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BAP1: Not Just a BRCA1-Associated Protein



ABSTRACT

BRCA1-Associated Protein 1 (BAP1) is a ubiquitin carboxy-terminal hydrolase that has
been established as a tumor suppressor, utilizing its deubiquitinating activity to regulate
a number of processes including DNA damage repair, cell cycle control, chromatin
modification, programmed cell death, and the immune response. Mutations in the BAP1
gene commonly result in a number of aggressive cancers; predominantly uveal
melanoma, malignant mesothelioma, renal cell carcinoma, and cutaneous melanoma.
Importantly, germline mutations in the BAP1 gene have been established as a novel
tumor predisposition syndrome, conferring an increased risk of hereditary, early-onset
cancers. Current treatment options for cancers with BAP1 alterations are limited to
standard therapies. However, several therapeutic avenues have been proposed to
specifically target BAP1 alterations in cancer. Molecularly targeted approaches include
histone deacetylase inhibitors and EZH2 inhibitors to target the role of BAP1 in chromatin
modification and transcriptional regulation, respectively. PARP inhibitors and platinum
chemotherapy agents have the potential to target BAP1-altered tumors, due to the role of
BAP1 in DNA damage repair. Lastly, emerging reports suggest that BAP1-alterations in
cancer confer distinct immunogenic phenotypes that may be particularly susceptible to
novel cancer immunotherapies. This review aims to present a concise and up to date
report on the BAP1 gene in cancer, surveying its functional roles, characteristics and
clinical manifestations. Furthermore, we highlight the established and emerging

therapeutic options for BAP1-mutated cancers.
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INTRODUCTION

BRCA1-Associated Protein 1 (BAP1), encoded by the BAP1 gene, was originally
discovered in 1998 as a novel ubiquitin carboxy-terminal hydrolase, an enzyme
responsible for removing ubiquitin from protein substrates.[1] BAP1 was initially shown to
localize to the nucleus where its primary interaction was binding to BRCA1 and enhancing
its tumor suppressive activity.[1] In subsequent years, numerous research groups have
revealed that BAP1 acts independently as a tumor suppressor, utilizing its
deubiquitinating activity to regulate proteins involved in DNA damage repair, cellular
differentiation, chromatin modulation, cell cycle control, and cell proliferation.[2] Clinical
reports have demonstrated that BAP1 is commonly lost or inactivated in a variety of
cancers.[3] Most notably, recent studies have indicated that germline mutations of BAP1
confer a novel tumor predisposition syndrome, characterized by a high incidence of early-
onset malignancies consisting of uveal melanoma, malignant mesothelioma, cutaneous
melanoma, and several other cancers.[4]

To date, the treatment options available for tumors with BAP1 mutations are limited
to standard therapies. Some targeted approaches such as HDAC inhibitors, EZH2
inhibitors, and PARP inhibitors have been suggested.[5] Additionally, with the rapid
development of cancer immunotherapy in recent years, several studies have investigated
the association between BAP1 alterations and immunogenic phenotypes, with some
proposing that BAP1 abnormalities may confer increased sensitivity to immune-targeted
therapies.[6] These focused approaches represent a growing body of research
surrounding BAP1 and may have future implications for therapy in BAPl-mutated

cancers.



In this report, we aim to present a concise review of the BAP1 gene in cancer,
surveying its functional roles, characteristics, and the clinical manifestations that have
been elucidated over the last two decades since its discovery. Furthermore, we will
highlight a growing body of research on novel therapeutic approaches for BAP1-mutated
cancers including molecularly targeted therapies and most recently, cancer

immunotherapy.

STRUCTURE AND FUNCTION OF BAP1
BAP1 is a multifunctional tumor suppressor involved in chromatin remodeling, DNA
damage response through its relationship with BRCA1, cell cycle control, regulated cell

death, and the immune response.[7-12]

Molecular Characteristics

The BAP1 gene is located on the short (p) arm of chromosome 3 at position 21.1 (3p21.1)
and spans approximately 9 kilobases. Within the gene, there are 17 exons encoding 729
amino acids that comprise the 90 kDA BAP1 protein (Figure 1).[2] The primary catalytic
domain of the BAP1 protein is a ubiquitin carboxy-terminal hydrolase domain located at
its N-terminal region.[1] This ubiquitin carboxy-terminal hydrolase activity allows BAP1 to
enact its primary function of removing ubiquitin signals from protein substrates. While
protein ubiquitination was originally known to be associated with targeting proteins for
proteasome degradation, it has since been established as a complex multifunctional cell
signaling system.[13] Therefore, BAP1 utilizes its deubiquitinating activity to alter ubiquitin

signaling and affect a wide variety of cellular processes (Figure 2). Other domains on



BAPL1 include protein binding motifs for Host Cell Factor 1 (HCF1), BRCA1, ASXL1/2,
FOXk1/2, and YY1, which indicate an array of processes that BAPL1 is involved in
regulating (Figures 1 and 2).[2] Finally, at its C-terminal region, BAP1 contains two

nuclear localization signals that pinpoint where its primary functions occur.[14]

Chromatin Modification

One of the fundamental biological roles of BAP1 is its involvement in epigenetic
modification of chromatin. In 2010, Scheuermann et al. first discovered that in Drosophila,
the Polycomb group (PcG) protein Calypso, a BAP1 homolog, binds to additional sex
combs (ASX, homolog of ASXL1/2/3 in mammals) and forms the Polycomb repressive
deubiquitinase (PR-DUB) complex.[7] The PR-DUB complex utilizes the catalytic activity
of BAP1 to modulate chromatin by removing monoubiquitin from histone H2A at its lysine
119 residue (H2AK119ubl).[7] This function of PR-DUB, which is conserved in
mammalian cells, was shown to directly oppose the function of another PcG protein,
Polycomb repressive complex 1 (PRC1). PRC1 is an E3-ligase that facilitates the
monoubiquitination of histone H2AK119, leading to chromatin modification and gene
silencing.[15] Therefore, PR-DUB plays an antagonistic role to PRC1, by removing
monoubiquitin from H2A, thus altering chromatin architecture and preventing PRC1-
mediated gene silencing.[15] Polycomb group proteins are a well-known family of
transcriptional regulators known to target genes involved in embryonic development, self-
renewal, pluripotency, and differentiation.[16] Therefore, BAP1 and its role in PR-DUB
deubiquitination of histone H2A directly regulates chromatin modification and subsequent

transcription of these important PcG target genes. More broadly, histone H2AK119



ubiquitination is known to be a highly regulated modification that affects transcription
initiation, elongation, and silencing of genes involved in many processes.[17] BAP1-
mediated deubiquitination likely plays a widespread role in maintaining a delicate balance
of H2A ubiquitination, regulating the chromatin architecture, and affecting expression of

genes, many of which may be implicated in cancer pathways.

DNA Damage Response and Relationship to BRCA1

BAP1 stands for BRCAl-associated protein 1. The first study of BAP1 focused on its
interaction with BRCA1, a well-known tumor suppressor responsible for coordinating the
DNA damage response via homologous recombination (HR).[18] Further investigation
has revealed that BAP1 in fact regulates the DNA damage response in a number of ways.
Histone ubiquitination is known to play a significant role in the DNA damage response.[17]
BAP1 was shown to bind the BRCA1/BARD1 complex, which is an E3 ubiquitin ligase
that regulates the HR pathway of DNA damage repair.[8] BAP1 modulates the function of
the BRCA1/BARD1 complex by binding to the RING finger domain on BARD1 and
inhibiting its E3 ligase function. It also plays an antagonistic role by deubiquitinating sites
of BRCA1/BARD1 ubiquitination.[8] Importantly, BAP1 inhibition by shRNA results in
hypersensitivity of cells to ionizing radiation, suggesting that the interaction between
BAP1 and BRCA1/BARD1 complex may in fact be necessary to mediate repair of DNA
damage.[8] Other studies have shown that BAP1 is recruited to chromatin near DNA
double stranded breaks and is necessary to recruit HR factors BRCAl1 and RAD51, to
these damaged loci in order to facilitate homologous recombination DNA repair.[19,20]

Moreover, the BRCA1/BARD1 complex was recently shown to be directly involved in



promoting RAD51-mediated homologous pairing.[9] Taken together, this evidence
suggests that BAP1 plays an extensive role in coordinating BRCA1, BARD1 and RAD51
in the process of RAD51-mediated homologous recombination DNA repair, a process

that maintains genome stability and is susceptible to dysregulation in cancer.

Cell-Cycle Control and Cell Proliferation

BAP1 is involved in binding and deubiquitinating Host Cell Factor 1 (HCF1), a
transcriptional regulator involved in a number of processes that control the cell cycle and
proliferation.[10] HCF1 is known to be involved in regulating transcription and promoting
cell-cycle progression through the G1/S phase. It does so by recruiting histone modifying
enzymes such as methyltransferases, acetyl transferases and deacetylases to modify the
chromatin structure at promoters of key cell-cycle control transcription factors of the E2F
family.[21] Studies have demonstrated that BAP1 function is necessary for the transition
of cells from the G1 to S phase of the cell cycle, with knockdown of BAP1 causing cells
to be arrested in the G1 phase.[22] Additionally, BAP1 was shown to bind to gene
promoters targeted by E2F1 transcription factors and this localization is dependent on
HCF1.[22] Furthermore, BAP1 is suggested to deubiquitinate H2AK119 at these sites,
thus promoting transcriptional activation and proper progression through the G1/S phase
of the cell cycle.[22] This evidence indicates that BAP1 plays a major part in regulating
HCF1-mediated control of the cell cycle.

BAP1 was also shown to form a ternary complex with HCF1 and YY1, which control
the expression of genes involved in cell proliferation.[23] BAP1 binds to the zinc fingers

of YY1 through its coiled-coil motif and to HCF1 through its HBM domain, and this



complex is recruited to target promoters, thus altering expression of genes such as
COX7C, which is a component of the mitochondrial respiratory chain. More recently,
another study demonstrated a different ternary complex between BAP1, HCF1, and
FoxK2, a transcription factor involved in proper control of cell proliferation and cell cycle
control.[24] This study showed that FoxK2 recruits BAP1 to its target genes leading to
deubiquitination and gene silencing. In summary, it appears that BAP1 is involved in a
number of multiprotein complexes that involve HCF1 and several other factors that are

important for regulating cell-cycle control and proliferation.

Regulated Cell Death

Recent studies have suggested an emerging role of BAP1 in coordinating processes of
regulated cell death. In 2017, Bononi et. al. presented a novel function of BAP1 in
modulating type-3 inositol-1,4,5-triphosphate-receptor (IP3R3) and promoting
apoptosis.[11] They showed that BAP1 localizes to the endoplasmic reticulum (ER),
contrary to previous beliefs that it was purely nuclear-localized. Then BAP1 binds and
deubiquitinates IP3R3 in the ER, leading to Calcium release into the cytosol and
mitochondria, and initiation of apoptotic pathways. Moreover, when exposed to ionizing
or UV radiation to impose DNA damage, BAP1*- cells with reduced BAP1 expression,
were resistant to executing apoptosis and exhibited increased survival and cellular
transformation under genotoxic stress. Another study in 2018, showed that BAP1
interacts with the protein 14-3-3 in neuroblastoma cells causing the release of Bax and
the decrease of pro-survival factors such as Bcl-2, to promote apoptosis via the intrinsic

pathway.[25]



BAPL1 is also involved in other forms of regulated cell death. Recently, Zhang et.
al. demonstrated that BAP1 is involved in regulating the process of ferroptosis, a recently
identified form of regulated cell death that is induced by metabolic stress from cystine
reduction and increased reactive oxygen species.[26] They showed that BAP1
deubiquitinates H2Aub at the promoter of the cystine transporter SLC7A11. This
epigenetic modification leads to reduced expression of SLC7A11, leading to decreased
cystine uptake, increased lipid peroxide accumulation, and induction of ferroptosis.
Moreover, BAP1 cancer-associated mutants show reduced repression of SLC7A11 and
inability to promote ferroptosis, suggesting that BAP1 tumor suppression is mediated
partly by induction of ferroptosis. In total, these recent studies linking BAP1 to multiple
forms of regulated cell death, present additional mechanistic evidence for the involvement

of BAP1 in cancer-associated pathways.

BAP1 Alterations and the Immune Response

A developing area of research on BAP1 has shifted focus towards its association with a
number of immunological phenotypes, suggesting that BAP1 may play a role in regulating
the immune response. In 2019, Shrestha et al. analyzed genomic, transcriptomic, and
proteomic data from 19 patients with malignant peritoneal mesothelioma and found that
BAP1-deficient tumors formed a unique molecular subtype characterized by an
inflammatory tumor microenvironment, immune checkpoint activation, and distinct
patterns of chromatin remodeling and DNA repair.[12] Additionally, BAP1-inactivated

pleural mesothelioma tumors show significant increases in activated dendritic cells as



well as slightly increased PD-L1 (CD274) expression, suggesting that BAP1-alterations
promote an immunogenic phenotype in mesothelioma.

In uveal melanoma, Gezgin et al. (2017) found that loss of expression of BAP1
was associated with significantly increased infiltration of CD3+ T-cells and CD8+ T-cells,
as well as increased expression of immune cell-attracting chemokines.[27] However,
Figueiredo et. al recently reported evidence that despite these increases in tumor
infiltrating lymphocytes, the loss of BAP1 expression in uveal melanoma is associated
with an immunosuppressive microenvironment.[28] They demonstrated that decreased
BAP1 expression correlates with upregulation of a number of immune regulatory gene
networks that may alter immune cells to decrease anti-tumor immunity. Therefore, despite
infiltration of lymphocytes and other immune cells in uveal melanoma, BAP1 loss
potentially decreases cytotoxic effects and increases tumor immune-evasion.

In summary, these studies present emerging evidence that BAP1l loss is
associated with distinct immunological phenotypes in cancer. Although the particular role
of BAP1 in immune regulation remains unspecified, these tumor phenotypes may be of
significance in the context of emerging cancer immunotherapies, discussed in further

detail below.

BAP1 ALTERATIONS AND ASSOCIATED TUMORS

Given the widespread functional role of BAP1 in many cellular pathways implicated in
cancer, it is not surprising that the BAP1 gene is altered in a variety of tumors.[3] BAP1
alterations observed in cancer are primarily inactivating mutations such as chromosomal

deletions of the BAP1 gene locus at 3p21.1 or variants in the BAP1 gene itself, leading



to loss of function.[3] BAP1 alterations occur in both germline and somatic form and are
most commonly associated with uveal melanoma, malignant mesothelioma, cutaneous

melanoma, renal cell carcinoma and several other malignancies (Tables 1 and 2).

Germline Alterations of BAP1 and Cancer (Table 1)

Germline mutations of the BAP1 gene are inherited in an autosomal dominant pattern
and have recently been reported by three independent research groups to constitute a
novel tumor predisposition syndrome (BAP1-TPDS), conferring a high risk of hereditary
cancers.[29-31] The cancers that BAP1-TPDS is most commonly associated with are
uveal melanoma, malignant mesothelioma, cutaneous melanoma, and renal cell
carcinoma.[32] Overall, roughly 85% of patients with BAP1-TPDS will develop >1
malignancies by a median age of 50 years old.[33] In addition to these cancers, BAP1-
TPDS is commonly associated with a benign skin lesion, most recently termed a BAP1-
inactivated melanocytic tumor (BIMT), that is commonly seen in BAP1-TPDS patients at
an early age. This benign tumor has unique histomorphology co-occurring with loss of
nuclear BAP1 expression and is discussed in further detail, below.

The most recent comprehensive studies of BAP1-TPDS account for a total of 215
patients from 87 families with germline BAP1 mutations (Table 1).[32,34] Of the
predominant cancer types, uveal melanoma is the most commonly reported, being
observed in 28% of patients with BAP1-TPDS. The median age of onset is 59 years (vs.
61 years, sporadic uveal melanoma)[32] and the tumors are generally more aggressive,
have a higher rate of metastasis and lower overall survival.[34] Malignant mesothelioma

is the second most common cancer identified with BAP1-TPDS, accounting for 22% of



tumors. The median age of onset is 46 years, significantly earlier than that of sporadic
malignant mesothelioma (74 years).[32] Interestingly, the survival rate for malignant
mesothelioma with BAP1-TPDS has been reported to be 7-fold longer compared to
patients with sporadic malignant mesothelioma.[35] Cutaneous melanoma is reported in
18% of tumors in BAP1-TPDS. The median age of onset is 43 years (vs. 61 years,
sporadic cutaneous melanoma).[32] Renal cell carcinoma accounts for 9% of tumors in
BAP1-TPDS and confers an earlier age of onset than the sporadic tumors (51 vs. 64
years)[32], more aggressive cancer, and a significantly reduced overall survival (31.2
months vs. 78.2 months).[32,34] Lastly, benign BAP1-inactivated melanocytic tumors
(BIMTs) were present in 75% of the 53 BAP1-TPDS patients that reported undergoing a
total-body skin examination, which was deemed a necessary criteria for diagnosis.[32]
These BIMTs are diagnosed in BAP1-TPDS patients at a significantly earlier age (31
years) than the associated malignances (50 years).[32] In addition to these most
commonly reported tumors with BAP1 germline mutations, there are ongoing studies
within families that have also identified other associated tumors such as basal cell

carcinoma, cholangiocarcinoma, meningioma, and several other cancers.[33,36]

Somatic Alterations of BAP1 and Cancer (Table 2)

Somatic BAP1 mutations appear in very similar types of tumors as seen in patients with
germline mutations (Table 2). Recent reports identify somatic BAP1 mutations in
approximately 30-40% of primary uveal melanoma.[36,37] More importantly, somatic
BAP1 loss is found in 84% of metastatic uveal melanomas, suggesting a significant role

of BAP1 in disease progression.[38] Indeed, BAP1 somatic mutations in uveal



melanomas are associated with a much shorter time to metastasis and higher overall
metastatic risk compared to both germline BAP1 mutation and mutation-negative uveal
melanoma.[37] In malignant mesothelioma, several reports have indicated that BAP1
alterations are the most common somatic mutation; they occur in ~50% of tumors.[39,40]
Similar to the situation with germline BAP1 mutations, malignant mesothelioma patients
with somatic BAP1 mutations interestingly show significantly longer survival than BAP1
wild-type patients.[41] This common prognostic finding may suggest a particular
protective role of BAP1 alterations in malignant mesothelioma. Somatic BAP1 mutations
were found in 39 of the total 445 renal cell carcinoma cases (9%) in The Cancer Genome
Atlas genomic database.[42] These tumors were associated with worse overall survival
and disease-free survival in comparison to BAP1-wild type renal cell carcinoma. Lastly,
somatic BAP1 mutations are estimated to be present in 5% of cutaneous melanoma.[31]
Other cancers that show varying incidence of somatic BAP1 mutations are tumors of the
prostate (0-6%), ovary (5%), large intestine (2-3%), breast (0-1%), and lung (0.4%).[3] In
summary, tumor types that are associated with somatic BAP1 mutations show very similar
patterns to those with germline BAP1 mutations. This may suggest common mechanisms
of tumorigenesis and the potential for treatment strategies to target BAP1 in these

frequently associated tumors.

SELECTED NEOPLASMS WITH HIGH PREVALENCE OF BAP1 ALTERATIONS

Uveal Melanoma

Uveal melanoma is a rare cancer that arises from melanocytes in the iris, ciliary body, or

choroid of the eye.[43] The median age of diagnosis is in the early sixties, though it may



be younger if there is a BAP1 germline alteration; however, the peak age range for
diagnosis is between 70 and 79 years. Men are affected more commonly than women.

Early diagnosis and local treatment are critical, as survival correlates with primary
tumor size. However, ~50% of patients will develop metastatic uveal melanoma, with
survival of ~6—12 months from metastatic presentation.[44]

Over 80% of patients with uveal melanoma will have a BAP1 alteration (germline
or somatic).[44] Overall, 1-2% of patients with uveal melanomas have germline BAP1
alterations;[45] ~28% of patients with germline BAP1 alterations will develop a uveal
melanoma.[32] Importantly, GNAQ/GNA1l somatic mutations are also found in the
majority of uveal melanoma tumors.[46]

Prognosis for patients with advanced uveal melanoma is very poor. Treatments
include liver-directed therapies (e.g., hepatic arterial chemoembolization using multiple
chemotherapy agents (fotemustine, BCNU, cisplatin)) and chemotherapy regimens
adopted from cutaneous melanoma (e.g. dacarbazine, temozolomide, cisplatin,
treosulfan, fotemustine, and assorted combinations), with response rates between 0%
and 15%. Immunotherapy such as anti-PD1 and anti-CTLA4 agents, which have shown
high success rates in cutaneous melanoma, demonstrate very low response rates (~5%)
in uveal melanoma, perhaps because of their low tumor mutational burden.[44] However,
combined anti-PD1 and anti-CTLA4 checkpoint blockade showed a response rate of

~15% with a median duration of response of about 25.5 months.[47]

Mesothelioma




Mesothelioma is a rare and insidious cancer with a long latency period (up to 40 years)
after exposure to asbestos. Roughly 50% of patients with malignant pleural mesothelioma
have a history of prior asbestos exposure. This neoplasm primarily occurs in the
mesothelial surfaces of tissues in the pleura (~83% of cases) but can also occur in the
peritoneum (~11%) and the tunica vaginalis (~1-2%).[40,48] Mesotheliomas are
associated with poor prognosis, with a median survival of 12-16 months for advanced
stage malignant pleural mesothelioma, and 12.5-31 months for peritoneal
mesothelioma.[48,49]

Approximately 21-63% of malignant mesothelioma tumors
harbor BAP1 alterations (germline or somatic).[40] BAPL1 alterations tend to be more
commonly associated with pleural than peritoneal mesothelioma. Overall, ~6% of patients
with a malignant mesothelioma will have a BAP1 alteration that is germline in origin;[50]
~22% of patients with germline BAP1l alterations will develop a malignant
mesothelioma.[32]

Patients with advanced or recurrent malignant mesothelioma commonly receive
chemotherapy with platinum-based doublets. Cisplatin in combination with pemetrexed
has been reported to improve clinical outcomes in malignant pleural mesothelioma when
compared to cisplatin alone, with a response rate of 41.3% vs. 16.7% (P < 0.0001).[51]
Immune checkpoint blockade has also been used. Scherpereel's team found that tumors
shrank in approximately 18% of patients receiving nivolumab (anti-PD1) and 26% of those
receiving nivolumab plus ipilimumab (anti-CTLA4) amongst 108 participants with
malignant pleural mesothelioma.[52] The partial remission rate to pembrolizumab (anti-

PD1 antibody) was similarly 24%.[53] In Japan, nivolumab has been approved as a



salvage therapy in patients who do not respond to chemotherapy. In the United States,
NCCN guidelines state that pembrolizumab (in programmed death ligand 1 (PD-L1)
immunohistochemistry (IHC)-positive patients) and nivolumab, with or without ipilimumab

(regardless of PD-L1 status), can be used as salvage therapies.[54]

BAP1-Inactivated Melanocytic Tumors (BIMTS)

BAP1-inactivated melanocytic tumors (BIMTSs) were first described by Wiesner et. al. in
2011, who observed benign melanocytic tumors with unique histopathological features
that were strongly associated with a nuclear loss of BAP1 expression.[31] These
cutaneous lesions present as skin-colored, dome-shaped papules with an average size
of 5 mm, appearing on the head, neck, trunk, and/or limbs. Histologically, they have a
predominant composition of melanocytes that have a uniquely broad range of morphology
including spitzoid, epithelioid, and rhabdoid cytologic features.[55] By definition, BIMTs
show nuclear loss of BAP1 expression by immunohistochemistry. This can be a result of
germline or somatic BAP1 mutations.[56] BIMTs can also occur sporadically with wild-
type BAP1 status, and therefore diagnosis must be confirmed with immunohistochemistry
of the lesion showing loss of BAP1 expression. One defining genomic feature of BIMTs
is that they also present with a high frequency of BRAFY69%E mutations.[56] This unique
subset of histological and molecular features are reliable markers for diagnosis of BIMTSs.

In general, BIMT lesions are described as having a benign course, but may have
the potential to progress to malignancy, especially in the case of germline BAP1
mutations (i.e. BAP1 tumor predisposition syndrome).[31] Overall, the majority of BIMTs

occur sporadically, but roughly 12% of BIMTs will be a result of a germline BAP1



mutation.[55,57] The exact prevalence of BIMTs with somatic BAP1 mutations is currently
unclear. Germline BAP1 mutations are associated with a higher number of BIMT lesions
per patient than sporadic BIMTs.[31] Furthermore, BIMTs are reported in ~75% of
patients with BAP1 tumor predisposition syndrome (BAP1-TPDS), and the median age of
diagnosis (32 years) is significantly earlier than the age-of-onset of the malignancies
associated with the syndrome (50 years).[32] Therefore, the diagnosis of BIMTs is
particularly pertinent in patients with BAP1-TPDS. Patients with multiple BIMTs and a
family history of BAP1-TPDS-associated cancers should be tested for germline BAP1
mutations to potentially aid early diagnosis of BAP1-TPDS and preventative

measures.[57]

BAP1 AND CANCER THERAPY
Given that BAP1 mutations are commonly associated with tumors that respond poorly to
standard treatments, there have been a number of therapeutic strategies that aim to

directly target the role of BAP1 in cancer (Table 3).

HDAC inhibitors: Histone deacetylase (HDAC) inhibitors have been shown to oppose
the excess H2A ubiquitination mediated by BAPL1 loss in uveal melanoma cells and inhibit
tumor viability and growth.[58] Similarly, mesothelioma cells with loss of BAP1 show
increased sensitivity to HDAC inhibitors.[59] Interestingly, a Phase 3 clinical trial of
vorinostat, an HDAC inhibitor, in patients with malignant peritoneal mesothelioma showed
only minimal improvement in overall survival compared to placebo.[60] However, this

study did not select for BAP1 alterations or any other biomarkers. These findings suggest



that future clinical studies of HDAC inhibitors may benefit from targeted selection of

patients with BAP1 genomic alterations.

Targeting EZH2: Another potential therapeutic strategy is targeting EZH2 (enhancer of
zeste 2 polycomb repressive complex 2), an enhancer that is upregulated in BAP1
deficient tumors and is associated with poor prognosis.[61,62] EZHZ2 inhibitors have been
proposed as a targeted treatment strategy in a number of cancer clinical trials. A phase
2 clinical trial of EZH2 inhibitor tazemetostat was recently conducted in malignant
mesothelioma patients specifically harboring inactivating BAP1 alterations. The study
reports that 2 of 61 patients had a confirmed partial response and the majority exhibited
some level of disease control.[63] These results show support for the potential targeted

use of EZH2 inhibitors in BAP1-mutated cancers.

Targeting DNA Damage Repair: The role of BAP1 as a BRCAl-associated protein with
its attendant role in regulating homologous recombination DNA damage repair suggests
that targeting this pathway may have therapeutic value.[20] Therapies such as platinums
as well as PARP inhibitors can be more effective in patients with BRCA-related DNA
damage repair aberrations.

Cisplatin, a platinum agent, targets genomic DNA and causes widespread DNA
lesions that block transcription and replication.[64] These platinum-induced DNA lesions
strongly promote cell death when the DNA is unable to be repaired, such as in the case
of mutations in BRCA1 or related DNA damage repair genes. In addition, selective forms

of DNA damage such as nucleotide or base excision repair rely on repair pathways, in



which poly-adenosyldiphosphate-ribose polymerase (PARP) plays a major role. Hence,
patients with DNA damage repair gene defects, such as mutations in BAP1, may be more
sensitive to platinum agents or to PARP inhibitors.

An evaluation of malignant mesotheliomas treated with platinum chemotherapy,
revealed that patients who harbored inactivating mutations in BAP1 and other DNA repair
genes experienced significantly longer overall survival in comparison to patients with no
such mutations. This effect was observed in patients with pleural mesothelioma, but not
for those with peritoneal mesothelioma, and remained significant after adjusting for
gender and age at diagnosis.[65,66]

Other clinical trials are currently ongoing to investigate the efficacy of PARP1
inhibitors such as olaparib and niraparib in provoking synthetic lethality in various
tumors.[67,68] These studies have selected for patients specifically with BAP1 mutations
as well as several other DNA damage repair genes. Although there are currently no
approved BAP1-specific therapies, these molecularly targeted strategies present viable

options to target BAP1-mutated cancers.

Implications of BAP1 Alterations for Cancer Immunotherapy

Immunotherapies have recently demonstrated high efficacy in treating some aggressive
tumors.[69] However, despite impressive durable responses in some patients, there is a
high variability of response to these therapies and often serious side effects.[69] Thus, a
growing body of research aims to identify genomic biomarkers that may help identify

tumors that best respond to immunotherapy.[69]



BAP1 may be a potential candidate for such a predictive genomic biomarker.
Tumors that respond to immunotherapy are commonly associated with increased tumor-
infiltrating immune cells, PDL-1 expression, and inflammatory response.[69] As described
above, BAP1 alterations have recently been associated with a number of similar
immunological phenotypes in cancer.

In the case of malignant mesothelioma, tumors with BAP1-alterations are distinctly
associated with an inflammatory tumor microenvironment, increased immune cell
infiltration, and increased immune checkpoint activation.[6,12] This particular phenotype
has the potential to be susceptible to immune-checkpoint inhibitors such as anti-PDL1 or
anti-CTLA4 therapies.[6] To date, immune checkpoint inhibitor trials for mesothelioma
have shown response rates ranging between 20-30%;[52,53] however, these trials do not
consider genomic biomarker status. Therefore, BAP1 alterations should be considered
as potential biomarkers in mesothelioma to predict response to immune checkpoint
blockade.

Alternatively, BAP1 alterations, found in a large percentage of uveal melanomas,
have been recently associated with activation of regulatory immune cells, thereby
suppressing the immune response and enhancing tumor immune-evasion.[28] Thus far,
immune checkpoint inhibitors such as anti-PDL1 or anti-CTLA4 therapies have shown
fairly low efficacy in uveal melanoma with response rates ranging from 5-15%.[44,47]
Figueiredo et. al. proposes that BAP1 loss in these tumors leads to upregulation of
regulatory T-cells in the tumor microenvironment that suppress the cytotoxicity of effector
T-cells.[28] They further suggest that inhibiting regulatory immune markers CD38 and

CD74, which are upregulated with BAP1 loss, may be potential targets to reduce the



immunosuppression and increase anti-tumor effects. These anti-CD38/anti-CD74
compounds can potentially be used as adjuvant therapies with immune checkpoint
inhibition.[28]

Finally, in the case of renal cell carcinoma, Zhou et. al recently proposed a new
therapeutic approach to BAP1-altered tumors by targeting CCR5.[70] CCR5 is an immune
regulatory marker that shows consistently elevated expression in BAP1-mutant renal cell
carcinomas.[70] They postulated that CCR5+ regulatory T cells are recruited in BAP1-
mutated tumors and cause immune suppression and tumor immune-evasion.
Subsequently, they demonstrated in murine tumor models that CCR5 blockade could
induce anti-tumor immunity by decreasing regulatory immune suppression, thereby
allowing the host immune system to inhibit tumor progression.[70] Thus, CCR5 blockade
should be investigated as an alternate or adjuvant immunotherapy in the treatment of
BAP1-mutated renal cell carcinoma.

These recent studies highlight that BAP1-alterations in cancer are associated with
distinct immunological phenotypes that may be susceptible to various modalities of
immunotherapy. However, more investigation into the underlying connection between

BAP1-alterations and immune responses in cancer is necessary.

Chromatin Remodelers and Immunotherapy: One potential mechanistic link between
BAP1 and the immune response is through its role as a chromatin remodeler. Several
proteins that participate in chromatin remodeling have been recently associated with
immunotherapy response in cancer. In 2018, Pan et al. found that tumor cells that were

exposed to experimental inactivation of genes in the SWI/SNF chromatin remodeling



complex were more susceptible to T-cell mediated killing.[71] These genes include
ARID2, PBRM1, and BRD?7, three of the 29 genes that are known to code for the 15
subunits of the SWI/SNF complex. Genes of the SWI/SNF chromatin remodeling complex
are mutated in over 20% of cancers, and several studies further suggest that tumors with
deficiencies in these genes may show better responses to immunotherapy.[72] Loss of
PBRM1 expression was shown to correlate with better response to immunotherapy in
patients with clear cell renal carcinoma.[73] Similarly, ARID1A alterations were shown to
predict better responses to checkpoint blockade immunotherapy across many
cancers.[74]

BAP1 has an important connection with the SWI/SNF complex that may highlight
a potential shared mechanism related to immunotherapy response. Recent studies have
revealed an antagonistic relationship between the SWI/SNF complex and Polycomb
repressive complexes (PRC1 and PRC2), the latter of which are involved in histone
modification and gene silencing.[75,76] Mechanistically, the SWI/SNF complex was
shown to reversibly evict PRC1 from chromatin, thereby reducing PRC1-mediated
transcriptional silencing activity. As described above, one of the main functions of BAP1
is to deubiquitinate histone H2A, a direct antagonistic mechanism to the silencing function
of PRC1, which ubiquitinates histone H2A. While BAP1 is not known to be a subunit of
the SWI/SNF complex, it does share this antagonistic relationship to PRC1 as well as its
own involvement in chromatin remodeling. Given the immunological phenotypes of tumor
cells deficient in BAP1 and recent studies that showcase inactivated chromatin

remodelers as potential markers for immunotherapy response, further investigation into



an association between BAP1 alterations and the immune response in cancer is

warranted.

CONCLUSIONS

BAP1 is a multifaceted tumor suppressor gene that regulates a wide variety of processes
that are implicated in cancer. While the exact mechanisms of tumorigenesis remain
uncertain, itis evident that BAP1 alterations are found in a common array of tumors, many
of which show aggressive tumor phenotypes that respond poorly to standard treatments.
Recent studies suggest that genomic selection of patients for clinical trials can be a useful
approach for treatment.[77—84] In the case of malignancies harboring aberrant BAP1,
directly targeting BAP1 functions using HDAC inhibitors and EZH2 inhibitors, as well as
targeting DNA damage repair mechanisms with the use of platinums or PARP inhibitors
may be a viable approach. Additionally, augmenting the immune response via checkpoint
blockade and/or other modalities of immunotherapy are strategies that merit further
investigation.

Furthermore, combination therapy may be a viable option for BAP1-altered tumors.
Recent studies suggest that personalized combination therapies may be a more optimal
approach, particularly for molecularly complex tumors.[78,83] Given that BAP1 is involved
in a number of biological pathways and interacts with an array of cancer-associated
genes, this type of combinatorial approach may be necessary. One strategy may be to
combine a molecularly targeted therapy such as a PARP inhibitor with an immunotherapy
drug such an anti-PD1/PDL1 checkpoint inhibitor to target multiple phenotypes

associated with BAP1-altered tumors. Additionally, consideration of BAP1 as a



therapeutic target in combination with other potential driver mutations should be a point

of investigation for future precision cancer medicine strategies.
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FIGURES

Figure 1. Functional domains of BRCA1-Associated Protein 1 (BAP1)

BAP1 is a 729 amino acid protein. Ubiquitin carboxy hydrolase (UCH) domain (1-250);
BARD1-binding region (182-365); HCF1 binding (HBM) domain (365-385); FoxK1/K2
binding region (477-526); BRCAL binding region (596-721); C-terminal binding domain
(CTD) and ASKXL1/2 binding domain (635-693); Nuclear localization signals (NLS) (656-

661 and 717-722); Ying Yang 1 (YY1) binding domain (642-686).[2]

Figure 2. Summary of the functional roles of BAP1

BAP1 regulates the DNA damage repair pathway through interactions with BRCAL,
BARD1, and RAD51.[8,9,20] BAPL1 interacts with host-cell control factor 1 (HCF1) in a
number of processes involved in cell-cycle control and cell proliferation.[10,23,24] BAP1
binds to ASXL to form the PR-DUB complex, responsible for regulation of chromatin
through Histone H2A deubiquitination.[7] BAP1 is associated in a number of regulated
cell death pathways including apoptosis and ferroptosis.[11,25,26] BAP1 is implicated in

immune regulation.[12,27,28]

TABLES

Table 1. Tumors Commonly Associated with BAP1 Germline Alterations (BAP1-
Tumor Predisposition Syndrome (BAP1-TPDS)).[32]

Table 2. Tumors with a High Incidence of Somatic BAP1 Alterations

Table 3: BAP1 Alterations and Cancer Therapy
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