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Abstract

B7-H3 (CD276) is a member of the B7 superfamily and shares up to 30% amino acid identity
with other B7 family members. It is expressed in a wide range of cell types and tissues and is
overexpressed in many cancers. B7-H3 expression has been linked to poor prognosis in
several tumour types, including lung cancer, and is suggested to play both co-inhibitory and
co-stimulatory roles in tumour-immune modulation. Thus B7-H3 is an appealing target for
therapeutic agents to prevent tumourigenesis. However, the physiological functions of B7-H3
in both lung epithelial cells and tumour cells remains poorly understood, and ligands and
specific binding partners for this receptor remain unknown. The purpose of this study was to
define the effects of overexpression or knockdown of B7-H3 on normal lung epithelial and
cancer cell proliferation, migration and invasion as well as to determine the role of B7-H3 in
cell-cell adhesion and signalling. Data revealed that B7-H3 localises to cell-cell adhesions in all
cell lines and co-localises with E-cadherin and B-catenin. Depletion of B7-H3 lead to reduced
levels of the tight junction protein ZO-1 and reduced active GTPases that are known to control
F-actin cytoskeleton dynamics. Moreover, B7-H3 depletion led to enhanced proliferation and
invasion of lung cancer cells in 3D spheroid assays. Further analysis revealed that B7-H3 in
normal lung epithelial cells localises to IMPDH2-positive structures called rods and rings, as
well as to a subset of primary cilia. Both structures were absent in lung cancer cells that
express high levels of B7-H3, but their appearance increased upon B7-H3 knockdown.
Conversely, cilia and rods and rings were reduced upon B7-H3 overexpression in normal lung
epithelial cells. Finally, NMR and proteomics analysis revealed that B7-H3 contributes to
maintenance of metabolite levels leading to suppression of oxidative stress, potentially
through co-regulation of IMPDH?2 activity and cilia assembly. The data arising from this study
provides novel insight into B7-H3 function in epithelial and lung cancer cells and how this

receptor contributes to tumourigenesis.
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2D Two dimensional
3D Three dimensional
ADC antibody-drug conjugate
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STAT3 Signal transducer and activator of transcription 3
TAM Tumour Associated Macrophage
TCA Glycolysis/tricarboxylic acid cycle
TGFa Transforming growth factor alpha
TGFB Transforming growth factor
TIL Tumour infiltrating lymphocytes
T) Tight junctions
TNF Tumour Necrosis Factor
Tregs T regulatory T cells
VHL Von Hippel Lindau
Z0 Zonula occludens

Additional abbreviations:

mg — milligram
ml — millilitre
mM — millimolar
Mg — microgram
ul — microliter

UM — micromolar
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1. Introduction
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1.1 Epithelial homeostasis and tumourigenesis

The majority of solid tumours arise from the epithelium and understanding this tissue type
aides in determining ways in which cancer cells deviate from homeostasis to become
malignant. Epithelia form a protective barrier for all the tissues that they encase (Slattum &
Rosenblatt, 2014). The epithelium is polarised and comprises of an apical surface that faces
the external environment and a basal surface that faces the basement membrane (Lee &
Streuli, 2014). Epithelial integrity and homeostatic cell numbers are maintained by balancing
cell death with dividing cells which is essential to survival, and many cellular mechanisms
ensure these processes are maintained during growth and in response to damage (Lolo et al.,
2012). For instance, when epithelial cells become overcrowded due to proliferation and
migration, they induce extrusion of live or apoptotic cells to control epithelial cell numbers
(Figure 1) (Eisenhoffer et al., 2012). This requires release of sphingosine-1-phosphate (S1P),
which activates basal actomyosin contraction and apical extrusion from the epithelial sheet
leading to apoptosis. Localised actomyosin contraction to the basal region of the cell is a result
of Rho activation through the p115 RhoGEF, which is transported on microtubules to this
region (Fan & Bergmann, 2008; Rosenblatt et al., 2001). Cancer driver mutations can promote
basal cell extrusion towards the basement membrane, as well as apically, and invade through

the extracellular matrix to metastasise (Figure 1) (Nikolaou & Machesky, 2020).

Cell competition is another mechanism the epithelial cells undergo to ensure removal of
suboptimal cells. When a clone of mutant cells is surrounded by wild type cells, the mutant
(less-fit) cells at the boundary undergo apoptosis and are replaced by the more-fit cells
through compensatory proliferation. The cells sense relative fitness, such that ‘super-
competitor’ neighbours will eliminate a clone of wild-type cells. Expression of an oncogene
(driver genes) such as Ras, which would cause hyperproliferation but not invasive outgrowth,
can drive invasion in the context of a polarity mutation. The mutant cells would normally be

induced to undergo apoptosis by their more-fit neighbours, but the apoptotic signalling is
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subverted by the oncogene into a proliferative state that can drive invasive tumourigenesis

(Ayukawa et al., 2021; Vincent et al., 2013).

Cell extrusion

LN

In healthy tissue: In cancer:

Overcrowding Overcrowding Survival and
Oncogenic signalling /’ dissemination
Starvation

oJolefele]e]e]e @_.
Basement membrane
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Survival and dissemination

Figure 1: Cell extrusion in health and disease.

A) In healthy tissue, overcrowded cells can extrude apically from the epithelial monolayer and
undergo apoptosis promoting efficient removal. In tumours, cancer cells - due to
overcrowding, oncogenic signalling, and/or starvation - can be extruded either apically or
basally towards the basement membrane and invade through the extracellular matrix to gain
access to distant organs. B) Heterogeneity of cell death in solid tumours. Immunosuppressive,
apoptotic cells (blue) promote immunosuppression and tumour growth and reside within the
tumour core. Reproduced from (Nikolaou & Machesky, 2020; Gadiyar et al., 2020).

Tumourigenesis is the acquisition of malignant properties in normal cells: uncontrollable
growth, metastasis, evasion of immunosurveillance and apoptosis, dysregulated metabolism
and epigenetics, which are regarded as the hallmarks of cancer (Hanahan & Weinberg, 2011).
Studies have discovered a large number of somatic gene mutations, that could be associated
to these malignant phenotypes in cancer cells (Alexandrov & Stratton, 2014). Acquisition of
mutations in tumour suppressor genes and oncogenes can cause these genes to change their
expression levels or activities, ultimately leading to neoplastic transformation in normal cells
(Domazet-LoSo & Tautz, 2010). Cancer develops in a multistep process known as
carcinogenesis which consisting of initiation, promotion, progression, and metastasis (Figure
2). Initiation arises from alteration or mutation of genes, either spontaneously or through
induction by exposure to a carcinogenic agent, resulting in dysregulation of biochemical
signalling pathways associated with cellular process. The promotion phase is considered to
be a reversible stage in which actively proliferating preneoplastic cells accumulate and

chemo-preventative agents could be used to affect growth rates. Progression is the final
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phase of neoplastic transformation before cells acquire invasive and metastatic potential,
thereby enabling invasive cancer to occur. Finally, metastasis describes the spread of cancer
cells from the primary site through the bloodstream or the lymph system to other
organs/parts of the body (Siddiqui et al., 2015). There are currently no viable treatments to

target metastasis, and this remains the key reason for cancer associated deaths.

Radiation

Chemical Oncogen

Initiation Promotion Progression Metastasis
—_— — > ——
Normal cell Initiated cell Preneoplastic cells Neoplastic cells Malignant Tumour

Figure 2: Steps of carcinogenesis.

Carcinogenesis starts with initiation caused by mutations of genes. The mutated initiated cell
undergoes clonal expansion in a step called promotion. Acquisition of additional mutations
enhances genome instability, leading to abnormal cell proliferation and growth. This results
in progression which is the phase between a premalignant lesion and the development of
invasive cancer. Metastasis involves the spread of cancer cells from the primary site through
the bloodstream or the lymph system. Created with Biorender.com.

1.1.1 Cell proliferation and contributions to cancer progression

Cell proliferation is a fundamental requirement for development and homeostasis. The cell
division cycle is a tightly controlled process resulting in precise DNA replication and
segregation of duplicated chromosomes to daughter cells from a single parent cell. The cell
cycle involves four consecutive stages: the synthesis (S phase), in which the cell replicates its
DNA, mitosis (M phase), when the cell divides its replicated DNA into two daughter cells. Two
gap phases (G1 and G2) separate DNA synthesis from mitosis; G1 is the cell resting phase
which extends from mitosis to the next round of synthesis, while G2 is the gap between S and
the next M phase, where cell growth and protein synthesis occurs (Lemmens & Lindqvist,
2019; Matson & Cook, 2017). Cells can also enter GO, which is the non-dividing phase of the
cell cycle (Matson & Cook, 2017). A network of proteins known as cyclin-dependent kinases
(CDKs) control the correct ordering of cell cycle progression and division. CDKs phosphorylate
key substrates allowing DNA synthesis and mitotic progression. Activation of CDKs occurs by
binding of cognate cyclin subunits (A,B,C,D,E). Cyclin/CDK activities can be interfered with by
intracellular and/or external stimuli that stop progression of the cell cycle through a complex
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network of signalling events (Ding et al., 2020). This pause in cell cycle progression is known
as a “checkpoint”, providing the cell time to repair damaged DNA or obtain necessary levels
of growth factors prior to transitioning to the next phase. If the DNA damage is not repaired,
the cell may trigger an apoptotic signalling cascade to prevent the transmission of damaged
DNA to its new daughter cells. As a result, cell cycle checkpoints ensure ordered cell cycle
progression, are vital for sustaining genomic stability, act as barriers to carcinogenesis, and
are frequently deregulated in tumours (Figure 3) (Chao et al., 2017). The G1 checkpoint
governs cell size, necessary nutrients, and presence of growth factors that are required for

appropriate growth conditions, and it responds to DNA damage.
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Figure 3: Cell cycle phases and checkpoints.
The cell cycle consists of four stages: Gapl (G1), Synthesis (S), Gap2 (G2) and mitosis (M).
Non-dividing cells exit the cell cycle and go into a quiescent state (G0). Progression through
each stage of the cell cycle is controlled by association of specific cyclin dependent kinases

(CDKs) with cyclins. Checkpoints enable cell division viability and fidelity. Adapted from
(Sadeghi et al., 2020).

One major checkpoint that controls progression from G1 to S phase is the retinoblastoma
tumour suppressor protein (pRb), and it inhibits transcription by chromatin remodelling.
Phosphorylation of pRb occurs after receiving the right mitogenic cues, thereby becoming
inactivated to allow cell cycle progression (Uchida, 2012). Checkpoints that respond to DNA
damage occur pre- and post-S phase in G1 and G2 phases and affect the activity of key

regulators of DNA damage signalling. These regulators are kinases phosphatidylinositol 3-
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kinase (PI3K)-like protein kinases (PI3KKs), ataxia telangiectasia and Rad3-related (ATR) or
ataxia telangiectasia mutated (ATM) protein, and the transducer checkpoint kinases CHK1
and CHK2. The DNA damage is detected by ATM/ATR, which then phosphorylates CHK2/CHK1,
respectively. Activated CHK2 is involved in p53 activation, leading to p53-dependent early
phase G1 arrest. If the DNA is unrepairable, the cells face apoptosis induced by p53 (Foster et
al., 2010).

Proliferation in epithelial cells requires cell cycle regulation as well as co-ordination between
interacting cells to organise division and reintegration into the epithelial monolayer. In this
sense, epithelial cells must maintain adhesion contact with neighbouring cells and the
basement membrane in an epithelial monolayer when dividing. Epithelial cells normally
divide parallel to the plane of the monolayer, and this allows them to retain adhesion
structures and cell polarity (Muthuswamy & Xue, 2012). The orientation of mitotic spindle in
epithelial cells is dictated by extracellular matrix (ECM) adhesion formation (Pietro et al.,
2016). During the division process, the nucleus migrates apically while forming an actin rich
protrusion to maintain contact with the basal lamina (Ragkousi & Gibson, 2014). The dividing
cell constricts in the middle and splits orthogonal to the plane of the monolayer (Figure 4) (le

Bras & le Borgne, 2014).

However, mutations in genes involved in the regulation of proliferation - such as oncogene
activation or tumour suppressor inhibition - can lead to tumour formation (Bower et al.,
2017). Proliferation and clonal expansion of the mutated population of cells can occur due to
selective pressures. These cells undergo apoptosis more readily due to instability, however

additional mutations driving apoptosis inhibition can lead to uncontrolled proliferation and

tumour formation (Labi & Erlacher, 2015; Ragkousi & Gibson, 2014).
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Figure 4: Cell division in an epithelial sheet.

Epithelial cells must sustain adhesion contact with neighbouring cells, as well as the basement
membrane in an epithelial monolayer when dividing. Division initiation requires apical
translocation of the nucleus and formation of an actin rich protrusion to maintain attachment
to the basement membrane. Following division, the cells integrate into the monolayer and
the nuclei of the daughter cells move towards the basal pole. In abnormal cells, genetic
changes cause cells to divide more quickly than healthy cells, resulting in large numbers of
cancer cells that loses cell-cell contact inhibition forming tumour without sustaining apical-
basal plane. Normal cells adapted from (Ragkousi and Gibson, 2014) while cancer devision
was created with Biorender.

1.1.2 Invasion and metastasis

Cancer metastasis is the spread of cancer cells to tissues and organs to form new tumours
beyond its original site. For the tumour cell to successfully metastasise, a number of
sequential events occur, termed the metastatic cascade. During the metastatic cascade,
alterations in cell-cell and cell-matrix adhesion are important (Martin & Jiang, 2009). This
multistep process can be broadly separated into three main events: invasion, intravasation
and extravasation. The process of invasion mostly comprises of loss of cell-cell adhesion
capacity and changes in cell-matrix interaction, allowing malignant cells to dissociate from
the primary tumour mass and invade the surrounding stroma. This involves degradation of
the basement membrane and extracellular matrix through the secretion of substances as well
as the suppression or expression of proteins that control motility and migration (Hapach et

al., 2019). The tumour must also initiate angiogenesis for the intravasation process to
20



develop. This process occurs through the blood vessels forming around the tumour to provide
delivery of nutrients and oxygen to the tumour, and subsequent routes for the detached cells
to enter the circulatory system and metastasise to distant sites (Zhong et al., 2020). Finally,
the extravasation process starts when tumour cells interact with endothelial cells to
penetrate the basement membrane and exit the vasculature, thus reaching the target organ

where proliferation occurs and a new tumour is formed (Franssen et al., 2019).

1.1.3 Metabolic contributions to tumourigenesis

Cancer cells undergo complex metabolic rearrangements such as an increase in biosynthetic
processes and energy production to support proliferation and cell growth (vander Heiden &
DeBerardinis, 2017). Thus, changes in cell metabolism can contribute to tumour progression.
Cancer-associated metabolic phenotypes include increased uptake of glucose and
fermentation of glucose to lactate by a phenomenon known as Warburg effect (Liberti &
Locasale, 2016). The glycolysis/tricarboxylic acid (TCA) cycle, pentose phosphate pathway
(PPP) and amino acids uptake increase within the tumour microenvironment (TME) to build
and sustain proliferation of cancer cells (Figure 5). Increased nutrient uptake via phagocytosis
or micropinocytosis can also occur, alongside increased demand for nitrogen derivatives and
their nucleotide conversions (pyrimidines, purines), and non-essential amino acids. Changes
in metabolic driven gene regulations can occur by, methylation, acetylation, or metabolic
interaction with the TME. This assists tumour growth through exchange of aminoamides,
nutrients, secreted growth factors or environmental conditions such as redox stress, hypoxia,
and alterations to the extracellular matrix and cell-cell interactions (Figure 6) (Lasche et al.,
2020; Pavlova & Thompson, 2016). Tumour-hypoxia leads to advanced but dysfunctional
vascularization and acquisition of EMT phenotype resulting in cell mobility and metastasis.
Hypoxia alters cells metabolism and contributes to therapy resistance by inducing cell
qguiescence. Hypoxia stimulates a complex cell signalling network in cancer cells, including the
HIF, MAPK, PI3K and NFkB pathways, which interact with each other causing positive and
negative feedback loops and enhancing or diminishing hypoxic effects allowing cells to survive

(Muz et al., 2015).
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Figure 5: Schematic illustration of the glucose metabolism and changes in metabolites in
normal/healthy and cancer cells.

Normal cells convert glucose to pyruvate via glycolysis, and the maximum amount of pyruvate
is involved in mitochondrial oxidative process for efficient ATP production. Glucose is mainly
used for cellular energy requirements. In normal cells, increased levels of ATP mitigate
glycolysis by feedback inhibition. In cancer cells, glucose uptake increases and thereby so does
glycolysis. A substantial part of glucose is utilized in biosynthetic pathways to support cell
proliferation. Pyruvate is primarily used in lactate production. Oxidative phosphorylation
occurs but is separated from augmented glycolysis. The amount of glucose carbon flux is
indicated by relative thickness of arrows with red arrows in cancer cell to indicate increased
levels. Key metabolism by-products and the metabolic effects on cancer are indicated in bold
black arrows.
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Figure 6: Metabolic interactions with the TME.

The tumour microenvironment is a complex system of heterogeneous tumour cells, stromal
cells, and various immune cells residing in a network of poorly controlled vasculature and
collagen. Densely packed glycolytic tumour cells and poor perfusion create compartments of
reduced oxygen levels, acidic pH, malnutrition loads, chemokines, anti-inflammatory
cytokines, and by-products metabolic accumulation, such as lactate. Reproduced from
(Pifieiro Fernandez et al., 2019).

1.1.3.1 Purine metabolism

Purines are the most abundant metabolic substrates providing building blocks for DNA and
RNA. They provide the necessary energy and cofactors to support cell survival and
proliferation. Therefore, purines and their derivatives play a key role in most biological
processes, including immune responses (Virgilio & Adinolfi, 2017). High levels of purine
metabolites have been discovered in tumour cells, which led to the development of the
earliest anti-tumour drugs to treat cancers (purine antimetabolites) by blocking both DNA
synthesis and cell growth (An et al., 2008). The basic mechanism of action for the purine and

pyrimidine antimetabolites including the FDA approved decitabine, nelarabine and vidaza is
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similar (Zhang et al., 2007). These compounds, usually with the aid of a membrane
transporter, diffuse into cells and are converted to analogues of cellular nucleotides by
enzymes of the purine or pyrimidine metabolic pathway. These metabolites then inhibit one
or more enzymes that are essential for DNA synthesis, initiating DNA damage and apoptosis

(Parker, 2009; Sampath et al., 2003).

Purine metabolism provides cellular pools of adenylate and guanylate through synthesis and
degradation of purine nucleotides (Yin et al., 2018). Syntheses of purines occurs by two
different pathways: the complementary salvage pathway and de novo biosynthetic pathway
(Figure 7). The salvage pathway accounts for most of the cellular requirements and recycles
the degraded bases (such as guanine, hypoxanthine, adenine) or purine nucleoside
(guanosine, inosine, adenosine) producing purine mononucleotide (guanin monophosphate
(GMP), inosine 5'-monophosphate (IMP), adenosine 5'-monophosphate (AMP)). There are
three ATP biosynthesis salvage pathways: (i) adenine and phosphoribosyl pyrophosphate
(PRPP) association to produce AMP by adenine phosphoribosyl transferase; (ii) adenosine
kinase directs phosphorylation of adenosine to AMP; and (iii) union of hypoxanthine and PRPP
by hypoxanthine phosphoribosyl transferase-1 (HPRT1) to produce IMP, which gets converted
to AMP ( Li et al.,, 2015). On the other hand, in the GTP salvage biosynthesis pathway,
hypoxanthine or guanine is enzymatically merged with PRPP to produce IMP or GMP,
respectively, through HPRT1. The de novo GTP and ATP biosynthesis pathways have
converting glucose to IMP in common. However, deviation occurs at the IMP substrate where
Inosine monophosphate dehydrogenase (IMPDH) and adenylosuccinate synthase (ADSS),
form synthesis of GTP and ATP, respectively (Kofuji & Sasaki, 2020) (Figure 7).

Purines and the de novo purine biosynthetic pathway enzymes are enhanced in tumour cells
(Barfeld et al., 2015). For example, changes in the adenosine to inosine ratio has been found
in cancer cells, impacting growth, invasiveness, and metastasis (Shoshan et al., 2015). Purines
play a role in modulating immune cell response to cytokine release and are thereby involved
in the development of oncogenesis and tumourigenesis (Alvarado et al., 2017). In tumour

cells, levels of GTP can increase via upregulation of IMPDH compared to that of normal cells
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(Naffouje et al., 2019). This activity of IMPDH2 can be supressed by inhibitors such as
mycophenolic acid (MPA) (Sobiak et al., 2020) (Figure 7).
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Figure 7: Purine pathways and MPA mechanism of action.

Purine metabolism includes de novo and salvage pathways. The de novo purine biosynthetic
pathway catalyses the transformation of PRPP into IMP via highly conserved steps (yellow).
Purine salvage recycles hypoxanthine, guanine, and adenine as substrates to generate purine
nucleotides (green). MPA is a potent selective and non-competitive inhibitor of IMPDH, which
catalyses the NAD-dependent oxidation of IMP to XMP, an intermediate metabolite in the
production of GTP. Adapted from (Naffouje et al., 2019).

1.1.3.2 IMPDH

IMPDH is a rate-limiting enzyme in the de novo biosynthesis of purine nucleotides that it is
essential for DNA synthesis (Dostalek et al., 2013). IMPDH is involved with cell growth,
differentiation and malignant transformation (He et al., 2018). IMPDH has two isoforms,
IMPDH1 and IMPDH2, which are encoded by different genes with 84% of their amino acid
sequence conserved (Floryk et al., 2004). IMPDH2 is highly expressed in malignant cells,
upregulated during proliferation, and can mediate cisplatin chemoresistance and radio-

resistance in osteosarcoma cells (Hedstrom, 2009; Jain et al., 2004; Li et al., 2014).

IMPDH2 can assemble into linear or circular micron scale structures referred to as rods and

rings (RR) (Carcamo et al., 2011; Gunter et al., 2008). RR assembly correlates with deficiency
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in GMP/GTP synthesis and decreased IMPDH2 activity (Carcamo et al., 2011). Therefore,
IMPDH?2 inhibitors such as MPA or ribavirin can induce rapid formation of RR (Ji et al., 2006;
Keppeke et al., 2016). RRs were first discovered following an observation in chronic hepatitis
C infection patients treated with a combination of ribavirin and interferon a. These patients
developed autoantibodies against structures (later named RR) that react with IMPDH2 (Covini
et al., 2012; Seelig et al., 2011). However, RR are not associated with any known organelles
(Covini et al., 2012). The function of RR remains controversial, they were initially considered
to be a cellular response to increased guanine nucleotide synthesis (Carcamo et al., 2014).
However, subsequent studies have shown that IMPDH2 point mutations that promote, or
block polymerisation do not affect its activity and that both active and inactive forms of
IMPDH2 can aggregate into RR (Anthony et al., 2017). Other work has demonstrated that RR
assembly is important for maintaining normal cell proliferation and the GTP pool (Keppeke et
al., 2018). Studies on IMPDH2-mutant Hela cells unable to form RR have also shown IMPDH2
suppression correlates with RR formation and maintenance of normal cell proliferation,
suggesting that IMPDH2 polymerization acts as IMPDH2 activity booster (Keppeke et al.,
2018). Thus, the role and regulation of IMPDH2 in RR remains unclear, in both normal

epithelial and cancer cells (Chang et al., 2015).

1.1.3.3 Oxidative stress

Aberrant cell growth in cancer cells can drive increased metabolism and elevate basal levels
of reactive oxygen species (ROS) compared to normal cells. As a result, cancer cells are
constantly under oxidative stress (Aboelella et al., 2021). ROS are by-products of cellular
respiration, and aerobic metabolism, and are pathologically increased in diseases such as
inflammation and cancer. Mitochondria are the main cellular source of ROS production
(Zhang & Wong, 2021). ROS can also be produced via endoplasmic reticulum (ER) through the
catalytic process of oxidoreductase Erol and NADPH oxidase (NOX) (Arfin et al., 2021).
Imbalances in redox pairs, such as reduced nicotinamide adenine dinucleotide phosphate
hydrogen NADPH/NADP+ or oxidized glutathione GSH/GSSG ratios, lead to elevation of
enriched oxygen atoms molecules thereby making them markers of oxidative stress (Figure
8) (Lipinski, 2011) . Peroxisomes can rapidly produce and scavenge H202 and 02 (.-) which

allows dynamic regulation changes in ROS levels (Sandalio et al., 2013). Moreover, ROS can
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be exogenously induced upon exposure to chemotherapy, radiotherapy, or UV (Shah &

Rogoff, 2021).
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Figure 8: Major Sources of ROS in cells.

Generation of ROS can be produced intercellularly via mitochondria, peroxisomes, ER stress,
NADPH oxidase, metabolizing enzymes, and extracellular factors (Radiation, Xenobiotics).
ROS are involved in cancer, causing development and progression of the disease. Reproduced
from (Arfin et al., 2021).

At low to medium levels, ROS can act as signalling messengers to regulate cellular gene
expression, proliferation and differentiation, and immunity against diseases. At high levels
however, ROS can cause oxidative DNA damage and can be detrimental to cells (Figure 9).
Due to the complex role of ROS in cell survival and function, levels and balance between ROS
production and scavenging must be tightly regulated to maintain the redox homeostasis.
When this balance is disrupted in cells, oxidative stress occurs (Chio & Tuveson, 2017; Reczek
& Chandel, 2017) . In cancer cells, the deregulation in ROS occurs due to abnormal cellular
activity such as increased metabolism, oncogene activation, tumour suppressor gene

inactivation and adaptation to hypoxia (low oxygen levels) (Chio & Tuveson, 2017; Liou &
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Storz, 2010) . This can facilitate chemoresistance, angiogenesis, metastasis and epithelial to
mesenchymal transition (EMT), which occurs due to increased activity of matrix
metalloproteinases (MMPs) mediating degradation of extracellular matrix (ECM) components
(Binker et al., 2009; Ushio-Fukai & Nakamura, 2008; Wu, 2007) . EMT is a highly dynamic
process, by which epithelial cells can transform into a mesenchymal phenotype defined by
prototypical markers. EMT is not complete in cancer cells as tumour cells are in multiple
transitional states and express mixed epithelial and mesenchymal genes. Such hybrid cells in
partial EMT can move as clusters collectively and can be more aggressive than cells with a
complete EMT phenotype (Marcucci et al., 2016). The process of EMT involves the disruption
of cell—cell, cell-matrix adhesion and cellular polarity and remodelling of the cytoskeleton. It
is associated with improvement in migratory and invasive properties. In cancers, EMT
inducers are hypoxia, cytokines, and growth factors secreted by the tumour
microenvironment, stroma crosstalk, metabolic changes, innate and adaptive immune

responses, and treatment with antitumor drugs (Roche, 2018).

ROS are important signal mediators in the tumour microenvironment involved in T cell and
natural killer cell (NK) activation and subsequent detection/destruction of transformed cells.
However, cancer cells can induce tumour-promoting immune cells including regulatory T cells
(Tregs), tumour-associated macrophages (TAMs) and myeloid-derived suppressor cells
(MDSCs), causing chronic inflammation that can promote cancer progression (Kennel &
Greten, 2021). This positive feed-back loop occurs between oxidative stress and inflammatory
mediators, shaping the outcome of anti-tumour immune responses (Valacchi et al., 2018). As
a result, cancer cells and immunosuppressive cells use ROS in the TME - along with other
mechanisms - to create immune tolerance to tumours (Chen et al., 2016; Franchina et al.,
2018; Nathan & Cunningham-Bussel, 2013). Cancer cells constantly attempt to enhance their
antioxidant defence capacity to counteract excess ROS (Ishimoto et al., 2011). Epithelial cells,
primary cells and tissues of mice overexpressing oncogenes at early stages of tumour
progression display lower pro-oxidant level and higher antioxidant potential (DeNicola et al.,
2011). The subsequent reductive environment promotes proliferation and survival of
transformed or cancerous cells and is consequently a promising therapeutic target for cancer

treatment and prevention. However, the therapeutic efficacy of anticancer drugs can be
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influenced by the cooperation among components that maintain the redox environment of
cells. Even though chemotherapeutic agents are expected to kill cancer cells through
production of ROS, this can eventually facilitate drug resistance (Masella et al., 2005).
Interestingly, a reductive redox environment has been reported to facilitate cancer migration
and metastasis (Figure 9). This indicates that tumours adapt to the high threshold of ROS by

altering their microenvironment to more reductive conditions (Liu et al., 2016).
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Figure 9: ROS and cancer paradox.

Healthy cells have adequate adaptations to overcome the harmful effects of ROS. Balanced
generation of ROS, sufficient cellular repair and antioxidant activity result in controlled cell
survival and proliferation. Metabolic activity of tumour cells produces high ROS levels,
increasing cell survival and proliferation. This leads to DNA damage, reduced cellular repair
by DNA damage repair pathways and genetic instability. Elevated ROS concentrations can
cause cellular damage, however, cancer cells readjust with adaptations to conditions
including hypoxia and also through initiation of cellular repair pathways. Tumour cells
maintain pro-tumourigenic signalling with increased antioxidant activity to remove excessive
ROS. If ROS concentrations increase radically to toxic ROS levels, for example by
chemotherapy, oxidative stress causes irreparable damage to the cell, reduced adaptations
and eventually cancer cell death. Adapted from (Nakamura & Takada, 2021).
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1.2 Lung Cancer

In the last century, lung cancer has progressed to the most common type of cancer and most
common cause of cancer fatality in the world (Groot et al., 2018). The poor prognosis of lung
cancer can be attributed to late diagnosis (Saab et al., 2020). Although cigarette smoking
remains the main risk factor of lung cancer (Walser et al., 2008), it can also develop due to
environmental factors, workplace exposures to carcinogens, and chronic lung disease (Alberg
et al., 2002). Despite recent improvements in survival for many cancers, lung cancer has a
relatively poor 5-year survival rate (Li et al.,, 2022). Treatments include chemotherapy,
surgery, radiation, targeted therapy and immunotherapy (Zappa & Mousa, 2016). The field of
targeted therapy and immunotherapy have shown promising results of improved survival
benefits in lung cancer treatment leading to better development of treatments (Shahid et al.,
2019). However, many patients remain refractory to treatment and the reasons for this

remain unclear.

1.2.1 Lung cancer subtypes

Lung cancer is classified into 2 types based on biological characteristics: Small Cell Lung Cancer
(SCLC) and Non-SCLC (NSCLC) (Lemjabbar-Alaoui et al., 2015). SCLCs represent around 15% of
all lung cancers and are neuroendocrine carcinomas characterised by high proliferative rates
and early metastasis, with most patients having metastatic cancer at diagnosis and a poorer
5-year survival rate than those affected by NSCLC (Rudin et al., 2021). Current clinical
treatment of SCLC can include surgery, radiation and adjuvant platinum-based chemotherapy
for the rare occasions where the disease is diagnosed early. Patients with late metastatic
stage are treated with systemic chemotherapy with or without immunotherapy (Hiddinga et
al., 2021). NSCLC accounts for approximately 85% of lung cancers and is classified into three
major subtypes: adenocarcinoma, squamous cell carcinoma and large cell carcinoma (Zappa
& Mousa, 2016). Adenocarcinoma is the most common type of lung cancer and comprises
around 40% of all diagnoses. It develops in the periphery of the lung from small airway
epithelial type Il alveolar cells, which secrete mucus and other substances (Herbst et al.,
2018). Squamous-cell carcinoma arises from early squamous cells in the bronchial airway in

the centre of the lungs and comprises of 25—-30% of all lung cancer cases. (Perez-Moreno et
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al.,, 2012). Large cell carcinoma (undifferentiated) is often diagnosed by default through

exclusion of other possibilities and accounts for 5-10% of lung cancers (Kenfield et al., 2008).

1.2.2 Common genetic mutations associated with lung cancer

Determining the molecular basis of cancer requires extensive analyses of specific genes and
pathways or by genome-wide association studies (GWAS) which have revealed that
histologically apparent lung cancers can harbour multiple genetic and epigenetic alterations
(Larsen & Minna, 2011). Clinical management of NSCLC has incorporated tumour genotyping
with routine testing for KRAS, EGFR, BRAF, ALK, and PD-1. Targeting appropriate molecular
biomarkers in tumours has helped improve survival in NSCLC patients (Riely et al., 2009;
Villalobos & Wistuba, 2017). The most frequently mutated oncogene in NSCLC is the KRAS
G12C (glycine 12 to cysteine) mutation encoding a GTPase that cycles between active (GTP-
bound) and inactive (GDP-bound) form, with KRAS mutations inhibiting GTPase activity and
favouring the active form (Reita et al., 2022). GTP-bound RAS activates a number of cellular
signalling cascades including the RAS-RAF-MEK-ERK pathway, which regulates cell-cycles and
proliferation. Another pathway involved is PI3K-AKT-mTOR, which controls cell survival
(Addeo et al., 2021). EGFR is a tyrosine kinase cell-surface receptor that can activate cell
growth and proliferation associated pathways when activated (Lynch et al., 2004). EGFR gene
mutations present in 10—15% of lung cancer adenocarcinomas and drive constant activation
of uncontrolled cell division (Pao et al., 2004). BRAF is a regulated signal transduction
serine/threonine kinase that promotes cell proliferation and survival (Cardarella et al., 2013).
BRAF mutations have been found in patients with adenocarcinomas and accounts for 1-4%
of all NSCLC (Brose et al., 2002; Pratilas et al., 2008). ALK mutations comprises of 3—-7% of all
lung tumours arising from rearrangements on chromosome 2p23 due to the fusion between
3’ end of the ALK gene and the 5’ end of the EML-4 gene (Koivunen et al., 2008; Soda et al.,
2007). PD-1, programmed death, is an immunotherapy marker in lung cancer expressed
mainly on T cells and mediates immune suppression, while its ligand is expressed on tumour
cells and tumour inflammatory infiltrating cells including macrophages, dendritic cells, and T
cells (Seetharamu et al., 2016). Clinical trials in NSCLC have shown sustained responses in
approximately 20% of patients treated with monoclonal antibodies that target the interaction

between PD-1 and its ligands PD-L1 and PD-L2 (Brahmer, 2014).
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1.3 Epithelial cell adhesion and sensing

Epithelia are sheets of cells organised as mono or multilayers. They form robust tissues that
serve as barriers to support the structure and regulate molecular transport in functionally
diverse organs, such as lung, kidney, gut, and epidermis (Miller et al., 2013). Epithelial
dynamics play an important role in development and wound healing, as well as during
carcinogenesis (Lai et al., 2020; Pastar et al., 2014; Thowfeequ et al., 2022). Epithelial cells
characteristically exhibit cell-cell adhesions that are vital for maintaining tissue integrity and
polarity. These adhesions are mediated by distinctive structures, mainly tight junctions (TJ),

adherens junctions (AJ), and desmosomes (Figure 10) (Noronha et al., 2021).
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Figure 10: Epithelial adhesion structures at cell-cell junctions.

Adjacent epithelial cells are held together by junctional complexes. Tight junctions at the
apical end and are comprised of claudin and occludin proteins that extend over the
intercellular space and bind intracellular adapter proteins, such as zonula occludens (ZO).
Adherens junctions are formed of E-cadherins and adapter proteins (catenins). Desmosomes
are composed of desmoglein and desmocollin proteins that bind internal adapter proteins.
Adapter proteins associated with tight junctions, adherens junctions, and desmosomes in
turn bind to cytoskeleton components, including F-actin or intermediate filaments.
Reproduced from (Hudson et al., 2017).

1.3.1 Tight junctions
TJ serve as barriers for the cell, which restrict entry of molecular transport via active transport

in normal cells (Anderson & van ltallie, 2009). TJs are important for maintaining cell polarity
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and play a role in signalling cascades with control over differentiation, growth, and
development (Gonzalez-Mariscal et al., 2003). TJs confer polarity of the cell by demarcating
the cells apical (upper) and basal (lower) domains. The main proteins involved in formation
and maturation of TJs are occludins, claudins and junctional adhesion molecules (JAM) (Balda
& Matter, 2009). Other TJ proteins including Zona occludens (Z0-1, ZO-2, Z0O-3) are scaffolding
proteins connecting the actin cytoskeleton to transmembrane proteins, as well as forming a
link between the AJ and TJ (Guillemot et al., 2008; Hartsock & Nelson, 2008). ZO proteins form
the central protein interactions, with three different ZO proteins that share structural
features; Src homology 3 (SH3) domain, N-terminal region with 3 PDZ domains, and guanylate
kinase (GUK) domain (Doi et al., 2012). Downregulation of ZO-1 has been reported to increase
motility in several types of cancer (Doi et al., 2012). However, upregulation of ZO-1 has also
been reported in melanoma cells (Smalley et al., 2005). Disruption of TJs due to mutations,
inflammation or aberrant signalling mechanisms disturbs proper cell functions and

subsequently results in diseases including cancer (Resnick et al., 2005).

1.3.2 Adherens junctions

Adherens junctions (AJ) facilitatesmultiple functions including initiation and stabilisation of
cell-cell adhesion, intracellular signalling, transcriptional regulation and modulation of the
actin cytoskeleton. Interactions among transmembrane glycoproteins such as the cadherin
superfamily (including E-cadherin) and catenin family members (including p120-catenin, B-
catenin, and a-catenin) control the formation, maintenance, and function of AJ (Hartsock &
Nelson, 2008). E-cadherin is Ca?*-dependent transmembrane receptor and a member of the
cadherin family that also includes N-, P, and R-cadherin (Halbleib & Nelson, 2006). Cadherins
have extracellular cadherin (EC) domains that form in trans interactions between
neighbouring cells and initiate weak cell-cell adhesion (Gooding et al., 2004). EC domain
binding to Ca2+is required for the right conformational organisation of the cadherin
extracellular domain and adhesion (Patel et al., 2006; Pokutta et al., 1994). The cytoplasmic
domain of E-cadherin regulates its endocytosis, recycling and degradation, intracellular
signalling, and local control of the actin cytoskeleton through binding to specific proteins.
Within the cytoplasmic domain of E-cadherin, there are two catenin binding domains. They

encompass a 94 amino acid juxtamembrane domain that binds p120-catenin, and a C-
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terminal extended region that binds B-catenin in a phospho-regulated manner (Aberle et al.,
1994; Yap et al.,, 1998). These proteins recruit and organize actin filaments. cadherin-B-
catenin complex binds to a-catenin that bridges these components to actin. Many actin
binding proteins have been reported to bind a-catenin, including vinculin and a-actinin,
suggesting that they could also link the cadherin-catenin complex to the actin cytoskeleton
(Drees et al., 2005). Reduction in E-cadherin expression leads to defects in localisation of a-
and B-catenin, and the tight junction protein ZO-1, leading to loss of barrier integrity (Capaldo
& Macara, 2007). Catenins provide a link between cadherin and the actin cytoskeleton (Harris,
2012). In addition to playing a structural role in stabilising cell-cell junctions and forming
polarised epithelial tissues, cadherin-catenin complexes play a key role in activating multiple
signal transduction pathways. B -catenin is a critical regulator in the Wnt signalling cascade,
where cytoplasmic B-catenin moves to the nucleus and functions as a transcription factor that
results in subsequent cellular effects including cellular adhesion, tissue morphogenesis and
tumour development (Valenta et al.,, 2012). Loss of cadherin-mediated cell adhesion can

promote B-catenin release and thus its signalling activity (Heuberger & Birchmeier, 2010).

1.3.3 Focal Adhesions

Focal adhesions (FA) are plaques formed at the plasma membrane, where integrin
transmembrane receptors interact indirectly with the actin cytoskeleton inside the cell and
with the extracellular matrix (ECM) on the outside of the cell (Belvitch et al., 2018). FA-
mediated adhesion regulates several cellular processes including proliferation,
differentiation, anchorage-dependent survival, and migration (Burridge, 2017). Connections
between FA and the ECM require recognition by integrins of specific peptide motifs, such as
Arg-Gly-Asp (RGD) in proteins such as fibronectin, vitronectin, and fibrinogen (Ludwig et al.,
2021; Schwartz, 2010; Wheaton et al., 2016). Integrins aretransmembrane
heterodimers formed from one beta and one alpha subunit, and their corresponding ligands
categorise these receptors into four groups: RGD receptors, laminin receptors, collagen
receptors and leukocyte-specific receptors (Gardel et al., 2010). The cytoplasmic intracellular
domains of integrins can bind to the cytoskeleton via adapter proteins such as vinculin, talin,
a-actinin, filamin, and tensin. Non-receptor tyrosine kinases, such as focal adhesion kinase

(FAK) and Src, bind to and mediate integrin-adapter protein—cytoskeleton complex formation,
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which is important during adhesion formation and maturation as these forms the basis of a
focal adhesion (Tucker & Adams, 2014). The assembly and disassembly of FA play a key role
in cell migration. The composition and the morphology of the FA changes in a migrating cell.
Initially, at the leading edge of the cell (lamellipodia), small FA called focal complexes (FXs)
are formed which consist of integrins and adapter proteins (Geiger & Yamada, 2011). Many
FXs are transient in nature and fail to mature so are disassembled as the lamellipodia retracts.
However, some FXs mature into stable and larger FAs, and recruit more proteins to the FA in
a sequential manner to support formation of a more stable structure connected to f-actin
stress fibres. Once in place, cells use mature FA as an anchor to support migration (Stutchbury
et al., 2017). Aberrant expression and altered functions of FA proteins contribute to

tumourigenesis and metastasis (Yam et al., 2009).

1.3.4 Changes to adhesion types in cancer

Maintenance of epithelial cell-cell adhesion is crucial for tissue homeostasis and the
dysregulation of cellular adhesion promotes malignant transformation and
metastasis (Morris et al., 2008). It is generally thought that for cancer cells to metastasise,
interactions between cell-cell need to be disturbed via regulation of adhesion molecules
(Okegawa et al., 2004; Martin & Jiang, 2009). Epithelial-mesenchymal transition (EMT) is a
cellular mechanism vital for embryogenesis, wound healing and cancer progression (Knights
et al., 2012). Reduced cell-cell adhesion has been implicated in pathological EMT, leading to
oncogenic transformation and metastasis. Upon EMT activation, the expression of E-cadherin
(AJ) and certain cytokeratins is suppressed, which leads to the loss of the typical polygonal
morphology of epithelial cells (Lamouille et al., 2014). The cells acquire a more mesenchymal
morphology and express markers that are associated with the mesenchymal cell state,
notably neural cadherin (N-cadherin), fibronectin, vimentin and B3 integrins (Loh et al., 2019).
Subsequent degradation of the basement membrane enables cell invasion into the
neighbouring stroma (Chang & Chaudhuri, 2019). Binding of E-cadherin between cells is
important in mediating contact inhibition of proliferation when cells reach confluence. Loss
of E-cadherin expression leads to loss of contact inhibition and is associated with increased
cell motility and advanced stages of cancer (Mendonsa et al., 2018). Although most previous

studies have suggested that reduced E-cadherin is the hallmark of EMT, more recent analysis
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has shown that the loss of E-cadherin is not essential for EMT and that rescuing E-cadherin
expression in E-cadherin negative malignant cells did not reverse EMT (Hollestelle et al.,
2013). Other recent studies have argued that cells can undergo partial EMT where E-cadherin
can enhance cell survival during metastasis and promote resistance to anti-cancer drugs
(Saitoh, 2018). One of the key pathways involved in EMT is the Wnt/B-catenin pathway
(Mylavarapu et al., 2019). B-catenin (AJ) can act as a transcription factor upon induction to
translocate to the nucleus and activate B-catenin-mediated transcription via the Wnt signalling

pathway, promoting malignancy phenotypes (Bian et al., 2020). B-catenin can also activate
zinc finger E-box binding homeobox 1 (ZEB1) leading to reduction in expression of TJ and AJ

proteins such as Claudin 7 and E- cadherin (Kim et al., 2019). TJ proteins are also involved in
EMT, with ZO-1 originally considered as a tumour suppressor with reported loss of expression
in breast or colorectal cancers (Kaihara et al., 2003; Martin & Jiang, 2009; Neyrinck-Leglantier
et al.,, 2021). However, overexpression of ZO-1 has also been found in different types of
cancers including gastric, pancreatic or melanoma (Kleeff et al., 2001; Resnick et al., 2005;
Smalley et al., 2005). Thus, the balance of TJ and AJ protein expression can play key roles in

regulating development of a range of cancer types.

1.3.5 Primary cilia in normal epithelia and cancer
1.3.5.1 Structure and role

The primary cilium is a microtubule-based organelle that protrudes from the surface of many
cell types (Bisgrove & Yost, 2006). The primary cilium is an immotile structure comprised of 9
outer microtubules with no inner microtubules, differing from motile cilia that have 9 outer
and 2 inner microtubules arrangements (Figure 11) (Gluenz et al., 2010). Primary cilia consist
of an axoneme that extends from a basal body anchored in the cell, which is derived from the
mother centriole. The mother centriole is crucial for the formation of the centrosome, as it
serves as component of the centrosome and microtubule organizing centre prior to ciliation
(Kim & Dynlacht, 2013). Cilia assembly is dynamically regulated during cell cycle progression;
they are present during GO and G1, and usually in S/G2, but are resorbed preceding entry into
mitosis (Izawa et al., 2015). Therefore, there is a negative correlation between the presence
of the primary cilia and cell proliferation. If the cell is dividing, the centrosome acts as the

mitotic pole as the cilium retracts into the cell (Goto et al., 2013). Resorption involves the
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regulation of intraflagellar transport (IFT), the mechanism that controls the growth and
maintenance of the cilium and the de-acetylation of axonemal microtubules via the transport
of proteins up the axoneme (Pugacheva et al., 2007). IFT trafficking to the cilium from the
base of the cilium to the tip is a highly coordinated process that is heavily dependent on
kinesin superfamily proteins (KIFs). One of the most highly expressed KIFs in cells is KIF3 which

is crucial for ciliogenesis and cilia maintenance (Lancaster & Gleeson, 2009).
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Figure 11: Structure of the primary cilium.

The primary cilium is formed in a process termed IFT. The primary cilium consists of an
axoneme formed around 9 outer microtubule doublets and no inner microtubules (9+0).
Trafficking of transport channels and ciliary proteins are directed from the bottom of the
cilium to its tip (Anterograde); the reverse can also occur in retrograde transport, causing
disassembly of the cilium. Kinesin-2 forms a complex with IFT complex B to allow anterograde
motor protein transports ciliary proteins, while the IFT complex A does the reverse by binding
to dynein 1b and channelling ciliary proteins from the cilium to the basal body. Reproduced
from (Higgins et al., 2019).
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The primary cilium is a sensory structure that has a diverse range of functions. It has been
shown to be a crucial sensing and signal transduction hub, including signalling pathways
involved in development and diseases, such as polycystic kidney disease and cancer
(Lancaster & Gleeson, 2009). The primary cilium has a number of signalling receptors localised
to it, including receptors for sonic hedgehog (Shh), Notch canonical and non-canonical Wnt
signalling. Several components of the Wnt signalling pathway have been determined to
localise to the cilium, including Frizzled3, B-catenin, Dishevelled2 (Dsh), and glycogen
synthase kinase-3B (Grisanti et al., 2016; May-Simera & Kelley, 2012; Rohatgi et al., 2007).
Knockout of KIF3A (that controls cilia formation) in mouse embryos leads to abnormal B-
catenin and dysfunctional canonical Wnt responses (Corbit et al., 2008). Shh signalling is
essential for embryo development and cell proliferation. Another study has also
demonstrated that IFT88 and KIF3A ciliary proteins are required for hedgehog signalling
(Chang & Serra, 2013). Notch receptors have been shown to co-localise to the primary cilium

and play a role in cell fate and cell-cell communication (Ezratty et al., 2011).

1.3.5.2 Primary cilia in cancer

Given the association between cell cycle regulation and the primary cilium as well as
oncogenic protein localisation or regulation by cilia, there is an increased focus on the role of
primary cilia in cancer. Signalling pathways that are involved in normal cellular growth and
tissue development are disregulated in all stages of oncogenesis. In cancer, altered signalling
pathways mediate resistance to cancer therapy, cell death, and evasion to
immunosurveillance. The primary cilium, by displaying both the protein receptors required
for signal interception, as well as the downstream molecular effectors, is a key mediator of
the impaired signalling that induces malignancy by sensing signals from the extracellular

environment (Fabbri et al., 2019).

Studies have previously shown loss of cilia in several cancer types, including pancreatic and
renal cancers (Basten et al., 2013; Seeley et al., 2009). Several ciliary-associated genes are
dysregulated in cancer. Mutation in the von Hippel Lindau (VHL), a tumour suppressor gene

that is involved in ciliogenesis, have been found in clear renal cell carcinomas and primary
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cilia have been shown to be lost in patients with VHL disease (Arjumand & Sultana, 2012).
Notably a restoration of cilia expression was gained upon re-expression of VHL protein in clear
cell renal carcinoma (Esteban et al., 2006). Loss of primary cilia have also been demonstrated
in primary human melanoma cells, compared with primary melanocytes (Snedecor et al.,
2015). Reports have also demonstrated that inhibition of aurora A kinase (AURA), a gene
involved in cilia assembly, induces cell cycle arrest in ovarian cancer cells (Chefetz et al., 2011).
Moreover, overexpression and the centrosomal localisation of AURA on the ovarian surface
epithelium reduced Shh signalling, causing disturbance to the normal epithelial function

which led to the eventual onset of tumour formation (Egeberg et al., 2012).

Another study however investigated the potential association between the
presence/absence of primary cilia and the prognosis of pancreatic ductal adenocarcinoma
(PDAC), which showed that patients who were primary cilia-positive had a higher rate of
lymph node metastasis and thereby a poorer prognosis (Emoto et al., 2014). These data are
contrary to reports of absent primary cilia in numerous cancer cell lines indicating a different
role of primary cilia in different types of cancers. As cellular proliferation affects the presence
of cilia, it is notable that renal and pancreatic cancer cells do not contain primary cilia,
independent of any increases or decreases in Ki67 staining (a cell proliferation marker) (Yuan
et al., 2010). This would support the notion that the loss of cilia in these cancer types is not
associated with the rate of cell proliferation, supporting the correlation between primary

cilium and carcinogenesis.

1.4 The cell cytoskeleton and motility

The cytoskeleton is a dynamic network made up of filamentous proteins that extend across
the cytoplasm, and it is required for cell structure, cell division and cell migration. The
cytoskeleton is made up by three types of networks: Actin, microtubules (a - and B - tubulin)
and intermediate filaments (Hohmann & Dehghani, 2019). These networks differ in their
protein composition as well as the type of filaments and structures they form, ranging from
fast assembling actin networks of the lamellipodium, able to generate forces necessary for

cell movement, to single microtubule filaments as transport structures, and intermediate
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filaments able to promote or inhibit cell movement and stabilising the cell in response to

stress (Dominguez & Holmes, 2011).

1.4.1 Actin cytoskeleton

Actin is considered the most dynamic of the three cytoskeletal proteins, capable of strong
structural changes in short time periods. It exists in two states within the cell, monomeric G-
actin and filamentous F-actin. Actin cytoskeleton modulation is orchestrated by the balance
between G- and F-actin and by actin associated proteins. The polarized filaments of the actin
cytoskeleton mediate force generation necessary for movement, focal adhesion, and shape
changes (Rotty & Bear, 2015). Actin filaments have a helical structure, with the less actively
polymerising end termed as the (-)- end and the more active (+)- end having a ten times
higher polymerisation rate than the (-)- end. The (+)- and (-)- ends can be distinguished by
their ATP/ADP status. If the growth is inhibited at the (-)- end, the (+)- end contains higher
amounts of ATP bound actin while the (-)- end has ADP bound actin (Pollard, 2016). Actin
assembly is regulated by different binding proteins which contribute to the organisation and

dynamics of the actin network (Pollard, 2016).

During cell migration, the actin cytoskeleton at the leading edge of the cell provides the
driving force. It is organised in parallel bundles that form filopodia, finger-like protrusion that
are involved in probing the extracellular environment and orientating the Lamellipodium.
Lamellipodia are formed by a dense meshwork of ruffling that promotes forward movement.
Some classes of filopodia have receptors at their tips such as integrins, allowing sensing of
ECM (Fischer et al., 2019). Behind the leading edge, F-actin forms stress fibres responsible for
the contraction of the cell body and retraction of the trailing edge (Figure 12) (Etienne-
Manneville, 2004). Cellular morphogenesis, migration and cell—cell interactions are regulated
by the ability of the cell to extend, retract or stabilise membrane protrusions in a defined

direction (Trepat et al., 2012).
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Figure 12: Actin and microtubule cytoskeleton organisation in cellular protrusions.

Two regions can be defined in a cellular protrusion: an actin-rich region (red) containing actin
bundles arranged into filopodia, a dense meshwork of actin forming a ruffling lamellipodia
and a few pioneer microtubules; and a microtubule-rich region (green), where microtubules
extend from the centrosome (dark green star) with their (+)-ends directed towards the
plasma membrane and where actin structures are limited to stress fibres (thick red lines),
anchored via focal adhesions (yellow dots) to the substrate. Adapted from (Kengaku, 2018).

1.4.2 Rho GTPases

The actin cytoskeleton mediates a variety of essential biological functions in addition to
defining cell shape and polarity. One of the key group of regulators of the actin cytoskeleton
are the Rho family of small guanosine triphosphatases (GTPases) including Rho, Rac, and
Cdc42 (Nobes & Hall, 1995). The Rho family are highly conserved, and most members cycle

between active GTP-bound and inactive GDP-bound (Tcherkezian & Lamarche-Vane, 2007).

Rho activation acts as a molecular switch to control signal transduction pathways that link
membrane receptors to the cytoskeleton (Sah et al., 2000). The first step of actin
polymerization, known as nucleation, is initiated by Rho GTPases, which involves the
formation of a stable multimer of actin monomers that will allow elongation of the new
filament (Hanna et al., 2017). This is governed by activated Racl GTPases binding to actin-

nucleating proteins including the actin-related protein 2/3 (Arp2/3) complex and formins
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(Hurst et al., 2003). Moreover, Rho GTPases are important in activation of Rac which is
necessary for lamellipodium formation and migration (Ridley, 2015). Rho can induce the
formation of stress fibres and is required for stability of focal adhesions, while Rac activation
also leads to an accumulation of actin at intercellular junctions in epithelial cells (Hall, 1998)
(Wozniak et al., 2004). Moreover, cadherin-based adherens junctions, which are also closely
associated with the actin cytoskeleton, require RhoA and Rac for their assembly (Braga et al.,
1999). Rho GTPases are also involved in regulation of kinase cascades, cell growth,
transformation, and gene expression (Haga & Ridley, 2016). Rho GTPases not only contribute
organisation of the actin cytoskeleton, but they also regulate gene expression, vesicle
trafficking, cell cycle progression, cell morphogenesis, cell polarity and migration (Etienne-
Manneville & Hall, 2002). Therefore, Rho GTPases play an important role in pathological

processes including cancer progression.

1.5 B7-H3

B7-H3, also known as CD276, is an immune checkpoint protein and a member of the B7
superfamily of proteins. B7-H3 has gained a lot of interest as a promising target for cancer
treatment due to its overexpression in several kinds of tumour tissues including non-small-
cell lung cancer (NSCLC), ovarian and prostate cancer. Its expression is highly associated with

poor treatment outcomes and survival.

1.5.1 B7 family members

The B7 family members have either positive or negative roles in modulating immune cell
responses (Li et al., 2020; Picarda et al., 2016). The B7/CD28 superfamily of immune
checkpoints that regulate the T-cell response consist of; B7-1 (CD80), B7-2 (CD86), B7-H1 (PD-
L1), B7-DC (PD-L2), B7-H2 (CD275), B7-H3 (CD276), B7-H4 (VTCN1), B7-H5 (VISTA), B7-H6
(NCR3LG1), and B7-H7 (HHLA2) (Figure 13) (Wang et al., 2020). Studies suggested that the up-
regulation of B7 inhibitory molecules in the TME correlates with immune evasion by the
tumour (Zou & Chen, 2008). During an immune response, T cell receptors (TCR) on naive T
cells interact with a complex of major-histocompatibility complex (MHC) and peptide

expressed by antigen presenting cells (APC). This first signal is not sufficient to fully activate T
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cells. Full T cell activation is a result of a second signal provided by the interaction of co-
stimulatory molecules including B7-1/2 and CD28. Following activation, co-inhibitory
molecules such as cytotoxic T-lymphocyte associated protein 4 (CTLA-4) restrains T cell
responses, leading to T cell exhaustion and tolerance. T cell co-stimulation, co-inhibition,
activation, tolerance, exhaustion, effector function, memory generation and differentiation
are all regulated by interactions between members of the B7 ligand family and the CD28

receptor family (Picarda et al., 2016).

Immune checkpoints, such as PD-1, PD-L1, PD-L2, and CTLAA4, participate in many receptor-
ligand interactions to evade the immune system and promote tumourigenesis. Several
monoclonal antibodies (mAbs) that block these proteins have been developed to suppress
the inhibitory immune response and facilitate the cytotoxicity of T cells to eradicate tumour
cells (Goodman et al., 2017). Inhibitors targeting PD-1 or CTLA4 have been successfully used
for treating patients with metastatic melanoma, with improved responses and prolonged
survival (Wu et al., 2012). This success led to the development of such agents for treating a
wide range of cancers, including NSCLC (Borghaei et al., 2015; Garon et al., 2015), renal cell
carcinoma (RCC) (Motzer et al., 2015), and acute myeloid leukemia (AML) (Liao et al., 2019),
which further enhanced the response and survival rate compared to conventional

treatments.
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Figure 13: B7 family of immune checkpoints.

The B7 molecules are membrane proteins found on APC. Immune cell response is signalled
via interaction between a specific antigen presented by MHC molecules on APC or tumour
cells to TCR on T cells and co-signalling receptors that drive positive (+) or negative (-) signals.
The ligands/receptors for B7-H3, B7-H4, B7-H5 and BT3.1 are yet to be discovered.
Reproduced from (Yang et al., 2020).

1.5.2 B7-H3 structure and isoforms

B7-H3, like the other members of the B7 family, is important in the modulation of immune
responses. B7-H3 mRNA levels are widely expressed in most tissues, while the protein has
been detected at low levels in normal lung, liver, bladder, testes, prostate, breast, placenta,
and lymphoid organs (Sun et al., 2006). Additionally, B7-H3 is expressed in myeloid cells,
including T- and B-cells, macrophages, monocytes, and dendritic cells (DCs). Recent studies
have found that B7-H3 is upregulated in both T-cells and APCs. It has also been reported to

be both a co-stimulatory and co-inhibitory immune checkpoint molecule.

B7-H3 is functional in both membrane-associated and soluble forms (Figure 14) (Zhou & Jin,
2021). Residing on chromosome 15, B7-H3 is a type 1 transmembrane protein characterised
by extracellular IgV and IgC domains linked to the variable and constant regions of
immunoglobulins, a transmembrane region, and short cytoplasmic domain (Steinberger et al.,
2004). Mouse B7-H3 is a 2-Ig molecule, whereas in human cells, even though the 2-Ig form
can be present, the 4-Ig molecule appears to be dominant, which means it has a duplicated
extracellular domain with two extracellular tandem IgV-IgC domains (Figure 14) (Sun et al.,
2002). However, the function of these repeats is still unknown. In addition, B7-H3 can be
cleaved from the cell surface via membrane metalloproteases (MMPs) and endopeptidases,
resulting in a soluble circulating form of the protein (sB7-H3) that has been detected in serum
and culture media (Chen et al., 2013). sB7-H3 can promote CD4* and CD8"* T-cell proliferation,
activate T-effector cells and stimulate IFN-y and IL-10 production (Figure 16) (Chapoval et al.,
2001). Along with its immunomodulatory functions, it plays a role in cell

signalling in exosome biogenesis (Figure 16) (Wang et al., 2018).
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Figure 14: B7-H3 isoforms.

B7-H3 in humans has two isoforms. Belonging to the immunoglobulin family. The structure of
the two isoforms is very similar with the exception that 4IgB7-H3 has an extra IgC-lgV
immunoglobulin domain in the extracellular domain. Numbers indicate amino acid (aa), Sig=
signal peptides (first 28 aa, encoded by exon 1), IgV= Immunoglobulin variable domain, IgC=
Immunoglobulin constant domain, Ts= transmembrane domain, cyto=cytoplasmic tail.

The structure of the mouse 2-lg B7-H3 protein suggested that the molecule was able to form
a stable dimer in solution upon extended incubation at high protein concentration (Figure
15). The physicochemical features responsible for B7-H3 dimer formation was identified by
subjecting the monomeric murine B7-H3 to a range of conditions including ionic strength, pH,
redox condition, and temperatures, none of which altered dimer formation. Nonetheless,
comparison between the monomer model of mB7-H3 and the dimer structure has revealed
that the sequence connecting the strands G and F of the IgV domain can have at least two
conformations, thus promoting the ability of B7-H3 to dimerise. This was tested by observing
the dimerization of FG loop mutants and FG-PD-L1 chimera. Dimer formation was significantly
slower for mutants and the FG loop chimera. The FG loop of the IgV domain of mB7-H3 was
able to inhibit naive T cell proliferation in vitro and the dimeric mB7-H3 did not differ from
the monomeric form in its ability to reduce T cell proliferation. Taken together, the FG loop
in mB7-H3 suggests that the WT sequence may serve a role in destabilising the monomeric
form of mB7-H3 and the dimerization of mB7-H3 alone does not change the molecule’s

inhibitory property (Vigdorovich et al., 2013).
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B7-H3 protein has been found to be highly glycosylated in oral cancer compared with normal
cells, and the N-glycan structures were aberrant between normal vs. cancer cells (Chen et al.,
2015). Abnormal glycosylation has been observed in several kinds of cancer cells. Changes in
glycosylation state are common features of cancer cells as the increased expression of
branched-N-glycan structures prevents epithelial cadherin-mediated cell-cell adhesion,

resulting in cancer cell dissociation and invasion (Thomas et al., 2021).

A
V domain C domain

B V,C, domain

V, domain

Figure 15: Structure of B7-H3.
(A) 3D structure model of 21gB7-H3 corresponds well to the PD-L1 structure in human. (B) 3D
structure of 4lg isoform. Reproduced from (Sun et al., 2011).

1.5.3 B7-H3 and immune cell interactions in cancer

Co-stimulatory and co-inhibitory cell surface signalling molecules (CSSMs) provide immune
cells with information essential for responses to a primary signal. In a tumour environment,
CSSMs are susceptible to manipulation by tumour cells, thus mediating inaccurate signal
information to T-cell activation, deactivation, differentiation, effector functions and survival

(Kanchan et al., 2022). Many studies have shown increased B7-H3 expression in a range of
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malignancies, including NSCLC (Sun et al.,, 2006), prostate cancer (Zang et al.,, 2007),
pancreatic cancer (Yamato et al., 2009), melanoma (Wang et al., 2013), glioma (Zhou et al.,
2013), breast cancer (Flies et al., 2014), renal cell carcinoma (Wang et al., 2016), ovarian
carcinoma (Fauci et al., 2012), and colorectal cancer (Ingebrigtsen et al., 2012). Interestingly,
B7-H3 has been reported to have dual co-stimulatory and co-inhibitory abilities in different
tumour microenvironments. B7-H3 was first identified as a positive regulator of T-cell
function, increasing CD4* and CD8* T-cell proliferation, triggering cytotoxic T-cell function,
and inducing IFN-y production (Chapoval et al., 2001). B7-H3 is not constitutively expressed
on T cells, NK cells, and APCs but can be induced upon activation (Figure 16) (Steinberger et
al., 2004), B7-H3 demonstrated anti-tumour activity when its expression was induced in
murine lymphomas via CD8*T and NK cells activation (Sun et al., 2003). In a murine
mastocytoma model, B7-H3 caused tumour regression through cytotoxic T cell induction
(Figure 16) (Luo et al., 2004). Similar results were observed in murine models of colorectal
carcinomas, suggesting that enrichment of B7-H3 led to a strong anti-tumour immune

response (Lupu et al., 2006).

Although early studies found B7-H3 to have a stimulatory role in cancer, most of the recent
research has revealed that B7-H3 induces a strong immune evasive effect. High levels of
tumour-infiltrating immune cells (TIL) coupled with an immune-suppressive effects help
tumour growth and progression, leading to poorer outcomes. B7-H3 expression on APCs,
tumour cells, and TILs supports its immune regulatory role in the TME. Expression of B7-H3
was negatively correlated with circulating CD8+ tumour-infiltrating lymphocytes, suggesting
arole in tumour evasion in both hypopharyngeal squamous cell carcinoma and osteosarcoma
(Katayama, 2011; Wang et al., 2013). The density of CD8+ T cells was critical to patient survival
and responsiveness to immunotherapy. Similarly, in clear cell RCC (Inamura et al., 2019) and
NSCLC (Jin et al., 2015), expression of B7-H3 was highly correlated with circulating T
regulatory T cells (Tregs) that suppress inflammation to promote secretion of cytokines and
growth factors, leading to tumour progression. B7-H3 inhibited the proliferation of both CD4+
and CD8+ T-cells and decreased the production of IL-2 and IFN-y, likely through suppression
of nuclear factor k B (NF-kB) mediated signalling pathways (Figure 16) (Prasad et al., 2004). In

breast cancer, B7-H3 expression is strongly correlated with IL-10 cytokine production by
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tumour cells and metastases (Liu et al., 2013). B7-H3 expression can be driven by
immunoglobulin-like transcript 4 (ILTR4), an inhibitory factor implicated in tumour evasion in
NSCLC, via PI3K/AKT/mTOR signalling, resulting in a reduction in TILs and overall survival
(Figure 16) (Zhang et al., 2015). The effects of depleting B7-H3 on lymphoma and melanoma
tumour growth has been studied in mice to further support its immune evasive role.
Subcutaneously generated tumours were suppressed in both B7-H3 knockdown and wild-
type mice treated with B7-H3 blocking antibodies. However, depletion of CD8+ T lymphocytes
or NK cells in these tumours decreased the anti-tumour effect of B7-H3 inhibition. Notably,
B7-H3 knockdown tumours with depleted NK cells and CD8+ T lymphocytes had the largest
tumours, indicating anti-tumour effects of B7-H3 depletion are dependent on NK and CD8+ T

cells (Lee et al., 2017).

Downregulation of B7-H3 by siRNA showed reduced cell adhesion to fibronectin, migration
and invasion in melanoma, breast cancer cells and prostate cancer cells (Chen et al., 2008).
Decreased expression of B7-H3 in MDA-MB-435 cell xenografts in nude mice reduced
metastatic capacity and increased mouse survival (Yuan et al., 2011). The Jak2/STAT3/Slug
signalling pathway has been implicated in B7-H3 contributions to EMT (Figure 16) (Kang et
al., 2015). Downregulation of B7-H3 expression sensitises breast cancer cells to AKT/mTOR
inhibitors and reduced the glycolytic capacity (Nunes-Xavier et al., 2016). These studies
suggest B7-H3 has non-immunological roles in cancer and could contribute to cellular
metabolism and sensitivity to chemotherapeutic compounds. Indeed, knockdown of B7-H3
counteracted cellular resistance to paclitaxel, and abrogated Stat3 phosphorylation on Tyr705
via inactivation of Janus kinase 2 (Jak2), leading to downregulation of the downstream target
genes (Figure 16) (Liu et al., 2011). Another recent study found B7-H3 depletion in melanoma
cells increased in vivo and in vitro sensitivity to cisplatin and dacarbazine in parallel with a
reduction in p38 MAPK phosphorylation (Figure 16) (Flem-Karlsen et al., 2019). B7-H3 have
been also found to stabilize hypoxia inducible factor-1 (HIF-1a) through the transcription
factor Nrf2 and its target genes SOD1, SOD2 and PRX3 and activated downstream glycolytic
enzymes to exert a hyperglycolytic role (Zuo et al., 2018). Moreover, B7-H3 silencing
decreased the production of ATP, lactate, c-Myc and LDHA, indicating that B7-H3 alters

metabolism by affecting the activity of ENO1 and the c-Myc-LDHA axis. These studies support
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the involvement of B7-H3 in the dysregulation of cancer cell metabolism and its contribution

to tumorigenesis (Deng et al., 2021).

The precise role of B7-H3 in tumour-infiltrating immune cells and its” activity in cancer cells
remains elusive. This is due in large part to discrepancy of studies that have demonstrated
B7-H3 to be either co-stimulatory or co-inhibitory in various disease models. Additionally, the
B7-H3 receptor/s has yet to be identified, magnifying the scrutiny. However, the aberrant
expression of B7-H3 consists of a promising immune checkpoint target for multiple cancer

immunotherapy approaches.
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Figure 16: Roles of B7-H3 in TME.
Schematic representation of published studies on B7-H3 possible functions and pathways to
promote tumour progression. Reproduced from (Zhou & Jin, 2021).
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1.6 Hypothesis
Based on previous evidence and unpublished data in our lab, we hypothesize that B7-H3 acts
at cell-cell adhesion sites to control proliferation and migration of lung cancer cells,

contributing to tumourigenesis independent of immune cell interactions.

1.7 Aims

The experiments in this thesis are designed to address the following aims:

e To determine the effects of overexpression and knockout of B7-H3 on cell
morphology, adhesion and migration in normal lung epithelial cells and NSCLC tumour
cells in 2D and 3D experimental conditions.

e To define the domains of B7-H3 controlling receptor function and the role of B7-H3 in
adhesion and signalling; and whether B7-H3 can act as a ligand for itself in order to
inform development of better more effective therapeutics in cold tumours.

These aims will be investigated by achieving the following outcomes:

1. Define the expression levels and localisation of B7-H3 in normal lung epithelial and cancer
cells.

2. Explore the effects of overexpression, knockdown and B7-H3 manipulation on
morphology, adhesion and migration.

3. Identify B7-H3 associated proteins and define the mechanisms of which it is contributing
to metabolism and chemoresistance in 2D.

4. Determine the role of B7-H3 and associated protein on proliferation and invasion in 3D

model.
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2. Materials & Methods
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2.1 Materials
2.1.1 Reagents

Table 1: Cell culture reagents

Reagent Source

6 well plate Greiner

8 well chamber Ibidi

24 well plate Greiner
DMSO (Dimethyl sulphoxide) Sigma-Aldrich
Dharmafect Horizon

Fetal Bovine Serum (FBS) Gibco
Fibronectin Millipore
HEPES Sigma-Aldrich
High Glucose Dulbecco’s Modified Eagle’s Media (DMEM) Sigma-Aldrich
L-Glutamine Sigma-Aldrich

Lipofectamine 3000

Thermofisher

Methylcellulose Sigma
Minimum Essential Medium Eagle (MEM) Sigma
Opti-MEM Gibco
PBS (Phosphate Buffered Saline) Sigma-Aldrich
Penicillin/Streptomycin Sigma-Aldrich

Polybrene GE Healthcare
Rat Tail Collagen, Type | Corning
Roswell Park Memorial Institute 1640 (RPM 1) Gibco
Trypsin/ EDTA Sigma-Aldrich
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Table 2: Molecular biology reagents

Reagent

Source

5x reaction buffer

New England Biolabs

Agarose Sigma-Aldrich
Ampicillin Sigma-Aldrich
Deoxynucleosides (dNTPs) Bioline

High Fidelity Buffer

New England Biolabs

Hyperladder |

Biolabs

Kanamycin

Sigma-Aldrich

LunaScript™ RT SuperMix Kit

New England Biolabs

Luria-Bertani Agar and Broth

Sigma-Aldrich

Midiprep Kit

Qiagen

OneShot TOP10 Chemically Competent E. coli

Thermofisher

Phusion DNA polymerase

New England Biolabs

PNGase F

New England Biolabs

RNeasy Mini Kit

Qiagen

Safeview

NBS Biologicals

Table 3: Biochemical and immunocytochemistry assay reagents

Reagent

Source

1 ml Cuvettes

Fisherbrand

1 mm Cassettes

ThermoFisher

1.5 mm Cassettes

ThermoFisher

11mm snap Ring Glass Vial

Fisherbrand

B-mercaptoethanol Sigma-Aldrich
30% Acrylamide/Bis solution Bio-Rad
Acetic acid Sigma-Aldrich

Agarose resin

ThermoFisher

Ammonium acetate

Sigma-Aldrich

Ammonium persulphate (APS)

Sigma-Aldrich
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Bromophenol Blue

Sigma-Aldrich

BSA (Bovine Serum Albumin) Sigma-Aldrich
Chloroform Sigma-Aldrich
Clarity Western ECL Substrate Bio-Rad
Dithiothreitol (DTT) Sigma-Aldrich
EDTA Sigma-Aldrich
Fluorsafe Mounting Media Calbiochem
Formalin Sigma
GFP-trap®_A beads Chromotek

G-LISA Kit Cytoskeleton
Glycerol VWR International
Glycine Sigma-Aldrich
Immersion 5101 Immersion oil Zeiss
Immobilon-P PVDF Membrane Merch
InstantBlue™ Protein Stain Expedeon
Magnesium chloride Sigma-Aldrich
Methanol Sigma-Aldrich
NP-40 Sigma-Aldrich

PBS Tablets Thermo Scientific

PeqGOLD Protein Marker V

Thermo Scientific

PFA (Paraformaldehyde) Sigma-Aldrich
Phosphatase Inhibitor Cocktail Set Il (Stock 100x) containing: | Millipore

200 mM Imidazole, 100 mM Sodium Fluoride, 115 mM

Sodium Molybdate, 100 mM Sodium Orthovanadate, 400

mM Sodium Tartrate, dyhydrate

Protease Inhibitor Cocktail set | (Stock 100x) containing: | Millipore
AEBSF, Hydrochloride - 500 uM Aprotinin, Bovine lung,

crystalline — 150 nM E-64 Protease Inhibitor - 1 uM EDTA

Disodium — 0.5 mM Leupeptin, Hemisulphate — 1 uM

Protein A/G Beads 25% Slurry Sigma-Aldrich
Re-blot strong solution Chemicon
Sodium Chloride Sigma-Aldrich
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Sodium Dodecyl Sulphate Sigma-Aldrich
Sodium Fluoride Acros organics
Sodium Orthovanadate (Vanadate) New England Biolabs
Tetramethylethylenediamine (TEMED) Sigma-Aldrich
Tris-Base Sigma-Aldrich
Tris-HClI Sigma-Aldrich

Triton X-100 Sigma-Aldrich
Tween-20 Calbiochem

Water, for HPLC gradient grade ThermoFisher

Table 4: Materials and solutions for biochemical assays

Buffer/ Solution

Composition

10% SDS-PAGE resolving gel

10% 30%-acrylamide mix, 400 mM Tris pH 8.8, 0.1% SDS, 0.1%
ammonium persulphate (APS), 0.05% TEMED

8% Resolving Acrylamide
Gel

8% 30%-acrylamide mix, 400 mM Tris (pH8.8), 0.1% SDS,
0.1% APS, 0.05% TEMED

GFP Lysis and wash buffer

50 mM Tris-HCI pH7.4, 200 mM NacCl, 1% NP40, 10% glycerol, 2
mM MgCl,, Protease inhibitor cocktail, NaF, Phosphatase
inhibitor cocktail

IP lysis and wash buffer

50mM Tris Base, 150mM NaCl, 1ImM EDTA, 50mM Sodium
fluoride, 1% NP-40, 1% Triton X-100, adjust pH to 7.4 and
volume to 1L with dH20, Protease inhibitor cocktail set 1

PBS-T (1x)

10 tablets of Phosphate buffered saline, 0.5% Tween 20

RIPA buffer

10 mM Tris Base, 150 mM NaCl, ImM EDTA, 1% Triton X-100,
adjusted to pH 7.4 and volume to 1L

Running Buffer (10x)

0.25 M Tris base, 1.92 M glycine, 1% SDS

SDS Sample Buffer 2x

60mM Tris-HCl (pH 6.8), 25% Glycerol, 2.5% SDS, 0.02%
Bromophenol blue, 2% B-mercaptoethanol

Stacking Acrylamide gel

16% 30%-acrylamide mix, 400 mM Tris (pH 8.8), 0.1% SDS, 0.1%
APS, 0.05% TEMED

TBS-Tween (10x)

20 mM Tris-base (pH 7.5), 150mM NacCl, 0.1% Tween- 20

Transfer Buffer (10x)

0.25 M Tris base, 1.86 M glycine, 20% methanol
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Table 5: Treatments (Inhibitors/Proteins/Detection reagents)

Compound Source Concen | Duration Dosage optimisation Control
tration
CD276 (B7-H3) Monoclonal | ThermoFisher 10 3-24 hours | Used concentration to IgG
Antibody (MIH35), ug/mi match Recombinant Control
Functional Grade Ectodomain
CellEvent™ Caspase-3/7 ThermoFisher 4 um 30 minutes | Optimised from a series | -
Green Detection Reagent of concentrations: 2um,
4um and 6um
CellROX™ Deep Red ThermoFisher 5uM 30 minutes | Recommended dosage | -
Reagent, for oxidative by ThermoFisher
stress detection
Cisplatin Cambridge 5uM 48 hours Dosage optimised from | DMSO
Bioscience a series of
concentrations
Cycloheximide Blocks Sigma-Aldrich 50 mM | 0-6-24 Optimised previously in | DMSO
protein synthesis hours the Parsons Lab
DMSO Sigma-Aldrich — -
Leupeptin (blocks Sigma-Aldrich 100 16 hours Dosage optimised from | DMSO
degradation via lysosomes) UM a series of with
concentrations and Cyclohe
time points ximide
Anti-B7-H3 (MAB1027) Santa Cruz 10 3-24 hours | Optimised previously in | IgG
ug/mi the Parsons Lab Control
MG132 (blocks degradation | Sigma-Aldrich 20 uM | 16 hours Dosage optimised from | DMSO
via proteasome) a series of with
concentrations and Cyclohe
time points ximide
Mycophenolic acid (MPA; Sigma-Adrich 1uM 24-48 hours | series of Methan
IMPDH inhibitor) concentrations and ol
time points starting
from 4 hours
Recombinant Human B7-H3 | R&D Systems 10 3-24 hours | Optimised previously in | IgG
His-tag Protein ug/mi the Parsons Lab Control
Table 6: Antibodies
Primary antibodies Species Dilution Source
Anti- AnnexinA2 Mouse 1:500 (WB) R&D Systems
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Anti B-Actin Mouse 1:500 (WB) Abcam
Anti-A/B Tubulin Rabbit 1:500 (WB) Cell Signaling
Anti-Arl13b Mouse 1:400 (IF) Abcam
1:500 (WB)
Anti-Arl13b Rabbit 1:800 (IF) Proteintech
Anti-B7-H3 Rabbit 3 ug (IP) Thermofisher
Anti-B7H3 (AF1027) Mouse 1:1000 (WB) BD Bioscience
Anti-B7-H3 (MAB1027) Goat 1:200 (IF) Santa Cruz
Anti-E-Cadherin (24E10) Mouse 1:200 (IF) Cell Signaling
Anti-E-Cadherin (SC-67A4) Mouse 1:1000 (WB) Abcam
Anti-EEA1 Rabbit 1:200 (IF) Cell Signaling
Anti-GFP Mouse 1:1000 (WB) MBL
Anti-HSC70 Mouse 1:5000 (WB) Santa Cruz
Anti-IMPDH2 Rabbit 1:1000 (WB) Proteintech
1:200 (IF)
Anti-KIF3A Rabbit 1:1000 (Wb) Abcam
Anti-Pericentrinl Rabbit 1:500 (IF) Abcam
Anti-Racl Rabbit 1:500 (WB) Cytoskeleton ARCO1
Anti-Rap10 Rabbit 1:500 (IF) Abcam
Anti-Rap11 Rabbit 1:400 (IF) Cell Signaling
Anti-RhoA Rabbit 1:500 (WB) Cell signaling
Anti-Vinculin Mouse 1:200 (IF) Sigma-Aldrich
Anti-ZO-1 Rabbit 1:200 (If) Santa Cruz
1:500 (WB)
Anti-B-Catenin (aa.571-781) Rabbit 1:1000 (WB) Sigma-Aldrich
Anti-B-Catenin Rabbit 1:200 (IF) Santa Cruz
IgG Negative Control Rabbit 3 ug (IP) Dako
Myosin Heavy Chain II-A Rabbit 1:500 (WB) Covance
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Myosin Heavy Chain II-B Rabbit 1:500 (WB) Covance
Secondary antibody/dye Species Dilution Source
Anti-Goat-HRP Rabbit 1:5000 (WB) Dako
Anti-Mouse Alexafluor 488 Goat 1:500 (IF) Molecular probe
Anti-Mouse Alexafluor 568 Goat 1:500 (IF) Molecular probe
Anti-Mouse-HRP Goat 1:5000 (WB) Dako
Anti-Rabbit Alexafluor 488 Goat 1:500 (IF) Molecular probe
Anti-Rabbit Alexafluor 568 Goat 1:500 (IF) Molecular probe
Anti-Rabbit-HRP Goat 1:5000 (WB) Dako

DAPI (861045) N/A 1:1000 (IF) Sigma-Aldrich
LysoTracker™ Deep Red N/A 50 nM ThermoFisher
Phalloidin Alexafluor 488 N/A 1:500 (IF) Invitrogen
Phalloidin Alexafluor 647 N/A 1:500 (IF) Invitrogen

Abbreviations: Western blotting (WB), immunofluorescence (IF)

2.1.2 Expression plasmids

Table 7: Plasmids

Plasmid Type Insert and tag Original reference/ Source
B7-H3, CD276 CRISPR | Transient Guide RNA: GenScript
Guide RNA 1 TGCACAGTTTCACCGAAGGC,
GFP tag
B7-H3, CD276 CRISPR | Transient Guide RNA: GenScript
Guide RNA 2 TTGATGTGCACAGCGTCCTG,
GFP tag
B7-H3, CD276 CRISPR | Transient Guide RNA: GenScript
Guide RNA 3 CACGGCTCTGTCACCATCAC,
GFP tag
B7-H3-GFP Transient B7-H3, GFP tag Generated by Brooke Lumicisi
(Parsons lab) from a human B7-
H3 expression vector gifted by
Medlmmune
CD63-GFP Transient Full length Human CD63, | Fedor Beditchevski

GFP tag

(University of Birmingham)
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GFP

Transient eGFP tag Clontech

LifeAct-GFP Lentiviral LifeAct — an actin filament | Scales et al. 2013

reporter, eGFP tag

2.2 Methods
2.2.1 Molecular Biology

2.2.1.1 Bacteria transformation

DNA constructs were amplified by transforming into chemically-competent Top10 E.Coli cells
which were thawed on ice prior to addition of 50-100 ng of DNA. DNA was incubated with the
50 ul E.Coli solution for 30 minutes on ice. The bacteria were heat-shocked at 42°C for 45
seconds and then incubated on ice for a further 2 minutes. This was followed by the addition
of 500 pl of LB broth to the heat-shocked bacteria-DNA mixture and incubated for 1 hour at
37°C with agitation. Following incubation, the transformed bacterium was spread onto agar
plates with the appropriate selection antibiotic (Ampicillin 100ug/ml or Kanamycin 50 pg/ml).
and allowed to grow overnight at 37°C. Single colonies were picked and amplified in 100ml
LB broth overnight at 37°C. Cells were pelleted by centrifugation at 4000 RPM for 15 minutes

at 4°C, the supernatant was discarded and the pellets were stored at -20°C for purification.

2.2.1.2 Midiprep of DNA plasmids

To Purify plasmid DNA from E.Coli bacterial culture, QlAgen miniprep kit was used as per
manufacturer’s instructions. The pelleted bacteria were resuspended in 4 ml Buffer P1 from
the kit followed by 4 ml of buffer P2, mixed by inverting several times and incubated at room
temperature for 3 minutes. 4 ml of buffer S3 was added to the lysate and mixed by inverting
several times. The sample was transferred to a QlAfilter Cartridge and incubated at room
temperature for 10 minutes. The sample was passed through the column by plunging, and
2ml of buffer BB was added to the flow-through. The sample was mixed by inversion and
transferred to a plasmid plus midi spin column mounted on a vacuum manifold. The column
was then washed with 0.7 ml of buffer ETR and buffer PE sequentially and the column was
dried by centrifuging for 1 minute at 10,000 RPM to remove any residual wash buffer. The
column was then placed in a clean 1.5 ml Eppendorf tube and the DNA eluted with 50-200 ul
buffer EB by centrifugation at 10000xg for 1 minute. The concentration of the DNA was

measured using a nanodrop Spectrophotometer (Labtech International).
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2.2.1.3 RNA isolation and reverse-transcription polymerase chain reaction (RT-PCR)

Total RNA was isolated using the RNeasy Qiagen kit according to the manufacturer’s
instructions. Cells were trypsinised, pelleted then resuspended with buffer RLT. Then, lysate
was placed in a RNeasy spin column and centrifuged for 15 seconds. Flow-through was
discarded, and 700 pL of Buffer RW1 was added to the column. Buffer RPE was added twice
to wash the column, then the column was centrifuged to remove any excess liquid. The
column was then transferred into a new Eppendorf before 50 uL of RNase-free water was
used to elute the RNA. The resulting RNA was used for cDNA synthesis using the LunaScript™
RT SuperMix Kit. cDNA synthesis reaction, consisting of 4 uL of 5X LunaScript RT SuperMix, 1
pg of RNA and Nuclease-free water, was prepared. Using a thermal cycler, the reaction was
initialised by a primer annealing step of 25°C for two minutes, followed by a cDNA synthesis

step at 55°C for ten minutes, and a heat inactivation step of 95°C for one minute.
Quantitative real-time PCR (qPCR) was performed using the following primers:
B7-H3 primer forward 5" CCTA-GGTACC-AA-TACGACGCCTCTTCTCCG 3’

B7-H3 primer reverse 5'CGGCCAGGAAATCGCC-CCATGG-ATGC 3’

18S primer forward 5'-CCCATCACCATCTTCCAGGAGC -3’

18S primer reverse 5-CCAGTGAGCTTCCCGTTCAGC -3’

gPCR was performed in triplicates by mixing 5 puL of 2x Luna Universal Probe One-Step Master
Mix, 1 pL of forward primer (10 uM), 1 pL of reverse primer (10 uM), 1 pL of template cDNA
or water as negative control and PCR grade water up to 10 L. Using a QuantStudio 5 (Applied
Biosystems/ThermoFisher) thermal cycler, the reaction was heated to 95°C for 1 minute,
followed by 40 cycles of 95°C for 10 seconds. This was followed by 30 seconds of an extension

time of at 60°C.

2.2.2 Cell Culture

Three different epithelially derived lung cancer cell lines were used in this study: Normal
human bronchial epithelial cell line 16HBE, (a gift from Dr. Dieter Gruenert, UCSF),
adenocarcinomic human alveolar basal epithelial cells A549 (originally from ATCC, obtained

as a gift from Santis lab, KCL), and bronchioalveolar carcinoma cell line NCI-
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H358 (purchased from ATCC, a gift from Medimmune). HEK293T cells were used for lentiviral
transfection, originally sourced from ATCC. Human normal cell-based systems are needed for
drug discovery, investigating function, mechanisms and toxicity evaluation and thus 16HBE
have been added as a model for normal cells in this study in an attempt to understand the
effect of B7-H3 expression on cell growth, epithelial phenotype and function. Both A549 and
NCI-H358 were originally extracted from explant culture of lung carcinoma and has been
shown to have malignant mobility in xenograft mouse models (Basu et al., 2011; Giard et al.,
1973). Cultured tumour derived cell lines have been shown to retain their differentiation
properties, and thus can provide an easily manipulated experimental model for cancer
(Mirabelli et al., 2019). This allows measurement of specific factors on the signalling and
functional outputs of the cell lines and is often validated by using multiple different cell lines.
However, studies have shown that although many of the phenotypic properties of the tumour
cells in these immortalised cell lines are retained, there are many differences in gene and
protein expression and function, phenotype, morphology, and functional outputs between
these cells and non-immortalised primary cells (Geppert et al., 1980; Scherzer et al., 2015).
These vary between cell types and experimental conditions. Continuing these experiments in
the future with primary cells may aid in further confirming the results discussed in this thesis.
Difficulties also arise when taking into account the effect of the TME. Stromal and immune
cells specifically play a crucial role in the tumourigenicity, metastatic potential and survival of
cancer cells. Including more complex systems by creating co-cultures would be the next step

in these experiments, and is discussed in the future directions section of this thesis.

Cells were either grown in Minimum Essentia Media (MEM) for 16HBE cells, Dulbecco
modified eagle medium (DMEM) for both A549 and HEK293T, and RPM I-1640 for the NCI-
H358 cells, media was supplemented with 10% v/v fetal calf serum, 2mM L-Glutamine, 100
units/ml penicillin, 0.1 mg/ml streptomycin. Cells were maintained at 37°C, 5% CO2 in a

humidified incubator.

All cells were passaged when 80% confluent by washing once with Phosphate Buffer Saline
(PBS), without calcium or magnesium, followed by trypsinisation using trypsin in EDTA (0.05%
concentration). Once cells were detached, normal growth media was used to wash and collect

the cells. cells were centrifuged for 3 minutes at 1200 RPM, the supernatant was removed
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and the pellet was resuspended in complete media and plated into a sterilised tissue culture

flasks.

To freeze cells for future use; the cells pellet was resuspended in 3 ml of freezing media which
consists of 50% complete media, 40% FBS and 10% DMSO. Cells were frozen in 1 ml aliquots
in cryovials. Cryovials were frozen overnight at -80°C and then transferred to liquid nitrogen
for long term storage. To thaw frozen cell stocks, a cryovial was removed from liquid nitrogen
storage and thawed until 10% of volume remained frozen at 37°C. Thawed cell solution was
resuspended in 5ml pre-warmed complete media and centrifuged at 1200 RPM for 3 minutes.
Cell pellet was resuspended in 5ml complete media and added to a sterilised tissue culture

flask. Media was changed to fresh complete media after 24 hours.

2.2.2.1 Generation of Lifeact-GFP lentivirus from HEK-293T cells

HEK-293T cells were plated at 40-50% confluency in T-25 cm? sterilised tissue culture flasks a
day prior to transfection. A transfection mixture containing a total of 7.5 ug DNA (2.8125
ug of pPCMVA8.91 plasmid, 0.9375ug of pMD.G plasmid and 3.75ug of Lifeact-GFP expression
plasmid) was mixed in 500 pL of OptiMEM. Subsequently, 22.5 ug of PEl transfection reagent
was added to the transfection mixture (3:1 ratio to total DNA). The DNA/PEI mix was
incubated for 15 minutes at room temperature before being added to HEK-293T cells with
OptiMEM. After the cells were incubated with the transfection mixture for 5 hours at 37 °C,
OptiMEM was replaced by complete media. Lentivirus was harvested 48 hours post-infection
by removing the media, and centrifugation at 1200 RPM for 3 minutes to remove HEK-293T

cells. Viruses were filtered through 0.4 um and kept in 1 mL aliquots at -80°C.

2.2.2.2 Lentiviral infection of cell lines

16HBE, A549 and H358 cells were plated in T-25 cm? flasks to 40% confluency 24 hours prior
to viral infection. Polybrene (8 pug/ml final concentration) was added to complete media to
increase the efficiency of viral infection. 1mL of lentiviral containing media was added to the
cells and left to incubate at 37°C for 24-72 hours. Media was replaced 24 hours post-infection

to remove the virus and cells were grown and passaged.
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2.2.2.3 Transient transfection of cell lines

16HBE, A549 and H358 cells were plated in a 6 well plate 24 hours prior to transfection at 75-
80% confluency. Lipofectamine 3000 was used according to the manufacturer’s instructions;
2.5 pg of DNA was diluted in a 125 pl of OptiMEM and 10 pl of p3000 reagent. In a separate
tube, 5 ul of Lipofectamine 3000 were diluted in 125 pl of OptiMEM and both tubes were left
to incubate at room temperature for 5 minutes. The DNA and lipofectamine solutions were
then mixed and incubated at room temperature for a further 20 minutes. The
DNA/lipofectamine complexes were then added to cells in OptiMEM and incubated at 37°C
with 5% CO2 for 5 hours. Subsequently, the DNA/lipofectamine containing media was
removed and the cells were washed gently with complete media and left to incubate for 48

hours in complete media at 37°C with 5% CO2.

2.2.2.4 Generation of cell lines with stable B7-H3 knockdown

B7-H3-CRISPR cell lines were established via transient transfection of parental cells with three
CD276 Guide RNA vectors carrying a GFP tag and targeting three different sequences (1:
TGCACAGTTTCACCGAAGGC, 2: TTGATGTGCACAGCGTCCTG, 3: CACGGCTCTGTCACCATCAC).
16HBE, A549 and H358 parental cells were plated in triplicates in 12 well plates and cells in
each well were transfected with one of the three CD276 CRISPR Guide RNA vectors. After 24
hours, the GFP-tagged cells were sorted using flow cytometry to obtain a homogenous but
non-clonal cell population. B7-H3 protein expression was analysed by Western blot upon
transfection of cells with each CD276 CRISPR Guide RNA vector. 16HBE cells did not respond
to any of the B7-H3 CRISPR knockdowns while A549 and H358 cells presenting the lowest B7-
H3 expression level were chosen for further experiments. B7-H3-depletion in CRISPR cells was

further validated by gPCR and immunofluorescence.

2.2.2.5 siRNA transfection of cell lines
For acute knockdown of endogenous B7-H3, KIF3A and IMPDH2 RNA interference was used.

All siRNA SMARTpool oligos and non-targeting control siRNA pools were purchased from

Horizon Discovery LTD.
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16HBE, A549 and H358 cells were plated in 6 well plate 24 hours prior to transfection at 60-
70 confluency. siRNA (Stock solution 20 uM) was diluted in 190 uL of OptiMEM. In a separate
tube, 5 uL of DharmaFECT was also diluted in 190 ul of OPTIMEM and both tubes were
incubated for 5 minutes at room temperature. The DNA and DharmaFECT solutions were
mixed gently and incubated at room temperature for another 15 minutes. The DNA/
DharmaFECT solution was added dropwise to the cells containing 2 ml of OptiMEM. Cells were
incubated for 6 hours at 37°C, after which the media was aspirated and replaced with
complete growth media. Cells were grown for 48-72 hours post-transfection and the

efficiency of transfection was assessed by immunocytochemistry and Western blot.

2.2.2.6 Drug treatments
Cells were plated in the relevant tissue culture plates and once at the correct confluence,
treated with reagents as described in Table 5. DMSO or Methanol only treated cells were used

as a control.

2.2.3 Biochemical analysis
2.2.3.1 GFP-trap immunoprecipitation
16HBE, A549 and H358 cells were transiently transfected with GFP control or GFP-tagged B7-

H3 and cultured on 10 cm dishes. The following day, they were either treated with Methanol
as vehicle control or MPA as in Table 5. When cells reached 100% confluency, they were
washed twice with ice-cold PBS before 500 ul of cold IP buffer, containing protease and
phosphatase inhibitor cocktails (1:100), was added to the cells. Subsequently, cells were
scraped and centrifuged at 13,000 RPM for 10 minutes at 4°C. 5 ul of GFP-trap® beads and
15 ul of agarose resin suspension mix were washed three times in GFP IP lysis buffer.
Supernatants obtained from cell lysates were then added to the beads mix and incubated for
3 hours at 4°C on a rotator. 50 pl of each supernatant was also set aside to be used as input.
Afterwards, the beads were washed three times with GFP IP lysis buffer. 2x sample buffer
containing B-mercaptoethanol (1:200) was added to the beads, boiled for 10 minutes at 95
°C and centrifuged to clear cell debris and beads. 40 ul of samples were loaded onto 10%

polyacrylamide gels and immunoblotted.
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2.2.3.2 Endogenous immunoprecipitation pulldown

16HBE, A549 and H358 cells were treated with or without MPA as in Table 5 and grown to
100% confluency in a 10 cm? sterile tissue culture dish. Cells were then lysed in 500 pl of IP
Lysis buffer containing protease and phosphatase inhibitors (1:100). Lysates were then
collected into a 1.5 ml microcentrifuge tube and rotated for 15 min at 4°C on a rotator.
Samples were then briefly centrifuged to pellet insoluble material, and 50 ul lysate was kept
(1:1 IP buffer: sample buffer) at -20°C for an input sample. The remaining supernatant
containing cell lysate was moved to a tube containing 30 pl of the A/G agarose affinity matrix
suspension that has been already washed twice in IP wash buffer. In order to pre-clear the
lysates, the latter were incubated with the A/G bead for 30 minutes at 4°C on a rotator then
centrifuged at 2000 x g for 3 min at 4°C. The supernatant was split into a 2 new Eppendorf
tubes and 3 ug of antibody of interest (B7-H3, IMPDH2) or control IgG antibody to control for
non-specific binding was added to the lysates and left tumbling overnight at 4°C. Afterwards,
a 100 ul of washed protein A/G bead slurry was added to the antibody/lysates mixture and
tumbled for 2 hours to allow to bind at 4°C. the samples were then spun down at 2000 x g for
3 min at 4°C, the supernatant was discarded and beads were washed three times with IP wash
buffer. After the final wash, the beads were pelleted and the supernatant was discarded.
Beads were boiled with 50 pl of 2x sample buffer containing (1:200) B-mercaptoethanol for
10 mins at 95°C and 30 pl of each sample was loaded in each well of 10% gel and subjected

to SDS-PAGE followed by immunoblotting.

2.2.3.3 SDS-PAGE analysis

To separate protein expression based on their molecular weights, sodium dodecyl sulphate-
polyacrylamide gel electrophoresis (SDS-PAGE) was performed using gels with 8-10% (v/v)
polyacrylamide resolving layer and a 4% (v/v) stacking layers. Cells were lysed in RIPA buffer
containing protease inhibitors and phosphatase inhibitors (1:100) followed by adding (1:1) 2x
Laemmli sample buffer supplemented with B-mercaptoethanol (1:100) to denatures the
protein and induce a negative charge resulting in migration toward the positive cathode pole
when electrical charge is applied. Proteins were separated under an SDS-PAGE system and
PeqGold Protein Marker V was run alongside samples for protein size reference. A constant
voltage of 80 V was applied until the lysates moved through the stacking gel and then the
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voltage was increased to 180 V until the gel band-front had moved through the separating

gel.

2.2.3.4 Western blotting

Western blotting was used to detect proteins of interest following separation of proteinsin a
sample from SDS-PAGE. Proteins were transferred from polyacrylamide gels onto PVDF
membrane for 1 hour and 30 minutes at 20V using a transfer kit (Invitrogen) in transfer buffer
(with 20% Methanol). The membranes were blocked using blocking buffer (5% Bovine Serum
Albumin in TBST (0.1% Tween in PBS) for 1 hour at room temperature. This was followed by
incubation with primary antibodies, as listed in Table 6, in blocking buffer overnight at 4°C.
Membranes were then washed three times for 10 minutes in TBST before incubation with
horseradish peroxidase (HRP)-conjugated secondary antibodies for 1 hour at room
temperature. After washing membranes three times with TBST, proteins were detected by
ECL chemiluminescence kit (BioRad) and directly imaged using the BioRad imager digital
imaging system. Blots were analysed and processed using Biorad Image Lab. For re-probing,
membranes were stripped with Re-blot strong (10x) (Chemicon) diluted to 1x in distilled water
for 10 min at room temperature, then treated as before. BioRad Image Lab software (v5.2.1)

was used to analyse Western blots.

2.2.3.5 PNGase F treatment

PNGase F was used to cleave all N-linked oligosaccharides from B7-H3. After cell lysates were
collected, 20 ug of glycoprotein, 1x Glycoprotein Denaturing Buffer and water was combined
and denatured at 95°C for 10 minutes. This was followed by the addition of 1x GlycoBuffer 2,
1% NP-40 and PNGase F and water. The reaction mix was incubated for 1 hour at 37°C before

Western blot analysis.

2.2.3.6 ldentifying protein in complex with B7-H3 via Liquid Chromatography-Tandem Mass
Spectrometry (LC-MS/MS)

All samples were analysed by the King’s College London Proteomics Facility. Samples
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obtained from GFP-trap immunoprecipitation were run into a 1D gel (single 10%, not a
gradient) and resolved for 20 mins at 80 V to effectively stack the protein complement into
a small gel section. The gel was subsequently stained with InstantBlue-Coomassie protein
stain for 15 minutes followed by washing the gel with HPLC/LCMS water thrice. The bands of
interest were then excised using a scalpel, transferred to a clean Eppendorf tube and left to
de-stain in HPLC/LCMS water overnight before sending the gel slices for protein identification
by Liquid Chromatography - Tandem Mass Spectrometry (LC-MS/MS). Trypsin digestion of
gel sections was carried out at room temperature overnight after initial incubation of 2 hours
at 37°C. This was followed by peptide extraction and samples were individually resuspended
in 18 ul of resuspension buffer (2% ACN in 0.05% FA), 6 ul of which was injected to be
analysed by LC-MS/MS. Chromatographic separation was performed using a U3000 UHPLC
NanoLC system (ThermoFisherScientific, UK). Peptides were resolved by reversed phase
chromatography on a 75 um C18 Pepmap column using a three-step linear gradient of 80%
acetonitrile in 0.1% formic acid. The gradient was delivered to elute the peptides at a flow
rate of 250nl/min over 60 min starting at 5% B (0-5 minutes) and increasing solvent to 40% B
(5-40 minutes) before a wash step at 99% B (40-45 minutes) followed by an equilibration step
at 5% B (45-60 minutes). lonization of the eluate was performed by electrospray ionisation
using an Orbitrap Fusion Lumos (ThermoFisherScientific, UK) operating under Xcalibur v4.3.
The instrument was programmed to acquire using an Orbitrap-lon Trap method by defining
a 3s cycle time between a full MS scan and MS/MS fragmentation by collision induced
dissociation. Orbitrap spectra (FTMS1) were collected at a resolution of 120,000 over a scan
range of m/z 375-1800 with an automatic gain control (AGC) setting of 4.0e5 (100%) with a
maximum injection time of 35 ms. Monoisotopic precursor ions were filtered using charge
state (+2 to +7) with an intensity threshold set between 5.0e3 to 1.0e20 and a dynamic
exclusion window of 35s + 10 ppm. MS2 precursor ions were isolated in the quadrupole set
to a mass width filter of 1.6 m/z. lon trap fragmentation spectra (ITMS2) were collected with
an AGC target setting of 1.0e4 (100%) with a maximum injection time of 35 ms with CID
collision energy set at 35%. Raw mass spectrometry data were processed into peak list files
using Proteome Discoverer (ThermoScientific; v2.5). The raw data file was processed and
searched using the Mascot (www.matrixscience.com) & Sequest (Eng et al; PMID 24226387)
search algorithms against the Uniprot Human Taxonomy (50,351 entries) database. The
database output file was uploaded in to Scaffold software (v 4.11.0;

www.proteomesoftware.com) for visualisation and manual verification to create a .sfd file
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for further analysis.

2.2.3.7 Dual Phase Metabolite Extraction using CHCI3, MeOH and H20 for Nuclear magnetic
resonance (NMR) analysis

16HBE cells were transfected with B7-H3 siRNA to knockdown B7-H3 or non-targetted siRNA
as a control. The following day, to ensure the cells are metabolically active at the time of
extraction as well as having enough material for detection, 5 million cells of each 16HBE
parental and siRNA transfect cells, A549 and H358 parental and CRISPR lines were plated in a
15cm? sterile tissue culture dish and left to adhere overnight. Afterwards, the media was
aspirated from the cells and the culture plates were washed twice with 20 ml of ice-cold PBS
ensuring it was completely removed from the plates after each wash. The dry plates were
then incubated on dry ice for 2 minutes in order to quench the metabolome. The cells were
scraped after adding 2.2 ml of ice-cold methanol and transferred to pre-cooled 15 ml tube
followed by the addition of 2.2 ml chloroform on top then left to rotate for 10 minutes at 4°C.
Subsequently, 2.2 ml of MilliQ H20 was added to the tube and mixed by inverting, the mixture
was left to incubate on ice for 10 minutes to allow the formation of a stable bilayer then tubes
were centrifuged at 1550 RPM for 45 mins at 4°C. After the centrifugation step, 3 layers were
formed. The top (aqueous) layer contained metabolites soluble in the polar fraction, a middle
white layer contained proteins, and a bottom layer contained metabolites that are soluble in
the apolar fraction. The top (polar) fraction was collected into pre-cooled 2 ml micro-
centrifuge tubes which was then completely dried in an Eppendorf concentrator for around
8 hours at 30°C; mode — V-Aat, and samples were stored at -80°C until analysis. The interphase
layer was discarded, and bottom (apolar) fraction was transferred into a glass vial that was
left uncapped into the fume hood overnight then store at -80°C. Five different repeats of each
cell line (top and bottom fractions) were sent to the Nuclear magnetic resonance (NMR)
facility at King’s College London to analyse the effect of B7-H3 on different metabolites in
cells. Once the samples were dried, the samples were resuspended with 600 pl of CDCl; with
0.1% v/v of TetraMethylSilane (TMS) and transferred to a 5 mm tube for lipid extracts, and
600 ul of a D20 solution with 100 mM NaHPOs, 4 mM NaNs; and 5 mM
TrimethylSilylPropionate TSP and transferred to a 5 mm tube for aqueous extracts. The

samples were analysed on a Bruker Avance NEO 600 MHz equipped with a TCI Cryoprobe
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Prodigy (Bruker). Spectra were acquired at 298 K and consisted for each lipid sample of a
pulse-acquire (named zg in Topspin) with 64 scans, an acquisition time of 2.75s and an inter-
scan delay of 3s, and for each aqueous sample of a *H PresatURation using GradiEnts (PURGE)
spectrum, with 128 scans, an acquisition time of 2.62s and an inter-scan delay of 4s. After
acquisition, all spectra were then phase corrected, baseline corrected and the chemical shifts
were referenced to the TMS peak or the TSP peak at 0.0 ppm, respectively for lipid samples
and aqueous samples. For identification, 2D spectra were acquired on one aqueous extract
and one lipid extract, consisting of a Total Correlation SpectroscopY (TOCSY), using the Bruker
pulse sequence “dipsi2gpphzs”, slightly modified to include presaturation, which 8 scans, 256
t1 increments, a spectral width of 13.7 ppm in both dimensions and an inter-scan delay of 2s,
along with a Heteronuclear Single-Quantum Correlation (HSQC) spectrum, using the Bruker
pulse sequence “hsqcetgpsisp2.2”, with 16 scans, 256 t1 increments, a spectral width of 170
ppm in the '3C dimension and 12 ppm in the H dimension and an inter-scan delay of 2 s. Data

was uploaded to MetaboAnalyst platform for metabolomics data processing and analysis.

2.2.3.8 LC-MS/MS Metabolite Extraction using H20 and methanol

2 million cells of each 16HBE parental and siRNA (control and B7-H3) transfected cells, A549
and H358 parental and CRISPR lines were plated in a 15cm? sterile tissue culture dish and left
to adhere overnight. The following day, parental lines were either vehicle or MPA-treated as
in table 5. 48 hours post-treatment, media was aspirated from the cells and the culture plates
were washed twice with 20 ml of ice-cold 150 mM Ammonium Acetate ensuring it was
completely removed from the plates after each wash. The dry plates were then incubated on
dry ice for 2 minutes to quench the metabolome. Next, 2.2 ml of ice-cold methanol was
added, the cells were scraped and transferred to pre-cooled 15 ml tube and left to rotate for
10 minutes at 4°C. Then, 2.2 ml of HPLC/LCMS H20 was added to the tube and mixed
thoroughly by vortexing, the mixture was centrifuged at 1550 RPM for 45 mins at 4°C. The
supernatant was then transferred to a clean Eppendorf tube and dried in an Eppendorf
concentrator until completely dry. 1 ml of MeOH:H20 1:1 was added to the dry tube, vortexed
thoroughly to make sure everything goes in suspension. Finally, the tube was dried once more
to make it easier to resuspend in minimal volume of method-specific diluent before running

the LC-MS. All samples were sent to be analysed by MS facilities for quantitative analysis at
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the National Phenomics Centre in Imperial College London where all dried cell samples
extracts were reconstituted in 100 uL of method-specific diluent. Aliquots of 10 uL from each
sample were pooled together to generate a study reference (SR) sample that was analysed
along with study samples. Then all study samples and SR sample were injected in triplicate in
randomised order to enable quality control of the data and LC-MS instrument-specific
software (TargetLynx) was used to extract and integrate the peaks of the defined panel of
metabolites and isotopically labelled standards that were added to each sample. The stable
isotope labelled standards were added to the samples for LC-MS analysis to account for any

matrix effects in the samples and MS detector possible variations during the analysis.

The results were presented in triplicate for each metabolite-sample as a ratio of area of each
peak of metabolite to the peak area of internal standard with the closest retention time
and/or structure. The average value for each metabolite and sample was calculated and used
as final result. RSD% (relative standard deviation) was calculated for each triplicate set of
results (sample- metabolite) as a measure of precision. Thresholds were implemented of
RSD% which are, less than 20 is excellent, 20-30 is good and greater than 30 were flagged.
Some metabolites had to be removed due to low intensity and consequently high imprecision
of peak integrals. For the rest of metabolites that are presented in this study, each peak was
checked individually, especially in the cases where the RSD% values were 20-30% and higher
than 30%. The metabolites of primary interest were measured with high confidence (low

RSD%) across all samples and replicate measurements.

2.2.3.9 RhoA and Racl GTPase activation assay

Cells as in LC-MS/MS Metabolite Extraction were culture in 10 cm dishes for 48 hours then
washed with ice cold PBS and lysed on ice in 500 ul of ice-cold lysis buffer following the
Cytoskeleton G-LISA kit protocol. The lysates were transferred to clean tubes and centrifuged
at 10,000 x g, 4°C for 1 minutes to remove insoluble material. Supernatants were aliquoted
in different volumes of 50 ul for Western blotting, 20 ul for protein quantification and 100 pl
for RhoA/Racl activity assay and were immediately snap-frozen in liquid-nitrogen to store at

-80°C. To measure lysate’s protein concentration, aliquots of 20 ul were mixed with 1 ml of
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Precision Red Advanced Protein Assay Reagent provided and incubated for 1 minute at room
temperature in spectrophotometer cuvettes. The spectrophotometer (WPA Biochrom) was
first blanked with the lysis buffer at 600 nm and the absorbance of lysates samples in each
cuvette was read and calculated to reach the identical protein concentration of 1.5 mg/ml in
each sample. Subsequently, frozen samples were tested with G-LISA kit according to the
manufacturer’s instructions. Briefly, frozen samples were equalised according to the protein
guantifications, mixed with the binding buffer provided. 50 pl of each sample/binding buffer
mix, positive control, or blank buffer were added into wells of the RhoA-GTP/Racl-GTP
binding plate. Immediately, the plate was placed on a cold orbital microplate shaker at
400 RPM for 30 minutes at 4°C. The plate’s wells were then washed twice with the provided
washing buffer and incubated with the antigen-presenting buffer for 2 minutes at room
temperature. Afterwards, wells were immediately washed three times again and anti-RhoA
or anti-Racl primary antibody was added into the wells. The plate was left on an orbital
microplate shaker at 400 RPM at room temperature for 45 minutes. The wells were
subsequently washed three times and incubated with the secondary antibody on the shaker
for 45 minutes. Wells were incubated with HRP detection reagents for 10-15 minutes at 37°C
after they have been washed again thrice. When sufficient colour development was reached,
HRP stop buffer was added to each well and the absorbance signal of each well was measured

(optical density at 490nm) with a microplate spectrophotometer (POLARstar Omega).

2.2.4 Microscopy
2.2.4.1 Immunofluorescence

Cells were plated on 13 mm glass coverslips placed into a 24 well sterile tissue culture plate
and allowed to adhere overnight in normal growth media. When cells were ready to be fixed
post plating (or treatment if any as in table 5), they were washed with 1x with PBS then fixed
using 4% paraformaldehyde (PFA) for 15 minutes at room temperature followed by three
washes with PBS. Cells were then permeabilized with 0.2% TX-100 in PBS for 10 minutes, then
washed in PBS and blocked by incubating the coverslips in 5% w/v BSA in PBST at room
temperature for 1 hour. Incubation of cells with various primary antibodies as listed in table
6 diluted in 5% BSA/PBST was then carried out in a dark humidified chamber placed at 4°C

overnight. Coverslips were subsequently washed by submerging in PBST then incubated with
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secondary antibodies and DAPI diluted in 5% BSA/PBST for 1 hour at room temperature.
Coverslips were washed three times in PBST and once in MilliQ water, then finally mounted
to glass slide using Fluorsave™ mounting solution. Images of fixed cells were acquired using
a confocal microscope with a 60x oil immersion objective in ND2 Nikon NIS-elements (v

4.51.01) image format, exported as TIFFs, and analysed in Imagel.

2.2.4.2 Confocal microscopy

Images of fixed and live cells were acquired on a Nikon A1R inverted confocal microscope
(Nikon Instruments UK) with an environmental chamber maintained at 37°C/5% CO2. Images
were captured using a 20x or 60x Plan Fluor oil immersion objective (numerical aperture of
0.45 and 1.4, respectively). Excitation wavelengths of 488 nm (diode laser), 561 nm (diode
laser) or 640 nm (diode laser) were used. Images were acquired using NIS-Elements imaging
software (v4) and were saved in Nikon Elements in the.ND2 format exported as TIFFs, and

processed in Imagel software.

2.2.4.3 Live cell imaging

16HBE, A549 and H358 cells transfected with LifeAct-GFP were plated in a chambered 8 wells
tissue culture slide (ibidi) and allowed to adhere overnight at 37°C. After 24 hours, HEPES was
added to the media at a final concentration of 25 uM together with either control IgG, B7-H3
(MAB1027) or recombinant human B7-H3 ectodomain (NSO-derived) at a 10 pg/ml as in table
5 and left to incubate for 3 hours at 37°C. Cells were then imaged every minute for one hour.

The same reagents were also added to coverslips and fixed after 8 and 24 hours of incubation.

2.2.4.4 Total internal reflection fluorescence (TIRF) microscopy

Images of live cells were acquired on an Eclipse Ti-E inverted microscope (Nikon) with an
environmental chamber maintained at 37°C and a DU-897 X-3430 camera (Andor). TIRF
utilises the evanescent wave resulted from the total reflection of a laser beam at the interface
between a glass surface and an aqueous medium. The evanescent wave is capable of exciting
fluorophores within a limited distance from the interface as its energy decays exponentially.

Images were taken using a 60x oil immersion objective with a numerical aperture of 1.4.
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Excitation wavelengths of 488 nm was used. Images were acquired using NIS-Elements
imaging software (v4) and were saved in the .nd2 format. Image processing and analysis was

performed using Imagel.

2.2.4.5 Time-lapse fluorescence microscopy

Cells expressing fluorescent proteins were imaged using phase time-lapse microscopy EVOS
FL Auto 2 (Thermofisher) with an environmental chamber maintained at 37°C. Images were
taken using 10x or 20X objectives 3.2 MP CMOS camera. Excitation using DAPI, GFP or RFP
LED light cubes were used. Images were acquired using EVOS (v2) software and processed

with Imagel and saved as TIFF files.

2.2.4.6 Cell migration assay
Parental/siRNA control and B7-H3 siRNA/CRISPR knockdown cells were seeded in same

number of each well of a 24 well plate and incubated for 24 hours at 37°C. Complete growth
media was replaced and supplemented with 25 uM Hepes. Time-lapse experiments were set
up using EVOS microscope. Images were acquired using a 20x objective at intervals of 10
minutes over a 16 hours time period. Velocity and distance were analysed using a manual

tracking and ADAPT plugins in Imagel.

2.2.4.7 Proliferation and colony size assays

10000 cells were plated for each cell line on a 24 well plate and incubated for 24 or 48 hours
at 37°C 5% CO,. Cells that were supplemented with control 1gG, B7-H3 mAb or B7-H3
ectodomain were treated 24 hours post-plating. The control 0-hour time point was assumed
when cells adhere. Then cells were fixed with 4% PFA/PBS for 15 minutes and stained with
DAPI to enable cell quantification and phalloidin to measure colonies size using automated
analysis on Imagel software. Images were acquired using an EVOS FL Auto 2 fluorescent
microscope (Thermofisher) with 10x objective, cells in all wells were tile scanned and saved
as TIFFs using Imagel software and total cell count was obtained by thresholding for nuclear

stain followed by automated counting.
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2.2.4.8 Oxidative stress detection
16HBE parental, siRNA control and B7-H3 siRNA knockdowns, A549 and H358 Parental or B7-

H3 CRISPR cells were plated onto a 96 wells plate and left to adhere overnight. Cells were
then washed with PBS and media was changed to either complete media (control), complete
media supplemented with MPA for parental lines only or media without FBS (serum staved)
and left to incubate for 48 hours. A fluorogenic probe for measuring cellular oxidative stress
CellRox Deep Red reagent was added to the cells at 5 UM concentration together with DAPI
to normalize the cells’ oxidative stress fluorescence to cell number. Cells were washed three
times with PBS and imaged on the EVOS microscope as described previously in Time-lapse
fluorescence microscopy Section. The fluorescent levels were measured using Image J

software.

2.2.4.9 Chemoresistance and survival assay

A549 and H358 parental and B7-H3 knockdown cells were used in this experiment in different
conditions, cells were either untreated, MPA-treated or starved for 48 hours, and each
condition was supplemented with 5 uM of either DMSO as vehicle control or Cisplatin to
trigger cells apoptosis. After 48 hours, growth media was removed, CellEvent™ Caspase-3/7
Green Detection Reagent was added to wells at 0.4 uM together with DAPI for 30 minutes as
per manufacturer’s protocol. Cells were then imaged using the GFP and DAPI channels on an
EVOS microscope. Green cells fluorescence was measured and number of cells was counted,

both using ImageJ software.

2.2.4.10 Hanging drop spheroid invasion assay

To generate hanging drops for spheroids; methylcellulose stock solution was made by pre-
heating 250 mL DMEM to 60°C and using pre-heated DMEM to dissolve 6 g of autoclaved
methylcellulose powder then stirring the solution for 20 minutes at room temperature. An
additional 250 mL DMEM was added, and the solution was stirred at 4°C overnight.
Methylcellulose solution was then cleared by centrifugation in 50 mL Falcon tubes at 5000 xg
at room temperature for 2 hours. Cleared methylcellulose solution was transferred to fresh

50 mL Falcon tubes and stored at 4°C for use within a year.
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75x10% H358 parental and B7-H3 CRISPR knockdown cells and 50x10% A549 parental and B7-
H3 CRISPR knockdown cells were resuspended in 2.25 ml of DMEM or RPMI media
respectively containing 0.5% FBS. 750 ul of methylcellulose was then added to the cell
suspension. 20 ul aliquots of the cell suspension was dropped on to the lid of a square petri
dish using a multichannel pipette and 10 ml of PBS was added to the bottom of the dish. The
lid containing the drops was carefully inverted and placed over the PBS. The hanging drops
were incubated at 37°C, 5% CO2 in a water saturated incubator for 48 hours to allow

spheroids to form.

In order to perform the invasion assay, a collagen mix containing 2 mg/ml collagen (Rat Tail
Type | collagen), 20 mM Hepes, 10 mM fibronectin, 17.5 mM NaOH and OptiMEM was made
to embed the spheroids. 100 ul of the collagen mix was added into each well of a 96 well
plate. Each spheroid was removed from the hanging drop using a 20 ul pipette set to 5 pl and
dropped into each well before the collagen had set. The gels were then left to set at 37°C for
1 hour. Once the collagen was set, 100 pl of media was added into each well. Phase- contrast
images of the spheroids post-embedding were acquired using the Evos FL Auto 2 fluorescent
microscope (Thermofisher) and the 3.2 MP CMOS camera with a 10x objective at 0 and 48
hours. Cell invasion was quantified using Imagel software. The acquired images (.TIFF format)
were imported in ImagelJ, a region of interest was manually drawn around each spheroid and
the area was quantified by the software. 0 hours post-embedding spheroids were only
comprised of a spheroid core, whereas 24 hours post-embedding cells started leaving the
core and spheroids were comprised of invading cells in addition to a spheroid core. Regions
of interest were drawn around the entire spheroid (including invading cells). Spheroid cell
invasion was quantified by dividing the spheroid area at 24 hours by the spheroid area
measured at 0 hours post-embedding. For experiments in which the spheroids were treated
with MPA, the inhibitor was diluted in media and added on top of the embedded spheroids

formed as previously.
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To further analyse the spheroids, they were fixed in 10% formalin solution for 2 hours at 37°C.
Next, samples were washed thrice for 10 mins in PBS followed by permeabilization using
0.25% Triton X-100 in PBS (PBST, v/v) for 30 mins on a rocker at room temperature. Samples
were washed again thrice for 10 mins before blocking with 5% BSA in PBST for 1 hour at room
temperature on a rocker. Following blocking, DAPI and Phalloidin 488 diluted in blocking
buffer were added to each embedded spheroid and left to stain on the rocker overnight.
Finally, samples were washed for 10 mins three times before final addition of 100 pL PBS and
stored at 4°C covered in foil until imaging. Images were acquired as described previously using

the confocal microscope and then analysed using QuPath software
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2.2.5 Image analysis

Table 8: Software used for image analysis

Software Source Version Use

JACoP (Just Another Co-

localisation Plugin) V 1.53p on Image) Co-localisation
JACoP (nih.gov) analysis
Image) National Institute of Health | /1 53, Western blot and
Image analysis
Prism 9 GraphPad V9.2.0 Statistical analysis
QuPath: Open source Spheroids
QuPath software for qyéntltatlve 0.3.0 proliferation, area,
patholpgy & Bioimage and packing
analysis

2.2.5.1 Western Blot analysis

Images taken on the BioRad digital imaging system were imported into Imagel for analysis.
Lanes were selected by drawing a rectangle around areas of interest that were then plotted
as peaks, labelled and measured. Areas of peaks measurements were normalised for total
protein by HSC70 or B7-H3-GFP peaks measurements depending on the experiment, unless
otherwise stated. Data was exported into excel and then into GraphPad Prism for statistical

analysis.

2.2.5.2 Intensity of B7-H3 at the membrane and cytoplasm

The membrane intensity of cells stained with B7-H3 were analysed on Imagel. Only cells in
groups/colonies were analysed across all images to be able to determine B7-H3 levels at
junctions. A region of interest was drawn around a single cell including the visible membrane
boundary, 8 ROIs were selected for each field of view and the grey values were measured. In
order to measure the B7-H3 intensity at the cytoplasm, the ROI of each selection was reduced
on all sides of the cell by clicking the enlarge option by -7 pixels. This was enough to capture
the membrane contribution (Figure 17). The grey value of the smaller ROl was then measured.

Values were exported to excel and the percentage of the total signal at the membrane was
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calculated by dividing the smaller value (cytoplasm) by the larger one

(membrane+cytoplasm). GraphPad Prism was used for statistical analysis.

Figure 17: B7-H3 intensity at the membrane and cytoplasm analysis.

An example image of 16HBE cells population stained for B7-H3. The selected areas depict the
intensity at the cytoplasm (smaller yellow area), the whole cell (large cyan area) and the
membrane between the yellow and blue selected areas.

2.2.5.3 Co-localisation analysis

Images were acquired using methods as previously described in Confocal microscopy and
using the same laser settings and objectives across all samples. Images were then opened in
Imagel and channels were split. Using the JACoP plug-in
(https://imagej.nih.gov/ij/plugins/track/jacop.html), the Mander’s correlation coefficient
between two channels of interest were generated (Figure 18). Mander’s correlation
coefficient values below 0.4 were considered coincidental overlap. Data was exported into

excel and then into GraphPad Prism for statistical analysis.
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Figure 18: Co-localisation analysis workflow.

A) Confocal image of a 16HBE cells treated with MPA and stained with B7-H3 (green) and with
IMPDH2 (magenta). Channels were separated and the JACoP plug-in was used to calculate M1
and M2 coefficients. (B) Images were then thresholded and co-localisation was measured (C)
giving values for Mander’s M1 and M2 coefficients.
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2.2.5.4 Line scan analysis

To analyse protein distribution at cell-cell junctions, cells were fixed and stained with B-
catenin antibody as a marker for cell junction. In each experiment images were acquired as
described in 2.2.4.2 Confocal microscopy section, using identical acquisition settings to ensure
comparable intensities at cell-cell junctions. In Imagel, lines of 20 um in length and 1 um in
width were drawn perpendicular to junctions identified via B-catenin localisation (Figure
19A). Lines were aligned so that the 10 um point was at the centre of junctions. The intensity
of each channel was measured using a script developed in lab (Figure 19B) and exported. The

individual scans were normalized to the highest intensity cell of each scan.
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Figure 19: Line scan analysis.
A) Example images of 16HBE cells showing lines drawn across cell-cell junctions (yellow lines).
(B) Script of line scan analysis.

2.2.5.5 Velocity and Distance analysis
Time lapse movies from 16HBE, A549 and H358 siRNA Control/parental or B7-H3 knockdown

cells were imported into Imagel. A total of 30 cells were selected at random from 3 different
experiments. Cells were tracked over time using the ImagelJ plugin manual tracking, velocity
was calculated as uM/hour. Data was exported into excel and then into Graphpad Prism for

statistical analysis.
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2.2.5.6 Focal adhesion analysis

To analyse the area of focal adhesions, cells were fixed and stained with antibody against
vinculin to label focal adhesions. The analysis was carried out using methods described in
(Horzum, Ozdil and Pesen-Okvur, 2014). Brierly, images were opened on imagelJ and subtract
background selection was applied. The rolling ball radius set to 50 pixels and sliding
paraboloid option was ticked. CLAHE (Contrast Limited Adaptive Histogram Equalization)
plugin was run to enhance the local contrast of the image using the following values: block
size = 19, histogram bins = 256, maximum slope = 6, no mask and fast. Mathematical
exponential (EXP) was applied to further minimize the background and the brightness &
contrast were adjusted automatically. Images were then thresholded and finally analyse
particles command was applied. Values were exported into excel and then into GraphPad

Prism for statistical analysis.

2.2.5.7 Primary cilia quantification

Cells were fixed under basal conditions and primary cilia were identified by staining cells with
ARL13B as a marker of primary cilia. Z-stack was taken of images on the confocal and primary
cilia was detected at the top focal planes. ARL13B positive cells were counted manually, and

the percentage was calculated against the total number of cells in the field of view.

2.2.5.8 Fluorescence intensity analysis

Measurement of fluorescence intensity for CellEvent™ Caspase-3/7 Green Detection Reagent
and CellROX™ Deep Red Reagent was carried out on live cells imaged on the EVOS. Images of
cells were imported into Image) where Raw Integrated Density levels were measured and
normalised to total cell number by counting nuclei stained with DAPI. Statistics was carried

out using GraphPad Prism.

2.2.5.9 Phenotype analysis
Cells incubated with the B7-H3 antibody or B7-H3 ectodomain were identified and

characterized based on the present of ruffles or stress fibre formation. Phenotypes were then
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scored and counted with at least 10 cells from 7 different fields of view per cell line per

experiment (figure 20).

Control IgG B7-H3mAb  B7-H3 ectodomain

Figure 20: Representation of actin phenotypic changes of different cell lines treated with
control I1gG, B7-H3 Antibody or B7-H3 ectodomain.

A549 example images of how cells were classified based on the changes represented and
scored upon identification of normal, stress fiber or ruffle formation denoted by the red line
in Control, B7-H3 mAb, and B7-H3 ectodomain respectively. Cells were stained for F-actin.

2.2.5.10 Spheroid 3D invasion and QuPath analysis
For the invasion assay, Images were acquired and analysed on Imagel as described in 2.2.4.10

Hanging drop and spheroids invasion assay of the methods section (Figure 21).

To further analyse the spheroids, the area and number of cells in a spheroid was quantified
using QuPath software. Images were captured as described in the “Hanging drop and
spheroids invasion assay” section. The images were imported to QuPath software where they
were designated as ‘Fluorescence’ images and DAPI channel was selected to show nuclei in
spheroids embedded in collagen gels for 24 hours. From each spheroid, the middle slice of a
Z-stack imaged spheroid was chosen for analysis. This was repeated for each of at least six
spheroids per treatment/condition of 3 independent experiments. The total nuclei were
annotated using the polygon tool (Figure 22A, yellow). Following annotation, cell detection
was applied to identify individual nuclei (Figure 22.B, red) and these individual detections
were fed into the 2D Delaunay Clustering analysis option to allow output of mean neighbour
distance, nuclei number and area. These outputs were entered into Prism and compared

between cell lines/treatments to identify differences in proliferation and cell packing.

82



Ohs 24hs

Brightfield

Threshold

Figure 21: Image Analysis Pipeline for Quantification of Total Spheroid Invasive Area.

Top panel shows example images of H358 spheroids taken immediately or 24 hours post
embedding. Bottom panel shows Thresholded images of same spheroids region selected for
guantification.
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Figure 22: Image Analysis Pipeline for Quantification of Nuclei and cell packing using QuPath
A) Representative of the middle slice of an H358 spheroid stained for DAPI as displayed in
QuPath (B) Displayed annotation area after application of polygon tool, shown in yellow. (C)
Displayed detection of individual nuclei after application of the cell detection tool, shown in
red. All proliferation analyses were run in QuPath (version 0.3.0) with statistical analyses in
Prism 9.
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2.2.6 Statistical analysis

Data values are expressed as mean * standard error of mean (SEM) of at least three
experiments unless stated. All statistical tests were carried out using GraphPad Prism, version
9. Student’s t-test was used for comparing two groups for statistical analysis. One or two-way
analysis of variance (ANOVA) with Tukey’s post hoc was used for multiple comparisons.
Statistically significant values were taken as * = p < 0.05, ** = p< 0.01, *** = p < 0.001, ****

= p < 0.0001 and were assigned in specific figures and experiments as shown.
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3. Characterisation of B7-H3
expression and localisation in
normal lung epithelial and cancer
cells
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3.1 Introduction

B7-H3 is highly expressed in cancer and one of the B7/CD28 superfamily of immune
checkpoints that regulate the T-cell response. B7-H3 mRNA levels are widely expressed in
most tissues. The protein expression of B7-H3 has been detected in immune cells, and
identified at low levels in normal lung, liver, bladder, testes, prostate, breast, placenta and
lymphoid organs (Dong et al., 2018). Studies have found that B7-H3 protein is upregulated in
T-cells, antigen presenting cells (APC) and natural killer cells (NK), and is highly expressed in
many types of tumours, including NSCLC, prostate, kidney, ovary, colorectal and breast
cancer, where its presence is associated with poor prognosis (Brunner et al., 2012). However,
the specific function and ligand for B7-H3 remains unclear as conflicting reports suggest it can
both stimulate and inhibit the immune response. One study demonstrated a co-stimulatory
role where B7-H3 binding enhanced IFN-y-producing CD8 T-cells and increased IL-12 levels
(Chapoval et al., 2001). Conversely, another study suggested a co-inhibitory role where B7-
H3 inhibited the proliferation of both CD4 and CD8 T-cells and decreased the production of
IL-2 and IFN-y, likely through suppression of nuclear factor kB (NF-kB) mediated signalling
pathways (Prasad et al., 2004). Moreover, most previous studies have focused on the
interaction between B7-H3 and immune cells. However, previous unpublished work in the
Parsons lab has demonstrated that B7-H3 is localised between adjacent cells, raising the
possibility that B7-H3 is a cell-cell adhesion protein. Nevertheless, the role of localisation of
B7-H3 in normal epithelial vs. cancer cells and how this contributes to tumourigenesis remain

unclear.

Cell-cell adhesions are vital for maintaining epithelial cell and tissue integrity, polarity and
regulating biological processes (Garcia et al., 2018). Generally, epithelial cells have three
intercellular junction systems: gap junctions, which serve as intercellular channels that allow
small molecules, ions and electrical impulses to directly pass through; tight junctions, that
form a barrier that is impermeable to most soluble molecules between the two sides of the
epithelium; and anchoring junctions, such as adherens junctions (AJs) that connect with the
cortical cytoskeleton to provide structural support and cell-cell sensing and integrate
intercellular signalling, including regulation of transcription pathways (Jamora & Fuchs, 2002).

E-cadherin/B-catenin complexes are among constituent structural molecules that assemble
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to form AJ. They can activate multiple key signal transduction pathways and are actively
involved in epithelial to mesenchymal transition (EMT), an important mechanism in cancer
progression and initial step of metastasis, thus playing a critical role in tumourigenesis (Bedi

et al., 2008).

Primary cilia also serve key signalling roles in maintaining epithelial cell state (Higgins et al.,
2019). The primary cilium is a microtubule-based nonmotile structure that protrudes from
the surface of almost all mammalian cells (Gluenz et al., 2010b). Primary cilia consist of
axoneme which is anchored to the cell by the basal body that is nucleated by the mother
centriole (Lattao et al., 2017). One of the highly enriched proteins in cilia is ARL13B, which
plays a role in regulating GTPases and cilia length from within cilia (Gigante et al., 2020). A
recent study demonstrated that ARL13B interacts with purine biosynthetic enzyme Inosine-
5'-monophosphate dehydrogenase 2 (IMPDH2) and by depleting ARL13B it enhanced salvage
purine biosynthesis of damaged environmental purines (Shireman et al., 2019). The presence
of cilia is dynamically regulated during cell cycle progression; if the cell is dividing the cilium
retracts into the cell and the centrosome acts as the mitotic pole (Goto et al., 2013). It has
been reported that cilia are lost in multiple cancer types and that it is due to several ciliary-

associated genes being heavily dysregulated in cancer (Basten et al., 2013; Seeley et al., 2009).

Given the uncertainty around localisation and function of B7-H3, experiments in this first
chapter aimed to study and characterise this in both normal human lung epithelial and cancer
cells with a view to understanding whether the widely observed upregulation in B7-H3 levels

in cancer alters localisation and function.

88



3.2 Results
3.2.1 B7-H3 expression in 16HBE, A549 and H358 Cell lines
In order to begin to understand B7-H3 function, it was first necessary to characterise the

expression levels of the mRNA and protein in the different three cell lines.

Cell lines used in this study were 16HBE, which is a normal lung epithelial cell line, and A549
and H358, which are both human lung adenocarcinoma cell lines. To compare the mRNA
expression levels between the three cell lines, qPCR was carried out using primers against B7-
H3. Data demonstrated that H358 cells had the highest mRNA expression of B7-H3 compared
to A549 and 16HBE (Figure 23A). To investigate the expression levels of B7-H3 protein, whole
cell lysates were extracted from cells and run on a Western blot then probed with an antibody
against B7-H3. Consistent with mRNA levels, quantification of bands from Western blots
demonstrated that 16HBE cells expressed significantly lower levels of endogenous B7-H3
compared to both adenocarcinoma cell lines, while H358 express the highest levels compared

to A549 and 16HBE cells (Figure 23B-C).

A range of molecular weight banding patterns was seen in the three cell lines tested, inferring
that B7-H3 undergoes post-translational modification, possibly through glycosylation, as has
been previously suggested (Chen et al., 2015). Protein glycosylation helps in proper folding of
proteins, stability and in function of membrane receptors. Different glycosylation patterns in
these three cell lines could point to different functional outcomes (Parekh’ et al., 1992). Even
though it has been shown previously that B7-H3 is glycosylated, functional implications for
this glycosylation are still unknown (Chen et al., 2015). To determine whether the different
banding pattern was due to glycosylation, whole cell lysates were subjected to treatment with
PNGase F, which is an enzyme that cleaves N-linked glycosides from proteins. Cell lysates were
treated with PNGase F for 1 hour at 37°C followed by Western blotting probed for B7-H3 and
HSC70 as a loading control. Following PNGase F treatment, the molecular weight of the
resulting bands was visibly reduced from 100kDa to 70kDa indicating a loss of glycol groups
from the protein (Figure 23D). This confirms that B7-H3 is heavily glycosylated in all three cell

lines, which may play a role in the function of this receptor.
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Figure 23: B7-H3 expression is increased in lung cancer cell lines compared to normal lung
epithelial cells.

(A) mRNA levels of B7-H3 as measured by gPCR in 16HBE, A549 and H358 cells. (B) Western
blot of lysates from 16HBE, A549 and H348 cells probed for B7-H3 and HSC70 (C)
Quantification of Western blots as in (B) from 3 independent experiments. Graph shows mean
+/- SEM. Significance assessed by one-way ANOVA; **p<0.01, *** p<0.005, ****p<0.001 (D)
Western blot of lysates from specified control cells (-) or those cells treated with PNGaseF
glycosylation inhibitor (+) probed for B7-H3 and HSC70. Representative of 4 experiments.
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3.2.2 B7-H3 subcellular localisation differs between lung epithelial and cancer
cells

To determine B7-H3 localisation in 16HBE, A549 and H358 cell lines, cells were grown on
coverslips, fixed, and stained with an anti B7-H3 antibody, DAPI and Phalloidin.
Representative confocal images in Figure 24.A demonstrated that B7-H3 is localised
predominantly to the cell periphery in adenocarcinoma cell lines and enriched at sites of cell-
cell adhesion. 16HBE cells displayed lower plasma membrane staining and more punctate
cytoplasmic staining compared to the two tumour cell lines (Figure 24A). Quantification of
the signal intensity of the protein at the plasma membrane compared to the cytoplasm
demonstrated that H358 showed significantly higher membrane B7-H3 compared to both
A549 and 16HBE cells, with ~80% of B7-H3 fluorescence intensity in 16HBE and A549 was in
the cytoplasm (Figure 24.B). The B7-H3 staining intensity correlated to the expression levels

observed by Western blotting.
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Figure 24: B7-H3 localisation differs between lung epithelial and cancer cells.

(A) Representative confocal images of 16HBE, A549 and H358 cells stained for B7-H3
endogenous levels (top panel). Bottom panel shows merged B7-H3 (green), F-actin (magenta)
and DAPI (blue). Scale bars 10 um. (B) Quantification of fluorescence intensity of B7-H3 in the
cytoplasm and at plasma membrane in all cells. Graph shows pooled data from 3 independent
experiments, at least 50 cells per experiment per condition. Data is shown as mean +/- SEM,
significance assessed by one-way ANOVA; ****p<0.001.
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3.2.3 B7-H3 levels are regulated by degradation

Glycosylation of membrane receptor proteins plays a crucial role in protein conformation and
stability (Lee et al., 2015). In order to assess whether the stability of B7-H3 was altered
between normal and cancer cells, cultures were treated with the protein synthesis inhibitor
cycloheximide and levels of B7-H3 protein were analysed by Western blotting after 6 or 24
hours of treatment. Western blots (Figure 25A) and subsequent quantification (Figure 25B)
revealed that levels of B7-H3 were significantly reduced after 24 hours of treatment
compared to DMSO controls, suggesting that the protein is being degraded at a similar rate

in all cell lines.

To further investigate the mode of degradation of B7-H3, cells were treated with
cycloheximide in the presence or absence of MG132 or Leupeptin (proteasomal and
lysosomal-dependent protein degradation inhibitors, respectively). Treating cells with MG132
did not have an effect on B7-H3 levels (Figure 25C, D). However, B7-H3 levels accumulated
after leupeptin treatment in all three cell lines after 16 hours of treatment (Figure 25E, F).
Collectively, these results indicate that B7-H3 is being degraded through the lysosomal
pathway in agreement with a recent report (Zhang et al., 2021), and that this turnover occurs

to a similar degree in normal and cancer cell lines.
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Figure 25: B7-H3 protein expression is regulated by lysosomal degradation.

(A) Representative blots of lysate from specified cells treated with either control (DMSO) or
50 mM of Cycloheximide (CHX) and lysed immediately, and after 6- or 24-hours post-
treatment. (B) Quantification of 3 independent experiments per cell line as in (A). (C) Western
blot of lysates from specified cells treated with CHX +/-20 uM MG132 (proteosome inhibitor)
for 16 hours, probed for B7-H3. (D) Quantification of blots from 3 independent experiments
as in (C). (E) Western blot of lysates from specified cells treated with CHX +/-100uM Leupeptin
(lysosome inhibitor) for 16 hours, probed for B7-H3. (F) Quantification of blots from 3
independent experiments as in (C). All graphs show means +/- SEM. Statistical analysis
performed by 2-way ANOVA. Significance values are * =p<0.05, **=p<0.01, ***= p<0.005.
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3.2.4 B7-H3 localises to adherens and tight junctions in all cells

As B7-H3 is located at the plasma membrane and appears to be enriched at cell-cell junctions,
the next goal was to determine whether B7-H3 co-localised with adherens or tight junction
proteins. 16HBE, A549 and H358 cells were seeded onto coverslips, fixed, and stained for B7-
H3 (green) and E-cadherin (magenta) antibody as a marker for adherens junctions.
Representative confocal images demonstrated co-localisation of E-cadherin and B7-H3 to cell-
cell adhesion sites (Figure 26A). Quantification of confocal images using Mander’s correlation
coefficient analysis revealed that B7-H3 showed high co-localisation with E-cadherin in H358
cells and this was reduced in A549 and 16HBE (Figure 26B), consistent with levels of B7-H3 at

the plasma membrane in the respective cell lines (Figure 24B).

Staining of parallel coverslips with antibodies to ZO-1, a marker for tight junctions (magenta)
and B7-H3 (green) revealed a similar degree of high co-localisation in H358 cells, which was
reduced in A549 and 16HBE cells (Figure 26C). These data collectively indicate that B7-H3 can
co-localise with cell-cell adhesion markers and that this is enhanced in cancer cells compared

to normal lung epithelial cells.
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Figure 26: B7-H3 localises to cell-cell adhesion sites and tight junctions.

(A) Representative confocal images of 16HBE, A549 and H358 cells stained for nuclei (blue),
B7-H3 (green and middle panel) and E-cadherin as a marker of AJ (magenta and right panel).
(B) Quantification of Mander’s co-localisation coefficient from images as in (A). B7-H3
overlapping with E-cadherin intensity is shown from at least 50 cells and 6 fields of view. (C)
Representative confocal images of cells as in A stained for nuclei (blue), B7-H3 (green and
middle panel) and ZO-1 as a marker of TJ (magenta). Data is shown as mean +/- SEM,
significance assessed by one-way ANOVA; **=p<0.01, ***= p<0.001. Scale bars 10 um.
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3.2.5 B7-H3 does not localise to endosomes or lysosomal compartments
Previous images of B7-H3 in 16HBE normal lung epithelial cells showed that B7-H3 localises

to some specific cytoplasmic compartments (Figure 24A).

To investigate the nature of these structures, 16HEB cells were plated onto coverslips, fixed
and stained for B7-H3 (green) and selected endosomal markers (magenta); Rab10 and Rab11
that are regulators of intracellular transport of proteins (Lucken-Ardjomande Hasler et al.,
2020), and EEA1 an early endosomal marker and effector protein involved in the docking of
incoming endocytic vesicles prior to fusion with early endosomes (Wilson et al., 2000). None

of these endosomal proteins showed co-localisation with B7-H3 (Figure 27A)

To test whether B7-H3 was located to the lysosomal compartments in 16HBE, cells were
labelled with lysosomal probe LysoTracker™ (magenta) prior to fixing the cells and staining
for B7-H3 (green). CD63, a lysosomal integral membrane protein described as a main factor
in endosomal cargo sorting and extracellular vesicle production (Hurwitz et al., 2018), was
used as an additional marker for lysosomes. As no antibodies were available that were
compatible with B7-H3 staining, CD63-GFP was transiently transfected (magenta) into 16HBE
cells followed by fixing and staining for B7-H3 (green). Confocal images revealed that B7-H3

was not co-localised with either lysosomal markers (Figure 27B).

This data suggests that B7-H3 does not localise to endosomal or lysosomal compartments in

16HBE cells.
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Figure 27: B7-H3 does not localise to endosomes or lysosomal compartments in 16HBE cells.
(A-B) Representative confocal images of 16HBE cells stained for nuclei (blue), B7-H3 (green
middle panel) and either Rab10, Rab11 or EEA1 (magenta and far right panel). (B) B7-H3
staining (green) with Lysotracker or overexpressed CD63-GFP (magenta and far right panel).

Scale bars 10 um.
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3.2.6 B7-H3 localises to primary cilia in 16HBE cells
Upon closer inspection of confocal Z-stacks of B7-H3 stained 16HBE cells, both punctate
localisation in the cytoplasm and at the apical surface of cells were visible. We postulated that

the latter localisation within discrete apical regions may be primary cilia.

To investigate B7-H3 localisation to primary cilia, 16HBE cells were fixed, and stained for B7-
H3 (green) and 2 different primary cilia antibodies; ARL13B and Pericentrin (magenta) (Figure
28A). ARL13B which is enriched in the primary cilia membrane/axoneme (Gigante et al.,
2020), co-localised with B7-H3 in apical sections of the Z-stack confocal images (Figure 28A
left panel). To further confirm B7-H3 localisation to primary cilia, pericentrin (PCN), which
localises to the base of primary cilia (Jurczyk et al., 2004), was used. More basal view images
of Z-stack confocal sections showed that B7-H3 also co-localised with PCN (Figure 28A right

panel).

Analysis of the percentage of cells with both primary cilia markers demonstrated that ~40%
of the cells were ARL13B/PCN positive, and ~20% of these cells showed B7-H3 co-localising
with these two markers (Figure 28B). Taken together, this data demonstrates that B7-H3

localises with primary cilia markers in normal lung epithelial cells.
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Figure 28: B7-H3 localises to primary cilia in 16HBE cells.

(A) Representative apical and basal confocal images of 16HBE cells stained for nuclei (blue),
B7-H3 (green middle panel) and cilia markers (Arrow); ARL13B or Pericentrin (magenta
bottom panel). (B) Quantification of the percentage of cells in (A) that has cilia. B7-H3
overlapping with either ARL13B as a marker of ciliary membrane or Pericentrin (PCN) marker
of the basal body intensity were plotted. Cells quantified shown from at least 40 cells and 7
fields of view. Values were obtained from three independent experiments. Scale bars 10 um.
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3.2.7 B7-H3 localises to Rods & Rings in 16HBE cells

Whilst the cilia markers revealed co-localisation with B7-H3 at apical surfaces, these markers
did not overlap with the highly defined cytoplasmic accumulations of B7-H3 in circular or
linear structures. Upon consulting the literature, these structures were reminiscent of
polymers of IMPDH (inosine monophosphate dehydrogenase) known as rods and rings (RR)

(Schiavon et al., 2018).

In order to determine whether B7-H3 localised to RR in 16HBE cells, cells were stained for
IMPDH2 and B7-H3. Representative confocal images (Figure 29A) showed B7-H3 (green)
overlapping with IMPDH2 (magenta) at RR in the cytoplasm of 16HBE cells. Moreover,
Mander’s coefficient analysis showed ~60% co-localisation between B7-H3 and IMPDH2 in
these structures (Figure 29B). Quantification of the mean number of RR per cell showed the
range of RR/cell varied between 1 to 3 (Figure 29C). This data combined with the previous
figure demonstrate that B7-H3 localises to primary cilia and RR in normal human lung

epithelial cells.
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Figure 29: B7-H3 localises to Rods and Rings in 16HBE cells.

(A) Representative confocal images of 16HBE cells stained for nuclei (blue), B7-H3 (green
middle panel) and IMPDH2 (magenta and far right panel). Scale bars 10 um. (B-C)
Quantification of co-localisation and mean number of Rods and Rings (RR) per cell from
images of B7-H3 and IMPDH2 stained cells. Quantification of IMPDH2 and B7-H3 co-
localisation was carried out using Mander’s coefficient and represents mean +/- SEM from 5
fields of view with at least 10 cells/field of view and from 7 independent experiments.
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3.2.8 Higher B7-H3 expression in cancer cell lines correlates with lower cilia
numbers

Data thus far indicates that B7-H3 localises to primary cilia in 16HBE cells which exhibited the
lowest levels of B7-H3 compared to the lung adenocarcinoma cell lines. In order to explore
whether B7-H3 expression correlated with formation of primary cilia, A549 and H358 cells
were fixed and stained for ARL13B (magenta) to analyse the presence of primary cilia (Figure
30A). Quantification of ARL13B positive cells was then carried out from confocal images and
revealed significantly higher percentage of 16HBE cells displaying primary cilia compared to
both A549 and H358 (Figure 30B). This data suggests that A549 and H358 cells assemble a
significantly decreased number of primary cilia compared to normal lung epithelial cells, and

the levels of B7-H3 expression inversely correlates with the assembly of primary cilia.

A
16HBE A549 H358

B
ok Kk
8 807 KKk ok
‘S
2 T =
)
o 404
3
<
<
=
ot T
2
3
3 - = T

T T 1
16HBE A549 H358

Figure 30: Higher B7-H3 expression in cancer cell lines correlates with lower cilia numbers.
(A) Representative confocal images of 16HBE, A549 and H358 cells stained for nuclei (blue),
ARL13B (magenta). (B) Quantification of the percentage of cells forming cilia. Data is shown
as mean +/- SEM, significance assessed by one-way ANOVA; ****p<0.0001. Quantification
from at least 40 cells and 10 fields of view. Values are obtained from three independent

experiments. Scale bars 10 um.
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3.2.9 Overexpressing B7-H3 in 16HBE increases B7-H3 membrane localisation
and reduces cilia formation

To investigate the theory that B7-H3 expression levels negatively correlate with primary cilia
formation, 16HBE cells were transiently transfected with either non-targeted GFP plasmid as
a control, or B7-H3-GFP to overexpress the protein in a subset of cells. Cells were then fixed
and stained for B7-H3 (magenta) and ARL13B (cyan) (Figure 31A). Confocal images showed
B7-H3-GFP localising more at cell-cell junctions compared to endogenous B7-H3 in these cells.
To analyse this in more detail, the intensity of B7-H3 at the membrane was measured and
compared to intensity at the cytoplasm in control 16HBE and B7-H3-GFP overexpressing cells.
Levels of plasma membrane associated B7-H3-GFP were significantly higher compared to
endogenous B7-H3 (Figure 31B). Moreover, overexpressing B7-H3-GFP significantly reduced
the number of primary cilia compared to control cells, reaching levels seen previously in A549
and H358 cancer cells (Figure 31C). This data suggests that overexpressing B7-H3 results in
higher translocation to the plasma membrane, and that B7-H3 might negatively regulate

primary cilia assembly.
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Figure 31: Overexpressing B7-H3 increases B7-H3 membrane localization and reduces cilia
formation in 16HBE cells.

(A) Representative confocal images of control GFP transfected 16HBE cells or B7-H3-GFP
overexpressing cells stained for nuclei (blue), GFP (green), B7-H3 (magenta) and ARL13B
(cyan). (B) Quantification of the percentage of B7-H3 intensity at the membrane and the
cytoplasm in B7-H3 transfected cells and control. (C) Quantification of the percentage of cells
forming cilia. Data is shown as mean +/- SEM, significance assessed by one-way ANOVA;
significance values are **=p<0.01, ***= p<0.005. Cells quantified shown from at least 40 cells
and 10 fields of view. Values were obtained from three independent experiments. Scale bars
10 pm.
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3.2.10 Reducing cilia in 16HBE cells does not change B7-H3 localisation

Previous data presented in this chapter demonstrated that B7-H3 localised to primary cilia,
expression correlated with cilia formation and that overexpression reduced cilia assembly.
We next aimed to investigate whether assembly of cilia could influence B7-H3 subcellular
localisation in normal lung epithelial cells. To explore this, siRNA targeting KIF3A was
transfected into 16HBE cells; KIF3A is a ciliary protein that is crucial for primary cilia
development (Ma et al., 2020). 72 hours post-transfection, cells were lysed, run on a Western
blot, and probed for KIF3A to confirm efficacy of the knockdown (KD) (Figure 32A). ARL13B
and B7-H3 were also probed for and showed no change in expression upon KIF3A depletion
(Figure 32A). KIF3A control or KD cells were also plated onto coverslips and co-stained for
ARL13B (magenta) and B7-H3 (green) (Figure 32B). No changes were seen in B7-H3
localisation, to RR or cell-cell junctions, between KIF3AKD and control cells, although cilia

were significantly reduced upon KIF3AKD (Figures 32C, D).

In order to further explore whether cilia assembly was linked to formation of RR (to which B7-
H3 localise), KIF3AKD cells were fixed and co-stained for B7-H3 (green) and IMPDH2
(magenta) (Figure 32E). Quantification of the mean number of RR/cell from representative
confocal images showed no significant change in RR numbers compared to siRNA control cells
(Figure 32E, F). Taken together, this data suggest that reducing cilia in normal lung epithelia

cells does not change B7-H3 levels or localisation, or influence RR formation.
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Figure 32: Reducing cilia (siKIF3A) in 16HBE cells does not change B7-H3 localisation.
(A) Western blot of lysates probed for KIF3A, B7-H3, ARL13B and HSC70 from 16HBE cells
transfected with siRNA recognising KIF3A (B) representative confocal images of B7-H3 (green)
unchanged localisation in KIF3A knockdown cells. (C-D) Confocal images of ARL13B (Magenta)
stained cells and quantification of the percentage of cells forming primary cilia in control and
KIF3A siRNA (E-F) confocal images of IMPDH2 (green) unchanged localisation in KIF3A
knockdown cells and quantification of the mean number of RR in KIF3AKD cells compared to
the control. White arrows indicate primary cilia. Data shown as mean +/- SEM from 3
independent experiments. Significance assessed by two-way ANOVA;, *** p<0.001. Scale bars
10 pm.
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3.2.11 IMPDHZ2 knockdown does not change B7-H3 localisation

Having shown that cilia assembly do not contribute to B7-H3 localisation or RR formation, we
postulated that RR may instead play a role in cilia or B7-H3 localisation. To investigate this,
siRNA targeting IMPDH2 was transfected into 16HBE, A549 and H358 cells and knockdown
confirmed as ~50% by Western blotting (Figure 33A). The localisation of B7-H3 in IMPDH2KD
cells was analysed by staining cells for B7-H3 and comparing them to control siRNA
transfected cells. Confocal images showed no clear change in B7-H3 localisation upon IMPDH?2

knockdown (Figure 33B).

To determine whether RR could influence cilia assembly, IMPDH2KD cells were stained for
ARL13B and the percentage of cells forming primary cilia was quantified. Analysis revealed
that the number of cilia was significantly increased in IMPDH2KD cells compared to control
(Figure 33C). However, the localisation of B7-H3 to IMPDH2-containing RR in 16HBE cells was
unchanged upon IMPDH2 knockdown (Figure 33D).

Collectively, this data demonstrates that reducing IMPDH2 levels can enhance cilia formation,

but this is not coupled to reduced B7-H3 localisation to RR.
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Figure 33: IMPDH2 siRNA does not change B7-H3 localisation.

(A) Western blot of lysates probed for IMPDH2 and HSC70 from 16HBE, A549 and H358 cells
transfected with siRNA recognising IMPDH2. (B) example confocal images of B7-H3
unchanged localisation in all cells. (C) quantification of the percentage of cells forming
primary cilia in control (Ctrl) and IMPDH2 siRNA. (D) Quantification of IMPDH2 and B7-H3 co-
localisation in RR using Mander’s coefficient and represents mean +/- SEM from at least 10
cells from 5 fields of view from 3 independent experiments. Significance assessed by t-test,
significance values are * =p<0.05, **=p<0.01, ***= p<0.001. Scale bars 10 pum.
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3.2.12 Inhibiting IMPDH?2 activity leads to enhanced B7-H3 localisation to rods
and rings in 16HBE cells

Mycophenolic acid (MPA) is a potent IMPDH non-competitive inhibitor that leads to an
increase in IMPDH2 aggregation in RR (Ji et al., 2006). Given that B7-H3 localisation was not
altered following reduction of IMPDH2 levels, MPA was employed to study the effect of

blocking IMPDH2 activity on B7-H3 levels as well as location.

To assess any changes to B7-H3 levels, cells were treated with 1 uM of MPA and lysed 48
hours post-treatment followed by probing for B7-H3 (Figure 34A). Quantification of Western
blots showed a trend towards a reduction in B7-H3 protein levels in MPA-treated cells, but
this was not significantly different when compared to control cells (Figure 34B). To explore
effects on B7-H3 localisation, MPA-treated cells were plated onto coverslips and stained for
B7-H3 (green) and IMPDH2 (magenta) (Figure 34C). Images demonstrated an increase of RR

number and size.

Quantification of the co-localisation between B7-H3 and IMPDH2 at RR was carried out using
Mander’s coefficient analysis which revealed a significant increase in co-localisation upon
MPA treatment (Figure 34D). Moreover, as shown by previous studies, the number of RR in
16HBE cells was enhanced, MPA treatment also significantly increased RR formation in A549

and H358 cells at low levels compared to 16HBE cells (Figure 34E).

Taken together, data suggests that blocking IMPDH2 activity leads to enhanced recruitment

of B7-H3 to RRs, suggesting IMPDH2 activity negatively regulates this localisation of B7-H3.
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Figure 34: Blocking IMPDH2 activity increases B7-H3 localisation to RR.
(A) Western blot of lysates probed for B7-H3 from 16HBE cells treated with MPA for 48 hours.
(B) quantification of MPA-treated and control cells showing B7-H3 expression levels from
Western blots. (C) representative confocal images of 16HBE cells stained for B7-H3 and
IMPDH2 post 48 hours of MPA treatment. (D) Quantification of co-localisation of B7-H3 and
IMPDH2 in RR from cells stained for both proteins and treated with MPA for 48 hours. (E)
Quantification of the mean number of RR per cell from images of 16HBE, A549 and H358,
treated with MPA and stained for IMPDH2, from 7 or more cells from 8 fields of view pooled
from 3 independent experiments. Graphs shown as mean +/- SEM. Significance assessed by
t-test or one-way ANOVA; **p<0.01, *** p<0.005, ****p<0.0001. Scale bars 10 um.
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3.3 Discussion

3.3.1 B7-H3 expression and membrane localisation increase in cancer cells
compared to normal epithelia

In this chapter we aimed to identify the localisation and expression levels of B7-H3 in normal
lung epithelial cells compared to cancer cells. Data in this chapter demonstrated that B7-H3
localises to cell-cell junctions in 16HBE cells but this was at a lower level when compared to
the two lung adenocarcinoma cell lines. B7-H3 was also identified to localise to other

compartments within the cytoplasm in 16HBE cells.

Firstly, we discovered that B7-H3 localises to the primary cilia. There is a precedent for cell-
cell adhesion proteins localising to cilia (Luyten et al., 2010). The Wnt signalling and adherens
junction protein B-Catenin has been shown to be present in cilia. KIF3A knockout mice showed
abnormal B-Catenin level and dysfunctional Wnt responses, suggesting that cilia have diverse
roles in intercellular communication and may either restrict or stimulate activity depending
on the pathway (Corbit et al., 2008). Secondly, we found strong and specific staining for B7-
H3 in the cytoplasm of structures known as Rods and Rings (RRs). These structures have been
found in a wide variety of cell types under normal growth conditions and can be induced in
some cell lines (Carcamo et al., 2011; Gunter et al., 2008; Noree et al., 2010; Ramer et al.,
2010; Willingham et al., 1987). However, the composition and function of RR remains poorly
understood. B7-H3 has not been previously reported in these structures and is not reported
with the 21 identified proteins present in RR in the human protein atlas ( Rods and rings - The
Human Protein Atlas, 2022) . Interestingly however, SCRIB is present in RR and is also involved
in cell-cell adhesions. SCRIB is required to maintain epithelial integrity and its loss drives
epithelial cells to be susceptible to EMT (Yamben et al., 2013). However, the link between
SCRIB and RR formation has not been explored. Moreover, B2 integrins have also been shown
to be present in RR, raising the possibility that other transmembrane receptors reside in these
structures (Rods and rings - The Human Protein Atlas, 2022). The potential role for B7-H3 in

controlling RR formation will be explored in the next chapter.
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Data shown in this chapter indicates that overexpression of B7-H3 can suppress cilia
assembly. The primary cilium plays a key role in controlling B-catenin independent (non-
canonical) Wnt signalling, and perturbation of ciliary genes activates B-catenin dependent
Whnt signalling and disrupts B-catenin independent Wnt signalling (Oh and Katsanis, 2013).
Moreover, overactivation of B-catenin dependent Wnt signalling leads to a loss of primary
cilia (Saito et al., 2015). Increased B-catenin expression levels in basal-like breast cancer
correlate with poor prognosis (Khramtsov et al., 2010). This suggests that higher expression
of B7-H3 leads to movement of the protein from primary cilia to junctions as observed in B7-
H3-overexpressed 16HBE cells. Further analysis of whether loss of B7-H3 can regulate cilia

assembly will be addressed in the next chapter.

Epithelial-mesenchymal transition (EMT) has been reported to be accompanied by the loss of
epithelial markers and the gain of mesenchymal markers. Clinical microarray results
demonstrated that increased levels of vimentin mRNA (a marker for mesenchymal cells) after
chemotherapy correlated to a poor prognosis of breast cancer patients. Vimentin depletion
induced reorganisation of cytoskeletons and reduced focal adhesions, which resulted in
impaired mechanical strength because of reduced cell stiffness and contractile force. In
addition, overexpressing vimentin increased cell stiffness, elevated cell motility and
directional migration, reoriented microtubule polarity, and increased EMT phenotypes due to
the increased B1-integrin and the loss of junction protein E-cadherin (Liu et al., 2015). B7-H3
is localised at the junctions between tumour cells, however that does not necessarily
correlate with more intact cell-cell adhesions, as A549 show less well organized/looser
junctions compared to 16HBE or H358 cells. Recently, the link between EMT and cancer cell
invasion has been challenged. A landmark study demonstrated that distal metastases often
maintain E-cadherin at adhesions, and this can promote survival in metastatic breast cancer
through reduced apoptosis induced by oxidative stress (Padmanaban et al., 2019). E-cadherin
junctional contacts were also found to be retained in various epithelial tumours undergoing
collective cell migration (Janiszewska et al., 2020). Indeed, a more recent concept of ‘partial
EMT’ suggests E-cadherin and cell-cell adhesion integrity may play a more nuanced role in
promoting cancer cell dissemination, survival, and metastasis (Saxena et al., 2020). Thus, the

enhanced localisation of B7-H3 to cell-cell adhesion sites observed in lung cancer compared
113



to normal epithelial cells may indicate a role for B7-H3 in controlling these structures and
downstream functional consequences. Potential contributions of B7-H3 to cell-cell/cell-

matrix adhesion formation, proliferation and invasion will be explored in the next chapter.

The movement of B7-H3 to distinct subcellular compartments suggests this molecule is likely
to undergo either trafficking through the endosomal system, or lateral movement on the
plasma membrane. Data shown in this chapter indicated that B7-H3 does not co-localise with
some key endosomal markers. Nonetheless, B7-H3 is degraded via lysosomes, and it has been
shown that B7-H3 partially co-localises with early endosomes and lysosomes in breast cancer
cells upon cellular uptake of fluorescently labelled B7-H3-indocyanine green antibody (Wilson
et al., 2017). However, previous data from the Parsons lab demonstrated no internalisation
of B7-H3 in adenocarcinoma cell lines in time frame of up to 4 hours using different
approaches. Therefore, movement of B7-H3 could occur via slower, non-specific routes such
as macropinocytosis, which is a form of endocytosis that mediates uptake of soluble
molecules, nutrients and antigens and shown to be upregulated in cancer cells (Recouvreux
& Commisso, 2017). Moreover, this process is actin-dependent, initiated from surface
membrane ruffles that brings about large endocytic vacuoles called macropinosomes (Lim &
Gleeson, 2011). Given this relationship with actin and subsequently cell motility, the role of

B7-H3 in organisation of cytoskeletal assembly will be investigated in the next chapter.

To determine if B7-H3 is internalised via macropinosomes, further studies through the use
fluorescently tagged fluid-phase markers known to be predominantly internalised by
macropinocytosis, such as dextran, Lucifer Yellow and horseradish peroxidase would need to
be performed, and subsequent B7-H3 localisation need to be analysed in more detail.
Alternatively, internalisation of the B7-H3 could be carried out by receptor crosslinking on the
cell surface. Moody et al reported that increasing crosslinking of the HER2 directed
monoclonal antibody Trastuzumab drives HER2 internalisation and subsequently redirect
endocytic trafficking to lysosomes in breast cancer cell lines (Moody et al., 2015). Therefore,

incubation of B7-H3 with biotinylated cargo followed by addition of streptavidin to crosslink

114



receptor:cargo—biotin complexes and subsequent observation of B7-H3 localisation would

give confirmation if this is the case for B7-H3 internalisation.

Conversely, it has been reported that B7-1, a member of the B7 family, cytoplasmic domain
did not contain a linear ER export motif (Peotter et al., 2019). This cytoplasmic tail enhanced
intracellular transport of both a reporter protein (human alpha fetal protein) and a single-
chain antibody. This could happen through interaction with the cellular transport machinery,
such as (Sec23/Sec24) in the Coat Protein complex Il (COPII), that accelerate trafficking to
Golgi apparatus and cell surface (Lin et al.,, 2013). The cytoplasmic tail of type |
transmembrane proteins rarely has ER export motifs. This could be tested for B7-H3 by
mutating Sarl protein, which is required for COPIl assembly and fusion, and treating cells with
single-chain antibodies then measuring the accumulation of single-chain antibody on the cells
surface as a readout of B7-H3 intracellular transport rate (Lin et al., 2013). Exploring these
pathways would be valuable to further understand how B7-H3 moves between

compartments within the cell.

3.3.2 Potential importance of B7-H3 in primary cilia and roles in cancer

Primary cilia are microtubule-based protruding organelles that are found in nearly all human
cells and contain sets of nine microtubule doublets surrounded by a phospholipid membrane
(Wheway et al., 2018). This membrane is continuous with the plasma membrane topologically
surrounding the rest of the cell, which might indicate B7-H3 localisation in the cilia. B7-H3
also co-localises with pericentrin a centriole marker (Figure 28). It has been found that p-S47
B-catenin epitope, which is involved in canonical Wnt signalling and subsequently cilium
assembly, localises to the mother centriole subdistal appendages during ciliogenesis (Kyun et
al., 2020). Ciliogenesis, occurs in several stages. First, to free centrioles for axoneme
nucleation, cells must exit the mitotic cycle. Then, centrioles are termed basal bodies when
addition of distal appendages and docking to a ciliary vesicle that fuses with the plasma
membrane occurs. Finally, extension of the ciliary axoneme and membrane is facilitated by a
process termed intraflagellar transport (IFT). This process requires the bidirectional transport

of microtubule motors and protein complexes, known as IFT, proteins (Pedersen &
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Rosenbaum, 2008). The main role of primary cilia is to sense a variety of external cues and
functions as a signal transduction hub, involving signalling pathways with relevance to
development and diseases including cancer (Lancaster & Gleeson, 2009). The primary cilium
has several signalling receptors localised to it, including receptors for sonic hedgehog
canonical and non-canonical Wnt signalling (Grisanti et al., 2016; May-Simera & Kelley, 2012).
There is increasing evidence suggesting cilia antagonise cell cycle progression, and this has
increased the focus on the role of primary cilia in cancer. A dysregulated cilium can lead to
signalling impairments, causing an initiation of tumourigenesis (May-Simera & Kelley, 2012).
Primary cilia have been shown to be frequently lost in different cancer types (Kim & Tsiokas,
2011). Data in this chapter demonstrated that knocking down KIF3A in 16HBE cells resulted
in a significant decrease in the number of primary cilia, and therefore reduced B7-H3 in cilia.
However, this did not lead to altered B7-H3 localisation to the junction or to RRs, suggesting
that loss of primary cilia alone is not sufficient to initiate changes in B7-H3 levels or
localisation seen in cancer cells. Thus, it could be hypothesised that the loss of cilia in cancer
occurs independently (or after) increased B7-H3. Further testing of B7-H3 involvement in

primary cilia formation will be addressed in the next chapter.

There have been various reports of a connection between the cilium and polarity of cells, a
study conducted by Saburi et al demonstrated that KIF3A-mutant mice induced cilia loss while
also causing aberrant polarity and abnormalities in cell division (Saburi et al., 2008). The ciliary
membrane contains receptors for Wnt, Hedgehog Notch and other growth factors as well as
harbouring integrin and cadherin family members, which allows receipt of a robust variety of
signals (Seeger-Nukpezah & Golemis, 2012). Furthermore, disruptions in the extracellular
environment alter signals received by cilia affecting cell growth properties. Specialised ciliary
membrane displays receptors that form proteins which influence the ECM interactions, EMT
and cell polarity (Donnelly et al., 2009). One example of transmembrane protein flux in the
ciliary membrane is provided by Smo, a seven-transmembrane protein essential for Sonic
Hedgehog pathway (Byrne et al., 2016; Corbit et al., 2005). Smo trafficking to the ciliary
membrane could potentially be through lateral diffusion from the plasma membrane
(Milenkovic et al., 2009). Reports have shown that cholesterol binding to Smo at its

extracellular domain could be the agonist-induced event that results in activation of Smo in
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the Sonic Hedgehog signalling (Shh) (Byrne et al., 2016). Upon activation of Shh, accumulation
of endogenous Smo occurs in cilia gradually over hours (Huang et al., 2016). Polycystin-1 (PC1)
and Polycystin-2 (PC2) are one of the G proteins—coupled receptors found to be localised to
cilia as well as exosomes (Pazour et al., 2002). PC2 is mostly found in the endoplasmic
reticulum (ER), and PC1 promotes its trafficking to cilia from the ER (Cai et al., 2014). PC1/2
ligand is yet to be discovered, however, they might be functioning in cilia as “regulated” cation
channels (Ha et al., 2020). Future studies on B7-H3’s cytoplasmic tail by introducing mutations
and observing key ciliary pathways would help in understanding how B7-H3 is recruited to

primary cilia and whether it is involved in accelerating ciliary machinery.

3.3.3 B7-H3 is a novel component of RR

Previous studies on B7-H3 have mainly focused on its contribution to cancer with very few
investigations of the role of this receptor in normal cells. One study showed B7-H3 staining in
both normal breast epithelial and endothelial cells using immunohistochemical (IHC) analysis
(K. E. Wilson et al., 2017). Another study showed staining in normal mammary tissues where
B7-H3 was located at very low levels in endothelial and epithelial cells of murine tissue
(Bachawal et al., 2020). No previous reports have shown B7-H3 localisation to RR in normal
lung epithelial cells, as we demonstrate here. Further staining of B7-H3 together with IMPDH2
in normal epithelial cells from other tissues would be beneficial to further confirm its
localisation to RR and whether cell type tested normally form these structures. RR are thought
to contribute to the regulation of de novo guanine nucleotide synthesis, however, the
function and regulation of RR remains unclear. A recent study has found ARL2, a highly
conserved GTPase within the ARF superfamily, is localised to RRs. In the earliest stages of RR
formation, only IMPDH2 was present, this was followed by ARL2 recruitment and finally
calnexin was recruited to fully formed RR (Schiavon et al., 2018). Recruitment of ARL2 to RR
may serve to sequester it from other sites thus, reducing its activity. These recruitment events
have been referred to as “higher order signalling”, which may potentially also be the case for

B7-H3 (Francis et al., 2016).
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RR induction has been commonly observed upon treatment of cells with drugs that inhibit
IMPDH such as MPA, which traps a covalent intermediate of IMPDH with covalently bound
nucleotide and inhibits this rate limiting step in guanine nucleotide biosynthesis (Schiavon et
al., 2018). MPA interrupts purine biosynthesis and induces macroaggregates of IMPDH
protein (Ji et al., 2006). As shown in this chapter, treating cells with MPA significantly
increased RR formation and B7-H3 localisation at these structures. On the other hand,
knocking down IMPDH2 did not show any effect on RR formation in 16HBE cells, this could be
because MPA is a potent inhibitor of IMPDH2 and thus aggregates it in RR which then recruits
B7-H3 to RR as seen in cells that do not typically form RR in normal growth conditions, such
as A549 and H358 adenocarcinoma lines. Another reason for the low effect of IMPDH2KD
using siRNA compared to inhibiting via MPA is that KD levels in the cells here was only
achieved to ~50%, which may not be sufficient to initiate changes in RR aggregation and
subsequent increased B7-H3 recruitment. A study conducted by Carcamo et al showed
knocking down 95% of IMPDH2 in cells increased RR formation while overexpression of the
protein inhibited RR formation (Carcamo et al., 2011). Therefore, improved reduction as well
as overexpression of IMPDH2 levels would be valuable to investigate its effects on B7-H3
localisation and RR formation. The effect of overexpressing B7-H3 on RR formation will be

explored in the next chapter.

3.3.4 Relationships between cilia and RR — potential function in epithelium and
cancer

A recent study has reported that ALR13B, a ciliary protein and a member of the ARF
superfamily, interacts with IMPDH2 (Shireman et al., 2021). This raises the possibility of some

form of previously unexplored interplay between cilia and RR.

One study on ARL2 and IMPDH2 co-localisation, reported that ARL2 binding partner
engulfment and motility domain-containing protein 2 (ELMOD2) also localised to RR.
Moreover, the study found cofactor D, which is involved in aB-tubulin biogenesis and forms
a complex with ARL2 and B-tubulin, co-localised with ARL2 at RR (Schiavon et al., 2018). a-

and B-tubulin are the building blocks to forming microtubules, of which ARL2 is a key regulator
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(Khalifa et al., 2020; Zhou et al., 2006). ARL2 has also been linked to centrosome stability
demonstrating function of ARL2 in transport of myristoylated cargo proteins (Jaiswal et al.,
2016). Moreover, ARL2 works together with ELMOD?2 in the mitochondrial intermembrane
space to affect fusion (Schiavon et al., 2019). Furthermore, despite previous reports on RR
not associating with a membrane when visualized using Electron microscope (EM) (Ji et al.,
2006; Juda et al., 2014; Thomas et al., 2012), membrane proteins such as calnexin was found
to co-localise along the entire RR length seen by immunofluorescence (Schiavon et al., 2018).
However, Schiavon et al examination and visualization of organelle markers using
transmission EM led to the discovery that several ER proteins localised to RR, half seemed to
be in proximity to ER membrane and a quarter close to mitochondrial membranes yet, the
membranes did not run along the entire length RR (Schiavon et al., 2018). It is still not clear
what impact or function these proteins have on RR or why they are recruited there. However,
further studies on B7-H3 co-localisation with different ER and mitochondrial markers, a-B-
tubulin and ARL2 and whether the latter works as a cargo to transport B7-H3 in between
primary cilia and RR would be vital in identifying how B7-H3 gets recruited into RR and if it

follows the higher order signalling.

Another study conducted by Ji et al revealed that knockdown of IMPDH2 significantly
hindered proliferation and EMT of NSCLC cells, whereas the opposite results were achieved
by IMPDH2 overexpression (Ji et al., 2006). They further demonstrated that the
downregulation of IMPDH2 inhibited the Wnt/B-catenin signalling pathway by reducing the
expression levels of Wnt3a and B-catenin, while increasing the expression levels of
phosphorylated glycogen synthase kinase-3B in NSCLC cells which could explain the increased
number of primary cilia in IMPDH2 inhibited cells. Primary cilia can form independently of the
Wnt/B-catenin pathway (Gigante et al., 2020) and GSK3B can co-regulate ciliogenesis by
promoting ciliary membrane assembly (Zhang et al., 2015). Data shown in this chapter
indicates that IMPDH?2 inhibition increases primary cilia assembly. It would be interesting to
determine whether this occurs downstream of GSK3B and whether B7-H3 might be required
for this. This could be tested by blocking the phosphorylation cite of GSK3pB or treating cells
with GSK3pB inhibitors followed by analysing IMPDH2, B7-H3 and ARL13B localisation and

expression levels.
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Conversely, data shown here demonstrates that knockdown of KIF3A reduced cilia formation
but did not alter RR assembly or B7-H3 localisation to these structures. The ARL13B-IMPDH2
interaction functions as a negative regulator for purine salvaging, as knockdown of ARL13B
enhanced DNA damage by forcing glioblastoma cells to rely on the purine salvage pathway
(Shireman et al., 2021). Recently, the role of various small GTPases, including the members
in ARF/ARL subfamilies, in cilia formation and function have been highlighted. ARL3, a small
GTPase, is important in concentrating lipid-modified proteins in the primary cilia (Strom et al.,
2016). It possesses an amphipathic helix to associate with membranes in a GTP-dependent
manner. ARL13B has a palmitoylation motif localises it to the cilia (Roy et al., 2017). It has
been shown that ARL13B functions as a Guanine nucleotide exchange factors for ARL3, which
would produce an active node of ARL3-GTP within cilia (Gotthardt et al., 2015). ARL3-GDP is
mostly concentrated in the cytoplasm whereas ARL3-GTP is in the cilium, this would be
achieved by the localisation of ARL13B in the cilia. ARL13B activates GDP-bound ARL3 into
ARL3-GTP. Cargo and its carrier trafficking into the cilium allow interaction with ARL3-GTP
that causes release of the cargo from the carrier, which would then pass back into the cell to
bind other cargo. ARL3-GTP also exits the cilium down its concentration gradient into the cell
where it is converted into ARL3-GDP (Powell et al., 2021). It would be interesting to study the
co-localisation of modified ciliary lipid cargo with B7-H3. Moreover, IMPDH2 is known to
catalyse the rate-limiting step in de novo GTP biosynthesis and has been reported to form RR
to produce necessary amounts of guanine nucleotides to maintain normal cell functions
(Huang et al., 2008). When nucleotide consumption is reduced, cell cycle arrest may occur
thereby increase the intracellular level of GTP, which may induce IMPDH RR disassembly.
Indicating that RR are highly dynamic and associated with GTP intracellular levels (Keppeke et
al., 2018). Since B7-H3 co-localises to both IMPDH2 and ARL13B positive compartments, it
could possibly regulate small GTPases as well as GTP levels within the cell. Investigating the
role of B7-H3 in GTPases activation as well as analysing cilia/RR interplay with B7-H3 levels,

will be further explored in the next chapter.

In summary: data in this chapter revealed different expression levels and subsequent
localisation of B7-H3 in normal lung epithelial versus adenocarcinoma lines. Experiments in
the next chapter will explore the role of B7-H3 in cell behaviour, junction formation as well as

its contribution to ciliogenesis and RR formation.
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4. Exploring roles for B7-H3 in cell
behaviour and ciliogenesis
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4.1 Introduction

B7-H3, similar to other members of the B7 family, is characterised by extracellular IgV and IgC
domains linked to the variable and constant regions of immunoglobulins and short
cytoplasmic domain (Collins et al., 2005). Even though the 2-Ig form can be present, the 4-
Ig molecule appears to be dominant in humans. However, the functional consequences of
these isoforms remain unknown (Sun et al., 2002). In addition, B7-H3 can be cleaved from the
cell surface via MMPs and endopeptidases, resulting in a soluble circulating form of the
protein that has been detected in serum and culture media (sB7-H3) (Lemke et al., 2012;

Zhang et al., 2008).

B7-H3 increased expression in cancer cells has been linked to poor prognosis and is therefore
an attractive target for therapy. Little is known about any potential functional effect of B7-H3
expression on cancer cells compared to its immune regulatory effects. Chimeric antigen
receptor (CAR) T cells targeting B7-H3 have been shown to control growth of ovarian cancer,
neuroblastoma and pancreatic ductal adenocarcinoma (Du et al., 2019; Majzner et al., 2019).
Recent studies have also shown that modulating B7-H3 expression in pancreatic, colorectal
and melanoma cells can alter migration, invasion and metastasis (Liu et al., 2015; Xie et al.,
2016). Reducing B7-H3 expression levels can suppress migration and invasion in melanoma
and breast cancer cells (Tekle et al., 2012). Conversely, B7-H3 overexpression and treatment
with B7-H3 soluble molecule promotes migration and invasion in pancreatic and colorectal
cancer derived cell lines (Liu et al., 2015; Xie et al., 2016). In vivo studies have also
demonstrated that B7-H3 monoclonal antibody treatment may suppress head and neck
squamous cell carcinoma growth (Wang et al., 2021). Therefore, understanding the functional
roles of B7-H3 expression in normal vs cancer cells and the mechanism by which it promotes
these effects could inform better therapeutics for cancer treatment in the future. The goal of
experiments in this chapter was to manipulate B7-H3 levels and ectodomain function in
normal lung epithelial and lung adenocarcinoma cells to further explore functional

consequences, in proliferation, migration and invasion, and potential mechanisms.
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4.2 Results
4.2.1 Generation of B7-H3 depleted cell lines

B7-H3 is a promising target for anti-cancer treatment as it is highly expressed in many cancer
types and has been linked to poor prognosis (Yang et al., 2020). Despite the interest in B7-H3
as a therapeutic target, its biological role in cancer cells is still poorly understood, as most of

previous research has been focused on its interactions with immune cells.

To determine whether B7-H3 contributes to the hallmarks seen in cancer cells of increased
proliferation, migration, and invasion, B7-H3 expression was knocked down in A549 and H358
cells using a transient CRISPR-CAS9 expression plasmid containing GFP reporter. This was
followed by FACS sorting to enrich for GFP+ cells and obtain a population sufficient for analysis
of efficiency of knockdown. CRISPR-CAS9 knockdown method was unsuccessful in 16HBE
cells, so B7-H3KD was established by targeted siRNA treatment where cells were treated with

siRNA to B7-H3 or a control siRNA for 48 hours.

B7-H3KD was validated via qPCR, Western blot, and immunofluorescence. To compare B7-H3
mMRNA expression levels between parental and B7-H3KD cells, gPCR was carried out using
primers against B7-H3 (Figure 35A). The graph in Figure 35A shows that B7-H3 mRNA
expression was reduced by ~60% in 16HBE and A549 cells, while H358 expression was reduced
to ~95%. To analyse B7-H3 protein levels, whole cell lysates were extracted from all
parental/siRNA control and B7-H3-CRISPR/siRNA cells and run on a Western blot then probed
using an anti-B7-H3 antibody (Figure 35B). Data demonstrated that B7-H3KD was highly
efficient in A549 and H358 cells and significantly reduced in 16HBE cells (Figure 35B). Loss of
B7-H3 in the same cell lines was further confirmed by confocal microscopy using an antibody

against B7-H3 (Figure 35C).
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Figure 35: Generation of B7-H3 knockdown cells.

(A) B7-H3 mRNA expression was measured by qPCR in 16HBE, A549, and H358 parental and
B7-H3-CRISPR/siRNA transfected cells as indicated on the graph. (B) Lysates from 16HBE cells
transfected with siRNA targeting B7-H3, and A549 and H358 cells transfected with
CRISPR/CAS9 constructs targeting B7-H3 probed for B7-H3 and HSC70 as a loading control.
(C) Representative confocal images of parental or B7-H3 siRNA/CRISPR cells fixed and stained
for B7-H3. Scale bars 10 um.
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4.2.2 B7-H3 knockdown does not alter levels or localisation of 6-Catenin

As data shown in the previous chapter indicated that B7-H3 was located at cell-cell adhesions,
the next goal was to test whether B7-H3KD might alter localisation of the main cell junctional
proteins such as E-cadherin and B-catenin. The relative levels of E-cadherin and B-catenin
expressed in 16HBE, A549, and H358 cell lines were firstly analysed by Western blotting of
whole cell lysates (Figure 36A). Quantification showed that H358 had the highest expression
levels of both E-cadherin and B-catenin, followed by A549 and 16HBE with equal expression

levels, corresponding to B7-H3 protein levels in the respective cell lines (Figure 36B).

Even though loss of cell-cell adhesion has been identified as a pro-tumourigenic characteristic,
various tumours maintain cell-cell adhesions, allowing the adoption of collective cell
migration (Janiszewska et al., 2020). Therefore, 16HBE, A549, and H358 Parental/siRNA
control and B7-H3KD cells were fixed and stained using an antibody against cell-cell adhesion
molecule B-catenin (Figure 36C). Figure 36C shows confocal images of the central plane of cells
where cell lines displayed a clear localisation of B-catenin at cell-cell contacts. To quantify the
effects of B7-H3KD on B-catenin localisation at cell-cell junctions, line scan analysis was
performed, and the signal intensity of the adhesion marker was compared across the junction
of the different cell lines (Figure 36D). No significant changes were observed in B-catenin
intensity levels across junctions between control and B7-H3KD cell lines in 16HBE, A549, and
H358. Taken together, this data suggests that knocking B7-H3 down did not influence B-
catenin localisation and that B7-H3KD cells were still able to form monolayers with intact

adherens junctions.
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Figure 36: B7-H3 knockdown does not alter levels or localisation of B-Catenin at the
adherens junction.

(A) Western blot analysis of lysates from 16HBE, A549, and H358 cells, probed for B-Catenin
or E-cadherin and HSC70 (loading control). (B) B-Catenin and E-cadherin expression levels
were measured in 16HBE, A549, and H358 cells. (C) Representative confocal images of siRNA
control or Parental lines compared to B7-H3 siRNA/CRISPR cells fixed and stained for -
Catenin. (D) Quantitative line scan analysis of B-catenin signal intensity at the junction. Data
from 20 junctions per cell line from 5 different fields of view of 3 independent experiments.
The data shown is representative of one independent experiment showing mean +/- SEM.

One-way ANOVA was used to compare statistical significance. Scale bars 10 um.
126



4.2.3 B7-H3 knockdown reduces levels and localisation of ZO-1

Since previous data in chapter 3 showed B7-H3 co-localised with ZO-1 at tight junctions, we
sought to explore any changes on ZO-1 levels and formation upon B7-H3KD. To assess ZO-1
protein levels, whole cell lysates of both siRNA Control/parental and B7-H3 siRNA/CRISPR KD
cells were subjected to Western blot and probed for ZO-1 and B7-H3 (Figure 37A).
Quantification of data revealed that 16HBE B7-H3 siRNA cells showed a trend towards a
decrease in Z0O-1 levels, while A549 and H359 CRISPR KD displayed a significant decrease in

Z0-1 levels compared to parental lines (Figure 37B).

To further confirm the reduction of ZO-1 levels at tight junctions in B7-H3KD cells, cells were
fixed, stained for ZO-1 (magenta) and B7-H3 (green). Confocal images were taken from the
apical sections of the Z-stack and showed a noticeable reduction in ZO-1 intensity at the
junction when B7-H3 was reduced compared to control cells (Figure 37C). This was quantified

by measuring the overall raw integrated intensity of ZO-1 (Figure 37D).

Taken together, data so far suggest that even though B7-H3 localises to both tight and
adherens junctions, knocking it down reduces tight junction formation but not adherens

junction formation.
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Figure 37: B7-H3 knockdown reduces ZO-1 levels and localisation to tight junctions.

(A) Western blot of ZO-1 expression levels in lysates from 16HBE, A549, and H358 control and
B7-H3KD cells, probed for ZO-1, B7-H3, and HSC70 (loading control). (B) Quantification of data
as in (A) from n=4 experiments. (C) Representative confocal images of siRNA control/Parental
or B7-H3 siRNA/CRISPR cells fixed and stained for DAPI (blue), ZO-1 (magenta), and B7-H3
(green). (D) Quantification of fluorescence intensity of ZO-1 from images as in (C). intensity is
shown from at least 50 cells per cell line and 10 fields of view from 3 independent
experiments. Data is shown as mean +/- SEM, significance assessed by t-test or one-way
ANOVA; *p<0.05, **=p<0.01, ***=p<0.001. Scale bars 10 um.
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4.2.4 B7-H3 knockdown leads to reduced focal adhesion size

There is known to be considerable crosstalk between cell-cell and cell-matrix adhesions in
both normal epithelial and cancer cells (Borghi et al., 2010; Janiszewska et al., 2020). Reduced
integrity of adherens or tight junctions can lead to changes in focal adhesions to facilitate
increased migration such as is seen in partial or complete EMT (Smith et al., 2016). Integrin-
based focal adhesions form the main link between the cell and the ECM and as such, are
critical in supporting cancer cell proliferation and invasion (Maziveyi & Alahari, 2017). To
explore whether the reduced ZO-1 localisation at cell-cell adhesions in B7-H3KD cells resulted
in altered cell-matrix adhesions, cells were plated onto coverslips then fixed and stained for
vinculin (magenta) as a marker for focal adhesions. Figure 38A shows confocal images taken
at the basal plane in single cells displaying punctate vinculin-positive focal adhesions visible
at the cell periphery. Quantification of the focal adhesion size demonstrated a significant

reduction in focal adhesion area when B7-H3 is knocked down in all cell lines (Figure 38B).
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Figure 38: B7-H3 knockdown leads to reduced focal adhesion size.

(A) Representative confocal images of siRNA control/Parental or B7-H3 siRNA/CRISPR cells
fixed and stained for DAPI (Blue), Vinculin (Magenta), and F-actin (grey). (B) Quantification of
focal adhesion area using an automated analysis in Imagel. Data is pooled from 3 independent
experiments where at least 10 cells were analysed per cell line. Data is shown as mean +/-
SEM, statistical analysis performed by t-Test. **=p<0.01, ****=p<0.0001. Scale bars 10 um.
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4.2.5 B7-H3 knockdown leads to increased F-actin ruffle formation

The F-actin cytoskeleton plays a critical role in controlling cell proliferation and invasion in
response to changes in cell-cell and cell-matrix adhesion (Papakonstanti & Stournaras, 2008).
Given the changes in adhesion observed in B7-H3KD cells, we next aimed to determine
whether these changes were coupled with alterations in organisation of F-actin structures.
16HBE, A549, and H358 Parental/siRNA control and B7-H3KD cells were plated onto coverslips
and stained for F-actin (Figure 39A). Images appeared to show a reduction in F-actin bundles
and increase in F-actin peripheral ruffles upon depletion of B7-H3. The percentage of cells
exhibiting ruffles were classified and quantified for each cell line. Data showed a significant
increase in the proportion of cells showing F-actin peripheral ruffles in the B7-H3KD cells in

comparison to the parental/siControl cells (Figure 39B).
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Figure 39: B7-H3 knockdown leads to F-actin ruffle formation.

(A) Representative confocal images of siRNA control/Parental or B7-H3 siRNA/CRISPR cells
fixed and stained for F-actin (grey). (B) Quantification of the total percentage of cells forming
actin ruffling in siRNA control/parental compared to B7-H3KD cells. At least 3 cells were
analysed from 7 different fields of view per cell line from 3 independent experiments. Data is
representative of one experiment shown as mean +/- SEM, statistical analysis performed by
t-test. *=p<0. 05, **=p<0.01. Scale bars 10 um.
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4.2.6 B7-H3 restricts primary cilia formation

Data in chapter 3 showed that B7-H3 localises to primary cilia in 16HBE cells while A549 and
H358 cells assemble far fewer cilia than 16HBE cells and this negatively correlates with B7-H3
expression levels. To explore whether B7-H3 plays a role in primary cilia assembly, control
and B7-H3KD cell lines were fixed and stained for ARL13B (magenta) as the marker for primary
cilia (Figure 40A). Images were then quantified for the percentage of ARL13B positive cells in
each cell line. B7-H3KD cells showed significantly higher numbers of primary cilia across all
cell lines with ~20% of cells assembling cilia in A549 and H358 B7-H3KD (Figure 40B). This data
demonstrates that reduction in B7-H3 levels increases the ability of lung adenocarcinoma cells

to form primary cilia, similar to that seen in 16HBE cell line.
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Figure 40: B7-H3 suppresses cilia formation.

(A) Representative confocal images of siRNA control/Parental or B7-H3 siRNA/CRISPR cells
fixed and stained for DAPI (blue) and ARL13B (magenta). (B) Quantification of the percentage
of ARL13B positive cells in all cell lines. 9 fields of view and at least 5 cells/field of view were
analysed from 3 independent experiments. White arrows indicate primary cilia. Data is
representative of 3 experiments and shown as mean +/- SEM, statistical analysis performed
by t-test. *=p<0.05, Scale bars 10 um.

134



4.2.7 B7-H3 suppresses RR formation in 16HBE cells

Previous data illustrated that B7-H3 co-localises with IMPDH2 at the RR in 16HBE cells. To
determine whether B7-H3 levels influence RR formation, 16HBE cells were transfected with
control or B7-H3 siRNA followed by treatment with vehicle or MPA for 48 hours prior to
fixation and staining for IMPDH2 (magenta) (Figure 41A). Analysis of the mean number of
RR/cell showed a significant increase in RR formation in B7-H3KD cells compared to control
lines. Treatment with MPA led to a significant increase in the number of RR in siRNA control
cells compared to the vehicle-treated line, confirming previous result in Figure 34-chapter 3.
However, B7-H3KD cells showed a significant reduction in RRs formation compared to both

B7-H3KD vehicle and MPA-treated siRNA control cells (Figure 41B).

Data so far suggests that B7-H3KD alters the number of primary cilia and RR formation.
Whereas knocking down primary cilia did not appear to change B7-H3 RR localisation or
number. On the other hand, knocking down IMPDH?2 increased the number of primary cilia
formation but not RR, while blocking IMPDH2 increased the number of RR in control but not
B7-H3KD cells. To test the role of blocking IMPDH2 on primary cilia formation, staining of
parallel coverslips with antibodies for ARL13B was carried out, thus, to quantify the
percentage of cells forming primary cilia. MPA treatment did not change the percentage of
cells with ARL13B-positive cilia (Figure 41C), indicating that blocking IMPDH?2 activity does not

influence primary cilia assembly/disassembly in 16HBE cells.
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Figure 41: B7-H3 suppresses rods and rings formation in 16HBE cells.

(A) Representative confocal images of siRNA control or B7-H3 siRNA transfected 16HBE cells
fixed and stained for DAPI (blue) and IMPDH2 (magenta). (B) Quantification of the mean
number of RR per cell from images of control or MPA-treated cells in both siRNA control and
siB7-H3 in 16HBE cells. Data is representative of three independent experiments. 3-9 fields of
view of 7 or more cells were analysed. (C) Quantification of the percentage of ARL13B positive
cells in MPA-treated 16HBE siContol or siB7-H3 cell lines. 5 fields of view of at least 5 cells
were analysed from 2 independent experiments. Graphs are shown as mean +/- SEM.
Significance assessed by t-test or one-way ANOVA; *p<0.05, ** p<0.001. Scale bars 10 um.
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4.2.8 B7-H3 overexpression in 16HBE cells reduces RR formation

To further explore the effects of B7-H3 levels on RR number, 16HBE cells were transiently
transfected with B7-H3 tagged to GFP to over express the protein. Cells were fixed 48 hours
post-transfection and stained for B7-H3 (magenta) and IMPDH2 (cyan) (Figure 42A). Confocal
images showed an enriched localisation of B7-H3 at the cell-cell junctions as seen previously
in Chapter 3 Figure 31, with an apparent reduction in RRs number and size. Subsequent
guantification demonstrated a significant decrease in the mean number of RRs in B7-H3-GFP-
expressing cells compared to untransfected cells in the same field of view (Figure 42B). This
data further confirms that B7-H3 levels, whether overexpressed or reduced, alters the

number of RRs as well as primary cilia formation.
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Figure 42: B7-H3 overexpression in 16HBE cells reduces the formation of rods and rings.
(A) Representative confocal images of B7-H3-GFP overexpression (green) in 16HBE cells fixed
and stained for DAPI (blue), endogenous B7-H3 (magenta), and IMPDH2 (cyan). (B)
Quantification of the mean number of RRs per cell from images of control and B7-H3-GFP
cells. Data is pooled from three independent experiments. 7 fields of view of at least 7 or
more cells were analysed. Graphs shown as mean +/- SEM. Significance assessed by t-test;
**** p<0.0001. Scale bars 10 um.
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4.2.9 B7-H3 promotes Rho GTPase activity in 16HBE cells

Data so far has shown that B7-H3 can co-localise with IMPDH2 and ARL13B and that B7-H3
levels regulate RR assembly, cilia, and F-actin organisation. One common signalling nexus that
relates to all these structures are the Rho family of small GTPases. We therefore aimed to
next explore whether B7-H3 regulates levels of GTP that is essential for Rho GTPase activity
and subsequently, reorganisation of actin and cell invasion. To investigate this, 16HBE, A549
and H358 control or B7-H3KD or cells treated with MPA were lysed and analysed by Western
blot and G-LISA assays to determine RhoA and Racl levels and activity, respectively. G-LISA
data demonstrated a significant decrease in both RhoA and Racl activity in B7-H3KD 16HBE
cells compared to controls, but levels in A549 or H358 cells were unchanged. (Figure 43A).
However, activity of both RhoA and Racl was reduced in normal epithelial and cancer cell
lines following treatment with MPA (Figures 43A), confirming a critical role for IMPDH2 as a

rate-limiting step in de novo GTP synthesis.

To determine whether changes in RhoA and Racl GTPase activity were due to changes in total
Racl and RhoA protein levels, Western blot analysis was performed on the same samples
used for the G-LISA assay (Figure 43B). Data revealed no significant changes in total protein
levels for both Racl (Figure 43C left panel) and RhoA (Figure 43C right panel) following B7-
H3KD or treatment with MPA for both normal and cancer cells. However, interestingly both

cancer cell lines showed lower levels of total Racl compared to 16HBE (Figure 43C left panel).

Taken together, these data demonstrate that IMPDH2 plays an important role in regulating
GTPase activity in human normal and lung cancer epithelial cells, and further demonstrate

that B7-H3 may contribute to this pathway in normal lung epithelial cells.
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Figure 43: B7-H3 promotes Rho GTPase activity in 16HBE cells.

(A) 16HBE, A549 and H358 control or B7-H3KD cells or treated with MPA. Cells were lysed 48
hours post-treatment followed by measuring the activation of Rac 1 (top panel) and RhoA
(bottom panel), activation was assessed by G-LISA. The levels of activated RhoA and Racl
were measured by absorbance at 490 nm. Data pooled from 3 independent experiments. (B)
Same lysates as those for G-LISA were used to measure the expression levels via Western blot
that was probed for either Racl (top panel) or RhoA (bottom panel) and HSC70 was included
as a loading control. (C) Quantification of Western blot data pooled from 3 independent
experiments normalised to respective controls for each cell line. Data is shown as mean +/-
SEM. Statistical analysis performed by one-way ANOVA. *=p<0.05, **P<0.01. Plus (+)
indicates positive control, minus (-) indicates untreated, siC is siRNA control, siB7 is siRNA B7-
H3, B7Cr is B7-H3 CRISPR KD cells.
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4.2.10 B7-H3 mAb and ectodomain treatment does not affect localisation of 8-
Catenin

The ligand for B7-H3 is unknown, but we hypothesise that B7-H3 may act as a homo-dimer to
enable self-binding and trigger intracellular responses, as occurs for other transmembrane
receptors at cell-cell adhesions (Troyanovsky et al., 2007). To investigate whether external
manipulation of B7-H3 could change adherens junction formation, 16HBE, A549 and H358
parental cells were incubated for 24 hours with 10 pg/ml of either control IgG, B7-H3
monoclonal antibody (B7-H3 mAb) or B7-H3 ectodomain (B7-H3 Ecto) in a serum free media
before fixing and staining the cells with antibodies against B-Catenin. The B7-H3 mAb was
raised against the Leu29-Pro245 region (the exact epitope is unknown) and the B7-H3
ectodomain protein encompasses Leu29-Pro245 region. Both are expected to bind
to/recognise the same region of the Ig domains in the 41gB7-H3 variant expressed in human
cells. 1gG alone was included as a control to determine whether addition of any
protein/antibody agent would alter junction formation. B7-H3 localisation post-treatment
was not imaged as antibodies recognise ectodomain which would expected to be masked in
the presence of these reagents. Confocal images did not show a visible relocation of B-Catenin
at cell-cell junctions following the different treatments (Figure 44A). To analyse this in more
detail, junctional line scans were performed to compare the signal intensity of B-Catenin at
adherens junction, which revealed no change in any cell lines upon treatment with either
reagent compared to control IgG (Figure 44B). This data demonstrates that normal and cancer
cells are still able to form intact adherens junctions despite any external manipulation of B7-
H3, in agreement with the previous data from this chapter seen when B7-H3 is knocked down

(Figure 36).
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Figure 44: B7-H3 mAb/ectodomain treatment does not affect localisation of B-Catenin at
the adherens junction.

(A) Representative confocal images of 16HBE, A549 and H358 parental cells treated with
either; IgG control, B7-H3 ectodomain or B7-H3 mAb for 24 hours, fixed and stained for B-
catenin. (B) Quantitative line scan analysis of B-catenin signal intensity at junctions. Data
pooled from 20 junctions per cell line from 5 different fields of view. Data shown is
representative of 3 independent experiments and shows mean +/- SEM. One-way ANOVA was
used to compare statistical significance. Scale bars 10 um.
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4.2.11 B7-H3 mAb treatment leads to increased stress fibre formation

To investigate the potential role of treating cells with the B7-H3 mAb and ectodomain on the
actin cytoskeleton organisation, 16HBE, A549 and H358 stable cell lines expressing Lifeact-
GFP were generated and incubated for 3 hours with either control IgG, B7-H3 mAb or B7-H3
ectodomain in a serum free media before monitoring changes of the cells dynamics over the
period of 1 hour by confocal time-lapse microscopy. Upon incubation with the ectodomain,
all cells displayed increased membrane ruffling and actin-rich protrusions compared to
control 1gG treated-cells (Figure 45A, 1t vs 2™ columns). In contrast, treatment with the
antibody led to assembly of larger actin stress fibres in all cells and more prominently in A549
which are atypical for these cells (Figure 45A, 3™ column). Whilst the fibres were harder to
observe in H358 cells, due to their tight stratified colony nature, these cells showed a more
flattened phenotype indicative of assembly of more architectural stress fibres. To further
investigate whether these phenotypes were due to blocking of B7-H3, cells were incubated
with another characterised B7-H3 monoclonal antibody (B7-H3 Blocking mAb) that has been
reported to be function-blocking in the context of B7-H3 role as a checkpoint molecule (Wang
et al., 2021). Increased levels of stress fibres were observed upon B7-H3 Blocking mAb
treatment (Figure 45A, 4" column). The experiment was then repeated for the three cell lines,
but cells were fixed and stained with phalloidin after 24 hours of incubation with reagents,
and cells exhibiting ruffle or stress fibre formation were identified and quantified. Treatment
with B7-H3 ectodomain resulted in a significant increase in cells with ruffles compared to
other conditions (Figure 45B blue bars). Conversely, treatment with the B7-H3 mAb led to
significantly higher F-actin stress fibre formation than was seen in both control and B7-H3
Ecto-treated cells. This was further increased by treatment with the B7-H3 blocking mAb
(Figure 45B red bars).

This data demonstrates that B7-H3 mAb and ectodomain treatments lead to opposite
phenotypes in terms of F-actin organisation, and indicate that blocking B7-H3 function

promotes stress fibre assembly.
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Figure 45: B7-H3 mAb treatment leads to increased stress fibre formation.

(A) Representative confocal images of 16HBE, A549 and H358 parental cells treated with
either; 1gG control, B7-H3 Ecto, B7-H3 mAb or B7-H3 function blocking mAb for 24 hours, fixed
and stained for phalloidin. (B) Quantification of the total percentage of cells forming actin
ruffles or stress fibres in cells as in (A). At least 10 cells were analysed from 7 different fields
of view per cell line per experiment. Data shown is representative of 3 independent
experiments and shows mean +/- SEM, statistical analysis performed by 2-way ANOVA.
*=p<0.05, **=p<0.01, ****=p<0.0001. Scale bars 10 um.
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4.2.12 B7-H3 knockdown does not affect cell proliferation or circularity in 2D

Previous studies have shown that B7-H3 plays both positive and negative roles in cell
proliferation depending on cell type studied (Chen et al., 2020; Y. Li, Zhang, et al., 2017). To
determine whether B7-H3 contributes to proliferation in normal and lung adenocarcinoma
cell lines, the same number of 16HBE, A549 and H358 parental/siControl or B7-H3
siRNA/CRISPR cells were plated, allowed to grow, and fixed at 24, 48 hours post-plating
followed by staining with DAPI to visualise the nuclei. Cells were then analysed by tile scanned
using the EVOS microscope and the number of DAPI positive nuclei per well were counted.
Data demonstrated a significant increase in the number of cells at 48 hours post-plating
compared to 24 hours confirming cells were proliferating. However, no difference in cell

numbers between parental/siControl and B7-H3KD cells was seen in any cell line (Figure 46A).

Previous data in this chapter suggested B7-H3 plays a role in actin organisation. To further
explore whether this translated into changes in cell shape, parallel cultures were stained for
phalloidin to enable analysis of cell area and circularity. No significant differences in cell
surface area (Figure 46B) or circularity (Figure 46C) were observed between control and B7-
H3KDs across all cell lines. This data demonstrates that B7-H3KD does not alter normal lung

epithelial or lung cancer cell proliferation or cell shape in 2D models.
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Figure 46: B7-H3 knockdown does not affect proliferation, area or circularity in 2D.
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(A) Equal numbers of parental/siControl and B7-H3 siRNA/CRISPR cells were plated and fixed
at 24- and 48-hours post-plating. Nuclei were stained with DAPI and fold proliferation was
determined. (B) Quantification of cell area and (C) circularity represents 20 cells/cell line per
experiment pooled from 3 independent experiments. Values are plotted as mean +/- SEM.
One-way ANOVA or t-test was used to determine statistical significance. *=p<0.05. **=p<0.01
****=p<0.0001.
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4.2.13 B7-H3 knockdown does not alter migration speed in 2D

Previous data in this chapter showed that depleting B7-H3 led to increased F-actin ruffles and
reduced focal adhesion size, indicating a potential impact on cell migration. Indeed, B7-H3
has been previously reported to promote cancer cell migration (Yu et al., 2018). To investigate
the association between B7-H3 expression and cell migration, 16HBE, A549 and H358
parental/siControl and B7-H3KDs were plated and left to adhere for 24 hours. Time-lapse
movies were acquired for 16 hours and then used to compare migration speed and distance
moved (Figure 47A). As all cells are epithelial-like in nature, most of the movement in single
cells was to forming clusters (Figure 47A). Cells were tracked using the manual track and
ADAPT plugins in ImageJ, velocity was calculated as um/h. A549 parental cells seemed to be
the fastest compared to normal cell line 16HBE. However, H358 cells were the slowest out of
the three parental lines. Which agrees with previous in vitro reports of H358 NSCLC cells
moving and growing slowly (Scherzer et al., 2015; Wright Muelas et al., 2018). Nonetheless,
resulting data demonstrated no change in migration velocity or distance travelled in B7-H3KD
cells compared to respective controls (Figure 47B-C), suggesting that B7-H3 does not play a

role in migration of these cells on 2D surfaces.
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Figure 47: B7-H3 knockdown does not alter migration speed in 2D.

(A) 16HBE, A549 and H358 parental/siRNA control and B7-H3 siRNA/CRISPR cells were plated
in a 24 well plate and time-lapse videos were taken for 16 hours to show the migration of cells
towards each other to form clusters. Representative frames taken from time-lapse videos are
shown for each cell line. (B) Quantification of the velocity and (C) distance of cells from movies

as in (A), using ADAPT plugin in ImagelJ. Graphs shown as mean +/- SEM. Significance assessed
by t-test. Scale bars 10 um.
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4.2.14 B7-H3 knockdown alters cell colony size/formation in 2D

Images from time lapse movies in Figure 47A indicated a trend towards a decrease in colony
sizes formed by B7-H3KD cells. To investigate this in more detail, cells were plated in equal
numbers of 24 well plates, fixed and stained with phalloidin after 24 hours and imaged on a
confocal microscope (Figure 48A). Subsequent analysis revealed a significant reduction in the
size of colonies formed in B7-H3 depleted cells in all lines compared to respective controls

(Figure 48B).
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Figure 48: B7-H3 knockdown alters cell colony size/formation but not migration speed in
2D.

(A) 16HBE, A549 and H358 parental/siRNA control and B7-H3 siRNA/CRISPR cells were plated
in same numbers in a 24 well plate, fixed 24 hours post-plating and stained for phalloidin. (B)
Quantification of cell colonies size from cells as in (A). Data were pooled from three
independent experiments analysing no less than 60 colonies per cell line and the mean
number of each was plotted. Graphs shown as mean +/- SEM. Significance assessed by t-test;
*=p<0. 05, **=p<0.01. Scale bars 10 um.
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4.2.15 B7-H3 mAb/ectodomain treatment does not affect cell proliferation,
Circularity or spread area

Previous data in this chapter showed that treatment of cells with the B7-H3 mAb or
ectodomain results in changes to F-actin reorganisation. To further investigate the potential
role of B7-H3 manipulation on modulating proliferation and cell shape, 16HBE, A549 and
H358 cell lines were treated for 24 hours with either Control IgG, B7-H3-mAb or B7-H3 Ecto.
IgG treatment was included to control for any potential off-target effects induced by addition
of the antibody. Cells were then fixed and stained for DAPI and phalloidin to allow
measurements of nuclei and cell area/circularity, respectively. Analysis revealed that
manipulating B7-H3 ectodomain did not lead to any significant changes to cell proliferation
(Figure 49A), cell area (Figure 49B) or circularity (Figure 49C) across all cell lines compared to
controls. This data suggests that the altered F-actin seen with the different B7-H3 treatments

did not result in measurable changes to cell growth or shape.
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Figure 49: B7-H3 mAb/ectodomain treatment does not affect proliferation, cell circularity
or area.
(A) Equal numbers of 16HBE, A549 and H358 parental cells treated with either; IgG control,
B7-H3 mAb or B7-H3 ectodomain (Ecto) were plated and fixed at 24 hours. Nuclei were
stained with DAPI and fold proliferation was determined. (B) Quantification of cell area and
(C) circularity represented 20 cells/cell line per experiment pooled from 3 independent
experiments. Values plotted as mean +/-SEM. One-way ANOVA was used to determine

statistical significance.
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4.2.16 B7-H3 mAb/ectodomain treatment does not alter 2D cell colony size

To investigate whether the effect of B7-H3 reduction on 2D colony formation could be
modulated by external manipulation of B7-H3, cells were plated in equal numbers, fixed and
stained for actin 24 hours post-treatment with either control 1gG, B7-H3 mAb or B7-H3
ectodomain (Figure 50A). The size of colonies forming was measured and demonstrated that
treatment with B7-H3 mAb or ectodomain did not lead to a significant change in colony size
(Figure 50B). This data suggests that B7-H3 mAb and recombinant human ectodomain
treatments result in changes to cytoskeletal organisation, but this does not change colony

size.
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Figure 50: B7-H3 mAb/ectodomain treatment does not affect colony size.

A) Representative confocal images of 16HBE, A549 and H358 cells treated with either; IgG
control, B7-H3 ectodomain or B7-H3 mAb fixed 24 hours post-treatment and stained with
phalloidin. (B) Quantification of cell colonies from cells as in (A). Data were pooled from three
independent experiments analysing 60 colonies per cell line per experiment. Graphs shown
as mean +/- SEM. Significance assessed by one-way ANOVA. Scale bars 10 um.
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4.2.17 B7-H3 knockdown increases cell invasion and proliferation in 3D

Previous data in this chapter focused on characterising functional roles for B7-H3 in cells
plated on 2D surfaces, which is the standard approach used by the vast majority of research
groups to study these phenotypes. However, 2D surfaces do not recapitulate the more
complex environment experienced by tumour cells in vivo. Tumour growth and invasion
occurs within a 3D ECM network, where cells within the solid tumour mass experience both
cell-cell and cell-matrix interactions. To investigate the effect of B7-H3 expression on cancer
cell growth and invasion within 3D ECM, A549 and H358 parental and B7-H3 CRISPR spheroids
were formed via the hanging drop method, embedded in 3D collagen and left to invade for
24 hours. Spheroids were then fixed 24 hours post embedding and stained with DAPI and
Phalloidin. Confocal images indicated larger spheroids in B7-H3 CRISPRs compared to
parentals in both cell lines (Figure 51A). 16HBE normal cell line did not form a proper 3D
spheroid in culture and were not included in the 3D study as the main focus of this experiment
was to examine the effect of B7-H3 levels on cell growth/ invasion in tumours. Future
optimisation of 16HBE 3D spheroids, and using readily available human pulmonary alveolar
epithelial cell spheroids to test the results of this experiment as well as cross validate and

confirm the outcomes of this thesis would be valuable.

The invasion of cells in the collagen matrix was quantified as fold change in spheroid area at
0- and 24-hours post-embedding. Further analysis of the confocal images confirmed that
knockdown of B7-H3 resulted in a significant increase in spheroid cell area and therefore cell
invasion (Figure 51B). To determine whether this was due to increased cell number, DAPI
stained cells were quantified and showed a significant increase in proliferation in B7-H3
CRISPR lines compared to parental (Figure 51B). Delaunay mean distance between each pair
of neighbouring nuclei at 24 hours was also measured to examine the impact of cell
proliferation and whether invasion was due to cells not being tightly compacted in spheroids.
This analysis showed no significant changes in cell packing, but a trend towards a decrease in
cell packing was observed in H358 CRISPR spheroids (Figure 51C). Taken together, this data

suggests that B7-H3 can restrict lung cancer spheroid growth and invasion in 3D matrices.
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Figure 51: B7-H3 knockdown increases cell invasion and proliferation in 3D.

(A) Representative confocal images of spheroids from control and B7-H3 CRISPR A549 and
H358 cells embedded in collagen, fixed and stained for DAPI (blue) and F-actin (green) 24
hours post embedding. (B) Quantification of spheroid area over 24 hours post-embedding.
(C) Quantification of the number of cells per spheroid and (D) cell packing using QuPath
software. Data shown is a representative of three independent experiments where a total of
6 spheroids were analysed per experiment. Graphs shown as mean +/- SEM. Significance
assessed by t-test; *** p<0.001. Scale bars 50 um.
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4.3 Discussion

4.3.1 B7-H3 ectodomain plays a role in actin signalling

Data presented in this chapter shows different cellular phenotypes occur in response to
manipulating B7-H3 ectodomain via mAb or B7-H3 recombinant ectodomain treatments.
Both of these reagents are expected to recognise the same region of the 4IgB7-H3, yet
interestingly resulted in different changes to actin organisation. The ectodomain-treated cells
seemed to be more motile and assembled larger ruffles and actin protrusions in all cell lines
which agrees with previous findings where incubation of B7-H3 recombinant human
ectodomain with pancreatic cancer cells increased motility and invasion, suggesting a role for
B7-H3 in signalling to actin (Xie et al., 2016). This does not prove the hypothesis that B7-H3
acts as homodimer for itself but suggests the B7-H3 ectodomain could either bind to B7-H3
or other receptor on the cells that would promote actin re-organisation. It would be
interesting to analyse this further by adding exogenous small epitope-tagged purified B7-H3
ectodomain to cell membrane preparations or intact cells followed by analysis of potential

associated proteins by proteomics.

Interestingly, the same ruffling phenotypes were formed by B7-H3 depletion, which is
counterintuitive to the activation hypothesis of ectodomain treatment yet supports the
notion of another binding partner for B7-H3 that the ectodomain might be binding to. This
unidentified B7-H3 membrane receptor/binding protein could be suppressed by B7-H3, so by
knocking B7-H3 down the same actin phenotypes are seen as treating with ectodomain. This
might suggest B7-H3 acts ‘transdominantly’ on other membrane receptors that removing it
leads to changes in surface receptors profiles which makes cells assemble F-actin ruffles. This
coreceptor concept has been reported for other B7 family members, where the co-
stimulatory molecules B7-1 (CD80) and B7-2 (CD86) have dual specificity for CD28 and CTLA-
4 (CD152) receptors. CD28 is expressed on T cells and its activation increases T cell receptor
(TCR) signalling. CTLA-4 is a higher affinity receptor and rapidly induced in T cells upon TCR
stimulation and its engagement reduces TCR signalling (Sansom, 2000). B7-1 and B7-2
molecules are expressed on APCs as well as on T cells. B7 on T cells have been reported to
play a role in regulating responses and delivering signals into T cells (Butte et al., 2007).

Another member of the B7 family; the Programmed Death-1 (PD-1) receptor (CD279) has two
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ligands, PD- L1 (B7-H1; CD274) (Freeman et al., 2000) and PD-L2 (B7-DC; CD273) (Latchman
et al., 2001). The expression patterns of the two PD-1 ligands differ: PD-L1 is constitutively
expressed and upregulated to higher levels on murine hematopoietic cells (such as T cells, B
cells, macrophages and DCs) and non-hematopoietic cells (e.g., endothelial and epithelial
cells), while PD-L2 expression is only inducible on DCs, macrophages, and bone marrow-
derived mast cells. Studies have shown inhibitory functions for PD-L1 and PD-L2, others
demonstrated that PD-L1 and PD-L2 can stimulate T cell proliferation and cytokine production
(Dong et al., 2002). PD-L1 and B7-1 have also been reported to be binding partners and their
interaction are inhibitory, resulting in reduced expression of cell-surface activation markers,
T cell proliferation, and cytokine production. The B7-1:PD-L1 interaction and those of B7-
1:CTLA-4 or PD-L1:PD-1 overlap, resulting in distinct functional outcomes of blockade of PD-
L1, PD-L2, and PD-1 by mAbs in mouse models of colitis (Kanai et al., 2003), allogeneic heart
transplantation (Ito et al., 2005), contact hypersensitivity (Tsushima et al., 2003) and asthma
(Matsumoto et al., 2004). This adds to the complexity of B7:CD28 family pathways and their
functions and supports the hypothesis of B7-H3 acting as a transdominant receptor on the

cell surface.

Despite the blocking mAb of B7-H3 driving stress fibre formation, both mAb and ectodomain
treatments did not influence adherens junction formation in agreement with B7-H3KD not
altering B-catenin localisation. Thus, confirming that B7-H3 does not play a role in adherens
junction formation. This might explain the lack of change in cells shape and size, however
single cells were not analysed as the epithelial cells used in this project grow in contact with
each other. It would be valuable to analyse single cells from time-lapse movies that are
infected with GFP-lifeact to further confirm whether B7-H3 manipulation plays a role in
altering F-actin dynamics without the impact of cell-cell junctions. Moreover, B7-H3KD
reduced tight junctions and focal adhesions formation indicating that presence of B7-H3, and
availability of ectodomain to bind to ‘ligand X’ is required to maintain cell-cell adhesion.
Blocking B7-H3 could induce a destabilisation of TJ and cells adapt by assembling more stress
fibres to stabilise their architecture. Analysis of the effect of B7-H3 ectodomain manipulation
on FA and TJ assembly would be valuable to further understand the role of B7-H3 on

regulating these cellular structures. The B7-H3-dependent effects on F-actin reorganisation
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led us to analyse Rho GTPase activation. G-LISA analysis on RhoA and Rac displayed no
statistically significant change on their activity upon B7-H3KD in adenocarcinoma lines, but
acute knockdown of B7-H3 by siRNA in 16HBE reduced both Rac and RhoA GTPase activity.
Stable removal of B7-H3 by CRISPR may have allowed cancer cells to adapt to B7-H3 depletion
and regulate GTPase activity via other pathways. It would be interesting to examine GTPase
activity in 16HBE CRISPR cells and A549/H358 siRNA-treated cells in the future to test this
hypothesis. Alternatively, the lack of change of activation in CRISPR lines might instead
indicate changes to spatial GTPase activity rather than total levels, which could mediate the
observed F-actin reorganisation. The spatiotemporal activity of RhoA in migrating cells and
growth factor stimulated cells were examined by Kurokawa & Matsuda using fluorescence
resonance energy transfer (FRET) probes. The study found RhoA was activated in migrating
Hela cells at the leading edge and the contractile tail (Kurokawa & Matsuda, 2005). However,
in Madin-Darby Canine Kidney cells (MDCK) migrating as a monolayer sheet, RhoA was only
activated at the leading edge. In growth factor-stimulated NIH3T3 cells, the activity of RhoA
was significantly reduced at the plasma membrane, but remained high at the membrane
ruffles in early lamellipodia (Kurokawa & Matsuda, 2005). Furthermore, high levels of RhoA
activity at the leading edge of migrating cells and at the membrane ruffles of growth factor-
stimulated cells demonstrated that RhoA plays positive roles in cell migration and in the
induction of membrane ruffles (Kurokawa et al., 2004). This confirms that GTPases are tightly
co-ordinated in time and space to mediate downstream actin phenotypes. It would be
interesting to visualize the activity and complex spatiotemporal regulation of Rho-family
GTPases in living cells by using FRET-based probes for Rho-GTPases in B7-H3KD cells or upon

the addition of B7-H3 mAb or ectodomain.

4.3.2 B7-H3 suppresses RR and cilia assembly

Data in this chapter has shown B7-H3 is located at cell-cell junctions at low levels as well as in
both RR and primary cilia in 16HBE cells. The expression of B7-H3 is upregulated in tumours
which also show few to no cilia and RR (Carcamo et al., 2011; Higgins et al., 2019).
Overexpressing B7-H3 in 16HBE cells to mimic upregulation in cancer resulted in loss of both
structures, suggesting that increase in B7-H3 levels could divert it away from both structures

and move it to the junctions. However, depleting B7-H3 increased the assembly of primary
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cilia and RR, suggesting a correlative relationship between RR and cilia. Previous studies have
reported a possible link between ARL13B and IMPDH2. A mass spectrometry analysis of
ARL13B has previously identified IMPDH2 as a binding partner for this cilia protein (Shireman
et al., 2018). Another study demonstrated ARL13B as a negative regulator of the purine
recycling salvage pathway and the ARL13B-IMPDH2 binding allows cells to adapt to
chemotherapeutic stress and switch to de novo purine biosynthesis for survival (Shireman et
al., 2021). Previous data from chapter 3 supports the negative correlation between ARL13B
and IMPDH2, as the number of primary cilia increased when IMPDH2 was knocked down. It
would be interesting to further investigate the relationship between B7-H3, primary cilia and
RRs and how B7-H3 translocates from these compartments to the junction upon
overexpression. This could be assessed by using fluorescently-tagged ciliary and RR proteins
(or downstream signals) and analysing the dynamics of both upon B7-H3 overexpression. The

potential B7-H3 signalling partners that mediate this will be examined in the next chapter.

RRs can be induced by inhibiting IMPDH2 via treating cells with MPA (Keppeke et al., 2015),
and several studies have reported cells form aggregates of RRs upon MPA treatment
(Carcamo et al., 2011; Gunter et al., 2008; Noree et al., 2010; Ramer et al., 2010). RR form as
a response to disturbances in the CTP or GTP synthetic pathways (Ji et al., 2006). Furthermore,
MPA binding to IMPDH causes conformational change and subsequently formation of inactive
aggregates (Carcamo et al., 2011). Treating 16HBE B7-H3KD cells with MPA led to fewer MPA-
driven RRs compared to controls. This could be because B7-H3 plays a role in promoting
IMPDH2 activation and depleting it mimics MPA treatment, thereby RRs are induced to form
as seen in B7-H3KD cells. Consequently, treating B7-H3KD cells with MPA did not increase RR
induction as we postulated B7-H3KD have less active IMPDH2 as RR and subsequently less of
MPA effect on RR. This could explain the tight junction deregulation in B7-H3KD cells, as
previous studies have shown MPA disrupts tight junction formation to modulate cellular
permeability via increasing activation of p38MAPK (Khan et al., 2015). This pathway has also
been reported to disrupt cilia formation, and depleting B7-H3 decreases p38 MAPK
phosphorylation (Flem-Karlsen et al., 2019; Wagner & Nebreda, 2009). Moreover, activation

of the p38 pathway is involved in actin-mediated mechano-responses (Hoffman et al., 2017).
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It would be interesting to analyse activation of p38 MAPK in future studies to determine

potential involvement in the reported phenotypes in this thesis.

The close associations between the actin cytoskeleton and cilia have been demonstrated with
the requirement of actin for centrosome/basal body migration and anchoring of cilia to the
actin cytoskeleton (Antoniades et al., 2014). Reports have shown F-actin facilitating the
transport of ciliary proteins, bundles of actin were identified close to the ciliary membrane
and a structure similar to F-actin was found within the ciliary axoneme intertwined with
microtubules (Kiesel et al., 2020; Kim et al., 2015). This could suggest a role for F-actin or actin
associated proteins in facilitating cargo transport to RR and primary cilia when B7-H3 is
depleted as the actin cytoskeleton is reorganised. Apical actin enrichment is required for
ciliogenesis and has been shown to be mediated through Rho GTPases activation (Pan et al.,
2007). Signalling events initiated at the primary cilia lead to Rac1/RhoA activation (Park et al.,
2008; Valente et al., 2010). As previously demonstrated in this thesis, both cilia and RR co-
localise with B7-H3 in 16HBE cells and B7-H3 depletion leads to changes in both structures as
well as F-actin organisation. This indicates a role for GTPases to modulate these downstream
effects of B7-H3. ARL2 is one of the regulatory GTPases localised at the centrosome (Wright
et al., 2018), which is important for tubulin dynamics, cilia assembly and has been
demonstrated to co-localise with RRs (Taniuchi, 2011; Tian et al., 2010; Zhou et al., 2006;
Schiavon et al., 2018). It would be interesting to further investigate the role and activation
cascade of ARL2 in B7-H3 depleted/overexpressed cells, and whether it plays a role in
regulating trafficking of B7-H3 between different compartments (Fansa & Wittinghofer,
2016).

4.3.3 B7-H3 suppresses cancer cell growth and invasion in 3D

Data from 2D methods used in this thesis demonstrated that B7-H3KD did not play a role in
proliferation, yet it reduced colony size formation. However, 3D data showed an increase in
proliferation and invasion in B7-H3KD cells. Previous studies have shown conflicting data
indicating positive and negative roles for B7-H3 in mediating tumour progression.

Furthermore, the mechanisms by which B7-H3 could contribute to a malignant phenotype
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remain controversial. In vivo studies have shown shRNA of B7-H3 inhibited the expression of
metastasis-related proteins in melanoma cells (Tekle et al., 2012). In a murine model of colon
cancer, injection of Ad-B7-H3-GFP intratumorally led to significant induction CD8 + T-cells
producing IFN-y- and higher IL-12 levels (Lupu et al., 2007). Similar findings have also been
shown in an orthotopic colon cancer model (Lupu et al., 2006). Conversely, loss of B7-H3 in
murine mice model had a significant increase on tumour size (Kreymborg et al., 2015). Lack of
B7-H3 in mice resulted in decreased CD4 and CD8 T-cells proliferation and reduced IFN-y-
induced chemokines (Wang et al., 2005). Yu et al found B7-H3 promoted proliferation,
invasion and migration of lung adenocarcinoma cells in vitro where transwell inserts
chambers were used to measure invasion (Yu et al., 2018). All these studies had different
models where different factors could explain the disparity between the results obtained in

2D and 3D.

Epithelial-like cells in vitro assemble cell-cell and cell-ECM adhesions which are
interdependent and compensate for each other (Goodwin et al., 2017). Indeed, cells rely on
their extracellular matrix to survive where spatial changes in the environment lead to
adaptation in adhesion and F-actin organisation (Katsumi et al., 2004). Accordingly, vast
majority of cells grown in 3D spheroids to mimic a ‘solid tumour’-like structure are in contact
only with each other rather than with the ECM which is more physiologically representative
of an in vivo setting. Conversely in 2D, all cells grow as a monolayer and subsequently have
cell-matrix and cell-cell adhesions. Therefore, the proliferation rate of cells in 3D culture
better represents the growth of tumours in vivo and have different signals and organisation
compared to 2D cultures (Gurski et al., 2010). The increased proliferation of B7-H3KD in 3D
may indicate that B7-H3 suppresses growth in the core of the tumour where cells are only in
contact with each other, which would be in agreement with B7-H3 localising at cell-cell
adhesions only in tumour cells and potentially supporting tight junction formation as seen in
2D data. Therefore, increased invasion in B7-H3KD in 3D might be due to weakening of TJ in
cells within the inner spheroid core, triggering invasion of the peripheral cells in contact with
the ECM. Recent studies have shown TJ proteins contribute to the control of cell proliferation
(Bhat et al., 2019). Thus, weakening TJ in inner cells of the spheroids may also promote

proliferation. Analysis of tight junction assembly in B7-H3KD cells in 3D would be important
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in further confirming this. Increased invasion of B7-H3KD cells seen in 3D could also be due to
increased proliferation, this could be tested by treating B7-H3KD cells with mitomycin C to

block cell division and evaluating the invasive potential.

Increased 3D proliferation and invasion of B7-H3KD seen here conflicts with some previous in
vivo published work (Hashiguchi et al., 2008; Kanayama et al., 2021; Liu et al., 2021; Lupu et
al., 2007; Tekle et al., 2012). Studies of B7-H3 in 3D have been limited to tumoursphere
models to study the interplay between tumour and T-cells (Digregorio et al., 2021; Huang et
al., 2020). B7-H3 increased expression and correlation to poor outcomes have been reported
in different types of tumours such as renal cell carcinoma (Qin et al., 2013; Zhao et al., 2013),
lung cancer (Wu et al., 2016), prostate cancer (Benzon et al., 2017), gall-bladder cancer (Liu
et al.,, 2016), colorectal cancer (Fan et al., 2016; Jiang, Zhang, et al., 2016), oesophageal
squamous cancer (Song et al., 2016), cervical cancer (Zhuang & Xu, 2016), breast cancer
(Bachawal et al., 2015) and osteosarcoma (Wang et al., 2016). However, little is known about
the spatial expression level and localisation of B7-H3 in human tumours. To the best of our
knowledge, no available studies have reported the correlation between B7-H3 expression
within a solid tumour and its localisation. However, a study on PD-L1, one of the B7 family of
immune checkpoints, evaluated the expression of the protein on tumour-infiltrating immune
cell (TIIC) within the clear cell renal cell carcinoma and found the mean PD-L1-positive TIIC
score at the tumour periphery was significantly higher than that at the tumour nest (Mikami
et al., 2019). It would be interesting to know if this is also the case for B7-H3 with different
levels of expressions in different parts of the tumour. Nonetheless, 3D spheroids model still
lack the complexity of in vivo vascular systems for oxygenation, nutrients, waste removal and
immune components. Future studies on the localisation of B7-H3 within the solid tumour
would be beneficial to unravel the association between B7-H3 expression, localisation and

tumour progression.

Cells within the outer layer of a spheroid interact with the ECM (Khaitan et al., 2006). This
could suggest that adenocarcinoma B7-H3KD cells at the outer layer assemble primary cilia as

seen in 2D which may also contribute to invasion. As primary cilia are known to be signalling
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hubs to transduce extracellular signals to regulate proliferation and migration, and RR are
involved in purine biosynthesis pathway, B7-H3 might suppress metabolic balance or alter
susceptibility to chemotherapy by playing a role in stress response to mediate proliferation

and cellular reorganisation. These effects will be further explored in the next chapter.

Taken together, data so far suggests B7-H3 promotes epithelial-like behaviour and is a tumour
suppressor in respects to proliferation and invasion. Nonetheless, this may be due to B7-H3
playing a protective role to promote tumourigenesis under stress conditions which will be

investigated in the next chapter.

4.3.4 B7-H3 plays a similar role in normal and cancer cells

As mentioned above, B7-H3 is highly expressed in different types of cancers and has been
linked to poor prognosis which makes it a promising target for anti-cancer therapeutics.
Despite the interest in B7-H3 as a target, the biological function of B7-H3 in cancer cells
remain unknown, as most of the previous studies have mainly focused on its interaction with
immune cells. Consequently, we aimed to identify B7-H3’s role in tumourigenesis in absence

of immune/checkpoint components.

Data so far suggests B7-H3 is functionally similar in normal lung epithelial cells vs.
adenocarcinoma cells. However, changes of B7-H3 expression in tumour cells alters its
localisation and role. In cancer/overexpressing cells, the protein increases at the cell-cell
junctions and reduces cilia/RR assembly thereby potentially modulating responses to signals
from external cues. B7-H3 may therefore promote some hallmarks of tumourigenesis by
supressing formation of the cilia and RRs and maintenance of TJ formation. This is potentially
due to the influence of B7-H3 on RRs and cilia as data from previous chapter showed no
alteration in B7-H3 localisation/levels upon IMPDH2 and KIF3A knockdown. The role of B7-H3
in tumourigenesis will be elucidated in the next chapter using MPA and a chemotherapeutic

reagent.
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5. Defining B7-H3-dependent
mechanisms contributing to
tumourigenesis
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5.1 Introduction

Previous data have demonstrated B7-H3 as a tumour suppressor with respect to proliferation
and invasion. Data also showed B7-H3 co-localised with IMPDH2 in rods and rings and ARL13B
in primary cilia in normal lung epithelial cells, yet these structures were absent in cancer cells.
Since IMPDH2 is involved in purine biosynthesis pathway, and cilia regulate proliferation and
migration through extracellular cues, we postulated that B7-H3 might supress metabolic
balance or alter chemoresistance by playing a role in stress response to mediate

tumourigenesis.

Metabolism in cancer cells is reprogrammed to support the demands of uncontrolled
proliferation (Pavlova & Thompson, 2016). Accordingly, metabolic patterns are different
within normal cells from those in cancer cells and this is consequently regarded as a hallmark
of cancer (Pavlova & Thompson, 2016). Cancer-associated modifications in metabolism are
now recognised to play a vital and direct role in facilitating tumourigenesis rather than as an
indirect response to the development of tumours as previously suggested (Dang, 2012). One
of the well-known metabolic alterations in cancer cells is elevated glucose consumption by
tumours (Koppenol et al., 2011). Glutathione (GSH) metabolism plays both pathogenic and
beneficial roles in different types of cancers. It is important for the detoxification of
carcinogens, and changes in this pathway can have a colossal effect on cell survival. Elevated
GSH levels promotes tumour development and correlates with increased metastasis (Bansal
& Simon, 2018). GSH deficiency or a change in GSH/GSSG ratio increases the sensitivity of
cells to oxidative stress and tumour progression. However, increased GSH levels elevates
antioxidative capacity and resistance to oxidative stress as demonstrated in many tumours
(Reczek & Chandel, 2015). Recently, creatine has been found to be both suppressor and
activator of cancer growth depending on cancer type studied (Zhang & Bu, 2022). It has been
shown to promote colorectal and breast cancer metastasis and shortens survival in mouse
models (L. Zhang et al., 2021). While another study has demonstrated creatine conserves
bioenergy to power anti-tumour reactivity of CD8+ T cell in a tumour microenvironment (Li &

Yang, 2021).
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Recent research has explored the role of B7-H3 in metabolic reprogramming of cancer cells.
B7-H3 has been proposed to mediate glucose metabolism by increasing aerobic glycolytic
capacity, also known as the Warburg effect, determined by enhancing glucose uptake as well
as extracellular lactate levels in metastatic breast cancer cells and melanoma cells (Flem-
Karlsen et al., 2017). Additionally, B7-H3 has been shown to play a role in lipid metabolism
reprogramming by increasing fatty acid synthesis, which is a common characteristic of cancer
(Cairns et al., 2011; D. Luo et al., 2017). These studies indicate that B7-H3 may play a role in
the metabolic reprogramming of cells during tumourigenesis and consequently possible new
developments of cancer therapy. However, the potential mechanism by which B7-H3
contributes to cancer cell metabolism is poorly understood. To understand the effects of B7-
H3 expression levels on primary cilia, RRs, actin reorganisation and RhoGTPase activity, we
investigated in this chapter the potential binding partners of B7-H3 that could contribute to
and link these phenotypes. B7-H3 co-localisation with IMPDH2 led us to explore the possible
role of B7-H3 on modulating purine biosynthesis metabolites, chemoresistance and survival

in lung adenocarcinoma cells.
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5.2 Results

5.2.1 B7-H3 knockdown increases amino acid metabolites in 16HBE cells

Data from previous chapter has shown that B7-H3 depletion led to decreased RhoA and Racl
activity in 16HBE cells. We therefore hypothesised that B7-H3 might contribute to
maintenance of steady state GTP levels in cells, potentially through IMPDH2, to regulate
GTPase activity and F-actin organisation. To investigate whether B7-H3 contributes to the
balance of GTP levels, 16HBE cells were transfected with control siRNA or siB7-H3 followed
by preparation of lysates for metabolomics as described in the methods section. Nuclear
Magnetic Resonance (NMR) allows the detection of a wide range of metabolites
simultaneously by providing a metabolic 'snapshot' profile (Beckonert et al., 2007). However,
the NMR technique we used here was not sensitive enough to detect GTP/GDP/GMP levels.
Nonetheless, some other glutathione and amino acid synthesis metabolites displayed
interesting alterations upon B7-H3 reduction. It is worth noting that in some cases there was
a significant difference between parental line and siControl transfected cells, thereby the
statistical differences with siB7-H3 for these data sets were not plotted despite both controls
being higher/lower than siB7-H3 (Figure 52, black vs. blue bars). However, several key amino
acid metabolites were increased upon B7-H3 depletion as compared to controls, including,
isoleucine, asparagine, creatine phosphate, CDP and NAD (Figure 52, green boxes). Each of
these amino acids are involved in different pathways, yet all are largely involved in providing
energy to normal cells. Isoleucine is involved in protein metabolism and important in
immunity (Gu et al., 2019). Asparagine is also involved in protein biosynthesis and cell
development (Zhang et al., 2014). Creatine phosphate provides energy for cell viability and
activity (Gaddi et al., 2017). The nucleolipid cytidine diphosphate (CDP) acts as a high energy
donor in the synthesis of different phospholipids (Lilley et al., 2014). Nicotinamide adenine
dinucleotide (NAD) is a coenzyme for redox reactions and contributes to metabolic
homeostasis (Covarrubias et al., 2021). Taken together, these data suggest an important role
for B7-H3 in regulating energy levels in normal lung epithelial cells. Reducing B7-H3 levels

could result in increased metabolites that regulate proteins and phospholipids biosynthesis.
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Figure 52: B7-H3 knockout increased amino acids metabolites in 16HBE cells.

An overview of 39 selected metabolites levels in 16HBE parental, siRNA control and siB7-H3
cells from NMR spectroscopy. Data pooled from 5 independent experiments. Data show
means +/- SEM statistical analysis assessed by multiple unpaired t-test between siControl and
siB7-H3; *p<0.05, ** p<0.01, ***p<0.005. Green boxes indicate increased key data points by

siB7-H3.
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5.2.2 Analysis of B7-H3 contributions to metabolites in lung adenocarcinoma
cells

To analyse the effects of B7-H3 expression on metabolite balance levels in lung cancer cells,
parental and B7-H3 CRISPR A549 and H358 cells were processed for NMR analysis as per the
previous figure. In A549, two metabolites, fumaric acid and pantothenic acid, involved in the
Krebs cycle to release energy were reduced in CRISPR cells (Moharregh-Khiabani et al., 2009;
Penet et al., 2016) (Figure 53A-red boxes). Conversely, GSSG levels were significantly
increased in B7-H3KD cells (Figure 53A, green box). GSSG is a peptide involved in glutathione-
dependent metabolism and its ratio with GSH is considered an indicator of oxidative stress

(Hellou et al., 2012).

Interestingly, H358 CRISPR cells displayed more metabolic changes in response to B7-H3
depletion. Putrescine, glutamic acid, hypotaurine, GSSG, GSH, creatine, creatine phosphate,
myo-inositol, and NAD were significantly increased (Figure 53B-green boxes). These products
are involved in polyamine protein biosynthesis, glutamine metabolism, cysteine catabolism,
glutathione metabolism, arginine and methionine metabolism, glucose metabolism, energy
metabolism, respectively (Bansal & Simon, 2018; Fried et al., 2021; Gonzalez-Uarquin et al.,
2020; Qin et al., 2020; Shen et al., 2021; Taegtmeyer & Ingwall, 2013). On the other hand,
Glutamine, Formic acid, Aspartic acid, Phenylalanine, Cytidine 3’,5'-Monophosphate (CMP)

and glucose were significantly reduced (Figure 53B-red boxes).

In this thesis, we focused on GSSG levels as they were significantly increased in all B7-H3
knockdowns compared to controls (and siControl in 16HBE). This suggest a role for B7-H3 in
regulating energy as well as in glutathione metabolism, which will be further analysed later in

this chapter.
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Figure 53: Analysis of B7-H3 contributions to amino acid metabolism in adenocarcinoma
cells.

A-B) An overview of selected metabolites levels in A549 (A) and H358 (B) parental and
respective B7-H3 CRISPR knockdown cells from nuclear magnetic resonance spectroscopy.
Data pooled from 5 independent experiments. Data show means +/- SEM statistical analysis
assessed by multiple unpaired t-test between siControl and siB7-H3; *p<0.05, ** p<0.01,
***p<0.005. Green boxes indicate significantly increased while red boxes indicate
significantly reduced data points in B7-H3 CRISPR cells.
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5.2.3 B7-H3 regulates GSH:GSSG ratio

Data from previous NMR analysis suggests B7-H3 may have an effect on GSSG and GSH levels
which could result in an altered ratio between the two enzymes and subsequently increased
oxidative stress. To further analyse this, ratios of GSH and GSSG levels in all cell lines from
NMR data were analysed. Data revealed that the ratio between GSH/GSSG was significantly
decreased in B7-H3KD cells for all cell lines (Figure 54), indicating a role for B7-H3 in

suppression of oxidative stress and increased stress tolerance.
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Figure 54: B7-H3 knockdown reduced GSH: GSSG ratio.

Graph of GSH:GSSG ratio measured from NMR metabolomics analysis in 16HBE, A549 and
H358 parental cells compared to B7-H3 knockdowns. Data pooled from 5 independent
experiments. Values are plotted as mean + SEM. One-way ANOVA was used to determine
statistical significance. *=p<0.05. **=p<0.01.
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5.2.4 Reducing B7-H3 leads to reduced IMPDHZ2 pathway metabolites

Data in chapter 4 demonstrated a role for B7-H3 in regulating RR formation in all cells, and
Rho GTPase activation in 16HBE cells. RRs are IMPDH2 polymers which play a critical role in
regulation of de novo guanine nucleotide synthesis and subsequently intercellular GTP pool
(Papakonstanti & Stournaras, 2008; Sassi et al., 2021). To test the hypothesis of whether B7-
H3 was involved in purine biosynthesis and ultimately regulating GTP/GDP/GMP levels,
parental, B7-H3KDs and MPA-treated cells metabolites were extracted and processed via LC-
MS as described in the methods section. Although NMR-based metabolomics has been widely
employed in metabolomic studies, it was not very sensitive with respect to detecting GTP
levels in cells. Therefore, LC-MS/MS-based metabolomics was used instead. LC-MS/MS
analysis allows profiling of small metabolomics molecules downstream of cellular machinery
(i.e., enzymes). Compared to NMR, LC-MS/MS is more sensitive with 10 to 100 times
better lower limits of detection (Emwas et al., 2019; Lee et al., 2010). Data revealed that
16HBE cells showed a significant reduction in NAPDH levels following MPA treatment (Figure
55A). This metabolite is involved in the purine biosynthesis and was reported to be
upregulated in cancer (Rather et al., 2021). Guanosine was upregulated in siB7-H3 and MPA-
treated cells. Guanosine is a nucleoside that plays a role in de novo biosynthesis of GMP and
cell invasion (Bianchi-Smiraglia et al., 2015). Other metabolites such as IMP, AMP, ADP, ATP,
GMP, GTP and GDP were significantly reduced in MPA and siB7-H3KD cells, however there
were also significant differences in these metabolites between siControl and parental cells,

so the relevance of this data remains unclear.

A549 and H358 cells showed similar profiles to 16HBE cells: a significant decrease in ADP,
AMP, GMP, GTP and GDP levels were seen in both MPA and B7-H3 CRISPR cells compared to
controls. All of these metabolites are involved in the purine biosynthesis pathway (de Vitto et
al., 2021). Like 16HBE siB7-H3, Guanosine levels were also increased in A549 B7-H3KD cells
(Figure 55A), and Xanthine levels were decreased in H358 MPA-treated cells (Figure 55B).
Xanthine expression has been linked to malignancy and poor prognosis (Battelli et al., 2016).
GSH/GSSG ratios were also all significantly reduced in all B7-H3KD and MPA-treated cells in

all cell lines, confirming that seen in NMR data (Figure 55B).
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Finally, a significant decrease in GTP levels was seen upon both MPA treatment and B7-H3KD
in all cell lines, indicating a role for B7-H3 in regulating the guanine de novo purine synthesis

pathway (Figure 55C).

Taken together, these data suggest B7-H3 plays a protective role to reduce oxidative stress

and promotes de novo guanine synthesis in both normal lung epithelial and lung cancer cells.
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Figure 55: Reducing B7-H3 leads to reduced IMPDH2 pathway metabolites.

A) Graph of key changes in metabolites levels of the purine pathway analysed by mass
spectrometry in parental/siControl, B7-H3 siRNA/CRISPR knockdowns and MPA-treated in
16HBE, A549 and H358 cells. (B) Graphs of GSH:GSSG ratio quantified from cells as in (A). (C)
Quantification of GTP ratio in cells as in (A). Data pooled from 2 samples per experiment and
2 independent experiments. Values are plotted as mean +/- SEM. One-way ANOVA was used
to determine statistical significance. *=p<0.05. **=p<0.01, ***=p<0.001, ****=p<0.0001.
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5.2.5 B7-H3 suppresses oxidative stress

Previous NMR and MS data both demonstrated reduced GSH/GSSG ratios following depletion
of B7-H3, suggesting a role in regulating oxidative stress. To further validate increased
oxidative stress in B7-H3KD cells, the CellRox probe was used to detect and quantify reactive

oxygen species (ROS) in live cells.

16HBE, A549 and H358 siControl/Parental or siB7-H3/CRISPRs were either grown under
normal conditions or serum-starved for 48 hours prior to incubating cells with the CellRox
probe for 30 minutes. Subsequently, live cells were imaged where bright cells indicated
oxidative stress (Figure 56A). The fluorescence intensity of the CellRox probe was analysed
from siControl/parental and B7-H3KD cells (Figure 56B). Analysis revealed a significant
increase in fluorescence levels in starved siControl cells compared to control conditions, as
would be expected under stress conditions (Figure 56B, top graph). However, this was not
seen in either cancer cell lines (Figure 56B, middle and bottom graphs). However, all B7-H3KD
cells showed a significant increase in fluorescence compared to siControl/parental in control
and starved conditions indicating an increase in ROS upon B7-H3KD (Figure 56B). This data

suggests that B7-H3 suppresses oxidative stress in normal and lung cancer cells.
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Figure 56: B7-H3 suppresses oxidative stress.

A) Representative confocal images of siControl/Parental or B7-H3 siRNA/CRISPR cells plated
in a 96-well plate, cells were left under basal conditions (control), or serum staved for 48
hours prior to incubation with CellROX reagent. (B) Quantification of the oxidative stress
levels of cells in (A) by measuring the CellROX fluorescence signal. Data pooled from 3
independent experiments, 3 replicates per experiment. Values are plotted as mean +/- SEM.
One-way ANOVA was used to determine statistical significance. *=p<0.05. **=p<0.01,
***=p<0.001. Scale bars 20 um.
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5.2.6 B7-H3 promotes chemoresistance and cell survival

Some chemotherapeutic agents induce oxidative stress as a means for killing cancer cells
(Chen et al., 2007). Targeting cancer cells by increasing ROS production or inhibition of the
cellular antioxidant network has been reported to be successful in murine xenograft model
and in vitro (Noh et al., 2015; Ogiwara et al., 2019; Trachootham et al., 2009). Excess levels
of ROS cause damage to vital cellular pathways which can lead to activation of cell death
processes such as apoptosis (Redza-Dutordoir & Averill-Bates, 2016). Apoptosis is induced
through caspase activation (Azad & lyer, 2014). To investigate whether B7-H3KD cancer cells
are susceptible to chemo-stress, A549 and H358 parental and B7-H3KD cells were subjected
to either normal growth conditions or serum starvation for 48 hours (Figure 57A, B). In
parallel, cells were either treated with DMSO (vehicle control) or cisplatin for 48 hours (Figure
57C, D). Cisplatin is a chemotherapeutic drug that activates pathways leading to apoptosis
(Cregan et al., 2013). DAPI was added to live cells to allow measurements of cell number and
CellEvent™ caspase detection reagent was added as a measure of apoptosis, which fluoresces
green only upon induction of active caspases. Live cells were imaged, and the levels of caspase
reporter measured in all conditions at 48 hours post-treatment. Data demonstrated a
significant increase in apoptosis in B7-H3KD-starved cells compared to both starved parental
cells and B7-H3KD control cells (Figures 57A, B, left panels). Moreover, upon cisplatin
treatment, A549 and H358 parental cells showed increased apoptosis compared to control
DMSO cells, and B7-H3 CRISPR cells showed a significant increase in apoptosis compared to
both CRISPR control and parental cisplatin-treated cells (Figure 57C, D left panels). No

statistical significance was found between parental and CRISPR cells under DMSO treatments.

To further confirm the viability of cells, DAPI positive cells were counted and normalised to
parental control cells. Serum starvation led to a significant reduction in cell number in B7-
H3KD cells compared to controls, B7-H3KD and parental-starved cells, in both A549 and H358
(Figures 57A, B—right panels). Cisplatin-treated CRISPR and parental cells showed a significant
reduction in cell number in both A549 and H358 compared to their control counterparts

(Figures 57C, D - right panels).
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Taken together, these data suggest a role for B7-H3 in promoting chemoresistance and

survival by suppression of oxidative stress and subsequently apoptosis.
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Figure 57: B7-H3 Promotes chemoresistance and survival.

Quantification of apoptosis (left panel) and cell count (right panel) in parental or B7-H3 CRISPR
A549 and H358 cells (A, Cand B, D, respectively). Cells were either left under basal conditions
or serum-starved (A, B), or were treated with DMSO as vehicle control or cisplatin (C, D) for
48 hours prior to staining the live cells with DAPI and CellEvent™ Caspase-3/7 Green detection
reagent for apoptosis. Data pooled from 3 independent experiments; each experiment
performed in triplicate. Values are plotted as mean +/- SEM. One-way ANOVA was used to
determine statistical significance. ¥*=p<0.05. **=p<0.01, ***=p<0.001.
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5.2.7 B7-H3 forms a complex with IMPDH2

To investigate possible binding partners that may complex with B7-H3 to contribute to purine
synthesis pathway, actin rearrangement and aid in suppressing stress response, mass
spectrometry analysis was carried out on GFP-Traps. 16HBE, A549 and H358 cells were
transfected with GFP control or B7-H3-GFP and treated with either vehicle control or MPA for
48 hours. Resulting complexes were subjected to SDS PAGE and bands were excised and sent
for LC-MS/MS analysis as described in the methods section. This analysis revealed several
proteins hits, six (IMPDH2, actin, annexin, myosin A, myosin B and tubulin) were chosen to be
further validated as they have been previously associated with cytoskeleton rearrangements
(Figure 58A). IMPDH2 was seen to co-localise with B7-H3 at RR in normal cells and cancer cells
at the junction (data not shown) and is also involved in purine biosynthesis pathway as well
as support cytoskeletal assembly (Keppeke et al., 2015; Wolfe et al., 2019). The actin
cytoskeleton was rearranged when B7-H3 was manipulated, and actin is known to mediate
essential biological functions and is modulated by Rho GTPases to allow cell motility (Parri &
Chiarugi, 2010). Annexin plays a role in the cell life cycle, apoptosis, and exocytosis (Mirsaeidi
et al., 2016). Myosins are actin-based motor proteins, myosin || motors are key effectors in
primary cilium biogenesis and cilium function (Rao et al., 2014). Tubulin polymerises into
microtubules that are vital for the cytoskeleton, mitosis, primary cilia assembly and it

regulates intercellular transport (Gadadhar et al., 2017; Yang et al., 2021).

Interactions with the selected potential B7-H3 partners were validated by
immunoprecipitation (IP) of endogenous B7-H3 from cells treated with MPA. Protein
complexes were then probed by Western blot with antibodies against IMPDH?2, actin, annexin,
myosin A, myosin B and tubulin. B7-H3 was used as a control to confirm the validity of the IP
(Figure 58B). Data revealed that actin, annexin and myosin A showed very high non-specific
binding in IgG alone controls which could not be reduced upon increased detergent washing,
making it difficult to conclude specificity of binding to B7-H3. Myosin B and tubulin were not
identified in IPs indicating these targets are likely artefacts of the IP/mass spectrometry
process. However, IMPDH2 was present in B7-H3 immunoprecipitates in all cells and not in
IgG controls and appeared to potentially be increased in B7-H3 complexes in lysates from cells

treated with MPA (Figure 58B).
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GFP pull downs were carried out in GFP control or B7-H3-GFP expressing cells treated with
MPA to further confirm this association by other means. Western blot analysis confirmed the
presence of IMPDH2 in B7-H3 immunoprecipitates in both MPA-treated and untreated cells
(Figure 58C). Quantification of Western blot bands from endogenous IP and B7-H3-GFP IP
showed a significant increase in IMPDH2 binding to B7-H3 in 16HBE MPA-treated cells, with

a trend to increased binding also seen in A549 and H358 cells (Figure 58D).

Data from previous chapters have shown B7-H3 localising at ARL13B-positive primary cilia and
RR with formation of these structures being negatively regulated by B7-H3 expression.
ARL13B and IMPDH2 has been previously reported to interact with each other to modulate
purine synthesis (Shireman et al., 2019). To determine whether ARL13B, IMPDH2 and B7-H3
form a complex, 16HBE, A549 and H358 cells were treated with MPA, cell lysates were
incubated with control IgG or IMPDH2 antibody followed by IP and Western blot probed for
IMPDH2, B7-H3 and ARL13B (Figure 58E). Data revealed specific association between ARL13B
and IMPDH2 and further confirmed the B7-H3:IMPDH2 complex seen in B7-H3 IPs.

Collectively these data demonstrate that B7-H3 can form a complex with both IMPDH2 and
ARL13B in all cell lines, potentially explaining the co-localisation of these proteins, particularly
in 16HBE cells shown in previous chapters. Blocking IMPDH2 activity increases association
between B7-H3 and IMPDH2, further confirming increased B7-H3 and IMPDH2 co-localisation

shown in chapter 3.
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Figure 58: B7-H3 forms a complex with IMPDH2.

A) Table of protein IDs from LC-MS/MS analysis chosen for follow-up. (B) Western blot of
endogenous B7-H3 immunoprecipitation from 16HBE, A549 and H358 cells treated with
vehicle or MPA (+) for 48 hours, probed for IMPDH2, Actin, Annexin, Myosin A, Myosin B and
Tubulin. (C) Cells expressing GFP or B7-H3-GFP treated with vehicle control (V) or MPA (+) for
48 hours, subjected to GFP-Trap immunoprecipitation followed by probing for IMPDH2, B7-
H3 and GFP. (D) Quantitative analysis of IMPDH2 levels in B7-H3 Endogenous and B7-H3 GFP
pulldowns as in (B) and (C). Data pooled from 5 independent experiments. Values are plotted
as mean = SEM. (E) Cells as in (B) were incubated with either IMPDH2 or IgG control antibody
followed by blotting for B7-H3 and ARL13B. One-way ANOVA was used to determine
statistical significance. *=p<0. 05.
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5.2.8 B7-H3 sensitises cells to IMPDH2-dependent oxidative stress

Previous data showed oxidative stress was increased following depletion of B7-H3. Moreover,
IMPDH2 was identified as a possible binding partner and this enzyme regulates several
metabolites identified as being differentially regulated by B7-H3 expression. To further
explore whether there is synergy between B7-H3 and IMPDH2 in controlling oxidative stress,
16HBE, A549 and H358 parental and B7-H3KD cells were subjected to vehicle control or MPA
treatment for 48 hours followed by the addition of the CellRox reagent to measure oxidative

stress as previously described.

As previously observed, all B7-H3KD cells displayed a significant increase in levels of oxidative
stress compared to siControl/parental cells under control vehicle conditions (Figure 59A-C,
left bars). MPA treatment also increased oxidative stress in both 16HBE and A549
siControl/parental cells compared to vehicle control-treated cells (Figure 59A, B). Moreover,
B7-H3 knockdown in all cells led to an increase in oxidative stress levels following MPA
treatment, compared to MPA-treated siControl/parental cells (Figures 59A-C, right bars).
These data suggest that removing B7-H3, which would also disrupt the identified B7-
H3/IMPDH2 complex results in increased oxidative stress levels, and that further inhibition of
IMPDH2 activity enhances this phenotype. This suggests a role for B7-H3 in modulating

oxidative stress in an IMPDH2-dependent manner.
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Figure 59: B7-H3 sensitises cells to IMPDH2-dependent oxidative stress

Quantification of oxidative stress levels of siRNA control/parental or B7-H3 siRNA/CRISPR in
16HBE (A), A549 (B) and H358 (C) cells treated with MPA or vehicle control for 48 hours prior
to incubation with CellROX reagent. Fluorescence signal was measured by imagel. Data
pooled from 3 independent experiments; each experiment performed in triplicate. Values are
plotted as mean + SEM. One-way ANOVA was used to determine statistical significance.
*=p<0.05. **=p<0.01, ***=p<0.001.
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5.2.9 B7-H3 sensitises cells to IMPDH2-dependent chemoresistance and cell
survival

Previous data in this thesis has shown that depleting B7-H3 increases oxidative stress and
apoptosis in tumour cells in response to chemotherapy. To determine whether IMPDH2 may
play a role in these phenotypes, A549 and H358 parental and CRISPR cells were vehicle or
MPA-treated for 48 hours prior to adding DAPI and CellEvent™ detection reagent, as

described previously in this chapter.

Apoptosis was quantified by measuring the fluorescence levels emitted by the cells and
normalising the values to parental controls. MPA treatment led to a significant increase in
apoptosis in parental A549 cells (Figure 60A — left graph) and this was mirrored by a significant
reduction in cell number (Figure 60A — right graph). Moreover, MPA treatment in both B7-H3
depleted cell lines led to a significant increase in apoptosis which was higher than that seen
in untreated cells and parentals in the presence of MPA (Figures 60A, B — left graphs), this was
also coupled with reduced cell number in both cases (Figures 60A, B — right graphs). These
data suggest that B7-H3 promotes chemoresistance and thereby promotes cancer cell

survival following MPA treatment.

183



A549 3 2.0 A549
" = =3 Control
g =3 Control g " ey
s ol = MPA S s
_ S 454 —
S 8 * kK © *
— o 8
59 6 3 — I
8 E 2 1.0 —
So * 3o
& 53 | =
® g4{ / S
< 'g 2
2 = 0.5
g 2- E é
E ? - 5
=] — é £
— 0.0 I :
’ I < Parental CRISPR
Parental CRISPR
B
H358
= 10+ —~ 2.0- H358
= o
€ * = Control -E- - g Slc;r:rol
8 8 = MPA 8
£ - = 7 ¥k I
L= = €
22 6 | €3 1
g3 o ®
g & 02 4104 =
g S = 0
- QD -
< T 44 Oo
] 3
S = 0.5
e ©
S e
g | = = g
T o T T 0.0 , '
Parental CRISPR Parental CRISPR

Figure 60: B7-H3 sensitises cells to IMPDH2-dependent chemoresistance and survival.

(A, B) Graphs of quantified apoptosis (left panel) and cell count (right panel) in Parental or B7-
H3 CRISPR A549 (A) and H358 (B). Cells were treated with methanol as vehicle control or MPA
for 48 hours prior to staining the live cells with DAPI and CellEvent™ Caspase-3/7 Green
detection reagent to measure apoptosis. Data pooled from 3 independent experiments; each
experiment performed in triplicate. Values are plotted as mean +/- SEM. One-way ANOVA
was used to determine statistical significance. *=p<0.05. **=p<0.01, ***=p<0.001
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5.2.10 Inhibition of IMPDH?2 leads to reduced 3D invasion and proliferation in
B7-H3 depleted cells

Data in chapter 4 demonstrated that B7-H3 depletion leads to increased proliferation and
invasion in 3D spheroid models. To determine whether IMPDH2 may play a role in these pro-
tumourigenic phenotypes, A549 and H358 parental and B7-H3KD spheroids were formed via
hanging drop method, and then embedded into 3D collagen gels. MPA was added to the
media and left to incubate for 24 hours. Spheroids were imaged within one hour of

embedding and at 24 hours post-embedding to enable quantification of invasion.

Confocal images of stained spheroids confirmed enhanced invasion in A549 and H358 CRISPR
spheroids compared to parental spheroids as shown in Chapter 4 Figure 51. However, treating
CRISPR spheroids with MPA appeared to reduce this enhanced invasive phenotype (Figure
61A). This was confirmed by measuring the invasion as fold change in spheroid area at 0 and
24- hours post-embedding which demonstrated significantly reduced invasion in MPA-treated
B7-H3 CRISPR cells compared to control CRISPR cells (Figure 61B). No change in invasion was
seen in parental cells treated with MPA compared to vehicle controls. To further explore the
effect of MPA on proliferation and cell organisation, the number of nuclei and cell packing
was quantified in all spheroids. Analysis of spheroid cell number also showed a significant
increase in cell proliferation in both CRISPR lines compared to controls as previously shown
in Figure 51, but notably a significant reduction in cell number was seen upon MPA treatment
in B7-H3 CRISPR cells, but not in parentals (Figure 61C). Moreover, this reduced proliferation
in B7-H3 CRISPR cells was coupled with a significant increase in cell packing following
treatment with MPA compared to untreated cells (Figure 61D). Altogether, this data suggests

that depletion of B7-H3 increases proliferation in an IMPDH2-dependent manner.
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Figure 61: Inhibition of IMPDH2 leads to reduced 3D invasion and proliferation in B7-H3
knockdown cells.

(A) Representative confocal images of parental and B7-H3 CRISPR A549 and H358 spheroids
embedded in collagen, either vehicle or MPA-treated, fixed and stained for DAPI (blue) and
F-actin (green) at 24 hours post embedding (B) Quantification of spheroid area over 24 hours
post-embedding. (C) Quantification of the number of cells per spheroid and (D) cell packing
using QuPath software. Data shown is pooled from three independent experiments with a
total of 6 spheroids were analysed per experiment. One-way ANOVA was used to determine
statistical significance. *=p<0.05. **=p<0.01, ***=p<0.001 p<0.001. Scale bars 50 um.
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5.3 Discussion

5.3.1 B7-H3KD promotes anti-tumour phenotypes in 2D

Previous data in chapter 4 suggested that B7-H3 depletion led to reduced tumourigenic
phenotypes such as actin reorganisation, reduced colony size, increased RRs and primary cilia
formation. These results were further complimented by increased oxidative stress, decreased
cellular GTP levels and cancer associated metabolites such as fumaric acid and glucose which
both have been reported to be oncometabolites with increased expression in cancer cells
(Khatami et al., 2019; Xiang et al., 2020). These findings indicate that knocking down B7-H3
would lead to reduced IMPDH2 activity due to enhanced RR formation and decreased purine
biosynthesis pathway as evidenced by reduced GTP levels. Moreover, MPA treatment that is
known to block IMPDH?2 activity also resulted in same oxidative stress and GTP levels seen in
B7-H3KD. These datasets (all generated in 2D culture conditions) suggest that B7-H3 can
support tumourigenesis through suppressing oxidative stress response and promoting de

novo purine synthesis pathway.

Purines provide essential components for DNA and RNA synthesis as well as cofactors and
energy to promote proliferation and cell survival. Therefore, purines widely contribute to
various biological processes as well as immune response (Virgilio & Adinolfi, 2017). As B7-H3
co-localises and forms a complex with IMPDH2, we hypothesised that B7-H3KD phenotypes
may be IMPDH2-dependent. Reports have shown that IMPDH2 polymerises in cells in
response to alterations in metabolic demand (Johnson & Kollman, 2020). These polymers
contain active and inactive forms of IMPDH2 depending on the binding partners that can
dictate its activity. For instance, ATP promotes IMPDH2 octamer polymerization, whereas GTP
promotes compact inactive conformation. IMPDH2 polymerisation may allow co-operative
transitions between conformationally active and inactive states that are finely tuned by
purine balance and availability of substrates (Anthony et al., 2017). This may explain the
difference in activity of IMPDH2 in cancer cells. In parental A549 and H358 cells, IMPDH2 is
not assembled into RR but instead partially co-localises with B7-H3 at cell-cell junctions (data
not shown). However, when B7-H3 is depleted, IMPDH2 becomes more cytoplasmic but does
not form RRs unless MPA is added (data not shown). We therefore postulate that B7-H3 forms

a complex with IMPDH?2 in cancer cell lines at the cell periphery and sequesters the enzyme
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there as a polymer, but upon B7-H3 reduction IMPDH2 becomes more cytoplasmic.
Therefore, the IMPDH2 activity balance may be dependent in part on coupling with B7-H3
through altered subcellular localisation in cancer cells compared to normal lung epithelial
cells. This notion is supported by a study in melanoma cells which demonstrated that the
enhancer of zeste homolog 2 (EZH2) oncoprotein promoted tumourigenesis and metastasis
in cells by associating with IMPDH2 at the plasma membrane to promote GTP generation and
subsequently upregulated metabolism that supports cancer progression (Kuser Abali et al.,

2021).

The activity of Rho GTPases and subsequent regulation of the actomyosin cytoskeleton which
promotes cell migration, is modulated by intracellular GTP, which is critical for purine
synthesis (Bianchi-Smiraglia et al., 2021). Recent studies have reported IMPDH2 to be
localised at the membrane where it can support cytoskeletal assembly in an actin-dependent
manner (Wolfe et al., 2019, 2020). Therefore, B7-H3 coupling with IMPDH2 at the membrane
in cancer cells may support a local pool of GTP synthesis to permit cytoskeletal remodelling
and adaptation to extracellular cues. As a result, B7-H3 is acting in an IMPDH2-dependent
manner to promote tumourigenesis in cancer cells and modulate activity of this enzyme
depending on its localisation, which differs to that seen in normal cells. Further experiments
should be carried out to confirm IMPDH2 polymerisation in B7-H3KD cells and how would this
affect its activity as total intracellular GTP levels determined via mass spectroscopy do not
inform on the localisation of GTP levels inside the cell, nor reflect subcellular variation in local
GTP levels, which would have major effects on local G-protein activation (Bianchi-Smiraglia et

al., 2021).

5.3.2 Pro-tumourigenic effects of B7-H3 depletion in 3D spheroids

The anti-tumourigenic phenotypes exhibited by B7-H3KD cells in 2D were not recapitulated
in 3D model systems. B7-H3 CRISPR cell spheroids showed increased proliferation and
invasion, which in turn was reduced by the addition of MPA indicating an opposite effect of
B7-H3KD on metabolite levels and the purine biosynthesis pathway compared to 2D. Further

research on metabolite levels of B7-H3KD in 3D spheroid models would be valuable in
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confirming whether this differential regulation exists depending on the environment the cells

arein.

In the previous chapter we postulated that cells at the periphery of the tumour which are
more invasive may exhibit increased B7-H3 expression and that this may support cytoskeletal
remodelling and migration by increasing activity of IMPDH2. However, data from this chapter
indicates that knocking down B7-H3 in 3D could instead act to increase IMPDH2 activity as
the enhanced invasion and proliferation in these cells was blocked by treatment with MPA.
In 2D, B7-H3KD did not induce RRs formation in cancer cells, but IMPDH2 instead re-localised
to the cytoplasm which may indicate increased activity. It would be important to analyse
IMPDH2 localisation in 3D models and assess RR formation in MPA-treated spheroids to
determine whether a 3D environment could lead to alterations in IMPDH2 localisation and

function in B7-H3-dependent manner.

Data in this chapter has shown that metabolites were altered in 2D upon B7-H3KD but how
this might also translate to more physiological 3D settings remains unclear. Interestingly,
previous reports have shown that cells grown in 2D compared to 3D environments can indeed
display differences in metabolic activity. One study identified a unique form of metabolism
that was employed to facilitate cell survival under 2D conditions that was not seen in vivo.
Furthermore, cells in 3D exhibited higher levels of amino acid biosynthesis compared to those
in 2D (Murakami et al., 2021). Elevated levels of glutamic acid and glutamine were detected
in 3D compared to those in 2D, and mitochondrial function in 3D cancer cells was not impaired
which produced energy simultaneous with aerobic glycolysis (Wolfe et al., 2020).
Furthermore, metabolic profiling of cells in 3D have shown significant changes to those in 2D
due to a decreased sensitivity to ATP synthase (Ferrick et al., 2008). This difference was
suggested to support altered responses to various chemotherapeutics in 2D and 3D, as
anticancer drug sensitivity tests showed cytotoxicity can be drastically different in 3D
spheroids compared to 2D monolayer cultures (Tung et al., 2011). This could explain how the
2D monolayer affected B7-H3KD cell response to stress caused by ROS or cisplatin and on GTP

levels, as cells on 2D would be more receptive than compacted 3D spheroid. Furthermore,
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some chemotherapeutic drugs are active in 3D cultures as they are triggered by hypoxia,
where diffusive oxygen transport is limited and oxygen consumption by cells is activated thus,

creating a hypoxic core similar to solid tumours (Kucinska et al., 2021).

Cells adapt rapidly to variations in nutrient availability, cellular differentiation status as well
as growth conditions in cell culture environment leading to changes in metabolite production
(Riedl et al., 2016). In a 3D setting, nutrient availability would be expected to vary across the
spheroid, with outer cells receiving high nutrients from the medium, while cells at the core
are more nutrient deprived. A recent study has shown that cells in 2D have high levels of
glycolysis intermediates, lipids and amino acids, and these were significantly reduced in cells
in spheroids and freshly isolated primary tissues (Lagies et al., 2020). Additionally, 3D
spheroids started to differentiate and produce metabolites similar to their tissue of origin and
retained many metabolic similarities to the original tissue, whereas cells in 2D show artificially
upregulated growth signatures compared to a 3D setting (Lagies et al., 2020). This discrepancy
in metabolic profiles could explain the differences seen in terms of colony size and growth in
B7-H3KD cells in 2D vs. 3D in this thesis. Furthermore, a study on breast cancer cells showed
that growing cells in 3D led to elevated ROS levels and higher resistance to cisplatin compared
to those grown in 2D environments (Liu et al., 2018). This may explain the high levels of
oxidative stress upon B7-H3KD in 2D which was accompanied by increased sensitivity to
chemotherapy treatment and apoptosis compared to 3D with increased proliferation and
invasion. It would be interesting to investigate metabolic profiles and IMPDH2 localisation
upon cisplatin treatment in B7-H3KD in 3D culture models in the future to help in further

understanding how B7-H3 affects 3D tumourigenesis phenotypes.

5.3.3 B7-H3 between 2D and 3D systems

A further explanation for the discrepancies seen in 2D vs. 3D settings in this thesis could be
down to the different ECM topography and organisation in 3D that can alter signalling and
metabolic programming (Nazemi & Rainero, 2020). We have shown in this thesis that B7-H3
forms a complex with IMPDH2, and both proteins have been reported to show increased

expression in different types of tumours (Amori et al., 2021; He et al., 2018). IMPDH2 elevated
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expression has been reported to be pro-tumourigenic and induces proliferation and invasion
in colorectal cancer in both in vivo and in vitro models (Duan et al., 2018). Additionally,
inhibition of IMPDH2 activity induces growth arrest in human multiple myeloma cells
(Ishitsuka et al., 2005). Furthermore, overexpression of IMPDH2 induces invasion, migration
and EMT in an mTOR-dependent manner (Duan et al., 2018). Moreover, MPA inhibits cell
proliferation through the mTOR pathway and induces caspase-dependant apoptosis (Dun et
al., 2013). It would be interesting to test whether mTOR signalling is also altered in B7-H3KD
cells in 2D vs. 3D and analyse the effect of blocking mTOR on invasion in the presence and
absence of MPA to determine whether this pathway may contribute to the observed B7-H3
dependent phenotypes. Targeting B7-H3 with blocking antibodies is currently in clinical trials
for different types of cancers (Zhou & Jin, 2021). MPA also induces S-phase arrest and
apoptosis in osteosarcoma cell lines (Klangjorhor et al., 2020). Additionally, MPA inhibits
cancer cell proliferation and induces apoptosis in vitro and in vivo in prostate cancer cells,
multiple myeloma cells, lymphoma, pancreatic, colon and lung cancer (Floryk & Huberman,
2006; Takebe et al., 2006; Tressler et al., 1994; Végsé et al., 2007). Therefore, MPA may serve

as an antimetastatic drug as seen to reduce cell proliferation in B7-H3KD spheroids.

B7-H3 overexpression in various types of cancers have driven interest in this molecule for
targeted therapy (Mao et al., 2017). Indeed, reports have shown B7-H3KD inhibits tumour
proliferation in vitro and in vivo. Data in this thesis showed that B7-H3KD promotes increased
cell proliferation and invasion in 3D. However, it is worth noting that these previous studies
used different models with immune components included, which are not present in the 2D
and 3D spheroids models used in this thesis. The experiments in this thesis aimed to analyse
roles for B7-H3 in cancer cells in the absence of any influence from B7-H3-immune cell
associations. We postulate that data shown here supports a role for B7-H3 in control of
IMPDH2 activity and that cells in solid tumours can use B7-H3 to modulate activity of this
enzyme in response to different extracellular settings or chemotoxic stress. It would be
interesting in future studies to assess the contribution of this B7-H3 driven IMPDH2 activity
in the presence of immune cells in a 3D setting to determine potential contributions of B7-H3
to so-called immune ‘hot’ vs. immune ‘cold’ tumours. Such experiments might inform on

whether B7-H3 is only a promising target in certain tumour immune environments.
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In summary, data presented in this chapter has revealed that B7-H3 forms a complex with
IMPDH2 and can promote tumour growth and invasion in a 3D spheroid model, and that this
may be regulated by IMPDH2-dependent activation that triggers metabolic programming to

promote tumourigenesis.
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6. Discussion and future Directions
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6.1 General Discussion

The goal of this thesis was to investigate the role of B7-H3 in normal lung epithelial cells and
lung cancer cells, to determine whether increased expression of B7-H3 in lung cancer was
coupled with changes to function of this protein in different contexts. A summary of all the
key findings from this thesis is presented in Figure 62. Data presented here demonstrates
lower expression of B7-H3 in normal lung epithelial cells compared to cancer cells, which
agrees with previous findings (Flem-Karlsen et al., 2018). B7-H3 was localised at the cell-cell
junctions in all cell types studied but was higher at the plasma membrane in cancer cells
compared to normal epithelia (Figure 62A). Moreover, B7-H3 in normal epithelia was found
to co-localise with ARL13B at the primary cilia and formed a complex with IMPDH2 at the RR
(Figure 62A left cell). In normal epithelia, data suggests that B7-H3 protects cells against
oxidative stress to promote viability and lung epithelial homeostasis potentially through
maintenance of tight junctions and optimal IMPDH2 activity, thereby maintaining GTPase
activity and primary cilia assembly for optimal sensing of environmental cues (Figure 62B top

left).

In cancer cells, B7-H3 expression was increased. We propose that this would drive constitutive
IMPDH2 activity and GTPase activation to promote growth and invasion, suppresses cilia and
thereby reduce sensing from external cues in addition to enhancing protection against
oxidative stress and apoptosis (Figure 62B bottom left). IMPDH2 did not localise to RR in
cancer cells indicating an active role of the enzyme to drive cell proliferation, actin
reorganisation and invasion. B7-H3KD led to similar phenotypes in normal and cancer cells
(Figure 62B, C). A key difference was in RR formation, which was only increased in normal
lung epithelial cells following B7-H3 knockdown, indicating an increase in the inactive form of
the enzyme. B7-H3KD in 2D altered cancer associated phenotypes, indicated in green and red
arrows for induced and reduced phenotypes respectively (Figure 62C). However, B7-H3KD in
3D appeared to lead to opposite phenotypes with increased proliferation, invasion and
IMPDH2 activity. This was evidenced by the reduction in these phenotypes following MPA

treatment in both cancer cell lines used in this study compared to controls (Figure 62D, E).
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Figure 62: Summary of findings and proposed model.

A) illustration of B7-H3 different localisation between normal vs cancer cell. (B) Model of 2D
epithelial cells in normal (top) and cancer (bottom), control (left) and B7-H3KD (right) cells.
(C) Table of key changes in 2D culture upon B7-H3KD. (D) 3D spheroid model in control (right)
and B7-H3KD cells (left). (E) Table of key changes upon B7-H3KD in 3D models. Arrows indicate
increased (green) or reduced (red) in B7-H3KD cells. Figure created with Biorender.com.
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Figure 63: Model of B7-H3 effects in cancer cells in 2D vs. 3D culture.
Model of 2D (left) and 3D (right) B7-H3KD cancer cells showing phenotypical changes, green
box (increased) and red box (reduced). Yellow in 3D indicates not measured in 3D in this study.

Figure created with Biorender.com.

sensitivity

Various factors could be contributing to the observed differences in B7-H3 function in cancer
cells in 3D vs. 2D culture (Figure 63). Cells in 3D can exhibit altered signalling and metabolic
reprogramming due to different topography and organisation of the ECM, as well as the fact
that most cells in 3D spheroids are in contact with each other but not the ECM. B7-H3KD in
3D resulted in phenotypes that differ to some of the in vivo published literature which showed
pro-tumourigenic roles for B7-H3 (Castellanos et al., 2017; Tekle et al., 2012). However,
previous work very often uses immunocompetent mice and thereby B7-H3KD would be
expected to be influencing T cells and altering the immune response. Alternatively, in
xenograft or immunodeficient mouse models using human cancer cells, the presence of a
vascular system and mechanical shear/forces may also contribute to different outcomes. In
our 3D model, cells were in contact with each other with no T-cell infiltrations, more reflective
of the environment seen in 'immune cold’ tumours. We propose that B7-H3KD in these types

of tumours might drive pro-tumourgenic activity through downstream IMPDH2 activation.
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6.1.1 Autonomous roles for B7-H3 in control of tumour cell behaviour and as a
therapeutic target

One of the main aims of this thesis was to evaluate B7-H3 function in the absence of, or
influence from immune cells. As B7-H3 is overexpressed in NSCLC and other tumour types
compared to normal cells, this makes it a promising target for cancer therapy (Altan et al.,
2017). Efficacy of response to monoclonal antibodies targeting immune checkpoints remains
relatively low, one major factor in resistance to these inhibitors is the lack of tumour
infiltrating lymphocytes (TILs), rendering tumours ‘immune cold’ (Bonaventura et al., 2019).
Checkpoint inhibitors may contribute to treating diverse types of tumours by unleashing the
brakes on the immune system. However, in ‘immune cold’ tumours, checkpoint inhibitors are
usually unsuccessful, resulting in poor response and survival rates. Conversely, ‘immune hot’
tumours containing TILs offer a potentially more favourable environment to target immune
checkpoints brought about by either the tumour or by the tumour immunosuppressive
microenvironment (Draganov et al., 2021). Thus, the nature of the tumour microenvironment
can correlate with the effectiveness of chemotherapy and immunotherapy (Binnewies et al.,
2018). Immunotherapy treatment of some solid lung cancers has been a challenge up until
recently due to multiple factors including the lack of responding T cells within the tumour
(Steven et al., 2016). Studies of B7-H3 in immune cold vs. hot tumours are relatively limited
to date, with one recent study showing B7-H3 expression was significantly associated with
overall survival in the immune hot group and the prognostic power of the protein may be lost
in immune cold oral tongue tumours (Sievildinen et al., 2021). However, most studies indicate
that elevated expression of B7-H3 in SCLC and NSCLC is associated with poor survival and
could mediate immune evasion contributing to the resistance of anti-cancer drugs via various

mechanisms (Carvajal-Hausdorf et al., 2019; Yang et al., 2020).

Studies on other B7 family members have shown different correlations between the
molecules and TILs. PD-L1 and B7-H4 were positively and negatively correlated with TILs,
respectively. High expression of both was seen in immune-cold tumours, which might not be
appropriate for immunotherapy. Moreover, B7-H3 expression correlated with poorly
differentiated grades in pancreatic cancer but did not correlate with TILs (Yang et al., 2022).

However, another study on the same three B7 family receptors showed limited co-expression
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in SCLC with B7-H3 being the highest (Carvajal-Hausdorf et al., 2019). Moreover, PD-L1, B7-
H3 and B7-H4 expression were not associated with TILs levels in this study, and high levels of
CD3+ TIL was associated with survival in SCLC (Carvajal-Hausdorf et al., 2019). Furthermore,
in pancreatic cancer high expression of B7-H3 was significantly associated with higher tumour
stage and negatively correlated with CD8+ TILs (Zhou et al., 2021). Similar results were
presented in studies on SCLC and NSCLC, where high expression of B7-H3 negatively
correlates with the number of TILs and the density of the latter was critical for responsiveness
to immunotherapy and patient survival (Jin et al., 2015; Y. Sun et al., 2006; Qiu et al., 2021).
As a result, B7-H3 expression does not clearly correlate with TILs. This adds to the complexity
of targeting B7-H3 using immune checkpoint inhibitors, as response to immune-related
therapy would be difficult to predict. Understanding B7-H3 function in cold tumours would

help in better therapeutic assessment and clinical diagnosis.

Despite promising anti-tumour phenotypes seen upon B7-H3 depletion in our 2D model of
study, as well as previous published reports on different types of cancers in 2D and 3D models
(Zhang et al., 2015; Zhao, LI, et al., 2013), knocking down B7-H3 in 3D models here in the
absence of immune cells promoted pro-metastatic phenotypes possibly through increased
IMPDH2 activity. Our data shows that MPA treatment alone had no significant effect on 3D
growth or invasion in parental cells, indicating a role for IMPDH2 in tumourigenesis only in
the context of drug resistance or increased oxidative stress. Chemoresistance to 5-FU in
colorectal cancer has been shown to be induced by B7-H3 through enhanced PI3K/AKT
signalling (Jiang et al., 2016) but the role of IMPDH2 in this system was not explored. B7-H3
expression has also been correlated with paclitaxel resistance in breast cancer, and B7-H3
knockdown increased drug sensitivity (Zhao et al., 2013). It would be interesting to explore
the mechanisms by which B7-H3 contributes to drug resistance and whether IMPDH2 plays a
role in these pro-tumourigenic phenotypes. Moreover, as B7-H3 depletion did not mimic the
effects seen with the B7-H3 blocking mAb in terms of F-actin reorganisation, knocking down
the protein might elicit downstream signals that are different than blocking the extracellular
domain alone. This might indicate that intracellular B7-H3 (not accessible to the blocking

antibody) can signal to control IMPDH2 activity and downstream actin organisation. Analysing
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IMPDH2 activity in cells treated with mAb compared to B7-H3 depleted cells would help to

determine if this is the case.

As a protein that is thought to be specifically upregulated in tumours, B7-H3 has been the
focus of targeted therapies for antibody-drug conjugates (ADCs). ADCs use antibodies for
‘tumour specific’ surface markers to guide binding of target antibodies linked to ‘payload’
chemo-toxins to solid tumours, reducing off-target toxicity. Studies in mice have shown that
treatment with B7-H3 ADCs lead to increased overall survival and reduced metastases,
suggesting that this might be an exciting reagent for anti-cancer therapy (Yang et al., 2020).
DS-7300, an ADC that targets B7-H3, is well tolerated with signs of clinical activity and an
acceptable safety profile (Patel et al., 2022). Even though the ADC activity on tumour burden
is not clear, DS-7300a is currently in phase 2 clinical trial for late-stage SCLC (clinical trial
NCT05280470). Targeting B7-H3 using ADCs to a pyrrolobenzodiazepine cytotoxic agent,
m276-PBD, reduced paediatric solid tumours in both patient-derived-xenograft mouse and
cell line derived xenograft models (Kendsersky et al., 2021). Similar conclusions were also
reported in metastatic prostate cancer mouse models with elevated B7-H3 expression
(Agarwal et al., 2022). Similarly, another B7-H3 ADC, Enoblituzumab (MGA271) activates killer
T cells, and elicits strong antibody-dependant cellular cytotoxicity against many xenograft
cancers and is now in clinical trials in refractory tumours (Loo et al., 2012). Enoblituzumab has
completed phase 1 trial examining safety and anti-neoplastic efficacy in B7-H3-expressing
solid tumours (Desantes et al., 2017). ADCs target tumour cells by being rapidly internalised
to release the antibody-linked toxins inducing cell death (Criscitiello et al., 2021). However,
the internalisation mechanism and the intracellular trafficking of B7-H3 remains elusive.
Therefore, the action of these ADCs on apoptosis and whether they would be cleaved from
the surface remains a concern for treating patients. Recently, a clinical trial was discontinued
after a combination of Enoblituzumab and Retifanlimab, anti-B7-H3 ADC and anti-PD-L1 mADb,
respectively, caused death to 7 patients (clinical trial CP-MGA271-06). Therefore, further
investigation of B7-H3 internalisation and function could help in developing better targeted

drugs.
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Data presented in this thesis suggests that in the absence of immune cells, B7-H3 could
maintain cell growth by regulating IMPDH2 activity and subsequently the de novo purine
pathway resulting in increased GTP levels. This would be expected to activate GTPases,
increasing both proliferation and invasion at the periphery of the tumour and protecting cells
against oxidative stress in 3D. Knocking down B7-H3 further activates IMPDH2 indicated by
increased IMPDH?2 in the cytoplasm, increased proliferation, and invasion in 3D spheroids. It
would be interesting to identify the exact sites within the B7-H3 cytoplasmic domain that can
induce IMPDH2-dependent intracellular signalling, which would lead to increased tumour cell
proliferation. Moreover, PD-L1 has been reported to mediate cell intrinsic functions in cold
tumours through mTOR activation (Han et al., 2020). IMPDH2 has been shown to promote
cell proliferation and migration through activating mTOR pathway, and this pathway has also
been speculated to be one of B7-H3’s downstream effectors (Guo, et al., 2017; Li et al., 2019;
Nunes-Xavier et al., 2016). It would be valuable to further investigate the involvement of this

pathway in B7-H3 signalling in tumours independently of immunomodulation.

6.1.2 Non-autonomous roles for B7-H3 in broader TME

B7-H3 is a promising target for immunotherapy but mixed results in clinics have led to
renewed efforts focused on understanding the rationale behind tumour response to B7-H3
immunotherapy. B7-H3 can directly regulate immunity and tumourigenic behaviour in cancer

cells and has been reported to play conflicting roles on the immune system.

B7-H3 was initially identified as a co-stimulatory molecule that increases the proliferation of
CD4+ and CD8+ T-cells and cytotoxic activity of T-cells (Chapoval et al., 2001). However,
several recent studies have shown co-inhibitory roles of B7-H3 on the anti-tumour immune
response as it facilitates immune evasion. The tumour microenvironment is constantly
supporting the progression of cancer cells through the interaction of its diverse components.
B7-H3 expression on APCs, tumour cells, and tumour-infiltrating lymphocytes highly supports
its regulatory immune role in the TME (Lee et al., 2017). Studies have demonstrated that B7-
H3 in tumour cells reduces the proliferation of CD4+ and CD8+ T cells and decreases the
production of cytokines, possibly through activator protein-1-mediated signalling and the
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nuclear factor of activated T cells (NF-kB) pathways (Li et al., 2018). Moreover, B7-H3 can
inhibit T cell proliferation and IFN-y, IL-13, IL-10, and IL-2 production during T cell activation
(Prasad et al., 2004; Suh et al., 2003). In addition, B7-H3 inhibits NK cell activity (Steinberger
et al., 2004). Therefore, targeting B7-H3 using monoclonal antibodies to block and neutralize
the B7-H3 checkpoint has been reported to be a promising approach to targeting different
types of tumours. B7-H3 MJ18 mAb is reported to inhibit the growth of pancreatic cancer in
mouse models and increased CD8+ T cells (Huang et al., 2016). In murine models, B7-H3 mAbs
activated cytotoxic T cells and NK cells within tumours, reducing tumour burden and
improving survival (Kanchan et al., 2022). 8H9 is a mouse IgG1 mAb targeting B7-H3, shown
to be highly active against primary tumours. As a result, a humanised 8H9 form is now being
investigated in phase 1 clinical trials (Liu et al., 2021; Modak et al., 2001). However, even
though the effects of these B7-H3 mAbs have been focused on blocking the immune
checkpoint, the autonomous effects on tumours remain possible as it is difficult to unpick
their specific effectors in vivo where immune cells are present. Moreover, the role of B7-H3
mADbs in targeting late-stage metastatic disease or recurrent cancers has yet to be explored
(Kanchan et al., 2022). Given this data, together with published anti-tumour effects of mAb,
it would be valuable to study the effect of B7-H3 mAb in 3D with and without infiltrating
immune cells to determine how this might influence the phenotypes we have observed in our

studies, as well as the tumour-immune interactions.

Our data indicates that de novo purine biosynthesis and metabolic reprogramming can both
be regulated by B7-H3, as blocking IMPDH2 reduced the pro-tumourigenic phenotypes seen
in 3D in B7-H3KD cells. This indicates that activating IMPDH2 (upon B7-H3 depletion)
increases proliferation and blocking this metabolic pathway slows tumour growth, in
agreement with other studies (Huang et al., 2018). Moreover, the activity of metabolic
pathways can influence the DNA damage response (DDR) by regulating the substrate
availability required for the repair process. Increased oxidative stress during cellular
metabolism can increase DNA damage and influence the activity of DDR (Cucchi et al., 2021).
If we assume that the data showing increased oxidative stress in B7-H3KD cells in 2D holds
true in a 3D environment, then increased oxidative stress might cause DNA damage and

genomic instability, thereby promoting tumour mutation burden and pro-tumourigenic
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phenotypes (Alhmoud et al., 2020; Cucchi et al., 2021). In vivo studies have reported that ROS
are involved in the induction of tumour-promoting immune cells such as regulatory T cells
(Tregs) as well as suppression of other immunocytes. Elevated numbers of Tregs are often
present in TME, therefore, contributing to resistance to oxidative stress (Aboelella et al.,
2021). It would be interesting to investigate roles for B7-H3 in the DNA damage response
pathway and the different levels of oxidative stress in 2D vs. 3D models to understand this
further, as oxidative stress can promote both tumour-suppressive and tumour-promotive

activities depending on ROS levels (Azmanova & Pitto-Barry, 2022).

In conclusion, based on the data presented in this thesis as well as previous publications, B7-
H3 remains an interesting therapeutic target; however, the impact of blocking B7-H3 function
on metabolism and oxidative stress in lung cancer should be further investigated in both
immune competent and incompetent environments to determine whether only specific

clinical settings might be appropriate for B7-H3 therapy.
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6.2 Future Directions

This thesis provides novel insight into roles for B7-H3 in tumour cell proliferation, invasion,
actin reorganisation and altered metabolism. However, many of the mechanisms
controlling these phenotypes remain poorly understood. We postulate, based on our
data, that B7-H3 association with IMPDH2 regulates purine metabolism and tumour
growth. Data shown here demonstrated that B7-H3 forms a complex with IMPDH2 and
ARL13B, and their activity as well as the localisation is altered when B7-H3 is
overexpressed in normal lung epithelial or cancer cells. IMPDH2 activity seems to be
downstream of B7-H3, but the pathways and B7-H3 ligand(s) mediating this remains

unknown.

6.2.1 B7-H3 in normal lung epithelial cells and association with primary cilia/RR

We have shown that B7-H3 localises to RR in normal cells, but not in cancer cells where these
structures are largely absent. The correlation between higher B7-H3 expression, more B7-H3
at the plasma membrane and reduced RR indicates a role for B7-H3 in increasing IMPDH2

activity.

Given the above, it would be interesting to define the domain controlling B7-H3 functions and
phenotypes. This could be achieved by generating mutants of B7-H3 lacking intracellular
components. To allow visualisation, B7-H3-GFP with truncated or without cytoplasmic tail
could be expressed at low levels in 16HBE cells, followed by analysis of B7-H3 localisation via
confocal imaging to explore whether loss of cytoplasmic tail affects its intercellular
activity/location at the primary cilia or RRs compared to parental and B7-H3-overexpressed
cell lines. Additionally, treating this cell line with MPA and analysing co-localisation of B7-H3
and IMPDH2 could help to determine if the cytoplasmic tail is required for B7-H3 to assemble
into RR. This could be further tested for A549 or H358 B7-H3KD cells by transfecting B7-H3
CRISPR lines with B7-H3 GFP lacking the cytoplasmic tail to “rescue” cells then score primary
cilia formation, by staining for ARL13B and other primary cilia markers and compare the
results with B7-H3KD cells. Moreover, effects on actin reorganisation in these cells could be

observed by co-infecting cells with lifeact-RFP, as a reporter for F-actin dynamics, and
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analysing actin reorganisation upon B7-H3 mAb or ectodomain treatments, as both B7-H3

reagents target the extracellular domain.

Data in this thesis indicated a role for IMPDH2 in regulating primary cilia numbers in cells,
whereas reducing cilia by KIF3A siRNA did not affect RR formation. However, complete
knockdown for both was not achieved in this study. Therefore, repeating primary cilia
depletion, by either KIF3A or ARL13B siRNA/CRISPR, and further optimisation of IMPDH2KD,
followed by analysis of B7-H3, primary cilia and RR via Western blotting to detect expression
levels, and IF for localisation would help to further confirm the results from this thesis and
whether further reduction of both proteins influence B7-H3 stability. Additionally, knockdown
of IMPDH2 or B7-H3 showed increased primary cilia numbers, confirming the interplay
between IMPDH2 and ARL13B in this thesis and in a previous published study (Shireman et
al., 2019). It would be interesting to score primary cilia formation in 16HBE cells upon
overexpressing IMPDH2 tagged with GFP and measure B7-H3 localisation with ARL13B.
Published work have shown overexpressing IMPDH2 induced RR disassembly, and cells failed
to form these structures despite the addition of inducers (Carcamo et al., 2011; Keppeke et
al., 2015). This is similar to observations seen in 16HBE-overexpressing B7-H3 GFP as well as
A549 and H358 cells, indicating that high expression of both proteins could lead to decreased
RR formation. This could be confirmed by overexpressing IMPDH2 in 16HBE cells and stain for
RRs and B7-H3 to observe any changes in localisation of either proteins and whether B7-H3
would be sequestered at the junction with IMPDH2. FRET experiments using B7-H3 and
IMPDH2 fluorescently-tagged proteins could be used to further determine whether B7-H3

and IMPDH2 interact directly on the membrane at cell junctions or elsewhere in cancer cells.

The order of B7-H3 recruitment to RRs remains unclear. ARL2 GTPases, similar to B7-H3,
localise at the RR, centrosome and are required for primary cilia formation. Calnexin is an
endoplasmic reticulum protein localised at RR, yet it is not clear what functional role it may
play in those structures. This protein is the last one recruited to RR after ARL2 and IMPDH?2
(Schiavon et al., 2018; Zhou et al., 2006). This order of recruitment could be explored for B7-

H3 by treating 16HBE cells with MPA and fixing coverslips every 5 minutes for an hour,
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followed by staining cells for IMPDH2, ARL2, calnexin and B7-H3 to observe when each protein
was shown and recruited to RR. Also, this experiment could help to understand whether B7-
H3 co-localises with ARL2 or calnexin. This is important because ARL2 could regulate
centrosome assembly or work as a cargo (Quidwai et al., 2021), thereby might provide a link

between B7-H3, RR and primary cilia.

Investigating the pathway in which B7-H3 exerts its activity in normal cells independently of
immune cells interactions would be valuable in developing new therapeutics. Given B7-H3
association with RR and primary cilia, and that primary cilia, IMPDH2 and B7-H3 have been
reported to be involved in Wnt signalling pathway (Kontos et al., 2021; Wheway et al., 2018;
Xu et al., 2020), inhibiting this pathway in cell culture and analysing B7-H3:IMPDH?2 stability
and localisation in 16HBE compared to cancer cells by Western blot and IF, would give
valuable insight on this pathway’s involvement in B7-H3 signalling. Furthermore, analysis of
B7-H3'’s role in activating key transduction pathways involved in signalling within primary cilia
would help to determine if B7-H3 assists in cilia-dependent signalling rather than initial
assembly. This could be explored by treating cells with Shh or Wnt ligands that bind to Ptcl
or Frizzled 3 receptors in primary cilia activating Hedgehog or Wnt signalling, respectively
(Wheway et al., 2018). Cells could then be lysed for Western blot to measure stability and
stained for B7-H3 to assess localisation. This could be further confirmed by using lysates from
B7-H3 parental, KD or overexpressing cells to measure activity of potential target proteins

using ELISA-based assays.

Another important aspect that remains unclear is the extracellular ligand for B7-H3 that could
regulate its function. This could be explored by cloning myc-tag into B7-H3 ectodomain and
performing pulldowns, followed by proteomics analysis of possible hits. Additionally, B7-H3
is glycosylated in all cells and is significantly increased in terminal galactose in cancer cells,
making it a possible target for galectin binding (Chen et al., 2015). Galectins are expressed on
both T cells and tumour cells and have been reported to modulate T cell activation and
crosstalk with PD-1 to promote apoptosis (Yang et al., 2021). Galectin-3 and 7 have been

reported to associate with primary cilia (Chiu et al., 2006; Rondanino et al., 2011). It would
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be interesting to test whether galectins are a possible binding partner for B7-H3 by co-staining

16HBE cells with Galectin-3 and measuring B7-H3 co-localisation.

6.2.2 B7-H3 manipulation and actin reorganisation

B7-H3KD or manipulation using blocking mAb or ectodomain treatment resulted in actin
reorganisation. However, knocking down B7-H3 did not alter migration behaviour in 2D,
although it is notable that these experiments were conducted using cells seeded in pre-
formed colonies and this may influence interpretation. It is plausible that the actin changes
could contribute to other functional endpoints such as cell division, shape adaptation during
growth or extrusion. Therefore, it would be interesting to study single epithelial cell behaviour
vs. those in colonies in more detail under these treatment conditions using live imaging of
cells expressing GFP-lifeact. This would help to determine whether dynamic reorganisation
occurs and if so, what the functional consequences of this might be. Moreover, coupling this
with cells expressing FRET-based probes for Rho GTPases would offer additional insight into
the way in which B7-H3 manipulation contributes to spatial activation of GTPases that might

explain the F-actin reorganisation observed.

Data in this thesis demonstrated similar phenotypic effects upon treating cells with the B7-
H3 ectodomain or knocking down B7-H3, suggesting that B7-H3 might bind to another
receptor presented on the surface of adjacent epithelial cells. This could be explored further
by adding exogenous small epitope/fluorescently-tagged purified B7-H3 ectodomain to cells
followed by analysis of potential associated proteins from cell lysates by proteomics. This
might also reveal soluble factors that could bind to the ectodomain, noting that soluble B7-
H3 has also been reported to be found in cancer cell culture media as well as the sera of

cancer patients (Xie et al., 2016).

Treating B7-H3KD cells with MPA resulted in a reduction in the enhanced proliferation and
invasion seen in 3D cultures, which agrees with recent reports of MPA reducing tumour

growth (Klangjorhor et al., 2020). Given the published work and the ongoing B7-H3 mAb
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clinical trials, combining both MPA and a B7-H3 blocking mAb could represent a new avenue
to explore in cancer therapy. This could be tested in 3D models, with and without immune
cells, by analysing cell proliferation and invasion to test how B7-H3 and IMPDH2 co-operate

in the presence and absence of an immune component.

6.2.3 Purine metabolite profiles in 3D

IMPDH2 is a novel B7-H3 associated protein and a rate limiting enzyme in de novo purine
biosynthesis. Our data suggests that IMPDH2 activity is increased in B7-H3KD cells in 3D as
evidenced through increased proliferation in these cells, which was reduced upon IMPDH2
inhibition. Investigating the metabolic profiles of B7-H3KD cells in 3D, coupled with IMPDH2
localisation with and without cisplatin treatment could be carried out to understand how B7-
H3 affects 3D tumourigenesis phenotypes. Moreover, further analysis on whether RR and
primary cilia form upon MPA treatment in 3D cancer cells or in clinical cancer tissue samples
would help to determine whether cell packing and /or hypoxia influences the assembly of
these structures within distinct regions of solid tumours. Furthermore, analysing IMPDH2
localisation and purine metabolic activity via LC-MS/MS in normal and cancer cells treated
with B7-H3 mAb/ectodomain could be carried out to determine the role of blocking B7-H3 on
its complex protein and tumourigenesis, compared to depleting B7-H3 which had elicit
different phenotypes in 2D cells. If further experiments showed that blocking B7-H3 via mAb
was not sufficient to downregulate IMPDH2 activity in 3D settings, this would present a
potentially interesting avenue for follow-up using pre-clinical models to assess the effects on

tumour growth and invasion.

6.2.4 Analysing mechanisms linking B7-H3, oxidative stress and cell survival

We postulate that increased oxidative stress seen in 3D cultures may be influencing cancer
cells” ability to undertake efficient DNA damage response. ATR is a DDR effector that senses
single-stranded DNA breaks and is required for cells to survive nucleotide imbalance (Diehl et
al., 2022). It would be interesting to analyse DDR in more detail in B7-H3 depleted cells in 2D
and 3D by staining for makers of DDR such as gH2AX or p53BP1 to ascertain a relationship
between this, and the enhanced oxidative stress observed in these cells. Moreover, inhibiting
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ATR in B7-H3KD cells could help in understanding whether oxidative stress-regulated DDR and
ATR-dependent nucleotide sensing, contributes to B7-H3-dependent proliferation or survival.
It would additionally be interesting to take this further using co-cultures with tumour and
immune cells in 2D or 3D to determine contributions of tumour-immune interactions in

mediating this process.

Given the importance of mTOR signalling in regulating proliferation downstream of IMPDH2
and potential role downstream of B7-H3, it would be interesting to also block mTOR activity
and analyse growth and invasion in the presence and absence of MPA, to determine whether
this pathway contributes to the observed B7-H3-dependent phenotypes. Finally, it would be
important to conduct 3D invasion assays in the presence of drugs such as mitomycin C that
block proliferation, to confirm whether enhanced invasion in B7-H3 depleted cells is

dependent upon increased growth or can operate via an independent pathway.

Further experiments could also be carried out using B7-H3KD cells that have been transfected
with B7-H3 GFP lacking cytoplasmic tail, to measure 3D growth in spheroids and ZO-1 levels
by immunofluorescent staining in comparison to parental and B7-H3KD cells and whether the

cytoplasmic domain is required for B7-H3 proliferation.

6.2.5 B7-H3 trafficking

Data presented in this thesis showed B7-H3 localises to different subcellular compartments
and its localisation in cancer cells changes upon increased expression levels. B7-H3 is shown
to be degraded through lysosomes. However, co-staining B7-H3 with lysotracker did not show
clear co-localisation. One study has found that B7-H3 localised at the lysosomes by staining
breast cancer cells with lysotracker, followed by treatment with a B7-H3 affibody (ABY)
conjugated to Alexa Fluor 633 (Bam et al., 2019). The main difference between this study and
our data is the size of the antibody. Using B7-H3 ABY in the future to test this would be

valuable in further confirming B7-H3 lysosomal degradation and internalisation.
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The specific mechanism of how B7-H3 is internalised remains unknown. Previous work in the
Parsons lab have shown B7-H3 does not localise with clathrin, an endocytosis mediator of cell
membrane receptors, after 4 hours of mAb treatment. This could be confirmed by co-staining
cells with clathrin in tandem with mAb treatment for time periods used in this thesis (24 hours
and 48 hours). Another process of uptake is the macropinocytosis that traffics and organises
membrane receptors to modulate their adhesion, cancer cell invasion and metastasis (Le et
al., 2021). Interestingly, this process has been reported to mediate internalisation of E-
cadherin as well as IFN-y induced TJ internalisation (Bruewer et al., 2005; Delva & Kowalczyk,
2009). To investigate whether B7-H3 is internalising via macropinocytosis, cells could be
treated with B7-H3 mAb followed by incubation with rhodamine-labelled dextran as a marker
for macropinocytosis, finally cells could be fixed and stained for B7-H3 to allow co-localisation
guantifications. Moreover, to explore how B7-H3 is regulated at the surface, B7-H3 could be
labelled with biotin to help in quantifying the internalisation. This could be done by incubating
cells at 4°C with membrane impermeable sulfo-NHS-SS-biotin reagent to allow biotin labels
to covalently attach to B7-H3, then allow endocytosis to occur by incubating cells at 37 °C. To
release the biotin groups from labelled, un-endocytosed protein, L-glutathione should be
added. Cells could be lysed and added to streptavidin-coated beads allowing biotinylated

proteins to bind. Then, measurements of endocytosis could be caried out by Western blotting.

Understanding how B7-H3 is internalised, the domain/s responsible for exerting its
tumourigenic effects and whether blocking B7-H3 via mAb, as in previous clinical trials, is
sufficient to downregulate IMPDH2 activity is valuable and would present a potentially
interesting avenue for follow-up using pre-clinical models to assess the effects on tumour

growth, invasion and cancer recurrence and help in future therapeutic drug development.
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