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Abstract:

Malignant pleural mesothelioma (MPM) is an aggressive and fatal malignancy. Gene
expression analysis of MPM tumours and use of MPM in vitro cell models are established tools
used to investigate the disease and identify potential therapeutic pathways. However, the study
of MPM has been hindered by the lack of normal human pleura to utilise as a control for

transcriptomic studies and to derive pre-clinical mesothelial cell models from.

Obtaining normal pleural tissue can be challenging and not accessible to many research
laboratories. | present data to support the use of visceral pleura acquired from two distinct
human tissue pipelines; routine lung resection surgery and post-mortem tissue from advanced
cancer patients. Using these samples, | provide a full morphological and structural evaluation
of human visceral mesothelium in homeostasis (n=18). Importantly, | found that pleural
samples from both tissue pipelines offer a viable source of human visceral mesothelial cells
(VMCs). These findings will enable the future adoption of these pipelines and the expansion of

human-based pleural studies by the research field.

In the limited human studies of normal pleura, pleural fluid from effusions remains the main
method of mesothelial cell isolation, although this produces a heterogeneous cell population of
parietal and visceral mesothelial cells. Here, | developed a method to isolate VMCs using
brushings of visceral pleura, which resulted in a VMC population with estimated purity of 92%
based on Cytokeratin 5 (CK5) expression (n=4). Subsequently, by implementing negative
selection for contaminating cell types, | purified pleural brushing cell populations by
Fluorescence-Activated Cell Sorting (FACS). The combination of pleural brushing and FACS-
purification enabled the elimination of immune cells, red blood cells, CD31-expressing
endothelial cells and CD90-expressing fibroblasts, thus improving purity to an estimated 95%
and yielding VMC cell counts of up to 25 x 10% (n=5). VMC populations were RNA Sequenced
for the first time, which generated novel insights into this cell type in homeostasis (n=4).

Importantly, this normal VMC dataset allowed us to elucidate upregulated pathways in MPM
using the MPM RNA sequencing dataset available through The Cancer Genome Atlas (TCGA).
Pathway analysis revealed 30 significantly upregulated pathways in MPM compared to normal
VMC s, including TGFp and Hedgehog signalling. Further exploration of the TCGA MPM
cohort showed higher expression of GLI2 in a subset of MPM tumours when compared to other
cancers and the association of TGFB2 with GLI1. Subsequent stimulation of MPM cells in vitro

with the cytokines TGFB1 and TGFp. resulted in a significant increase of GLI1 and GLI2



MRNA levels. These results suggest for the first time that there is an upregulation of GLI2 in
MPM which can be partially explained by convergence of TGFp signalling on Hedgehog

transcription factors.

Finally, siRNA and shRNA-mediated knockdown of GLI2 in MPM cell models resulted in
statistically significant reduction in cell viability and colony-forming capacity respectively.
Pharmacological inhibition of Hedgehog signalling with currently available GLI inhibitors
showed modest efficacy when tested in a panel of MPM cell lines (n=9). However, pathway
analysis of differentially expressed genes identified by microarray of shRNA-mediated GLI2
knockdown in H2803 cells, indicated that GLI2 may play a role in cell cycle regulation.
Therefore, the development of more potent and selective pharmacological agents for Hedgehog

pathway inhibition at the level of the GLI2 protein is warranted.



Impact statement:

Malignant pleural mesothelioma (MPM) is a rare cancer which occurs in the lining of the lungs,
the pleura. The pleura has two layers, the visceral layer is attached to the lung whilst the parietal
layer covers the chest wall. The pleura is composed of pleural mesothelial cells (PMCs), which
are called either visceral or parietal depending on the pleural layer from which they originate.
Despite decades of research, our understanding of the pathogenesis and potential treatments for
MPM remain poor. One of the limitations of MPM research is the lack of normal human pleura
with which to compare malignant pleura. Historically, the research field has over relied on
animal models for insights into PMC morphology and function. Therefore, studies of non-
malignant human pleura and new methods to establish normal PMC models are urgently needed
to better understand the differences between normal and malignant pleura.

The findings presented in this thesis address multiple important aspects of MPM research.
Firstly, 1 explore and expand the opportunities for normal human visceral pleura acquisition by
assessing two different tissue sources; samples from routine lung cancer surgery and post-
mortem samples from a national trial called PEACE. | found that both these tissue pipelines are
suitable for the study of visceral pleura, although each has distinct capabilities and limitations.
These sources are far more common than acquisition of non-malignant pleura from MPM

patients and thus offer a solution to the lack of human visceral pleura in research laboratories.

An additional limitation of the MPM field is the lack of knowledge surrounding the
premalignant stage of MPM, referred to as malignant mesothelioma in situ (MMIS). Recently,
the first official criteria for MMIS was published based on the loss of expression of an important
tumour suppressor protein called BAP1, in the PMCs of 10 patients with no known pleural
disease, of which 70% later developed MPM. | detected prominent loss of the protein BAPL1 in
proliferative mesothelial cells, in the non-malignant pleura of a kidney cancer patient. This pre-
malignant finding solidifies the need for further investigation of BAP1 expression in parietal
pleura biopsies. The post-mortem tissue resources outlined here could prove to be a useful tool

to identify, examine and further understand MMIS.

In addition, the research field is hindered by flawed human PMC isolation methods due to the
poor availability and limited study of normal human pleural tissue. To date, the most common
methodology for studying and establishing human PMC cultures is to use the excess pleural
fluid which occurs in many disease settings. However, in this thesis | describe a new isolation

method which entails the use of a cytology brush to collect VMCs from human visceral pleura.
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This offers an easy, fast and cheap way to isolate VMCs and could be used in all research
laboratories with access to lung resection samples. Furthermore, this pleural brushing method

could be applied to other mesothelial cell sites such as the parietal pleura and the peritoneum.

Finally, I implemented this new method to collect and analyse VMC populations by RNA
sequencing, which allowed the transcriptomic comparison of normal VMCs to MPM for the
first time. Based on insights from this transcriptomic comparison, | investigated Hedgehog
signalling and found an upregulation in the transcription factor GLI12 which appears to be a

pleiotropic regulator which may have therapeutic potential as a molecular target in MPM.
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1 Introduction

1.1 The human pleural mesothelium

1.1.1 Location and composition of pleural mesothelium

There are three embryonic germ layers; the ectoderm, mesoderm and endoderm. The
mesothelium is a single-cell epithelium-like serosal layer which originates from the lateral plate
mesoderm (1). It was first described by Bichat nearly 200 years ago, although the term was
coined later by Minot after his microscopic study of organs (2,3). All coelomic cavities are lined
with mesothelium, for the protection of encapsulated organs (4). The mesothelium covers the
heart, lungs, gut and tunica vaginalis (2-6) and is composed of specialised cells called

mesothelial cells (2,3).

The mesothelium which encapsulates the lungs is referred to as the pleura and is thought to be
a slowly renewing tissue composed of pleural mesothelial cells (PMCs) (3). The pleura consists
of two single cell layers of mesothelium (4,7-10). The layer attached to the lung is the visceral
pleura whereas the layer attached to the chest wall is the parietal pleura, as shown in Figure 1.1
(10). The gap between the layers is known as the pleural space and contains a small amount of

liquid which consists of immune cells, blood components and enzymes (Figure 1.1).

Pleural

space
Parietal Visceral
pleura pleura

L

|
/
Stomata / Elastic

Parietal pleura \ |

Pleural fluid

Visceral pleura

Mesothelial fibers

cells Interstitial
connective
tissue

Figure 1.1 Structure of human pleura. The visceral pleura is attached to the lung while the parietal pleura
is attached to the chest wall. The pleural space between the two pleural layers contains pleural fluid.

1.1.2 Ubiquitous functions of human mesothelial cells
Mesothelial cells in all human cavities share two key functions; to secrete lubricants forming a
non-adhesive layer which enables underlying organ movement and to provide physical and

mechanical protection of the underlying coelomic organ (2-4,11,12).
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Notably, studies over the last two decades have elucidated an additional specialised function of
mesothelial cells, although the precise mechanism by which they achieve this remains
incompletely defined. Lineage tracing studies and extensive immunostaining in human and
murine embryonic models have quantitatively shown that embryonic mesothelial cells of the
heart, lungs and gut are able to undergo mesenchymal transition, migrate to underlying tissue
and differentiate into vasculogenic cell types which become resident in sub-mesothelial
locations (4,7,12-16).

Rinkevich et al. conducted a study of adult mouse mesothelial cells which supported the
presence of a pluripotent lineage of mesothelin (MSLN)-expressing mesothelial cells which
gave rise to fibroblast and smooth muscle cells in vitro and in vivo (16). In this study, MSLN
was used as the only positive mesothelial cell marker. In parallel, endothelial and immune cell
markers were used to eliminate contaminating cell populations by Fluorescence-Activated Cell
Sorting (FACS). MSLN-positive mesothelial cells were extracted by FACS from mesothelium
of the lungs, liver, kidney, intestine, spleen, peritoneal wall and diaphragm (16). These MSLN-
expressing cells gave rise to fibroblast and smooth muscle cells in culture, which were found
to express alpha Smooth-Muscle Actin (aSMA), Thyl (CD90), Fibroblast-Specific Protein-1
(FSP-1) and vimentin (16). Although MSLN has been used as a marker of reactive and
malignant mesothelial cells, it is unclear to what extent this is expressed in other cell types.
Furthermore a report from human cytologic specimens indicated that MSLN is not selective
enough to be used as a ubiquitous marker of mesothelial cells, with reported 73% sensitivity
and 55% specificity (17). In addition, Dixit et al. found no expression of MSLN by
immunohistochemistry (IHC) in embryonic mouse visceral pleura (7). Therefore, there are
significant limitations in basing a PMC purification strategy on the presence of a positive
marker, including bias toward a subset of mesothelial cells. Subsequently, it is difficult to
discern if the fibroblast and stromal cells derived from MSLN-expressing cells in culture were
due to a progenitor population of mesothelial cells or if marker limitations may have caused

cell culture contamination with other cell types.

Interestingly, Dixit et al. showed in embryonic mouse pleura that Wilm’s Tumour-1 (Wt1)-
expressing visceral mesothelial cells (VMCs) contributed to cell populations of the lung
parenchyma, including a-SMA expressing vascular smooth muscle cells in pulmonary arteries
and veins as well as desmin positive peri-bronchiolar fibroblasts. These findings suggest that
embryonic pleural mesothelium could be a source of essential cell types of the lung parenchyma

in humans (7).
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In summary, shared functions of mouse mesothelial cells from different cavities have been
identified, yet their counterparts in humans are rarely compared. Although these studies indicate
a pluripotent mesothelial lineage in murine models, the quantitative validation of this and
identification of stem or progenitor cells in the pleura, is impeded by poor knowledge of

mesothelial cell markers, biology and difficulty in obtaining human pleural tissue.

1.1.3 Pleural mesothelium in homeostasis, inflammation and thoracic pathologies

Transmission electron microscopy (TEM) has shown that PMCs have abundant intracellular
organelles such as mitochondria, ribosomes, Golgi apparatus and rough endoplasmic reticulum
(18). This intracellular view indicates that the mesothelial cell is capable of significant

metabolic activity and may support the diverse functions of PMCs during pleural homeostasis.

PMCs are thought to be involved in the process of pleural fluid turnover, as they are
hypothesised to regulate fluid transport and clearance of debris from the pleural space (19).
PMCs are known to produce and secrete lubricants including glycosaminoglycans,

glycoproteins and surfactant, which allow frictionless movement of the lung (Figure 1.2).
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Figure 1.2 The functions of normal human visceral mesothelial cells. Visceral mesothelial cells form a
protective cellular barrier over the lung and secrete proteins such as surfactant and proteoglycans.
Mesothelial cells have also been shown to antigen present and secrete cytokines in response to
inflammatory mediators or pathogen. Schematic created using BioRender.

Another important function of PMCs in homeostasis is to produce connective tissue
macromolecules which form the sub-pleural connective tissue. A study of cultured rat PMCs
revealed their ability to synthesise collagen types I, 11l and IV, elastin, laminin, proteoglycans
and fibronectin (20). Similarly, cultured mouse MSLN-positive mesothelial cells secreted
collagen I and IV as well as fibronectin in short-term cell cultures (16). Interestingly, the study

of rat PMCs provided evidence that PMCs can organise macromolecules into structures
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including fibres and the basal lamina, a finding which supports PMCs as the cell type
responsible for sub-pleural connective tissue generation (2,3,8,10,20). Finally, PMCs have tight
junctions and desmosomes which tether them to the underlying basal lamina. The formation of
a continuous cellular layer of visceral mesothelium is thought to provide mechanical support to

the underlying lung.

A key function of PMCs is protective, as they can facilitate regeneration at sites where
denudation of mesothelium has been caused by an injurious agent (Figure 1.2). Multiple murine
studies have investigated the mechanism by which PMCs mediate serosal repair (21). Exposure
of normal murine pleural mesothelium to an injurious stimulus such as thermal injury or
carcinogenic fibres including carbon nanotubes and asbestos, results in induction of
inflammation (22-24). Stimulated PMCs are able to phagocytose, antigen present, recruit
neutrophils and macrophages to the site of injury as well as secrete cytokines (2,3,23-30).
Furthermore, in murine models, free-floating viable mesothelial cell numbers have been
reported to increase following injury. These studies labelled the free-floating mesothelial cells
and tracked their incorporation in repaired mesothelium (31,32). Thus, the mesothelium is
considered to be a source of metabolically active cells which are able to dynamically respond
to environmental cues and have wound healing and regenerative properties (1,33).

Importantly, study of the human pleural response to asbestos fibres has shown that mesothelial
cells are able to secrete a suite of pro-inflammatory cytokines including Tumour Necrosis
Factor alpha (TNFa), Interleukin (IL)-8 and IL-1p as well as growth factors Platelet-Derived
Growth Factor (PDGF) and Vascular Endothelial Growth Factor (VEGF) (22,34-36). In a
recent study of cultured mouse PMCs incubated with asbestos fibres for up to 48 hours, pro-
inflammatory cytokines IL-1, IL-6 and the macrophage-recruiting cytokine MIP-2 were
secreted. In addition, significant necrosis was present in asbestos treated cells when compared
to the non-treated control cells (37). This supports a model of PMC immune cell recruitment in

response to inflammation or injury of the mesothelium.

PMCs have been linked to several pathologies. PMCs have been suggested to contribute to the
formation of pleural plaques and pleural effusions as well as idiopathic pulmonary fibrosis (IPF)
(38-40). Transformation of PMCs into myofibroblasts by TGFp signalling in a process referred
to as mesothelial to mesenchymal transition (Meso-MT) has been proposed to contribute to IPF
pathogenesis (38,41-43). The PMC is thought to be a key cell type as it is involved in the

generation of increased amounts of collagen and fibrin in response to pleural injury as well as

19



increasing the population of fibroblast cells (44). The increase in production and deposition of
components usually produced in wound repair, is thought to causes some of the hallmarks of
IPF, including fibrinogenesis, scarring and restriction of the lung (33). In summary, the PMC
is a clinically important cell type and thus the study of its functions and responses to stimuli

require further investigation.

1.1.4 Morphology of pleural mesothelium

The development of scanning electron microscopy (SEM) allowed the study of the pleural
surface of human and murine tissue for the first time in the 1970s. Many early studies reported
that the pleura is characterised by microstructures, such as micropores which were postulated
to be functional openings to underlying tissue (45). In murine pleural homeostasis, VMCs have
been reported to measure 16 - 42 um in diameter and imaging has shown both bushy and sparse
microvilli of 0.5 - 2 um covering their luminal surface (Figure 1.3A) (45,46). The visceral
mesothelium is very thinat 1 - 4 um and VMCs resemble either flattened endothelial or cuboidal
epithelial cells in SEM imaging studies (45) (Figure 1.3). Diversity in VMC morphology has
been observed in human studies of pleural mesothelium (45,46). VMC morphology is thought
to be influenced by the characteristics of sub-mesothelial tissue such as the rigidity of
underlying musculature (45). Similarly, microvilli presence and density has been reported to
vary between samples and within pleural tissue from the same donor. One study reports that
murine microvilli density is linked to wound healing response and thus microvilli density could

be used as an indication of mesothelial cell functionality (27).

Imaging of the human parietal pleura has revealed small orifices called stomata, with
documented openings of 3 — 12 um (46). Peng et al. identified parietal pleural stomata in 2/11
patient tissues, although further investigation of their function was not conducted (Figure 1.3B).
Many have suggested that parietal pleura stomata serve as a type of pleural ‘sink’, which
connects with lymphatic vessels in sub-mesothelial tissue and enables clearance of debris and

cell particles, although there is currently no quantitative evidence of this.
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Figure 1.3 Scanning electron microscopy of human visceral and parietal pleura. A) Human visceral
mesothelial cells from the mediastinal pleura have a larger surface area and more microvilli than
diaphragmatic or parietal pleura (scale bar = 10 um) (45). B) Human parietal pleura has visible surface
openings (stomata), objective x 1,250 (46).

Animal studies have shown that in the days following injury of mesothelium, visible changes
entailed a reactive mesothelium with elongation of individual mesothelial cells and localised

macrophage recruitment (27).

In humans, frequent perturbation of the parietal pleura including mesothelial cell denudation
and fibrin deposition was reported in 100% of the 11 pleural samples assessed despite the
patients having no known pleural disease (46). This study suggests that the mesothelium is a
reactive cell membrane which is sensitive to a range of stimuli and undergoes morphological

changes when homeostasis is disrupted (46).

1.1.5 Anatomy and structure of sub-pleural tissue

Underpinning the visceral pleura is a thin layer of connective tissue composed of collagen
bundles, elastin and other fibrous components many of which are known to be secreted by
VMCs (1,25,47). This connective tissue also includes a basal lamina, to which mesothelial cells
are attached (Figure 1.4). A network of endothelial and fibroblast-lined lymphatic vessels,
arteries and capillaries are found in the sub-pleural connective tissue, which is also referred to
as the pulmonary interstitium (Figure 1.4). In studies of human visceral pleura, endothelial cells
are distinguished by their expression of Platelet Endothelial Cell Adhesion Molecule 1
(PECAM1/CD31) expression (12). Fibroblasts and pericytes in lung parenchyma have been
detected by expression of Platelet Derived Growth Factor Receptors PDGFRa and PDGFRf
(7,12,16). Importantly, there is a large population of immune cells in the sub-pleural space,

which patrol for pathogens and can be recruited to the lung surface by VMC-secreted cytokines
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(48). Adjacent to the sub-mesothelial connective layer there is aerated space, composed of
alveoli containing alveolar epithelial cells and immune cells (Figure 1.4). A recent imaging
study of mouse lungs reported alveolar ducts at a depth of 1.5 mm below the visceral pleura
(49). However, only one human lung sample was imaged and thus the sample size in this study
is too small to accurately quantify the depth at which human alveoli are present in sub-pleural
tissue (48,49).
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Figure 1.4 Schematic of the morphofunctional design of the pleural space. Systemic capillary (s.c.),
pulmonary capillary (p.c.). Schematic taken from (50).

Between the visceral and parietal pleura there is a slim opening of 10 — 20 um (Figure 1.4).
This area is known as the pleural space and contains pleural fluid at a volume of 0.1 — 0.3 mL/kg
during homeostasis (48). Pleural fluid provides a lubricated gap between the two serosal layers
(48). An abnormal accumulation of pleural fluid between these two layers is referred to as a
pleural effusion, which commonly occurs in a number of disease settings including respiratory

infection, heart failure and cancer (51).

The process of fluid clearance in the pleural cavity has been studied extensively in sheep and
rabbits (50,52). However, human studies are lacking, with pleural models based on animal
studies commonly extrapolated to humans. Although lymphatic stomata have not been
definitively shown as the filtering structures of the pleura, the parietal pleura is considered to
be a permeable membrane with a pleural fluid turnover estimated at 0.15 mL/hour in sheep
(50). In contrast, visceral pleura is thought to be less permeable. The process of pleural fluid
filtration is proposed to be controlled by hydraulic pressure gradients, osmosis and the presence

of Na+/K+ ATPase enzymes in parietal mesothelial cell membranes which facilitate transfer of
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sodium and potassium (48,53). Dysregulation of this dynamic fluid filtration and clearance
system results in the build-up of pleural fluid and development of a pleural effusion (40).

1.1.6 Limitations of pleural studies in animal models

Murine models as well as rabbit, sheep, hamster and dog have been used to characterise pleural
mesothelium. The thickness and morphology of the parietal pleura is broadly similar between
species. In contrast, the thickness of the visceral pleura and appearance of VMCs differs
significantly between species, due to the variability in method of blood supply. In humans, the
visceral pleura appears thick in histology sections whereas in mouse and rat pleura the thickness
is drastically reduced (54). In mouse pleura, the sub-mesothelial connective tissue is almost
indiscernible in comparison to humans, with alveoli much closer to the mesothelial basal lamina
(55,56). Thick visceral pleura such as human and sheep pleura is thought to receive blood from
systemic circulation, whereas thinner visceral pleura indicates blood supply from pulmonary

circulation (50,54). Thus, murine models poorly mimic the structure of human visceral pleura.

In addition, mouse lungs have different lung size, architecture and capacity, pleural fluid
volume, cellular organisation of airway epithelium and predisposition to MPM compared to
human lungs (57). Furthermore, rodents do not exhibit the same symptoms of pleural
pathologies including development of effusions and pleural malignancy. Thus, the insights into
PMC morphology and functions in murine studies may provide a poor model when extrapolated
to humans. These differences between animal and human pleura necessitate the identification

and use of human tissue sources for mesothelial and mesothelioma research.

1.2 Malignant pleural mesothelioma

1.2.1 Classification and epidemiology

Mesothelioma can occur in several body cavities such as in the serosal lining of the peritoneum,
pericardium and tunica vaginalis (25). However, malignant pleural mesothelioma (MPM) is the
most common type of mesothelioma as it accounts for 60-80% of cases (58,59). MPM is a rare
thoracic cancer, which can arise in either pleural layer but is thought to commonly originate in
the parietal pleura and spread to the visceral pleura (10). In the UK, MPM is the 18" most
common cancer and affects approximately 3 people per 100,000 annually (60).

MPM is mainly attributed to inhalation of the carcinogenic mineral asbestos. An estimated 75-
90% of MPM cases are linked to asbestos exposure (25). Cases of MPM began to increase in

the 1950s due to asbestos mining and widespread use in many industries (10). Wagner was the
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first to discover the link between asbestos and MPM in 1956 and subsequently bans on asbestos
imports into the UK were implemented in 1985 (10). Today, ashestos use is banned in only 55
countries, which leaves a significant proportion of the world population still exposed to the
mining and industrial use of this carcinogenic mineral. Furthermore, due to its widespread use
in previous decades, many buildings still have deposits of asbestos which were used for fire
proofing and insulation. Due to the latency of the disease, there is an estimated incidence peak
in MPM cases projected for 2020 (61), with complete remission of the malignancy not
anticipated until many decades later due to the unabated use of asbestos in certain countries
(62). MPM is commonly diagnosed in older patients due to long disease onset and statistically
affects more men than women, a phenomenon which can only be partially explained by male

occupational asbestos exposure (63).

There are three main histological subtypes of MPM; epithelioid constitutes ~60% of cases,
whilst sarcomatoid and biphasic (which is also referred to as mixed) make up ~20% each of the
remaining cases (10,64). Epithelioid MPM has a better prognosis than the other two types.
However, case reports on histological variants are constantly emerging. For example, signet-
like epithelioid mesothelioma and decidual mesothelioma are rare types of mesothelioma

recently reported by Ordonez et al. (64,65).

1.2.2 Model of MPM pathogenesis

Asbestos has two main forms, the serpentine form which includes chrysotile fibres and the
amphibole form which includes crocidolite and amosite (61). Of these asbestos types,
crocidolite is considered the most carcinogenic. An elegant study using a rat model of aerosol
asbestos inhalation, showed that asbestos fibres migrate rapidly from the airway epithelium,
through the alveolar space to the surface of visceral pleura, as shown in Figure 1.5 (30). The
study also showed gradual thickening of visceral pleura over a number of time points up to 365
days post-exposure of asbestos, as well as recruitment of neutrophils and macrophages to
pleural areas (30). This study reported delayed clearance and persistence of asbestos fibres in
the pleura. Once inhaled, asbestos is not biodegradable and thus it is possible that asbestos
persists in the pleura for decades, although the limitations of animal model life cycles do not
permit the long-term study of asbestos effects. In addition, the mechanism by which asbestos

fibres, once inhaled, pass from the airway epithelium to the visceral pleura, remains unexplored.
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Figure 1.5 Aerosol asbestos inhalation in a rat model. Scanning electron micrographs show crocidolite
asbestos lodged in the visceral pleura of rats, at 0 days post-cessation of aerosol asbestos inhalation. A)
A crocidolite fibre measuring 5.3 um is stuck to microvilli, adjacent to pleural stomata. B) Crocidolite

fibres are wedged in the diaphragmatic pleural surface and activated mesothelial cells are visible.
Adapted from Bernstein et al. (30)

The model for the development of mesothelioma is based on the hypothesis that mesothelial
cells undergo long-term inflammation-inducing processes when exposed to asbestos. The
pathogenesis of mesothelioma is thought to include induction of inflammation due to pleural
irritation by asbestos fibres, production of reactive oxygen species (ROS) which cause
mesothelial hyperplasia as well as accumulation of DNA damage, which gives rise to mutations,
aneuploidy and genomic instability (22,29). Combined, these cancer-inducing processes lead
to pleural malignancy after several decades. However, the precise mechanism by which

asbestos induces pleural carcinogenesis is still not clearly elucidated.

1.2.3 Symptoms, diagnosis and therapy

MPM patients commonly present with dyspnoea and localised pain due to the development of
pleural effusions. Pleural effusions often need to be drained multiple times to alleviate patient
symptoms (10,40,66,67). Diagnosis is often made at a late stage because symptoms typically
develop when there is a high disease burden. MPM is usually diagnosed by imaging, with
Computed Tomography (CT) scans frequently used. Magnetic Resonance Imaging (MRI) and
PET-CT scans are complementary and aid visualisation of MPM spread to thoracic structures.
In asbestos-exposed patients, the presence of asbestos-mediated disease such as pleural
thickening is also frequently diagnosed. As the malignancy progresses from sporadic nodules
on the pleura, it forms a tough rind which restricts the heart and lungs (65,68).

MPM is an aggressive and chemotherapy resistant cancer with a poor prognosis (67). Median
life expectancy depends on the MPM histological type but on average ranges from 8 — 36

months after diagnosis (63,69). Doublet chemotherapy with the platinum compound cisplatin
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and the anti-metabolite pemetrexed has been reported to offer an overall patient survival of 12.1
months when compared to the 9.3 months achieved with the single agent cisplatin (70). Despite
the limited efficacy of doublet chemotherapy, combination of cisplatin and pemetrexed is
licensed by NICE as standard of care for MPM patients in the UK (71).

For a limited subset of patients, which account for approximately 15% of MPM cases, there are
three surgical procedures available; pleurodesis, pleurectomy with decortication and extra-
pleural pneumonectomy (EPP) (72—74). For patients experiencing recurring pleural effusions,
pleurodesis inhibits their formation by the introduction of talc into the thoracic cavity which
closes the space between the two pleural layers (73). Pleurectomy with decortication includes
the removal of parietal pleura as well as excision of visible tumours (72). The most radical
surgical approach is EPP, which entails removal of the parietal pleura, part of the diaphragm,
pericardium and lung (69). Recent evidence from the MARS trial showed that radical surgery
by EPP was not beneficial to patient overall survival and was associated with higher morbidity
in the treated group compared to patients who did not undergo EPP (69). Subsequently, the
approach of EPP surgery has been limited. To date, the optimal surgical method has not been
established and no international agreement has been reached regarding MPM surgery with

curative intent.

Although a plethora of small molecule inhibitors and cell therapies have been implemented in
MPM clinical trials over the last few decades, the current treatment landscape remains reliant
on primitive cytotoxic drugs (62,75). Notably, one of the major downfalls of small molecule
inhibitor treatments, cell therapy and CAR-T cell approaches is that they do not take into
consideration the heterogeneity of MPM patients. Thus, clinical trials such as the Phase Il
Mesothelioma Stratified Therapy (MiST) trial (NCT03654833), which aims to categorise
patients into different treatment arms depending on the characteristics of their tumour histology,

offer an essential tailored clinical trial approach in this disease setting.

Use of immunotherapy in combination with chemotherapy has shown some modest potential
in early clinical trials. The MAPS-2 trial randomly categorised patients into two treatments
arms. Treatment of 68 patients with the Programmed Death Receptor 1 (PD-1) inhibitor
nivolumab and 64 patients with nivolumab and the CTLA-4 inhibitor ipilimumab, resulted in
disease control at 12 weeks in 50% and 44% of the groups respectively (76). MAPS-2 median
patient survival results were 11.9 months in the single agent group and 15.9 months in the

nivolumab and ipilimumab group. Furthermore, the Japanese Phase Il nivolumab trial, MERIT,
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reported similar results to MAPS-2 with response rates up to 29% although low level toxicities
were common in both trials (75). These results indicate some potency of checkpoint inhibitors
in the treatment of MPM, although longer follow up and additional endpoints in larger patient
cohorts are still required (75). The recent interim results of the Phase 111 CheckMate — 743 trial
(NCT02899299) which tested nivolumab (Opdivo) and ipilumumab (Yervoy) as first line
treatment for MPM compared to chemotherapy, showed potential in the ability of checkpoint
inhibition to prolong median overall survival of MPM patients by 4 months (77). The results of
currently active Phase 11/111 clinical trials are needed to conclude if immunotherapy efficacy
and safety profiles, warrant the addition of checkpoint inhibitors to the current treatment
paradigm for MPM (62,78).

1.2.4 Gene expression studies of normal pleura and MPM

1.2.4.1 Transcriptomic characterisation of normal visceral pleura

The genetic and transcriptomic landscape of normal PMCs remains poorly defined. A small
study conducted Affymetrix microarray analysis of 7 normal parietal and 3 normal visceral
tissue sections from human pleura and compared these to 5 malignant samples (79). This led to
observations of increased cell cycle, anti-apoptosis, mitosis and replication gene expression in
the malignant samples (79). However, this study was underpowered and thus is not able to
reflect the heterogeneity of MPM tumours and identify transcriptomic changes therein.
Furthermore, there was no histological data to support the presence of mesothelial cells in the
normal samples, which is a frequent biopsy challenge (46). Finally, bulk sequencing of a
heterogeneous tissue such as the visceral pleura does not allow the comprehensive
characterisation of VMCs, as the predominant cell types in these samples are likely to be

immune and stromal cells.

There is little transcriptomic information available on PMCs when compared with extensively
characterised airway epithelial cell populations (80). Recently, there have been several key
studies that have mapped the heterogeneity of cells in normal and IPF lungs using single cell
RNA sequencing (SCRNA-seq) (81-84). These scRNA-seq efforts include small populations of
mesothelial cells that were derived from lung digestion and are therefore likely to be VMCs.
Notably, the annotation and categorisation of ScRNA-seq barcoded cells intro subgroups by
UMAP analysis is based on known markers of each cell type. Therefore, as there is no
ubiquitous marker of mesothelial cells, there is disparity between published sScCRNA-seq studies
in the UMAP grouping of mesothelial cells. Adams et al. classed mesothelial cells as EpCAM+

epithelial cells (Figure 1.6A), whilst Reyfman et al. and Habermann et al. conducted grouping
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of mesothelial cells as EpCAM- stromal and mesenchymal cell populations respectively. In
addition, these datasets only contain a small number of mesothelial cells from a limited number
of healthy donors. Notably, the scRNA-seq study by Travaglini et al. contained only 29
mesothelial cells identified in 1/3 donors (81). In contrast, the study by Adams et al. offered a
larger sScRNA-seq mesothelial dataset (n=550). However, a caveat of this dataset was that an
average of 8 mesothelial cells and maximum of 54 mesothelial cells, were isolated from each
donor and mesothelial cells were identified in only 51/79 donors. The samples in which
mesothelial cells were identified, mainly constituted cases of COPD or IPF (Figure 1.6B).
Therefore, this analysis although valuable, provides a limited view of mesothelial cells in
homeostasis.
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Figure 1.6 UMAP analysis of epithelial lung cell types and donor disease states, in a single-cell RNA
sequencing study of human lung. A) Heterogeneity of human lung epithelial cells is shown by UMAP
analysis of scRNA-seq dataset. AT1: alveolar type 1 cells, AT2: alveolar type 2 cells. B) UMAP of
disease type of human lung samples used for sScRNA-seq. The study included 29 healthy controls, 18
Chronic Obstructive Pulmonary Disease (COPD) and 32 IPF cases. UMAP plots are available through
the IPF atlas (83).

Overall, the changes in transcriptional programmes between PMCs in homeostasis and pleural
malignancy remain largely unknown due to the rare nature of normal VMCs in cell populations
derived from lung digestion. As there is an unmet need to understand and develop better
treatments for MPM, there is demand for a better understanding of PMCs in homeostasis and
disease. Thus, there is significant value in isolating pure populations of human parietal and

visceral mesothelial cells for gene expression studies, which will allow us to determine if these
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cells differ, to understand their functions in homeostasis and to shed light on their role in pleural

malignancy.

1.2.4.2 Transcriptomic characterisation of MPM

The main purpose of pleural sequencing studies has been to gain insight into MPM. Over the
last decade the genetic and transcriptomic landscape of MPM has gradually been elucidated,
with a low mutation burden described in multiple reports (85-89). The genomic study by Bueno
et al. which analysed gene expression data from 216 MPM tumours, revealed recurring
mutations which resulted in loss-of-function of key tumour suppressors. Frequently mutated
tumour suppressors included Cyclin-Dependent Kinase Inhibitor 2A (CDKN2A) which is also
known as p16 and regulates the cell cycle, Neurofibromatosis Type 2 (NF2) which produces

the protein merlin, TP53 and the histone methyltransferase encoding gene SETD2 (85).

Several studies have reported mutations in BRCA1 Associated Protein-1 (BAP1), with up to
67% of MPM cases reported to harbour a BAP1 mutation. BAP1 is an important tumour
suppressor gene due to its function as a deubiquitinating (DUB) enzyme. BAP1, through its
DUB activity, regulates gene expression and cell processes ranging from DNA repair,
chromatin accessibility and mitochondrial calcium flux to apoptosis. The importance of BAP1
in MPM has been highlighted further by reports of germline BAP1 mutation inherited with an
autosomal dominant pattern, predisposing individuals to a range of cancers including uveal
melanoma, BCC and MPM (90). This finding combined with the frequent BAP1 mutations
reported in MPM, indicate a BAP1 cancer syndrome and an important association between
BAP1 mutation and MPM (58,61,90-92).

A summary of common mutations identified by RNA Sequencing in The Cancer Genome Atlas
(TCGA), a publicly available dataset of 86 MPM tumours, is shown in Figure 1.7A.
Interestingly, characterisation of the transcriptome of MPM samples revealed a low number of
coding alterations (Figure 1.7B). Overall, the genetic landscape of MPM is characterised by
mutations in tumour suppressor genes and subsequent tumour suppressor protein loss-of-
function (85,93,94).
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Figure 1.7 Mutations in MPM identified by whole genome sequencing. A) Most frequently mutated
genes in TCGA PanCancer Atlas dataset of 86 MPM tumours; 62 epithelioid, 23 biphasic and 1
sarcomatoid. B) Number of mutations in the 86 MPM samples in the TCGA PanCancer Atlas cohort.

1.2.5 Markers of normal and malignant mesothelial cells

1.2.5.1 Markers of normal pleural mesothelial cells

Despite the lack of an established pan-mesothelial cell marker, one of the genes often used in
studies of embryonic mesothelium is the transcription factor WT1 (4,7,95-97). WTL1 is
expressed in mesenchymal tissues which undergo a transition towards an epithelial phenotype
(12,97). Mouse mesothelial cells from embryonic heart and intestine have been shown to
express Wtl (5,6,98). Dixit et al. used Wtl expressing embryonic visceral pleura, ranging
between E10.5 to E14.5, to study the differentiation and migration process of embryonic PMCs
(7). Notably, Wtl IHC expression reduced over the course of embryonic development and
detectable expression in the visceral pleura was limited by embryonic stages E17.5 to E18.5.
This raises questions regarding the utility of Wtl as a marker of adult mesothelial cells. In
addition, expression of MSLN was not identified in mouse embryonic pleura used in this study

).

In human normal and reactive pleural mesothelium, a range of markers have shown modest
specificity. Kachali et al. reported that MSLN showed a sensitivity of 73% and specificity of
55% in human cytologic specimens whilst calretinin exhibited superior staining performance
with recorded sensitivity of 95% and specificity of 86% (17). Positive expression of a
combination of calretinin and Cytokeratin 5/6 (CK5/6) has also been reported as strongly
indicative of mesothelial cells, although these markers also label fibroblasts and airway

epithelial cells respectively (99).

PMCs are tethered to sub-pleural connective tissue and are thus in close proximity to stromal
cell types. In one study, the podoplanin antibody D2-40 was shown to have high sensitivity for

normal mesothelial cells yet this also stained endothelial cells of the lymphatic system, which
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are normally present in sub-pleural connective tissue (99,102). A separate study which focused
on the differentiation of MPM from lung adenocarcinoma, described calretinin, CK5/6, HBME-
1 as well as thrombomodulin and CD44 as useful markers of reactive pleural mesothelium
(100). Notably, thrombomodulin stained endothelium and CD44 also stained lymphocytes,
macrophages and fibroblasts (100). However, thrombomodulin and calretinin have been shown
to be more specific than HBME-1 in several studies, yet neither is suitable as a diagnostic
descriptor of mesothelial cells (101,102).

The bulk of IHC studies focus on the clinically significant challenge of differentiating MPM
from other lung neoplasms and thus markers are typically assessed by their sensitivity and
specificity to pleural malignancy. This has left the mesothelial marker field at a relatively
primitive stage, with rare studies highlighting the differences between mesothelial marker

expression in normal, reactive and malignant PMCs.

1.2.5.2 Markers of malignant mesothelial cells

MPM is a difficult to recognise malignancy due to its ability to grow in many histological
patterns (103). MPM may also resemble a variety of other lung pathologies, including lung
cancers which originate in the lung parenchyma but can grow over the pleural surface and thus
emulate MPM (Figure 1.8), as well as certain types of pleuritis (104). Furthermore, malignant
mesothelial cells have certain cytomorphological features such as nuclear atypia and
multinucleation, which resemble adenocarcinoma (66). However, the key limitation is the
current lack of a robust diagnostic marker for MPM (65,105,106).
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Pleural mesothelioma

70-90% of patients have prior asbestos
exposure, commonly initiates in
parietal then spreads to visceral pleura

Small cell lung cancer

Strongly associated with smoking, cells
resemble nerve or endocrine cells,
constitutes ~15% of lung cancers

Squamous cell
carcinoma

) Type of non-small cell lung cancer that
arises in proximal bronchi, constitutes
~25-30% oflung cancers

Adenocarcinoma

N The most common type of non-small
- cell lung cancer, arises in distal
airways, constitutes ~40% of lung
cancers

Figure 1.8 Comparison of pleural and lung malignancies. Schematic created using BioRender. Based
on descriptions from (58,96).

IHC is widely recognised as the most useful diagnostic tool for MPM (58,96,103,107). A panel
of IHC markers is typically used to differentiate MPM from similar malignancies such as
adenocarcinoma and squamous carcinoma (68) (Figure 1.8). The panel of markers
recommended by the International Mesothelioma Interest Group (iMig) for the differentiation
of MPM from other lung malignancies, is summarised in Table 1.1 (96). These markers are
used for analysis of suspect pleural effusions as well as tumour biopsies (96,105-108).
Recently, an antibody for the mucin-like protein HEG homologue 1 (HEG1) has been shown
to have high sensitivity for MPM, including desmoplastic and sarcomatoid subtypes (109). This
gene was known for its function in zebrafish heart formation and recent studies report its
involvement in the proliferation of MPM cells, indicating that HEG1 is an MPM-related antigen
(110).

However, a caveat of the MPM positive markers is that they are not specific in labelling only
one cell type (107,111). For example, the marker calretinin is expressed in 23 — 50% of
squamous cell carcinomas, in normal tissues as well as in some types of MPM (111). One study

32



supported the use of podoplanin instead of a combination of CK5 5/6 and WT1, as it reported
that strong cytoplasmic podoplanin expression was identified in 94 — 97% of reactive and
malignant mesothelial cells but only in 7% of adenocarcinomas (1/14) (39). An analysis of
HEG1 specificity showed that HEG1 was a highly sensitive marker for MPM although it stained
reactive mesothelium and normal endothelial tissue (110,112). Collectively, it is apparent that
correctly diagnosing MPM based on IHC is challenging and there is evident need for use of

multiple mesothelial and epithelial markers to make a correct diagnosis.

Table 1.1 Positive and negative markers recommended by iMig for the differentiation of MPM from
other malignancies. Wilms’ tumour 1 (WT1), mesothelin (MSLN), cytokeratin 5 (KRT5), podoplanin
(PDPN), calretinin (CALB2) are positive markers. Claudin 4 (CLDN4), thyroid transcription factor 1
(TTF-1), carcinoembryonic antigen (CEA), Epithelial cell adhesion molecule (EpCAM) often referred
to as Ber-Ep4/MOC-31and Napsin A (NAPSA) are negative markers.

Positive markers Negative markers
WT1 CLDN4
MSLN TTF-1
KRTS5 CEA
PDPN EpCAM
CALB2 NAPSA

1.2.6 BAP1 expression in normal and malignant mesothelial cells

Genomic studies in MPM cohorts found that BAP1 mutations resulted in protein truncation,
disruption of the Nuclear Localisation Signal (NLS) domain or heterozygous loss, which caused
BAP1 protein reduction or BAPL loss-of-function (113,114). BAP1 loss-of-function is
detectable by IHC and offers a potential biomarker for the differentiation and diagnosis of
certain subtypes of MPM. A large-scale analysis of 212 mesotheliomas reported that 66% of
tumours were BAP1-negative. In 100% of BAP1-negative samples there was detectable loss of
nuclear BAP1 expression by IHC (58). In contrast, all 12 benign mesotheliomas assessed in the
study retained nuclear expression of BAPL. Interestingly, of the 25 reactive mesothelial
proliferations assessed, BAP1 loss was 100% specific for progression to malignancy as 6/22
samples were BAP1-negative and these patients progressed to BAP1-negative MPM (58). Thus,
this study concluded that BAP1 IHC is 100% specific for BAP1-mutated MPM cases. A
separate study in a smaller patient cohort showed identical BAP1 specificity results, providing
confidence in BAP1 as a clinical tool. They reported BAP1 mutations in 64% (14/22) of MPM
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tumours investigated and out of these, BAP1 IHC showed nuclear loss of expression with 100%
specificity (58,115).

Collectively, there is robust evidence indicating that quantification of nuclear BAP1 by IHC
can provide evidence of BAP1 loss-of-function due to mutation, which supports the diagnosis
of MPM and in certain cases indicates high risk of developing MPM (116). As BAP1 mutations
are common in epithelioid MPM, BAP1 staining offers a potentially useful tool for BAP1-

negative epithelioid MPM differentiation from other malignancies.

Loss of nuclear BAP1 expression detected by IHC as well as homozygous detection of pl16
(CDKN2A) by fluorescence in situ hybridisation (FISH) have shown 100% specificity for
distinguishing MPM from reactive mesothelium (117). As with malignant PMCs, non-
malignant PMCs do not show ubiquitous expression of a known marker. However, in patients
without a germline BAP1 mutation, positive BAP1 nuclear expression should be present in
normal mesothelial cells and has been used previously to differentiate benign reactive
mesothelium from MPM (58). Importantly, multiple reports have shown that reactive

mesothelium retains BAP1 nuclear expression, as shown in Figure 1.9 (118).

Figure 1.9 BAP1 immunohistochemistry in reactive pleural mesothelium. A) H&E stain of reactive
mesothelium. B) IHC for BAP1 strongly stains nucleus and cytoplasm of reactive mesothelial cells.
Reproduced from Yoshimura et al. (118).

1.2.7 Malignant mesothelioma in situ (MMIS)

Most malignancies have a pre-invasive stage before the onset of invasive cancer, referred to as
carcinoma in situ. During this stage, cells harbour multiple mutations and exhibit cellular
hyperplasia which is detectable by histology. In carcinoma in situ there is no invasion or spread
to neighbouring tissue (119). This stage of malignancy is of clinical importance, as intervention
can apprehend development of cancer in many instances (120). Especially in the disease setting
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of MPM which is hindered by the lack of effective therapies, early diagnosis of pre-malignant
pleural areas and subsequent ablation or excision of these lesions could provide a vital curative

treatment for asbestos-exposed individuals.

Although small case reports have previously postulated the presence of mesothelioma in situ
(121,122), until recently MPM was not considered to have a pre-invasive stage as there was no
conclusive supporting evidence. This remains the case for UK clinical histopathology

guidelines stipulated by NICE.

A seminal study by Churg et al. conclusively proved the existence of mesothelioma in situ
(MMIS). In a cohort of 10 patients with MMIS, which consisted of 9 pleural cases and 1
peritoneal case, complete BAP1 loss-of-expression was demonstrated by IHC in surface
mesothelial cells (Figure 1.10). These cases showed no local invasion of mesothelial cells and
patients had no diagnosis of pleural malignancy or pleural pathologies, although one pleural
case presented with recurring pleural effusions (123). Interestingly, cytologic atypia was
present in only one MMIS case and thus was not considered a prerequisite for MMIS (Figure
1.10C). Surprisingly, only 1 case showed hyperproliferation in a papillary pattern, yet the
remaining 9 cases of MMIS cases formed a bland mesothelial cell monolayer on the pleural
surface which would not appear suspicious during routine histological examination.
Collectively, three criteria were selected as prerequisites for diagnosis of a pleural biopsy with
MMIS. The three criteria for MMIS are: the complete loss of BAP1 expression in the surface

mesothelium, no visible invasion of reactive mesothelium and no diagnosed pleural disease.
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Figure 1.10 Pleural cases of MMIS demonstrated by loss of nuclear BAP1 in mesothelial cells. A) H&E
stain demonstrates a monolayer of cuboidal, bland mesothelial cells. B) Loss of BAP1 expression
detected in the surface mesothelium by IHC. C) H&E stain of moderately atypical cuboidal mesothelial
cells. D) Loss of BAP1 in cuboidal mesothelial cells. Adapted from Churg et al. (123).

Mesothelial cytological changes and hyperplasia have been well documented and are usually
referred to as atypical or typical reactive mesothelium (124). This nomenclature has been used
to avoid overdiagnosis of pre-malignancy. Notably, although the study by Churg et al. is a
valuable contribution to the field, as it cements MMIS as a precursor stage to MPM, the scope
of 10 cases, of which 8 are morphologically identical, presents a limited view of an undoubtedly
varied pre-malignancy stage. Thus, further histological exploration of pleural tissues by
investigation of BAP1 expression is required to understand this asymptomatic but undoubtedly

overlooked pre-invasive stage of MPM.

Strikingly, in the study by Churg et al. 70% of MMIS cases progressed to invasive pleural
malignancy. This indicates that MMIS is a key stage in the progression to MPM and that the
simple assessment of pleural tissues described above, could support early patient diagnosis.
Early detection of MPM is not currently possible due to a lack of imaging sensitivity and the
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absence of a diagnostic biomarker (68). Therefore, the clinical translation of histopathological
MMIS findings would be particularly valuable. This warrants the further investigation of BAP1

loss-of-expression by IHC as a diagnostic tool, with which to identify MMIS.

In summary, pre-invasive MPM should be an important focus of bench-side research, as the
ability to accurately diagnose MMIS and intervene at an earlier stage in MPM patient treatment
could drastically improve patient prognosis. Although the investigation of pre-malignancy by
assessment of BAP1-loss has rarely been considered until now, this simple IHC experiment
should be included in studies which detect reactive mesothelium in human cases with no known
pleural disease as well as in routine pleural biopsies from patients experiencing recurring
pleural effusions or other thoracic abnormalities. Further study of MMIS will allow us to
enhance our understanding of MPM carcinogenesis and ideally also enable patients with early
preinvasive disease to be streamlined for management and monitoring to prevent the onset of

incurable, invasive MPM.

1.3 Mesothelial cell culture

1.3.1 Pleural mesothelial cell isolation and culture methods

The rising incidence of MPM in the 1950s drove investigation into the clinically important
interaction of asbestos and mesothelial cells. Early reports recorded migration of inhaled
asbestos fibres to the pleura and the ability of mesothelial cells to phagocytose chrysotile
asbestos fibres (125). In parallel, there was a scientific drive to establish in vitro cell line models
derived from different tissues. Therefore, key efforts to optimise culture methodologies for
PMCs began in the late 1970s (26,125,126).

Initial mesothelial cell culture attempts using scrapings of rat parietal pleura resulted in
epithelial-like, short-term cell cultures which survived for 7-14 days (125,127). Subsequently,
digested rat parietal pleura was cultured up to passage 20 by Aronson and Cristofalo under
feeder-free conditions in F12 medium (128). Using human clinical material, Lechner et al. was
one of the first to successfully culture PMCs from pleural fluid (26). A seminal study followed,
in which the widely used benign mesothelial cell line Met-5A was established by SV40 virus
transformation of PMC cultures derived from pleural fluid (129). Notably, Met-5A remains one
of the only benign mesothelial cell lines used to this day (19,129). Rheinwald and colleagues
were the first to identify that long-term proliferation of up to 52 population doublings of
mesothelial cells required the presence of the mitogen Epidermal Growth Factor (EGF) and
hydrocortisone, with withdrawal of EGF reported to induce slowing of proliferation in
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mesothelial cell cultures (130-132). During optimisation of mesothelial cell culture, they also
reported that PMCs expressed lower levels of keratin proteins in culture and that addition of a
feeder layer of irradiated mouse fibroblasts did not confer benefit to mesothelial cell expansion
(131).

In the field of human PMC research, isolation methods remain reliant on pleural fluid which is
sought from patients who have developed pleural effusion. Pleural fluid is frequently available
due to the common clinical presentation of pleural effusion in patients with breast and lung
cancers, liver cirrhosis and respiratory infections to name a few (53,133-135). In animal
models, alternative approaches have been implemented to isolate PMCs. A lavage method is
commonly described, in which the pleural cavity of mice, rats or rabbits is filled with trypsin
for collection of mesothelial cells (136,137). In addition, scrapings using a blade to extract
PMCs from visceral and parietal surfaces have been used in rats and sheep (54,128). As these
methods potentially damage cell integrity, collected mesothelial cells are typically assessed for
viability and expression of a mesothelial marker such as calretinin. However, although these

two approaches are effective in animal models neither is suitable for application in humans.

Validation methods for mesothelial cultures rely on some of the shared properties between
mesothelial and epithelial cells. Although these cell types have different developmental origins,
they share expression of some markers and characteristics (135). Expression of CK5 and
integrins as well as the expression of surface markers including Intercellular Adhesion
Molecule-1 (ICAM-1) have been documented in both mesothelial and epithelial cells
(134,138,139). Examples of shared characteristics are their flat morphology, tight cell-cell
junctions (28), tethering to a basement membrane and surface modifications such as microvilli
(2,3,18,27).

Three main approaches are used to support and validate the successful establishment of PMC

cultures, two of which rely on presence of epithelial characteristics and expression of markers.

Firstly, the morphology of cultured cells which is often described as spindle-shaped or
epithelial-like (131). Many studies feature brightfield images of confluent cell cultures which
are reported as mesothelial due to their cobblestone morphology at confluency, as illustrated in
pleural rat cultures in Figure 1.11. In addition, cell surface protrusions described as microvilli
are assessed by SEM or TEM (Figure 1.11C). There are differences in microvilli location in the
literature, as some studies found mesothelial cells covered in microvilli and others showed

dense microvilli only at cell-cell boundaries of cultured mesothelial cells (27,128).
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Figure 1.11 Morphology of rat parietal pleural cells. A) Brightfield image of confluent rat parietal
pleural cells in culture. B) Scanning electron microscope image of 12 microvilli-covered mesothelial
cells in fixed rat parietal pleura tissue, x2200 objective. C) Electron microscopy image of cultured rat
parietal pleural cell with surface protrusions. Adapted from (128).

Secondly, expression of certain epithelial and mesenchymal markers is assessed. The lack of a
definitive mesothelial cell marker hinders the validation of established cultures and thus a panel
of markers is necessary. Human PMC validation is conducted by assessment of expressed
markers, which include those used for differentiation of MPM. These include CK5, WT1,
calretinin, podoplanin and MSLN (140). Some reports support WT1 as an embryonic
mesothelial marker which is lost as development advances, whilst others show adult tissue and

cells express WT1, further adding to the disparity of PMC marker expression in the literature.

Finally, in some studies cultured PMCs were verified by their relative sensitivity to
carcinogenic asbestos fibres compared to other cultured cell types such as bronchial airway
epithelial cells (26). Sensitivity measurements included the amount of cytotoxicity and necrosis
present after asbestos incubation as well as levels of secreted cytokines (141).

1.3.2 Peritoneal mesothelial cell culture

The peritoneum is the serous membrane of the abdominal cavity. In humans, there are two
predominant methods for isolating peritoneal mesothelial cells. Omentum is obtained during
abdominal surgery and mesothelial cells are liberated using enzymes such as trypsin, dispase,
liberase and collagenase I and Il (142-147). Peritoneal mesothelial cell cultures from animals
are similarly established by mincing of omentum and enzymatic digest.

Mesothelial cells are also collected from peritoneal ascitic fluid or dialysate (146). The
establishment of the mesothelial cell line LP-9 from peritoneal fluid followed a similar
approach to the establishment of the pleural cell line Met-5A (129). Comparison of LP-9 to
Met-5A showed differences in their morphology and sensitivity to asbestos which indicates
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differences in the nature of mesothelial cells in different cavities (148). However, it is apparent
that a similar approach to establishment of pleural cultures is followed for peritoneal

mesothelial cultures.

Similarly to pleural cell culture, peritoneal cell cultures derived from murine omentum have
been reported to result in cultures with cobblestone morphology (147). In one study murine
omentum cultured cells were assessed by immunofluorescence and found to express both
mesenchymal and epithelial markers such as WT1, MSLN and CK5. Notably, the expression
of these markers changed after serial passages, a phenomenon noted by others during culture
of human PMCs (131). Thus, the tools with which peritoneal mesothelial cell cultures are

verified rely on the same approaches as those implemented for PMC verification.

1.3.3 Mesothelial cell culture limitations

There are two key limitations in the approach of mesothelial cell culture studies. These limit
the ability of established benign mesothelial cell lines still used today, to accurately recapitulate
human mesothelial cells (26,125,128,129).

The first limitation entails the insufficient validation methods of mesothelial cell cultures.
Current published methods are incomplete in their approach of validating the purity, both short-
term and long-term, of mesothelial cell cultures. Due to the developmental origin of mesothelial
cells, they share expression of epithelial cytokeratins as well as fibroblast markers vimentin and
calretinin. Therefore, this constitutes a significant challenge in demonstrating that primary cells
are identified correctly as mesothelial cells. In addition, there is no consensus on a definitive
panel which should be used for the identification of normal mesothelial cells in different body

cavities.

Scientific interest is predominantly focused on identification and differentiation of MPM cells
and thus little is known about the expression levels of markers in normal human PMCs. This
leads to disparity in published studies and a lack of knowledge regarding the expression status
of primary PMCs in embryonic and adult pleura. Furthermore, PMCs are known to drastically
change their morphology in response to environmental cues. This has also been noted in cell
culture conditions, with some studies supporting that PMCs resemble spindle-like fibroblasts
and others describing a more epithelial-like morphology. In addition, PMCs show different
protein expression in culture. Notably the synthesis of cytokeratins has been reported to
decrease over time in cultured PMCs (131). Finally, a characteristic of published primary PMC

studies is to reference the cobblestone morphology observed when cells reach confluence.
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However, this could be easily achieved when culturing other cell types and should not be used
as an indication of PMC growth. Collectively, these issues present a persistent challenge for the

correct identification of primary PMCs in culture.

The second limitation entails inadequate mesothelial cell isolation methods for human tissues.
The two routine approaches for human mesothelial cell isolation are pleural fluid or peritoneal
fluid centrifugation and less commonly, pleural or peritoneal tissue digestion. Both methods of
isolating human mesothelial cells are intrinsically flawed as they result in heterogeneous

populations of mesothelial cells.

Pleural fluid, which is the source of PMCs which the field relies on, is likely to contain viable
PMCs from both pleural layers. Thus, all cell lines derived from pleural fluid are a mixed
population of free-floating visceral and parietal mesothelial cells. Although this may not be a
problem for basic functional comparisons of normal to malignant PMCs, it is a limitation which

has hampered the investigation of visceral and parietal mesothelial cells as distinct cell types.

However, this limitation of producing mixed populations of PMCs is rarely investigated or
acknowledged in studies (37,128).

Figure 1.12 Heterogeneous peritoneal mesothelial cultures derived from human omentum. A) Cells
adopt a fibroblast-like spindle shape after initial seeding. B) At 5 to 7 days cultures become confluent
and adopt polygonal shape and epithelial morphology. C) Fibroblasts are often present in cultures
derived from trypsin digestion of the omentum. Fibroblasts have different morphology to peritoneal
mesothelial cells and can form multi-layers. Adapted from Yung et al. (146).

Pleural and peritoneal digestion approaches have been predominantly used in animal studies
and are infrequently used in humans. Notably, one study noted that digest of human omentum
resulted in cultures of polygonal cells which reached confluence at 7 days. However, at later
passages senescence was observed and cultures became contaminated with fibroblasts and
endothelial cells which grew in different patterns (Figure 1.12C). This heterogeneous culture

provides evidence of the intrinsic limitations of digesting peritoneal and pleural tissues, which
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are tethered to sub-mesothelial connective tissue that contains stromal cell types (Figure 1.12C).
Unfortunately, despite over 40 years of mesothelial cell research, a more suitable method for

PMC isolation in humans has not yet been developed.

1.4 Hedgehog signalling

1.4.1 Molecular signalling cascade

Hedgehog signalling is an important embryonic pathway and has multifunctional roles
throughout development. One of the key functions of embryonic mesothelial cells of the
intestine, heart and lung is to migrate and generate sub-mesothelial cell populations (4,7,12). In
mouse embryonic pleura, Dixit et al. was the first to show that Hedgehog signalling plays a
vital part in the migration and differentiation process of embryonic VMCs (7).

The Hedgehog signalling ligand Sonic Hedgehog (SHH) was first discovered due to its role as
a mitogen in development (149,150). The family of Hedgehog proteins are long-range
extracellular signalling molecules which are produced in the cell and trafficked to the cell
membrane in vesicles (151). SHH plays an important role in tissue patterning, cell growth and
differentiation, which contribute to a number of processes that include neural tube and
cerebellar development, organogenesis of the lung, oesophagus and pancreas (149). In
mammalian organisms an additional two ligands have been reported; Desert Hedgehog (DHH)
and Indian hedgehog (IHH). In humans, SHH is thought to be the most highly expressed and
remains the most well studied to date (150). There are several activation routes that the three
Hedgehog ligands can adopt (152). As long-range signalling proteins, once secreted from a cell,
they can act locally by binding to the receptor on the cell membrane of the cell which secreted
them, therefore causing autocrine signalling activation (152). However, Hedgehog ligands can
also exert an effect on adjacent cells and tissues in a paracrine activation model, as they are

capable of signalling across distances estimated to range from 50 - 300 pum.

The primary cilium facilitates the SHH signal and subsequent Hedgehog pathway activation.
Primary cilia are cell protrusions which emanate from the surface of quiescent cells and act as
chemosensors (153,154). Primary cilia have been established as vital organelles for Hedgehog
signalling in vertebrates (155-157). Evidence suggests that primary cilia are necessary for
transduction of the Hedgehog signal across a spectrum of tissue types, from embryonic tissue
to malignancy (157,158). Primary cilia form a compartment in which Hedgehog signalling
components are post-translationally modified by kinases in response to the binding of one of
the Hedgehog ligands to the Hedgehog receptor. Intraflagellar transport proteins and kinesins
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regulate the formation of primary cilia, with Kinesin factor 7 (Kif7) reported to form a
Hedgehog signalling compartment in the tip of the primary cilium (159). Importantly, primary
cilia have been highlighted as crucial signal transducers during both autocrine and paracrine
Hedgehog pathway activation (152,160,161).

In Hedgehog signalling, the pathway receptors function as the signal repressors (162). In a cell
with inactive Hedgehog signalling, the Hedgehog receptor Patchedl (PTCH1) or homologue
Patched2 (PTCH2) indirectly repress the signal mediator Smoothened (SMO), which in turn
represses the zinc-fingered Glioma-associated (GLI) transcription factors GLI1 and GLI2
(Figure 1.13A). The exact mechanism by which PTCH1 inhibits SMO is yet unclear although
several studies have indicated that this mechanism could involve pro-vitamin D3 and oxysterols
including cholesterol. The expression of these is regulated by the PTCHL1 protein functioning
as a pump which pushes the oxysterols away from SMO and therefore prevents its activation.
To test this hypothesis, Tang et al. used Vitamin D3 on in vitro models of basal cell carcinoma
which have constitutively active Hedgehog signalling and found that Vitamin D3 was able to
reduce cell proliferation and the mRNA level of GLI1 at a comparative level to the SMO
inhibitor Cyclopamine (163). This supports Vitamin D3 as a natural Hedgehog pathway
inhibitor in vivo and combined with previous evidence suggests that PTCH1 regulation of
Vitamin D3 is one of the indirect repression methods used to maintain the Hedgehog pathway
in an inactive state (163-165).

The transcription factor GLI3 is a transcriptional repressor of the Hedgehog pathway and is
active in the nucleus of the cell when the Hedgehog pathway is inactive (150). Hedgehog
pathway components such as the receptor PTCH1 and GLI transcription factors, are targets of

GLI3 transcriptional regulation, revealing a feedback loop (Figure 1.13).

In a Hedgehog active cell, one of the three Hedgehog ligands binds to the PTCH1 receptor,
hence alleviating the repression of SMO (Figure 1.13B). (162). The signal mediator SMO is
normally found in intracellular vesicles in the cytoplasm (Figure 1.13A). Upon the termination
of its inhibition by the receptor, SMO is able to migrate to the primary cilium and undergo a
conformational change mediated by phosphorylation of its C-tail, which allows the protein to
become active (Figure 1.13B) (160). GLI2 expression increases in the primary cilia relative to
SMO activation (160,161). Antithetically, PTCH1 becomes internalised and expression of
ciliary PTCH1 declines. Active ciliary SMO releases the repression of GLI1 and GLI2 and

allows them to enter the nucleus, hence enabling their function as transcription factors. GLI1
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and GLI2 recognise the consensus binding site ‘GACCACCCA’ which they use to regulate a
large number of genes including positive regulation Hedgehog pathway genes.
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Figure 1.13 Schematic of canonical Hedgehog signalling. A) In an inactive cell, the receptor PTCH1
indirectly inhibits SMO. Hedgehog Interacting protein (HHIP), CDO and BOC sequester free Hedgehog
ligands in the extracellular matrix. GLI1 and GLI2 proteins are phosphorylated by protein kinase A
(PKA), glycogen synthase kinase 3 (GSK3) and casein kinase 1 (CK1) before proteosomal degradation.
The cytoplasmic Hedgehog signalling regulator Suppressor of Fused (SUFU) tethers remaining GLI1
and GLI2 proteins to the cytoplasm. Nuclear GLI3 exerts negative regulation of PTCH1, GLI1 and
GLI2. B) In an active cell, one of the three ligands (SHH, DHH or IHH) binds to PTCH1 and releases
repression of SMO. Active ciliary SMO indirectly releases the repression of cytoplasmic GLI1 and GLI12
and allows nuclear migration where they bind to DNA. Cytoplasmic GLI3 is modified by kinases,
ubiquitinated by SPOP and degraded by the proteasome. Based on descriptions (149-152,160,162,166).

An experiment in which GLI1 and GLI2 were knocked down via sSiRNA in pancreatic cells,
revealed that PTCH1 mRNA levels were only reduced in the GLI2 knockdown cells, indicating
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that PTCHL transcription is regulated mainly by GLI2 (167). A second receptor, PTCH2, has
been reported to have high homology to PTCH1. A recent study utilising PTCH1 negative cells
showed that they had similar SHH chemotaxis to Wild-Type cells (168). Since PTCH1 mutant
cells remained sensitive to SHH ligand stimulation, it was hypothesised that the PTCH2 protein

is able to fulfil the role of Hedgehog receptor and thus may serve as a PTCH1 substitute (168).

1.4.2 Non-canonical Hedgehog signalling activation routes

There is reported crosstalk between Hedgehog signalling and the Wnt and Notch pathways
during development and in neural cells (169,170). In addition, interaction of the Hedgehog
pathway with PI3K/AKT signalling has been shown to regulate stemness and cell proliferation
in cancer (171). Common intermediates such as GSK3, PKA and CK1 kinases regulate the
activation of GLI proteins in the Hedgehog pathway (Figure 1.13), facilitate B-catenin
proteolysis in the Wnt pathway and exert regulation of TGFf cascade components (Figure 1.14)
(172,173). In addition, the cytokine TGFB1 has been reported to have mitogenic effects on
mesothelial cells and has been shown to interact with the Hedgehog pathway by
transcriptionally regulating GLI12 through the SMAD proteins (Figure 1.14) (42,173,174). A
study focusing on the regulation of GLI2 by TGFp signalling showed that SMAD3 and f-
catenin interact at a specific 91 base pair region to promote GLI2 transcription (175). In HaCaT
keratinocytes and HepG2 hepatocarcinoma cells, incubation with TGFp1 for time periods up to
8 hours resulted in a significant spike in GLI2 mRNA, with additional evidence of the
interaction between these two pathways provided by a similar study in melanoma cells (176).
Thus, Hedgehog signalling and these pathways may converge and regulate important cancer

cell processes including chemoresistance, invasion and metastasis (171,177).
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Figure 1.14 Schematic of non-canonical Hedgehog pathway activation by TGFf signalling (174).

1.4.3 Hedgehog signalling in embryonic pleura

In the study by Dixit et al., migration of VMCs into the parenchyma of embryonic mouse lung
was linked to Hedgehog signalling by demonstrating expression of Ptchl and Glil in the
visceral mesothelium and migrating sub-mesothelial cells (7). Interestingly, the expression of
the Hedgehog ligand Shh was not detected in embryonic pleural mesothelium although Shh was
expressed in the lung epithelium. It was hypothesised that Shh may act as a mitogen or
chemoattractant in a paracrine activation loop in developing visceral mesothelium (7).
Importantly, treatment of embryonic mouse lung in air liquid interphase for 48 hours with the
Hedgehog pathway inhibitor Cyclopamine, blocked VMC migration. In the same study, a
floxed Smo mouse model was used to determine if Hedgehog signalling is essential for
migration of both PMCs and mesothelial cells of the heart. Subsequent comparison of pleura
and heart tissue in this model, showed that migration of pleural VMCs ceased in the absence of
Smo, whereas mesothelial heart cells continued to migrate (7). This suggests that the signalling
pathways which PMCs rely on are different from those of heart mesothelial cells (7,12).

1.4.4 Hedgehog dysregulation in developmental syndromes
The Hedgehog pathway is conserved between species and has been reported to play a vital role

in cell differentiation and organ development in a number of animal and human organs.
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Hedgehog signalling contributes to bud formation and branching of the lung (149). Mouse null
Shh mutants exhibit holoprosencephaly, a cephalic disorder in which the developing embryo
does not correctly form the two hemispheres of the brain. Homozygous null Gli2 -/- mutant
mice do not survive past birth, whereas in contrast, Glil -/- mice are able to develop without
any apparent phenotypic abnormalities (178). In addition, Gli2 -/- mice have dysfunctional
lungs, consistent with the role of Gli2 in lung organogenesis.

In humans, mutations in the Hedgehog receptors cause the autosomal dominant disease termed
Gorlin syndrome (179). This syndrome is commonly characterised by skeletal and
developmental defects as well as predisposition to malignancies such as medulloblastoma and
basal cell carcinoma (BCC) in adulthood (179). Rarer developmental disorders caused by
Hedgehog pathway mutations include Greig cephalopolysyndactyly, brachydactyly and
minifascicular neuropathy (150,180). These severe diseases illustrate the importance of

Hedgehog signalling in human development.

1.4.5 Hedgehog signalling in tissue homeostasis

In adult tissues, the Hedgehog pathway is activated at a baseline level with increased flux
through the pathway in response to a stimulus such as tissue damage (181,182). Hedgehog
signalling functions include maintaining cell homeostasis, whilst also being able to
communicate with a small population of stem or progenitor cells to facilitate organ maintenance
and cell renewal (183). However, due to the complexity of the signalling pathway, aspects of
the canonical Hedgehog signalling mechanism and importantly the cell and context specific

mechanisms by which activation of Hedgehog signalling occurs in adult tissues, still elude us.

Hedgehog signalling has been reported to regulate EMT in colon cancer by regulation of the
EMT-associated genes TWIST1 and SNAIL as well as to co-operate with the Wnt pathway to
control myofibroblast differentiation in lung fibrosis (184). Interestingly, a contrasting function
of Hedgehog signalling in adult cells is that it regulates both homeostasis and tissue
regeneration (182,185). The literature presents antithetical evidence regarding Hedgehog
pathway expression models in response to a tissue regeneration stimulus such as injury
(181,186). Notably, Watkins et al. first presented evidence of Shh and Glil increase in response
to naphthalene injury in the airway epithelium of mice, data which is in accordance with a large
amount of literature supporting the mitogenic role of Hedgehog transcription factors (186). In
contrast, a subsequent study by Peng et al. provided evidence that baseline Hedgehog signalling

decreases in response to injury (181). Peng et al. hypothesised that Hedgehog signalling
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actively regulates quiescence in the murine lung and illustrated, by using multiple in vivo
models, that decrease of Hedgehog signalling caused proliferation of the adjacent mesenchyme
(181). Authors reported that this phenomenon ceased upon the restoration of Hedgehog
signalling to baseline levels (181,187). The model of Hedgehog signalling in which secretion
of Hedgehog ligand from an adjacent tissue activates neighbouring tissue pathways has been
described in other contexts such as in pancreatic ductal adenocarcinoma (188). Collectively,
these contradictory studies highlight our lack of knowledge regarding the complex molecular
cues which activate Hedgehog signalling in adult tissues and the diverse phenotypic effects this

signalling cascade can exert.

1.4.6 Aberrant Hedgehog signalling in cancer

Increased expression of Hedgehog signalling components has been demonstrated in multiple
cancers including medulloblastoma, small cell lung cancer, breast cancer, colorectal cancer,
pancreatic ductal adenocarcinoma and MPM (177,188-192).

There are three proposed mechanisms for aberrant Hedgehog signalling in cancers. Firstly, the
initiators of the Hedgehog pathway, the three mammalian ligands (SHH, IHH and DHH) may
be overexpressed in the target tissue or be secreted in dysregulated amounts from adjacent cells
(187). Secondly, a somatic mutation may occur in one of the negative regulators of Hedgehog
signalling components such as the pathway receptor PTCHL1 or the cytoplasmic regulator
SUFU. However, the most frequent and clinically relevant Hedgehog mutation occurs in the
signal mediator SMO, which causes constitutive pathway activation. A recent genomic analysis
reported that 85% of 283 BCCs examined, harboured a mutation in PTCH1, SMO or SUFU, a
finding which constitutes the highest published mutation rate per Mb in cancer (65
mutations/Mb) (193). Hedgehog signalling can be upregulated through a third route which
converges directly on the GLI transcription factors; non-canonical GLI activation signals
mediated by other pathways (166,194). Although it is known that Hedgehog components such
as SMO can exert non-canonical effects which are not a result of GLI transcription factor
activation (166), in this thesis non-canonical Hedgehog signal refers to stimulation of the GLI

proteins which bypasses the classical PTCH1-SMO signalling axis.

Upregulation of the GLI proteins which are pleiotropic transcription factors can induce cell
proliferation and contribute to processes including carcinogenesis and chemotherapy resistance
(166,177,183,192,195). Interestingly, although the literature initially highlighted GLI1 as the

most active Hedgehog transcription factor (186), recent studies have revealed that GLI2 is a
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pleiotropic protein with similar transcriptional targets to GLI1 (196). Stably integrated
expression of a mutant GLI2 lacking the N-terminal repressor domain (GLI2AN) in
keratinocytes, provided evidence of the ability of GLI2 to inhibit apoptosis (197). GLI2AN cells
were reported to have an upregulation of the anti-apoptotic factor BCL-2 and became
insensitive to UV light induced apoptosis compared to Wild-Type cells, suggesting a role for
GLI2 in chemotherapy resistance (197). Overexpression studies of GLI2 have also reported its
ability to cause genomic instability and progression to aneuploidy in keratinocytes as well as

the emergence of BCC characteristics in Gli2 overexpressing murine models (196-198).

1.4.7 Upregulation of Hedgehog signalling in MPM

Several studies have provided partial evidence of Hedgehog upregulation in MPM. Notably,
the Hedgehog pathway receptor PTCH1 places in the top ten most frequently mutated genes in
the TCGA MPM cohort (Figure 1.7).

Interrogation of MPM models has shown low to moderate efficacy of SMO inhibitors
(Cyclopamine and Vismodegib) and a patented GLI inhibitor (GLI-I), although notably the
efficacy reported would not warrant consideration for clinical use (191,199,200). However,
these studies failed to implement appropriate GLI inhibition controls and Li et al. did not
employ a significant number of MPM cell lines (n=3) to deduce if Hedgehog signalling
inhibition is a feasible therapeutic strategy in MPM. To date, there is no definitive conclusion
regarding the ability of GLI inhibitors to cause significant MPM cell growth reduction.

Although the canonical Hedgehog pathway has been mapped, there is no evidence regarding
the route of Hedgehog activation in MPM or the phenotype of MPM cells which show increased
activation of Hedgehog signalling. Shi et al. were the first to provide evidence of increased
Hedgehog signalling in MPM (199). They assessed MPM samples by in situ hybridisation and
gPCR analysis of primary MPM cells grown in hypoxic conditions (199). Primary cell cultures
were established using digestion of malignant and non-malignant pleural tissue and were grown
in low oxygen at 3%. However, a limitation of the study was the incomplete characterisation of
the mesothelial cultures. An increase in GLI1 and SHH was identified in both tumour samples
and primary cells. In contrast, Li et al. showed an upregulation of GLI2 protein by
immunohistochemistry in 24/27 MPM samples but did not find a significant increase in GLI1
and furthermore, detected very little protein expression of SHH (191). These strikingly different
findings may be a result of contaminated cultures used by Shi et al., as digestion is known to

cause fibroblast and endothelial cell contamination of mesothelial cultures (146). Alternatively,
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this could indicate that GLI1 mRNA levels differ from the resulting protein, an aspect
highlighted in the literature as these proteins undergo extensive post-translational modification
such as phosphorylation, acetylation as well as alternative splicing into several isoforms;

processes which dictate the resulting protein and their activity as transcription factors (201).

Upregulation of Hedgehog signalling in BCC is known to be caused by mutations. However,
exome sequencing studies of MPM cell lines and patient samples showed few mutations in
Hedgehog components (202). Hence, there are likely molecular events which drive increase of

Hedgehog signalling in MPM which have not yet been determined.

1.4.8 Pharmacological agents for Hedgehog signalling inhibition

The first compound found to be capable of Hedgehog pathway inhibition was the natural
alkaloid Cyclopamine, which caused cyclopia in sheep herds in the Western United States of
America (USA) during the 1950s (203). Investigation into this phenomenon revealed that sheep
were ingesting a plant containing the natural steroid alkaloid Cyclopamine, which was causing
birth defects in lambs (203). A subsequent X-ray crystallography study revealed that
Cyclopamine binds to the extra-terminal transmembrane domain of SMO and blocks its
activation (204).

The Hedgehog signal mediator SMO is of clinical interest due to its key function in the
Hedgehog signalling cascade and its frequent mutation in multiple disease settings. SMO
mutations are considered the predominant early driver of BCC (193). Pharmaceutical drugs
were successfully based on the structure of Cyclopamine, in an attempt to develop clinically
applicable SMO inhibitors (192,205). The potent SMO inhibitors Vismodegib and Sonidegib
were approved for use in locally advanced and metastatic BCC in 2012 and 2015 respectively,
by the Food and Drug administration (FDA) in the USA.

The interest in developing GLI antagonists is partially due to the disappointing result of BCC
patient a priori resistance during treatment with SMO inhibitors, Vismodegib and Sonidegib
(206). Patient acquired resistance to these inhibitors within six months is thought to be primarily
due to further mutations arising in SMO, which quench SMO inhibitor binding (206).
Furthermore, SMO inhibitor resistance has also been attributed to non-canonical activation of
the GLI transcription factors (207). This non-canonical signalling, bypasses SMO-GLI
activation and renders SMO inhibitors ineffective (208). Therefore, targeting Hedgehog

signalling downstream by direct inhibition of the GLI proteins is of significant clinical interest.
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The cell-based screen conducted by Lauth et al. employed transduction of recombinant GLI1
and GLI2 in a cell-based model. GLI inhibitor identification was conducted by screening a
library of small-molecule compounds and assessing their capacity to induce GLI luciferase
inhibition (207). Two structurally different compounds were identified and named GANT-58
and GANT-61 due to their nature as GLI antagonists (207,209). The mechanism of action of
GANT-61, has been studied using computational approaches and surface plasmon resonance
(209). GANT-61 has an affinity for the DNA-binding zinc fingers 2 and 5 which are conserved
between GLI1 and GLI2 (209,210). The identification and verification of GANT-61 as a GLI
inhibitor, led to its widespread use. GANT-61 has been reported to have moderate anti-cancer
effects in multiple cancer types, including in vitro and in in vivo models (208,211-213).
However, a study by Lim et al. showed that GANT-61 kills MPM cells by production of
Reactive Oxygen Species (ROS) which calls into question the efficacy of this drug as an
inhibitor of GLI proteins (214).

Due to the multiple reports of aberrant Hedgehog signalling in cancer, a significant amount of
interest has been shown in designing inhibitors of the GLI proteins. Although multiple studies
have reported GLI inhibition with novel and patented compounds, most of these have very high
ICso values in cell-based models.

Recently, several publications highlighted the ability of Bromodomain and Extra-terminal motif
(BET) protein inhibitors to block Hedgehog-mediated transcription. BET proteins consist of
BRD2, BRD3 and BRD4 which are ubiquitously expressed in somatic cells and the germ cell
specific BRDt. These proteins are epigenetic ‘readers’ and possess two bromodomains which
are able to recognise and bind to acetylated lysine residues on open chromatin, such as the N-
terminal tails of histone proteins and acetylated promoter and enhancer regions. One study
showed that BRD4 binds to GLI1 and GLI2 promoter regions in medulloblastoma cells and
thus act as a necessary regulator of their transcription (108). The prototypical BET
Bromodomain inhibitor (BBI) drug JQ1 was first reported in 2010 and closely followed by a
similar class of inhibitor, i-BET151 (215). Both drugs have been reported to reduce mMRNA
levels of GLI transcription factors by inhibiting BET proteins and thus preventing them from
binding to GLI promoter regions (216). Studies have reported the use of JQ1 in MPM cell lines
with moderate success and evidenced synergy with the platinum compound cisplatin, which is
a first-line agent for patients with MPM (217). However, its ability to cause MPM cell death
through GLI inhibition has not yet been investigated.
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1.5 Summary

Relatively little is known about pleural VMCs in humans, as animal models have been widely
used for the characterisation of PMC morphology and function (7,12,16,24). Although SEM
has been successfully employed to characterise VMCs in rabbit and murine tissues, human
imaging studies are few and offer a narrow imaging scope (45,46). To date, published images
of human visceral mesothelium depict an area spanning 50 — 100 um which offers a limited
view of the dynamic cellular membrane which constitutes the visceral mesothelium (45,46).
Thus, the macroscopic visualisation of human visceral mesothelium and assessment of the
heterogeneity of human VMCs has not yet been achieved. Furthermore, the model of human
VMC spatial distribution has been assumed to be a continuous single cell layer based on animal
studies and reports of mesothelium in other organs, but this research question has not been

conclusively addressed using human visceral pleura.

In addition, the current methods for isolation and culture of non-malignant mesothelial cells
from human tissue are flawed (129). Establishment of normal primary human PMC cultures are
infrequent and mainly derived from pleural fluid, which results in a heterogeneous population
of PMCs. Thus, the research field would benefit from the development of more suitable
methods to isolate human mesothelial cell populations which could progress our understanding

of this cell type.

Despite extensive genomic and transcriptomic characterisation of MPM tumours, the gene
expression of PMCs in homeostasis has not been investigated in animals or humans. Progress
in PMC isolation methods would enable the transcriptomic analysis of both visceral and parietal
mesothelial cells for the first time. Transcriptomic analysis of these cells during homeostasis
would improve our limited understanding of their diverse functions and could provide valuable
insight into upregulated signalling pathways in pleural malignancy and thus highlight yet

unexplored therapeutic strategies for the lethal disease of MPM.

In summary, an integrated approach combining macroscopic morphological description,
isolation of pure mesothelial cell populations and their transcriptomic analysis. This will
improve our understanding of normal human pleural homeostasis and generate actionable
insights into upregulated signalling pathways in MPM, which could improve treatment

strategies.
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1.6 Hypothesis

I hypothesise that distal lung from lung resection surgery and post-mortem tissue harvests can
be used as a source of viable VMCs for research purposes and that an improved isolation
protocol can be developed to extract a pure population of VMCs from these tissues. |
hypothesise that transcriptomic characterisation of a pure population of VMCs during
homeostasis will enable the identification of gene expression changes which characterise MPM

and highlight potential therapeutic pathways for this disease.

1.7 Aims

e To investigate and validate lung resection surgery and post-mortem sample collection
as sources of viable human VMCs.

e To determine the macroscopic morphology of adult human visceral pleura and to
explore the intra-sample and inter-sample heterogeneity of VMCs.

e To optimise and implement a method for isolation, purification and transcriptomic
characterisation of VMCs with the aim to determine gene expression changes between
VMCs in homeostasis and malignancy.

e To examine the upregulation of Hedgehog signalling in MPM.
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2 Materials and methods

2.1 Pleural tissue pipelines

2.1.1 ASCENT trial

Non-malignant human distal lung was acquired from ASCENT patients who participated in the
SUMMIT trial (NCT03934866). Patients who were diagnosed with lung tumours during CT
screening were scheduled for lung resection surgery. ASCENT patients were consented prior
to scheduled surgery. All samples used from ASCENT patients (n=8) are shown in Table 2.1.
Distal lung tissue was obtained from additional patients undergoing lung resection at University
College Hospital on Westmoreland Street. All routine distal lung collections from patients
undergoing lung resections (n=7), are referred to as shown in Table 2.2. Collections of distal
lung samples from both sources, were approved by the Research Ethics Committee of
University College London Hospital (REC ID 18/SC/0514, IRAS ID 245471).

Table 2.1 ASCENT patient IDs and clinical information.

Patient ID Pathology Age | Gender | Smoking status Surgery

Invasive

ASC004 adenocarcinoma 61 F Current Lobectomy

ASC006 Neuroendocrine 59 M Current Bilobectomy
Invasive

ASCO008 adenocarcinoma 58 F Current Lobectomy
Invasive

ASC010 adenocarcinoma 73 M Current Lobectomy
Invasive

ASCO011 adenocarcinoma 73 M Former n/k
Invasive

ASCO012 adenocarcinoma 69 M Former n/k

ASCO13 Squamous cell | o5 |\, Current ik

carcinoma

Invasive

ASC014 adenocarcinoma 55 F Former n/k
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Table 2.2 Patient IDs and clinical information from routine distal lung collections.

Patient ID Pathology Age | Gender | Smoking status Surgery

Lung cancer — no

P362 histology 83 M Ex-smoker Lobectomy

Non-small cell lung

P363 cancer 76 M Smoker Lobectomy

P364 Adenocarcinoma 83 F Never smoker Lobectomy

P366 Adenocarcinoma 68 M Never smoker Lobectomy

P367 Adenocarcinoma 74 F Never smoker Lobectomy

P369 Adenocarcinoma 66 F Smoker Lobectomy

P370 Adenocarcinoma 61 F Ex-smoker Lobectomy
Nodal mass — no

P371 histology 59 M Ex-smoker Lobectomy

2.1.2 PEACE trial

A collaboration with the Posthumous Evaluation of Advanced Cancer Environment (PEACE)

trial (NCT03004755) enabled access to post-mortem pleural tissues. Posthumous non-

malignant distal lung and/or strips of parietal pleura from the chest wall, were obtained from

PEACE patients. Posthumous tissue collections were covered by research ethics granted by the
Research Ethics Committee of University College London Hospital (REC ID 13/L0O/0972).
Clinical details for all PEACE samples (n=12) are shown in Table 2.3.

Table 2.3 PEACE Patient IDs and clinical information. Where fresh tissue is stated as not collect,
samples entailed formalin fixed lung tissue.

Patient ID Pathology Smoking status Ischemic time
PEA118 Skin Cancer - Melanoma Never Smoker | Fresh tissue not collected
PEA124 Skin Cancer - Melanoma n/k Fresh tissue not collected
PEA126 Skin Cancer - Melanoma Never Smoker | Fresh tissue not collected
PEAL39 Kidney Cancer -

Carcinoma Never Smoker 1 day
PEAL72 Prostate Cancer Ex-smoker 4 days
PEA173 Renal Cell Cancer n/k Fresh tissue not collected
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PEAL176 Non-Snéaz\ilrl]gill Lung Ex-Smoker Fresh tissue not collected
PEA203 Skin Cancer - Melanoma n/k Fresh tissue not collected

2.1.3 MSO01 Trial
MPM FFPE blocks from the MSO01 trial (NCT00075699) were obtained by collaboration and
used for histological comparison of normal pleura to malignant tissue. All blocks used have

been confirmed by a pathologist to contain MPM.

2.2 lIsolation of human mesothelial cells

2.2.1 Liberase digestion

The enzyme liberase (Sigma-Aldrich) was used to create a suspension of cells from 1 cm?
sections of fresh distal lung. Lyophilised liberase was re-constituted in sterile water according
to manufacturer instructions and added to serum-free DMEM media. A small section of distal
lung with visible pleura was minced and added to this. Liberase incubation was conducted for
25 minutes at 37 °C in a water bath with agitation. Subsequently, a 70 um strainer was used to
break up any residual clumps. Cells were then washed with PBS and either cultured in

conditions outlined in 2.4 or analysed by flow cytometry as explained in 2.3.4.

2.2.2 Pleural brushing

The entire distal lung tissue collected (approximately 5 x 5 cm) was placed in a 10 cm sterile
petri dish in PBS. A cytology brush was used to lightly brush the surface of the lung with care
taken not to damage the visible translucent basal lamina of the visceral pleura. The cytology
brush was then washed in a 50 mL falcon tube containing PBS. PBS from the dish was also
collected. The collected liquid was centrifuged at 300 RCF for 5 minutes and the cell pellet was
used for cell culture studies outlined in 2.4 or analysis outlined in 2.3.4.
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2.3 Lung tissue processing

2.3.1 Histology
2.3.1.1 Formalin fixation and paraffin-embedding

Human tissues were fixed in 10% neutral buffered formalin (NBF) solution, at 4 °C for 24
hours. Following this, tissues were moved to 70% ethanol, placed in an automated tissue
processor overnight (Leica TP 1050) and embedded in wax moulds. 5 pum sections were
mounted on polylysine slides and left to dry overnight. Haematoxylin and eosin (H&E) staining
to determine tissue architecture, was conducted by an automated tissue stainer (TissueTek). A
pleural tissue microarray was obtained from US Biomax (T932A) and H&E stained in the same
way as FFPE sections. All slides were converted into digital images by NanoZoomer 2.0
(Hamamatsu) and analysed using NDP.view2 (Hamamatsu). The H&E stains of normal lung
shown in Figure 3.2 were obtained from The Genotype-Tissue Expression (GTEX) Project
Histology viewer. Images from GTEX-11ZTT-0626 and GTEX-146FQ-0926 were used as

reference to normal lung (Figure 3.2).

2.3.1.2 Cryopreservation in OCT blocks

A plastic box containing isopentane was placed on dry ice for 30 minutes prior to embedding.
Fresh sections of distal lung including lung parenchyma were sectioned using a disposable
scalpel and placed vertically in cryomolds (E6032, Sigma-Aldrich) using sterile tweezers.
CellPath OCT embedding matrix (15212776, ThermoFisher) was used to cover the tissue. The
cryomolds were incubated in the cold isopentane until opaque. Blocks were stored at -80 °C.

2.3.2 Scanning electron microscopy

Human tissues were fixed in 10% neutral buffered formalin solution, at 4 °C for 24 hours.
Following this, tissues were moved to 70% ethanol and were either kept at 4 °C for long-term
storage or processed further by incubation in increasing concentrations of ethanol, up to 100%.
Dehydrated tissues, approximately 1 — 2 cm?, were critical-point dried from 100% ethanol using
carbon dioxide (CPD300 Auto, Leica). Once dried, tissues were transferred to a sputter coater
(Q150R, Quorum) for gold coating. Following electron microscopy preparation, the tissues
were mounted on carbon tape and imaged by a Scanning Electron Microscope (Hitachi,

S3400N), operated at 5 kV. Quantification of SEM images was done using ImageJ v2.

2.3.3 Whole-mount confocal imaging
Whole-mount distal lung was sectioned into pieces of approximately 1 x 2 cm and placed in a
24-well plate. All incubations took place on a rocker with gentle rotation. Incubations were at
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room temperature unless otherwise specified. Tissue was permeabilised in PBS containing 5%
Triton X for 2 hours followed by blocking for 2-3 hours in PBS containing 5% foetal bovine
serum (FBS), 4% DMSO, 2.5% BSA, 0.5% Triton X and 0.05% ProClin™ 300. Primary
antibodies were incubated for 24 hours at 4 °C. The following day, tissues were washed three
times for one hour in PBS containing 0.05% Tween 20 (PBS-T). Tissues were incubated with
species appropriate secondary AlexaFluor-conjugated antibodies AlexaFluor-488 (A21131,
ThermoFisher) and AlexaFluor-AF555 (A31572 and A21127, ThermoFisher). All AlexaFluor-
conjugated antibodies were used at a concentration of 1:200 and were incubated for 24 hours at
4 °C. The following day, washing steps were repeated before nuclear staining with 0.1 ug/mL
DAPI in PBS-T for 30 minutes. Tissue was then washed with PBS containing 0.05% ProClin™
for 1 hour and was optically cleared using RapiClear 1.52 (SunJin Labs) for 30 minutes. Tissues
were mounted with RapiClear on polylysine slides, using appropriate 0.5 — 1 mm spacers
(iSpacer, SunJin Labs). A coverslip was adhered onto the spacer and sealed in place with nail
polish. Immunofluorescent images were acquired by a Leica SP8 confocal microscope using
either a 20x or 40x objective. Images were viewed in Fiji software and z-stacks were

reconstructed into 3D projections using Imaris version 9.5.

2.3.4 Flow cytometry

Prior to flow cytometry, cell populations isolated from liberase digestion and pleural brushing
were lysed for 5 minutes at room temperature with 10ml red blood cell lysis buffer (BioVision).
Samples were analysed by flow cytometry on a BD LSR Fortessa | machine. All flow cytometry

data was analysed using FlowJo software (Tree Star Inc., Oregon, USA).

2.3.4.1 Cell viability dyes

To measure cell viability in digested pleura and pleural brushings, the fluorescent cell viability
dyes Zombie Red™ and Zombie Green™ (BioLegend) were used. The lyophilised dyes were
reconstituted in 100 pLs of 100% DMSO. Cells were washed with PBS prior to incubation. The
dye was diluted 1:1000 in PBS and added to the cells for 15-20 minutes at room temperature,
protected from light.

2.3.4.2 Extracellular and intracellular staining

Antibodies were added to cells according to Table 2.4. For intracellular markers, CellFix™
buffer (340181, BD Biosciences) was diluted 1:100 with RNAse free tissue grade water
(W3500, Sigma-Aldrich) and added to cells at 4 °C for 5-15 minutes. Cells were then washed
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in FACS sort-buffer and were permeabilised using a 1:100 dilution of PermWash (BD) to which

FACS antibodies were added at 1:100.

Table 2.4. Antibodies used for flow cytometry and fluorescence-activated cell sorting.

Antibody Fluorochrome | Catalogue ID Supplier Concentration
ALCAM PE 343903 BioLegend 1:100
Annexin V AF647 A23204 ThermoFisher 1:50
CD235a Pacific Blue 349107 BioLegend 1:100
CD31 PerCP-Cy5.5 102419 BioLegend 1:100
CD45 BVv421 304032 BioLegend 1:100
CD90 Pe/Cy7 328124 BioLegend 1:100
Cytokeratin 5 AF488 ab193894 Abcam 1:100
Cytokeratin 5 FITC FCMAB291F Millipore 1:100
E-cadherin APC 324107 BioLegend 1:100
EpCAM APC 324207 BioLegend 1:100
ITGA6 APC 313615 BioLegend 1:100
PDGFRa PE 135909 BioLegend 1:100
PDGFRp AF700 323605 BioLegend 1:100
Podoplanin Pe/Cy7 127411 BioLegend 1:100

2.3.4.3 Fluorescence-activated cell sorting
BD FACS Aria Il was used for FAC-sorting. Gates were set based on fluorescence minus one
(FMO) stains. Where an FMO was not used due to low cell numbers this has been stated.

OneComp eBeads (ThermoFisher) were used to create a fluorochrome compensation matrix.

2.3.5 Primary cell RNA Extraction

All surfaces and equipment were decontaminated with RNAse AWAY (7002, ThermoFisher).
For RNA extraction of FACS-sorted mesothelial cells the Arcturus PicoPure RNA Isolation kit
(ThermoFisher, 12204-01) was used. Cells were first incubated in 10% BSA in PBS before
centrifugation at 3000 RCF for 10 minutes and re-suspension in RNA extraction buffer
according to the kit instructions. RNA quality was assessed by Qubit and all samples with a
RIN > 2 were prepared with NEBNext® Low Input RNA Library Prep Kit for RNA Sequencing
on an Illumina platform at UCL Genomics.
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2.4 Primary mesothelial cell culture

Cell culture conditions were based on published methods (131). The cell media referred to as
complete medium is a 1:1 mixture of medium 199 (M199, Sigma-Aldrich) and medium MCDB
105 (Sigma-Aldrich), 10% FBS, 10 ng/mL EGF, 0.4 pg/ml hydrocortisone, 10 pg/mL
gentamycin, 0.25 pg/mL Amphotericin B and 1% Penicillin/Streptomycin.

To assess the purity of the cell population as well as monitor morphology and confluence,
primary cells were imaged with a brightfield microscope (AXIO, A159).

2.5 Pleural mesothelioma cell lines

2.5.1 MPM cell culture

MPM cell lines were obtained from the Sanger Institute in Cambridge and MesobanK. Sanger
cells were cultured in RPMI-1640 with 10% FBS, 1% Penicillin/Streptomycin and 5 mM
sodium pyruvate in 5% CO2 at 37 °C. MesobanK and HEK293T cells were grown in DMEM
with 10% FBS, L-glutamine and 1% Penicillin/Streptomycin under the same conditions.
Primary fibroblasts (patient ID: PO001) were acquired from the TRACERKX trial.

2.5.2 Cell viability assay

Cells were seeded at 4 x 10° cells/well in 96-well tissue culture plates (Greiner). Three days
after treatment, 10% MTT (M-2128, Sigma-Aldrich) was added to the cells and incubated for
three hours at 37 °C. Wells were replaced with 100 uLs of 100% DMSO (VWR) and
fluorescence was measured at 560 nm wavelength by spectrophotometer. Values were
normalized to untreated cells. For proliferation analysis cells were seeded at 4 x 10° cells/well
in 96-well tissue culture plates. BrdU incorporation kit (ROCHE) was used according to

manufacturer instructions.

2.5.3 Stimulation assay

The cytokines TGFp:1 (PHP143B, Bio-Rad) and TGFp2 (PHG9114, ThermoFisher) were used
at final concentrations ranging from 1 — 10 ng/mL. The N-terminus of Sonic hedgehog (C24ll,
BioTechne) was used at a final concentration of 100 — 200 ng/mL. All cell stimulations were
for 48 hours unless otherwise stated. RNA was extracted from cells using an RNAeasy mini kit
(QIAGEN).
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2.5.4 Colony forming assay

For colony forming assays 1000 cells/well were seeded in 6-well tissue culture plates. Media
was replenished every three days. At 12 days, cells were washed with PBS, fixed with 4%
paraformaldehyde for 10 minutes, stained with 300 pLs crystal violet for 20 minutes, washed
with diH20 and left to dry overnight. Plate imaging was conducted with ImageQuant Las 4000
(GE Healthcare). Colonies were quantified using ImageJ according to methods published by
Moestrup et al. (218).

2.5.5 RNA interference

Cells were seeded at 4 x 103 cells/well in 96-well tissue culture plates for MTT assay or at 2 X
10 in 6-well plates for protein and RNA extraction. GLI2 siRNA was re-suspended in SiRNA
diluent to 20 uM according to manufacturer instructions (Dharmacon). Cells were subjected to
small interfering RNA (siRNA) treatments at 50 nM and 100 nM. Lipofectamine 2000
(ThermoFisher) was added to OptiMem (Gibco) culture media and allowed to form complexes
with siRNA before treating cells for six hours. Values for g°PCR and MTT assays were
normalized to control wells which were transfected with scrambled siRNA (Dharmacon). Cells
were replenished with RPMI media after a 6-hour incubation with siRNA and were harvested

at 48 and 72 hour time points.

2.5.6 Lentiviral transduction

The lentiviral pGIPZ GLI2 shRNA plasmid (V3LHS 321208, GE Healthcare) containing the
GLI2 targeting sequence ‘TGATGTAGGCCACTAGCGA’, was obtained from UCL shRNA
library. Bacteria were cultured in the presence of Ampicillin (100 ug/mL) and grown at 37 °C
overnight. Plasmid extraction was conducted with MaxiPrep kit (QIAGEN). Sanger sequencing
using a WPRE primer (5' - GCATTAAAGCAGCGTATC - 3') to confirm presence of the

correct insert.

HEK?293T cells were seeded in T175 flasks to 80 — 90% confluence and transfected with second
generation lentiviral plasmids. Transfection was done with jetPEI (Source Bioscience UK Ltd),
20 pg pGIPZ-GLI2 shRNA, 7 ug packaging plasmid pCMV-dR8.74 and 13 pg envelope
plasmid pMD2.G. The lentiviral packaging plasmids were kind gifts from Dr Adrian Thrasher
(Addgene plasmids #22036 and #12259 respectively). The pGIPZ virus was concentrated by
PEG-it™ (System biosciences) and lentiviral titration was conducted in HEK293T cells in the
presence of 8 pug/mL Polybrene (Sigma-Aldrich). GFP incorporation was measured by flow
cytometry 48 hours after viral transduction. Viral titer was calculated according to the formula:
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TU/mL = number of cells seeded x % of GFP / virus volume in 1 mL

H2803 cells were transduced with estimated multiplicity of infection (MOI) 1 and 3 of pGIPZ
GLI2 virus and empty pGIPZ backbone respectively.

2.5.7 CRISPR/Cas9 transfection

All CRISPR/Cas9 reagents were purchased from Integrated DNA Technologies (IDT). Alt-R®
CRISPR-Cas9 crRNA, Alt-R® CRISPR-Cas9 tracrRNA ATTO™ 550 and Alt-R® S.p. Cas9
Nuclease V3 were used with RNAIMAX (ThermoFisher) for transfection of CRL2081
mesothelioma cells, according to manufacturer instructions. Two BAP1 crRNAs were used,
targeting BAP1 Exon 4 (TCAAATGGATCGAAGAGCGC) and Exon 5
(GGCATGAGTTGCACAAGAGT). A non-targeting crRNA was purchased from IDT and was
used at the same concentration as a negative control crRNA. Briefly, the crRNA and tracrRNA
were mixed in equimolar concentrations to form 1 uM of gRNA duplex. The Cas9 V3 nuclease
was diluted to 1 uM. For a 24-well plate 200 pLs of RNP complex (10 nM) per well were
formed using Optimem. The RNP complex was reverse transfected using 5 pLs of RNAIMAX
for each well of a 24-well plate containing 200,000 cells/well. Cells were checked under a
fluorescent microscope at 24 hours to check for incorporation of tracrRNA ATTO-550.
Subsequently, cells were collected by trypsinisation and single cells positive for ATTO-550

were FACS sorted into a 96-well plate.

2.5.8 Screening and validation of CRISPR/Cas9 BAP1 Knockout

Once clones grew into colonies, they were moved to a 12-well plate for further expansion and
DNA was extracted using the PureLink Genomic DNA mini kit (K182001, Invitrogen). DNA
was quantified using a NanoDrop 2000. A RedTaq polymerase (Sigma-Aldrich) was used to
amplify the crRNA targeted BAP1 exonic regions. Polymerase Chain Reaction (PCR) primers
for BAP1 are shown in Table 2.5. PCR products were validated qualitatively using gel
electrophoresis, cleaned up with a Wizard® PCR Clean-Up Kit (Promega) and Sanger
Sequenced at Source Biosciences. Sanger Sequencing data was assessed for InDels using

SnapGene version 4.0.

Table 2.5 PCR and Sanger Sequencing primers for BAP1 exons 4 and 5.

BAP1 exon Direction Primer sequence
Exon 4 Forward CTTCATAAGGAGACTGGGTG
Exon 4 Reverse GCCCCAAGCCCATATAC
Exon 5 Forward TTGTTTGGAGGGTGGGATGC
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Exon5

Reverse

AAGCAACATGGCCTGAGAGG

2.5.9 Cell lysis and immunoblot

Cells were lysed in radioimmunoprecipitation assay (RIPA) buffer (Sigma-Aldrich)

supplemented with protease inhibitor (Roche) at 4 °C for 30 minutes. Cells were pelleted at

1500 RCF and supernatant was quantified by Pierce protein BCA assay (ThermoFisher). 25 ug

of protein was separated on a 4 — 12 % Bis-Tris gel and transferred to nitrocellulose membrane.

Primary antibodies were used according to Table 2.6. ECL substrate (Luminata Forte,

Millipore) was used for chemiluminescence detection by ImageQuant Las 4000.

Table 2.6 Antibodies used for immunoblot.

Immunoblot antibodies

Antibody Species | Catalogue ID Supplier Concentration
BAP1 Mouse 28383 Santa Cruz 1:1000
BCL-XL Rabbit 2764 Cell Signalling 1:1000
a-tubulin Rabbit 2125 Cell Signalling 1:1000
CDC2 Rabbit 28439 Cell Signalling 1:1000
CD45 Mouse MO0701 DAKO 1:1000
GLI1 Mouse 2643 Cell Signalling 1:1000
GLI2 Mouse 271786 Santa Cruz 1:500
GLI3 Goat AF3690 R&D Systems 1:1000
Histone H2A Rabbit 12349 Cell Signalling 1:1000
Ubiquityl-histone H2A | Rabbit 8240P Cell Signalling 1:1000
p21 Rabbit 12D1 Cell Signalling 1:1000
PARP Mouse ab32064 Abcam 1:2000
SHH Rabbit ab53281 Abcam 1:1000
SMO Rabbit | NBP2-24543 BioTechne 1:2000
Snail Mouse 3895s Cell Signalling 1:1000
SUFU Rabbit 2522 Cell Signalling 1:1000
Vinculin Rabbit 13901 Cell Signalling 1:1000
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2.5.10 Immunofluorescence and immunohistochemistry

FFPE sections were cut at 5 um, dewaxed and rehydrated using a TissueTek autostainer
protocol which entailed immersion in xylene followed by subsequent incubation in decreasing
concentrations of alcohol. Antigen retrieval was conducted in citrate buffer (pH = 6) boiled at
95 °C for 15 minutes. VECTASTAIN Elite ABC kit and DAB Peroxidase HRP substrate kit

were obtained from Vector Laboratories and used according to manufacturer instructions.

Table 2.7. Antibodies used for immunofluorescence and immunohistochemistry.

Immunofluorescence and immunohistochemistry antibodies
Antibody Species Catalogue ID Supplier Concentration
Calretinin Mouse NCL-L-CALRET- Leica 1:200
566
Cytokeratin 5 Chicken 3475 Sigma-Aldrich 1:500
Podoplanin Mouse ab10288 Abcam 1:200
Smooth muscle actin | Mouse MO0851 DAKO 1:1500

2.5.11 Statistical analysis

All cell-based experimental data was analysed in GraphPad Prism version 8.0. ANOVA and t-
tests were reported as significant if p <0.05 (* =p < 0.05, ** =p < 0.01, *** =p < 0.001). All
MPM RNA sequencing data was accessed through the TCGA and analysed in R 3.2.1. Linear
regression models were used to determine the association between rank normalized GLI1 or
GLI2 expression as the independent variable and rank-normalized expression of the remaining
36725 genes in the RNA sequencing dataset as the dependent variable. Bonferroni adjustment
for multiple testing was used by dividing the p-value by the number of tests (0.05/36725). A
significance cut-off of a = 0.05 was used for false discovery rate (fdr) adjusted p value of

differentially expressed genes in the H2803 U133 plus 2.0 human genome array dataset.

KEGG enrichment analysis was performed using DAVID version 6.8 with the background set
to all human genes and the Bonferroni significant genes from the GLI1 (n=198) and GLI2
(n=357) association analysis. Ingenuity Pathways analysis software was used for the
differentially expressed genes (DEGS) (n=141) from the parental cells and shRNA-mediated
GLI2 knockdown microarrays in H2803 cells. All normal lung and normal tissue data were
accessed through the Genotype-Tissue Expression (GTEX) project. The scRNA-seq data shown

as UMAP analyses were accessed through the IPF atlas (www.ipfcellatlas.com).
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3 Characterisation of normal human adult pleura

3.1 Background

In 2015 a total of 2,542 MPM fatalities were recorded in the UK (67,219). MPM has a relevantly
low incidence rate in the population both in the UK and globally. Therefore, few laboratories
have access to normal and malignant pleural tissue, as MPM cases are consolidated at a limited
number of specialised centres. Previously, murine models have been relied on for insights into
MPM morphology and function (23,32,147), as there are limited and infrequent opportunities
to study human pleural tissue. However, it is increasingly recognised that understanding of
human cells in tissue homeostasis is necessary to progress cancer research. Therefore, it is vital
to validate sources and establish tools for study of normal human PMCs and to increase our

limited knowledge of mesothelial cells during pleural homeostasis.

To address the unmet scientific demand for validation of suitable pleural tissue sources, | aimed
to investigate the feasibility of using two different human distal lung pipelines as sources of
normal VMCs; an external collaboration for acquisition of non-malignant post-mortem distal
lung from advanced cancer patients and an internal tissue source for acquisition of non-
malignant distal lung from patients undergoing routine lung resection surgery. Due to the nature
of these tissue sources, it was not possible to obtain parietal pleura from lung resection surgery
and parietal pleura was infrequently available through post-mortem. Thus, the work outlined in
this thesis focuses on the study of VMCs. The criteria | aimed to assess included demonstration
of intact and discernible pleural histology, VMC expression of mesothelial markers and the
morphology of VMCs detected by SEM imaging.

A new finding in the MPM field is the MPM pre-malignant stage, named MMIS (220). This
study highlighted the importance of assessing reactive and suspect pleural tissues for signs of
pre-malignancy and to improve understanding of early cases of pleural change. Assessment
constitutes histological assessment for cytological changes in mesothelial cells as well as
investigation of BAP1 expression in mesothelial cells by IHC. As many of the samples obtained
in this study were derived from patients with lung pathologies or metastatic lung malignancy;, |
hypothesised that some cases would not exhibit normal mesothelium. I aimed to utilise this and

assess the expression of BAP1 in cases with reactive mesothelium.

3.2 AiIms

e To validate the utility of two human tissue pipelines as sources of normal VMCs.
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e To determine the characteristics of VMCs and investigate heterogeneity in VMC size
in human pleural samples.

e To ascertain the global spatial distribution of VMCs in normal human adult pleura by
whole-mount confocal imaging and SEM.

e To delineate the expression of BAP1 in reactive mesothelium.

3.3 Results

3.3.1 Tissue architecture of normal and malignant reference tissues
Initially, normal human pleura was required as a baseline reference to determine the histology
of pleural tissue. As normal human pleura was not routinely availably in our laboratory, external

sources were sought.

A pleural tissue microarray was obtained from US Biomax and was interpreted after
consultation with a pathologist. The parietal pleura is the mesothelial layer attached to the chest
wall. Therefore, its histology is largely composed of chest wall musculature, including a layer
of fibrous material, adipose tissue and skeletal muscle (Figure 3.1).
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Figure 3.1 Histology of normal human parietal pleura. Representative H&E stain of normal human
parietal pleura from tissue microarray (n=4). A) A single layer of parietal mesothelial cells attached to
a basement membrane. B) The pleura is composed of fibrous connective tissue and contains multiple
veins and lymphatic vessels. C) A layer of adipose tissue separates the pleura from the underlying
musculature. D) A section of skeletal muscle.

An online resource was used for histological assessment of normal human visceral pleura. The
GTEXx portal contains RNA Sequencing and histology of post-mortem non-malignant lung
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samples. All GTEXx histology images are evaluated and graded by a panel of pathologists and
are publicly available through GTEXx Histology Viewer. The visceral pleura accessed through
GTEX is benign, although patients have some underlying pathologies (Figure 3.2). Thus, these
H&E stains are not an ideal reference control for visceral pleura but provide some insight into
the structure of the tissue (Figure 3.2). Based on literature descriptions, it is possible to discern
the thin layer of visceral mesothelial cells (VMCs) attached to a basement membrane and the

underlying lung parenchyma, featuring a large population of immune cells (Figure 3.2).

Figure 3.2 Histology of normal visceral pleura acquired from post-mortem. Images and tissue
descriptions acquired through GTEXx Histology viewer as described in 2.3.1.1. A) 1cm of thickened
visceral pleura with some fibrosis, atelectasis, and emphysematous change. Scattered neutrophils are
present. B) Pleura is visible in 1/3 of the section, atelectasis and emphysema. Arrows point to surface
mesothelial cells.

To compare normal and malignant reference tissues, histological analysis of MPM blocks from
the MSO1 trial was performed. The malignant pleural sections were characterised by
proliferation and invasion of malignant mesothelial cells (Figure 3.3). The single cell layer of
the mesothelium appears to have proliferated to form cell clusters which migrate away from the
basal lamina to which the cells are tethered. Furthermore, there are sections of necrosis (Figure
3.3A) as well as diffuse fibrin aggregates (Figure 3.3B). Although both samples shown in
Figure 3.3 are epithelioid subtypes of MPM, they are structurally and morphologically
dissimilar. This demonstrates the heterogeneity of MPM tissues and the striking change in
tissue architecture between normal (Figure 3.1, Figure 3.2) and malignant pleural tissues
(Figure 3.3).
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Figure 3.3 Histology of epithelioid malignant pleural mesothelioma. Representative H&E stains of two
MPM samples from the MSO01 trial. A) Thickened and fibrotic malignant pleura. B) Fibrin aggregates
containing mesothelioma cells and immune cells.

3.3.2 Validation of lung resection tissue as a source of visceral mesothelial cells
Initial biopsies of distal lung acquired from lung resection surgery did not contain VMCs when
assessed histologically (n=3, data not shown). Sampling modifications and vertical embedding

of tissue were implemented to include VMCs in histology blocks.

After optimisation, histological assessment of 6 distal lung samples acquired from lung
resection surgery showed similar tissue architecture to visceral pleura in published literature.
Furthermore, a pathologist was consulted to verify the correct identification of VMCs in the

sections of visceral pleura.

Notably, samples of visceral pleura differed in the thickness of underlying connective tissue
and density of attached VMCs (Figure 3.4). The number of attached cells ranged from no
detectable VMCs to sparse patches of continuous visceral mesothelium (Figure 3.4). In most
sections with detectable VMCs, these resembled flat endothelial-like cells with a thin, uniform

nucleus (Figure 3.4C).
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Figure 3.4 Histological validation of distal lung samples acquired from lung resection surgery.
Representative H&E stains from four patient samples. A and B) The basal lamina is bare, with no visible
attached VMCs. Arrow points to intact basal lamina. Representative images from samples P360 and
P367 respectively. C) Flat VMCs with small, thin nuclei are sparsely present in lung undulations of
sample P363. Arrow points to VMCs in lung undulation. D) Cuboidal VMCs with larger, circular nuclei
are tethered to the basal lamina and form a segment of continuous mesothelium on sample P364. Arrow
points to continuous layer of VMCs attached to the basal lamina.

Interestingly, sample P364 contained the largest number of VMCs compared to the other 5 lung
resection samples assessed histologically. Sample P364 was from an 83-year old female, with
no smoking history who underwent lobectomy for lepidic adenocarcinoma. A macroscopic
histological view of the visceral pleura of sample P364 showed heterogeneity in VMC presence
and distribution (Figure 3.5A). This ranged from no VMCs to small, localised reactive patches

of round, proliferative VMCs with large nuclei (Figure 3.5C and Figure 3.5D).
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Figure 3.5 Heterogeneity of visceral mesothelial cells in lung resection sample P364. A) Macroscopic
view revealed heterogeneity in VMC numbers across sample P364. B) A segment of continuous, simple
VMCs. C and D) Locally reactive patches of cells containing VMCs and immune cells. Arrow points to
abundant vertical microvilli visible on the surface of a VMC in the H&E section. Multiple blocks were
assessed and were found to contain locally reactive patches of VMCs (n=3).

Due to the large number of VMCs in sample P364, this sample was used to investigate VMC
expression of mesothelial markers. Sections of normal pleura were outsourced to a clinical
diagnostics laboratory for staining with commonly used mesothelial markers CK5, MSLN and
WT1 (7,16). All staining was conducted in parallel to a positive control for comparison (Figure
3.6).

VMCs were found to strongly express CK5 (Figure 3.6A). MSLN was strongly expressed by
surface VMCs but was also expressed by some underlying alveolar epithelial cells (Figure
3.6C). In sample P364, alveolar epithelial cells were located at approximately 200 — 300 um
under the visceral mesothelium (Figure 3.6C). This demonstrates the lack of specificity of
MSLN in differentiating normal VMCs from neighbouring cell types. Assessment of WT1
showed nuclear staining of VMCs although not all VMCs appeared to uniformly express this
marker (Figure 3.6E).
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Figure 3.6 Expression of mesothelial markers in normal pleura. Representative IHC images of CK5,
Mesothelin (MSLN) and WT1 in normal pleural sections from patient sample P364 are shown. A and
B) CKS5 expression in normal pleura and positive control tissue. C and D) MSLN expression in normal
pleura and positive control tissue. Upward facing arrow points to VMCs and downward facing arrow
points to alveolar epithelial cells. E and F) WT1 expression in normal pleura and positive control tissue.

Sections of visceral pleura from sample P364 were stained by immunofluorescence for CK5
and calretinin (Figure 3.7). VMCs on the pleural surface strongly expressed both markers, with
staining observed in some cells of the underlying lung parenchyma (Figure 3.7). Notably, CK5

expression was seen in both normal and reactive VMCs (Figure 3.7B).
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Figure 3.7 Expression of mesothelial markers in visceral pleura of lung resection sample.
A) Immunofluorescence image of calretinin expression in normal visceral pleura. B)
Immunofluorescence image of CK5 expression in locally reactive visceral mesothelial cell patch.
Representative images are shown of immunofluorescence staining from sample P364.

In summary, this staining approach confirmed the presence of VMCs which expressed known
mesothelial markers and thus confirmed that lung resection samples acquired from surgery are

a useful source of VMCs for research purposes.

3.3.3 Assessment of visceral mesothelial cell spatial distribution in homeostasis
As the histology of visceral pleura only showed sparse continuous mesothelium, to determine
if this was a consistent feature of human visceral mesothelium, the continuity of VMCs was

examined by whole-mount confocal imaging.

Initially, assessment of whole-mount distal lung was performed using DAPI stain. The presence
of known lung structures such as the aerated alveolar space, were used to determine that distal

lung tissue remained intact (Figure 3.8).
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Figure 3.8 Alveoli in sub-pleural space imaged by whole-mount confocal microscopy of human distal
lung acquired from lung resection surgery. Aerated space beneath the pleural surface is easily
discernible.

Visualisation of the dense pleural ECM of the sub-pleural connective tissue was possible in part
due to the auto-fluorescent nature of fibrous and collagenous bundles (Figure 3.9A). Podoplanin
was assessed as a marker of mesothelial cells but in sample P362 podoplanin only labelled cells
in the alveolar space (Figure 3.9A) and endothelial cells lining lymphatic vessels (data not
shown). In addition, large vessels lined with aSMA expressing cells were visualised in the sub-

pleural connective tissue (Figure 3.9B).
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Figure 3.9 Whole-mount confocal imaging of distal lung. A) Immunofluorescence images of DAPI and
podoplanin (PDPN) expression in whole-mount distal lung from sample P362. A dense meshwork of
auto-fluorescent fibres was visible on the lung surface. Cells in the alveolar space expressed PDPN. B)
Immunofluorescent staining showed that aSMA-expressing cells lined the vessels in sub-pleural
connective tissue. 3D z-stack reconstruction was conducted with Imaris software.

To assess the distribution of surface mesothelial cells and determine if they form a continuous
mesothelium, CK5 expression was investigated in whole-mount distal lung samples (Figure
3.10). Visualisation of CK5 expression by whole-mount confocal imaging confirmed the
presence of VMC patches on the lung surface (Figure 3.10A). Continued use of the same sample
revealed a declining number of detectable VMCs on the lung surface at each imaging attempt
(n=3), indicating post-fixation VMC detachment (Figure 3.10B).
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Figure 3.10 Visualisation of CK5-expressing visceral mesothelial cells by confocal imaging of whole-
mount distal lung. A) Immunofluorescence revealed sparse CK5-expressing visceral mesothelial cells
on the surface of lung resection sample P362. B) Panel of images represents consecutive
immunofluorescence experiments using lung resection sample P362. This showed that visceral
mesothelial cells detach from the lung surface with continuous sample use, despite tissue fixation (n=3).

There is currently no established pleural mesothelial marker. Thus, immunofluorescence
imaging of VMCs by single markers has intrinsic limitations, as a subset of the mesothelial cell
population may not be detected. Therefore, to complement the histology and whole-mount
confocal imaging approaches and to investigate pleural morphology, | used SEM imaging as
an additional tool to investigate VMC distribution.

To achieve efficient imaging of visceral mesothelium by SEM, the optimal fixative for human
distal lung tissue was first investigated. Three common tissue fixatives were compared; 10%
neutral-buffered formalin (NBF), 4% paraformaldehyde and a mixture of 1.5% glutaraldehyde
with 2% paraformaldehyde in 0.1M cacodylate buffer. Comparison of imaging quality with
these three fixation methods indicated that NBF and glutaraldehyde had similar capability in
preserving morphology of human visceral pleura. It is notable that paraformaldehyde was the
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least effective of the three fixation approaches, as surface tension cracked the basal lamina after
critical-point drying and there was discernible artefact (n=2) (Figure 3.11). In contrast, fixation
with NBF allowed visualisation of an intact basal lamina and a mesothelial cell population
which retained surface characteristics and distinctive microstructures (Figure 3.11). Based on
this imaging evaluation, NBF was selected as the fixative for subsequent SEM imaging (Figure
3.11).

5.00kV 10.2mm x2.00k SE 100um

5.00kV 8.3mm x600 SE 50.0um 5.00kV 8.1mm x2.00k SE

Figure 3.11 SEM imaging with two fixation methods. A) Representative SEM images of visceral pleura
fixed in 10% neutral-buffered formalin which allowed clear visualisation of intact basal lamina and
discernible patch of VMCs. B) Representative SEM images of visceral pleura fixed in 4%
paraformaldehyde. Surface degradation and artefact are visible in both images. SEM imaging findings
from lung resection sample P371 are shown in both panels.

SEM imaging of visceral mesothelium on lung resection samples was technically challenging
due to partial or complete denudation of the mesothelium and in some cases the dissolution or
stripping of the basal lamina (4/6). One sample completely lacked a basal lamina revealing the
dense network of ECM components and immune cells in the sub-mesothelial tissue (Figure
3.12A). The basal lamina remained intact, but no mesothelial cells were detected on a further 3

lung resection samples (Figure 3.12B).
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Figure 3.12 SEM imaging of lung resection samples demonstrates lack of intact visceral mesothelium.
A) The dense immune cell population and ECM of the sub-pleural space is visible due to the degradation
of the basal lamina on sample P362. B) Representative image of the basal lamina on distal lung sections.
The basal lamina is coated with sparse red blood cells on sample P369.

Patches of VMCs were identified on 2/6 lung resection tissues assessed by SEM (Figure 3.13).
On sample P364, a total of four VMC patches consisting of 18 — 133 cells, were identified
(Figure 3.13A-D). In one of the VMC patches, part of the apical visceral mesothelium appeared
loosely tethered to the underlying basal lamina (Figure 3.13A). VMCs on sample P364 were
round and plump with sparse microvilli uniformly distributed on their surface (Figure 3.13A-
D).

Mesothelial cells on sample P370 contained characteristic microvilli which completely covered
their luminal surface. The VMC patches seen in samples P364 and P370 were morphologically
different. Whereas VMCs on sample P364 were round with sparse microvilli, the one patch
identified on sample P370 contained flat VMCs with bushy microvilli. In addition, it was not
possible to discern the shape of individual cells or their cell-to-cell boundaries on sample P370,
due to the density of microvilli. Interestingly, there was no continuous, intact visceral

mesothelium present on any of the lung resection samples assessed (n=6).
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Figure 3.13 Patches of visceral mesothelial cells on lung resections samples. SEM imaging of visceral
pleura from sample P364 (A-D) and P370 (E-F). A) A large cluster of plump VMCs attached to an
undulating segment of lung. B) A small cluster of round VMCs with abundant microvilli, tethered to the
basal lamina. C) Patch of VMCs shown in Panel A, under higher magnification shows loose attachment
to the underlying basal lamina. D) VMCs are uniformly covered in microvilli and have visible individual
cell boundaries. E) Patch of VMCs with bushy microvilli. F) Individual cell boundaries are not visible
due to complete cell coverage with dense microvilli.

Next, I aimed to determine if there was intra-sample variation in VMC size, using quantification
of the three VMC patches detected on sample P364 (Figure 3.13A-D). Due to the limitation of

dense microvilli, quantification of VMC size was not possible for patches of VMCs detected
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on sample P370 (Figure 3.13E-F). VMCs on lung resection sample P364 were found to measure
on average 110 um? (+9.13) in cell surface area and 12.81 pm (+0.47) in cell length (longest
axis) (Figure 3.14). Statistical analysis of mesothelial cell measurements suggested that there

was no significant heterogeneity in VMC size across sample P364 (Figure 3.14).
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Figure 3.14 Quantification of visceral mesothelial cell size on lung resection sample. ImageJ was used
for quantification of SEM images from three separate visceral mesothelial cell patches on the lung
surface of P364. Ten mesothelial cells from each cell patch were quantified. No significant heterogeneity
in mesothelial cell size was detected across cell patches. A) Quantification of individual mesothelial cell
surface area (um?) was determined by Imagel analysis (n=30). The surface area did not differ
significantly across mesothelial cell patches (one-way ANOVA, p=0.26). B) Quantification of
individual mesothelial cell length (um) was determined by ImageJ analysis (n=30). Cell length did not
differ significantly across mesothelial cell patches (one-way ANOVA, p=0.068). Error bars depict
standard error of the mean (SEM).

Analysis of visceral pleura by histology, SEM and confocal imaging, did not reveal a
continuous mesothelial cell layer in lung resection samples acquired from surgery.
Subsequently, I sought to determine if this lack of continuous visceral mesothelium was due to
surgical tissue limitations and processing artefact or a characteristic of active human

mesothelium in homeostasis.

3.3.4 Comparison of visceral mesothelial cells in post-mortem and lung resection
samples

To further explore visceral pleura in homeostasis and to assess if the visceral mesothelium

consists of a continuous monolayer in homeostasis, histological assessment and SEM imaging

of post-mortem pleural tissues were employed. Histology of 8 post-mortem visceral pleura

samples demonstrated that post-mortem tissue with up to 5-day ischemic time maintained an

intact structure when assessed histologically (Figure 3.15). The histology of post-mortem tissue
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(Figure 3.15) was similar to the tissue architecture of lung resection samples (Figure 3.5). There
was some variability in the presence of VMCs with sections completely devoid of VMCs (7/8)

and others entirely encased by a single mesothelial cell layer (1/8) (Figure 3.15).

A B

Figure 3.15 Histology of visceral pleural acquired from post-mortem. Representative H&E stains of four
patient samples. A and B) No mesothelial cells were found attached to the basal lamina of samples
PEA126 and PEA124 respectively. C) Mesothelial cells form a continuous layer of flat cells with thin
nuclei on the surface of sample PEA172. D) Small, sparse cells are present on the visceral pleura of
sample PEA139, which are likely immune cells.

Despite the presence of the antifungal Amphotericin B in transport medium, fungal
contamination of post-mortem samples significantly hindered the visualisation of VMCs by
SEM imaging (Figure 3.16). Imaging of three post-mortem samples revealed spores covering
the lung which obscured the surface structures (Figure 3.16). Furthermore, one post-mortem
sample showed signs of malignancy and one uninfected sample had an intact basal lamina but

no VMCs were detected by SEM imaging.
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Figure 3.16 Surface contamination of post-mortem lung tissue. Representative SEM images of post-
mortem visceral pleura contamination (sample PEA213). A) Dense clumps of spores are identified on
the lung surface. B) Individual spores can be seen diffusely on the lung surface.

Of the six post-mortem tissues imaged by SEM, only one post-mortem sample showed an intact,
continuous visceral mesothelium which visibly encased the lung (Figure 3.17). Sample PEA172
was from a male, ex-smoker, diagnosed with head and neck cancer and multiple metastases. In
this sample, flat VMCs formed an uninterrupted cellular sheet which covered the basal lamina
of the lung. Notably, these VMCs lacked surface protrusions and microvilli, in contrast to the

VMC appearance of lung resection samples (Figure 3.13).
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Figure 3.17 Intact visceral mesothelium of post-mortem sample PEA172. A) VMCs are flat and uniform
in shape. Area of denudation reveals the edge of visceral mesothelium. Arrow points to single
mesothelial cell. B) Cell-to-cell boundaries are visible in the visceral mesothelium. Arrow points to
exposed basal lamina. C) An area with partial denudation and minimal degradation of the basal lamina.
VMCs have a stretched cytoplasm, with prominent, ovoid nuclei. D) Extensive covering of lung with
intact visceral mesothelium.

To investigate the consistency of VMC size in sample PEA172, three distinct cell patches were
quantified and compared. Statistical analysis indicated that there was significant intra-sample
variation between VMC patches for both cell size metrics used (Figure 3.18). Notably, due to
the clear visualisation of mesothelium across sample PEA172, the VMC patches selected were

spatially further apart than the patches sampled for P364 (Figure 3.14).
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Figure 3.18 Quantification of visceral mesothelial cell size on post-mortem sample. ImageJ was used
for quantification of SEM images from three separate visceral mesothelial cell patches on the lung
surface of PEA172. Ten mesothelial cells from each cell patch were quantified. Significant
heterogeneity in both cell size metrics was detected across cell patches. A) Quantification of individual
mesothelial cell surface area (um?) was determined by ImageJ analysis (n=30). Cell surface area differed
significantly between cell patches (one-way ANOVA, **p=0.002). B) Quantification of individual
mesothelial cell length (um) was determined by ImageJ analysis (n=30). Cell length differed
significantly between cell patches (one-way ANOVA, **p=0.005). Error bars depict SEM.

As VMC patches were detected on both fresh lung resection tissues and post-mortem samples,
inter-sample variation of VMC size was assessed next (n=2). Quantification of the cell surface
area and cell length of VMC patches on sample P364 demonstrated an average cell surface area
of 110 pm? (+9.13) and cell length of 12.81 um (+0.47), whilst VMC patches on sample
PEA172 exhibited an average surface area of 127.9 um? (+7.23) and cell length of 12.82 um
(£0.48). Comparison of cell measurements from samples P364 and PEA172 did not suggest

significant heterogeneity in VMC size between the two samples (Figure 3.19).
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Figure 3.19 Visceral mesothelial cells have similar size in fresh and post-mortem visceral pleura.
Statistical analysis of cell surface area and cell length measurements showed no difference between the
two samples assessed (t-test, p=0.26 and p=0.69 respectively).

Macroscopic imaging of sample PEA172 showed intact visceral mesothelium on the entire

visceral pleura, which spanned an area of 5.63 cm? (+0.02).
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Figure 3.20 Macroscopic SEM imaging of intact visceral mesothelium of post-mortem visceral pleura.
Representative SEM images from post-mortem sample PEA172 are shown. A) Macroscopic SEM image
of visceral mesothelium spanning 5.63 cm? B) SEM image of section of continuous visceral
mesothelium. Scale bar = 500 um. C) Mesothelial cell barriers are faintly visible in SEM image of
visceral mesothelium. Scale bar = 100 pm.

Sample PEA172 was notable for its intact continuous visceral mesothelium. The presence of
VMCs on sample PEA172 was confirmed by histology and CKS5 staining (Figure 3.21).
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Figure 3.21 CK5 expression in intact visceral mesothelium of post-mortem sample PEA172. A)
Representative H&E stain of sample PEAL172. Arrow points to visceral mesothelial cells. B)
Immunohistochemistry image of CKS5-expressing visceral mesothelium. Scale bar = 100 um. C)
Immunohistochemistry image of CK5-expressing visceral mesothelium. Scale bar = 50 pm.
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Matched parietal pleura from sample PEA172 showed shrunken histology, which could be
attributed in part to the emaciated state of the patient at the time of death (Figure 3.22A). The
patient’s poor physical condition contributed to sample acquisition difficulty at post-mortem,
as the parietal pleura was challenging to detach from the chest wall. The histological structure

of the parietal pleura was not easy to ascertain (Figure 3.22A).

IHC analysis determined parietal mesothelial cells which expressed CK5, adjacent to adipose

tissue (Figure 3.22B). Parietal mesothelial cells of sample PEA172 weakly expressed calretinin
(Figure 3.22C) and were positive for BAP1 (Figure 3.22D).

Figure 3.22 Expression of mesothelial markers in parietal pleura of sample PEA172. A) H&E stain of
parietal pleura. B) CK5 IHC stain shows that parietal mesothelial cells strongly express CK5. C) IHC
stain of calretinin expression in parietal pleura. D) IHC stain of BAP1 expression in parietal pleura.

3.3.5 Examination of cell viability in post-mortem pleural tissue

To determine the viability of cells from post-mortem tissue, flow cytometry was employed.
Following digestion of visceral pleura, flow cytometry analysis of the heterogeneous cell
population containing immune cells, VMCs and other cell types, showed that 92.3 and 95.4%
of cells remained alive, when assessed with Zombie Red viability dye (Figure 3.23). The pleural
tissue digested and assessed for cell viability by flow cytometry had an ischemic time of 2 and

5 days respectively.
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Figure 3.23 Flow cytometry plots demonstrate the cell viability of digested visceral pleura from post-
mortem samples. A) There was 95.4% positive cell viability in digested visceral pleura of sample
PEA213. B) 92.3% of the cell population was still alive in digested visceral pleura of sample PEA216.
Zombie Red was used for viability analysis and Texas Red gates were drawn based on unstained control
cells. Ischemic time was 5 days for PEA213 and 2 days for PEA216.

Since flow cytometric analysis of post-mortem tissue showed a viable cell population, 1
investigated the capacity of visceral pleural cells to grow in tissue culture conditions. Digested
visceral pleura from PEA172, PEA213, PEA216 and a visceral pleural brushing from PEA224
were cultured with mixed success. PEA216 and PEA213 cell cultures succumbed to infection
immediately. PEA172 and PEA224 cells attached to tissue culture dishes but colonies became
contaminated with fungal growth after 1 — 3 days. Thus, it was not possible to culture isolated

pleural cells from post-mortem lung samples (n=5).
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Interestingly, further flow cytometric analysis revealed that 92.4% of the viable cell population
in digested visceral pleura from post-mortem distal lung tissue, was composed of CD45-
expressing immune cells (Figure 3.24). Confirmation of this finding was sought by SEM

imaging of the lung surface in post-mortem samples.
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Figure 3.24 Flow cytometric analysis of digested visceral pleura from post-mortem tissue. Ischemic time
of 2 days in patient sample PEA216. 92.3% of the single cell population was alive and 92.4% of this
viable cell population consisted of CD45+ cells.

Large immune cell clusters containing red blood cells, which are discernible due to their
characteristic morphology, were identified on the surface of post-mortem lung tissue (Figure
3.25). Interpretation of flow cytometric analysis of the cell population (Figure 3.24) and SEM
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imaging of the lung surface (Figure 3.25), indicate a large number of viable and active immune
cells after patient death.

5.00kV 7.0mm x700 SE 50.0um 5.00kV 9.4mm x1.20k SE

Figure 3.25 Activated immune cells form clusters on lung surface in post-mortem tissue. A) A large
aggregation of cells, including immune cells, on the lung surface of PEA224. B) A cluster of immune
cells and red blood cells appear to be attacking a surface object which could be fungal hyphae, on the
lung surface of PEA216.

3.3.6 Identification of reactive mesothelium in post-mortem parietal pleura

One post-mortem sample revealed diffusely reactive parietal mesothelium. These cellular
changes were not visible in CT scans prior to patient death. This case was a male, metastatic
melanoma patient, with no known smoking history or asbestos exposure. The patient had lung
metastases in the right lower and left upper lobes. At post-mortem it was evident that the parietal
pleura had been infiltrated by the secondary tumour as there were multiple milky spots on the
pleura observed by the pathologist. Histology and SEM imaging of parietal pleura revealed a
continuous sheet of cells, with immune cells entangled in malignant cells of unknown origin
(Figure 3.26).
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Figure 3.26 Parietal pleura containing malignant cells from lung metastasis in post-mortem sample
PEA118. A and B) SEM imaging of parietal pleura. C) H&E stain of parietal pleura shows an
aggregation of immune cells and malignant cells of unknown origin. D) Immunohistochemistry image
of BAP1 expression in malignant parietal pleura.

In a separate post-mortem case, histological assessment identified diffuse reactive parietal
mesothelium (Figure 3.27). This case was a 75-year old male, metastatic kidney cancer patient
with no known prior asbestos exposure, smoking history or pleural disease. This post-mortem

sample is referred to as PEA139 and had an ischemic time of less than 24-hours.

The cellular perturbations of the pleural mesothelium seen in some areas by histology did not
correlate to clinical evidence of pleural disease, as thoracic imaging data prior to death showed
that only mediastinal lymph nodes were involved (Figure 3.27). In normal mesothelium and
benign reactive mesothelium, the cells have small, uniform nuclei and nucleoli. In contrast,
reactive areas of parietal pleura in sample PEA139 showed visible increase in cell proliferation
and parietal mesothelial cells had atypical features including enlarged nuclei and prominent
nucleoli (Figure 3.27).
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Figure 3.27 Reactive mesothelium in the parietal pleura of a kidney cancer patient with no known pleural
disease. A and B) Representative H&E stains of parietal mesothelial cell clusters. Multiple sections of
pleural tissue from PEA139 were sampled and all FFPE blocks contained patches of reactive
mesothelium when assessed histologically (n=6). C and D) Representative H&E stains of atypical
reactive parietal mesothelial cells.

IHC staining of parietal pleura showed that parietal mesothelial cells expressed CK5 (Figure
3.28). The strong expression of CK5, combined with previous flow cytometry viability data
from post-mortem samples at 2 and 5 days after patient death and the fast collection of sample
PEA139 24 hours after patient death, suggest that parietal mesothelial cells in sample PEA139
were still alive at the time of collection (Figure 3.23, Figure 3.28).
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Figure 3.28 CK5 expression in parietal mesothelial cells of post-mortem sample PEA139. A)
Representative H&E stain of post-mortem sample PEA139 showing atypical parietal mesothelial cells
forming a simple monolayer. B) Parietal mesothelial cells strongly expressed CK5 when assessed by
IHC.

3.3.7 Investigation of BAP1 expression in reactive parietal mesothelium
Interestingly, when sections of reactive parietal pleura from sample PEA139 were stained by

IHC for BAP1 in-house, BAP1-loss was detected in reactive mesothelial patches (Figure 3.29).
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Figure 3.29 In-house BAP1 IHC staining in reactive parietal pleura. Representative IHC images from
post-mortem patient sample PEA139. BAP1-negative nuclei of parietal mesothelial cells were visible
within reactive cell clusters. Arrows point to BAP1-negative nuclei of reactive parietal mesothelial cells.

The BAP1 staining pattern observed in-house was verified by outsourcing sections of parietal

pleura from sample PEA139 to a clinical diagnostics lab, which conducted BAP1 IHC staining

on sample PEA139 in parallel to positive control tissues (Figure 3.30).
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Figure 3.30 Positive control tissue stained for BAPL1. Tissue stained in parallel to sample PEA139 for
BAP1 by IHC. BAP1 nuclear staining is visible throughout the positive control sections (n=3).

Externally conducted IHC staining verified BAP1 expression pattern in reactive mesothelial
patches (Figure 3.31). Reactive mesothelial cells formed proliferative clusters in which the
majority of cells had no detectable nuclear expression of BAP1 as determined by IHC (Figure
3.31).
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Figure 3.31 Nuclear BAP1 loss-of-expression in a subset of reactive parietal mesothelial cells.
A) Representative H&E stain of reactive parietal mesothelium. Connective tissue and sub-pleural
adipose tissue are present. B) Representative IHC image of BAP1 expression (n=5). BAP1 staining is
visible in immune cells and in single layer of mesothelium. BAP1 loss is seen in the nucleus of reactive
parietal mesothelial cell clusters.
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There was no visible mesothelial cell penetration of the basement membrane or sub-pleural
tissue invasion by reactive mesothelial cells, which is in agreement with the criteria for MMIS
(Figure 3.31, Figure 3.32) (220). However, there were identical cells directly below the
basement membrane, interspersed in the adipose tissue (Figure 3.31A). Although possibly a
sign of early invasion, this section of cells would need verification with CKS5 staining for this
to be deduced conclusively.

A closer view of the BAP1-negative cells in the reactive mesothelium revealed atypical
mesothelial cell morphology (Figure 3.32A). The majority of cells (94/154) in this reactive
cluster showed complete loss of nuclear BAP1 (Figure 3.32B). However, nuclear BAP1
expression was uniformly expressed across the surface of the mesothelium and BAP1-loss was
not identified in areas other than the proliferative mesothelial cell clusters (Figure 3.31).
Therefore, as BAP1-loss was not seen uniformly across the surface mesothelium, sample
PEA139 did not fit the current molecular criteria for diagnosis with MMIS. However, nuclear
BAP1 loss-of-expression is clearly a predominant trait of reactive parietal mesothelium in
sample PEA139, as only a small number of cells (23/154) in the reactive cluster retained BAP1
expression (Figure 3.32). Thus, this constitutes an interesting finding and warrants the
investigation of BAP1 expression a larger number of parietal pleural tissues to ascertain if this

is indeed an indication or trend of pre-invasive pleural malignancy.
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Figure 3.32 Loss of BAP1 expression in proliferative mesothelial cells of sample PEA139. A) H&E
stain of reactive parietal mesothelium. B) IHC image of BAP1 expression in reactive mesothelial cluster.
There was complete loss of BAP1 nuclear expression in 94/154 cells, 37/154 cells showed weak nuclear
expression and only 23/154 cells retained BAP1 nuclear expression.

3.3.8 Proof of concept for CRISPR/Cas9 BAP1 knockout
Developing a genetic method for introducing BAP1 loss-of-function into MPM cell lines is of
significant interest to the MPM research field. As indicated in 3.3.7, BAP1 loss-of-function

may also be important in pre-malignant mesothelial tissues.
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To provide a proof of concept for successful BAP1 knockout in vitro, I utilised CRISPR/Cas9
to knockout BAP1 in an established MPM cell line. First, | assessed the Wild-Type status of
BAP1 in the MPM cell line CRL2081 by PCR amplification and Sanger Sequencing of exonic
regions of interest (data not shown). Once | confirmed that no Single Nucleotide
Polymorphisms (SNPs) were present in the two exons of interest, | used a Cas9
Ribonucleoprotein (RNP) complex for BAP1 gene editing.

| transfected gene editing RNP molecules into CRL2081 cells. | used a crRNA targeting exon
4, as this exonic region encodes the BAP1 protein catalytic site which is important for DUB
function (Figure 3.33A). After positive selection by FACS for fluorescent tracr-ATTO™ 550
incorporation, | expanded clones and screened for BAP1 knockout cells by western blot (Figure
3.33B). Although two exons were targeted using this method, exon 4 targeting resulted in a
higher rate of successful BAP1 knockout clones compared to exon 5 targeting (Figure 3.33B).
Successful gene editing was validated by Sanger Sequencing of PCR-amplified DNA from
suspect knockout clones. Chromatogram analysis enabled probing at the crRNA site and
comparison to the negative (non-targeting) crRNA control clone to confirm a mutation had
occurred at the targeted exonic region (Figure 3.33C). For exon 4 clone #1, western blot
indicated a loss of BAP1 protein after gene editing and Sanger Sequencing confirmed this by
revealing multiple substitution mutations. Notably, there was a substitution of Guanine with
Adenine at the crRNA targeting site in exon 4 (Figure 3.33C).
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Figure 3.33 BAP1 CRISPR/Cas9 Knockout strategy in CRL2081 cells. A) Illustration of BAP1 exon 4
targeting. B) Immunoblot of gene edited clones revealed two potential BAP1 knockout clones. The
protein level of known BAP1 substrate Histone 2A increased in clone #1, which suggests loss of BAP1
DUB function. C) Sanger Sequencing analysis showed that multiple substitutions were present in the
BAP1 targeting site of clone #1.

BAP1

This provides proof of concept for a BAP1 gene editing approach and could offer a valid
strategy for targeted knockout of BAP1 in mesothelial cell models with Wild-Type expression
of BAP1.
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3.4 Discussion

3.4.1 Morphology and spatial distribution of human visceral mesothelial cells

The aim of this study was to determine if two distinct human tissue pipelines offered a robust
source of intact visceral pleura. | used histology to investigate sample structure and found an
intact basal lamina in 6 lung resection samples as well as discernible intact sub-pleural elements
but the visceral mesothelium was not continuous (Figure 3.4). In addition, | demonstrated a
sparse layer of CK5-expressing VMCs on the lung surface by whole-mount confocal imaging
of distal lung (Figure 3.10). To determine if the attenuated visceral mesothelium identified by
histology was due to tissue processing artefact or if this was the natural spatial distribution of

human VMCs in homeostasis, | sought to image the surface of pleural samples by SEM.

SEM imaging is considered the ‘gold-standard’ for determining the morphology of visceral
pleura and has been used extensively in morphological studies of animal pleura (56,221). Using
SEM imaging | detected small patches of VMCs on 2/6 lung resection samples (Figure 3.13).
Notably, long-term sample storage hampered imaging quality, as the basal lamina became
susceptible to damage and sub-mesothelial ECM matrix was often partially exposed in these
samples (Figure 3.12). Consistent with previous studies, the morphology of VMCs showed
heterogeneity with some appearing plump and round and others resembling flat cells, although
microvilli were a ubiquitous feature (Figure 3.13) (45-47). Here, | quantified SEM images of
VMCs and found an average cell surface area of 119 um? (+8.8) and cell length of 12.8 um
(£0.02). The human VMC length reported here is slightly lower than the 16 — 42 um described
as the mesothelial cell diameter in animal studies. Importantly, as the original morphometric
studies of visceral pleura in animals are now significantly dated, the mesothelial cell surface
area has not been measured previously. Thus, these quantifications constitute valuable
measurements which could be used to aid recognition and validation of human VMCs in future

imaging and cell culture studies.

Collectively, three experimental approaches demonstrated that lung resection samples lacked a
continuous visceral mesothelium, instead providing evidence for a sparse, attenuated
mesothelial monolayer, as illustrated in Figure 3.34. Fresh surgical samples are likely to be
subject to greater mechanical stress than post-mortem samples, with greater loss of the fragile
visceral mesothelial layer. However, fresh lung resection samples from surgery offer

unparalleled insight into VMC morphology and function.
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Surprisingly, post-mortem tissue allowed the most comprehensive morphological
characterisation of visceral mesothelium, although the tissue’s ischemic time renders it an
imitation of VMC morphology and VMC spatial distribution in homeostasis. | successfully
imaged intact visceral mesothelium on 1/8 post-mortem samples, sample PEA172. SEM
imaging revealed a flat, continuous cellular mesothelium which encased the basal lamina across
sample PEA172 (Figure 3.20) and expressed CK5 (Figure 3.21). SEM imaging demonstrated
that the detection of a continuous, uninterrupted visceral monolayer is possible in human lung
samples. However, this finding raises questions as to why intact visceral mesothelium was not
identified on any fresh distal lung samples, assessed by histology and imaging (n=10). It is
possible that due to the long ischemic time of post-mortem sample PEA172, VMCs underwent
apoptosis during the patient’s refrigeration prior to post-mortem. This could also explain the
change in VMC morphology on sample PEA172, as VMCs were flat, shrunken and lacked
microvilli (Figure 3.17).

Importantly, the presence of a continuous visceral mesothelium on post-mortem sample
PEA172, indicated that the mechanical forces applied to VMCs during surgery and transport
contribute to processing artefact due to VMC detachment. However, mechanical forces were
not likely the only reason for VMC detachment in lung resection samples, as the post-mortem
samples were transported in an identical manner but did not demonstrate the same extent of
VMC detachment that lung resection samples showed. This observation led to the hypothesis
that VMCs may have an innate ability to detach and circulate in pleural fluid in vivo during
disruption of homeostasis, which may be emulated when the pleural tissue is placed in a high
volume of transport medium. Combined with knowledge of peritoneal mesothelial shedding in
vivo, | hypothesised that pleural VMCs can actively shed from the visceral pleura to complete
yet undetermined functional roles, leaving sparse patches of VMCs on the surface of the
visceral pleura which are visible by SEM and confocal imaging (Figure 3.34). This proposed
phenomenon may explain the rare populations or even complete lack of detection of mesothelial
cells represented in scRNA-seq studies of digested human lung (81-84). The viability and
function of detached, circulating PMCs remains to be explored, although studies of free-floating
peritoneal mesothelial cells have suggested that circulating mesothelial cells are involved in
wound healing (31,32).
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Figure 3.34 Proposed spatial distribution model of visceral mesothelial cells in lung resection samples.
The schematic represents the structure of visceral pleura and underlying lung parenchyma as seen in
lung resection histology and imaging (n=6). Sparse VMCs are identified in patches on the lung surface.
Remaining VMCs are tethered to the basal lamina which is exposed in some areas. Underneath the
VMCs is a connective ECM layer composed of a dense network of elastin, bundles of fibrin and
collagen. The lung parenchyma contains immune cells and stromal cells, lymphatic vessels and veins.
Schematic created using BioRender.

Another key aim of the human pleural sample work was to determine if there is significant
heterogeneity in human VMCs. Although the sample size presented here is too small to deduce
firm conclusions regarding VMC variability, the two cell size metrics used for VMCs were
similar between samples (n=2). However, there was significant intra-sample heterogeneity in
both VMC size metrics for sample PEA172 (Figure 3.18). This significant variation may reflect
the distance between quantified patches, as a large pleural area of 5.63 cm? was imaged by SEM
for sample PEA172 (Figure 3.20). To my knowledge, imaging of human pleura at this scale has
not been previously conducted and is valuable to the research field as it constitutes a baseline

to which to compare perturbations of visceral pleura.

The MPM research field is hindered by infrequent availability of non-malignant pleural control
tissues with which to objectively compare pleural malignancy, relying instead on animal
models. Thus, there is an unmet scientific need to identify alternative human tissue sources.
Utilising two distinct human tissue pipelines | showed that both sources offer visceral pleura
with normal structure when processed by histology and assessed by a pathologist (n=14).
However, despite structural uniformity observed in pleural histology sections, characteristics
of mesothelial cells including cell number, size and morphology differed significantly across

samples from the two tissue sources.
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Intriguingly, the viability of cells digested from post-mortem tissue remains very high, with an
estimated 92.3% cell viability observed (Figure 3.23). This significant positive viability of this
heterogeneous population of cells could be partially due to fast refrigeration time of the
deceased patient. Immediate tissue processing after tissue harvest could also contribute to
sustaining high cell viability. Attempts to culture post-mortem cells from digested tissue
resulted in fungal infections (n=5). However, based on flow cytometric analysis, isolation and
further characterisation of the VMC population should be feasible if fungal contamination can
be eliminated in cell culture with use of an appropriate level of antifungal agent. Despite the
difficulties in mesothelial cell culture, post-mortem tissues offer an invaluable resource for

morphological and histological analysis.

Collectively, | determined that both sources of distal lung could provide samples with viable
VMCs. The findings presented here support the use of both tissue sources for research purposes.
These observations are relevant to the wider MPM research field as they provide evidence that
these pipelines can offer a human tissue resource with which to better characterise normal

pleural mesothelium in homeostasis.

3.4.2 Sub-clinical alterations in post-mortem parietal mesothelium

I have shown frequent sub-clinical changes in parietal mesothelium (2/4) of post-mortem
samples (Figure 3.26, Figure 3.27). In two cases, | observed reactive areas of proliferative
mesothelial cells in parietal pleura which was not seen in clinical imaging prior to patient death.
Atypical reactive mesothelial cells have been described as enlarged, with prominent nuclei
which contain visible nucleoli (123,220). The parietal mesothelium of sample PEA139
displayed increased cellularity and moderate atypical features (Figure 3.32A). Verification of
parietal mesothelial cells was performed by CKS5 stain (Figure 3.28).

It has been extensively shown that loss of BAP1 staining determined by IHC correlates with
BAP1 loss-of-function due to mutation (116). BAP1 loss-of-function results in loss of the DUB
regulation exerted by this key tumour suppressor protein which may allow BAP1-negative
mesothelial cells to gain enhanced cell growth or cell competition advantages. In post-mortem
sample PEA139 | identified clusters of reactive mesothelial cells with loss of nuclear BAP1
expression, determined by IHC (Figure 3.32). In a large reactive mesothelial cell cluster, which
protruded from the basal lamina, 94/154 mesothelial cells demonstrated complete loss of
nuclear BAP1 (Figure 3.32). As loss of BAP1 in mesothelium has been shown to signal pre-

invasive MPM, partial BAP1 loss in the mesothelium may be indicative of a phenotypic change
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in BAP1 mutant cells which could result in a growth advantage. Therefore, it is notable that
sample PEA139 presented prominent BAP1-loss as it supports this gene as a key driver and
molecular step towards malignant cellular behaviour, such as increased proliferation. A vital
experiment to determine if BAP1 loss-of-function is sufficient to drive mesothelial cells
towards malignancy, would be to implement the BAP1 CRISPR/Cas9 gene editing strategy
described here, in the mesothelial cell line Met-5A or in primary human mesothelial cells
(Figure 3.33). This would emulate the BAP1-negative status of mesothelial cells seen in sample

PEA139 and allow the identification of any potential clonal advantages of BAP1-negative cells.

It is important to note that BAP1 loss-of-expression in this case is almost certainly due to a
somatic mutation and not a germline mutation, as the latter would result in uniform BAP1-loss
in mesothelial cells (90,92). However, in the post-mortem case study of sample PEA139 it was

not possible to verify the mutational status of BAP1 due to tissue fixation limitations.

In the study by Churg et al., MMIS status was confirmed by complete lack of BAP1 expression
in surface mesothelium. Ubiquitous loss of BAP1 was not demonstrated in the case of sample
PEA139. However, as this was a post-mortem case it is not possible to know if over time the
BAP1-negative mesothelial cells would have evolved into a reactive mesothelium with
complete loss of BAP1, which constitutes the current molecular criterion for diagnosis with
MMIS (123,222).

In summary, BAP1 is a frequently mutated gene in MPM and is significant in the pre-malignant
stage of MMIS. The observations presented here support the use of post-mortem pleural
samples for MMIS research as they may offer a valuable resource with which to study the early

stages and evolution of pleural malignancy.

3.5 Summary

e Lung resection samples contained VMCs which expressed CK5, MSLN, WT1 and
calretinin.

e The visceral mesothelium in lung resection samples consisted of a sparse, attenuated
mesothelial cell layer.

e Human VMCs identified by SEM imaging had an average surface area of 119 pm? and
cell length of 12.8 um.

¢ Significant heterogeneity in VMC size was demonstrated in one post-mortem sample.
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e Lung resection and post-mortem samples offer a viable source of VMCs, with distinct
advantages and limitations for different experimental approaches.

e BAPI1-negative cells were discovered in a subset of atypical reactive parietal
mesothelial cells of a patient with no known pleural disease, which supports the
importance of BAP1 in early pleural malignancy.

105



4 Isolation, purification and transcriptomic analysis of VMCs

4.1 Background

Human mesothelial biology research lacks selective VMC isolation methods. The ‘gold-
standard’ for deriving mesothelial and mesothelioma cell cultures is to collect cells by
centrifugation of pleural effusions (148). However, pleural fluid centrifugation does not allow
the study of a pure population of VMCs, as it produces a heterogeneous PMC population and
thus our limited understanding of visceral and parietal pleural cells remains restricted to
functional differences deduced from in vivo experiments in animal models (24,37). In addition,
the widespread availability of pleural effusions and the ease of cell isolation from pleural fluid
has resulted in underutilisation of human distal lung tissue, which is available through routine
lung-related surgery and offers a valuable source of visceral pleura for research purposes
(129,133,134).

Although cell models are the backbone of cancer research, it is known that karyotypic changes
and genomic instability associated with prolonged culture conditions depletes their ability to
accurately recapitulate human tissue and disease (223,224). Met-5A is a transformed cell line
derived from pleural fluid, which poorly mimics PMCs after decades in culture (148). Thus,
methods for the efficient isolation and establishment of primary human VMC cultures is

desirable, as these models do not currently exist in the research field.

In contrast to the pleural fluid isolation approach, I sought to isolate a pure population of VMCs
from distal lung with the intention to characterise the transcriptome of human VMCs in
homeostasis. | sought to test and identify a suitable method to isolate human VMCs and to use

cell cultures of extracted populations as a guide to assess VMC culture purity.

Despite recent advances in the genomic characterisation of MPM, there is limited understanding
of the transcriptome of normal VMCs which is restricted to microarray analysis of bulk RNA
extracted from normal pleura. Furthermore, the gene expression changes between normal and
malignant pleural cells remain largely unexplored. To better assess the current information of
the publicly available TCGA gene expression MPM dataset (n=86), generation of a
transcriptomic datasets for normal human pleura is required. To address this, RNA Sequencing
was performed on purified populations of human VMCs to gain an understanding of this cell

type in homeostasis.
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4.2 Aims

e To develop a more suitable and selective method for isolation of a pure population of
VMCs from human visceral pleura.

e To explore a method for VMC cell culture.

e To delineate the gene expression of VMCs in tissue homeostasis.

e To compare the gene expression of non-malignant VMCs to MPM and identify

upregulated pathways in MPM which may have therapeutic potential.
4.3 Results

4.3.1 The expression of epithelial markers in mesothelial cell models

To assess which epithelial markers could be used for identification of primary mesothelial cells
by flow cytometry, a panel of 5 epithelial markers was tested in a range of normal and malignant
mesothelial cell lines (Table 4.1). The cell lines assessed included the established MPM cell
line CRL2081, primary MPM cells derived from pleural effusion referred to as PK061219 and

the transformed non-malignant mesothelial cell line Met-5A.

Table 4.1 Summary of flow cytometric expression of epithelial cell markers in benign and malignant
mesothelial cell lines. Positive expression (+) and negative expression (-) are shown. Where primary
MPM cells were not enough to investigate expression of markers not known (n/k) is used.

Expression ALCAM | CK5 | E-cadherin | EpCAM | ITGA6 PDPN

CRL2081 + + + - + -
PK061219 - + n/k n/k n/k +
MeT-5A + + + + n ;

All three cell lines expressed CK5 (Table 4.1). During the flow cytometric antibody selection
stage, two CK5 antibodies were tested, of which CK5-FITC (clone D5/16B4, Millipore)
showed stronger staining and was selected for subsequent flow cytometry experiments (data
not shown). ALCAM, which is found on antigen presenting cells, as well as Integrin Alpha 6
(ITGAG), were the second most expressed markers. Interestingly podoplanin expression was
only detected in the primary MPM cells and was not detected in either of the established cell
models (Table 4.1).
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The mesothelial cell line Met-5A showed very low expression of EpCAM (Figure 4.1) but
stained strongly for ALCAM and CK5. Met-5A cells were also assessed for expression of the
endothelial marker CD31 (PECAM-1) but no expression was detected (data not shown).

Flow cytometric investigation of these cell models indicated that mesothelial and mesothelioma
cells in vitro often express epithelial markers such as CK5 and overall were found to express

4/5 common epithelial markers when assessed by flow cytometry.
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Figure 4.1 Characterisation of transformed benign mesothelial cell line Met-5A. A) Flow cytometry
plots depict Met-5A expression of EpCAM and E-cadherin compared to unstained control cells. B)
Morphology of cultured Met-5A cells, used for flow cytometric analysis (scale bar = 20 uM). Arrow
points to dividing circular cell (scale bar = 10 pM).

Brightfield images of Met-5A cells showed that two distinct cell morphologies are present in
Met-5A cultures (Figure 4.1B). The first type has spindle-like morphology and the second type
consists of bright cells with round morphology, both of which were attached to plastic and
divided (Figure 4.1B). Therefore, this widely used cell model of benign mesothelial cells can

only provide an indication of what VMC morphology may resemble.

4.3.2 Visceral mesothelial cell isolation strategies and culture
Initially, enzymatic digestion of visceral pleura with liberase was used for the isolation of
VMCs from distal lung. This yielded low cell numbers, although scale up of liberase digestions

108



marginally improved cell yields. Brightfield images of cells from pleural digests revealed
presence of fibroblasts in early cultures (Figure 4.2).

P371

ASCO004

Figure 4.2 Brightfield images of digested pleural cells in early culture. Digested cells from samples P371
and ASCO004 were cultured in complete medium and imaged at 4 days. Difference in cell numbers
between the two samples is due to increased number of liberase digestions for sample ASC004. Scale
bar =20 pm.

After liberase digestion and before the heterogeneous population was cultured, referred to as
Passage 0 (P0), up to 64.5% of cells from digested visceral pleura expressed CK5 when assessed
by flow cytometry (Figure 4.3). However, at Passage 1 (P1) the detectable CK5 population had
drastically declined to 14.1 — 25.1% (Figure 4.3, Figure 4.4).
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Figure 4.3 Culture of pleural cells resulted in reduction of CK5 expression. Flow cytometric comparison
of digested pleural cells at PO and P1, from sample P370. Gates for single CK5-FITC stains were
implemented based on unstained control cells, which are shown in the top panel of A and B. A) Flow
cytometry plot shows 64.5% CKS5 expression in a mixed cell population following pleural digest with

liberase. B) Flow cytometry plot shows 14.1% CKS5 expression in cultured cells from digest at P1.
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The digested cells were further investigated at P1 to ascertain expression of epithelial markers
highlighted in 4.3.1 as potential markers of mesothelial cells in vitro. In this flow cytometric
analysis, up to 25.1% of cultured cells expressed CKS5, a slightly larger subset of 52.9%
expressed podoplanin, a small subset of 15.1% expressed E-cadherin and up to 96.3% of the
cell population expressed ALCAM (Figure 4.4). As the combination of markers did not label a
distinct cell population, this analysis suggests that the panel of epithelial markers reviewed here
is not selective enough to detect primary mesothelial cells in a heterogeneous cell population.
Furthermore, brightfield images of the cultured cells prior to P1 revealed a heterogeneous
population which appeared to be composed of an increasing number of fibroblasts and thus
contamination of these primary cultures with unwanted cell types was evident (Figure 4.4B).
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Figure 4.4 Assessment of digested pleural cells from sample P370. Cells were assessed at P1. A) Flow
cytometric characterisation of cells stained with antibodies against: CK5-FITC, PDPN-PeCy7, E-
cadherin-APC and ALCAM-PE. Gates were drawn based on FMO stains. B) Brightfield images of
cultured cells prior to flow cytometry analysis revealed fibroblasts as the predominant cell type in

culture.

To confirm the presence of fibroblasts in digested pleural cultures established from sample

P370 (Figure 4.4B), the expression of three fibroblast markers was assessed by flow cytometry
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(Figure 4.5). Cultured cells from sample P370 were stained with the fibroblast markers
PDGFRf, PDGFRa and CD90 at Passage 2 (P2) (Figure 4.5). Strikingly, CD90 showed the
highest expression of the three fibroblast markers, as 90.6% of the cell population was CD90+
when compared to unstained control cells. However, approximately 9% of the population did
not express CD90, indicating that a second cell type remained present in this heterogeneous
culture at P2 (Figure 4.4 and Figure 4.5A).
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Figure 4.5 Flow cytometric analysis of three fibroblast markers in digested pleural cells derived from
sample P370. Cells were assessed at P2. A) Flow cytometry plot demonstrates that CD90 was expressed
by 90.6% of the cell population. B) Flow cytometry revealed that PDGFR[ was weakly expressed by
3.89% of the cell population. C) PDGFRa expression was not detected in the cell population. Gates were
drawn based on unstained control cells.

In a separate pleural cell culture derived from digest of sample ASC004, brightfield images
suggested that fibroblasts expanded faster than other cells as culture time progressed (Figure
4.2). In addition, high expression of fibroblast markers was demonstrated in flow cytometric
analysis of cells from sample ASC004 at P1 (Figure 4.6). CD90 was expressed in up to 98.2%
of the P1 cell population and PDGFRa was expressed by 21.8% of CD90-positive cells (Figure
4.6).
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Figure 4.6 Flow cytometric analysis of fibroblasts marker expression in P1 cells derived from pleural
digest. Lung resection sample ASC004 was used for digestion. Antibodies used were CD90-PeCy7 and
PDGFRa-PE. Gates were drawn based on FMO stains.

Due to the limitations of the pleural digestion approach which included low cell yield and
confirmed contamination of subsequent mesothelial cultures with CD90+ fibroblasts, a second
isolation method was explored. This entailed use of a cytology brush to extract VMCs by
brushing the visceral pleura. A schematic of isolation techniques and the phenotype or resulting

early cultures is summarised in Figure 4.7.
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Method 1: Enzymatic digestion of visceral pleura

4 —) =
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Dissect visceral Mince biopsy and Heterogeneous VMC
pleura digest with liberase population in early culture

Method 2: Pleural brushing of visceral pleura
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with cytology brush deplete RBCs population in early culture

Figure 4.7 Schematic representation of the two VMC isolation methods used and the morphology of
early cultures. Schematic created using BioRender.

Cell yields from the second VMC isolation method, which consisted of pleural brushing, were
much higher than cell yields produced by pleural digests. Strikingly, flow cytometric
characterisation of cells from pleural brushings at PO showed a positive population of CK5 cells
of up to 92.1% (Figure 4.8), which indicated a purer population of mesothelial cells than the

65.1% CK5+ population previously demonstrated in cells from pleural digest (Figure 4.3).
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Figure 4.8 Flow cytometry plot demonstrates high CK5 expression in mesothelial cells derived from
pleural brushing. Pleural brushing was from lung resection sample ASC009. CK5 expression was
detected in 92.1% of the cell population. Gates were drawn based on unstained control.

A striking difference to the cultures established from digested cells, was that early cultures
derived from pleural brushings showed a uniform population of round cells with visible surface
protrusions (Figure 4.9). Quantification of imaged cells at 4 days revealed that cells measured
11.2 pM (0.47) in length (Figure 4.9), which is comparable to the VMCs measured as 12.8
MM previously (Figure 3.14). These observations support the establishment of mesothelial cell
cultures from pleural brushings. However, at 7 days fibroblast-like cells were clearly visible
and by 12 days it was evident that fibroblasts had begun to expand underneath the round

mesothelial cells (Figure 4.9).
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Figure 4.9 Brightfield images show mesothelial cell morphology in early culture derived from pleural
brushing. Pleural brushing was from sample ASCO008. Representative images are shown from 4, 7 and
12 days of culture respectively (n=3). Arrows point to fibroblast-like cells in the cell population.

Mesothelial cultures slowly proliferated and took 37 days to reach confluence in a T25 flask.
At this stage they were trypsinised and analysed by flow cytometry for expression of the
fibroblast marker CD90 and mesothelial marker CK5 (Figure 4.10). This analysis revealed that
only 35.3% of the cell population was CD90-negative and out of these, a small subset of 5.45%
expressed CK5 (Figure 4.10).
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Figure 4.10 Flow cytometric characterisation of primary mesothelial cells from pleural brushing. A)
Flow cytometry demonstrates that the cell population contains fibroblasts which express CD90. A small
number of cells expressed CK5. Assessment was carried out on primary cells at Passage 1. Antibodies
used were CD90-PeCy7 and CK5-FITC. B) Representative brightfield images of confluent primary cells
prior to Passage 1. Scale bar = 20 pm.

Collectively, flow cytometric analysis and quantification for the marker CK5 suggests that
pleural brushing allows isolation of a greater number of VMCs compared to digestion methods.
However, as culture time progressed, fibroblast contamination persisted and therefore the purity
of the pleural brushing cultures long-term, although superior to the digested cultures, require

further improvement.

4.3.3 ldentification of free-floating viable mesothelial cells

Distal lung sections were transferred to the laboratory on ice, in 50 mL of transport medium
containing FBS and antibiotics. Due to the low cell numbers seen in pleural digests, the
transport medium was investigated as a reservoir of detached mesothelial cells. Comparative
flow cytometric analysis of transport medium and digested cells from visceral pleura, revealed
a striking population of free-floating cells which was 97.5% CK5+ (Figure 4.11). A similar
population of CK5+ cells in transport medium was identified in a further three samples.
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Figure 4.11 Flow cytometric comparison of cells from digested visceral pleura and transport medium of
sample P371. A) Representative SSC-FSC plots depict low cell yields in pleural digests at approximately
2,000 cells and a large proportion of cells in pleural transport medium at 10,000 cells (n=4). B) Analysis
of free-floating cells in transport medium showed that 97.5% of the distinctive cell cluster was CK5
positive.

Next, | sought to determine if the free-floating cells were apoptotic cells which had detached
from the tissue during transport. Comparison between transport medium and VMCs from
pleural brushing was performed. The 50 mL of transport medium used for sample ASC014 was
centrifuged and stained in parallel to cells isolated by pleural brushing of sample ASC014.
Subsequent flow cytometric viability assessment demonstrated that free-floating cells in
transport medium had higher viability than tissue-resident cells from pleural brushing, as alive
populations constituted 60.2% and 45.7% respectively (Figure 4.12).
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Figure 4.12 Flow cytometric cell viability comparison of pleural brushing and transport medium. A)
Pleural brushing of sample ASC014. B) Transport medium of sample ASC014. Gates were drawn based
on unstained control cells. Cells with negative staining for Zombie Green are viable and are shown in
gated plots as the alive population.

This analysis revealed several differences between the pleural brushing and transport medium
populations. Pleural brushing resulted in clumps of cells which were located higher up in the
SSC-FSC plot. This had been previously observed by brightfield images of cultured cells from
pleural brushings and can be decreased by passing the cell suspension through a 70 um cell

strainer (Figure 4.13).
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Figure 4.13 Cell culture revealed clumps of visceral mesothelial cells derived from pleural brushing.
Brightfield images were taken before attachment of cells to plastic, at 0 days of culture. Large cellular
aggregates of VMCs are visible in the culture dish. Images were from pleural brushing of post-mortem
sample PEA224. After attachment of cells to the culture dish they developed a fungal infection.

Secondly, the debris captured by flow cytometry was significantly increased in the transport
medium compared to the cell population from pleural brushing, as would be expected. To
provide an accurate representation of viability, the Zombie Green gates were drawn to exclude
debris from both flow cytometry plots.

4.3.4 FACS-purification of visceral mesothelial cells acquired by pleural brushing

Results suggested that although pleural brushing provided an improved VMC isolation method,
a small population of contaminating stromal cells was still present at PO (Figure 4.8, Figure
4.9). To mitigate this, a panel of negative markers was used to exclude contaminating cell types

with the aim of purifying the VMC population acquired from pleural brushing.

Based on findings from fibroblast marker expression of in vitro fibroblasts (Figure 4.5, Figure
4.6), CD90 was selected as a fibroblast marker for the FACS-purification panel (Figure 4.14).
CD31 was selected as an endothelial marker (Figure 4.14). Although red blood cell (RBC) lysis
was conducted on cells acquired from pleural brushings, the RBC marker CD235a was included
to mitigate autofluorescence of RBCs by negative selection of this population. CD235a was
used in conjunction with the marker CD45 in the BV421 channel to mark and exclude any
remaining RBCs and immune cells respectively (Figure 4.14). A Zombie viability dye was
utilised to ascertain and select live cells for sorting (Figure 4.14).
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Figure 4.14 FACS strategy for purification of visceral mesothelial cells from pleural brushings.
Antibodies were used in the following colours: CD235a-Pacific Blue, CD45-BVv421, CD31-

PerCPCy5.5, CD90-PeCy7. Gates were drawn based on FMO stains.

A total of four purified VMC populations were sorted by FACS, for subsequent RNA

sequencing. FACS analysis revealed that the average live population of CD235a- CD45- cells

was 21.1% (+11.22). Of the live population across the four samples, contaminating endothelial
cells which were CD235a- CD45- CD31+ constituted 4.3% (+1.78) and of the remaining
CD2350- CD45- CD31- population CD90+ fibroblasts represented a further 4% (£1.75) of

cells.
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Figure 4.15 FACS strategy for purification of visceral mesothelial cells from post-mortem sample
PEA254. Antibodies were used in the following colours: CD235a-Pacific Blue, CD45-BV421, CD31-
PerCPCy5.5, CD90-PeCy7. Gates were drawn based on FMO stains.

Due to sample acquisition restrictions, samples were stored overnight before FACS-sorting the
following day. This caused significant reduction in cell viability. In lung resection samples from
surgery, the percentage of living cells ranged from 54 — 77.2% of the single cell population
(n=3). In the post-mortem sample a drastic decrease of viability to 12.7% was observed (n=1)
(Figure 4.15). However, the post-mortem sample yielded a high VMC count when assessed and
purified by FACS.VMC counts from FACS-purified VMC populations ranged from 17 x 10% —
25 x 10% (Table 4.2). The direct comparison of isolated VMCs from pleural brushing and
transport medium represented in Figure 4.12, provided VMC counts of 95 x 10 and 14 x 10?
respectively, suggesting that transport medium which distal lung has been transferred in can be

used as a source of viable VMCs (Table 4.2).

RNA sequencing of these purified VMC populations from four patients was conducted to gain
insight into the gene expression of VMCs in homeostasis. The tissue-resident and free-floating
VMC populations acquired from ASCO014 were isolated but not RNA sequenced due to time

constraints.
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Table 4.2 Summary of isolated VMC population from distal lung samples. Cell count represents number
of cells acquired after FACS-purification of VMC populations.

Sample | Tissue source Isolation method | Cell count | RNA sequencing status
PEA254 Post-mortem Pleural brushing 10,000 Yes
ASCO011 | Lung resection Pleural brushing 6,100 Yes
ASC012 | Lung resection Pleural brushing 25,000 Yes
ASCO013 | Lung resection Pleural brushing 1,700 Yes
ASCO014 | Lung resection Pleural brushing 9,500 No
ASC014 | Lungresection | Transport medium 14,200 No

4.3.5 Assessment of MPM markers in RNA Sequencing datasets

Before analysis of the gene expression of VMC populations, an assessment of IHC-derived
MPM markers was conducted, to gain insight into the utility of these markers in RNA
sequencing datasets. The panel of iMig recommended markers for MPM differentiation was
used for this analysis (Table 1.1). Using the RNA sequencing datasets available through
cBioportal, the expression of 4 negative and 4 positive MPM markers was compared between
lung adenocarcinoma (n=317) and MPM (n=87) cohorts (Figure 4.16).
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Figure 4.16 Expression of iMig recommended MPM markers in exome and RNA sequencing datasets
of lung adenocarcinoma and MPM. RNA sequencing analysis generated from cBioportal. Plots depict
RNA sequencing counts (log2) from TCGA lung adenocarcinoma and MPM datasets. A) Expression of
negative markers of MPM are compared between lung adenocarcinoma and MPM datasets. B)
Expression of positive markers of MPM are compared between lung adenocarcinoma and MPM
datasets.
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The expression of negative IHC markers in MPM agree with the findings in RNA sequencing
data, for CLDN4 and NAPSA (2/4) (Figure 4.16A). However, TTF1 expression which should
be limited to lung adenocarcinoma cells, showed nearly identical expression to MPM (Figure
4.16A). In addition, expression of EpCAM in the RNA sequencing data of MPM tumours is
variable, with evident RNA sequencing count heterogeneity (Figure 4.16A). The assessment of
positive markers for MPM revealed higher calretinin and CK5 expression in MPM compared
to lung adenocarcinoma, which was the expected trend (Figure 4.16B). However, for MSLN
and PDPN it was not possible to discern a significant difference between the median expression

level of these markers between the two tumour types (Figure 4.16B).

Collectively, assessment of iMig MPM markers in RNA sequencing datasets indicated that 2/4
negative (TTF1 and EpCAM) as well as 2/4 positive (MSLN and PDPN) markers could be of
use to validate the presence of MPM cells, with the negative markers performing slightly better
than the positive markers (Figure 4.16). However, this data suggests that markers known for
differentiation of MPM by IHC should be used with caution in RNA sequencing datasets.

4.3.6 Quality control and validation of normal pleura RNA sequencing dataset
All RNA sequencing experiments were outsourced to UCL genomics and subsequent
bioinformatic interrogation of the dataset was achieved in collaboration with Dr Adam

Pennycuick.

Initially, quality control of the four populations which comprise the VMC dataset (samples S,
T, U and W) was conducted (Table 4.3). For ease of analysis this dataset is referred to as normal

pleura henceforth.

Table 4.3 Summary of FACS-sorted VMC populations which make up the pleural dataset.

Sample Tissue source Isolation method Cell count | Sample name
PEA254 Post-mortem Pleural brushing 10,000 S
ASCO11 Lung resection Pleural brushing 6,100 T
ASCO012 Lung resection Pleural brushing 25,000 U
ASCO013 Lung resection Pleural brushing 1,700 W

We found similar library size across the four samples although a low RNA sequencing depth
was identified in the normal pleura dataset (Figure 4.17A). Analysis by PCA plot revealed no
obvious outliers (Figure 4.17B), although the sample size is too small to deduce this
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conclusively (n=4). Sample S was the only post-mortem sample and was located slightly apart
from the remaining three lung resection samples in the PCA plot (Figure 4.17B). GTEx samples
were used as a reference, to compare the library size between bulk sequenced normal tissues
and the normal pleura (Figure 4.17C). This showed that the GTEXx bulk sequenced tissues had
a much larger library size compared to the pleural samples (Figure 4.17C).
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Figure 4.17 Quality control of the pleural dataset. A) Plot shows library size across the pleural samples,
named S, T, U and W. B) PCA plot analysis of the pleural samples. C) Comparison of library size
between GTEXx bulk sequenced tissues and the four pleural samples showed the library size of pleural
samples to be much lower.

Next, the GTEx bulk RNA sequenced repository of normal tissues was used to determine the
similarity of the pleural samples to all other available normal tissue types (Figure 4.18A).
UMAP analysis revealed that the pleural samples most closely resembled lung tissue, although

these formed an adjacent and distinct group compared to the lung samples (Figure 4.18B).
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Figure 4.18 UMAP analysis of pleural samples compared to normal tissues. All data accessed through
the GTEX portal. A) Arrow points to pleural samples which cluster close to normal lung tissue. B) Closer
view of normal pleura (n=4) and normal lung populations (n=68).
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4.3.7 Transcriptomic comparison of normal pleura and normal lung tissue

Normal pleura and GTEx normal lung tissue datasets were compared, to identify differentially
expressed genes (DEGSs) and to use these to perform pathway analysis. We identified 11,037
DEGs which were subsequently used for pathway analysis. Pathway analysis revealed 27
significantly downregulated and 3 significantly upregulated pathways in normal pleura
compared to normal lung (Figure 4.19). Our pathway analysis suggested that normal pleura has
upregulated oxidative phosphorylation and thus mitochondrial activity, protein production and
DNA repair compared to normal lung tissue. Interestingly, TGFf signalling and Hedgehog
signalling were found to be downregulated in the normal pleura compared to normal lung.
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MYC TARGETS V1

REACTIVE OXYGEN SPECIES PATHWAY
UV RESPONS DN

INTERFERON GAMMA RESPONSE
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COMPLEMENT

TGF BETA SIGNALING

UV RESPONSE UP

PI3K AKT MTOR SIGNALING

APOPTOSIS
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WNT BETA CATENIN SIGNALING
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COAGULATION
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TNFA SIGNALING VIA NFKB

IL2 STAT5 SIGNALING
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ALLOGRAFT REJECTION

IL6 JAK STAT3 SIGNALING
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Figure 4.19 Pathways analysis using normal pleura and normal lung RNA sequencing datasets.

Finally, we used the iMig panel of IHC markers recommended for MPM differentiation, to
investigate expression of specific genes in the normal pleura compared to normal lung tissue.
We did not expect the trends shown previously to be reproduced (Figure 4.16) as these markers
are used for MPM and not normal mesothelial cells but we wanted to use these as an indicator
to validate the normal pleural samples. Importantly, none of the gene expression comparisons
between normal pleura and normal lung for the 8 MPM markers reached statistical significance

and therefore it was not possible to biologically interpret these trends (Figure 4.20).
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Figure 4.20 Comparison of RNA sequencing counts for iMig recommended MPM markers, between
bulk RNA sequenced lung tissue and normal pleura. Lung samples (n=68) from GTEXx were compared
to normal pleural samples (n=4). The top panel represents the gene expression of 4 negative MPM
markers and the top panel represents 4 positive MPM markers. A statistically significant threshold (p <
0.05) was not reached for any of the comparisons.

4.3.8 Comparative gene expression between normal pleura and MPM

Using the normal pleura dataset, we aimed to identify and highlight changes in gene expression

between normal pleura and MPM. To assess the gene expression signature of normal pleura,

we conducted UMAP analysis of normal pleura, normal lung and MPM. UMAP analysis

revealed that pleural samples are situated closer to lung tissue than MPM tissue (Figure 4.21).

MPM samples formed a separate and distinct group with only one clear outlier visible.
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Figure 4.21 UMAP analysis of normal pleura and lung compared to MPM. GTEXx bulk RNA Sequenced
lung tissue (n=68) and TCGA bulk RNA Sequenced MPM tissue (n=86) were used for this analysis.

Differentially expressed genes (DEGSs) between the normal pleura and MPM datasets were

identified. Implementing cut-off criteria of larger than two-fold change (log2FC > 2 and log2FC

<-2) and adjusted p-value lower than 0.05, we identified 6,683 DEGs between the two datasets.

The top ten DEGs based on ascending adjusted p-value are shown in Table 4.4.

Table 4.4 List of most significantly altered genes in normal pleura compared to MPM. Genes are ranked
by lowest adjusted p-value. Positive fold change indicated upregulation in normal pleura while negative
fold change indicates downregulation in normal pleura.

Fold change |Adjusted p-value
Gene Gene name
(log2)
pyridoxal dependent decarboxylase domain

PDXDC2P o
containing 2, pseudogene 8.20 2.9E-163
LINC00674 |long intergenic non-protein coding RNA 674 6.15 2.1E-111
ZBTB20 | zinc finger and BTB domain containing 20 8.69 3.9E-101
HNRNPL | heterogeneous nuclear ribonucleoprotein L -3.16 6.7E-101
SARNP SAP domain containing ribonucleoprotein 5.06 1.19E-98
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RBM34 RNA binding motif protein 34 5.48 1.06E-96
CHMP4B charged multivesicular body protein 4B -5.51 8.74E-93
PRPF19 pre-mRNA processing factor 19 -5.86 8.44E-92
HNRNPH2 | heterogeneous nuclear ribonucleoprotein H2 -4.46 1.5E-86
splA/ryanodine receptor domain and SOCS
SPSB3 o
box containing 3 491 1.53E-79

Using the list of 6,683 DEGs, we carried out KEGG Pathway analysis to ascertain which
pathways are downregulated in normal pleura compared to MPM (Figure 4.22). Thirty

significantly upregulated pathways were identified as downregulated in normal pleura.

This analysis suggested that MPM is characterised by oncogenic pathway activation, EMT,
hypoxia, apoptosis and metabolic changes (Figure 4.22). Key findings included, TGFp
signalling and Hedgehog signalling downregulation in normal pleura compared to MPM.
Notably, TGFB1 and Hedgehog transcription factor GLI2 were in the top 500 and top 1250

DEGs respectively.
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Figure 4.22 Summary of significantly downregulated pathways in normal pleura compared to MPM.
TCGA cohort of MPM (n=86) was compared to normal pleura (n=4).

4.4 Discussion

The aim of this research was to isolate and analyse the transcriptome of normal human VMCs
from distal lung tissue. An early finding when | implemented enzymatic digestion of human
visceral pleura was the inefficiency of this method for isolation of a homogeneous population
of human VMCs, as there was extensive fibroblast growth in early cultures. As culture time
progressed, spindle-like fibroblasts took over the cultures and became the predominant cell type
by P1 (Figure 4.4). Flow cytometry demonstrated that in cultures from digests at P1, CD90+
fibroblasts constituted up to 98.2% of the cell population (Figure 4.5). Thus, a key limitation of
enzymatic digestion for isolation of VMCs is that lung parenchyma cannot be completely
removed from the pleural layer and thus the underlying connective tissue which consists of
ECM matrix and stromal fibroblasts contaminate the resulting digested cell population.

Therefore, an alternative approach to isolate VMCs was sought.

Brushings of human airways have been used successfully in our laboratory, to culture primary

bronchial airway epithelial cells. | extrapolated this method to distal lung and used a cytology

133



brush to collect surface VMCs without damaging the surface of the pleural basal lamina (Figure
4.7). Flow cytometric analysis of cells derived from pleural brushing showed a CK5+
population of 92.1%, whilst the CK5+ population obtained from pleural digest was 65.2%
(Figure 4.8, Figure 4.3A). Furthermore, brightfield images of early VMC pleural brushing
cultures indicated that the predominant cell type consisted of round cells which measured 11.2
pm and had surface protrusions (Figure 4.5). This size is comparable to the 12.8 um VMCs
identified by SEM imaging and quantified by ImageJ previously (Figure 3.14). Collectively,
pleural brushing is a much more efficient VMC isolation method when compared to pleural
digestion due to the speed, ease and inexpensive nature of the technique and its ability to
provide populations of VMCs at PO with minimal fibroblast contamination (Figure 4.7).

However, the flow cytometric analysis of P1 cells from pleural brushing indicated a key issue;
that mesothelial cells are still gradually outcompeted by fibroblasts as culture time progressed
(Figure 4.10). There are several options which could aid VMC growth for the establishment of
long-term cultures. It is possible that primary VMCs require a feeder layer to grow in vitro
which may emulate the connective tissue layer which underpins the visceral mesothelium (128).
In addition, there is some evidence to suggest that mesothelial cells grow under hypoxic
conditions (199). Thus, to optimise primary VMC cultures conditions, multiple approaches
should be attempted, including seeding of VMCs onto a feeder layer of mitotically inactivated

mouse fibroblasts and reduction in oxygen concentration (225).

A surprising finding was the large cell population identified in the sample transport medium.
This cell population was postulated to be mesothelial cells rather than epithelial cells, due to
epithelial cells requiring enzymatic digestion of lung tissue to be released. Furthermore, the
previous SEM imaging of lung resection samples (n=6) provided evidence that VMCs detach
from the pleural surface (Figure 3.13). Finally, this hypothesis was supported by the finding
that the population of cells in the transport medium highly expressed CK5 up to an estimated
97% of the population (n=4).

The cells found in transport medium are referred to as free-floating VMCs, to distinguish them
from the tissue-resident VMCs acquired through pleural brushing. Importantly, in the one
patient sample for which the free-floating cells and tissue-resident VMCs were quantified in
parallel, the viability of free-floating VMCs was measured at 60.2% compared to a viability of
40.7% identified in tissue-resident cells (Figure 4.12). Thus, free-floating VMCs in the medium

appear to remain viable despite detachment. Therefore, it is unlikely that these VMCs detached
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from the pleural surface due to induction of apoptosis. In future, to avoid unnecessary loss of
viable mesothelial cells, lung resection samples could be transported in air from theatre to the

laboratory rather than submerged in transport medium.

Importantly, the positive free-floating VMC viability can be used to interpret the SEM images
of visceral mesothelium depicted in the previous Chapter (Figure 3.34). Two hypotheses can
be formed based on this result. The first hypothesis is that VMCs detach due to unavoidable
mechanical forces imposed on the visceral pleura during transport. However, due to frequent
denudation of the visceral mesothelium observed on fixed distal lung tissue (Figure 3.13), it is
possible to hypothesise that VMC detachment can only be partially attributed to transportation
artefact. The second hypothesis is that free-floating VMCs respond to the increase in transport
liquid and this causes their passive detachment. This could be due to an innate mesothelial
response to the increase of pleural fluid, which in vivo could be a sign of infection, inflammation
or malignancy. Thus, free-floating VMCs could mimic the role of VMCs in vivo. It is possible
that a VMC shedding model is necessary for intrinsic functions of the mesothelium, such as
wound healing or tissue regeneration, as proposed previously (Figure 3.34). To determine if
detached, free-floating VMCs have a functional role, comparative characterisation of the gene
expression differences between the two cell populations is required.

A key objective of this research was to determine the transcriptomic expression of VMCs in
homeostasis. As long-term cultures of pleural brushings indicated that a population of
fibroblasts remained present, | developed a FACS-purification method to exclude
contaminating cell types directly after pleural brushing, at PO (Figure 4.14). This approach was
similar to the negative panel of markers used by Rinkevich et al. to isolate mouse mesothelial
cells from mesothelium of visceral organs (16). In the approach used by Rinkevich et al., the
endothelial markers CD31 and Tiel as well as the immune cell marker CD45 and Ter119 for
RBCs, were used as negative markers whilst MSLN was used as a positive marker for
mesothelial cell sorting. Their FACS-purification strategy from mouse mesothelia resulted in

mesothelial cell yields of 5 x 10 cells per tissue sample.

In the FACS-purification outlined here, no positive mesothelial cell marker was used because
a ubiquitous positive marker does not exist in the literature and was not identified in flow
cytometry assessment of in vitro mesothelial models (Table 4.1) (17). Furthermore, MSLN
which was used by Rinkevich et al. as a positive mesothelial marker, was shown to stain sub-

pleural cells including alveolar epithelial cells (Figure 3.6C). Therefore, to avoid selection bias,
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an elimination strategy for contaminating cell types was employed to purify VMC population
and enable a ‘cleaner’ view of VMCs by RNA sequencing. The endothelial cell surface marker
CD31 (PECAM-1) was used to differentiate and negatively sort contaminating endothelial cells
(143,226). From the in vitro investigations, CD90-positive fibroblasts appeared to contaminate
the primary VMC cultures (Figure 4.5, Figure 4.6). There is no universal fibroblast marker in
vivo although CD90 has been reported to identify in vitro fibroblasts and endothelial cells (227).
Thus, CD90 was incorporated in the negative marker panel to label fibroblasts and endothelial
cells. Finally, CD235a was used as a marker of RBCs and CD45 was used to mark immune
cells. This FACS-purification strategy revealed that populations of endothelial cells and
fibroblasts constituted approximately 4.3% and 4% of the live CD235a- CD45- pleural
brushing-derived cell population respectively (n=4). This agrees with the earlier finding that
pleural brushing cells were 92.1% positive for CK5 (Figure 4.8) and adds confidence that the
pleural brushing method allows the isolation of a purer VMC population than other human PMC
isolation methods.

Using the pleural brushing isolation method, four VMC populations were FACS-purified,
which resulted in VMC counts of up to 25 x 102 cells per sample (Table 4.1). Purified VMC
populations were subsequently RNA extracted and RNA sequenced. Although this approach
will not be able to provide information of subpopulations or intra-population heterogeneity,
which are advantages of SCRNA-seq, it provides a fast, easily accessible and location-specific
isolation method which can be applied in a large number of research laboratories for the study
of VMCs in homeostasis and various pleural disease settings. A limitation of my approach is
that a completely homogeneous VMC population is unlikely due to marker limitations.
However, the CK5 expression and homogeneous nature of early cultures suggest that remaining
contamination with other cell types is minimal, estimated at ~5% based on flow cytometry

results.

The availability of normal human pleura is limited, with no previous attempts to isolate a pure
population of human VMCs to my knowledge. Transcriptomic analysis of VMCs in
homeostasis and their comparison to MPM offered insight into the gene expression changes
which underpin pleural malignancy and generated 30 pathways which are downregulated in
normal pleura compared to MPM (Figure 4.22). Therefore, as the identified pathways are

upregulated in MPM, they present an unexplored area of significant therapeutic interest.

136



In summary, this research constitutes a significant progress in the capture and transcriptomic

characterisation of this mesothelial cell type about which little is known. Importantly, my

method provides VMC yields far superior to those reported in mouse isolation methods and

several SCRNA-seq mesothelial datasets from IPF studies (16,81-83). Finally, the methodology

for acquisition and gene expression information from this non-malignant pleural VMC dataset

will allow the research field to fully utilise the MPM cohorts which have been culminated by

research consortiums and are publicly available.

4.5 Summary
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Enzymatic digestion of human visceral pleura is not suitable for isolation of a pure VMC
population.

Pleural brushing of human visceral pleura is a new, fast and more effective VMC
isolation method compared to currently used approaches of pleural digestion and pleural
fluid centrifugation.

Viable free-floating mesothelial cells indicate that VMCs easily and frequently detach
from the basal lamina during transport.

A FACS strategy utilising negative sorting allows the isolation of a purified VMC
population from human pleural brushings with cell yields of up to 25 x 102 and estimated
mesothelial cell population purity of ~95%.

Gene expression analysis of four FACS-purified VMC populations revealed their
transcriptomic expression to be similar yet distinct from normal lung tissue by UMAP
analysis.

Pathways analysis resulted in 30 upregulated pathways in MPM compared to normal

pleura, including upregulation of TGFp and Hedgehog signalling.



5 Investigation of Hedgehog signalling in MPM

5.1 Background

Hedgehog signalling is critical for the embryonic development of the lung and pleura but is
thought to be expressed at low levels in adult tissues during homeostasis (186). In embryonic
studies of murine visceral pleura, VMCs have been shown to express Hedgehog signalling
proteins Smo and Glil (7). A small number of previous studies suggest that the Hedgehog
pathway may be reactivated in a subset of MPM cell models and tumours, with increased
expression of the Hedgehog transcription factors GLI1 and GLI2 previously reported
(191,199,200). However, there is disparity in the literature regarding which transcription factor,
between GLI1 and GLI2, is responsible for upregulated Hedgehog signalling in MPM
(191,199). In addition, their function in MPM has not been explored.

After bioinformatic comparison between our normal pleura dataset and the publicly available
TCGA MPM cohort, we sought to examine Hedgehog signalling as it was identified as 1 of 30
upregulated pathways in MPM. Furthermore, by using the normal lung tissue dataset from
GTEx we were able to identify that Hedgehog signalling is downregulated in normal pleura
compared to normal lung tissue, which indicates that the Hedgehog pathway is only expressed
at a low or baseline level in normal pleura and may be aberrantly activated in a subset of MPM
tumours. | sought to examine this hypothesis and to identify which components of the

Hedgehog pathway are upregulated in MPM.

GLI proteins are transcription factors which are activated by post-translational modifications
regulated either by the Hedgehog signal mediator SMO or by non-canonical activation through
pathways such as Notch, Wnt, PI3K/AKT and TGFp (169,171,173). The upregulation of GLI
transcription factors in MPM has been noted in the literature but the activation route of
upregulated GLI proteins in MPM has not previously been investigated (191). Furthermore, the
investigation of the therapeutic potential of the Hedgehog pathway has been incomplete due to
a low number (n=3) of in vitro models used to test GLI inhibitors (200). I aim to address both

these unexplored areas of Hedgehog signalling in MPM using a panel of 6 MPM cell models.

5.2 Aims

e To determine which Hedgehog transcription factors are upregulated in MPM.
e To examine the expression of Hedgehog signalling components in MPM cell models.
e To explore the route of activation of Hedgehog transcription factors in MPM.
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e To investigate the function of upregulated Hedgehog transcription factors.
e To investigate the therapeutic efficacy of Hedgehog pathway inhibition in MPM cell

models.

5.3 Results

5.3.1 Investigation of Hedgehog transcription factor expression in MPM

Based on pathway analysis findings from the comparison between normal pleura and MPM
(Figure 4.22), we sought to use the TCGA MPM cohort to investigate the gene expression of
Hedgehog transcription factors. All bioinformatic analyses of the TCGA dataset were done in

collaboration with Dr Adam Pennycuick and Dr Ryan Arathimos.

To establish which, if any, of the Hedgehog transcription factors were significantly upregulated,
the RNA sequencing counts of GLI1, GLI2 and GLI3 were compared between MPM and other
cancers. The transcription factor GLI12 was significantly upregulated in MPM (n=86) when
compared to 20 other cancer types (Figure 5.1A). In addition, the distribution in GLI2 RNA
sequencing counts suggested a distinct subset of MPM tumours with high expression of GLI2
(Figure 5.1A). We did not identify a significant upregulation in GLI1 RNA sequencing counts
when conducting the same comparative gene expression analysis (Figure 5.1B). Similarly,
GLI3 was not found to be significantly upregulated in MPM (data not shown).
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Figure 5.1 Gene expression of Hedgehog signalling transcription factors in MPM compared to other
cancer types. A) GLI2 is upregulated in MPM (n=86) compared to 20 other cancer types (p=6.35 x 10
%), B) GLI1 is not significantly upregulated in MPM (n=86) compared to other cancer types (p=0.0776).
All RNA sequencing data was accessed through the TCGA. This analysis was performed with the help
of Dr Adam Pennycuick.

To investigate the gene expression of GLI transcription factors in MPM compared to normal
pleura we used the normal VMC dataset. GLI1 and GLI2 RNA sequencing counts were higher
in MPM than in normal pleura (Figure 5.2). Statistical comparison was not significant, due to

low statistical power.
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Figure 5.2 Gene expression of Hedgehog signalling transcription factors in MPM compared to normal
pleura. Difference in gene expression of GLI1 and GLI12 between MPM (n=86) and normal pleura (n=4)
is shown. Statistical comparison was performed by t-test. All MPM RNA sequencing data was accessed
through the TCGA. This analysis was performed with the help of Dr Adam Pennycuick.

To validate the Hedgehog upregulation trend seen in our comparison of normal pleura to MPM
and to explore the GLI2 upregulation identified in the TCGA dataset, we sought to measure
GLI2 expression in normal pleura by IHC. We utilised a tissue microarray containing normal
pleura. Human airway was stained in parallel as a positive control. This assessment revealed

minimal or no GLI2 staining in all microarray cores of normal pleura (n=4) (Figure 5.3).

GLI2

Normal pleura
Airway

Figure 5.3 GLI2 expression detected by immunohistochemistry in normal pleural tissues. Representative
GLI2 IHC images are shown from normal pleura (n=4). Human airway was used as a positive control
tissue.

To identify whether the Hedgehog pathway harboured mutations which could cause the
upregulation of GLI2, we next interrogated the status of all major Hedgehog pathway
components in the MPM dataset through cBioportal. This genetic analysis depicted by
OncoPrint plot, indicated that a subset of tumours constituting 8.4% showed an upregulation in
Hedgehog ligands, SHH, DHH or IHH (Figure 5.4). Genomic alterations were present in two
Hedgehog pathway components which are known tumour suppressor genes; truncating and
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missense mutations in the receptor PTCH1 as well as missense and deep deletions in SUFU
(Figure 5.4). The activator transcription factors GLI1 and GLI2 showed a combined estimate of
12% genetic perturbation in this tumour cohort and were characterised by mRNA upregulation.
Interestingly, GLI2 analysis revealed mRNA upregulation with no detectable Hedgehog
pathway mutations in this MPM cohort. Furthermore, cases which had GLI2 mRNA
upregulation did not exhibit mutations in other Hedgehog pathway components. Therefore,
based on this investigation there is no clear Hedgehog pathway mutation which could explain
the identified GLI2 upregulation in MPM.

Hedgehog pathway components altered in 26 of 82 pleural mesotheliomas

SHH 1.2% Genetic alteration
IHH 4%

mRNA upregulation
® Truncating mutation

DHH

PTCH1

PTCH2 Missense mutation

sMO mRNA downregulation

SUFU I T I Deep deletion

2 g & 2 N 9

GLH
GLIZ 4%

GLIZ L

Figure 5.4 Summary of genomic alterations in Hedgehog pathway genes from the TCGA cohort of MPM
tumours. OncoPrint analysis generated in cBioPortal is based on DNA and RNA sequencing data from
MPM PanCancer Atlas dataset (n=82). An mRNA expression z-score threshold of 2.0 relative to diploid
samples was implemented.

5.3.2 Investigation of the Hedgehog pathway in MPM cell models

To investigate the expression of Hedgehog signalling components at protein level, | utilised a
panel of 8 MPM cells lines; 5 early passage cell cultures were purchased from MesobanK and
3 MPM cell lines were obtained from the Sanger Institute (Figure 5.5). MesobanK cells are
thought to have been cultured less extensively than the established Sanger cell lines and thus
may constitute better MPM models as they more closely resemble patient tumours. The ovarian
cancer cell line TOV112D and adenosquamous lung carcinoma cell line H513 were used as
positive controls for the immunoblot, as these are known GLI and SHH expressing cell lines
respectively (Figure 5.5). Primary non-immortalised lung fibroblasts were also included in the
analysis as a model of stromal cells (Figure 5.5).
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Figure 5.5 Immunoblot showing expression of Hedgehog ligand SHH and signal mediator SMO.

Expression of the ligand SHH was detected in all MesobanK cell lines although Meso52 only
showed weak expression (Figure 5.5). All Sanger cell lines (3/3) expressed the ligand SHH
(Figure 5.5). All MPM cell lines (8/8) expressed the signal mediator SMO, with the three Sanger
cell lines showing the strongest expression (Figure 5.5). As the Sanger cell lines strongly
expressed Hedgehog pathway proteins by immunoblot, | expanded the number of Sanger cell

lines used for Hedgehog signalling investigation.

Next, to determine the expression of key Hedgehog pathway components | examined the protein
expression of all three GLI proteins, SMO, SHH and the negative cytoplasmic regulator SUFU
in a panel of 6 Sanger MPM cell lines and the transformed mesothelial cell line Met5A (Figure
5.6).
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Figure 5.6 Immunoblot showing the expression of Hedgehog pathway components. Six MPM Sanger
cell lines and the transformed mesothelial cell line Met5A were probed for expression of Hedgehog
signalling proteins. GLI2 has 4 isoforms of which 3 are detectable by immunoblot in these cell lines
(168, 88 and 86 kDa). Antibodies against a-tubulin (52 kDa) and vinculin (124 kDa) were used as
loading controls.

5.3.3 Association of TGFB with Hedgehog transcription factors

To explore the possible route of GLI protein upregulation, their association with other genes
was investigated using the MPM RNA sequencing dataset from the TCGA. Linear regression
analysis of GLI1 revealed 198 genes which satisfied Bonferroni adjustment (Appendix Table
7.1). The volcano plot in Figure 5.7 depicts GLI1 association with other genes in the RNA
sequencing dataset. The ten genes with lowest Bonferroni adjusted p-value are shown in the
table (Figure 5.7). This analysis revealed that GLI1 expression is associated with the Hedgehog
receptor homologue PTCH2, followed by the classical receptor PTCHL1 while the negative
Hedgehog pathway regulator HHIP is also strongly associated with GLI1 gene expression. The
third and fourth most strongly associated genes are Inhibin beta subunit E (INHBE) and
transforming growth factor beta-2 (TGFB2). This suggests TGFp pathway interaction with the
Hedgehog transcription factor in this MPM cohort.
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Figure 5.7 Association of GLI1 with genes in the MPM TCGA dataset. VVolcano plot depicts association
of GLI1 gene expression with expression of 36,725 genes in MPM RNA sequencing dataset, available
through the TCGA (n=86). Genes which satisfy Bonferroni adjustment (p<0.05) are represented in green
(n=198). The top 10 GLI1 associated genes are shown in the table. Genes on the right side of the volcano
plot are positively associated with GLI11 while genes on the left side are negatively associated with GLI1.
This analysis was provided as part of a collaboration with Dr Ryan Arathimos.

To examine the association of GLI2 we conducted the same linear regression analysis.
Interestingly, GLI2 was found to be associated with 357 genes, compared to 198 genes
associated with GLI1. In the GLI2 linear regression analysis PTCH1 appeared in the top 20
associated genes and was positively associated with GLI12. The gene STK36 that encodes a
serine/threonine kinase and is known as a positive regulator of GLI proteins was positively

associated with GLI2 gene expression.
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Figure 5.8 Association of GL12 with genes in MPM TCGA dataset. VVolcano plot depicts association of
GLI2 gene expression with expression of 36,725 genes in MPM RNA sequencing dataset, available
through the TCGA (n=86). Genes which satisfy Bonferroni adjustment (p<0.05) are represented in green
(n=357). The top 10 GLI2 associated genes are shown in the table. Genes on the right side of the volcano
plot are positively associated with GL12 while genes on the left side are negatively associated with GLI2.
This analysis was provided as part of a collaboration.

To assess the expression of TGFB in the same MPM cohort, we compared the RNA sequencing
counts for TGFB1, TGFB2 and TGFB3 between MPM and normal tissues as well as other
cancers. Only TGFB1 was found to be significantly upregulated in MPM (Figure 5.9).
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Figure 5.9 TGFB1 gene expression in MPM compared to normal tissues and other cancers. Plots depict
the upregulation of TGFB1 in MPM compared to normal tissues (p=1.09 x 10%%) and other cancers
(p=9.84 x 108). All RNA sequencing data was accessed through TCGA. This analysis was provided by
Dr Adam Pennycuick.
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5.3.4 The effects of TGFp stimulation in MPM cell models

Based on the GLI1 linear regression and the upregulation of TGFB1 in MPM findings, | next
sought to determine if there is an interaction between the TGFp cytokines and the Hedgehog
transcription factors in MPM cell models. To investigate the non-canonical activation route of
Hedgehog signalling in vitro, the cytokines TGFf1 and TGFp, were used to stimulate MPM
cells. Subsequent qPCR analysis showed that TGFB1 significantly increased GLI1 and to a
lesser extent GLI2 mRNA levels in H2803 cells. Treatment with both TGFB1 and TGFf2 caused
a significant increase in GLI2 mRNA levels in CRL2081 cells.
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Figure 5.10 The cytokines TGFB1 and TGFB2 caused an increase in GLI1 and GLI2 mRNA.. A)
Treatment with 2, 5 and 10 ng/mL of the cytokine TGFp, for 48 hours in H2803 cells. Treatments with
TGFp: caused statistically significant increase of GLI1 and GLI2 mRNA compared to untreated H2803
cells (ANOVA, **p<0.01, ***=p<0.001). B) Treatment with 2 ng/mL of the cytokines TGFf1 and
TGFp, for 48 hours in CRL2081 cells caused a statistically significant increase of GLI2 mRNA
compared to untreated cells (t-test, *p<0.05, **p<0.01).

To examine classical Hedgehog pathway activation, GLI mRNA level was examined after
stimulation with the Hedgehog ligand SHH. Interestingly, stimulation of H2803 cells with the
canonical Hedgehog signalling ligand SHH did not elicit a significant increase in either GLI1

or GLI2 mRNA levels (Figure 5.11).
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Figure 5.11 Stimulation of MPM cells with Hedgehog ligand SHH. Treatment with 100 ng/mL and
200ng/mL of N-terminal Sonic Hedgehog ligand (N-Shh) for 48 hours did not cause a significant
induction of GLI1 or GLI2 mRNA in H2803 cells (ANOVA, p>0.05).
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The cytokine TGFp has been shown to promote differentiation of mesothelial cells into
myofibroblasts through EMT and to increase cell adhesion (228,229). To explore the phenotype
of TGFp-stimulated cells, I conducted colony forming assays in which MPM cells were
stimulated with TGFp1and TGFf2. Stimulation with both cytokines caused a drastic increase in
colony forming size. There was a clear trend in the colony forming assays for H2803 and
CRL2081 cell lines (Figure 5.12), which previously showed an increase in GLI1 and GLI2
MRNA when stimulated with TGFp1 (Figure 5.10). Interestingly, both H28 and H2818 cell lines
did not show a significant increase in colony size or an increase in GLI mRNA when stimulated
with TGF; (data not shown).
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Figure 5.12 Stimulation of MPM cell lines with TGFB1 and TGF2 causes increase in colony size. A)
Representative images from colony forming assays for MPM cell lines H2803 and CRL2081 (n=3). B)
Quantification of individual colony area in stimulated and untreated cells. Treatments with TGFf; and
TGFp. induced statistically significant increase in colony size of H2803 and CRL2081 cells (t-test,
****=p<0.0001)

5.3.5 The effects of GLI2 knockdown by siRNA and shRNA in MPM cell models

To determine if siRNA-mediated GLI2 knockdown caused a reduction in cell viability, the
apoptotic marker Annexin V was used in combination with the nuclear stain DAPI for flow
cytometric quantification of apoptosis and cell death. Annexin V+/DAPI+ cells were classed as

dead while Annexin V+/DAPI- were considered apoptotic. The amount of detectable dead cells
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was higher in the GLI2 knockdown treatment group, as cell death was measured at 20.6% for
GLI2 siRNA-treated cells and 10.6% in the non-targeting sSiRNA-treated cells (Figure 5.13A).
There was no difference between the two treatment groups in the percentage of apoptotic cells,

which was measured at 6%.

To further investigate the effect of siRNA-mediated GLI2 knockdown on cell viability, |
expanded the use of sSiRNA to a panel of 6 MPM cell lines (Figure 5.13B). Analysis of cell
response to GLI2 siRNA compared to non-targeting oligonucleotides by two-way analysis of

variance revealed significant change between the treatment groups (p=0.049) (Figure 5.13B).
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Figure 5.13 Transient GLI2 knockdown by siRNA causes a decrease in MPM cell viability. A) Flow
cytometry plots demonstrate an increase in dead cells in sSiRNA GLI2 knockdown cells compared to
non-targeting siRNA treated H2803 cells. Double staining with the apoptotic marker Annexin V and
nuclear marker DAPI allowed the identification of dead cells in Q2 and apoptotic cells in Q3. The
Annexin V antibody conjugated to AF647 was used. B) Treatment with GL12 siRNA caused significant
reduction in cell viability of 6 MPM cell lines compared to non-targeting siRNA control cells (two-way
ANOVA, p=0.049). Error bars represent mean £SD of six replicates, from at least two independent
experiments.

Due to the transient nature of sSiRNA, | created a cell line with stable GLI2 knockdown by
lentiviral ShRNA transduction. | transduced H2803 cells with the pGIPZ system, containing a
GLI2 targeting insert which recognized all four GLI2 isoforms. ShRNA-mediated GLI2
knockdown (shGLI12) was validated at protein level by immunoblot (Figure 5.14). Known

targets of GLI2 were investigated in the shGLI2 cells in comparison to control cells. The
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expression of cell cycle proteins CDC2 and p21, EMT marker SNAIL and anti-apoptosis protein
BCL-XL increased in H2803 shGLI2 cells (Figure 5.14).
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Figure 5.14 ShRNA-mediated knockdown of GLI2 in H2803 cells caused change in protein levels of
known Hedgehog targets. Empty vector cells were used as a control. Protein level of CDC2 (34 kDa),
SNAI1 (29 kDa), p21 (21 kDa) and BCL-XL (20kDa) increased in shGLI2 H2803 cells.

To further assess the effect of GLI2 knockdown in H2803 cells, | performed a colony-forming
assay. ShRNA-mediated GLI2 knockdown in H2803 cells caused a statistically significant

reduction in colony-forming capacity and colony size compared to control cells (Figure 5.15).
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Figure 5.15 Stable knockdown of GLI2 by shRNA causes reduction of colony-forming capacity and
colony size. A) Representative colony forming assay images (n=3). B) Colony size was quantified using
ImageJ. ShGLI2 cells demonstrated a significantly smaller colony area compared to control cells
transduced with empty vector. C) Colony number was quantified manually using a brightfield
microscope. ShGLI2 cells formed a significantly lower number of colonies compared to control cells.
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To further explore the phenotype that GLI2 knockdown causes, U133 plus 2.0 human genome
microarrays were used to characterise the transcriptome of parental control H2803 cells
transduced with the pGIPZ empty vector backbone and shGLI2 H2803 cells. Three replicates
were used for each treatment group. The shGLI2 H2803 cells were transduced with virus at an
estimated MOI of 3.

The top 10 most significant differentially expressed genes which were found based on gene
expression comparison between the two treatment groups, are shown in Table 5.1.
Table 5.1 Summary of top ten differentially expressed genes identified by microarray analysis of shGLI2

H2803 cells compared to empty vector control cells. Fold change and false discovery rate (FDR) are
shown for each gene. Genes are ranked by ascending FDR.

Gene Gene name Fold change| FDR
CALBI calbindin 1 2.801979 | 0.000197
OASL 2'-5'-oligoadenylate synthetase like 2.738153 0.00075
KRTI17 keratin 17 3.131546 | 0.003461
SMOC2 SPARC related modular calcium binding 2 2.161251 | 0.009463
NNMT nicotinamide N-methyltransferase 1.648153 | 0.019024
CDKNIA cyclin dependent kinase inhibitor 1A 1.695109 | 0.024362

pregnancy specific beta-1-glycoprotein 7

PSG7 (gene/pseudogene) 1.838149 | 0.024362
NIPSNAPI nipsnap homolog 1 1.700162 | 0.024362
JUP junction plakoglobin 1.619912 | 0.024362
GDF15 growth differentiation factor 15 1.662195 | 0.024362

Microarray analysis revealed significant changes in 141 genes; 38 downregulated genes and
103 upregulated genes in the shGLI12 H2803 cells compared to H2803 EV cells (Appendix
Table 7.2). Ingenuity pathway analysis indicated that multiple cell processes including
proliferation, movement and cell cycle were altered in shGLI2 H2803 cells (Figure 5.16). The
cell cycle gene CDKN1A appeared as upregulated in our differentially expressed gene analysis
of shGLI12 H2803 cells (Table 5.1). CDKN1A, which encodes the protein p21, was selected
from the top upregulated genes for validation. Both gPCR and immunoblot analysis
demonstrated a significant upregulation in the CDKN1A mRNA and p21 protein respectively
in shGLI12 H2803 cells compared to H2803 EV cells (Figure 5.16C, Figure 5.14).
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Figure 5.16 Transcriptomic analysis of shGli2 knockdown and empty vector H2803 cells shows change
in cell cycle genes. A) Venn diagram of microarray results from shRNA-mediated GLI2 knockdown in
H2803 cells. 141 differentially expressed genes were identified, of which 38 were downregulated and
103 were upregulated in shGLI2 cells. B) Ingenuity Pathway Analysis based on 141 differentially
expressed genes. C) Validation of GLI2 knockdown and CDKN1A increase in mRNA from shGLI2 and
empty vector H2803 cells.

5.3.6 Pharmacological inhibition of Hedgehog signalling

To test the hypothesis that GLI1 and GLI2 have therapeutic potential as molecular targets,
pharmacological agents were used to investigate MPM cell death. The direct GLI antagonist
GANT-61 was used to treat 6 MPM Sanger cell lines (Figure 5.17A). Of these, 5/6 cell lines
showed ICso at above 10 uM of GANT-61 (Figure 5.17A). Next, to examine if MesobanK cell
lines were more sensitive to pharmacological GLI inhibition, I conducted a dose response curve
with GANT-61 (Figure 5.17B). The 4 MesobanK cell lines Meso35, Meso30, Meso19 and
Meso52 showed a similar lack of sensitivity to the direct GLI antagonist, as they demonstrated
an ICso at above 20 uM (Figure 5.17B). Overall, all 10 MPM cell lines required high
concentrations of GANT-61 to reach ICso (Figure 5.17).
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Figure 5.17 GLI antagonist GANT-61 reduces cell viability of MPM cells. A) Box and whisker plot
represents reduction in cell viability of 6 MPM cell lines treated with 10 uM of GANT-61 for 72 hours.
B) Dose response curve of 4 MesobanK cell lines dosed with GANT-61 up to 30 uM for 72 hours. Cell
viability was measured by MTT assay. Data represent the mean + SD of at least two independent
experiments, each performed in six replicates.

I sought to further interrogate the sensitivity of MPM cell lines to GLI inhibition with additional
GLI antagonists. Due to the ability of the epigenetic BET inhibitor JQ1 to reduce the mRNA
level of GLI1 and GLI2 in cell-based models, JQ1 was used to treat the same panel of MPM
cell lines as GANT-61 (216).

JQ1 at 1 uM was able to cause a 50% reduction in cell viability in 3/6 cell lines (Figure 5.18).
In comparison to previous ICsg results which required a 10-fold higher concentration of GANT-
61 to reach ICsg, the indirect GLI inhibitor JQ1 showed potential as an MPM inhibitor.
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Figure 5.18 Indirect GLI inhibitor JQ1 reduces cell viability of MPM cells. Box and whisker plot
represents relative cell viability of 6 MPM cell lines, treated with JQ1 (1uM) for 72 hours. Cell viability
was measured by MTT assay. There is no significant difference between the cell lines (ANOVA,
p=0.23). Data represent the mean £ SD of at least two independent experiments, each performed in six
replicates.
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5.4 Discussion

Collectively, the findings outlined here provide evidence that Hedgehog signalling is
upregulated in MPM compared to normal pleura and that the Hedgehog transcription factor
GLI2 is aberrantly expressed in a subset of MPM tumours (Figure 4.22, Figure 5.1). In addition,
GLI2 RNA sequencing counts appeared to be elevated in a subset of MPM tumours and thus
GLI2 may be the most interesting candidate out of the GLI transcription factor family to
investigate further. Linear regression analysis, visually represented by GLI1 and GLI2 volcano
plots, supported this, as the number of genes which satisfied significance criteria was lower in
the GLI1 analysis (n=198) compared to the GLI2 analysis (n=357). This could be attributed to

a broader regulatory role exerted by GLI2 as a transcription factor (Figure 5.7, Figure 5.8).

| detected Hedgehog signalling cascade components by immunoblot in MPM cell models
(Figure 5.5, Figure 5.6). Notably, the in vitro characterisation revealed that 6/6 Sanger cell lines
expressed Hedgehog components SMO and SHH (Figure 5.6). In addition, | detected GLI2
protein isoforms in all cell lines tested which indicates that the protein is active in the MPM
cell lines assessed (Figure 5.6). Notably, others have not been able to detect protein levels or
have found low protein expression of Hedgehog intermediates such as SHH, SMO and GLI1 in
keratinocytes, pancreatic and squamous cell lung cancer cell models (230-232). In contrast, the
in vitro characterisation | conducted in MPM cell lines revealed protein expression of key
Hedgehog pathway components in all MPM cell lines, which indicates the functionality and
activity of Hedgehog signalling in MPM.

Interestingly, gene expression levels of the PTCH1 homologue PTCH2 were significantly
associated with GLI1 in the TCGA linear regression analysis. A further Hedgehog gene, HHIP,
also appeared in the GLI1 associated genes. PTCH2 has an uncertain role in Hedgehog
signalling although its functionality has been suggested in some studies (168). The analysis in
Figure 5.7 indicated that PTCH2 expression correlates to high GLI1 expression in MPM, which
suggests functionality of the receptor PTCH2 and potentially a positive transcriptional feedback
loop by GLI1 for both receptors (Figure 5.7). This suggests, for the first time, that the PTCH2

receptor may be involved in Hedgehog signalling in MPM.

A key insight was generated from the TCGA gene expression dataset which showed that GLI1
expression was associated with TGFB2 expression. When we tested the hypothesis that TGFp1
activates the transcription of GLI proteins, by stimulating MPM cell lines with the cytokine, |

found that GLI1 and GLI2 mRNA levels increased in response to treatment. In addition, MPM
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cells showed increased colony size when treated with the cytokines TGFB1 and TGFp2. This
MPM in vitro data supports the MPM RNA sequencing association data. The Hedgehog ligand
SHH was selected for investigation of canonical Hedgehog pathway activation due to its
widespread use in the literature and reports of its ability to induce proliferation of various cell
types including keratinocytes, mesenchymal stem cells and granule cell precursors
(187,233,234). | found that GLI and GLI2 mRNA levels increased to a lesser extent in response
to the canonical ligand N-SHH compared to TGFp stimulation (Figure 5.11, Figure 5.10). The
poor response to canonical ligand SHH could be attributed to canonical pathway saturation in
vitro, as most cell lines expressed endogenous SHH when unstimulated (Figure 5.6). However,
the gPCR results from the canonical Hedgehog signalling agonist N-SHH support the
specificity of increase of TGFB-induced increase in GLI1 and GLI12 mRNA levels in response
to these non-canonical agonists (Figure 5.10). Although non-canonical Hedgehog activation
and the relationship between Hedgehog and TGFp signalling pathways has been well
characterised in other cancer types their interaction has not been reported to my knowledge
(192,195,235).

A strength of the GLI inhibition work outlined in this report is the use of multiple MPM cell
models to investigate the effects of inhibiting the Hedgehog pathway. Cell viability results from
treatment of 10 MPM cell lines did not suggest any therapeutic efficacy in use of the direct GLI
antagonist GANT-61. | attributed the ability of GANT-61 to cause cell death at high
concentrations to the production of ROS, which has previously been reported in the literature
(214). The ICso generated from GANT-61 treatments are too high for in vivo use or clinical
translation, which corroborates findings from other studies (208,236). In contrast, the BET
protein inhibitor and indirect GLI antagonist JQ1 resulted in much more promising cell viability
profiles due to lower ICso values. Although the BBI class of drugs are indirect inhibitors of
Hedgehog signalling, these results indicate that MPM cell lines may be sensitive to GLI
inhibition to some extent and thus the further research into more selective GLI inhibitors could
provide a useful tool for MPM research into blocking the Hedgehog pathways as a therapeutic

strategy.

In summary, investigation of GLI2 function in MPM tumours and cell lines supports the
pleiotropic regulation of a large number of targets by this Hedgehog transcription factor (Figure
5.8, Figure 5.14, Figure 5.16). Although Ingenuity Pathway analysis revealed that ShRNA-
mediated GLI2 knockdown caused changes in cell proliferation, movement and cell cycle
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pathways (Figure 5.16), GLI2 may not be an ideal therapeutic target due to the number of

contrasting targets and variety of regulation which it exerts in MPM.

In conclusion, the development of effective MPM treatments has been hindered by inadequate
understanding of the signalling mechanisms which underpin the proliferative and chemotherapy
resistant advantages of aggressive MPM cells. Hence, the preliminary work conducted thus far
on Hedgehog signalling in MPM constitutes an important contribution to understanding the

aberrant signalling patterns of MPM biology.
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6 Conclusions and future directions

The work presented here identifies two distinct human tissue sources and validates their ability
to provide viable and intact visceral pleura which can be utilised for the study of VMCs. In the
future, the focus of the field may shift away from animal models due to the adoption of human
tissue resources such as those outlined here, which will enable much needed progress in

mesothelial and MPM biology research.

Interestingly, | have shown prominent nuclear BAP1-loss in reactive pleura of a patient with
no known pleural disease. The predominant loss of BAP1l-expression in proliferative
mesothelial cells indicates that BAP1-loss may be a driver or marker of pre-malignant pleura.
Although this post-mortem case does not align with the current criteria of MMIS it raises
questions regarding if other BAP1-loss patterns could be used as a marker of pleural pre-
malignancy. Overall this finding agrees with previous reports that pre-invasive stages of MPM
are asymptomatic but it furthers this work by suggesting MMIS could be more heterogeneous
in its features than our current understanding, To improve our knowledge and ability to
diagnose MMIS, BAP1 staining by IHC should become a routine analysis in laboratories with
access to human pleural biopsies, so that more cases can be identified and the pre-malignant

stages of MPM can be better characterised.

The unique use of normal human pleura for integrative characterisation and VMC isolation
emphasised the technical issues associated with previous human mesothelial cell isolation
methods. Here, | have developed a new method to isolate VMCs which is superior to known
approaches and allows collection and subsequent FACS-purification of a VMC population with
an estimated purity of 95%. The validation of the pleural brushing method is valuable as it is
applicable to the parietal pleura as well as the peritoneum. Isolation and sequencing
characterisation of visceral and parietal mesothelial cell populations will enable the study of
normal PMC function, the exploration of PMC subsets and the identification of a ubiquitous
PMC marker. As PMCs have been shown to be pluripotent during development, VMC
collection by pleural brushing and single-cell sequencing could conclusively elucidate the

presence of progenitor or stem cell populations in the adult pleura.

Finally, I have characterised the transcriptome of human VMCs in homeostasis for the first
time. Although the RNA sequencing dataset has several limitations including utilisation of a
small patient cohort and low sequencing depth, the insights from the comparison to MPM are
promising and valuable to the field. Previous studies of MPM cell lines and tumours have
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suggested an increase in Hedgehog signalling in this cancer type. The bioinformatic results
from our comparison of normal pleura to MPM highlighted Hedgehog signalling as an
upregulated pathway in MPM and subsequent investigations indicated that Hedgehog signalling
transcription factor GLI2 was upregulated in a subset of MPM cases. TGFB1 was also
upregulated in the MPM RNA sequencing dataset and stimulation of MPM cells in vitro
resulted in an increase of GLI1 and GL12 mRNA. Although Hedgehog pathway inhibition may
have therapeutic potential in MPM, blockade of the Hedgehog pathway in MPM cell models
with chemical agents is currently not effective enough to warrant clinical progression of these
candidate drugs. Further research into selective and more potent GLI inhibitors is necessary to
efficiently explore the therapeutic potential of Hedgehog signalling inhibition in MPM.
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7 Appendix

Appendix Table 7.1 List of genes identified by linear regression analysis of GLI1 in the MPM RNA
sequencing dataset (n=86) available through the TCGA. A total of 198 genes were found to be
significantly associated with GLI1 expression. Genes are ranked by ascending adjusted p-value.

Gene Gene name Adjusted p-value
PTCH2 patched 2 3.236E-21
PTCH1 patched 1 1.624E-16
INHBE inhibin subunit beta E 3.607E-11
TGFB2 transforming growth factor beta 2 2.112E-09
UST uronyl 2-sulfotransferase 1.763E-08
CAPNS calpain 5 2.374E-08
HHIP hedgehog interacting protein 1.510E-07
NGFR nerve growth factor receptor 1.978E-07
FOXS1 forkhead box S1 2.046E-07
NHS NHS actin remodeling regulator 1.578E-06
TTC22 tetratricopeptide repeat domain 22 2.142E-06
CFC1 cripto, FRL-1, cryptic family 1 2.246E-06
MYOZ3 myozenin 3 2.512E-06
TSHZ3 teashirt zinc finger homeobox 3 3.334E-06
FOXF1 forkhead box F1 4.123E-06
SFRP5 secreted frizzled related protein 5 4.125E-06
PKNOX2 PBX/knotted 1 homeobox 2 5.070E-06
LRP6 LDL receptor related protein 6 1.254E-05
TRAM1 translocation associated membrane protein 1 1.473E-05
SOBP sine oculis binding protein homolog 1.590E-05
CPAMDS8 C3 and PZP like alpha-2-macroglobulin domain

containing 8 2120505
NRXN2 neurexin 2 2.161E-05
FOXP4 forkhead box P4 2.285E-05
MDFI MyoD family inhibitor 2.499E-05
ARAP2 ArfGAP with RhoGAP domain, ankyrin repeat

and PH domain 2 2184505
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KIR3DX1 Killer cell immunoglobulin like receptor, three Ig
domains X1 (pseudogene) 2819E-05
FOXD2 forkhead box D2 3.056E-05
ATP1B2 ATPase Na+/K+ transporting subunit beta 2 4.250E-05
PRR31 long intergenic non-protein coding RNA 2692 | 6.557E-05
TTLL5 tubulin tyrosine ligase like 5 8.158E-05
PCDH19 protocadherin 19 8.280E-05

MGAT5 alpha-1,6-mannosylglycoprotein 6-beta-N-
athngIucosamin;/It?ansfSrase 102604
VGLL3 vestigial like family member 3 1.360E-04

KIR2DL4 killer cell immunoglobulin like receptor, two Ig
domains and long cytoplasmic tail 4 L422E-04
TGFB2-AS1 TGFB2 antisense RNA 1 (head to head) 1.672E-04
MICU3 mitochondrial calcium uptake family member 3 | 1.686E-04
RNF144A ring finger protein 144A 1.829E-04
FOXD2-AS1 FOXD2 adjacent opposite strand RNA 1 1.856E-04
SLCOC1 solute carrier family 9 member C1 1.925E-04
FGD5 FYVE, RhoGEF and PH domain containing5 | 2.516E-04
GLCE glucuronic acid epimerase 3.058E-04
RCOR2 REST corepressor 2 3.090E-04
KLRC1 killer cell lectin like receptor C1 3.230E-04
HHIP-AS1 HHIP antisense RNA 1 3.652E-04
SEMAGA semaphorin 6A 4.006E-04
LINC00884 long intergenic non-protein coding RNA 884 4.125E-04
KRT17 keratin 17 4.188E-04
LINC00605 long intergenic non-protein coding RNA 605 4.285E-04
RBM47 RNA binding motif protein 47 5.320E-04
SDK2 sidekick cell adhesion molecule 2 7.092E-04
MAP1A microtubule associated protein 1A 7.533E-04

ADAMTS10 ADAM metallopeptidase with thrombospondin
type 1 motif 10 1:538E-04

PLEKHM1 pleckstrin  homology and RUN domain
7.589E-04

containing M1
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RCBTB2 RCC1 and BTB domain containing protein 2 7.784E-04
ATG3 autophagy related 3 7.924E-04
TEC tec protein tyrosine kinase 8.103E-04
NR2F2 nuclear receptor subfamily 2 group F member 2 | 8.466E-04
GDF11 growth differentiation factor 11 9.003E-04
SETBP1 SET binding protein 1 9.221E-04
DLX5 distal-less homeobox 5 9.564E-04
LINC02015 long intergenic non-protein coding RNA 2015 | 9.692E-04
ENTPD2 ectonucleoside triphosphate

diphosphohydrolase 2 130504
HLA-G major histocompatibility complex, class I, G 1.007E-03
PDESA phosphodiesterase 5A 1.083E-03
FOXL1 forkhead box L1 1.144E-03
PCDH18 protocadherin 18 1.176E-03
SPATS2 spermatogenesis associated serine rich 2 1.186E-03
CAMK2N1 calcium/calmodulin dependent protein kinase 11

inhibitor 1 1921503
AGXT alanine--glyoxylate ~ and  serine--pyruvate

aminotrais)f/eraie v 1089503
BAHCC1 BAH domain and coiled-coil containing 1 1.590E-03
COL21A1 collagen type XXI alpha 1 chain 1.602E-03
NOTCH3 notch receptor 3 1.738E-03
NEU1 neuraminidase 1 1.739E-03
RBP2 retinol binding protein 2 1.815E-03
SAMD11 sterile alpha motif domain containing 11 1.859E-03
AP1M2 adaptor related protein complex 1 subunit mu 2 | 1.950E-03
SHF Src homology 2 domain containing F 1.953E-03
LINC01822 long intergenic non-protein coding RNA 1822 | 1.958E-03
ADAMTSL?2 ADAMTS like 2 1.986E-03
TMEM®62 transmembrane protein 62 2.222E-03
ADGRA2 adhesion G protein-coupled receptor A2 2.507E-03
ADCY5 adenylate cyclase 5 2.602E-03
MPPED1 metallophosphoesterase domain containing 1 2.777E-03
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DACT3 dishevelled binding antagonist of beta catenin 3 | 2.876E-03
THSD4 thrombospondin type 1 domain containing 4 2.921E-03
NCAM1 neural cell adhesion molecule 1 2.957E-03
TSPAN11 tetraspanin 11 3.024E-03
CENPJ centromere protein J 3.412E-03
LILRP2 leukocyte immunoglobulin-like receptor

pseudogene 2 3930503
SNED1 sushi, nidogen and EGF like domains 1 3.673E-03
NFATC4 nuclear factor of activated T cells 4 4.136E-03
LINCO01276 long intergenic non-protein coding RNA 1276 | 4.544E-03
RALYL RALY RNA binding protein like 4.925E-03
SELENOS selenoprotein S 5.059E-03
TTC7A tetratricopeptide repeat domain 7A 5.579E-03
CPB1 carboxypeptidase B1 5.714E-03
SOX13 SRY-box transcription factor 13 6.332E-03
SECTM1 secreted and transmembrane 1 6.450E-03
RSPO2 R-spondin 2 7.179E-03
PRDX6 peroxiredoxin 6 7.239E-03
TACR3 tachykinin receptor 3 7.359E-03
KRT42P keratin 42 pseudogene 7.484E-03
HCG4P11 HLA complex group 4 pseudogene 11 7.510E-03
ETV7 ETS variant transcription factor 7 7.706E-03
SQOR sulfide quinone oxidoreductase 7.834E-03
PDS5B PDS5 cohesin associated factor B 7.846E-03
PLCG1 phospholipase C gamma 1 8.059E-03
FKBP7 FKBP prolyl isomerase 7 8.593E-03
PGAP1 post-GPl attachment to proteins inositol

deacylase 1 8.089E-03
HLA-H major histocompatibility complex, class I, H

(pseudogene) 8.692E-03
SLC50A1 solute carrier family 50 member 1 8.872E-03
SDC2 syndecan 2 9.078E-03
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HLA-L major histocompatibility complex, class I, L
9.353E-03
(pseudogene)
NABP1 nucleic acid binding protein 1 1.016E-02
TBX2 T-box transcription factor 2 1.062E-02
OLFM4 olfactomedin 4 1.146E-02
TRIB2 tribbles pseudokinase 2 1.179E-02
DLG4 discs large MAGUK scaffold protein 4 1.186E-02
ADGRB1 adhesion G protein-coupled receptor B1 1.258E-02
EPHA3 EPH receptor A3 1.268E-02
SUSD3 sushi domain containing 3 1.290E-02
NKAIN4 sodium/potassium transporting ATPase
_ ) 1.355E-02
interacting 4
TRABD2B TraB domain containing 2B 1.370E-02
FAM153C family with sequence similarity 153 member C,
1.422E-02
pseudogene
MST1R macrophage stimulating 1 receptor 1.430E-02
HLA-U major histocompatibility complex, class I, U
1.499E-02
(pseudogene)
ATF7 activating transcription factor 7 1.549E-02
LACTB2 lactamase beta 2 1.574E-02
CTSD cathepsin D 1.615E-02
HCG4 HLA complex group 4 1.618E-02
TMEM133 Rho GTPase activating protein 42 1.752E-02
LARGE1 LARGE xylosyl- and glucuronyltransferase 1 1.761E-02
UNC93B1 unc-93 homolog B1, TLR signaling regulator 1.770E-02
DACH1 dachshund family transcription factor 1 1.778E-02
VAMPS8 vesicle associated membrane protein 8 1.790E-02
SOD2 superoxide dismutase 2 1.833E-02
ERN1 endoplasmic reticulum to nucleus signaling 1 1.852E-02
TAP1 transporter 1, ATP binding cassette subfamily B
1.920E-02
member
RBP1 retinol binding protein 1 1.950E-02
AFAP1L2 actin filament associated protein 1 like 2 2.038E-02
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OAZ1 ornithine decarboxylase antizyme 1 2.046E-02
HMGA2 high mobility group AT-hook 2 2.084E-02
DCHS1 dachsous cadherin-related 1 2.113E-02
NCBP3 nuclear cap binding subunit 3 2.131E-02
MEX3B mex-3 RNA binding family member B 2.133E-02
CDA47 CDA47 molecule 2.135E-02
LINCO01497 long intergenic non-protein coding RNA 1497 | 2.201E-02
SERP1 stress associated endoplasmic reticulum protein
. 2.232E-02
TBC1D2 TBC1 domain family member 2 2.269E-02
IRS4 insulin receptor substrate 4 2.363E-02
PHBP18 prohibitin pseudogene 18 2.398E-02
KCNIP1 potassium voltage-gated channel interacting
rotein 1 2.459E-02
GPR162 G protein-coupled receptor 162 2.479E-02
PPA1 inorganic pyrophosphatase 1 2.513E-02
HLA-B major histocompatibility complex, class I, B 2.540E-02
S100A6 S100 calcium binding protein A6 2.711E-02
LBX2-AS1 LBX2 antisense RNA 1 2.828E-02
HR HR lysine demethylase and nuclear receptor
3.001E-02
corepressor
LINC02538 long intergenic non-protein coding RNA 2538 | 3.002E-02
FLOT2 flotillin 2 3.029E-02
TLN2 talin 2 3.096E-02
BPI bactericidal permeability increasing protein 3.209E-02
ITGA10 integrin subunit alpha 10 3.302E-02
EDIL3 EGF like repeats and discoidin domains 3 3.391E-02
CFB complement factor B 3.438E-02
NUDT5 nudix hydrolase 5 3.474E-02
HEYL hes related family bHLH transcription factor
with YRPW motif like 3520802
SHANK?2 SH3 and multiple ankyrin repeat domains 2 3.598E-02
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CNIH3 cornichon family AMPA receptor auxiliary
. 3.598E-02
protein 3
PPP1R13L protein phosphatase 1 regulatory subunit 13 like | 3.622E-02
NMNAT2 nicotinamide nucleotide adenylyltransferase 2 | 3.638E-02
STX3 syntaxin 3 3.691E-02
LINC00924 long intergenic non-protein coding RNA 924 3.715E-02
MFAP4 microfibril associated protein 4 3.815E-02
ACSL1 acyl-CoA synthetase long chain family member
3.929E-02
1
NRIP2 nuclear receptor interacting protein 2 3.929E-02
TMPRSS7 transmembrane serine protease 7 3.943E-02
BLVRA biliverdin reductase A 3.943E-02
LRFN5 leucine rich repeat and fibronectin type |IlI
_ o 3.996E-02
domain containing 5
MYLK2 myosin light chain kinase 2 4.069E-02
LINS1 lines homolog 1 4.086E-02
RPS6KA1 ribosomal protein S6 kinase Al 4.150E-02
UNC13A unc-13 homolog A 4.164E-02
NOVAL NOVA alternative splicing regulator 1 4.174E-02
FAMB6EP family with sequence similarity 86 member E,
4.394E-02
pseudogene
DDHD1 DDHD domain containing 1 4.398E-02
KHDRBS1 KH RNA binding domain containing, signal
: . 4.427E-02
transduction associated 1
PKDCC protein kinase domain containing, cytoplasmic | 4.451E-02
KRT39 keratin 39 4.469E-02
HERPUD1 homocysteine inducible ER protein with
T _ 4.478E-02
ubiquitin like domain 1
ESRRA estrogen related receptor alpha 4.553E-02
GPHN gephyrin 4.612E-02
GSG1L GSG1 like 4.792E-02
KRT17P3 keratin 17 pseudogene 3 4.831E-02
ABLIM2 actin binding LIM protein family member 2 4.854E-02
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NR1H4

nuclear receptor subfamily 1 group H member 4

4.887E-02

EDEM2

ER degradation enhancing alpha-mannosidase

like protein 2

4.928E-02

Appendix Table 7.2 List of differentially expressed genes identified by microarray in shGLI2 H2803
cells when compared to empty vector control cells. A total of 141 differentially expressed genes were

identified. Genes are ranked by ascending false discovery rate (FDR).

Gene Gene name Fold FDR
change

CALB1 calbindin 1 2.80 1.967E-04
OASL 2'-5'-oligoadenylate synthetase like 2.74 7.497E-04
KRT17 keratin 17 3.13 3.461E-03

SMOC2 SPARC related modular calcium 2.16
- 9.463E-03

binding 2

LOC101926967 | uncharacterized LOC101926967 1.85 1.338E-02
NNMT nicotinamide N-methyltransferase 1.65 1.902E-02

CDKN1A cyclin dependent kinase inhibitor 1.70
2.436E-02

1A

PSG7 regnancy specific beta-1- 1.84

Pred _ ySP 2.436E-02
glycoprotein 7 (gene/pseudogene)

NIPSNAP1 nipsnap homolog 1 1.70 2.436E-02
JUP junction plakoglobin 1.62 2.436E-02
GDF15 growth differentiation factor 15 1.66 2.436E-02

Clorfll6 chromosome 1 open reading frame 1.59
2.436E-02

116

BCO2 beta-carotene oxygenase 2 1.62 2.436E-02

CHMP2A charged multivesicular body 1.61
) 2.436E-02

protein 2A

PSMB9 proteasome subunit beta 9 1.54 2.436E-02

APBB3 amyloid beta precursor protein 1.60
o ) 2.436E-02

binding family B member 3

TINF2 TERF1 interacting nuclear factor 2 1.65 2.436E-02
ANO2 anoctamin 2 1.58 2.436E-02
ZBED?2 zinc finger BED-type containing 2 1.85 2.436E-02
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NRIP1 nuclear receptor interacting protein -1.67

2.436E-02
1

ORAI3 ORAI calcium release-activated 1.58

) 2.436E-02
calcium modulator 3

ZFR zinc finger RNA binding protein -1.54 2.436E-02

IFIT1 interferon induced protein with 1.69
_ _ 2.436E-02

tetratricopeptide repeats 1

DCLK1 doublecortin like kinase 1 -1.81 2.436E-02
PINK1 PTEN induced putative kinase 1 1.62 2.436E-02
THBS3 thrombospondin 3 1.74 2.436E-02

MFSD3 major facilitator superfamily 1.83
) o 2.436E-02

domain containing 3

MIR503HG MIR503 host gene 1.63 2.479E-02
DDX60 DEXxD/H-box helicase 60 1.90 2.479E-02
CYSRT1 cysteine rich tail 1 1.56 2.479E-02

CELSR3 cadherin EGF LAG seven-pass G- 1.50
2.502E-02

type receptor 3

UTP20 UTP20, small subunit processome -1.55

2.502E-02
component

DDIT4 DNA damage inducible transcript 1.53

2.502E-02
4

TMEMO92 transmembrane protein 92 1.81 2.502E-02

IGFBP3 insulin like growth factor binding -1.47
) 2.502E-02

protein 3

CYTL1 cytokine like 1 -1.48 2.598E-02
FLNB filamin B 1.48 2.598E-02
JAK?2 Janus kinase 2 -1.69 2.598E-02

LINC00520 long intergenic non-protein coding 1.92
2.624E-02

RNA 520

FUT8 fucosyltransferase 8 -1.49 2.624E-02
ZFP36 ZFP36 ring finger protein 1.75 2.624E-02
GNAZ G protein subunit alpha z 1.56 2.624E-02
ALS2CL ALS2 C-terminal like 1.59 2.624E-02
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NRBP2 nuclear receptor binding protein 2 1.54 2.624E-02

LINC01943 long intergenic non-protein coding 1.52
2.624E-02

RNA 1943

RAPGEF6 Rap guanine nucleotide exchange -1.53

3.046E-02
factor 6

AADACP1 arylacetamide deacetylase -1.83

3.101E-02
pseudogene 1

CALCOCO1 calcium binding and coiled-coil 1.63

. 3.101E-02
domain 1

RNF138 ring finger protein 138 -1.45 3.101E-02
ZNF436-AS1 ZNF436 antisense RNA 1 1.54 3.101E-02
VAT1 vesicle amine transport 1 1.49 3.101E-02
PLIN1 perilipin 1 -1.43 3.101E-02
BLVRB biliverdin reductase B 1.45 3.101E-02
CAPG capping actin protein, gelsolin like 1.46 3.101E-02

TRPM4 transient receptor potential cation 1.67
3.101E-02

channel subfamily M member 4

PDLIM1 PDZ and LIM domain 1 1.50 3.101E-02
IDNK IDNK, gluconokinase 1.48 3.101E-02
RCN2 reticulocalbin 2 -1.47 3.101E-02

HMGCL 3-hydroxymethyl-3- 1.67
3.101E-02

methylglutaryl-CoA lyase

VMP1 vacuole membrane protein 1 1.57 3.101E-02
ARHGAP28 Rho GTPase activating protein 28 1.49 3.101E-02

Cllorf68 chromosome 11 open reading 1.48
3.101E-02

frame 68

MVP major vault protein 1.49 3.101E-02
SLC37A4 solute carrier family 37 member 4 1.46 3.101E-02
RARRES3 retinoic acid receptor responder 3 2.24 3.101E-02
FZD6 frizzled class receptor 6 -1.58 3.101E-02

SLC35F2 solute carrier family 35 member -1.51
3.101E-02

F2
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LMBR1L limb development membrane 1.49
_ _ 3.101E-02
protein 1 like
Cllorf71 chromosome 11 open reading 1.41
3.101E-02
frame 71
PRAF2 PRA1 domain family member 2 1.47 3.101E-02
MYPN myopalladin 1.43 3.101E-02
UBE2L6 ubiquitin conjugating enzyme E2 1.44
| JHGEIng enzy 3.101E-02
L6
TRIML2 tripartite motif family like 2 1.42 3.101E-02
LINC02582 long intergenic non-protein coding 1.46
3.101E-02
RNA 2582
HTATSF1 HIV-1 Tat specific factor 1 -1.49 3.111E-02
TUBA1A tubulin alpha la 1.52 3.111E-02
TRIM22 tripartite motif containing 22 1.47 3.148E-02
TXNIP thioredoxin interacting protein 1.61 3.208E-02
MIF4GD MIF4G domain containing 1.49 3.208E-02
TNKS1BP1 tankyrase 1 binding protein 1 1.54 3.208E-02
CHCHDG6 coiled-coil-helix-coiled-coil-helix 1.43
) o 3.208E-02
domain containing 6
INHBA inhibin beta A subunit 1.49 3.208E-02
RXYLT1 ribitol xylosyltransferase 1 -1.41 3.208E-02
TMEM256 transmembrane protein 256 1.42 3.208E-02
ABHD14A abhydrolase domain containing 1.38
3.208E-02
14A
G3BP2 G3BP stress granule assembly -1.43
3.208E-02
factor 2
ABHD14B abhydrolase domain containing 1.46
3.208E-02
14B
NUP58 nucleoporin 58 -1.44 3.229E-02
ASL argininosuccinate lyase 1.63 3.338E-02
TBC1D12 TBC1 domain family member 12 -1.48 3.338E-02
HOXAL homeobox Al 1.58 3.419E-02
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RNA 1133

UGT2B28 UDP glucuronosyltransferase 1.47

: 3.420E-02
family 2 member B28

CPz carboxypeptidase Z 1.49 3.618E-02
CCP110 centriolar coiled-coil protein 110 -1.46 3.662E-02
CADM?2 cell adhesion molecule 2 -1.68 3.746E-02
TRPT1 tRNA phosphotransferase 1 1.50 3.746E-02
AHNAK?2 AHNAK nucleoprotein 2 1.55 3.746E-02

PSG4 regnancy specific beta-1- 1.50
Pred ysP _ 3.746E-02

glycoprotein 4

MMP1 matrix metallopeptidase 1 -2.05 3.746E-02

RAB4B RAB4B, member RAS oncogene 1.46
_ 3.746E-02

family

FAM111B family with sequence similarity -1.55

3.746E-02
111 member B

METRNL meteorin like, glial cell 1.46

_ o 3.755E-02
differentiation regulator

IER3 immediate early response 3 1.38 4.004E-02

MAN1B1 mannosidase alpha class 1B 1.45
4.004E-02

member 1

ARL13B ADP ribosylation factor like -1.46

4.004E-02
GTPase 13B

EGR1 early growth response 1 1.48 4.004E-02
RRAS RAS related 1.49 4.004E-02
ZNF784 zinc finger protein 784 1.48 4.004E-02

RUSC2 RUN and SH3 domain containing 1.45
4.004E-02

2

FDCSP follicular dendritic cell secreted 1.63

) 4.004E-02
protein

BTG2 BTG anti-proliferation factor 2 1.38 4.074E-02
CADM2-AS1 CADM?2 antisense RNA 1 1.38 4.074E-02

LINC01133 long intergenic non-protein coding 1.61
4.149E-02
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ADAMTS3 ADAM metallopeptidase with -1.44

) _ 4.149E-02
thrombospondin type 1 motif 3

ACOX2 acyl-CoA oxidase 2 -1.39 4.188E-02

GPAT3 lycerol-3-phosphate -1.47
d PROSP 4.188E-02

acyltransferase 3

NCOA5 nuclear receptor coactivator 5 -1.37 4.188E-02
NEU1 neuraminidase 1 1.37 4.188E-02

PTPRH protein tyrosine phosphatase, 1.64
4.188E-02

receptor type H

S100A16 S100 calcium binding protein A16 1.42 4.188E-02
NAXE NAD(P)HX epimerase 1.42 4.271E-02
PCYOXI1L prenylcysteine oxidase 1 like 1.38 4.271E-02
CENPL centromere protein L -1.42 4.356E-02

MKNK2 MAP kinase interacting 1.37
) o 4.393E-02

serine/threonine kinase 2

PCK2 hosphoenolpyruvate 1.73

P -p m_/ ) 4.393E-02
carboxykinase 2, mitochondrial

TYRP1 tyrosinase related protein 1 -1.71 4.393E-02

NELFE negative elongation factor 1.38
4.393E-02

complex member E

WBP1 WW domain binding protein 1 1.39 4.393E-02

CERCAM cerebral endothelial cell adhesion 1.43
4.413E-02

molecule

GCLM glutamate-cysteine ligase modifier -1.39

) 4.452E-02
subunit

RFX5 regulatory factor X5 1.37 4.472E-02
TMEM200A transmembrane protein 200A -1.56 4.589E-02
ETHE1 ETHEL, persulfide dioxygenase 1.68 4.589E-02

SMARCAD1 SWI/SNF-related, matrix- -1.46

associated actin-dependent
: . 4.589E-02
regulator of chromatin, subfamily
a, containing DEAD/H box 1

FBXO43 F-box protein 43 -1.40 4.589E-02
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AP4E1 adaptor related protein complex 4 -1.44

. : 4.669E-02
epsilon 1 subunit

ECT2 epithelial cell transforming 2 -1.53 4.686E-02

LINC01139 long intergenic non-protein coding 1.46
4.697E-02

RNA 1139

CUEDC2 CUE domain containing 2 1.48 4.890E-02
RNF123 ring finger protein 123 1.47 4.895E-02
NME9 NME/NM23 family member 9 -1.53 4.895E-02
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