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ABSTRACT

BAP1 (BRCA-Associated Proteinl) is a tumor suppressor gene encoding a
deubiquitinating enzyme (DUB) that regulates many facets of cellular biology. Genetic
studies have demonstrated that somatic BAP1 mutations occur in numerous cancer types
and that germline BAP1 mutations lead to a cancer susceptibility disorder that
predisposes individuals to various tumors, in particular malignant mesothelioma (MM)

and both uveal melanoma (UM) and cutaneous melanoma (CM).

The Testa laboratory has identified several families (including one in Louisiana,
designated Lou) with germline BAP1 mutations, in which there were recurrent cases of
MM, UM, and CM. We generated a Bapl mutant mouse model with a knockin mutation

identical to that observed in the Lou family (Bapl™-°") to test whether this mutation

alone confers susceptibility to ultraviolet (UV) light-induced melanomagenesis either

alone or in combination with a mutation found in a well-established Hepatocyte Growth

Factor (HGF)/Scatter Factor transgenic_mouse model. Neither Bapl*-°, HGF, nor

Bapl1*°“;HGF mice showed a significantly higher incidence or shorter latency of UV
light-induced melanoma than wild type (WT) mice. The study also suggests that germline
mutation of Bapl alone does not cause an increased incidence of UV-induced melanomas

under the conditions used in this investigation.

Recent evidence indicates that BAP1 participates in the DNA damage repair
response, suggesting that BAP1’s role in tumorigenesis could be particularly important in

cancers associated with environmental carcinogens such as ultraviolet irradiation (UVR).



To further investigate the role of BAP1 (Bapl in the mouse) in DNA damage, we first
knocked down BAP1 in human melanocytes as well as Melan-A and Melan-C mouse
melanocytes and then exposed the cells to UVR, followed by analysis of DNA damage
repair. UVR-induced and steady state levels of DNA damage were higher in BAP1-
knockdown cells compared to shGFP-control cells. Levels of UVR-related DNA damage
markers such as p53, YH2AX and CPD (cyclobutane pyrimidine dimers) were increased
following BAP1 loss and UVR treatment. Cell cycle analysis by flow cytometry
demonstrated that cells with knockdown of BAP1 and post UVR treatment showed a
higher proportion of cells in S/G2 phase. Such an effect could be due to BAP1 loss and
consequent inability to repair DNA damage and/or cell cycle progression. These data are

consistent with a role for BAP1 in UVR-induced DNA damage repair.

In MM, it is unclear to what extent BAP1 mutations cooperate tumorigenically
with mutations of other tumor suppressor genes (TSGs) implicated in MM, such as
CDKN2A and NF2. While germline mutations of BAP1 clearly predispose to MM,

whether somatic mutations of BAP1 drive a more aggressive, metastatic tumor phenotype

may depend on the disease type. For such studies, we used conditional knockout (CKO)
mice along with intrathoracic (IT) or intraperitoneal (IP) injection of adenovirus
expressing Cre recombinase (Adeno-Cre) to excise critical homozygously floxed TSGs in
the mesothelial lining. These labor-intensive experiments demonstrated that while
homozygous deletion of Bapl, Cdkn2a, or Nf2 alone in the pleural cavity (IT) of
genetically engineered mouse (GEM) models gave rise to few or no MMs, inactivation of
Bapl cooperated with loss of either Nf2 or Cdkn2a to drive development of MM in ~20%

of double CKO mice, and a high incidence (22/26, 85%) of MMs with short latency (12



weeks) was observed in Bapl;Nf2;Cdkn2a (triple)-CKO mice. The same trend was
confirmed when the same gene combinations were homozygously deleted IP in these
same GEM models, except that a much higher incidence of MM was observed in
homozygously floxed Bapl (Bap1™) mice injected IP versus IT, which may be due to a
larger cell surface area of the peritoneum. Adeno-Cre treatment of normal mesothelial
cells from Bap1™;Nf2 ":Cdkn2 " mice, but not from mice with knockout of one or any
two of these tumor suppressor genes, resulted in robust spheroid formation in vitro,
suggesting that homozygous deletion of all three of these TSGs is sufficient to drive a
cancer stem cell-like potential. RNA-seq analysis of pleural MMs from triple-CKO mice
revealed enrichment of many genes transcriptionally regulated by the polycomb
repressive complex 2 (PRC2). Other genes upregulated in MMs from triple-CKO mice
included Vegfd and Pak3, which encode proteins involved in angiogenic and cell motility

pathways.

In conclusion, we hypothesize that inherited mutations of BAP1 may increase
susceptibility to certain environmental factors that may induce DNA damage and
contribute to cancer development. Our data also indicate that cooperative somatic
inactivation of Bapl, Nf2, and Cdkn2a results in rapid, highly aggressive MMs, and that
deletion of Bapl contributes to tumorigenesis, in part, by loss of PRC2-mediated gene
repression of tumorigenic target genes and by acquisition of stem-cell potential. Thus, our

studies suggest a potential avenue for therapeutic intervention.
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CHAPTER 1
1 INTRODUCTION

1.1 Overview of Malignant Mesothelioma

Malignant mesothelioma (MM) is a rare type of cancer arising from serosal cells
lining the thoracic and abdominal cavities and internal organs. These mesothelial cells
make up the mesothelium and secrete a lubricating fluid that prevents friction between
organs. The mesothelium that lines the thoracic cavity covers the lungs and is referred to
as the pleura. The mesothelium that lines the abdominal cavity and encases all the
internal organs of the abdomen is the peritoneum. There is also the pericardium that lines
the heart and the space around it, as well as the tunica vaginalis, which encapsulates the
testicles. Thus, MM can start in any of these cavities and is named accordingly (Figure
1). The most common type of MM is pleural in origin (about 80% of cases). Peritoneal
MM is the second most common type seen in patients, with MMs of the pericardium and

tunica vaginalis being extremely rare (1).



Pleural 80% Pericardial
Mesothelioma @ @

Peritoneal Mesothelioma
Mesothelioma
* The most common type ¢ The least common type
* Forms in the lining of the lungs or * Relatively rare type

* Develops in the lining of the heart
st el * Affects the abdominal lining o Less than 50 new cases per year
* About 2,500 new cases per year « About 500 new cases per year

Figurel. Types of malignant mesothelioma (2). Left, pleural MM — predominant type

(80% of cases). Center, peritoneal MM (20% of cases). Right, pericardial mesothelioma

(1%).



There are three histological types of MMs depending on the predominant cell
type. Epithelioid MM is the most prevalent (70%) and is usually associated with a better
prognosis. Mixed or biphasic MM occurs in about 20% of MM cases and sarcomatoid
tumors (~10%) are the most aggressive histotype (3). There are approximately 3,200 new
cases of MM every year in the U.S., despite asbestos abatement efforts (2). Symptoms in
MM patients include chest pain, shortness of breath, persistent cough and fluid buildup in
the lungs (pleural effusion) or peritoneum (ascites). Life expectancy is usually short with
affected individuals typically living between 6 to 24 months with a median survival of 9-

12 months, even with surgery and/or chemotherapy.

MM development is etiologically linked to asbestos exposure. The term
"asbestos" refers to six types of natural minerals that form bundles of fibers (4). There are
many industrial applications for which asbestos has been used, including as furnace and
roof insulation, car brakes and ship hull insulation, to name a few. Therefore, virtually all
the industrial workers and others using asbestos products have been exposed to it;
according to the World Health Organization, up to 125 million workers globally are
exposed to ashestos on the job (5). When asbestos fibers are inhaled, they can become
embedded into the pleura leading to inflammation (6). The mechanism of asbestos-
induced inflammation and the consequent carcinogenesis is not fully understood. One
hypothesis is that macrophages attempt to engulf the fibers and when they internalize a
large fiber, they undergo so-called “frustrated” phagocytosis, leading to a soaking of the
mesothelial lining with pro-proliferative cytokines (7). It is also hypothesized that super-
reactive oxygen species (ROS) released from the macrophage can also cause DNA

damage in nearby mesothelial cells leading to pro-tumorigenic genetic alterations (8).
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1.2 Genetics of Mesothelioma

As mentioned previously, most MMs are pleural tumors linked to asbestos
inhalation. Peritoneal MM can be caused by asbestos if it was ingested, although the
majority of these cases have no known asbestos exposure history. Although asbestos is
considered the primary cause of MM development, only a small fraction of asbestos-
exposed individuals, including mineral fiber miners who have had a lifetime of exposure,
actually develop MM (9). This leads to the question: what other factors in addition to or
instead of asbestos exposure could drive MM pathogenesis. Like the majority of cancers
with the exception of viral-driven tumors, somatic and germline mutations in oncogenes
and/or tumor suppressor genes cause normally differentiated cells to grow uncontrollably
(10). More than two decades ago, Cheng et al. published data revealing deletion of
chromosome band 9p21 leading to the homozygous loss of CDKN2A (cyclin dependent
kinase inhibitor 2A) in primary tumors and cell lines from MM patients (11). The
CDKN2A gene expresses two alternatively spliced mRNA that encode both the
pl6INK4A and pl4ARF (p19Arf in the mouse) proteins. These proteins regulate the cell
cycle preventing cells from dysregulated proliferation and, thus, acting as tumor
suppressors. p16INK4A binds to and inhibits the cyclin-dependent kinases (CDK) CDK4
and CDK®6, which normally stimulate cell cycle progression and cell division by
phosphorylating and inhibiting the pocket proteins pRb, p107 and p130. The pl4ARF
protein prevents degradation of another important tumor suppressor protein, p53, by
binding to and inhibiting MDM2, which acts synergistically to control cell proliferation
and survival (12). Most of MM cases (>80%) harbor somatic alterations of the CDKN2A

locus (13), making this the most common genetic mutation/loss in MM.
4



Shortly after the discovery of CDKN2A deletions in MM, Bianchi et al. reported
another frequent somatic genetic abnormality in MM when they identified mutations of
the tumor suppressor gene NF2 (neurofibromatosis type 2 gene) in about 50% of MMs
(14). The NF2 gene resides on chromosome 22 and mutations of NF2 in MM are almost
always accompanied by loss of the second copy of chromosome 22, resulting in biallelic
inaction of NF2 (13). The NF2 gene encodes the FERM-domain protein Merlin that is
involved in controlling cell shape, cell proliferation and cell adhesion through
interactions with downstream effectors such as focal adhesion kinase (FAK), p21-
activated kinases (PAKs) and Racl to name a few (15). Even though the exact
mechanism of how Merlin suppresses tumor growth is yet unknown, it has been shown
that it is regulated by Rac/PAK signaling which can regulate the expression of cyclin D1

(16).

In 1994, loss of the chromosomal band 3p21 n was also implicated in MM as a
common genetic abnormality in MM, and it was proposed that a putative tumor
suppressor gene resided at this location (17). Subsequently, Jensen et al. identified the
BRCAL-Associated Protein 1 tumor suppressor (BAP1) through a yeast two-hybrid
screen using breast cancer type 1 protein (BRCA1) as bait and located the BAP1 gene
through fluorescence in situ hybridization to the 3p21. In recent years somatic mutations
and exonic deletions of BAP1 have been reported in up to 60% of MM specimens (18).
Interestingly, in 2011, germline mutations of BAP1 were identified in two families with
high incidence of MM, uveal melanoma, and several types of epithelial cancer, such as
renal carcinoma (19). A simultaneous report described two families with heritable

mutations of BAP1 with numerous cases of atypical melanocytic tumors and occasional
5



uveal and cutaneous melanomas (20). Contemporaneously, a third group independently
reported a family with a germline BAP1 mutation associated with uveal melanoma, lung
adenocarcinoma, meningioma, and other cancers (21). Subsequently, numerous reports
have expanded on the discovery of germline BAP1 mutations in families with these and
other cancers (22), now defined as the BAP1 tumor predisposition syndrome (BAP1-
TPDS). In this hereditary tumor syndrome, germline pathogenic variants in BAP1 are
now known to predispose carriers to uveal melanoma, MM, cutaneous melanoma, renal

cell carcinoma, and cutaneous BAP1-inactivated melanocytic tumors.



1.3 BAP1 structure and functions
1.3.1 BAP1 structure overview

As previously stated BAP1 was first identified by Jensen et al. in 1998 via a yeast
two-hybrid screening for BRCAL1 ring finger domain interacting proteins (23). The BAP1
gene encodes a 729-amino acid protein composed of three main functional domains: an
N-terminal UCH (ubiquitin C-terminal hydrolase) deubiquitinating (DUB) domain
responsible for removing ubiquitin from ubiquitylated substrates, a host cell factor
(HCF1)-binding domain or (HBM)- like motif, and a motif that shares conservation with
UCH37, ie., a UCH37-like domain (ULD). It also has the C-terminal domain with a
nuclear localization signal (NLS) (18, 24). BAP1 interacts with BRCA1-associated RING
domain protein 1 (BARD1), HCF1, BRCAL, Ying Yang 1 (YY1) and Additional Sex

Combs Like proteins ASXL1/2 (see Figure 2A (24)).
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Figure 2. BAP1 structure and functions (24). (A) Structural domains of BAP1 protein:

N-terminal UCH domain (blue), an HCF1-binding domain (HBM)- like motif; a motif that

shares conservation with UCH37 (ULD: UCH37-like domain); and a nuclear localization

signal (NLS). Interacting sites are depicted: BARD1, HCF1, BRCAL, and YY1. (B)

BAP1 functions: left, BAP1 in transcription factor regulation; center, BAP1 during

chromatin modifications; right, hypothesized role of BAP1 in DNA damage repair.




1.3.2 BAP1 function in transcriptional regulation

BAP1 has multiple functions and has been shown to act as a bona fide tumor
suppressor in vivo (25). Ventii et al. demonstrated that BAP1 was able to extend the G1-S
progression checkpoint and induce apoptotic and necrotic cell death due to the inability to
repair damaged DNA (26). BAP1 tumor suppressor activity required its NLS and DUB

activity (26).

In addition, Machida et al. reported that BAP1 could interact with HCF-1 and that
this interaction is crucial for the BAP1-mediated growth regulation. HCF-1 regulates cell
proliferation by playing a role in the cell cycle, specifically in G1/S phase progression as
it brings together the H3K4 histone methyltransferases and E2F1 transcription factor to
transcribe the genes required for S-phase (27). Machida et al. showed that BAP1
deubiquitinates HCF-1 and thereby negatively regulates its activity (27). Because BAP1
interacts with HCF-1, which in turn interacts with E2F1, it has been proposed that BAP1
co-regulates transcription from promoters governed by both HCF-1 and E2F1 and
thereby controls cell proliferation by regulating G1/S progression (Figure 2B) (28). BAP1
also links histone-modifying enzymes to a set of transcription factors and recruits them to
promoter sites to regulate gene expression through a chromatin remodeling mechanism

(29, 30).

1.3.3 Role of BAP1 in epigenetic regulations.

The eukaryotic genome is packaged into nuclei as chromatin wrapped around the
four core histones (H2A, H2B, H3 and H4). Chromatin can be physically remodeled in

accordance with epigenetic modifications of the DNA or histone proteins to either allow
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or protect the DNA templates from being transcribed. BAP1 has been shown to play a
role in such epigenetic modifications via regulating the decompression of the chromatin
and thus influencing gene expression. There is a large and diverse family of polycomb
group (PcG) proteins that epigenetically control the transcription of genes. These proteins
form three distinct groups, including polycomb repressive complexes 1 and 2 (PRC1 and
2) and polycomb repressive deubiquitinases (PR-DUBS). In chromatin modification,
methylation and ubiquitination of the histones play a critical role in serving as a signal for
the appropriate enzymatic machinery involved in the condensation or decondensation of
the DNA. As one of the subunits of the PRC1, E3 ubiquitin ligases monoubiquitinate
lysine 119 of histone H2A (H2AK119ubl) repressing the chromatin and providing a
stimulatory signal for the PRC2 complex (31, 32). The PRC2 complex consists of
multiple components such as EZH1/2, SUZ12, and JARID?2 that transfer methyl groups
on histone H3 lysine 27 for mono-, di- and trimethylation (H3K27mel,2,3) and condense
the chromatin. As mentioned earlier, BAP1 interacts with ASXL1. This interaction forms
a PR-DUB that antagonizes the activity of the PRC1 by cleaving the ubiquitin off the
histone H2A (H2AK119Ub1) and decondensing the chromatin (Figure 3) (33). Such
epigenetic regulation by the PcG complexes is critical in embryonic development, stem
cell pluripotency and cell differentiation. Therefore, it can be speculated that the
deregulation of these processes can also affect cancer initiation and influence its
progression. Unfortunately, how these complexes interact with one another
mechanistically is still not known (31). It is important to note that the PRC2 proteins
EZH2 and EED have been shown to be frequently overexpressed in MM and have been

proposed as possible therapeutic targets for MM treatment (34). Notably, LaFave et al.
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demonstrated a correlation between BAP1 loss and elevated EZH2 expression levels and
showed that MM cells lacking BAP1 are sensitive to a pharmacologic inhibition of EZH2

(35).
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Figure 3. Three polycomb repressive complexes (31). PRC1 complex with its
numerous subunit combinations (in red) adds ubiquitin on lysine 119 of histone H2A to
form H2AK119Ubl, PRC2 with different possible combinations of the subunits adds
methyl groups on lysine 27 of histone H3 to form H3K27me3 (in blue). PR-DUB with

known subunits (in purple) deubiquitinate H2AK119Ub1 (31).
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1.3.4 BAP1 in DNA damage repair

As two of the binding partners of BAP1 include BRCA1 and BARDL1, which are
key players in double strand DNA repair (23), BAP1 was also hypothesized to be
involved in the DNA damage repair. Ubiquitin is known to be important not only in
chromatin remodeling, but also in serving as a signal for initiating the DNA damage
repair response such as in the double-strand break (DSB) repair (36). Specifically,
ubiquitin signals the recruitment of the RING finger E3 ligases, which form the K63-
linked ubiquitin chain on H2A/H2AX histones and therefore bring upon downstream
factors such as p53 binding protein 1 (53BP1), BRCAl and RAD51 homologue 1
(RAD51) (37). Subsequently, 53BP1 promotes nonhomologous end joining (NHEJ) and
BRCA1 and RAD51-homologous recombination (HR) DSB repair mechanisms (38). As
described earlier, BAP1 is part of the DUB complex and as a deubiquitinase, it not only
plays a role in the epigenetic modification of chromatin but may also affect the DSB
repair response, as has been shown for the DUBs (39). To date, only two studies have
explored this possibility. In one of these reports, Yu et al. used a human DUB RNAI
library to screen for DUBs required for HR and identified BAP1 as one of the regulators
of efficient HR. The group employed ionizing radiation (IR) to examine the role of BAP1
in DSB repair. They demonstrated that BAP1 inactivation sensitizes cells to IR-induced
DSBs and leads to an increased number of chromosomal breaks. Six IR-induced
phosphorylation sites in BAP1 were identified and shown to be required for the
recruitment of BAP1 to DSB sites (40). As a possible explanation of how BAP1 regulates
HR, the investigators proposed that the BAP1 complex synergizes with the PRC1

complex to regulate the balance of ubiquitination/deubiquitination of H2A, thereby
13



controlling chromatin modification at the site of DSB. In a second report, Ismail et al.
also showed BAP1-mediated recruitment of PR-DUB to sites of DSB, moreover they
implicated phosphorylation of BAP1 by the DNA damage response kinase, ataxia
telangiectasia mutated (ATM) (41). Both studies suggest that the deubiquitinating
function of BAP1 controls chromatin modification by BAP1 being part of the PR-DUB,
and thereby influencing the DNA damage response (40, 41). However, BAP1's function
in the DNA repair is still largely understudied and requires more investigation. The
overview of the proposed function of BAP1 in DNA damage repair is summarized in

Figure 4 by Yu et al. (40).
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Figure 4. Proposed by Yu H. et al. model of BAP1 in DNA damage repair (40). As
the DN A damage occurs, BAP1 is phosphorylated at 6 sites and is then recruited to the
double-strand break location, where it deubiquitinates H2A and promotes the recruitment

of downstream repair proteins.
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1.4 BAP1 in different mechanisms of cell death
1.4.1 BAP1 and apoptosis

Until recently, BAP1's main functions were known to be related to its nuclear
localization signal and nuclear activities. However, the scientific community was
interested to explore its role in the cytoplasm as well. Recently, Bononi et al. reported the
accumulation of BAP1 in the endoplasmic reticulum (ER) (42). The group showed that
BAP1 binds, deubiquitinates and stabilizes an intracellular calcium (Ca®*) release channel
type-3 inositol-1,4,5-trisphosphate-receptor (IP3R3), which mediates Ca®* release from
the ER. In doing so, BAP1 regulates Ca®* flux from the ER into the cytoplasm and
mitochondria. As the mitochondria overload with Ca®*, they release cytochrome C, which
promotes apoptosis (Figure 4, left portion of image) (42). It was proposed that when there
is haploinsufficiency for BAP1, such as in normal mesothelial cells from BAP1-
mutatuion carriers, there is not only reduced nuclear BAP1 activity, but also diminished
cytoplasmic BAPlactivity as well. The decreased levels of cytoplasmic BAP1 would
consequently result in reduced levels of Ca?* flux and, thus, negatively affect BAP1-
related death pathways such as apoptosis (42). Apoptosis is crucial in maintaining the
balance between healthy and damaged cells. Thus, in a situation where cells are exposed
to a DNA damaging agent such as UV or asbestos, and the apoptotic pathway is not
proficient due to decreased levels of BAP1, DNA damaged cells would accumulate and

potentially transform into a malignancy.
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1.4.2 BAP1 role in ferroptosis

Ferroptosis is a newly described forms of regulated cell death that involves a
unique iron-dependent pathway that differs morphologically, biochemically, and
genetically from autophagy, necrosis, and apoptosis. It is characterized by high
accumulation of lipid peroxidation products and reactive oxygen species (ROS) derived
from iron metabolism. It is known that upregulation of ER stress, activation of
mitochondrial voltage-dependent anion channels and mitogen-activated protein kinases,
and inhibition of cystine/glutamate antiporter promote ferroptosis. Nicotinamide adenine
dinucleotide phosphate (NADPH) and p53 positively regulate ferroptosis by inducing
ROS production and inhibiting the expression of SLC7AL1 (a light-chain subunit of the

cystine/glutamate antiporter), respectively.

Zhang et al. determined that BAP1 represses genes that are enriched in cell
metabolism-associated pathways. Specifically, the group found SLC7A11l gene
expression to be inversely correlated with BAP1 (43). Furthermore, they demonstrated
that BAP1 reduces the levels of the ubiquitin on H2A of the promoter of SLC7AL. Even
though, deubiquitination of histones is supposed to derepress chromatin and initiate
transcription, the investigators found that BAP1 repressed the transcriptional activity of
SLC7AL. Due to this BAP1-mediated decrease of SLC7A1l expression, cystine uptake
was also reduced, resulting in low levels of glutathione, increased lipid peroxidation, and

promotion of ferroptosis (Figure 5) (43).

Interestingly, Affar and Carbone speculated that since the PRC1 complex

regulates H2A ubiquitination and is often overexpressed in cancer, this could lead to

17



increased expression of SLC7AL1 and therefore reduced possibility for ferroptosis (44).
Looking at the components of the PR-DUB that associate with BAP1, Zhang et al.
showed that depletion of ASXL1, but not ASXL2, decreased the expression of SLC7Al1
(43). Depletion of HCF-1 had no impact on expression of SLC7A11, whereas depletion
of OGT decreased SLC7AL1l expression. These results suggest that some BAP1-
associated components might have additional regulatory effects on BAP1-mediated

ferroptosis (44).

As described above, BAP1 plays a role in two distinct pathways of programmed cell
death: apoptosis and ferroptosis (Figure 5). As Affar and Carbone suggest in their review,
it would be interesting to explore if these pathways act together or independently in

cancer development.
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Figure 5. Role of BAP1 in cell death (44). Left, Under the stress-induced signals,
cytoplasmic BAPL stabilizes and deubiquitinates IP3R3, thus increasing the levels of
Ca** influx into mitochondria (Mitoc), inducing the release of cytochrome C and thereby
activating the apoptosis pathway. Center, In the nucleus, BAP1 can repress the
expression of key ER stress transcription factors having pro-apoptotic functions, and
inhibit apoptosis. Right, BAP1 deubiquitinates the promoter of SLC7A11, repressing its
expression. SLC7A11, a cystine/glutamate antiporter, imports cysteine, a metabolite
used for the synthesis of reduced glutathione. Decreased levels of SLC7A11 expression

leads to reduced glutathione, diminished antioxidant capacity of the cells, lipid-ROS

accumulation and ferroptosis.
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1.5 BAP1 in familial cancers

Even though the main cause associated with MM is considered to be asbhestos,
only a small fraction of all exposed individuals develops MM (45). Testa et al. pursued
the question of whether genetics factors contribute to MM susceptibility by studying
families with high incidence of MM to find genes potentially predisposing to the disease.
The group published data on two American families that were not exposed to asbestos
occupationally: one in Wisconsin (Wis family) and one in Louisiana (Lou family).
Germline BAP1 mutations and somatic alterations affecting the BAP1 locus identified in
these families linked the BAP1 gene to familial MM. Even though MM was the most
prevalent cancer in these families, there were multiple other tumor types, which led the
investigators to conclude that germline mutation of BAP1 not only predisposes to MM,
but also causes susceptibility to a variety of tumors as a hereditary cancer predisposition
syndrome (19, 45). This syndrome, now referred to as BAP1 tumor predisposition
syndrome (BAP1-TPDS) (19-21, 46), predisposes the carriers to the development of
multiple malignancies, specifically MM, uveal and cutaneous melanomas, basal cell

carcinoma, renal cell carcinoma, and certain other cancers (47).

Interestingly, the families described by Testa et al. happened to have asbestos in
their houses, which was thought to be potentially associated with a modest level of
exposure. The investigators hypothesized that when families with a germline BAP1
mutation are exposed to asbestos, MM predominates. It was proposed that the
environmental asbestos exposure would act as a second hit and, thus, represent an

example of cancer etiology due to a gene vs. environment interaction (19). Alternatively,
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heterozygous germline BAP1 mutation alone may be sufficient to cause MM, although
studies with mouse models have provided little or no support for that possibility (25, 48)
and epidemiological evidence is lacking. Benign melanocytic tumors and uveal and
cutaneous melanomas are also of the BAP1 syndrome (20). Ultraviolet radiation (UVR)
Is a known cause of cutaneous melanoma (49) and basal cell carcinoma (50), whereas a
role for UVR in uveal melanoma is controversial. It is possible that BAP1-mutant
families where these skin tumors and uveal melanoma predominate have been excessive
exposure to UVR, which may have acted in conjunction with mutation of BAP1 to drive
cancer via a gene vs. environment interaction. To explore this possibility, we exposed a
mouse model with a heterozygous Bapl to UVR to assess whether there was enhanced

susceptibility to melanoma, which will be discussed in a later chapter (Chapter 3).

1.6 Mouse models of MM.

As mentioned previously, MM is a rare type of cancer with a poor survival rate
and inefficient treatment options. Standard chemotherapies such as cisplatin are relatively
ineffective in diminishing MM growth, even when used in combination with the folate
scavenger inhibitor pemetrexed (Alimta) (51). Even targeted therapies such as epidermal
growth factor receptor (EGFR) inhibitors and mammalian target of rapamycin (mTOR)
inhibitors have failed in MM clinical trials. Thus, MM researchers need new targets and
more importantly, pre-clinical cancer models in order to identify and test novel therapies.
In order to better assess a possible therapeutic approach, researchers were in need of
rodent MM models. These models include orthotopic or heterotopic xenografts of human

MM cell lines and patient-derived xenografts (PDX) using immunodeficient mice (52,
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53). Such models are also developed to investigate the oncogenic mechanisms induced by

asbestos or by the genes and signaling pathways relevant to the disease.

Spontaneous MMs in rats have been reported in 1987 with an incidence of 4.3%
(7/395) of the genital and serosal mesothelial lining, with only one pleural MM
identified. In a more recent paper, in 2016, 0.2-5% of spontaneous MMs of the tunica
vaginalis were observed in male F344/N rats (54). Spontaneous MM in mice are also rare
(55-57). Additionally, there are numerous distinct rodent models of asbestos-induced
MM, which are described in the review by Didier Jean and Marie-Claude Jaurand (58),

but will not be focused on in this thesis due to irrelevance to work described herein.

Genetically modified mouse (GEM) models of MM are important tools to
determine the contribution of tumor suppressor gene (TSG) loss in MM pathogenesis.
GEM models allow for deletion of TSGs in the heterozygous or homozygous state, alone
or in combination, to determine the importance of MM-implicated driver genes, such as
Nf2, Bapl, and Cdkn2a (encoding both pl6lnk4a and 19Arf) in cancer development.
Since BAP1-TPDS is associated with heterozygous germline mutations of BAPL,
Kadariya et al. developed three types of heterozygous Bapl mutant mice to test whether
such mice would be predisposed to cancer, particularly MM (25). They developed three
different mouse models: one with knockout of exons 6 and 7 of Bapl, and two with point
mutations mimicking the germline mutations found in the human families (Wis and Lou)
with a BAP1 syndrome. The mouse models with the various heterozygous alterations of
Bapl developed numerous types of cancers but MM was very rare (2/93 mice) with a

long latency. On the other hand, in mouse models with a heterozygous mutation or
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deletion of Nf2, Bapl or Cdkn2a, intraperitoneal (IP) injections of asbestos cause a higher
rate shorter latency of MMs than in wild type littermates (25, 48, 59, 60). Mice with
mutations/deletions of two of these genes developed even higher rates and shorter latency

of MM (61).

While homozygous deletion of such TSGs often causes embryonic lethality in
mice, somatic homozygous deletion in adult mice, e.g., by injection of an adenovirus
expressing Cre-recombinase is not lethal. For example, Dey et al. demonstrated that
homozygous deletion of Bapl lead to embryonic lethality in mice (62), whereas
conditional GEM models allow for temporal deletion of both copies of a TSG after
development and in adult tissue. For conditional GEM models of MM, intrathoracic (IT)
or intraperitoneal (IP) injection of adenovirus expressing Cre recombinase (Adeno-Cre)
allows for homozygous deletion of floxed TSGs in the mesothelial lining of both the

pleural and peritoneal cavities, respectively.

In the first conditional GEM model of MM, Adeno-Cre was injected into the
thoracic cavity of mice with either heterozygously or homozygously floxed Nf2, Cdkn2a,
Trp53, Rb, or Ink4a alone or in combination to determine which TSGs were important to
MM pathogenesis (63). The double mutants (Nf2 and either Cdkn2a, Tp53 or Rb) and
triple mutants (Nf2, Tp53, and Ink4a) exhibited the highest rate of thoracic MM. Single
inactivation of Rb induced the lowest tumor rate; however, adding homozygous Nf2
deletion enhanced MM incidence in Rb mutants (63). In a different study, Guo et al.
injected Adeno-Cre virus IP or in the bladder of mice with conditional mutants of Tp53

and/or Tsc1(64). Homozygous deletions of the double (Tp53;Tscl) mutants induced the
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highest rate of MM (64). Recently, Sementino et al. tested whether deletion of Pten
would lead to MM development. Single homozygous Pten inactivation gave rise to 7% of
pleural MMs, while double homozygous inactivation of Tp53 and Pten developed MM in
56% of mice (65). An even higher incidence of MMs (92%) was observed in

Tp53":Pten™ mice injected IP with Adeno-Cre.

In conclusion, these observations demonstrate a differential role of these TSGs in
MM, and that homozygous inactivation of more than one of these genes can cooperate to
enhance MM aggressiveness and progression compared to single or heterozygously

inactivated TSGs.

Ovwerall, we hypothesize that inherited mutations of BAP1 may increase
susceptibility to certain environmental factors such as UV light, due to BAP1’s role in the
DNA damage repair response. We also hypothesize that Bapl, Nf2, and Cdkn2a are
critical tumor suppressor genes in MM pathogenesis and that mutation/deletion of these
three genes in a mouse model is sufficient to drive MM pathogenesis. In this dissertation,
we address the following aims: 1) determine if germline mutation of Bapl predisposes
mice to UV-induced melanoma; 2) interrogate the role of Bapl in UV-induced DNA
damage/repair during melanomagenesis; and 3) evaluate if loss of Bapl cooperates with

other tumor suppressor genes in a conditional mouse model of MM.
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CHAPTER 2
2 MATERIALS AND METHODS

2.1 Mouse models used in the UV exposure experime nts

All mouse studies were performed in accordance with a protocol approved by the Fox
Chase Cancer Center (FCCC) IACUC. The HGF/SF mice were generously gifted by Dr.
Raza Zaidi and backcrossed to the FVB background. Dr. Mitchell Cheung in Dr. Testa's

laboratory created Bapl*/-°

mice with a heterozygous point mutation identical to that
described in a human Louisiana BAP1 syndrome family (25). The HGF/SF and the
Bap1-°“ mice were crossed and all pups (genotyping: wild-type, HGF/SF, Bap1-°“/*, and
HGF/SF;Bap1-°“*). All animals were kept in isolator cages. We routinely employed a
single dose of erythemal UVR from a panel of FS40 lamps in neonatal or perinatal wild-
type, HGF/SF, Bap1-°“*, and HGF/SF;Bap1-°"* mice to induce the development of
cutaneous melanoma. [Note that HGF/SF mice exposed to UVR in this manner develop
melanoma within 8-14 months; and that any animals without obvious tumors by 24
months would be sacrificed at that time.] Mice were monitored weekly, and euthanized if
tumor burden exceeded 10% of body weight or if mice exhibited overt stress (i.e., >10%
weight loss, abdominal bloating, lethargy or ulceration of tumors, hunched posture,
ataxia, labored or irregular respiration, inability to eat, drink, cachexia) by CO2
inhalation. [Note also that Bap1-°“* mice have a heterozygous point mutation identical to
that identified in a human Louisiana BAP1 syndrome family that exhibited several uveal
melanomas (UMs) and skin cancers, as well as multiple mesotheliomas.] The treated

cohorts from the various experiments were UV irradiated at 1.5 to 3.5 days of age (3-5
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pups at a time) with a single UVR dose of 9.6 kJ/m2 from a bank of Phillips FS40
sunlamps (60% UVB/40% UVA). Our collaborator, Dr. Raza Zaidi (Temple University)
has previously shown that this UVR dose is well tolerated by HGF pups (total exposure
15 min) with only occasional superficial peeling of the outer skin layer in some pups at 5
days of age but no apparent consequences. HGF transgenic mice have been described to
develop intestinal pseudo-obstruction and prolapses. We monitored the mice to exhibit
any symptoms of abdominal discomfort or developing prolapse and euthanized them
upon such observation (66-68).

Genotyping of Bap1-°" mice: forward primer used for genotyping: 5’-AGG TGG
GTG ACC CCT CTA CT-3’ and the reverse primer: 5°’- CAC TAG GTT GGC CAG

CAT TC-3’, Tmused: -58°C.

2.2 Cell culture

Normal human melanocytes were purchased from ScienCell’™™ and were cultured
according to the company's protocol. Human XPA-deficient cells (XPA”) were
generously gifted by Dr. Richard Pomerantz laboratory. Melan-A and Melan-C cell lines
were kindly gifted by Dr. Raza Zaidi and cultured in RPMI media with 10% FBS and
200nM TPA (69). LP9 human immortalized mesothelial cells were cultured in LP9

medium (FCCC Cell Culture Facility).
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2.3 Stable knockdown of BAP1 in melanocytes, LP9 and 293 HEK cells

To make lentivirus, control pLKO-shGFP and pLKO expressing two independent
shRNAs targeting Bapl, psPAX2, and pMD2.G plasmids were co-transfected into
HEK293T cells using lipofectamine?®® (ThermoFisher Scientific), and supernatant was
collected after 24-48 hours after transfection. Cells of interest, such as the LP9 cell line,
were infected by lentivirus in medium containing polybrene (10 pg/mL) at 37°C
incubator overnight. The following morning the supernatant was removed and fresh
medium was added. After 24h, the cells were selected with puromycin (cell culture
facility at Fox Chase Cancer Center) until the selection was complete and the non-
transduced cells (kill plate) were dead. Stable shGFP and shBAP1-expressing cell lines
were passaged without puromycin for subsequent experiments. After several passages,
cells were harvested and protein was extracted for immunoblot analysis. Transfected cells

were exposed to UVR and used for cell cycle analysis experiments.

2.4 Transient knockdown of BAPL via short interfering RNAs (siRNAs) in human
and mouse melanocytes

Melanocytes were transfected using Lipofectamine RNAIMAX with Silencer® Pre-
designed siRNAs against BAP1 (siBAP1#0 and siBAP1#5 for human cells (ambion
BAPL1 silencers and negative control: #4390546, #4390824 1D s15822, #4427038 1D
s15820)) and siBap1#2 and siBap1#3 for mouse cells(# j-058658-11;#-0558658-10) and
Negative Control#l. siRNAs were obtained from ThermoFisher Scientific following
manufacturer's instructions. 30 pmoles of siRNAs were transfected on 6-well plates.

Human melanocytes were nucleofected using LONZA Amaxa® NHEM-Neo
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Nucleofector® Kit with program O-30. Cells were exposed to UVR (72 hours post
transfection) and harvested for western blotting analysis at different time points (6 and 24
hours post UVR) to evaluate p53 and yH2 AX induction. Transfected Melan-A cells were

exposed to UVR and used for comet assays.

2.5 In vitro UVR exposure

A UV box was built at Fox Chase Cancer Center with2 UVB TL 20W/12 RS SLV lamps
(Philips). According to the Zaidi lab, right before the UVR treatment, the cells are
washed once with PBS and exposed to UVB (with no lid) for 90 sec at 20 mW/cm?. A
UV Stratalinker (Stratagene 1800) was also used for some experiments. In these
experiments, the cells were also washed with PBS once before the treatment and the lid
was removed. The cells were exposed to 10mJ, 25mJ and 50mJ doses of UV per 10 cm

plate.

2.6 Flow cytometry

293HEKT expressing ShRN As against BAP1 or control GFP were treated with UV or not
were collected using trypsin (0.25%) and media with 10% FBS. The pellets were washed
once with PBS and then fixed in 1 ml of PBS and 3 ml of cold Ethanol (200% proof). The
samples were then fixed overnight. The next day the cells were spun down (1,000 rpm for
5 min) and RNase A (Qiagen, Cat No. 1901, 100ug/ml) was added to each sample (at
Img/ml in 1X PBS). Samples were then vortexed every 10 min and incubated at room
temperature for 30 min. After the incubation, the samples were spun down for 3 min and

the resulting pellets were resuspended in 1ml of P1 (Sigma 100mg) at a concentration of
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20ug/ml in PBS. Samples were covered from light and at least 10 min passed before the
samples were run on flow cytometer. Cells were then evaluated for cell cycle analysis,
specifically for the S-phase population. The FlowJo program was used to generate the

plots described in chapter 4.

2.7 Immunofluorescence

Human melanocytes and LP9 cells with stable BAP1 or control GFP knockdown grown
on a chamber slide were fixed with 4% PFA for 15 min followed by permeabilization
using 0.2% Triton -X100 in PBS for 10 min. After being washed with PBS, cells were
blocked in 5% FBS/PBS for 30 min. Primary antibody in 5% FBS/PBS was added and
the plates were kept at 4°C overnight. The next day, samples were washed with PBS, and
a diluted secondary antibody was added for an additional 2 hours covered with foil. Cells
were subsequently washed with PBST for three times before DAPI (1:1000 in PBS) was
added for 10 min to stain nuclei. Samples were washed once againand a cover slip added
using mounting media.

The following antibodies were used for immunofluorescence staining: RAD51 (Santa
Cruz 1:50), BRCALl (Cell Signaling 1:50), FITC-conjugated anti-rabbit secondary
antibody (Invitrogen), Texas Red-conjugated anti-mouse secondary antibody
(Invitrogen). Nuclei were stained with DAPI. CPD immunofluorescence was performed

on LP9 cells following manufacturer’s instructions (Cosmo Bio Co kit #NMDNDO0O1).
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2.8 Colony formation assay

Melan-A and Melan-C (3x10° cells per well) were seeded post UV exposure with
stratalinker (Stratagene 1800) according to manufacturer's protocol or using the UV box
with UVB lamps (90 sec at dose meter 20mW/cm?) and left for approximately 2 weeks.

The appropriate media was added every 3-4 days.

2.9 Comet assay

OxiSelect™ Comet Assay Kit (3-Well Slides) was purchased from Cell Biolabs, Inc.
(Cat.No: STA-350) and was used to perform the comet assay to evaluate DNA damage.
The assay was conducted according to the manufacturer's protocol. In brief, treated cells
were combined with the provided agarose and pipetted onto the OxiSelect™™ comet slide.
The slide with the cells was treated with lysis buffer and alkaline solution, followed by
electrophoresis under alkaline conditions. Nuclei were then stained with the DNA Dye

(See Figure 6).
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Combine cells with
OxiSelect™ Comet
Agarose at 37°C

Pipette cells onto
the OxiSelect™
96-Well Comet Slide

Treat cells with
Lysis Bufter and
Alkaline Solution

Perform electrophoresis
under alkaline or neutral
conditions

Stain cells with
DNA Dve '

Healthy Cells Damaged Celis

Figure 6. Comet assay principle. Cells get mixed with melted at 37C agarose, get
pipetted onto the slides, cells get treated first with the lysis buffer and then alkaline
solution. The slides are then placed into electrophoresis chamber to have DNA run from

negative to positive electrodes under alkaline conditions. Samples are then stained and

pictures are taken.

31



2.10 Mouse strains and genotyping

All mouse studies were performed in accordance with a protocol approved by the Fox
Chase Cancer Center (FCCC) IACUC. Nf2":Cdkna” mice in FVB/N genetic background
(63), a gift of Anton Berns, were maintained in our laboratory in a mixed FVB/N x
129/Sv background. The loxP sites in the Cdkn2a locus of these mice permit excision of
exon 2, which results in inactivation of both p16Ink4a and p19Arf.

Bap1™ mice in FVB/N background were developed in our laboratory using zinc finger
nuclease (ZFN) technology, with the assistance of the FCCC Transgenic Mouse Facility.
Custom ZFNs targeting Bapl were designed and validated in mammalian cells by Sigma-
Aldrich (St. Louis, MO). A pair of ZFNs was identified that binds to and cuts within a
site in intron 5 of Bapl with high efficiency and specificity. We then designed a donor
DNA construct containing loxP sites in introns 6 and 7 (Figure 14A), such that upon
adenovirus-mediated expression of Cre recombinase there is deletion of exon 7 of Bapl.
The ZFN mRNAs and donor DNA were injected into the pronucleus of one-cell embryos
of FVB/N mice, and embryos were then transferred into pseudo-pregnant females. DNA
from pups was analyzed for correct targeting by PCR amplification of the gene and
sequencing. Three founder mice with loxP sites integrated in the Bapl locus were
identified, one of which was used for experiments reported here. Representative

examples of genotyping of DNA from Bapl CKO mice are shown in Figure 14B.

In addition to Bap1™, Nf2" and Cdkn2a™ mice, these CKO animals were crossed to
generate cohorts with the following genotypes: Bapl”;Nf2” Bap1™:Cdkn2a™,
Nf2":Cdkn2a”™ and Bap1”:Nf2™:Cdkn2a™. The following primers and annealing

temperatures were used to genotype the mice: Bapl™ 1063: 5°-CCC TGA GAC CCA
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GAA AAT CA-3°, Tm = 54.3°C; Bap1™1228: 5°-GGG AGG CTC TTT GAA TTG GA-
3’, Tm = 54.9°C; Nf2" 1048: 5°-CTT CCC AGA CAA GCA GGG TTC-3’, Tm =
58.0°C; Nf2™ 1049: 5>-GAA GGC AGC TTC TTC CTT AAG TC-3’, Tm = 53.2°C;
Cdkn2a™ 1025: 5°-GCA GTG TTG CAG TTT GAA CCC-3°, Tm = 57.4°C; and

Cdkn2a”1026:5>-TGT GGC AAC TGA TTC AGT TGG-3’, Tm= 55.8°C.

2.11 Adeno-Cre injections

Ad5CMVCre (Adeno-Cre) virus was obtained from the Viral Vector Core of the
University of lowa. Mice 8-12-weeks of age were injected intrathoracically (63),
specifically intrapleurally, or intraperitoneally with Adeno-Cre virus (50 pl of 3-6 x 10*°
PFU), with approximately equal numbers of mice of each gender in each cohort. Mice
were monitored daily and were euthanized upon visible signs of distress, including
extreme fatigue, labored breathing, or when mice exhibited a 10% change in body
weight. Tissues of all organs of the pleural and peritoneal cavities were collected from
sacrificed mice, and tumor specimens were subjected to histopathological assessment.
Portions of tumors were also saved in both O.C.T. Compound and RN Alater Solution

(Thermo Fisher Scientific, Waltham, MA) and immediately frozen at -80°C.
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2.12 Tumor histopathology, immunohistoche mistry and RT-PCR analysis

The histopathological procedures in our laboratory are essentially the same as
previously described (23). In summary, after paraffin embedding, sectioning and
deparaffinization, hematoxylin and eosin (H&E)-stained sections were used for
histopathologic evaluation, and unstained sections were used for immunohistochemistry
(IHC). For IHC, sections were subjected to heat-induced epitope retrieval using citrate
buffer (pH 6.0) for 20 min.

MMs were diagnosed by two independent pathologists (Andres J. Klein-Szanto and
Qi Cai). To confirm the diagnosis of MM, IHC was performed for various mesothelial
markers, including mesothelin, (Santa Cruz Biotechnology, Dallas, TX), and TROMA-1
(DSHB, University of lowa, lowa City, 1A). In addition, reverse transcription-PCR (RT-
PCR) analysis was also performed to analyze mesothelial markers, including Wt1, Msin
(mesothelin), and Krt18/19 (cytokeratin 18/19). RT-PCR analysis for MsIn used primers
5'-ATCAAGACATTCCTGGGTGGG-3' and 5-CGGTTAAAGCTGGGAGCAGAG-3'.
To assess cell proliferation, IHC staining was performed using Ki-67 antibody

(Dako/Agilent, Santa Clara, CA).

2.13 Immunoblot analysis and antibodies

Protein lysates were prepared using cell lysis buffer (Cell Signaling) supplemented
with 2 mM PMSF. All protein lysates were incubated for 15 min on ice with frequent
vortexing before being cleared by centrifugation for 10 min at 4°C. Bradford reagent was
used to measure protein concentrations. Then 50 pg cell lysates were loaded into

NUPAGE 4-12% Bis-Tris gels (Invitrogen) and transferred nitrocellulose membranes
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(BioRad). Membranes were blocked with 5% non-fat milk in TBST for 1 hour and then
incubated with primary antibodies at 4°C overnight. After washing three times in TBST,
membranes were incubated with secondary antibody at room temperature for 1 hour, and
further washed three times. Immunoblots were developed using Immobilon Western
Chemiluminescent HRP Substrate (EMD Muillipore, Ontario Canada; P90720, Cat. No.
WBKLS0500). The following antibodies were used.

A Bap1l antibody specific for mouse origin was purchased from Bethyl Laboratories
(A302-243, 1:2000). A Bapl antibody specific for human origin (sc-28383, 1:2000),
P19ARF (sc-32748 1:1000), Actin (sc-47778, 150,000), Gapdh (sc-32233, 1:50,000)
were purchased from Santa Cruz Biotecnology.

Nf2 (#6995 1:1000), Akt (#9272S, 1:1000), P-Akt (#4060, 1:1000), p53 (#2527,
1:2000) and yH2AX (Bethyl, A300-081A,1:2000) antibodies were purchased from Cell
Signaling. A p16 antibody was purchased from Abcam (ab189034 1:1000). Anti-rabbit
IgG HRP linked antibody (#7074) and anti-mouse 1gG HRP linked antibody (#7076)
were purchased from Cell Signaling, while anti-rat 1gG HRP linked antibody was

purchased from Santa Cruz Biotecnology (sc-2006 1:2000).

2.14 Spheroid growth assay

Primary normal mesothelial cells were isolated from individual CKO mice, 10-12
weeks of age, with each of the following genotypes: Bapl”, Nf2™ Cdkn2a™,
Bapl”:Nf2”  Bap1™:Cdkn2a”, Nf2":Cdkn2a”, and Bap1”:Nf2":Cdkn2a™. The
mesothelial cells were isolated by sacrificing animals and adding trypsin (0.25% Trypsin-

EDTA, Gibco, 25200-056) to the peritoneal cavity, according to the method of Bot et al.
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(70). Normal mesothelial cells at passage 2 were then seeded in 6-well plates (Thermo
Fisher Scientific BioLite 6-well Multidish, Cat. #130184) and treated with 4x10%°
PFU/mI of either control AdSCMVempty (Adeno-CMV) or Adeno-Cre virus for 1 h.
Cells were then washed in PBS, cultured in normal mesothelial media (71) for 72 h,
trypsinized and then counted. Mesothelial cells (5,000) were seeded in each well of a 6-
well non-adherent plate (Corning, Costar) in serum-free DMEM/F12 media
supplemented with B27 (Invitrogen), EGF (10 ng/mL), basic FGF (10 ng/mL) and
penicillin/streptomycin, as described (61). The experiment was performed in triplicate for
each cell genotype. Spheroids were photographed using light microscopy after 9 days of

culture.

2.15 RNA-seq analysis

Snap-frozen primary MMs from 6 Nf2":Cdkn2a™ mice and 6 Bap1™:Nf2":Cdkn2a"
mice stored in RNAlater at -80°C were used for RNA-seq analysis. The RNA was
isolated in Trizol using a homogenizer and then processed and purified with RNeasy
following the manufacturer’s protocol (Qiagen Cat. No. 74104). RN A-seq was carried
out with a HiSeq Sequencing System and the following reagents: TruSeq Stranded
mMRNA Library Kit, HiSeq Rapid SR Cluster Kit, HiSeq Rapid SBS Kit v2 (Illumina, San
Diego, CA). Stranded mRN A-seq libraries were prepared using 1000 ng of total RNA for
each sample according to Illumina’s product guide. Inbrief, mMRNAs were enriched twice
using poly-T based RNA purification beads and subjected to fragmentation at 94°C for 8
min via divalent cation method. The first strand cDNA was synthesized using Invitrogen

SuperScript 1l reverse transcriptase (Thermo Fisher Scientific) and random primers at
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42°C for 15 min, followed by second strand synthesis at 16°C for 1 h. During second
strand synthesis, dUTP was used to replace dTTP, such that the second strand was
quenched during amplification. A single ‘A’ nucleotide was added to the 3° ends of the
blunt fragments at 37°C for 30 min. Adapters with Illumina P5, P7 sequences as well as
indices were ligated to the cDNA fragment at 30°C for 10 min. After AMPure bead
purification (Beckman Coulter, Indianapolis, IN), a 15-cycle PCR reaction was used to
enrich the fragments. PCR was set at 98°C for 10 sec, 60°C for 30 sec, and extended at
72°C for 30 sec. Libraries were again purified using AMPure beads, followed by quality
check using a Bioanalyzer (Agilent, Santa Clara, CA) and quantified with Invitrogen
Qubit (Thermo Fisher Scientific). Sample libraries were subsequently pooled and loaded
onto the sequencer. The generated single-end reads were aligned to the mm10 mouse
genome using TopHat2. Raw sequence counts for each gene were then produced with
HTseq and differentially expressed genes were identified by DESeq2 (72), after filtering
out pseudogenes and unannotated Ensembl identifiers. Heatmaps of RNA-seq data are
constructed from logy(x+1)-transformed counts per million (CPM), standardized across

rows, using the “heatmap.2” function from the R gplots library.
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CHAPTER 3
3 BAP1 ROLE IN MELANOMA DEVELOPMENT
3.1 Introduction

The Testa laboratory and collaborators identified two families (Louisiana: Lou,
and Wisconsin: Wis) with germline BAP1 mutations that were predisposed to MM and
other types of cancer, including various carcinomas (19). The Lou family, unlike the Wis
family, developed two uveal melanomas (UMs) and several skin cancers of unknown
types, possibly cutaneous melanomas (CMs) or squamous cell carcinomas. One reason
why the Lou family, but not the Wis family, developed UMs and skin cancers might be
that the Lou family was exposed to UVR year-round in connection with residing in a
subtropical area. The hypothesis is that the concurrence of a genetic predisposing factor
(@ germline inactivating mutation of BAP1) and environmental exposure to UVR
contributed to the multiple uveal and skin cancers seen in this family, whereas the
presence of multiple MMs in both families was related to asbestos in the home. Thus, this
may be an example of gene vs. environment interaction. To test this possibility, we used a
Bapl-mutant mouse model with a knockin mutation identical to that observed in the Lou
family to evaluate whether this mutation (from here on out, referred to as Bapl*'-°Y)
alone confers susceptibility to UVR-induced melanomagenesis, or when combined with a
mutation found in a well-established Hepatocyte Growth Factor (HGF)/Scatter Factor
transgenic mouse model (from here on, called HGF™ mice). These HGF™® mice have
been previously shown to develop melanomas within 12 months following UVR given

shortly after birth (73).
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Bap1*™-®" mice were crossed to HGF™® mice and the following 4 genotypes were
obtained: WT, Bap1*®¥, HGF' alone, and Bapl*°“;HGF™ double mutants. Newborn
pups were exposed to UVR 3-4 days after birth and then monitored for melanoma

+/Lou

formation for up to 24 months (Figure 7). Since the Bapl mouse mimics the germline
genetics of a human BAP1-TPDS family that developed multiple uveal and skin cancers,
and HGF'™ mice are susceptible to UVR-induced CM, we hypothesized that
Bap1*-°Y;HGF™ mice would develop CMs more rapidly and/or aggressively after being
exposed to UV than WT, Bap1™°", or HGF'™ mice. For this project, | thank Dr. Raza

Zaidi for providing the HGF™ mice and instructions on the proper UVR dosing of mice

(Figure 7).
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Figure 7. Experimental setup. (A) Schematic diagram of the mating crosses to obtain
the necessary genotypes for further UVR exposure. (B) Experimental procedure: pups are

getting prepared for the UVR exposure on day 3-4 after birth. To ensure pups’ relative

immobility for a 15-min exposure time, they are placed into 6-well plates.
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3.2 Results

WT, Bapl™°! HGF™ and HGF'%;Bap1*'"°“ mice were exposed to UVR (9.6
ki/m? for 15 min) neonatally (day 3-4) and observed for any skin malformations

HLou mice, 22

mimicking possible melanoma. Altogether, 21 HGF'™® mice, 26 Bapl
HGF;Bap1*'-°" mice and 26 WT (Bap1*'*) mice were neonatally exposed to UVR at Fels
Institute and Fox Chase Cancer Center. When the HGF transgene is expressed in mice, it
was previously shown that about one third of the animals develop rectal prolapses and
intestinal pseudo-obstruction (68). Unfortunately, possibly due to genetic drift in this
murine line, we observed rectal prolapses and intestinal pseudo-obstructions in ~70% of
our HGF'™ mice in our colonies at both Fels Institute and Fox Chase Cancer Center at
around 2 months ofage, independent of UVR exposure. Unfortunately, these mice would
die or would have to be euthanized before development of any signs of melanoma.
Despite this setback, we were able to replicate previous results that UV-exposed HGF'™®
mice developed CM at approximately 13 months, although with a much lower penetrance
(2/21 mice) than reported by Noonan et al. (73). However, this lower incidence was due
to the fact that 70% of our HGF'™® animals were lost due to rectal prolapses and intestinal
pseudo-obstructions. Interestingly, Bap1*/-°“ mice also developed melanomas (2 mice, at
ages 14 and 26 months), showing that a single copy mutation of Bapl after a single dose
of UVR is sufficient to give rise to CM, albeit at a low penetrance. Additionally, only 2
HGF'9;Bap1*'-°" mice developed CM at ~14 months after UVR exposure. UVR-exposed

WT mice did not develop any CMs, consistent with previous findings (74). While there

was a trend for increased CM formation in each of the UVR-exposed GEM models
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versus WT mice, the numbers are insufficient to determine statistically significant

differences among the groups.
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Table 1. Cutaneous melanoma incidence after UVR exposure in Bapl*°Y HGFT,

and HGF"%;Bap1*-°" mice.

Genotype WT Bapl ™" HGF™ HGF'7;Bapl ™"
Melanomas 0/26 2/26 2/212 2/222
Median 24 20 13 14
survival in
months

®Note that only ~70% of 21 HGF'™® mice and 22 HGF'9;Bap1*°

mice needed to be

sacrificed 2-3 months after birth due to rectal prolapses and/or intestinal pseudo-

obstructions, so tumor penetrance for each genotype was actually 2 out of 6 or 7 mice

(~30%).
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3.3 Discussion

The fact that 2 Bap1™-° mice, but no WT mice, developed UVR-induced CMs,
suggests that individuals with germline mutations of BAP1 may be more susceptible to
sunlight-related CM than individuals who do not harbor such mutations. Unfortunately,
due to the low number of mice that survived long enough to develop UV R-induced CMs,
it was not possible to tease out statistical significant differences in the latency or
incidence of tumors between the various genotypes of mice. However, it would be

interesting to test whether Bap1*'-*!

mice would develop CM without UVR exposure, or
if the UVR is the necessary environmental second hit, in favor of a gene vs. environment
interaction model. It is noteworthy that in the FVB background, no spontaneous

+/Lou

melanomas have been observed in aged Bapl mice, although we are investigating if

any CMs will occur in Bap1™-°" mice in other strain backgrounds (Sv129S and C57/B6).

HGF'9;Bap1*:®" mice did not show a higher incidence or shorter latency of
UVR-induced CM than HGF'® mice. On its own, this would suggest that germline Bapl
mutations do not enhance UVR-induced melanomagenesis in the HGF™® mouse model.
However, in our hands, the HGF'™® mouse was a flawed GEM model of melanoma due to
the wvery high incidence of prolapses and intestinal pseudo-obstructions observed,
resulting in too few mice that were able to survive long enough to be tested to see if they
would develop CM. Instead, most of the animals had to be culled due to these issues,
making it impossible to draw definitive conclusions. However, recent work with another
model revealed that deletion of Bapl specifically in melanocytes was found to cooperate

with a constitutively active, oncogenic form of BRAF (Braf*®) and UVR to cause
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cutaneous melanoma in mice, although at only a very low frequency (75). In addition,
Bapl-null melanoma cells derived from mouse tumors proved to be more aggressive and
metastasize to distant sites more readily than those from their wild-type animals. In

future studies, we would like to cross Bapl*/-°"

mice to other tumor suppressor genes,
such as CDKN2A, known to be involved in predisposing to CM and subsequently
exposing mice to one or more doses of UVR. We hypothesize that Bap1*'-°“:Cdkn2a™"
mice would develop more CMs with a more rapid progression compared to animals with
only one gene being inactivated. We would also expect Bap1*° mice to develop more

CMs if given multiple doses of UVR during their lifetime rather than only one neonatal

dose.
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CHAPTER 4

4 BAP1 IN DNA DAMAGE REPAIR

4.1 Introduction

BAP1 functions as a tumor suppressor, in part, due to its role in DNA damage
repair. Yu et al. showed that, as a deubiquitinase, BAP1 is required for efficient assembly
of the homologous recombination (HR) factors BRCAL and RAD51 at DNA damage
sites (40). Furthermore, Ismail et al. found that BAP1 mediates rapid poly(ADP-ribose)-
dependent recruitment of the polycomb deubiquitinase complex PR-DUB to DNA
damage foci (41). Additionally, BAP1 was identified as a phosphorylation target for the
DNA damage response kinase ATM (40, 41). These results highlight the importance of
BAP1 at sites of DNA damage and suggest that loss of BAP1 may allow for increased
DNA damage, contributing to tumorigenesis, particularly in cancers associated with
environmental carcinogens such as asbestos and UV R, which are known to induce DNA
damage. One limitation of the studies linking BAP1 to DNA damage repair is that these
phenomena were performed in chicken and human cancer cells, not cells such as normal
melanocytic or mesothelial cells that have particular relevance to the BAP1 syndrome.
Also, it has not been previously explored if BAP1 is necessary for a UVR-induced DNA
damage repair pathway, ie. nucleotide excision repair (NER). Notably, David
Livingston's group demonstrated that BRCAL is required for UVR-induced DNA damage
post-replication repair (76). Since BAP1 has been shown to be a protein associated with
BRCAL (23), we speculated it could also be required for UVR-induced DNA damage

repair. Therefore, we hypothesized that inherited mutations of BAP1 may increase
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susceptibility to certain environmental factors, including asbestos and UVR due to

BAPI’s role in the DNA damage repair response.

4.2 Results

To further understand the role of BAP1 in UVR-related DNA damage repair, one
environmental cause of CM, we knocked down BAP1 in normal human and mouse
melanocytes, and subsequently exposed them to UVR in vitro (Figure 8A). Using
immunofluorescence, we tested for BRCA1 and BAP1 recruitment to UVR-induced
DNA damage sites and for accumulation of Rad51 and BRCA1 in BAP1-deficient cells

(Figure 8B).
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Figure 8. BAP1 deficiency affects recruitment of BRCALl and Rad5l to UVR-
induced DNA damage sites. (A) Western blot analysis of BAP1 knock down in human
melanocytes. BAP1 levels decreased following knockdown of BAP1 with each of 2
different shRNAs, while actin levels stayed the same. (B) BAPL1 contributes to BRCAL
and Rad51 recruitment to UVR-induced DNA damage sites in human melanocytes.
Immunofluorescent staining against RAD51 (FITC), BRCAL (Texas Red) and nucleic

acid (DAPI) in control human melanocytes following treatment with shBAP1 or shGFP.

Images are pseudo-colored.
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Normal human melanocytes were purchased from ScienCell™ and were
propagated according to the manufacturer's protocol. To establish BAP1-deficient
melanocytes, lentivirus expressing 2 independent shRNAs targeting BAP1, or a ShRNA
targeting GFP as a control, were prepared and used to transduce the human melanocytes.
Cells were selected with puromycin 48 hours post-infection, with non-transduced cells
(kill plate) dead. shGFP and shBAP1-expressing melanocytes were passaged without
puromycin for subsequent experiments. After several passages, shGFP and shBAP1-
expressing melanocytes were harvested, and protein was extracted for immunoblot
analysis. As shown in Figure 8A, both cell lines expressing ShRNA against BAP1 (7371
and 7374) exhibited markedly reduced BAP1 protein when compared to control shGFP-
treated melanocytes. To determine whether BAP1 deficiency affects DNA repair in
melanocytes, as previously reported in other cell lineages, shGFP and shBAP1-
expressing cells were exposed to UVR. After 24 hours, the cells were fixed and
immunofluoresence was used to determine if Rad51/BRCA1 foci accumulation was
altered, as previously described (40). Preliminary analysis demonstrated weaker
Rad51/BRCA1 accumulation in the nucleus of BAP1-deficient melanocytes when
compared to shGFP-treated control cells, consistent with BAP1 having a tumor
suppressor role in DNA repair after UVR (Figure 8B). These preliminary data support a
role for BAP1 in maintaining genomic integrity in melanocytes and could help to explain
why a higher incidence of CM is observed in individuals with germline mutations in this
tumor suppressor gene. These data suggest that BAP1 is necessary for BRCAL and
RAD5S1 recruitment to DNA damage in normal human melanocytes upon UVR-induced

DNA damage.
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Next, we sought to explore whether the ability of cells to survive and propagate
post UVR-induced DNA damage is dependent on BAP1 status. We performed a colony
formation assay on UVR-exposed Melan-A cells. Melan-A cells were transduced with
shRNAs against GFP (control group) and BAP1 in the same manner as described above.
The colonies were then compared between the shGFP control group versus Bapl-
deficient cells (Figure 9). Four different UVR doses were used (0, 5, 10 and 20 mJ), and
then equal numbers of cells (3x10° cells/well) were seeded on 6-well plates and colonies
were allowed to grow for approximately 2 weeks. As shown in Figure 9A, there was no
distinguishable difference in colony formation between shGFP-treated and shBapl 7173-
treated Melan-A cells exposed to 0 or 5 mJ of UVR. However, when treated with 10 or
20 mJ of UVR, Bapl-deficient Melan-A cells formed less colonies than shGFP control
cells (Figure 9A). A similar result was obtained with Melan-C cells (Figure 9B). These
data suggest that cells lacking Bapl are unable to repair damage caused by UVR, and
therefore cannot re-enter the cell cycle and form colonies. We also obtained transient
BAP1 knockdown with short interference RN A (siRNA) in human melanocytes using the
LONZA Amaxa® NHEM-Neo Nucleofector® Kit (see Chapter 2). These cells were then
used to compare DNA damage markers (pS3 and YH2AX) between the siControl and
siBapl groups. We demonstrated p53 protein induction and YH2 AX increases post UVR
(20mJ) in human melanocytes with transient BAP1 knockdown (Figure 10), confirming
the UVR stress response. Note that while siBap1#5 gave good knockdown at both 6 and
24 hours, siBap1#0 did not appear to work in this experiment. UVR exposure changes
dipyrimidines of DNA into cyclobutane pyrimidine dimers or (6-4) photoproducts. To

confirm the UVR-induced DNA damage, we stained UVR-exposed cells for CPD
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markers, and indeed confirmed their presence post UVR treatment (Figure 11). In
retrospect, it would have been useful to evaluate the levels of CPD post UVR in Bapl-
deficient cells to determine if Bapl is necessary for nucleotide excision repair in this

setting.
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Figure 9. Bapl clonogenic assay. (A) and (B) Mouse melanocytes (Melan-A and Melan-
C, respectively) infected with lentivirus expressing either shGFP or shBAP1 and exposed

to different UVR doses. BAP1 knockdown decreases the colony formation after UVR

exposure.
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Figure 10. Western blot analysis confirming DNA damage stress response in human
melanocytes. Human melanocytes with transient BAP1 knockdown (SiBAP1#0 and
SIBAP1#5) exhibit higher levels of p53 and YH2AX marker of DNA damage post UVR

exposure compared to siControl. XPA™ cells are used as a positive control.
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Figure 11. Immunofluorescence analysis of CPD post UVR exposure in LP9 cells.

60 mJ/m2

CPD is increased in LP9 cells exposed to UVR. Induction of CPD (green in nuclei) post

UVR-treatment (60 mJ/n?) in triplicate per group. DAPI, blue; CPD, green.
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To further implicate BAP1 in UVR-induced DN A damage repair, we conducted a
comet assay, or a single cell gel electrophoresis assay (SCGE), which measures DNA
damage in individual cells. When undergoing electrophoresis, damaged cellular DNA
with fragments and strand breaks forms a classic "comet tail™ shape as it gets separated
from the intact DNA (Cell Biolabs). For this experiment, we first used Melan-C cells and
performed an UV dose escalation experiment to determine the optimal dose to cause
DNA damage as determined by comet tails. We used doses of 0, 15, and 20 mJ/m?, and
demonstrated that "tails” were longer and better differentiated at 20 mJ/m? than at 15
mJ/m?; thus, the higher dose was chosen for subsequent experiments (data not shown).
Melan-A cells with transient knockdown of Bapl via siRNA#2 or #3 or control siRNA
(Figure 12A) were exposed to 20 mJ/m? UVR, and a comet assay was performed after 16
hours. As expected, Bapl knockdown cells exhibited longer "comet tails" than the SIRNA
control cells post UVR exposure (Figure 12B). To quantify these results, the Olive Tail
Moment (Olive Tail Moment = Tail DNA% x Tail Moment Length) was measured with
comet assay software (CometScore) and was determined for siControl and siBapl cells.
Bapl knockdown cells had higher Olive Tail Moments when compared to that for
siControl groups post UVR exposure (Figure 12C). These data indicate that there is more
UVR-induced DNA damage when Bapl is absent or deficient in a cell, and that Bapl is

an important player in the UVR DNA damage repair.

Because there was significantly more damaged DNA in UVR-treated Bapl-
deficient cells, we hypothesized that these cells are not able to efficiently repair DNA
damage and, thus, may arrest in S-phase of the cell cycle, where NER occurs. To test this

hypothesis, we stably knocked down Bapl using shRNA in 293 HEK-T cells (Figure
55



13A), exposed them to UVR, and analyzed their cell cycle using flow cytometry. 293
HEK-T cells were transduced with lentivirus expressing shGFP control ShRNA or two
different ShRNAs (7371 and 7374) targeting BAP1 and then selected with puromycin
until a non-transduced 293 HEK-T kill plate contained no cells. The resulting cell lines
will be referred to as shGFP, shBAP1 #7173, and shBAP1#7374 from this point on. As
cells acquired the knockdown, they were exposed to UVR (~90 sec at dose meter 20
mW/cn?), and after 24 hours, the samples were collected (UVR-treated group and non-
UVR-treated), fixed overnight, and then stained with PI for cell cycle analysis using flow
cytometry. There was a higher content of cells in the S phase in the groups with Bapl

knockdown, compared to the non-UVR-treated control groups (Figure 13B).
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Figure 12. Comet assay analysis demonstrates Bapl defficiency results in more cells
with unrepaired DNA. (A) Immunoblot of transient Bapl knockdown via short
interference RNA against Bapl in mouse melanocytes (Melan-A). (B) Images of comet
assay post single 20 mJ/m* UVR treatment of control and Bapl knockdown cells. Dot
plot of data shown in B comparing non-UVR-treated (-UV) with UVR-treated (+UV)

siControl and siBap1#2 and #3 cells.
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Figure 13. BAP1 deficiency leads to UVR-induced S phase arrest in 293 HEK-T
cells. (A) shRNA knockdown of BAP1 in 293 HEK-T cells. (B) Flow cytometry plots of

cell cycle analysis 24 hours post UVR-treatment vs. non-treated 293 HEK-T cells.
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4.3 Discussion

An important tumor suppressor function of BAP1 is its role in DNA damage
repair. BAP1 has previously been shown to interact with BRCAL1 and to contribute to
DNA damage repair via the HR pathway (40). The role of BAP1 in other types of repair
pathways, suchas NER caused by UVR exposure, has not been formally tested in cells of

origin of the cancers found in the BAP1 syndrome.

Our experiments provide evidence that confirms a significant role for BAP1 in
UVR-induced DNA damage repair. We demonstrate that cell cycle progression, DNA
damage and DNA adduct repair are all altered in BAP1-deficient cells. Moreover, we
implicate BAP1 in UVR-induced DN A damage repair in melanocytes, the cell of origin
of CM and UM, two cancers included in the BAP1 syndrome. However, further
experiments are needed to elucidate the exact mechanism of how BAP1 aids in NER and
what other proteins or pathways act in concert with BAP1 to repair DNA adducts.
Knowing that BAP1 is a deubiquitinase that regulates gene expression by controlling
chromatin condensation, perhaps it participates in the DNA damage repair via this
mechanism. It would be interesting to perform ChiP-seq analysis in cells exposed to
UVR, to determine if BAPL is bound to chromatin at sites of DNA damage and/or to

analyze the ubiquitin amounts at the locations of DNA damage.

From the experiments described above we can conclude that knockdown of BAP1
in melanocytes sensitizes cells to UVR-induced apoptosis/arrest, prevents UVR-induced
DNA damage repair and leads to the arrest of cells in S phase. These data support a role

for BAP1 in maintaining genomic integrity in melanocytes and could help to explain why

59



a higher incidence of CM is observed in individuals with germline mutations in this

tumor suppressor gene.
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CHAPTER 5

5 INACTIVATION OF BAP1 COOPERATES WITH LOSSES OF NF2 AND
CDKNZ2A TO DRIVE THE DEVELOPMENT OF PLEURAL MALIGNANT

MESOTHELIOMA IN CONDITIONAL MOUSE MODELS
5.1 Introduction

Pleural malignant mesothelioma is an aggressive, treatment-resistant cancer,
which is causally related to asbestos exposure. Despite ashestos abatement efforts, MM
rates have remained stable in the U.S. since 1994, causing ~3,200 deaths annually (77).
Furthermore, a marked increase in MM has been predicted in developing countries,

where usage of asbestos is increasing dramatically.

At the somatic genetic level, early cytogenetic and deletion mapping studies had
revealed several prominent sites of chromosomal loss in human pleural MM, including
3p21, 9p21 and 22g12, and these recurrent abnormalities often occurred in combination
in a given tumor, suggesting a multi-step pathogenetic process (78). The critical tumor
suppressor genes at two of these sites, i.e., CDKN2A at 9p21 and NF2 at 22912, were
discovered more than two decades ago (11, 14, 16, 60, 79), whereas the identity of the
crucial 3p21 gene in MM remained a mystery until 2011, when BAP1 was identified as
the critical MM tumor suppressor at this locus (18, 80). In a recent comprehensive study
as part of The Cancer Genome Atlas, various somatic genetic alterations of BAP1, NF2

and CDKN2A were observed in combination in 25 of 74 (34%) pleural MMs (81).
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The alterations of CDKNZ2A involve heterozygous or homozygous deletions of all
or part of the locus (11). Abnormalities of NF2 in MM frequently are biallelic, consisting
of both an inactivating mutation and loss of the second allele (13). Biallelic losses of
CDKNZ2A have been documented in ~40% of primary MMs (18) and up to 90% of MM
cell lines (11). Inactivating NF2 mutations have been reported in 20-55% of cases (13,
14, 18, 79). Using Sanger sequencing, somatic inactivating mutations of the BAP1 tumor
suppressor were initially reported in 20-25% of sporadic MMs (18, 80), but more recent
studies with other platforms such as targeted next generation sequencing and multiplex
ligation-dependent probe amplification have uncovered BAP1 alterations in about 60% of

cases, with a preponderance of exonic deletions (47).

The CDKN2A locus encodes the tumor suppressors pl6INK4A and pl4ARF,
which regulate the Rb and p53 cell cycle pathways, respectively. In MM, the deleted
region of CDKNZ2A typically includes exon 2 (11), which encodes portions of p16INK
and p14ARF, and is thus predicted to affect both Rb and p53 pathways. Re-expression of
p16INK4A in MM cells results in cell cycle arrest and tumor suppression/regression (82),
while re-expression of pl4ARF in MM cells induces G1 arrest and apoptosis (83).
Underscoring the relevance of Cdkn2a to MM pathogenesis, heterozygous Cdkn2a
knockout mice treated with asbestos develop MM at a significantly accelerated rate
compared to asbestos-treated wild-type (WT) littermates (80). Additionally, mice
deficient for both pl6inkd4a and pl9Arf exhibit enhanced asbestos-induced MM

formation relative to mice deficient for either 161nk4a or 19Arf alone (80).
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Loss of the NF2 product, merlin, in MM leads to cell cycle progression by
upregulation of cyclin D1 both transcriptionally (84) and post-transcriptionally via
activation of mMTORC1 (85). NF2 also inhibits Pak and FAK signaling, which play key
roles in cell migration and spreading, respectively, and inactivation of NF2 in MM cells
promotes invasiveness and spreading (86, 87). Nf2*"- mice treated with asbestos develop
MM at an accelerated rate compared to asbestos-treated WT mice, suggesting that merlin
inactivation contributes significantly to MM development (60, 63, 88). Moreover, mice
with heterozygous losses of both Nf2 and Cdkn2a show further acceleration of ashestos-
induced MM, with resulting tumors exhibiting increased cancer stem cells and enhanced
tumor spreading capability compared to those observed in mice with losses of only one or
the other of these genes (61). Similarly, conditional knockout (CKQO) mice harboring
homozygous deletions of both Nf2 and p16Ink4a/19Arf in the mesothelial lining of the
thoracic cavity developed a high incidence of pleural MM that showed increased pleural

invasion compared to Nf2;Tp53 CKO mice (63).

BRCAL-associated protein-1 (BAP1) was discovered as an ubiquitin hydrolase
that associates with the RING finger domain of BRCA1 and enhances BRCAL-mediated
inhibition of breast cancer cell growth (23). BAP1 interacts with ASXL family members
to form the polycomb group (PcG) repressive deubiquitinase (PR-DUB) complex
involved in stem cell pluripotency and other developmental processes (33). BAP1 also
interacts with and deubiquitinates the transcriptional regulator host cell factor 1 (HCF-1)
(89). Importantly, BAP1 has been shown to form complexes with numerous transcription
factors and cofactors, including transcription factor YY1 (90). The BAP1 ubiquitin

carboxyl hydrolase activates transcription in an enzyme-dependent manner and regulates
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the expression of a variety of genes involved in numerous processes, including cell
proliferation, DNA damage and inflammatory responses, metabolism, and various
mechanisms of cell death (28, 44, 91-93). In animal models, asbestos exposure induces a
significant increase in the incidence of MM in heterozygous Bapl-mutant mice compared

with asbestos-exposed WT littermates (41, 94).

MM patients with germline BAP1 mutations have an improved long-term survival
compared to MM patients without such heritable mutations (71, 95). However, it remains
unclear whether somatic BAP1 mutations/deletions are associated with a poor prognosis
in sporadic MM, as is the case in uveal melanoma and renal cell carcinoma (96, 97).
While most human MMs exhibit somatic alterations of BAP1, NF2 and/or CDKNZ2A,
currently it is not known if inactivation of BAP1 cooperates with loss of NF2 and/or
CDKN2A to drive a more aggressive MM phenotype. Here we address these questions

experimentally using CKO models.
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5.2 Results

The injection of Adeno-Cre virus into the pleural space of Rosa26 LacZ (R26R)
reporter mice has been previously reported to result in efficient B-galactosidase
expression of the mesothelial cell lining of the chest cavity (63). Locotemporal
expression of Cre recombinase by IT injection of Adeno-Cre was used to induce
mesothelial cell-specific loss of Bapl, Nf2, and/or Cdkn2a in homozygous single-gene
CKO mice and in homozygous compound CKO mice. The injection scheme used for the
CKO mice is depicted in Figure 14C. Tumors that arose in most mouse cohorts were

mainly MMs, although other neoplasms were also observed (Table 2).
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Figure 14. Generation of Bapl conditional knockout (CKO) mouse with zinc finger
nuclease (ZFN) technology, and experimental schema used for crosses with other
CKO mice. (A) Schematic drawing of Bapl loxP donor DNA sequence. Donor DNA
contains region spanning part of exon 4, E4(P), to part of exon 9, E9(P). LoxP sites were
inserted into introns 6 and 7. A pair of ZFNs was identified that binds to and cuts within a
site in intron 5 of Bapl with high efficiency and specificity. A donor DNA construct was
then designed that contained two loxP sites, one in intron 6 and one in intron 7, as shown,
such that expression of Adeno-Cre in the mouse mesothelial cell lining the pleural cavity
excises exon 7 of Bapl.(B) Genotyping of DNA from wild type (wt) mouse as well as
heterozygous (wt/f) and homozygous (f/f) Bapl CKO mice. (C) Strategy used to
homozygously excise Bapl, Nf2, and/or Cdkn2a via intrathoracic (IT) injection of

Adeno-Cre virus in mice with the various genotypes shown.
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Table 2. Summary of tumors observed in homozygous conditional knockout mice

arising after intrathoracic (IT) injection of Adeno-Cre.

BapV7; Bap17; Nf2'%; Bap VI;Nf2%;

Genotype® Bap?’s NfY¥ Cdkn2a”f |  Cdkn2a” Cdkn2a”f
No. mice injected 32 42 27 24 26

1 7° 6 154 22
MMP

(3.1%) (16.6%) (22.2%) (62.5%) (84.6%)

Epithelioid 0 0 0 0 0
Mixed (Biphasic) 0 6 1 4 8
Sarcomatoid 1 1 5 11 14
Lymphoma 1 0 0 0 0
Adenocarcinoma 2 0 2 0 0
HCC/ICC 0 28¢¢ 0 2¢ 0
Hemangiocarcinoma 0 0 2 0 0
Other causes of death’ 29 10 17 9 4

%In the other two single-gene CKO mouse cohorts, MM was observed in 0 of 12 Cdkn2a

fif

mice and 2 of 15 Nf2"" mice, frequencies similar to a previous report (63).

bAbbreviations: HCC, hepatocellular carcinoma; ICC, intrahepatic cholangiocarcinoma;

MM, malignant mesothelioma; °1 mouse had both MM and HCC, and 2 mice had MM as

well as HCC and ICC; 91 mouse had both MM and ICC, and 1 mouse had MM and HCC;

®14 of the 28 mice had both HCC and ICC; " mostly aged mice, with moribund animals

often found to have plaques, bladder obstructions, or lymphoproliferative lesions.
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Figure 15. Incidence and survival of pleural MM in various mouse genotypes
following IT injections with Adeno-Cre virus. (A) Incidence of MM in the various
CKO mouse cohorts. (B) Kaplan-Meier curves depict survival of mice succumbing to
MM arising after IT injections with Adeno-Cre. Note rapid development of MM in
Bap1;Nf2;Cdkn2a triple knockout mice, with the median survival being only 12 weeks,
which was significantly different (p<0.0001) from that of any of the other compound
CKO mice. The survival differences between the other three double knockout

combinations of CKO mice were not statistically significant.
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In the cohorts of mice with homozygous knockout of a single gene only, few

MMs were observed. Among 32 Bap1”f

CKO mice injected IT with Adeno-Cre, a single
slow growing, well differentiated MM was observed in an animal 45 weeks after
injection. Interestingly, this MM acquired loss of Nf2 and p16Ink4a expression during

2 " mice and 0 of 12

tumor formation (Figure 16). MMs were observed in 2 of 15 Nf
Cdkn2a™ mice injected with Adeno-Cre, results comparable to those reported in an

earlier study (63).

Among the IT-injected mice with homozygous inactivation of two genes, MMs
were observed in 7 of 42 (16.6%) Bapl;Nf2 CKO mice, 6 of 27 (22.2%) Bapl;Cdkn2a
CKO mice, and 15 of 24 (62.5%) Nf2;Cdkn2a CKO mice. The highest incidence of MM
(22 of 26, 84.6%) was observed in Bap1;Nf2;Cdkn2a “triple knockout” mice. A summary
of MM incidence among Bapl CKO mice and mice with the various compound CKO

genotypes is shown in Figure 14A.

With regard to histological subtype, notably no epithelioid MMs were observed in
any of the mouse cohorts. Sarcomatoid MMs predominated in most cohorts, with the
exception being Bapl;Nf2 CKO mice, in which 6 of 7 MMs showed mixed (biphasic)

histology.
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Figure 16. Characterization of MM from Bap
weeks after IT injection of Adeno-Cre virus. (A.) Immunoblot confirming loss of Bapl
expression in MM from Bapl conditional knockout mouse 526, with tumor showing
greatly reduced or undetectable expression of Nf2 and p161nk4a. (B.) Demonstration that
loss of expression of Nf2 and p16Ink4a is acquired, not due to excision of floxed Nf2 and
Cdkn2a alleles. Control WT and control*® lanes depict sizes of wild type and
homozygously floxed Bapl, Nf2, and Cdkn2a alleles. DNA from Bap1?“ tail and
matching MM from mouse 526 verify that Bapl, but not Nf2 or Cdkn2a, has floxed

alleles.
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The MM latency varied between 21 and 40 weeks among the different compound
double CKO mice. A markedly shorter MM latency, 12 weeks, was observed in
Bapl;Nf2;Cdkn2a triple-CKO mice, a highly significant difference (log rank test,
p<0.0001) from the 27 weeks observed for Nf2;Cdkn2a CKO mice or for any of the other
compound double knockout mice. The MM survival differences between the three
cohorts with different double knockout combinations were not statistically significant.
Kaplan-Meier survival curves of IT-injected mice that developed MM are shown in
Figure 15B. Additionally, MMs from Bapl;Nf2;Cdkn2a CKO mice were consistently
high-grade, very invasive, and highly proliferative tumors (Figure 17A,B), whereas MM
morphology was generally more variable and less hypercellular in the other mouse

cohorts.
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Figure 17. Histopathological assessment of representative high-grade MMs from
Bapl;Nf2;Cdkn2a CKO mice. (A) Histopathology of highly invasive, disseminated MM
that arose in a Bap1;Nf2;Cdkn2a CKO mouse following IT injection of Adeno-Cre. Note
MM invasion affecting multiple organs including the heart (a), lung (b), esophagus (c),
skeletal muscle (d), nerve (e), and mediastinal adipose tissue (f). (B) Serial sections of a
MM from a Bapl;Nf2;Cdkn2a CKO mouse showing H&E staining (a), and IHC for

mesothelin (b), cytokeratin 8 marker TROMA-1 (c), and nuclear proliferation marker Ki-

67 (d).
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In addition to MMs, various other tumor types were also observed in mice
injected IT with Adeno-Cre (Table 2). Among mice with homozygous inactivation of
Bapl alone in the thoracic cavity, 2 lung adenocarcinomas and 1 lymphoma were seen.
The remaining mice died of other age-related diseases, including bladder obstructions or
lymphoproliferative diseases. Among the compound CKO mice, most notable was the
cohort with inactivation of both Bapl and Nf2, which showed a high incidence (28 of 42,
66.7%) of hepatocellular carcinoma (HCC) and intrahepatic cholangiocarcinoma (ICC)
(Figure 18), with these tumors generally arising later than MMs in this cohort (median 35
weeks vs. 21 weeks, respectively). Altogether, 28 Bapl;Nf2 CKO mice developed
hepatic cancers, including 7 with HCC alone, 4 with ICC alone, 14 with both HCC and

ICC, 1 with HCC and MM, and 2 with HCC, ICC, and MM.
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Figure 18. Representative H&E images. (A) Histopathology depicting a hepatocellular

carcinoma and (B) an intrahepatic cholangiocarcinoma from two different Adeno-Cre-

injected Bap1”;Nf2"" mice.
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Since the triple-CKO cohort of mice had the shortest latency and most aggressive
types of tumors comparing to the double CKO (Nf2;Cdkn2a), we wanted to further
investigate the additive effect of Bapl loss to Nf2;Cdkn2a inactivtion. We decided to run

" and from

a Western blot analysis to compare 6 tumor samples from Nf2"";:Cdkn2a
Bap1™;Nf2":Cdkn2a™ mice (Figure 19). As expected, we saw the deletion of Nf2 and
Cdkn2a (pl6Ink4a and p19Arf) in all the groups, and Bapl in the triple-CKO group.
However, we also noticed that out of 6 MM samples from N2;Cdkn2a mice, 4 lost the
expression of Bapl. It is a very significant observation, as it can be speculated that
spontaneous loss of Bapl expression is necessary for tumor development. We also
assessed the status of Akt in our tumors, because Akt activation occurs frequently in
human and murine MMs. Akt activation was seen in all MMs examined, as indicated by

expression of phosphorylated (active) Akt (Figure 19). This is notable because Akt

activation plays a central role in oncogenesis due to its pro-survival role.
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Figure 19. Western blot analysis of normal mesothelial cells (NMC) and MMs from
Nf2;Cdkn2a and Bapl;Nf2;Cdkn2a CKO mice. Immunoblots confirm loss of
expression of proteins encoded by conditionally knocked out genes Bapl, Nf2 and
Cdkn2a (pl6ink4a and p19Arf) in all tumors. Acquired loss of expression of Bapl was
also observed in 4 of 6 MMs from Nf2;Cdkn2a CKO mice. Phosphorylated Akt,

indicative of Akt activation, is seen inall MMs.
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To assess the cooperativity of Bapl, Nf2, and Cdkn2a losses in vitro, we next used a
spheroid growth assay. Primary normal mesothelial cells were isolated from Bap1™
Nf2”  cdkn2a”,  Bap1":Nf2"  Bap1™:Cdkn2a”, ~ Nf2":Cdkn2a™, ~ and
Bap1”:Nf2":Cdkn2a™ mice. The mesothelial cells were then exposed to either control
Adeno-CMV or Adeno-Cre virus for 1 h, seeded in non-adherent plate in serum-free stem
cell medium (61), and photographed after 9 days. There was little or no evidence of
spheroid formation in cultured WT mesothelial cells or mesothelial cells with Adeno-
Cre-induced homozygous inactivation of one or various combinations of two tumor
suppressor genes (Figure 20; data not shown for cells from Nf2” Cdkn2a™, Bap1™:Nf2""
and Bap1”:Cdkn2a™ mice). In contrast, the Adeno-Cre-treated mesothelial cells from
Bap1™:Nf2":Cdkn2a™ mice, i.e., with inactivation of all three of the putative MM driver

genes, showed multiple large spheroids, indicative of stem cell features (Figure 20).
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Figure 20. Spheroid assay on NMCs treated with Adeno-CMV or Adeno-Cre.
Adeno-CMV-Cre virus-exposed normal mesothelial cells from Bap1™:Nf2™:Cdkn2a™
mice (referred by ““") harbor more and much larger stem cell-like spheroids than do
those from wild-type (WT), Bapl™ and Nf2";Cdkn2a™ mice. Equal numbers of
mesothelial cells from mice with the various cited genotypes were seeded on non-

adherent 6-well plates in stem cell media, and spheroids were photographed after 9 days.
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Given the striking shift in MM latency between Bapl;Nf2;Cdkn2a CKO mice and
Nf2;Cdkn2a CKO mice, as well as the consistently more aggressive nature of the MMs in
triple-CKO mice, we performed RNA-seq analysis on MMs from these two cohorts to
shed light on the contribution of Bapl inactivation in this experimental setting.
Considering that Bapl plays a role in chromatin remodeling and transcription regulation
(33, 89, 90), and the fact that many of the top differentially expressed genes were
significantly enriched for PRC2 targets based on a study by Sashida and colleagues (98).
Among the top 390 differentially-expressed genes between MMs from triple-CKO and
double-CKO, we found 138 PRC2 targets. Under the null hypothesis of no association
between differential expression and PRC2 target classification, we would expect to see
48 PRC2 targets among the top 390. So the top 390 differentially-expressed genes are
over-enriched 2.87 fold (p-value = 2 x 10-32, two-sided hypergeometric test). This
analysis showed that the MMs from Bapl;Nf2;Cdkn2a CKO mice exhibit a set of
significantly upregulated genes that are direct targets of PRC2. The RNA-seq analysis
was performed on 6 MMs from Bapl;Nf2;Cdkn2a CKO mice versus 6 MMs from
Nf2;Cdkn2a CKO mice. However, we subsequently determined that 4 of the 6 MMs from
Nf2;Cdkn2a CKO mice acquired loss of Bapl expression. Reevaluation of the RN A-seq
data, comparing only the 2 MMs from Nf2;Cdkn2a CKO mice that retained expression of
Bapl versus the 6 MMs from the Bap1;Nf2;Cdkn2a CKO showed even higher statistical
significance for differences in the expression of PRC2-upregulated genes. A heatmap of
genes upregulated in MMs from these 2 Bap1;Nf2;Cdkn2a CKO mice compared to those

from Nf2;Cdkn2a CKO mice is shown in Figure 21. Validation by RT-PCR analysis of
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two representative upregulated genes, Mmp9 and Gli2, and an example of a

downregulated gene, Dirasl, is depicted in Figure 22.
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Figure 21. Heatmap of differentially expressed genes in MMs from triple vs double-
CKO mice. Left, Heatmap depicting differentially expressed genes in same six MMs
(B1-B6) from Bapl;Nf2;Cdkn2a CKO mice versus two MMs, 375 (A3) and 411 (A5)
from Nf2;Cdkn2a CKO mice that retained expression of Bapl shown in Figure 19.
Heatmap represents top 390 PRC2 target genes that are differentially expressed with at
least 2-fold change and false discovery rate of < 1%, according to DESeq2 analysis.
Genes are ranked by significance, with the most significantly up-regulated PRC2 target at
the top, and the most significantly down-regulated target at the bottom. Right, Magnified
view of differentially expressed cancer-related PRC2 target genes in MMs from triple-
CKO mice, including upregulated expression of genes implicated in oncogenesis or pro-
invasion/metastasis (Gli2, Mmp9, Foxgl, Lmol, Pdgfra, Glil, Mmpl14, Mycn, Twistl)

and downregulation of putative tumor suppressor genes (Binl and Dirasl).
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Figure 22. RT-PCR validation of some of the upregulated and downregulated genes
found in MMs from Bapl;Nf2;Cdkn2a CKO mice. Validation of two upregulated
PCR2 target genes, Mmp9 and Gli2, and one downregulated gene Dirasl in MMs from

RNA-seq comparing Nf2;Cdkn2a and Bap1;Nf2;Cdkn2a CKO mice.
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5.3 Discussion

In this investigation, we aimed to induce mesothelial cell-specific homozygous
deletions of three tumor suppressor genes (Bapl, Nf2, and Cdkn2a) that have been
implicated as major drivers of human MM pathogenesis. While the majority of malignant
tumors observed were MMs, additional tumor types also resulted, possibly due to
infection of other intrathoracic tissues or by passage of virus via blood vessels to the
liver. Notably, HCCs and ICCs were very common later in life in Bapl;Nf2 CKO mice
but were observed in only two CKO mice with any of the other genotypes. Notably, liver-
specific deletion of Nf2 in the developing or adult mouse has been reported to promote a
marked, progressive expansion of progenitor cells throughout the liver, with all surviving
mice eventually developing both HCC and ICC (99). Interestingly, HCC and ICC were
not seen in our Bap1;Nf2;Cdkn2a CKO cohort, perhaps because these mice succumbed to

MM before hepatic tumors could be detected.

The Kaplan-Meier curves (Figure 15B) indicate that homozygous inactivation of
different combinations of Bapl, Nf2, and Cdkn2a affect MM latency differently, with
losses of all three genes profoundly accelerating tumor development. Specifically,
Bapl;Nf2;Cdkn2a CKO mice bearing MM showed much shorter tumor latency than mice
in any compound double CKO cohort. Moreover, MMs from triple knockout mice
consistently appeared to be high grade, invasive, hypercellular tumors whereas MMs
from mice with other genotypes were more variable phenotypically. All MMs obser ved
in our study were sarcomatoid or biphasic, similar to what was reported by Jongsma et al.

for mice with homozygously floxed conditional compound alleles that were injected IT
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with Adeno-Cre (63). For example, in their Nf2;Cdkn2a CKO mice, 31 MMs were
sarcomatoid, 13 had mixed histology, and only 1 was epithelioid (63). It has been
speculated that the predominant epithelioid histology seen in human MMs, as opposed to
mice, may be the result of species-specific differences or route of induction, including the
long latency and exposure to asbestos in the human disease counterpart (63). It is also
likely that the particular mouse strain can influence the phenotype observed. For
example, in our previous ashestos carcinogenesis work, Nf2*" mice in a 129Sv/Jae
genetic background injected IP with asbestos developed roughly equivalent percentages
of epithelioid, mixed, and sarcomatoid MMs (60), whereas asbestos- injected Nf2*~ mice

in a FVB/N background mostly developed sarcomatoid MMs (61).

Heterozygous knockout (+/-) and heterozygous mutant (+/mut) Bapl mice
injected IP with asbestos exhibit a highly significant increase in the incidence of MMs as
compared with asbestos-injected WT littermates, providing in vivo evidence that Bapl
inactivation plays an important role in MM tumorigenesis (48, 94). Similarly,
heterozygous Nf2 mice injected with asbestos develop MM with a markedly shorter
latency than asbestos-treated WT littermates (60, 88). Heterozygous Cdkn2a knockout
mice treated with asbestos also develop MM at an accelerated rate compared to asbestos-
treated WT mice (80). Furthermore, asbestos-exposed compound Nf2*";Cdkn2a*" mice
show further acceleration of asbestos-induced MM and increased presence of cancer stem
cells (61). These carcinogenesis studies, in combination with the gene knockout model
studies reported here strongly support a working hypothesis that Bapl, Nf2, and Cdkn2a

are key drivers of MM pathogenesis and that the collective losses of these three tumor
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suppressors is sufficient to drive rapidly disseminated, lethal disease, similar to the poor

clinical outcome of human pleural MM.

In one study, CKO mice in which only one of these tumor suppressor genes was
homozygously deleted developed MM at a low rate, with spontaneous MM- like tumors
being identified in 5 0f 30 Nf2" mice and 0/17 Cdkn2a™ mice injected IT with Adeno-Cre
(63), supporting the notion that MM development requires the combined involvement of
multiple tumor suppressor gene alterations (100). Similarly, in our Bapl CKO cohort,
MM was seen in only 1 of 32 mice. The fact that MM arises spontaneously in a
considerable number of CKO mice made deficient for both alleles of two or more tumor
suppressor genes, provides compelling support for the role of genetics in MM causation
and the need for accumulated genetic and epigenetic alterations for tumor formation (78).
As an example, even in the one Bapl CKO mice that did develop MM, it is intriguing

that there was acquired loss of N2 and p161nk4a expression during tumorigenesis.

The in vivo findings presented here with CKO mice closely mimic those found in
the human disease counterpart, in which losses of BAP1, CDKN2A, and NF2 are
frequently seen in various combinations (18, 101). Their frequent occurrence in MM and
their individual roles both in various cancer predisposition syndromes and in tumor
progression strongly suggest that they are key drivers in MM pathogenesis. Our initial
work on BAP1 provided the first demonstration that genetics influences the risk of MM,
a cancer linked to mineral fiber carcinogenesis (19). However, there is evidence that
germline mutations of CDKN2A and NF2 may also modulate susceptibility to mineral

fiber carcinogens. For example, Betti et al. recently described a family in which both
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MM and cutaneous melanoma cases were found to have a deleterious germline missense
mutation in the CDKN2A gene, and the family member with MM was determined to be of
the low exposure category (102). Additionally, germline mutations in NF2 have been
reported in patients who developed MM. In one case, an individual with
neurofibromatosis, type Il (NF2) developed peritoneal MM at the relatively young age of
40 (103). Comparative genomic hybridization analysis and IHC staining of the MM
tissue revealed loss of the NF2 gene and protein product, respectively. A second NF2
patient developed a pleural MM at age 75 (104). Both patients were reported to have

occupational asbestos exposure.

Our observation that CKO mice with losses of all three critical tumor suppressor
genes had much higher MM penetrance and markedly shorter survival than mice with
loss of one or two of these genes fits with the model put forward by Vogelstein and
Kinzler (105). They proposed that in solid tumors of adults, alterations in a minimum of
three mutated driver genes are needed for a cell to evolve into an invasive (malignant)
tumor. In our CKO models, loss of one or two tumor suppressors was not consistently
sufficient to result in a high incidence of MMs. The exception was the Nf2;Cdkn2a CKO
model, but even in these mice tumor latency was much longer than in the triple-CKO
mouse model. One possibility is that in Nf2;Cdkn2a CKO mice, significantly more time
is needed in order to accumulate additional genetic and epigenetic alterations sufficient to
result in an invasive cancer. In fact, as shown in Figure 19B, 4 of 6 MMs tested from
Nf2;Cdkn2a CKO mice acquired loss of Bapl expression during disease progression. In
human MM, tumors are characterized by the presence of multiple somatic genetic and

cell signaling alterations. The fact that large spheroids can be reproducibly formed by
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Adeno-Cre-induced excision of Bapl, Cdkn2a, and Nf2 in vitro, but not by the excision
of only one or two of these genes, also provides experimental support for cooperativity

between the inactivation of these three tumor suppressor genes in MM tumorigenesis.

Our RNA-seq analysis of MMs from Nf2;Cdkn2a CKO mice that retained
expression of Bapl expression versus MMs from Bap1;Nf2;Cdkn2a CKO mice showed a
highly significant statistical difference with regard to the over-expression of some genes
directly regulated by PRC2. Some of the upregulated target genes in MMs from the
Bapl;Nf2;Cdkn2a CKO mice include cancer-related genes such as Gli2, which has been
reported to foster the proliferationand migration of cancer cells (Zhu, 2018), and Mmp9,
which encodes a well-documented promoter of tumor cell invasion (Figure 22), yielding
potential mechanisms explaining progression and invasion of our Bapl-deficient MMs. A
number of other upregulated genes in MMs from Bapl;Nf2;Cdkn2a CKO mice have been
implicated as oncogenes or pro-invasion/metastasis genes (i.e., Foxgl, Lmol, Pdgfra,
Glil, Mmpl4, Mycn, Twistl), whereas the putative tumor suppressor genes Binl and
Dirasl were downregulated (Figure 21). In a study on Bapl-deficient myeloid progenitor
cells, the majority of differentially expressed genes observed had reduced expression,
whereas ~30% of genes were upregulated (35). Similarly, among 1,425 genes identified
as differentially expressed with fold-change of at least 2 and false discovery rate <1%,
significantly less genes (628, 44%) were upregulated than downregulated (p-value = 8.4 x
10-6, exact binomial test) in MMs from Bapl-deficient triple-CKO mice versus Bapl-
expressing MMs from double CKO mice. One possible explanation why we observed a
highly significant over-representation of upregulated PRC2 target genes may be that the

Bapl-containing holo-complex is composed of many subunits, and the exact
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composition, when bound to positive- or negative-acting regulatory promoter elements,
determines the overall influence repression or activation on that target gene. It is also
noteworthy that PRC2 subunits such as Ezh2 have been shown to have context-dependent
oncogenic or tumor suppressive roles in different cancers (106). LaFave et al.
demonstrated that BAP1 inactivation leads to EZH2-dependent transformation (35).
Although their report did not include RNA-seq analysis on human MM tumors for
comparison with our murine findings, they demonstrated that BAP1-deficient MM cells
are sensitive to EZH2 pharmacologic inhibition, and our findings add support to their

conclusion that such an approach may have clinical efficacy.

Collectively, Bap1”:Nf2":Cdkn2a” mice injected IT with Adeno-Cre appear to be
useful for modeling an aggressive form of MM. The MMs develop at a high incidence
after a short latency period. Moreover, our finding that loss of Bapl contributes to MM
pathogenesis, in part, via loss of PRC2-mediated gene repression of certain oncogenic
target genes, suggests a potential avenue for therapeutic intervention that may be rapidly

tested in this CKO model.
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CHAPTER 6

6 BAP1 INACTIVATION IN PERITONEAL MESOTHELIOMA

6.1 Introduction

Malignant Peritoneal Mesothelioma (MPeM) is confined to the peritoneal cavity (Figure
23) and is less common and has a better prognosis than malignant pleural mesothelioma
(MPM). Of all the mesothelioma cases, 10-30% originate from the peritoneum (107).
Miller and Wynn reported the first case of MPeM in 1908, describing a 32-year-old male
with abdominal pain and ascitic fluid (108). MPeM is not infiltrative but spreads
predominantly within the surface of the peritoneum. Asbestos inhalation is linked to
MPeM causation in only 33-50% of cases, which is significantly lower than the causal
association in MPM (>80%) (109). The survival rate of approximately 50-60 months is
longer than in MPM, which is ~ 9-12 months even with chemotherapy (110). Frequently,
MPeM is discovered incidentally during surgery or diagnostic imaging (111).
Morphologically, as observed in MPM, there are three main subtypes of MPeM:
epithelioid, sarcomatoid and/or biphasic subtype. Tandon et al. reported the most
sensitive immunohistochemical markers for diagnosis MPeM are calretinin (100%), WT1
(94%) and CK5/6 (89%) (91). However, up until recent years there was a problem of not
being able to identify malignancy of the cells: none of the markers listed above were
considered 100% specific and the malignant character of the cells present would not
always be obvious. Consequently, tissue biopsies were necessary to provide evidence of
invasive growth (111). A newly introduced method of using immunohistochemical

analysis of BAP1 helped in this predicament. Loss of BAP1 expression supports a
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diagnosis of malignancy, and makes a distinction between MPeM and hyperplasia (91).
Therefore, young patients or patients with relevant family history should consider testing

for germline BAP1 mutations.

The gold standard of treatment for MPeM has been cytoreductive surgery (CRS),
which potentially delays spread of the tumor, especially if combined with chemotherapy
(112). In addition, hypothermic intraperitoneal chemotherapy (HIPEC) delivered during
surgery, and normothermic early postoperative chemotherapy (EPIC) that is delivered
post CRS are therapeutic options. Sequential chemotherapy (SIC) can be delivered
systemically or intraperitoneally and is administered in the postoperative period (113).
From a molecular therapy perspective, ALK (anaplastic lymphoma kinase) inhibitor
treatments were proposed due to recently reported ALK -rearrangements in a small group
of patients (3%) (114). Also, it has been shown that bevacizumab, a humanized antibody
against VEGF, in combination with cisplatin and pemetrexed, drastically increased
overall survival in a phase Il trial (115). Currently, immune checkpoint inhibitors such
as anti-CTLA4 and anti-PD1 antibodies are under investigation as possible treatments for

MPeM (116, 117).
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Figure 23. Diagram of the sites of the development of the peritoneal malignant
mesothelioma (118). Mesothelioma develops on the peritoneum, a serous membrane
forming the lining of the abdominal cavity, composed of a layer of mesothelium and

supported by a layer of connective tissue that encapsulates the intra-abdominal organs.
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GEM models of disease and cancer are very important tools to understand how
cancers develop, as well as providing important preclinical models to test novel
therapeutics. Our laboratory and others have used GEM models of asbestos-induced
MPeM to provide experimental evidence in support of the critical role of certain TSGs in
mesothelioma pathogenesis. However, few conditional GEM models that do not use
asbestos but instead adenovirus expressing Cre recombinase to excise TSGs have been
reported (63, 65). Since asbestos exposure is not the primary cause of MPeM, it is
especially important to have such CKO mouse models mimicking genetic mutations that
occur in human patients. Such models permit investigations on mechanisms of tumor

development and provide insights into possible MPeM treatments.

As our previously described study (chapter 5) shed light on the development of
MPM with various combinations of deletions occurring in human mesothelioma, we were
curious to investigate whether a similar phenotype occurs in a mouse model of MPeM.
Previously, Guo et al. injected Adeno-Cre virus intraperitoneally (IP) or in the bladder of
mice with conditional mutants of Tp53 and/or Tscl, and observed a short latency in
MPeM (64). Sementino et al. also IP-injected Pten”:;p53™ mice and observed MPeM
development at a much shorter latency and higher incidence when compared to IT-
injected littermates. Hence, we hypothesized that all the groups (Bapl”, Bap1™;Nf2 ™
Bap1™:Cdkn2a ™ | and Bap1”:Nf2"":Cdkn2a™) previously analyzed in IT-injected GEM
models will have a shorter tumor latency and higher incidence in IP-injected mice, and
based on the data described in chapter 5, the triple-CKO arm would have the fastest

tumorigenesis rate.
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6.2 Results

As described in chapter 5, we have created mouse models with CKO of different
combinations of TSGs. Four different arms of GEM mice were injected IP with Adeno-
Cre: 1) Bap1™, 2) Bap1”:Nf2 ' 3) Bap1™:Cdkn2a ", and 4) Bap1”;Nf2":Cdkn2a™ mice

(Figure 24).
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Adeno-Cre injected IP Mouse Genotypes:

Bap1"f Bap1";Nf2"
° Bap1**;Cdkn2a*

Bap1"";Nf2"*;Cdkn2a’"

Figure 24. Diagram of the Adeno-Cre IP injection mouse experiment setup. Left,
Mice were injected intraperitoneally (IP) with Adeno-Cre. Right, genotypes of the mice

used in this experiment.
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Interestingly, all groups of mice injected exhibited higher incidence of MMs than
IT-injected animals of the same genotypes tested previously (Figure 25A, Chapter 5).
Surprisingly, a high incidence (25/34, 74%) of MPeMs was observed even in mice with
CKO of Bapl alone. In the other cohorts, 20/24 (83%) of Bap1™;Cdkn2a™ mice, 19/24
(79%) of Bap1™:Nf2" and 33/33 (100%) of the mice of the triple-CKO arm succumbed
to MPeM (Figure 25B, and Table3). Despite a similar high incidence among all the
groups, the median survivals differed statistically significantly (log rank test, p<0.0001
and p<0.01) between the various genotypes of mice tested. The range varied from a
median survival of 9 weeks in the triple-CKO group to as long as 34 weeks in the Bap1™
single-gene group, with a p- value of < 0.0001. Kaplan-Meier survival curves are shown

along with incidence rates in Figure 25 B.

The majority of tumors that developed in IP-injected mice were MPeMs with the
following exceptions: 1) some adenomas and hepatocellular carcinomas were in IP-
injected Bapl” and Bap1™;Nf2" mice, and 2) granulomas, kidney hydronephrosis,
plaques and hepatocarcinoma were observed in IP-injected Bap1™:Cdkn2a ™ mice (Table

3).
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Figure 25. Incidence and survival of peritoneal malignant mesothelioma (MPeM) in
various mouse genotypes following IP injections with Adeno-Cre virus. (A) Incidence
of MPeM in the CKO mouse cohorts. (B) Kaplan-Meier curves depict survival of mice
succumbing to MPeM after IP injections with Adeno-Cre. Note rapid development of
MPeM in triple-CKO mice, with median survival being only 9 weeks. The survival

differences between each of the cohorts is significant (p<0.001 and p<0.01).
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Table 3. Summary of tumors observed in homozygous conditional knockout (CKO)

mice arising after intraperitoneal (IP) injection of Adeno-Cre.

Genoty pe Bapl Bapl;Nf2 Bapl;Cdkn2a | Bapl;Nf2;Cdkn2a
No. of mice 34 24 24 33
injected
MPeM 25 19 20 33
(74%) (79%) (83%) (100%)
Adenocarcinoma 22 0 0 0
HCC/ICC 1° 3° 1 0
Other causes of 9 2 3 0
death

Abbreviations: HCC, hepatocellular carcinoma; ICC, intrahepatic cholangiocarcinoma;

MPeM, malignant peritoneal

mesothelioma; a, 1 mouse had both MPeM and

adenocarcinoma; b, 1 mouse had both MPeM as well as HCC; c, all three mice had both

HCC and ICC.
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As it is shown in the Kaplan-Meier curve in Figure 25B, the triple-CKO mice had
the shortest tumor latency (9 weeks) and the highest tumor incidence (100%). To further
investigate this impressive difference between the triple-CKO mice and the other

1" mice or MPeMs

genotypes, tumor cell proliferation was analyzed in MPeMs from Bap
from the triple-CKO mice using IHC Ki67 staining. We randomly picked 10 MPeMs
from each group and evaluated the percentage of Ki67—positive nuclei in tumor cells
making up each MPeM using IHC analysis. Even though standard deviation is high
within each group, the triple-knockout CKO MPeM cells have 3-fold more positive

nuclei than MPeMs from Bap1™ mice (Figure 26).

Notably, upon dissection of CKO animals, we observed that most of the mice
regardless of the genotype exhibited fusion of all internal organs of the abdomen (Figure
27). The National Institute of Health estimates that ~93% of abdominal surgeries lead to
adhesions (119). Adhesions develop due to an insult that results in hypoxia and reactive
oxygen species damage that in turn promotes inflammation and activation of a
coagulation cascade, which results in fibrin bridges between adjacent surfaces (120).
Using lineage tracing, Tsai et al. demonstrated that a subset of mesothelial cells could be
a cell of origin for adhesions in mice and humans (121). From our observations, we see
that even Bap1” mice injected IP with Adeno-Cre developed such peritoneal adhesions,
while injections with Adeno-Lacz did not (data not shown). Other investigators, who
injected mice with Adeno-Cre IP did not report adhesions in their mice (64, 65).
Therefore, we speculate that it is the genetic inactivation of specific TSGs that causes

fusion of the peritoneum to the organs and not the virus itself. Our conditional IP GEM
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models of MPeM described here could also be useful in studies of peritoneal adhesions,

which frequently occur in patients post abdominal surgery.
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Figure 26. Ki-67 analysis of mesotheliomas from Bapl CKO mice vs
Bapl;Nf2;Cdkn2a CKO mice. Ki-67 staining was performed to analyze the tumor
proliferation rate from 10 Bap1” versus 10 Bap1”:Nf2":Cdkn2a™ triple knockout tumor
samples. The percent of positive nuclei stained for Ki-67 was measured and plotted on
the graph for each group. Even though the standard deviation is high within each group,
tumors from the triple knockout positive nuclei had 3-fold more than those from the Bapl

CKO mouse group.
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Figure 27. lllustration of peritoneal adhesion and organ fusion in a Bap1”";Nf2"
mouse weeks after injecting IP with Adeno-Cre virus. Left, the peritoneal/mesothelial
sac with all the organs attached to it. Right, representative fused organs dissected out of

the abdomen of the mouse.
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Since the difference in median survival was so high between Bap1” alone (34
weeks) and the triple-CKO mice (9 weeks), and the triple-CKO seemed to develop
MPeMs more aggressively, we wanted to look into the genetic and pathway differences
between the two groups. RN A-seq analysis was conducted on 5 MPeMs tumors from
Bapl CKO versus 5 tumors from triple-CKO mice versus normal mesothelial cells as a
control. Mesothelial markers of the 5 tumors from each group were confirmed via RT-
PCR (Figure 30). Notably, when comparing RNA-seq data from normal mesothelial cells
to MMs from Bapl CKO group, there was an upregulation of the Notchl, Hedgehog and
Whnt signaling pathways and downregulation of apoptosis and necrosis pathways. When
comparing tumor samples from Bapl CKO mice versus triple-CKO mice, there was
upregulation in cMET, Pak3 and cell cycle pathways. Additionally, a heatmap of the top
50 most differentially expressed genes was generated and depicted in a Figure 28. Among
the upregulated genes were vascular endothelial growth factor (Vegfd) and Pak3 - genes
that participate in pathways responsible for angiogenesis, endothelial cell growth,
reorganization of actin cytoskeleton, cell motility and anchorage-independent growth
(122),(123). Perhaps, these genes could be the drivers of the aggressive and angiogenic
phenotype in the triple-CKO tumors (Figure 29). Western blot analysis was performed on
tumors from each genotype (Bapl”™, Bapl”;Nf2”  Bap1™:Cdkn2a™ and
Bap1™;Nf2™:Cdkn2a™) (Figure 31). An interesting phenomenon was observed.
Expression of the Nf2 protein was drastically decreased or completely absent in tumors

1" alone group and Bapl™;Cdkn2a™. Expression of p16inkda (encoded by

from Bap
Cdkn2a) protein was decreased in Bapl” alone samples, and completely lost in

Bap1™;Nf2" tumors. Similar results were described in chapter 5 for MPMs.
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Figure 28. Heatmap of top 50 differentially expressed genes in 5 Bapl?? vs 5
Bapl144;Nf244:Cdkn2a’ tumors. Included among the upregulated genes are Vegfd and

Pak3 marked by an asterisk.
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Figure 29. Photographs of an IP-injected mouse. (A) The mouse is at the initial stage
of dissection: the skin is removed around the tumor area. (B) Tumor is clearly developed

within the peritoneal membrane. (C) A magnified illustration of the tumor mass

exhibiting clear blood vessels growth.
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Figure 30. Mesothelioma and mesothelin markers from IP tumors used in RNA-seq
analysis. Semi-quantitative RT-PCR was performed to analyze WT1, mesothelin, and
GAPDH mRNA expression to show the mesothelial origin of the 5 tumor samples from
Bapl CKO cohort and 5 tumors from the triple-CKO cohort. Normal mesothelial cell

lines were obtained from the non-injected with Adeno-Cre mice.
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Figure 31. Western blot analysis on MPeM tumor samples from mice injected IP
with Adeno-Cre. Western blot analysis of Bapl, Nf2, Cdkn2a (pl6lnk4a) and Gapdh
protein expression in a panel of MPeMs. Baplexpression is absent in all the samples
comparing to the positive control (normal mesothelial cells), as expected. Nf2 expression
is lost spontaneously in the Bap14“ and Bap14“4;Cdkn2a?? tumors. Cdkn2a (p16Ink4a)
expression is lost in the Bap1?“ and Bapl4“;NF2“ tumor samples. Expression of all
three proteins is lost in the triple-CKO group as expected. Gapdh is used as a loading

control.
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6.3 Discussion

In this study, we sought to determine if inactivation of the three major MM driver
tumor suppressor genes (Bapl, Nf2 and Cdkn2a) in the peritoneal cavity of CKO mice
was sufficient to drive MPeM development, without asbestos, as previously described in
the pleural cavity (chapter 5). Nearly all malignant tumors observed in this study, unlike
with the IT model, were MMs. The Kaplan-Meier analysis demonstrated that
intraperitoneal homozygous deletion of any of the combinations of Bapl, Nf2 and
Cdkn2a could give rise to MMs with shorter tumor latency than observed in the
corresponding IT models, but with a similar trend. One remarkable observation in this
study was that MM incidence in Bapl CKO mice was much higher in the IP-injected
mice than previously observed in IT-injected mice (74% vs. 3%). A possible explanation
for this could be that the cell surface of the peritoneal cavity is larger than the thoracic
cavity, and hence there are more mesothelial cells for virus to infect. Also, the
peritoneum has a large vascular and lymphatic network which could provide a growth

advantage for IP MM model versus the IT MM model.

In both the IP and IT models, Bapl;Nf2;Cdkn2a CKO mice developed MMs
fastest, followed by Bapl;Nf2, Bapl;Cdkn2a, and then BaplCKO mice. The data
indicate that Bapl loss cooperates tumorigenically with Nf2 loss more efficiently than it
does with Cdkn2a loss in both the peritoneal and pleural cavities. Interestingly however,
MMs from all the genotypes tested in the IP model showed a somatic decrease or
complete loss of pl6ink4a in all the groups (Figure 31). This suggests that just like in

pleural MMs, inactivation of all three genes often occur in combination in MM (Figure
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16 and 19) and depending on different TSG combinations of the CKO mouse, it can take

more or less time for a spontaneous loss of p16Ink4a to occur.

The shortest tumor latency was in the triple-CKO mice (9 weeks). This cohort
also had the highest MPeM incidence (100%) and had the highest percentage of Ki-67-
positive cells. Among the top 50 differentially expressed genes from the RNA-seq
analysis, Vegfd and Pak3 are the ones involved in angiogenesis formation and cell
motility. Consequently, this could possibly explain the aggressive phenotype of the triple-

CKO tumors.
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CHAPTER 7
7 GENERAL DISCUSSION/FUTURE DIRECTIONS

BAP1 is a tumor suppressor with multifaceted functions. It acts as a
deubiquitinating enzyme that regulates histone modification, gene transcription, DNA
damage repair and cell death (45). Somatic mutations of BAP1 can act as driver events in
numerous cancers, in particular malignant mesothelioma (MM) and both cutaneous
melanoma (CM) and uveal melanoma (UM). Over the last decade, research on BAP1 has
increased exponentially: according to PubMed, the number of articles published on
BAP1-related topics increased 17.5-fold between 2010 and 2018, with BAP1 protein
interactions, cellular functions, and role in tumor development continuing to emerge.
Still, there remains a big gap in our knowledge about BAP1. This thesis addresses gene
vs. environment and gene Vvs. gene interactions with the goal of understanding
mechanisms underlying BAP1-related cancer predisposition and how environmental and

genetic effects combine to drive cancer pathogenesis.

In chapter 3, we introduced a mouse model of melanoma with a germline Bapl

knock-in mutation (Bap1*'-°%)

identical to the mutation found in patients from a BAP1
syndrome family living in Louisiana. This mouse model was crossed to a well
established transgenic mouse model of melanoma (HGF'™ mice) to interrogate the role of
Bapl haploinsufficiency in melanomagenesis. We speculated that because this BAP1
family lived in the subtropical state of Louisiana, members of this family would likely be

exposed to year-round intense UVR, and that due to the BAP1 mutation, carriers would

be more susceptible to the development of UM, CM and other skin tumors. Therefore, we
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+/Lou

hypothesized that Bapl mice exposed to UVR would develop CM and that crossing

these mice to HGF™ animals to create Bapl™°“;HGF™ animals would shorten tumor

*Lou alone

latency and increase the incidence of melanomagenesis. Interestingly, Bapl
mice developed melanomas (2 mice at 14 and 26 months), demonstrating that after a
single dose of UVR, a single copy mutation of Bapl is sufficient to give rise to CM in
some animals. In the Bapl™-°“;HGF™ cohort, only 2 mice developed CM after UVR
exposure, and tumor latency (~14 months) was similar to that of HGF'® mice treated with
UVR. The experiment was compromised because HGF'™® mice exhibited rectal
prolapses/intestinal obstructions and had to be euthanized before CMs could arise. In
future experiments, we would propose to use multiple doses of UVR instead of a single
neonatal dose, better mimicking the long term exposures sustained by humans.

*Lou model to mice with inactivation of tumor

Additionally, we would cross the Bapl
suppressor genes involved in CM and MM-prone families, such as CDKN2A. We
hypothesize that giving multiple doses of UVR would induce more melanomas in
Bap1*™ mice, and that Bapl*°';Cdkn2a™ mice would develop an even higher

incidence and more rapid progression of CMs compared to animals with inactivation of

only one gene.

One of the fairly recently discovered functions of BAPL is its involvement in
homologous recombination (HR) in DNA double-strand break repair (40). In chapter 4,
we explore the mechanism by which BAP1 is involved in UV-induced DNA damage
repair, namely nucleotide excision repair (NER). We hypothesized that cells lacking
BAP1 would have increased amounts of unrepaired DNA damage caused by UVR. We

established stable shBAP1 knockdown in human melanocytes, which are relevant to
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cancers characteristic of the BAP1 TPDS. In these germane cells, we show decreased
accumulation of BRCAL and RAD51 proteins at the DNA damage caused by UVR,
which confirms observations made by others in chicken cells exposed to ionizing
radiation (40). Our results demonstrate that BAP1 is indeed necessary for NER in cells
relevant to cancers associated with BAP1 inactivation. We also demonstrate an increase
of UVR-induced adducts (cyclobutane pyrimidine dimers or CPDs) and increased comet
assay "tail" lengths in the UVR-treated BAP1-deficient cells, also consistent with a role
of BAP1 in NER. Since there was an increase of damaged DNA in UV R-treated BAP1-
deficient cells, we hypothesized that these cells are not able to efficiently repair DNA and
thereby may stall in S-phase of the cell cycle, where NER usually occurs. To test this
possibility, cell cycle progression was also evaluated by flow cytometry after UVR in
both BAP1-deficient and BAP1-competent cells. When 293HEKT cells with stable BAP1
knockdown were treated with UVR, more cells were in S-phase, suggesting an inability
to repair DNA damage and progress to the next stage of the cell cycle. Overall, our data
are consistent with BAP1 playing a role in cell cycle progression, DNA damage and
DNA adduct repair in various types of cells. However, further experimentation is
necessary to understand the exact mechanism of how and with which partners BAP1
functions in NER. We speculate that perhaps due to BAP1's ability to modify chromatin
and to regulate gene expression via its deubiquitinating function, it could have an effect
both in the initiation of NER and the recruitment of repair pathway proteins. It would be
interesting to analyze the ubiquitin status of histones at the sites of DNA damage and/or
to test whether BAP1 is bound to chromatin at sites of DNA damage in UVR-treated

cells.
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As described above, BAP1 is implicated in numerous familial cancers, particularly
MM, CM and UM. Most human MMs exhibit somatic alterations of BAP1, NF2 and/or
CDKN2A. However, it is not known if inactivation of BAP1 cooperates with loss of NF2
and/or CDKNZ2A to drive an aggressive MM phenotype. There are multiple established
mouse models that have been generated to study MM pathogenesis; however, most of
these models have been used to evaluate gene vs. environment interactions, involving the
loss of one or more tumor suppressor genes (TSGs). Here, we describe the first pleural
MM conditional knockout (CKO) mouse model investigating cooperation between
deletion of Bapl and deletion of other TSGs implicated in human MM, i.e., Nf2 and
Cdkn2a. In chapter 5, we describe results of various crosses between a homozygous Bapl
CKO mouse (Bapl™) and Nf2" and/or Cdkn2a™ mice, thereby making double-CKO
combinations and Bapl™:Nf2":Cdkn2a”™ triple-CKO mice. These mice were
subsequently injected with Adeno-Cre intrathoracically (IT) to knock out the floxed
TSGs in the mesothelial lining of the pleural cavity. Notably, homozygous deletion of
single genes, gave rise to few MMs. In contrast, 22% of double-CKO Bap1;Cdkn2a mice
developed MM with a median survival of 27 weeks, and 17% of Bapl;Nf2 mice
developed MM with a median survival of 21 weeks. The highest incidence and shortest
median survival was seen in the triple-CKO mice (85%; 12 weeks). MMs from the triple-
CKO cohort were highly aggressive and invasive compared to those observed in the
double-CKO combinations. To gain some insights with regard to these marked
phenotypic differences, immunoblot analyses were performed on MMs from triple-CKO
and double-CKO Nf2;Cdkn2a mice. Surprisingly, we found that 4 out of 6 MMs from

Nf2;Cdkn2a CKO mice lost expression of Bapl. This observation suggested that acquired
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loss of Bapl may be favored in MM development. To clarify what Bapl loss itself
conveys in the MM tumorigenic process, we turned to RNA-seq analysis to assess the
contribution of Bapl inactivation. We thus investigated specifically RNA expression
differences between the two samples from the double Nf2"";Cdkn2a™ tumors that retained

Bapl expression, and the 6 tumors from the Bap1™;Nf2"":Cdkn2a™

mice with complete
loss of Bapl. Interestingly, we found that upregulated expression of a set of polycomb
repressive complex 2 (PRC2) genes was significantly higher in MMs from the triple-
CKO mice. These results are consistent with previous studies that implicated BAP1 as an
antagonist of PRC2 gene expression. Among this gene set, there was upregulation of
multiple oncogenes and pro-invasion/metastasis genes (i.e., Foxgl, Lmol, Pdgfra, Glil,
Gli2, Mmp9, Mmp14, Mycn, Twistl), and downregulation of putative tumor suppressor

genes (Binl and Dirasl). Thus, loss of BAP1 may contribute to MM tumorigenesis, in

part, via deregulation of PRC2-mediated gene repression of specific oncogenic genes.

In addition, we showed that the collective inactivation of all three TSGs (Bapl,
Nf2, Cdkn2a) in normal mesothelial cells consistently led to the formation of large
spheroids, suggestive of a cancer stem cell-like phenotype. Together, the RNA data and
the spheroid formation imply that Bapl loss is a critical driver of the aggressive MM
phenotypes seen in vivo. We speculate that this capability may be due to Bapl’s ability to
modify gene expression, whether via epigenetic or transcriptional regulation. In future
research, it would be worthwhile to modify different domains of Bapl to determine if its
deubiquitinating function is responsible for providing a stem cell-like phenotype and
tumor aggressiveness. One could also employ inhibitors of genes shown to be

upregulated in these aggressive tumors and test whether their inhibition would lead to
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less proliferative and/or less invasive tumors. If successful, these results could lead to

novel therapeutic targets in pleural MM.

How loss of Bapl, Nf2 and Cdkn2a cooperate to drive MM pathogenesis is not
yet fully understood. However, one might opine that Cdkn2a loss would result in
deregulation of the pRb and p53 cell cycle pathways, and Nf2 loss would lead to altered
Hippo, Pak and mTOR signaling. Collectively, these alterations would be expected to
cooperate in driving MM pathogenesis, as Cdkn2a loss would mechanistically result in
two acquired hallmarks of cancer, insensitivity to antigrowth signals (p16Ink4a loss) and
evasion of apoptosis (p19Arf loss), whereas Nf2/Merlin loss would be expected to result
in processes such as evasion of apoptosis and tissue invasion/metastasis. Based on the
upregulated oncogenes (e.g., Lmol, Glil/2) and downregulated tumor suppressor genes
(Binl, Dirasl) identified in MM cells with Bapl loss, other possible effects on hallmarks
of cancer such as Lmol-induced ECM and integrin-related self-sufficiency in growth
signals, Glil/2-related maintenance of cancer stem cells, and Mmp9/14-induced
invasiveness may be mechanistically connected with Bapl inactivation and could be

explored in future studies.

In chapter 6, we present the first peritoneal (IP) MM mouse model with
conditional inactivation of three major TSGs implicated in human MM. The mouse
model used is similar to the one described in chapter 5. However, in this study only 1)
Bap1™ 2) Bap1™;Nf2” 3) Bap1™;Cdkn2a™, and 4) Bap1™;Nf2":Cdkn2a™ genotypes
were used for IP Adeno-Cre injections. In this IP model, we observed peritoneal MMs

with a tumor latency consistently shorter than in the IT model, but resembling the trend
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found in the IT model: Bapl;Cdkn2a CKO mice (40 weeks IT; 23 weeks IP); Bapl;Nf2
CKO mice (21 weeks IT; 13 weeks IP); and Bapl;Nf2;Cdkn2a CKO mice (12 weeks IT,
9 weeks IP). One of the most interesting findings is that MM incidence in the Bap1™
cohort was much higher when injected with Adeno-Cre IP than when injected I1T: 74% vs
3%, respectively. We speculate this difference might be due to the much larger
mesothelial cell surface of the peritoneum as compared to the thoracic cavity and, hence,
that there are more cells for the virus to infect. This might also be one reason why deaths
due to MM in each of the double- and triple-CKO mouse cohorts consistently occurred
more rapidly in the IP-injected mice than in IT-injected mice. The triple-CKO genotype
exhibited 100% MM incidence and had the shortest survival (9 weeks in IP-injected mice
vs. 12 weeks in the IT cohort). Ki-67 analysis confirmed a high proliferative phenotype
of the IP tumors. We also performed a RN A-seq analysis on MMs from Bapl CKO mice
versus Bapl;Nf2;Cdkn2a CKO mice, and among the top 50 differentially expressed genes
we found Vegfd and Pak3 to be upregulated. These two genes are involved in
angiogenesis formation and cell motility, respectively, and upregulation of these
pathways could explain, in part, the aggressive phenotype of tumors from the triple-CKO
mice. Overall the IP triple-CKO mouse model shows 100% penetrance and very short
tumor latency, making it a potentially invaluable tool for preclinical studies. We could

also use cell lines derived from the mouse MMs to perform invasion/migration assays to

confirm the invasive phenotype of tumors in vitro.

Even though there is still much to decipher about the functions of BAP1 and how
it is involved in the formation of MM and other tumor types, our data contribute valuable

insights, and take another step towards answering such questions. As PubMed shows that
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the publications on the topic of BAP1 are clearly on the rise, our mouse models of MM
may serve as valuable resources for translational research and aid in discovering novel

therapeutics against this fatal disease.
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