
Cell Death & Differentiation (2021) 28:606–625
https://doi.org/10.1038/s41418-020-00709-4

REVIEW ARTICLE

Roles and mechanisms of BAP1 deubiquitinase in tumor suppression

Louis Masclef 1
● Oumaima Ahmed1

● Benjamin Estavoyer1 ● Bruno Larrivée2,3 ● Nathalie Labrecque4,5 ●

Anastasia Nijnik6,7 ● El Bachir Affar 1,8

Received: 31 August 2020 / Revised: 8 December 2020 / Accepted: 9 December 2020 / Published online: 18 January 2021
© The Author(s), under exclusive licence to ADMC Associazione Differenziamento e Morte Cellulare 2021

Abstract
The BAP1 gene has emerged as a major tumor suppressor mutated with various frequencies in numerous human
malignancies, including uveal melanoma, malignant pleural mesothelioma, clear cell renal cell carcinoma, intrahepatic
cholangiocarcinoma, hepatocellular carcinoma, and thymic epithelial tumors. BAP1 mutations are also observed at low
frequency in other malignancies including breast, colorectal, pancreatic, and bladder cancers. BAP1 germline mutations are
associated with high incidence of mesothelioma, uveal melanoma, and other cancers, defining the “BAP1 cancer syndrome.”
Interestingly, germline BAP1 mutations constitute an important paradigm for gene–environment interactions, as loss of
BAP1 predisposes to carcinogen-induced tumorigenesis. Inactivating mutations of BAP1 are also identified in sporadic
cancers, denoting the importance of this gene for normal tissue homeostasis and tumor suppression, although some
oncogenic properties have also been attributed to BAP1. BAP1 belongs to the deubiquitinase superfamily of enzymes, which
are responsible for the maturation and turnover of ubiquitin as well as the reversal of substrate ubiquitination, thus regulating
ubiquitin signaling. BAP1 is predominantly nuclear and interacts with several chromatin-associated factors, assembling
multi-protein complexes with mutually exclusive partners. BAP1 exerts its function through highly regulated
deubiquitination of its substrates. As such, BAP1 orchestrates chromatin-associated processes including gene expression,
DNA replication, and DNA repair. BAP1 also exerts cytoplasmic functions, notably in regulating Ca2+ signaling at the
endoplasmic reticulum. This DUB is also subjected to multiple post-translational modifications, notably phosphorylation and
ubiquitination, indicating that several signaling pathways tightly regulate its function. Recent progress indicated that BAP1
plays essential roles in multiple cellular processes including cell proliferation and differentiation, cell metabolism, as well as
cell survival and death. In this review, we summarize the biological and molecular functions of BAP1 and explain how the
inactivation of this DUB might cause human cancers. We also highlight some of the unresolved questions and suggest
potential new directions.
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Facts

● BAP1 is the most frequently mutated deubiquitinase in
human cancers and is a major tumor suppressor.

● BAP1 germline mutations provide a model for
gene–environment interactions in carcinogenesis.

● BAP1 assembles multiple high molecular weight protein
complexes, deubiquitinates histone H2A and coordi-
nates gene expression and other chromatin-associated
processes.

● BAP1 orchestrates cell proliferation, cell differentiation,
cell death, and cell metabolism.

● BAP1 promotes DNA repair and genomic integrity.
● BAP1 function is regulated by multiple post-

translational modifications and interacting partners.

Open questions

● How BAP1 is dynamically recruited to chromatin and
gene regulatory regions?

● Which signaling pathways orchestrate BAP1 transcrip-
tional activities and how BAP1 function is coordinated
to ensure proper gene transcription?

● What is the full spectrum of BAP1 substrates?
● How BAP1 regulates the balance between cell death and

survival to ensure cellular homeostasis and tumor
suppression?

● How the BAP1 multi-protein complexes are assembled
and structured in various cellular contexts and in
response to stress?

● Does BAP1 deficiency creates targetable vulnerabilities
for cancer treatment?

Introduction

BAP1 is a widely expressed deubiquitinase (DUB) that
belongs to the ubiquitin C-terminal hydrolase (UCH) domain-
containing proteins [1] (Table 1). While BAP1 UCH domain
and the C-terminal domain (CTD) are highly conserved
throughout evolution, vertebrate BAP1 acquired a large
insertion in the middle of the enzyme [2]. This insertion,
termed non-organized regions (NORS), is predicted to be
unstructured and contains binding motifs for several
chromatin-associated proteins [3–10] (Fig. 1A). BAP1 inter-
acts with numerous chromatin regulators, forming high
molecular weight complexes, with the “core” complex being
composed of ASXLs, HCF-1, and OGT [2–6, 9–11]. Other
proteins including the transcription factors FOXK1/2 and
YY1, the chromatin modifying enzymes HAT1 and KDM1B,
and the ubiquitin ligase UBE2O are also associated with
BAP1 with various stoichiometries [3, 5–8, 12] (Fig. 1A).

BAP1 regulates transcription, DNA repair, and replica-
tion through coordination of chromatin structure and func-
tion. While BAP1 deubiquitinates histone H2AK119, the
mechanisms of its recruitment to specific chromatin loca-
tions and the coordination of its function by interacting
partners remain incompletely understood. Moreover, while
BAP1 functions predominantly in chromatin-associated
processes, additional functions of BAP1 in the cytoplasm
were also recently identified. BAP1 localizes at the endo-
plasmic reticulum (ER) regulating calcium signaling and
cell death [13]. Thus, the mechanisms that govern BAP1
localization in the nucleus or the cytoplasm might play
critical roles in regulating its function.

BAP1 is an important tumor suppressor as inactivating
mutations causing loss of its function were identified in
several human cancers [14–24]. BAP1 alterations in cancer
generally follow the classical two-hit model of tumor sup-
pression, with the highest incidence of BAP1 mutations in
uveal melanoma (UM) and malignant pleural mesothelioma
(MPM). The importance of BAP1 in tumor suppression is
emphasized by the identification of the BAP1 cancer syn-
drome where families bear heterozygous BAP1 mutations
that highly predispose affected individuals to develop
malignant mesothelioma, UM, cutaneous melanoma, and
melanocytic neoplasms termed “melanocytic BAP1-mutated
atypical intradermal tumors” [15, 25–31] (see also a recent
review [32]). Studies using mouse models with global or
tissue-specific inactivation of the Bap1 gene have also
established these tumor suppressor functions of this
DUB and provided insights into the mechanisms of
cancer development that result from BAP1 loss of function
[33–40]. This review summarizes the current state of
knowledge on BAP1 function and highlights potential
mechanisms of tumor suppression by this DUB.

Roles of BAP1 in chromatin-associated
processes

BAP1 is a transcriptional regulator

Both BAP1 and its Drosophila ortholog, calypso, deubi-
quitinate H2Aub [2], a transcriptional repressive histone
mark catalyzed by the Polycomb group (PcG) complex
PRC1 [41, 42]. Interestingly, calypso also represses tran-
scription by forming a PcG repressive complex, termed the
PR-DUB complex [2]. However, the mechanism by which
calypso regulates gene expression remains incompletely
understood as H2Aub was recently shown to be dispensable
for PcG-mediated repression in Drosophila [43]. Mamma-
lian BAP1 acts mainly as a transcriptional co-activator, at
least partly, through H2Aub deubiquitination [6, 40, 44–47]
(Fig. 1A). Consistent with this, BAP1 was recently found to
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interact with the H3K4 methyltransferase KMT2C, pro-
moting its recruitment, along with the H3K27 lysine
demethylase KDM6A, to gene enhancers, favoring tran-
scriptional activation [44] (Fig. 1A). Indeed, BAP1 target
genes are often associated with histone marks involved in
transcriptional activation including H3K27ac, H3K4me1,
and H3K4me3 as well as an open chromatin state
[44, 45, 47].

However, the transcriptional activity of BAP1 is likely
to be more complex due to its association with numerous
chromatin-associated proteins. For instance, the highly
abundant and major BAP1-interacting partner, HCF-1,
regulates gene expression through association with

several chromatin modifying enzymes with transcriptional
activation or repression properties [4–6, 33, 48–56]. Thus,
HCF-1 might play a key role in coordinating BAP1
function depending on the chromatin context of gene
regulatory regions. In addition, BAP1 deubiquitinates
HCF-1, and remains stably associated with this chromatin
regulator, suggesting that BAP1/HCF-1 association
nucleates the formation of multi-protein complexes that
orchestrate transcriptional regulation [4–6, 33] (Fig. 1A).
On the other hand, BAP1 interacts with and deubiquiti-
nates the transcriptional co-repressor NCOR1, increasing
its stability and chromatin recruitment, and this results
in transcriptional repression of γ-globulin gene [57].

Table 1 Definitions.

Protein and terms Definition and attributes

AMPK AMP-activated protein kinase is a serine/threonine protein kinase complex that plays an important role in the regulation
of energy homeostasis

ASX Additional sex comb belongs to Drosophila genes termed as enhancers of Trithorax and Polycomb (ETP)

ASXL1, -2, -3 Additional sex comb-like proteins are vertebrate orthologues of ASX

ATF3 Activating transcription factor 3 is a stress-responsive member of the mammalian activation transcription factor/cAMP
responsive element-binding (CREB) family of transcription factors

BAP1 Initially identified as a breast cancer type 1 susceptibility protein (BRCA1)-associated protein and was implicated in
the regulation of BRCA1 function

BAP1 cancer syndrome A hereditary cancer syndrome associated with an increased risk for uveal melanoma, malignant mesothelioma, and
other cancers

CHOP C/EBP homologous protein is a stress-responsive member of the CCAAT/enhancer-binding (C/EBP) family of DNA-
binding transcription factors

FOXK1, -2 Member of the K family of forkhead transcription factors

GNAQ,GNA11 Members of the guanine nucleotide-binding proteins (G proteins) family

H2Aub Histone H2AK119ub in vertebrates (H2AK118 in Drosophila) is a histone modification mediated by the Polycomb
Repressive Complex 1 (PRC1)

HAT1 A type B histone acetyltransferase (HAT) involved in chromatin assembly and other processes

HBM HCF-1 binding motif, a four amino acid motif found in BAP1 and other chromatin-associated proteins and is used for
interaction with HCF-1

HCF-1 Host cell factor 1 (HCFC1, HCF-1) is an abundant chromatin-associated protein with Kelch repeats, proteolytic
cleavage sites, and fibronectin-like motifs

KDM1B Lysine demethylase (flavin-containing domain 1, AOF1) is a histone H3 lysine 4 (H3K4)-specific demethylase

KDM6A (UTX) Lysine demethylase 6A is a JmjC domain-containing histone H3 lysine 27 (H3K27)-specific demethylase

KMT2C (MLL3) Lysine methyltransferase 2C is a histone H3K4 methyltransferase

KLF5 Krüppel-like factor 5 is a member of the Krüppel-like factor subfamily of zinc-finger transcription factors

MPeM Malignant peritoneal mesothelioma a rare cancer of the peritoneal lining of the abdomen

MPM Malignant pleural mesothelioma is a cancer of the pleural membrane that surrounds the lungs

OGT O-linked N-acetylglucosamine (GlcNAc) transferase

PR-DUB Drosophila Polycomb group repressive DUB complex formed by Calypso (ortholog of BAP1) and ASX

UBE2O Ubiquitin-conjugating enzyme E2O is an E2 ubiquitin-conjugation enzyme that also acts as an E3 ubiquitin ligase

UCH family A four-member DUB family characterized by a highly conserved catalytic domain harboring a
cysteine–histidine–aspartate triad that ensures enzymatic catalysis (UCHL1, UCHL3, UCHL5(UCH37), BAP1)

UM Uveal melanoma is a primary intraocular melanocyte-derived tumor that involves the iris, the ciliary body, or the
choroid

YY1 Yin Yang 1 (also known as δ, NF-E1, UCRBP, and CF1) is a zinc-finger member of the GLI-Krüppel class
transcription factors
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BAP1-mediated gene repression was also observed in
other mammalian cell systems, although a causal link
between H2Aub deubiquitination and transcriptional
repression was not clearly demonstrated [8, 58, 59].

Finally, transcription factors that associate with the BAP1
complexes, e.g., FOXK1/2 and YY1, can also participate
in directing the recruitment of BAP1 complexes to spe-
cific chromatin loci [6, 8, 12, 47].
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Overall, BAP1 is mostly a transcriptional co-activator, but
can also act as a transcriptional co-repressor. Consistent with
its transcriptional regulatory function, gene expression pro-
filing indicated that depletion of BAP1 or its inactivation
induced up- or downregulation of hundreds of genes asso-
ciated with cell cycle, DNA repair, cell survival, cell meta-
bolism, and apoptosis [6, 16, 33, 45, 47, 59]. What are the
direct BAP1 target genes and how BAP1 ensures these two
opposite roles remains an outstanding question. In particular,
it will be interesting to determine which co-factors favor its
activator or repressive functions and which substrates are
targeted by BAP1 during these transcriptional events.

BAP1 promotes DNA repair and maintenance of
genomic integrity

The DNA damage response (DDR) involves the exquisite
intervention of multiple signaling and repair factors, many
of which are associated with chromatin function [60–64]. A
role for BAP1 in DDR has been established in the context
of DNA double-strand break (DSB) signaling and repair
(Fig. 1B). BAP1 promotes the efficient assembly of the
homologous recombination (HR) factors, BRCA1 and
RAD51, at ionizing radiation (IR)-induced DNA repair foci
[65, 66]. BAP1-deficient cells are sensitive to IR as well as
PARP inhibitors, which are widely used to probe defects in

HR and treat HR-defective cancers [16, 65, 66]. Con-
sistently, BAP1-deficient cells are defective in HR-mediated
immunoglobulin gene conversion and exhibit an increased
frequency of chromosomal breaks [65]. Thus, the role of
BAP1 in DNA repair provides a possible molecular basis
for its tumor suppressor function. Mechanistically, BAP1 is
directly recruited to chromatin near DSB sites and its
recruitment is inversely correlated with the levels of H2Aub
detected at sites of DNA damage [65, 66]. BAP1 is also
phosphorylated by ataxia-telangiectasia mutated (ATM)
kinase following DNA damage, and mutation of its phos-
phosites inhibits its recruitment to DSB sites [65, 66].
Moreover, both BAP1 catalytic activity and its phosphor-
ylation state are critical for promoting the cellular recovery
from DNA damage [65, 66]. BAP1 mode of action might
involve its phosphorylation-induced recruitment to DNA
damage sites to promote chromatin remodeling and sub-
sequent assembly of the HR repair machinery [65, 66]
(Fig. 1B). Nonetheless, other studies indicated that deple-
tion of BAP1 results in deregulated expression of DDR
genes [6, 22]. Thus, BAP1 might also indirectly contribute
to DNA repair through the coordination of gene expression.

BAP1 is also involved in the progression of the DNA
replication fork [67, 68]. BAP1 deubiquitinates and stabi-
lizes the chromatin-remodeling factor INO80 at the repli-
cation fork [67] (Fig. 1C). INO80 is part of a multi-protein
chromatin-remodeling complex that regulates several DNA-
associated processes and plays a key role in the main-
tenance of genomic stability [69, 70]. BAP1 interaction
with INO80 facilitates the anchorage of the complex onto
chromatin through interaction with H2Aub, promoting the
progression of the DNA replication fork [67]. On the other
hand, BAP1 promotes the assembly of RAD51 foci to
facilitate DNA repair and replication fork restart following
replication stress [68]. However, the exact mechanisms by
which BAP1/INO80 regulate DNA replication under nor-
mal or stress conditions remain largely unknown.

In summary, BAP1 regulates DNA repair and replica-
tion, likely through deubiquitination of H2Aub and possibly
other factors. Consistent with these findings, BAP1-
deficient cells are characterized by numerous chromoso-
mal aberrations and aneuploidy [65], which emphasize the
importance of BAP1 for the maintenance of genomic
integrity and tumor suppression.

Physiological roles of BAP1

Dual functions of BAP1 in regulating cell
proliferation

Initial studies indicated that reestablishing BAP1 expression
in BAP1-null cancer cell lines leads to defects in cell-cycle

Fig. 1 Roles of BAP1 in chromatin-associated processes. A BAP1
forms large chromatin-associated protein complexes with a “core
complex” containing ASXLs and HCF-1/OGT. The HCF-1 binding
motif (HBM) and phosphorylated threonine T493 are found in the
unstructured loop of BAP1 (NORS non-organized regions). BAP1
interacts with ASXLs through its DEUBAD domain. Chromatin
recruitment to promoters/enhancers is ensured by transcription factors
and possibly epigenetic readers. BAP1 regulates transcription through
interaction with other chromatin regulators such as MLL3 and
NCOR1. B BAP1 regulates homologous recombination (HR). In
response to ionizing radiations, BAP1 is phosphorylated on two SQ
motif by ATM/ATR proteins. These modifications are important for
targeting BAP1 at the site of DNA damage and for the recruitment of
BRCA1 and RAD51 for DSB repair. C BAP1 promotes replication
and recovery from replication stress by deubiquitinating and stabiliz-
ing INO80 at the replication fork and increasing RAD51 recruitment.
BAP1 BRCA1-associated protein 1, NLS nuclear localization signal,
ASXLs additional sex comb-like proteins, HBM HCF-1-binding
motif, HCF-1 host cell factor 1, OGT O-linked N-acetylglucosamine
transferase, UBE2O ubiquitin-conjugating enzyme 2O, HDACs his-
tone deacetylases, NCOR1 nuclear receptor co-repressor 1, KMT2C
lysine methyltransferase 2C, UTX KDM6A lysine demethylase 6A,
KDM1B lysine demethylase 1B, HAT1 histone acetyltransferase 1,
YY1 Ying Yang 1, NRF1 nuclear respiratory factor 1, KLF5 Kruppel-
like factor 5, FOXK1/2 forkhead box K1/2, ELF1/2 E74-like ETS
transcription factor 1/2, ATM ataxia-telangiectasia mutated, ATR
ataxia telangiectasia and Rad3-related protein, DSBs double-strand
breaks, BRCA1 breast cancer type 1 susceptibility protein, RAD51
INO80 INO80 complex ATPase subunit, Ub ubiquitin, KDM lysine
demethylase, KMT lysine methyltransferase, KAT lysine
acetyltransferase.
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progression and notably an accumulation of the cells in S
phase [71]. The authors postulated that BAP1 might pro-
mote G1 to S cell-cycle transition and, as a consequence,
this might result in DNA damage, eventually leading to
growth arrest and cell death [71]. Conversely, depletion of
BAP1 in cells normally expressing this DUB also reduces
cell proliferation and delays G1 to S transition, suggesting

that BAP1 exerts a tight control on cell-cycle progression
[5, 9, 16, 22, 67, 72]. Mechanistically, BAP1 promotes cell-
cycle progression by directly acting at the replication fork,
as outlined above [67], although it is still unclear whether
this activity is an universal function of BAP1 in diverse cell
systems. On the other hand, cumulating evidence also
indicates that BAP1 acts through its transcriptional activity
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to regulate the expression of genes that coordinate cell
cycle. Indeed, BAP1 regulates the expression of E2F target
genes, which play critical roles in orchestrating G1 to S cell-
cycle progression [6, 22, 72, 73] (Fig. 2A). BAP1 interacts
with HCF-1 and YY1, both of which regulate E2F target
genes and promote G1 to S progression [4–6, 52, 74–76].
BAP1 seems to promote cell proliferation by forming a
complex with both HCF-1 and YY1, protecting HCF-1
from degradation and promoting the expression of E2F
target genes [4–6] (Fig. 2A). However, the link between
BAP1 and E2F pathway might be more convoluted
than expected. For instance, normal mesothelial cells from
Bap1+/− mice display a significant downregulation in the
mRNA and protein levels of the retinoblastoma tumor
suppressor RB, indicating a negative role of BAP1 in reg-
ulating the expression of E2F target genes [77]. Moreover,
mesothelioma tumor cells derived from asbestos-treated
Bap1+/− acquire a biallelic inactivation of Bap1 with a more
pronounced effect on RB downregulation [77]. In addition,
BAP1 deubiquitinates and stabilizes KLF5 transcription
factor, which is known to promote cell proliferation [78].
In this context, BAP1/HCF-1/KLF5 complex promotes
cell-cycle progression, at least in part, through inhibiting
the expression of the cell-cycle inhibitor p27Kip1 [78]
(Fig. 2A). Overall, BAP1 might coordinate the RB/E2F
pathway by exerting both positive and negative effects,
involving direct action on E2F target genes as well as
indirect effects on the regulation of cell-cycle inhibitors,

perhaps depending on the cell type and/or stage of carci-
nogenic transformation.

BAP1 interaction with ASXLs might also be critical for
its ability to regulate cell proliferation [9, 10] (Fig. 2A).
Defects in BAP1 interaction with ASXL delay G1 to S
progression [9, 10]. Moreover, overexpression of BAP1 in
normal fibroblasts, and remarkably its catalytic dead form,
induces cell-cycle arrest and senescence, effects that require
BAP1 interaction with ASXLs [9]. Whether BAP1/ASXLs
act in conjunction with HCF-1/YY1 in regulating E2F tar-
get gene expression remains to be determined.

Finally, there are also evidence for BAP1 negatively
regulating cell proliferation through (i) downregulation of
ERK1/2 and JNK signaling pathways [79], (ii)
deubiquitination-mediated stabilization of the tumor sup-
pressor LATS, a component of the Hippo signaling pathway
[80], and (iii) deubiquitination and stabilization of the tumor
suppressor PTEN, a negative regulator of the kinase
AKT [81].

In summary, BAP1 appears to have multiple roles in the
coordination of cell proliferation. This can be possibly
explained by cell-context and/or cell-type-specific functions
of BAP1 and its interacting partners. BAP1 might therefore
exert some of its tumor suppressor functions by altering the
mechanisms of cell-cycle control in a cell-type-dependent
manner.

Roles of BAP1 in development and cell
differentiation

The mechanisms underlying stem/progenitor cell renewal,
lineage commitment, and differentiation are complex and
involve intricate networks of transcriptional regulations and
feedback loops that govern cell fate decisions [82–86].
Increasing evidence suggests that BAP1 is a critical reg-
ulator of stem/progenitor self-renewal and cell fate in
multiple tissues and at multiple stages of development.
Bap1 gene deletion in mice induces embryonic lethality
between days 8.5 (E8.5) and 9.5 (E9.5), indicating that
BAP1 is required for mammalian embryogenesis and tissue
specification [33]. To bypass this embryonic lethality and
further investigate the roles of BAP1 in development,
conditional ablation of Bap1 was conducted in adult mice or
in specific organs [33, 34, 37, 46, 72, 87]. For instance,
systemic or hematopoietic-restricted Bap1 deletion in adult
mice recapitulates the development of a hematological
phenotype with similar features of the human myelodys-
plastic syndrome (MDS) [33]. BAP1 inactivation impairs
normal hematopoietic stem cell (HSC) differentiation
toward the myeloid lineage and this is accompanied by an
increased proliferation of BAP1-deficient myeloid pro-
genitors, resulting in extramedullary hematopoiesis and
splenomegaly [33, 88]. Mechanistically, BAP1 stabilizes

Fig. 2 BAP1 regulates the cell cycle and developmental processes.
A An important step during cell-cycle progression is the phosphor-
ylation of RB by Cyclin D/CDK4/6 complex. Phosphorylated RB
dissociates from E2F proteins to induce transcription of genes
important for cell-cycle progression. BAP1 interaction with HCF-1
and YY1 might regulate the G1 to S cell-cycle progression through
modulating the expression of E2F target genes. ASXLs proteins might
also regulate E2F target genes since these factors are involved in G1 to
S progression. BAP1 was also shown to regulate RB expression.
BAP1/HCF-1 interaction with KLF5 inhibits the expression of p27Kip1,
which increases cell proliferation. Overall, BAP1 acts during the G1/S
transition to orchestrate cell proliferation by acting on both activators
and inhibitors of the cell cycle. B Bap1 inactivation in mice is
embryonic lethal. Depletion of BAP1 in adult mice causes important
changes in the hematopoietic and immune systems including myeloid
cell transformation. BAP1 is also critical for the development and
homeostasis of other tissues and organs, including the liver and the
pancreas. In the hematopoietic system, BAP1 was shown to stabilize
the Polycomb group protein L3MBTL2 at Ezh2 promoter causing
increased deposition of H4K20me, which inhibits Ezh2 gene tran-
scription. BAP1 inactivation in thymocytes is associated with
decreased expression of E2F and c-Myc proteins. E2F retinoblastoma-
associated protein 1, RB retinoblastoma protein, CycD cyclin D,
CDK4/6 cyclin-dependent kinase, CycE cyclin E, p27Kip1 cyclin-
dependent kinase inhibitor 1B, EZH2 enhancer of Zeste 2 is a Poly-
comb repressive complex 2 subunit, L3MBTL2 lethal(3)malignant
brain tumor-like protein 2, HSCs hematopoietic stem cells, MDS
myelodysplastic syndrome, CMML chronic myelomonocytic
leukemia.
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the atypical PcG protein L3MBTL2, resulting in higher
levels of monomethylated histone H4K20 at the Ezh2 gene
locus, and subsequent downregulation of EZH2 and H3K27
trimethylation [88] (Fig. 2B). In addition, EZH2 inhibition
prevents the myeloid transformation phenotype caused by
the loss of BAP1 [88]. Thus, loss of BAP1 in the hemato-
poietic compartment promotes EZH2 expression and
repression of polycomb target genes, notably the Hoxa gene
cluster, which might promotes the expansion and transfor-
mation of myeloid progenitors [88]. Interestingly, loss of
BAP1 in adult mice is also coupled with severe thymic
atrophy and impaired maintenance of the lymphoid lineage
[72]. A strong depletion of immature thymocytes cell
populations, including early thymic progenitors, double-
negative cells, immature single-positive cells, and double-
positive cells, was observed. Specific deletion of BAP1 in
double-positive cells indicated that BAP1 is also required
for mature T cells homeostasis as well as their response to
antigen stimulation. T-cell differentiation in vitro, using
bone marrow-derived HSCs and progenitors, showed that
inactivation of BAP1 blocks thymocytes development at the
double-negative 3 (DN3) stage and prevents their matura-
tion. The failure of DN3 thymocytes to undergo subsequent
maturation steps is correlated with increased levels of
H2Aub and a significant downregulation of E2F and MYC
target genes [72] (Fig. 2). Notably, inactivation of BAP1
does not appear to enhance H3K27 trimethylation by EZH2
in thymocytes, suggesting that BAP1 governs different
mechanisms of regulation in myeloid and lymphoid linea-
ges [72]. On the other hand, B-cell development is also
abrogated in BAP1-deficient cells, although additional stu-
dies are required to further define the function of BAP1 in
B-cell lineage commitment [72]. Finally, inactivation of
BAP1 in pancreatic progenitor cells results in a progressive
tissue damage leading to chronic pancreatitis characterized
by loss of acinar architecture and identity, tissue damage,
obstruction of the ducts and immune cell infiltration, all of
which are indicative of an extensive inflammation of the
pancreas [40]. The molecular basis of these changes might
be associated with diminished DNA repair in the absence of
BAP1 [40]. Clearly, BAP1 is required for the development
and homeostasis of diverse mammalian tissues and various
cell types might respond differently to BAP1 inactivation
during oncogenic transformation.

BAP1 is also crucial for Xenopus laevis embryogenesis.
BAP1 depletion in this model organism induces severe
gastrulation defects and developmental abnormalities asso-
ciated with ectoderm, mesoderm, and neural crest lineages
[89]. Partial depletion of BAP1 results in less penetrant
embryonic lethality and animals that completed develop-
ment exhibit several malformations and organ abnormal-
ities. At the molecular level, BAP1 promotes the expression
of key developmental genes regulating the switch from

pluripotency to differentiation by preventing the deacety-
lation of histone H3K27 at gene regulatory regions [89].
Consistent with these results, inhibition of histone deace-
tylase (HDAC) activity rescues the phenotypes associated
with BAP1 deficiency by restoring normal expression of
genes regulating embryonic lineages [89].

Overall, BAP1 is tightly associated with multiple pro-
cesses related to stem/progenitor cell maintenance, devel-
opment, and lineage commitment. However, additional
investigations, using mouse models, are needed to further
define the exact mechanisms by which BAP1 coordinates
these processes and how their deregulation following
inactivation of this DUB promotes cancer development.

BAP1 regulates different modes of cell death

BAP1 has recently emerged as a key factor orchestrating,
through multiple mechanisms, the balance between cell
survival and death. Systemic inactivation of BAP1 in adult
mice is associated with liver damage and pancreatic atrophy
with the presence of cleaved caspase 3, a hallmark of
apoptosis [46]. Interestingly, BAP1 deficiency in mouse
embryonic stem cells, primary keratinocytes, or E1A
oncogene-immortalized mouse embryonic fibroblasts indu-
ces apoptosis through transcriptional downregulation of the
anti-apoptotic genes Bcl2 andMcl1, both of which are direct
target genes of BAP1 [46]. In contrast, melanocytes and
mesothelial cells are resistant to apoptosis induced by BAP1
inactivation, likely due to an inability of BAP1 to modulate
the expression of anti-apoptotic genes in these cells [46].
Thus, diverse cell types respond differently to BAP1 inac-
tivation and cell types with higher cell death thresholds
might be more prone to malignant transformation, perhaps
explaining the tumor spectrum of BAP1 mutation-associated
human cancers (Fig. 3). Nonetheless, additional studies are
needed to further demonstrate the importance of cell-type
susceptibility to apoptosis in BAP1 mutation-associated
carcinogenesis.

BAP1 also negatively regulates the expression of the ER-
associated stress-response genes including ATF3 and
CHOP. ATF3 and CHOP are induced by glucose depriva-
tion and mediate the unfolded protein response (UPR), a
transcriptional program that results in ER stress-induced
apoptosis by provoking ATP depletion and ROS produc-
tion. BAP1-deficient cells become sensitive to metabolic-
stress-induced UPR activation and cell death [58] (Fig. 3). It
will be interesting to further identify how BAP1 is dyna-
mically recruited to ATF3 and CHOP promoters to repress
their expression and how BAP1 transcriptional activity
responds to cell-signaling events. On the other hand, BAP1
can also act directly at the ER, whereby it controls Ca2+

signaling and apoptosis [13]. BAP1 deubiquitinates and
stabilizes type 3 inositol-1,4,5-triphosphate receptor,
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promoting Ca2+ release from the ER [13]. It is established
that the ER is the major store of intracellular Ca2+ and
coordinated release of this second messenger regulates
several processes in the mitochondria and cytosol [90–92].

Excessive release of Ca2+ by the ER is absorbed by mito-
chondria through multiple Ca2+ channels, leading to mito-
chondrial Ca2+ overload, which induces cytochrome C
release and cell death [90, 91, 93, 94]. Inhibition of BAP1

Fig. 3 Roles of the tumor suppressor BAP1 in cell death. The tumor
suppressor BAP1 stabilizes IP3R3 at the ER membrane through its
DUB activity, which promotes the physiological release of Ca2+ into
the cytoplasm and the mitochondria. Excessive Ca2+ release from ER
results in high mitochondrial concentrations of Ca2+, which induces
the release of cytochrome C, thus leading to apoptosis. BAP1 activity
promotes the expression of pro-survival genes. BAP1 interaction with
14-3-3 releases BAX from 14-3-3 and promotes apoptosis. Con-
versely, loss of BAP1 induces apoptosis, in a cell-type-dependent
manner, by inducing the transcriptional repression of pro-survival
genes. On the other hand, BAP1 prevents apoptosis following glucose
deprivation and ER stress by repressing the expression of proapoptotic

factors. Finally, BAP1 promotes ferroptosis, a non-apoptotic form of
cell death, by suppressing the expression of the SLC7A11 glutamate/
cystine antiporter. Reduced expression of SLC7A11 leads to reduced
levels of cystine uptake, which in turn leads to low levels of reduced
GSH, therefore resulting in increased lipid peroxidation, which trig-
gers ferroptosis. ATF3 activating transcription factor 3, CHOP C/EBP
homologous protein, ER endoplasmic reticulum, GPX4 glutathione
peroxidase 4, GSH reduced glutathione, GSL glutamate cysteine
ligase, H2O2 hydrogen peroxide, iP3R3 inositol-1,4,5-triphosphate
receptor, SLC7A11 solute carrier family 7 member 11, BAX BCL2-
associated X, MCL1 myeloid cell leukemia 1.
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reduces cellular sensitivity to Ca2+-dependent apoptosis,
possibly contributing to the survival of cells that experi-
enced stress conditions [13]. Therefore, cytoplasmic BAP1
mediates apoptosis and this activity might account for
BAP1 tumor suppressor function (Fig. 3). It is unclear at the
present time what the relative contribution of BAP1 is in
direct (IP3R-Ca2+ signaling) versus indirect (UPR signal-
ing) effects in ER-associated cell death. It will be interesting
to determine how BAP1 function is regulated at the ER and
whether the DUB activity of BAP1 requires additional co-
factors. Moreover, BAP1 might also promote apoptosis
through modulating the interaction between the proa-
poptotic factor Bax and 14-3-3 protein [95]. BAP1 appears
to prevent 14-3-3 from binding Bax, releasing the latter for
inducing cytochrome c-dependent apoptosis.

Finally, BAP1 also enhances ferroptosis, a newly
identified non-apoptotic form of cell death associated with
metabolic stress [59]. Ferroptosis could be caused by
cystine depletion and subsequent lipid peroxidation in an
iron-dependent manner [96–99]. Cystine is normally
imported into the cytosol through the cystine/glutamate
antiporter system Xc− composed of two subunits,
SLC7A11 and SLC3A2. Imported cystine is converted to
cysteine, which is then used for the synthesis of the anti-
oxidant glutathione (GSH). To prevent excessive mem-
brane lipid peroxidation and ferroptosis, the glutathione
peroxidase 4 converts the lipid hydroperoxides to lipid
alcohol in a GSH-dependent manner. SLC7A11 gene
transcription is repressed by BAP1 in a DUB activity-
dependent manner [59]. This inhibition results in reduced
cystine uptake, enhanced lipid peroxidation and ferrop-
tosis (Fig. 3). While the underlying mechanisms by which
BAP1 DUB activity represses SLC7A11 gene expression
remain to be further defined, these data revealed, none-
theless, that BAP1 might act as a tumor suppressor by
promoting ferroptosis [59].

In summary, apoptosis and ferroptosis are two different
mechanisms of cell death that can be coordinated by BAP1.
Furthermore, while BAP1 can modulate cell death through
different programs, it is interesting to note that BAP1 can
also promote cell survival following DNA damage [65, 66].
Thus, further studies are required to establish how these
processes work, either independently or in concert, to
ensure tumor suppression by BAP1.

Roles of BAP1 in cell metabolism

Alterations of cell metabolism contribute to the develop-
ment of multiple diseases such as inflammation, diabetes,
and cancer [100–103]. BAP1 and several of its interacting
partners regulate cell metabolism, although the roles of
BAP1 in metabolic regulations might be more pleiotropic
than anticipated. BAP1 depletion results in deregulated

expression of numerous metabolism-associated genes
including those involved in mitochondrial function [6].
Indeed, a BAP1/HCF-1 complex is recruited by YY1
transcription factor to regulate the expression of Cox7c, a
gene encoding a critical factor of the mitochondrial
respiratory chain [6] (Fig. 4). Consistent with a role of
BAP1 in mitochondrial function, it was found that pri-
mary fibroblasts derived from patients with heterozygous
germline BAP1 mutations shift their source of ATP pro-
duction from oxidative respiration to aerobic glycolysis, a
phenomenon known as the ‘’Warburg effect,” which
constitutes a hallmark of cancer cells [104]. BAP1 can
also promote gluconeogenesis by protecting PGC-1α, a
key regulator of gluconeogenesis, from ubiquitin-
mediated degradation [105]. Mechanistically, the OGT/
HCF-1 complex binds to and O-GlcNAcylates PGC-1α to
facilitate BAP1 recruitment and subsequent stabilization
of PGC-1α [105]. Interestingly, PGC-1α O-GlcNAcyla-
tion and its protein levels as well as gluconeogenesis are
all concomitantly regulated by glucose availability indi-
cating the importance of BAP1-mediated PGC-1α stabi-
lization in nutrient sensing [105]. Moreover, hepatic
knockdown of HCF-1/OGT in diabetic mice promotes
PGC-1α proteasomal degradation and significantly redu-
ces the expression of PGC-1α gluconeogenic target genes,
therefore improving glucose homeostasis [105] (Fig. 4).
In accordance with these observations, inducible liver-
specific BAP1 deletion in adult mice was found to pro-
mote perinatal lethality accompanied by severe metabolic
alterations before the onset of liver damage [87]. BAP1
deficiency in the liver results in reduced gluconeogenesis,
hypoglycemia, and depleted hepatic lipid and glycogen
contents, indicating an important role of this DUB in
regulating both lipid and glucose homeostasis [87]. Sur-
prisingly, BAP1 deletion also significantly reduces PGC-
1α mRNA levels suggesting that the function of BAP1 as
a regulator of cell metabolism is more complex than
anticipated [87]. On the other hand, ASXL2, which is a
major BAP1-interacting factor, also regulates glucose and
lipid homeostasis [106]. Whether ASXL2-BAP1 interac-
tion is critical for metabolic regulation remains to be
determined. Last, BAP1 was also shown to deubiquitinate
and stabilize the tumor suppressor LKB1, a serine/threo-
nine kinase that phosphorylates and activates AMPK
kinase, a metabolic sensor that regulates glucose and lipid
metabolism [107].

Altogether, these results suggest that BAP1 orchestrates
multiple cell metabolism pathways through its interaction
with several protein partners. Given the multifaceted links
between cell metabolism and cancer, it will be interesting to
determine how BAP1 inactivation in cancer impacts cell
metabolism and results in the rewiring of nutrient sensing
and utilization pathways.
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BAP1 regulation by interacting partners and
post-translational modifications (PTMs)

The multitude of interactions between BAP1 and its
partners suggest that this DUB could dynamically
associate with specific factors to orchestrate cellular
responses and signaling events. BAP1 requires ASXLs for
enzymatic activation [2, 10, 11]. Importantly, depletions
of ASXLs greatly reduce BAP1 protein levels indicating
the importance of these factors in the regulation of BAP1
function [9]. Indeed, ASXLs can form mutually exclusive
complexes with BAP1 and this can endow BAP1 com-
plexes with distinct functions [9, 108]. Nonetheless, it is
still unclear how BAP1 interactions with ASXLs are
coordinated. On the other hand, BAP1 strongly associates
with HCF-1 and this interaction is important for cell-cycle

regulation [4–6]. HCF-1 is a major target of O-
GlcNAcylation by OGT, which is required for HCF-1
maturation and cleavage, generating HCF-1N and HCF-
1C fragments, both of which remain associated with the
BAP1 complex along with OGT [109, 110] (Fig. 1A).
While the significance of HCF-1 cleavage remains
unknown, the HCF-1 (N and C)-OGT complex plays an
important role in the regulation of PGC-1α by O-
GlcNAcylation (see above). Interestingly, the lysine
demethylase KDM1B (LSD2) was also identified in BAP1
complexes [3, 5, 6]. Through its newly discovered E3
ubiquitin ligase activity, LSD2 targets OGT for protea-
somal degradation [111]. Thus, it will be interesting to
determine whether BAP1 and LSD2 dynamically coordi-
nate OGT ubiquitination state and function. Indeed, OGT
was shown to be a substrate of BAP1 [33].

Fig. 4 Roles of the tumor suppressor BAP1 in cell metabolism. The
nuclear BAP1-HCF-1-YY1 complex regulates the expression
of mitochondrial genes, thus promoting oxidative phosphorylation.
ER-localized BAP1 stabilizes IP3R3 and promotes Ca2+ signaling,
which might also regulate mitochondrial function. The BAP1-HCF-1-
OGT complex increases the stability of PGC-1α, a master regulator of
mitochondrial biogenesis, and gluconeogenesis. PGC-1α interacts with

HCF-1/OGT through its HBM motif, leading to its subsequent
O-GlcNAcylation by OGT. O-GlcNAcylation of PGC-1α facilitates
BAP1 recruitment, which in turn deubiquitinates PGC-1α, preventing
its proteasomal degradation and thus promoting gluconeogenesis.
BAP1/ASXLs/FOXKs complexes regulate several metabolic path-
ways. PGC-1α peroxisome proliferator-activated receptor-γ co-
activator 1α.
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Several transcription factors are associated, at different
stoichiometries, with BAP1 complexes and these appear to
play important roles in coordinating its function at chromatin
and gene regulatory regions. For instance, YY1 recruits BAP1
to chromatin for the transcriptional control of genes regulating
cell growth and proliferation [6]. FOXK2 promotes BAP1
recruitment to chromatin to ensure deubiquitination of H2Aub
and transcriptional control [8, 12, 47]. Overall, increasing
evidence suggests that BAP1 could act as a hub bringing

together several epigenetic writers and erasers for deposition
or removal of histone modifications, respectively.

BAP1 is also regulated by PTMs. Indeed, BAP1 NLS is
targeted by multi-monoubiquitination catalyzed by the E2/
E3 hybrid enzyme UBE2O [7] (Fig. 5). This ubiquitination
masks the NLS domain of BAP1 and sequesters the protein
in the cytoplasm. Interestingly, BAP1 can auto-
deubiquitinate its NLS motif, counteracting UBE2O ubi-
quitination, and promoting BAP1 nuclear entry. The
importance of this mechanism for tumor suppression is

Fig. 5 Post-translational modifications regulate BAP1 functions.
BAP1 is subjected to several post-translational modifications that
regulate its functions and tumor suppressor activity. Following DNA
damage, ATM and ATR phosphorylate BAP1 to increase its recruit-
ment on the site of DNA damage and allow proper DNA repair. BAP1
was also found to be targeted by glutamylation on E651. This mod-
ification is catalyzed by TTL5/7 enzymes and removed by CPP3.
BAP1 glutamylation was found to be important for normal HSCs

maintenance and self-renewal. Phosphorylation of T493 of BAP1 is
important for its interaction with the FOXK1 and FOXK2 transcription
factors. The NLS motif of BAP1 is modified by multi-
monoubiquitination by the atypical E2/E3 hybrid enzyme UBE2O.
NLS ubiquitination results in the retention of BAP1 in the cytoplasm.
Interestingly, BAP1 deubiquitinates its own NLS domain and coun-
teracts the effect of UBE2O. CCP3 cytosolic carboxypeptidase,
TTLL5/7 tubulin tyrosine-ligase like.
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emphasized by BAP1 cancer mutations K637-C638delinsN
and E631-A634del that have increased interaction with

UBE2O, which results in enhanced BAP1 NLS ubiquiti-
nation and subsequent retention in the cytoplasm (Fig. 5).
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As described earlier, BAP1 is phosphorylated during DNA
damage on multiple sites including S592 and S276 within
ATM/ATR SQ/TQ motifs and these events promote BAP1
recruitment to chromatin and enhance cell survival [65].
Although the exact mechanism remains unknown, these
phosphorylation events do not directly target the DUB
activity of BAP1. BAP1 is also phosphorylated on T493
and this regulates its interaction with FOXK1/2 [8] (Fig. 5).
Thus, BAP1 recruitment to gene regulatory regions can be
dynamically regulated by PTMs in response to cell-
signaling events. On the other hand, BAP1 is modified by
glutamylation at E651, a PTM that corresponds to an amide
bond between the γ-carboxyl group of glutamic acid of the
target protein and the amino group of glutamic acid [112].
Glutamylation is a reversible modification catalyzed by a
group of tubulin tyrosine-ligase like enzymes and removed
by cytosolic carboxypeptidase enzymes [113, 114] (Fig. 5).
BAP1 glutamylation promotes its ubiquitination and pro-
teasomal degradation, resulting in reduced self-renewal of
long-term hematopoietic stem cells in mice. It would be of
interest to determine if BAP1 glutamylation occurs in other
cell types and how this PTM coordinates the transcriptional
programs regulated by BAP1.

BAP1 in cancer pathogenesis

BAP1 inactivating mutations were initially identified in non-
small cell lung carcinoma cells [1], and subsequently in
numerous cancers (Fig. 6A). BAP1 was found to be mutated
in ~40% of patients with UM [115]. Interestingly, UM is
characterized by prevalent activating mutations of GNAQ or
GNA11, likely corresponding to the initiating mutational
events of this cancer. Thus, constitutive activation of G
protein-coupled receptor signaling in conjunction with
BAP1 inactivation play a critical role in the pathogenesis of
UM. Interestingly, in metastatic tumors originated from

UM, BAP1 mutations ramp up to 80%, suggesting that its
inactivation is an important feature for disease progression
[14, 24]. Indeed, UM tumors with decreased BAP1 show
higher microvascular density and infiltration of immune
cells, suggesting that BAP1 could also influence tumor
angiogenesis and microenvironment [116].

MPM, a cancer often associated with asbestos exposure,
presents near 60% of BAP1 mutations. Interestingly, fre-
quent mutations of CDKN2A and NF1 tumor suppressors
are also observed in MPM tumors and combined mutations
of BAP1, NF2, and CDKN2A are observed in about 34%
MPM, indicating the relative importance of these
tumor suppressors in preventing MPM development
[21, 22, 117, 118]. Indeed, combined deletion of Bap1, Nf2,
and Cdkn2a genes causes rapid disease onset in mice
[38, 39]. While the tumors show some characteristics of the
human disease [39], it will be interesting to model in mouse
cancer models, the sequential series of genetic and mole-
cular events that lead to MPM development. Of note, BAP1
was also recently found to be frequently mutated in
malignant peritoneal mesothelioma (MPeM), a rare cancer
usually not associated with asbestos exposure [119]. BAP1
mutations are found in about 25% of cases along with
mutations of other chromatin modifiers indicating the
importance of epigenomic regulation in MPeM pathogen-
esis. Interestingly, BAP1-mutated tumors have a distinct
inflammatory tumor microenvironment associated with an
increased expression of immune checkpoint receptors, per-
haps identifying a vulnerability for MPeM treatment with
immune checkpoint inhibitors [119].

Clear cell renal cell carcinoma (ccRCC), a common renal
cancer characterized by mutations of the tumor suppressor
VHL, is also associated with frequent BAP1 mutations
(10–15% of the cases) [16, 120]. Interestingly, PBRM1 and
SETD2, encoding chromatin-remodeling/modifying factors,
are also mutated in ccRCC at 30–41% and 7–15%, respec-
tively, and these genes are all located in the 3p chromosomal
region, which is a major target of loss of heterozygosity in
ccRCC [20, 121–123]. This mutational profile also provides
evidence for the importance of epigenetic regulation in
ccRCC development. Moreover, conditional ablation of Vhl,
along with one allele of Bap1, in nephron progenitor cells
resulted in renal cell carcinoma in mice with features that
resemble those observed in the human disease [34]. These
include kidney tumors at different stages, cysts with multiple
levels of epithelium stratification, and neoplastic nodules. At
the cellular level, cancer cells show enlarged nuclei, a severe
chromatin reorganization, and clear or eosinophilic cyto-
plasm, which are typically observed in ccRCC [34].

Frequent BAP1 mutations are also found in other cancers
including intrahepatic cholangiocarcinoma (25%) [17, 19],
hepatocellular carcinoma (14–17%) [23, 124], and thymic
epithelial tumors (6–8%) [125]. Finally, BAP1 mutations

Fig. 6 Consequences of BAP1 mutations on its functions.
A Repartition of BAP1 mutations across human cancers. B Most
BAP1 cancer mutations cause truncations resulting in the loss of the
NLS motif, which ultimately sequesters BAP1 in the cytoplasm.
C Point mutations of BAP1 can disrupt its DUB activity toward its
substrates in the nucleus, notably H2AK119ub. IP3R3 receptor was
recently found to be a substrate for BAP1 and disruption of BAP1
DUB activity by mutations could also alter its function in the cyto-
plasm. D BAP1H666-R669del mutation that specifically disrupts interac-
tion with the ASXLs proteins required for H2AK119ub
deubiquitination by BAP1. E BAP1K637-C638delinsN and BAP1E631-A634del

mutants have increased interaction with UBE2O protein and, as a
result, increased multi monoubiquitination of BAP1 NLS causing an
overall retention of BAP1 in the cytoplasm. UM uveal melanoma,
TETs thymic epithelial tumor, MPM malignant pleural mesothelioma,
MPeM malignant peritoneal mesothelioma, HC hepatocellular carci-
noma, ccRCC clear cell renal cell carcinoma, PDA pancreatic ductal
adenocarcinomas, CUBI composite ubiquitin-binding interface.
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are also observed, although at very low levels, in a wide
range of other cancers such as breast cancer [126], color-
ectal cancer [127], pancreatic cancer [128], and bladder
cancer [129]. Interestingly, heterozygous loss of BAP1 is
found in 25% of pancreatic ductal adenocarcinomas and
40% of acinar cell carcinoma suggesting that BAP1 is a
haploinsufficient tumor suppressor [40]. Moreover, the loss
of BAP1 is associated with a history of chronic pancreatitis
and this can be recapitulated following Bap1 inactivation in
mice [40].

In addition to somatic mutations, germline mutations of
BAP1 have also been identified, predisposing patients to
multiple cancers, defining the BAP1 cancer syndrome,
which is associated with a high risk of developing UM,
MPM, ccRCC, and other cancers [15, 25, 26, 30, 130–133].
Individuals with inherited BAP1 mutations have a highly
increased risk of cancer development and tumors, notably
UM, are often more aggressive and with metastatic beha-
vior. Some individuals even develop UM and MPM in their
lifetime, which is predicted to be of an extremely low
incidence if the pathogenesis of these cancers was inde-
pendent of BAP1. Consistently, mice carrying heterozygous
Bap1 mutations are more susceptible to asbestos-induced
MPM than wild-type mice [35, 36]. These findings also
raised a note of caution that exposure of individuals with
germline BAP1 mutations to even minimal doses of carci-
nogens should be prevented. Thus, at least for some can-
cers, BAP1 constitutes an interesting example for
gene–environment interactions in carcinogenesis.

At the molecular level, BAP1 is targeted by mutations,
along its genomic sequence, with no hotspot region
[14–25, 117, 132, 134]. Most of these BAP1 mutations
produce protein truncations without the NLS, which
explains why an important number of cancers lose nuclear
BAP1 staining (Fig. 6B). Missense mutations inside the
UCH domain, the NORS, or the CTD are also observed.
These point mutations have been instrumental in under-
standing the tumor suppressor function of BAP1.
For instance, mutations in the UCH domain,
including the catalytic cysteine (C91), indicate the impor-
tance of DUB activity for tumor suppression
[14, 16, 17, 19, 22, 66, 71, 135] (Fig. 6C). Of note, several
mutations outside the UCH domain, e.g., R666-H669del (in
the CTD domain) also cause inactivation of BAP1 DUB
activity [9]. This is due to the intramolecular interactions
between the UCH domain, the CTD domain and the
DEUBAD domain of ASXLs, which creates a composite
ubiquitin-binding interface that enables a BAP1 conforma-
tion suitable for catalysis and regulation by ASXLs. Inter-
estingly, the protein encoded by the BAP1R666-H669del mutant
specifically loses interaction with ASXLs proteins without
perturbing interaction with the other partners [9] (Fig. 6D).
Other mutations of BAP1 that target the C-terminal region

(BAP1K637-C638delinsN, BAP1E631-A634del) result in increased
interaction of mutated BAP1 with UBE2O and enhanced
cytoplasmic localization [7] (Fig. 6E). In summary, ample
evidence indicated that BAP1 mutations in cancer are
inactivating and result in a loss of its nuclear function and
DUB activity. It will be interesting to further determine how
BAP1 cancer mutations might reveal additional co-factors,
interacting partners, and signaling pathways that could be
critical for its tumor suppressor function. Finally, loss of
BAP1 protein expression in several cancers can also be
observed in the absence of mutations [16, 22, 136]. For
instance, a proportion of MPM tumors with no BAP1 gene
mutation and with normal mRNA expression are negative
for BAP1 protein staining, suggesting that post-translational
events regulating its stability might also be responsible for
BAP1 loss-of-function [22].

Although the prevalent model indicates that BAP1 is a
tumor suppressor, recent data also suggest that gain-of-
function and oncogenic properties might also be attributed to
this DUB [78, 134, 137, 138]. For instance, ASXL1 is fre-
quently mutated in acute myeloid leukemia, MDS, chronic
myelomonocytic leukemia, myeloproliferative neoplasms,
and other cancers [139–144]. Several studies reported that
expression of a truncated form of ASXL1, found in hema-
tological malignancies, leads to a gain-of-function phenotype
[137, 145–147]. While the mutated form of ASXL1 (N-
terminal fragment containing the DEUBAD) could promote
BAP1 DUB activity and gene derepression, other mechan-
isms of chromatin regulation have also been proposed
[137, 145–147]. Altogether, while these observations suggest
that BAP1 might also act as an oncogene, additional studies
using genuine mouse models, with protein expression levels
that resemble disease conditions, are necessary to ascertain
potential oncogenic properties of BAP1.

Concluding remarks and potential future
directions

Recent progress indicated that BAP1 regulates several cel-
lular processes that orchestrate cell fate decisions and cell
differentiation, cell-cycle progression, cell death, and cell
metabolism. Nonetheless, several questions remain unre-
solved on (i) how BAP1 is recruited to chromatin by tran-
scription factors and how BAP1 chromatin localization
influences transcriptional regulation? (ii) Does BAP1 reg-
ulate additional processes in the cytoplasm, in addition to
ER-associated Ca2+ signaling? (iii) What are the gene
expression programs controlled by the multiple BAP1
complexes? (iv) How PTMs of BAP1 and associated factors
orchestrate the functions of the BAP1 complexes. On the
other hand, studies are needed to determine the ordered
molecular events that lead to malignant transformation

620 L. Masclef et al.



following BAP1 inactivation. It is still largely unclear why
the loss of BAP1 results in transformation only in some cell
types and tissues. Finally, a deep understanding of the
rewiring of signaling events responsible for the maintenance
of BAP1-deficient tumors could result in the identification
of actionable vulnerabilities to treat BAP1-associated can-
cers. Indeed, recent studies suggested that the loss of BAP1
could sensitize cells and/or predict patient response to
several agents and therapies [44, 65, 88, 148–150],
revealing a new space for the discovery of therapies tar-
geting BAP1-associated cancers.
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