules were showed. Results repre-
sent the means + SD from six mice. Data are shown as means + SD and were analyzed by one-way ANOVA. **P < 0.01;

ously in nude mice. When tumor volume reached 100 mm?, mice were treated with saline or cisplatin (2 mg/kg once a
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remain largely unexplored. In our study, MS analysis of BAP1-  anti-Flag-BAP1 immunoprecipitates, which displayed an additional
interacting proteins also identified UFL1, the key E3 enzyme in  30-kDa molecular weight compared to UFMylation-free BAP1 (Fig. 4C).
UFMpylation, as a potential interactor of BAP1 (Fig. 2A). UFMylation  Similar results were obtained in an in vitro UFMylation assay (Fig. 4D).
is a recently discovered ubiquitin-like modification, although its sub- ~ UFMylation of endogenous BAP1 can also be detected in CRC cells,
strates and functions in human cancers are not fully understood. We  and this modification was significantly reduced by UFL1 depletion
first validated the interaction between BAP1 and UFL1 in HCT116  (Fig. 4E). Further analysis revealed that UFMylation was present
cells using co-immunoprecipitation assay (Fig. 4A). Additionally, pu-  on the full-length and N-terminal region of BAP1 (amino acids 1 to
rified GST-BAP1, but not GST control, was able to bind to His-UFL1  240), but not on the region spanning amino acids 241 to 729 (fig. S4B).
in vitro (Fig. 4B). We also found that both full-length BAP1 (FL) and  To identify the specific lysing residues involved in BAP1 UFMylation,
its N-terminal region (amino acids 1 to 240) could interact with UFL1  we mutated all 13 lysine residues within the N-terminal region (amino
in vitro (fig. S4A). acids 1 to 240) to arginine. Single mutations at K51R, K61R, K187R,

Next, we investigated whether UFL1 could modify BAP1 through  or K205R partially reduced BAP1 UFMylation (fig. S4C), while the
UFMylation. In cells cotransfected with components of the UFMylation ~ simultaneous mutation of these four lysines 4KR almost completely
machinery, including UBA5, UFC1, UFL1, UFM1 AC2 (an active  abolished BAP1 UFMylation (Fig. 4F). Given the established direct
form of UFM1), and UFBP1, UFMylation signaling was detected in  interaction between BAP1 and pVHL, we next investigated whether
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Fig. 4. UFL1 interacts with and UFMylates BAP1. (A) HCT116 cell lysates were subjected to immunoprecipitation with control IgG, anti-BAP1, or anti-UFL1 antibodies.
The immunoprecipitates were then blotted with the indicated antibodies. (B) Purified recombinant GST, GST-BAP1, and His-UFL1 were incubated in vitro, and the direct
interaction between BAP1 and UFL1 was examined. CBS, Coomassie blue staining. (C) UFMylation of BAP1 was analyzed by Western blotting using an anti-HA antibody in
HEK293T cells transfected with Flag-BAP1 and the components of the UFMylation system (Myc-UBA5, Myc-UFC1, Myc-UFL1, Myc-UFBP1, and HA-UFM1 AC2). (D) In vitro
UFMylation of BAP1. Purified UFMylation components (His-UBA5, His-UFC1, His-UFL1, His-UFBP1, and His-UFM1 AC2) were bacterially produced and incubated with GST
or GST-BAP1 in UFMylation buffer at 30°C for 90 min. The reaction was stopped by the addition of SDS sample buffer containing 5% mercaptoethanol and boiled at 95°C
for 10 min. Samples were subjected to Western blotting with an anti-UFM1 antibody. (E) UFMylation of endogenous BAP1 was analyzed by immunoprecipitation with an
anti-BAP1 antibody, followed by Western blotting using an anti-UFM1 antibody in HCT116 and LoVo cells stably expressing control or UFL1 shRNA. (F) UFMylation assay
of the Flag-BAP1 WT and 4KR was performed in HEK293T cells expressing the indicated components of the UFMylation system.
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pVHL itself undergoes UFMylation. As shown in fig. S4D, no
detectable UFM1 modification was observed on pVHL in cells
co-transfected with Flag-S-tagged pVHL and components of the
UFMylation machinery.

UFL1 regulates the stability and tumor-suppressive activity
of pVHL in CRC

Given that UFLI catalyzes the UFMylation of BAP1 and BAP1 sta-
bilizes pVHL in CRC, we next investigated whether UFLI also regu-
lates pVHL stability and its tumor-suppressive activity. As shown
in Fig. 5A and fig. S5A, depletion of UFL1 in CRC cells significantly
decreased pVHL protein levels, while concurrently increasing HIF-
la levels. Notably, UFL1 depletion did not affect the expression of
BAPI or the mRNA levels of VHL. Consistent with these findings,
pVHL protein was less stable in UFL1-deficient cells (Fig. 5B), likely
due to the increased ubiquitination of pVHL (Fig. 5C). The instabil-
ity of pVHL in UFL1-depleted cells may result from the impaired
interaction between BAP1 and pVHL, while BAP1 interaction with
other substrates, such as LKB1 and SLC7A11, remains unaffected
(fig. S5B). UFLI1 depletion did not alter the interaction between
pVHL and the E3 ligase WSB1 (fig. S5C). In line with these obser-
vation, UFLI depletion in CRC cells significantly enhanced cell pro-
liferation, migration, and invasion while also decreasing cellular
sensitivity to cisplatin and 5-FU both in vitro and in vivo. These
effects were largely reversed by the reconstitution of Flag-VHL in
UFL1-deficient cells (fig. S5, D to H).

UFL1 has previously been reported to compete with MDM2 to
bind to WT p53, thereby stabilizing p53 (37). Given that the TP53
gene is mutated or deficient in approximately half of human cancers,
we next explored role of UFL1 in cancer cells with p53 loss or muta-
tions. As shown in fig. S6 (A and B), the knockout (KO) of p53
in HCT116 or the knockdown of p53 in LoVo cells did not affect
the ability of UFL1 to stabilize pVHL. Moreover, UFL1 depletion in
p53-null AsPC-1 and p53-mutated SW620 cells markedly decreased
pVHL protein levels without altering p53 expression (fig. S6, C and
D). Intriguingly, reconstitution of pVHL in p53~'~ HCT116, p53-
depleted LoVo, p53-null AsPC-1, and p53-mutated SW620 cells al-
most completely abolished the increased cell proliferation induced
by UFL1 depletion (fig. S6, E to H). These findings suggest that the
tumor-suppressive activity of UFL1 is primarily mediated through
the stabilization of pVHL, particularly in CRC cells with P53 defi-
ciency or mutations.

UFL1-mediated UFMylation activates BAP1 activity

toward pVHL

We further investigated the mechanism by which UFL1 regulates
pVHL turnover in CRC. As shown in Fig. 5D and fig. S6I, over-
expression of UFL1 in HCT116 and LoVo cells increased pVHL
protein level, which was mitigated by BAP1 knockdown. Addi-
tionally, UFL1 depletion reduced pVHL protein levels in control
cells but did not further decrease pVHL levels in BAP1-deficient
cells (Fig. 5E and fig. S6]), indicating that BAP1 is crucial for
UFL1’s regulation of pVHL stability. Moreover, overexpression of
BAP1 WT markedly decreased the ubiquitination level of pVHL,
and this effect was notably blocked by UFL1 depletion (Fig. 5F).
These results suggest that UFL1 acts as a previously uncharacter-
ized upstream regulator of BAP1-catalyzed deubiquitination of pVHL
in CRC, influencing pVHL turnover and its associated tumor-
suppressive functions.
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We next examined the effects of UFL1-mediated UFMylation
of BAP1 on pVHL stability and function. As shown in Fig. 5G and
fig. S6K, reduced pVHL protein levels in BAP1-depleted cells
could be largely rescued by reconstitution of BAP1 WT, but not the
UFMylation-defective mutant 4KR. Consistently, reconstitution of
BAP1, WT but not the 4KR mutant, markedly reduced the ubiquiti-
nation levels of pVHL and increased its half-life in endogenous
BAP1-depleted cells (Fig. 5, H and I). This effect is likely due to the
impaired interaction between pVHL and the BAP1 4KR mutant
(Fig. 5]). To further elucidate the molecular mechanisms involved,
we constructed a simulation model of ubiquitinated pVHL com-
plexed with UFM1-conjugated BAP1. The structural predictions
suggest that UFMylation of BAP1 generates additional interactin%
surfaces, enhancing its binding affinity to pVHL. Specifically, Arg'
and Tyr'® of K51-conjugated UFEM1, along with Arg'® and Asp" of
K61-conjugated UEM1, form contacts with residues Arg'®!, Val'®,
and Ser'®® on the H1 helix of pVHL, as well as Arg”®, Phe'*®, and
Asn" on the f sheets of pVHL (fig. S6L and movie S1).

We also investigated the biological function of UFL1-mediated
UFMylation of BAP1 in CRC. Reconstitution of BAP1 WT, but not
the 4KR mutant, in endogenous BAP1-deficient HCT116 and LoVo
cells significantly inhibited cell proliferation and sensitized cancer
cells to cisplatin and 5-FU in vitro and in vivo (Fig. 5, K to M; and
fig. $6, M and N). Furthermore, BAP1 WT reconstitution signifi-
cantly suppressed the migration and invasion capabilities (fig. S60)
and reduced liver metastases compared to the 4KR mutant (Fig. 5N).
These results demonstrate that UFL1-mediated UFMylation of
BAPI is critical for the stabilization and tumor-suppressive role of
pVHL in CRC.

Correlations between UFL1, BAP1, and pVHL expression in
clinical CRC samples

The clinical significance of the UFL1-BAP1-pVHL axis was further
investigated in CRC specimens using both immunoblotting and THC.
As shown in Fig. 6 (A to C), the expression levels of UFL1 and pVHL
were markedly reduced in most of CRC tumor samples compared to
adjacent normal tissues. Notably, the down-regulation of UFL1 and
BAP1 was positively correlated with reduced pVHL expression, re-
spectively (Fig. 6D). Kaplan-Meier plot analysis revealed that lower
levels of UFL1 or pVHL were notably associated with decreased
overall survival in patients with CRC (fig. S7, A and B). Collectively,
our findings underscore the pivotal role of UFL1-mediated UFMylation
of BAP1 in stabilizing pVHL, thereby inhibiting CRC progression
(Fig. 7A).

DISCUSSION

In this study, we reported several unexpected findings with poten-
tial clinical significance. We identify BAP1 as a previously unrec-
ognized deubiquitinase for the key suppressor protein pVHL in
CRG, facilitating pVHL stabilization and enhancing its tumor-
suppressive function. Additionally, we uncover a previously unrec-
ognized UFMylation-dependent mechanism that regulates BAP1
activity toward pVHL. Clinically, our histological analyses demon-
strate that the down-regulation of UFL1 and BAP1 in CRC specimens
is positively correlated with the decreased pVHL expression and as-
sociated with poor patient prognosis (Fig. 6, C and D). These find-
ings underscore the crucial role of UFMylation in modulating the
BAP1-pVHL-suppressive axis and suggest that targeting this pathway
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Fig. 5. UFL1-mediated UFMylation activates BAP1 activity toward pVHL in CRC. (A) Western blotting of HCT116 and LoVo cells stably expressing control or UFL1
shRNAs. (B) Cycloheximide pulse-chase assay from (A) assessing pVHL half-life (means + SD, n = 3). (C) Cells from (A) were transfected with vector or pIRES-VHL (Flag/S
tagged), treated MG132 for 10 hours, and subjected to S-agarose pull-down and anti-ubiquitin blotting. (D) HCT116 cells stably expressing Flag-UFL1 were infected with
lentivirus expressing control or BAP1 shRNA. Western blot was performed. (E) Western blotting of HCT116 cells with BAP1, UFL1 or double knockdown using indicated
antibodies. (F) Cells were transfected as indicated, followed by S-agarose pull-down and anti-ubiquitin blotting. (G) HCT116 cells were transfected with indicated plas-
mids, and Western blotting was performed. (H) Cells stably expressing BAP1 shRNA were transfected as indicated, treated MG132, and examined polyubiquitylated pVHL
using an anti-ubiquitin antibody. (I) Cycloheximide pulse-chase assay in cells from (G) assessing pVHL half-life (means + SD, n = 3). (J) Cells transfected as indicated were
treated with MG132 and subjected to anti-Flag immunoprecipitation to assess BAP1 interaction with pVHL, LKB1, or SLC7A11. (K) Cell proliferation assays were performed
on cells from (G) (means + SD, n = 3). (L) Cells from (G) were treated with cisplatin or 5-FU, and cell survival was determined (means + SD, n = 4). (M) HCT116 cells stably
expressing vector, Flag-BAP1 WT, or 4KR mutant were injected subcutaneously into nude mice. Upon reaching about 100 mm>, mice were treated with saline or cisplatin
(2 mg/kg weekly, n = 6). Tumors were weighed at endpoint. n.s., not significant. (N) Cells as in (M) were injected into the spleen of nude mice. Metastatic nodules on liver
were counted at endpoint. Results represent the means + SD from six mice and were analyzed by one-way ANOVA. *#P < 0.01; **#P < 0.001. h, hours.

Yang et al., Sci. Adv. 11, eadt8800 (2025) 11 July 2025 8of 16



SCIENCE ADVANCES | RESEARCH ARTICLE

A NTNTNTNTNT

NTNTNTNTNT NTNTNTNTNT

-100
g -~ ——

— - -

- e -

pvHL B S-S

i

Actin == —— — - e - o --* m-ﬁ

Case 2

(o4
UFL1 pVHL
15 *kk 15 ek
2 p
S S10] —1—
8 10f —— S <
o
T 5 2

o o

Normal Tumor Normal Tumor

Pearson r = 0.7569 Pearson r =0.7275
P <0.0001 P <0.0001
10 10
o : o :
o . o
o I}
e e 3
; 5 . 5:' 5
S . >
« o o = Q.
o 0 n=73 0
0 5 10 0

5
BAP1 score UFL1 score

Fig. 6. BAP1 and UFL1 expressions are positively correlated with pVHL expression in CRC. (A) UFL1 and pVHL expressions in 15 pairs of fresh CRC tissues and adjacent
normal tissues were measured by Western blotting. N, normal tissues; T, tumor tissues. (B) Representative IHC staining of BAP1, UFL1, and pVHL in CRC (n = 73) and adja-
cent normal tissues (n = 73). (C) The IHC scores of UFL1 and pVHL expression in (B) were analyzed. (D) The correlation of UFLT and BAP1 expression with pVHL expressions
in CRC tissues. Statistical analysis was performed with the chi-square test. r, the Pearson’s correlation coefficient. Data are presented as the means + SD and were analyzed

by one-way ANOVA. ###P < 0.001.

could be a promising therapeutic strategy for CRC and potentially
other cancers harboring WT BAPI and VHL.

Despite the well-established tumor-suppressing function of BAP1
in malignant mesothelioma, ccRCC, and uveal melanoma (3-5), the
role and mechanism of BAP1 in CRC remains poorly understood.
Kwon et al. reported that BAP1 is up-regulated in colon cancer cells
and tissues and that BAP1 depletion reduces colon cancer cell prolif-
eration and tumor growth (38). In contrast, two independent studies
have shown that both mRNA and protein levels of BAP1 are down-
regulated in most CRC tissues compared to adjacent non-cancerous
tissues, with lower BAP1 expression being associated with shorter
patient survival (39, 40). In this study, we provide evidence support-
ing the tumor-suppressor role of BAP1 in CRC. First, analyses of
the cBioPortal for Cancer Genomics databases reveal that the BAPI
gene remains largely WT (fig. S1A). Second, overexpression of BAP1

Yang et al., Sci. Adv. 11, eadt8800 (2025) 11 July 2025

WT, but not a catalytically inactive mutant C91S, significantly re-
duced cell proliferation, migration, and invasion. Additionally,
BAP1 overexpression in CRC cells increased sensitivities to cisplat-
in and 5-FU, whereas BAP1 depletion has the opposite effects both
in vitro and in vivo (Fig. 1, D to I; and fig. S1, D to G). Last, down-
regulation of BAP1 expression was observed in primary CRC speci-
mens, with an even more significant reduction in metastatic tissues
compared to that in adjacent normal tissues, as demonstrated by im-
munoblotting and THC analyses. This down-regulation correlates
with poor clinical outcomes in patients with CRC (Fig. 1, B and C,
and fig. S1C).

Notably, we reveal that the tumor-suppressive activity of BAP1
in CRC is primarily mediated through its interaction with the key
suppressor protein pVHL, rather than previously reported substrates
such as PTEN, LKBI, and SLC7A11, which are implicated in other
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Fig. 7. The experimental model of this study. Schematic representation of the experimental model of this study, summarizing the proposed mechanisms by which
UFL1-mediated UFMylation of BAP1 regulates pVHL stability and tumor-suppressive activity in CRC.

cancers (fig. S2A). pVHL, encoded by the VHL gene, functions as a
tumor suppressor by acting as the substrate recognition component
of the ubiquitin E3 ligase complex, targeting the degradation or in-
activation of various substrates, including HIF-1a, HIF-2a, and Akt
(30, 31, 41). Given the well-characterized tumor-suppressive activity
of pVHL and its frequent down-regulation in cancers with WT VHL,
stabilizing pVHL presents an appealing strategy for these cancers.
However, as an unstable protein, pVHL undergoes ubiquitination
and degradation by the ubiquitin E3 ligase WSB1, which has been
showed to promote metastasis in melanoma (35). Although OTUD6B
was reported to regulate pVHL stability in hepatocellular carcino-
ma, it acts as an adaptor protein that limits pVHL ubiquitylation by
reducing its interaction with WSB1, independently of its deubiquit-
tinase activity (35, 36). To date, the bona fide deubiquitinase of pVHL
has remained unidentified. Our study is the first, to our knowledge, to
identify BAP1 as the previously uncharacterized deubiquitinase for
pVHL, supported by several lines of evidence. First, BAP1 directly
interacts with pVHL in cells and in vitro (Fig. 2, B and C). Second,
BAPI reduces pVHL ubiquitination through its deubiquitinating ac-
tivity, leading to the stabilization of pVHL (Fig. 2, J and K). Third,
genetic ablation of BAP1 significantly enhances cell proliferation, mi-
gration, invasion, and metastasis while also reducing CRC cells sensi-
tivity to chemotherapies both in vitro and in vivo (Fig. 1, G to I; and
fig. S1, E to G). Furthermore, reconstitution of pVHL significantly
mitigated the phenotypes induced by BAP1 depletion in CRC cells,
suggesting that the tumor-suppressive activity of BAP1 in CRC is
largely dependent on its ability to stabilize pVHL (Fig. 3 and fig. S3,
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E, F, and I). Database analyses indicate that both BAP1 and VHL are
predominantly WTs in CRC (figs. S1A and S2B), and our findings
demonstrate a strong clinical correlation between BAP1 and pVHL
expression in CRC specimens (Fig. 6D). Additionally, the expression
levels of both proteins are associated with patient prognosis in CRC
(figs. S1C and S7, A and B). Collectively, these results underscore the
potent tumor-suppressive role of BAP1 in CRC, primarily through
the stabilization of pVHL.

The next critical question is how the activity of BAP1 toward
pVHL is regulated in CRC. Various mechanism may play pivotal roles
in regulating BAP1 expression across different cancers. While genetic
alterations of the BAPI gene are frequently observed in cancers such
as malignant pleural mesothelioma, ccRCC, and uveal melanoma,
BAPI remains largely WT in CRC as evidenced by analyses of the
cBioPortal for Cancer Genomics databases (fig. S1A). Our analysis of
two independent human CRC scRNA-seq datasets (GEO: GSE132257
and GSE132465) and TCGA datasets revealed that the transcriptional
level of BAPI are significantly lower in the epithelial tumor cells of CRC
compared to normal tissues (Fig. 1A and fig. S1B). This suggests that
transcriptional regulatory mechanism may play a role in modulating
BAP1 expression. However, the specific mechanisms governing BAPI
gene expression remain largely unexplored. Recent studies have re-
ported that G-quadruplex (G4) structures in the BAPI promoter
positively regulate its expression, while DNA helicases such as CHD7
can reduce BAPI promoter activity, likely by unwinding these G4
structures (42). CHD7 was amplified in more than 50% of CRC cases
and is more highly expressed in tumor tissues than in adjacent normal
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tissues, identifying it as a potential therapeutic target for CRC (43).
Nonetheless, the underlying mechanisms and potential transcription
factors involved in regulating BAPI transcription in CRC and other
cancers remain to be fully elucidated.

In addition to transcriptional regulation, BAP1 is subject to vari-
ous posttranslational modifications that modulate its stability and
subcellular localization. For example, glutamylation of BAP1 at Glu®!
by Tubulin Tyrosine Ligase-Like 5 (TTLL5) and Tubulin Tyrosine
Ligase-Like 7 (TTLL7) promotes its ubiquitination and subsequent
degradation, whereas CCP3 can remove this glutamylation, thereby
stabilizing BAP1, enhancing Hoxal expression, and promoting the
self-renewal of hematopoietic stem cells (44). Conversely, BAP1
undergoes multi-monoubiquitination catalyzed by the atypical E2/
E3-conjugated enzyme UBE2O, leading to its sequestration in the
cytoplasma and subsequent promotion of adipocyte differentiation
(17). Additionally, BAP1 can be phosphorylated by multiple DNA
damage-responsive kinases in response to genotoxic stress, facilitat-
ing its recruitment to sites of DNA double-strand breaks, where it
regulates H2Aub levels and ensures the efficient assembly of DNA
damage repair factors such as BRCA1 and RAD51 (16). Despite these
insights, the mechanisms regulating BAP1’s interaction with and ac-
tivity toward its substrates remain largely unclear.

UFM1 is a recently identified ubiquitin-like modification that
has emerged as a crucial posttranslational modification. Deficiency
in UFMylation has been linked to anemia and murine embryonic
lethality, underscoring its biological significance (23, 45). Further-
more, UFMylation of histone H4 and MRE11 has been shown to
promote ATM activation, highlighting its critical role in the DNA
damage response (46, 47). In our study, we identify UFMylation as a
previously unrecognized posttranslational mechanism regulating
BAPI activity toward pVHL and its tumor-suppressive effects in
CRC, based on several lines of evidence. First, UFLI, the E3 ligase
responsible for UFMylation, directly interacts with BAP1 in CRC
cells and in vitro (Fig. 4, A and B). Second, BAP1 is modified by
mono-UEM1 at four lysine residues (Lys™', Lys®, Lys'®, and Lys***)
in its N-terminal region, both in vivo and in vitro (Fig. 4, C to E; and
fig. S4, B and C). Notably, Lys'®’, one of the UFMylation sites on
BAPI, is also subject to ubiquitination (17). The interplay between
these different posttranslational modifications that regulate BAP1
warrants further investigation. Third, UFL1-mediated UFMylation
of BAP1 is crucial for its interaction with pVHL, facilitating the
subsequent deubiquitination of pVHL and enhancing its tumor-
suppressive effects in CRC (Fig. 5). The UFMylation sites within the
catalytic domain of BAP1 (amino acids 1 to 240), which also serves
as the interaction region with pVHL, are predicted by molecular
dynamics (MD) simulations to alter the local structure or confor-
mation of BAP1. These structural changes may create additional
surfaces that interact with the H1 helix and  sheets of pVHL, thereby
increasing BAP1’s binding affinity to pVHL (fig. S6L and movie S1).
Conversely, loss of UFMylation, either through UFL1 depletion or by
reconstitution with the UFMylation-defective BAP1 mutant 4KR,
markedly impairs the BAP1-pVHL interaction, leading to reduced
stabilization of pVHL and a consequent loss of tumor-suppressive
properties. In CRC cells, neither UFL1 depletion nor reconstitution of
the 4KR mutant affected the weak interactions between BAP1 and
other substrates, such as LKB1 and SLC7A11 (Fig. 5] and fig. S5B).
This specific regulation of pVHL by BAP1 may be attributed to the
unique additional binding interfaces formed between pVHL and
UFMylated BAP1, which warrants further investigation.
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Despite the critical role of UFMylation in stabilizing the BAP1-
pVHL axis, translating this mechanism into therapeutic strategies
faces challenges due to the pleiotropic nature of UFM1, which modi-
fies multiple cellular proteins beyond BAP1. However, several features
of the BAP1-UFLI interaction identified in our study offer pathways
to address specificity. First, while we observed that UFL1, the E3 ligase
mediating UFMylation, is down-regulated in CRC (Fig 6), the up-
stream mechanisms regulating its transcription and protein stability
in this context remain poorly characterized. A deeper understanding
of these regulatory mechanisms may enable strategies to restore
UFLI expression, thereby enhancing BAP1 UFMylation and stabi-
lizing pVHL. Nonetheless, we acknowledge that this approach would
likely influence UFMylation globally, not exclusively that of BAPI.
Second, a more selective strategy may involve enhancing the specific in-
teraction between UFL1 and BAPI. For instance, high-throughput
screening of Food and Drug Administration-approved drugs or
other chemical libraries could identify small molecules that pro-
mote the UFL1-BAPI interaction, thereby selectively enhancing
BAP1 UFMylation. Additionally, the structural characterization of
the UFL1-BAP1 complex will be instrumental in guiding such ef-
forts and may uncover specific binding pockets or allosteric sites
that could be targeted to modulate this interaction with higher
specificity. Third, targeting the de-UFMylation process represents
another potential strategy. Identifying enzymes responsible for de-
UFMylation could potentially serve as a means to modulate BAP1
UFMpylation levels. Ufm1-specific protease 2 (UFSP2) is now pri-
mary “de-UFMylation” enzyme for removing UFM1 modifications in
human cells (20). Structural resolution of the potential BAP1-UFSP2
interface, combined with high-throughput compound screening, may
enable the identification of inhibitors that disrupts such an interac-
tion, thereby selectively enhancing BAP UFMylation by limiting its
removal. Last, our MD simulations suggest that UFMylation of the
catalytic domain of BAPI (1 to 240 amino acids) induces conforma-
tional changes that enhances its interaction with the H1 helix and
B sheets of pVHL (fig. S6L). This raises the possibility of designing
allosteric modulators or mimetics that recapitulate the conforma-
tional effect of BAP1 UFMylation, potentially stabilizing BAP1 in an
active configuration favorable for pVHL binding.

It is also noteworthy that we cannot rule out the possibility of
additional mechanisms contributing to the suppressive activity of
UFL1 in CRC, as ectopic expression of pVHL did not fully rescue
functional alterations caused by UFL1 depletion in HCT116. A
previous study reported that p53 can be UFMylated, which an-
tagonizes MDM2-mediated ubiquitination, thereby maintaining
p53 stability and its tumor-suppressive function in HCT116 cells
(37). This suggests that UFL1-mediated UFMylation may stabilize
both pVHL and p53 simultaneously, thereby suppressing cell pro-
liferation in cancer cells harboring WT TP53 and VHL, such as
HCT116. Considering the frequent mutations and deletions of the
TP53 gene in human cancers, the stabilization of pVHL by the
UFL1-BAP1 axis might be particularly important in cancer cells
harboring TP53 mutant or loss, such as CRC cells (SW620 and
HCT116 with p53 KO) and pancreatic cancer cells (AsPC-1) (fig. S6,
A to H). Intriguingly, Kaplan-Meier analysis indicated that high
expressions of UFLI and VHL were associated with better over-
all survivals in CRC specimens harboring TP53 mutant (fig. S7,
A and B).

Collectively, our findings underscore the crucial role of UFMylation
in modulating BAP1-mediated stabilization of pVHL in CRC. We
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also confirmed that the BAP1-pVHL axis is applicable in pancreatic
and ovarian cancer (fig. $3, G and H). However, further investiga-
tions are warranted to comprehensively characterize its role across
different cancer types, particularly in the context of TP53 mutations
or deletions. These follow-up studies may provide deeper insights
into the broader relevance of UFMylation and the UFL1-BAP1-pVHL
axis in cancer biology and therapy.

MATERIALS AND METHODS

Cell culture, plasmids, and antibodies

Cell lines HCT116, LoVo, SW620, AsPC-1, MIA PaCa-2, A2780,
SKOV3, and human embryonic kidney (HEK) 293T were purchased
from American Type Culture Collection. HCT116 p53 WT and p53
KO cells were provided by J. Zhang from Kunming University of
Science and Technology. Cell lines were mycoplasma free and au-
thenticated by short tandem repeat DNA profiling analysis. HCT116
cells were cultured in McCoy’s 5A medium. AsPC-1 cells were cul-
tured in RPMI 1640 medium with 10% fetal bovine serum (FBS).
LoVo cells were cultured in F-12 K medium with 10% FBS. MIA
PaCa-2, A2780, SKOV3, and HEK293T cells were cultured in
Dulbeccos modified Eagle’s medium (DMEM) with 10% FBS. The
cell incubator contained 5% CO, and maintained a constant tempera-
ture and humidity environment at 37°C. SW620 cells were cultured in
Leibovitz’s L-15 medium with 10% FBS at 37°C without CO,.

Plasmids BAP1, VHL, and UFL1 were cloned into pIRES-Flag-S,
pLV.3-Flag, pLV.3-Flag-S, pLV.5-HA-S, pET28a, and pGEX4T-1 vec-
tors. All site mutants were generated by site-directed mutagenesis and
identified by sequencing. For the overexpression experiments, the
empty vectors were used as a negative control.

Antibodies anti-BAP1 (C-4) (sc-28383; dilution, 1:1000), anti-Myc
(9E10; dilution, 1:1000), anti-WSB1 (sc-393200; dilution, 1:500), and
anti-Ubiquitin (Ub) (sc-8017; dilution, 1:1000) antibodies were pur-
chased from Santa Cruz Biotechnology. Anti-Flag (F1804; dilution,
1:1000), anti-HA (H3663; dilution, 1:1000), and anti-p-actin (A1978;
dilution, 1:5000) antibodies were purchased from Sigma-Aldrich. Anti-
VHL (68547; dilution, 1:1000), anti-p53 (2527S; dilution, 1:1000), anti-
PTEN (138G#6; dilution, 1:1000), anti-LKB1 (D60CS5; dilution, 1:1000),
anti-SLC7A11 (D2M?7A; dilution, 1:1000), anti-p-AKT (Ser*”*) (4060S;
dilution, 1:1000), anti-K48 or K63-linkage-specific polyubiquitin (8081
or 5621; dilution, 1:1000), and anti-cleaved caspase-3 (9664S; dilution,
1:200) antibodies were purchased from Cell Signaling Technology.
Anti-Ki67 (SR00-02; dilution, 1:200) antibody was purchased from
HUABIO. Anti-UFM1 (ab109305; dilution, 1:1000) antibodies were
purchased from Abcam. Anti-UFL1 (A303-456A; dilution, 1:1000) and
anti-HIF-1a (A300-286A; dilution, 1:500) antibodies were purchased
from BETHYL. Heavy or light-chain-specific IPKine horseradish per-
oxidase (Abbkine Scientific Co.; A25222 and A25012) were used in co-
immunoprecipitation experiment.

RNA interference

In short hairpin RNA (shRNA) experiments, pLKO.1-scramble shRNA
was used as a negative control with the sequence of CCTAAGGT-
TAAGTCGCCCTCG. The shRNA targeting sequences for BAP1
shRNA #1 and #2 are 5'-CGTCCGTGATTGATGATGATA-3" and
5'-CCACAACTACGATGAGTTCAT-3’, respectively. The shRNA
targeting sequences for UFL1 shRNA #1 and #2 are 5'-GCTCT-
GGAACATGGGTTGATA-3" and 5'-GAAACACTTCTGTGTCA-
GAAA-3', respectively. The shRNA targeting sequences for VHL
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shRNA #1 and #2 are 5'-CCCTATTAGATACACTTCTTA-3’ and
5-GCCTAGTCAAGCCTGAGAATT-3'.

Quantitative real-time polymerase chain reaction

Cultured cell RNA isolation was carried out using TRIzol reagent
(Thermo Fisher Scientific, MA, USA). Subsequent conversion of the
extracted RNA into cDNA was achieved via a FastKing gDNA Dispel-
ling RT SuperMix kit (Tiangen, Beijing, China). Quantitative real-time
polymerase chain reaction (QRT-PCR) analysis was performed us-
ing FastFire QPCR PreMix (SYBR Green) as described previously
(48). All experiments were performed in triplicate with glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) as an internal control. Primer
sequences are listed as follows: VHL: (forward) CTGCCCGTATGGCT-
CAACTT and (reverse) GTGTGTCCCTGCATCTCTGAA; MMP2:
(forward) TGACTTTCTTGGATCGGGTCG and (reverse) AAGCAC-
CACATCAGATGACTG; VEGF: (forward) GAGGAGCAGTTACG-
GTCTGTG and (reverse) TCCTTTCCTTAGCTGACACTTGT; and
GAPDH: (forward) GATCGAATTAAACCTTATCGTCGT and (re-
verse) GCAGCAGAACTTCCACTCGGT.

Western blotting analysis

Whole-cell lysates were prepared by sonication in NETN buffer
[20 mM tris-HCI (pH 8.0), 300 mM NaCl, 1 mM EDTA, and 0.5%
NP-40] containing 1X protease inhibitor cocktail (Roche), 10 mM
B-glycerophosphate, 1 mM sodium orthovanadate, 10 mM sodium
fluoride, and 1 mM phenylmetnylsulfonyl fluoride. Proteins were
separated by SDS-polyacrylamide gel electrophoresis gel electro-
phoresis and transferred to polyvinylidene difluoride membranes
and then incubated with the primary and secondary antibodies.

CCK-8 assay

A Cell Counting Kit-8 (CCK-8; HY-K0301) was used to measure the
survival of HCT116 and LoVo cells as described previously (48).
Cells were seeded at a density of 2000 cells per well in 96-well plates.
A total of 2000 cells in a volume of 100 pl per well were cultured in
four replicate wells in a 96-well plate in medium containing 10%
FBS. Cells were treated with different concentrations of Cisplatin or
5-FU for 72 hours, and CCK-8 reagent (15 pl) was added and incu-
bated for 2 hours.

Migration and invasion assays

Cells (8000 to 10,000 per well) stably expressing indicated constructs
were resuspended in serum-free DMEM for inoculation onto the
membranes of 24-well transwell inserts (pore size, 8 mm; Corning,
NY, USA) in the upper chamber. Inserts with non-coated membranes
were used for migration assay, while inserts with Matrigel-coated
membranes were used for invasion assay. DMEM containing 20% FBS
served as chemoattractant in the lower chambers. After culturing for
48 hours, cells that migrated or invaded to the surface of lower cham-
bers were fixed and stained with crystal-violet and counted in five
randomly selected microscopic fields (48).

Immunoprecipitation

Immunoprecipitation was performed as described previously (48).
HCT116 cells were lysed in NETN buffer and were incubated overnight
with primary antibodies together with protein A/G beads (Thermo
Fisher Scientific) for 2 hours at 4°C. After washing for five times,
immunoprecipitates were subjected to Western blotting. HCT116
and HEK293T cells transfected as indicated were lysed in NETN buffer
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and were incubated at 4°C with anti-Flag affinity gel (Sigma-Aldrich)
or S-agarose (Merck Millipore) for 4 hours. The immunoprecipitates
were subjected to Western blotting.

GST pull-down assay

Indicated cDNA was cloned into pGEX4T-1 or pET28a vector and
transfected into Escherichia coli strain BL21. After the induction by
200 pM isopropyl-p-p-thiogalactopyranoside (IPTG) (Sigma-Aldrich,
16758-1G) for overnight, at 18°C, GST or GST-fusion proteins were
purified by using Pierce Glutathione Agarose (Thermo Fisher Scien-
tific). Purified GST or GST-BAP1 protein bound to Pierce Glutathi-
one Agarose was incubated with His-VHL or His-UFL1 for 2 hours
at 4°C. Beads were then washed with NETN buffer for four times,
followed by Western blotting.

Denaturing immunoprecipitation for ubiquitination
Denaturing immunoprecipitation for ubiquitination was performed
as described previously (49). Cells were treated with MG132 for
10 hours before harvest. Then, cells were lysed in 100 pl of 62.5 mM
tris-HCI (PH 6.8), 2% SDS, 10% glycerol, 20 mM NEM, and 1 mM
iodoacetamide; boiled at 95°C for 15 min and then diluted 10 times
with NETN buffer containing protease inhibitors, 20 mM NEM, and
1 mM iodoacetamide; and centrifuged to remove cell debris. Pro-
teins were immunoprecipitated with indicated antibodies and blot-
ted with indicated antibody.

In vitro deubiquitination assay

In vitro deubiquitination assay was performed as described previ-
ously (50). E. coli strain BL21 and Pierce Glutathione Agarose were
used to express and purify recombinant GST-fused BAP1 WT and
C91S (CS) mutant protein. HCT116 cells were transfected with
empty vector or HA-S-VHL followed with the treatment of MG132
(10 pM) for 10 hours. pVHL was pulled down by S-agarose and then
incubated with purified GST-BAP1 WT or C91S fusion protein for
4 hours. Western blotting was performed to analyze the ubiquitina-
tion of pVHL.

UFMylation assay in vivo and in vitro

In vivo UFMylation assay

HEK293T cells were transfected with BAP1 constructs and the
UFMpylation system components (Myc-UBA5, Myc-UFC1, Myc-
UFL1, Myc-UFBP1, and HA-UFM1 AC2). For the detection of en-
dogenous BAP1 UFMylation, HCT116 and LoVo cells were treated
with MG132 (10 pM) for 10 hours before harvesting. Forty-eight
hours later, cells were lysed by boiling in buffer [150 mM tris-HCl
(pH 8), 5% SDS, and 30% glycerol] for 10 min. Cell lysates were diluted
20-fold with buffer A [50 mM tris-HCI (pH 8), 150 mM NaCl, 10 mM
imidazole, 1% Triton X-100 or 0.5% NP-40, 1X protease inhibitor
cocktail, and 2 mM NEM] as described previously (37) and immuno-
precipitated with indicated antibodies. Western blot was performed to
measure the UFMylation level of immunoprecipitated proteins.

In vitro UFMylation assay

Indicated proteins were purified as previously described (47). Briefly,
GST-BAP1 was ectopically expressed in E. coli strain BL21, induced
by IPTG, and purified using Glutathione Sepharose. His-UBAS5,
His-UFC1, His-UFL1, His-UFBP1 and His-UFM1 AC2 were ex-
pressed in E. coli strain BL21 cells, induced by IPTG, and purified
using Ni-nitrilotriacetic acid agarose (QIAGEN). Purified His-UBA5
(0.1 uM), His-UFC1 (0.1 pM), His-UFL1 (0.1 pM), His-UFBP1
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(0.1 pM), His-UFM1 AC2 (0.1 pM), and GST-BAP1 (0.1 pM) were
mixed in a reaction buffer [0.05% bovine serum albumin and 50 mM
Hepes (pH 7.5)] containing 5 mM adenosine 5'-triphosphate and
10 mM MgCl, and incubated at 30°C for 90 min. The mixtures were
boiled with the addition of SDS sample buffer containing 5% mer-
captoethanol for 10 min.

MD simulations

The ubiquitinated VHL/BAP1-UFM1 complex is modeled using
maestro (Schrodinger, LLC, New York, NY, USA, 2023). The structure
of ubiquitin and BAP1 were retrieved from the BAP1-ASXL1 com-
plex bound to chromatosome [Protein Data Bank (PDB) ID: 8HIT].
The Gly’® of ubiquitin was conjugated to Lys'”! of VHL (PDB ID:
1VCB). The structure of UFM1 was retrieved from PDB ID: 5SHKH
and conjugated to Lys”', Lys®, Lys'", and Lys*” of BAP1. OPLS4 force
filed was used, and MD simulation was performed using Desmond. The
system was relaxed for 5 ns before 500-ns production simulations,
and the simulations were conducted in isothermal-isobaric ensem-
ble (NPT ensemble) at 300 K and 1 atm using default settings.

Tandem affinity purification and MS analyses

Protein purification and MS analysis were conducted following es-
tablished protocols (48). In brief, tandem affinity purification in cells
expressing Flag-S empty vector, Flag-S-BAP1 was conducted by com-
bining Flag-tag purification with anti-Flag affinity gel (first purifica-
tion) followed by the immunoprecipitation with the S-agarose (second
purification). HCT116 cells were transfected with Flag-S-tagged emp-
ty vector, Flag-S-BAP1. Cells were treated with MG132 (10 uM) for
10 hours, and cell pellets were then collected and lysed in NETN
buffer (pH 8.0, 300 mM NaCl, 20 mM tris-HCl, 0.5% NP-40, and
1 mM EDTA) containing protease inhibitors [1X protease inhibi-
tor cocktail (Roche), 1 mM sodium orthovanadate, 10 mM f-
glycerophosphate, 1 mM phenylmetnylsulfonyl fluoride, and 10 mM
sodium fluoride]. Anti-Flag Affinity Gel (20 pl; Sigma-Aldrich) was
added into cell lysates and rotated at 4°C for 2 hours. Anti-Flag im-
munoprecipitates were washed three times with cold NETN buffer
and incubated with 100 pl of 3% Flag peptide working solution at
the concentration of 100 pg/ml (Sigma-Aldrich, F4799) at 4°C for
2 hours. The elution process was repeated for three additional times,
and the combination of elutes was diluted by NETN bulffer. For the
second purification step, 50 pl of S-agarose (Merck Millipore) was
added into the diluted elutes and incubated at 4°C for 4 hours. The
immunoprecipitates by S-agarose were washed by NETN buffer for
three times. The beads were resuspended in 500 pl of 6 M urea in
phosphate-buffered saline (PBS), 25 pl of 200 mM dithiothreitol in
25 mM NH4HCOj; buffer was added, and the reaction was incubated
at 37°C for 30 min. For alkylation, 25 pl of 400 mM indole-3-acetic
acid in 25 mM NH4HCOj; buffer was added, followed by incubation
for 30 min at room temperature in dark. The supernatant was then
removed, and the beads were washed with 1 ml of PBS once. For
the digestion, 150 pl of 2 M urea in PBS, 150 pl of 1 mM CaCl, in
50 mM NH4HCOs3, and 1 pl of trypsin (1.0 pg/pL) were added. The
reaction was incubated at 37°C overnight. The peptides were col-
lected by washing three times with 200 pl of water, and then the
peptides were desalted by C18 column. After evaporation in Speed-
Vag, the samples were tested by liquid chromatography-tandem MS
(MS/MS), equipped with an EASY-nLC 1200 HPLC system and
Orbitrap Fusion Lumos mass spectrometer (Thermo Fisher Scien-
tific). The raw data were processed by using Proteome Discoverer
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2.5 and processed as per default workflow. MS tolerance is 4.5 parts
per million (ppm), and MS/MS tolerance is 20 ppm. Searches were
performed against the Homo sapiens UniProt canonical 20395 en-
tries 20210516 nm fasta. Reversed database searches were used to
evaluate false discovery rate of site, peptide, and protein identifica-
tions. Two missed cleavage sites of trypsin were allowed. Protein hits
were refined by corresponding volcano plots as log, fold change of
Flag-S-BAP1/empty vector against statistical significance (—logg
P value). Protein hits with log, fold change of BAP1/empty vector
larger than 2 and —log;o P value larger than 1.35 in mass spectrum
experiments were further considered.

RNA-seq analysis

The RNA-seq experiment was performed by Shanghai OE Biotech, as
previously described (51). Total RNA was extracted using the TRIzol
reagent (Invitrogen, CA, USA). RNA purity and quantification were
evaluated using the NanoDrop 2000 spectrophotometer (Thermo
Fisher Scientific, USA). RNA integrity was assessed using the Agilent
2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA).
Then, the libraries were constructed using the VAHTS Universal V10
RNA-seq Library Prep Kit (Premixed Version) according to the man-
ufacturer’ instructions. The transcriptome sequencing and analysis
were conducted by OE Biotech Co. Ltd. (Shanghai, China).

Gene set enrichment analysis (GSEA) was performed using GSEA
software. The analysis was used a predefined gene set, and the genes
were ranked according to the degree of differential expression in the
two types of samples. Then, it is tested whether the predefined gene
set was enriched at the top or bottom of the ranking list.

Kaplan-Meier survival analysis

Kaplan-Meier survival analysis was performed using the Kaplan-
Meier Plotter online tool (http://kmplot.com) to evaluate the prog-
nostic significance of BAPI, UFLI, and VHL in CRC. The survival
curves and corresponding hazard ratios were calculated based on de-
fault settings. The analysis was conducted as previously described (52).

Tumor xenograft assay in vivo

For subcutaneous xenografting, HCT116 cells (1 x 10°) were resus-
pended in 100 pl of PBS and inoculated subcutaneously in the flanks
of 4- to 6-week-old female BALB/c-nude mice. Tumor volume was
measured every 2 days by using a vernier caliper to measure the long
diameter and short diameter of the tumor and calculated as follows:
V = a (short diameter)® X b (long diameter) X 0.4 (48). When tumor
volume reached 100 mm®, mice were randomly divided into two
groups and receive intraperitoneal injections of saline or cisplatin
(2 mg/kg) once a week (1 = 6). Six weeks later, mice were euthanized,
and tumor weight was measured. For the liver metastasis study,
HCT116 cells (5 x 10°) were transfected as indicated and injected into
the spleen of 4- to 6-week-old female nude mice (n = 6). Mice were
euthanized after 30 days, and the number of metastatic liver nodules
was counted and quantified. The experiment protocol was approved
by the Institutional Animal Care and Use Committee (IACUC) in
Jinan University (20220219-05).

CRC patient-derived xenograft model

PDXs were provided by C. Shan (Nankai University). PDX model was
established according to the previous studies (50, 53). Briefly, CRC
PDXs were cut into pieces of 3 mm by 3 mm by 3 mm using sterile
surgical instruments, and tumor blocks were inserted into the back
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of mice by inoculation needle. Tumor volumes were measured three
times weekly by using a vernier caliper. For lentivirus injection, len-
tiviruses were produced in HEK293T cells transfected with control,
BAP1 shRNA, BAP1 shRNA plus Flag-VHL or UFL1 shRNA, and
UFL1 shRNA plus Flag-VHL. Then, viruses were filtered through
a 0.45-pm filter and concentrated using PEG 8000 precipitation.
When tumor volumes reached 30 mm?, the center of the xenograft
tumors were intratumorally injected three times with the indicated
lentivirus (1 x 10°® plaque-forming units/100 pl per mouse) to knock-
down endogenous BAP1 or UFL1. When tumor volumes reached
100 mm”, mice were administered saline or cisplatin (2 mg/kg) once
a week (n = 6). Mice were euthanized at the indicated time and tu-
mor weights were measured. All animal experiments were performed
in accordance with a protocol approved by the IACUC in Jinan
University (20230329-22).

Immunohistochemical staining

CRC pathological tissue sections were obtained from the tissue bank at
the First Affiliated Hospital of Jinan University in accordance with the
approval document of the Institutional Medical Ethics Committee
(ethics approval license: JNUKY-2022-098). IHC assays were con-
ducted on paraffin-embedded specimens of patients with CRC using
anti-pVHL, anti-BAPI, or anti-UFLI antibodies, respectively. The
immunostaining was blindly scored by two pathologists. The IHC
score was calculated by combining the quantity score (percentage of
positively stained tissues) with the staining intensity score. The score
for each tissue was calculated by multiplying the quantity with the
intensity score (the range of this calculation was therefore 0 to 12). An
THC score of 9 to 12 was considered a strong immunoreactivity; 5 to
8, moderate; 1 to 4, weak; and 0, negative. Samples with THC score > 4
were considered to be high and < 4 were considered to be low. The
chi-square test and the Pearson’s correlation coefficient were used for
statistical analysis of the correlation between pVHL and BAP1 or
UFLLI. In tumors from animal experiments, hematoxylin and eosin
(H&E) and immunostaining of Ki67 and cleaved caspase-3 were
performed. In brief, tumors samples were fixed with 4% paraformal-
dehyde, embedded in paraffin, and microtome sliced into 5-pum sec-
tions. Following dewaxing and dehydrating, anti-Ki67 (dilution,
1:200) and cleaved caspase-3 (dilution, 1:200) antibodies were used
for immunohistochemical staining of tumor sections from mice.
H&E staining of the slides was performed according to the manufac-
turer’s instructions (E607318, Sangon Biotech). Slices were then im-
aged using a microscope (Olympus) (48).

Statistical analysis

All data are analyzed by GraphPad Prism 5.0 software. Each experi-
ment was performed at least three times, following the principle of
repeatability. The experimental data represent the means + SD. The
differences between two groups of data were compared using f test,
and the differences between multiple groups of data were com-
pared using one-way analysis of variance (ANOVA) and Tukey’s
test: compare all pairs of columns. P < 0.05 is considered to be statis-
tically significant.

Supplementary Materials
The PDF file includes:

Figs.S1to S7

Legend for movie S1

Legend for data S1
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Other Supplementary Material for this manuscript includes the following:
Movie S1
Data S1
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