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Abstract

BRCA-1 Associated Protein 1 (BAP1) is a nuclear deubiquitylase (DUB) frequently
inactivated by mutation in specific cancers including malignant pleural mesothelioma
(MPM). Mutations cause loss of nuclear BAP1 expression or catalytic inactivation and, as
BAP1 regulates both ubiquitylation and transcription, its loss in cancer may dysregulate
expression of specific proteins, and potentially non-coding RNAs such as miRNAs. To begin
to address these questions, the proteome response to BAPT mutation was previously
profiled in isogenic MeT5A mesothelial cells, and an unbiased DUB siRNA screen revealed
that BAP1 regulates cellular abundance of the histone deacetylase HDAC2. In this thesis, |
set out to (1) validate BAP1-dependent protein expression in isogenic MeT5A BAPT-mutant
cells and patient-derived MPM cell lines, (2) address the mechanism by which BAP1
regulates HDAC2, and (3) to identify BAP1-miRNA regulatory networks in MPM.

Profiling the effect of BAP1-deficiency on the MeT5A proteome had revealed alterations in
cytoskeletal and metabolic pathways. | verified reduced expression of glycolytic enzymes
but increased expression of TCA cycle and associated anaplerotic pathway proteins in
MeT5A BAPT-mutant cells. Altered expression of certain cytoskeletal proteins correlated
with BAP1-status in a panel of patient-derived MPM cell lines, confirming responses to
BAP1 loss in isogenic cell models may be evident on more complex genetic backgrounds.

Altered expression of HDAC2 is reported in cancer and our siRNA screen suggested this
may be linked to BAP1 status. | found that BAP1 depletion regulates HDAC2 transcript
abundance rather than protein stability, and that BAP1 status influences the response of
MPM cell lines to HDAC inhibitors.

As BAP1 can influence transcription, | next explored the idea that BAP1 may also regulate
expression of miRNAs. | used a NanoString platform to screen for BAP1-dependent miRNAs
in isogenic MeT5A mesothelial cells. In total, ~400 unique miRNAs were identified and,
compared with parental cells, 113 miRNAs were significantly modulated (P<0.05, >1.5-fold)
in BAP1-deficient cells. Unsupervised hierarchical clustering generated five distinct
clusters, including a large group from the chromosome 14g32.31 miRNA tumour-
suppressor locus that was downregulated in BAP1-deficient cells. Gene ontology analysis
suggested these miRNAs may affect the cytoskeleton and transcriptional regulation. | then
used the Nanostring platform to profile miRNAs in a panel of 20 MPM cell lines. | observed
differential miRNA expression in MPM cell lines grouped by BAP1 status, including
downregulation of the ch14g32.31 locus.

As loss of BAP1 protein may be more frequent than the reported mutation rate in MPM,
post-transcriptional regulation of BAP1 may also be of importance in cancer. To explore
this idea, | used computational algorithms to predict miRNA target sites in the BAP1 3'UTR.
Several candidate miRNAs were identified, including members of the miR-125 and miR-200
families. We found significantly increased expression of miR-125b-5p in BAP1-deficient
isogenic cells (P<0.01) and an inverse correlation between miR-125b-5p and BAP1 protein
expression (R’>=0.85) in MPM cell lines. In addition, a miR-125b-5p mimic could reduce
BAP1 expression, suggesting that miR-125b-5p may act as a post-transcriptional modulator
of BAP1, operating in a double-negative feedback loop to control BAP1 expression.

Together, the data in this thesis show that BAP1 deficiency leads to a significant
deregulation of proteins involved in cytoskeletal and metabolic pathways, a reduction in
HDAC2 transcript abundance, and profoundly altered miRNA expression profiles. My data
suggest for the first time that BAP1-dependent miRNAs may in part account for the BAP1-
deficient MPM phenotype and could provide new biomarkers for BAP1 loss.
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Chapter 1: Introduction

1.1 Malignant pleural mesothelioma (MPM)

1.1.1 Clinical presentation

1.1.1.1 Affected organs

Malignant mesothelioma (MM) is a rare and aggressive cancer arising from mesothelial cells
that line the surface of various body cavities. There are four anatomical sites where
mesothelioma can develop, pleura, peritoneum, pericardium and the tunica vaginalis
testis. Malignant pleural mesothelioma (MPM) is the most common form of this disease
(~80%), followed by peritoneal localisation (~20%) (van Meerbeeck et al., 2011). Pericardial
and tunica vaginalis testis presentations are extremely rare, accounting for <1% of all

mesotheliomas (Mezei et al., 2017). This thesis will only address MPM.

1.1.1.2 Epidemiology

The background incidence of MPM in the UK is very low. There were 2,600 new cases of
MPM diagnosed in the UK in 2014, representing <1% of the total cancer cases for that year,
yet accounting for 2% of all cancer deaths in the UK, highlighting the dismal prognosis of
this disease (Cancer Research UK). Exposure to asbestos is the principal causative agent in
MPM, and as most asbestos exposure was work-related prior to UK legislation banning its
industrial use in 1999, MPM is classified as an occupational disease in the majority of cases
(Owen, 1964; Newhouse and Thompson, 1965; Elmes and Wade, 1965). The UK incidence
rate of MPM has risen 67% since the early 1990s, reflecting the long latency period of MPM
from first exposure to asbestos to initial diagnosis, which averages around 40 years (range
15-67 years) (Robinson, 2012). Because of the long latency period and national differences
in the timing of reduction or ban of asbestos use, MPM incidence is expected to peak within
the next few decades worldwide (Bianchi and Bianchi, 2014). In countries where asbestos
continues to be mined and used (India, China, Russia, Vietnam, Zambia) MPM is likely to be
a significant health burden in the decades to come (Kao et al.,, 2010). This underlines the
ongoing importance of research directed towards early diagnosis and disease

management of MPM.

1.1.1.3 Diagnosis
Diagnosing MPM represents a clinical challenge as the signs and symptoms are relatively

non-specific and can be seen with almost any intrathoracic disease process. The clinical
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manifestations of MPM usually develop insidiously and often include dyspnoea and chest
pain. Chest X-ray usually shows a unilateral pleural effusion or thickening. Chest X-ray alone
is insufficient for diagnosis of MPM and chest computerised tomography (CT) scan is
usually performed. Observation of a “rind-like” tumour along the pleural cavity together
with pleural thickening is suggestive of the disease (Eibel et al., 2003; Wang et al., 2004).
However, a thoracoscopy to obtain a tissue biopsy forimmunohistochemistry (IHC) analysis
is required for the formal and relatively accurate (>90%) diagnosis of MPM (see section
1.1.3.2) (Husain et al., 2018). This comes with its own complications such as tumour seeding,
and as MPM mainly affects elderly patients often presenting with significant comorbidities,
tumour biopsies are not always available as these patients are unable to tolerate the
surgical procedure (van Zandwijk et al., 2013). As such, there are ongoing efforts to focus
on identifying non-invasive molecular biomarkers to guide diagnosis and patient

management.

1.1.2 Therapy

1.1.2.1 Standard clinical management

MPM treatment options include three main modalities; surgery, radiotherapy and
chemotherapy. Surgery aims to either cure the disease or control the symptoms. It is most
beneficial for patients who present with early stage disease, improving symptoms such as
dyspnoea and chest pain, but as for any diffuse cancer, microscopic disease is rarely
eradicated with surgery (Sugarbaker and Wolf, 2010). The primary surgical treatments are
lung-sparing pleurectomy with or without decortication, video-assisted thoracoscopic
partial pleurectomy (VAT-PP), or complete lung removal with extrapleural
pneumonectomy (EPP). However, in view of the high morbidity following EPP (Treasure et
al, 2011) and lack of efficacy of VAT-PP in controlling pleural effusion in MPM patients

(Rintoul et al., 2014), the optimal surgical management of MPM remains unclear.

MPM represents a challenge for radiotherapy, as the tumour encases the lungs making it
difficult to irradiate disease while avoiding toxicity to normal lung and cardiac tissue.
Radiotherapy is largely palliative, aimed at pain relief, but is also used to prevent the
occurrence of subcutaneous metastasis developing along chest drainage sites (Boutin et
al., 1995). The chemotherapeutic regimen considered to be the standard of care for the
palliation of MPM is a combination of pemetrexed and cisplatin. Compared to cisplatin
alone, this combination improves patient survival by two to three months (Vogelzang et

al., 2003). Nevertheless, the median survival time with combination chemotherapy is

21



twelve months (Vogelzang et al., 2003), and fewer than 15% of patients treated with

surgical resection live beyond three years (Schipper et al., 2008).

1.1.2.2 Clinical trials and emerging therapies

There remains a lack of effective biomarker targeted therapies for MPM, although new
targets are now being identified and trials starting. Recently, immunotherapy targeting
immune checkpoints such as cytotoxic T lymphocyte antigen-4 (CTLA-4) and/or
programmed death receptor-1 (PD-1) with monoclonal antibodies (mAb) has shown
promising early results MPM. MAPS2 is the largest phase Il clinical trial of immune
checkpoint inhibitors in MPM to date (Scherpereel, 2017). Initial findings were reported at
ASCO last year, and support clinically meaningful activity for either anti-PD-1 mAb
nivolumab alone or in combination with anti-CTLA-4 mAb ipilimumab in the second line
setting. Combination therapy showed greater efficacy with a response rate of 26% versus
17%, and median progression free survival of 5.6 months compared to 4 months for

nivolumab alone.

Vascular endothelial growth factor (VEGF) is produced by a variety of tumours, including
MPM, and stimulates neovascularisation of tumours (Ohta et al., 1999). Numerous clinical
trials have evaluated the effect of bevacizumab, a mAb directed against VEGF, alone and in
combination with chemotherapy in MPM, with mixed results (Jackman et al., 2008; Kindler
et al, 2012; Ceresoli et al, 2013). All chemotherapy combinations with addition of
bevacizumab failed to meet primary endpoints of improvement in progression free survival
(PFS), compared to the standard regimen of pemetrexed and cisplatin. However, in a phase
Il trial evaluating the role of bevacizumab in combination with pemetrexed and cisplatin,
a statistically significant improvement in median PFS (9.2 vs. 7.3 months) and median
overall survival (18.8 vs. 16.1 months) was observed as compared to patients who received
pemetrexed and cisplatin (Zalcman et al., 2016). As such, the National Comprehensive
Cancer Network, representing 27 of the United States’ leading cancer centres, now
recommends bevacizumab/pemetrexed/cisplatin as a first-line therapy option for patients

with unresectable MPM who are candidates for bevacizumab (Ettinger et al., 2016).
Epigenetic regulators are also emerging as interesting cancer targets. Histone deacetylase

(HDAC) inhibitors (HDACI) are under investigation in multiple tumour types (Eckschlager et
al.,, 2017), and HDACi trials in MPM are of relevance to chapter 4 of this thesis. Other
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targeted agents in development include the proteasome inhibitor bortezomib, and

mesothelin-specific antibodies (Hassan et al., 20073a; Hassan et al., 2007b).

Though in its infancy, the ability to target microRNAs (miRNAs) also holds promise for
molecular intervention in MPM, examples including the restoration or inhibition of miRNA
expression in MPM using miRNA mimics and inhibitors, respectively (van Zandwijk et al.,

2017) (see section 1.4.5.2).

1.1.3 Pathology

1.1.3.1 Histological subtypes

According to the World Health Organisation classification of tumours of the lung and
pleura, there are three major histological subtypes of MPM: epithelioid (60%), sarcomatoid
(20%) and biphasic (20%), which is a mix of both epithelioid and sarcomatoid histologies
(Travis, 2014). The desmoplastic type is very rare (1%). It is important to differentiate MPM
tissue on this basis as histological subtype is the strongest and most consistent predictor
of survival in MPM (Scherpereel et al., 2010); epithelioid patients survive on average nine
months longer than sarcomatoid patients (Bibby et al., 2016; Law et al., 1982; Johansson

and Linden, 1996).

1.1.3.2 Biomarkers

A biomarker-directed approach is attractive in MPM diagnostics to identify “at risk”
individuals and patients with early stage MPM. For this purpose, serum and pleural effusion
markers have been investigated, but the diagnostic accuracy for the more promising
biomarkers such as mesothelin, osteopontin, and fibulin-3 for discriminating between
MPM and other intrathoracic diseases are variable (van der Bij et al., 2011). Mesothelin is
the most widely studied, it is a cell surface glycoprotein that is highly expressed in MPM
(Robinson et al., 2003). Soluble Mesothelin-Related Peptide (SMRP), a splice variant of
mesothelin, is the only marker with FDA approval for monitoring of treatment response
and disease progression in epithelioid and biphasic MPM (Robinson et al., 2003). However,
a large meta-analysis reported poor sensitivity (32%) at 95% specificity, so negative results
are of little value (Hollevoet et al., 2012). IHC markers have utility in distinguishing MPM
from lung adenocarcinoma or metastasis from other sites. A wide panel of
immunohistochemical stains which include both mesothelial markers (calretinin,
cytokeratin-5 and wilms tumour-1) and adenocarcinoma markers are used to differentiate

the neoplastic cells as being either of mesothelial or epithelial in origin, as MPM is
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particularly liable to misdiagnosis as metastatic lung adenocarcinoma (van Zandwijk et al.,
2013). Other findings suggest that loss of nuclear BRCA1-associated protein 1 (BAP1)
staining may be useful as a diagnostic and prognostic biomarker in MPM (see section
1.3.2.3), and staining for ER stress-responsive transcription factor C/EBP homologous
protein (CHOP) and growth arrest and DNA damage 34 (GADD34) phosphatase may prove
useful for MPM prognosis and for informing the classification of MPM histopathology,

respectively (Dalton et al., 2013).

1.1.4 Genomic landscape of MPM

In an effort to identify novel therapeutic targets in MPM, several studies have reported on
the genomic background of MPM, as reviewed in (Hylebos et al., 2016). The mutational
burden of MPM is relatively low (Bueno et al., 2016). Nevertheless, genetic analyses of MPM
samples have identified several key genetic mutations, including frequent somatic
inactivation of a number of tumour suppressor genes such as cyclin dependent kinase
inhibitor 2A gene (CDKN2A) (Prins et al., 1998), neurofibromatosis type 2 gene (NF2, also
known as merlin) (Sekido et al., 1995), and BRCA1-associated protein 1 gene (BAP1, see
section 1.3.2) (Bott et al., 2011). Mutations in other genes have been associated with MPM
albeit at lower frequency, including the tumour suppressor p53, large tumour suppressor
kinase 1 and 2 (LATS1/2), histone methyl transferase SET domain containing 2 (SETD2), unc-
51 like autophagy activating kinase 2 (ULK2), members of the DEAD-box (DDX) helicase
family DDX3X and DDX51, and cullin 1 (CUL1), acomponent of an E3 ligase complex (Bueno
etal., 2016; Guo et al., 2015a). In addition, frequent losses of chromosome arms 1p, 3p, 4q,
69, 9p, 139, 14q, and 22q and gains of chromosome arms 1q, 5p, 7p, 8q, and 17q have been
reported in MPM (Jean et al., 2012). Although these studies were limited by small sample
sizes and in some cases matched normal samples were missing, overall some interesting

candidate driver genes have been detected for further research in MPM.

My protein of interest, BAP1, is also a deubiquitylating enzyme (DUB), therefore in the next

section | will introduce the ubiquitin system.

1.2 Reversible ubiquitylation

1.2.1 Ubiquitin

Ubiquitin research started in the late 1970s following complementary discoveries of a

small, universally-present protein of unknown function, termed ubiquitin (Goldstein et al.,
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1975) and ATP-dependent proteolysis factor 1 (APF-1) (Ciechanover et al., 1980; Hershko et
al., 1980). This new protein was shown to interact with a lysine residue of the chromatin-
associated protein, histone H2A (Goldknopf and Busch, 1977) and was covalently
conjugated to proteins before their degradation in vitro (Ciechanover et al., 1980) (Hershko
et al,, 1980). Soon afterwards, APF-1 and ubiquitin were shown to be the same protein
(Wilkinson et al., 1980), bringing together two previously independent processes: protein
degradation and chromatin-associated ubiquitin. Since then, the ubiquitin field has
expanded immensely, including work stemming from discoveries for the requirement of
the ubiquitin system for intra-cellular proteolysis, cell viability, and cell cycle progression
(Ciechanover et al.,, 1984; Finley et al, 1984). Altogether, this has yielded the modern
paradigm for the importance of regulated proteolysis in control of protein levels, as a

discrete process from their control by transcription and protein synthesis.

In mammals, ubiquitin is encoded by four fusion genes, as monomeric ubiquitin-ribosomal
protein fusions (Baker and Board, 1991; Redman and Rechsteiner, 1989) or tandem
ubiquitin coding units (Wiborg et al., 1985); in each case, proteolytic processing of the initial
translation product is required to produce functional ubiquitin. Ubiquitin is a 76-amino
acid protein with a globular conformation and a molecular weight of approximately 8.5
kDa (Vijay-Kumar et al.,, 1987). It exists in cells as either monomers in the “free ubiquitin
pool”, or covalently conjugated to other proteins (Monia et al, 1989). The ubiquitin
molecule is the most abundant representative of a larger family of ubiquitin-like proteins
(Ubls). Ubls, including small ubiquitin-related modifier (SUMO), neural precursor cell
expressed developmentally down-regulated protein 8 (NEDD8) and interferon-
stimulated gene 15 (ISG15), share common structural features to ubiquitin and are

similarly ligated to substrate proteins (Burroughs et al., 2012; Hochstrasser, 2009).

1.2.2 Ubiquitin conjugation

Ubiquitylation is a post-translational modification involving the covalent attachment of
ubiquitin to substrate proteins via the sequential action of E1 (ubiquitin-activating), E2
(ubiquitin-conjugating) and E3 (ubiquitin ligase) enzymes (Ciechanover et al., 1982;
Hershko et al., 1980; Hershko et al., 1983). These enzymes facilitate the formation of an
isopeptide bond between the C-terminus of ubiquitin and the amine group of a lysine side
chain residue of a substrate protein. As reviewed in (Clague et al., 2015), the human
genome encodes for eight E1 enzymes, approximately forty E2 enzymes and more than six

hundred E3 ligases (Clague et al., 2015). E3 ligases provide much of the specificity in the
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ubiquitin system as they can interact with both the E2-ubiquitin conjugate and the
substrate protein to which ubiquitin is to be transferred. Mechanistically, E3s have been
classified into three families, the Really Interesting New Gene (RING), the Homologous to
the E6AP Carboxyl Terminus (HECT) and RING-between-RING (RBR) (Morreale and Walden,
2016).

In its basic form, the concerted action of E1, E2 and E3 enzymes result in the conjugation of
a single ubiquitin monomer to a substrate protein, termed “monoubiquitylation”. Similarly,
a substrate protein can be monoubiquitylated on multiple separate lysine residues, termed
“multi-monoubiquitylation”. The initial monoubiquitylation can be extended by peptide
linkages of further “free” ubiquitin molecules to any of the seven lysine residues (K6, K11,
K27, K29, K33, K48, K63) or the N-terminal methionine (M1) present in a substrate-attached
ubiquitin, a process termed “polyubiquitylation”. This produces polyubiquitin chains of
various topologies, which are identified by the residue involved in the linkage e.g. K48-
linked chains. Chain diversity is further increased by their architecture. In “homotypic”
chains, all ubiquitin subunits are connected through the same lysine or methionine residue.
In contrast, “heterotypic” chains contain multiple lysine linkages between ubiquitin
subunits and may be mixed or branched. Mixed chains are composed of different linkages,
but each ubiquitin is modified with one other ubiquitin molecule. In branched chains, a
single ubiquitin molecule is modified with two or more ubiquitin molecules. The
complexity of ubiquitin chains and their physiological relevance have been

comprehensively reviewed (Akutsu et al., 2016; Li and Ye, 2008; Komander and Rape, 2012).

1.2.3 Functions associated with monoubiquitin and polyubiquitin chains

As ubiquitin contains seven lysine residues and ubiquitylation has been demonstrated to
occur through each of them, this generates the potential for highly diverse modifications
of target proteins. Monoubiquitylation has emerged as a regulator of gene transcription,
subcellular localisation and activity of cellular proteins. Histone monoubiquitylation,
particularly on H2A and H2B, can alter the structure of chromatin to repress or promote
gene transcription, respectively (Meas and Mao, 2015). Furthermore, monoubiquitylation
can serve as a signal to trigger the regulated internalisation of plasma membrane proteins,
and can also regulate the activity of components of the endocytic machinery (Hicke, 2001).
Proper cellular localisation of a protein is a primary means of regulating its activity and
many strategies, including monoubiquitylation, have evolved to ensure precise spatial

regulation. Monoubiquitylation can affect the function of nuclear DUBs towards specific
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substrate proteins through regulation of their sub-cellular compartmentalisation (see

section 1.3.3).

Specific biological roles are associated with the different polyubiquitin chain topologies.
The cellular functions for K48- and K63-linked polyubiquitin chains were the first to be
described, they are the two most abundant polyubiquitin chain types (Swatek and
Komander, 2016). K48-linked chains were shown to target substrate proteins to the 26S
proteasome for degradation (Chau et al., 1989). Whilst initially thought to be exclusive to
the function of K48-linked chains, recent work now suggests that all chain types except for
K63 are recognised by the proteasome and may target proteins for degradation (Jacobson
etal., 2009; Xu et al., 2009). Of note, a role for K11-linked chains has been recognised during
cell cycle progression, where they target cell cycle regulators for degradation (Min et al.,
2015). In human cells, K11-linked chains are preferentially produced during mitosis and
early G1, during which the anaphase-promoting complex (APC/C) E3 ligase recruits E2
ligases to generate heterotypic K11- and K48-branched chains on substrates (Jin et al.,
2008; Meyer and Rape, 2014). This modification leads to the recognition of
polyubiquitylated substrates and their rapid degradation by the proteasome.

In contrast, K63-linked polyubiquitin chains do not target substrate proteins for
proteasomal degradation, instead substrates are delivered to the endosomal-lysosomal
pathway (Nathan et al,, 2013). The early endosome is the “sorting station” of the cell where
internalised cargo, such as plasma membrane receptors, channels and lipid membranes
are sorted for degradation in late endosomes/lysosomes or for recycling back to the plasma
membrane (Jovic et al., 2010). Several studies demonstrate an important role for K63-linked
ubiquitylation in protein sorting at the endosome (Lauwers et al., 2009), targeting
internalised proteins to the lysosome (Huang et al., 2006; Barriere et al.,, 2007), and the

internalisation step of endocytosis (Geetha et al., 2005; Duncan et al., 2006).

K63-linked polyubiquitylation can also serve a function in DNA repair (Spence et al., 1995),
autophagy (Geisler et al., 2010) and the cellular response to hypoxia (Ferreira et al., 2015).
Importantly, K63-linked chains are crucial for the regulation of nuclear factor kappa-light-
chain enhancer of activated B cells (NF-kB) signalling. NF-kB is a transcription factor and
central regulator of a wide range of biological pathways, including immune and
inflammatory responses, cell survival, and senescence (Wertz and Dixit, 2010). In brief, K63-

linked polyubiquitination initiates a series of phosphorylation events leading to the
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translocation of NF-kB into the nucleus to enable its roles in gene regulation (Chen and
Chen, 2013). It is now known that NF-kB activation involves at least two other types of
ubiquitin chains on adaptor proteins, M1-linked linear ubiquitin chains (Rahighi et al., 2009)
and heterotypic K48/K63-branched chains (Ohtake et al., 2016). This highlights another

example of how ubiquitylation controls transcriptional regulation.

1.2.4 Deubiquitylation and the deubiquitylases

Importantly, ubiquitylation is a reversible process. Ubiquitin is removed from substrates
through the action of DUBs. They do this by hydrolysing the isopeptide or peptide bond
between ubiquitin and the substrate protein, and between ubiquitin monomers in
polyubiquitin chains (Reyes-Turcu et al., 2009). Also, as outlined in section 1.2.1, ubiquitin
is synthesised de novo as fusion proteins, either ribosomal protein-fused or strings of
consecutive ubiquitin units, which must be cleaved by DUBs to produce free ubiquitin
monomers. The human genome encodes ~100 DUBs that are subdivided into six families
based on the nature of their catalytic domains: ubiquitin specific proteases (USPs),
ubiquitin carboxy-terminal hydrolases (UCHs), motif-interacting with Ub (MIU)-containing
novel DUB family (MINDYs), ovarian tumour proteases (OTUDs), Josephins (JOSs), and the
JAB1/MPN/MOV34 family (JAMMs) (Abdul Rehman et al., 2016; Clague et al.,, 2013). These
families are additionally differentiated into metalloproteases (JAMMs) or cysteine
proteases (USPs, UCHs, OTUs, JOSs and MINDYs) with differing DUB enzyme mechanics.
Metalloproteases contain a zinc ion within their active site which facilitates the activation
of water molecules for subsequent ubiquitin chain hydrolysis. In distinction, cysteine
proteases contain a catalytic triad comprising cysteine, histidine and aspartate, which

together facilitate nucleophilic attack of the ubiquitin linkage (Komander et al., 2009a).

The degree of linkage specificity varies between DUB families. The MINDYs are a newly
discovered family of DUBs that are highly selective for binding K48 polyubiquitin chains
with at least four ubiquitin moieties (Abdul Rehman et al., 2016; Kristariyanto et al., 2017).
Several of the JAMM metalloproteases exhibit greater specificity towards K63-linked
ubiquitin chains than any of the other five DUB families (Ritorto et al., 2014). OTU family
members OTU7B and OTUB1 display a distinct preference towards K11- and K48-linkages,
respectively, whilst most USPs can cleave multiple different ubiquitin chain linkages
thereby showing little or no preference for a specific chain linkage (Bremm et al., 2010;
Edelmann et al., 2009; Ritorto et al., 2014). The JOSs are the smallest DUB family with only

four members with their functions poorly understood. Ataxin-3 is the best studied of the
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four, with preferential specificity for K63-linked polyubiquitin chains, however it shows
even greater activity towards heterotypic chains containing both K48- and K63-linkages

(Winborn et al., 2008).

The different DUB families are the subject of many recent reviews (Komander et al., 2009a;
Komander, 2010; Clague et al., 2013; Maurer and Wertz, 2016). For the purposes of this
thesis, | will highlight the UCH family, of which my DUB of interest, BAP1, is a member.

1.2.4.1 The UCH family of deubiquitylases

To date, four UCH enzymes have been identified, UCHL1 (Doran et al., 1983), UCHL3
(Wilkinson et al., 1989), UCHLS5 (Lam et al., 1997) and BAP1 (Jensen et al., 1998). Structurally,
the most prominent feature of UCH enzymes is an active-site crossover loop over the core
N-terminal UCH domain, which forms upon ubiquitin binding (Johnston et al., 1999;
Misaghi et al., 2005). This structure poses a significant steric obstruction as folded,
ubiquitylated proteins are too big to enter through the crossover loop. Indeed, UCHL1 and
UCHL3 (which contain only the UCH domain) have negligible enzyme activity against
folded substrates or polyubiquitin chains of any linkage type in vitro (Komander et al.,
2009b; Popp et al., 2009). It is thought that UCHL1 and UCHL3, with their restricted
accessibility, instead act on ubiquitylation sites on unfolded regions of proteins and
process de novo ubiquitin chains to replenish the free ubiquitin pool. In comparison, the
proteasome-associated DUB UCHLS5, and BAP1, which are larger proteins with N-terminal
UCH domain and C-terminal extensions (Eletr and Wilkinson, 2014), have longer active-site
crossover loops thus allowing cleavage of complex polyubiquitylated substrates (Clague et
al., 2013). BAP1 also shows a preference for cleaving monoubiquitin, which is important for

its function as a transcriptional regulator (see section 1.3.4.1)

DUBs themselves are also regulated through ubiquitylation. Within the UCH family, UCHL1
is monoubiquitylated at multiple lysine residues surrounding the active site, including
K157 of the crossover loop, thus affecting its catalytic activity and impairing its ability to
bind ubiquitylated substrates (Meray and Lansbury, 2007). Interestingly, UCHL1 can self-
regulate this process via auto-deubiquitylation in a regulatory feedback loop. Like UCHLT,
BAP1 is also multi-monoubiquitylated, in this case impairing its nuclear function, which

BAP1 counteracts through auto-deubiquitylation (see section 1.3.3).
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1.3 BRCA1-Associated Protein 1 (BAP1)

1.3.1 Functional domains

BAP1 is a ~90 kDa protein composed of an N-terminal catalytic UCH domain, followed by a
region harbouring various protein-protein interaction domains and two C-terminal nuclear
localisation signals (NLS) (Fig. 1.1). These domains are important for BAP1 function asa DUB
within the nucleus, as mutations in the UCH or NLS domains result in the loss of DUB activity
or nuclear localisation, respectively (Ventii et al., 2008). BAP1 also has a host cell factor 1
(HCF-1) binding motif (HBM), which it uses to bind to and deubiquitylate the transcriptional
regulator HCF-1, and regions of interaction with the breast cancer 1 (BRCA1) - BRCA1
associated RING domain 1 (BARD1) heterodimer (BRCA1-BARD1) tumour-suppressor
complex, additional sex comb-like proteins (ASXL1/2), forkhead box K1 and K2 (FOXK1/K2)
andyinyang 1 (YY1) transcription factors, exemplifying the diverse functional roles of BAP1

in transcription.

54 bp
deletion
C HisAsp  r----- NLS
i [ L : HBM / N\
UCH | — |
1 ! — — 729
FOXK1/K2 YY1
BARD1 ASXL1/2

BRCA1

Figure 1.1: Schematic representation of BAP1 illustrating its functional domains
and regions of interaction with other proteins.

BAP1 is a 729-amino acid protein belonging to the UCH family. The N-terminal UCH
catalytic domain (1-250) contains the BAP1 catalytic triad Cys95, His169 and Asp184.
BAP1 has two C-terminal NLS (656-661 and 717-722), a HBM domain (363-366), and a
ULD domain of unknown function. BAP1 can interact with various proteins and
transcription factors at the following regions: BARD1 (182-365), FOXK1/K2 (477-526),
BRCA1 (598-729), ASXL1/2 (635-693) and YY1 (642-686). A novel isoform (BAP1A) with a
54 base pair (bp) deletion has been identified. UCH, ubiquitin carboxy-terminal
hydrolase; Cys, cysteine; His, histidine; Asp, aspartate; BARD1, BRCA1 associated RING
domain 1; HBM, HCF-1 binding motif; FOXK1/K2, forkhead box K1 and K2; NLS, nuclear
localisation signal; ULD, UCH37-like domain; YY1, yin yang 1; ASXL1/2, additional sex
comb-like proteins, BRCA1, breast cancer 1.

1.3.2 BAP1 is a tumour suppressor gene
The BAPT gene is located on chromosome region ch3p21.1, a genomic region that is known
to be highly enriched for tumour suppressor genes (TSG) (Angeloni, 2007). No single

characteristic defines a TSG, but classical features include: (a) mutated in cancer or in
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inherited syndromes that predispose to cancer, (b) detectable loss of function mutations
accompanied by loss of heterozygosity which can inactivate the growth suppressive
activity of the protein (c) the ability to inhibit tumour growth in vitro upon restoration of
protein expression and (d) mice with null mutations in the putative TSG show a

predisposition to cancer (Guo et al., 2014).

Loss of heterozygosity and homozygous deletions of ch3p21 are frequently seen in a wide
spectrum of epithelial cancers. In fact, ch3p deletions are detected in almost 100% of small-
cell lung cancer and clear cell renal cell carcinomas (ccRCC), >90% non-small-cell lung
cancer (NSCLC) cell lines and >80% of breast carcinomas (Angeloni, 2007). In another study,
ch3p21.1 losses were also observed in 30% of MPMs (Bott et al., 2011). A seminal paper by
Jensen et al. identified BAPT as a novel TSG, describing its location to ch3p21.2 - ch3p21.31
and identifying somatic BAPT deletions/mutations in lung carcinoma cell lines (Jensen et
al., 1998). The group also showed that BAP1 could suppress breast cancer cell growth in
soft agar. BAP1-mediated growth suppression was also observed in an in vivo model, the
exogenous expression of wild-type (WT) BAPT in a BAP1-null cell line NCI-H226 suppressed
proliferation in culture and reduced tumour growth in athymic nude mice (Ventii et al.,
2008). Its tumour suppressive role was attributed to a functional NLS and to its
deubiquitylating activity against substrates involved in DNA damage repair and cell cycle
regulation (Ventii et al., 2008). It is important to note that there is some ambiguity in the
literature surrounding the classification of NCI-H226, it is claimed to be an MPM or NSCLC

cell line.

Nevertheless, the function of BAP1 in cancer is controversial. Paradoxically for a TSG, MPM
cell lines containing WT BAPT showed decreased proliferation upon BAP1 knockdown, and
the reintroduction of WT BAPT in BAP1-null MPM cell lines resulted in an increase in cell
proliferation (Bott et al., 2011). In breast cancer cells, BAP1 was shown to have oncogenic
functions, promoting cell proliferation by stabilising Kriippel-like zinc-finger transcription
factor 5 (KLF5) via deubiquitylation (Qin et al., 2015). KLF5 is highly expressed in basal-like
breast cancer and promotes breast cancer cell proliferation, survival, migration and tumour

growth (Zheng et al., 2009; Liu et al., 2009b).
Somatic BAPT mutations in MPM were first reported in 2011 by Bott et al. (Bott et al., 2011).

Using a candidate gene sequencing approach, they examined MPM tumours for mutations

in genes located in chromosomal region ch3p21, and discovered that the gene showing
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the highest rate of mutation was BAP1, with somatic mutations in 12 of 53 (23%) MPMs
thereby implicating BAP1 as adriver gene in MPM. In accordance with these results, somatic
BAP1 mutations were detected in 22% (4/18) (Testa et al., 2011) and 20% (24 of 121)
(Zauderer et al., 2013) of sporadic MPM. In fact, these figures may be an underestimation
as they come from a single molecular technique such as Sanger sequencing which can miss
large DNA deletions. Studies that have used an integrated molecular approach that
includes sequencing methodologies in conjunction with BAP1 IHC, record a BAPT mutation
rate of >50% in sporadic MPM (Nasu et al., 2015; Lo lacono et al., 2015). Furthermore, Pena-
Llopis et al. detected somatic BAPT mutations in 14% (24/176) of ccRCC (Pena-Llopis et al.,
2012). Harbour et al. reported inactivating somatic BAPT mutations in 47% (28/60) of uveal
melanomas (UVM), with a much higher frequency (27/34, 79%) in metastasising UVM
(Harbour et al., 2010). Less commonly, somatic BAPT mutations can also occur in distinct
melanocytic tumours such as atypical spitz nevi (2/18, 11%) and in sporadic primary
cutaneous melanomas (CM) (3/60, 5%) (Wiesner et al., 2012). Indeed, the spectrum of BAP1-

mutated tumours is limited but varied.

Recent in vivo studies using genetically engineered Bap1-mutant mouse models provide
solid evidence for its role in tumourigenesis and as an important TSG. In one study,
homozygous mice were found to be embryonic lethal, indicating an essential survival role
for the gene, and the generation of BAP1-deficient mice by conditional BAPT KO gave rise
to features mirroring human myelodysplastic syndrome (Dey et al., 2012). In a different
study, it was discovered that heterozygous BAPI-mutant (BAP1*) mice were more
susceptible to MM development, particularly of the peritoneum, upon exposure to
asbestos. BAP1*" mice showed greater than 2-fold increase in MM incidence, as well as
decreased survival after asbestos exposure, compared to WT littermates (Xu et al., 2014),
indicating that genetics may modify susceptibility to MPM. PCR analysis of DNA from MM
cells of BAP1* mice showed reduced signal for the residual BAPT WT allele, indicating BAP1
biallelic inactivation had occurred, consistent with its proposed role as a tumour

predisposition gene (see section 1.3.2.1).

1.3.2.1 BAP1 tumour predisposition syndrome

Coinciding with the first reports of somatic BAPT mutation in MPM, Testa et al. reported the
first description of an association between germline BAPT mutations and familial MPM
(Testa et al, 2011). They discovered germline heterozygous BAPT mutations cause a

hereditary tumour predisposition syndrome (TPDS) associated with an increased risk in
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families of developing MPM and other types of cancers, such as UVM, ccRCC, CM and breast
cancer. This has stemmed from the work of Carbone et al. who discovered the existence of
several familial clusters of MPM, implying that a family’s genetic status had a role in
determining susceptibility to MPM (Carbone et al., 2007). The same group have since
identified germline BAPT mutations in two U.S. families (Family W and L) with high
incidence of MPM. A germline splice-site mutation at the BAPT intron 6/exon 7 boundary in
DNA from the W family was shown to lead to aberrant skipping of exon 7 during mRNA
processing and predicted protein truncation. A nonsense mutation in BAPT exon 16 was
present in the L family, creating a premature stop codon leading to a predicted protein
truncation. Published simultaneously, another study described germline BAPT mutations
in two families with atypical melanocytic tumours, UYMs and CMs (Wiesner et al., 2012).
Since then, the syndrome has expanded with evidence of germline BAPT mutation leading
to basal cell carcinoma, ccRCC, cholangiocarcinoma, meningioma and other malignancies
(De La Fouchardiere et al., 2015; Wadt et al., 2015; Farley et al.,, 2013; Popova et al., 2013;
Abdel-Rahman et al., 2011)

Importantly, the study demonstrated a high MPM incidence in the presence of germline
BAPT mutation, in spite of very modest asbestos exposure, implying that BAPT could
modulate asbestos-related carcinogenesis (Testa et al., 2011). Independent animal models
have supported the notion that BAP7 is a TSG whose mutations predispose to MM (Xu et
al., 2014) and that low doses of asbestos might be sufficient to trigger MPM in the presence
of a genetic predisposition (Napolitano et al., 2016). Indeed, two BAPT-mutant mouse
models with engineered mutations analogous to Family W and L, showed a 2-fold higher
incidence of MM development upon asbestos exposure, compared to WT littermates
(Kadariya et al., 2016). Surprisingly, MPM patients with germline BAPT mutation and BAP1
TPDS have a better prognosis compared to patients with sporadic MPM that retain BAP1
expression, showing up to a 7-fold increase in survival (Baumann et al,, 2015; Ohar et al.,
2016). Additionally, analysis of high risk MPM families have highlighted differences in
clinical features with the presence of germline BAPT mutation. Overall, BAP1-mutant
carriers are younger at the age of MPM diagnosis (58 vs. 68 years) compared to non-carriers,

and tumours are predominantly of the epithelioid subtype.
1.3.2.2 BAP1 mutation profiles in different cancers

According to the COSMIC and cBioPortal databases (Forbes et al., 2008; Gao et al., 2013;

Cerami et al., 2012), which catalogue mutations found in cancer cell lines and patient
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tumour samples, the percentage that harbour BAPT mutations are greatest in MPM (30.6%),
UVM (31.5%) and ccRCC (13.6%) (Fig. 1.2). As discussed above, in the literature these
represent the tumours classically associated with BAPT mutations (Bott et al.,, 2011; Harbour
et al,, 2010; Pena-Llopis et al., 2012). In contrast, BAPT mutations were less common in lung
carcinoma (1.5%), as reflected in the literature (Andrici et al., 2016), and breast carcinoma
(0.6%) (Forbes et al., 2008). Different types of mutation can occur in the BAPT gene,
including: single base-pair substitutions leading to nonsense, missense or synonymous
mutations; in-frame or frameshift mutations caused by insertions or deletions; splice-site
mutations that alter exon inclusion; nonstop extensions where single base-pair
substitutions occur within stop codons allowing continued and inappropriate translation
of mRNA; whole gene deletions; and complex mutations with several changes at a specific

location (Fig 1.2).

BAPT mutations span the length of the protein structure and there is little clustering of
mutations around specific amino acids or even within specific BAP1 domains (Fig 1.2).
Overall, frameshift mutations caused by deletion, missense or nonsense substitutions are
the most common sequence alterations across the five tumour types, especially in MPM,
UVM and ccRCC. The predicted consequence of most frameshift deletions is BAP1 protein
truncation, leading to loss of the NLS and/or the C-terminal protein binding domains.
Nonsense substitutions can lead to premature stop codons and consequently the
induction of nonsense-mediated decay to eliminate these mRNA transcripts (Hug et al.,
2016). This reduces BAP1 protein level or generates unstable BAP1 protein if the mRNA is
translated. As discussed in section 1.3.1, BAP1 is a predominantly nuclear DUB, the NLS
transports BAP1 into the nucleus and within proximity of its substrates. Therefore, nuclear
exclusion of BAP1 on loss of the NLS would render it unable to perform its nuclear
functions. Missense mutations in the BAP1 UCH domain, which are least commonly seen in
MPM than other tumours (Fig. 1.2), are predicted to interfere with the ubiquitin cleavage

activity of BAP1.

Specific BAPT mutations occur at a low frequency, although there are some examples of
recurrent alterations. For example, in MPM at amino acid position one there are two
recorded incidences of a whole gene deletion and one of a homozygous in-frame deletion
of 125 amino acids, the likely phenotypic consequence is that no BAP1 protein is produced.
A higher frequency deletion at Serine520 has been recorded in ccRCC, which causes a

frameshift that generates a truncated BAP1 protein lacking the NLS and corresponding
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Figure 1.2: Mapping BAP1 mutations from cancer cell lines and tumour samples to
its amino acid sequence

BAP1 mutations of varying frequency were identified in the five tumour types (COSMIC
and cBioPortal, accessed July 2015). Of the 247 tumours with BAP1 mutations, 3.6% are
heterozygous mutations and 15.8% are homozygous mutations. The pie charts depict
the spectrum of BAP1 mutations that are found in each tumour type. N represents the
total number of tested samples, and the proportion of those that are mutated are
expressed as a percentage. Red asterisks highlight the mutations referred to in main text.

Sub: substitution
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nuclear functions, together with the C-terminal BRCA1 protein-binding domain. A
relatively frequent nonsense substitution at Arginine385 is recorded in lung carcinoma,

which is likely to result in the complete loss of the BAP1 C-terminal domain.

Aside from deletions, missense substitutions are the most frequent sequence alteration. In
UVM, there is a missense substitution that changes Serine172 to an Arginine, in ccRCC a
change from Glycine185 to Arginine, and in lung carcinoma, two different missense
mutations that change Proline135 to Arginine and Arginine227 to Histidine. The fact that
these missense substitutions all occur within the catalytic UCH domain of BAP1 could lead
to interesting phenotypic consequences at the protein level. With all the domains intact, a
protein product s likely to be produced, however BAP1 deubiquitylating activity is likely to

be impaired.

1.3.2.3 BAP1 as a cancer biomarker

Recent studies have suggested a role for BAP1 IHC staining as a diagnostic and prognostic
marker. Negative nuclear staining for BAP1 is already proposed as a reliable indicator of
BAP1 mutation in MPM biopsies (Nasu et al., 2015). One study showed that loss of IHC
staining for BAP1, while not definitive, can be used to support the diagnosis of MPM in
pleural effusion cytology specimens (Andrici et al., 2015). In a large retrospective study of
143 MPMs, negative nuclear staining for BAP1 occurred in 62% of MPM specimens and was
significantly associated with the presence of BAPT mutation, epithelioid subtype and a
better prognosis (Righi et al., 2016). In agreement, there is a higher frequency of BAP1
mutation in epithelioid MPM compared to sarcomatoid MPM (Cigognetti et al., 2015;
McGregor et al., 2015; Pulford et al.,, 2017). Thus, an argument has been made to perform
BAP1 IHC as part of the routine diagnostic work-up of patients with MPM, predominantly
to predict outcome but also potentially as an adjunct for genetic testing for germline BAP1

mutation (Farzin et al., 2015).

Interestingly, 25% of MPM tumours with otherwise normal BAP1 status failed to display IHC
staining for BAP1, raising the possibility of post-transcriptional or post-translational
repression of BAP1 in a subset of MPM tumours (Bott et al., 2011). The possibility that BAP1
could be inactivated or downregulated in cancer by non-genetic mechanisms is a

hypothesis that is explored in chapter 7.
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The use of liquid biopsies is a concept that relies on the analysis of circulating tumour cells
or other cellular components, such as circulating tumour DNA, miRNAs, micro-vesicles or
exosomes, in bodily fluids to provide information on cancer diagnosis and development
(Alix-Panabieres and Pantel, 2013). This approach could potentially complement, or even
serve as an alternative for tissue biopsy, which can be invasive, risky, and painful for the
patient. As loss of BAP1 protein can support a diagnosis of MPM, surrogate markers for
BAP1 loss that are detectable by liquid biopsy, such as miRNAs, could hold value as non-

invasive diagnostic or prognostic biomarkers in MPM (see section 1.4.5.1).

1.3.2.4 Exploiting loss of BAP1 therapeutically

There are an exclusive set of driver genes that are frequently mutated in MPM, including
BAPI1. As such, there has been increased focus on BAP1 and its associated signalling
pathways as potential therapeutic targets. BAP1-dependencies are described as the
specific vulnerabilities conferred on the tumour cell as a consequence of BAPT genomic
alteration. These vulnerabilities create a dependency of the tumour cells on a cellular
pathway or process and the genes or proteins involved in them. The discovery of BAP1
dependencies are important if these alterations can sensitise tumour cells to current drug

therapies.

LaFave et al. sought to identify mechanisms by which BAP1 loss leads to transformation, in
the hope of identifying therapeutic vulnerabilities or synthetic lethalities in BAPT-mutant
MPM cells (LaFave et al,, 2015). In their study, they observed that BAPT mutation in MPM
cells, typically resulting in loss of BAP1 protein, increased the expression of a subunit of the
polycomb repressive complex 2 (PRC2), the histone methyltransferase enhancer of zeste
homolog 2 (EZH2) (see section 1.3.4.1). This led to an increase in histone H3 methylation
marks and enhanced repression of PRC2 targets. In an earlier study, EZH2 was found
overexpressed in ~80% of primary MPMs compared with normal mesothelial cells, and its
loss by shRNA knockdown decreased histone methylation levels and significantly inhibited
tumourigenicity of MPM cells (Kemp et al,, 2012). It has been proposed that BAP1 plays a
role in sensitisation to drugs that target epigenetic regulators such as EZH2. Indeed, MPM
cells that lack BAP1 are sensitive to EZH2 pharmacologic inhibition, suggesting a novel
therapeutic approach where the BAP1 status of MPM patients can be exploited for
treatment selection (LaFave et al.,, 2015). A phase Il trial investigating the effect of EZH2

inhibitor Tazemetostat as second-line therapy in patients with BAP1-deficient relapsed or
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refractory MPM is currently underway, this trial may inform a novel epigenetic therapy for

BAP1-mutant MPM (Epizyme Inc, 2016).

In a recent study to determine if the mutational status of MPM could predict response to
existing anti-cancer compounds, the authors discovered that a subset of MPM cell lines
with loss of function BAPT mutations demonstrated increased sensitivity to the death
receptor agonist recombinant tumour necrosis factor (TNF)-related apoptosis-inducing
ligand (rTRAIL) (Kolluri et al., 2018). rTRAIL agonists selectively induce apoptosis in cancer
cells, but has shown limited clinical efficacy in trials and to date there has been no
investigation of rTRAIL therapy in MPM. The study proposes that BAPT modulates rTRAIL
sensitivity through PR-DUB activity by impinging on the expression of apoptosis pathway
components. The association was also observed across 25 patient-derived MPM cell lines,
human tumour explants and mouse MPM xenograft models, again providing support for

the potential use of BAP1 functional status to stratify MPM tumours for rTRAIL therapy.

Due to the important role BAP1 plays together with BRCA1 in homologous recombination
(HR) repair (see section 1.3.4.2) (Yu et al, 2014), poly ADP ribose polymerase (PARP)
inhibitors were tested for their efficacy in BAPT-mutant tumour cells. PARP inhibition has
generated mixed results in BAPT-mutant cells; one report observed no differential
sensitivity between BAPT-WT and BAPT-mutant MPM cells treated with the PARP inhibitor
MK4827 (Merck) (Bott et al., 2011), whereas increased sensitivity to another PARP inhibitor
Olaparib was observed in homozygous BAPT-mutant chicken DT40 cells, compared to WT
and heterozygous BAPT-mutant cells (Yu et al., 2014). A recent study by Parrotta et al. has
highlighted the importance of an alternative splice variant of BAP1 in conferring sensitivity
to PARP inhibition (see section 1.3.3) (Parrotta et al., 2017). They discovered that MPM cells
expressing >20% of the BAP1 splice isoform (BAP1A) were more sensitivie to Olaparib,
whilst the ratio of BAP1A: full length BAP1 isoform governed sensitivity to combination
treatment with Olaparib and GDC0980, a dual phosphoinositide 3-kinase-mammalian
target of rapamycin (PI3K-mTOR) inhibitor. It is possible that stratifying patients based on
their BAP1A expression may improve clinical responses to PARP/PI3K-mTOR inhibitors.

1.3.3 Regulation of BAP1
BAP1 function may be regulated and diversified through expression of alternative isoforms,
post-translational modifications (PTMs), or interaction with regulatory proteins and

complexes. Recently, a novel BAP1 isoform (BAP1A) has been identified, with a 54 base-pair
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deletion in exon 9 of BAP1, spanning the last 12 amino acids of the catalytic region and part
of the BARD1 interaction domain (Fig. 1.1) (Parrotta et al., 2017). Although its relevance to
BAP1 biology requires further investigation, BAP1A localises to the nucleus and may
interfere with the nuclear functions of full length BAP1 in a dominant-negative manner, as
BAP1A exhibited reduced DUB activity towards ubiquitinated histone H2A (see section
1.3.4) (Parrotta et al., 2017). Alternative splice variants are not unusual in cancer as the
capacity to generate protein diversity can often confer a survival advantage (Paronetto et

al., 2016). Whether this is the case for BAP1A remains to be elucidated.

BAP1 can be phosphorylated on multiple residues, leading to various functional
consequences in DNA repair (see section 1.3.4.2) and gene silencing (see section 1.3.5).
Studies have shown that BAP1 is phosphorylated at Ser592 in S-phase during replication
stress (Eletr et al,, 2013), and after ionising radiation (IR) treatment (Stokes et al., 2007; Yu
et al., 2014). It is proposed that phosphorylation of BAP1 at Ser592 is a regulatory
mechanism to control BAP1 function in HR DNA repair (Ismail et al., 2014), and to promote
its interaction with other HR factors to facilitate recruitment to double-strand breaks
following IR (Yu et al,, 2014). Indeed, Yu et al. identified six IR-induced phosphorylation sites
in BAP1, including Ser592, and showed that mutation of these inhibited BAP1 recruitment
to DNA double strand break (DSB) sites (Yu et al., 2014). The phosphorylation of BAP1 at
Thr493 is important for its interaction with the transcription factor FOXK2 and for its
recruitment to FOXK2 target gene promoters (see section 1.3.5) (Okino et al., 2015).

BAP1 protein is largely confined to the nucleus, where it assembles in high-molecular-
weight multi-protein complexes with transcriptional regulators to influence processes
such as cell growth and proliferation and chromatin-associated processes such as
transcription. The ubiquitin conjugating enzyme UBE20 regulates the shuttling of BAP1
between the nucleus and the cytoplasm by multi-monoubiquitylating its NLS leading to
cytoplasmic sequestration, an activity which is antagonised by BAP1 autodeubiquitylation
(Mashtalir et al., 2014). Although the significance of cytoplasmic BAP1 remains unclear, one
study has suggested a possible interaction between BAP1 and ER channels that control

pro-apoptotic Ca®* flux from the ER (Bononi et al., 2017a).
A global proteomic analysis of DUBs and their associated protein complexes was

performed by Sowa et al. to facilitate the understanding of DUB regulation, their biological

function and targets (Sowa et al., 2009). Their software platform CompPASS employed an
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unbiased comparative methodology to identify and score high-confidence candidate
interacting proteins for 75 human DUBs, from parallel proteomic data sets generated
through anti-tag immunoprecipitation and mass spectrometry (Jackson, 2009). The study
revealed high-confidence interactions between BAP1 and several proteins, including
ASXL1, ASXL2, HCF-1, O-linked B-N-acetylglucosamine transferase (OGT), FOXK1, FOXK2
and YY1 (see section 1.3.4). BAP1 interacts with polycomb group (PcG) proteins including
the three humans homologs ASXL1, ASXL2 and ASXL3 (Katoh, 2013). The interaction
between BAP1 and ASXL1 is critical for the catalytic activity of BAP1 as part of its function
within the PR-DUB complex (see section 1.3.4.1) (Sahtoe et al, 2016), illustrating an

essential mode of regulation for BAP1 through its protein-protein interactions.

1.3.4 BAP1 and chromatin modulation

Reversible ubiquitylation was initially viewed as a mechanism to target proteins for
degradation, counteracted by the action of DUBs. This idea has now evolved as it is
appreciated that reversible ubiquitylation can regulate a myriad of cellular processes,
including the control of gene expression. One way that gene expression is regulated is
through chromatin remodelling. Four core histone proteins (H2A, H2B, H3 and H4) are
involved in the structural organisation of chromatin and each can undergo various
covalent post-translational modifications such as (de)methylation, (de)acetylation,
(de)phosphorylation and (de)ubiquitylation on specific residues to alter the chromatin

structure, resulting in transcriptional activation or repression (Kouzarides, 2007).

1.3.4.1 BAP1 and H2A monoubiquitylation in transcriptional regulation

PcG proteins are transcriptional repressors first described in Drosophila as key regulators of
epigenetic silencing of homeotic gene expression during development (Lewis, 1978). PcG
proteins are found in large multi-protein complexes that catalyse post-translational
modifications of histone proteins resulting in gene silencing. In mammals, two main

repressive PcG complexes exist, polycomb repressive complex 1 (PRC1) and 2 (PRC2).

PRC2 and PRC1 are responsible for histone methylation and ubiquitylation, respectively
(Fig. 1.3Ai). EZH2 is a component of the PRC2 complex, it mediates the trimethylation of
histone H3 at lysine 27 (H3K27me3), triggering the recruitment of the PRC1 complex
through recognition of this histone mark by RYBP (see Fig. 5.13). Following this, the
BMIT/RING1 E3 ligase component of the PRCT complex facilitates chromatin repression and

gene silencing through the monoubiquitylation of histone H2A at lysine 119
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Figure 1.3: Functional roles of BAP1

A i BAP1 associates with ASXL1 to form the polycomb repressive deubiquitylase (PR-
DUB) complex, which in turn deubiquitylates histone H2A. The PR-DUB complex opposes
the activity of PRC1 and PRC2, de-repressing gene silencing caused by histone H2A
ubiquitylation. A ii BAP1 can regulate the response to DNA double strand breaks (DSB).
BAP1 is phosphorylated by ATM and multiple kinases, promoting its recruitment to the
site. of DNA damage and the recruitment of other DNA repair factors. BAP1 will
deubiquitylate histone H2A at DSB sites. B i Through the PR-DUB complex BAP1 can also
deubiquitylate OGT, a protease responsible for the O-GlycNAcylation and protein
maturation of chromatin associated protein HCF-1. HCF-1 is also a substrate for the
deubiquitylation activity of BAP1. Bii BAP1 also forms a ternary complex with HCF-1 and
the transcription factor YY1, resulting in its recruitment to various gene promoters and
leading to BAP1-activated gene expression. BAP1, BRCA1 associated protein 1; ASXLT,
additional sex combs like 1; OGT, O-linked B-N-acetylglucosamine transferase; HCF-1,
host cell factor 1; PRC1/2, polycomb repressive complex 1/2; YY1, yinyang 1.
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(H2AK119ub1). Interestingly, H3K27me3 marks were increased in BAPT knockout
hematopoietic cells, primarily at gene promoter regions of EZH2-dependent genes,
suggesting BAP1 may regulate EZH2 activity and the expression of EZH2 targets (LaFave et
al., 2015). The expression of BAP1 increases repressive H4K20me1 marks at the EZH2 locus,
these are recognised by PRC1 subunit L3MBTL2 to maintain chromatin repression. BAP1
co-occupies the EZH2 locus with L3MBTL2 thereby ultimately controlling the transcription
of EZH2 by deubiquitylating and stabilising L3MBTL2. As such, BAP1 depletion enhances
EZH2 transcriptional output through reduced L3MBTL2 stability (LaFave et al., 2015).

It is thought that the compaction of nucleosomes and restricted accessibility to RNA
polymerase complex contribute to the PRC1 mechanism of gene silencing (Simon and
Kingston, 2009). Within the human polycomb repressive deubiquitylase (PR-DUB) complex,
BAP1 opposes the action of PRC1 by deubiquitylating histone H2A (Fig. 1.3A))
(Scheuermann et al,, 2010). For BAP1 to deubiquitylate histone H2A, it requires auto-
recruitment to nucleosomes via its C-terminal extension (710-729 aa) and enzyme
activation by ASXL1 (Sahtoe et al.,, 2016). The interaction between BAP1 and ASXL1 is
critical for the catalytic activity; ASXL2 and ASXL3 can also activate BAP1 through a shared
conserved DEUBAD domain thereby increasing its affinity for H2AK119ub1 (Sahtoe et al.,
2016). Mass spectrometry analysis has also revealed BAP1 and the ASXL proteins complex
together in aratio of ~2:1, indicating that BAP1 is dimeric within the PR-DUB complex (Kloet
et al., 2016).

Polycomb gene silencing is a dynamic balance between H3 trimethylation by PRC2 and
demethylation by a range of specific histone lysine demethylases, and H2A
monoubiquitylation by PRC1 and deubiquitylation by PR-DUB (Scheuermann et al., 2010;
Shi, 2007). BAP1 knockdown has been shown to alter expression of several polycomb target
genes (Bott et al., 2011), thereby implicating transcriptional dysregulation as a potential

pathogenic mechanism in BAPT-mutated tumours.

1.3.4.2 BAP1 and the BRCA1/BARD1 complex in DNA repair

BAP1 was originally identified in a yeast two-hybrid screen as a protein that interacted with
the RING finger domain of BRCA1 (Jensen et al.,, 1998). BRCAT1 exists as a heterodimer with
BARD1 through its RING domain, and this tumour suppressor complex has ubiquitin E3
ligase activity during the DNA damage response (Greenberg et al., 2006). Although BAP1
does not regulate the deubiquitylation of BRCA1, it can disrupt BRCA1 autoubiquitylation
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and function by binding to and deubiquitylating BARD1. This abolishes the E3 ligase
activity of BRCA1/BARD1 by perturbing heterodimer formation (Nishikawa et al., 2009). It is
thought that BAP1 can function in the DNA damage response as down-regulation of BAP1
in HeLa cervical carcinoma cells by short hairpin RNAs resulted in S-phase retardation and
hypersensitivity to ionising radiation, mimicking a phenotype similar to BRCA1 or BARD1
deficiency (Nishikawa et al., 2009). It was suggested that BRCA1-mediated E3 ligase activity

and BAP1-mediated deubiquitylation together may regulate this cellular process.

Indeed, upon investigation of the cellular role of BAP1 in DSB repair, an enrichment of BAP1
was observed near DSB sites after IR treatment, which correlated inversely with H2A
ubiquitylation levels (Yu et al., 2014). Crucially, ATM-dependent phosphorylation of BAP1
is important for cell survival after IR treatment and promotes BAP1 recruitment to DSB sites
for H2A deubiquitylation (Fig. 1.3Aii). RAD51 and BRCA1 promote DSB repair through HR
and are recruited to DSB sites (Price and D'Andrea, 2013). BAP1 depletion reduced the
number of RAD51 and BRCA1 foci near DSB sites in irradiated fibroblast cells, potentially

through an effect on gene expression governing BRCA1 recruitment on chromatin.

1.3.4.3 BAP1 and INO80 in DNA replication

BAP1 can also function as a chromatin-targeting factor to maintain genomic stability
during normal DNA replication. In this process, nucleosomes are disassembled ahead of
the replication fork for elongation and reassembled behind the replication fork to restore
pre-replication chromatin structure. The chromatin remodelling complex human inositol
auxotrophy 80 (INO80) promotes replication fork progression during normal DNA synthesis
in human cells, but it was unclear how the complex was targeted to these forks. It was
discovered that BAP1 stabilises INO80 by deubiquitylation and importantly, it recruits
INO8O to replication forks through an interaction with H2AUb, via a mechanism which
remains to be elucidated (Lee et al., 2014). In this scenario, there was no evidence of histone
H2A deubiquitylation by BAP1, but BAPT may instead function as a platform for INO80 to
associate with chromatin and increase DNA accessibility ahead of the replication fork, or to
restore pre-replication chromatin behind the fork. The study suggests that BAP1 can
contribute to cell proliferation by promoting replication fork progression, which is
somewhat paradoxical for its tumour suppressive function, but relevant to a role in

suppressing genomic instability.
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1.3.5 Other transcriptional roles for BAP1

In addition to its roles in H2A deubiquitylation, BAP1 regulates transcription through a
variety of other mechanisms. Within the PR-DUB complex, BAP1 deubiquitylates and
stabilises O-linked B-N-acetylglucosamine transferase (OGT), a protease responsible for the
O-GlcNacylation (a form of glycosylation) and the proteolytic maturation of HCF-1
(Capotosti et al., 2011; Dey et al., 2012) (Fig. 1.3Bi). Activated HCF-1 recruits OGT to O-
GlcNacylate the transcription factor peroxisome proliferator activator receptor-y co-
activator 1a (PGC1a). This enables BAP1 to deubiquitylate and stabilise PGC1q, promoting
gluconeogenesis. HCF-1 is a chromatin-associated protein; it cannot bind DNA directly
nevertheless it can influence transcription through its recruitment to gene promoters by
transcription factors that contain a HBM motif, and by functioning as a scaffold to recruit
histone-modifying enzymes to these promoters (Tyagi et al., 2007). In this way, HCF-1 can
both positively and negatively regulate the expression of genes involved in diverse cellular
processes such as cell cycle progression and cell proliferation. HCF-1 is also a BAP1
substrate; BAP1 can bind HCF-1 via its HBM domain and deubiquitylate HCF-1 by
preferentially removing K48-linked polyubiquitin chains (Fig. 1.3Bi). In this context, the
deubiquitylation of HCF-1 is a crucial step in BAP1-regulated cell growth; BAP1 can
promote cell proliferation by accelerating G1/S progression via HCF-1 activation (Machida
et al, 2009; Misaghi et al., 2009). In contrast, BAP1 is also involved in cell growth
suppression mediated by BRCA1-BARD1 complex, thus the association of BAP1 with its

interaction partners governs its functional output.

As nearly all cellular BAP1 is complexed with HCF-1, it was postulated that HCF-1 could
represent a major scaffold protein for BAP1, helping to coordinate the association of BAP1
with other interacting partners to form specific transcription regulatory complexes (Yu et
al, 2010). YY1 is a zinc finger protein with fundamental roles in embryogenesis,
differentiation, replication and cell proliferation (Gordon et al., 2006). YY1 can activate or
repress gene transcription depending on which transcriptional activators or repressors it is
associated with, and to what gene promoters it is bound. BAP1 interacts directly with the
zinc finger region of YY1 via its C-terminal domain, and consistent with its speculated role
as a scaffold protein, HCF-1 is required for the formation of this ternary complex in vivo (Fig.
1.3Bii). BAP1-interacting proteins are known to be involved in chromatin-associated
processes, aiding in the recruitment of BAP1 to specific promoters to activate transcription.
Indeed BAP1/HCF-1/YY1 form a complex on chromatin, with YY1 targeting BAP1 to specific

gene-regulatory regions, such as the cox7c gene promoter, which encodes a subunit of the
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mitochondrial enzyme cytochrome c oxidase (Yu et al., 2010). Additionally, gene pathway
analysis indicated that this ternary complex appears to control a number of different
processes including cell cycle progression, cell survival, and metabolism (Yu et al., 2010).
Similarly, the transcription factor FOXK2 has been reported to function as a chromatin-
targeting factor for BAP1 (Ji et al., 2014). FOXK2 recognises BAP1 phosphorylated at Thr493
thereby recruiting it to FOXK2 binding regions on MCM3, CDC14A and CDKN1B genes
(Okino et al.,, 2015). BAP1 represses these FOXK2 target genes by suppressing PRC1-
mediated BMI1/RINGT1 E3 ligase activity. A surprising result given that BMI1/RING1 and H2A
ubiquitylation is generally associated with chromatin repression and gene silencing (Fig.
1.3A)), it nevertheless raises the interesting possibility of PRC1-dependent activation of

gene expression in BAP1-mutated cancers.

1.3.6 Other cellular roles for BAP1

Recently, several studies have been published describing novel functional roles for BAP1
(Baughman et al., 2016; Bononi et al., 2017a; Bononi et al., 2017b; Dai et al., 2017; Hebert et
al., 2017). These roles range from BAP1 regulation of metabolism, intracellular calcium
homeostasis, unfolded protein response, cytoskeletal organisation and cell motility. | will
discuss these functional roles in greater detail and their implications in the context of my

findings in chapters 3 and 5.

1.4 miRNAs

1.4.1 Biogenesis and functionality

miRNAs are short non-coding RNAs of 19-25 nucleotides that bind to the 3’ untranslated
regions (UTRs) of target mRNAs to downregulate gene expression at a post-transcriptional
level (Bartel, 2004). miRNA genes are transcribed in the nucleus by RNA polymerase Il or Il
to generate a primary miRNA (pri-miRNA) transcript (Lee et al., 2004; Borchert et al., 2006).
A microprocessor complex containing the RNase Il enzyme Drosha cleaves the transcript
to form precursor miRNA (pre-miRNA) (Han et al., 2004). Pre-miRNA is then exported to the
cytoplasm by exportin-5, where it is processed by RNase Ill enzyme Dicer into a mature
miRNA duplex (Hutvagner et al., 2001). The duplex unwinds, and the functionally mature
miRNA strand is incorporated into the RNA-induced silencing complex (RISC) whilst the
passenger strand is often degraded. The thermodynamic stability of the strands
determines which arm of the duplex will be incorporated into the RISC as the mature

miRNA (Schwarz et al.,, 2003). The argonaute (Ago) proteins constitute the major functional
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element of the RISC, and the sequence-specific repression of complementary target RNAs
is mediated by the RISC through the binding of the Ago protein to the miRNA (Peters and
Meister, 2007).

Within target mRNA, the “seed region” is a sequence of approximately seven nucleotides
that is essential for miRNA binding (Lewis et al., 2003). A mature miRNA contained in the
RISC complexis guided towards complementary mRNA targets, where the “seed sequence”
(residues 2-8 at the 5’ end) of the mature miRNA base pairs with the seed region of target
genes. This can result in mRNA cleavage and subsequent degradation if there is complete
complementarity, or translational repression with incomplete complementarity (Bartel,
2009; Filipowicz et al.,, 2008). Distinct cytoplasmic foci known as processing bodies (P-
bodies) function as sites of general mRNA turnover and for storage of mRNA transcripts

targeted for translational repression by miRNAs (Liu et al., 2005).

In mammals, miRNA-mRNA binding is generally the result of imperfect complementary
base pairing, while in contrast, near-perfect complementary base pairing is most common
in plants (Bartel, 2004). The imperfect nature of miRNA-target binding enables a single
miRNA to target multiple mRNAs. There is also a degree of redundancy between miRNA
that can target a single protein. In addition, individual mRNAs frequently contain more
than one miRNA binding site, therefore miRNAs have the potential to regulate numerous
cellular pathways and processes through targeting multiple mRNAs. Indeed, it has been
estimated that miRNAs can regulate about two-thirds of all protein-coding genes in the
mammalian genome (Friedman et al., 2009). This can create a complex regulatory network
between miRNA-mRNA that can act in a tissue-specific and cell-state dependent manner
(Lu et al., 2005). Disrupting this highly complex miRNA regulatory network can induce
abnormal cell behaviour and disease pathogenesis (Li et al., 2010). As such, dysregulated
miRNA expression is a common feature in cancers (Farazi et al., 2013), where miRNAs can
act as either tumour suppressors or oncogenes (“oncomiRs”) depending on the nature of

their target genes.

1.4.2 miRNA nomenclature

Criteria and conventions for miRNA identification and naming are described in (Ambros et
al., 2003). In miRNA databases, the names or identifiers of human miRNAs are of the form
hsa-mir-125a-5p/3p. “hsa” signifies the organism, in this case homosapiens, “mir” refers to

the gene locus and the pre-miRNA, whereas the mature miRNA is designated “miR”, and
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the number refers to the order of discovery. miRNA genes can also be annotated with an
additional lower-case letter, for example hsa-miR-125a and hsa-miR-125b, these denote
closely related mature sequences that are expressed from separate pre-miRNA. Often, the
letters are used to differentiate among multiple members of the same miRNA family. The
5p/3p refers to the 5'- or 3" arm of the precursor sequence from which the mature miRNA
is derived. Additionally, distinct precursor sequences or genomic loci that express identical
mature sequences get numbered suffixes, for instance, hsa-mir-121-1 and hsa-mir-121-2
produce the same mature microRNA product: hsa-miR-121. The global miRNA expression

profile in a specific genome is termed the “miRNome”.

1.4.2 Regulation of miRNA expression

Although a considerable number of known miRNAs are universally expressed across
human tissues, a growing body of research has revealed the highly tissue-specific nature
of miRNA expression (Landgraf et al.,, 2007; Ludwig et al., 2016). This is unsurprising as
different tissues have specialised functions and would therefore express a specific set of
protein coding and miRNA genes for the regulation of these functions. Tissue-specific
miRNA expression profiles have been determined for normal tissues and for various tumour

types (Farazi et al., 2013).

The genes in which miRNAs are encoded are known as the host genes. It is thought that
the majority of mammalian miRNAs appear to be located within introns of protein coding
or non-coding genes (Rodriguez et al., 2004), which may have implications for their
transcriptional regulation as they are transcriptionally linked to the expression of their host
genes. These miRNAs are termed intragenic miRNAs. In contrast, intergenic miRNAs have
their own gene promoters and so are expressed independently of nearby protein coding
genes, and can be regulated through these promoters by specific transcription factors
(Gulyaeva and Kushlinskiy, 2016). Almost half of all miRNA genes are organised in
polycistronic clusters and are therefore co-expressed, suggesting that members of the
same miRNA family may evolve simultaneously and share functional features (Kim et al.,
2009; Baskerville and Bartel, 2005). Interestingly, several lines of evidence have recently
emerged to suggest that miRNAs participate in regulatory loops with transcription factors

to modulate their own expression, as discussed in more detail in section 7.1.

For both intra- and intergenic miRNAs, mutations in the DNA sequences of host genes or

in the mRNA seed region are able to impact the biogenesis and function of miRNAs (Mishra
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et al., 2008). Any disruption of host gene expression is also likely to affect intragenic miRNA
expression; a gain-of-function mutation may enhance miRNA expression and consequently
its regulatory effects towards it targets, whereas a loss-of-function mutation may abrogate
miRNA expression and its target regulation. Additionally, mutation in the mRNA seed
region may result in the escape from translational inhibition or degradation of the mRNA

transcript by a miRNA (Chin et al., 2008).

Similarly to protein-coding genes, miRNA gene expression can also be regulated by
methylation of their promoter regions (Han et al., 2007). DNA methylation indirectly
influences the regulation of the miRNA target genes; promoter hypermethylation leads to
silencing of miRNA genes and consequently an overexpression of target genes, whereas
hypomethylation leads to miRNA gene re-expression and target gene repression. Various
miRNA genes are affected by epigenetic inactivation due to aberrant hypermethylation,
which is characterized as a mechanism of miRNA silencing in cancer (Guo et al., 2015¢;
Lujambio et al., 2007). At the post-transcriptional level, the expression of miRNAs can be
regulated through changes in miRNA processing and stability. Their expression can also be
downregulated due to dysregulation of the biogenesis machinery, such as losses or gains
in Drosha, Dicer and Ago (Gulyaeva and Kushlinskiy, 2016). Overall, tumours frequently
exhibit global downregulation of mature miRNAs, due to a combination of chromosomal

deletion, mutation and epigenetic silencing (Jansson and Lund, 2012).

1.4.3 miRNAs in cancer biology

The first description of miRNA dysregulation in cancer was in B-cell chronic lymphocytic
leukaemia (CLL), where the miR-15a/16-1 cluster was found to be deleted in the majority
of CLL patients, resulting in elevated B-cell lymphoma 2 (BCL2) levels (Calin et al., 2002).
This prompted the idea that each tumour type could possess a distinct miRNA signature
that distinguishes it from normal tissues, and even other cancer types. In support of this,
several studies have described altered miRNA expression in diverse types of cancers,
compared with normal cells from the same tissue, as reviewed in (lorio and Croce, 2017).
Interestingly, the same group also revealed that miRNA genes are frequently located at
fragile sites or in genomic regions that are prone to alterations in cancer (Calin et al., 2004),
thus increasing their susceptibility to mutation and deletion. However, the combination of
deletion plus mutation in miRNA genes are rare events (Calin et al, 2005), instead
epigenetic regulation of miRNA expression is likely to be a major mechanism governing

changes in miRNA function in cancer cells (Calin and Croce, 2006).
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miRNAs have been proposed to contribute to tumourigenesis as upregulated miRNAs
often act as oncomiRs whilst downregulated miRNAs possess tumour suppressive
functions. However, the classification of miRNAs as one or the other can be difficult because
of the intricacies of their expression patterns, which can differ for specific tissues and
cellular states. Coupled with the fact that one miRNA can target multiple mRNA transcripts,
it is possible for a single miRNA to function as a tumour suppressor in one context, and an

oncomiR in another (MacFarlane and Murphy, 2010).

1.4.4 Potential for miRNA therapy in cancer

The rationale for using miRNAs as therapeutic agents is based on the findings that miRNA
expression is dysregulated in cancer compared to normal tissues, and that cancer
phenotypes can be altered by targeting miRNA expression (Rothschild, 2014). Current
approaches for miRNA therapy in cancer involve either the restoration of tumour
suppressive genes by inhibition of oncogenic miRNAs using miRNA inhibitors, or inhibition

of oncogenes by treatment with “miRNA mimics” (Shah et al., 2016).

miRNA inhibitors are chemically synthesised, single-stranded oligonucleotides
complementary to endogenous miRNA, which sequester miRNA so it cannot be processed
by the RISC complex. There is a plethora of miRNA inhibitors, such as anti-miR
oligonucleotides or antagomiRs, locked nucleic acids, miRNA sponges and miRNA masks
(as reviewed by (Shah et al., 2016)). AntagomiRs have been used with relative success, the
silencing of miR-10b with antagomiRs in a mouse breast cancer model was associated with
reduced metastasis, both in vitro and in vivo (Ma et al., 2010). miRNA mimics are chemically
modified RNA duplexes that can be loaded into the RISC complex to achieve downstream
inhibition of target MRNAs. They represent an alternative to restore the normal function of
downregulated miRNAs. Numerous studies have validated the efficiency of miRNA
replacement therapy in in vitro and in vivo models, and in patients (see section 1.4.5.2)
(Esquela-Kerscher et al., 2008; Esposito et al., 2014; Reid et al., 2013). The manipulation of
miRNA expression in patient tumours represents a novel therapeutic tool, however the
major challenge facing miRNA therapeutics is in the effective in vivo delivery of these

agents to specific sites in the body.
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1.4.5 miRNAs in MPM

In the first study to show dysregulated expression of miRNAs in MPM, Guled et al. compared
miRNA expression profiles in MPM tumour samples compared with miRNAs in normal
human pericardium, and between different histological subtypes of MPM, identifying a
number of miRNAs related to MPM tumourigenesis and a set of miRNAs that can
differentiate between MPM subtypes (Guled et al., 2009). Ivanov et al. have previously
reported a downregulation of miR-31 due to deletions on chromosome 9p21.3 in
approximately 54% of tumours from MPM patients, making this miRNA one of the most
commonly deleted in MPM. miR-31 re-expression reduced proliferation through cell cycle
arrest, and inhibited migration and invasion of MPM cells. miR-31 has also been linked with
chemotherapy resistance in MPM. Moody et al. suggest the loss of miR-31 in MPM tumours
may confer a chemosensitive phenotype, and as many MPM patients are inherently
resistant to chemotherapy, stratifying patients based on high miR-31 levels could enhance
the efficacy of chemotherapy following administration of miRNA inhibitors to silence miR-

31 expression (Moody et al., 2017).

Although upregulated miRNA expression has been reported in MPM, such as increased
expression of the miR-17-92 oncogenic cluster (Busacca et al., 2010; Balatti et al., 2011), the
reduced expression of a variety of miRNAs in MPM seems to be associated with the
characteristic biological changes observed in this cancer. miR-29¢c-5p is downregulated in
MPM cell lines compared with normal mesothelial controls, with its overexpression able to
inhibit proliferation and invasion of MPM cells in vitro. Asbestos-induced genomic changes
in MPM often involves promoter hypermethylation (Christensen et al., 2008); the DNA
methyltransferases responsible are targets of miR-29¢c-5p. They were shown to be
downregulated following miR-29¢c-5p overexpression, implying that epigenetic regulation

of MPM is a major function of miR-29¢-5p (Pass et al., 2010).

The tumour suppressive functions of the let-7 family were first described in lung cancer
(Takamizawa et al., 2004), and while there have been no reports of let-7 downregulation in
MPM, it is suggested that the transcriptional upregulation of let-7 family members is
involved in the attenuation of RAS activity and the impairment of anchorage-independent
growth of MPM cells (Khodayari et al., 2011). MPM cells exhibit a propensity to migrate and
locally invade surrounding tissue, and increased levels of epithelial-to-mesenchymal
transition (EMT) markers in sarcomatoid MPM cells is thought to be associated with the

aggressive, invasive nature of this subtype (Schramm et al,, 2010). Evidence suggests that
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changes in the expression of EMT-related genes are associated with dysregulated miRNA
expression in MPM, with miR-205 and miR-145 expression showing an inverse correlation
with EMT markers vimentin, zinc finger E-box-binding homeobox 1 (ZEB1) and octamer-

binding transcription factor 4 (OCT4).

miR-34 and miR-15 families are well-described tumour suppressive miRNAs that are
downregulated in many cancers because of chromosomal deletion or promoter
methylation (Hermeking, 2010; Calin et al., 2002). Altered expression of these miRNAs have
also been reported in MPM, the co-transcribed miR-34b/miR-34c cluster is silenced by
methylation in the majority (85%) of MPM tumours (Kubo et al., 2011), and members of the
miR-15 family were all detected at significantly lower levels in MPM cell lines and tissues
compared with normal controls (Reid et al., 2013). MPM cell metabolism is another
biological feature influenced by changes in miRNA expression, Tomasetti et al. showed that
various stress stimuli induced the downregulation of miR-126 in MPM cells, consequently
reducing mitochondrial respiration and promoting glycolysis in these cells (Tomasetti et

al., 2014).

miRNA expression profiling of MPM has identified signatures associated with all stages of
tumourigenesis, from cancer initiation, to development and metastasis. Understanding
these miRNA signatures can inform on the consequences of their loss, and suggest novel
targets for therapy and disease screening, which may help to improve patient survival for

this cancer.

1.4.5.1 miRNAs as potential biomarkers in MPM

microRNAs have also been proposed as biomarkers for cancer due to their stability in a
range of clinical samples (Nouraee and Calin, 2013). Recent studies have investigated their
potential to provide diagnostic or prognostic information, either in the tumour itself or in
blood samples and bodily fluids (Reid, 2015). Two independent studies demonstrating that
microRNAs could be a useful tool to aid diagnosis focused on the ability of the miR-200
family to discriminate MPM from lung adenocarcinoma (Gee et al.,, 2010; Benjamin et al.,
2010). Their test combines the significantly lower expression of all members of the miR-200
family, together with miR-192, miR-203, miR-205 in MPM, and the significantly higher
expression of miR-193 and miR-152 families in MPM than is seen in lung adenocarcinomas:
the miR-192/200c/193a signature is reported to provide 95% specificity in distinguishing

MPM from lung adenocarcinoma (Benjamin et al., 2010). This assessment is now the basis
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of a USA-regulations compliant diagnostic test offered by Rosetta Genomics (Benjamin et

al., 2010).

Interestingly, miRNA expression profiles seem capable of complementing existing
standard biomarkers such as mesothelin (Santarelli et al., 2011), thereby improving the
accuracy of MPM diagnosis. miRNA-based biomarker tests could add relevant adjunct
information in MPM and increase the probability of reaching the right diagnosis between
MPM and adenocarcinoma, and between MPM subtypes. Negative nuclear staining for
BAP1 is already proposed as a reliable indicator of BAP1-mutated MPM and an important
adjunct to support MPM diagnosis. Therefore, the potential association of altered miRNA
expression with tumourigenic mechanisms such as mutation in a MPM driver gene like
BAP1, increases the likelihood of the miRNA(s) having a diagnostic value for MPM. As such,
there is the possibility that altered miRNA expression profiles in BAPT-mutated MPMs could

function as non-invasive surrogate biomarkers for BAPT loss in MPM.

1.4.5.2 miRNA-based therapies in MPM

The MesomiR-1 phase | clinical trial represents the first clinical experience of a miRNA
replacement therapy in MPM (van Zandwijk et al., 2017). It was previously shown that the
miR-16 family is downregulated in MPM, and restoration of expression with a miR-16 mimic
led to a pronounced inhibition of MPM cell growth in vitro (Reid et al., 2013). From this, the
commencement of the MesomiR-1 trial aiming to assess the safety and activity of miR-16
mimics in MPM has shown good tolerance and early signs of anti-tumour activity in humans
(van Zandwijk et al., 2017). miR-16 mimics were delivered intravenously by loading the
mimic into TargomiR minicells. Minicells are anucleate, nano-sized (400 nm in diameter)
cells derived from bacteria, that can be packaged with various types of cargo and targeted
to tumour cells via antibodies specific for tumour cell-surface receptors, in this case the

epidermal growth factor receptor (EGFR) (MacDiarmid and Brahmbhatt, 2011).

Out of 22 patients who were assessed for response by pleural CT, fifteen had stable disease
and one patient achieved an objective partial response to TargomiR treatment and showed
substantial improvement in pulmonary function. Although results will need to be
confirmed in larger studies, the study provides important safety data for TargomiRs as a
therapeutic approach and shows encouraging anti-tumour activity in patients with

refractory MPM.
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In this chapter, | have presented an overview of MPM and highlighted the need for novel
and non-invasive biomarkers to support early diagnosis. | have also discussed reversible
ubiquitylation, with a particular focus on DUBs and the functions of BAP1. | have also
described the genomic landscape of MPM, including the association between somatic and
germline BAPT mutations and high MPM incidence. Finally, | have introduced the idea of
miRNA dysregulation in cancer, and how differential miRNA expression has potential

diagnostic value in MPM.

1.5 Project aims

1.5.1 Outstanding questions

MPM is a rare and aggressive cancer with poor prognosis and limited treatment options. A
new wave of MPM research is now focussed on identifying therapeutic vulnerabilities that
can sensitise this chemo-resistant tumour to current and newer chemotherapeutics.
Although the mutation burden in MPM is low, there are an exclusive set of driver genes
that are frequently mutated in MPM, including BAP1. Genetic inactivation of BAPT (see
section 1.3.2) is well characterised, but alternative epigenetic mechanisms for BAPT
inactivation, such as gene promoter methylation or the post-transcriptional repression by

miRNAs are unexplored in MPM.

The literature surrounding BAP1 biology has exploded over recent years, with new roles
still being discovered in different tumour types that can be conflicting in nature. This
suggests that there are critical differences in tissue specificity in BAPT-mutant tumours, and
that BAP1 functions may be highly context-dependent. As such, there is a need for better
in vitro models for the appropriate cell context under investigation, particularly for MPM.
The recent availability of well-characterised, patient-derived MPM cell lines through
Mesobank, a bioresource facilitating the availability of MPM tissue, blood and cell lines for
basic science, translational and clinical research (see section 3.1) (Rintoul et al., 2016), has
improved the outlook for pre-clinical mechanistic studies in MPM. However, in order to
establish the effect of a single gene mutation on MPM biology, this lab had utilised
recombinant adeno-associated virus (rAAV)-mediated genome editing (Horizon Discovery)
to engineer clinically relevant BAP71-mutated isogenic cell lines from MeT5A mesothelial
cells (see section 3.1) (Kenyani et al., manuscript in prep). Alleles were sequentially targeted
with a predisposition point mutation as seen in the Family W genome, and a promoter trap

to mimic biallelic BAPT inactivation. These isogenic MeT5A BAP1-mutant cell lines were
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used to profile the BAP1-dependent proteome in the search for synthetic lethal

interactions, and this data was independently validated in this study.

The MPM research community is beginning to identify therapeutic targets that may be
stratified according to BAP1 status (see section 1.3.2.4), however conclusive data from
clinical trials are still lacking and other targets remain to be discovered, particularly in the
emerging field of epigenetics. This lab has previously identified a link between BAP1 and
histone deacetylase 2 (HDAC2) (section 4.1), but the mechanisms of action and the

implications for HDACi in MPM were unknown.

Protein expression may be influenced by BAP1 on a number of levels, including through
BAP1-regulated deubiquitylation, or through the transcriptional regulation of both coding
and non-coding RNAs. The consequences of genetic BAPT inactivation on protein-coding
gene expression in MPM (see section 1.3.4) is well documented. To date, there has been no
investigation of the BAP1-dependent transcription of miRNAs and their consequent effect
on cell biology. To this end, the isogenic MeT5A BAPT-mutant cell lines were used to
explore for the first time the BAP1-dependent miRNome in a context of BAP1-deficient
MPM. Currently, there are no surrogate liquid biopsy markers for BAP1 loss, which could
potentially enable stratification of BAP1 status via a simple blood test. miRNAs are stable in
a range of clinical samples including liquid biopsies, therefore characterising a robust
miRNA signature for BAP1-deficient MPM could hold great value as non-invasive diagnostic

or prognostic biomarkers in MPM.

1.5.2 Specific aims
1. One of the major aims of this study was to validate the BAP1-responsive proteome
in isogenic MeT5A BAPT-mutant cell lines, as part of a larger study to identify BAP1-
dependencies that might influence MPM cell physiology and drug sensitivities
(Kenyani et al., manuscript in prep) (Chapter 3). Following this, | aimed to explore
the functional relevance of the BAP1-responsive proteome in a panel of patient-
derived MPM cell lines of known BAP1 status and histologies, in order to infer the

functional consequences of these expression changes in MPM (Chapter 3).

2. Inthe same vein, as part of another study investigating the link between BAP1 and

HDAC2 (Sacco et al., 2015), | aimed to investigate the mechanism by which BAP1
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regulates HDAC2 expression and the consequences of BAP1 loss-of-function for

HDACi treatment in MPM (Chapter 4).

Furthermore, | investigated for the first time the BAPT-responsive miRNome in
MPM, by profiling miRNA expression in isogenic MeT5A BAPT-mutant cell lines
using the NanoString platform (Chapter 5). | aimed to expand the exploration of
the BAP1-responsive miRNome across a large panel of patient-derived MPM cell
lines, to explore any association of differential miRNA expression with BAP1 status

and histological subtype (Chapter 6).

Lastly, |1 aimed to investigate the regulation of BAP1 by miRNAs in MPM, by
exploring the correlative relationships between candidate miRNA expression and
BAP1 status and histology across the large panel of patient-derived MPM cell lines,
and through functional assays using miRNA mimics to manipulate miRNA

expression (Chapter 7).
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Chapter 2: Materials and Methods

2.1 Cell biology

2.1.1 Cell culture

Unless otherwise stated, all cell culture plastic ware was purchased from Corning (NY, USA).
All cell culture media and fetal bovine serum (FBS) were from Gibco (Invitrogen, Paisley,
UK). In every case, FBS was heat-inactivated at 55°C for 25 mins before its addition to cell

culture media.

The non-malignant, SV40-transformed human pleural mesothelial cell line MeT5A was
acquired from the American Tissue Culture Collection (ATCC, VA, USA). MeT5A were
cultured in Medium-199 containing 1 g/L D-Glucose, supplemented with 10% FBS, 2%
HEPES (Invitrogen), 0.1 mg/ml recombinant human epidermal growth factor (EGF)
(Peprotech, London, UK), 10 mg/ml Hydrocortisone (Sigma-Aldrich, MO, USA), 10 mg/ml
Insulin (Sigma-Aldrich), 0.1% Trace Elements B (CellGro, VA, USA) and 2 mg/ml Selenous
Acid (Sigma-Aldrich). Isogenic BAP1 mutant cell lines previously engineered from MeT5A
by gene-editing (see chapter 3), were cultured in Medium-199 as above, supplemented
with 0.7ug/ml Puromycin (Sigma-Aldrich) for the BAP1*"* cell line, and with 0.7ug/ml
Puromycin and 0.1mg/ml G418 (ForMedium, Norfolk, UK) for BAP1*7°cell lines.

The human mesothelioma cell lines MSTO-211H, NCI-H2052, NCI-H2452, NCI-H28 and NCI-
H226 were acquired from ATCC (hereafter referred to as ATCC cell lines) and cultured in
RPMI-1640 media containing 2 g/L D-Glucose, supplemented with 10% FBS. Fifteen
patient-derived, low-passage human mesothelioma cell lines were acquired from the Mick
Knighton Mesothelioma Tissue Bank (MesobanK) (Rintoul et al., 2016), and are hereafter
referred to as MesobanK cell lines. Ten of these cell lines (“#” designation) were cultured in
RPMI-1640 media containing 2 g/L D-Glucose, supplemented with 10% FBS, and the
remaining five cell lines (“MESO” designation) were cultured in RPMI-1640 GlutaMAX™
media containing 2 g/L D-Glucose, supplemented with 10% FBS, 20 ng/ml EGF, 1 pg/ml
Hydrocortisone and 2 pg/ml Heparin (Sigma-Aldrich), according to the protocols from the

two labs that derived these cell lines (Al-Taei et al., 2012; Chernova et al,, 2016).

All cell lines routinely underwent mycoplasma testing using the EZ-PCR Mycoplasma Test

Kit (Geneflow, UK) and STR profiling using the GenePrint 10 system (Promega, WI, USA).
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Cells were propagated in culture for a limited number of passages in a humidified incubator
at 37°C with 5% CO.. Upon reaching 80% confluency in 100mm dishes, cells were washed
with phosphate-buffered saline (PBS, Gibco) to remove any traces of serum. Cells were
lifted from the dish following minimal incubation with 0.05% trypsin-EDTA (Gibco) and re-

seeded into new dishes in fresh media at the ratios described in Table 2.1.

2.1.1.1 Freezing and thawing of cell lines

All cell lines were regularly frozen and stored in liquid nitrogen. Regular freezing ensured
passage numbers were kept low. To freeze cells, a confluent (80%) T75 cm? flask was
washed with PBS, trypsinised and then inactivated with complete medium. Cells were then
collected in a 50 ml sterile tube and centrifuged for 5 min at 3009 to pellet cells. Media was
discarded, and the cells were resuspended in 10 ml of freezing media (media with 15% FBS,
5% DMSO, 10 mM HEPES pH 7.4). Cryovials (Corning) were labelled with appropriate
identifying information and current passage number, and 1 ml of the cell suspension was
added to each cryovial. Cryovials were stored at -80°C for at least 24 hrs in a Mr Frosty
freezing container, which ensures gentle lowering of cellular temperature at a rate of 1
°C/min. After equilibrating at -80°C, cryovials were moved into liquid nitrogen for long term

storage.

Cells were reconstituted by removal from liquid nitrogen and quick thawing to 37°C. The
defrosted cell suspension was added to a T25 cm? tissue culture flask containing 10 ml
warm complete media. Cells were then incubated at 37°C with 5% CO,. After 24 hrs, media

was refreshed on the cells to remove any residual DMSO.

2.1.2 RNA interference

RNA interference can be used to interfere with the function of an endogenous gene (Fire
et al., 1998). siRNA transfections were performed in either 6-well plates or 60mm dishes.
siRNA oligonucleotide sequences are listed in Table 2.2. Forward transfection protocols
were employed in Chapter 4 to introduce siRNA into cultured cells, as per the
manufacturer’s instructions. MSTO-211H cells were seeded in 6-well plates or 60 mm dishes
at 1.5 x 10° or 3.3 x 10°cells per well, respectively, in full growth medium one day prior to
siRNA transfection. Immediately before transfection, media was replaced with 800 pl (6-
well plate) or 1.8 ml (60 mm dish) of growth media with no FBS or other supplements.
siRNAs were transfected into cells using the Oligofectamine transfection reagent

(Invitrogen), at a final siRNA concentration of 45 nM. Briefly, two solutions were prepared
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Cell Line Source Isolated | Histological Age Gender | Split Ratios
from Subtype

MeT5A ATCC Pleural | Transformed N/A M 1:3
fluid normal over 2 days

BAPTW* Isogenic mesothelial N/A M 1:2
BAP1-mutant over 2 days

C5.1 cell lines N/A M 1:2
BAPT%/O derived from over 2 days

C3.1 MeT5A* N/A M 1:2
BAPTw/KO over 2 days

MSTO-211H ATCC Pleural Biphasic 62 M 1:3
fluid over 2 days

NCI-H2052 Pleural Epithelioid 65 M 1:2
fluid over 3 days

NCI-H2452 Tumour | Epithelioid N/A M 1:3
tissue over 3 days

NCI-H28 Pleural Epithelioid 48 M 1:3
fluid over 3 days

NCI-H226 Pleural Epithelioid N/A M 1:3
fluid over 3 days

#2 MesobanK Tumour Biphasic 41 F 14
(Al-Taei et al., tissue over 3 days

#15 2012) Tumour | Epithelioid 68 M 1:4
tissue over 3 days

#19 Tumour Biphasic 71 M 1:5
tissue over 3 days

#24 Tumour | Sarcomatoid 68 M 1:2
tissue over 3 days

#26 Tumour Biphasic 66 M 1:3
tissue over 3 days

#30 Tumour | Epithelioid 60 M 1:3
tissue over 3 days

#34 Pleural | Sarcomatoid 53 M 1:3
fluid over 3 days

#38 Tumour | Epithelioid 63 M 1:3
tissue over 3 days

#43 Tumour | Epithelioid 56 M 1:3
tissue over 3 days

#52 Tumour | Epithelioid 57 F 1:2
tissue over 3 days

MESO-3T MesobanK Tumour | Epithelioid 56 M 1:3
(Chernova et tissue over 3 days

MESO-8T al., 2016) Tumour | Epithelioid 77 M 1:3
tissue over 2 days

MESO-12T Tumour | Epithelioid 78 M 1:3
tissue over 3 days

MESO-14T Tumour | Epithelioid 59 M 1:3
tissue over 3 days

MESO-23T Tumour | Epithelioid 68 M 1:3
tissue over 3 days

Table 2.1: Cell line information for MeT5A wildtype and Isogenic BAP1 mutant cell

lines, ATCC and MesobanK mesothelioma cell lines.
N/A: not available. *(Kenyani et al., manuscript in prep)
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Protein Oligo Product Target Sequence Working
Number Concentration
AllStars Non- S103650318 | N/A 45 nM
Negative | targeting
Control (siC)
BAP1 #3 SI00066710 | 5'-CGCUGGUGCUGGA 45 nM
(siBAP1_3) AGCAAATT-3'
BAP1 #5 S103036390 | 5-GGUGAACCGUCAG 45 nM
(siBAP1_5) ACAGUATT-3’
Table 2.2: siRNA oligo sequences
Forward siRNA Transfection
6-well plate 60mm dish
Solution A Solution B Solution A Solution B
2.5 pl siRNA 4.1 pl Oligofectamine 5.5 pl siRNA 9 ul Oligofectamine
180 pl OptiMEM 18.4 pl OptiMEM 396 pl OptiMEM 40.5 pl OptiMEM

Table 2.3: Reaction mixes for forward transfection of siRNAs.
siRNA stock concentration: 20 uM.

for siRNA transfection, the volumes for each component are listed in Table 2.3 for a 6-well
plate or 60mm dish. Solution B was added to solution A and incubated for 20 mins at room
temperature before 200 pl (6-well plate) or 450 pl (60 mm dish) of transfection complexes
were added drop-wise to the cells. After 4 hrs incubation, FBS was added to the cells to a
final concentration of 10%. The media was replaced the following day with full growth
media. Cells were harvested 72 hrs after transfection for analysis by qRT-PCR or

immunoblotting.

2.1.2.2 Reverse siRNA transfection

A reverse transfection protocol was employed in Chapter 7 to introduce siRNA into cultured
cells. Reverse transfection was performed using Lipofectamine RNAIMAX transfection
reagent (Invitrogen) and a final siRNA concentration of 45 nM. Two solutions were prepared
for siRNA transfection, the volumes for each component are stated in Table 2.4 for a 6-well
plate. Solution A was added to solution B at 1:1 ratio and incubated for 10 mins at room
temperature, before 150 pl of the transfection complexes were added to a 6-well plate.
MSTO-211H cells were trypsinised, counted and 2.8 x 10°cells seeded onto the transfection
complexes in 2 ml of full growth media. Cells were harvested 72 hrs after transfection for

analysis by immunoblotting.
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Reverse siRNA Transfection: 6-well plate
Solution A Solution B
9.68 ul siRNA 9 pl Lipofectamine RNAIMAX
150 pl OptiMEM 150 pl OptiMEM

Table 2.4: Reaction mixes for reverse transfection of siRNA.
siRNA stock concentration: 20uM.

2.1.3 Reverse transfection of miRNA mimics

The overexpression of mature miRNAs was achieved by transfecting MPM cell lines with
miRNA mimics (Qiagen) (see section 1.4.4). Reverse transfection of the miR-125b-5p mimic
(MSY0000423) was performed using the Lipofectamine RNAIMAX transfection reagent.
AllStars Negative Control siRNA (siC) and BAP1 #3 siRNA oligo (siBAP1_3) were used as
controls in mMiRNA mimic experiments, as described in section 2.1.2.2. Two solutions were
prepared for mimic transfections, as detailed in Table 2.5 for a 6-well plate. Solution A was
added to solution B at 1:1 ratio and incubated for 10 mins at room temperature to allow
formation of transfection complexes, before 150 pl were plated into 6-well plates. MSTO-
211H cells were trypsinised, counted and then seeded onto the transfection complex at 2.8
x 10° cells/2 ml per well, and incubated for 72 hrs under normal growth conditions. Cells
were incubated for 72 hrs under normal growth conditions prior to harvesting and analysis

by immunoblotting.

miRNA mimic reaction mix
Solution A Solution B
1.08 pl miRNA 9 pl Lipofectamine
mimic RNAIMAX
150 pl OptiMEM 150 pl OptiMEM

Table 2.5: Reaction mixes for reverse transfection of miRNA mimics.
Stock mimic concentration: 20 uM. Final concentration of miRNA mimic: 5 nM

2.1.4 Drug treatment of cells
2.1.4.1 Cycloheximide chase
MSTO-211H cells were seeded at 3.3 x 10° cells per 60 mm dish, and transfected the next
day in standard media with 45 nM siRNA using Oligofectamine (section 2.1.3. 1). 72 hrs later,
cycloheximide (Sigma-Aldrich) was added to cells at a final concentration of 10 pg/ml for
0.5 hr, 1 hr, 2 hrs, 4 hrs or 6 hrs before the cells were lysed in Laemilli buffer (section 2.3.1)

and processed for immunoblotting (sections 2.3.2 - 2.3.4).

60



2.1.4.2 Proteasome inhibition

MSTO-211H or NCI-H28 cells were seeded at 1 x 10°cells per 60 mm dish. The following day,
cells were treated with 50 nM epoxomicin (Calbiochem, CA, USA) for 6 hrs. For siRNA
knockdown prior to epoxomicin treatment, MSTO-211H cells were seeded at 2.0 x 10° cells
per well in a 6-well plate, transfected the following day with 45 nM siRNA using
Oligofectamine then, 72 hrs later, cells were treated with 50 nM epoxomicin for 6 hrs. Cells
were lysed in Laemilli buffer (section 2.3.1) and processed for immunoblotting (sections

232-234).

2.1.4.3 HDAC inhibition

To assay the effect of HDAC inhibition on cell viability, 4000 cells/well were seeded in 100
I of cell culture medium in 96-well white-walled, clear-bottomed plates and incubated
overnight at 37°C with 5% CO,. The following day, the HDAC inhibitors vorinostat or
mocetinostat (Selleck Chemicals, TX, USA) were added to cells in fresh media at a range of
concentrations for 48 hrs (vorinostat: 100, 20, 10, 5, 2, 1, 0.5, 0.1 uM, mocetinostat: 40, 20,
10,5,2,1,0.5,0.1 uM). The final DMSO concentration in all wells was 0.1%. Cell viability was
measured using the CellTitre-Glo luminescent cell viability assay (Promega), as described

in section 2.1.5.

2.1.5 Cell viability assays

Cell proliferation and viability was monitored using CellTitre-Glo luminescent cell viability
assay (Promega), which estimates the number of viable cells by quantifying the cellular
level of ATP. 1500 cells/well were seeded in 100 pl of cell culture medium in 96-well white-
walled, clear-bottomed plates and incubated at 37°C with 5% CO,. Luminescence
measurements were taken at 4 hrs post seeding (T0) and then at 24 hr intervals over 5
consecutive days. Prior to these measurements, the plates were placed at room
temperature for 30 mins. 100 pl of CellTitre-Glo reagent was added directly to cells and
incubated for 10 mins in the dark with mixing to allow for cell lysis and the generation of a
luminescent signal, which was detected using a Glomax multi-detection system (Promega,

emission wavelength: 560 nm).

2.1.6 Flow cytometry
To determine the cell cycle distribution profile of the isogenic BAPT-mutant cell lines,
exponentially growing cells were fixed in 80% ethanol/PBS prior to propidium iodide (P,

Sigma-Aldrich) staining (50 pg/pl) to determine DNA content (Fulwyler, 1965). Pl-labelled
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cells were gated on single cells and the fluorescence of single cells was quantified using a
BD FACScalibur™ system (BD Biosciences, UK). The percentage of cells at each phase of the
cell cycle (Gi/ Go, S or Go/M) was quantified based on DNA content.

2.2 Molecular biology

2.2.1 RNA Extraction

To avoid sources of RNase contamination, only RNase-free certified filter tips and tubes
were used for RNA extraction, which was carried out in a designated workspace for RNase-
free work, and all instruments and surfaces were treated with an RNase cleaning product

RNaseZap (Thermo Fisher Scientific, MA, USA).

2.2.1.1 Total RNA extraction for mRNA analysis

Total RNA extraction was performed using the RNeasy mini kit and QlAshredder columns
(Qiagen, Germany) with on-column DNase digestion in accordance to the manufacturer’s
protocol. Briefly, samples were lysed and homogenized in guanidine thiocyanate-
containing buffer and beta-mercaptoethanol to release RNA and inactivate RNases
(Chomczynski and Sacchi, 1987). Lysates were spun through QlAshredder columns to
remove cellular debris. Ethanol was added to the lysates prior to addition to RNeasy spin
columns, to promote the selective binding of RNA to the RNeasy silica membrane, followed
by DNAse digestion. Total RNA was eluted in 30 pl RNAse-free water (Qiagen) and the
concentration (ng/upl) and purity were determined using a Nanodrop 1000
spectrophotometer (section 2.2.2.1). The RNA integrity of total RNA was also assessed by

gel electrophoresis. RNA samples were stored at -80°C.

2.2.1.2 Total RNA extraction for miRNA analysis

To enrich for small RNAs <200 nucleotides (such as miRNAs), total RNA extraction was
performed using QIAzol lysis reagent and the miRNeasy mini kit (Qiagen) with on-column
DNase digestion as above. Briefly, samples were lysed and homogenized in QlAzol lysis
reagent containing phenol and guanidine thiocyanate, designed to release RNA, inhibit
RNases, and to remove cellular DNA and proteins from the lysate by organic extraction.
After addition of chloroform, the homogenate was separated into aqueous and organic
phases by centrifugation. RNA partitions to the upper, aqueous phase, while DNA partitions
to the interphase and proteins to the lower, organic phase or the interphase. The upper,

aqueous phase was collected, and ethanol added to promote the selective binding of all
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RNA molecules >18 nucleotides upwards to the RNeasy spin column silica membrane. The
lysate was applied to the RNeasy spin column, followed by followed by DNAse digestion.
Total RNA was eluted in 30 pl RNAse-free water and the concentration (ng/ul) and purity of
RNA was determined in three quality control assays as described in section 2.2.2. RNA

samples were stored at -80°C.

2.2.2 Quality assessment of total RNA

2.2.2.1 NanoDrop 1000 spectrophotometer

Nucleic acids were quantified using UV absorption measured at 260 nm by the NanoDrop
1000 spectrophotometer (Thermo Fisher Scientific). The concentration of nucleic acid was
determined using the Beer-Lambert law, which predicts a linear relationship between
absorbance and concentration: A = ecl where A = absorbance, € = extinction coefficient, ¢
= concentration in M" cm™ and | = path length. In addition, absorbance at 280 nm and 230
nm was measured to assess protein or organic compound contamination. The A260/280
ratio was used to determine protein contamination of a RNA sample, whereas the A260/230
ratio indicates the presence of organic contaminants. For pure RNA, a ratio of >1.8 was

considered acceptable, and all samples satisfied these criteria.

2.2.2.2 Qubit fluorometer

Total RNA, following the miRNA extraction method, was quantified using a Qubit 2.0
fluorimeter (Thermo Fisher Scientific) and Qubit RNA BR Assay Kit (Thermo Fisher Scientific),
at the University of Liverpool Centre for Genomic Research (CGR). This method utilises
fluorescent dyes that bind specifically RNA, providing greater specificity than UV
absorbance-based quantification, where DNA, RNA, protein, free nucleotides or excess
salts may all contribute to the absorbance at 260nm. Total RNA was measured relative to

RNA standards of known concentration.

2.2.2.3 Agilent 2100 bioanalyser

The quality and integrity of total RNA, following the miRNA extraction method, was
confirmed using an Agilent 2100 bioanalyser and RNA 6000 Pico Kit (both Agilent
Technologies Inc, CA, USA), at the CGR. The bioanalyser examines RNA fragments following
electrophoretic separation based on their size. The bioanalyser software generates an
electropherogram, which provides a visual assessment of the quality of the RNA sample,
and the trace was used to produce an RNA Integrity Number (RIN) for each sample. The RIN

software algorithm allows for the classification of total RNA based on a numbering system
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of 1 - 10, with 1 being the most degraded and 10 being the most intact. A RIN >7 is

indicative of high quality intact RNA, and all samples met this criterion.

2.2.3 Reverse transcription

A dedicated hood was used to set up reactions for cDNA synthesis and PCR amplification
(Temin and Mizutani, 1992). To avoid RNase contamination, only RNase-free certified filter
tips and tubes were used. All instruments and surfaces were treated with RNaseZap. To
avoid cross-contamination of DNA templates, the hood work surface and all equipment

were irradiated with UV light for 30 mins prior to use.

2.2.3.1 cDNA synthesis from mRNA

cDNA was reverse transcribed from 1 pg total RNA with RevertAid H-minus M-MulV reverse
transcriptase (Fermentas, Thermo Fisher Scientific) and an oligo-dT primer (Promega).
Briefly, 1 ug RNA and 0.5 pg oligo-dT primer were incubated at 70°C for 5 mins then snap
chilled on ice, to ensure the primer annealed to the 3’ polyadenylated tail of mRNAs. A
reaction mix containing 4 pl reverse transcriptase buffer (1X) (Fermentas), 2 pl of 10 mM
polymerase chain reaction (PCR) nucleotides (Promega) and 0.5 pl of 40 pug RNasin
(Promega) was then added. After 5 mins incubation at 37°C, 1 ul RevertAid H-minus M-MulV
reverse transcriptase (200 units/ul) was added to each sample and cDNA synthesised for 1
hr at 42°C. Denaturation at 70°C for 10 mins and snap-cooling the samples on ice
deactivated the reverse transcriptase and minimised secondary structure of the cDNA,
which was diluted 1:5 in RNase-free water (Sigma-Aldrich) and stored at -20°C until further
use. Reactions were prepared from RNA without addition of reverse transcriptase (RT-) for
use as negative controls, to ensure all PCR amplicons are derived from cDNA and not from

contaminating genomic DNA.

2.2.3.2 cDNA synthesis from mature miRNAs

c¢DNA was reverse transcribed from 2 pg total RNA using miScript Il RT Kit (Qiagen). Mature
miRNAs were polyadenylated by poly(A) polymerase and reverse transcribed into cDNA
using oligo-dT primers containing 5’ universal tags (Fig. 2.1). Briefly, 2 ug RNA was added
to 2 pl reverse transcriptase mix (1X) containing poly(A) polymerase, 4 ul HiSpec buffer (5X)
which facilitates the selective conversion of mature miRNAs and certain small
nuclear/nucleolar RNAs into cDNA, and 2 pl oligo-dT primers (10X). The reaction volume
was made up to 20 pl with RNase-free water. cDNA was synthesised for 1 hr at 37°C,

followed by heat-inactivation of the reverse transcriptase at 95°C for 5 mins. cDNA was then
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diluted 1:100 in RNAse-free water (Sigma-Aldrich) and stored at -20°C until further use.
Reactions without addition of reverse transcriptase (RT-) were generated for use as

negative controls.

Poly(A) tailing of miRNA 5 3 miRNA

(from total RNA) via
Poly(A) Polymerase

cDNA synthesis of miRNA

via RT reaction \m Universal tag 5’

Anchored Oligo-dT Primer

A

Downstream qRT-PCR 3 _ Universal tag 5’ N;m\y Synthesised
analysis <
y 5 I 3
miRNA-Specific Forward 3 | ] 3
Primer Universal Reverse
Primer

Figure 2.1: Schematic of the miScript PCR system for reverse transcription and
quantification of mature miRNA.

cDNA is generated from total RNA containing miRNAs using the miScript Il RT kit, and
amplified by gRT-PCR using the miScript SYBR Green PCR Kit (both Qiagen). Mature
miRNAs are approximately 22 nucleotides in length, therefore the first step involves
elongating the miRNA by adding a poly(A) tail at the 3’ end of each RNA molecule with
poly(A) polymerase. The polyadenylated miRNA is primed for cDNA synthesis using
anchored oligo-dT primers. The primer anneals to the 3’ poly(A) tail and includes
degenerate bases like dN (dA, dT, dG or dG) and dV (either dG, dA or dC) at its 3’ end, to
lock the priming site immediately upstream of the poly(A) tail. This modification
prevents poly(A) slippage events which can occur when tandem repeats are found at the
site of replication. In addition, the oligo-dT primer also contains additional bases that
create a universal sequence tag on each cDNA strand that is synthesised. The universal
tag is at the 5™-end of the cDNA, and is recognised by the miScript Universal Primer
(reverse primer) in subsequent PCR cycles. miScript Primer Assays contain forward
primers that are specific for the target miRNA sequences of interest. Adapted from (Abm,
2018)
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2.2.4 gqRT-PCR

2.2.4.1 Quantitation of mRNA expression

Quantitation of mMRNA expression was performed by qRT-PCR (Saiki et al., 1985) using SYBR
green supermix and a CFX Connect real-time PCR detection system (both Bio-Rad, CA, USA).
Each reaction contained 4 ul of cDNA (from section 2.2.3.1, diluted 1:4 in RNase-free water)
0.15 pl forward and reverse primers (20 pM stock concentration, final concentration 300
nM) and 5 pl of SYBR green supermix (2X). Reactions were made up to a final volume of 10

pl with RNase-free water. The PCR primer pairs used are shown in Table 2.6.

Samples were arranged in triplicates on a white-walled 96-well PCR plate and firmly sealed
with a plastic cover (both Bio-Rad). After a denaturation step at 95°C for 3 min, samples
underwent 2-step amplification at 94°C (30 secs) and 60°C (60 secs) for 40 cycles. Melt
curves were analysed after 40 cycles to assess whether the assay had produced a single,
specific product. The quantitation cycle (Cq) values for test genes were compared to the
reference gene f-actin (ACTB) using the 2149 Ljvak method (Livak and Schmittgen, 2001)
for relative gene expression, which relates the qRT-PCR signal from the test gene in a test

sample, to that of an untreated control.

mRNA Primer pairs Annealing Product
Target temperature length
W) (bp)
BAP1 BAP1for: 62 129
5-CAGCCCTGAGAGCAAAGGATATG-3’
BAP1rev:
5-ATGGTCCGCACTGCACTAAG-3’
ACTB ACTBFnew9-06: 59 158

(B-actin) | 5'-CACCTTCTACAATGAGCTGCGTGTG-3'
ACTBRnew9-06:
5'-ATAGCACAGCCTGGATAGCAACGTAC-3’
HDAC1 HDAC 1 for: 62 100
5'-ACGGGATTGATGACGAGTCCTATG-3’
HDAC1rev:
5'-TGAGCCACACTGTAAGACCACC-3
HDAC2 HDAC2for: 64 181
5'-TTACTGATGCTTGGAGGAGGTGGC-3’
HDAC2rev:
5-TGGACACCAGGTGCATGAGGTAAC-3

Table 2.6: Primer pairs used for PCR amplification.
bp: base pairs.
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2.2.4.2 Quantitation of miRNA expression

Quantitation of miRNA expression was performed by quantitative reverse-transcription
PCR (gRT-PCR) using miScript SYBR Green PCR Kit (Qiagen) and a CFX Connect real-time
PCR detection system (Bio-Rad). Each reaction contained 2.5 pl of cDNA (from section
2.2.3.2, diluted 1:100 in RNase-free water), 2.5 pyl miScript primer assay (10X) which
contained miRNA-specific forward primers, 2.5 pl miScript universal reverse primer (10X),
which anneals to the unique sequence from the universal tag (Fig. 2.1), and 12.5 pl of
QuantiTect SYBR green master mix (2X). Reactions were made up to a final volume of 25 pl

with RNase-free water. The primers are listed in Tables 2.7 and 2.8.

Samples were arranged in triplicate on a white-walled 96-well PCR plate and firmly sealed
with a plastic cover (both Bio-Rad). After an initial 15 min activation step at 95°C, samples
underwent 3-step cycling at 94°C (15 secs), 55°C (30 secs) and 70°C (30 secs) for 40 cycles.
Melt curves were analysed after 40 cycles to assess whether the assay had produced a
single, specific product. In routine analysis, the Cq values for test genes were normalized to
the mean value of reference genes SNORD95 and SNORD96A, and relative expression

represented as 2144,

Mature miRNA Forward Primer Sequence Catalogue
Target number
hsa-miR-10a-5p 5'-UACCCUGUAGAUCCGAAUUUGUG-3’ MS00031262
hsa-miR-10b-5p 5'-UACCCUGUAGAACCGAAUUUGUG-3’ MS00031269
hsa-miR-125a-5p 5'-UAAUACUGCCUGGUAAUGAUGA-3’ MS00003423
hsa-miR-125b-5p 5'-UCCCUGAGACCCUAACUUGUGA-3’ MS00006629
hsa-miR-127-3p 5'-UCGGAUCCGUCUGAGCUUGGCU-3’ MS00003437
hsa-miR-141-3p 5'-UAACACUGUCUGGUAAAGAUGG-3’ MS00003507
hsa-miR-200a-3p 5'-UAACACUGUCUGGUAACGAUGU-3’ MS00003738
hsa-miR-200b-3p 5'-UAAUACUGCCUGGUAAUGAUGA-3’ MS00009016
hsa-miR-200c-3p 5'-UAAUACUGCCGGGUAAUGAUGGA-3’ MS00003752
hsa-miR-429 5'-UAAUACUGUCUGGUAAAACCGU-3’ MS00004193
hsa-miR-31-5p 5'-AGGCAAGAUGCUGGCAUAGCU-3’ MS00003290
hsa-miR-34c-5p 5'-AGGCAGUGUAGUUAGCUGAUUGC-3’ MS00003332
hsa-miR-376b-3p 5'-AUCAUAGAGGAAAAUCCAUGUU-3’ MS00007399
hsa-miR-377-3p 5'-AUCACACAAAGGCAACUUUUGU-3’ MS00004095
hsa-miR-381-3p 5'-UAUACAAGGGCAAGCUCUCUGU-3’ MS00004116
hsa-miR-656-3p 5'-AAUAUUAUACAGUCAACCUCU-3¥ MS00005355

Table 2.7: Forward primer sequences for qRT-PCR assays of

expression.

Distinct bases between closely related miRNAs are underlined

mature miRNA
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Small nucleolar RNA controls Catalogue number
SNORD61 MS00033705
SNORD68 MS00033712
SNORD95 MS00033726
SNORD96A MS00033733

Table 2.8: Forward primer sequences for small nucleolar RNA (SNORD)
housekeeping genes used for miRNA qRT-PCR.

2.2.5 NanoString nCounter human v3 miRNA expression assay

The nCounter human v3 miRNA expression assay is a hybridization-based profiling method
for detecting the expression of ~800 miRNAs in total RNA samples enriched for small RNAs
(see section 5.1 for further details on this assay). The nCounter human v3 miRNA expression
assay kit was sourced from NanoString Technologies (WA, USA) and the assay was
performed in accordance to the manufacturer’s instructions. Data collection was
performed by the nCounter prep station and the nCounter digital analyser (both

NanoString Technologies) in the CGR.

Total RNA including miRNAs were extracted as detailed in section 2.2.1.2. RNA
concentration and integrity were assessed using a Qubit fluorometer and Agilent
bioanalyser as detailed in sections 2.2.2.2 and 2.2.2.3, respectively. 100 ng of total RNA in 3
pl RNAse-free H,0 was used as input material for the first NanoString nCounter assay which
is described in Chapter 5 (NS1). For subsequent assays detailed in Chapter 6 (NS2 and NS3),
300 ng/3 pl of total RNA per sample was used as input material to increase the binding
density of sample to the surface of the nCounter cartridge (see section 2.2.5.3 -2.2.5.4) and
to increase the chances of detecting a higher abundance of miRNAs. The protocol below is

for one set of 12 reactions performed on one NanoString nCounter cartridge.

2.2.5.1 miRNA sample preparation

The sample preparation involved annealing an oligonucleotide bridge to a portion of both
the target mature miRNA and the specific miRtag oligonucleotide sequence to generate a
duplex for ligation (Fig 2.2). miRNA controls were included in the sample preparation to
monitor ligation efficiency and specificity throughout the reaction. The annealing master
mix was prepared by combining 13 pl annealing buffer, 26 ul of nCounter miRNA tag
reagent and 6.5 pl of miRNA assay controls (diluted 1:500 in RNAse-free water). 3.5 pl of the

annealing master mix was pipetted into 0.2 ml strip tubes with individual caps, and 3 pl
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(100 or 300ng) of RNA sample was added to each tube. The strip tubes were placed in a
Veriti Thermal Cycler with a heated lid set at 70°C (Thermo Fisher Scientific) to initiate the

annealing protocol shown in Table 2.9.

Mature miRNA / \

miRtag Sequence

)

Ligation Site

Figure 2.2: Specific capture of miRNA targets via ligation.

Unique oligonucleotide tags (miRtag, blue) are specifically ligated (circular region) onto the
3’ end of target miRNAs (red) so that short RNA targets can be detected by nCounter probes.
Ligation specificity is ensured by the oligonucleotide bridge (yellow) sequence that is
complementary to each mature miRNA and the connected miRtag. Image reproduced from
NanoString.

Temperature Time
94°C 1 min
65°C 2 min
45°C 10 min
48°C hold
Total Time 13 min

Table 2.9: nCounter annealing protocol

The ligation master mix was prepared by combining 19.5 ul polyethylene glycol (PEG) and
13 pl ligation buffer. Following completion of the annealing protocol, 2.5 pl of the ligation
master mix was pipetted into each tube and incubated at 48°C for 5 mins. 1 ul ligase was
then added to each tube and the ligation protocol initiated as shown in Table 2.10. After
completion, 1 pl ligation clean-up enzyme was added to each tube and the purification
protocol initiated as detailed in Table 2.11 to remove any unligated tags in each reaction.
Upon completion, 40 pl RNase-free H.0 was added to each sample ready for the

hybridization protocol.
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Temperature Time
48°C 3 min
47°C 3 min
46°C 3 min
45°C 5 min
65°C 10 min
4°C hold
Total Time 24 min

Table 2.10: nCounter ligation protocol

Temperature Time

37°C 2 hrs

70°C 10 min

4°C hold

Total Time 2 hrs 10 min

Table 2.11: nCounter purification protocol

2.2.5.2 Hybridisation of reporter and capture probes

The hybridization master mix was prepared by adding 130 pl of hybridization buffer to 130
pl of the reporter codeset. The reporter codeset consists of hundreds of probes that
hybridise specifically to complementary target miRNA and are identified by the digital
signal from the unique molecular barcodes on their 5’ end. 20 pl of master mix was added
to nCounter strip cap tubes. Samples from the miRNA sample preparation protocol were
denatured at 85°C for 5 mins, snap-cooled on ice and a 5 pl aliquot from each sample was
added to the hybridization mastermix in each tube. 5 pl of the capture probeset was added
to each tube immediately before placing at 65°C in a Veriti Thermal Cycler for 18.5 hr
incubation. The capture probeset contain probes which carry a biotin label on their 3" end,
these also hybridise to complementary sequences on target miRNAs in the sample to aid
the immobilization of the miRNA-reporter probe complex onto the surface of the nCounter
cartridge for data collection. Once removed from the thermal cycler, the samples were

transferred onto the nCounter prep station for post-hybridisation processing.

2.2.5.3 Post-hybridisation processing and data collection

Post-hybridisation processing and data collection used two instruments, the nCounter
prep station and the nCounter digital analyser (both NanoString Technologies),
respectively. Strip cap tubes containing the hybridized samples were transferred onto the
prep station and excess probes were washed away using a two-step magnetic bead

purification. To briefly describe the automated process, magnetic beads containing
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sequences that are complementary to the capture probe were used to bind the hybridized
samples, wash steps removed any excess reporter probes and non-target cellular
transcripts. The hybridised samples were then eluted off the beads and again hybridized to
magnetic beads containing sequences complementary to the reporter probes, thus
allowing excess capture probe to be removed in subsequent washing steps. The hybridized
samples were again eluted off the beads and immobilized onto the surface of the nCounter
cartridge for data collection by the nCounter Digital Analyser. The analyser images each
lane on the cartridge using a microscope objective and CCD camera, and tabulates the raw
counts for each unique barcode representing a mature miRNA. The data produced by the
nCounter Digital Analyzer are exported as a Reporter Code Count (RCC) file. One RCC file is
produced for every cartridge lane, which represents a single sample, and contains the

barcode counts for each miRNA gene and controls in that lane.

2.2.5.4 NanoString nSolver analysis software

Data analysis was performed using the nSolver analysis software (NanoString
Technologies). The software offers various methods for background subtraction,
normalisation and for calculating fold change estimates from the data (see chapter 5 for an
in-depth description of this workflow). Following the import of RCC files, the software
assesses each file for the following QC metrics: image quality, with the percentage fields of
view (FOV) successfully scanned >75%, binding density of probes to the cartridge surface
within each sample lane between 0.05 - 2.25 spots per square micron, and positive control
linearity, with an R? value >0.95 for the correlation between counts observed for the
positive controls. If a sample performed outside these ranges, it was flagged by the
software. Data for all lanes on each cartridge passed these QC checks and was processed

as described in chapters 5 and 6.

2.3 Protein biochemistry

2.3.1 Laemmli lysis

Whole cell extracts were prepared by direct addition of hot Laemmli buffer (50 mM Tris pH
6.8, 2% SDS, 10% glycerol) (Laemmli, 1970). Briefly, cells were grown as a monolayer in 6-
well plates, 60 mm or 100 mm dish, and were washed twice in PBS before cell lysis. PBS was
aspirated from each well/dish, which were then transferred onto a heat block at 110°C
before the immediate addition of 150 ul (6-well plate), 350 ul (60 mm dish) or 500 ul (100
mm dish) of preheated (110°C) Laemmli buffer. The surface of the plate/dish was scraped

with a rubber policemen, and the lysate collected into a 1.5 ml microcentrifuge tube with
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a screw cap. Samples were incubated at 110°C for 10 mins with intermittent vortexing every
2 mins to shear chromatin. A 20 pl aliquot of each cell lysate was diluted 1:5 in double-

distilled H,O (ddH.,0) for determination of protein concentration (see section 2.3.2).

2.3.2 Protein determination and sample preparation

The total protein concentration of cell lysates was determined using a bicinchoninic acid
(BCA) assay (Thermo Fisher Scientific). The principle of this method is that proteins reduce
copper (Cu) ions from Cu?* to Cu*in an alkaline solution, so that the amount of Cu®* reduced
results in a purple product that is proportional to the amount of protein present in the cell
lysate. The resulting colorimetric change is measured at 562 nm, and the amount of protein
present can be calculated by comparing the absorption reading to solutions of bovine

serum albumin (BSA) standards of known concentrations (Smith et al., 1985).

The BCA assay was performed according to the manufacturer’s instructions, using BSA to
generate a standard curve (working range: 20 - 2000 pg/ml). The standards and the cell
lysates were arranged in triplicate on a round-bottomed, clear 96-well plate. 10 pl of diluted
cell lysate (section 2.3.1) and 10 pl of each standard was plated per well. 200 ul of BCA
reagent (50:1 reagent A:B) was added per well and incubated for 25 mins at 37°C. The
resulting colourimetric change was measured at 562 nm using a Glomax multi-detection
system (Promega). Following protein quantification, cell lysates were supplemented with
10X sample buffer (312.5mM Tris-base pH 6.8, 50% glycerol, TM DTT and 1% bromophenol
blue) and stored at -20°C until use. For immunoblotting, 25-30 ug cell lysates were made

to equal volumes with 10X sample buffer, and then denatured at 98°C for 5 mins.

2.3.3 Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE)

SDS-PAGE involves the separation of proteins based on their size (Shapiro et al., 1967). 10%
10-well acrylamide mini gels were poured as detailed in Table 2.12 and run using a Bio-Rad
Mini-Protean® 3 system with electrophoresis buffer containing 50 mM Tris HCl, 38 mM
glycine and 0.1% SDS. Alternatively, precast NUPAGE® Novex™ Bis-Tris 4-12% 20-well
gradient gels were run in a Novex™ Bolt™ Mini Gel tank (Invitrogen) with NUPAGE® MOPS
buffer (1X) containing 200 pl NUPAGE® antioxidant (both Invitrogen). For electrophoresis,
25-30 ug of protein from each sample and two molecular weight markers, Perfect Protein
(Novagen, Merck-Millipore, MA, USA) and Rainbow Marker (GE Healthcare IL, USA) were

loaded onto gels and separated by electrophoresis at 200V for 1 hr. Pre-cast gels were
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utilised for protein samples from cycloheximide chase experiments and for large MPM cell

line panels. Otherwise, protein samples were separated on self-poured acrylamide gels.

Reagent 10% acrylamide 4% acrylamide
resolving gel stacking gel

ProtoGel (ml) 6.7 1.3

Resolving buffer (ml) 5.2 -

Stacking buffer (ml) - 25

ddH,0 (ml) 7.9 6.1

10% APS (ul) 150 50

TEMED (pl) 15 10

Table 2.12: Constituent volumes for 10% acrylamide mini gel

2.3.4 Immunoblotting

Following SDS-PAGE, proteins were transferred by immunoblotting (Towbin et al., 1979;
Burnette, 1981) onto a BioTrace™ nitrocellulose membrane (VWR, PA, USA, 0.2 uM pore
size), using Genie® electrophoretic transfer apparatus (Idea Scientific, MN, USA) at 24V for
75 mins in fresh transfer buffer containing 25 mM tris-glycine and 20% methanol. The pre-
soaked transfer membrane was positioned onto the gel, and the gel/membrane assembly
was sandwiched between pre-soaked Whatman filter paper (VWR) and blotting pads (Idea
Scientific). Trapped air bubbles were removed by gently rolling over the surface of the
Whatman filter paper and blotting pads. Following transfer, the membrane was stained
using Ponceau-S (Sigma-Aldrich) to visualize protein bands and assess the homogeneity of
the transfer process. Membranes were de-stained by rinsing in distilled water until the
background was clear. Membranes were then incubated in a blocking buffer of either 5%
milk powder (Marvel, BC, Canada) or 5% BSA (First Link Ltd, UK) in Tris Buffered Saline-
Tween 20 (TBS-T, 20mM Tris-base pH 7.6, 137 mM NaCl, 0.1% Tween-20) for 1 hr. Primary
antibodies were diluted in the same buffer used for the blocking step, and the membranes
were incubated with the primary antibody with gentle rocking for either an hour at room
temperature, or overnight at 4°C. See Table 2.13 for details of primary antibody
concentrations and conditions. Membranes were subsequently washed twice in TBS-T and
incubated with a secondary antibody (Table 2.14) for 1 hr at room temperature and
protected from light. Secondary antibodies were diluted in the same buffer as used for the
primary antibody. The membranes were then washed twice in TBS-T and twice more in TBS
(20mM Tris-base (pH 7.6), 137mM NaCl), each step for 10 minutes with gentle rocking.

Protein bands were visualized using the LI-COR Odyssey 2.1 infrared imaging system
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Protein Company Catalogue | Species | Dilution Antibody
Number Blocking Buffer
(in 5% TBS-T)
ALDOC Santa Cruz sc-12066 Goat 1:500 BSA
ASS1 Millipore MABN704 Mouse 1:500 BSA
3-actin Abcam ab6276 Mouse 1:20,000 Milk
(45 min RT)
Sigma- A2066 Rabbit 1:20,000 Milk
Aldrich
BAP1 Santa Cruz sc-28383 Mouse 1:250 Milk
BCL2 Abcam ab692 Mouse 1:500 Milk
CCNE1 Cell #4129 Mouse 1:1000 Milk
Signaling
DHFR Abcam ab124814 Rabbit 1:10,000 BSA
E-Cadherin CR-UK - Mouse 1:1000 Milk
ENO2 Cell #9536 Rabbit 1:100 BSA
Signaling
FN1 Sigma- F3648 Rabbit 1:1000 Milk
Aldrich
HDACI1 Santa Cruz sc-6298 Goat 1:2000 Milk
HDAC2 Santa Cruz sc-7899 Rabbit 1:2000 Milk
ICAM1 Santa Cruz sc-8439 Mouse 1:100 BSA
OGT Cell #5368 Rabbit 1:1000 BSA
Signaling
P53 Santa Cruz sc-126 Mouse 1:1000 Milk
SERPINE1 Abcam ab82218 Mouse 1:1000 BSA
PGAM1 Abcam ab96622 Rabbit 1:1000 BSA
PGK1 Abcam ab113687 Mouse 1:500 BSA
PYGL Sigma- HPA004119 Rabbit 1:100 BSA
Aldrich
RRM1 Cell #3366 Rabbit 1:1000 BSA
Signaling
SERPINB6 Santa Cruz sc-398487 Mouse 1:100 Milk
SUCLG2 Santa Cruz sc-99646 Goat 1:5000 Milk
USP8 R&D AF7735 Sheep 1:1000 Milk
Systems
Vimentin Cell #5741 Rabbit 1:1000 BSA
Signaling

Table 2.13: Primary antibodies used in this study.
Unless otherwise stated, all primary antibody incubations were performed overnight at

4°C. RT: room temperature.

(LI-COR, NE, USA). 16-bit images were analysed and quantified using the Odyssey

ImageStudio Lite software (LI-COR, NE, USA).
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Secondary Company Catalogue IRDye Dilution
Antibody Number
Donkey a-mouse LI-COR 926-68022 680LT 1:15,000 for
926-32213 800CW 1 hrRT
Donkey a-rabbit 926-68023 680LT protected from
926-32213 800CW light
Donkey a-goat* 926-32214 800CW

Table 2.14: Secondary antibodies used in this study.
*Secondary antibody recognises primary antibodies raised in sheep. RT: room
temperature.

2.4 Bioinformatics and statistical analysis

2.4.1 Collation of mutation data

To generate a survey of BAP1 mutations (Fig. 1.3) mutation data for the BAP1 genein cancer
tissues and cancer cell lines was collated from two open access databases, COSMIC (Forbes
etal., 2017) and cBioPortal (Gao et al., 2013; Cerami et al., 2012). Data were extracted in July
2015 from the following primary tissue types and histology: pleura - mesothelioma, eye -
uveal tract, malignant melanoma, kidney - clear cell renal cell carcinoma, lung -
adenocarcinoma, breast - carcinoma. The data included the total number of samples
analysed and their sample IDs, the number of mutated samples, the type of mutation, and
the amino acids affected. Mutation frequencies were calculated by dividing the total
number of mutated samples by the total number of samples analysed. To avoid the same
data being represented twice, where possible sample IDs and the amino acid mutation

were compared, and redundancy removed from the datasets.

2.4.2 miRNA target prediction

TargetScan Human 7.1 (http://www.targetscan.org/), PicTar (http://pictar.mdc-berlin.de/),

miRDB (http://mirdb.org/miRDB/) and microRNA.org (http://www.microrna.org/microrna/)
were used in Jan 2016 to search for human mature miRNAs predicted to target human
BAP1. Each database uses its own algorithm to identify potential miRNA binding sites in
the BAP1 mRNA sequence, by searching for the presence of conserved sites on the BAP1 3’

UTR that match the seed region of each miRNA.
The miRWalk2.0 (http://zmf.umm.uni-heidelberg.de/apps/zmf/mirwalk2/index

.html) database was used in Dec 2016 to gather information on predicted and validated

miRNA target genes. miRBase miRNA accession numbers provided the input for the
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“Validated Target” module, to generate lists of official gene symbols for miRNA-target

genes.

2.4.3 Hierarchical clustering
To identify similarities between groups of data within a large dataset, data values in the
form of log, ratios for fold changes in miRNA expression, or P-values (logio), were entered

into Multiple Experiment Viewer (MeV, Version 10.2, http://mev.tm4.org). A two-

dimensional heat map was generated with double gradient colour scales of blue and
yellow, or green and red. Unsupervised hierarchical clustering analysis was performed on
either the gene list and the sample list, or both, which generated a dendogram tree using
the average linkage method of clustering and Pearson correlation distance metric. The
“leaves” of the dendogram tree, i.e. genes or samples, were displayed in a linear order. For
clustering shown in chapters 5 and 6, optimal leaf ordering of the gene and sample tree

was performed to maximize the similarity of adjacent rows and columns in the clustering.

2.4.4 Gene ontology (GO) analysis

To perform enrichment analysis on miRNA-gene targets, gene sets were interrogated using
the Database for Annotation, Visualisation and Integrated Discovery (DAVID;
https://david.ncifcrf.gov/). Official gene symbols were uploaded into DAVID and annotated
by GO terms encompassing biological processes, cellular compartments or molecular
functions. An enrichment threshold EASE score of 1.0 was applied. Data were downloaded
in the functional chart format with GO terms and their corresponding P-values to indicate

the strength of the enrichment for a gene list in the annotation category.

2.4.5 Statistical analysis

Statistical analyses were applied in all cases where at least three independent experiments
were performed. Statistical analyses were performed using GraphPad Prism Version 6.00
for Mac. For experiments with three or more samples a one-way ANOVA was performed,
coupled with Dunnett’'s post-hoc test. Gaussian distribution was confirmed by the
D’'Agostino & Pearson omnibus normality test. Paired or unpaired t-tests, and Mann
Whitney U tests were used when analysing the statistical significance of the means of two

populations.
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Chapter 3: Characterising BAP1 status and validating

BAP1-dependencies in cellular models of mesothelioma

3.1 Introduction

The development of commercially available and well characterised tumour cell lines has
been an important tool for the study of tumour pathogenesis, the identification of disease
biomarkers and predicting responses to drug treatment. Tissue biobanks like the ATCC and
European Collection of Authenticated Cell Cultures (ECACC) are repositories for biological
material including tumour cell lines that can be propagated over multiple passages in
tissue culture. However, unlike lung cancer, where the current collection of tumour cell
lines are in the hundreds (Gazdar et al., 2010), relatively few established MPM cell lines are
available for in vitro culture. Recently, there has been a move to generate better pre-clinical
models for in vitro mechanistic studies, through genome-editing or establishing low-
passage tumour cell lines. The latter stemmed from findings of increased genomic
instability during tissue culture expansion, which can compromise the usefulness of data
generated from commercially available tumour cell lines (Tsuji et al., 2010; Chernova et al.,

2016). MesobanK UK (http://www.mesobank.com) is an initiative to facilitate the

availability of quality assured MPM tissue, blood and cell lines for basic science,
translational and clinical research (Rintoul et al., 2016). This bioresource was established in
2012 through funding from the British Lung Foundation (BLF) and the Mick Knighton

Mesothelioma Research Fund.

Despite the recent availability of well characterised MPM cell lines through Mesobank,
these panels remain difficult models in which to establish the effect of a single gene
mutation, due to their heterogeneous genetic backgrounds. Genome-editing, to mutate a
single gene on an otherwise genetically identical background, can create isogenic cell
panels better suited to address such questions. Previous work in the Coulson lab utilised
recombinant adeno-associated virus (rAAV)-mediated genome editing (Horizon Discovery)
to generate BAP1-mutated isogenic cell lines from MeT5A mesothelial cells (Kenyani et al.,
manuscript in prep). Unlike other genome editing methods using engineered nucleases
such as CRISPR-Cas9, Transcription Activator-Like Effector Nucleases (TALENs) or Zinc
Finger Nucleases (ZFNs), rAAV-mediated genome editing relies on homologous
recombination without inducing a DSB (Gaj et al., 2016). The rAAV viral vector delivers

single-stranded DNA into the nucleus of a cell, which is then incorporated into the genome
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using the cell’'s endogenous homologous recombination repair system. The single-
stranded DNA has been engineered with the desired sequence alteration flanked by
homology arms, which facilitate pairing of the vector genome with homologous
chromosomal sequences at the target locus. The vector genome carrying the sequence
alteration is then incorporated into one strand at the target locus using recombination
cross-over events, then the repair pathway copies the sequence alteration into the other
strand. The end result is the introduction of a sequence change, for example point
mutations, indels and selection markers, into the host genome (Russell and Hirata, 1998;

Khan et al., 2011).

As described in section 1.3.2, germline BAPT mutations predispose to BAP1 TPDS and
somatic mutations lead to loss of nuclear BAP1 protein expression in ~50% of MPM (Bott
et al, 2011). With this in mind, two rAAV genome editing cassettes were designed to
sequentially introduce BAPT mutations that mimic these clinical manifestations (Fig. 3.1).
In the first instance, a BAPT1-haploinsufficient cell line was produced (henceforth referred to
as BAP1""*) by targeting one BAP1T allele with the predisposition mutation documented in
the germline of Family W members that developed MPM (Testa et al., 2011). This splice-site
mutation in intron 6 leads to a frameshift causing exon 7 skipping and a predicted
premature stop codon. Following clonal selection and sequence validation of this first
allelic mutation, a promoter trap was introduced into the second BAP1 allele to mimic
BAP1-deficient MPM with biallelic inactivation of BAP1. Two independent isogenic clonal
cell lines (henceforth referred to as C5.1 (BAP1"/*°) and C3.1 (BAP1"7%%)) were sequence
verified (Kenyani et al., manuscript in prep). A major advantage of these isogenic cell lines
for in vitro research is that they are genetically identical to the parental mesothelial cell line,
except for the engineered BAPT mutations that are clinically relevant to the tumorigenesis
of MPM. However, it is important to acknowledge that both isogenic BAPT*/*° clones still
show residual BAP1 expression upon promoter trapping (see section 3.4), as such BAP1

double mutation essentially denotes knock-down of BAP1.

The subsequent cellular vulnerabilities that transpire following BAP1 loss through
mutation in MPM are not fully understood. This lab is interested in identifying these BAP1-
dependencies and understanding the means by which MPM cells adapt to loss of BAP1 to
survive. Changes in protein expression upon BAP1 loss could potentially be exploited for
therapeutic benefit, especially if these represent proteins that are already targeted by

established chemotherapeutics.
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Figure 3.1: The exon structure of BAP1 transcripts following gene editing.
Schematic of the exon structure of BAP1 transcripts showing altered splicing by the w-
mutation and expression of the promoter trap. WT: wildtype, w-: w-family splice site
mutation, KO: knockout. Black: 5 UTR of exon 1, orange: abnormalities in transcripts
expressed from gene edited alleles.

Therefore, to begin the search for cellular BAP1-dependencies in MPM, a triplex stable
isotope labeling with amino acids in cell culture with mass spectrometry (SILAC-MS)
approach was used to profile the effect of BAP1-deficiency on the MeT5A proteome (work
undertaken by Dr. Jenna Kenyani). Parental MeT5A (BAP1**) and isogenic BAP1*"* cells
were compared with the isogenic BAP1*7° clones C3.1 or C5.1. The method involves
culturing cells in a medium supplemented with amino acids containing either light,
medium or heavy isotopes, which are incorporated during protein synthesis. When
peptides are analysed by MS, the source of the sample is distinguished by the mass
difference, and the relative abundance of proteins in each cell line is determined based on
relative intensities of the light, medium and heavy peptides. In summary, 1922 proteins
were identified, 18% of which were modulated, i.e. up- or down-regulated >1.5-fold in C5.1
(BAP1%7%0) cells relative to the MeT5A (BAP1+*) and/or BAP1*/* cells. Functional annotation
of these modulated proteins revealed marked enrichment of biological processes and
molecular functions that affect the regulation of actin cytoskeleton and cellular

metabolism (Fig. 3.2).
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Figure 3.2: BAP1-responsive proteins in isogenic BAP7T-mutant MeT5A cells are
enriched for specific cellular processes and functions.

Heat map summarising enriched GO terms (biological process and molecular function)
from proteins that were up- or down-regulated by >1.5-fold in isogenic BAP1-mutant
cell line C5.1 (BAP1*7%°), Colour scale indicates significance for the enriched GO terms
amongst up- or down-regulated proteins. Adapted from (Kenyani et al., manuscript in

prep)

3.2 Aims and objectives
As part of this larger study to profile the effect of BAP1-deficiency on the MeT5A proteome,
| set out to validate candidate BAP1 responses in the isogenic MeT5A cell lines and explore

their relevance in patient-derived MPM cell lines. My principal objectives were:

1. To measure the growth characteristics and BAP1 expression of isogenic MeT5A
BAP1-mutant cell lines.

2. To characterise BAP1 expression in a panel of patient-derived MPM cell lines from
the ATCC and MesobankK.

3. To validate candidate BAP1-dependent protein expression in the isogenic MeT5A
BAP1-mutant cell line, and to compare expression of these candidates in patient-

derived MPM cell lines with differing BAP1 status.
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3.3 Strategy and workflow for characterisation of BAP1-dependent protein
expression in BAP1-mutant cell lines

The strategy adopted here mirrors that used later in this thesis to explore BAP1-dependent
miRNA expression (chapters 5 and 6). During the discovery phase, an ‘omics platform (in
this case SILAC-MS) was used to profile BAP1-dependency in isogenic parental and BAP1-
mutated cells (Fig. 3.3A). Initial validation of selected hits from the ‘omics platform was
undertaken in the isogenic cell model using directed assays (in this case western blotting).
Hits of interest were then examined in a panel of patient-derived MPM cell lines of known
BAP1 status, to determine the relevance of identified BAP1-dependencies across cancer

cells with other genetic alterations.

During the work for this thesis, | utilised MPM cell lines from various sources, and these cell
lines were acquired at different stages during my study (Fig. 3.3B). The isogenic MeT5A
BAPT-mutant cell lines were established prior to the start of my study, and five
commercially available MPM cell lines from ATCC were available in the lab. Subsequently,
we acquired 15 additional patient-derived MPM cell lines from MesobanK UK.
Consequently, specific groups of cell lines were available for analyses performed in
different chapters of this thesis (Fig. 3.3B). | initially contributed towards the
characterisation of BAP1-dependency in the isogenic MeT5A BAPT-mutant cell lines, with
the intention to validate findings in the panel of patient-derived cell lines from ATCC and
MesobanK. The cell lines from MesobanK are considered good models for their original
tumours (Rintoul et al., 2016); they were passaged between six and nine times after
isolation from primary tumour surgical tissue or pleural fluid before we acquired them, and

were minimally passaged in our hands for experimental use.
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Figure 3.3: Summary of the workflow and timeline for acquisition/characterisation

of the isogenic BAP1-mutant and MPM cell lines.

A Flow diagram illustrates how cell lines were utilised in this study to characterise and

validate BAP1-dependencies. *Work was undertaken by Dr. Jenna Kenyani.

B Timeline of events displaying when each cell line panel was acquired and how they

were integrated into this study. **Shared effort with Dr. Sarah Taylor.

82



3.4 Isogenic MeT5A BAP1-mutant cell lines with reduced BAP1 protein exhibit
reduced cell growth and accumulation in S-phase

The initial characterisation of isogenic MeT5A BAPT-mutant cell lines involved analysing
their BAP1 protein expression level (Fig. 3.4A), measuring their growth rate in vitro (Fig.
3.4B) and establishing their cell cycle distribution (Fig. 3.4C). Relative to the parental cell
line MeT5A (BAP1**), mutation of one BAP1 allele in the BAPT** cell line resulted in
significantly decreased BAP1 protein expression, to 69% of that in parental MeT5A (BAP1**)
cells (Fig. 3.4A). Mutation of the second allele in clone C5.1 (BAP1%/%) further decreased
BAP1 protein expression to 37%. In contrast, the clone C3.1 (BAP1"7%°) expressed 77% BAP1
protein relative to MeT5A (BAP1**), comparable to the level observed in the BAPT"/* cell
line. Despite progressive reduction in BAP1 protein expression with successive allele
mutation for BAP1*"* and C5.1 (BAP1"7%°), loss of BAP1 protein remained incomplete in

both BAPT*/*° clones. We believe this is due to incomplete mis-splicing of the w-allele.

BAP1 deficiency resulted in a slower rate of cell growth (Fig. 3.4B). At day 5, BAPT*/*and
C3.1 (BAP1%/®) showed a significant reduction in cell number compared to the MeT5A
(BAP1**). Growth curves for C5.1 (BAP1*7¥°) cells also reflect a similar growth profile to the
C3.1 (BAP1*7%) clone (Kenyani et al., manuscript in prep). Furthermore, slowed growth was
associated with accumulation in S-phase of the cell cycle, with 22% and 29% of cells in S-

phase, respectively, compared with 20% of MeT5A (BAP1**) cells (Fig. 3.4C).

3.5 Validating effects of BAP1-deficiency on the MeT5A proteome

3.5.1 Isogenic MeT5A BAP71-mutant cell lines significantly deregulate proteins
involved in the actin cytoskeleton

Profiling the C5.1 (BAP1*7*°) cell proteome by SILAC-MS revealed altered expression of key
actin cytoskeletal regulatory pathways (Fig. 3.2). Upregulated proteins in C5.1 (BAP1%7%)
cells were significantly over-represented in functions such as cytoskeletal protein binding
(Fig. 3.2), defined as the selective interaction with any protein component of the
cytoskeleton. Other enriched GO terms included actin-filament based processes that can
impact on the organisation of the actin cytoskeleton, cell motion and cell adhesion (Fig.
3.2). Relevant proteins chosen here for validation by immunoblotting included the
extracellular matrix (ECM) component fibronectin (FN1) and intercellular adhesion
molecule-1 (ICAM1). Components of the actin-related proteins-2/3 (ARP2/3) complex and

members of the serine protease inhibitor (SERPIN) family were also chosen for validation.
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Figure 3.4: Isogenic MeT5A BAP1-mutant cell lines exhibit a reduction in growth
and slowed S-phase progression.

A Representative immunoblot of MeT5A (BAP1**) and isogenic BAP1-mutant cell lines
BAP1"/%0,C5.1 (BAP1"/%) and C3.1 (BAP1"7%9), Quantification of BAP1 protein normalised
to B-actin and relative to MeT5A (BAP1**): mean expression from three independent
experiments, error bars show standard deviation (SD), *P<0.05, **P<0.01 and
**%%*p<0,0001 compared to MeT5A (BAP1**) by one-way ANOVA and Dunnett post-hoc
test. B Proliferation of MeT5A (BAP1**), (BAP1¥7*°) and C3.1 (BAP1%7*°) measured by
CellTitre-Glo viability assay. Mean values were normalised to the signal at Day O, error
bars show SD for three independent experiments, *P<0.05 and **P<0.01 compared to
MeT5A (BAP1**) at Day 5 by one-way ANOVA and Dunnett post-hoc test. C Flow
cytometry analysis of the cell cycle distribution for (i) MeT5A (BAP1*") (ii) BAPT*/*° and
(i) C3.1 (BAP1*7%°), Pl-labelled cells were gated for single cells, and a minimum of 10,000
events used for analysis. (iv) The distribution of cells between G1/GO, S and G2/M. Values
were plotted from one experiment.
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Active ARP2/3 complexes are responsible for actin filament nucleation and branching for
cell motility (Pollard and Beltzner, 2002), whilst SERPIN family members regulate numerous
biological pathways including ECM composition (Al-Mamun et al, 2016). SILAC-MS
showed increased expression in C5.1 (BAP1*7%°) cells vs. MeT5A (BAP1*), for the majority
of these proteins, but decreased expression for SERPINB6 (Fig. 3.5A). It was confirmed that
both FN1 and ICAM1 (Fig. 3.5C and 3.5D) were upregulated in C5.1 (BAP1%/%) cells when
compared to MeT5A (BAP1**) cells by immunoblotting, although the increase in FN1
expression was substantially smaller than suggested by SILAC-MS. ARPC2, an ARP complex
subunit, and the actin-related protein ARP3 were also upregulated in C5.1 (BAP1*7¥°) cells
(Fig. 3.5E). SERPINET (also known as PAI-1) protein expression was substantially higher in
C5.1 (BAP1*7%®) cells (Fig. 3.5F), in contrast to decreased expression of SERPINB6 in C5.1
(BAP1%7%0) cells (Fig. 3.5G).

3.5.2 Isogenic MeT5A BAP1-mutant cell lines downregulate glycolytic metabolism
enzymes but upregulate TCA cycle and anaplerotic enzymes

Moving on to consider cellular metabolism, SILAC-MS had revealed proteins that were
downregulated in C5.1 (BAP1*7¥9) cells were significantly associated with GO terms relating
to glycolytic, pyruvate and aldehyde metabolism and oxidoreductase enzyme function
(Fig. 3.2). In contrast, upregulated proteins were significantly associated with GO terms
relating to fatty acid amide metabolism, nitric oxide biosynthesis and oxidation of organic
compounds such as pyruvate in the TCA cycle and NAD/NADH (Fig. 3.2). Overall, glycolysis
and TCA cycle enzymes were differentially expressed in C5.1 (BAP1*7*°) cells relative to
MeT5A (BAP1**). The most notable trend from this data was the downregulation of key
glycolysis/gluconeogenesis enzymes, and in contrast the increased expression of many

enzymes that drive the TCA cycle (Kenyani et al., manuscript in prep).

Proteins that were selected to be validated by immunoblotting are indicated in Fig 3.6.
SILAC-MS showed increased expression in C5.1 (BAP1%/X°) cells vs. MeT5A (BAP1%), for the
TCA cycle enzyme succinate-CoA ligase GDP-forming beta subunit (SUCLG2) and the urea
cycle enzyme argininosuccinate synthase 1 (ASS1), together with phosphoglucomutase 2
(PGM2) and glycogen phosphorylase L (PYGL) that are involved in metabolism of glucose-
1-phosphate (Fig. 3.7A). Decreased expression of glycolytic enzymes aldolase C (ALDOC),
phosphoglycerate mutase 1 (PGAM1) and enolase 2 (ENO2) was also detected by SILAC-MS
(Fig. 3.7A). Immunoblotting for these enzymes confirmed a substantial >6-fold increase in

PGM2 expression in C5.1 (BAP1*7%°) cells relative to MeT5A (BAP1**). In contrast, no change
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Figure 3.5: BAP1 deficiency in MeT5A significantly deregulates proteins involved
in cytoskeletal pathways.

A Line plot showing cytoskeletal proteins that responded by >1.5 fold in C5.1 (BAP1*7¥°)
cells vs. MeT5A (BAP1**) as determined by SILAC-MS (work undertaken by Dr. Jenna
Kenyani). B-G immunoblots validate the expression changes of BBAP1, CFN1, D ICAM1,
E ARPC2 and ARP3, F SERPINE1 and G SERPINB6 in MeT5A (BAP1**) and C5.1 (BAP1%/¥C)
cells. Quantification of protein expression, normalised to -actin and relative to MeT5A

(BAP1+*), from one biological replicate are stated below each immunoblot. *SERPINE1
immunoreactive band.

in PYGL protein expression was observed in C5.1 (BAP1"7°) cells (Fig. 3.7B).
Immunoblotting also confirmed that the glycolytic enzymes ALDOC, PGAM1 and ENO2
were substantially decreased in C5.1 (BAP1*7%°) cells, to 20-30% of the level detected in
MeT5A (BAPT*7). In contrast, the expression of TCA/anaplerotic enzymes SUCLG2 and ASS1
was higher in C5.1 (BAP1%7%°) cells than MeT5A (BAP1**) (Fig. 3.7C). Overall, the majority of
BAP1-dependent metabolic enzymes followed up by immunoblotting confirmed

downregulation of enzymes involved in glycolytic metabolism, but upregulation of

enzymes that ultimately drive the TCA cycle.
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Figure 3.6: BAP1 deficiency in MeT5A impinges on cellular metabolism.

Schematic highlighting alterations in proteins regulating glucose metabolism, the TCA
and urea cycles. Proteins that were upregulated (red) and downregulated (blue) in
isogenic BAP1-mutant cell line C5.1 (BAP1*7%°) relative to (BAP1**), as determined by
SILAC-MS, are indicated. These were chosen for validation by immunoblotting. Adapted
from (Kenyani et al., manuscript in prep).
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Figure 3.7: BAP1 deficiency in MeT5A deregulates expression of enzymes involved
in glycolysis and anaplerosis.

A Line plot showing selected metabolic enzymes responding by >1.5 fold in C5.1 (BAPT*
/) cells vs. MeT5A (BAP1**) as determined by SILAC-MS. B-C Immunoblots to validate
the expression changes of B glycolytic enzymes PGM2, PYGL, ALDOC, PGAM1 and ENO2
and C TCA/urea cycle enzymes SUCLG2 and ASS1 in MeT5A (BAP1**) and C5.1 (BAPT"
/%9), Quantification of protein expression, normalised to B-actin and relative to MeT5A
(BAP1+*), from one biological replicate are stated below each immunoblot.

3.6 Characterising BAP1 mRNA and protein expression in a panel of patient-derived
MPM cell lines

Next, | assessed the BAP1 status of a panel of MPM cell lines from ATCC and MesobanK (Fig.
3.8), with the aim of using these cell lines to validate BAP1-dependent protein changes
identified in C5.1 (BAP1%/%°) cells. l initially assessed the BAP1 mRNA and protein expression
in these MPM cell lines. The BAP1 mutation status of MPM cell lines from MesobanK was
not known at the time this work was undertaken, and the assignment of BAP1 status was
based on in vitro catalytic activity, as determined by detection of BAP1 binding to the
active-site directed probe, HA-Ub-PA, via immunoblotting (work undertaken by Dr. Sarah

Taylor) (Kenyani et al., manuscript in prep).
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Figure 3.8: Characterising BAP1 expression in a panel of MPM cell lines.

A panel of MPM cell lines were sourced from ATCC and MesobanK. A Quantification of
BAP1 transcript levels, normalised to B-actin and relative to MeT5A (BAP1**), where
displayed error bars show SD for three independent experiments. Where no error bars
are displayed n=1 B Representative immunoblot displaying BAP1 protein expression. In
A and B red asterisks signify “BAP1 null” cell lines with no detectable BAP1T mRNA or
protein, brown asterisks signify 20-40% BAP1 mRNA expression but <10% BAP1 protein
expression relative to MeT5A (BAP1**). C Scatter plot displaying expression of BAP1
protein, normalised to B-actin and relative to MeT5A (BAP1**) (from B, X-axis) versus
BAP1 mRNA from (from A, Y-axis). Plus and minus signs indicate BAP1 status, based on
in vitro catalytic reactivity towards the active-site directed probe, HA-Ub-PA. Colour
coding indicates the histological subtypes of MPM.
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Cell lines were also classified into their histological subtypes, as BAP1 gene mutations
leading to loss of nuclear BAP1 protein expression are more frequently observed in

epithelioid MPM (Yoshikawa et al., 2012).

All MPM cell lines expressed less BAPT mRNA than MeT5A (BAP1**) cells (Fig. 3.8A) and fell
into two distinct groups, where BAPT mRNA was detectable (albeit to varying levels) or
undetectable. The seven cell lines in the latter group are indicated by red asterisks in Fig
3.8A, NCI-H28, NCI-H226, #2, #19, #43, #52 and MESO-23T. These seven cell lines also
showed no BAP1 protein expression (Fig. 3.8B), and are all likely to harbour BAP1-
mutations, as is known to be the case for NCI-H28 and NCI-H226. In general, there was good
correlation between BAP1T mRNA and protein expression (Fig. 3.8C). However, there were a
few exceptions, notably NCI-H2452, #15, #30, #38, MESO-8T and MESO-14T (indicated by
brown asterisks in Fig 3.8). These cell lines show between 20-40% BAPT mRNA expression
but <10% BAP1 protein expression relative to MeT5A (BAP1**). NCI-H2452 have a missense
mutation in the BAP1 catalytic domain resulting in an inactivated (and possibly an
unstable) protein. MPM cell line #38 displayed an immunoreactive band for BAP1 at a lower
molecular weight than expected (Fig. 3.8B) and BAP1 in this cell line was catalytically
inactive (work performed by Dr Sarah Taylor), suggesting it could harbour a truncating
and/or catalytic site mutation in BAP1. Although full length BAP1 protein was expressed in
MESO-3T, this was also catalytically inactive, suggestive of a catalytic site mutation. Overall,
loss of active BAP1 protein was common in the epithelioid MPM cell lines examined (12/13).
In contrast, in the sarcomatoid and biphasic MPM cell lines, 100% (3/3) and 50% (2/4) of cell

lines expressed active BAP1 protein, respectively.

3.7 Validating BAP1-dependencies in a panel of patient-derived MPM cell lines

Having validated the SILAC-MS proteomic analysis by confirming differential expression of
selected cytoskeletal and metabolic enzymes in the MeT5A BAPT-mutant cell lines by
immunoblotting (section 3.5), | broadened the analysis of enriched cytoskeletal (Fig. 3.9)
and metabolic proteins (Fig. 3.10 and 3.11) by assessing their expression in the panel of
MPM cell lines by immunoblotting. In contrast with the isogenic MeT5A cell model, these
patient-derived cell lines are more representative of MPM and will carry a variety of other
genetic alterations that characterise the disease. At the time this work was undertaken, 15
MPM cell lines were available in our lab, these were classified by histological subtype and
divided into BAP1-positive or BAP1-negative groups, in order to visualise the relationship

between BAP1 status and expression of the candidate proteins (Fig. 3.9 - 3.11).
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Figure 3.9: Expression of ICAM1 and SERPINE1, but not FN1, are inversely related
to BAP1 positivity in a panel of MPM cell lines.

Immunoblots (A-C, left) and scatter dot plots (A-C, right) displaying relative protein
expression are shown for BAP1, FN1, ICAM1 and SERPINE1 in MPM cell lines. Scatter dot
plots show median with interquartile range. Protein expression was quantified from a
single experiment, normalised to B-actin and shown relative to MeT5A (BAP1**). No
significant differences in protein expression between BAP1-negative and BAP1-positive
cell lines by unpaired t-test.
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Figure 3.10: Expression of glycolytic proteins in BAPT*/*° MeT5A cells is not
recapitulated in BAP1 negative MPM cell lines.

Immunoblots (A) and scatter dot plots displaying relative protein expression (B-D) are
shown for BAP1, PGM2, ALDOC and ENO2 in MPM cell lines. Scatter dot plots show
median with interquartile range. Protein expression was quantified from a single
experiment, normalised to -actin and shown relative to MeT5A (BAP1**). No significant
differences in protein expression between BAP1-negative and BAP1-positive cell lines by
unpaired t-test (PGM2) and Mann Whitney U test (ALDOC and ENO?2).

FN1 expression was higher in C5.1 (BAP1*7%°) than parental cells (Fig 3.5C). However, BAP1-
negative MPM cell lines showed reduced expression of FN1 overall when compared to
BAP1-positive cell lines (Fig 3.9A). Expression differences were less clear for ICAM1 (Fig.
3.9B) and SERPINE1 (Fig. 3.9C) when comparing the two groups of MPM cell lines. However,
in agreement with the response in C5.1 (BAP1*7¥°) cells (Fig 3.5), there are a subset of BAP1-
negative MPM cell lines that show higher expression of these proteins when compared to
BAP1-positive cell lines. | also assessed the expression of selected glycolytic enzymes (Fig.
3.10) and anaplerotic enzymes (Fig. 3.11) in the MPM cell panel. In contrast to the increased
expression seen in C5.1 (BAP1*7¥°) cells (Fig 3.7B), PGM2 expression was generally higher in
BAP1-positive cell lines than BAP1-negative cell lines (Fig. 3.10A and B), whilst both ALDOC
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(Fig. 3.10C) and ENO2 (Fig. 3.10D) showed little difference in their expression profiles

between BAP1-negative and BAP1-positive cell lines. Turning to the anaplerotic enzymes,

ASS1 generally recapitulated the increase observed in C5.1 (BAP1%7%°) cells (Fig 3.7C) in

BAP1-negative MPM cell lines (Fig. 3.11A), whereas median SUCLG2 expression was lower

in BAP1-negative cell lines and highly variable across both groups of cell lines (Fig. 3.11B).

Overall, amongst the proteins selected for validation, the cytoskeletal protein responses to

BAP1 genome-editing were validated in the isogenic MeT5A cells and in most cases across

the MPM cell line panel. However, with the exception of ASS1, the expression profiles for

selected glycolytic and anaplerotic enzymes in MPM cell lines did not reflect the profiles

from BAP1 genome-edited MeT5A cells.
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Figure 3.11: Expression of ASS1, but not SUCLG2, is inversely related to BAP1
protein status in a panel of MPM cell lines.
Immunoblots (A-B, left) and scatter dot plots displaying relative protein expression (A-
B, right) are shown for BAP1, ASS1 and SUCLG2 in MPM cell lines. Scatter dot plots show
median with interquartile range. Protein expression was quantified from a single
experiment, normalised to -actin and shown relative to MeT5A (BAP1**). No significant
differences in protein expression between BAP1-negative and BAP1-positive cell lines by

unpaired t-test.
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3.8 Discussion

In this chapter | have highlighted my contributions to a larger study that aimed to
characterise BAP1-dependencies in BAPT-mutant cell lines (Kenyani et al., manuscript in
prep). This study utilised SILAC-MS to profile the BAP1-dependent proteome in isogenic
MeT5A parental and BAPT-mutated cells. Changes to the C5.1 (BAP1*7¥°) cell proteome,
compared to parental cells, included the significant upregulation of proteins involved in
actin cytoskeletal regulatory pathways, significant downregulation of glycolytic enzymes
and the significant upregulation of enzymes that drive the TCA cycle. Following this
discovery phase, | validated selected protein changes in C5.1 (BAP1%7°) cells by
immunoblotting and sought to infer the relevance of these changes by validating their
expression across a panel of MPM cell lines with known BAP1 status, also by
immunoblotting. Overall, the cytoskeletal protein changes identified in the C5.1 (BAP1%/X°)
cells were recapitulated in both cell models, with the exception of FN1. However, the
majority of the metabolic enzymes demonstrated opposing or varying expression profiles
in BAP1-negative MPM cell lines compared to that of C5.1 (BAP1*7*°) cells, with the
exception of ASS1.

In order to identify BAP1-dependencies in MPM, this lab generated isogenic cell lines in a
mesothelial background by introducing a series of mutations reflective of the clinical
manifestations of BAP1-haploinsufficiency (BAP1*”*) and biallelic BAP1 inactivation (BAPT""
/%), Through rAAV genome-editing of MeT5A (BAP1**) cells, BAP1 expression was reduced
to ~40% in isogenic MeT5A BAP1-mutant cell line C5.1 (BAP1*/*9), We hypothesised that
there is incomplete mis-splicing of the w-allele, and an alternative splice site has been
accessed to retain BAP1 expression from this allele. The incomplete loss of BAP1 protein is
perhaps unsurprising when considering results from genome-wide CRISPR/Cas9 screens,
which have listed the BAP1 gene as one of ~1500 human “essentiality” or “fitness” genes
required for cell viability (Shalem et al.,, 2014; Hart et al., 2015). This could suggest that
complete loss of BAP1 may be deleterious for cells in certain contexts, therefore retaining
some BAP1 expression can confer a survival advantage. Indeed, mouse Bap1 gene deletion
is lethal during embryogenesis, Bap1” embryos are not detected past embryonic day E9.5
suggesting BAP1 is essential for mouse embryonic development (Dey et al, 2012).
Nevertheless, the isogenic MeT5A cell lines are a good model of stable, long term BAP1
deficiency, forgoing the need for RNAi methodologies which can generate off-target

effects.
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It is important to note that the isogenic MeT5A BAPT*7° cell lines C5.1 and C3.1 have
significant passage number differences compared to the parental MeT5A (BAP1**) cell line
and the heterozygous BAP1""* cell line, which may represent a potential source of variation.
As the BAP1*"* cell line was derived from parental MeT5A (BAP1+*) cells, and both C5.1
(BAP1*7%%) and C3.1 (BAP1"7%°) cell lines were subsequently derived from the BAP1"/* cell
line, the significant passage number differences between cell lines are the result of
sequential rounds of genome editing. Ensuring a clonal population of each of the isogenic
MeT5A BAPT-mutant cell lines was one method to combat variation within and between
the cell lines. Other means of reducing potential sources of variation between the cell lines
would be to culture the parental MeT5A and heterozygous BAPT*"* cell lines to a similar
passage number to that of the C5.1 (BAP1*7°) and C3.1 (BAP1*/*°) cell lines prior to their

experimental use.

Initial characterisation of the isogenic MeT5A cell lines included an assessment of their
growth patterns and cell cycle distribution. | discovered that the sequential editing of BAP1
alleles and consequent reduction in BAP1 protein expression slowed the rate of MeT5A cell
proliferation. Given the fact that C5.1 (BAP1%7%°) cells show downregulated expression for
glycolysis enzymes, and the proliferation assay utilised for the assessment of cell growth is
ATP-dependent (see section 2.1.5), these results could reflect low metabolism rather than
actual cellular proliferation. As such, alternative supporting observations such as cell count
using a cytometer and/or visual inspection of cellular morphology could be implemented

to increase confidence in this result.

Although the slowed rate of MeT5A cell proliferation as a consequence of BAPT genome
editing is somewhat counterintuitive on loss of a tumour suppressor, the observed growth
phenotype could be explained by their cell cycle progression. The cell cycle distribution of
isogenic MeT5A BAPT-mutant cell lines showed an increase in the number of cells in S-
phase, compared with the parental cell line. This is consistent with a previous study where
knockdown of BAP1 in the BAP1-positive MPM cell line MSTO-211H caused an
accumulation of these cells in S-phase (Bott et al., 2011). Conversely in the same study,
when the BAPT-null MPM cell line NCI-H28 was transfected with WT BAP1, the number of
cells accumulating in S-phase decreased. It was hypothesized that BAP1 loss may
contribute to a delayed but more permissive G1/S checkpoint, so that all cell growth is

reduced.
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Mechanistically, the specific cellular functions of BAP1 could also explain the slowed S-
phase progression on BAP1 mutation. BAP1 was initially characterised as a DUB that could
interact with the BRCA1-BARD1 tumour suppressor complex (Nishikawa et al., 2009). This
complex has E3 ubiquitin ligase activity, an important requirement for its tumour
suppressive function during the DNA damage response. Although BAP1 cannot
deubiquitylate BRCA1 (Mallery et al., 2002), it can modulate its E3 ligase activity by binding
and deubiquitylating BARD1 (Nishikawa et al., 2009). Interestingly, the inhibition of BAP1
by shRNA in HeLa cells can lead to an impairment of the DNA damage response coupled
with slowed S-phase progression, which is also seen in situations of BARD1 or BRCA1

deficiency (Nishikawa et al., 2009).

The isogenic MeT5A BAP1-mutant cell lines are a novel tool to investigate BAP1
dependencies in MPM. They differ from the parental MeT5A cell line by the mutation of
interest which has been precisely integrated into their genomes. However, these cell lines
capture only a small part of the genetic landscape of MPM, as such, a larger panel of patient-
derived MPM cell lines (Chernova et al., 2016; Al-Taei et al., 2012) was acquired for the
purpose of validating experimental findings from isogenic MeT5A cells. | showed that these
MPM cell lines varied in their BAPT mRNA and protein status and showed overall good
correlation between the two. These MPM cell lines are also distinguished by their histology,
which is important as MPM is a heterogeneous disease and it would be prudent to identify
expression level differences between MPM tumours of different histological subtypes.
There are now published data from Kolluri et al. detailing BAP1 expression by western
blotting and nuclear IHC staining for the MPM cell lines derived from MesobanK (Kolluri et
al., 2018). Most of their BAP1 expression data is in agreement with our findings, with the
exceptions of #15, #30, #38 and MESO-3T. The authors have classified these cell lines as
BAP1-positive, yetin our hands these are BAP1-negative cell lines based on in vitro catalytic
reactivity of BAP1 towards the active-site directed probe, HA-Ub-PA. It is important to
investigate DUB catalytic activity as it is an important component governing BAP1 cellular
function. Any loss of catalytic activity could be suggestive of a catalytic site mutation, which

we predict to be the case for #38 and MESO-3T (see section 3.6).

Analysis of the C5.1 (BAP1%7%9) cell proteome by SILAC-MS had revealed altered expression
of key actin cytoskeletal regulatory pathways (Fig. 3.2) (Kenyani et al., manuscript in prep).
Here, it was confirmed by immunoblotting that the expression of several cancer-associated

proteins increased upon BAP1 loss. Negative correlation of ICAM1 and SERPINE1 with BAP1
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expression was validated in both the isogenic MeT5A cells and patient-derived MPM cell
lines. In contrast, FN1 expression was markedly reduced in BAP1-negative MPM cell lines

when compared to BAP1-positive cell lines.

High ICAM1 and SERPINE1 expression has been associated with local invasion and
metastasis in various tumour types (Mendez et al., 2009; Liu et al., 2008; Rosette et al., 2005).
Degradation of the ECM facilitates the migration of tumour cells to other tissues and
structures. SERPINE1 regulates this process by inducing cell detachment from the ECM,
thereby promoting migration and tumour invasion (Duffy et al., 2008). The process of cell
migration from the blood through endothelium into tissue is termed extravasation, and
leukocytes such as neutrophils are one a prominent type of extravasating cell. Cancer cells
can utilise neutrophils for their own extravasation; neutrophils facilitate the contact
between cancer cells and the endothelium by acting as linkers (Strell et al., 2007). Cancer
cells can lack B2-integrins which are the ligands for ICAM1 on the endothelium. Instead,
they express ICAM1 and adhere to neutrophils which subsequently connect them to the
endothelium (Strell et al., 2007). BAP1 has not previously been associated with the
regulation of these proteins, however in agreement with a potential role in regulating the
invasive capacities of cancer cells, there are various studies that indicate BAP1 is a
metastasis suppressor, particularly in UVM, where BAP1 inactivation is associated with
metastasis development and worse prognosis (Harbour et al., 2010; Njauw et al., 2012).

In the MPM cell panel, FN1 did not recapitulate the change seen on gene-editing. Of
interest, FN1 expression was lowly expressed in all MPM cell lines compared to MeT5A
(BAP1**), but within the cell panel the sarcomatoid MPM cell lines showed greater FN1
expression compared to epithelioid MPM cell lines, where expression was low or
undetectable. Gain of FN1 is one of the defining features of EMT, it alters ECM composition
and is believed to contribute to the invasive properties of cancer (Jung et al, 2015).
However, MPM cells exhibit a propensity for highly invasive local growth into surrounding
tissue with a weak ability for metastasis (Elmes and Simpson, 1976), which may potentially
explain the lower expression of FN1in MPM cells on average, compared to MeT5A (BAP1**).
FN1 expression in MeT5A (BAP1**) is unsurprising as mesothelial cells are capable of
producing FN1 (Kinnula et al., 1998). The higher expression of FN1 in sarcomatoid MPM
cells compared to epithelioid MPM cells could be a reflection of the more aggressive,
invasive nature of this subtype (Schramm et al.,, 2010). It is possible that the BAP1-
dependent effect on FN1 is context-specific in MPM, as there is subtype variation between

the two proteins.
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A recently published study has taken a different approach to profile the BAP1-dependent
proteome, in this case WT BAP1 was reintroduced into a BAP1-null, epithelioid MPM cell
line NCI-H226 (pCDH1_BAP1*!) (Hebert et al., 2017). Of note, their study identified through
SILAC-MS similar pathways affected by BAP1 status, revealing a significant enrichment for
proteins involved in cytoskeleton organisation amongst others. Although we both report
significantly increased expression for components of the ARP family, in contrast they report
significantly upregulated protein expression of the SERPINB family, including SERPINB6
that was downregulated in C5.1 (BAP1%7%9) cells. ICAM1 and FN1 were not detected in their
dataset. Importantly, they suggest that these protein changes were related to an increase
of cell invasive and migratory capacities when a functional BAP1 protein was expressed. In
contrast, in C5.1 (BAP1*/°) cells we predominantly saw increased expression of actin
cytoskeleton-related proteins on BAP1 loss. This reinforces the context-specific nature of
BAP1 function and highlights the importance of interpreting results from different cancer
cell models. It could be argued that the isogenic MeT5A cells are a cleaner model for
assessing BAP1-dependencies, as they were derived from a normal mesothelial genetic
background, whereas the NCI-H226 (pCDH1_BAP1*") cells are an established MPM cell line
with various genomic instabilities that have been accruing in culture over decades. In
support of our isogenic cell model, the C5.1 (BAP1%7%) cells are more representative of the
series of events that occur in tumours as they progressively lose both BAP1 alleles. This cell
line was engineered from a BAPT-haploinsufficient cell line and underwent biallelic BAP1
inactivation consistent with BAPT being a two-hit TSG (Testa et al., 2011), in comparison,
Hebert et al. re-introduced BAP1 protein into an MPM cell line that is BAP1-deficient and

may have adapted to BAP1 loss overtime.

SILAC-MS analysis of the C5.1 (BAP1*/*°) proteome also suggested generally
downregulated expression for glycolysis enzymes, and upregulated expression of TCA
cycle and anaplerotic enzymes (Kenyani et al, manuscript in prep). Interestingly,
expression of early glycolysis enzymes involved in glucose-1-phosphate metabolism
increased, in contrast to downstream glycolysis pathway components. There is some
evidence suggesting increased expression of enzymes in the first stage of glycolysis can
help to re-reroute metabolic flux towards the pentose phosphate pathway (PPP), upon cells
experiencing oxidative stress (Kuehne et al., 2015). It is entirely plausible that by losing
BAP1 expression, isogenic MeT5A BAPT-mutant cell lines elicit a diminished protective
response against oxidative stress, thereby upregulating upper enzymatic components of

glycolysis and increasing PPP flux. Indeed, MPM pathogenesis is closely associated with
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oxidative stress in mesothelial cells (Chew and Toyokuni, 2015), thus under these
conditions MPM cells may re-route metabolic flux as a compensatory mechanism for
survival. It would be interesting to investigate this further by profiling the expression of PPP
enzymes or measuring the generation of NADPH during the rate limiting step of PPP, for

analysis of metabolic flux through this pathway in isogenic MeT5A BAPT-mutant cell lines.

To meet the growing energy and nutrient demands of enhanced proliferation, cancer cells
often undergo metabolic reprogramming to shift ATP generation from oxidative
phosphorylation to aerobic glycolysis, despite oxygen availability and functioning
mitochondria. Known as the Warburg effect, this results in the metabolism of glucose to
lactate via aerobic glycolysis, which is in contrast with the more efficient method of ATP
production via mitochondrial oxidative phosphorylation (OXPHOS) (Warburg et al., 1927).
In C5.1 (BAP1¥7%9) cells, the observed increase in expression of TCA and anaplerotic
enzymes, which function to replenish the TCA cycle, is in contrast with this phenomenon.
It had been assumed that the glycolytic phenotype in cancer is a result of mitochondrial
OXPHOS impairment, a view that has been challenged by recent investigations which find
that the function of mitochondrial OXPHOS in most cancers is intact (Scott et al., 2011; Lim

et al., 2011; Hsu and Sabatini, 2008).

BAP1 has been associated with metabolism in a number of recent publications, but there
are conflicting data in different cell models. Hebert et al. observed a significantly decreased
number of active mitochondria indicative of mitochondrial dysfunction and reduced TCA
cycle function after BAP1 re-expression, and highlighted a number of proteins involved in
the mitochondrial respiratory chain with reduced expression in their NCI-H226
(pCDH1_BAP1") cells (Hebert et al., 2017). In contrast with our data, they observed
significantly increased expression of glycolytic enzyme ENO2 and for a different aldolase
isozyme ALDOA. It could be argued that an increased glycolytic phenotype in their cell
model may represent an artefact of cell culture as another study showed that newly-
established patient-derived MPM cell lines from MesobanK exhibit lower rates of glycolysis
and OXPHOS compared to the metabolic profile of commercially MPM cell lines from ATCC
(Chernova et al., 2016), of which NCI-H226 cells are ascribed.

In a study from the lab that originally documented the germline BAPT mutation in Family
W, the authors detected altered glycolytic and TCA cycle metabolites in BAPT*~ fibroblasts

from Family W (analogous to the BAP1**) and Family L, compared to WT BAP1 fibroblasts,
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suggestive of increased aerobic glycolysis and lactate secretion, and reduced OXPHOS and
ATP production in BAPT*" fibroblasts (Bononi et al., 2017b). There are several points to
consider from their data and in light of our findings, notably we focused on understanding
proteome-level adaptation of C5.1 (BAP1"7*°) cells compared to BAP1* cells, therefore our
findings are from a background of biallelic BAP1 inactivation. They obtained similar results
in primary human mesothelial cells treated with siRNA to reduce BAP1 protein expression
levels. However, we have identified pitfalls in using transient siRNA depletion over long
term genetic BAPT loss for evaluating BAP1-dependencies (see chapter 4) (Sacco et al,,
2015). In agreement with our data in isogenic BAPT-mutant cell lines, in vivo labelling of the
proteome in BAPI-knockout mice also report a repression of glycolysis and
gluconeogenesis (Baughman et al., 2016), suggesting a reduced glycolytic phenotype in

BAP1-knockout conditions in line with our data.

In summary, this lab has engineered isogenic MeT5A BAPT-mutant cell lines as a precise
model to investigate BAP1-dependencies in MPM and profiled their proteome. Among
other findings, C5.1 (BAP1*7°) cells show a significantly altered expression of proteins
involved in regulating the actin cytoskeleton, differential expression of glycolytic enzymes
and increased expression of TCA cycle associated enzymes. | successfully validated a subset
of these by immunoblotting in C5.1 (BAP1"7%°) cells and recapitulated the expression
profiles for selected proteins associated with cytoskeletal pathways in panel of patient-
derived MPM cell lines. Although expression changes of selected metabolic enzymes were
confirmed by immunoblotting in isogenic MeT5A cells, their expression in the panel of
patient-derived MPM cell lines did not reflect BAP1 status. However, as these results are
from one biological replicate, there is the need for additional validation of these expression
changes. These experiments should be repeated at least thrice to generate meaningful

biological conclusions and for statistical analyses of the protein expression data.

One way of using data on BAP1 dependencies (understanding the way cells adapt to loss
of BAP1 to survive) is to identify therapies to which they may be preferentially
sensitive/resistant. An example of this is the relationship between BAP1 and class 1 HDAC
expression, addressed in Chapter 4. Whilst several studies including our own have profiled
the BAP1-dependent transcriptome and proteome in different models, there has to date
been no attempt to understand how expression of microRNAs may be regulated by BAP1.

I address this novel question in Chapters 5 and 6, using a similar strategy of ‘'omics profiling
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(in that case Nanostring) and targeted validation (by gRT-PCR) in isogenic MeT5A cells and
the MPM cell panel.
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Chapter 4: Investigating BAP1 regulation of Histone

Deacetylase 2

4.1 Introduction

HDACs are a group of enzymes that catalyse the removal of acetyl groups from lysine-rich
residues on histone tails. This leads to a more closed chromatin structure which is
associated with transcriptional repression (De Ruijter et al., 2003). Originally, histones were
considered the main targets of HDACs; it is now known that non-histone proteins can also
be targeted by HDACs, such that the term lysine deacetylases is a more accurate term for
these enzymes (Glozak et al., 2005). There are 18 different HDAC isoenzymes divided into
four subclasses: Class 1 (HDAC1, HDAC2, HDAC3 and HDACS), Class lla (HDAC4, HDACS,
HDAC7, HDAC9), Class llb (HDAC6, HDAC10) and Class Il Sirtuins (SIRT1-SIRT7) and Class IV
(HDAC11). Class lll Sirtuins are functionally distinct from the other zinc-dependent
isoenzymes as they are nicotinamide adenine dinucleotide (NAD*)-dependent. Class llI
Sirtuins are unaffected by conventional HDACi, instead they are inhibited by nicotinamide
and other NAD derivatives (Porcu and Chiarugi, 2005). HDACs oppose the activity of
histone acetyl transferases (HATs). HDACs and HATs act in concert to maintain the balance
between condensed and relaxed chromatin, respectively, thus providing a layer of

epigenetic control in the regulation of gene expression.

Class | HDACs are largely localised to the nucleus. HDAC1 and HDAC2 share 83% amino acid
homology and are found together in many of the same repressive transcriptional
complexes, which suggests a high degree of functional redundancy between the two
isoenzymes (Grozinger and Schreiber, 2002). Knockout studies of HDAC1 and HDAC2
revealed their functional roles in the G1/S-phase transition, cell proliferation and apoptosis,
and their non-histone protein targets such as p21, p57 and p53 that can regulate these
cellular processes (Lagger et al., 2002; Harms and Chen, 2007; Zupkovitz et al.,, 2010). It is
therefore unsurprising that aberrant HDAC1 and HDAC2 regulation can be seen in many
human diseases including various cancers (Cress and Seto, 2000). There are a number of
studies which demonstrate altered expression of HDAC isoenzymes in a variety of tumour
samples. HDAC1 expression is increased in gastric (Choi et al., 2001), colon (Wilson et al.,
2006) and breast cancers (Zhang et al., 2005), whilst HDAC2 is overexpressed in cervical
(Huang et al., 2005), gastric (Song et al., 2005) and colorectal cancers (Zhu et al., 2004). The

transcriptional repression of tumour-suppressor genes as a consequence of HDAC
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overexpression, and aberrant targeting of gene promoter regions could be a contributing
factor in tumour onset (Gui et al., 2004). As such, HDACs are seen as important therapeutic
targets. Indeed, the anti-proliferative effects of HDACi is already well known. Classical
HDACi such as suberoylanilide hydroxamic acid (SAHA, marketed as vorinostat) and
trichostatin A (TSA) are known as “pan-HDAC” inhibitors as they block all isoenzyme activity
except Class lla HDACs. Vorinostat has been approved for many years for the treatment of
cutaneous T-cell lymphoma in a select group of patients (Duvic et al., 2007), but has shown
limited efficacy as a single agent in the treatment of solid tumours (Grassadonia et al.,
2013). The next challenge in this field is to develop class-specific or isoenzyme-specific
HDACIi, both as novel tools for investigating the biological functions of different
isoenzymes, and for use in the clinic to inhibit HDAC isoenzymes that are associated with

specific cancers (Ononye et al., 2012).

HDAC activity can be regulated by post-translational modifications such as acetylation,
sumoylation, phosphorylation, nitrosylation, alkylation and ubiquitylation (Segre and
Chiocca, 2011). For the latter process of ubiquitylation, various ubiquitin E3 ligases have
been identified that target Class | HDACs including HDAC1 (Gaughan et al., 2005; Oh et al.,
2009) and HDAC2 (Kramer et al., 2003; Zhang et al.,, 2011). E3 ubiquitin-protein ligases
Checkpoint With Forkhead And Ring Finger Domains (CHFR) and Mouse Double Minute 2
(MDM2) can ubiquitylate and degrade HDACT, whilst E3 ubiquitin-protein ligases RING
finger LIM domain-binding protein (RLIM) and Mcl-1 ubiquitin ligase E3 (MULE) can target
HDAC2 for ubiquitination and degradation. When this study began, no DUBs had been
identified that could reverse the ubiquitylation of HDAC2.

Previously, our lab had performed an unbiased siRNA screen of 92 human DUBs to identify
any that may regulate the expression of HDACT or HDAC2 (Sacco et al., 2015). The screen
identified BAP1 as a potential DUB that could regulate the cellular abundance of HDAC1 or

HDAC2 in a non-small cell lung cancer (NSCLC) cell line.

4.2 Aims and objectives

This lab is interested in identifying BAP1-dependent cellular targets in MPM that can be
exploited for therapeutic benefit. As part of a larger study (Sacco et al., 2015), my aim was
to investigate the mechanism by which BAP1 regulates HDAC2 expression and the
consequences for HDACi treatment. My focus moved experiments into MPM, where loss of

BAP1 function is more frequent (see section 1.3.2.2). My principal objectives were:
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1. Toinvestigate the co-expression of HDAC1 and HDAC2 protein in a panel of MPM
cell lines, and to check their correlation with BAP1 protein status.

2. To examine turnover of HDAC1 and HDAC2 by the ubiquitin-proteasome pathway
(UPP) and investigate whether BAP1 regulates this process.

3. To examine whether BAP1 deubiquitylates HDAC2 and thus stabilises its
expression.

4. Toinvestigate the effect of BAP1 loss on HDAC transcript levels.

5. To test whether BAP1 loss-of-function alters cancer cell sensitivity to specific

HDACi.

4.3 Correlating BAP1 and HDAC2 protein expression in a panel of MPM cell lines

In an unbiased siRNA screen of 92 human DUBs, BAP1 was identified as the DUB whose
depletion in A549 NSCLC cells had the greatest effect on the cellular abundance of HDAC1
and HDAC2. BAP1 mutations are uyncommon events in lung carcinoma (Andrici et al., 2016),
whilst mutations leading to loss of BAP1 function are implicated in a high proportion of
MPM cases (Bott etal., 2011; Yoshikawa et al., 2012; Testa et al., 2011). To test the hypothesis
that genetic loss of BAPT could affect endogenous HDAC protein expression, | analysed the
protein expression of BAP1, HDAC2 and HDAC1 a panel of MPM cell lines with differing
BAP1 genetic status by western blotting. At the time of this work, only the MPM cell lines
from ATCC were available in the lab (see Fig. 3.2A). MeT5A (BAP1**) cell line was compared
to MSTO-211H and NCI-H2052 that retain wild-type BAP1, NCI-H2452 that have a missense
mutation in the BAP1 catalytic domain, and NCI-H28 and NCI-H226 that are genetically
BAP1-null. BAP1 protein was expressed in the three BAP1 WT (BAP1+*) cell lines and not in
the BAP1-null (BAP17) cell lines (Fig 3.8C and Fig. 4.1A). MeT5A expressed both HDAC1 and
HDAC2, with HDAC1 expressed at varying levels in MPM cell lines, showing no clear
correlation with the BAP1 status. In contrast, HDAC2 expression was significantly lower in
BAP1” MPM cells and overall showed a tight correlation with the BAP1 status (Fig. 4.1B),
with the exception of the NCI-H2052 cell line, which has copy number loss of HDAC2 that
likely accounts for reduced HDAC2 protein expression in the presence of BAP1. Overall this
correlation is consistent with the idea that endogenous BAP1 may regulate the protein

expression of HDAC2 in MPM.
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Figure 4.1: Genetic BAP1 loss reduces HDAC2 protein expression in MPM cell lines.
A Representative immunoblot of BAP1 and HDAC protein expression in the normal
mesothelial cell line MeT5A (BAP1**) and a panel of ATCC cell lines indicating their
genetic BAP1 status. B Quantification of BAP1 and HDAC2 protein expression, relative to
MeT5A (BAP1**), demonstrates that BAP1 and HDAC2 protein levels are positively
correlated (R?=0.98) on exclusion of NCI-H2052, which have copy number loss of HDAC2.
N = three independent experiments, error bars SD.

4.4 Investigating regulation of HDAC2 by BAP1

4.4.1 BAP1 does not modulate the degradation or stability of HDAC2 protein

Next, | explored the potential mechanisms by which BAP1 could regulate HDAC2 (Fig. 4.2).
As a DUB, BAP1 could modulate HDAC2 protein levels by removing polyubiquitin chains,
thus regulating its abundance and/or stability. Alternatively, BAP1 has known effects on
transcription (see section 1.3.4.1) and could influence the transcription of HDAC2 mRNA.
This could occur either indirectly in conjunction with other transcription factors, or through

its effect on histones.

Firstly, l investigated whether inhibiting the proteasome with epoxomicin treatment led to
an accumulation of HDACs, which would imply these proteins are degraded by the UPP
(Fig. 4.3A). In BAP1** MSTO-211H cells, treatment with epoxomicin led to a marginal, but
non-significant, increase in HDAC2 and HDAC1 protein levels (Fig. 4.3B and C). In BAP1™
NCI-H28 cells, there was no increase in HDAC protein level in response to epoxomicin,
suggesting HDAC protein turnover via the UPP is not a major limiting factor for its

expression in this particular cell line (Fig. 4.3B and C).
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Figure 4.2: Two potential mechanisms for BAP1 regulation of HDAC2.

BAP1 is a deubiquitylase and could therefore modulate HDAC2 protein stability by
removing polyubiquitin chains. Alternatively, BAP1 is a known transcriptional regulator
and could influence the transcription of HDAC2 mRNA in concert with other
transcription factors. Ub: ubiquitin, TF: transcription factors.

To determine whether decreased HDAC2 expression caused by BAP1 depletion can be
rescued by proteasome inhibition, the HDAC2 protein level was compared in siRNA control
(siC)-transfected and BAP1 siRNA (siBAP1)-transfected MSTO-211H cells treated with
epoxomicin (Fig. 4.3D and E). p53 protein levels functioned as a positive control. The p53
expression level was clearly increased with epoxomicin treatment, approximately two-fold
relative to the untreated condition, and the increase in p53 protein level was comparable
between both knockdown conditions, which used independent siRNA sequences.
However, there was no increase in HDAC2 protein level in BAP1-depleted cells with
epoxomicin, showing that the BAP1-dependent loss of HDAC2 cannot be rescued by
proteasome inhibition. Therefore, it was concluded that BAP1 does not stabilise HDAC2

protein nor protect it from ubiquitin-mediated proteasomal degradation.

In addition, | also examined whether the stability of HDAC2 protein was BAP1-dependent
in MSTO-211H cells. These cells were transfected with siC and siBAP1 and treated with
cycloheximide, an inhibitor of translation, allowing measurement of the stability of the pre-
existing pool of HDAC2 protein (Fig. 4.4A). Both the siRNA transfection and the
cycloheximide treatment were effective as seen by loss of BAP1 expression and with p53

degradation over the time-course (Fig. 4.4B).
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Figure 4.3: BAP1 does not salvage HDAC2 from ubiquitin-mediated proteasomal
degradation.

A Proteasome inhibition was induced by epoxomicin (Epo) drug treatment, whilst BAP1
protein levels were decreased by transfection with BAP1 siRNAs. B Representative
immunoblot of MSTO-211H and NCI-H28 cells treated with 50 nM epoxomicin for 6h
prior to cell lysis and immunoblotting. € Quantification of protein expression,
normalised to actin and relative to the untreated condition. D Representative
immunoblot of MSTO-211H cells transfected with control or BAP1 siRNAs for 72h, and
treated with 50 nM epoxomicin for the final 6h prior to cell lysis and immunoblotting.
p53 functioned as a positive control for epoxomicin treatment. E Quantification of
protein expression, relative to each untreated knockdown condition. N = three
independent experiments, error bars show SD, no significant difference by one-way
ANOVA and Dunnett’s post hoc test.
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Figure 4.4: Transient BAP1 loss does not affect HDAC2 protein stability.

A Inhibition of translation was induced by cycloheximide (CHX) drug treatment, whilst
BAP1 protein levels were decreased by transfection with BAP1 siRNA. B Representative
immunoblot of MSTO-211H cells transfected with control and BAP1 siRNA for 72h, and
treated with 10 ug/ml cycloheximide (CHX) for the indicated time points prior to cell lysis
and immunoblotting. p53 functioned as a positive control. C Quantification of HDAC2
protein expression relative to actin shows no reduction in HDAC2 protein stability with
CHX treatment in BAP1-depleted cells. N = four independent experiments, error bars
show SD, no significant differences between samples at each time point by paired t-test.

However, BAP1-depletion did not affect the degradation rate of HDAC2 under conditions
where translation was inhibited, as the relative HDAC2 protein level upon BAP1-depletion
was comparable to the siC-transfected samples over a six-hour time course (Fig. 4.4C). This

further confirmed that BAP1 does not modulate the stability of HDAC2 protein.

4.4.2 BAP1 regulates HDAC2 transcript abundance
As BAP1 has roles in transcriptional regulation, | next investigated the idea that BAP1 might
instead control the transcription of HDAC2 (Fig. 4.5A). MSTO-211H cells were transfected

with siC, independent siBAP1 sequences, or a pool of siBAP1 sequences, then the relative
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Figure 4.5: BAP1 regulates HDAC2 transcript abundance.

A BAP1 expression was decreased by transfection with BAP1 siRNA. B MSTO-211H cells
transfected with control, individual BAP1 siRNAs or a pool of siRNAs for 72h before RNA
extraction for gRT-PCR. Bar graph shows quantification of BAP1, HDAC1 and HDAC2
transcript levels, normalised to B-actin and expressed relative to the siC control. N =
three independent experiments, error bars show SD, one-way ANOVA with Dunnett’s
post-hoc test, ****P<0.0001, ***P<0.001.

transcript levels of BAP1, HDAC2 and HDAC1 in these samples were measured by qRT-PCR
(Fig. 4.5B). In all knockdown conditions, BAP1-depleted cells showed a significant decrease
in HDAC2 transcript level when compared to siC. In contrast HDAC1 levels were unaffected
by BAP1 depletion. Therefore, this result indicated that BAP1 exerts its effect over HDAC2
by regulating HDAC2 transcript abundance.
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4.5 BAP1-mutant MPM and isogenic MeT5A cell lines are more resistant to HDAC
inhibition.

Aberrant expression of HDACs is often observed in human disease, particularly cancers,
which make them attractive therapeutic targets. HDACi are already in clinical use such as
broad-spectrum HDACi vorinostat for the treatment of refractory cutaneous T-cell
lymphoma (Duvic et al., 2007). Therefore, an important question is whether genetic loss of
BAP1 and any corresponding changes in HDAC protein expression) may alter the sensitivity
of MPM cell lines to HDAC inhibitors. A panel of MPM cell lines from ATCC were treated with
mocetinostat, a class 1-specific HDACi, at varying concentrations and cell viability
measured after 72 hrs (Fig. 4.6A). BAP1** MSTO-211H cells with high BAP1 and HDAC2
expression showed the greatest sensitivity to mocetinostat, with an LC50 value of 1.55 pM.
In comparison, BAP17 cell lines NCI-H28 and NCI-H226, with low HDAC2 expression, were
more resistant to the effects of mocetinostat, displaying LC50 values of 5.30 uM and 3.34
UM, respectively. Interestingly, the BAP1** cell line NCI-H2052 (with genetic loss of HDAC2)

was also resistant to the effects of mocetinostat, with a LC50 value of 3.08 uM.

| also investigated the relationship between BAP1 and HDAC2 protein expression in the
isogenic MeT5A BAP1-mutant cell lines BAPT*”/* and C3.1 (BAP1*/*°) compared to parental
MeT5A (BAP1+*) (Fig. 4.6B). At the time of this work, only the C3.1 clone (BAP1*7%°) was
available (see Fig. 3.2A). These cell lines are genetically identical to parental MeT5A cells
except for engineered mutations the in BAP1 gene, as such they represent BAP1
haploinsufficiency and BAP1-deficient MPM models, and phenotypic changes can be more
easily attributed to genetic BAP1 status. In BAPT*/* cells, | observed a slight increase in
HDAC2 and HDAC1 expression relative to MeT5A (BAP1**). In contrast, a reduction in
HDAC2 protein expression to ~25% of the level observed in MeT5A (BAP1**) was detected
in C3.1 (BAP1*7¥) cells. Any changes in HDAC1 expression were less evident in isogenic
MeT5A BAP1-mutant cell lines. | also tested whether genetic BAP1 depletion altered
sensitivity of isogenic MeT5A cells to HDAC inhibitors (Fig. 4.6C). The loss of BAP1 and
decreased expression of HDAC2 corresponded with increased resistance to the HDACi
vorinostat in C3.1 (BAP1*7%°) cells. These results mirror the findings in MPM cell lines with

stable, genetic BAPT or HDAC2 loss.
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Figure 4.6: BAP1-mutant MPM and isogenic MeT5A cell lines are more resistant to
HDAC inhibition.

A Measurement of cell viability in a panel of MPM cell lines with differing BAP1 and
HDAC2 protein expression, after treatment with class | HDAC inhibitor mocetinostat at
concentrations of 40, 20, 10,5, 2, 1,0.5 and 0.1 uM for 72h. Data are normalised to 0.1 uM
treatment for each cell line. N = three independent experiments, error bars show SD. B
Immunoblot of MeT5A (BAP1**) and isogenic BAP1-mutant cell lines BAPT*/* and C3.1
(BAP1*7%) confirming BAP1 deficiency reduces HDAC2 expression. C Measurement of
cell viability in MeT5A (BAP1**) and isogenic BAP1-mutant cell lines BAPT*/* and C3.1
(BAP1"/%0) after treatment with broad-spectrum HDAC inhibitor vorinostat at
concentrations of 100, 20, 10, 5,2, 1, 0.5 and 0.1 uM for 72h. Data are normalised to 0.1
uM treatment for each cell line. N = one experiment, error bars show SD of six technical
replicates.
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In summary, | set out to investigate how BAP1 may modulate the protein abundance of
HDAC2. | have shown that BAP1 does not act as a DUB to protect HDAC2 from ubiquitin-
mediated proteasomal degradation, nor does it regulate the stability of this protein.
Instead, | found that BAP1 modulates the expression of HDAC2 protein through its
regulation of HDAC2 transcript level. Importantly, reduced sensitivity to HDACi in MPM
cells with stable, genetic inactivation of BAP1 was mirrored in the isogenic MeT5A cell

model of BAP1 loss.

4.6 Discussion

The focus of this chapter was to identify the mechanism by which BAP1 regulates HDAC2
in MPM cells. We had previously identified BAP1 from an unbiased DUB siRNA screen in
A549 cells as a candidate regulator of HDAC1T and HDAC2. | have shown that HDAC2 protein
is tightly correlated with BAP1 status in a panel of MPM cell lines, and | have viewed the
same relationship in an isogenic MeT5A BAPT-mutant cell line. Inhibiting the proteasome
with epoxomicin showed a marginal increase in HDAC2 protein in BAP1** MSTO-211H cells,
and HDAC2 protein levels were not increased following epoxomicin treatment in BAP1-
depleted MSTO-211H cells, suggesting BAP1 does not protect HDAC2 from ubiquitin-
mediated proteasomal degradation. Further confirming that BAP1 does not modulate the
stability of HDAC2, the depletion of BAP1 levels in MSTO-211H cells did not affect the
degradation rate of HDAC2 following cycloheximide treatment. Instead, BAP1 exerts its
regulation of HDAC2 by modulating HDAC2 transcript abundance, as BAP1-depleted
MSTO-211H cells showed significantly reduced HDAC2 transcript level compared to siC-
transfected cells. Importantly, | have shown that genetic BAPT or HDAC2 loss in MPM and
isogenic MeT5A cells confer resistance to HDACI. Overall, | demonstrate for the first time
that BAPT modulates the expression of HDAC2, not by direct deubiquitylation but through
regulation of the HDAC2 mRNA transcript level and highlight the importance of BAP1 status
in the response to HDACI.

In this study, the genetic inactivation of BAPT led to increased resistance to HDACi, whereas
MPM cells with siRNA depletion of BAP1 were more sensitive to HDACi (Sacco et al., 2015),
illustrating that transient BAP1 loss is not equivalent to genetic BAP1 inactivation in MPM
cell lines that have been in long term culture. There is a valid point to be made around
inferring results from cells that have undergone transient BAP1 depletion versus cellular
adaptation to longer term genetic BAPT mutation, the former provides a very limited

picture of the genetic background that may drive compensatory mechanisms in cancer. As
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such, inferring clinical biomarkers from transient BAP1 depletion might give deceptive
results, which is of clinical significance as HDACi such as vorinostat are currently being
investigated in clinical trials for UVYM in which BAP1 mutations are common (Feun, 2017).
There have been poor outcomes from clinical trials of vorinostat in MPM, it was previously
evaluated in the VANTAGE-014 phase lll clinical trial involving 661 MPM patients with
disease progression after chemotherapy, where unfortunately no improvements in overall
survival resulted from vorinostat treatment (Krug et al., 2015). In light of our findings where
genetic BAPT inactivation increased resistance to HDACi, clinical trials in MPM with HDACi
might prove more successful if patient recruitment were to take into account the BAP1

mutation status of individual tumours.

Indeed, well-defined pre-clinical models of genetic BAPT loss are needed for the precise
screening of biomarkers and new cellular targets that may provide opportunities for
synthetic lethal strategies in BAPT-mutated cancers such as MPM. In this respect, the
isogenic MeT5A BAP1-mutant cell lines are a better model to look at cellular adaptation to
BAP1 loss and identify drug sensitivities, as this cell model is a more accurate reflection of

BAP1-deficient MPM than siRNA BAP1 knockdown.

When this study began, no DUBs had been identified that could reverse the ubiquitylation
of HDAC2. Subsequent to my work, two studies were published identifying USP17 and
USP4 as DUBs that can directly deubiquitylate HDAC2 (Song et al., 2015; Li et al., 2016b). In
the former study, the authors reported reduced proteasomal degradation of HDAC2
induced by cigarette smoke extract with USP17 overexpression in airway epithelial cells. In
the latter study, USP4-mediated deubiquitylation and stabilisation of HDAC2 inhibited p53
transcriptional and pro-apoptotic functions, and lead to the suppression of NF-kB
transcriptional activity in HEK-293T cells. Although we didn’t show that BAP1 stabilises
HDAC2 protein, we have highlighted an important role for BAP1 in regulating HDAC2
transcript abundance, which may be mediated through alterations of HDAC2 transcript

stability.

Mechanistically, BAP1 functions as the deubiquitylase for mono-ubiquitylated histone H2A,
and it can also remove polyubiquitin chains from BARD1, BRCA1/BARD1-mediated
ubiquitylated products and chromatin-associated protein HCF-1 (Scheuermann et al., 2010;
Nishikawa et al., 2009; Machida et al., 2009; Misaghi et al., 2009). We have discovered that

BAP1 regulates the expression of another chromatin-associated protein, HDAC2, in this
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case by regulating HDAC2 mRNA transcript level. BAP1 is known to influence transcription
both dependently and independently of its DUB activity (Fig. 1.3). The removal of mono-
ubiquitin from histone H2A activates chromatin, allowing a more permissive environment
for transcription to take place. Loss of BAP1 expression and a consequent decrease in its
deubiquitylating action on histone H2A would overall reduce BAP1-dependent gene
expression, which could be the case for the observed reduction in HDAC2 mRNA level upon
BAP1 depletion. BAP1 can also assemble into multi-protein complexes with various
transcription factors to promote gene expression (Yu et al., 2010). As such, indirect effects
of BAP1 via transcription factors that govern HDAC2 transcription might play a role in this

regulatory mechanism.

Another possible mechanism by which HDAC transcript levels may be regulated is through
targeting by miRNAs. Transcription factors such as p53 and Myc positively or negatively
regulate miRNA expression (Krol et al, 2010). Therefore, | hypothesised that specific
miRNAs may be aberrantly expressed in BAP1-null MPM cell lines. If loss of BAP1 caused
derepression and upregulation of miRNAs that target HDAC2, this could decrease HDAC2
transcript abundance. Indeed, miRNAs have been predicted to target HDAC2 and many of
these have been validated experimentally in various disease states. HDAC2 was previously
described as targeted by miR-145 in liver cancer (Noh et al., 2013) and by miR-455 in
colorectal cancer (Mao et al, 2017). Recently, miR-223 has been implicated in the
pathogenesis of chronic obstructive pulmonary disease (COPD) (Leuenberger et al., 2016).
This is a condition characterised by airway obstruction, chronic inflammation and tissue
destruction induced by risk factors such as cigarette smoke (Balkissoon et al,, 2011). An
observed reduction of HDAC2 protein had been previously described in the lung tissue of
COPD patients (Ito et al., 2005). Leuenberger et al (2016) discovered HDAC2 mRNA is
directly targeted by miR-223 in pulmonary endothelial cells, leading to a significant
reduction in HDAC2 protein expression and activity. Furthermore, miR-223 is significantly
induced upon exposure to inflammatory cytokines known to be upregulated in COPD
patients. There are some parallels between COPD and MPM, both conditions can arise from
exposure to asbestos and chronic inflammatory processes have also been identified in

MPM (Hillegass et al., 2010).

Investigating the miRNA signature of cell lines with differing genetic BAP1 status could

yield important new insights into the mechanisms by which BAP1 affects cellular functions.
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| will explore this avenue further in Chapters 5 and 6, by profiling the BAP1-dependent
miRNome in the MeT5A BAP1-deficient isogenic cell model and the panel of MPM cell lines.
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Chapter 5:Investigating the BAP1-dependent miRNome in

isogenic cell models of BAP1-deficient mesothelioma

5.1 Introduction

miRNA expression profiling provides a wealth of information pertaining to the functional
proteome of a cell, as variations in protein expression can be influenced by the expression
profiles of one or more miRNAs that regulate them. Since 1993, when the first miRNA was
identified, miRNA sequences have been rapidly reported, and there are now 28,645 entries

representing  hairpin  pre-miRNAs in the Sanger miRBase database

(http://www.mirbase.org/, version 21, June 2014). These precursors express 35,828 mature
miRNA products in 23 species. For Homo sapiens, 1881 precursors expressing 2588 mature
miRNAs have been submitted to miRBase. Despite the ever-expanding number of miRNAs,
deciphering their physiological functions in humans has remained a challenge. Examining
the global miRNA expression profile (miRNome) in different physiological conditions or
disease states can begin to infer their regulatory roles and function. miRNA expression
profiles are commonly altered in human cancers, implying that miRNA dysregulation is an
important part of tumour formation, maintenance and metastasis (He et al., 2005; Baranwal
and Alahari, 2010; Kuninty et al., 2016). As such, miRNA expression profiling is proving to
be clinically relevant to cancer diagnosis and predicting patient outcomes (Takamizawa et

al., 2004; Lu et al., 2005; Isayeva et al., 2017).

miRNAs are stable in a range of bodily fluids and specimens such as blood plasma, saliva,
urine and formalin-fixed, paraffin-embedded (FFPE) tissue blocks, this has led to
considerable interest in their utility as biomarkers for diagnostic and/or prognostic
applications in diseases such as cancer (Weber et al., 2010; Liu and Xu, 2011). Technical
efforts to improve miRNA expression profiling have produced a wide range of approaches
and platforms that are currently available to investigators. Three principal platforms are
commercially available for miRNA expression profiling: gRT-PCR, RNA sequencing (RNA-

Seq) and hybridisation-based assays (microarrays, NanoString nCounter).

gRT-PCR involves the reverse transcription of mature miRNAs to cDNA, followed by PCR to
monitor the real-time accumulation of reaction product. There are several miRNA gRT-PCR
assays that are commercially available, with different approaches to priming miRNAs for

reverse transcription. In gRT-PCR assays such as Qiagen’s miScript PCR system and the
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miRCURY™ LNA™ miRNA PCR system, mature miRNAs are polyadenylated to add poly-A
tails at their 3’ end prior to cDNA synthesis. In TagMan Assay-based qRT-PCR, a stem-loop
primer adheres to the 3" end of mature miRNAs which generates a binding site for reverse
primers during cDNA synthesis (Schmittgen et al., 2008). There are many advantages to
PCR-based approaches. It is a well-established methodology with high sensitivity and
specificity, which is conferred during the amplification process by using a forward primer
specific for the mature miRNA sequence (Chen et al., 2009). It is a quantitative method,
which enables the determination of amounts of amplified cDNA (relative or absolute) in
each sample. Laboratories familiar with qRT-PCR would find this approach relatively
inexpensive and easy to incorporate into their workflow. A noted disadvantage of this
technology are the limits to the number of samples processed per day, in this respect it can
only provide medium-throughput for large-scale miRNA profiling experiments, which

often involve the expression profiling for hundreds of miRNAs (Git et al., 2010).

Next generation sequencing (NGS) platforms have provided the means to profile miRNA
expression by RNA-Seq. In brief, RNA-Seq involves the preparation of a cDNA library from
reverse transcribed miRNA, ligation of the cDNA to adaptors with unique barcodes,
followed by cDNA immobilization onto a solid-phase or beads for PCR amplification and
NGS sequencing (Hafner et al., 2008). These raw sequences can then be aligned to a
reference genome sequence to reconstruct which genome regions were being transcribed.
This data can be used to annotate expressed gene locations and their relative expression
levels. Primarily, the main NGS platforms are Illumina HiSeq 2000 (or Genome Analyser)
which uses solid-phase PCR, the Applied Biosystems SOLID system, Roche Genome
Sequencer (454) and Invitrogen'’s lon Torrent platform, which all use bead-based emulsion
PCR (Pritchard et al., 2012). Major advantages of RNA-Seq are the detection of novel as well
as known miRNA sequences, as it is not limited to the detection of selected probes on an
array. This method also has greater sensitivity for identifying miRNA sequences that differ
by a single nucleotide (Git et al., 2010). However, major limitations remain the high cost,
together with the computing power and bioinformatics pipeline required for analysis of
RNA-Seq data. Furthermore, absolute quantification of miRNA expression level using RNA-
Seq is not possible, as it only provides expression level data relative to the total number of

sequence reads for a given sample.

Microarrays provide an intermediate option, using a high-throughput, hybridisation-based

platform capable of simultaneously profiling the expression of thousands of miRNAs within
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tens of samples in parallel within a single experiment. The microarray workflow does not
require reverse-transcription of miRNA into cDNA, instead miRNAs are enzymatically
labelled either with a fluorophore-conjugated nucleotide, or with 3’ polyadenylation with
poly-A tails followed by ligation of fluorophore-conjugated oligonucleotides.
Subsequently, fluorescently-labelled miRNAs are hybridized to DNA-based probes, or
beads, on the array (Pritchard et al., 2012). The technology is fairly low-cost but is typically
of lower specificity than gqRT-PCR or RNA-Seq (Tam et al., 2014). It is also the least
guantitative method compared to gRT-PCR and RNA-Seq. Like RNAseq, microarray
experiments are unable to provide absolute quantification of gene expression, so data can
only be interpreted relative to another reference. Furthermore, gene expression analysis is
limited to the set of probes on the microarray which have been designed against known

miRNA sequences, as such this method cannot detect novel miRNAs.

The NanoString nCounter platform is an alternative hybridization based technology, based
on assignment of a unique barcode, known as a reporter probe, to every gene to be profiled
in the assay (Geiss et al., 2008). At its 5’ end, the reporter probe has six positions with
differing spatial arrangements of four colours: red, blue, green and yellow. Capture probes,
which carry biotin labels on their 3’ end, allow the tripartite complex of miRNA and
reporter-/capture probes to immobilize onto the streptavidin-coated surfaces of the
cartridge for data collection. The reporter and capture probes hybridize to complementary
target miRNA in solution via gene-specific sequences. Each sample is imaged and
processed by counting the number of times a unique barcode was detected, thus

measuring the expression level of the miRNA that it corresponds to (Geiss et al., 2008).

The assay selected for this study, the NanoString nCounter human v3 miRNA assay, profiles
the expression of 798 human endogenous miRNA gene probes and 30 control gene
probes. The nCounter platform is comparable to a microarray with hybridization-based
technology, high-throughput and no requirement for miRNA amplification by reverse
transcription (Tam et al., 2014). However, the number of gene probes in an nCounter assay
are typically lower than commercial microarrays, for example Agilent Genomics offers a
microarray with 2,549 probes each representing a unique human miRNA. Nevertheless, we
decided the nCounter platform was most suited for this study, as it provided a simple
bioinformatics pipeline and was cost-effective. It also allows profiling of a greater number
of samples in parallel on one cartridge, with up to 12 samples analysed per cartridge.

Another advantage of the nCounter technology is its utility for profiling miRNA expression
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in FFPE samples, for future translation of the discovery phase reported here. The nCounter
assay provides an up-to-date list of miRNA genes from the latest version of Sanger miRBase
database at the time of purchase (version 21) (Kozomara and Griffiths-Jones, 201 1; Griffiths-
Jones et al.,, 2006; Griffiths-Jones et al., 2008). However, subsets of miRNAs in this assay are
included on the basis that there is published evidence to suggest they are clinically-
relevant miRNAs, and that they are “high-confidence” miRNAs based on their large

numbers of sequence reads from RNA-Seq data (Kozomara and Griffiths-Jones, 2014).

5.2 Aims and objectives

The abnormal expression of miRNAs has been linked to the pathogenesis and progression
of various human cancers. A number of studies have profiled the miRNome of MPM, in cell
lines or normal and matched tumour tissue samples (Truini et al., 2014). Germline and
somatic BAP1 mutations are major drivers of MPM development, and the consequences of
BAP1 loss on protein-coding gene expression in MPM are becoming well documented.

However, the effect of BAP1 loss on the miRNome in MPM has yet to be elucidated.

The aim of this study was to investigate for the first time the BAP1-responsive miRNome.
To this end, | profiled miRNA expression in MeT5A wildtype and isogenic BAPT mutant cell
lines using the NanoString nCounter platform. Ultimately, the goal was to investigate
BAP1-dependent changes to the miRNome in cell lines that represent models of the BAP1
tumour predisposition syndrome and BAP1-deficient MPM. My objectives in this chapter

were to:

1. Profile miRNA expression in MeT5A wildtype and isogenic MeT5A BAP1-mutant cell
lines.

2. Identify miRNA expression changes in isogenic BAPT-mutant cell lines of >1.5-fold,
in combination with expression changes that were statistically significant (P<0.05).
Henceforth, these miRNAs will be referred to as “significantly modulated” miRNAs.

3. Perform unsupervised hierarchical clustering and gene ontology analysis to infer

functions for significantly modulated miRNAs via their predicted gene targets.
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5.3 Characterising the BAP1-dependent miRNome in isogenic BAPT-mutant cell lines

5.3.1 Overview of NanoString nCounter human v3 miRNA assay workflow

The following workflow was implemented for miRNA expression profiling using the
NanoString nCounter platform (Fig. 5.1). Total RNA was extracted from three biological
extracts of MeT5A wildtype and isogenic BAPT-mutant cell lines. Total RNA concentration
was quantified and the quality of RNA confirmed by spectrophotometry and RIN values
(Table 5.1). 100 ng of total RNA from each sample was processed for nCounter miRNA

expression profiling according to the manufacturer’s (NanoString) recommendations.

Initial steps for data analysis involved applying a background subtraction, followed by the
normalisation of raw miRNA counts. From this, | established the total number of miRNAs
identified in each sample, then narrowed my focus to those miRNAs that were significantly
modulated. Next, | performed unsupervised hierarchical clustering on the significantly
modulated miRNA list to group similarly changing miRNAs together and annotated these
distinct groups or “clusters” by gene ontology (GO), incorporating terms related to

biological processes, cellular compartments and molecular functions.

5.3.2 Quality control of samples for miRNA expression analysis

The success of downstream applications like NanoString analysis rely upon having high-
quality RNA. As such, the first step in the NanoString nCounter human v3 miRNA assay
work-flow was determining the purity of total RNA extracted from MeT5A wildtype and
isogenic BAPT-mutant cell lines. Total RNA, including small RNAs such as miRNAs, was
extracted from cell lines as detailed in section 2.2.1.2. | generated three biological extracts
of total RNA from the normal mesothelial cell line MeT5A (BAP1*+ wildtype), and the three
isogenic cell lines derived from these cells: heterozygous BAP7*"* and two BAP1 double-
mutant (BAP1*7¥°) cell lines C5.1 (BAP1*/*°) and C3.1 (BAP1"7%°), Initially, the purity of total
RNA was determined by NanoDrop where a quality control cut-off of >1.80 was applied to
ratios of absorbance at 260nm, 280nm and 230nm (Table 5.1). Nucleic acids absorb at
260nm, whereas the contaminating presence of protein and salts are indicated by
absorbance at 280nm and 230nm, respectively. In addition, total RNA concentration and
quality were further assessed using a Bioanalyser (Agilent) which generated an RNA
integrity number (RIN). Samples with RIN score >7.0 should ensure good reproducibility
and accuracy of downstream gene expression experiments, as there is high confidence of

intact RNA (Schroeder et al., 2006; Fleige and Pfaffl, 2006). All samples met both QC criteria.
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Figure 5.1: Workflow diagram showing the study design and analytical approach
for the NanoString nCounter human v3 miRNA assay.
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NanoString nCounter cartridge: NS1

Sample Sample Biological | Passage | NanoDrop ratios Conc RNA
number name replicate | number | A260/ | A260/ | (ng/vl) | integrity
(BR) A280 A230 number
(RIN)

1 BAPT** BR1 P39 2.10 1.80 680.0 8.2

2 BAPT1+* BR2 P47 2.09 2.20 936.0 7.3

3 BAP1*/* BR3 P17 2.13 2.15 664.0 9.4

4 BAPT™* BR1 P32 2.10 2.19 381.5 9.2

5 BAP1/* BR2 P33 2.10 2.10 226.1 9.5

6 BAPT'* BR3 P34 2.1 2.16 436.0 9.3

7 C5.1(BAPT1*™ BR1 P57 2.16 2.21 195.7 9.2
/KO)

8 C5.1(BAPT*™ BR2 P59 2.10 2.27 303.2 8.7
/KO)

9 C5.1(BAPT*™ BR3 P60 2.15 2.62 280.0 9.0
/KO)

10 C3.1(BAPT*™ BR1 P37 2.06 2.00 213.9 8.1
/KO)

11 C3.1(BAPT*™ BR2 P38 2.10 2.09 560.0 7.6
/KO)

12 C3.1(BAPT*™ BR3 P33 2.12 2.21 395.5 7.6
/KO)

Table 5.1: RNA sample information for MeT5A wildtype and isogenic BAPT mutant
cell lines analysed by NanoString nCounter human v3 miRNA assay.
NS1: NanoString nCounter Experiment 1. Sample names reflect the BAP1 status of the
MeT5A cell line. Passage numbers indicate the number of passages since the single cell
dilution used to establish the clonal cell line. Purity of total RNA (ratios) was determined
by NanoDrop spectrophotometer. Total RNA concentration and RNA integrity numbers
(RIN) were confirmed by the Agilent 2100 Bioanalyser. Quality criteria of ratios >1.80 and
RNA integrity numbers (RIN) >7.0 were satisfied for all samples.
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5.3.3 Options for background subtraction and normalisation of nCounter miRNA
expression data

The nSolver™ analysis software (NanoString) enables primary analysis of nCounter miRNA
expression data. Before analysis of expression differences between sample groups,
nSolver™ allows the user to apply background subtraction and to normalise raw data
counts across samples; the options provided are shown in Figure 5.2. There are three
methods available for background subtraction: using the negative controls in the nCounter
assay (the assay includes eight negative controls that have no target as they recognise
synthetic mRNA targets not present in the samples), specifying a user-defined value, or
subtracting the value from a blank lane (RNA-free control) on the NanoString cartridge (Fig.

5.2A).

There are three main options which may be utilised for normalisation of background-
subtracted raw data counts: positive control normalisation, normalisation to content
probes, or specifying a user-defined value (Fig. 5.2B). The nCounter assay has 6 positive
control probes in a 4-fold dilution series. These probes are RNA sequences of similar size to
a miRNA, that are processed in the same way as miRNAs for the nCounter assay; they are
ligated with sequence-specific tags and hybridised to reporter and capture probes, thus

they can act as a control for the entire experimental process.

“Content Probes” can be used for normalisation in different ways (1) using the top 100
miRNA genes with the highest counts, (2) using all genes, that is the 798 endogenous
miRNAs in the nCounter assay, (3) using probes corresponding to five housekeeping genes,
or (4) using three ligation positive and three ligation negative control probes (Fig. 5.2B).
The ligation positive control probes recognise synthetic miRNA targets included in the
sample preparation, therefore monitoring ligation efficiency. The ligation negative control
probes recognise targets not expected to be expressed in samples, therefore monitoring

non-specific ligation.
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Figure 5.2: Options for background subtraction and data normalisation of
NanoString nCounter human v3 miRNA assay data (NS1).

Data analysis was performed using the NanoString nSolver™ software. Alternative
options for background subtraction (A) and normalisation (B) of miRNA data are
available within the software. The options chosen for analysis of NS1 are highlighted in
pink: the background value for raw data counts was set using the mean of negative
controls, and data then normalised to the geometric mean of the top 100 gene probes,
i.e. those with the highest counts in the assay.

124



5.3.4 Assessment of nCounter positive and negative controls

Twelve samples, comprising three biological extracts of MeT5A (BAP1+*) and each isogenic
MeT5A BAP1-mutant cell line, were profiled for the expression of 798 miRNAs and 30
control genes using the NanoString nCounter platform. Firstly, as a quality control measure,
| plotted the raw counts for all positive and negative controls included in NST nCounter
assay (Fig. 5.3). This was performed to visualise counts, identify a value for background
subtraction, and confirm linear detection of the positive controls across the 4-fold dilution
series. The raw counts for control probes showed little variability across the twelve samples.
As expected, the mean raw count for the positive control dilution series decreased linearly
until dilution E, which has a mean raw count of 56. The counts had plateaued by dilution F,
which represents the least concentrated control probe at 0.125 fM with a mean raw count
of 37 (Fig. 5.3A-B). Similarly, the counts for the ligation positive controls decreased linearly
across the 4-fold dilution series. The majority of the negative controls have <10 counts, the
ligation negative controls also showed a similar expression profile with each control

displaying <10 counts.

The eight negative controls reflect the background noise within the nCounter assay. | took
the mean value (8.04) from these controls to apply as the threshold above which miRNA
expression is detectable, represented by the lower orange dashed linein Figure 5.3A. Below
this threshold, a large proportion of miRNAs with very low counts were removed from
further analysis, ensuring only miRNAs with counts within the dynamic range (>56 counts)
and those that fell within the “lower confidence” zone (8 - 56 counts) were taken forward

for further analyses (Fig. 5.3).

Importantly, all positive controls display counts above the threshold for background noise,
this includes the lowest input signal from probe F, which implies that the nCounter assay
is still sensitive to the detection of miRNA expression at these lower counts (Fig. 5.3 and
Fig. 5.4). The 5 spike-in controls are probes that recognise non-mammalian miRNAs that
are not expected to be expressed in samples; they recognise miRNAs from the plant species
Arabidopsis thaliana (ath) and Oryza sativa (osa), and the nematode species Caenorhabditis
elegans (cel) (Fig. 5.3A). These spike-in controls monitor RNA processing steps upstream of
the miRNA assay, such as RNA isolation/purification. Three spike-in controls, ath-miR159a,
0sa-miR414 and osa-miR442 showed counts above the threshold for background noise,
with 40, 24 and 14 counts respectively. This could suggest some non-specific cross-species

hybridisation with another sequence in the sample. However, | consistently observed
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Figure 5.3: Mean raw counts for internal controls within NanoString nCounter
human v3 miRNA assay (NS1).

A Bar graph shows mean raw counts for all positive and negative controls on the NS1
nCounter assay (n=12 RNA samples, error bars show SD). The positive control probes
are six different RNA transcripts each at one of the following concentrations covering a
4-fold dilution series: A-F 128 fM, 32 fM, 8 fM, 2 fM, 0.5 fM, and 0.125 fM. Three ligation
positive control probes are also at the following concentrations: A 128 fM, B 32 fM and
C 8 fM. Eight negative controls and three ligation negative control probes have no
MRNA or miRNA targets present in the samples. The spike-in controls represent
exogenous, non-mammalian RNA transcripts. The orange dashed lines divide the
graph into three zones: “Dynamic Range” is indicative of counts >56, “Lower
Confidence” represents a range between 8 - 56 counts, and “Noise” is the observed
mean raw count for eight negative control probes (8 counts), this value was used for
background subtraction. B Plot demonstrating quantitative range for raw counts from
the positive control 4-fold dilution series. The blue line shows the observed mean raw
counts (n=12 samples, error bars show SD), and the black dashed line indicates the
expected counts for the input amount. SD: standard deviation.
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higher counts for these same three spike-in controls other nCounter assays (see Chapter 6),

suggesting this is not exclusive to one particular set of samples or assay.

For each cell line analysed in NS1, the mean raw counts for the six positive and eight
negative controls, and for the 798 miRNAs in the assay, were plotted to show their
distribution in relation to background counts (Fig. 5.4). The positive controls for each cell
line sample were above the threshold for background subtraction, and the majority of the

negative controls fell below this threshold.

5.3.5 Comparison of normalisation methods for nCounter miRNA expression data

Data normalisation in miRNA experiments minimises the effect of technical variation
between samples and is a pre-requisite for meaningful interpretation of miRNA expression
changes. Housekeeping genes are routinely used for normalisation of mMRNA data, however
there is no consensus about the appropriate normalisation strategy for miRNA data
(Schwarzenbach et al,, 2015). Thus, linvestigated the impact of five different normalisation
methods (housekeeping genes, positive and negative ligation genes combined, top 100
genes with the highest counts, “all genes” and positive control genes) on intra-replicate
reproducibility of miRNA expression data. Scatter plots (Fig. 5.5 and Appendix Fig. 5.1-5.4)
display inter-replicate comparisons of counts for 798 miRNAs from NS1 that have been
background subtracted using the mean of the negative controls and normalized using the
geometric mean of the content probes for the options summarised in Fig 5.2B. The
geometric mean is the nth root of the product of n numbers, and it is commonly applied to
diminish the effect of very high or very low values. This was used as values can vary
between 2 and 700,000 counts (NanoString) within the linear dynamic range of the
nCounter assay. Since biological replicate samples should, in theory, have similar miRNA
expression values, it is reasonable to compare different normalisation techniques by

observing the closeness of normalised values in the replicate samples.
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Figure 5.4: Distribution plots of raw counts for miRNAs in NS1.

Distribution plots show the mean raw counts of three biological replicates from MeT5A
(BAP1**), and three isogenic BAPT-mutant cell lines BAP1*7*, C5.1 (BAP1*7*°) and C3.1
(BAP1*7%%) The mean raw counts are plotted for the 798 miRNAs (grey circles), 6 positive
controls (blue circles) and 8 negative controls (orange circles). The orange dashed line
indicates the mean counts for negative controls (8.04 counts) to be applied as
background subtraction.
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Figure 5.5: Good linear relationships between biological replicates following
normalisation of miRNA expression using the top 100 genes.
Scatter plots show inter-replicate comparisons of counts for 798 miRNAs from NST,
following background subtraction and normalisation of miRNA expression to top 100
genes with the highest counts. Comparisons for cell lines MeT5A (BAP1**) and isogenic
BAP1-mutant cell lines BAP1**, C5.1 (BAP1*7*°) and C3.1 (BAP1%/*°) are shown. Power
regression equation and R? values are displayed. BR: biological replicate.
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The five normalisation methods generated values for the slope of the power trendline
ranging between 0.90 - 1.05, and R? values between 0.86 - 0.91, indicating acceptable linear
relationships between biological extracts for each normalisation method (Fig. 5.5 and
Appendix Fig. 5.1-5.4). | chose to exclude the method based on the geometric mean of five
housekeeping genes (B2M, GAPDH, ACTB, RPLPO, RPL19) as these are endogenous mRNA
housekeeping genes more suitable for normalisation of mRNA expression data. In addition,
mRNA probes do not undergo ligation and therefore are under different experimental
influences. The normalisation method based on the geometric mean of combined positive
and negative ligation genes was also excluded as these are exogenous gene probes that
control for the initial miRNA ligation step in the nCounter assay only. The geometric mean
of the top 100 genes with the highest counts was chosen as the method for normalisation
of NS1 miRNA expression data (Fig 5.5). This choice was based on its ability to reduce overall
variation between replicate samples as mentioned above, and on two assumptions: (1) in
a large-scale miRNA expression profiling study, the number of differentially expressed
miRNAs are a minority, the majority of miRNAs are either not expressed or expressed at
very low levels (i.e. invariant) and (2) there is no obvious bias in the balance of
downregulated miRNAs and up-regulated miRNAs (D'haene et al, 2012). Hence, the
geometric mean of the top 100 gene counts can function as a reasonable indicator of the

variation in expression level due to technical factors.

5.3.6 Analysis of miRNA expression in nCounter human v3 miRNA assay (NS1)

Following background subtraction and data normalisation, approximately half of the 798
miRNAs represented on the nCounter assay were identified in each cell line when
combining the 3 biological replicates, this ranged from 382 — 424 miRNAs (Fig. 5.6A). The
overlap between miRNAs identified in the biological replicates for each cell line was
evaluated. 60% of the 382 miRNAs identified in MeT5A (BAP1*/*) samples were identified in
all three biological replicates. The proportion was slightly lower for BAP1 mutant cell lines
BAP1*"*, C5.1 (BAP1*/9) and C3.1 (BAP1%79), with 58%, 53% and 48%, respectively,
identified in all three biological replicates. In each cell line, 70% to 80% of miRNAs were

detected in atleast two biological replicates.

| next used a 4-way venn diagram to compare the miRNAs identified in the four different
cell lines (Fig. 5.6B). The diagram illustrates the number of miRNAs that were exclusively
expressed in the individual cell lines, as well as those displaying overlapping expression. A

total of 566 miRNAs were detected in at least one cell line. Of these, 254 miRNAs (45%)

130



A

BR1  BR2 BR1  BR2
5% 7% 4% 382 424 13% /8% 4%
60% 58%
5% 8% (z':;fﬁ) BAPTW/+ 9% 4%
11% 4%
BR3 BR3
BR1 BR2 389 400 BR1 BR2
1% 7% 2% C5.1 C3.1 17% 18% 9%
[+) 0,
15%53 /05% (BAPT*"C) (BAPT*7) 4%48 bz%
7% 2%
BR3 BR3
. miRNAs identified miRNAs not identified
From 798 miRNAs in NS1

B
miRNAs identified: 566
BAPT**+ C5.1 (BAPT*/¥)
MeT5A (BAPT++) C3.1 (BAPT*/K0)

Figure 5.6: Total number of miRNAs identified in isogenic MeT5A BAP1 wildtype
and mutant cell lines by the nCounter human v3 miRNA assay (NS1).
A Total number of miRNAs identified in MeT5A (BAP1**), BAP1%"*, C5.1 (BAP1*7%°) and
C3.1 (BAP1¥7*) cell lines post-background subtraction and normalisation. For every
miRNA, normalised counts were averaged across three biological replicates for each cell
line. miRNAs were classed as “identified” if they showed counts >2 after normalisation.
The 3-way venn diagrams on either side show the overlap between miRNAs identified
by these same criteria in each biological replicate. B 4-way venn diagram showing the
overlap between the total number of miRNAs identified across the different cell lines.
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(45%) were commonly expressed by all 4 cell lines, whilst 28, 34, 32 and 36 miRNAs were

specific to MeT5A (BAP1*+), BAPTY*, C5.1 (BAP1*/*°)and C3.1 (BAP1*7¥°), respectively.

5.3.7 miRNAs are significantly deregulated in isogenic BAP7-mutant cell lines

To investigate whether any of the identified miRNAs were regulated by BAP1 loss, the
log,(fold change) was calculated using the parental MeT5A (BAP1**) cell line as the
comparator sample. A cut-off for miRNAs exhibiting >1.5-fold change in expression levels
was applied, in combination with expression level changes that were statistically
significant by Welch’s unpaired t-test (P<0.05), which were expressed as -logio(P-Value) in
volcano plots to visualise miRNA responses (Fig. 5.7). Setting a fold change cut-off that is
large enough to be biologically meaningful for the available data set is important. >1.5-fold
change in miRNA expression levels is understood to be biologically relevant as the
NanoString assay produces one count for one miRNA molecule, which allows the
estimation of gene expression and for the elimination of experimental noise. Furthermore,
this study and others (Veldman-Jones et al., 2015; Mestdagh et al., 2014) have shown robust
reproducibility between biological replicates with the NanoString platform, and the
linearity of the internal controls within this study attests to the low degree of experimental

noise variance that may otherwise confound fold change estimates.

Those miRNAs that display large magnitude fold changes as well as high statistical
significance appear in the upper-left (if expression is significantly downregulated) or
upper-right (if expression is significantly upregulated) quadrants of the volcano plot. Few
miRNAs were significantly upregulated (solid orange circles) or downregulated (solid blue
circles) in the heterozygous BAP1** cell line compared to MeT5A (BAP1**) (Fig. 5.7A). In
contrast, more miRNAs were significantly up- or downregulated in the BAPT*7° cell lines
C3.1 and C5.1 (Fig. 5.7B-C). Of note, for both BAPT*¥° clones, significantly downregulated
miRNAs showed larger magnitude changes in expression than those that were
upregulated, with some miRNAs approaching a log. 8-fold decrease. Whilst a similar
number of miRNAs were significantly upregulated in the BAP1*7%° cell lines, these showed
smaller changes in expression, typically between log, 2- and 4-fold (Fig. 5.8B-C and
Appendix Table 5.1).

In total, 113 miRNAs were significantly modulated in at least one of the isogenic BAP1

mutant cell lines, with 54 up- and 59 down-regulated relative to MeT5A (BAP1*"*) (Fig. 5.8
and Appendix Table 5.2). Amongst the downregulated miRNAs, expression of 31 (57%)
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Figure 5.7: Volcano plots illustrate miRNAs that are differentially expressed
between isogenic MeT5A BAP1 mutant cell lines.

Volcano plots display mean data from three biological replicates for the isogenic MeT5A
BAP1 mutant cell lines BAPT*7* (A), C3.1 (BAP1%/%°) (B) and C5.1 (BAP1*7*°) (C). The x-axis
shows logs fold change (FC) in miRNA expression vs. the comparator cell line MeT5A
(BAP1**). The y-axis is the negative log:, P-Value (a higher value indicating greater
significance as measured by Welch’s unpaired t-test). miRNAs shown as solid circles
represent >1.5-FC in miRNA expression vs. MeT5A (BAP1**), with statistical significance
(P<0.05), miRNAs shown with hollow circles have >1.5-FC in miRNA expression vs. MeT5A
(BAP1**) but have not reached significance (P>0.05). Grey circles represent miRNAs that
did not meet FC and significance cut-offs and were therefore classified as unchanging.
Housekeeping genes are indicated by red hollow circles. The solid grey lines designate
1.5-FC and P=0.05.
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Figure 5.8: Analysis of directional changes in miRNA expression in isogenic MeT5A
BAP1 mutant cell lines.

A - B Venn diagrams show the degree of overlap between significantly modulated
miRNAs, with down-regulated (A) or up-regulated (B) expression changes >1.5-fold vs.
MeT5A (BAP1**) with statistical significance (P<0.05, Welch’s unpaired t-test), for
isogenic BAPT-mutant cell lines BAPT*/*, C5.1(BAP1*7*°) and C3.1(BAP1*7%°). C Scatter
plot illustrates the distribution of miRNAs that are up- or down-regulated (>1.5-fold,
P<0.05) in C5.1 (BAP1*7%°) only (green hollow circles), or C3.1 (BAP1*7*°) only (blue hollow
circles), or in both cell lines (red hollow circles). FC: fold change. Named miRNAs are
discussed in section 5.4.
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decreased concordantly in both BAPT*/¥° cell lines, with 13 (24%) and 6 (11%) miRNAs
unique to C5.1 and C3.1, respectively (Fig. 5.8A). There were greater differences between
the two BAP1*7° cell lines when considering the upregulated miRNAs, 30 miRNAs (51%)
were significantly modulated only in C5.1, which expressed least BAP1 protein (Fig 3.4),
compared to 13 miRNAs (22%) in C3.1 (Fig. 5.8B). However, when fold changes for all 104
miRNAs that were significantly modulated in either BAP7*7° cell line were compared, it was
apparent that most miRNAs respond in a similar manner, even if the expression changes
did not satisfy the fold change and significance cut-offs (Fig. 5.8C). Overall, this suggested
moderately reduced BAP1 expression could cause substantial miRNA downregulation,
whereas some upregulated miRNAs responded in a concentration-dependent manner to

BAP1-deficiency.

5.3.8 Hierarchical clustering of significantly modulated miRNAs reveals five distinct
clusters

| performed unsupervised hierarchical clustering (HCL) on the 113 significantly modulated
miRNA gene list from the isogenic MeT5A samples using Multiple Experiment Viewer (MeV;
http://mev.tm4.orqg), a freely available software that supports the analysis, visualization and
stratification of large genomic data sets (Howe et al.,, 2010). The log, fold change vs. MeT5A
(BAP1**) for each of the 113 miRNAs are represented in a heatmap, with unsupervised HCL
for both the gene list and sample list to build a dendrogram tree of data that clusters similar
groups together (Fig. 5.9, left). To aid with visualization, a colour scheme was applied so
miRNAs that decreased in expression vs. MeT5A (BAP1**) were shaded blue, and those that
increased in expression were shaded orange. As expected, data for the two BAP7"/ cell
lines cluster more closely with each other than with the BAP1*"* cell line. HCL generated

five distinct clusters of miRNAs that exhibit similar patterns of response on loss of BAP1.

Overall, two clusters (C1 and C2) generally displayed downregulated expression of miRNAs
in isogenic BAPT"/© cells, and three clusters (C3, C4 and C5) with predominantly
upregulated miRNA expression in isogenic BAPT*/© cells. Amongst these, cluster C4
contained a small number of miRNAs that are upregulated in all three isogenic BAP1
mutant cell lines, cluster C3 showed a large overlap in miRNAs that were upregulated in
both isogenic BAP1*7° cell lines, and cluster C5 contained miRNAs with the largest
magnitude changes in C5.1 (BAP1*7¥) cells that expresses the least amount of BAP1
protein. Cluster C2 contained a small number of miRNAs with variable expression profiles

across the three isogenic BAP1 mutant cell lines, generally these miRNAs displayed
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Figure 5.9: Unsupervised hierarchical clustering of 113 significantly modulated
miRNAs in isogenic MeT5A BAP1 mutant cell lines.

Heat map generated using Multiple Experiment Viewer (MeV; http://mev.tm4.org)
shows log; fold changes vs. MeT5A (BAP1**) for miRNAs with expression changes >1.5-
fold and statistical significance (P<0.05, Welch's unpaired t-test). For each cluster C1 —
C5, the pie charts indicate the proportion of miRNAs annotated with predominantly
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oncomiR or tumour suppressive function in cancer (middle), and the chromosomal
location of their genes (right). N/A: not available.

downregulated expression in C5.1 (BAP1*/%9) cells. The most striking finding from this HCL
analysis was the uniform downregulation of the majority of miRNAs in cluster C1 in both
the isogenic BAP1%/* cell lines C3.1 and C5.1; this was not phenocopied by the

haploinsufficient BAPT*/* cell line.

For each cluster C1-C5, | used a literature search to annotate whether each miRNA was
predominantly described as an oncomiR, tumour suppressor miRNA, or was unstudied
(N/A) in cancer (Fig. 5.9, centre). miRNAs were also annotated according to their
chromosome location (Fig. 5.9, right). Strikingly, 63% of cluster C1 miRNAs have tumour
suppressive function, and 78% are located on chromosome 14. In fact, these chromosome
14 miRNAs are all are located at locus ch14g32.31 (Appendix Table 5.3), with one exception
(miR-208b-3p, ch14q11.2). The large bipartite cluster of 51 miRNAs on chromosome
14932.31 is a well-studied tumour suppressive miRNA cluster that is downregulated in

various cancers (Lavon et al., 2010; Shahar et al., 2016; Zehavi et al., 2012).

Cluster C2 represents a smaller group of 13 miRNAs that were mostly downregulated in
C5.1 (BAP1*7¥) cells. However, the functional profiles for cluster C2 miRNAs were very
different to the predominantly tumour suppressive functions of cluster C1 miRNAs; 54% of
cluster C2 miRNAs were classified as oncomiRs. The remaining clusters of upregulated
miRNAs also contained fewer miRNAs and showed a variable split between oncomiR and
tumour suppressive functions, along with a greater spread in their chromosomal

distribution (Fig 5.9).

5.3.9 Gene ontology (GO) analysis of miRNA-gene targets

The identification of genes that are targeted by miRNAs is crucial for elucidating their
biological functions and interpreting the regulatory networks of miRNA-target
interactions. miRWalk2.0 (http://zmf.umm.uni-heidelberg.de/apps/zmf/mirwalk2/
index.html) is a database that provides predicted and experimentally validated miRNA
binding sites on their target genes. Using this database, | generated a list of miRNA-target
gene interactions for each HCL cluster C1-C5. These gene lists were interrogated for

enrichment within gene ontology (GO) terms using the Database for Annotation,
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Visualisation and Integrated Discovery (DAVID; https://david.ncifcrf.gov/). DAVID uses
data-mining to functionally annotate gene lists based on different classifications such as
protein domains, tissue expression and importantly gene ontology, which covers terms
relating to biological process, cellular compartment and molecular function (Dennis et al.,
2003). For each GO term, a P-Value is generated that indicates the strength of enrichment

for the gene list within any annotation category.

| extracted a list of significant (P<0.001) GO terms generated from the gene targets of the
miRNAs from each cluster C1-C5, GO terms were retained where significant in at least one
cluster, and redundant GO terms were systematically removed from the list. The P-Values
were logio-transformed and expressed as a heat map in association with the GO term for
each of the five miRNA clusters C1-C5 (Fig. 5.10). Unsupervised HCL was performed to
group GO terms with similar significance (P-Value) profiles. The gene targets of cluster C1
miRNAs are highly enriched in the GO terms represented by HCL clusters f-g, which include
several GO terms relating to known roles for BAP1, such as modulating chromatin (GO:
polycomb group (PcG) protein complex) (Scheuermann et al., 2010), the regulation of
metabolism (GO: response to glucose) (Bononi et al., 2017b; Baughman et al., 2016; Dai et
al., 2017) (Kenyani et al., manuscript in prep) and cytoskeletal pathways (GO: cell motility,
focal adhesion) (Hebert et al.,, 2017; Kenyani et al., manuscript in prep). In fact, GO: focal
adhesion is a highly significant term across all five clusters C1-C5, suggesting that the genes
enriched in this process are affected by both miRNA induction and repression in response

to loss of BAP1.

The gene targets of the cluster C2 miRNAs are highly enriched in the GO terms represented
by HCL clusters a-b. The GO terms from HCL cluster a are significantly enriched in clusters
C2 and C5, which are most associated with changes seen in C5.1 (BAP1*7%°). The GO terms
describe regulatory functions such as RNA processing and turnover, signalling in response
to low oxygen, and a known BAP1 function in the cell cycle (GO: G1/S transition of mitotic
cell cycle) (Ventii et al., 2008; Nishikawa et al., 2009; Machida et al., 2009). There are fewer
significantly enriched GO terms in miRNA clusters C3-C4. The three GO terms significantly
associated with cluster C3 (GO: somatic stem cell population maintenance, regulation of
cell migration, amino acid transmembrane transporter activity) are highly distinct
processes. In cluster C4 the most highly enriched GO term was GO: regulation of

transcription - DNA templated.
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Figure 5.10: Unsupervised hierarchical clustering of significant GO terms
associated with the gene targets of significantly modulated miRNAs in isogenic
BAP1 mutant cell lines.

Genes encoding validated miRNA targets from hierarchical clusters C1 - C5 in isogenic
BAP1 mutant cell lines were curated using miRWalk2.0 (http://zmf.umm.uni-
heidelberg.de/apps/zmf/mirwalk/). Functional GO term enrichment analysis (biological
process, cellular compartment and molecular function) for validated miRNA-gene
targets were performed using the DAVID gene annotation tool
(https://david.ncifcrf.gov/). GO terms indicated by red asterisks relate to selected
published and predicted roles for BAP1. Statistical significance for the GO terms was
determined by modified Fisher’s exact test (P<0.001). Colour scale limits: green indicates
highly significant GO terms (P<0.001), black indicates the significance cut-off (P=0.001)
and red indicates low or no significance (P>0.001).

The gene targets of cluster C5 miRNAs are highly enriched in the GO terms represented
by HCL clusters a and h. These GO terms describe regulatory functions such as signalling
in response to low oxygen (GO: cellular response to hypoxia) and in response to effector

proteins (GO: Ras protein signal transduction, NF-kappaB binding). Also described are

139



known BAP1 functions related to DNA repair (GO: cellular response to DNA damage
stimulus (Eletr et al., 2013), DNA damage response by p53 mediator), post-translational
modifications (GO: protein deubiquitylation (Jensen et al., 1998), protein sumoylation) and
regulation of the cell cycle (GO: G1/S transition of mitotic cell cycle, positive regulation of
DNA replication). Other highly enriched GO terms were RNA interference (GO: RISC
complex), cytoskeletal pathways (GO: cell-cell adhesion, focal adhesion), programmed cell
death (GO: apoptotic process) and interactions with histone deacetylases (GO: histone

deacetylase binding).

These data show for the first time that the miRNome is significantly deregulated in isogenic
BAP1-mutant cell lines, and highlight numerous pathways and processes associated with
the target genes of significantly modulated miRNAs. These include many cellular pathways
with which BAP1 is already associated through regulation of protein function, and notably
several functions identified through analysis of the BAP1-dependent proteome (Chapter

3).

5.3.10 Network maps of the interactions between miRNAs and predicted target genes
Identifying target genes is an important step towards understanding and validating the
functions of these BAP1-dependent miRNAs. To better understand the miRNA-gene target
interactions | mapped the networks for a selection of GO terms of particular interest for
BAP1 biology (GO: PcG protein complex, cell motility, G1/S transition of mitotic cell cycle,
protein deubiquitylation, RISC complex) (Fig. 5.11 and Appendix Fig. 5.5). Initially | mapped
several miRNA-gene target interactions for cluster C1 (miRNAs displaying uniform
downregulation of miRNA expression in both isogenic BAPT*/° cell lines C5.1 and C3.1),
and cluster C5 (miRNAs displaying a dose-dependent upregulation of miRNA expression in

C5.1 (BAP1*7¥) cells that express the least amount of BAP1 protein).

Visually, the regulatory networks for HCL clusters C1 and C5 are different. They represent
both the simplicity and complexity of miRNA network biology, as each miRNA has the
potential to target one gene, represented in part by the linear networks in cluster C1 (Fig.
5.11, top), or several different genes as exemplified by the branched networks in cluster C5
(Fig. 5.11, bottom). In theory, as cluster C1 miRNA expression was predominantly
downregulated by BAP1 loss, these gene targets would be predicted to show increased
expression in BAP1-deficient cells. In contrast, the expression profile of cluster C5 miRNAs

were predominantly upregulated on BAP1 loss, so it is predicted that their gene targets
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Figure 5.11: Visualisation of miRNA-gene target networks for representative GO
terms.

miRNA-gene target interactions for clusters C1 and C5 were extracted from miRWalk2.0
database (http://zmf.umm.uni-heidelberg.de/apps/zmf/mirwalk2  /index.html).
Network maps for gene lists enriched within significant GO terms A “PcG Protein
Complex” and B “G1/S transition of mitotic cell cycle” are illustrated. The box beneath
each miRNA indicates whether the miRNA was up-regulated (orange) or down-
regulated (blue), in both isogenic BAPT*/ cell lines (cluster 1), or in C5.1 (BAP1%/)
cells (cluster C5). *miRNAs not on ch14932.31 locus.
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would have decreased expression in BAP1-deficient cells. Together, this information can
help predict and validate the physiological outcomes of miRNA expression gain or loss for

the pathways and processes on which their gene targets converge.

5.4 Discussion

Following the seminal discoveries of miRNA involvement in the pathogenesis of human
cancers (Calin et al.,, 2002; He et al., 2005), it was concluded that most tumour types will
display a degree of deregulation of miRNA expression. Using the NanoString nCounter
platform, | investigated the possibility of differential miRNA expression in isogenic cell
models of BAP1 loss. | found that BAP1 deficiency profoundly altered the miRNome of these
cell lines, which included the significant downregulation of a tumour-suppressive miRNA
cluster on ch14932.31 (Fig 5.9). Gene set enrichment analysis indicated that the
reprogramming of the miRNome on loss of BAP1 could target key regulators of biological
pathways involved in tumorigenesis, such as cell adhesion and migration, proliferation, cell

cycle progression and hypoxic response (Fig 5.10).

Several studies have reported miRNA expression profiles in MPM cell lines and tissues
(Truini et al., 2014). These reports have highlighted the influence of variables such as
histological subtype, sample source (tissue/cell line), sample size, technical issues
surrounding statistical analyses and the type of assay used, in generating heterogeneous
and often contradictory results regarding miRNA expression in MPM. In my study, | have for
the first time directly asked whether BAP1 status affects miRNA profiles by employing
isogenic cell lines genetically engineered so that they differ only by the defined mutations
in the BAPT gene. A major advantage of using this isogenic cellular model of BAP1-deficient
MPM is increased confidence in attributing differential miRNA expression profiles as direct

or adaptive consequences of BAP1 deficiency.

A major finding from this study was the downregulation of a set of miRNAs from a miRNA
cluster mapping to chromosome 14g32 in BAP1-deficient cells (Fig. 5.9). This miRNA cluster
is located within the parentally imprinted chromosomal area DLK-DIO3 (DIk1-Gtl2 in
mouse) and spans the distal portion of chromosome 14 (14932.1 — 14g32.31, Fig. 5.12). It is
a region that holds great biological significance in the fetal development of mice and
humans (Cleaton et al, 2016; Da Rocha et al., 2008). Several studies have shown
downregulation of miRNAs from this region in different types of cancers, and importantly

a tumour suppressive role has been recognized for these miRNAs through their gene
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targets. For example, in glioblastoma, the mean expression for ch14932.31 miRNAs were
significantly lower than in matched normal tissue, and their gene targets (including KRAS
and EGFR) were upregulated. Importantly, under expression of these miRNAs correlated

with poorer prognosis (Shahar et al., 2016).

Importantly, in the context of my study, BAP1 deficiency alone was sufficient to
downregulate these tumour suppressive ch14g32.31 miRNAs to mimic a cancer phenotype
in MeT5A normal mesothelial cells. As such, these data provide new evidence for a novel

mechanism by which BAP1 mutation could contribute to oncogenesis.
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Figure 5.12: Schematic representation of the imprinted DLK1-DIO3 domain on
human ch14q32.31.

Genomic organisation of the ch14g32.31 miRNAs within the imprinted DLK1-DIO3
domain. Paternally and maternally expressed genes are shown in blue and purple,
respectively. The intergenic germline derived differentially methylated region (IG-DMR)
is methylated on the paternal chromosome, denoted by the letter M. The maternally
expressed non-coding RNA genes (purple) include maternally expressed gene 3 (MEG3),
anti-RTL1 (encodes the smaller miRNA cluster A), maternally expressed gene 8 (MEGS)
(encodes small nucleolar RNA (snoRNA) cluster) and the larger miRNA cluster B. miRNAs
in green font were identified in this study in HCL cluster C1, these miRNAs showed
significantly downregulated expression in isogenic MeT5A BAPT-mutant cells. miRNAs in
grey were detected but did not meet the fold change and significance cut-offs. miRNAs
in black were not detected by the assay. Figure adapted from (Royo and Cavaille, 2008).
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The regulation of genomic imprinting in this chromosomal locus is thought to be mediated
by a distal element on this locus known as the intergenic differentially methylated region
(IG-DMR, Fig. 5.12). In mice, deletion of the hypomethylated form of IG-DMR from the
maternal inherited chromosome resulted in the silencing of all maternally expressed
imprinted genes from this region, coding for both mRNAs and miRNAs (Seitz et al., 2004).
It is hypothesized that the silencing of ch14g32.31 miRNA genes could occur through
either chromosomal deletion of IG-DMR, epigenetic modification at this locus by
methylation or deacetylation, or both. Indeed, both mechanisms could explain ch14g32.31
miRNA cluster silencing in melanoma cell lines (Zehavi et al., 2012). The study documented
loss of heterozygosity and/or complete absence of the IG-DMR, as well as epigenetic
silencing of this locus as maternal miRNA genes were re-expressed after treatment with a
combination of demethylating and HDAC inhibitors. In epithelial ovarian cancer cell lines,
the authors concluded that epigenetic mechanisms were responsible for the
downregulation of several miRNAs from this cluster on chromosome 14, as treatment with
DNA demethylating agent 5-aza-2"-deoxycytidine (5-Aza-CdR) and the HDAC inhibitor 4-
phenylbutyric acid (PBA) upregulated their expression (Zhang et al., 2008). It would be
important in future to perform similar analyses in the isogenic MeT5A BAP1-mutant cells to
establish DNA copy number of the regulatory regions and/or the presence of epigenetic
modifications at this locus, to elucidate the mechanism by which this miRNA cluster is

silenced by BAP1-deficiency.

Gene ontology analysis can provide an indication of the biological processes affected by
the silencing of the miRNA cluster on ch14q32.31. For the cluster C1 miRNAs that map to
ch14q32.31, the predicted gene targets were highly associated with biological processes
implicated in human carcinogenesis, namely chromatin modulation, cellular metabolism
and cell motility (Fig. 5.10). miR-410-3p is a ch14g32.31 miRNA that is significantly
downregulated in all isogenic BAPT-mutant cell lines, BAP1¥"*, C5.1 (BAP1*/%°) and C3.1
(BAP1*7%%) when compared to MeT5A wildtype (BAP1**) cells (Fig. 5.8C). Various cancer
types also show a trend for downregulation of this miRNA; miR-410-3p-mediated
suppression of cell proliferation and invasion was reported in gliomas (Chen et al., 2012),
gastric cancer (Shen et al,, 2014) and pancreatic cancer (Guo et al,, 2015b). It has been
previously shown by gRT-PCR, and within an independent gene expression profiling data
set from TCGA, that miR-410-3p expression is downregulated in breast cancer tissues
compared to paired normal breast tissue (Zhang et al., 2016). Moreover, miR-410-3p has a

tumour-suppressive role in breast cancer through its regulation of cell proliferation and the
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EMT phenotype, miR-410-3p overexpression reduced cell growth, invasion, and decreased
the expression of EMT markers (Wang et al., 2013). Analysis of the C5.1 (BAP1%/%°) cell
proteome by SILAC-MS revealed a significant upregulation of proteins involved in actin
cytoskeletal regulatory pathways, which have been associated with local invasion and the
EMT process (see section 3.8), it may be possible that the upregulation of cancer-associated
proteins involved in cytoskeletal reorganisation and invasion upon BAP1 loss is a

consequence of the loss of expression and thus regulation by miRNAs such as miR-410-3p.

The miRNAs represented in the example of an HCL Cluster C1 regulatory network (Fig. 5.11,
top) are predominantly located on locus ch14g32.31, with two exceptions (miR-34c-5p
(Ch11g23) and miR-664a-3p (Ch1g41). In this network, the protein products of the PcG
genes targeted by ch14g32.31 miRNAs form the core components of the canonical and
non-canonical PRC1 complex (Fig. 5.13). Therefore, not only is the PRC1 complex regulated
through the opposing action of BAP1 in the PR-DUB complex, it would seem that the
homeostatic balance between chromatin activation and silencing is further modulated by
BAP1-dependent miRNAs that can repress the expression of PcG genes. The consequences
of ch14932.31 downregulation is predicted to increase transcriptional repression through
increased PRC1 activity, which has implications for tumourigenesis as PRC1 may promote

cancer progression by repressing tumour suppressors.

From the list of 30 significantly modulated miRNAs that were uniformly downregulated in
BAP1%7%° cell lines C5.1 and C3.1 (Fig. 5.8A and Appendix Table 5.1), ch14932.31 miRNAs
miR-376a-3p, miR-376¢-3p and miR-409-3p had the greatest response, showing ~7-fold
decrease in expression compared to MeT5A wildtype (BAP1**) (Fig. 5.8C and Appendix
Table 5.1). Expression profiling studies have revealed that the miR-376 family, namely miR-
376a, miR-376b and miR-376¢, show either decreased or increased expression in a range of
different types of cancers, indicating the context-dependency of their function as either a
tumour suppressors or oncomiRs (Tekirdag et al.,, 2016). Although downregulation of miR-
409-3p has been observed in many cancers (Zheng et al., 2012; Xu et al., 2013; Liu et al,,
2015), its role may be disease-dependent, as it is upregulated in prostate cancer where it
promotes tumourigenesis through suppression of tumour suppressor genes and induction

of EMT (Josson et al., 2015).

At the other end of the spectrum, three miRNAs miR-664a-3p, miR-361-3p and miR-155-5p
were significantly upregulated in each of the three isogenic BAP71-mutant cell lines, BAPT"

*,C5.1 (BAP1%/®) and C3.1 (BAP1%7*9), when compared to MeT5A wildtype (BAPT1**)
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Figure 5.13: A simplified model of polycomb repressive complex 1 (PRC1)-
mediated chromatin compaction and gene silencing.

The PRC1 is divided into two subfamilies of canonical (c-PRC1) and non-canonical PRC1
(nc-PRC1). The canonical PRC1 is composed of a RING and PCGF/BMI1 core, and several
accessory proteins CBX, PHC and SCLM, each of which have multiple different
homologs. The PRC2 complex trimethylates histone H3 at lysine 27 (H3K27me3), CBX
proteins are able to recognise and bind to these marks thereby recruiting the c-PRC1
complex and facilitating chromatin repression through the monoubiquitylation of
histone H2A at lysine 119 (H2AK119Ub1). The RYBP component of the nc-PRC1
complex can further contribute to transcriptional silencing by recognizing
H2AK119ub1 marks. YY1, a DNA binding protein, may also recruit the nc-PRC1 complex
to histones via interaction with RYBP and YAF2. The deubiquitylase activity of the
polycomb repressive deubiquitylase (PR-DUB) complex opposes PRCT and de-
represses gene silencing caused by histone H2A monoubiquitylation. Figure adapted
from (Aranda et al., 2015).

(Fig. 5.8B and Appendix Table 5.1). To date, no study has been published detailing the
expression level of miR-664a-3p in cancers. Little is known about miR-361-3p but it has
been shown to have decreased expression in NSCLC tissues and cell lines, and is reported

to function as a tumour suppressor in this cancer type (Chen et al.,, 2016).

In contrast, miR-155-5p is well documented as an oncomiR (Jiang et al., 2010b; Gironella et
al., 2007) and as a pro-inflammatory miRNA shown to play a critical role in promoting
aerobic glycolysis (i.e. the Warburg effect) in breast cancer cells (Jiang et al, 2012).
Hexokinases are enzymes that catalyse the first step of glucose metabolism, namely the
phosphorylation of glucose to glucose-6-phosphate (G6P) (see Fig. 3.6), which then serves
as a metabolite for glycolysis, the PPP and glycogenesis (Roberts and Miyamoto, 2015). In
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breast cancer cells exposed to pro-inflammatory cytokines, miR-155-5p appears to
promote aerobic glycolysis by upregulating hexokinase 2 (HK2) expression through two
distinct mechanisms. First, it promotes HK2 expression by activating its transcriptional
regulator STAT3 indirectly through downregulation of a STAT3 inhibitor. Second, miR-155-
5p represses expression of miR-143, a negative regulator of HK2, thereby promoting HK2
expression at the post-transcriptional level (Jiang et al., 2012). However, in the context of
my work, SILAC-MS analysis of the C5.1 (BAP1*7*°) cells showed downregulation of HK2
compared with MeT5A (BAP1*"), but upregulated expression of the HK1 isoform (Fig. 3.6).
In addition, | observed no significant change in miR-143 expression in C5.1 (BAP1*7*°) cells
compared with MeT5A (BAP1**). Ultimately, the increased expression of miR-155-5p and
its positive regulation of HK2 could be tumour context-specific or restricted to an

inflammatory response, which is absent in C5.1 (BAP1%7%) cells.

Looking at the cell lines individually, miR-509-5p, miR-99a-5p and miR-4516 had the
greatest response in BAP1*7*,C5.1 (BAP1%7*°) and C3.1 (BAP1*7*°) cell lines, respectively (Fig.
5.8C and Appendix Table 5.1). These miRNAs were significantly upregulated between 2- to
5-fold in their respective cell line, relative to MeT5A wildtype (BAP1**). These responses
could be clonal artefacts or dose-dependent responses to loss of BAP1. Little is known
about the functions of miR-4516 in cancer. A study evaluating the miRNA profiles of thyroid
tumours has shown significantly different expression of miRNAs including miR-4516
between follicular adenomas and follicular variant of papillary thyroid carcinomas, with
increased expression of miR-4516 in the latter (Borrelli et al., 2017). In several cancers miR-
509-5p and miR-99a-5p behave as tumour suppressive miRNAs, being markedly
downregulated in cancer cell lines or tissues, and when overexpressed inhibit cancer cell
proliferation, migration and invasion (Li et al., 2017; Song et al., 2017; Wang et al., 2017; Shi
etal., 2017).

Similarly, miR-509-5p functions as a tumour suppressive miRNA in the pancreatic ductal
adenocarcinoma cell line Panc1 (Hiramoto et al., 2017), where combined overexpression of
miR-509-5p and miR-1243 suppressed EMT-related gene expression and induced a
mesenchymal-to-epithelial phenotype. Interestingly, the sensitivity of Pancl cells to
gemcitabine was enhanced by combined overexpression of both miRNAs. In my study,
mutation of a single BAPT allele in MeT5A BAP1*"* cells increased expression of miR-509-
5p, a miRNA linked with sensitivity to gemcitabine, an anti-cancer drug used as a second-

line treatment for MPM (van Meerbeeck et al., 1999). This may present an opportunity to
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investigate whether BAP1-deficiency and associated miR-509-5p overexpression in MPM
enhance gemcitabine sensitivity, and whether miR-509-5p levels could be used to stratify
MPM patients for treatment with specific therapeutics. Unfortunately, gene probes for miR-
1243 were not included in the nCounter assay, but its expression could be investigated by
gRT-PCR. The lack of data for miR-1243 highlights the fact that biologically relevant
miRNAs may be absent from the Nanostring dataset. Given the success of this initial
exploratory study, it may be of interest in future to broaden miRNA analysis in this cell

model using an RNAseq platform, and perhaps to also profile IncRNAs.

Although gene ontology analysis allows the biological interpretation of differential gene
expression, it is important to note that these interpretations are prediction-based and thus
require experimental validation. In the absence of experimental validation, extensive
simulation of datasets by Monte-Carlo simulation, where in this case random combinations
of miRNA genes and samples are generated, is one method to assess the extent to which

gene expression profiles may occur by chance (Ogundijo and Wang, 2017).

In summary, | have shown for the first time that targeted mutation of endogenous BAP1
can significantly alter the miRNome, in MeT5A mesothelial cell lines representing the BAP1
cancer predisposition syndrome (BAP1*"*) and BAP1-deficient (BAP1%/*°) MPM. Through
identifying significantly modulated miRNAs and performing enrichment analysis on their
gene targets, | was able to predict cellular processes that may be altered through
modulated miRNA expression following loss of BAP1. Alterations in the BAP1-dependent
miRNome may contribute to dysregulation the cell cycle, DNA damage response,
chromatin modulation and cell motility. | have also shown that the pattern of miRNA
expression from ch14g32.31 locus is highly deregulated in BAP1 mutated MeT5A cells, as
reported in various tumour types. In chapter 6, | will reiterate the strategy adopted in
chapter 3 (see section 3.3), whereby | will investigate the expression and the relevance of
the isogenic MeT5A miRNome in patient-derived MPM cell lines with differing BAP1 protein
expression. | will also investigate the coordinated expression of BAP1 and ch14g32.31

miRNAs and validate expression changes by qRT-PCR for selected miRNAs from this locus.
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Chapter 6: Expanding investigation of the BAP1-

dependent miRNome into patient-derived MPM cell lines

6.1 Introduction

Compared with normal cells, cancer cells have undergone an array of genetic and
epigenetic modifications that often underlie neoplastic growth, metastasis and drug
resistance. Therefore, the usefulness of cancer cell lines as a model system of disease relies
on their ability to recapitulate the genomic changes observed in primary tumours from
patients. For the purposes of this thesis, | am interested in investigating BAP1-
dependencies in MPM. Therefore, the generation of isogenic cell lines was crucial for this
research as these cells are genetically identical to their parental cell line except for
engineered mutations in BAP1 that are clinically relevant to the tumorigenesis of MPM. For
the study in chapter 5, these isogenic cell lines provided a precise model in which to
investigate the effect of BAP1 loss on the miRNome, on a mesothelial cell background, from

which neoplastic transformation to MPM ensues.

The generation of isogenic cell lines with specific genes inactivated enables target
validation and functional studies to be performed far more effectively and with greater
confidence in the responses that are produced. Nevertheless, it is important that a
sufficient number of cell lines are used to give adequate power to the detection of a
particular subset of responses, and that these are shown to be representative over the
range of genetic backgrounds for the cancer that is being studied. In this chapter, | have
therefore utilised a panel of 20 patient-derived MPM cell lines to broaden knowledge of the
miRNA expression profile in MPM (described in section 1.4.5) and to validate the findings
from the isogenic MeT5A mesothelial cells described in chapter 5. For these MPM cell lines,
BAP1 expression status and in vitro catalytic activity are known, so they can be stratified
into BAP1-positive or BAP1-negative groups (see Figure 3.8). As is the nature of cell lines
established from primary tumours, these cell lines will have varied genetic backgrounds
and represent the different histological types of MPM. Whilst this heterogeneity makes
miRNA profiles more difficult to interpret in the context of BAP1, together with data from
the isogenic BAPT-mutated cells, the MPM cell lines may provide greater confidence that

specific miRNAs correlate with BAP1 status.
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6.2 Aims and objectives

In chapter 5, | investigated differential miRNA expression in isogenic cell models of BAP1
loss using the NanoString nCounter platform. | found that BAP1 deficiency profoundly
altered the miRNome of these cell lines. The aim of this chapter was to explore the BAP1-
responsive miRNome across a large panel of MPM cell lines with varying BAP1 status. My

objectives were to:

1. Quantify differences in miRNA expression between MPM cell lines within the cell
line panel using the NanoString nCounter platform.

2. Identify differential miRNA expression (>1.5-fold, P<0.05) in BAP1-negative cell
lines compared with BAP1-positive cell lines.

3. Investigate the expression of key miRNAs identified in isogenic BAPT-mutant
MeT5A cells (NS1 HCL clusters C1 and C3) across the MPM cell line panel.

4. Validate expression levels by gRT-PCR for selected significantly modulated
miRNAs identified during the NanoString analyses.

6.3 Analytical approach for NanoString nCounter human v3 miRNA assays NS2 and
NS3

Two nCounter assays (named NS2 and NS3) were performed on a panel of MPM cell lines
as listed in Table 6.1. Total RNA was extracted from 22 MPM cell lines, with total RNA
concentration and RNA quality confirmed by spectrophotometry and RIN values,
respectively (Table 6.1). 300 ng of total RNA from each sample was processed for nCounter
miRNA expression profiling and analysed using the same NanoString assay and platform as
previously described for NS1 (see chapter 5). The analytical workflow is summarised in

Figure 6.1.

There were three major points of difference to note between NS2 and NS3, compared to
NS1: (1) 300ng total RNA was used vs. 100ng in NS1 (see section 2.2.5) (2) With two
exceptions (MSTO-211H and #15), only one replicate for each MPM cell line was analysed
on NS2 and NS3, compared with triplicate biological replicates for each isogenic MeT5A
cell line on NS1. (3) Lastly, the MPM cell lines were spread out across two cartridges (NS2

and NS3) whereas the NS1 dataset originated from a single cartridge.

150



NanoString nCounter cartridge: NS2

Sample Sample Biological | Passage | NanoDrop ratios Conc RNA
number name replicate | number | A260/ | A260/ | (ng/vl) | integrity
(BR) A280 A230 number

(RIN)

1 #2 BR1 P15 2.09 2.15 292.0 7.1

2 #15 BR1 P20 2.07 2.17 294.0 8.3

3 #19 BR1 P17 2.15 2.05 183.0 8.3

4 #24 BR1 P17 2.14 2.27 330.4 7.7

5 #26 BR1 P14 2.12 2.13 1706 8.0

6 #30 BR1 P14 2.1 2.16 1000 8.8

7 #34 BR1 P13 2.10 2.22 576.0 7.4

8 #38 BR1 P15 2.13 2.10 588.0 7.3

9 #43 BR1 P17 2.10 2.07 908.0 7.9

10 #52 BR1 P16 2.13 2.18 288.4 9.3

11 MeT5A BR1 P36 2.10 1.80 680.0 8.2

(BAP1**)
12 MSTO- BR1 P24 2.10 2.14 1535 9.4
211H
NanoString nCounter cartridge: NS3

Sample Sample Biological | Passage | NanoDrop ratios Conc RNA
number name replicate | number | A260/ | A260/ | (ng/vl) | integrity
(BR) A280 A230 number

(RIN)

1 MESO-3T BR1 P7 2.12 2.19 420.0 8.6

2 MESO-8T BR1 P8 2.10 2.20 206.0 7.5

3 MESO-12T BR1 P9 2.09 2.23 832.0 9.1

4 MESO-14T BR1 P13 2.11 2.01 170.0 9.4

5 MESO-23T BR1 P16 2.10 2.22 370.0 8.8

6 MeT5A BR1 P36 2.10 1.80 680.0 8.2

(BAP1**)
7 MSTO- BR2 P27 2.1 2.16 1166.4 9.8
211H

8 NCI-H2052 BR1 P34 2.10 2.13 276.0 9.8

9 NCI-H2452 BR1 P20 2.13 2.18 344.0 10.0

10 NCI-H28 BR1 P27 2.10 2.19 276.0 9.5

11 NCI-H226 BR1 P80 2.09 2.21 662.0 9.7

12 #15 BR2 P27 2.09 2.10 816.0 7.4

Table 6.1: Quality control data for MPM cell line RNA for miRNome analysis
(NanoString nCounter human v3 miRNA assay).
Sample information for RNA analysed on two cartridges, NS2 (top) and NS3 (bottom).
The same biological replicate of normal mesothelial cell line MeT5A (BAP1**) was
included on each cartridge as an internal control. Purity of total RNA (ratios) was
determined by NanoDrop spectrophotometer. Total RNA concentration and RNA
integrity numbers (RIN) were confirmed by the Agilent 2100 Bioanalyser. Quality criteria
of ratios =1.80 and RIN values >7.0 were satisfied for all samples.
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To minimise inter-cartridge variability, initial steps for data analysis involved combining the
two datasets from NS2 and NS3, before applying background subtraction followed by
normalisation of raw miRNA counts (Fig. 6.1). Available options for background subtraction
and data normalisation were detailed in section 5.3.3. The mean value for 16 negative
controls from samples across both nCounter assays (NS2 and NS3) was applied as the
threshold above which miRNA expression was classed as detectable. Next, the “all genes”
method i.e. using the geometric mean of all 798 miRNAs within the assay, was used for
normalisation of raw miRNA counts. | tested the different normalisation methods and
confirmed this caused the least bias in the data (data not shown). An additional argument
for applying this method of normalisation, rather than the geometric mean of the top 100
genes used for analysis of NS1, is that when comparing a large number of cell lines that are
substantially different from each other, variation in the top 100 genes counts may be
expected, so that outliers from one cell line could skew the normalised results for the entire

dataset.

Following background subtraction and normalisation, | checked QC criteria and
established the total number of miRNAs identified in each sample. Next, | narrowed my
focus to miRNAs that were significantly modulated in relation to BAP1 status. MPM cell lines
were grouped by BAP1 status and log. fold changes in miRNA expression were generated
for BAP1-negative versus BAP1-positive MPM cell lines, miRNAs that were up- and down-
regulated >1.5-FC with statistical significance (P<0.05) were taken forwards. In parallel, log,
fold changes in miRNA expression for NS2 and NS3 MPM cell lines were generated versus
the MeT5A (BAP1**) sample from within their own nCounter assay. Next, unsupervised
hierarchical clustering for the MPM cell line data was performed, to look for trends within
the significantly modulated miRNAs from BAP1-negative cell lines, and trends across the
MPM cell lines for miRNAs identified in HCL clusters from the NS1 data set in chapter 5.
Lastly, changes in miRNA expression identified during this analysis were validated by qRT-
PCR in isogenic MeT5A BAP1-mutant cell lines and selected MPM cell lines.
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Figure 6.1: Analytical workflow for the NanoString nCounter human v3 miRNA
assays NS2 and NS3.

NS2: NanoString nCounter cartridge 2, NS3: NanoString nCounter cartridge 3, BAP1 neg:
BAP1 negative, BAP1 pos: BAP1 positive, FC: fold change.
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6.4 Assessment of the positive and negative controls following combined analysis of
NS2 and NS3

As in chapter 5, the mean raw counts for all positive and negative controls from NS2 and
NS3 nCounter assays were plotted (Fig. 6.2), in order to visualise their counts, to confirm
the value for background subtraction, and to confirm linear quantification of the positive
controls across the 4-fold dilution series. As seen for NS1, the mean raw count for the
positive control dilution series decreased linearly until dilution E, which has a count of 23.
The counts had plateaued by dilution F, which had a mean raw count of 18 (Fig. 6.2A-B).
Similarly, the ligation positive controls decreased linearly across the 4-fold dilution series.
All negative control probes showed an expression profile <10 counts, with most falling
within the “noise” of the assay. | took the mean value from the negative controls to apply
as the threshold above which miRNA expression is detectable, a value of 3 counts. Three
spike-in controls, ath-miR159a, osa-miR414 and osa-miR442 showed counts above the
threshold for background noise but within the lower confidence zone, as previously
observed in NS1 (see section 5.3.4). Only miRNAs with counts above the threshold within
the dynamic range, and those that fall within the “lower confidence” zone (Fig. 6.2A) were

taken forward for further analyses.

For each cell line in NS2 and NS3, the raw counts for the six positive and eight negative
controls, and for 798 miRNAs in the assay were plotted to show their distribution in relation
to the controls and the value for background subtraction (Fig. 6.3). As seen in NS1, the
counts for positive controls for all cell lines are above the threshold for background

subtraction, and the majority of the negative controls fell below this threshold.

6.5 Good reproducibility between biological replicates for cell lines represented on
more than one nCounter assay.

The same sample, biological replicate 1 (BR1) of normal mesothelial cell line MeT5A
(BAP1+*), was included in NS2 and NS3 as an internal control. Three biological replicates of
MeT5A (BAP1**) (BR1, BR2 and BR3) formed the internal control in NS1. In addition, two
biological replicates of MPM cell lines MSTO-211H and #15 were included in separate
nCounter assays, biological replicate 1 (BR1) of MSTO-211H and #15 were investigated in
NS2, and biological replicate 2 (BR2) for both cell lines in NS3. Since biological replicates
should, in theory, have almost identical miRNA expression values, the closeness of
background subtracted normalised counts from these samples was compared to give an

overview of inter-cartridge variability.
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Figure 6.2: Mean raw counts for internal controls within NanoString nCounter
human v3 miRNA assays NS2 and NS3.

A Bar graph shows mean raw counts for all positive and negative controls on the NS2
and NS3 nCounter assays (n=24 RNA samples, error bars show SD). The positive control
probes are six different RNA transcripts covering a 4-fold dilution series. Three ligation
positive control probes are present at the following concentrations: A 128 fM, B 32 fM
and C 8 fM. Eight negative controls and three ligation negative control probes have no
mMRNA or miRNA targets present in the samples. The spike-in controls represent
exogenous, non-mammalian RNA transcripts. The orange dashed lines divide the graph
into three zones: “Dynamic Range” is indicative of counts >23, “Lower Confidence”
represents a range between 3 - 23 counts, and “Noise” is the observed mean raw count
for eight negative control probes (3 counts), this value was used for background
subtraction. B Plot demonstrating quantitative range for raw counts from the positive
control 4-fold dilution series. The blue line shows the observed mean raw counts (n=24
samples, error bars show SD), and the black dashed line indicates the expected counts
for the input amount. SD: standard deviation.
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Figure 6.3: Distribution plots of raw counts for miRNAs in nCounter assays NS2 and

NS3.

Distribution plots of mean raw counts are shown for RNA from MPM cell lines analysed
in NS2 and NS3. For each cell line, the mean raw counts are plotted for 798 miRNAs (grey
circles), 6 positive controls (blue circles) and 8 negative controls (orange circles). The
orange dashed line indicates the mean counts for negative controls (3 counts) to be
applied as background subtraction.
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Firstly, the MeT5A (BAP1+*) BR1 samples from NS2 and NS3 were plotted against the three
biological replicates of MeT5A (BAP1**) from NS1 (Fig. 6.4A), in order to compare miRNA
data between technical replicates (Fig. 6.4A, left) and biological replicates (Fig. 6.4A, middle
and right) from the three different assays. The six comparisons showed values for the slope
of the power trend line ranging between 0.87 - 0.94, and R? values between 0.81 - 0.89,
indicating good linear relationships between both technical and biological extracts. The
segment on the scatter plots outlined by an orange dotted line indicate those miRNAs with
counts that fall within the “lower confidence” zone (<23 counts), demonstrated by the

larger variability in counts between samples for miRNAs in this range.

Next, cell lines that were represented in both NS2 and NS3 (Fig. 6.4B) were compared.
Values for the slope of the power trend line ranged between 0.92 - 1.06, with R? values
between 0.83 - 0.91, indicating good linear relationships between technical and biological
extracts, particularly within the “dynamic range” of the assays. Overall, the nCounter assay
and analysis workflows generated reproducible data when profiling technical or biological

replicates using the nCounter assay.

6.6 Analysis of miRNAs identified above background in NS2 and NS3

Following background subtraction and data normalisation, approximately one-third of the
798 miRNAs represented on the nCounter assay were identified in each cell line, ranging
from 229 — 340 miRNAs (Fig. 6.5). No bias was noted between the number of miRNAs
identified in cell lines analysed in NS2 or NS3. The MeT5A (BAP1**) BR1 sample was
analysed on all three nCounter assays, so the total number of miRNAs identified in this
sample from NS1, NS2 and NS3 provided another measure of inter-assay variability (Fig.
6.6A). Following background subtraction and normalisation, a similar number of miRNAs
were identified in each of the nCounter assays for MeT5A (BAP1**) BR1 sample, between a
max of 332 miRNAs (NS1) and a min of 296 miRNAs (NS2), with substantial overlap between
identified miRNAs (Fig. 6.6B). 63% of 451 miRNAs that were identified in MeT5A (BAP1+*)
BR1 were common to at least two nCounter assays, NS1 identified 70 (16%) unique miRNAs
which were not seen in NS2 and NS3. Similarly, there were 40 (9%) unique miRNAs in NS2
and 55 (12%) unique miRNAs in NS3. However, all except 11 of these unique miRNAs had
<10 counts, so fell within the “lower confidence” zone where quantification is less accurate.
For the remaining 43% of 451 miRNAs identified in common to all three nCounter assays,
the median count per assay was ~80, within the higher confidence “dynamic range” of the

assay. Thus, miRNAs with lower counts were less likely to be detected in all replicates.
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Figure 6.4: Comparisons of biological replicates from cell lines represented in more
than one nCounter assay.

Scatter plots show inter-replicate comparisons of counts for 798 miRNAs, following
background subtraction and normalisation of miRNA expression to top 100 miRNA
genes with the highest counts (NS1) or to all 798 miRNA genes “all genes” (NS2 and NS3).
A Comparisons between biological replicates are shown for the normal mesothelial cell
line MeT5A (BAP1+*) from nCounter assays NS2 and NS3 to NS1. B Comparisons between
biological replicates are shown for the normal mesothelial cell line MeT5A (BAP1**), and
MPM cell lines MSTO-211H and #15 from nCounter assays NS2 and NS3. Power
regression equation and R? value are displayed. BR: biological replicate.
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normalisation. BR: biological replicate.
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Figure 6.6: Reproducibility of miRNAs identified in MeT5A (BAP1**) across three
NanoString nCounter human v3 miRNA assays NS1, NS2 and NS3.

A Number of miRNAs identified in the same MeT5A (BAP1+*) sample post-background
subtraction and normalisation in three nCounter assays. miRNAs were classed as
“identified” if they showed >2 counts after normalisation. B Three-way Venn diagram
shows the overlap between miRNAs identified in MeT5A (BAP1*/*). The box and whisker
plots show the spread of counts for miRNAs identified in each Venn segment. The
median and interquartile range are displayed, the whisker boundaries are the 5" and 95™
percentile. BR: biological replicate.
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6.7 A subset of miRNAs are significantly deregulated in BAP1-negative MPM cell lines
The discovery of differentially expressed miRNA genes in isogenic MeT5A BAPT-mutant cell
lines (chapter 5) suggested that there could be a BAP1-dependent miRNome in MPM. To
explore this idea, NS2/NS3 data were analysed for the MPM cell lines stratified by BAP1
status (see section 3.6). Following background subtraction and normalisation, 293 miRNAs
were identified across the two groups (Fig. 6.7A). The majority of these, 239 miRNAs (82%),
were identified within both groups of MPM cell lines, however 25 miRNAs (8%) were
identified exclusively in BAP1-negative cell lines, and 29 miRNAs (10%) were specific to
BAP1-positive cell lines. The scatter plot in Figure 6.7B confirmed good correlation of
expression between the two groups for the majority of miRNAs, albeit with some outliers

which exhibit differential expression between BAP1 positive and negative cell lines.

To investigate which miRNAs were significantly associated with BAP1 loss, the log, fold
change was calculated for the BAP1-negative MPM cell line group, using the BAP1-positive
group as the comparator sample. Fold change (>1.5) and significance (P<0.05) cut-offs were
applied and a volcano plot used to visualise the miRNA expression profile. In total, 52
miRNAs were either significantly upregulated (22 miRNAs) or significantly downregulated
(30 miRNAs) in BAP1-negative cell lines compared to BAP1-positive cell lines (Fig. 6.7C,
Appendix Table 6.1). Of note, the significantly downregulated miRNAs showed larger
magnitude changes in expression than those that were upregulated, with some miRNAs
approaching a log, 6-fold decrease. The significantly upregulated miRNAs showed smaller
fold changes in expression, up to log, 2-fold. A similar bias for greater downregulation of
miRNAs with loss of BAP1 had previously been observed in isogenic MeT5A BAP71-mutant
cell lines (BAP1*/%) (Fig 5.7).

The overlap between significantly modulated miRNAs in BAP1-negative MPM cell lines
(NS2/NS3) and those identified as BAP1-responsive in isogenic MeT5A BAPT-mutant cells
(NS1) was also examined (Fig. 6.7D). There were very few commonly responsive miRNAs
between the cell models. Of note, miR-10a-5p (C3.1) and miR-628-5p (C3.1 and C5.1) were
downregulated in one or both isogenic MeT5A (BAP1%/°) cell lines, and MPM cells.
However, five miRNAs showed increased expression in isogenic MeT5A BAPT-mutant cells
compared to MeT5A (BAP1**), but decreased expression in BAP1-negative compared to
BAP1-positive MPM cell lines. Interestingly, these included some of the largest responders

highlighted in chapter 5, miR-99a-5p and miR-155-5p (Fig. 5.8).
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Figure 6.7: Total miRNAs identified in MPM cell lines, grouped by BAP1 status, for
the NanoString nCounter human v3 miRNA assays NS2 and NS3.

A Venn diagram shows the overlap between miRNAs identified post-background
subtraction and normalisation, across MPM cell lines which have been grouped by their
BAP1 status. B Scatter plot shows counts for 293 identified miRNAs, plotted for BAP1-
positive and BAP1-negative cell lines. Power regression equation and R? value is
displayed. Dotted lines represent 95% prediction intervals. C Volcano plot displays log,
fold change (FC) in miRNA expression, and -log, significance values, for BAP1-negative
cell lines vs. BAP1 positive cell lines (n=6). The solid grey lines designate 1.5-FC and
P=0.05. D 4-way Venn diagram showing the overlap of significantly modulated miRNAs
that are up- or down-regulated (>1.5-fold, P<0.05) in BAP1 negative compared to BAP1
positive comparator cells in NS1 (isogenic MeT5A) and NS2+NS3 (MPM cell panel).
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Next, the expression profile for the 52 significantly modulated miRNAs (Fig 6.7C) was
assessed in individual MPM cell lines. The cell lines and miRNAs were clustered to
distinguish any relationship to histological subtype or BAP1 status (Figure 6.8). Overall,
most BAP1-positive MPM cell lines clustered together (cluster 1), whilst the BAP1-negative
cell lines were distinct, all falling within two HCL clusters (clusters 2 and 3), although cluster
3 also included MESO-12T and NCI-H2052 which are BAP1-positive. The majority of the
MPM cell lines in clusters 2 and 3 were of epithelioid subtype, whereas cluster 1 was
populated by biphasic and sarcomatoid MPM cell lines. Of note, the two MSTO-211H
biological replicates (BR1 and BR2) clustered closely (cluster 1) and demonstrated highly

similar miRNA profiles, whilst the biological replicates for #15 both fell within cluster 3.

Interestingly, following unsupervised hierarchical clustering of the miRNA list, the miRNAs
clustered naturally so that that the significantly upregulated miRNAs in BAP1-negative
MPM cell lines clustered together in the top half of the heat map, and the significantly
downregulated miRNAs in the lower half of the heat map (Fig. 6.8). The miRNAs identified
as significantly upregulated in the group of BAP1-negative MPM cell lines (Fig 6.7C), in fact
were expressed at similar levels to the MeT5A across most of the MPM cell panel (Fig 6.8).
In contrast, there was generally more marked downregulated expression of miRNAs
amongst BAP1-negative cell lines (clusters 2 and 3), compared with cluster 1. For example,
miR-10a-5p and miR-628-5p are indicated on the heat map by dotted lines (Fig 6.8), these
miRNAs were significantly downregulated in both the BAP1-deficient MPM cell lines and
isogenic cell model (see Fig. 6.7D). A group of eleven miRNAs are outlined in cluster 1 (Fig
6.8), these miRNAs were significantly downregulated in BAP1-negative cell lines (Fig 6.7C?).
It is evident that these miRNAs are highly expressed across the BAP1-positive cell lines in
cluster 1 compared with the largely BAP1-negative cell lines in clusters 2 and 3. Overall, this
method of analysis had limited success in identifying miRNAs that showed a clear

association with BAP1 status within these heterogeneous MPM cell lines.
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Figure 6.8: Unsupervised hierarchical clustering for 52 significantly modulated
miRNAs based on BAP1 status for MPM cell lines on nCounter assays NS2 and NS3.
Heat map shows log, fold changes for miRNAs where expression >1.5-fold and statistical
significance (P<0.05, Welch’s unpaired t-test) was detected in BAP1 negative cell lines vs.
BAP1 positive cell lines. Log, fold changes for NS2 and NS3 cell lines were generated vs.
MeT5A (BAP1**) sample from within their own assays. +/- signs indicate BAP1 status.
Colour coding indicates the histological subtypes of MPM.
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6.8 Chromosome 14q32.31 miRNA locus is downregulated in a subset of BAP1-
negative MPM cell lines

| next adopted a different strategy, to examine the NS2/NS3 dataset for specific miRNAs
that had already been highlighted as BAP1-dependent in the isogenic MeT5A cell model.
In chapter 5, unsupervised hierarchical clustering analysis for the miRNome of isogenic
MeT5A BAPT-mutant cell lines in NS1 generated five miRNA clusters (Fig. 5.9). Cluster 3 (C3)
displayed predominantly upregulated miRNA expression in isogenic BAP1*7° cells, and
cluster 1 (C1) striking downregulation of miRNAs in isogenic BAP1*7° cells that mapped to
tumour-suppressor locus on ch14g32.31 (see section 5.3.8). | therefore examined the
expression profiles for those miRNAs in cluster C3 (Fig. 6.9) and cluster C1 (Fig. 6.10) in the
MPM cell line panel from NS2 and NS3 following normalisation to MeT5A (BAP1*%).

Unsupervised hierarchical clustering was performed using combined data for the C3
miRNAs from both the MPM cell lines and isogenic MeT5A BAPT-mutant cell lines (Fig. 6.9).
The cell lines grouped into five major clusters, principally defined by BAP1 status. Overall,
BAP1-positive MPM cell lines predominately clustered together (clusters 1 and 2), whilst
the majority of BAP1-negative cell lines were positioned in clusters 3, 4 and 5, with the
exceptions of NCI-H2052 and #26. Generally, there was increased expression of C3 miRNAs
in the isogenic MeT5A BAP1-mutant cells compared to the MPM cell line panel. Outlined on
the heat map in Fig 6.9 are miRNAs of interest that possess similar expression profiles to
the isogenic MeT5A BAPT-mutant cells. miR-4516 is predominantly overexpressed in BAP1-
negative MPM cell lines from clusters 3-5 compared to MPM cell lines from clusters 1 and
2. miR-4516 was one of the largest responders highlighted in chapter 5 (Fig. 5.8).
Furthermore, miR-21-5p, miR-5196-3p, miR-6732-3p and miR-126-3p were all upregulated
in MPM cell lines from clusters 4 and 5, but downregulated in MPM cell lines from the
remaining clusters. Of note, miR-155-5p, which was another large responder from chapter
5 (Fig. 5.8), showed the highest expression in BAP1-positive MPM cell lines from clusters 1
and 2, although it was also upregulated in most BAP1-negative MPM cell lines in clusters 3-
5 relative to MeT5A (BAP1**). Overall, most miRNAs upregulated on BAPT mutation in
MeT5A cells were not highly expressed in MPM cell lines. However, some were either
overexpressed in the majority of MPM cell lines, or were selectively overexpressed in a

subset of BAP1-negative MPM cell lines.

Expression data for the HCL C1 miRNAs identified in chapter 5 were also subject to
unsupervised hierarchical clustering for both the MPM cell lines and isogenic MeT5A BAP1-
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Figure 6.9: Unsupervised hierarchical clustering of HCL C3 miRNAs from nCounter
assay NS1, in MPM cell lines from nCounter assays NS2 and NS3.

Heat map shows log, fold changes in a panel of MPM cell lines and isogenic BAPT-mutant
cell lines, relative to MeT5A (BAP1**) from within their own assays. +/- signs indicate
BAP1 status. Colour coding indicates the histological subtypes of MPM.

mutant cell lines (Fig. 6.10). The cell lines grouped into five major clusters, largely defined
by BAP1 status. Most BAP1-positive MPM cell lines were found within clusters 1 and 4,
whilst the majority of the BAP1-negative cell lines were in clusters 2, 3 and 5. Strikingly, a
group of BAP1-negative MPM cell lines in cluster 5 show substantial downregulation for
the majority of ch14g32.31 miRNAs, thereby phenocopying the expression profiles of the
isogenic BAP1%/cells. Interestingly, this group of MPM cell lines was predominantly BAP1-
negative and epithelioid, with NCI-H2052 the only exception (BAP1-positive, sarcomatoid).
Nevertheless, many MPM cell lines in the other clusters also showed downregulation of
ch14g32.31 miRNAs, albeit to a lesser extent than cluster 5 where this phenotype was
strongest. Of note, three BAP1-negative cell lines, NCI-H2452, #43 and #52 showed an
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Figure 6.10: Unsupervised hierarchical clustering of HCL C1 miRNAs from nCounter
assay NS1, in MPM cell lines from nCounter assays NS2 and NS3.

Heat map shows logs fold changes in a panel of MPM cell lines and isogenic BAP1-mutant
celllines for C1 miRNAs from NS1. Log; fold changes for NS1, NS2 and NS3 cell lines were
generated relative to MeT5A (BAP1**) from within their own assays. miRNAs from
chromosome 14g32.31 locus are indicated. *Representative miRNAs selected for qRT-
PCR validation. +/- signs indicate BAP1 status. Colour coding indicates the histological
subtypes of MPM.

increase in ch14g32.31 miRNAs, relative to MeT5A (BAP1**), implying that in certain cellular

contexts BAP1 loss is also compatible with miRNA expression from this locus.
As the ch14g32.31 miRNAs were of particular interest, | explored the counts for each MPM
cell ling, to determine whether they fell within the “low confidence” or “dynamic range” of

the assay (see Fig. 6.2), and how they related to counts for all the other miRNAs detected.
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Background-subtracted, normalised counts for all 798 miRNAs and six housekeeping genes
on the assay were plotted (Fig. 6.11). Although NS3 reported higher counts for
housekeeping genes, overall there was little technical variation between miRNA counts
from NS2 and NS3. Across the MPM cell line panel, 57% (17/30) of the ch14g32.31 miRNAs
were detected within the dynamic range of the assay in at least one sample, whilst 33%
(10/30) fell within the “low confidence” zone where miRNA quantification is less accurate,
and 10% (3/30) fell within the “noise” of the assay. It is clear that the majority of ch14g32.31
miRNAs were readily detected in MeT5A (BAP1*") cells, and that their expression was

selectively downregulated in seven MPM cell lines.

As the heat map scale in Figure 6.10 did not resolve differential ch14932.31 miRNA
expression well, fold-changes relative to MeT5A (BAP1**) were also plotted in Figure 6.12.
This again highlighted differences between the MPM cell lines stratified according to BAP1
status. Based on ch14g32.31 miRNA expression levels, the cell lines fell into three groups,
as indicated in Figure 6.12. For the BAP1-positive MPM cell lines, comprised of a mix of all
MPM subtypes, the majority (6/7, 86%) exhibited moderately decreased expression of
ch14g32.31 miRNAs (up to 16-fold). In contrast, the BAP1-negative MPM cell lines exhibit
more variable ch14g32.31 miRNA expression: whilst 33% (5/15, including the 2 biphasic
lines) have moderately decreased expression that is comparable to most BAP1-positive cell
lines, 20% (3/15) show moderately increased expression. Most notably, 47% (7/15) of BAP1-
negative cell lines, but only 14% (1/7) of BAP1-positive cell lines, showed substantially
decreased expression of up to 100-fold. Thus, although there appears to be a complex
relationship between BAP1 status and ch14g32.31 miRNA expression, silencing of this
locus is most common in BAP1-negative MPM cell lines, and was phenocopied by

introducing BAPT mutations into normal MeT5A mesothelial cells.

6.9 Expression changes for candidate miRNAs are validated by qRT-PCR in isogenic
MeT5A and selected MPM cell lines

The observed downregulation of the ch14g32.31 locus in isogenic BAP1*/° cells and some
BAP1-negative MPM cell lines is striking and novel. In order to validate these expression
changes, six representative miRNAs were selected for validation by gRT-PCR (Fig. 6.13),
including five ch14932.31 miRNAs (Fig. 5.12) from different clusters within the locus, and
miR-34c-5p (similarly downregulated but from a different chromosome), which all showed

differential expression across the MPM cell line panel (see Fig. 6.10, asterisks).
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Figure 6.11: Distribution of ch14q32.31 miRNAs across the MPM cell line panel.
Line plot displays logi, counts, post-background subtraction and normalisation, for 798
miRNAs and six housekeeping genes controls for cell lines from NS2 and NS3.
Housekeeping genes are indicated by red hollow circles. Grey hollow circles represent
all 798 miRNA genes, of which miRNAs from chromosome 14q32.31 locus are indicated
by purple hollow circles.

The quality control measures and choice of reference genes for miRNA gRT-PCR are
discussed in detail in chapter 7. The expression profile of the six selected miRNAs was
successfully validated in the isogenic BAP1%/*° cell lines and four MPM cell lines, #15, #30,
#43 and #52. For each miRNA, decreased expression, relative to MeT5A (BAP1**), was seen
in MeT5A BAP1"7 cells, and in MPM cell lines #15 and #30, whilst increased expression was
seen in MPM cell lines #43 and #52. These data confirmed the quantitative changes

determined by NanoString analysis.
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Figure 6.12: Range of ch14gq32.31 miRNA locus expression in MPM cell lines from
nCounter assays NS2 and NS3.

Box-and-whisker plots showing the range of fold change (FC) expression of ch14q32.31
miRNAs in MPM cell lines grouped by their BAP1 status. Log, FC in miRNA expression for
MPM cell lines were generated vs. MeT5A (BAP1**) from within their own assays. The
median and interquartile range are displayed, the whisker boundaries are the 5" and 95™
percentile. Colour coding of the box-and-whisker plots indicate the histological
subtypes of MPM.
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Figure 6.13: Validation of miRNA expression by qRT-PCR for representative HCL
cluster C1 miRNAs from nCounter assay NS1.

Bar graphs show log; expression of six HCL cluster C1 miRNAs from NS1, as detected by
gRT-PCR, normalised to the mean of SNORD95 and SNORD96A and relative to MeT5A
(BAP1**), in isogenic BAP1-mutant cell lines and selected MPM cell lines. N = three
independent experiments, error bars show SD, one-way ANOVA with Dunnett’s post-hoc
test, ****P<0.0001, ***P<0.001, **P<0.01, *P<0.05.
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6.10 Discussion

The focus of this chapter was to explore the possibility of a BAP1-dependent miRNome in
MPM, by exploring differential miRNA expression between BAP1-negative and BAP1-
positive MPM cell lines, and furthermore exploring the clinical relevance of key miRNAs that
were differentially expressed in isogenic MeT5A BAPT-mutant cell lines as described in
chapter 5. From this analysis, | observed a subset of miRNAs that were significantly
deregulated in BAP1-negative MPM cell lines compared with BAP1-postive cell lines,
however when their expression profiles were assessed in individual MPM cell lines, no clear
association with BAP1 status was spotted. In addition, with the exceptions of miR-10a-5p
and miR-628-5p which were significantly downregulated in both cell models of BAP1 loss,
there were very few commonly responsive miRNAs between isogenic MeT5A cells and
BAP1-negative MPM cell lines, with a small number displaying opposing expression profiles
in the two cell models. Overall, there was little consistency in miRNA expression profiles
between the two cell models, most miRNAs that were upregulated upon BAPT mutation in
MeT5A cells were not highly expressed in MPM cell lines. However, | observed a group of
predominately BAP1-negative, epithelioid MPM cell lines with substantial downregulation
of ch14g32.31 miRNAs, phenocopying the expression profiles in the isogenic MeT5A BAPT*
/0 cell lines. | successfully validated a group of miRNAs from this locus in the isogenic
MeT5A BAP1*7 cells and in selected MPM cell lines, thus confirming the quantitative

expression of these miRNAs as determined by NanoString analysis.

| began the investigation into the BAP1-dependent miRNome in chapter 5, using the
NanoString platform to profile isogenic MeT5A BAP1-mutated cells and found that BAP1
deficiency profoundly altered the miRNome. In this current chapter, | aimed to validate
these differentially expressed miRNAs in a panel of patient-derived MPM cell lines, and to
expand the knowledge of miRNA profiles in MPM. The NanoString miRNA analysis of the
MPM cell line panel generated points of similarity and difference with previous findings in

the isogenic MeT5A cells and from other studies profiling miRNAs in MPM.

Very little was known about the miRNA expression in MPM at the time Guled et al.
published their study in 2009. They utilised the Agilent microarray-based platform for
analysis of miRNA expression profiles in 17 MPM samples compared with normal
mesothelial tissue samples (pericardium from healthy subjects) (Guled et al., 2009).
Recently published studies have added to this knowledge base by attempting to define

sets of miRNAs differentially expressed between MPM and matched normal tissues, and
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between BAPT-mutant and BAPT-WT ccRCC tumours. | will discuss miRNA expression
profiles obtained in my study relating to their findings. One of these studies utilised the
NanoString platform to investigate miRNA expression in 105 MPM tissue samples and ten
healthy pleural samples (De Santi et al., 2017). Another utilised the Agilent microarray
platform to profile 27 FFPE tumour biopsy samples from unresected MPM patients and four
healthy pleural samples (Truini et al., 2017). Lastly, a recent study re-analysed miRNA
expression profiles acquired by the TCGA project on the lllumina HiSeq sequencing
platform, for 350 ccRCC tumour samples classified as BAPT-mutant (35/350, 10%) or BAP1-
WT (315/350, 90%) (Ge et al., 2017).

Combining data from chapters 5 and 6, comparison of miRNA profiles for isogenic MeT5A
BAP1-mutant cells and BAP1-negative MPM cell lines highlighted little overlap of BAP1-
responsive miRNAs identified in the two cell models. Of the seven miRNAs differentially
expressed in both studies (Fig. 6.7D), five miRNAs (miR-99a-5p, miR-155-5p, miR-221-5p,
miR-450-5p and let-7i-5p) showed increased expression in BAP1-negative compared with
BAP1-positive MPM cell lines, but decreased expression in isogenic MeT5A BAP71-mutant
cell lines relative to MeT5A (BAP1**). Although the two cell models showed opposing
responses, it is interesting that the studies by Truini et al. and De Santi et al. also reported
downregulation of miR-99a-5p, let-7i-5p and miR-221-5p in MPM samples compared to
healthy controls, although they did not stratify their samples by BAP1 status. In contrast,
let-7i-5p expression was upregulated in BAPT-mutant ccRCC samples (Ge et al., 2017),
which is in agreement with my MPM cell line data from NS2/NS3.

In my study, miR-628-5p and miR-10a-5p expression decreased in both BAP1-deficient cell
models. Little is known about miR-628-5p function in cancer besides a role in decreasing
the tumourigenicity of epithelial ovarian cancer cells by targeting the FGF receptor (Li et
al.,, 2018). On the other hand, miR-10a-5p function is context dependent, acting as an
oncomiR in gastric cancer (Lu et al., 2017) or a tumour suppressive miRNA in cervical cancer
(Zhai et al., 2017). Neither miRNA has been previously associated with MPM or with BAP1

mutation.

A group of eleven miRNAs (Fig. 6.8, outlined in cluster 1) were highly expressed in BAP1-
positive compared with BAP1-negative MPM cell lines. In the literature, these miRNAs have
shown a general trend towards upregulated expression in cancers. For example, miR-199a-

3p was highly expressed in ovarian and breast cancer cells (Chen et al., 2008) suggesting
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its possible involvement in tumour progression. miR-582-5p is upregulated in colorectal
cancer (CRC) specimens and cell lines, and plays an important role in the progression of
CRC by increasing cyclin D1 and c-MYC expression in an APC-dependent manner (Shu et
al., 2016). miR-450a-5p is upregulated in endometrial carcinosarcomas and is part of a
miRNA signature associated with EMT in these cancers (Castilla et al., 2011). miR-424-5p is
up-regulated in gastric cancer tissues and cells, its overexpression promotes proliferation
of gastric cancer cells (Wei et al., 2016). Although miR-137 expression was variable across
MPM cell lines and tissues, high expression was linked to poor patient survival in an MPM
survival data set (Johnson et al,, 2017). Interestingly, in my study the greatest expression of
miR-137 was detected in sarcomatoid and biphasic MPM cell lines; patients with
sarcomatoid MPM present with more aggressive disease (Meyerhoff et al., 2015) hinting at

a potential prognostic role for miR-137.

A further objective of this study was to explore the expression profiles for miRNAs in NS1
HCL clusters C3 (Fig. 6.9) and C1 (Fig. 6.10) across the MPM cell line panel. C1 miRNA
expression was predominantly downregulated in isogenic BAP1*7*° cells, including the
striking downregulation of miRNAs that mapped to tumour suppressor locus on
ch14g32.31. Consistent with this, many BAP1-negative MPM cell lines also silence
expression of ch14g32.31 miRNAs (Fig. 6.10). Decreased expression of a select number of
ch14g32.31 miRNAs were also detected in the study by De Santi et al. In their study the top
five miRNAs statistically deregulated in MPM tissues, compared with healthy pleura,
included downregulation of ch14g32.31 miRNAs miR-337-3p, miR-485-3p and miR-299-5p
(De Santi et al,, 2017). Furthermore, decreased expression of eight other ch14g32.31
mMiRNAs (miR-154-5p, miR-543, miR-382, miR-411-5p, miR-409-3p, miR-487b-3p, miR-323a-
3p, miR-145-5p) was also detected. Although there was no stratification of the MPM cell
lines by BAP1 status, ~80% of the MPM tumour samples analysed in the study were of the
epithelioid subtype which are more likely to have BAPT mutations. This study has also
highlighted that ch1432.31 silencing is not only limited to cell lines as evidenced by their
downregulation in tumour tissue, therefore it would be interesting in future to stratify the

expression of ch14932.31 miRNAs in MPM tissue by BAP1 status.
Importantly, my study is the first to report a link between BAP1 loss and the

downregulation of ch14g32.31 miRNAs, which I initially discovered upon BAPT mutation in

the isogenic MeT5A cell model, and successfully validated across a larger panel of BAP1-
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negative MPM cell lines, exemplifying the advantages of gene-edited cells for the initial

discovery phase of expression profiling.

In the study of differentially expressed miRNAs between BAPT-mutant and BAPT WT ccRCC
tumours (Ge et al., 2017), the authors did not observe differential expression of ch14q32.31
miRNAs, which could be tumour-context dependent as BAP1 loss has contrasting effects in
ccRCC, it is associated with worse survival in ccRCC (Minardi et al., 2016) but better
prognosis in MPM (Righi et al., 2016). Taken together with my observation that not all BAP1-
negative MPM cell lines silenced ch14g32.21 miRNAs, this may suggest this is not
exclusively a BAP1-responsive phenotype. This is apparent in NCI-H2052, a BAP1-positive
cell line that consistently clusters with BAP1-negative MPM cell lines and displayed a strong
downregulation of ch14g32.31 expression, in difference with the moderate
downregulation observed in other BAP1-postive MPM cell lines (Fig. 6.10). Of interest, we
have previously shown that NCI-H2052 can phenocopy the effect of BAP1 loss in their
response to HDACI, as they have a copy number loss of HDAC2 which reduces HDAC2
protein expression (see section 4.5). One potential mechanism of ch14g32.31 silencing is
through deacetylation (see section 5.4), and although HDAC2 expression is lost in this cell
line, one could speculate that the silencing of this cluster is the result of compensation via
another HDAC or an indirect mechanism of HDAC2. Moreover, several studies have shown
downregulation of ch14g32.31 miRNAs in different types of cancers where BAP1 mutation
is not common (see section 5.4) and loss of ch14g32 is common in MPM (Balsara et al., 1999;
Bjorkqvist et al., 1997; De Rienzo et al., 2000). It remains to be elucidated how the
mechanism for silencing of ch14g32.31 miRNA genes are connected with BAPT mutation

in isogenic MeT5A cells, and the loss of functional BAP1 protein in MPM cell lines.

In both isogenic BAP1*7° cells and BAP1-negative MPM cell lines, significantly upregulated
miRNAs showed smaller fold changes in expression compared to miRNAs that decreased
in expression with BAP1 loss. The HCL C3 miRNAs were predominantly upregulated in
isogenic BAPT*/ cell lines, but overall this association was not recapitulated across BAP1-
negative MPM cell lines (Fig. 6.9). Nonetheless, several miRNAs were upregulated in both
BAP1-deficient cell models and are of interest through their association with cancer
phenotypes. miR-4516 is one such BAP1-responsive miRNA candidate, which showed
increased expression in isogenic BAP1"7° cells and BAP1-negative MPM cell lines, relative
to MeT5A (BAP1**) (Fig 6.9). Its over-expression has been reported in papillary thyroid

carcinoma (Borrelli et al, 2017) and prostate cancer (Bell et al., 2015), and its levels are
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elevated during stress-induced autophagy in NSCLC A549 cells exposed to heavy metals
found in air pollution (Li et al., 2016a).

Increased miR-155-5p expression was observed in isogenic BAPT"7° cells but it was
especially elevated in BAP1-positive MPM cell lines, relative to MeT5A (BAP1**) (Fig. 6.9).
miR-155-5p is a pro-inflammatory miRNA, its expression is induced during the macrophage
inflammatory response (O'Connell et al,, 2007). Of particular interest, miR-155-5p is also
upregulated in MeT5A cells after exposure to multi-walled carbon nanofibers (Yin et al.,
2016) indicating the presence of inflammation, which frequently occurs after exposure to
asbestos fibres and has been linked to the initiation and progression of MPM. Although a
link between BAP1 and inflammation in MPM is unspecified, and | observe an increase in
miR-155-5p expression with the absence and presence of BAP1, it is possible that both
scenarios of BAP1 loss and presence in MPM cells could contribute to the pro-inflammatory
phenotype in MPM via an indirect mechanism Importantly, miR-155-5p is upregulated in
many types of tumours and acts as an oncomiR, promoting malignant transformation and
cancer progression by negatively regulating tumour-suppressive genes including TP53,
RhoA and Socs1 (Gironella et al., 2007; Kong et al., 2008; Jiang et al., 2010a). miR-21-5p was
similarly increased in isogenic BAPT*7¥© cells, relative to MeT5A (BAP1**). Various reports
show that the oncogenic miR-21-5p is induced by the IL-6-STAT3 inflammatory pathway,
and mediates tumour initiation and malignant progression via targeting the tumour
suppressors PTEN, TPM1, and BTG2 (Meng et al., 2007; Zhu et al.,, 2007; Liu et al., 20093;
lliopoulos et al., 2010). These results identify a potential link between miRNAs, BAP1,
inflammation and cancer, which is unsurprising as the expression of pro-inflammatory

miRNAs were detected in cellular models of MPM.

In summary, | have characterised the miRNome of twenty MPM cell lines and explored
differential miRNA expression in these cell lines in relation to BAP1 status. In conjunction, |
have compared the miRNome of isogenic MeT5A BAP1-mutant cell lines to that of MPM cell
lines with differing BAP1 status, to determine whether the isogenic model could predict
BAP1-responsive miRNAs in patient-derived MPM cell lines. The coordinated expression of
BAP1 and ch14g32.31 miRNAs was observed and validated for selected miRNAs. Moreover,
this study has identified similar miRNAs to those identified in other miRNA profiling studies,
in their attempts to define a set of miRNAs differentially expressed between MPM and
healthy controls. My data suggest for the first time that BAP1-dependent miRNAs may in
part account for the BAP1-deficient MPM phenotype. In chapter 7, | will adopt a different
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line of investigation and explore the idea that miRNAs themselves may potentially regulate
BAP1, by examining the correlative relationships between miRNAs and histological

subtype and BAP1 status in MPM cell lines.
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Chapter 7: Identification of microRNAs regulating BAP1

expression in MPM

7.1 Introduction

Several thousand human genes, representing approximately two-thirds of the protein-
coding genes, are potential targets for regulation by miRNAs (Friedman et al,, 2009),
suggesting that post-transcriptional regulation mediated by miRNAs may be relevant to a
large proportion of cellular processes. Several computational tools have been developed
to predict mRNA transcripts that are targeted by miRNAs in humans and animals. These
algorithms are designed to identify miRNAs that are predicted to target specific gene
transcripts, by employing methods such as seed complementarity (Lewis et al., 2003) and
the thermodynamic properties of the mRNA-miRNA duplex (Lekprasert et al., 2011). The
former method involves identifying miRNAs that show perfect complementarity of their
seed region (conserved sequence at positions 2-8 from the miRNA 5’ end) to the seed site
found in the 3'UTR of the target mRNA. The latter assesses the stability of the miRNA-mRNA
duplex by calculating the free energy of the predicted binding.

One way of conceptualising the action of miRNAs is in the context of a network of
interactions between transcription factors (TF), miRNAs and target genes (Fig. 7.1). These
gene regulatory networks are made up of basic motifs, such as feedback loops (FBLs) and
feedforward loops (FFLs) (Tsang et al., 2007). Conventionally, FFLs are composed of two
inputs, one of which (TF) regulates the other (miRNA) yet both jointly regulate the
expression of a third component (the target gene) (Mangan and Alon, 2003). This network
is “coherent” in that the post-transcriptional repression by the miRNA runs in parallel with
transcriptional inhibition of the same target gene by the TF. An “incoherent” FFL is defined
as the induction of both the target gene and the miRNA by the TF, which is counterintuitive
as two opposing actions are driven by the TF. One biological example of this is c-Myc, which
activates transcription of miR-17-5p and miR-20a, along with E2F1, which is post-
transcriptionally silenced by these same miRNAs, the (O'Donnell et al., 2005). It has been
suggested that these miRNAs contribute towards a homeostatic mechanism to mediate
the balance between c-Myc-mediated cell proliferation and the pro-apoptotic functions of

E2F1 (Woods et al., 2007).
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Figure 7.1: Schematic representation of common miRNA-target regulatory
networks.

Four major classes of miRNA-associated network motifs are represented. FFL:
feedforward loop, FBL: feedback loop, TF: transcription factor.

In a coherent “double-negative” FBL, a miRNA represses a TF, which in turn represses
expression of the miRNA itself. In an incoherent “positive” FBL, a TF induces the expression
of the miRNA, the miRNA in turn represses the TF (Fig. 7.1). These relatively simple
reciprocal FBLs are typically embedded in more complex networks, such that which one of
the two inputs remains active will depend on additional inputs to influence the balance of

expression in one direction or the other (Tsang et al., 2007).

Loss or inactivation of BAP1 may occur as a result of chromosomal deletion involving the
BAPT gene locus on ch3p21.1, or due to sequence variation as a result of mutations in the
BAP1 gene (see section 1.3.2). Bi-allelic inactivating mutations or deletions in the BAPT gene
are consistently described as somatic events in 50% of MPM cases, and the strong
correlation between BAPT mutation and loss of IHC staining for BAP1 has been reported as
a reliable marker of BAP1 inactivation in tumour cells (Murali et al., 2013; Bott et al., 2011;
Yoshikawa et al., 2012; Farzin et al.,, 2015). However, 25% of MPM tumours without genetic
alteration of BAPI failed to display IHC staining for BAP1 (Bott et al,, 2011), raising the
possibility of post-transcriptional or post-translational repression of BAP1 in a subset of

MPM tumours.
7.2 Aims and objectives

| am interested in the regulation of BAP1 by miRNAs in MPM. It is known that there are

subsets of MPM tumours which lose BAP1 protein expression without an accompanying
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BAP1 mutation profile, and the mechanism by which this occurs is still unclear. The aim of
this chapter was to investigate whether specific miRNAs post-transcriptionally regulate
BAP1T mRNA to reduce its protein expression in MPM, initially taking a correlative approach
to this question by profiling the expression of candidate miRNAs across the panel of 15
MPM cell lines with varying BAP1 status that were available that the time this work was
undertaken (see Fig. 3.3). Furthermore, | explored the possibility of potential FBL/FFL
between BAP1 and candidate miRNAs in MPM, as BAP1 may also regulate miRNAs within a

gene regulatory network.

My specific objectives were to:

1. Utilise target prediction algorithms to identify candidate miRNAs that may target
BAP1 post-transcriptionally.

2. Profile the expression of candidate miRNAs for BAP1 regulation in a panel of MPM
cell lines with varying BAP1 status.

3. Identify correlative relationships between candidate miRNAs and histological
subtypes of MPM or BAP1 status.

4. Demonstrate whether candidate miRNAs function in gene regulatory networks

with BAP1.

7.3 Inssilico identification of miRNAs predicted to target BAP1

To begin the search for candidate human mature miRNAs predicted to negatively regulate
BAP1 expression, four target prediction algorithms (TargetScan, PicTar, miRDB and
microRNA.org) were used to identify miRNAs that are predicted to bind the 3" UTR region
of the BAP1 mRNA sequence (Fig. 7.2A). Initially, | selected mature miRNA candidates
predicted by at least three independent algorithms for experimental validation (Fig. 7.2A).
These included members of the miR-125 family (miR-125a/b) and all members of the miR-
200 family (miR-141, miR-200a/b/c, miR-429). | was also interested in miR-31-5p, common
to two target prediction sites (TargetScan and PicTar) as miR-31-5p was recently reported
asadirect regulator of BAP1in NSCLC (Yu et al., 2016). Additionally, the miR-10 family (miR-
10a/b), common to two target prediction algorithms (miRDB and microRNA.org), was
included in our candidate list for experimental verification. | was interested in this family as
preliminary PCR array data had suggested that they could function in a double-negative
FBL with BAP1, as their expression was downregulated in isogenic MeT5A BAPT-mutant cell

line C5.1 (BAP1%7%9), compared to MeT5A (BAP1**) (Coulson et al., unpublished data).
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Figure 7.2: Candidate miRNAs predicted to negatively regulate BAP1 expression.
A Venn diagram of human mature miRNAs predicted to target BAPT mRNA. Four miRNA
prediction algorithms (TargetScan, PicTar, miRDB and microRNA.org, accessed 19/05/16)
we used to identify candidate miRNAs predicted to bind the 3’ untranslated region
(3'UTR) of the BAP1T mRNA sequence. All candidate miRNAs common to >3 target
prediction sites were selected for experimental verification, in addition to the miR-10
family members miR-10a-5p and miR-10b-5p (miRDB/microRNA.org) and miR-31-5p
(TargetScan/PicTar). B Schematic of candidate miRNAs predicted to post-
transcriptionally downregulate BAP1 protein expression.

The schematic (Fig. 7.2B) summarises the complete list of mature miRNA candidates
predicted to post-transcriptionally downregulate BAP1 protein expression, which were
selected for experimental investigation. | utilised gRT-PCR to investigate the expression
level of these candidate miRNAs in a panel of MPM cell lines with varying BAP1 status and

histological subtypes.

7.4 Selection of appropriate miRNA housekeeping genes for normalisation
Accurate determination of miRNA levels by qRT-PCR can be affected by the selection of

appropriate housekeeping genes for normalisation between samples. In view of this,
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mMRNA housekeeping genes such as B-actin or GAPDH are unsuitable for this application as
they are much larger in size and may differ from miRNAs in terms of their stability,
extraction efficiency and the process of reverse transcription and PCR amplification. There
is no universal miRNA housekeeping gene suitable for all experimental conditions,
however small non-coding RNA controls are commonly used as reference RNAs. These
include small nucleolar RNAs (SNORDs). Four SNORDs (SNORD61, SNORD68, SNORD95,
SNORD96A) were selected from amongst reference SNORDs recommended by the assay
manufacturer (Qiagen), as potential housekeeping genes for normalisation of miRNA gRT-
PCR data. SNORD genes are closer in size to miRNAs (<200 bp), they belong to the same
class of non-coding RNAs as miRNAs, and are relatively abundant and stably expressed
genes (Schwarzenbach et al., 2015). | tested the amplification efficiency for each SNORD
primer using a two-fold dilution series of cDNA prepared from MSTO-211H cells (Fig. 7.3A -
D). The four SNORD primers displayed a linear response to template amount over a 16-fold
dilution range. Amplification efficiencies between 90-101% were calculated, which is

within acceptable parameters.

A critical aspect of miRNA expression profiling by gRT-PCR is the extraction efficiency, as
total RNA sample preparations can differ in the proportion of miRNA extracted. | compared
Cq values for each SNORD housekeeping gene from miRNA extracted from MeT5A (BAP1**)
cells on three separate occasions, to establish reproducibility (Fig. 7.4A - D). SNORD95 (Fig.
7.4C) was more abundantly expressed than the other SNORDs. Furthermore, similar Cq
values for each SNORD across biological replicates were indicative of consistent miRNA

extraction efficiency.

Another parameter required for a robust gRT-PCR assay is the invariable expression of the
housekeeping gene(s) across the test sample set. Thus, | measured the abundance of all
four SNORD genes in the panel of MPM cell lines obtained from ATCC in order to check their
suitability for use as housekeeping genes to normalise miRNA expression. In comparison
to B-actin, which displayed Cq values between 15 and 16 (Fig. 7.5A), all four SNORD genes
were less abundant, displaying Cq values between 23 and 27 across the cell panel (Fig. 7.5B
- E).

However, for each SNORD the Cq values were fairly consistent between cell lines
(SNORD61: 25.86 + 0.52, SNORD68: 25.30 + 0.57, SNORD95: 24.26 + 0.53, SNORD96A: 26.35

+ 0.70) with SNORD95 most abundant in each case. Based on these data, we selected one
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less abundant (SNORD96A) and one more abundant (SNORD95) housekeeping gene, using

their mean value to normalise miRNA expression data.
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Figure 7.3: Determining SNORD housekeeping gene primer efficiencies for qRT-

PCR.

Scatter plots show serial two-fold dilutions of MSTO-211H cDNA on a log, scale and
corresponding Cq values detected by qRT-PCR for A SNORD61, B SNORD68, C SNORD95
and D SNORD96A. E=amplification efficiency, all primers show efficiency values between
90-101%, within acceptable parameters. N=one independent experiment, error bars
show SD from three technical replicates for each cDNA dilution.
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Figure 7.4: Reproducibility of SNORD housekeeping genes across biological
replicate miRNA extracts.
Bar graphs show Cq values detected by qRT-PCR for A SNORD61, B SNORD68, C
SNORD95 and D SNORD96A in three biological replicates (BR) of MeT5A (BAP1*'*) Error
bars show SD from three technical replicates. Y-axis truncated to show the range of 22 —
28 Cq values in all panels. For each housekeeping gene, comparable Cq values across

biological replicates was indicative of similar miRNA extraction efficiency.
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Figure 7.5: Selecting SNORD housekeeping genes for normalising miRNA qRT-PCR
data.

Bar graphs show Cq values detected by qRT-PCR for A B-actin, B SNORD61, C SNORD68,
D SNORD95 and E SNORD96A in MeT5A (BAP1*) and a panel of MPM cell lines from the
ATCC. The higher abundance SNORD95 and lower abundance SNORD96A were chosen
for normalisation of miRNA gRT-PCR data. Error bars show SD from three biological
replicates. Colour coding indicates the histological subtypes of MPM.
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7.5 Profiling the expression of candidate miRNAs for BAP1 regulation in MPM cell

lines

7.5.1 Analysing expression differences between MPM cell lines and histological
subtypes for candidate miRNAs

Using the miScript SYBR Green PCR system, | examined whether the expression of
candidate miRNAs (predicted to target BAP1) may be associated with histological subtypes
of MPM, to rule out any subtype-specific effects that may affect the regulatory relationship
between miRNA and BAP1. | analysed the expression levels of ten mature miRNAs in the
panel of MPM cell lines from ATCC and MesobanK. miRNA expression was normalised to
the mean value of SNORD95 and SNORD96A for each cell line and expressed relative to the
normal mesothelial cell line MeT5A (BAP1**). These data were then ordered from lowest to
highest expression to illustrate the range of miRNA expression across the cell lines, which
are colour coded by their histological subtype (Fig. 7.6, left panels). In conjunction, the cell
lines were stratified according to their histological subtype in order to visualise expression

differences between MPM subtypes for candidate miRNAs (Fig. 7.6, right panels).

For the miR-10 family members, approximately half of the cell lines expressed miR-10a-5p
(Fig. 7.6A) and miR-10b-5p (Fig. 7.6C) at a similar level to MeT5A (BAP1**), whilst the
remaining cell lines showed higher expression of either miRNA compared to MeT5A
(BAP1**). Overall, the sarcomatoid MPM cell lines tended towards higher median
expression of miR-10a-5p (Fig. 7.6B) and miR-10b-5p (Fig. 7.6D) when compared to the
epithelioid and biphasic MPM cell lines. In contrast, miR-31-5p expression was
undetectable in a third of MPM cell lines, with the majority showing lower miR-31-5p
expression than MeT5A (BAP1**), which would be consistent with a tumour suppressive
role for this miRNA (Fig. 7.6E). When the cell lines were grouped by histological subtype,

there was little difference in median miR-31-5p expression (Fig. 7.6F).

The miR-125 family members miR-125a-5p and miR-125b-5p had notably different
expression patterns across the MPM cell line panel. The majority of MPM cell lines had
similar or lower miR-125a-5p expression than MeT5A (BAP1**) (Fig. 7.6G), and there were
no trends in miR-125a-5p expression between MPM subtypes (Fig. 7.6H).
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Figure 7.6
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Figure 7.6: Analysis of candidate miRNA expression in a panel of MPM cell lines.
Bar graphs show miRNA expression as detected by qRT-PCR, normalised to the mean of
SNORD95 and SNORD96A and relative to MeT5A (BAP1*"*), across the panel of MPM cells
from ATCC and MesobanK. The box and whisker plots show the spread of miRNA
expression data, normalised to the mean of SNORD95 and SNORD96A and relative to
MeT5A (BAP1*),in the MPM cell lines grouped by their histological subtype: the median
and interquartile range are displayed, the whisker boundaries are the 5™ and 95™
percentile. Expression data is visualised in these formats for A-B miR-10a-5p, C-D miR-
10b-5p, E-F miR-31-5p, G-H miR-125a-5p, I-J miR-125b-5p, K-L miR-141-3p, M-N miR-
200a-5p, O-P miR-200b-3p, Q-R miR-200c-3p, S-T miR-429. N = three independent
experiments, error bars show SD. Colour coding indicates the histological subtypes of
MPM. Differences in miRNA expression between histological sub-types did not reach
statistical significance.
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In contrast, almost all MPM cell lines had higher expression of miR-125b-5p compared to
MeT5A (BAP1**) (Fig. 7.61). When the cell lines were grouped by histological subtype, the
miRNA expression profile for epithelioid and biphasic cell lines shows a wider spread of

data compared to the sarcomatoid cell lines (Fig. 7.6J).

The miR-200 family are clustered at two locations in the genome; miR-141-3p and miR-
200c-3p are located on chromosome 12, whilst miR-200a-5p, miR-200b-3p and miR-429 are
located on chromosome 1 (Humphries and Yang, 2015). The miR-200 family members form
two functional groups based on the similarity of their seed sequences, miR-141-3p and
miR-200a-5p form one group, and miR-200b-3p, miR-200c-3p and miR-429 form the
second. Interestingly, | was unable to detect expression of miR-200 family members in the
normal mesothelial cell line MeT5A (BAP1+*). Therefore, in almost every MPM cell line there
was higher miRNA expression for all family members when compared to MeT5A (BAP1**)
(Fig. 7.6K, 7.6M, 7.60, 7.6Q and 7.6S). Overall, no significant association was found between
any candidate miRNAs and histological subtype of MPM. It was important to rule out such
subtype-specific associations before exploring correlation between candidate miRNAs and

BAP1 status.

7.5.2 Analysing expression differences between BAP1-negative and BAP1-positive
MPM cell lines for candidate miRNAs

The ten candidate miRNAs have predicted target sites on the 3'UTR of BAPT mRNA,
therefore it was hypothesised that these miRNAs could negatively regulate BAPT mRNA
expression, leading to a reduction in BAP1 protein levels. If this is the case, then it is
predicted that expression of the miRNA would exhibit an inverse correlation with that of
their target BAP1. Such correlative studies are often a first step in matching miRNAs to
target genes (Yu et al,, 2016). However, it should be noted that correlation is a two-way
relationship and could also reflect regulation of the miRNA by BAP1, as | have previously
explored in chapters 5 and 6. This may be confounded by BAPT mutation, in most cases low
BAP1 expression is the result of mutation irrespective of miRNA expression, as such it would
be more likely to detect the relationship where BAP1 regulates the miRNA, that the other
way around. However, | will monitor two candidate MPM cell lines, #15 and #30, where
BAP1 mRNA is expressed at 15-30% relative to MeT5A (BAP1**) but have negligible BAP1
protein expression, which suggests post-transcriptional regulation by miRNAs might be

important in these cell lines.
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To investigate, MPM cell lines were initially grouped by their BAP1 status (see section 3.6)
and the spread of candidate miRNA expression in each group was assessed. There was a
significant difference in expression of the miR-10 family members when the MPM cell lines
were grouped by their BAP1 status. In fact, this analysis revealed significantly lower miR-
10a-5p (Fig. 7.7A) and miR-10b-5p (Fig. 7.7B) expression in BAP1-negative cell lines. The
expression profile for miR-10a-5p is in agreement with data generated by Nanostring
analysis of these cell lines (Fig 6.7D) but would be incompatible with the predicted role as
miRNAs that target BAP1 (Fig. 7.2A). Although miR-31-5p expression was slightly lower in
BAP1-negative MPM cell lines (Fig. 7.7C), | found no significant difference for miR-31-5p,
miR-125a-5p (Fig. 7.7D) or miR-125b-5p (Fig. 7.7E) expression between BAP1-negative and
BAP1-positive MPM cell lines. However, with the exception of miR-200c-3p (Fig. 7.71), miR-
200 family members showed significantly higher expression in BAP1-negative MPM cell
lines (Fig. 7.7F — J). On the whole, selected members of the miR-200 family displayed an
inverse relationship with BAP1, implying that these miRNAs could regulate BAP1

expression.

7.5.3 Inverse correlation between miR-200a-5p, miR-200b-3p, miR-125b-5p and
BAP1 in MPM cell lines

As the analysis above is subject to a number of caveats, | next excluded six cell lines with
no detectable BAP1, which are either known, or are predicted, to harbour BAP7 mutations
(see section 3.6). For the nine cell lines with any detectable BAP1 expression, | examined
correlations between the level of miRNA expression and that of BAPT mRNA or BAP1
protein; as miRNA action is at the mRNA level but repression of gene expression is most
obvious at the protein level (Table 7.1). This revealed few statistically significant
correlations for most candidate miRNAs, including those that showed significantly different
expression between MPM cell lines stratified by BAP1 status (miR-10a-5p, miR-10b-5p and
miR-141-3p) (Fig 7.7). However, for other candidate miRNAs (highlighted in grey in Table
7.1), I have shown their correlation plots with BAP1T mRNA and BAP1 protein (Figures 7.8 to
7.11). Typically, BAP1T mRNA expression correlated well with BAP1 protein expression in
MPM cell lines (see Fig. 3.4C). Exceptions to this were NCI-H2452, #15 and #30. Published
data show that the NCI-H2452 cell line has a missense mutation in the BAP1 catalytic

domain, which results in inactive BAP1 protein that appears
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Figure 7.7: miRNA expression differences between BAP1-negative and BAP1-
positive MPM cell lines.

The box and whisker plots show the spread of miRNA expression level in MPM cell lines
grouped by their BAP1 status (n=10 BAP1-negative and n=5 BAP1-positive). The median
and interquartile range are displayed, the whisker boundaries are the 5™ and 95™
percentile. N = three independent experiments, significant differences between the two
groups as determined by unpaired t-test for the miR-10 family members, and by Mann
Whitney U test for the miR-200 family members **P<0.01, *P<0.05.
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miRNA Gaussian BAP1 mRNA (r) BAP1 Protein (r)

Distribution

(Y/N)
miR-10a-5p Y -0.24 -0.11
miR-10b-5p Y -0.36 -0.13
miR-31-5p Y 0.15 0.20
miR-125a-5p Y 0.32 0.13
miR-125b-5p Y -0.51 -0.41
miR-141-3p N -0.48 -0.62
miR-200a-5p N -0.59 -0.68*
miR-200b-3p N -0.92%** -0.81**
miR-200c-3p Y -0.46 -0.53
miR-429 N -0.60 -0.54

Table 7.1: Correlation coefficient values for the relationship between miRNA
expression and BAP1 mRNA or protein in the MPM cell line panel.

Pearson correlations and Spearman rho correlations were computed for data from
Gaussian and non-gaussian distributions, respectively. Gaussian distribution was
confirmed by the D’Agostino and Pearson omnibus normality test. Statistically
significant relationships are highlighted with asterisks ***P<0.005, **P<0.01, *P<0.05
(two-tailed).

to be unstable (Bott et al, 2011). #15 and #30 retain between 15-30% BAP1 mRNA
expression, relative to MeT5A (BAP1**) but have negligible BAP1 protein expression. The
mutation status of #15 and #30 is unknown, but another possibility for reduced BAP1
protein in the absence of mutation is the post-transcriptional targeting of BAPT mRNA by
miRNAs. On correlation plots, the data points for MPM cell lines #15 and #30 are indicated
with a thick black outline, in order to follow candidate miRNA expression patternsin these

cell lines.

Yu et al. previously reported inverse correlation between miR-31-5p and BAP1 protein
levels in lung cancer tissues (Yu et al., 2016). However, in the context of MPM cell lines, |
found no evidence that miR-31-5p and BAP1 expression were inversely correlated (Fig. 7.8A
- B). Correlation analysis showed some evidence for an inverse relationship between the
miR-200 family members miR-200a-5p and miR-200b-3p, and BAP1 mRNA or protein
expression (Table 7.1). Interestingly, MPM cell lines #15 and #30 (where post-transcriptional
BAP1 regulation is most likely) were among those that showed the highest miR-200a-5p
(Fig. 7.9A - B) and miR-200b-3p (Fig. 7.10A — B) expression.
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Figure 7.8: miR-31-5p expression does not inversely correlate with BAP1 mRNA or
BAP1 protein expression in MPM cell lines.

Scatter plots examining the correlation between miR-31-5p expression and A BAP1
mRNA or B BAP1 protein. N = three independent experiments, error bars show SD.
Colour coding indicates the histological subtypes of MPM. Nine cell lines with detectable
BAP1 are included in the analysis, data points for lines #15 and #30 (candidates where
BAP1 might be post-transcriptionally regulated) are indicated with a black outline.

No significant correlation was observed between miR-125b-5p and BAP1 mRNA (Fig.7.11A)
or protein expression (Fig. 7.11B). However, MPM cell lines #15 and #30 were among those
with the highest miR-125b-5p expression, and the biphasic MPM cell line with higher BAP1
levels showed reduced miR-125b-5p expression. In marked contrast, the sarcomatoid MPM
cell lines show high miR-125b-5p expression and BAP1 expression. Consequently, |
excluded the sarcomatoid MPM cell lines from the exponential fitted trend line (Fig. 7.11C
- D) which highlighted strong inverse correlation between miR-125b-5p and BAP1
expression in the epithelioid and biphasic MPM cell lines. This was most striking for the
inverse relationship between miR-125b-5p and BAP1 protein expression (r = -0.83), which

would be consistent with miR-125b-5p post-transcriptional regulation of BAP1 expression.

There is a strong suggestion of an inverse relationship between miR-200a-5p, miR-200b-3p
and miR-125b-5p and BAP1 expression from correlative studies using qRT-PCR. Next, |
extracted the expression profiles for miR-200b-3p and miR-125b-5p from the NanoString
NS2/NS3 dataset from chapter 6, to examine whether an inverse relationship between
miRNA and BAP1 status could be validated by a different assay (Fig. 7.12). The miR-200a-5p
gene probe is not included in NanoString dataset. In the NS2/NS3 dataset, only five MPM
cell lines displayed upregulated expression of miR-200b-3p, relative to MeT5A (BAP1*™),
which included the #30 MPM cell line and two biological replicates of MPM cell line #15
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Figure 7.9: miR-200a-5p expression is inversely correlated with BAP1 mRNA and
BAP1 protein expression in MPM cell lines.

Scatter plots examining the correlation between miR-200a-5p expression and A BAP1
mRNA or B BAP1 protein. N = three independent experiments, error bars show SD.
Colour coding indicates the histological subtypes of MPM. Nine cell lines with detectable
BAP1 are included in the analysis, data points for lines #15 and #30 (candidates where
BAP1 might be post-transcriptionally regulated) are indicated with a black outline.
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Figure 7.10: miR-200b-3p expression is inversely correlated with BAP1 mRNA and
BAP1 protein expression in MPM cell lines.

Scatter plots examining the correlation between miR-200b-3p expression and A BAP1
mRNA or B BAP1 protein. N = three independent experiments, error bars show SD.
Colour coding indicates the histological subtypes of MPM. Nine cell lines with detectable
BAP1 are included in the analysis, data points for lines #15 and #30 (candidates where
BAP1 might be post-transcriptionally regulated) are indicated with a black outline.
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Figure 7.11: miR-125b-5p expression is inversely correlated with BAP1 mRNA and
BAP1 protein expression in MPM cell lines.

Scatter plots examining the correlation between miR-125b-5p expression and A BAP1
mMRNA or B BAP1 protein. An exponential trend line is fitted to the data points of C and
D, the sarcomatoid MPM cell lines were excluded from the exponential fitted trend line.
N = three independent experiments, error bars show SD. Colour coding indicates the
histological subtypes of MPM. Nine cell lines with detectable BAP1 are included in the
analysis, data points for lines #15 and #30 (candidates where BAP1 might be post-
transcriptionally regulated) are indicated with a black outline.

(where post-transcriptional BAP1 regulation is most likely) (Fig. 7.12A). This was in contrast
to the qRT-PCR data in Figure 7.60, where in every MPM cell line there was higher miRNA
expression for miR-200b-3p when compared to MeT5A (BAP1**). miR-125b-5p expression
was upregulated >1.5-fold in all MPM cell lines, relative to MeT5A (BAP1**), in agreement
with the gRT-PCR expression profiles in Figure 7.61. Again, #15 and #30 MPM cell lines were
among those that showed the highest miR-125b-5p expression (Fig. 7.12B), and | observed
a greater expression of miR-125b-5p in BR2 compared to BR1 for the MPM cell line #15.

Although there was no clear relationship between candidate miRNAs and BAP1 status in
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the NS2/NS3 dataset, | observed increased expression of both miRNAs in MPM cell lines #15
and #30, consistent with the hypothesis that BAP1 expression may be post-transcriptionally
targeted by miR-200b-3p and miR-125b-5p in these cell lines.
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Figure 7.12: miR-200b-3p and miR-125b-5p expression data in MPM cell lines by
the NanoString nCounter assay.

Bar graphs shows log, fold changes vs. MeT5A (BAP1**) for A miR-200b-3p and B miR-
125b-5p that are predicted to target BAP1. Data was extracted from the NanoString NS2
and NS3 data set (Chapter 6), log, fold changes were generated from the MeT5A (BAP1*)
sample from within their own assays. Dashed lines designate 1.5-fold change. Colour
coding indicates the histological subtypes of MPM. Nine cell lines with detectable BAP1
are included in the analysis, data points for lines #15 and #30 (candidates where BAP1
might be post-transcriptionally regulated) are indicated with a black outline.

7.5.4 Candidate miRNA expression data in isogenic MeT5A BAP7-mutant cells by qRT-
PCR and NanoString nCounter assay

Thus far, | have explored the correlative relationships between candidate miRNAs
predicted to target BAP1, and BAP1 levels, in a panel of MPM cell lines that have
endogenous variations in BAP1 expression. However, correlation is a two-way relationship
and could also reflect regulation of the miRNA by BAP1. As such, | have attempted to
dissociate cause from effect by using the isogenic MeT5A cell model to determine whether

BAP1 can regulate candidate miRNA expression.
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To explore whether these miRNAs are responsive to BAP1 loss, | examined their expression
profiles in the NanoString NS1 data set (chapter 5), extracting the log, fold changes for the
isogenic BAPT-mutant cell line C5.1 (BAP1%/*°) vs. MeT5A (BAP1*"*) for the ten candidate
miRNAs (Fig. 7.13A). Three miRNAs, miR-10b-5p, miR-31-5p and miR-125b-5p, showed
>1.5-fold increase in their expression upon BAP1 loss, the remaining miRNAs were up- or
down-regulated in C5.1 (BAP1%%) cells relative to MeT5A (BAP1**) but did not reach the
fold-change cut-off.

| validated the expression profile for a set of these miRNAs in MeT5A (BAP1*/*) and isogenic
BAP1 mutant cell line C5.1 (BAP1*7%°) (Fig. 7.13B - F) by qRT-PCR and compared their
profiles across the different assays (Fig. 7.13G). The miR-10 family members were of interest
as they showed significantly downregulated expression in BAP1-negative cell lines,
compared with BAP1-positive cell lines. miR-31-5p has been reported as a direct regulator
of BAP1 in NSCLC, and although | saw no correlation with miR-31-5p and BAP1 in MPM, it
would be of interest to observe whether this miRNA is BAP1-responsive. miR-200b-3p and
miR-125b-5p were also of interest as these are predicted post-transcriptional regulators of

BAP1 from the correlative studies.

Interestingly, miR-10a-5p (Fig. 7.13B), miR-10b-5p (Fig. 7.13C), miR-200b-3p (Fig. 7.13E) and
miR-125b-5p (Fig. 7.13F) showed significantly increased expression in C5.1 (BAP1%7%9),
compared to MeT5A (BAP1**), by qRT-PCR, mirroring the results from the NanoString NS1
assay (Fig. 7.13G) and implying that their expression is indeed BAP1-dependent. However,
conflicting data were reported by the two assays for miR-31-5p expression (Fig. 7.13D),
which showed increased expression in C5.1 (BAP1*7*) cells as detected by the NanoString
platform, but significantly decreased expression in C5.1 (BAP1*7%°) cells by qRT-PCR (Fig.
7.13G). Overall, these data highlight that BAPT may regulate the expression of candidate
miRNAs examined through repression, as genetic BAPT loss resulted in the upregulation of

these miRNAs.

7.6 BAP1 is a target of miR-125b-5p

I have previously shown evidence for inverse correlation between miR-200a-5p, miR-200b-
3p, miR-125b-5p and BAP1 in MPM cell lines (Fig. 7.8 — 7.10 and 7.12), suggesting BAP1
could be a target for these miRNAs. To test this further, BAP1 protein expression was
evaluated after overexpression of miR-125b-5p. | chose this miRNA as an exemplar to

investigate miRNA post-transcriptional targeting of BAP1 it showed the strongest inverse
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Figure 7.13: BAP1 regulates candidate miRNA expression.
A Bar graph shows log; fold changes vs. MeT5A (BAP1*"*) for ten candidate miRNAs that
are predicted to target BAP1, in the isogenic BAP1 mutant cell line C5.1 (BAP1*7¥°), Data
was extracted from the NanoString NS1 data set (Chapter 5), dashed lines designate 1.5-
fold change. B-F Bar graphs shows quantification for B miR-10a-5p, C miR-10b-5p, D miR-
31-5p, E miR-200b-3p and F miR-125b-5p expression as detected by qRT-PCR, in C5.1
(BAP1%7¥0) cells relative to MeT5A (BAP1**). G Schematic summarising the direction of
expression changes for a set of candidate miRNAs across different miRNA profiling

assays.
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relationship with BAP1 protein expression (r = -0.83). miR-125b-5p overexpression was
achieved by transfecting the BAP1-positive MPM cell line MSTO-211H with a miR-125b-5p
mimic and measuring expression of BAP1 by immunoblotting (Fig. 7.14). Quantification of
protein expression, normalised to -actin and relative to the mock treatment, confirmed
significant reduction in BAP1 protein expression with miR-125b-5p overexpression (Fig.
7.14A and 7.14B). These data confirm that BAP1 levels respond to miR-125b-5p. Together
with data in Fig 7.13F, this suggests that BAP1 and miR-125b-5p may operate in a double-
negative feedback loop, where BAP1 negatively regulates miR-125b-5p expression (as
evidenced by increased expression of miR-125b-5p in BAP1*7*° cells), and is itself a target
of miR-125b-5p (Fig. 7.14C). Thus, the dominant mechanism in a cell would contribute
towards determining its BAP1 status (Fig. 7.14D).

7.7 Assessing the effect of BAP1 depletion or miR-125b-5p overexpression on
predicted and published miR-125b-5p targets

It is well known that one miRNA may regulate many target genes. USP8, Cyclin ET (CCNET1),
B-cell ymphoma 2 (BCL2) and E-cadherin are each potential targets of miR-125b-5p as they
contain predicted miR-125b-5p binding sites in their 3’UTR regions. USP8 and CCNE1 were
selected for validation as these genes were enriched in significant GO terms from the
NanoString NS1 analysis (see Appendix Fig. 5.5). There is also published evidence for BCL2
(Yang etal.,, 2017) and E-cadherin (Bera et al., 2014) as targets of miR-125b-5p in gallbladder
cancer and pancreatic cancer, respectively. | transfected BAP1 siRNA or the miR-125b-5p
mimic into the BAP1-positive cell line MSTO-211H and measured the expression of miR-

125b-5p gene targets by immunoblotting (Fig. 7.15A).

Relative to the mock treatment, no significant change in USP8 protein expression was
observed with BAP1 depletion or miR-125b-5p overexpression (Fig. 7.15B). However, a
significant ~3-fold increase in CCNE1 protein expression, relative to the mock treatment,
was seen with either BAP1 depletion or miR-125b-5p overexpression (Fig. 7.15B),
suggesting that although both can affect CCNE1 expression, this is not a direct effect of the
miRNA as CCNE1 level is increased with mimic transfection. Relative to the mock treatment,
there was ~50% reduction in BCL2 protein expression with BAP1 depletion, whilst no
change in protein expression was detected with miR-125b-5p overexpression (Fig. 7.15B),
implying this is a BAP1-dependent effect independent of the miRNA. The loss of E-cadherin
and upregulation of Vimentin is associated with EMT where epithelial cells acquire a more

migratory and invasive cellular phenotype. Although ~50% reduction in E-cadherin
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Figure 7.14: miR-125b-5p overexpression reduces BAP1 protein levels.

A Representative immunoblot of MSTO-211H cells transfected with control (siC), BAP1
siRNA, or the miR-125b-5p mimic for 72h prior to cell lysis and immunoblotting. B
Quantification of BAP1 protein expression normalised to 8-actin and relative to the mock
treatment. N = three independent experiments, error bars show SD, one-way ANOVA
with Dunnett’s post-hoc test, ****P<0.0001, **P<0.01. C and D Schematics illustrate the
hypothesis that miRNAs, such as miR-125b-5p, may function in a feedback loop (FBL)
with BAP1 (C), and how this network might influence BAP1 status (D).

expression was unexpectedly observed in siRNA control (siC)-transfected cells, relative to
the mock treatment, there was complete loss of E-cadherin in BAP1-depleted cells and an
~80% reduction in expression with miR-125b-5p overexpression (Fig. 7.15B). However, | did
not observe any corresponding changes in Vimentin expression, relative to the mock
treatment, in either BAP1-depleted or miR-125b-5p mimic transfected cells (Fig. 7.15B). This
suggests that E-cadherin may be a target of miR-125b-5p through miRNA regulation of
BAP1.

To establish whether the responses seen were dependent on BAP1, selected proteins were
investigated in the isogenic BAP1 mutant cell lines (Fig. 7.15C). Compared to the MeT5A
(BAP1+*), there was no change in USP8 protein expression in either BAP1""* or C5.1 (BAP1""
/%) cells compared to MeT5A (BAP1*"*). Consistent with transient depletion of BAP1 (Fig
7.15A and B), in response to mutation of BAP1, CCNE1 protein expression was upregulated

in MeT5A C5.1 (BAP1*7¥°) cells, whereas BCL2 protein expression was greatly reduced in
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Figure 7.15: BAP1 deficiency or miR-125b-5p overexpression alters CCNE1, BCL2
and E-Cadherin protein expression.

A Representative immunoblots of MSTO-211H cells transfected with control (siC) and
BAP1 siRNA, and miR-125b-5p mimic for 72h prior to cell lysis and immunoblotting for
BAP1, USP8, CCNE1, BCL2, E-cadherin and Vimentin protein expression. B Quantification
of protein expression normalised to B-actin and relative to the mock treatment. N = three
independent experiments unless otherwise stated, error bars show SD, one-way ANOVA
with Dunnett’s post-hoc test, ***P<0.001, **P<0.01. These set of samples are the same as
shown in Fig. 7.14. C Representative immunoblots showing USP8, CCNE1 and BCL2
protein expression in MeT5A (BAP1**) and isogenic BAP1 mutant cell lines BAPT*”/* and
C5.1 (BAP17%9) cells. Protein expression, normalised to B-actin and relative to MeT5A
(BAP1**) from one independent experiment, are stated below each immunoblot.
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both BAPT*/* and C5.1 (BAP1*7%) cells, by 79% and 85%, respectively (Fig. 7.15C). These
data confirmed that expression of both CCNE1 and BCL2 are influenced by BAP1.

In summary, in this final chapter, | profiled the expression of ten candidate miRNAs
predicted to target BAP1 in a panel of MPM cell lines with varying histological subtype and
BAP1 status. Although no significant differences in miRNA expression were detected by
histological subtype, differential expression was observed based on BAP1 status, with miR-
10 family members and miR-141-5p showing significantly altered expression between
BAP1-negative and BAP1-positive MPM cell lines. miRNAs are inversely correlated with
their gene targets, and | detected an inverse relationship of miR-200a-5p, miR-200b-3p and
miR-125b-5p with BAP1 levels in MPM cell lines, suggesting BAP1 could be a target for
these miRNAs. As an exemplar, overexpression of miR-125b-5p significantly reduced BAP1
protein expression and, as this miRNA is upregulated C5.1 (BAP1%7%) cells, it is predicted
that BAP1 and miR-125b-5p may operate in a double-negative feedback loop. Lastly, BAP1
depletion and miR-125b-5p overexpression caused a decrease in E-cadherin protein
expression, implying it is a target of miR-125b-5p and it may be regulated through miRNA-

repression of BAP1.

7.8 Discussion

Frequent inactivation of BAP1 through gene loss and/or somatic mutation are observed in
MPM; yet there are cases of BAP1 inactivation without detectable mutation, suggesting
BAP1 loss can also occur via post-transcriptional and post-translational mechanisms (Bott
etal,, 2011). Human target prediction analysis was performed to identify candidate miRNAs
predicted to negatively regulate BAP1 expression and | sought to examine their expression
in a panel of MPM cell lines. | have shown that miR-200a-5p, miR-200b-3p and miR-125b-
5p expression was increased in MPM cell lines relative to normal mesothelial cell line
MeT5A (BAP1**), and they exhibited a strong inverse correlation with BAP1 mRNA and
protein status. | found the inverse relationship to be true in epithelioid MPM cell lines #15
and #30, which show 20-30% BAP1 mRNA expression, relative to MeT5A (BAP1**) but no
BAP1 protein, thus it is possible that BAP1 is targeted post-transcriptionally by candidate

miRNAs in these cell lines.
At present, this is the first study to have analysed miRNA expression related to BAP1

expression in MPM. Yu et al. previously reported upregulated miR-31-5p in NSCLC tissues,

where its expression inversely correlated with BAP1 protein (Yu et al., 2016). They analysed
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the biological consequences of miR-31-driven repression of BAP1 expression in NSCLC cells
and showed that A549 cells transfected with miR-31 mimic increased cell proliferation and
inhibited apoptosis by silencing BAP1. Their study strongly indicated that a miR-31-5p-
mediated post-transcriptional mechanism was involved in BAP1 repression in NSCLC (Yu
et al., 2016), a tumour type where BAP1 is very rarely inactivated by mutation (see Fig. 1.2).
However, when | assessed this regulatory relationship in MPM cell lines, no correlation was
seen between BAP1 status and miR-31-5p, and any relationship between the two may be
obscured by a higher frequency of BAPT mutation in MPM (see Fig. 1.2). In contrast with
NSCLC, miR-31-5p was generally poorly expressed in MPM cell lines relative to the normal
mesothelial cell line MeT5A (BAP1**), with the lowest expression in BAP1-negative MPM
cell lines. In fact, miR-31-5p expression was absent in five MPM cell lines, #19, #43, #24, #38
and #52. The chromosomal fragile site at 9p21.3 that encodes miR-31-5p is often lost in
MPM, making this miRNA one of the most commonly deleted in MPM (lvanov et al., 2009).
Indeed, miR-31-5p downregulation resulting from homozygous deletion of miR-31-5p-
encoding gene on ch9p21.3 was evident in 54% of MPM patient tumours (lvanov et al.,
2010). Therefore, it is difficult to draw any conclusions concerning the post-transcriptional
regulation of BAP1 by miR-31-5p from correlative data in MPM as both undergo frequent
genomiclosses. In future, it would be interesting to look for exclusivity or otherwise in copy

number variation of these two loci in MPM.

Tumour-suppressive effects have been described for miR-31-5p in MPM. The
reintroduction of miR-31-5p in patient-derived MPM cells H2595 and HP-1 inhibited their
proliferation, migration and invasion (lvanov et al., 2010). Its reintroduction also inhibited
expression of pro-survival phosphatase PPP6C, which had previously been associated with
resistance to chemotherapy and radiation therapy. However, conflicting data from another
study demonstrated miR-31-5p re-expression in MPM cell line NCI-H2452 promoted
chemoresistance to platinum-based therapy in vitro (Moody et al., 2017). In a study of solid
tumours that metastasise to the brain, DNA losses in ch9p21.3 were among four most
frequently detected in 70% of cases (Petersen et al., 2000), demonstrating pro-

tumourigenic effects of miR-31-5p loss within the ch9p21.3 locus in cancer.

The miR-200 family is suggested to have diagnostic value for differentiating MPM from its
main differential diagnosis, lung adenocarcinoma. Microarray analysis revealed the
downregulation of four out of five members of the miR-200 family (miR-200b-3p, miR-200c-
3p, miR-141 and miR-429), in MPM compared to lung adenocarcinoma (Gee et al., 2010).
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With greater relevance to my study, in a very recent comparison of differentially expressed
miRNAs between BAP1-mutant and BAP1-wildtype ccRCC tumours, Ge et al. detected 33
significantly modulated miRNAs in BAP1-mutant tumours relative to BAP1-wildtype ccRCC
tumours (Ge et al., 2017). Amongst these, miR-200c-3p, miR-10a-5p and miR-10b-3p were
upregulated. Consistent with these data, in my study, miR-200c-3p was also significantly
upregulated in BAP1-negative MPM cell lines, however the opposite profile was observed
for miR-10 family members, with miR-10a-5p and miR-10b-5p significantly downregulated
in BAP1-negative MPM cell lines. The expression of miR-10 family may be cancer-specific.
The miR-10 family members are deregulated in several types of cancer, miR-10a-5p resides
in a region amplified in melanoma and breast cancer (Zhang et al., 2006), and are over
expressed in glioblastoma (Gaur et al., 2007), pancreatic cancer (Bloomston et al., 2007) and

colon cancer (Volinia et al., 2006), compared with their respective normal tissues.

One concern on analysis of my miRNA expression data was the lack of expression of all miR-
200 family members in the normal mesothelial cell line MeT5A (BAP1**). As miRNA
expression is presented relative to MeT5A (BAP1**), all miR-200 family members were
upregulated in MPM cell lines. MeT5A (BAP1*/*) was established as a parental clonal cell line
for gene editing, so | also examined the expression profiles of the miR-200 family members
in the non-clonal MeT5A cell line by gRT-PCR, which verified their absence (data not
shown). Nonetheless, it has been reported that TGF-f mediated down-regulation of the
miR-200 family in mesothelial cells can promote metastatic behaviour in these cells,
implying that these miRNAs could play an essential role in EMT suppression in the normal
cellular state (Sugiyama et al,, 2014). On the other hand, miR-200b-3p is significantly
overexpressed in ovarian cancer tissues versus normal tissues, and it was speculated that
miR-200b-3p may negatively regulate BAP1 expression, as BAP1 was also downregulated

in these ovarian cancer tissues (lorio et al., 2007).

Although no significant differences in miR-125b-5p expression were observed of
stratification of MPM cell lines by BAP1 status, a strong inverse correlation was detected
between miR-125b-5p and BAP1 expression in MPM cell lines, suggestive of post-
transcriptional repression of BAP1 by miR-125b-5p. Members of the miR-125 family have
opposing roles in cancer; they have been validated as tumour suppressors and oncomiRs
in different contexts (Sun et al., 2013). In the panel of MPM cell lines analysed here,
overexpression of miR-125b-5p, correlating with decreased BAP1 expression, implied a

potential disease-promoting function in MPM, and the notion that miR-125b-5p acts as an
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oncomiR by negatively regulating BAP1. It has been reported that members of the miR-125
family, especially miR-125b-5p, act as oncogenes in several cancers; with the
overexpression of miR-125b-5p promoting pathogenic events in prostate cancer (Shi et al.,
2011), pancreatic cancer (Bloomston et al., 2007) and NSCLC (Ma et al., 2012). In patients
with unresected MPM tumours, a miRNA signature consisting of low levels of miR-99a/let-
7¢/miR-125b-5p indicated significantly shorter overall survival than MPM tumours with
high expression of these miRNAs. Of note, BAP1 loss is associated with improved median
survival in MPM (Farzin et al,, 2015). It would be interesting to examine whether there is

any link between BAP1 status, miR-125b-5p expression and survival in MPM tumours.

Through overexpression by miR-125b-5p mimics, | have provided validation for BAP1 as a
direct target of miR-125b-5p (Fig. 7.14). To my knowledge, this is the first experiment that
demonstrates BAP1 to be modulated by miR-125b-5p, and the observed decrease in BAP1
protein level was robust and significant. Nevertheless, miRNAs often have multiple targets,
extra considerations are essential for identification of its direct functional targets.
Validation of the miR-125b-5p predicted target site would be important to demonstrate a
direct effect, for example using a BAP1 3'UTR luciferase reporter gene assay. Additionally, |
could examine whether BAP1 is post-transcriptionally regulated by miRNAs in the MPM cell
lines #15 and #30, by introducing a miR-125b-5p inhibitor and testing the hypothesis that

this would increase expression of BAP1.

| have also hypothesised that BAP1 and miR-125b-5p may operate in a double-negative
FBL. This was based on the observations that (1) in the NanoString NS1 dataset, miR-125b-
5p levels were increased ~2.5-fold in C5.1 (BAP1"7¥°) cells, relative to MeT5A (BAP1**), and
(2) miR-125b-5p mimic expression can reduce BAP1 protein levels in a BAP1-positive MPM
cell line. TFs are often targets for repression by the miRNAs that they regulate, generating
complex networks of interaction (Jansson and Lund 2012). Simple FBLs are found as
common motifs in many gene regulatory networks and may provide a means for miRNAs
to regulate their own expression. A double-negative FBL has two steady states (Pelaez and
Carthew, 2012), in this case it would be the transition from a high BAP1/low miR-125b-5p
to a high miR-125b-5p/low BAP1 state, giving rise to the mutually-exclusive expression of
the miRNA and target gene (Figure 7.14 C and D). Nevertheless, this feedback loop is likely
to contain more components, as miR-125b-5p has the potential to target many genes, and
form part of a larger functional network. Delineating how these genes impact on each

other may require computational models, as network function can be difficult to assess
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experimentally, because the effect of disrupting a single component on a large network

may be quite subtle (Martinez and Walhout, 2009).

As miRNAs have the potential to target multiple genes, | assessed the effect of BAP1
depletion (predicting a consequential increase in miR-125b-5p level and function) or miR-
125b-5p overexpression on predicted and published miR-125b-5p targets. Interestingly,
the predicted miR-125b-5p gene target CCNE1 showed significantly increased expression
with both BAP1 siRNA knockdown and miR-125b-5p overexpression, implying that BAP1
depletion through miRNA action may result in this increase. BCL2 is an anti-apoptotic
protein and is a published target of miR-125b-5p in gallbladder cancer, where expression
of miR-125b-5p and BCL2 are inversely correlated (Yang et al., 2017). In MSTO-211H cells,
~50% decrease in BCL2 expression was detected with BAP1 siRNA knockdown, relative to
the mock treatment (Fig. 7.14B), and an 85% decrease in expression was detected in
isogenic MeT5A BAPT*/¥C cells. Itis plausible that the loss of tumour suppressor BAP1 would
cause reduced expression of an anti-apoptotic protein, which in the simplest terms would
increase the propensity of cells for apoptosis. Indeed, a recent study has shown that a
subset of MPM cell lines with loss of function BAPT mutations demonstrated increased
sensitivity to a death receptor agonist rTRAIL, through alterations in the expression of
apoptosis pathway components (Kolluri et al., 2018). It would in future be interesting to
examine BCL2 protein expression across the larger panel of MPM cell lines to see if this
correlates with genetic BAP1 status. It is unlikely that the decrease in BCL2 expression with
BAP1 siRNA knockdown is dependent on miR-125b-5p action as BCL2 levels were

unchanged with miR-125b-5p overexpression.

In contrast, E-cadherin expression was reduced by miR-125b-5p overexpression and
completely absent in siBAP1-treated cells. These data fit best with the initial hypothesis
implying E-cadherin is a target of miR-125b-5p, and it may perhaps be regulated through
miRNA-repression of BAP1. In agreement with my data, there is published evidence for E-
cadherin as a target of miR-125b-5p in pancreatic cancer (Bera et al., 2014). In this study,
significant upregulation of miRNAs including miR-125b-5p were detected in a gemcitabine
drug-resistant pancreatic ductal adenocarcinoma (PDAC) cell line compared to the
parental cell line. In other PDAC cell lines where miR-125b-5p expression had been
determined, E-cadherin expression was inversely related to miR-125b-5p, and PDAC cell
lines with more mesenchymal like features displayed higher levels of miR-125b-5p. The

authors also analysed clinical tumour data for predicted miR-125b-5p target genes,
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including BAP1 and BCL2, showing they were negatively correlated with the expression of
miR-125b-5p. However, neither BAP1 nor BCL2 were investigated further, and my data
provide the first mechanistic link between these potential network components in cancer.
In summary, | have investigated for the first time the miRNA regulation of BAP1 expression
in MPM cell lines, and the potential for BAP1-miRNA feedback loops. | have highlighted
three miRNAs, miR-200a-5p, miR-200b-3p and miR-125b-5p as potential candidates that
may post-transcriptionally repress BAP1, as they were inversely correlated with BAP1 in
MPM cell lines. This was validated for miR-125b-5p. Although these miRNAs require further
investigation, they could show promise as biomarkers with particular relevance for MPM

tumours where BAP1 expression is lost via non-genetic mechanisms.
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Chapter 8: Final summary and future perspectives

8.1 Summary of the major findings in this thesis

First characterised in 1998 as a novel TSG (Jensen et al., 1998), interest in BAPT has
accelerated since 2010 when high rates of BAPT mutations were reported in two rare
cancers, UVM (Harbour et al., 2010) and MPM (Testa et al., 2011). In recent months, reports
have begun to emerge of preclinical studies that aim to exploit BAPT-dependencies within
tumour cells for therapeutic benefit (Bononi et al., 2017b; Kolluri et al., 2018; Hebert et al.,
2017). In this thesis, | have described my contributions to ongoing studies in the Coulson
lab (both published and manuscripts in preparation) to profile BAP1-dependencies in BAP1
mutated isogenic MeT5A cells in order to identify therapeutic targets that may be stratified
according to BAP1 status. Importantly, | report the first investigation into the BAP1-
dependent miRNome in the isogenic cell model of BAPT-deficient MPM and in patient-

derived MPM cell lines.

In chapter 3, | verified upregulation of proteins involved in actin cytoskeletal regulatory
pathways, and deregulation of cellular metabolism, in isogenic MeT5A cells with genetic
BAP1 deficiency. | demonstrated the clinical relevance of these adaptations by validating
expression of candidate proteins across a panel of MPM cell lines with known BAP1 status.
Whilst BAP1-dependent metabolic reprogramming was inconsistent between the isogenic
and patient-derived cell models, changes in cytoskeletal protein expression (notably ICAM-
1) were recapitulated in both. In chapter 4, | have shown for the first time that BAP1
modulates the expression of the chromatin-associated protein HDAC2 in MPM cell lines. |
demonstrated that this was not via direct deubiquitylation, but through regulation of the
HDAC2 transcript levels. | also highlighted the importance of BAPT status in the response
of cells HDACi.

Exploring the idea that BAP1 might also regulate miRNAs, in chapter 5 | used the
NanoString platform to screen for BAP1-dependent miRNAs in isogenic MeT5A cells. 113
miRNAs were significantly modulated (P<0.05, >1.5-fold) in BAP1-deficient cells, amongst
these | observed striking downregulation of miRNAs from the ch14932.31 tumour-
suppressor locus in isogenic MeT5A BAPT*/¥0 cells. Gene ontology analysis suggested these
miRNAs may affect the cytoskeleton and transcriptional regulation. In chapter 6, |
expanded the analysis of the BAP1-dependent miRNome across a panel of 20 MPM cell
lines. This highlighted differential expression of specific miRNAs in MPM cell lines grouped
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by BAP1 status, including downregulation of the ch14g32.31 locus. Lastly, in chapter 7, |
investigated miRNA post-transcriptional regulation of BAP1 in MPM, and explored BAP1
participation in gene regulatory networks with miRNAs. | identified miR-125b-5p as a novel
miRNA that can regulate BAP1. | also demonstrated that expression of this miRNA was
significantly increased in isogenic MeT5A BAPT*/° cells, suggesting the novel hypothesis

that BAP1 and miR-125b-5p operate in a double-negative FBL.

In the sections below, | will discuss the implications of my various strands of investigation,

as well as suggesting potential future studies to validate and advance my findings.

8.2 Adaptive response of the proteome and miRNome to BAP1 deficiency in
mesothelioma cell models

In chapter 3, | focused on understanding proteome-level adaptation of C5.1 (BAP1"7%°) cells
compared to normal MeT5A (BAP1**) cells. This isogenic model provides a genetic
background of biallelic BAPT inactivation, as is frequently seen in MPM (Testa et al., 2011),
although the C5.1 (BAP1*7%°) cells do retain some expression of BAP1 protein. Intriguingly,
although metabolic reprogramming was evident, with the exception of ASS1 the
expression of the analysed glycolytic or anaplerotic enzymes in BAP1-negative MPM cell
lines did not reflect the profiles from C5.1 (BAP1*¥°) cells. This suggests that the metabolic
response to loss of BAP1 may be high context-specific. In contrast, the cytoskeletal
response to BAPT inactivation was recapitulated in both C5.1 (BAP1*7%°) MeT5A and BAP1-
negative MPM cell lines, as assessed by expression of ICAM1 and ARP complex proteins
(Fig. 3.5 and Fig. 3.9). In the pathogenesis of MPM, local invasion is important for tumour
progression (ElImes and Simpson, 1976), and our data suggest that BAP1-negative MPM

might be more prone to such local invasion.

Consistent with these data, during analysis of the BAP1-responsive miRNome in chapter 5,
| observed the greatest enrichment for miRNA-target genes within GO terms describing
cytoskeletal regulatory pathways and processes such as cell motility, cell-cell adhesion,
focal adhesion and positive regulation of EMT (Fig. 5.10). The genes enriched in these
processes are targeted by miRNAs that are both induced and repressed in response to BAP1
deficiency. In contrast, the gene targets for significantly downregulated miRNAs with BAP1
deficiency, were highly enriched within the cellular response to glucose, representing the
only GO term related to metabolism in this dataset (Fig. 5.10 and Appendix Fig. 5.5. miRNAs

are often considered to function as “fine-tuners” of cellular processes, eliminating the
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expression of mRNA transcripts that are inappropriate for a particular cell type or cellular
state, thereby maintaining dynamic homeostatic control over protein-coding genes and
providing robustness to the cellular phenotype (Zhang, 2013). It is likely that the differential
miRNA expression profiled in chapter 5 forms part of the adaptive response to BAPT
deficiency, perhaps helping to maintain normal protein expression, and thus influences the
BAP1-dependent proteome (chapter 3), which ultimately drives the cancer phenotype of
BAP1-deficient MPM.

For analysis of the miRNome, | profiled two BAP1¥7*° cell lines C3.1 and C5.1, the latter
having the lowest residual level of BAP1 expression. Overall, there was a consistent miRNA
response to BAP1 mutation in both BAP1%/* cell lines, compared to parental cells. This
contrasted somewhat with the proteome response for the two BAP1¥7*° cell lines where,
compared to the parental cells, the proteome of C5.1 (BAP1*/*°) had diverged more than
that of C3.1 (BAP1*7%°) (Kenyani et al., manuscript in prep). Although the miRNome of both
BAP1*7%° cell lines appeared more consistent in their response to BAP1 deficiency, this
largely reflected the co-ordinated downregulation of ch14g32.31 miRNAs in both cell lines
(Fig. 5.9). It therefore appeared that the ch14932.31 miRNA locus is sensitive to partial
reduction in BAP1 levels, perhaps owing to its highly polycistronic organisation. Whilst the
perturbation of a single gene promoter often affects transcription of one protein-coding
gene, in comparison this may affect the expression of multiple miRNAs, with consequences

for post-transcriptional regulation of their multiple gene targets.

8.3 Overview of the miRNAs linked to BAP1 in this thesis

In chapters 5-7 | discussed in detail several miRNAs of interest that were either significantly
up- or down-regulated in BAPI-deficient isogenic MeT5A, or MPM cell lines, or were
identified as post-transcriptional regulators of BAP1 expression. | have summarised the
directions of change for these BAP1-related miRNAs in Table 8.1. Employing a similar
strategy to the proteome analysis, we first screened for BAP1-dependent miRNAs in
isogenic MeT5A BAP1*7° cell lines, then validated selected candidate expression using an
alternative methodology, and finally defined those miRNAs of most interest based on their
correlation with BAP1 expression in patient-derived MPM cell lines. This approach not only
relates the expression change to genetic BAP1T loss, but also provides confidence in their
clinical relevance if recapitulated across a panel of MPM cell lines. As discussed above, this
approach allowed me to identify and validate downregulation of ch14g32.31 miRNAs in
BAP1-deficient cells. A further example of a miRNA that responded to BAP1 loss in both
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miRNA

NS1
C5.1
(BAP1
w-/KO)
vs. MeT5A
(BAP1++)

Ch14q32.31 miRNAs

miR-127-3p
miR-377-3p
miR-381-3p
miR-656-3p
miR-376a-3p

miR-409-3p
miR-410-3p

miR-376b-3p
miR-376¢-3p

miR-34c-5p
miR-99a-5p
miR-155-5p
miR-361-3p
miR-664a-3p
miR-4516
miR-10a-5p
miR-628-5p
miR-221-3p
miR-450a-5p
let-7i-5p
let-7f-5p

miR-21-5p
miR-5196-3p
miR-6732-3p
miR-126-3p

NS1
C3.1
(BAP1
w-/KO)
vs. MeT5A
(BAP1++)

qRT-PCR
C5.1
(BAP1
w-/KO)
vs. MeT5A
(BAP1++)

qRT-PCR
C3.1
(BAP1
w-/KO)
vs. MeT5A
(BAP1++)

qRT-PCR
#15 #30
BAP1 neg
MPM cell
lines vs.
MeT5A
(BAP1++)

qRT-PCR
#43 #52
BAP1 neg
MPM cell
lines vs.
MeT5A
(BAP1++)

NS2/NS3
BAP1 neg.
vs. BAP1
pos.
MPM cell
lines

miR-199a-5p

miR-199a-3p

miR-199b-3p

miR-137

miR-582-5p

miR-450b-5p

miR-450a-5p _

miR-424-5p

miR-503-5p

miR-1234-3p

miR-200b-3p
miR-125b-5p
miR-31-5p

miR-10b-5p

Table 8.1: Directional expression changes for BAP1-related miRNAs as
highlighted in chapters 5-7.
Dark red: significantly upregulated (P<0.05, >1.5-fold) miRNA.
miRNA, not significant. Dark blue: significantly downregulated (P<0.05, >1.5-fold)
downregulated miRNA, not significant. Black: no change. Grey: No

miRNA.
data.

upregulated
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cell models is miR-628-5p (Table 8.1), which showed significantly reduced expression in
both BAP1*7¥° cell lines compared to MeT5A (BAP1**), and in BAP1-negative compared to
BAP1-positive MPM cell lines. It would be of great interest to validate this by qRT-PCR in
future. Another miRNA of interest is miR-200b-3p, which increased expression in response
to BAP1 loss in both cell models, and was also predicted to target BAP1 (Fig. 7.2). Thus, like
miR-125b-5p, miR-200b-3p has the potential to function in a double-negative FBL with
BAP1.

8.4 Potential for BAP1-dependent post-transcriptional regulation of HDAC2 by
miRNAs

The Coulson lab has established a link between BAP1 and HDAC2 (Sacco et al., 2015), and
my work has shown that BAP1 regulates HDAC2 transcript levels (see section 4.4.2). In
discussion of these results, | speculated that BAP1-dependent miRNAs might have a role in
the post-transcriptional regulation of HDAC2, the hypothesis being that if BAP1 deficiency
led to upregulation of miRNAs that target HDAC2, this could decrease HDAC2 transcript
abundance (see section 4.6). Several miRNAs have been predicted to target HDAC2 and
many of these, including miR-145, miR-455 and miR-223, have been validated
experimentally in various disease states (see section 4.6). In my dataset (NS1), expression
of these miRNAs was not significantly increased in C5.1 (BAP1%7°) cells compared to MeT5A
(BAP1*). In fact, miR-145 expression was significantly decreased in C5.1 (BAP1*/¥°) cells
compared to MeT5A (BAP1**). Nevertheless, let-7f-5p is another candidate miRNA
predicted to target HDAC2, and its expression was significantly increased in C5.1 (BAP1%/¥°)
cells compared to MeT5A (BAP1**), with a similar trend in C3.1 (BAP1%/¥°) cells. It would in
future be interesting to validate the predicted target site for let-7f-5p in the HDAC2 3'UTR

as the first step in exploring potential mechanistic link.

8.5 Mechanisms by which BAP1 may regulate miRNAs

In both the isogenic MeT5A model and the MPM cell panel, | observed a bias towards
downregulation of miRNA expression in BAP1-deficient cells (Fig. 5.7, Fig. 6.7 and Table 8.1).
BAP1 can regulate transcription through mechanisms that involve its DUB activity towards
histone H2A and chromatin associated factors, or its recruitment to specific promoters in
multi-protein complexes that activate transcription (Fig. 1.2). Its diverse roles as a
transcriptional activator likely account for the differential miRNA expression upon BAP1
deficiency in isogenic cell lines (chapter 5) and BAP1-negative MPM cell lines (chapter 6).

miRNAs are either transcriptionally linked to the expression of their host genes or have their
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own gene promoters. It is likely that BAPT deficiency within multi-protein complexes, like
those with HCF-1 (Machida et al., 2009; Misaghi et al., 2009) that activate gene transcription
either at host gene or intergenic miRNA gene promoters, downregulates the transcription
of miRNA as well as protein-coding genes. Similarly, loss of BAP1 function within the PR-
DUB complex would favour chromatin repression through an increase in H2AK119UbT1. In
addition, loss of BAP1 protein increased expression of the histone methyltransferase EZH2
in MPM cells (LaFave et al., 2015) (see section 1.3.4.1). The silencing of ch14g32 miRNA
cluster by histone methylation was demonstrated in melanoma cell lines (Zehavi et al.,
2012), but whether a similar mechanism governs ch14g32.31 miRNA downregulation in
MPM cells, and whether this might be mediated by BAP1-dependent histone

methyltransferase activity are hypotheses that will need further exploration.

Whilst we demonstrated that BAP1 deficiency reduced HDAC2 expression (Sacco et al.,
2015), the consequences on histone deacetylation and gene transcription were not
explored in chapter 4. However, from the literature it could be speculated that ch14g32.31
miRNAs may be regulated by HDACs (see section 5.4). | observed silencing of ch14g32.31
miRNAs in almost half (6/14) of all BAP1-negative MPM cell lines, but only one of six BAP1-
positive that intriguingly is known to have copy number loss of HDAC2. Histone
deacetylation of miRNA gene promoter regions is a common method of miRNA silencing
in cancer (Lee and R, 2013). There is evidence for ch14g32.31 miRNA cluster silencing by
histone deacetylation in epithelial ovarian cancer cell lines (Zhang et al., 2008). Preliminary
data from the Coulson lab (Ashley Hall) now shows that HDACi treatment of BAP-negative
MPM cells can induce expression of ch14932.31 miRNAs. In the context of my data, |
observed BAP1-dependent HDAC2 downregulation, making a direct effect of HDAC2 on
ch14q32.31 unlikely. However, we have previously shown isoenzyme compensation when
BAP1 is depleted by siRNA in lung cancer cells, such that decreased HDAC2 expression was
accompanied by a compensatory increase in HDAC1 expression (Sacco et al., 2015). HDAC1
compensation was less evident in BAP1-negative MPM cell lines (Fig. 4.2A) and isogenic
MeT5A BAPT-mutant cell lines (Fig. 4.7B), nevertheless it would be important in future to
investigate the nature of epigenetic silencing of ch14q32 miRNA cluster in BAP1-deficient
MPM.

8.6 Regulation of BAP1 by miRNAs
miR-31-5p has previously been shown to regulate BAP1 in NSCLC (Yu et al., 2016), however

no correlative relationship was apparent in MPM cells (Fig. 7.8). This may in part be due to
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the higher frequency of BAP1 mutation in MPM compared with NSCLC (see Fig. 1.2),
meaning that BAP1 expression is often lost through other mechanisms in MPM. Target
prediction highlighted several other miRNA binding sites in the BAP1 3'UTR. These miRNAs
included miR-200a-5p, miR-200b-3p and miR-125b-5p, expression for all of which showed
an inverse correlation with BAP1 in MPM cell lines (chapter 7), suggesting that they may
regulate, or be regulated by, BAP1. 1 was able to demonstrate for the first time that BAP1 is
a target of miR-125b-5p, and proposed the idea that BAP1 and miR-125b-5p may operate
in a double-negative feedback loop that is highly dependent on the BAP1 status of the cell
(Fig. 7.13). As discussed in section 7.1, validation of the predicted miR-125b-5p target site
in the BAP1 3’'UTR by luciferase reporter gene assays would be required to determine
whether BAP1 is directly regulated by miR-125b-5p. If this is shown to be the case, it would
raise some interesting questions. Firstly, in MPM tumours which lose BAP1 protein
expression without an accompanying BAPT mutation, that is non-genetic cases, one could
entertain the possibility of therapeutically reactivating BAP1 through inhibiting miR-125b-
5p with miRNA inhibitors (see section 1.4.4). Secondly, as miRNA profiles are highly tissue-
context specific, it would be interesting to establish whether miR-125b-5p regulation of
BAP1 extends beyond MPM, into other tumour types with frequent BAP1 loss, such as UVYM
and RCC.

8.7 Potential to utilise BAP1-dependent miRNAs as surrogate biomarkers for BAP1
loss

As loss of BAP1 protein can support a diagnosis of MPM (Nasu et al., 2015), surrogate
markers for BAP1 loss that are detectable by liquid biopsy, such as miRNAs, could hold
value as non-invasive diagnostic or prognostic biomarkers in MPM (see section 1.3.2.3).
miRNAs that show increased expression in BAP1"/*° cell lines compared to MeT5A (BAP1+),
and in BAP1-negative compared to BAP1-positive MPM cell lines, would provide the best
candidate biomarkers. Several miRNAs fit these criteria, including miR-4516, miR-664a-3p,
miR-126-3p and miR-200b-3p (Table 8.1). Although their association with BAP1-status does
not always reach statistical significance in all models, these miRNAs merit further
investigation for their potential to be utilised as surrogate markers for BAP1 loss in MPM. In
the short term it would be important to validate their expression by qRT-PCR not only in
the isogenic MeT5A BAP1"7%° cell lines, but in an expanded panel of 24 MPM cell lines now
available in the lab. The prospect of expanding investigation of these BAP1-dependent
miRNAs into clinical samples is another future aim. Tissue microarrays (TMAs) with samples

from over 700 MPM patients are available through MesobanK. Another project in the
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Coulson lab (Sarah Taylor) will characterise BAP1 expression in these TMAs and it would be
of interest to investigate any relationship to the expression of BAP1-dependent miRNAs
using BaseScope assays (Advanced Cell Diagnostics). This in-situ hybridisation method can
be used to detect short (50-300 bp) target sequences such as pre-miRNA (60-70 bp). Probes
can be designed against the pre-miRNAs of interest and either fluorescently labelled for
direct visualisation, or conjugated to chromogenic dyes. Importantly, matched serum and
plasma samples are also available in MesobanK, which would have utility in the clinical
investigation of significantly upregulated miRNAs as surrogate liquid biopsy markers for
BAP1 loss.

8.8 Potential to drug BAP1-dependent adaptations in MPM

Our search for BAP1-dependencies in MPM that might be targeted through synthetic lethal
approaches have highlighted a number of protein targets that are potentially druggable,
including ICAM1, SERPINE1, ASS1 (chapter 3) and HDAC2 (chapter 4). We showed that
genetic BAP1 inactivation and reduced HDAC2 expression increased resistance to HDACi
(see section 4.5). Although clinical trials of vorinostat in MPM have to date proven
unsuccessful (Krug et al., 2015), we speculate that HDACi use might prove more successful
if patients were stratified by BAPT mutation status and HDAC2 expression. Targeting high
ICAM1 or SERPINE1 expression may be of utility in BAP1-deficient MPM tumours, indeed
there are mAbs against human anti-ICAM1 such as BI-505, which has shown anti-tumour
activity in mouse models of multiple myeloma (Veitonmaki et al., 2013). Such approaches
may diminish the pro-invasive and metastatic phenotype typically associated with high
expression of these proteins (Mendez et al., 2009; Liu et al., 2008; Rosette et al., 2005). ASS1
is the rate-limiting enzyme for arginine biosynthesis, and is already of interest in MPM as
~50% do not express ASS1 (Szlosarek et al., 2006), and show synthetic lethality with
arginine deprivation using ADI-PEG20 and with inhibition of polyamine metabolism (Locke
et al, 2016). However, in our study, we observed increased expression of ASS1 in BAPI-
mutant cells (Fig. 3.7 and Fig. 3.11), thus we speculate that MPM with BAP7-deficiency
might show synthetic lethality with direct ASS1 inhibition. In an ongoing project in the
Coulson lab (Sarah Taylor) a-Methyl-DL-aspartic acid, an analogue that can target the

arginine biosynthesis pathway, is being used to test this hypothesis.
In addition to their potential to inform diagnosis and patient stratification, BAP1-

dependent changes in miRNA expression also highlight other potential protein

adaptations to BAPT-deficiency, that may not be directly detected by proteomics (due to
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relatively low proteome coverage). By interrogating the miRNA-gene targets for
significantly requlated miRNAs, such as those belonging to the ch14g32.31 miRNA locus,
there is the potential to detect a synthetic lethal phenotype in BAPT-deficient MPM cells.

In conclusion, through use of novel isogenic cell models (generated in house) and well
characterised low passage MPM cell lines from MesobanK, we have begun to unravel the
biology of BAP1-deficient MPM, and established a “discovery” pipeline for synthetic lethal
approaches to exploit vulnerabilities on BAP1 loss of function. | have also identified
miRNAs that could account for post-transcriptional, rather than genetic, inactivation of
BAP1, which may need to be considered when stratifying BAP1-status in MPM patients. The
clinical material now available through MesobanK will allow these studies to be moved
forwards, but there remains a need for new pre-clinical models of BAP1-deficient MPM,
such as in vitro 3D cultures/organoids of BAP1-deficient MPM cell lines, and in vivo mouse
models of BAPT together other MPM-related mutations, to further advance the discovery

of targeted therapies for MPM.
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Appendices

Appendix Figure 5.1: Relationships between biological replicates following

normalisation of miRNA expression using “all genes”
Scatter plots show inter-replicate comparisons of counts for 798 miRNAs from NS1,
following background subtraction and normalisation of miRNA expression to all 798
miRNA genes “all genes”. Comparisons for cell lines MeT5A (BAP1**) and isogenic BAP1-
mutant cell lines BAP1*"*, C5.1 (BAP1*7*°) and C3.1 (BAP1%/*©) are shown. Power
regression equation and R? values are displayed. BR: biological replicate.
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Appendix Figure 5.2: Relationships between biological replicates following
normalisation of miRNA expression using “housekeeping genes”

Scatter plots show inter-replicate comparisons of counts for 798 miRNAs from NST,
following background subtraction and normalisation of miRNA expression to the
housekeeping genes (B2M, GAPDH, ACTB, RPLPO, RPL19). Comparisons for cell lines
MeT5A (BAP1**) and isogenic BAPT-mutant cell lines BAP1*"*, C5.1 (BAP1*/%°)and C3.1
(BAP1*7%%) are shown. Power regression equation and R? values are displayed. BR:

biological replicate.
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Appendix Figure 5.3: Relationships between biological replicates following
normalisation of miRNA expression using “combined positive and negative

ligation genes”

Scatter plots show inter-replicate comparisons of counts for 798 miRNAs from NST,
following background subtraction and normalisation of miRNA expression to the six
combined positive and negative ligation genes. Comparisons for cell lines MeT5A
(BAP1**) and isogenic BAP1-mutant cell lines BAP1%/*, C5.1 (BAP1*/*°) and C3.1 (BAPT*
/%) are shown. Power regression equation and R? values are displayed. BR: biological

replicate.
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Appendix Figure 5.4: Relationships between biological replicates following
normalisation of miRNA expression using “positive controls”
Scatter plots show inter-replicate comparisons of counts for 798 miRNAs from NST,
following background subtraction and normalisation of miRNA expression to the
positive controls. Comparisons for cell lines MeT5A (BAP1*/*) and isogenic BAPT-mutant
cell lines BAP1*"*, C5.1 (BAP1*/*°) and C3.1 (BAP1*/*°) are shown. Power regression
equation and R? values are displayed. BR: biological replicate.
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Appendix Figure 5.5: Visualisation of miRNA-gene target networks for
representative GO terms.

miRNA-gene target interactions for clusters C1 and C5 were extracted from miRWalk2.0
database (http://zmf.umm.uni-heidelberg.de/apps/zmf/mirwalk2  /index.html).
Network maps for gene lists enriched within significant GO terms “Cell motility”, “G1/S
transition of mitotic cell cycle”, “Protein deubiquitylation” and “RISC complex” are
illustrated. The box beneath each miRNA indicates whether the miRNA was up-
regulated (orange) or down-regulated (blue), in both isogenic BAPT*7° cell lines
(cluster 1), or in C5.1 (BAP1*7%°) cells (cluster C5).
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GO: G1/S Transition of Mitotic Cell Cycle . Down-regulated . Up-regulated
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GO: Protein Deubiquitylation . Down-regulated . Up-regulated
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GO: RISC Complex
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Appendix Table 5.1: Log: ratios of significantly modulated miRNAs from the venn
diagrams in Fig. 5.8A and B.
The tables list the significantly modulated miRNAs vs. MeT5A (BAP1**) in individual
isogenic MeT5A BAPT1-mutant cell lines, significantly modulated miRNAs in common to
isogenic BAP1*7 cell lines C3.1 and C5.1 only, and significantly modulated miRNAs in
common to all three isogenic MeT5A BAPT-mutant cell lines (NS1).

Significantly modulated miRNAs: BAPT""*
miRNA Target Sequence Log. Fold
Change
vs. MeT5A
(BAP1+*)
hsa-miR-509-5p UACUGCAGACAGUGGCAAUCA 2.25
hsa-miR-34c-3p AAUCACUAACCACACGGCCAGG 2.02
hsa-miR-323b-3p CCCAAUACACGGUCGACCUcCuU 1.82
hsa-miR-3168 GAGUUCUACAGUCAGAC 1.54
hsa-miR-190b UGAUAUGUUUGAUAUUGGGUU 1.47
hsa-miR-664a-3p UAUUCAUUUAUCCCCAGCCUACA 1.40
hsa-miR-1246 AAUGGAUUUUUGGAGCAGG 1.25
hsa-miR-361-3p UCCCCCAGGUGUGAUUCUGAUUU 1.08
hsa-miR-155-5p UUAAUGCUAAUCGUGAUAGGGGU 0.99
hsa-miR-181a-5p AACAUUCAACGCUGUCGGUGAGU 0.79
hsa-miR-1306-5p | CCACCUCCCCUGCAAACGUCCA 0.63
hsa-miR-342-3p UCUCACACAGAAAUCGCACCCGU 0.58
hsa-miR-374a-5p UUAUAAUACAACCUGAUAAGUG -0.69
hsa-miR-148a-3p UCAGUGCACUACAGAACUUUGU -0.71
hsa-miR-340-5p UUAUAAAGCAAUGAGACUGAUU -0.96
hsa-miR-335-5p UCAAGAGCAAUAACGAAAAAUGU -1.11
hsa-miR-301b-3p CAGUGCAAUGAUAUUGUCAAAGC -1.23
hsa-miR-19a-3p UGUGCAAAUCUAUGCAAAACUGA -1.24
hsa-miR-302a-5p ACUUAAACGUGGAUGUACUUGCU -1.70
hsa-miR-410-3p AAUAUAACACAGAUGGCCUGU -1.83

Significantly modulated miRNAs: C5.1 (BAP1"/%0)

miRNA Target Sequence Log; Fold
Change
vs. MeT5A
(BAP1*")
hsa-miR-99a-5p AACCCGUAGAUCCGAUCUUGUG 3.37
hsa-miR-4531 AUGGAGAAGGCUUCUGA 2.71
hsa-miR-221-5p ACCUGGCAUACAAUGUAGAUUU 2.45
hsa-miR-515-5p UUCUCCAAAAGAAAGCACUUUCUG 1.88
hsa-miR-181a-5p AACAUUCAACGCUGUCGGUGAGU 1.78
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hsa-miR-30a-5p UGUAAACAUCCUCGACUGGAAG 1.74
hsa-miR-125b-5p UCCCUGAGACCCUAACUUGUGA 1.71

hsa-miR-100-5p AACCCGUAGAUCCGAACUUGUG 1.65
hsa-miR-5196-3p UCAUCCUCGUCUCCCUCCCAG 1.51

hsa-miR-6732-3p UCAUCCUCGUCUCCCUCCCAG 1.51

hsa-miR-197-5p CGGGUAGAGAGGGCAGUGGGAGG 1.48
hsa-miR-571 UGAGUUGGCCAUCUGAGUGAG 1.35
hsa-miR-1827 UGAGGCAGUAGAUUGAAU 1.30
hsa-miR-30a-3p CUUUCAGUCGGAUGUUUGCAGC 1.28
hsa-miR-31-5p AGGCAAGAUGCUGGCAUAGCU 1.17
hsa-miR-30c-5p UGUAAACAUCCUACACUCUCAGC 1.15
hsa-miR-361-3p UCCCCCAGGUGUGAUUCUGAUUU 1.14
hsa-miR-450a-5p UUUUGCGAUGUGUUCCUAAUAU 1.13
hsa-miR-222-3p AGCUACAUCUGGCUACUGGGU 1.08
hsa-miR-484 UCAGGCUCAGUCCCCUCCCGAU 1.06
hsa-miR-30e-3p CUUUCAGUCGGAUGUUUACAGC 1.04
hsa-miR-155-5p UUAAUGCUAAUCGUGAUAGGGGU 1.01

hsa-miR-27a-3p UUCACAGUGGCUAAGUUCCGC 0.98
hsa-miR-378i ACUGGACUUGGAGUCAGAAGG 0.98
hsa-miR-30d-5p UGUAAACAUCCCCGACUGGAAG 0.97
hsa-miR-664a-3p UAUUCAUUUAUCCCCAGCCUACA 0.97
hsa-miR-320e AAAGCUGGGUUGAGAAGG 0.94
hsa-miR-454-3p UAGUGCAAUAUUGCUUAUAGGGU 0.87
hsa-miR-151a-5p UCGAGGAGCUCACAGUCUAGU 0.86
hsa-miR-29a-3p UAGCACCAUCUGAAAUCGGUUA 0.84
hsa-miR-342-3p UCUCACACAGAAAUCGCACCCGU 0.83
hsa-miR-29b-3p UAGCACCAUUUGAAAUCAGUGUU 0.82
hsa-let-7f-5p UGAGGUAGUAGAUUGUAUAGUU 0.81

hsa-miR-21-5p UAGCUUAUCAGACUGAUGUUGA 0.80
hsa-miR-23a-3p AUCACAUUGCCAGGGAUUUCC 0.80
hsa-miR-29¢-3p UAGCACCAUUUGAAAUCGGUUA 0.79
hsa-miR-28-3p CACUAGAUUGUGAGCUCCUGGA 0.70
hsa-miR-221-3p AGCUACAUUGUCUGCUGGGUUUC 0.65
hsa-let-7i-5p UGAGGUAGUAGUUUGUGCUGUU 0.64
hsa-miR-26a-5p UUCAAGUAAUCCAGGAUAGGCU 0.64
hsa-miR-345-5p GCUGACUCCUAGUCCAGGGCUC 0.60
hsa-miR-1260b AUCCCACCACUGCCACCAU -0.59
hsa-miR-374a-5p UUAUAAUACAACCUGAUAAGUG -0.66
hsa-miR-196a-5p UAGGUAGUUUCAUGUUGUUGGG -0.74
hsa-miR-590-5p GAGCUUAUUCAUAAAAGUGCAG -1.04
hsa-miR-628-5p AUGCUGACAUAUUUACUAGAGG -1.04
hsa-miR-208b-3p AUAAGACGAACAAAAGGUUUGU -1.24
hsa-miR-340-5p UUAUAAAGCAAUGAGACUGAUU -1.25
hsa-miR-4286 ACCCCACUCCUGGUACC -1.55
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hsa-miR-135b-5p UAUGGCUUUUCAUUCCUAUGUGA -1.76
hsa-miR-410-3p AAUAUAACACAGAUGGCCUGU -1.93
hsa-miR-891a-5p UGCAACGAACCUGAGCCACUGA -2.08
hsa-miR-34c-5p AGGCAGUGUAGUUAGCUGAUUGC -2.18
hsa-miR-3161 CUGAUAAGAACAGAGGCCCAGAU -2.21
hsa-miR-766-3p ACUCCAGCCCCACAGCCUCAGC -2.36
hsa-miR-145-5p GUCCAGUUUUCCCAGGAAUCCCU -2.37
hsa-miR-154-5p UAGGUUAUCCGUGUUGCCUUCG -2.77
hsa-miR-539-5p GGAGAAAUUAUCCUUGGUGUGU -2.82
hsa-miR-495-3p AAACAAACAUGGUGCACUUCUU -2.94
hsa-miR-433-3p AUCAUGAUGGGCUCCUCGGUGU -3.21
hsa-miR-432-5p UCUUGGAGUAGGUCAUUGGGUGG -3.32
hsa-miR-656-3p AAUAUUAUACAGUCAACCUCU -3.41
hsa-miR-758-3p UUUGUGACCUGGUCCACUAACC -3.47
hsa-miR-411-3p UUUGUGACCUGGUCCACUAACC -3.47
hsa-miR-337-3p CUCCUAUAUGAUGCCUUUCUUC -3.59
hsa-miR-136-5p ACUCCAUUUGUUUUGAUGAUGGA -3.96
hsa-miR-377-3p AUCACACAAAGGCAACUUUUGU -3.97
hsa-miR-381-3p UAUACAAGGGCAAGCUCUCUGU -4.00
hsa-miR-411-5p UAGUAGACCGUAUAGCGUACG -4.09
hsa-miR-376b-3p AUCAUAGAGGAAAAUCCAUGUU -4.21
hsa-miR-370-3p GCCUGCUGGGGUGGAACCUGGU -4.25
hsa-miR-485-3p GUCAUACACGGCUCUCcCUcCucu -4.39
hsa-miR-543 AAACAUUCGCGGUGCACUUCUU -4.99
hsa-miR-299-5p UGGUUUACCGUCCCACAUACAU -5.05
hsa-miR-337-5p GAACGGCUUCAUACAGGAGUU -5.08
hsa-miR-431-5p UGUCUUGCAGGCCGUCAUGCA -5.11
hsa-miR-379-5p UGGUAGACUAUGGAACGUAGG -5.17
hsa-miR-323a-3p CACAUUACACGGUCGACCUcCU -5.30
hsa-miR-127-3p UCGGAUCCGUCUGAGCUUGGCU -5.36
hsa-miR-487a-3p AAUCAUACAGGGACAUCCAGUU -5.41
hsa-miR-487b-3p AAUCGUACAGGGUCAUCCACUU -5.43
hsa-miR-382-5p GAAGUUGUUCGUGGUGGAUUCG -6.18
hsa-miR-409-3p GAAUGUUGCUCGGUGAACCCCU -6.85
hsa-miR-376c-3p AACAUAGAGGAAAUUCCACGU -7.11
hsa-miR-376a-3p AUCAUAGAGGAAAAUCCACGU -7.62
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Significantly modulated miRNAs: C3.1 (BAP1"/%?)

miRNA Target Sequence Log; Fold
Change
vs. MeT5A
(BAPT*"™)

hsa-miR-4516 GGGAGAAGGGUCGGGGC 5.16
hsa-miR-2116-5p GGUUCUUAGCAUAGGAGGUCU 2.65

hsa-miR-4488 AGGGGGCGGGCUCCGGCG 2.16
hsa-miR-1246 AAUGGAUUUUUGGAGCAGG 2.10
hsa-miR-5196-3p UCAUCCUCGUCUCCCUCCCAG 1.55

hsa-miR-6732-3p UCAUCCUCGUCUCCCUCCCAG 1.55

hsa-miR-126-3p UCGUACCGUGAGUAAUAAUGCG 1.32

hsa-miR-6721-5p UGGGCAGGGGCUUAUUGUAGGAG 1.27
hsa-miR-155-5p UUAAUGCUAAUCGUGAUAGGGGU 1.02
hsa-miR-664a-3p UAUUCAUUUAUCCCCAGCCUACA 1.01

hsa-miR-26a-5p UUCAAGUAAUCCAGGAUAGGCU 0.98
hsa-miR-361-3p UCCCCCAGGUGUGAUUCUGAUUU 0.90
hsa-miR-222-3p AGCUACAUCUGGCUACUGGGU 0.83
hsa-miR-301a-3p CAGUGCAAUAGUAUUGUCAAAGC 0.80
hsa-miR-132-3p UAACAGUCUACAGCCAUGGUCG 0.77
hsa-miR-188-5p CAUCCCUUGCAUGGUGGAGGG 0.73
hsa-miR-30a-5p UGUAAACAUCCUCGACUGGAAG 0.69
hsa-miR-1306-5p CCACCUCCCCUGCAAACGUCCA 0.68
hsa-miR-26b-5p UUCAAGUAAUUCAGGAUAGGU 0.67
hsa-miR-30d-5p UGUAAACAUCCCCGACUGGAAG 0.67
hsa-miR-29¢-3p UAGCACCAUUUGAAAUCGGUUA 0.65
hsa-let-7g-5p UGAGGUAGUAGUUUGUACAGUU 0.63
hsa-miR-454-3p UAGUGCAAUAUUGCUUAUAGGGU 0.63
hsa-miR-183-5p UAUGGCACUGGUAGAAUUCACU 0.62
hsa-miR-125a-3p ACAGGUGAGGUUCUUGGGAGCC -0.65
hsa-miR-148a-3p UCAGUGCACUACAGAACUUUGU -0.79
hsa-miR-10a-5p UACCCUGUAGAUCCGAAUUUGUG -0.87
hsa-miR-135b-5p | UAUGGCUUUUCAUUCCUAUGUGA -0.90
hsa-miR-628-5p AUGCUGACAUAUUUACUAGAGG -0.99
hsa-miR-455-3p GCAGUCCAUGGGCAUAUACAC -1.05
hsa-miR-146b-5p | UGAGAACUGAAUUCCAUAGGCU -1.47
hsa-miR-1270 CUGGAGAUAUGGAAGAGCUGUGU -1.74
hsa-miR-410-3p AAUAUAACACAGAUGGCCUGU -1.88
hsa-miR-539-5p GGAGAAAUUAUCCUUGGUGUGU -2.76
hsa-miR-495-3p AAACAAACAUGGUGCACUUCUU -3.14
hsa-miR-433-3p AUCAUGAUGGGCUCCUCGGUGU -3.15
hsa-miR-370-3p GCCUGCUGGGGUGGAACCUGGU -3.27
hsa-miR-432-5p UCUUGGAGUAGGUCAUUGGGUGG -3.27
hsa-miR-377-3p AUCACACAAAGGCAACUUUUGU -3.59
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hsa-miR-136-5p ACUCCAUUUGUUUUGAUGAUGGA -3.91
hsa-miR-337-3p CUCCUAUAUGAUGCCUUUCUUC -4.03
hsa-miR-381-3p UAUACAAGGGCAAGCUCUCUGU -4.15
hsa-miR-758-3p UUUGUGACCUGGUCCACUAACC -4.19
hsa-miR-411-3p UUUGUGACCUGGUCCACUAACC -4.19
hsa-miR-656-3p AAUAUUAUACAGUCAACCUCU -4.20
hsa-miR-411-5p UAGUAGACCGUAUAGCGUACG -4.37
hsa-miR-337-5p GAACGGCUUCAUACAGGAGUU -4.43
hsa-miR-376b-3p AUCAUAGAGGAAAAUCCAUGUU -4.82
hsa-miR-299-5p UGGUUUACCGUCCCACAUACAU -4.94
hsa-miR-543 AAACAUUCGCGGUGCACUUCUU -5.25
hsa-miR-487b-3p AAUCGUACAGGGUCAUCCACUU -5.37
hsa-miR-323a-3p CACAUUACACGGUCGACCUcCU -5.70
hsa-miR-431-5p UGUCUUGCAGGCCGUCAUGCA -5.72
hsa-miR-485-3p GUCAUACACGGCUCUCcucCucu -5.96
hsa-miR-379-5p UGGUAGACUAUGGAACGUAGG -5.99
hsa-miR-127-3p UCGGAUCCGUCUGAGCUUGGCU -6.17
hsa-miR-487a-3p AAUCAUACAGGGACAUCCAGUU -6.20
hsa-miR-382-5p GAAGUUGUUCGUGGUGGAUUCG -6.27
hsa-miR-409-3p GAAUGUUGCUCGGUGAACCCCU -6.80
hsa-miR-376c-3p AACAUAGAGGAAAUUCCACGU -7.06
hsa-miR-376a-3p AUCAUAGAGGAAAAUCCACGU -7.24

1 significantly downregulated miRNA in common
BAP1""*,C5.1 (BAP1"%°) and C3.1 (BAPT1"¥°)

Log; Fold Change vs. MeT5A (BAP1*"*)

miRNA

BAP1""*

C5.1 (BAPT1%'%)

C3.1 (BAPT1%'%9)

hsa-miR-410-3p

-1.83 -1.93

-1.88

30 significantly downregulated miRNAs in common
C5.1 (BAP1*%°) and C3.1 (BAP1"¥°)

Log; Fold Change vs. MeT5A (BAP1*"*)
miRNA C5.1 (BAP1%/%0) C3.1 (BAP1%/%0)
hsa-miR-127-3p -5.36 -6.17
hsa-miR-135b-5p -1.76 -0.90
hsa-miR-136-5p -3.96 -3.91
hsa-miR-299-5p -5.05 -4.94
hsa-miR-323a-3p -5.30 -5.70
hsa-miR-337-3p -3.59 -4.03
hsa-miR-337-5p -5.08 -4.43
hsa-miR-370-3p -4.25 -3.27
hsa-miR-376a-3p -7.62 -7.24
hsa-miR-376b-3p -4.21 -4.82
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hsa-miR-376¢-3p -7.11 -7.06
hsa-miR-377-3p -3.97 -3.59
hsa-miR-379-5p -5.17 -5.99
hsa-miR-381-3p -4.00 -4.15
hsa-miR-382-5p -6.18 -6.27
hsa-miR-409-3p -6.85 -6.80
hsa-miR-411-5p -4.09 -4.37
hsa-miR-431-5p -5.11 -5.72
hsa-miR-432-5p -3.32 -3.27
hsa-miR-433-3p -3.21 -3.15
hsa-miR-485-3p -4.39 -5.96
hsa-miR-487a-3p -5.41 -6.20
hsa-miR-487b-3p -5.43 -5.37
hsa-miR-495-3p -2.94 -3.14
hsa-miR-539-5p -2.82 -2.76
hsa-miR-543 -4.99 -5.25
hsa-miR-628-5p -1.04 -0.99
hsa-miR-656-3p -3.41 -4.20
hsa-miR-758-3p -3.47 -4.19
hsa-miR-411-3p -3.47 -4.19

3 significantly upregulated miRNAs in common
BAP1""*,C5.1 (BAP1"%°) and C3.1 (BAPT1"¥°)

Log; Fold Change vs. MeT5A (BAP1**)
miRNA BAP1™ " C5.1 (BAP1%/%0) C3.1 (BAP1%/0)
hsa-miR-155-5p 0.99 1.01 1.02
hsa-miR-361-3p 1.08 1.14 0.90
hsa-miR-664a-3p 1.40 0.97 1.01

8 significantly upregulated miRNAs in common
C5.1 (BAP1*%%) and C3.1 (BAP1"¥°)

Log; Fold Change vs. MeT5A (BAP1*"*)
miRNA C5.1 (BAP1%/%0) C3.1 (BAP1%/%0)
hsa-miR-26a-5p 0.64 0.98
hsa-miR-29¢-3p 0.79 0.65
hsa-miR-30a-5p 1.74 0.69
hsa-miR-30d-5p 0.97 0.67
hsa-miR-222-3p 1.08 0.83
hsa-miR-454-3p 0.87 0.63
hsa-miR-5196-3p 1.51 1.55
hsa-miR-6732-3p 1.51 1.55
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Appendix Table 5.2: Log; fold changes vs. MeT5A (BAP1*"*) of 113 significantly
modulated miRNAs in isogenic MeT5A BAP1-mutant cell lines (NS1).

miRNA BAPT"'* C3.1 (BAP1**°) | C5.1 (BAP1"'°)

hsa-let-7f-5p 0.17 0.51 0.81

hsa-let-7g-5p 0.21 0.63 0.38
hsa-let-7i-5p 0.03 0.21 0.64
hsa-miR-100-5p 0.44 0.31 1.65
hsa-miR-10a-5p 0.4 -0.87 0.53
hsa-miR-1246 1.25 2.1 -0.45
hsa-miR-125a-3p -0.48 -0.65 -0.74
hsa-miR-125b-5p 0.22 -0.08 1.71

hsa-miR-126-3p 0.67 1.32 1.14
hsa-miR-1260b 0.36 0.09 -0.59
hsa-miR-127-3p -0.06 -6.17 -5.36
hsa-miR-1270 0.02 -1.74 -1.38
hsa-miR-1306-5p 0.63 0.68 0.11

hsa-miR-132-3p 0.01 0.77 0.29
hsa-miR-135b-5p -0.62 -0.9 -1.76
hsa-miR-136-5p -0.46 -3.91 -3.96
hsa-miR-145-5p -0.21 -1.34 -2.37
hsa-miR-146b-5p -1.28 -1.47 -1.2

hsa-miR-148a-3p -0.71 -0.79 -0.43
hsa-miR-151a-5p 0.34 0.7 0.86
hsa-miR-154-5p -0.02 -2.31 -2.77
hsa-miR-155-5p 0.99 1.02 1.01

hsa-miR-181a-5p 0.79 0.68 1.78
hsa-miR-1827 0.28 -0.53 1.3

hsa-miR-183-5p 0.18 0.62 -0.01
hsa-miR-188-5p 0.46 0.73 0.54
hsa-miR-190b 1.47 0.29 0.24
hsa-miR-196a-5p -0.22 0.21 -0.74
hsa-miR-197-5p 0.2 1.23 1.48
hsa-miR-19a-3p -1.24 0.13 -0.31
hsa-miR-208b-3p 0.58 -0.25 -1.24
hsa-miR-21-5p 0.08 0.59 0.8

hsa-miR-2116-5p 1.34 2.65 1.65
hsa-miR-221-3p -0.44 0.17 0.65
hsa-miR-221-5p 1.68 1.24 2.45
hsa-miR-222-3p 0.21 0.83 1.08
hsa-miR-23a-3p 0.2 0.45 0.8

hsa-miR-26a-5p 0.33 0.98 0.64
hsa-miR-26b-5p 0.19 0.67 0.45
hsa-miR-27a-3p -0.05 0.41 0.98
hsa-miR-28-3p -0.05 0.47 0.7

hsa-miR-299-5p -0.33 -4.94 -5.05
hsa-miR-29a-3p -0.06 0.29 0.84
hsa-miR-29b-3p -0.09 0.43 0.82
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hsa-miR-29¢c-3p 0.01 0.65 0.79
hsa-miR-301a-3p 0.48 0.8 0.07
hsa-miR-301b-3p -1.23 -0.41 0.09
hsa-miR-302a-5p -1.7 -0.89 -0.34
hsa-miR-30a-3p 0.24 -0.06 1.28
hsa-miR-30a-5p 0.71 0.69 1.74
hsa-miR-30c-5p 0.27 0.3 1.15
hsa-miR-30d-5p 0.6 0.67 0.97
hsa-miR-30e-3p 0.67 0.14 1.04
hsa-miR-31-5p 0.33 0.51 1.17
hsa-miR-3161 -1.78 -1.62 -2.21
hsa-miR-3168 1.54 1.06 1.69
hsa-miR-320e -0.04 0.77 0.94
hsa-miR-323a-3p -0.35 -5.7 -5.3
hsa-miR-323b-3p 1.82 1.16 1.17
hsa-miR-335-5p -1.11 -0.21 -0.16
hsa-miR-337-3p -0.42 -4.03 -3.59
hsa-miR-337-5p -0.46 -4.43 -5.08
hsa-miR-340-5p -0.96 -0.22 -1.25
hsa-miR-342-3p 0.58 -0.06 0.83
hsa-miR-345-5p 0.12 -0.43 0.6

hsa-miR-34c-3p 2.02 -0.06 0.3

hsa-miR-34c-5p 0.62 -2.64 -2.18
hsa-miR-361-3p 1.08 0.9 1.14
hsa-miR-370-3p -0.6 -3.27 -4.25
hsa-miR-374a-5p -0.69 -0.13 -0.66
hsa-miR-376a-3p -0.61 -7.24 -7.62
hsa-miR-376b-3p -0.79 -4.82 -4.21
hsa-miR-376c-3p -0.47 -7.06 -7.11
hsa-miR-377-3p -1.38 -3.59 -3.97
hsa-miR-378i -0.18 0.4 0.98
hsa-miR-379-5p -0.44 -5.99 -5.17
hsa-miR-381-3p -0.33 -4.15 -4

hsa-miR-382-5p -0.75 -6.27 -6.18
hsa-miR-409-3p -0.68 -6.8 -6.85
hsa-miR-410-3p -1.83 -1.88 -1.93
hsa-miR-411-3p -0.9 -4.19 -3.47
hsa-miR-411-5p -0.41 -4.37 -4.09
hsa-miR-4286 -0.19 0.22 -1.55
hsa-miR-431-5p -1.52 -5.72 -5.11
hsa-miR-432-5p -1.35 -3.27 -3.32
hsa-miR-433-3p -1.07 -3.15 -3.21
hsa-miR-4488 0.2 2.16 0.6

hsa-miR-450a-5p 0.25 0.65 1.13
hsa-miR-4516 1.22 5.16 2.13
hsa-miR-4531 1.69 2.06 2.71

hsa-miR-454-3p 0.54 0.63 0.87
hsa-miR-455-3p -0.44 -1.05 0.27
hsa-miR-484 -0.38 0.02 1.06
hsa-miR-485-3p -0.24 -5.96 -4.39

262



hsa-miR-487a-3p -0.72 -6.2 -5.41
hsa-miR-487b-3p -0.26 -5.37 -5.43
hsa-miR-495-3p -0.48 -3.14 -2.94
hsa-miR-509-5p 2.25 0.69 -0.22
hsa-miR-515-5p 0.06 0.61 1.88
hsa-miR-5196-3p 0.55 1.55 1.51

hsa-miR-539-5p -2.05 -2.76 -2.82
hsa-miR-543 -0.86 -5.25 -4.99
hsa-miR-571 -0.26 1.46 1.35
hsa-miR-590-5p -0.68 0.25 -1.04
hsa-miR-628-5p -0.36 -0.99 -1.04
hsa-miR-656-3p -0.71 -4.2 -3.41
hsa-miR-664a-3p 1.4 1.01 0.97
hsa-miR-6721-5p 0.51 1.27 1.13
hsa-miR-6732-3p 0.55 1.55 1.51

hsa-miR-758-3p -0.9 -4.19 -3.47
hsa-miR-766-3p -0.4 -0.61 -2.36
hsa-miR-891a-5p -1.85 -1.79 -2.08
hsa-miR-99a-5p 1.66 1.17 3.37
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Appendix Table 5.3: Log, fold changes vs. MeT5A (BAP1**) for significantly
modulated ch14q32.31 miRNAs identified in HCL cluster C1 (NS1).

Chromosome 14g32.31 miRNAs in HCL Cluster C1 (NS1)

Log: Fold Change vs. MeT5A (BAP1**)

miRNA BAPT1“'* C5.1 (BAP1%'%9) C3.1 (BAP1%'%9)
hsa-miR-127-3p -0.06 -5.36 -6.17
hsa-miR-136-5p -0.46 -3.96 -3.91
hsa-miR-154-5p -0.02 -2.77 -2.31
hsa-miR-299-5p -0.33 -5.05 -4.94
hsa-miR-323a-3p -0.35 -5.30 -5.70
hsa-miR-323b-3p 1.82 1.17 1.16
hsa-miR-337-3p -0.42 -3.59 -4.03
hsa-miR-337-5p -0.46 -5.08 -4.43
hsa-miR-370-3p -0.60 -4.25 -3.27
hsa-miR-376a-3p -0.61 -7.62 -7.24
hsa-miR-376b-3p -0.79 -4.21 -4.82
hsa-miR-376c-3p -0.47 -7.11 -7.06
hsa-miR-377-3p -1.38 -3.97 -3.59
hsa-miR-379-5p -0.44 -5.17 -5.99
hsa-miR-381-3p -0.33 -4.00 -4.15
hsa-miR-382-5p -0.75 -6.18 -6.27
hsa-miR-409-3p -0.68 -6.85 -6.80
hsa-miR-410-3p -1.83 -1.93 -1.88
hsa-miR-411-3p -0.90 -3.47 -4.19
hsa-miR-411-5p -0.41 -4.09 -4.37
hsa-miR-431-5p -1.52 -5.11 -5.72
hsa-miR-432-5p -1.35 -3.32 -3.27
hsa-miR-433-3p -1.07 -3.21 -3.15
hsa-miR-485-3p -0.24 -4.39 -5.96
hsa-miR-487a-3p -0.72 -5.41 -6.20
hsa-miR-487b-3p -0.26 -5.43 -5.37
hsa-miR-495-3p -0.48 -2.94 -3.14
hsa-miR-539-5p -2.05 -2.82 -2.76
hsa-miR-543 -0.86 -4.99 -5.25
hsa-miR-656-3p -0.71 -3.41 -4.20
hsa-miR-758-3p -0.90 -3.47 -4.19
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Appendix Table 6.1: Log: fold changes for 52 significantly modulated miRNAs in

BAP1-negative MPM cell lines vs. BAP1-positive MPM cell lines (NS2/NS3)

miRNA Log. Fold Change BAP1-negative
vs. BAP1-positive MPM cell lines

hsa-miR-654-3p 0.67
hsa-miR-551b-3p 1.07
hsa-miR-150-5p 0.73
hsa-miR-127-5p 0.78
hsa-miR-937-3p 0.61
hsa-miR-4451 0.82
hsa-miR-1295a 0.86
hsa-miR-936 0.69
hsa-miR-660-3p 0.6
hsa-miR-3690 0.63
hsa-miR-129-5p 0.85
hsa-miR-4787-5p 0.69
hsa-miR-509-3p 1.04
hsa-miR-592 0.69
hsa-miR-149-5p 1.12
hsa-miR-642a-5p 0.65
hsa-miR-513c-5p 0.75
hsa-miR-1-3p 0.83
hsa-miR-216a-5p 0.64
hsa-miR-506-3p 0.6
hsa-miR-200c-3p 1.06
hsa-miR-95-3p 1.32
hsa-miR-199a-5p -3.83
hsa-miR-1234-3p -1.29
hsa-miR-628-5p -1.56
hsa-miR-199a-3p -5.24
hsa-miR-199b-3p -5.24
hsa-miR-130a-3p -0.94
hsa-miR-99a-5p -2.32
hsa-miR-324-5p -0.92
hsa-miR-32-5p -1.21
hsa-miR-98-5p -0.6
hsa-miR-10a-5p -2.05
hsa-miR-218-5p -1.85
hsa-miR-148b-3p -1.15
hsa-miR-221-3p -1.62
hsa-miR-625-5p -1.67
hsa-miR-450b-5p -1.76
hsa-miR-582-5p -2.76
hsa-miR-374b-5p -1.06
hsa-miR-137 -3.32
hsa-miR-1973 -1.58
hsa-let-7i-5p -0.92
hsa-miR-651-5p -1.37
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hsa-miR-155-5p

-2.34

hsa-miR-130b-3p -1.63
hsa-miR-450a-5p -1.56
hsa-miR-3934-5p -1.43
hsa-miR-196b-5p -2.42
hsa-miR-186-5p -1.31
hsa-miR-424-5p -2.81
hsa-miR-503-5p -2.9
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