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Abstract

Intra-tumour heterogeneity and plasticity are key factors in treatment resistance and
the recurrence of Glioblastoma (GBM), which is invariably fatal. Genetics,
epigenetics, cell metabolism and plastic cancer stem cell (CSC) hierarchies interact
with volatile micro-environmental forces to promote and shape cell identity.
Improved understanding of these factors will inform more precise and effective GBM
therapies. Here, we aim to develop a fluorescent tracking approach for patient
derived GBM cells to investigate the relationship between clones, environment and
CSC marker expression. Using a murine GBM model combined with Rosa26-confetti
fluorescent labelling, we trialled suitable techniques for detection of labelled tumour
clones and concluded fluorescent imaging and flow cytometry were the most
effective. For patient-derived cells, we modified LeGO-vector fluorescent labelling
with the aim of tracking a greater number of clones. We further optimised this
technique for simultaneous flow cytometry detection of clones and their CSC marker
expression. In the final chapter, we address the hypothesis that whole population
CSC surface marker plasticity is a result of emergent clonal predominance. In two
patient derived GBM lines, under steady-state environmental conditions, serial
passaging and assessment of clonal marker expression detected distinct marker
expression patterns between clones in the same culture dish. For both cell lines,
transfer and culture of clonal mixtures to Matrigel® spheroids produced an expected
plastic transition in population marker expression but also considerable
predominance of certain clones. While the clonal surface marker dynamics of the two
cell lines were markedly distinct, divergent surface marker plasticity between clones
of the same cell line was a consistent observation. Taken together these results
supported our hypothesis that population marker plasticity is in part a result of
emergent clonal predominance. We propose our developed techniques are suitable
for rapid and economic characterisation of patient specific gene disruption,

therapeutic vulnerabilities and resistance mechanisms.
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Impact statement

The development of cancer is a result of somatic mutations and the selection of
clonal populations. Over the last few decades, the general principles of cancer
evolution have been documented, and more recently, the molecular evolution of
cancer cells, and the role of cancer stem cells has added to the understanding of
cancer biology. Heterogeneity within individual tumours remains one of the major
challenges, in particular in the context of the development of therapies targeting
certain mutational combinations but also differentiation states of cancer cells.
Understanding clonal evolution and fate mapping of cancer cells was the major
objectives of this study. The scientific impact of this study is twofold: First, the
systematic establishment of a model system aiming at the spatial mapping of clonal
populations using a highly controlled genetically labelled in vivo system has shown
the potential and limitations of a number of experimental strategies. Second, the
generation of clonal populations from barcoded cancer stem cells provides a tool that
can be replicated effectively, and affordably in the scientific community. This part of
the study is an excellent example how computational analysis can significantly
enhance the readout of data from genetic information, combined with marker

phenotypes, on a single-cell level.

In conclusion, this study provides a systematic analysis to inform the scientific
community of Pitfalls and potentials of different model system aiming at the
characterisation of clonal populations in cancer. The most significant impact comes
from establishing an experimental approach to rapidly establish and characterise
large numbers of clonal populations derived from newly established GBM cell lines.
This system offers a powerful and affordable method to identify specific therapeutic
vulnerabilities in heterogenous tumour cell populations, and to characterise

selective, experimentally introduced mutations.
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Chapter 1: Introduction

1.1 Tumour heterogeneity and plasticity as a barrier to
treatment

Refinement of surgical approaches and more precise application of
radio/chemotherapeutic treatments have continued to improve survival times for
many cancer patients. Identification of characteristic mutations and downstream
aberrations to molecular pathways vital for cancer cell survival and proliferation have
further improved survival outcomes (Urruticoechea et al., 2010). An illustrative
example are receptor tyrosine kinases (RTK) such as epidermal growth factor
receptor (EGFR), Platelet derived growth factor receptor (PDGFR), vascular
endothelial derived growth factor receptor (VEGFR) and their downstream effector
molecules such as RAS, ERK and mTOR that are hijacked by many cancer types to
support cell survival, proliferation, differentiation and apoptosis resistance (Montor
et al., 2018). In the case of chronic myeloid leukaemia (CML), the protein product of
the well characterised gene fusion Philadelphia chromosome, leads to a
constitutively active tyrosine kinase signalling molecule termed bcr-abl that controls
activation and suppression of various cell cycle genes. The RTK inhibitor (RTKI)
imatinib is a specific blocker of this fusion protein’s kinase domain, quenching its
kinase activity and preventing cell proliferation. As a result, the 10-year survival rate
of CML patients treated with imatinib is 83.3% (Hochhaus et al., 2017). Instead, in
the case of other cancers, especially solid tumour such as non-small cell lung cancers
(NSCLC), RTKI’s have had only modest effects on patient survival (Planchard et al.,
2018, Sequist et al., 2013). Mutations leading to constitutively active EGFR are
common in NSCLC but tumours harbour multiple defence mechanisms for achieving
resistance to RTKI treatment (Morgillo et al., 2016). Primary resistance happens
when a tumour bulk contains EGFR mutations that are not sensitive to an applied
RTKI, reflecting the variety of patient specific EGFR alterations with the same tumour
promoting effect (Eck and Yun, 2010). Prolonged treatment (> 6 months) with these

drugs can lead to acquired resistance through mechanisms including secondary
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mutations to the EGFR gene (Tan et al., 2016), a phenotypic transformation of
tumour cells (Sequist et al., 2011) or activation of different pathways to overcome
the inhibitory effects of RTKIs on survival and proliferation (Engelman et al., 2007).
The processes of resistance are relatively well characterised in NSCLC and these
mechanisms are likely consistent with other cancers, where RTKIs are only suitable
for tumours with certain molecular characteristics and still report modest efficacy.
RTKIs have been used as an example here but indeed tumour characteristics for
evading resection, radiotherapy, alkylating chemotherapies and a variety of
immunotherapies have been described (Vasan et al., 2019). Tumours recurring after
treatment can be molecularly profiled to investigate changes associated with
resistance, but addressing the dynamic processes of tumour biology allowing
adaption and resistance acquisition can be more easily assessed in advanced
experimental models. For example, when a mutation arises in tumour cells that
imparts resistance to an ongoing RTKI therapy, how has this occurred? Is this the
result of a spontaneous mutation acquired during the treatment course, or, had this
mutation already occurred during tumour evolution and been selected for as a result
of treatment? A resistance conferring alteration occurring in only a small minority of
tumour cells during tumour development would not be detectable through bulk
sample genomic approaches used to characterise tumour genetic and molecular
profiles. Furthermore, in the circumstance of phenotypic adaptation to overcome
treatment, is this plasticity a property of many cells in the tumour or a reprieve of a
small set of cells with appropriate genetic and epigenetic conditions? Along with the
failures of many promising phase lll drug trials (ref), these questions underpin the
drive to better understand concepts of tumour heterogeneity and plasticity. With the
ultimate hope that an increased basic understanding can inform more precise, multi-

target treatment regimes.

In this thesis, we explore fluorescent cell tracking to better understand clonal
evolution and plasticity in Glioblastoma (GBM), the most aggressive form of
malignant glioma. The following sections will outline the diagnostic and molecular
parameters of gliomas with a focus on GBM. Subsequently describing how tumour

origin, genomic instability and clonal evolution create cellular diversity. Leading on
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to a discussion of how clonality and cancer stem-like cells (CSC) interact with the
tumour micro-environment to further diversify cells. Cell tracking, where labels can
identify clonal populations of tumours cells, is a powerful tool for investigating cell
intrinsic processes related to heterogeneity. We discuss these methods focusing on

the transgenic and viral based fluorescent approaches applied in this work.

1.2 GBM

GBM is a highly malignant and invasive form of diffuse glioma. Gliomas are the most
common form of primary brain tumour in adults and have been traditionally
classified on their histological resemblance to parenchymal brain cells. Gliomas are
graded on a malignancy scale; grade | tumours are non-malignant and can often be
resolved through surgical resection. While grades Il — IV are malignant classifications
with increasing proliferation, diffusivity and poorer prognosis (Thakkar et al., 2014).
GBM has been traditionally described as a grade 4 Astrocytoma that can present
clinically as a primary tumour or a secondary progression from a lower grade glioma
(Aldape et al., 2015, Brandner and von Deimling, 2015). In addition to histological
features of malignancy, disease stratifying molecular markers are being increasingly
incorporated to improve glioma diagnostics. The Isocitrate dehydrogenase 1 or 2
(IDH1/2) genes are the most commonly mutated across all gliomas where mutations
generally convey reduced malignancy and improved prognosis (Aldape et al., 2015,
Yan et al., 2009). In the recently updated 2021 WHO classification of CNS tumours,
IDH wildtype GBM (IDH-wt GBM) has been introduced to denote tumours
traditionally described as primary GBM. While grade 4 IDH-mutant Astrocytoma is
now used to describe what was traditionally a secondary GBM (Louis et al., 2021).
Further legacy GBM tumour types have been reclassified and are outlined in 1.2.4.
However, most literature discussed in this thesis was published before the 2021
guidelines and reference to GBM throughout this thesis refers to this outdated
nomenclature unless otherwise indicated. Importantly, the experiments described in
Chapter 5 of this thesis are performed on cell lines derived from IDH-wt GBM

patients.
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1.2.1 Epidemiology, clinical features

IDH-wt GBM is the most frequent adult malignant brain tumour, accounting for 15%
of all intracranial tumours and nearly half of all primary malignant brain tumours. The
tumour occurs preferentially in middle-aged adults (peak incidence 55-85 years),
with a slight predominance in males (Ostrom et al., 2014). The IDH-wt GBM s
generally found in the subcortical white matter and deep grey matter of either
hemisphere and can occur in all lobes of the brain (Ostrom et al., 2019). The clinical
presentation depends on tumour location and often manifests with focal
neurological deficits such as hemiparesis, aphasia, visual defects and seizures. These
symptoms are usually progressive and the time from symptom onset to diagnosis is
shorter than 6 month in 80% of patients (Ohgaki and Kleihues, 2007). Through
diagnostic imaging (usually magnetic resonance imaging or computed tomography),
GBMs appear irregularly shaped with a ring-enhancing component around a central
area of necrosis, accompanied by oedema. However, the different molecular
subtypes of GBM cannot be readily discriminated by standard imaging studies
(Ogawa et al., 2020) (Swaidan et al., 2012), but advanced radiomics studies can to
some extent predict the gene expression profiles of newly diagnosed GBM (Macyszyn
et al.,, 2016) (Nandu et al., 2018, Choi et al., 2020) and this can lead to improved

diagnostic and prognostic accuracy (Artzi et al., 2019).

1.2.2 Prognosis and treatment

Most patients with IDH-wt GBM die within 15-18 months after therapy with
chemoradiation. The 5-year survival rate has been reported as low as 7% (Ostrom et
al., 2019) and 10% (Stupp et al., 2009) in the context of clinical trials where patients
with slightly more favourable performance status were selected. Favourable
prognostic factors are younger age (50 years and below), good performance status,
complete tumour resection, and a methylated O-6-methylguanine-DNA
methyltransferase (MGMT) promoter which leads to a reduced activity of the MGMT
enzyme which antagonises the effects of the standard of care chemotherapeutic
Temozolomide (TMZ)(Stupp et al., 2009). In contrast, the IDH-mutant astrocytoma

WHO grade 4 (previously known as IDH-mutant GBM, WHO grade IV, or in the more
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distant past also termed “secondary GBM”). Some patients with GBM respond well
to current treatments (maximal safe surgery, radiation, TMZ chemotherapy, as well
as experimental and immunological interventions, but there is a significant
heterogeneity in treatment response, which most likely reflects the biological
heterogeneity of the disease. For most treatments the basic molecular mechanism

for primary or acquired resistance are only incompletely understood.
1.2.3 Histological Hallmarks

The primary approach in diagnosis of brain tumours is histological assessment.
Typically, the IDH-wt GBM presents as diffusely growing, cellular glial tumour with
astrocytic tumour cells. The cell size and shape can be uniform in some tumours and
much more heterogeneous in others. Most tumours show mitotic figures that are
easy to identify. Classical additional features are so-called microvascular
proliferations (tumour vessels with excessively activated endothelial linings, often
with duplicate or multiple layers of endothelium), pseudopalisading cell
arrangements and necrosis (Figure 1.1). GBM is one of the most heterogenous
neoplasms with a high degree of variability of morphological features between

patients and often within individual tumours (Burger and Kleihues, 1989) .
1.2.4 Molecular diagnosis

In the 2016 and 2021 WHO classification of CNS tumours, molecular and genetic
markers were incorporated to complement histology-based diagnosis (Louis et al.,
2016, Louis et al., 2021). Molecular indicators have been introduced with the aim of
minimising interobserver variability, and will be a first important step to direct
patients into clinical trials stratified by molecular profiles (Figure 1.1) (Louis et al.,
2016b). The IDH-wt GBM is defined by the absence of mutations in the isocitrate
dehydrogenase genes 1 and 2, and by the frequent presence of a telomere reverse
transcriptase (TERT) promoter mutation, EGFR gene amplification, gain on
chromosomes 7 and loss on chromosome 10 (Stichel et al., 2018). Although
diagnostic characteristics of IDH-wt GBM, these alterations present with
considerable variation between patients and the presence of only one of these

alterations is sufficient for diagnosis of an IDH-wt GBM, even in the absence of high-
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grade histological features such as pseudopalisades necrosis or microvascular
proliferation (Brat et al., 2018) (Louis et al., 2020). This interpatient variability
extends beyond diagnostic mutations and each patient will present with an almost
unique collection of mutations and large-scale chromosomal aberrations. This
variability is a considerable hurdle to successful treatment and underpins the drive
for a more patient specific approach to prescribing treatment. A further molecular
marker with prognostic (but not diagnostic) relevance in IDH-wt GBM is methylation
at the MGMT promoter. MGMT promoter methylation predicts patient responses to
the standard of care chemotherapeutic TMZ, with methylation and gene silencing

predicting favourable outcomes (Hegi et al., 2005) (Wick et al., 2014).

Several other forms of GBM are described in WHO 2015 classification with updated
nomenclature in 2021 classification (Louis et al., 2016, Louis et al., 2021). The IDH
mutant GBM (Grade 4 IDH-mut Astrocytoma, WHO 2021) is characterised by
mutations in the alpha-thalassemia/mental retardation, x-linked (ATRX) gene, often
resulting in the loss of ATRX protein expression, a diagnostically useful marker. The
Histone3 K27M mutant GBM (Diffuse midline glioma, WHO 2021) is in midline
structures and is typically seen in children (termed diffuse infantile pontine glioma)
but more recently with more systematic diagnostic tests also increasingly identified
in adults. A very poorly differentiated form of GBM, termed diffuse hemispheric
glioma in WHO 2021 classification, carries the histone H3 G34R or V mutation with

ATRX mutations also common.

In 2010, Verhaak et al., classified GBM entities based on mRNA expression data
collected by the Cancer Genome Atlas (TCGA). Hierarchal clustering of 1740 genes
from 202 GBM samples revealed 4 distinct GBM subclasses named proneural, neural,
classical and mesenchymal (Verhaak et al., 2010). Classifications had relevance to
survival data with the proneural tumour types showing statistically significant shorter
survival times but was subsequently determined to be largely congruent with the
IDH-wt GBM classification. A further sequencing approach by which GBM has been
classified is the methylation profile where researchers have proposed 8 sub-classes
within the WHO 2016 GBM patient base (Capper et al., 2018). Beyond the goal of

improved stratification of GBM entities, expression and methylation classifiers build

23| Page



substantial repositories of molecular information that can indicate specific
therapeutic vulnerabilities associated to different tumour subclasses. However,
these analyses are generally limited to bulk samples of the end-stage disease, missing
any underlying cellular heterogeneity in the measures used for classification and the
dynamic cellular processes that precede and are ongoing during clinical presentation.
Therefore, in addition to accurate stratification of the disease, an understanding of
tumour evolution and the cellular heterogeneity produced during this process will be
vital for advancing therapy. In the following sections factors known to influence these

evolutionary dynamics will be discussed.
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Figure 1.1: Molecular classification of adult glioma and histological hallmarks of IDH-WT GBM: (A)
IDH1 is the most commonly mutated gene in gliomas where IDH-mutant gliomas comprise lower grade
subtypes compared with IDH-wt gliomas. However, mutations in CDOKN2A/B can lead to higher grade
IDH-mut tumours. In addition to specific mutations, specific chromosomal aberrations assessed
through copy number profiling are commonly found in certain glioma subtypes. 1p/19q co-deletion is
a characteristic of Oligodendroglioma and 7p gain/10q loss are common aberations found in IDH-wt
GBM. (B-D) Representative histological features associated with IDH-wt GBM which include large
necrotic regions void of living cells (B), formation of naive vasculature structures termed microvascular
proliferations (C) and pseudopalisading cell structures where cells appear to be migrating away from
regions of necrosis (images taken from in house histological samples).
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1.2.5 Cell of origin

The progenitor populations of the adult brain are the most widely accepted
candidates of the cell of origin in glioma. In the adult brain, these progenitor
populations are located in the sub-ventricular zone (SVZ) lining the ventricles, the
sub-granular zone (SGZ) within the dentate gyrus of the hippocampus, and the white
matter of the cerebellum (Figure 1.2 ) (Ming and Song, 2011) . Studies in mice
revealed that newly produced neuroblasts in the SVZ migrate along the rostral
migratory stream toward the olfactory bulb to replace neurons and encode new
olfaction sensory information (Lim and Alvarez-Buylla, 2016). Interestingly, it is also
well established that spatially distinct regions of the SVZ give rise to neuroblasts

which mature into functionally distinct types of olfactory neurons (Sequerra, 2014).

While SVZ neurogenesis occurs in humans, its function remains debated as there is
limited evidence for SVZ neurogenesis contributing to new olfactory neurons in
humans (Lim and Alvarez-Buylla, 2016). In the SGZ, neurogenesis is postulated to
have functions in encoding new memories and other complex cognitive processes
such as pattern separation, which are likely to be conserved in humans (Ming and
Song, 2011). In addition to the previously mentioned neurogenic areas, there are
additional regions, identified in recent studies, such as hypothalamus, striatum,
substantia nigra, cortex and amygdala (Jurkowski et al.,, 2020). Whether
neurogenesis in these areas is dependent on migration from the SVZ and SGZ, or each
structure contains its own residual neural stem cell (NSC) pool is yet to be resolved.
In addition to sites of neurogenesis, it’s also known that oligodendrocyte precursor
cells (OPC) and astrocytic precursor cells (APC) exist distributed throughout the brain
(Windrem et al., 2020). OPCs can replace oligodendrocytes and contribute to
plasticity by enhancing myelination between brain regions (Martins-Macedo et al.,
2021). APCs actively give rise to further mature astrocytes and play important roles
during inflammatory responses to lesions within the CNS (Martins-Macedo et al.,

2021)
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Figure 1.2: Neurogenic niches of the adult brain and the cell types associated. Neurogenesis occurs
in the lateral ventricles and hippocampus of adult animals. These neurogenic niches are comprised of
NSCs which give rise to restricted potential progenitors which go on to produce new mature neuronal
cells. Niches also contain a number of support cells important for regulating stem cell proliferation
and differentiation trajectory. (figure adapted from (Kazanis et al., 2008))

The fact that these cell types are actively dividing and evidence of stem cell
compartments giving rise to tumours in other organs have placed these progenitors
as the most likely candidates as cell of origin of glial or glioneuronal tumours. In both
the SVZ and SGZ it is established that quiescent and slowly dividing NSCs, capable of
producing all cell types of the brain other than microglia, give rise to multi-potent
and more rapidly dividing transiently amplifying cells (Figure 1.2) (Alcantara Llaguno
and Parada, 2016). These cells intern give rise to intermediate bipotent cell types

which produce unipotent progenitors only capable of differentiating into a single
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terminal cell type. As such, APCs and OPCs distributed throughout the brain can be
considered unipotent progenitors. The different cell types of this hierarchy from
stem-like to terminal progeny are well characterised with established molecular
markers associated with each cell type (Jurkowski et al., 2020). Experiments using
conditional Cre expression to target deletion of tumour suppressor genes in stem cell
or limited progenitor compartments suggest a wide-range of cells may have tumour
forming potential. For example, Nestin and GFAP are markers associated with NSCs
and targeted inactivation of tumour suppressor genes such as Neurofibromatosis 1
(NF1), Transformation related protein 53 (P53), Phosphatase and tensin homologue
(PTEN) and Retinoblastoma transcriptional corepressor 1 (RB1) in cells expressing
these markers leads to brian tumour resembling GBM (Alcantara Llaguno et al.,
2015). Furthermore, Ascll is a marker of a bipotent cell population capable of giving
rise to mature neurons and oligodendrocytes and targeted deletion of tumour
suppressors in these Ascll expressing cells also leads formation of GBM-like tumours
(Alcantara Llaguno and Parada, 2016, Azzarelli et al., 2018). In another study, authors
targeted deletion of P53 and NF1 in adult OPCs using inducible cre expression under
control of Neuron-glial antigen 2 (NG2) promoter sequence. In this context, OPCs
went through a protracted multi-stage transformation process but were also capable
of malignant progression to produce tumours resembling glioma (Galvao et al.,
2014). This finding was also supported by a lineage-tracing study using mosaic
analysis with double markers (MADM) to achieve tumour-inducing mutations in each
lineage compartment of the adult brain; neurons, astrocytes and oligodendrocytes
(Kegelman et al., 2014). This study showed that that OPCs were the cell type that
most readily underwent neoplastic transformation during early stages of tumour
development and that mature tumours harboured salient OPC expression

programmes (Liu et al., 2011).

The experiments outlined above suggest a considerable number of different cell
types can undergo malignant transformation and form tumours. Moreover, this array
of stem cell and limited progenitors capable of forming tumours may be reflected in
the considerable inter-patient heterogeneity observed within glioma sub-classes.

Where patient age, presumed cell of origin and underlying driver mutations all
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contribute to shaping a tumours molecular and histological characteristics. However,
owing to their ability for indefinite self-renewal, naive stem cell compartments in the
brain opposed to limited progenitor populations are the most likely-candidates for
glioma cell of origin. Since limited progenitors are capable of only a finite number of
divisions, the likelihood of further neoplastic mutations arising after an initial
mutation is limited compared to a stem cell which may divide and copy its DNA many

more times throughout an organisms life-time.

1.2.6 Intra-tumour heterogeneity: Clonal evolution

Working from the assumption that GBM arises from progenitor cells in the brain, the
aetiology of the disease is thought to begin with a mutation in a progenitor cell
compartment. Neurogenic compartments of the adult brain are specialised niches
composed of various regulatory cell types in close proximity to vessels and
cerebrospinal fluid (CSF) for integrating endocrine signals (Ohlstein et al., 2004,
Walker et al., 2009). Each of these components play an important role in finely tuning
proliferation and directing progenitors toward the correct route of differentiation. It
is thought that mutational events affecting cell-cycle regulatory pathways such as
RAS/ERK and PI3K/AKT, allow cells within these niches to escape this regulatory
framework (Azzarelli et al., 2018). It is believed neoplastic growth occurs in stem cell
compartments throughout the lifetime of an organism but are usually kept in check
by cell intrinsic fail-safe mechanisms or recognised by the immune system and
targeted for destruction (Sever and Brugge, 2015). In the right conditions, a neoplasm
can escape these fail-safe mechanisms and develop into a malignancy. These initial
mutations are referred to as truncal or driver mutations and occur on tumour
suppressor genes, oncogenes, DNA repair-associated genes and genes important for

epigenetic regulation (Sanai et al., 2005).

Tumour suppressor genes commonly mutated in GBM include P53, PTEN and Cyclin
dependent kinase inhibitor 2A/B (CDKN2A/B). Tumour suppressor gene mutations
generally convey a loss of function for their coded proteins which limit the
inhibitory regulation they exert on molecular pathways influencing proliferation,
survival and cell cycle progression. P53 is a transcription factor affected by many

upstream signals primarily influencing cell cycle progression and genome integrity

29| Page



with further functions related to cell metabolism and stemness (Bieging et al., 2014,
Zhang et al., 2018). Notably, P53 is vital for triggering cell cycle arrest and apoptosis
in cells with damaged DNA. PTEN is a lipid phosphatase that negatively regulates
the phosphatidylinositol 3-kinase (P13K) pathway by dephosphorylation of
phosphatidylinostiol 3, 4, 5-triphosphate (PIP3), to phosphatidylinositol 4,5-
biphosphate (PIP2) (Chalhoub and Baker, 2009). PIP3 interacts with AKT which acts
on downstream components to promote cell survival and growth (Worby and
Dixon, 2014). Therefore, loss of function in tumour repressor genes leads to loss of

inhibitory regulation on pathways that can promote development of neoplasias.

Oncogene regulated pathways overlap with tumour suppressor gene signalling but
play a promotive function in pathway activity. Common examples are mutations in
receptor tyrosine kinases where PDGFR and particularly EGFR are found mutated in
GBM (Brandner and von Deimling, 2015). Activation of these RTKs promotes
downstream activation of effector molecules RAS and AKT to promote cell
proliferation and survival (Cantanhede and de Oliveira, 2017, Nazarenko et al., 2012).
In GBM, mutations lead to overexpression and constitutively active forms of these
receptors that override inhibitory regulation from tumour suppressors and other

regulatory elements (Oprita et al., 2021).

DNA damage response (DDR) pathways form an intricate network of proteins which
identify and repair DNA damage in response to genotoxic stress from tumour-
suppressor and oncogenic dysfunction or environmental factors (Sousa et al., 2020).
The most common DDR associated alteration in GBM is MGMT promoter methylation
which has clinical importance in conferring susceptibility to treatment with TMZ
(Dunn et al., 2009). TMZ is a DNA alkylating agent and its damaging effects on DNA
are repaired by MGMT protein action, therefore, methylation of the promoter and
reduced protein expression support positive responses to TMZ treatment (Brandner
and von Deimling, 2015, Koschmann et al., 2016). ATRX is a further DNA repair
protein which is responsible for carrying out non-homologous end joining and ATRX
loss is associated with paediatric GBM and lower grade gliomas ((Koschmann et al.,
2016)). While not as well established in GBM, loss of effective DNA repair is a step in

the early progression of many other tumours where DNA instability increases the
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likelihood of acquiring further tumour promoting mutations (Sousa et al., 2020).
Conversely, in later stages of GBM, DDR molecular machinery is found over expressed
conveying a greater ability for cells to correct the high rate of newly induced
mutations. As discussed, spontaneous mutations can drive tumour progression but
an overly severe tumour burdened can also lead to tumour cell death, a fate avoided
by over expression of DDR components (Bartkova et al., 2010). Therefore, given the
important role for oncogenes and tumour suppressors in integrating signals for cell-
cycle progression and survival, mutations affecting their function can cause normal
progenitors to escape the tightly controlled extra-cellular regulation of their niche
(Azzarelli et al., 2018, Cha and Yim, 2013, Sanai et al., 2005). Furthermore, mutations
to DNA-repair machinery can precede or compound these alterations by increasing
the chance of further harmful mutations arising. As a neoplasm grows and forms a
tumour, further truncal mutations are introduced alongside passenger mutations
which can be detected through sequencing but do not have strong tumour promoting
effects. DNA instability and truncal driver mutations are important concepts
underlying clonal evolution where heightened mutagenesis and Darwinian selection
create a tumour composed of different clonal populations with distinct underlying

DNA aberrations (Nowell, 1988).

Clonal evolution can occur through a spontaneous mutational event, for example, a
mutation producing a constitutively active RTK conveying greater growth and survival
promoting effects than previous mutations could act as a selective pressure
promoting predominance of cells harbouring this new alteration. This process can
build with the introduction of further mutations promoting growth and survival
creating new clonal lineages with advantageous growth properties. Alternatively, as
the tumour evolves, environmental conditions can change, for example hypoxia in
regions of necrosis, inflammation or infiltration of immune cells such as macrophages
or T-cells (Clevers, 2011). These can create microenvironmental and immunological
selection pressures where a clone with the ability to switch to anaerobic metabolism
or the highest immunosuppressive expression signature will escape immune
detection most effectively and outgrow other clones. Various models for clonal

evolution have been put forward, notably these include linear, branching, neutral
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and punctuated forms of clonal predominance which are outlined in Error! Reference s
ource not found. (Davis et al., 2017). Early molecular evidence of clonal evolution
giving rise to intra-tumour heterogeneity in GBM was the identification of
intermingled cells with differential amplification of platelet derived growth factor
receptor (PDGFR) and epidermal growth factor receptor (EGFR), demonstrated by
fluorescence in situ hybridisation (FISH) or quantitative PCR (Snuderl et al., 2011).
Suggesting that copy number profiles of a tumour bulk reporting amplification of two
RTKs may reflect the presence cells with different RTK amplifications, rather than a

generic dual amplification shared by all cells.

To explore the functional basis of this observation, human cell lines were established
from tumours showing co-amplification of PDGFRa and EGFR. Interestingly,
established lines from these tumours also contained cells with either co-amplified
PDGFRa and EGFR or cells with amplification of just one of these RTKs (Szerlip et al.,
2012). Interestingly, for all cell lines assessed, cells with co-amplified RTKs were far
less prevalent than cells with a single EGFR or PDGFR amplification. It was also
demonstrated that selection of a single RTK-amplified population could be achieved
through pharmacological stimulation or inhibition of either PDGFRa or EGFR,
suggesting in vivo these cells are functionally different in terms of their response to
growth factor signalling (Szerlip et al., 2012). Furthermore, enrichment for each of
the single-amplified populations and DNA sequencing suggested all populations
shared a common clonal origin. Suggesting that populations with differential RTK
amplifications may arise through more complex mechanisms than mutational
acquisition and clonal outgrowth. It is possible that undefined mechanisms of genetic
inheritance during cell division are altered in GBM cells allowing ongoing production
of cells harbouring diverse gene amplifications which can be selected for by

environmental pressures.
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Figure 1.3: Different forms of genetic clonal evolution in cancer: (A) Linear evolution is where
tumour cell populations advance continuously with new “fitter” clones successively outgrowing
legacy clones. This mode of evolution is often observed in liquid tumours and is less common in
solid tumours. (B) Branching evolution is where new clones arise from previously predominant
populations, are selected for and co-inhabit the tumour. Evolution in this fashion is more often
found in solid tumours perhaps influenced by a variable spatial microenvironment. (C) In
punctuated evolution, rather than mutational events being an ongoing process, tumour and clonal
evolution is characterised by bursts or genetic alteration giving sequential rise to new clonal
populations. (D) Neutral evolution proposes that as new mutations arise in clones, there is no
selection of “fitness” and all separate clones retain the same propensity to grow regardless of the
mutations they carry. Figure adapted from (Vendramin et al., 2021)
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Several seminal studies investigated tumour heterogeneity and genetic evolution by
spatial biopsy sampling. Through intraoperative sampling and sequencing of up to 6
biopsies per tumour, authors found CNVs that were common in all biopsies, shared
amongst some biopsies and in each biopsy unique variations were also present
(Sottoriva et al., 2013). Additionally, it was shown that in 6 of 10 tumours, that there
were regionally distinct expression profiles, corresponding to 1 of the transcriptomic
GBM classes (proneural, neural, mesenchymal and classic) (Verhaak et al., 2010).
Authors postulated that common alteration shared across all regionally distinct
biopsies were early mutational events in tumour evolution with shared CNVs
occurring at intermediate stages and alterations unique to each biopsy were acquired
latest in tumour progression. With some theoretical assumptions, authors use this
information to reconstruct and model the time course of a tumours clonal evolution.
Although, evidence of clonal cells carrying variable CNVs, discussed in the previous
paragraph, cautions the validity of lineage reconstruction from bulk sequencing
techniques in this fashion (Szerlip et al., 2012), their modelling suggested that RTK
amplifications are often truncal events occurring early in a founder clone during
tumour evolution. It is estimated GBM can be in development for a median of 13
years before diagnosis, therefore, insights to the patient specific dynamics of this
evolutionary process will be important for furthering disease understanding and aid

in developing more targeted combinatorial treatments (Wang et al., 2016).

A further influential study focussing on the dynamic nature of GBM genomic profiles
performed mutational analysis on matched low-grade primary IDH-mut glioma and
recurrent GBM (Johnson et al., 2014). Similar to results with serial spatial sampling,
authors find shared and unique mutational events in the patient matched primary
and recurrent tumours. Results were highly variable between patients, with some
recurrences sharing similar mutational profiles suggesting linear clonal evolution and
others showing a low degree of similarity in mutational profile indicating branched
evolution (Figure 1.3B). In one case, mutational profile of a first, second and third
recurrence of the same tumour suggested branched and linear evolution taking place
at different stages of the disease (Johnson et al., 2014). Suggesting type of clonal

evolution pattern is not an intrinsic property of the tumour but perhaps a process
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dependent on stage of development and environmental contexts (Error! Reference s

ource not found.).

Through various sequencing approaches, these studies identified intra-cellular
factors affecting cellular heterogeneity in GBM. Pointing to the likely circumstance
that at the time of treatment, tumours are composed of distinct genetic clones of
different predominance and functional potential where mutational analysis of the
bulk tumour mass will overlook functional mutations present in subsidiary genetic
clones (Sottoriva et al., 2013). Upon a change of environment such as resection and
treatment exposure, the varied functional properties of subsidiary clones leave the
tumour well poised to adapt and overcome this new challenge (Wang et al., 2016).
Combining these findings with the clear heterogeneity between patients conveys
cautionary implications on the likely success of treatments targeting a single
molecular pathway in GBM (Ghosh et al., 2018). A combinatorial, patient specific
approach to treatment may harbour more success clinically and a further
understanding of cell heterogeneity will be critical to accurately inform such a

strategy.

1.2.7 Intra-tumour heterogeneity: Cancer stem cells

In 1994, acute myeloid leukaemia cells (AML) were identified that had a distinct
immunophenotype compared to other cellular fractions, and they showed greater
cancer-inducing potential upon transplantation into immunocompromised mice
(Lapidot et al., 1994). This study was a critical step in support of a long-standing
hypothesis that cancer cells divide in a hierarchical manner, with cancer stem-like
cells (CSC) at the apex of this hierarchy (Batlle and Clevers, 2017, Lathia et al., 2011,
Vescovi et al., 2006). Using expression patterns of the two surface markers CD34 and
CD38, it was shown this AML inducing potential was restricted to cells with a
CD34*/CD38 phenotype, where CD34*/CD38* and CD34 cellular fractions were
incapable of inducing AML after transplantation(Lapidot et al., 1994). Critically, these
CD34*/CD38" cells represented about a 1000-fold smaller fraction of AML cells
compared to a previously identified colony-forming cell population (Lapidot et al.,
1994). These unique properties and the uneven distribution supported the idea that

CD34*/CD38 AML-inducing cells constituted a less mature population towards the
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apex of a hierarchy. This was a finding with profound implications for understanding

tumour development and treatment resistance across many cancer types.

The CSC hypothesis proposes that cancer cell populations follow the general rules of
differentiation hierarchies found in normal tissues. Stem cell hierarchies are well-
illustrated by the Waddington landscape model of balls rolling down a hill, with
branching valleys representing routes of differentiation (Figure 1.4A) (Wang et al.,
2011). In this analogy, balls start at the top (stem cell) of a hill and can only roll down
the valleys as differentiation is a linear process, and once a ball (cell) enters a valley
(i.e., corresponding to a cellular state) it is now restricted to subsidiary valley’s it can
nter. In other words, potential for differentiation and cell proliferation is lost as cell’s
move down from the apex of a hierarchy. These concepts are distinct from those
assumed in the clonal evolution hypothesis where all cells are equal and capable of
indefinite self-renewal (Nowell, 1988). In this model, CSCs are the only cells capable
of indefinite self-renewal adding another dimension to the network of cell diversity
of glioma (Lathia et al., 2015). Within a tumour, CSCs divide infrequently and are
often in a state of quiescence, occasionally giving rise to more rapidly dividing
restricted potential cell populations which make up the bulk of the tumour mass
which subsequently produce non-proliferative, terminally differentiated cells (Figure
1.4B) (Lathia et al., 2011). The implications of this concept on treatment were clear,
i.e. if the CSC populations can be “eradicated” at the top of the hierarchy, all cells in
the tumour could in theory be eradicated (Yu et al., 2012). This hypothesis also
offered an attractive explanation for tumour recurrence, where a gross total
resection removes the bulk of tumour cells which are predominantly rapidly dividing
but restricted potential progenitors, leaving behind pockets of invasive CSCs, even in
very small residual quantities. Quiescent, non-dividing CSCs which have an
established in vitro resistance to TMZ which may contribute to their ability in
escaping eradication during treatment, a behaviour also considered possible through
overexpression of DNA-repair enzymes (Sousa et al., 2020, Liu et al., 2006). Once a
treatment regimen has been completed, residual CSCs could re-enter the cell cycle

and repopulate the tumour. Therefore, in GBM, as in other cancers, there has been
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a large effort to characterise and isolate stem-like cell fractions for stem cell targeting

treatments.

Cells displaying in vitro properties similar to NSCs have been successfully isolated
from a variety of different tumour types including GBM. These presumed CSCs have
the ability to form spheres, show indefinite self-renewal, multipotent differentiation
potential and could form tumours upon transplantation into immunocompromised
mice (Lathia et al., 2015). Furthermore, immunophenotyping revealed they also
show expression of markers for NSCs and other brain cell prohenitors, such as Nestin,
Nanog, Musashi, OLIG2, Pax6, SOX2, SOX1 and GFAP (Hemmati et al., 2003, Ben-
Porath et al., 2008, Ligon et al., 2007, Kim et al., 2010, Tunici et al., 2004). However,
many of these markers are nuclear or cytoplasmic and can only be enriched for
through transgenic fluorescent reporter approaches. Flow cytometry staining and
FACS sorting is rapid technique for segregating cells by expression of surface proteins
and as such, surface markers of different potential glioma CSC populations were

sought after.

Promonin-1 (CD133) was the first protein put-forward as a candidate surface marker
of glioma CSCs (Singh et al., 2004, Singh et al., 2003). CD133 was an early identified
marker of neural stem and progenitor cells and was utilised to label identify
potentially similar cell populations in glioma (Uchida et al., 2000). Early studies
showed CD133* enriched in cells with higher in vitro self-renewal, proliferation,
differentiation and in vivo tumour forming potential. As few as 300 CD133* cells could
form tumours while as many as 100,000 CD133" cells were incapable of seeding and
forming a tumour after xenotransplantation. Furthermore, isolated CD133* glioma
CSCs were shown to harbour in vitro resistance for TMZ and radiotherapy (Singh et
al., 2004). However, subsequent studies demonstrated tumour forming potential of
CD133" cells which interestingly gave rise to tumours containing CD133* cell
populations (Wang et al., 2008, Singh et al., 2004). Although, a possible explanation
for this finding is fluctuations in CD133 expression associated with cell cycle
progression (Barrantes-Freer et al., 2015). Further studies isolating this CD133* cell
compartment of glioma lead to the discovery of other enrichment markers for glioma

cells with stem-like properties. CD133* cell populations showed increased expression
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of CD44 compared with CD133" populations (Liu et al., 2006). CD44 is a membrane
glycoprotein upregulated in many cancers and is associated with motility,
proliferation, apoptosis and angiogenesis (Chen et al., 2018). Further evidence
suggests CD44 also confers resistance to the cytotoxic agent TMZ through supressing
the Hippo apoptosis signalling pathway (Xu et al., 2010). CD44 is particularly highly

|II

expressed in GBMs with the “mesenchymal” transcriptional and epigenetic profile,
and previous studies claimed that CD44 expression was significantly associated with

worse patient survival (Krishna et al., 2013, Jin et al., 2017).
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Figure 1.4: CSC proliferative and differentiation hierarchies: (A) The Waddington landscape
displaying the proposed process of cell differentiation in a rigid hierarchy. Characterised by
assymetrical divisions giving rise to progeny with restricted differentiation potential and the ability to
only produce certain cell types (red and blue arrows). In normal developmental cellular hierarchies
this is a linear process, however in cancers it is likely that dedifferentiation (green arrow) and
transdifferentiation (Purple arrow) can also occur. (B) The presence of hierarchies has implications on
the proportional cell type composition of tumours. CSCs divide slowly but indefinitely, comprising a
rare portion of tumour cells. Occasionally, a CSC gives rise to a transit amplifying cell which are the
most abundant cell type of the tumour and divide rapidly but for only a limited number of cell cycles.
Transit amplifying cells give rise to intermediate and terminal progeny which have a highly limited
number of divisions and comprise a limited portion of the tumour. Waddintongton landscape in an
adapted from (Waddington, 2014).
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A further glioma CSC candidate marker identified through the study of CD133* was
the glial progenitor marker A2B5 found to be expressed by approximate 60% of cells
across a number of primary human glioma lines (Ogden et al., 2008). Indeed,
A2B5*CD133" cells were capable of forming tumours after xenotransplantation,
further suggesting tumour forming potential is not the exclusive property of CD133*
cells. Interestingly, it was found that CD133 and A2B5 are variably expressed across
samples of different patient, suggesting markers expressed by glioma progenitors are
not conserved between patients but rather tumour dependent. A2B5* cells were
shown to have a migratory and proliferative phenotype with the propensity to
differentiate into more astrocytic and oligodendrocyte cell types (Tchoghandjian et
al., 2010). A2B5 is an antibody epitope targeting antigens found on certain
trisialogangliosides found expressed during specific periods of early brain
development and also expressed in a pocket of glial progenitor cells in mature sub-

cortical white matter (Baeza-Kallee et al., 2019).

Stage-specific embryonic antigen 1 (SSEA-1/CD15) was put forward as a further
marker of glioma CSCs, a marker often found expressed in the nearly 40% of glioma
cell lines containing no CD133* cells (Son et al., 2009). CD15* cells were found in a
number of CD133" tumour lines and showed the in vitro characteristics of self-
renewal and differentiation while also showing potency in tumour forming potential
(Son et al., 2009). CD15 has subsequently been linked with cells of the proneural GBM
subtype as well as found expressed in medulloblastoma (Krishna et al., 2013, Read et

al., 2009).

A recent study offered a new perspective on the dynamic expression of these CSC
surface markers in glioma (Dirkse et al., 2019b). Dirkse., et al performed “surface
marker phenotyping” across a number of GBM cell lines, co-staining for the 4 surface
markers CD133, CD44, A2B5 and CD15 and quantifying 16 different expression
phenotypes. Across cell lines they found substantial variability in the expression of
surface markers and interestingly isolation and characterisation of 16 different
phenotypes (derived from combinations of the four individual surface markers)

showed no difference in proliferation or self-renewal even in the phenotype negative
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for all 4 markers (Dirkse et al., ). This challenges the validity of these surface proteins
as markers of stem-like cells at the apex of a hierarchy. Purified populations of each
of the 16 different phenotypes had indeed the capacity to give rise to all other 15
surface marker phenotypes. This is compelling evidence (in the context of cancer)
that these markers may not represent binary indicators of stem-like properties as has
been shown in normal tissues during organ development and differentiation (Prager
et al.,, 2020). Finally, a cell lines marker expression can vary in different
environmental contexts, whereby cultured cells enrich for the expression of certain
markers depending on oxygen pressure, nutrients, differentiation conditions, and
after xenografting. A phenomena that had already been speculated (Scott et al.,
2019, Scott et al., 2014, Enderling, 2015) and also demonstrated in a more simple
experimental setting investigating CD133 and CD44 expression only (Brown et al.,
2017). This offers an attractive explanation and integration of seemingly
contradictory evidence across previous studies, that intrinsic cell lines variability and
experimental conditions for example culture media can profoundly impact on the
reproducibility of glioma GSC marker profiles. Thus, suggesting that cellular
phenotypes in cancer are more plastic and can exist in a spectrum of states with many
possible transitions between different states. These findings also caution the
functional validation of markers in cancer suggesting there is apparent redundancy
in associated stemness pathways and that apparent plasticity in marker expression
may impede the likelihood of success in targeting these markers for therapeutic

intervention.

Beyond surface marker staining and cell isolation, single cell RNA sequencing (ScRNA-
seq) has emerged as probably one of the most powerful tools for investigating intra-
tumour heterogeneity and CSC characteristics (Wagner and Klein, 2020, Sun et al.,
2021). In the first published GBM sc-RNAseq study, authors demonstrate
heterogeneity in single cell copy number alterations within a single tumour and also
show that cells within a single tumour can correspond to different GBM expression
classifications (Patel et al., 2014). Furthermore, cell expression signatures ranging
from stem-like to more differentiated cell types were observed supporting the idea

of hierarchical divisions from glioma CSCs (Patel et al., 2014). Several subsequent
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scRNA-seq studies have been published, using different parameters and modelling to
classify gene expression states of cells in GBM (Couturier et al., 2020, Wang et al.,
2019, Neftel et al., 2019). One prominent scRNA-seq study of GBM, posited that cells
exist across a spectrum of expressional states characterised by their resemblance to
neural, astrocytic, oligodendrocytic and mesenchymal progenitors with many cells
found in intermediate states between these more defined expressional programmes
(Neftel et al., 2019). In this study, authors also demonstrate how the underlying
genetic aberrations of a tumour shape the distribution of cell expression states. In a
further study, using a different dataset and analysis pipeline, authors concluded that
cell states are arranged along a single axis ranging from mesenchymal to proneural,
with mesenchymal cell types representing the less mature more stem-like population
giving rise to proneural cells (Wang et al., 2019). Similarly, in the 4-progenitor model,
proliferation is enriched within the oligodendrocyte and neural precursor states
(Neftel et al., 2019). In both models, many cells are found in intermediate states,
expressing genes associated with multiple progenitor cell types, seemingly
supporting findings of complex state transitions suggested through surface marker

phenotyping of glioma cell lines (Dirkse et al., 2019b)

In conclusion, these studies suggest a scenario where GBM cells do exist in some
hierarchical arrangements, but lack the more rigid linear differentiation rules
observed in normal tissues. Potential for dedifferentiation and trans differentiation
appear to be a likely characteristic of GBM where under steady conditions cells may
divide in a hierarchical manner, but mutations or a change to the tumour
microenvironment can shift the balance of this hierarchy, with effects on clonal
predominance or differentiation trajectory. This is the basis of the attractor states
hypothesis (Figure 1.5) of glioma CSCs which combines aspects of clonal evolution,
stem cell hierarchies and cellular plasticity to describe tumour evolution and the
establishment of intra-tumour heterogeneity in GBM (Prager et al., 2020). This

attractor states hypothesis will be further explained in the following chapter.
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Figure 1.5: Factors influencing cancer stem cell regulation and the attractor state hypothesis: (A)
Stem cell proliferation, quiescence, differentiation and migratory behaviours are all governed by
wide range of cell intrinsic (genetic, epigenetic and metabolic) and cell-extrinsic
(microenvironment, niche componants and immune system) factors. (B) Such factors interact to
create tumour conditions which direct and attract cancer stem cells and their progeny toward on
certain differentiation trajectories or other behaviours. Unlike rigid hierarchies, cells attracted to
certain states can revert back toward other progenitor types or even immature cancer stem cells
upon new environmental or cell intrinsic triggers. Schematic in panel A taken from (Lathia et al.,
2015) and schematic in panel B taken from (Prager et al., 2020)

1.2.8 Intra-tumour heterogeneity: Microenvironment

In the attractor state hypothesis, signals from variable microenvironmental
components of GBM shape clonal selection and programme cells toward particular
differentiation states (Figure 1.5) (Lathia, 2021, Prager et al., 2020). Histological
assessment of GBM had outlined the presence of three well characterised
environmental niches; perivascular stem cell niche, the peritumoral invading edge
and perinecrotic tumour core (Schiffer et al., 2018). Tumour cells are found
expressing different markers in each of these niches as well as different behavioural
phenotypes (Schiffer et al., 2018). In the perivascular niche, supposed glioma CSCs
localise on arterioles and capillaries in close contact with vascular endothelial cells
while other parenchymal brain cells such as pericytes, reactive astrocytes and
immune cells are also found (Filatova et al., 2013, Charles et al.,, 2012). In the
peritumoral invading edge, cells migrate along vessels and the basal lamina secreting
factors which modulate the ECM (Kim et al., 2011). This invasive niche is thought to
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be a large reason for recurrence in GBM where resection will never remove the
entirety of malignant cells. Invading cells will recruit components of vasculature such
as endothelial cells and pericytes to divide and form vessels for establishing further
perivascular niche structures (Hira et al., 2018). Finally, in the peri necrotic core of
the tumour the microenvironment is defined by hypoxia and acidic pH where cells
are observed arranged in pseudopalisading structures reminiscent of layers formed

in neural rosettes (Martinez-Gonzalez et al., 2012).

Further work has established that beyond these three histologically identifiable
niches, glioma cells interact considerably with non-tumour cells such as neurons,
reactive and non-reactive astrocytes, infiltrating immune cells (macrophages, t-cells
and natural killer cells), resident brain microglia and fibroblasts (Bougnaud et al.,
2016). Such interactions have been shown to have both inhibitory and promotive
effects on tumour cell progression through a variety of mechanism (Silver and Lathia,
2018). scRNA-seq is well suited for studying these interactions as transcriptome
information is collected for all non-tumour cell types also present in the tumour
(Caruso et al.,, 2020), for example transcriptome heterogeneity of infiltrating
macrophages (Ochocka et al.,, 2021). However, scRNA-seq is not without its
limitations, it can only detect RNA from the most highly expressed genes in a cell and
is limited to inferences of cell intrinsic properties, overlooking effects of non-cellular
microenvironmental factors. Furthermore, proteins and other biomolecules laid
down by non-tumour cells such as neurotransmitters and polysaccharides can
influence tumour cell states and drive tumour progression. Other chemical factors
such immune cytokines, pH and hypoxia further affect tumour cells where in the case
of hypoxia, cells are forced to switch into a glycolytic rather than oxidative form of
metabolism and immune cytokines transition glioma cells into immunosuppressive
expression programme (Scott et al.,, 2019, Scott et al., 2014). Therefore, various
components of the tumour microenvironment have wide-reaching effects on glioma
cell biology shaping cellular plasticity and clonal evolution further promoting tumour

heterogeneity which drives progression and promotes resilience.
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1.3 Lineage-Tracing

Lineage-tracing encompasses a wide range of approaches which fundamentally aim
to follow the fate of cells accross divisions, migration and differentiation
(Kretzschmar and Watt, 2012). As such, it is a suitable approach to investigate aspects
of tumour heterogeneity such as clonal evolution and stem cell plasticity. Firstly, it is
important to define the terms “clone” and “lineage” which are used in this thesis.
The terms “clone" or “clonal" define a population of cells that are all descendent from
the same “ancestor” cell, while “lineages" are the identities or expressional cellular
states that can be found within a bulk or clonal population. Generally speaking, clonal
populations are related in terms of their shared genetic inheritance and separate
lineages are created through epigenetic changes within a clone (Valor and Hervas-

Corpion, 2020).

1.3.1 Early concepts and techniques

Lineage-tracing has fundamentally transformed our understanding of the finely
tuned and regulated processes of organism development. The nematode worm
Caenorhabdtis elegans (C. elegans) and Xenopus clawed frogs were the subject of
early pioneering work in cellular lineage-tracing. Compared to other organisms,
Xenopus embryos are proportionally large, allowing experimenters to perform
dissection and transplantation experiments more readily. Early studies by Spemann
and Mangold identified organiser structures which were vital for laying down the
dorsoventral axis of Xenopus development (Elinson and Holowacz, 1995). Ultimately,
this work lay the seed for the expansive studies into morphogenic gradients that
drive the spatial and temporal organisation of cell fate decisions in the development
of all organisms. Developing C. elegans embryos are completely translucent allowing
for direct observations of cell divisions through light microscopy. Their invariant
pattern of cell division could be fully characterised showing adult males produce
1031 somatic cells arising in the same place and order. Researchers could irradiate
individual cells with a laser microbeam or disrupt cellular pathways with drug
inhibitors to assess how their well-characterised development was affected (Nigon

and Félix, 2017). Critically these studies showed the developmental trajectory of
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certain early progenitors is pre-defined at preliminary stages of development, which

represented an early clue of linear differentiation hierarchies.

1.3.2 Modern Applications

Today, how cell heritage is related to establishment of cell populations with distinct
functions and developmental trajectories remains a central question in the study of
tissue development homeostasis, regeneration and disease. Advances in transgenics
and gene editing technologies such as cre recombinase, viral gene delivery and
CRISPR have underpinned the development of new lineage-tracing applications in
complex mammalian systems (Kretzschmar and Watt, 2012). For example, cloning of
the gene for green fluorescent protein (GFP) (Chalfie et al., 1994, Shimomura et al.,
1962) and establishing the promoter sequences for a number of developmentally
important genes allowed the establishment of reporter mouse models (Li et al.,
2018). In these models, investigators could interrogate gene function, as any cells
expressing their gene of interest will be labelled with a selected fluorescent reporter.
However, these transgenic mouse models only labelled cells while they were actively
expressing a gene of interest. If researchers were interested in the developmental
fate a marker defined progenitor population, such a model would not allow tracking
of terminal progeny produced from these progenitors. To overcome this caveat,
similar models incorporating Cre-lox recombination were introduced, where the
coding sequence of a reporter gene (such as GFP) — under the control of a
constitutively expressed promoter (e.g. ROSA26) - is preceded by a LoxP flanked STOP
cassette (STOP-GFP) (Soriano, 1999, Mao et al., 2001). A further transgene is
introduced which permits Cre expression under the control of a specific promoter for
the gene of interest. In this setting, once a cell population begins to express the gene
of interest, Cre expression will be triggered which in turn excises the STOP cassette
that precedes the reading frame of GFP and leads to active transcription of the
reporter construct. As GFP is under a constitutive promoter, any progeny of cells that
undergo this initial recombination event will also express GFP, allowing identification
of downstream cell types produced by early progenitor populations. This strategy

was highly influential in characterising progenitor populations of developing
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mammalian systems but in some circumstances lacked specificity as developmental

genes often serve different functions at different stages of development.

The generation of conditional Cre systems such as the modified oestrogen receptor
(CreERT) were introduced to overcome this problem (Littlewood et al., 1995, Feil et
al., 1997, Feil et al., 1996). In this setting, Cre and modified estrogen receptor genes
are actively transcribed under the control of a promoter linked with a gene of interest
in animals also containing a STOP-GFP cassette. The oestrogen receptor is modified
such that it sequesters Cre-recombinase proteins, preventing removal of the stop
cassette and active transcription of a reporter gene. Only when the oestrogen
receptor is exposed to a synthetic ligand (4-OH Tamoxifen) will Cre be released and
excise the stop cassette leading to GFP expression. Critically, 4-OH tamoxifen can be
applied to in vivo systems as its pre-metabolite Tamoxifen allowing to control both
the type of cell expressing the reporter and the time at which they begin to express
the reporter gene. As tamoxifen can be delivered to adult animals, conditional cre
models were particularly useful to investigate gene function in mature tissue stem

cells during homeostasis or damage repair(Kim et al., 2018).

A further approach which often combined many of the transgenic and Cre based
strategies above was the production of chimeric mice, in particular before the
availability of more sophisticated methods of transgenesis, conditional Cre-lox
systems and the more recent CRISPR Cas9 systems (Kretzschmar and Watt, 2012,
Snippert and Clevers, 2011). In this context, embryonic stem cells (ESCs) were
harvested from animals with a desired transgenic manipulation or, WT ESCs were
isolated in culture and genetically modified. This would involved either deletion or
overexpression of a gene of interest alongside a fluorescent reporter for
identification (Giangreco et al., 2009). These modified ESCs were then injected into a
syngeneic wild-type developing embryo such that the modified cells and WT cells had
the potential to contribute to every germ layer of the resultant organism. Introduced
cells could be identified through histological stains or a fluorescent reporter and
allowed direct comparisons of how cells descendent from the modified ESCs

compared with that of the WT host cells. Specifically, these studies were well suited
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to answering questions around whether a genes function had a cell intrinsic or

extrinsic effect.

One limitation of fluorescent reporter-based tracing approaches in investigating high
multi-cellular developmental processes is the restrictive light spectrum available for
such labels. This does not allow the degree of sensitivity required to follow or
reconstruct all lineages and clonal populations present in such complex systems.
However, recent sequencing-based approaches for lineage reconstruction offer
much greater sensitivity and precision in tracking of complex multi-clonal settings
(Zhang et al., 2020). One example is viral barcoding where investigators can create a
library of random plasmid sequences that can be delivered to an in vivo or in vitro
proliferative population. This approach can produce as many as 2 x 10° distinct
barcode sequences (Nguyen et al., 2014b, Nguyen et al., 2015, Nguyen et al., 2014a).
Quantities of certain barcodes within a population after a tracing period can also be
determined to provide information about clonal sizes. Such approaches are
particularly useful in cancer models where large numbers of cell lineages are actively
dividing.

Further advances to these sequence-based approaches are being driven by the rapid

I "

development of single-cell “-omics” (Wagner and Klein, 2020). Viral barcode
guantification requires PCR amplification of barcode sequences isolated from
homogenised whole cell populations to provide a relative quantification of barcodes
and clonal prevalence. Single-cell sequencing can reconstruct both clonal and lineage
identities of individual cells providing an absolute measure of clonal prevalence and
cell types comprising these clones. For example, copy number alterations in single
cells of cancer have been used to reconstruct tumour clonal evolution owing to
shared and unique CNVs (Yu et al., 2020). Furthermore, heritable somatic mutations
introduced passively during development and throughout adult tissue homeostasis
can be detected through sequencing and used to identify clonal cell populations
(Wagner et al., 2018). Finally, of target effects Cas-9 based genome editing introduce
heritable point mutations that have been used to identify the clonal relatedness of

cells (Zafar et al., 2020). Nevertheless, sc-seq is still hampered by technical limitations

such as poor gene coverage and sequencing only a limited number of cells in a
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population, which may not provide the full picture of clonal prevalence’s and lineage

identities.

1.3.3 Brainbow Toolkit

As mentioned above (Modern Applications 1.3.2) one aspect limiting tracing
approaches with fluorescent proteins is the restricted number of simultaneously
detectable colours. In recent years, significant effort has been directed at expanding
the array of emission spectra produced by recombinant fluorophores (Shcherbo et
al., 2010, Lambert et al., 2020). A further step toward maximising the potential of
lineage inference through fluorescent labelling were new Cre recombinase strategies
to label cells with different fluorophores, or and combinations of fluorophores
(Rodriguez et al., 2017, Livet et al., 2007). Figure 1.6 shows the design of vector
constructs containing multiple fluorophore-expressing genes with comibnations of
incompatible and inverted LoxP sites (Livet et al., 2007, Cai et al., 2013). These were
termed brainbow constructs and while the initial publication framed them as tools
for studying fine cellular structures and neuronal connectivity, their real potential lay
in lineage tracing applications. These two constructs (Brainbow 2.1 and 3.2), were
also used in our study (Figure 1.6). Brainbow 2.1 makes use of parallel and inverted
loxP sites along with inverted fluorophore sequences that upon cre exposure
randomly express one of 4 possible fluorophores (Figure 1.6). Critically, the inverted
LoxP sites and fluorophore sequences allow for changing of a cells colour upon
secondary exposure to Cre recombinase. The brainbow 3.2 construct makes use of
incompatible LoxP sites spaced between three different fluorophore sequences such
that upon cre exposure, the cassette will be randomly edited to express one of the
three fluorophores (Figure 1.6). This construct was used to produce the brainbow
mouse where three of these constructs have been inserted into the mouse lines
genome. Upon exposure to the Cre protein, the recombination outcomes at these
three transgenes will lead to overlapping expression of fluorophores in different
combinations expanding the number of possible fluorescent labels (Figure 1.6).
These “multiplex” fluorescent labelling approaches offered new potential for
investigating dynamics within progenitor populations, superseding early single

fluorophore reporter models which essentially homogenise the population of
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interest. However, some early limitations of brainbow constructs were poor
fluorophore expression levels which required immuno-amplification for detection
and an initially limited number of promoters which restricted labelling to brain cell

populations ((Livet et al., 2007, Cai et al., 2013, Roossien and Cai, 2017)).

An important step in realising the potential of these constructs in lineage-tracing was
the development of the Rosa26-confetti mouse (Figure 1.6), by cloning the
Brianbow2.1 construct into the strong constitutive promoter locus reverse
orientation splice acceptor 26 (Rosa26) (Snippert et al., 2010). In this study,
performed in the context of intestinal crypt homeostasis, Rosa26-confetti was
combined with a second generation conditional Cre recombinase fused to a mutant
estrogen ligand-binding domain (CreERT2) transgene under the control of a
promoter associated with the intestinal stem cell marker Leucine rich repeat
containing G protein-coupled receptor 5 (Lgr5). This was the first time that the
proliferative dynamics within this population could be studied and a model of neutral
competition was postulated in which individual intestinal crypts repeatedly tend
toward clonality throughout a lifetime (Snippert et al., 2010). In follow-up studies,
Lgr5* confetti tracing were combined with models of tumorigenesis, establishing a
link between Lgr5* stem cells in the origin and maintenance of intestinal adenomas,
a striking finding which supported a model of tumour biology where stem cells were

on top of hierarchies of cell proliferation (Schepers et al., 2012).
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Figure 1.6: Transgenic constructs for multi-colour labelling and lineage-tracing: (A) Structure of the
brainbow 2.1 construct containing with possible expression of CFP (membranous), GFP (nuclear), YFP
(cytoplasmic) and RFP (cytoplasmic). In the unrecombined formation all cells express GFP. LoxP sites
are arranged such that an initial cre exposure will recombine the construct into 1 of 4 possible
conformations outlined in the lower panel with cellular expression of one possible fluorophore.
Inverted LoxP sites permit flipping of the cassette and changing of cell fluorophore expression (YFP
<> GFP or RFP <> CFP). (B) Rosa26-confetti construct involved inserting brainbow 2.1 in the ROSA26
locus along with a neo-stop cassette for cre-inducible fluorescent tracing in many tissue types. (C)
Brainbow3.2 locus comprises just three fluorophores (mO2f, EGFP and mK2F) and the arrangement
of incompatible cre recognition sites (LoxP, Lox2272 and LoxN) mean upon recombination there is
stochastic expression of just a single fluorophore. Before recombination all cells express the same non
fluorescent but immunodetectable fluorophore (pNFPnls). Diversification of detectible labels is
achieved through insertion of multiple Brainbow 3.2 cassettes, where differing recombination
outcomes lead to overlapping expression of different fluorophores, increasing the variety of label hues
produced. Examples of labelling are displayed in mouse dentate gyrus neurons and oculomotor
nerves.

1.3.4 Lentiviral Gene ontology (LeGO-vectors)

Brainbow constructs were the first of such multiplex and overlapping fluorophore
strategies for cellular labelling. In the initial publications, brainbow was described as
a method for studying neural circuitry and connectivity with its applicationsin lineage
and clonal tracking not emphasised. However, the technique triggered a cascade of
new clonal tracking approaches using fluorophore co-expression to expand the
number of unique fluorescent tracking labels that can be introduced to a cell
population (Loulier et al., 2014, Sakaguchi et al.,, 2018, Weber et al., 2012,
Hadjieconomou et al.,, 2011, Xiong et al., 2015). These approaches have been
extensively reviewed with each strategy working through different molecular and

genetic mechanisms designed to fit certain experimental niches (Weissman and Pan,
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2015). One such approach and the basis of the techniques applied in human GBM
here, were Lentiviral gene-ontology vectors (LeGO-vectors) (Weber et al., 2008).
These were initially described as a panel of modular lentiviral vectors primarily for
applications in vitro populations. The base constructs contained sequences to
express a variety of fluorophores (one fluorophore per construct) that were coupled
to modular cassettes for downregulating or overexpressing genes of interest (Weber
et al., 2008). After the publication of brainbow methodologies, application of these
vectors was re-imagined, conceiving RGB marking where three accurately titred
LeGO-vectors, each with a different expressed fluorophore are evenly co-transduced
into a desired cell population (Figure 1.7A) (Weber et al., 2012, Weber et al., 2011).
The result is a mixture of cells comprising seven different labelling outcomes with
either single, double or triple fluorophore expression. A critical principle in
maximising the number of identifiable lineages is that of regional gene expression,
where chromosomal location of lentivector transgenesis dictates the strength of
fluorophore expression (Caron et al., 2001). Therefore, depending on insertion site,
fluorophore expression can theoretically be high, medium or low, meaning that even
cells expressing the same combination of fluorophores will appear in different hues.
This methodology is not limited to tracing in vitro cells as in vivo delivery of lentivirus’
permits tracking of cells in the developing brain (Figure 1.7B) (Gomez-Nicola et al.,
2015). While a powerful technique for clonal tracking, RGB marking is limited in its
ability to trace specific lineage-identities. Unlike transgenic brainbow techniques
where fluorescence expression can be coupled more easily with cell type specific
promoters or timed during development through co-application with inducible

CreERT transgenes.

Various iterative improvements of RGB marking have been described previously such
as the combination of marking and viral barcoding for more precise clonal tracking
(Cornils et al., 2014). A further study performed serial passaging of RGB marked cell
lines for up to 38 passages, assessing fluorescent labels by flow cytometry every 4
passages (Breniére-Letuffe et al., 2018). In addition to long term retention of label
expression, serial passaging led to outgrowth of clones across all cell lines, indicated

by a loss of label diversity in the traced population. Most cultures became dominated
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by clonal populations indicated by expansions of cell detections corresponding to a

particular
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Figure 1.7: Principles of LeGO-vector based RGB marking: (A) Principle of delivering three different
fluorophore harbouring Lentivectors simultaneously giving rise to different cell colours depending on
transduction outcome (Single, Double or Triple). (B) Demonstrating how variable fluorophore
expression depending on site of chromosomal integration can give rise to further colour hues. (C)
Example of RGB marking in HEK293T (All personal data).
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colour group (Breniere-Letuffe et al., 2018). Studies outlining methods for defining
clonal population fluorescence have also been described, enhancing the applicability
of accurately tracing multiplex fluorescent cell clones through imaging and flow
cytometry, an application particularly desirable in studies of cancer which are less
expensive than genetic barcoding (Wu et al., 2016, Gambera et al., 2018, Coffey et
al., 2013). A further advancement of LeGO-vector based marking was the publication
of “optical barcoding” where authors expanded the panel of lentiviral fluorophores
up to seven (Mohme et al., 2017). With seven detectable fluorophores and up to two

or three fluorophores allowed per cell, 28 or 63 unique label combinations
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respectively, could be created. However, these approaches involved establishing
clones from single cells with parallel maintenance of all differently coloured clones
before mixing for tracing assays (Mohme et al., 2017, Wu et al., 2016, Gambera et
al., 2018, Coffey et al., 2013). When assessing multiple cell lines such an approach
does not scale well and parallel maintenance of many clones from many cell lines is
unfeasible. Nevertheless, this technique has been applied in glioma studies looking
at the effect of immunodeficient and immunocompetent in vivo models on tumour

clone selection (Maire et al., 2020).

While the array of colour hues produced through these multiplexed fluorescent
approaches is expansive, the number of unique colour hues is still limited compared
to sequencing and genetic barcoding approaches (Wagner and Klein, 2020, Zafar et
al., 2020). However, fluorescent tracing conveys a number of advantages over single
cell sequencing approaches. Fluorescent tracing permits in situ assessment of lineage
which can even be performed on live cells as described in organoids grown in this
report. Sequencing approaches, generally require homogenisation of tissue to access
the genetic labels for clonal quantification. Interactions between cells and their
environment are vital for many cancer processes which can be more easily assessed
when tissue integrity is retained for analysis (Charles et al., 2012). However, in situ
spatial transcriptomics a method for identify specific DNA fragment sequences on
histological slides is a technically demanding technique currently in its infancy but
has recently been combined to read genetic barcodes on tissue (Hilscher et al., 2020,
Askary et al., 2020) Nevertheless, fluorescent labelling approaches remain an
inexpensive and experimentally adaptable alternative to viral barcoding with in situ
sequencing. Beyond imaging, fluorescent lentiviral labels can be assessed through
flow cytometry for highly accurate quantification of labels in a traced population
which also permits sorting of different populations for genomic applications or
continued culture as FACS retains cell viability (Maire et al., 2020, Mohme et al.,
2017). Something not been reported yet is the combination of fluorescent lineage-
tracing and surface marker phenotyping (Dirkse et al., 2019b) an approach explored

considerably in this report.
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1.4 Experimental glioma models

Early murine models of glioma included spontaneous mutation models and
carcinogen mediated tumour induction. The VM and BRVR mutant mouse lines and
their interbred progeny would develop tumours resembling astrocytoma’s at
incidences of lower than 2% (Fraser and Mcconnell, 1975). Owing to this low tumour
penetrance these models were never widely adopted in neuro-oncology. The first
attempt at inducing mouse glioma model was to implant pellets loaded with
carcinogens such methylcholoanthrene and benzyprene which could induce tumours
histologically resembling a range of glioma types with a typical latency of 10 months
and a penetrance of around 50% (Seligman et al., 1939, Zimmerman and Arnold,
1943). Interestingly, the form of tumour arising through this method depended on
the site of pellet implantation with, for example, medulloblastoma-like tumours
forming after cerebellar implantation and ependymoma-like tumours forming after
implantation to the ventricular wall. More recently, genetically engineered mouse
models (GEMM) were developed combining cre recombination and CRISPR gene
editing to introduce disease relevant mutations to more accurately model the human

disease.

Early examples of GEMMs included cre mediated deletion of P53 alongside other
tumour suppressor genes such as Nf1, Pten or Rb (Zheng et al., 2008, Chow et al.,
2011). Where cre delivery is achieved by either focal viral injections (Jacques et al.,
2010) to appropriate brain regions or through transgenic cre expression casettes
under control of promoters of specific brain progenitor such as Nestin, GFAP and
GLAST (Kwon et al., 2008, Llaguno et al., 2009, Zhu et al., 2005). More refined and
temporally controlled models incorporated the tamoxifen inducible CreERT2
trasngene under control of these promoters where experimenters could dictate the
onset of cre expression (Benedykcinska et al., 2016b) which was also an advantage
of viral cre delivery methods. A notable addition to these models was the
development of the IDH1 R132H cre inducible mutation which mimics the most
common mutation in human glioma (Sasaki et al., 2012). Further accurate models of
the human disease are being introduced with CRISPR methods where human specific

mutations can be introduced to progenitor cell compartments of the brain through
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viral injections (Robertson et al., 2019). In this study we incorporate the PDGFp-Ires-
Cre (PIC) retroviral model where intraventricular retroviral injections to
p53flox/flox/prenflox/flox mice jnduce loss of tumour suppressor alleles and
overexpression of the potent mitogen PDGFp in SVZ neural progenitors (Lei et al.,
2011, Sonabend et al., 2013, Sonabend et al., 2014). This model reports near 100%

tumour penetrance and produces tumour histologically resembling IDH-WT GBM.

As discussed in the previous section about CSCs (Section: 1.2.7), protocols are now
available for the derivation of immortal cells from human brain tumours (Galli et al.,
2004, Singh et al., 2003). Importantly, these cell types can capture aspects patient
specific differences in tumour biology which is considered an important stumbling
block in the development of therapies using pre-clinical models (Reifenberger et al.,
2017). Beyond in vitro cultivation, these cell lines can induce tumour formation when
xenografted into the brain of Non-obese diabetic/severe combined immunodeficient
mice (NOD/SCID) animals where they recreate histological aspects of the original
tumour and aspects of intra-tumor heterogeneity (Singh et al., 2004, Neftel et al.,
2019). However, these models are limited in their potential to mimic interactions

between tumour cells and the immune system.

Isolated GBM cell lines could be maintained either in adherent culture or as small
three-dimensional floating spheroids. Recently, larger scale hydrogel matrix based
three-dimensional and organoid culture systems which permit longer-term culture
of the cells without passaging have been developed (Hubert et al., 2016). Three-
dimensional Matrigel® models have been shown to recreate hypoxic environmental
niches while displaying regional heterogeneity in glioma CSC marker expression
(Hubert et al., 2016). A further rapid organoid model termed GBM organoids (GBO)
omitted the use of Matrigel®, instead, minced tissue of GBM biopsies were cultured
on an orbital shaker in normal glioma CSC culture media supplemented with the
growth factors FGF and EGF (Jacob et al., 2020). Biopsy fragments grew into near
spherical structures with striking histological resemblance to the original tumour and
show promise in establishing patient specific tumour vulnerabilities. Further models
incorporated methods of cerebral organoid production from human induced

pluripotent stem cells (iPSCs) (Lancaster et al., 2013). One approach was the
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development of neoplastic cerebral organoids (NeoCORs) where CRISPR editing
strategies were employed to induce oncogenic mutations in cells of mature
organoids (Ogawa et al., 2018, Bian et al., 2018). A further approach was developed
around the observation that co-cultured glioma spheroids could spontaneously
attach and infiltrate developing cerebral organoids (da Silva et al., 2018). This
approach was refined and the term cerebral organoid glioma (GLICO) was coined
showing cells phenocopy patient tumours and show tumour microtube formation
which preceded tumour cell invasion (Linkous et al., 2019). In this model, iPSCs could
be derived from a patient’s dermal fibroblasts and used to culture cerebral organoids
which could then be co-cultured with patient matched glioma CSCs to mimic any

interactions between tumour cells and parenchymal neuronal cells.

The three-dimensional glioma models are yet to be widely employed in glioma
research and still lack large components of the tumour microenvironment that can
only be modelled through in vivo xenografting. As mentioned, xenografting also
omits influences of the immune system on tumour development and therefore
syngeneic mouse allografts of transgenic inducible models are especially well suited
to studies of immune effects on glioma progression. Nevertheless, these in vitro
models offer a higher through-put and cheaper alternative to animal models where
experimenters can perform drug screens on a patient derived model that more

accurately mimics the in vivo disease.

1.5 Outline of this study

Given the increasing awareness of GBM intra-tumour heterogeneity and its
influences on tumour progression, recurrence and treatment resistance, we aimed
to develop fluorescent lineage-tracing approaches that would permit interrogation
of clonal heterogeneity within a bulk cell population. In Chapter 3, we aim to develop
an in vivo based approach combining a retroviral Cre-inducible GEMM with rosa26-
confetti based labelling (Lei et al., 2011, Snippert et al., 2010). Hypothesising that
confetti labelling will allow identification of different clonal populations produced

during tumorigenesis. The GEMM used is a rapid and highly penetrant system which
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will be used for exploring suitable laboratory techniques for readouts of clonal

behaviour.

In chapter 4, we aim to use LeGO-vectors to establish a clonal tracking technique in
primary human cell lines. Hypothesising that LeGO-vector based labelling will allow
detection and parallel tracking of a greater number of mixed clonal populations
compared with rosa26-confetti labelling. Informed by initial findings in Chapter 3,
flow cytometry and fluorescence histology of adherent and three-dimensional
Matrigel® spheroids are used to establish an experimental readout combining clonal

tracking with CSC surface marker labelling.

Finally, in chapter five we aim to use our developed pipeline of fluorescent tracking
and surface marker labelling to understand the relationship between clonal
outgrowth and CSC surface marker plasticity in response to changes of culture
environment. Testing the hypothesis that clonal expansion drives CSC surface marker

plasticity in response to a change in culture environment.
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Chapter 2: Methods

2.1 Animal models and experiments

2.1.1 Animal management

All procedures performed on mice were according to Institutional and UK Home
Office guidelines (Project license PA79953C0). The ARRIVE guidelines were followed
as part of the institutional policy and licensing of all experiments. All mice were kept
at the Biological Services Facility, UCL. Mice were housed in racks with a laminar-
filtered airflow system under pathogen-free conditions at constant temperature
(22°C * 2°C), with relative humidity (55% +5%), 12-h dark/light cycles and ad libitum

access to food and water.
2.1.2 Transgenic mouse lines and genotyping

R26-confetti animals were obtained from Hans Clevers, Hubrecht Institute, Utrecht,
Netherlands (Snippert et al., 2010). Mice carrying P53'°*/°** (Marino et al., 2000)
and Pten'@?/o®* (Marino et al., 2002) transgenes were inter-crossed resulting in co-
deletion of Pten and P53 upon cre exposure (Jacques et al., 2010, Zhang et al.,
2019). GLAST-cre ER(T2) mice were obtained from Magdalena Gotz, Helmholtz
Centre Munich, Germany. These three genotypes were crossed to produce
GLASTCreERT2/CreERT2 / peplox/iox /p5 3lox/lox JR QS Aconfetti/WT herein termed confetti-GBM
and used throughout chapter 3 of this thesis. NOD/SCID animals were used for all
xenograft experiments using U87 and other primary human cell lines DNA was
extracted from mouse earclips and genotyping performed using Phire Il polymerase

(Thermofisher, F125L) all primers shown in Table 1.
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Table 1: Sequences of primers used for genotyping

Gene Primer sequence Band Size (BP)
q Forward - AAGGGGTATGAGGGACAAGG 584
P53
Reverse - GAAGACAGAAAAGGGGAGGG
300
a Forward - GGCAAAGAATCTTGGTGTTAC
Pten"*
Reverse - GCCTTACCTAGTAAAGCAAG
300
Rosa26-  Forward - GAATTAATTCCGGTATAACTTCG
confetti Reverse - CCAGATGACTACCTATCCTC
400

GlastCreERT2 Forward - ATTTGCCTGCATTACCGGTC
Reverse - ATCAACGTTTTGTTTTCGGA

All sequences shown here are from 5’ to 3’

2.1.3 Stereotaxic injections

Intra-cranial/intraventricular injections of PIC retrovirus into neonatal mice were
performed at postnatal day (P) 0 — P4 (Lei et al., 2011, Sonabend et al., 2013). Pups
were anesthetised with 3 — 4% isoflurane (Isoflurane-Vet, Merial Animal Health Ltd)
and oxygen flow rate of 4 L/min during injections while maintained on a heatpad at
approximately 25°C during the whole procedure. A 10 pl 26 guage Hamilton syringe
with 51mm needle was mounted then washed with 70% EtOH and PBS (Sigma,
84100). Prior to injections retrovirus was mixed with polybrene (Sigma, TR-1003) to
a final concentration of 8 pg/ml to facilitate infection. Injections were targeted at 0.5
— 1mm left of the sagittal suture and in line with the centre of the left eye. Once the
needle had visibly penetrated the skull, the syringe was inserted a further Imm and
1ul of virus was injected into the left ventricle. After 5 seconds the needle was
removed gradually and the mouse left to recover on a heat pad. Pups were returned

once capable of righting themselves or showing visible intent.
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Xenografts of U87 and primary human GBM cell lines were performed on NOD/SCID
animals at 3 — 9 months of age using a 25 guage Hamilton syringe with a 51mm
needle. Cells were prepared as a single cell suspension in sterile PBS (Gibco, 14-190-
235) at 1 x 107 or 5 x 108 cells/ml for primary cell lines or U87 cells respectively.
Animals were anaesthetised using a constant flow of isoflurane and 10 ul of cell
suspension was injected to the same region as intraventricular injections described
above. Since xenografts were performed on adult mice, after penetrating the skull,
the needle was inserted a further 2 mm and cells expelled. Animals were given the
analgesic carprofen (1:50, 5ul/g)(Fisher scientific: 53716-49-7) after injections were
complete and monitored for recovery throughout the rest of the day then daily

checks for emergence of neurological symptoms associated with tumour formation.
2.2 Histology

2.2.1 Tissue cryosectioning

Whole brain and organoid tissue were fixed overnight in 4% PFA at 4°C. The following
day tissue was washed in PBS (sigma, 84100) and then cryopreserved by 24h
incubation in PBS with 15% sucrose followed by approx. 2h incubation in PBS with
15% and 7.5% bovine gelatine (sigma, G9391) at 37°C. Samples were embedded into
cryo-moulds on ice then stored at 4°C overnight. Finally, samples were frozen in dry
ice cooled isopentane and stored at -80°C. Using a Leica 3050M cryostat, brain tissue

was cut to a thickness of 30 um and organoid tissue to a thickness of 20 um.
2.2.2 Fixed tissue vibratome sectioning

Whole brain and organoid tissues were fixed overnight in 4% PFA (Thermo-fisher:
AAJ19943K2) at 4°C then washed in PBS (Sigma, 84100). For whole brain tissue,
samples were mounted by removing cerebellum and gluing tissue directly to
vibratome mounts. For organoid tissue, sample were embedded in 1% agarose
(sigma A9539) which was allowed to set then cut into a cube for gluing to vibratome

mounts. All sectioning was performed on a Vibratome 1500 sectioning system.
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2.2.3 Live organoid vibratome sectioning

2% agarose (sigma A9539) in sterile PBS (Gibco, 14-190-235) was prepared by heating
agarose/PBS mixture in microwave until all powder had fully dissolved, evaporated
PBS was replaced, and mixture was cooled to 45°C (just above gelling temperature)
in a water bath. Living mature tumour spheroids were placed into single wells of 24-
well plate in 1 ml of freshly warmed 37°C culture media. Using Pasteur pipette, 1ml
of 45°C 2% agarose/PBS was rapidly mixed with organoid containing media.
Organoids became embedded as mixture solidifies with well serving as mould.
Solidified moulds were removed from well, dried and glued to vibratome chucks.
Organoids were then cut at 200 — 500 um on Vibratome 1500 sectioning system and

collected back into media.
2.2.4 Clarity tissue clearing

Passive clarity procedure was employed for this aspect of the project (Tomer et al.,
2014, Yang et al., 2014), reagents described in table 2. Whole brain tissue was
collected and fixed overnight in 4% PFA at 4°C. Brains were then sectioned with
vibratome to the desired thickness and stored overnight at 4°C in hydrogel polymer
solution (HPS). The following day, 7ml tubes containing sections and HPS were
degassed by gently bubbling NO, though the solution for 15mins. Bottles were
immediately sealed with parafilm and samples polymerised at 37°C for 4 hours. After
4 hours, samples were washed thoroughly in PBS then transferred to a 50ml falcon
tube and incubated at 37°C in 8% SDS solution until all lipid had diffused from the
tissue. Once cleared, sections were washed 4 x in PBS for 20 mins at 37°C. Finally,
samples were incubated in refractive index matching solution (RIMS) overnight and

imaged first thing in the morning.
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Table 2: Reagents for Passive clarity

4% Acrylamide (Bio-rad, 1610140)
Hydrogel monomer solution 0.25% Azo-initiator (Wako, VA-044)
Dissolved in 1 x PBS (Sigma, P4417)
8 % Sodium dodecyl Sulphate (ACROS,
Detergent solution 230425000)
Dissolved in 1 x PBS (Sigma, P4417)
80% Histodenz™ (Sigma, D2158)
0.1% tween-20 (Sigma, P1379
0.01% Sodium Azide(Sigma S200-2)

Refractive Index Matching Solution
(RIMS)

2.3 Cell and tissue culture
2.3.1 Cell types and maintenance

The use of HEK 293 platinum E, SVZ isolated mouse NSCs, neurosphere derived
mouse brain tumour cells and human glioma CSCs are described in this project.
Mouse NSCs and mouse cancer cells were maintained on poly-lysine (Sigma, P6282)
and laminin (Sigma, L2020) coated plates. While human glioma CSCs were
maintained on laminin coated plates (Sigma, L2020). All cells were maintained at
37°C, 5% C0O2, 90% humidity and in appropriate media outlined in table 3. Medium
was changed every 48h unless stated otherwise. Passaging was performed when cells

were ~90% confluent and were detached using Accutase™ (Sigma, A6964).

Two patient cell lines, designated G19 and G61, were used extensively throughout
Chapter 5 of this study. Cell line G19 is derived from the GBM of a 65 year old female.
The tumour is wild-type on IDH1 and IDH2 genes and carries a TERT promoter
mutation (C228T). The copy number profile shows MYCN and PDGFRA amplification,
and chromosome 7 gain. Methylation profiling yielded the methylation class of GBM,
IDH-wt, subclass RTK I. Cell line G61 is derived from the GBM of a 66 year old female.

The parent tumour showed no mutations on the IDH1 and IDH2 genes, and a TERT
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promoter mutation present (C228T). The copy number profile shows a CDKN2A/B
homozygous deletion, and chromosome 7 and 10 loss. Methylation profiling yields

the methylation class GBM, IDH-wt, subclass RTK II.

2.3.2 Neurosphere derivation and tissue dissociation

For neural stem cell isolation, mice at postnatal age 7 days (P7) were culled by
removal of the head and whole brain was sampled using autoclaved dissection
instruments then stored on ice. For collecting PIC retroviral induced cancer cells from
adult mice, animals were culled by rising CO2 concentrations, followed by dislocation
of the neck before removing the whole brain. The remaining procedure was carried
out in a laminar flow tissue culture hood with autoclaved sterile dissection
instruments. Sampled whole brains were submerged in 70% EtOH for 5 — 10s then
washed in PBS. When collecting P7 NSCs, non-forebrain regions were then removed.
When collecting PIC induced brain tumour cells for in vitro culture or FACS analysis,
non-tumour regions were discarded. Forebrain or tumour regions were then
dissociated using the Worthington Papain tissue dissociation kit (Cat No. LK003150)
as per the manufacturer’s protocol. Dissociated tissue was passed through a 70 um
filter before plating onto an uncoated 10cm dish. After 5 — 7 days, NSCs form large
floating spheroid structures while differentiated cells are dead or adherent.
Spheroids were collected by extracting medium and dissociation in Accutase
solution® (Sigma, A6964). Dissociated spheroids were stored in liquid nitrogen after

suspension in serum free freezing medium (Millipore, SCM014).

Table 3: Tissue culture media

Table 3: Base formulas for cell culture media

Cells Media

Platinum E HEK293 Dulbueco’s Modified Eagle Medium (Lonza, 12-604F)
10% Foetal Bovine Serum (Sigma, F2442)
1% Penicillin and Streptomycin (Sigma P4333)

Neural Stem Cells Dulbueco’s Modified Eagle Medium/F12 (Lonza, 12-
2. 719F)
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Cancer stem cells B27 Supplement (Gibco, 17504-044)

20 ng/ml Epidermal Growth Factor (PeproTech, 315-
09)

20 ng/ml Fibroblast Growth Factor (PeproTech, 100-
18B)

1 % Penicillin and Streptomycin (Sigma, P4333)

2.3.3 Retro and lentiviral production

The PIC retroviral construct was kindly provided by Prof. Peter Canoll (Columbia
University Medical Center, USA,) and the use of this retrovirus to generate gliomas
have been described previously (Lei et al., 2011, Sonabend et al., 2013). Fluorescent
lentiviral gene ontology vectors (LeGO)-vectors were described previously and
available through addgene® (Weber et al., 2008). Retrovirus production was carried
out in Platinum E cells where transduction mixtures containing plasmid DNA,
Fugene® and opti-mem were added to a 60% confluent plate and left overnight at
37°C. For fluorophore and shRNA expressing lentivirus production, 2™ generation
packaging plasmid psPAX2 (addgene: 12260) and envelope expressing plasmid
pMD2.G (addgene: 12259) were used. Briefly, packaging and envelope plasmids were
mixed with fluorescent expressing plasmids and Lipofectamine 2000 ® reagent
before being added to a 60% confluent plate of HEK293T cells and left overnight at
37°C. For both virus preparations, transduction media were replaced with fresh
culture medium and cells incubated for a further 24h at 37°C. After 24h, culture
medium was extracted into a syringe, passed through 0.45ul filter (Millipore:
HVLP09050) and mixed with Retro X concentrator (Clontech, PT5063-2) at a 1:3
(concentrator : Medium). This mix was incubated for 16 — 20 h at 4°C and the
centrifuged at 1500g and 4°C for 1h and 30 mins. The supernatant was extracted, and

the pellet resuspended in opti-mem?®.
2.3.4 PDGFpB-IRES-Cre retrovirus titre estimation

0.1 x 10° unrecombined ROSA26-confetti NSCs were seeded into coated wells of a
24-well plate and cultured for 24h (n = 3 repeats per test). After 24h, a mixture
containing 5 pl of retrovirus, polybrene (Sigma, TR-1003) (concentration 8 pg/ml) and

1 ml of appropriate culture medium was added to each well. Control wells received
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culture medium with 8 pug/ml polybrene (Sigma, TR-1003) and no virus. Cells were
incubated in this mixture for 24h then washed with PBS before adding regular culture
media. After a further 48h culture, each test well was washed with PBS and cells were
fixed by 10 mins incubation in 4% PFA. Cells were then incubated in 1 ug/ml Hoechst
33342 (Invitrogen, H3570) for 20 mins. Finally, cells were washed in PBS then imaged
on an inverted Zeiss LSM710 confocal microscope. For each test well, 10 regions were
imaged (10x magnification) and the proportion of cells expressing confetti
fluorophores was calculated. Adjudged by the recombination efficiency of a previous
viral preparation achieving near 100% tumour penetrance, viral preparations with >
2.5% of cells recombined were considered of sufficient titre for successful in vivo

injections.
2.3.5 Fluorescent LeGO vector titre estimation

Fluorescent lentivirus titres show variability with different cell lines and were
performed in the same fashion on either HEK293T cells or primary human glioma
CSCs. 5 x infection mixtures were produced containing 8ug/ml polybrene in 500 pul of
culture media with either 1, 1 x 10, 1 x 102, 1 x 103 or 1 x 10 pl of concentrated
virus. These mixtures were added to separate wells of a 24-well plate containing 5 x
10%cells seeded 24h earlier. Cells were incubated with virus mixtures for 4h and were
then washed 1x with PBS and replenished with appropriate media. Proportion of
infected cells was then determined by measuring fluorescence on flow cytometer
(cytoflex-s, Beckmann coulter). Flow readings were taken at 72h post infection for
HEk293T cells and 120h post infection for primary human glioma CSCs. Reactions that
resulted in 5 — 30% of cells infected were used to calculate titre as these values fall
within the linear range of infection outcomes. Titre in PFU was then calculated using

the following formula.
T=NxP/V

Where T is titre (PFU), N is number of cells seeded (5 x 10%), P is proportion of
transduced cells (e.g 18% = 0.18) and V is volume of virus added (ml, e.g 1 x 103 ul =
1x10®ml)
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2.3.6 NFIX shRNA expressing lentiviral titre estimation

Initial knock-down (KD) validation of NFIX shRNA lentivectors were carried out with
a construct containing expression for a fluorescent reporter. As such, these titre
estimations were carried out as described for fluorescent lentiviruses above. For use
with fluorescent tracing a vector containing no fluorescent reporter was used. Briefly,
a range of viruses preparation volumes (10, 1, 1 x 10, 1 x 102 and 1 x 103 pl) were
added to 5 x 10* human glioma CSCs with 8ug/ml polybrene in appropriate culture
media. Virus was incubated with cells for 4h, cells were washed 1 x with PBS and
fresh media added. After 120h, cells were immunostained for NFIX
(1:2000)(NOVUSbio, NBP2-58904) allowing detection of cells with KD which showed
dimmer staining. The proportion of dim cells was used to estimate the number of
cells infected and titres were calculated using the equations described in the section

above.

2.3.7 Adeno-cre and 4-OH tamoxifen in vitro recombination

4-0OH tamoxifen (Sigma, H7904) was prepared as a 5 mM stock solution dissolved in
ethanol and stored at -20°C. Stock was dissolved in media to 5 uM, 2.5 uM, 1.25 uM
and 6.25 x 10"* uM. As above, unrecombined R26-confetti NSCs were seeded in a 24-
well plate and cultured for 24h. Media was replaced with 4-OH tamoxifen
supplemented media which was replaced every 24h for 72h. After 72h incubation in
4-OH tamoxifen, cells were washed, fixed, stained and imaged as described for the
retroviral titre test. Adeno-cre virus was prepared in HEK293 cells. Unrecombined
R26-confetti NSCs were plated in a 24-well plate and cultured for 24h as described
above. Adeno-cre virus (10'° IFU/ml) was diluted to 5 x 103, 1 x 104, 2 x 104, 4 x 10
4 and 8 x 10 in culture medium. Cells were incubated with virus supplemented
media for 2h then washed and replaced with normal medium. After 72h, cells were

washed, fixed, stained and imaged as described for the retroviral titre test.
2.3.8 Fluorescent labelling, RGB marking and dual-labelling

Selection of fluorophore combinations is dependent on experimental application and

is described in results for specific experiments. In the simplest labelling regime three
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un-titred LeGO-vectors were added to cell culture media at equal dilution with 8
ug/ml polybrene and incubated with cells for 4h before washing cells and replacing
media. Labelling was inspected by confocal microscopy at 72 — 120h post infection.
For RGB marking, volumes required to add equal amounts of three separate virus
preparations were calculated using the following equation based on mathematical

set theory.
V=0.7xN/T

Where, V is virus preparation volume (ml), N is number of seeded cells and T is the
virus titre (PFU). 0.7 denotes 0.7 virus particles per seeded cell which according to
poisson distribution is required for a transduction rate of 50%. This is a theoretical
value and actually obtained transduction rates will be lower. To achieve optimal label
distribution a transduction rate of 60 — 70% per vector is required. Multiple infections
adding 2x, 4x and 8x the volume calculated for a theoretical transduction outcome
of 50% were added and flow cytometry used to determine which infection produced

the optimal transduction outcome per each of the three vectors used.

For dual-labelling, four (section: 5.2.1) or five (Section: 4.2.6) fluorescent LeGO-
vectors were used to stain a cell population. Separate dual-lentiviral infections were
carried out, comprising all possible combinations of applied lentiviral labels. Using
five vectors required a total of 10 dual-infections and 4 vectors a total of 6 dual-
infections. Volumes of concentrated virus added to each infection were calculated
using the equation described for RGB marking. To achieve equal mixtures of single
and double positive cells, virus volumes were calculated with the aim of achieving
~75% transduction rate in each separate reaction. 120h after viral infection
separately labelled populations were mixed and colour compositions assessed using
flow cytometry. Alternatively, in latter experiments flow cytometry was used to
collect only the cells expressing two fluorophores. In this context, achieving a 75%
infection per vector added was not required as single positives were removed during

sorting process.
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2.3.9 Matrigel® tumour organoid culture

Organoids were cultured as previously described using either murine confetti-GBM
cells or primary human glioma CSCs. Aliquoted Matrigel® (Corning, 356234) was
thawed on ice overnight and pipette tips were stored at -80°C for handling Matrigel®.
For seeding 5000 cells per organoid a 1 x 10° cells/ml suspension of cells was
prepared using an automated cell counter (Millipore, PHCC0000). Organoid moulds
were created by pressing a piece of parafilm between two autoclaved PCR plates.
Using cooled pipette tips cell suspension was thoroughly mixed with Matrigel at a
ratio of 1 : 4 (cell suspension : Matrigel). Still using cooled pipette tips, 20 ul drops of
the cell/Matrigel mixture were added to the moulds. Moulds were covered and
incubated for 2h at 37°C to facilitate matrix gelling. Seeded organoids were removed
from moulds then cultured individually in 12-well plates in appropriate cell culture

media with orbital shaking at SORPM.
2.4 Plasmid cloning

All plasmids used in this study are outlined in table 4. Experimental plasmids for PIC
retrovirus, lentiviral LeGO-vectors, NFIX shRNA, viral capsid and packaging vectors
were acquired either as pre-transformed bacterial stabs or purified plasmid. XL10-
Gold® Ultra competent cells (Stratagene, 200314) were transformed and selected
for with appropriate antibiotic after innoculation on LB agar (Sigma: L7025-100TAB)
plates. A single clonal colony was selected and transferred to mini culture in 5ml Lb
broth (Sigma: L3522) with appropriate antibiotic selection. When vectors were
supplied in a pre-transformed bacteria stab, they were added straight into a 5ml LB
broth mini-culture. 100 pl of mini-prep cultures were then transferred to a 100ml
midi-prep. After 18h of culture, bacteria pellets were collected and plasmid DNA
purified with QIAGEN® CompactPrep Plasmid Midi Kit (QIAGEN, 12843) as per the
manufacturer’s instructions and purity assessed on a ND-800 spectrophotometer

(Nanodrop, Delaware, United states).
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Table 4: Summary of all plasmids used in this study

Vector Source Bacteria Mamallian Purpose Promoter Fluorescent
selection selection reporter
PIC Professor Peter  Ampicillin NA Retroviral PDGFB and NA
Canoll, Columbia Cre expression
University
PMD2.G Addgen: 12259 Ampicillin NA Lentivrial capsid NA
psPAX2 Addgene: 12260  Ampicillin NA Lentiviral packaging NA
shNFIX-1 Dharmacon Ampicillin  Puromycin shRNA hCMV TurboRFP
SMARTvector® expression
shNFIX-2 Dharmacon Ampicillin  Puromycin shRNA hCMV TurboRFP
SMARTvector® expression
shNFIX- Dharmacon Ampicillin  Puromycin shRNA hCMV TurboRFP
Scramble SMARTvector® expression
LeGO- Addgene: 12260  Ampicillin NA lentiviral SFFV EBFP2
EBFP2 fluorophore
expression
LeGO-S2 Addgene: 85211  Ampicillin NA lentiviral SFFV T-sapphire2
fluorophore
expression
LeGO-G2 Addgene: 25917  Ampicillin NA lentiviral SFFV EGFP
fluorophore
exression
LeGO-V2 Addgene: 27340  Ampicillin NA lentiviral SFFV Venus
fluorophore
expression
LeGO- Addgene: 85212  Ampicillin NA lentiviral SFFV mOrange2
mOrange2 fluorophore
expression
LeGO- Addgene: Ampicillin NA lentiviral SFFV dKatushka2
dKatushka2 fluorophore
expression

2.5 Flow cytometry

2.5.1 Adherent cell preparation and marker staining

Adherent cells were soaked in appropriate volume of Accutase® solution (Sigma,

A6964 until all cells had visibly detached but no longer than 10 minutes. Accutase®

solution was deactivated using 5ml of sterile PBS and a single cell suspension

achieved through repeated pipetting. Cells were then pelleted by centrifugation at

200 RCF
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then washed by resuspending in flowcytometry staining buffer (FSB) with vortex
followed by centrifugation (hereby: washed through centrifugation). Cells were split
into experimental reaction mixtures in 1.5 ml Eppendorf’s, re-pelleted and
supernatant aspirated. Pellets were broken apart using a vortex at 1,500 RPM and
resuspended cells incubated for 30 mins at 4 °C in 50 pl of Fc receptor blocking
solution (10 ul FC receptor block + 40 pl FSB). After 30 mins, samples were
resuspended using vortex and 50ul of appropriate volumes of antibody mixture was
added and reactions incubated for a further 30 mins at 4 °C. For each antibody and
cell line used a single stain control sample was carried out. After 30 mins, reaction
mixtures were flushed with 1 ml of FSB and washed by centrifugation. This process
was repeated two further times and final sample resuspended in 200 ul of FSB. 200
ul of each reaction were loaded into individual wells of round bottom 96-well plates
and samples assessed on a cytoflex-s cell analyser (Beckman coulter, High Wycombe,
Buckinghamshire, UK). Owing to incomplete aspiration of supernatant after final
wash, each reaction contained 10 — 20 pl of residual cell suspension after loading 200
ul for analysis. These residual cells were pooled together from each sample and used
as a calibration sample to set laser gains for each experiment. A calibration sample
was required for each cell line being acquired because fluorophore brightness would

vary between cell lines.

2.5.2 Three-dimensional tumour spheroid preparation and marker
staining

Structural integrity of whole or sectioned tumour spheroids was first disrupted
through mechanical dissociation with a P1000 or P200 pipette tip. Spheroid tissue
was then enzymatically dissociated by incubation in 750 ul of Accumax® solution for
20 mins at room temperature. After 20 mins, dissociation was aided by repeated
pipetting of tissue and tissue left for a further 10 mins. Quality of dissociation was
assessed under a light microscope and generally one further pipetting step and 10
mins incubation yielded adequate dissociation. If a small number of single cells had
been achieved after 40 mins Accumax® incubation, tissue would be incubated for
longer but never beyond a total incubation time of 1h. To remove any residual tissue

clumps dissociated tissue was passed through a 40 um cell strainer into a 1.5 ml
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Eppendorf. Strained dissociated cells were then washed 1x by centrifugation. Fc
receptor blocking and surface marker staining was then carried out as described for

adherent cells.
2.5.3 Surface marker phenotyping cytometer setup and compensation

All surface marker phenotyping and flow cytometry-based lineage-tracing was
performed on a Beckman-coulter cytoflex-S cell analyser. All endogenous
fluorophores, fluorescent stains, antibodies, conjugated fluorophores, dilutions,
lasers and bandpass filters used for analysis are shown in Table 5. To set laser
parameters, a calibration sample containing a mixture of all lentiviral labels and
surface marker stains for a given experiment was first analysed. To achieve optimal
laser parameters, a calibration sample was required for each cell line being assessed
as fluorescent signal intensity varied between cell lines. Firstly, the calibration sample
was plotted on FSC-A/SSC-A dot-plots to remove debris and dead cells from analysis.
Single cells were subsequently separated from cell doublets by plotting detections
on FSC-W/FSC-H dot-plots. Once single cells were isolated, histograms were used to
set laser gains for each fluorescent signal being detected. Laser power was set such
that the brightest population for each fluorescence signal was within the limit of
detection axis and well separated from other dimmer populations. This process of
setting laser parameter was repeated for each cell line being analysed and laser gains
were then applied to all test samples for that cell line. After setting laser powers,
samples were resuspended and ran in batches of five, resuspending the next 5
samples after the first batch was completed. Sample flow speed was set to reach
2000 event/s or an abort rate of below 5% and entire sample (200 pl) is recorded. As
stated above, single surface marker stain controls were produced, and a mixture of
these single stain controls was used to set compensation. Single surface marker stain
controls were produced for every experiment and each different cell line assessed in
that experiment. Single lentiviral label controls were only used during preliminary

experiments which determined suitable lentiviral label combinations.
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Table 5: List of laser and filter sets used for detecting fluorescent probes

Fluorescent Probe Application Epitope Laser (hnm) Bandpass (nm)
ECFP r26-confetti NA 405 525/30
EYFP r26-confetti NA 488 550/40
GFP r26-confetti NA 488 510/30

tdimer2 r26-confetti NA 561 610/20
EBFP2 LeGO-vector NA 405 450/45
T-sapphire LeGO-vector NA 405 525/40
EGFP LeGO-vector NA 488 525/40
Venus LeGO-vector NA 488 525/40
mOrange2 LeGO-vector NA 561 585/42
Katushka2$S LeGO-vector NA 633 690/50
APC surface marker A2B5 633 660/10
APC-vio® 770 surface marker CD44 633 780/60
PE-vio® 770 surface marker CD133 561 780/60
PerCP-vio® 700 surface marker CD15 488 690/50
BV-780 surface marker CD15 405 780/60
BV-711 surface marker CD133 405 712/25
Ghost dye 710 Cell viability NA 633 712/25

2.5.4 Confetti label flow cytometry gating

Lasers and filtersets used for all flow cytometry and FACS experiments are shown in
Table 3. Dissociated ROSA26-Confetti labelled tumuor cells we separated from
clumps and dead cells through gating on dotplots of side scatter area (SSC-A) and
forward scatter area (FSC-A). Singe cells were then separated from doublets using
forward scatter width (FSC-W) and forward scatter height (FSC-H). Isolated single

cells were then plotted in two separate plot across four collection parameters;

1. Blue laser 510/530 (GFP) and blue laser 550/40 (EYFP)
2. Yellow laser 610/20 (RFP) and Violet laser 450/45 (eCFP)

After applying compensation, automatic gating was performed to identify
populations corresponding to one of the 4 markign fluorophores (eCFP, EGFP, eYFP
and RFP)
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2.5.5 RGB marking fluorescent barcode flow cytometry gating

Lasers and filter-sets used for all flow cytometry and FACS experiments are shown in
Table 3. Multiple Fluorophore combinations are used and are indicated in results,
here, we use Fluorophore A, B, C, etc to describe gating strategy for each labelling
approach. Cells we separated from clumps and dead cells through gating on dot-plots
of side-scatter area (SSC-A) and forward scatter area (SSC-A). Single cells were then
separated from doublets using forward scatter width (FSC-W) and forward scatter
height (FSC-H). Flow analysis of RGB marked cells was achieved by testing effective
separation of underlying fluorescent signals in control cells stained for a single
fluorophore. Single colour controls were also used to setup laser values and
compensation values for effective separation of single, double and triple labelled
cells in a mixed population. Important to note that cells exposed to higher virus loads
will be labelled at a higher average brightness. Gates were applied to results for
mixtures of singly labelled cells and boolean logic used to identify all 8 different label
outcomes in an RGB marked population. Briefly, avoiding cell detections for single
positive cells, gates were drawn to isolate the three dual labelled populations from

the single cells on plots with axis combinations:
X-axis/Y-axis

Fluorophore A/Fluorophore B (Dual label A + B)
Fluorophore A/Fluorophore C (Dual label A + C)

w N = O

Fluorophore B/Fluorophore C (Dual label B + C)

Triple label cells were excluded form dual label counts by excluding cells that occur
in more than one dual label gate. Triple label cells were then counted by detecting
cells that occur in all three of these dual label gates. All cells not captured by the

three gates above were potted on:

1. SSC-A/Fluorophore A
2. SSC-A/Fluorophore B
3. SSC-A/Fluorophore C

Gates were drawn around cells showing expression of a single tracing label. Single

gate drawn around label negative population on plot showing SSC-A/Fluorophore A.
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Cells in this gate, excluding those in positive gates for Fluorophore B and Fluorophore

C were considered the isolated negative cells.

For dual-label optical barcoding with five fluorophores (A. B, C D and E), single colour
controls were produced by labelling cells with a single fluorophore at the same viral
load as the dual label reactions to achieve comparable brightness of fluorophores in
controls and target cells. Isolation of single cells was performed in the same fashion
was done for RGB marking. Gates for isolation and quantification of all 15 label
groups and unlabelled cells was performed by initially plotting gates on single colour
control data on the following 10 dotplots. With a gate drawn around quadrant

capturing cells positive for both markers.

0. X-axis/Y-axis
Fluorophore A/Fluorophore B
Fluorophore A/Fluorophore C
Fluorophore A/Fluorophore D
Fluorophore A/Fluorophore E

Fluorophore B/Fluorophore C

Fluorophore B/Fluorophore E

2

3

4

5

6. Fluorophore B/Fluorophore D
7

8. Fluorophore C/Fluorophore D
9

Fluorophore C/Fluorophore E

10. Fluorophore D/Fluorophore E
Cells not captured by any of these gates were then plotted on the following dot-plots.

1. X-axis/Y-axis
SSC-A/Fluorophore A
SSC-A/Fluorophore B

2
3
4. SSC-A/Fluorophore C
5. SSC-A/Fluorophore D
6

SSC-A/Fluorophore E

Remaining cells positive for any of these markers were gated and single gate for

negative cells drawn on the SSC-A/Fluorophore A plot. As with RGB marking, Boolean
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logic used to isolates negative cells by excluding any cells found in the other four
single positive gates. Any cells found to be positive for 3 or more fluorophores were
not included for analysis as these were likely cell doublets carrying two different
labels. Colour proportions described in results are determined as a proportion of all

identified labelled cell populations.

2.5.6 Dual-label barcoding and adjunct surface marker staining flow
analysis

Dual-label barcoded cells (Figure 4.13) were labelled with antibody conjugates
targeting CD44 (APC780), CD133 (BV711), CD15 (BV780), A2B5 (APC) all together and
as single stain controls as described in 2.5.1 and 2.5.2. Single stain controls were
mixed and used to set laser power and compensation for removal of bleed through
between channels. Once compensation was completed, single cells were identified
by gating as described in 2.5.5 and 2.5.4. In some experiments (indicated in results)
the viability dye Ghost Dye™ Red 710 (Cell signalling) was used to remove non-viable
cells from further analysis. This is a free amine binding dye and non-viable cells with
compromised membranes will readily react with this dye appearing brighter in the
detection channel. After gating for single viable cells our dual label cell populations
were first identified by plotting single viable cells on the following 6 dotplots also

displayed in Figure 2.1.

(X-axis/y-axis)
EBFP2/T-sapphire (BS)
EBFP2/Venus (BV)
EBFP2/mOrange2 (BO)

1

2

3

4. T-sapphire/Venus (SV)
5. T-sapphire/mOrange2 (SO)
6

Venus/mOrange2 (VO)

These plots are shown regularly throughout results section and are labelled with the
codes BS, BV, BO, SV, SO, and VO where the first letter indicates the fluorophore
detected on x-axis and second letter the fluorophore detected on y-axis Figure 2.1.
These plots reveal the six dual-labelled trace populations which are boxed for as

shown in Figure 2.1C. At this stage some detections are reported as positive for more
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than two fluorophore. These cells were removed from quantification by applying the
Boolean logic shown in Figure 2.1E. Furthermore, the EBFP2/Venus (label code BV
and displayed as green in dot-plots/bargraphs) dual labelled cells produce an
incorrectly positive signal in the t-sapphire detection channel (405 laser & 525/40
filter) that could not be corrected through compensation. We reasoned this was
caused by a Forster resonance energy transfer (FRET) between EBFP and Venus
proteins. Briefly, the 405nm laser (used in t-sapphire detection channel) will also
excite EBFP2 which emits photons with wavelengths in the range of Venus excitation.
Venus and t-sapphire have highly similar emission spectra and this Venus excitation
caused through FRET will be detected in the t-sapphire channel as indicated by
arrows in Figure 2.1C. This issue was incoorperated into our analysis pipeline and was

largely circumvented when applying Boolean logic is to purify the populations.

Once all dual label populations are identified, gating for delineating all 16 cell surface
marker phenotypes was performed. Initially, taking the gated single cell population,
cells are plotted on the following three dot-plots as shown in Figure 2.2B-D and gates

setup to detect the six populations outlined below.
x-axis/y-axis — (gates drawn)

1. CD44/A2B5 — quad gate
a. Lower left gate: CD44°/A2B5
b. Upper left gate: A2B5*
c. Upper right gate: CD44*/A2B5*
d. Lower right gate: CD44"*

2. CD44/CD133 -single box gate
a. Boxgate: CD133*

3. CD44/CD15 - single box gate
a. Boxgate: CD15*

Once gating is completed on single stain controls these gates are then applied to all
test samples of the corresponding cell line. To detect all 16 different surface marker
phenotypes from the above 6 gated populations, Boolean logic was again used as
shown in Figure 2.2E. Finally, once these sixteen surface marker populations were
achieved marker analysis of any dual label population (BS, BV, BO, SV, SO or VO) or
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E Boolean logic gates to isolate dual labelled populations

BS only= BS AND NOT (BV) AND NOT (SV) AND NOT (BO) AND NOT (SO) AND NOT (VO)

BV only = NOT (VO) AND (BV) AND NOT (SO) AND NOT (SV) AND NOT (VO)

BO only = NOT (BS) AND NOT (BV) AND BO AND NOT (SV) AND NOT (SO) AND NOT (VO)
SV only = NOT (BS) AND NOT (BV) AND NOT (PO) AND SV AND NOT (S0) AND NOT (VO)
SO only = NOT (BS) AND NOT (BV) AND NOT (PO) AND NOT (SV) AND SO AND NOT (VO)

VO only = NOT (BS) AND NOT (BV) AND NOT (PO) AND NOT (SV) AND NOT (SO) AND VO

Figure 2.1: Gating to isolate cell detections corresponding to double labelled cells. A, side scatter area
(SSC-A) and forward scatter area (FSC-A) were used to remove dead cells and debris in the preparation.
This P1 population was then plotted on FSC-height (H) and FSC-width (W) to remove any possible
doublet cells. B, Purified cell detections were then plotted on flow plot axis permitting detection of each
of the six double positive populations (BS, BV, BO, SV, SO, VO) and compensation applied to the cells.
Pilot experiments using single colour control cells (B, S, V, O) were performed to determine sufficient
separation of fluorescent signals. C, After compensation, gates were drawn to isolate the dual labelled
populations that contain clonal streaks we aim to trace. Arrows in BS and SV plots show that even after
compensation, the double positive population BV (green) bleeds through considerably into the t-
sapphire channel. This is caused by Fluorescence Resonance Energy Transfer (FRET) whereby 405 laser
exciting t-sapphire will also excite EBFP2 in the BV population. EBFP2 emission in turn excites Venus
which can also be detected in the 525/40 nm filter used for T-sapphire. Effects of this on accurate
detection of double labelled populations have been mitigated by stringent gating and separation
through Boolean logic gates D. Finalised double positive populations achieved through Boolean logic to
remove any events that are detected across more than one double positive gate. This population is used
to pull events belonging to streaks/clusters. D. Boolean logic gates to achieve final populations for
tracing. Note, for BV the gate “not BS” is omitted because of FRET described earlier.
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Boolean logic to isolate 16 different phenotypic populations applied to samples stained for all 4 fluorophores

CD133+ A2BS+ =
CD133+ CD15+ A2B5+ =
CD15+ only =

CD15+ A2B5+ =

A2B5+ only =

negative =

CDA44+ only = NOT(CD44+ A2B5+) AND NOT(A2B5+) AND NOT(CD44-A2B5-) AND CD44+ AND NOT{CD133+) AND NOT(CD15+)
CDA44+ CD133+ = NOT(CD44+ A2B5+) AND NOT(A2B5+) AND NOT(CD44-A2B5-) AND CDA44+ AND CD133+ AND NOT(CD15+)

CD44+ (D15+ = NOT(CD44+ A2B5+) AND NOT{A2B5+) AND NOT(CD44-A2BS-) AND CD44+ AND NOT(CD133+) AND CD15+
CDA4+ A2B5+= NOT(A2B5+) AND CD44+ A2B5+ AND NOT(CD44-A2B5-) AND NOT(CDA4+) AND NOT(CD133+) AND NOT(CD15+)
CDA44+ CD133+ CD15+ = NOT(CD44+ A2B5+) AND NOT(A2B5+) AND NOT(CD44-A2B5-) AND CD44+ AND CD133+ AND CD15+

CD44+ CD133+ AZB5+CD44+ =  A2B5+ AND NOT(A2B5+) AND NOT{CD44-A2B5-) AND NOT(CD44+) AND CD133+ AND NOT(CD15+)

CD44+ CD15+ A2BS+ = CD15+ AND NOT(CD133+) AND NOT(CD44-A2B5-) AND NOT(A2B5+) AND CD44+ A2B5+ AND NOT(CD44+)
CDA44+ CD133+ CD15+ A2B5+ = NOT(CD44-A2B5-) AND NOT{CD44+) AND CD133+ AND CD15+ AND NOT(A2B5+) AND CD44+ A2BS+
CD133+ only = NOT(CD15+) AND CD44-A2B5- AND NOT[A2B5+) AND NOT(CD44+ A2B5+) AND NOT(CD44+) AND CD133+
CD133+ CD15+= CD133+ AND CD15+ AND NOT{CD44+) AND CD44-A2B5- AND NOT{A2B5+) AND NOT(CD44+ A2B5+)

A2B5+ AND NOT(CD44+ A2B5+) AND NOT(CD44-A2B5-) AND NOT(CD44+) AND CD133+ AND NOT(CD15+)
NOT(CD44+ A2B5+) AND A2B5+ AND NOT(CD44-A2135-) AND NOT(CD44+) AND CD133+ AND CD15+
NOT(CD44+ A2BS+) AND NOT(A2B5+) AND NOT(CD44+) AND CD44-A2B5- AND NOT(CD133+) AND CD15+
NOT(CD44+ A2B5+) AND A2B5+ AND NOT(CD44-A2B5-) AND NOT(CDA44+) AND CD15+ AND NOT(CD133+)
NOT(CD44+ A2B5+) AND NOT(CD44-A2B5-) AND A2B5+ AND NOT(CD44+) AND NOT{CD133+) AND NOT[CD15+)
NOT(CD44+ A2B5+) AND NOT(A2B5+) AND NOT(CD44+) AND CD44-A2B5- AND NOT(CD133+) AND NOT{CD15+)

Figure 2.2: Gating to phenotype of stained cell populations. A, For all samples, SSC-A and FSC-A were
used to remove dead cells and debris in the preparation. This P1 population was then plotted on FSC-H
and FSC-W to remove any possible attached cell. B, A mixture of cells either unstained or stained for one
of the four phenotyping antibodies (CD44, CD133, CD15 or A2B5) were used for compensation.
Uncompensated cells are shown in panel B. C, Single-stain mixture after compensation, this population
was used to designate 6 gated populations from which Boolean logic gates could be used to calculate
proportions of all 16 surface marker profiles. D, Quantification of marker profiles for this data is shown
in graph on right. The legend shows the surface marker profiles (SMP) represented in the graph, please
refer to Fig. 2 for a table with all marker profiles. E. All 16 Boolean logic gates used to separate cells
belonging to different surface marker profiles.
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any clonal streak formed within a dual label population can be assessed by plotting
detections that fall within their gates on the three surface marker dot-plots described

above.

2.6 Imaging

2.6.1 Laser Scanning Microscopy

All fluorescent confocal imaging was performed on either a Zeiss Ism 710 or Ism 880
microscope (Carl Zeiss, Cambridge, UK). Imaging of cryosectioned and cleared
confetti tumours, RGB marked U87 tumours, all cultured organoids and adherent
cultures were performed using separate tracks for acquisition. Laser excitation and
emission filters was setup according to supplementary table 5. In the case of ROSA26-
confetti imaging, ECFP and tDimer2 were acquired on the same track owing, to
sufficient spectral separation. EYFP and EGFP emission spectra overlap considerably
and were acquired on separate excitation and emission tracks for better signal
separation. Laser powers and detector gains were set appropriately for the
brightness of fluorescence within the sample which could vary between cell lines and
affected by fixation. For acquisition of dual labelled U87 and primary cells, spectral
unmixing experiments were performed. Spectral unmixing requires simultaneous
excitation with all required laser wavelengths and laser powers set to achieve a
balance between intensity of each fluorescent signals and avoidance saturated
pixels. Individual emission spectra for each fluorophore (EBFP2, T-sapphire, EGFP,
Venus, mOrange2 & Katushka2S) and the far-red nuclear dye DRAQ5™ (thermofisher,
62251) were acquired using the Zen black Lamda stack acquisition function.
Acquisition was setup such that emitted light intensities were detected at 10 nm
increments from 400 to 720nm, producing a lambda stack comprised of 32 images.
Once reference spectra were acquired by selecting pixels positive for a single
fluorescent singla, the Zeiss black online fingerprinting function could be used to

unmix overlapping spectral signals in real-time during subsequent acquisitions.
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2.6.2 Light-sheet Microscopy

Alight-sheet Z1 (Carl Zeiss, Cambridge, UK) microscope was used for rapid volumetric
imaging of cleared confetti tumours and whole confetti tumour organoids. Detection
of ECFP and tDimer2 was possible, however, EGFP and EYFP were collected as the
same signal because the microscope was not fitted with appropriate emission filters
to separate this signal. Filter sets were setup according to the values in table 5.
Cleared brain sections and organoids were mounted by gluing samples to a low
refraction glass pipette and placing them suspended within the imaging chamber.
Laser powers and detector gains were set appropriately for the brightness of

fluorescence within the sample.
2.6.3 Image Analysis

For in vitro confetti recombination assays comparing adeno-virus and 4-OH
tamoxifen, quantification and analysis recombination indicated by fluorescence
expression were performed on FlJI using binary thresholding (Schindelin et al., 2012).
Briefly, .czi zeiss image files were separated into their individual acquisition channels
(ECFP, EGFP, EYFP and tDimer2) and exported as .tif files. Each image was then
converted to 8-bit greyscale and subject to binary thresholding for detecting either
fluorescent cells or labelled nuclei with the FlJI particle analyser and analysis of

double labelling was performed using the co-localisation threshold plugin.

For imaging based quantification of labels in samples transduced with LeGO-vectors,
images were collected using spectral unmixing and the open source image analysis
software quPath (Bankhead et al., 2017) was used for quantifying label distributions.
Samples were labelled with the nuclear dye DRAQ5™ and the nuclear segmentation
algorithm StarDist (Schmidt et al., 2018) was used to detect DRAQ5™ labelled cells.
After cell segmentation, fluorescence intensity data for each labelled fluorophore
detected are exported to a data frame. Subsequently, distributions of cellular
fluorescence intensity for each detected fluorophore were visualised to manually
assign intensity threshold for designating cells positive or negative for a given

fluorophore. This analysis reported a number of triple positive cells which were likely
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incorrect as cells were exposed to just two fluorescent lentivirus’. As such, cell

detections reporting expression of three fluorophores were removed from analysis.

2.7 Statistical analysis

2.7.1 Recombination efficiencies and NFIX KD

Comparisons of ROSA26-confetti recombination efficiencies were performed in
Graphpad Prism 5 using 2-way Anova assuming guassian distribution with Bonferroni
correction for multiple comparisons. Exact statistical test used is indicated in text and
figure legends. With the same analysis performed on westernblot data investigating
NFIX KD in primary cell lines. All bar graphs and error bars indicate mean of sample

data and standard error of the mean respectively.

2.7.2 Comparison of tracking label groups frequencies in Organoids

Tracking label group composition and changes in colour group frequencies were
analysed by Anova with a for correction for multiple comparisons. Parameters of

statistical test applied to each experiment are outlined in text and figure legends.

2.7.3 Cosine Similarity analysis of clonal surface marker data

Strategy of cosine similarity analysis was formulated between James Innes and
Andrew Lowe. Design and implementation of the analysis pipeline was largely
performed by Andrew Lowe with input from James Innes refining process.
Quantification of surface marker phenotypes was achieved through binarizing signal
intensities of each surface markers. Assignment of a cell as positive or negative for a
given marker was achieved by cut off thresholds determined through analysis of
single label controls. From 4 markers, a total of 16 different surface marker
combinations could be determined. Thus, the combination of these 16 different
phenotypes for a given cell line or cell clone make up their phenotypic distributions.
Estimations of the degree of similarity between and two phenotypic distributions was

determined using Cosine of Similarity.
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cos(0) =

In the above equation A and B represent the inner vector product of the 16-
dimensional phenotypic distributions of a given pair-wise clonal or cell line
comparison. The output of this equation is a value between 0 — 1 where a comparison
yielding a cosine similarity of 1 indicates the two samples have the same phenotypic
distributions with similarity decreasing as cosine similarity values tend toward 0.
Assessments of the similarity of more than two subsets have been achieved by
determining the mean cosine of similarity of all pair-wise combinations.

To determine the influence of sampling variation in our cosine similarity par-wise
comparisons we undertook a Monte Carlo simulation; where an in silico population
hypothetically comprised of 16-different proportions of surface marker phenotypes
was repeatedly sub-sampled. Repeatedly choosing (x100,000) sub-samples of cells
(i.e. of the order empirically seen for single clones) without replacement enabled
probability distribution curves for expected deviations in similarity between the
phenotype of the population and the sub-samples. Under these conditions we
determined a cut value of CoS = 0.98, where any difference observed between two
matched phenotypic distributions could not be explained by sampling error (P <

0.001, indicated by dashed lines in plots of Chapter 5)
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Chapter 3: Exploring fluorescent Lineage
tracing applications in murine glioma

models

3.1 Introduction

The Rosa-26confetti mouse was first described by Clevers et al., and is now a well-
established transgenic model for fluorescent lineage-tracing (Clevers, 2011, Schepers
et al.,, 2012, Snippert et al., 2010) (Figure 3.1). Upon Cre exposure the confetti
construct recombines into 4 possible orientations corresponding to expression of
either m-cereulean (membrane, blue), eGFP (nuclear, green), Venus (cytoplasmic,
yellow) or tdtomato (cytoplasmic, red). To gain technical experience in fundamental
methodologies and explore techniques which could complement lineage-tracing in
primary human GBM cells, we first sought to develop a confetti mouse tumour
model. Confetti animals were bred into a background of tumour inducible
GLASTCreERT2/CreERT2 / ptplox/lox | p 5 3lox/lox to create the genotype
GLASTCreERT2/CreERT2 / ptoplox/lox /g 3lox/lox [R QS Aconfetti/WT  referred to as confetti-GBM.
We firstly trialled in vivo and in vitro method for inducing recombination of tumour
suppressor alleles and the confetti locus. For in vitro recombination, Cre delivery to
derived adherent confetti-GBM NSCs was mediated by either adenovirus (Adeno-cre)
or 4-OH-tamoxifen (Benedykcinska et al., 2016a). In vivo, intraventricular injections
of PDGFB IRES Cre (PIC) or IP tamoxifen injections were trialled. Owing to its speed
and penetrance, PIC induced confetti tumours were used for exploring techniques

suitable for use with fluorescent clonal tracking.

Compared to other cellular tracking techniques, fluorescent tracking offers the
unique ability of identifying clones in situ. In human GBM, intra-tumour
heterogeneity is a well described feature and has been identified by sequencing of
spatially distinct tumour biopsies (Sottoriva et al., 2013, Yu et al., 2020). Therefore,
we aimed to develop an approach utilising tissue clearing in combination with light-

sheet microscopy for rapid fluorescent imaging of large three-dimensional tumour
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regions. Additionally, live in vivo and in vitro imaging experiments were trialled with
the aim of assessing proliferation and motility of different tumour clones. FACS
separation of human CSC clones and comparisons of gene expression would be a
powerful tool for investigating how clonality is linked to intra-tumour heterogeneity.
Therefore, we aimed to optimise approaches for tissue dissociation and sorting of
labelled cells. Matrigel® tumour spheres recreate aspects of intra-tumour
heterogeneity and can be cultured for longer without intermittent passaging. These
models are higher-throughput, cheaper and more ethical prelude to in vivo
experiments, reducing the need to sacrifice animals while optimising experiments.
Therefore, we sought to develop an organoid model to use in combination with
confetti cell tracking. Through trialling a number of approaches with confetti
fluorescent tracking we aim to inform development of improved approaches in

primary human GBM CSCs.

Parallel cut site Inverted flip site
. //A\\ ///ﬁ\\
Resting state y \\ // N
—> // AN -~ \\‘\
CAG P 5TOPnco D INGHRN- — 4343 4 NECHRN - — - BG4~
Rosa26 Locus
Primary cre exposure Secondary cre exposure

Figure 3.1: Schematic of r26-confetti genetic construct. The construct is inserted to the rosa26 locus
for considerable protein expression. At resting state (before cre exposure) a neo-stop cassette
prevents gene expression. The LoxP site design involves parallel and inverted orientations which allow
for induction of fluorophore expression and a subsequent flipping of the fluorophore coding regions
to change expression after a secondary Cre exposure. Upon a primary Cre exposure, cells express
either nuclear EGFP, cytoplasmic EYFP, membranous ECFP or cytoplasmic tdimer2. Upon a secondary
cre exposure EGFP switches to EYFP, EYFP switches to EGFP, ECFP switches to tdimer2 and tdimer2
switches to EXFP expression.
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3.2 Results

3.2.1 Invitro recombination of GLASTCreERT2/confetti/Pten/P53 murine

NSCs in vitro with Adenovirus-cre or 4-OH tamoxifen

To explore methods for recombining the confetti locus, NSC populations were
established from the forebrain of P7 confetti-GBM mice using the neurosphere
culture method. These cells carry the GLAST CreERT2 transgene for an inducible,
transient Cre expression upon exposure to 4-OH tamoxifen, rendering any
recombination event permanent. To test the effectiveness of this approach in
recombining the confetti-locus we performed a serial dilution of 4-OH tamoxifen and
applied these to isolated confetti-GBM NSCs (Figure 3.2 A-E). To determine optimal
working concentration that would balance cellular toxicity and recombination
effectiveness we exposed cells to 6.25 x 107%, 1.25, 2.5, and 5 uM. For each
concentration three repeat culture wells were tested and five regions were imaged
for each repeat. 6.25 x 10, 1.25 and 2.5 uM 4-OH tamoxifen concentrations were all
successful in achieving recombination and showed similar confluence to control
conditions (Error! Reference source not found.A-E). However, 5.0 uM 4-OH t
amoxifen led to excessive cell death and for this reason, recombination efficiency
was not calculated for this condition (Figure 3.2 E, F & G). For all three concentrations
there was no significant difference in recombination efficiency (One-way ANOVA,
Bonferroni correction, 95% Cl), suggesting a lower concentration of 4-OH tamoxifen
would be sufficient to induce maximal recombination in culture (Figure 3.2 E).
Furthermore, across all conditions it was very rare to observe a recombination
outcome resulting in EGFP expression while m-Cerulean could not be imaged as its

excitation and emission spectra overlaps with the Hoechst 33342 nuclear stain.
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Figure 3.2: In vitro recombination efficiencies of GLASTCreERT2/R26-confetti neural stem cells.
(A — E) Representatives of Hoechst stained r26-confetti neural stem cells after exposure to 4-OH
tamoxifen; 0.625, 1.25, 2.5 and 5.0 denote the 4-OH tamoxifen concentration. 5.0 UM was not
further analysed owing to cell death (scale bar = 200um). (F) Shows average number of Hoechst
stained nuclei per field of view sampled after recombination, data represents the mean of n = 3
repeat wells, each determined through mean count of n =5 ROIs. Repeated measures ANOVA with
Bonferroni correction revealed no significant difference between test conditions and ethanol
control (Cl = 95%). (H) Shows percentage of EYFP*/tdimer2* cells counted after 4-OH tamoxifen
exposure in each condition. Each point represents a separate test well (n = 3) which is a mean count
of EYFP*/tdimer2* cells across n = 5 ROls. Bars indicate mean and SEM. Repeated measures ANOVA
with Bonferroni correction revealed no significant difference between conditions (Cl = 95%).

To further explore the confetti locus expression dynamics, we passaged the
recombined confetti-GBM NSCs exposed to 1.25 uM of 4-OH tamoxifen assessed cell
colour frequencies over 120h (n = 3 repeat cultures and n = 1 x 5mm? ROI per time
point) after removing 4-OH tamoxifen (Figure 3.3A-L). Using the binary threshold
method outlined in methods (Section: 2.6.3), the proportion of labelled cells
expressing each fluorophore was calculated. At 24h after passaging, 24% + 1% SEM
of all coloured cells were EYFP* while 40% + 1% SEM and 36% * 1% SEM were
tdimer2*and ECFP* respectively (Figure 3.3M). EGFP* cells were observed at very low
frequency ( < 0.01) and were often co-expressed with EYFP and thus were not
included in the quantification. Interestingly, these outcomes are not equal as
described in the original Brainbow publication (Livet et al., 2007) but quantifications

were not reported and similar distributions in expression outcomes after
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recombination of the confetti locus have been reported since (Reeves et al., 2018).
Over the following 120h, the proportion of tdimer2* cells increased and the
proportion of ECFP2* cells decreased, although these trends did not reach statistical
significance (Figure 3.3M). At all time points, a number of cells co-expressing ECFP
and tdimer2* were observed in imaging (Figure 3.3A’, E/, & I'). It is likely that
prolonged Cre-exposure results in multiple flipping events of the confetti construct,
resulting in expression of both fluorophores. However, after Cre has dissipated and
the construct “settles” in a single orientation, cells will eventually adopt a single
colour. In support of this, we observed a reduction in the proportion of
ECFP*/tdimer2* cells across the 120h which reached statistical significance by 120h
post infection (p < 0.0001).

As an alternative to CreERT2 mediated recombination, we also tested in vitro
recombination through infections with cre expressing adenovirus (adeno-cre). Five
dilutions (5 x 103, 1 x 104, 2 x 10*, 4 x 10 or 8 x 10**) of Adeno-cre were applied to
naive confetti-GBM NSCs (n = 3 repeats per viral dilution and n = 5 ROIs per repeat)
to determine its effectiveness in recombining the confetti locus (Figure 3.4 A). A
dilution 5x103 resulted in nearly 100% recombination. However, accurate
quantification of these infections was not possible using binary thresholding, so this
group was not quantified. One-way ANOVA with 95% CI found significant difference
between means of total cell counts across conditions (p = 0.37) but post-hoc Dunnet’s
multiple comparisons with control condition did not reach significance for any viral
concentration (Figure 3.4 H). After quantification, recombination efficiencies were
found to be 0.86 £ 0.02 SEM, 0.59 £ 0.02 SEM, 0.37 £ 0.01 SEM and 0.22 + 0.01 SEM
for 5x1073, 1x10%, 2x10%, 4x10™* and 8x10* dilutions respectively, showing a near
linear reduction in recombination efficiencies with increasing viral dilution (Figure 3.4

1).
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Figure 3.3: Passaging of 4-OH Tamoxifen induced GLASTCreERT2/R26-confetti cells reveals
fluorophore expression dynamics. (A- L) Merged and single channel fluorescent images of 1.25 uM
4-0OH tamoxifen recombined cells at 24h, 72h and 120h post recombination (Scale bar = 500 um).
(A’, E’, I'’) zoomed examples of cells at each time showing expression of both ECFP and tdimer2.
Panels to the right of A, E and | show single channel images of ECFP, EYFP and tdimer2 at each time
point (n = 3 repeats and n = 1 x 5mm? ROI per repeat)(Scale bar = 1mm). (M) Quantification of cells
expressing each fluorophore over the time course of the experiment. 24h; 0.24 + 0.01 SEM, 0.40
SEM and 0.36 + 0.01 SEM were found to be the proportions of EYFP, tdimer2 and ECFP expressing
cells respectively. Over the time course of the experiment, the proportion of tdimer2* cells
increased and ECFP* cells decreased but this effect did not reach significance (One-way ANOVA,
Bonferroni correction with 95% Cl). (N) Quantification of time of cells double positive for ECFP and
tdimer2 at 24h (mean = 0.120 + 0.002 SEM), 72h (mean = 0.094 + 0.012 SEM) and 120h (mean =
0.073 + 0.004 SEM). One-way ANOVA with Bonferroni correction and 95% ClI found significant
difference between dual labelling at 24h and 120h (P = 0.0264)
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Figure 3.4: in vitro recombination of Adeno-cre induced r26-confetti neural stem cells. (A)
schematic of experimental design. (B — G) Representatives of Hoechst 33342 stained sample regions
from r26-confetti neural stem cells stained with ad-cre dilutions of 5 x 103, 1 x 104, 2 x 104, 4 x 10°
4 or 8 x 10 and a no virus control (n = 3 repeats per viral dilution and n = 5 ROIs per repeat)(Scale
bar = 200 um). (H) Shows quantification of Hoechst 33342 stained cells per field of view during
analysis. One-way ANOVA with 95% Cl revealed statistical difference between means (p = 0.37) but
post-hoc Dunnets multiple comparison test comparing each condition to control did not reach
significance for any condition. (I) Recombination efficiencies of as-cre infected cells across 4
concentrations (n = 3 repeats per viral dilution and n = 5 ROIs per repeat). Recombination
efficiencies showed a near linear reduction with increasing virus dilution.
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3.2.2 Intraperitoneal Tamoxifen injections lead to extensive gene

recombination within the subventricular zone and cortex

One possibility for in vivo activation of the confetti locus and subsequent tumour
formation is to induce Cre expression within the SVZ using the GLASTCreERT2
Transgene (Mori et al., 2006). GLAST is a marker specific for SVZ NSCs which are the
current leading candidate for glioma’s cell of origin and unlabelled tumorigenesis in
this fashion has already been established in our lab (Benedykcinska et al., 2016a). To
test the effectiveness of recombination via this method animals (n = 6) were given a
3-day course of tamoxifen injections and culled 7 days later (Figure 3.5A). In all
animals, cryosectioning and confocal imaging revealed extensive recombination
throughout the upper and lower regions of the SVZ where cells expressing each of
the four confetti fluorophores could be observed (Figure 3.5B & C). However, a
considerable number of recombined cells were also visible scattered throughout the
cortex (Figure 3.5D). GLAST is also a marker of activated astrocytes (Preston et al.,
2019) which judging by cellular morphology is likely the identity of the labelled cells
found in the cortex. These results suggest tamoxifen mediated recombination
targeting GLAST expressing cells is a viable strategy for in vivo confetti labelled
tumour induction. However, our previous work with this technique reported
protracted periods of tumour development and low tumour penetrance
(Benedykcinska et al., 2016b). Therefore, we next attempted to combine confetti

labelling with the rapid and high penetrance PIC retrovirus glioma model.
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Figure 3.5: Tamoxifen delivery effectively recombines the confetti locus in GLAST CreERT2
transgenic animals (A) schematic showing time course of experiment and genotype of animals used
(n =6). (B & C) Confocal imaging of subventricular zone (SVZ) in cryo-sectioned mouse brains after
course of tamoxifen injections. Extensive expression of confetti fluorophores can be observed
suggesting effective activation of GLAST CreERT2 in target cell populations (A scale bar =100 um, B
scale bar = 200 um). (D) Example of further confetti fluorescence expression in astrocytes of the
cortex which like SVZ NSCs are also GLAST expressing cells (Scale bar = 200 um).
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3.2.3 Relative titre calculations increase PIC retrovirus in vivo tumour

penetrance

Neonatal intraventricular injections of PIC retrovirus into PTEN/o¥//ox/p53lox/lox mjce
produce rapidly growing tumours with nearly 100% penetrance (Lei et al., 2011). The
resulting fast experimental turnover makes this an excellent model for developing
our lineage tracing methodologies. In our experiments, this model were hampered
by low tumour penetrance thought to be due to insufficient virus titre during virus
preparation. To address this we increased viral titre, by concentrating the viral
preparations. Furthermore, to ensure new virus preparations were of satisfactory
titre and capable of achieving the expected high tumour penetrance, they were
subject to a relative titre test. Virus preparations were incubated with neurosphere-
derived (Galli et al., 2004) neural stem cells from a Confetti-GBM mouse (n = 3
repeats). 72h later, the number of recombined cells present was calculated across 10
sample regions (Figure 3.6B - E). Previously, virus preparation #1 demonstrated high
tumour penetrance (Figure 3.6F), therefore, we reasoned virus preparations with a
greater recombination efficiency than preparation #1 should yield high tumour
penetrance. For virus preparation #1, the mean fraction of in vitro recombined cells
was found to be 2.16% (+ 0.24% SEM) (Figure 3.6G). For new concentrated virus
preparations, these values were 6.47% (+1.02% SEM) and 4.21% (+0.73% SEM) for
preparation 4 and 5 respectively (Figure 3.6B). Both new preparations reported an
increased recombination efficiency compared to preparation 1 but only preparation
4 reported a statistically significant increase (One-way ANOVA 95% Cl, Bonferroni
correction) (Figure 3.6G). Virus prep 4 was used for subsequent injections and
reported a 100% tumour penetrance across three separate litters (Figure 3.6H). Mice
injected with virus prep 4 reported a median survival rate of 27.5 days (Figure 7.15B)

and shared histological features consistent with human GBM (Figure 7.15C-F)
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Figure 3.6: Relative titre calculations ensures consistent tumour formation in PIC retroviral
model. (A) Schematic showing PIC virus application, 72h hour wait until imaging of confetti
fluorescent reporter and Hoechst 33342 nuclear stain for calculating recombination efficiencies.
(B — E) Example fluorescent imaging of viral titre test ROIs for PIC retroviral prep 1 (B), prep 4 (C),
prep 5 (D) and no no virus control (E)(Scale bar = 200 um). Viral preps 2 & 3 were not subject to
in vitro recombination assay. (F) Displays difference in tumour penetrance between different virus
preparations, each point represents tumour incidence in a litter of injected animals. Virus preps
2 (n = 4 litters) and 3 (n = 5 litters) showed a statistically significant reduction in tumour
penetrance compared to prep 1 (n = 5 litters) (One-way ANOVA, Bonferroni correction, 95%
confidence intervals, p = 0.006). (G) Displays quantification of in vitro recombination results of
virus prep 1 and newly concentrated virus preps 4 and 5 (n = 3 technical repeats per virus prep).
One way ANOVA with 95% confidence intervals didn’t reach significance but reported p = 0.051.
Bonferroni correction of multiple comparisons did find p < 0.05 for prep 1 vs prep 4 but not prep
1vs prep 5. (H) Tumour incidence across 3 litters injected with virus prep 4 was 100%.

3.2.4 Confocal Imaging of PIC injected mice reveals tumours of variable

organisation, location and clonal content

Confocal imaging experiments of PIC induced tumours were limited by low tumour

penetrance and as such only a small proportion of injected animals were eventually

imaged. In total 160 neonatal mice were injected for confocal imaging experiments.

Of these, 106 animals were processed for cryosectioning while 54 were processed

for vibratome sectioning. In total 15 animals from the cryostat group and 13 animals

from the vibratome group were imaged by laser scanning confocal microscopy.

Cryosectioning was found to be a more suitable approach for fluorescent imaging of
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confetti labelled tumours. This section presents the best examples of cryosectioned
tumours to illustrate the variable location, structure, development and clonal

content of tumours produced after PIC retrovirus injections.

A

Resting state

>
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Rosa26 Locus

Figure 3.7: R26-confetti reveals distinct tumour lineages after intraventricular PIC retroviral
injections. (A) r26-confetti locus design allows for expression of four different fluorophores. (B and
C) Distinct regions of the same tumour (n = 1) demonstrating spatial heterogeneity in clonal
composition (scale bar = 100 um). (D) High power image highlighting presence of all rosa6-confetti
fluorophores designated by correspondingly coloured arrows (scale bar = 50 um).

Figure 3.7 shows an example of cryosections from a confetti labelled tumour in the
cortex. Cells expressing each of the 4 confetti fluorophores (ECFP, nGFP, EYFP and
tdimer2) were identified. However, cellular discrimination was much easier for cells
expressing EGFP, EYFP or tdimer2, while ECFP expressing cells generally appear as a
continuous region of blue fluorescence where single cells cannot be easily identified.
Interestingly, tumour label composition was found to vary across different tumour
regions; a region containing many labels is show in Figure 3.7B while a region
predominated by EYFP expressing cells is shown in Figure 3.7C. This would indicate
that discrete tumour regions can contain a variety of different clones while some
regions are comprised primarily of cells from a single clone. This would be congruent
with human disease where spatially discrete biopsies of a single tumour were found

to have different clonal contents.
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Figure 3.8 displays images of an apparent choroid plexus tumour seven weeks after
PIC injections. In Figure 3.8A we can see the rostral portion of this tumour retained
within the left ventricle which would suggest it is a tumour of choroid plexus origin.
Cells are predominately labelled with EGFP or EYFP and are densely clustered. In a
more caudal region of this tumour we can identify two histological distinct tumour
regions; a densely populated region proximal to the left ventricle (Figure 3.8B.1 &
B.2) and a leading edge of the tumour where cells adopt a much more dispersed
distribution (Figure 3.8B.3) perhaps indicating cell migration. Between these two
regions, there is a portion of the tumour with apparently few labelled cells. It is
possible this is a region of necrosis with few living cells or alternatively this region of
the tumour is comprised of cells labelled with ECFP that we rarely detected during

histological assessment of PIC induced tumours.

Choroid Plexus tumour 7 weeks post injection

~

Figure 3.8: R26-confetti labelled choroid plexus tumour after PIC retroviral injections: (A) Confocal
imaging of rostral tumour region contained within ventricle (scale bar 200 um). (B) Caudal tumour
region showing invasion in brain parenchyma (scale bar = 200 um). (B.1 & B.2) Proliferative regions
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proximal to the ventricle showing densely packed cells in palisading structures (scale bar = 100 um).
(B.3) Tumour region distal to the ventricle at the invading edge of the tumour showing cells less
densely packed (scale bar = 100 um).

Figure 3.9 shows three examples of another common tumour location and structure
found after PIC injections. In these examples, tumours presented within the
subcortical white matter and each one is comprised of just a single label suggesting
these tumours comprised primarily of a single clone. Generally speaking, these
tumours were confined within the subcortical white matter with cells primarily
migrating laterally with a small proportion exiting the white matter dorsally or
ventrally. In Figure 3.9A & B, cells can also be seen migrating dorsally, perhaps along
cortically projecting axonal tracts while in Figure 3.9C cells can be seen exiting the
subcortical white matter ventrally between the lateral ventricles demonstrates three
examples of tumours that formed in confetti animals but presented containing very
few or no labelled cells. Figure 3.10A contains a caudally located tumour that formed
beneath the lateral ventricles while tumours displayed in Figure 3.10B & C were
found lateral to the ventricles. Similar to what was observed in the tumour shown in
Figure 3.8, it is unclear if these are regions of necrosis or packed with poorly detected
ECFP expressing cells. Alternatively, it is possible that constitutive cre activity is
leading to persistent flipping of the confetti locus and eventual loss of fluorescence

expression through damage to the locus.
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White matter tumour 7 weeks post infection

White matter tumour 7 weeks post infection

Figure 3.9: Examples of tumours forming in sub-cortical white matter after PIC retroviral
injections. (A — C) Three separate tumours forming with cells restricted largely in the sub-cortical
white matter (scale bar = 200 um). (A’ & B’) Cells exiting the white matter and migrating dorsally
into the cortex (scale bar = 100 um). (C’) Cells exiting the white matter into brain regions ventral to
the sub-cortical white matter (scale bar = 100 um).
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Poorly labelled tumour 5 weeks post injection
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Poorly labelled tumour 7 weeks post injection
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Figure 3.10: Examples of tumours forming in central brain regions containing many unlabelled
cells. (A-C) Three separate tumours where the bulk of observed cells were found not expressing
and R26-confetti labels (scale bar = 300 um). (A’ — C’) boxed regions in A — C demonstrating the
sparse presence of labelled tumour cells but extensive areas of unlabelled cells (scale bar = 100
pum).
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3.2.5 PICinduced confetti tumour fluorescence is preserved after clarity

tissue clearing

Despite the issues discussed above, We were able to use r26-confetti mice injected
with the PIC retrovirus to optimise our clearing protocol. This method will allow us to
obtain large scale spatial information on the migration and localisation of differently
labelled clones. The passive clarity procedure involves overnight tissue fixation in 4%
PFA, then embedding of sample into a polyacrylamide hydrogel (Figure 3.11A). Once
embedded, samples are then passively cleared of lipids by bathing in a detergent
solution (8% SDS). Finally, to minimise heterogeneous light scattering events samples

are incubated overnight in refractive index matching solution (RIMS) (50).

Early trials of using passive clarity to image r26-confetti tumours were unsuccessful.
Tissue would visibly clear but when tumour regions were investigated little or no
endogenous fluorescence was observed. We were initially using large pieces of brain
tissue which required up to 1 weeks incubation in SDS for delipidation, we therefore
modified our approach to clear 1Imm thick coronal slices (Figure 3.11: Passive clarity
tissue clearing permits deep imaging and preservation of R26-confetti fluorophores.
(A) Schematic of theory behind clarity tissue clearing. Tissue is fixed then embedded
in acrylamide hydrogel to fix tissue macromolecules. Lipids are then diffused from
the tissue by incubation in detergent solution (8% SDS).(B-E) Examples of brain tissue
before and after clarity procedure demonstrating excellent optical clearing (n =
2)(Scale bar = 500 um). (F & G) Regions containing cells with preserved endogenous
fluorescence (scale bar = 100 um). (H) Orthogonal view of a 600 um z-stack of
Hoechst-stained clarified brain tissue. Hoechst staining was visible at up to 300 um
of depth after which signal intensity was very low (n = 2).). These sections could
complete delipidation in around 16h incubation in SDS. Cleared sections in Figure
3.11D & E were imaged after overnight SDS incubation and 2h in RIMS. Critically,
when incubating 1mm sections in 8% SDS, endogenous fluorescence was preserved
(Figure 3.11F & G). Hoechst 33342 could be added to the RIMS solution at 1 ug/ml to
examine imaging depths. The orthogonal view of a 600 um z-stack is shown in Fig 6H,
hoechst stained nuclei were easily observable up to ~300 um of depth (Figure 3.11H).

Nuclei were still visible below this point, but intensities were very low.
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Figure 3.12A-H shows images of a R26-confetti PIC tumour taken at 50 um
increments in the z-axis. The mean corrected fluorescence intensity of ECFP, EYFP
and tdimer2 for the image is shown in in Figure 3.121 in arbitrary units (AU), EGFP
was not measured. EYFP+ and tidimer2+ cells were still discernible at 300 um of
depth although fluorescent intensity had reduced drastically for both fluorophores.
ECFP signal appeared to reduce faster than EYFP and tdimer2 with most signal
disappearing by around 200 um in depth. Shorter wavelengths are subject to more
scattering events than longer wavelengths which may explain apparent lower ECFP+

signal at greater imaging depths
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Figure 3.11: Passive clarity tissue clearing permits deep imaging and preservation of R26-confetti
fluorophores. (A) Schematic of theory behind clarity tissue clearing. Tissue is fixed then embedded in
acrylamide hydrogel to fix tissue macromolecules. Lipids are then diffused from the tissue by
incubation in detergent solution (8% SDS).(B-E) Examples of brain tissue before and after clarity
procedure demonstrating excellent optical clearing (n = 2)(Scale bar = 500 um). (F & G) Regions
containing cells with preserved endogenous fluorescence (scale bar = 100 um). (H) Orthogonal view
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of a 600 um z-stack of Hoechst-stained clarified brain tissue. Hoechst staining was visible at up to 300
um of depth after which signal intensity was very low (n = 2).
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Figure 3.12: Clarity is best suited to imaging longer wavelength fluorophores. (A — H) Representative
merged images of rose26-confetti tumours containing ECFP, EGDP, EYFP and tdmer2 cells imaged at
50 um increments in the z-plane (scale bar 100 um). (1) Mean corrected fluoresence in arbitrary units
for each ECFP, EYFP and tdimer2. EYFP and tdimer2 fluorescence is still detectable up ~300 um while
ECFP detection is lost at almost 200 um. N = 1 cleared tumour sample.
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3.2.6 FACS sorting of PIC induced confetti tumours reveals recurrent

flipping of the confetti locus

As an alternative to investigating cells in situ, we planned to isolate and propagate
the four genetically labelled lineages from the same tumour. We would then use in
vitro assays and organoid culture to see if the behaviours of separate lineages
diverged during tumour propagation. To explore this method, tumours were again
induced using PIC retroviral injections and propagated until animals developed
clinical signs of intracranial tumours (4 — 5 weeks). Fresh brain tissue was sampled,
and tumour regions extracted then dissociated using the Worthington papain
dissociation kit® (Section: 2.3.2). We then attempted to separate the ECFP+, EGFP+,
EYFP+ and tdimer2+ cells and propagate them in culture. The cell sorting was set up
with a gated system where cells were initially gated for EGFP or EYFP expression
(Figure 3.13A & B). Cells negative for both were then passed onto a further gate
where they were tested for tdimer2 or ECFP expression (Figure 3.13A & C). With this
setup we effectively isolated tdimer2+ and ECFP+ cell populations (Figure 3.13D &
G). However, there was an issue deviating between EGFP+ and EYFP+ cells as our
EGFP collection was composed primarily of EYFP+ cells (Figure 3.13E). Surprisingly,
most cells in the EYFP collection were double positive for ECFP and tdimer2. A further
complication arose when isolated populations were imaged 2 days after sorting.
Many cells within the initially pure ECFP and tdimer2 collections were positive for
both markers (Figure 3.13H’ & K’). By 5 days after FACS, the ECFP collection contained
cells expressing tDimer2 only (Figure 3.13L°). While the tdimer2 collection contained

a large portion of cells expressing ECFP only (Figure 3.130’).

This observation suggested a considerable number of tumour cells was constantly
changing colour during tumour propagation. Retroviral genes integrate into the host
genome so PIC retroviral induced tumour cells constitutively express Cre
recombinase. As a result, the confetti locus would be constantly flipping throughout
the lifetime of these cells. It is reported that genomic regions flanked by inverted
LoxP sites can become unstable or damaged by long-term cre exposure (Meinke et
al., 2016). This may explain why some cells are not changing colour. It is conceivable

that the construct has become “damaged” and is locked in a single orientation.
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Additionally, the observation that some PIC induced tumours contained a large
portion of unlabelled cells could also be attributed to this effect. Perhaps the
construct does not correctly re-insert during flipping and fluorophore expression

ceases.

The suggestion that cells are constantly changing colour during tumour propagation
further limits the PIC model for Lineage tracing. It would only be possible to compare
two lineages; ECFP+/tdimer2+ and EGFP+/EYFP+ as it is likely that the colour of a
given cell continuously flips during tumour propagation. Given these results and
factors discussed previously, we reasoned that the PIC retroviral model was not a

suitable system for confetti lineage tracing.
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Figure 3.13: FACS analysis of PIC induced r26-confetti tumour cells reveals autonomous flipping of
the confetti locus. (A) Demonstrating the gated setup of our sort (n = 1 PIC induced tumour). (B)
Fluorescent cells plotted for EGFP/EYFP expression; regions highlighted demonstrate which cells were
collected. Double positive cells were detected at this stage (C) Cells that were negative for EYFP and
EGFP (bottom left in B) plotted for ECFP/tdimer2 expression. Regions where ECFP* and tdimer2* cells
were collected from are designated a CFP and RFP respectively. Spread would suggest presence of
double labelled cells. Lower panel (D-O) demonstrate adherent culture of r26-confetti tumour cells
for each collection at 24h, 48h and 120

F

_ 24h
J

— 48h
\

h post sort (Scale bars 400 um). (D’, H’, L’) Show emergence of tdimer 2 expressing cells in the ECFP
collection, (G’, K’, O’) Shows emergence of ECFP expressing cells in the tdimer2 collection.
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3.2.7 Sectioning of living tumour tissue and ex vivo culture permits

serial imaging of tumour tissue capturing gradual cell death

To achieve serial imaging of confetti labelled cell populations, we explored sectioning
of freshly sampled confetti-GBM brain samples with PIC induced neoplams. PIC
induced confetti-GBM tumour tissue (n = 6) was sectioned on a tissue chopper and
transferred to wells containing raised inserts such that sections were not submerged
in media. After sectioning, neoplasms were found generally within cortical regions
(Figure 3.14B-F) but in one case we observed an outgrowth in the sub-cortical white
matter (Figure 3.14G). Imaging of sections revealed apparent clonal neoplasms
(Figure 3.14C & D) as well as neoplasms composed of multiple clones (Figure 3.14B,
D-F). Sections were maintained in the presence of 1 UM 4-OH Tamoxifen with the
aim of flipping the confetti cassette and visualise cells changing colour.
Unfortunately, no apparent changes in cell colour were observed through the period
of culture which in most cases lasted 4 days. By this point, much of the tissue had
become necrotic and cell fluorescence was diminishing, limiting the detection cells.
Sections produced by the tissue chopper were quite thick which rendered focussing
on neoplasms in the same plane on consecutive imaging days difficult. Furthermore,
the thickness of sections may have compounded the tissue necrosis that was
observed. Nevertheless, the detection of labelled cells suggests that with some
improvements, slice culture could be a useful technique for assessing confetti
labelled tumours. Furthermore, culturing and imaging slices of tumour organoids

may be a better approach for achieving serial imaging of labelled tumour cells.

105|Page



1M 4-0H
Tamoxifen
1M 4-0H +

Sections cut using Tamoxifen Confocal Imaging Confocal Imaging Confocal Imaging Confocal Imaging Confocal Imaging
tissue chopper v v
oS ~ -~ N o ~
> -/ </ A4 -/ 7/ 7/
>
A 3> . L] I | | | | |
I | I I | |
oV =
Day 0 Day1 Day 2 Day 3 Day 4 Day 5
Day 1 Day 2 Day 3 Day 4 Day 5

29 DPI

20 DPI

20 DPI

20 DPI

27 DPI

20 DPI

Figure 3.14: Sectioning of living tumour tissue and ex vivo culture permits serial imaging of confetti
labelled tumours but shows gradual tissue necrosis by 4 or 5 days. (A) Schematic of experimental
pipeline where tissue sections are maintained in media with 4-OH tamoxifen. (B — G) Examples of
cellular neoplasms imaged over sequential days in animals injected with PIC retrovirus. Number of
days since retroviral injection is displayed on the left-hand side.(n = 12, 6 displayed) (Scale bar = 200

um)
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3.2.8 Successful isolation and propagation of confetti labelled glioma

cells in three-dimensional cultures

To assess intra-tumour heterogeneity, we seeded cells from different tumour
lineages into three-dimensional organoid culture. When cultured in this fashion,
cancer cells can be cultivated for protracted time period, potentially over months,
without the need for passaging. Over such long culture periods, cells diversify and
differentiate recreating aspects of heterogeneity observed in vivo (Hubert et al.,
2016). Furthermore, the availability of nutrients at the core of a 3D culture is limited
and as cells divide within the 3D scaffold, central regions become hypoxic and
necrotic (see also discussion in section 5.3). Essentially, separate niches are created
within the culture, fluorescent tracking could be used to explore how clonality relates
to a cells propensity for proliferation in the internal hypoxic niche and/or the

nutrient-rich surface.

Figure 3.15B-P shows cryosections of organoids seeded with a mixture of R26-
confetti cancer cells isolated from a PIC induced tumour. Representative images of
organoids frozen after 6, 8, 10, 12 and 14 days of culture and stained with
Haematoxylin and Eosin (H&E) to compare their structures. Up to 8 days of culture
cells appear to occupy organoid regions evenly (Figure 3.15B&C). By 12 days of
culture central regions begin to show a much lower density of cells likely due to
nutrient restriction within the organoid core (Figure 3.15E&F). By day 10, cells are
much more densely located around the periphery and have formed an
interconnected network of processes containing dispersed nuclei (Figure 3.15N). By
day 14, densely packed nuclei line almost all regions of this network (Figure 3.15P).
Interestingly, at day 14 more cells were observed in the organoid core than at 12 days
(Figure 3.15T & U). Suggesting these cells possess a heightened ability to proliferate

within this hypoxic nutrient restrictive niche.
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Figure 3.15: H&E histology and fluorescent imaging from r26-confetti organoid experiments. (A)
Schematic of procedure for GBM organoid culture. Cells are mixed with Matrigel then 20 ul droplets
are placed into parafilm moulds. Droplets are polymerised for 2h at 37°C the cultured in isolation for
2 days before being placed in 10 cm culture dishes. (B-F) Macro view of H&E stained cryosectioned
organoids at 6, 8, 10, 12 and 14 days of culture (Scale bar = 500 pum). After 12 days (E & F), cells
sparsely occupy the core region suggested to be caused by nutrient restriction and hypoxia. (C-P)
increasingly higher magnification images showing structural changes as culture progresses. G — K scale
bar =200 um, L — P scale bar = 50 pm. (Q-U) Fluorescent images of cultured organoids demonstrating
the ability to visualise all r26-confetti fluorophores (Scale bar = 500 um).

Figure 3.15Q-R displays fluorescent images of the samples in Figure 12B-P. It was
possible to distinguish cells of all the different colours, ECFP* cells were much easier
to distinguish compared to imaging in vivo. Fluorescent images also demonstrate the

reduced cell density within core regions observed at 12 days of culture (Figure
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3.15T&U). Three-dimensional imaging with Light-sheet microscopy was also
performed (n = 1 organoid) revealing spatial heterogeneity in clonal composition
(Figure 3.16) Therefore, tumour organoids represent a good model system for

assessing tumour heterogeneity and comparing clonal dynamics of cells from a single

tumour.
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Figure 3.16: Light-sheet imaging reveals regional clonal heterogeneity of Matrigel glioma organoids:
Three-dimensional reconstruction of confetti labelled organoid surface (n = 1). Arrows and blue dot
which represents Matrigel sphere, indicate the degrees by which the central view has been rotated
to give the top, bottom, left and right views of the organoid surface (Grid in 400 um units).
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3.3 Discussion

In this chapter we explored in vitro and in vivo applications for lineage-tracing in
murine models of GBM. By crossing PTENflox/flox. pg3flox/flox gnimals with ROSA26-
confetti animals we generated a transgenic line where cellular Cre exposure induces
expression of combinations of fluorophores as well neoplastic transformation in the
same cells. Using the PIC retroviral glioma model (Zhang et al., 2019, Lei et al., 2011,
Sonabend et al., 2013, Sonabend et al., 2014) we successfully generated tumours
harbouring cells labelled with ROSA26-confetti fluorophores (Figure 3.7). Confocal
imaging of confetti-labelled tumours revealed varied outcomes in tumour formation
and clonal composition. Whether this heterogeneity represents stochastic variations
in the model system or inherent heterogeneity in the evolution of tumours induced
through PIC injections remains to be seen. With this model system we successfully
developed approaches for tissue clearing and three-dimensional imaging, FACS label
detection and separation, live cell imaging, serial imaging of tumour tissue sections

and three-dimensional culture systems.

Firstly, through FACS sorting and serial passaging of distinctly labelled populations
we identified persistent flipping of the confetti cassette in tumour cells produced
through PIC injections. This was attributed to the design of the confetti locus in terms
of parallel and inverted loxP sites. After the initial Cre exposure the confetti locus is
excised to leave a cassette containing two fluorophores (ECFP and RFP or EGFP and
EYFP) flanked by inverted loxP sites for flipping the cassette and changing
fluorophore expression. In the PIC model, Cre expression remains constitutive due to
integration of the retroviral transgene into the genome of target cells. It is likely that
this leads to persistent flipping of the confetti locus and explains why red cells
appeared in the blue sorted population and blue cells appeared in the red sorted
population after a few days of culture. This represents a major disadvantage for
lineage tracing as cells keep changing colour combinations and render it difficult or
impossible to identify related progenies. Therefore, models using transient cre
delivery for tumour induction would work better in combination with confetti
lineage-tracing. For example, we demonstrated extensive recombination and
expression of the confetti cassette after a course of in vivo tamoxifen injections to
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cells expressing the GlastCreERT2 transgene. However, tumours induced in this
fashion have the technical disadvantage of low penetrance and incubation times of

up to 10 months compared with 30 -40 days using PIC-induced tumours.

A further option was to establish NSC cultures from PTENfox/flox. p53flox/flox gnimg|s
and perform the Cre recombination step in vitro. We achieved this by incubating cells
with Adenovirus-cre or, in cell lines expressing the GLASTCReERT2 transgene,
incubation with 4-OH Tamoxifen. By incubating with adeno-cre, the highest dose
achieved a recombination and thus fluorescence expression in nearly 100% of cells,
while 4-OH tamoxifen delivery achieved a maximum of ~14% recombination
efficiency across all concentrations tested. Suggesting that only a subset of murine
NSCs in culture are expressing GLAST and susceptible to recombination in this
fashion. Nevertheless, both adeno-cre and 4-OH tamoxifen approaches successfully
produced recombined labelled cells that would be suitable for subsequent
allografting. One would suspect that successfully recombined murine NSCs with PTEN
and P53 loss would outgrow unrecombined cells within a few passages. However,
allografting cells is not as accurate a model for tumour development compared with
in vivo recombination approaches where cells exit their canonical in vivo regulation
to from neoplasms. One advantage of in vitro recombination for subsequent
allografting would be the ability to quantify the starting label compositions in the
transplanted cell populations which is advantageous for identifying the underlying
label population from which cell expansions have occurred. Many PIC-induced
tumour were composed almost completely of cells with the same label and whether
this was due to expansion of a single clone or a large representation of cells with that
colour after initial recombination was unclear. As shown previously, we find that in
the setup with in vitro recombined confetti cells, fluorophore expression is not evenly
distributed throughout the recombined populations. Therefore, it is likely that similar
distributions of fluorophore expression in the recombined cell population occur

during in vivo recombination.

In tumours where multiple confetti labels and therefore multiple clones were
present, clonal populations did not show any distinct, or reproducible organisational

or structural pattern. Imaging applications of confetti lineage-tracing have great
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power in revealing the tightly controlled and ordered patterns of clonal behaviour in
tissue development and regeneration. While it is possible that persistent flipping of
the confetti locus was masking any underlying order to tumour development,
unsurprisingly, it appears PIC induced tumours show a highly disordered and variable
clonal development. Suggesting that little understanding of clonal tumour
development can be achieved through direct observation of end-stage confetti
labelled tumours. Alternatively, investigating the early stages of tumour
development where smaller neoplasms are forming and clonality can be more easily
identified, may be a better application of confetti lineage-tracing in this model.
Moreover, looking at time series of tumour development may also provide a more
informative readout of tumour development. For example, where end stage tumours
form containing cells primarily of an individual label, time series analysis would
indicate if these tumours generally began with greater clonal diversity which was lost

over time.

Clonal diversity is part of the multi-faceted concept of tumour heterogeneity where
cell intrinsic and cell extrinsic factors shape tumour cell diversity on genetic and
epigenetic level, which affects cellular phenotypes. Since we observed development
of both clonally diverse and near-monoclonal tumours it would be interesting to see
how clonal diversity influences tumour biology. For example, classification of tumour
clonality through flow cytometry combined with RNA sequencing would reveal any
underlying transcriptomic differences between clonally diverse and clonally uniform
tumours. Furthermore, FACS could be used to isolate individual clones for
subsequent RNA-sequencing or even single-cell RNA sequencing to assess differences
within clones. Such experiments would address the contentious questions of how cell
heritage contributes to shaping tumour cell biology and bulk tumour heterogeneity.
A recent study combined viral barcoding and single-cell RNAseq with xenografting of
human glioma CSCs (Neftel et al., 2019), and showed that cells of an individual clone
exist across multiple characterised expression states resembling parenchymal brain
cells suggesting cellular heritage has little influence over the expression states of
individual cells. However, this study was limited to just a few cells per clones (<10).

FACS sorting and subsequent RNA sequencing of fluorescently traced cells would
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permit sequencing of many more cells per clones. Such an approach would be
valuable for interrogating cellular hierarchies between clones within an individual
tumour (Lan et al.,, 2017). A possibility to explore this further would be the
combination of fluorescent tracing and surface marker expression analysis through
flow cytometry to investigate the relationship between clonality and CSC surface
marker expression (Dirkse et al., 2019b). Our experimental setup exploring this
option is described in Chapter 5. Alternatively, surface marker staining could be used
to characterise immune responses to monoclonal or clonally diverse tumours to
investigate how clonal architecture influences immune responses and vice versa.
Finally, with the increasing availability of in situ sequencing techniques further
development of fluorescent tracing applications could permit interrogation of spatial
and clonal gene expression. Such an approach would have great value in investigating
how microenvironmental factors influence cellular states while providing a readout

of clonal proliferation.

Here, we successfully achieved optical clearing and high-depth (>300 um) imaging of
confetti tumours using passive clarity and confocal microscopy (Tomer et al., 2014,
Yang et al.,, 2014). Early experiments found considerable bleaching of expressed
fluorophores when labelled tumour tissue was incubated in SDS for prolonged
periods. To mitigate this, fixed brain tissue was sectioned to 1mm thick slices, thus
enabling complete delipidation of tissue after a single overnight incubation in SDS.
With this method, endogenous fluorescence remained well-preserved and imaging
of differentially coloured cells was achieved at larger imaging depths. In keeping with
previous studies (Richardson and Lichtman, 2015) we observed that the depth of
fluorescence detection depends on the wavelength of emitted light. Thus, EYFP and
RFP were detected at greater depths than eCFP with its shorter emission wavelength.
This effect is well characterised and is associated with greater refraction and
scattering of shorter wavelengths as they pass through the cleared tissue (Richardson

and Lichtman, 2015).

Effective three-dimensional imaging of large tumour areas using confocal microscopy
was unfeasible, due to the long image acquisition times. Even the use or an advanced

Laser scanning confocal microscope Zeiss LSM880 with its faster image acquisition
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compared with the LSM710 was still insufficient for imaging of many of the larger
tissue samples. Issues of protracted image acquisition could be resolved through the
use of light sheet microscopy where we were able to image a ~3mm? region at up to
1mm in depth in around 5 minutes. However, limited laser lines and emission filter
sets on the Zeiss light-sheet Z1 microscope limited the fluorophore acquisition to
EYFP and RFP only. Nevertheless, use of a light-sheet microscope with appropriate
lasers and filters could have resulted in effective three-dimensional imaging of
fluorescently traced tumours. Here, we did not explore the potential for
immunostaining on cleared tissue for potential interrogation of clonality and
expression of prognostic markers. It is likely that prolonged incubations in detergent
solutions for permeabilization required when immunostaining would affect the
detection of endogenously expressed confetti fluorophores. As such, antibodies
targeting expressed fluorophores would also be required to enable detection of the

fluorescent labels but lead to highly complex immunostaining protocol.

In conclusion, this chapter describes the approaches to establish a lineage tracing
model, combining the induction of flow for expression in combination with
Inactivation of tumour suppressor genes, using cream mediated recombination.
Whilst in principle providing a useful model, there were specific technical limitations,
such as the continued recombination events, rendering this specific model system is
suitable. The model was then modified using a transient Cre expression (GLAST-cre
ER(T) promoter responding to tamoxifen exposure). This elegantly resolved the
issues of continued Cre activity, but was fraught with low efficiency rates and long
incubation times to develop tumours. A further approach was the derivation of
neural stem cells from mice expressing a combination of the brainbow and tumour
suppressor constructs (PTEN and P53) flanked by loxP sites, and the combination with
either Adeno-Cre or tamoxifen incubation of the cultured spheres. However,
subsequent imaging of thick slices derived from allografted tumours was met with
technical limitations, either slices that could not be penetrated by the lasers of the
confocal microscopy systems, or by the limited availability of filter sets in the light

sheet microscopy setup.
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Chapter 4: Optimising labelling assays for
lineage-tracing primary human GBM cell

lines

4.1 Introduction

For fluorescent lineage tracing in human cells, we adopted RGB (“red green and
blue”) marking. This technique involves lentiviral delivery of 3 fluorophores to
produce up to 8 different distinct labels. An accurate virus titre and calculations
based on mathematical set theory (Weber et al.,, 2012) achieve nearly even gene
transfer rates for each delivered fluorophore. This technique is adaptable and can be
expanded to include more fluorophores achieving a greater number of

distinguishable labels (Mohme et al., 2017).

In the most elaborate application to date, an optical barcoding producing 41
unambiguously labelled U87 cell clones using six different fluorophores, was
achieved (Mohme et al., 2017). Subsequently, barcoding and in vivo tracing of 21
distinctly labelled GL261 mouse glioma cells was achieved (Mohme et al., 2017). This
approach relies on single cell FACS sorting to obtain homogenously labelled clonal
populations. In previous work, primary cells have been selected for the neural stem
cell marker CD133 to extract cells with the potential for indefinite self-renewal (Lan
et al., 2017). Furthermore, achieving adequate yields of clonal cells through this
approach can take upwards of 2 - 3 months which is likely to introduce changes in
the epigenetic identity of clonal cells. Clonal populations established from single cells
have undergone a substantial number of cell divisions in a context that is far removed
from the GBM microenvironment. Therefore, in our work we aim to establish clones

from mixtures of cells, bypassing the need for single-cell sorting.

In 2018, another study was published demonstrating clonal emergence after long-
term culture of RGB marked cells (Breniere-Letuffe et al.,, 2018). This was
demonstrated for iPSC lines as well as HEK293 and two fibroblast lines for which

115|Page



clonal populations were detected by 4 passages after labelling. Clonal populations of
dual or triple labelled cells were easily recognised as they created streaky clusters on
flow cytometry dot-plots. Once a clone has expanded substantially, these cells can
be FACS enriched for further manipulation or sorted straight into cell lysing buffer for
extracting nucleic acids. Such clones arise after competition and/or cooperation with
other lineages rather than their ability to withstand experimental stress and grow
from isolation. Although fluorescence expression for cell tracing is widely used, it is
important to concede that lentiviral infection and fluorophore expression may also

affect the outgrowth of clones.

Nonetheless, we reasoned clonal emergence achieved with this approach was more
suitable to study human glioma CSCs. To improve the procedure, we aimed to grow
labelled cells as tumour organoids rather than serially passage them in adherent
culture. In 2016 Rich et al (Hubert et al., 2016)showed a three-dimensional tumour
organoid culture which emulate elements of the glioma microenvironment and
cellular heterogeneity. Cells cultured in organoids show better levels of engraftment
and are more invasive in xenografts when compared to adherently cultured human
glioma CSCs. It Is not established if the same clonal emergence occurs in organoids
but since these can be seeded with as few as 1000 cells we reasoned it was likely
clonal populations would arise and could be collected after 4 — 6 weeks, representing

an excellent tool for studying gene expression in human glioma CSC clones.

To validate labelling results of previous studies, we first trialled a co-transduction of
untitred concentrated LeGO-vectors to U87 cells which were subsequently
xenografted or grown as organoids. In parallel, virus titre were established and
controlled RGB labelling techniques were optimised in HEK293T cells and
subsequently applied to primary GBM cells G61. Primary cells were then subject to
serial passaging and organoid culture using flow cytometry to assess the emergence
of clones. Informed by experimental feedback form these assays we further
optimise LeGO-vector based labelling for clonal detection. In addition to
establishing a clonal tracking technique we also explored options for functional
assessment of clones. One possibility explored was KD of a novel gene associated

with glioma progression or alternatively combining fluorescent tracing with
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phenotyping of glioma CSC marker expression to investigate clonal dynamics and

marker plasticity.
4.2 Results

4.2.1 RGB-marked U87 glioma xenografts, three-dimensional culturing

and FACS sorting

In the first instance we attempted to establish RGB marking using three different
LeGO-vectors in adherent U87 glioma cultures. First, we aimed at producing a
population carrying all 8 possible colour combinations from un-titred virus
preparations. We delivered virally packaged LeGO-vectors carrying EGFP, Venus or
Katushka2$S at equal dilutions in three separate transductions (Figure 4.1). Dilutions
ranged from 1:2000 and 1:8000 and this fluorophore combination was chosen to
permit detection of the nuclear stain Hoechst 33342 alongside tracing labels. We
achieved expression of all three fluorophores in each of the three transductions. As
expected, cells exposed to the highest concentration of virus particles showed the
highest proportion of cells expressing the three delivered fluorophores (Figure 4.1B).
Furthermore, in 1:4000 dilution transduction more cells showed complex colours as
a result of expressing two or three different fluorophores. Across all three
transductions EGFP was expressed most widely, followed by KAtushka2S with Venus
expressed least abundantly. This suggested that harvested viral preparations carried
variable concentrations of virus particles and as such, titering of the viral preps would
be required to deliver equal amounts of viral particles when performing co-
transductions in this manner. Nevertheless, with the current set of label cells we
were also able to optimise FACS parameters to separate the 7 different label
combinations (Figure 4.2). We next set out to assess the prolonged expression of
these vectors through culture of labelled U87 cells in three-dimensional organoids
and through orthotopic xenografting of labelled cells into immunocompromised

mice.

The culture exposed to a viral dilution of 1:2000 was selected for further culturing as
it contained the greatest diversity of labelling. These cells were expanded to

sufficient numbers for seeding into organoids and xenografting. We seeded 5000 U87
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cells into 12 organoid cultures harvesting (n = 4) organoids at 2, 3 and 4 weeks of
culture for cryo-sectioning (. Examples of serial sections from individually harvested
organoids at the three time points are shown in Figure 4.3B - D. Histological

assessment of labels revealed good preservation of fluorescence expression at all

A _‘, Virus dilution
EGFP % 2x10*

Venus

4x10*
Katushiazs % 8x 10

EGFP Venus : Katushka2S

Figure 4.1: LeGO-vector transductions in U87 produce cells expressing three fluorophores in 7
combinations. (A) Schematic showing the three viral encoded fluorophores (EGFP, Venus and
Katushka2S) and the corresponding dilutions of the three viruses in the different transductions (n
= 1 infection per dilution). (B) 2 x 10 viral dilution produces cells of all 7 fluorophore combinations
through overlapping expression. (C) 4 x 10 viral dilution achieves lower levels of viral infection and
less effective at producing cells labelled with 2 or more fluorophores. (D) 8 x 10 viral dilution
achieves lowest level of infection achieving mainly single label infections (red, blue and green).
Single channel images show EGFP has the highest level of infectivity across the three dilutions and
Venus has the lowest
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time points of organoid culture. Furthermore, from time points 2 to 4 weeks we also
observed a reduction in the label variability observed in harvested organoids. In the

2 week organoid (Figure 4.3B) cells expressed a variety of fluorescent labels spatially

distributed throughout the sections. However, in our sections of organoids harvested
at 3 weeks and 4 weeks we can see that certain labels are beginning to achieve

prominence in the cultures. By 3 weeks (Figure 4.3C) we can see an organoid

EGFP/Katushka2$S “Venus/Katushka2s -

EGF P/Ven sz
/Katushka2s - .-

Figure 4.2: Fluorescent activated cell sorting can purify uniquely labelled populations with only
minimal contamination from other label. (A — G) Merged confocal images of cell populations after
FACS experiment to isolate cells carrying the same label combination. Corresponding fluorophore of
each collection shown in bottom left of image panel. (D — E) Double positive and (G) triple positive
cells are not homogenously labelled with many different hues produced from the same underlying
label combinations (scale bar = 200 um)
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1 [ 1 | 1 1 | 1 1 ’
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Figure 4.3: Organoids grown from triple transduced U87 cells show expansions of cells carrying
the same label. (A) Experimental schematic, cells from the 2 x 10 dilution triple infection were
expanded and 10,000 cells seeded into (n = 12) organoids with 4x organoids harvested after 2, 3
and 4 weeks of culture. (B) Serial sections of an organoid harvested after 2 weeks of culture,
showing a large degree of label variability throughout the organoid with cells of all 7 underlying
fluorophore combinations visible. Cells forming a network internally and also forming a thicker layer
around the periphery. (C) Serial sections of an organoid harvested at 3 weeks showing a reduction
in label variability amongst the cells. A population of cyan cells can be seen extensively around the
periphery across all the sections. (D) Serial sections of an organoid harvested at 5 weeks showing
prevalence of cells harbour Katushka2S expression (red) across all sections. Cyan (EGFP +
Katushka2S), green (Venus) and blue (EGFP) are the only other labels visible throughout the
organoid. Internal network structures visible at 2 weeks not as apparent (scale bars = 300 um).

primarily composed of cells coloured in cyan (EGFP + Venus) or Blue (EGFP) with a

smaller number of cells represented by green (Venus) and purple (EGFP + Katushka).
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Interestingly the colours appeared to show spatial localisation with cyan coloured
cell localising to the surface and blue cells more prominent centrally. Reduced label
variability indicative of clonal outgrowth was even more pronounced in organoids
imaged at 5 weeks, the example sections (Figure 4.3D) show an organoid with red
(katushka2S) coloured cells growing throughout and smaller clusters of green, blue

and cyan coloured cells.

Figure 4.4 and Figure 4.5 show examples of tissue harvested form
immunocompromise mice after xenografting of our labelled U87 cells. We injected
50,000 labelled cells in mice (n = 6) and harvested tissue after 5 weeks of incubation.
Labelled cells were detected in 3 out of 6 injected animals. In one animal we found
cells growing around the periphery of the brain tissue clustered around blood vessels
(Figure 4.4 A, B and C). Additionally, cells were also observed migrating dorsally along
blood vessels into more central brain regions (Figure 4.4C). In the other two animals,
labelled tumour cells were not found within brain tissue but dense tumour tissue had
formed in the meningeal spaces (Figure 4.5A and B). Like organoid culture we found
a reduction of label complexity indicative of clonal outgrowth and nuclear labelling
with Hoechst 33342 suggests outgrowth of many unlabelled tumour cells. In both
animals (Figure 4.5A and B), labelled cells can be observed in spatially discrete
locations seemingly migrating and spreading through the tissue from more densely
populated regions. Apparent migratory streams (Figure 4.5 B’ and C) and other
interesting structural features (Figure 4.5A" and B’) are observed in densely labelled
regions while cells appear to spread and are almost evenly distributed throughout

sparsely labelled regions (Figure 4.5A” and B").

In conclusion, LeGO-vectors can be transduced by lentiviral vectors into glioma cell
lines to label cells in more traceable colour hues than the number of delivered of
delivered virus. Fluorophores are well expressed and appear to show stable
expression over time judged by detection of fluorescent cells after organoid culture
(4 weeks) and xenografting (5 weeks). We found that the diversity of label population
reduced during organoid culture and xenografting, perhaps as a result of clonal
outgrowths within the traced cell population. However, fluorophores were not

evenly expressed throughout the initially labelled populations and a large portion of

121 | Page



unlabelled and therefore untraceable cells were observed, particularly evident after
xenografting. To achieve even distributions of fluorophore expression, maximise

label diversity and minimise the number of unlabelled cells we set out to titre virus

preparations for a more controlled labelling approach.

Figure 4.4: Labelled U87 cells grow around blood vessels after xenotransplantation into NOD/SCID
immunocompromised mice. (A) U87 cells around blood vessel with primarily blue (EGFP) label with a
smaller presence of purple (EGFP and Katushka2S) and cyan (EGFP and Venus) populations (Scale bar
= 200 um). Sections counter stained with Hoechst 33342. (B) Further example of blue cells growing
around a blood vessel with some cells migrating int brain along the vessel (Scale bar = 200 um. (C) A
further proliferative cellular colony with another example of cells migrating into the brain along a
blood vessel (arrow). (scale bar = 300 um)
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Figure 4.5: Xenotransplanted labelled U87 cells form dense tumour tissue comprising multiple labels and
many unlabelled cells. (A) Tumour tissue (animal 1D:G61.2) forming in the meninges containing a variety of
labels (red, green blue and purple) as well as large regions containing unlabelled cells. (A’) region of densely
packed labelled cells with cells of three label combinations present (blue, green and purple). (A”’) Separate
region showing coloured cells less densely packed and the presence of many nuclei corresponding to cells
without a fluorescent label. (B) Tumour tissue from (C61.4) growing in the meninges and containing cells with
a variety of labels; primarily blue (EGFP) with smaller purple (EGFP and Katushka2S) and green (Venus)
populations. (B’) Labelled cells again forming regions where they are densely packed (B”’) and regions where
they are more disperse. (C) Population of blue (EGFP) cells forming a migratory structure in another region of
tumour shown in (B).
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4.2.2 Optimal RGB labelling in HEK293T and G61 primary glioma

We first optimised titred delivery of viral fluorophores in HEK293T cells. This involved
exposing HEK293T cells to 10-fold serial dilutions of our virus in isolation as described
previously (Weber et al., 2012). For each virus, the dilution that resulted in a
transduction efficiency of 5 — 30% was used to calculate the viral titre in plaque
forming unites (PFU) (Figure 4.6 A). This represents the linear range of viral infection
where higher values wil include cells with two-plus transgene integrations and result
in an under estimation of virus concentration (Fehse et al., 2004, Weber et al., 2012)
Raw flow cytometry data and quantification of two 10-fold dilution transduction
outcomes can be seen for five vectors in Figure 4.6B and C. Using calculated titres,
the volume of each virus preparation required for a 50% infection was determined,
this was termed the V2 volume. Optimal RGB labelling will produce a cell population
carrying a near even distribution of single, double and triple transduction outcomes
which is achieved at a transduction level of 50 — 70% per delivered viral fluorophore.
To achieve this, multiple co-transductions were performed where either 2x, 4x or 8x
the calculated V2 volume of each virus was delivered (n = 1 per V2 value). Summary
of viral titre and virus delivery calculations for optimal RGB marking can be found in
Figure 4.6D. Quantification of fluorophores in these three labelled populations are
shown in n parallel we set out to achieve similar labelling results in a primary human
cell line which are often less amenable to viral infections. . Separation of all 8
different label populations; single, double and triple transduction (2x, 4x and 8x)
outcomes are shown in flow cytometry dot-plots (n parallel we set out to achieve
similar labelling results in a primary human cell line which are often less amenable to
viral infections. A, B and C). Imaging corresponding to the flow cytometry results are
shown in Figure 4.7A’,B’ and C'. n parallel we set out to achieve similar labelling
results in a primary human cell line which are often less amenable to viral infections.
D — F show quantification of transduction outcomes in our three trialled infections.
Across all three infections we achieve relatively equal levels of fluorophore
expression for the three co-transduced vectors (n parallel we set out to achieve
similar labelling results in a primary human cell line which are often less amenable to

viral infections. D). As expected, the proportion of infected cells went up when the
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D Results of titre and optimal labelling calculations
Fluorophore Cells Viral Vol  Proportion Viral Titre V2 (ul) Infection A Infection B Infection C
seeded (ml) infected (PFU) (2xV2)(ul) (4xV2)(ul) (8xV2)ul)
EBFP 5 x 104 5x10° 0.256 2.57 x 108 0.14 0.28 0.56 1.12
T-sapphire  5x10* 5x10° 0.041 4.14 x 107 0.85 0.85 1.7 3.4
EGFP 5 x 10* 5x10% 0.167 1.67 x 107 2.09 2.09 4.18 8.36

Venus 5 x 104 5x10* 0.087 8.78 x 108 3.98

Not calculated
Katushka2S 5 x 10° 5x104 0.157 1.57 x 107 0.233

Figure 4.6: RGB marking with titrated virus preparations improves label diversity in HEK293T. (A)
Experimental schematic for determining virus titres; transductions with 10-fold serially diluted virus
preparations looking for infection with 5—30% transduction efficiency (n = 1 infection per dilution).
Formulas used for calculating titre in PFU from serial dilution transductions and formula for
calculating appropriate virus volumes for optimal labelling. Formulas provide a theoretical result so
transductions with 1x, 2x and 4x the calculated V2 value are performed to determine optimal
volumes. (B) Example flow cytometry plots from 5 x 10 and 5 x 102 transductions for EBFP2, T-
sapphire, EGFP, Venus and Katushka2S. Negative cells cluster at bottom of plot with positive cells
at the upper end of plots. (C) Quantification of data shown in B, with red region indicating the linear
range transduction efficiencies required for accurate titre calculations. (D) Table summarising titre
calculations for the 5 tested lentivirus preparations, with final three columns showing viral volumes
delivered to cells for optimal marking.

volume of delivered virus was increased. Interestingly, the proportion of cells
labelled by each of the three fluorophores was consistent across all three separate
infections despite the volumes being changed suggesting virus could be accurately
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Figure 4.7: Flow cytometry permits accurate quantification of HEK293T RGB marking transduction
dynamics. (A — C) Flow cytometry dot plots showing separation of all 7 label outcomes from RGB
marking with EBFP2, T-sapphire and EGFP. Blue (EBFP), green (T-sapphire), Red (EGFP), Purple
(EBFP2 + EGFP) Cyan (EBFP2 + T-sapphire), Yellow/Orange (EGFP + T-sapphire) and Pink (EBFP2, T-
sapphire and Venus)(n = 1 recording per infection). (A’ — C’) Corresponding imaging of cell
populations displayed in A — C flow plots. (D) Gene transfer rates for the three individual
fluorophores across the three different co-infections (scale bars = 100 um). Overall infection level
increase with relative proportions of each fluorophore in the labelled populations remaining largely
consistent. (E) The proportion of cell carrying either single, double, triple or no label across the
three separate co-infections. (F) Full break down of all 7 colour groups and the unlabelled (neg)
cellular proportions across the three separate co-infections. Data shown in D — E were derived from
a single flow recording of >30,000 cells for infections A, B & C.

126 |Page



pipetted at different concentrations while keeping the relative proportions even as
calculated by the titre data. As delivered viral volume was increased, we found
unlabelled, single and double labelled cells decreased in the labelled population
while triple labelled cells increased. Complete breakdown of the labelled cell
populations across the three separate infections is shown in n parallel we set out to
achieve similar labelling results in a primary human cell line which are often less

amenable to viral infections.

In parallel we set out to achieve similar labelling results in a primary human cell line
which are often less amenable to viral infections. Titres were determined for EBFP2,
T-sapphire and EGFP harbouring LeGO-vectors in primary cell line G61 (n = 1
transduction per viral dilution). Flow cytometry plots and quantifications of G61 titre
data, as described for HEK293, is shown in Figure 4.8A — D. Results indicate that G61
cells required 10 times fewer viral particles to achieve comparable levels of

fluorescence expression than HEK293T cells (Figure 4.8D).

The dynamics for viral gene delivery were like those in HEK293T (Figure 4.7). Flow
cytometry dot-plots used for quantification of label populations (Figure 4.9A, B & C)
and imaging (Figure 4.9A’, B’ & C’) were also comparable to results in HEK293. Since
new titres were calculated for G61, the ratio of the three fluorophores in each of the
cultures had shifted with t-sapphire most prominently expressed throughout the G61
cultures (Figure 4.9D). Again, the proportion of single/double/unlabelled cells went
down and the proportion of triple labelled cells went up as the amount of delivered

viral particles increased (Infection A —C, Figure 4.9E & F)

In conclusion, LeGO-vectors can effectively label primary human glioma cells with an
array of complex labels discernible through imaging and flowcytometry. This model
represents a highly controlled system for labelling where the viral delivery regime
can be adapted to include more or less fluorophores, in multiple combinations and

delivered at different concentrations to control distributions of delivered labels
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Viral Vol  Proportion Viral Titre V2 (ul)
(ml) infected (PFU)

5x 10 0.252
5x10° 0.22
5x 10 0.166

2.52x10° 0.014
2.22 x10° 0.016
1.67 x 107 0.021

Infection A Infection
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0.028
0.032
0.042

4xV2)
0.056
0.064
0.084

B Infection C
(8 xV2)

0.112
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Figure 4.8: RGB marking in primary line G61 produces comparable labelling results to HEK293T.
(A) Schematic of RGB marking experimental pipeline. (B) Flow cytometry plots of viral infection (1
x 10°® ml) producing gene transfer rates within the linear range for EBFP2, T-sapphire and EGFP (n
=1 transduction per viral dilution). (C) Quantification of the flow plots shown in B. (D) Summary of
data values required for calculating titre and virus volumes required for optimal RGB marking.
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Figure 4.9: Quantification of G61 RGB marking transductions through flow cytometry. (A - C) Flow
cytometry dot plots showing separation of all 7 label outcomes from RGB marking with EBFP2, T-
sapphire and EGFP. Blue (EBFP), green (T-sapphire), Red (EGFP), Purple (EBFP2 + EGFP) Cyan (EBFP2
+ T-sapphire), Yellow/Orange (EGFP + T-sapphire) and Pink (EBFP2, T-sapphire and Venus). (A’ —C’)
Corresponding imaging of cell populations displayed in A — C flow plots. (D) Gene transfer rates for
the three individual fluorophores across the three different co-infections (n = 1 technical repeat per
infection) (scale bars = 100 um). Overall infection level increase with relative proportions of each
fluorophore in the labelled populations remaining largely consistent. (E) The proportion of cell
carrying either single, double, triple or no label across the three separate co-infections. (F) Full
break down of all 7 colour groups and the unlabelled (neg) cellular proportions across the three
separate co-infections. Data shown in D — E were derived from a single flow recording of >30,000
cells for infections A, B & C.

129 |Page



4.2.3 Serial passaging and flow analysis of RGB marked G61 suggests

clonal expansion

The labelling system was developed to trace multiple clones within a mixed
population of glioma CSCs. Previous studies using RGB marking had demonstrated
that after protracted period of culture (>30 Passages) label complexity in RGB marked
cell populations reduces, suggesting outgrowth of some clones and involution of
other clones occurred (Breniere-Letuffe et al., 2018). Interestingly, populations
labelled with two fluorophores appear as well demarcated streaks (or clusters) on
flow cytometry dot plots (Mohme et al.,, 2017). A population of labelled cells
comprised of many streaks would be an excellent starting point for precise tracking

of clonal cell populations rather than mixtures of clones with the same label.

To assess the ability of our RGB marked G61 cells to form clonal populations
manifesting as streaks on flow cytometry plots, we serially passaged labelled cells.
Cells were cultured in 12-well plates and diluted 1:10 at each passage in an attempt
to accelerate the emergence of clonal populations (n = 1 passaged culture per
infection). Figure 4.10 shows the isolated double positive groups (BG, BS, and GS) for
G61 RGB infection B and C (Figure 4.8F & G). Interestingly, already at 4 passages
clonal populations manifested as emerging streaks in the BS dual labelled
populations for both infection B and C (Figure 4.10). Furthermore, by passage 8,
clusters had begun to form in the other two dual-labelled populations for infections
B and C. The prevalence of all colour groups was monitored for both infections and
is shown in Figure 4.10 B & C. In both infections we saw an overall reduction in the
proportion of triple labelled cells and an increase in the number of unlabelled cells.
However, there was no particular trend in how the single or dual labelled

populations, with some increasing and others decreasing in prevalence.

In conclusion, RGB marked cells labelled with two fluorophores can effectively form
streaks on flow cytometry plots over serial passages. However, we also found that
triple labelled cells may have a growth disadvantage compared to single, double and

unlabelled cells from within the same culture. Performing multiple dual-
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transductions and FACS removal of singly labelled cells has been adopted for future
labelling assays to maximise the number of dual-labelled cells produced. Dual-
labelled cells show sufficient clonal growth and can be accurately detected as clones

through flow cytometry.
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Figure 4.10: Serial passaging of optimally RGB marked G61 cells shows emergence of clonal streaks
in dual-labelled cell populations and a steady decline in triple labelled cells. (A) flow cytometry dot
plots of G61 cells from RGB marking infections B and C across 3 different passaging timepoints (n =1
per infection). Ovular dotted boxes on EBFP2 + T-sapphire plots show the emergence of streaks in
culture after 4 passages. By P8 clusters are observed in the other dual labelled populations but do not
form the pronounced streaks observed in EBFP2 and T-sapphire labelled cells. (B) Quantification of
the 7 colour groups and negative cells for Infection B across the three time points. (C) Quantification
of the 7 colour groups and negative cells for Infection C across the three time points.
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4.2.4 Organoid culture of RGB marked G61 reveals clones with different
proliferation rates and regional localisation

To further explore the effectiveness of RGB marking for investigating clonal dynamics
in glioma CSCs we seeded passage 4 RGB marked G61 cells into three-dimensional
organoid cultures. Multi-colour confocal imaging of a living whole RGB marked G61
organoid at day 14 (n = 2 imaged, 1 representative organoids displayed) of culture
shows cells forming both clonal and mixed clusters that become interconnected
through multi-cell migratory tracts (Figure 4.11 A). In this organoid we identify a cyan
EBFP2*/T-sapphire* cluster of cells projecting multi-cellular processes away from its
central cluster (Figure 4.11A’’). We can observe a further population of purple
EBFP2*/EGFP* cells migrating along this tract toward other regions of the organoid.
After 30 days of culture organoids develop a surface densely populated with cells
resulting in difficulties with imaging deeper regions. Figure 4.11B shows the same
organoid displayed in Figure 4.11A after 30 days of culture, freezing and cryo-
sectioning. There was a large expansion of cyan EBFP2*/T-sapphire* cells that are
likely to have been derived from the similarly coloured cells imaged at day 14.
However, we found that while fixation and cryo-sectioning did preserve fluorescence
sufficiently well to detect multiple distinctly coloured populations, fluorophore
brightness and colour distinctiveness was partially lost through this process with
higher laser powers and detector gains required. Furthermore, it was not possible to
achieve great depth of imaging and as such structural detail was also limited after

cryo-sectioning.

To address this issue, we tested an agarose embedding approach for vibratome
sectioning to permit serial imaging of living organoids, at greater z-depth and with
better fluorophore detection. Figure 4.11C — E displays imaging of (n = 1) an organoid
vibratome sectioned in this fashion at day 30. This technique revealed fine details of
individual tumour cells as well as macroscopic detail of clonal organisation internally
and externally. Interestingly, at time of sectioning (Figure 4.11C) cells in internal

regions of the organoid appear to possess only few long processes. However, by day
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32 and beyond (Figure 4.11D— F) many more cells can be seen projecting long
processes internally as well as small process emanating internally from cells in the
dense surface. We hypothesise that this may be due to the previous hypoxic
conditions internally that have been disrupted by cutting and exposing internally
regions to greater nutrients and oxygen available in the media. Cells observed at the
surface are largely dominated by red EGFP* cells spread extensively around the
organoid surface. This contrasts with internal regions where a large variety of colour

labels are still present and in fact, very few red cells are observed.

In conclusion, agarose embedding and live imaging of RGB marked G61 organoids
produces samples with greater potential for meaningful structural and quantitative
inference through multicolour confocal imaging. Here, simple observations reveal
differing clonal dynamics at the organoid surface and internal organoid regions.
While also highlighting a change in cellular structure in response to vibratome

sectioning potential due to a changing microenvironment.
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Confocal imaging of the same organoid during growth (A) and after cryo-sectioning (B)

ol > ~ :
Gl 8 | s | 6 | BS | .8G_

Serial confocal imaging of living RGB marked G61 organoid after vibratome sectioning

Figure 4.11: Vibratome sectioning and live imaging reveals finer details of cellular structures than
fixed frozen tissue. (A) Confocal imaging of three-dimensional RGB marked G61 culture 7 days after
seeding cells (scale bar = 150 um). (A’ & A”’) Mixtures of variably labelled cells have come together
and are forming migratory paths emanating away from the cell cluster. (A”’) region showing
expansion of cells harbouring the same label, potentially a clonal expansion. Arrows indicate detail
of differentially labelled cells migrating along a process emanating from the cluster of cyan cells.
(B) Cryo-sectioned image of the organoid shown in A after 30 days of culture. Dotted line highlights
large region with cells carrying the same label possibly descendent from the cell cluster shown A’
(scale bar = 100 um). (KEY) Fluorophore combinations; EBFP2 (B), T-sapphire (S), and EGFP (G) and
approximate cell colours. C — E show serial images of a RGB marked G61 organoid after live
vibratome sectioning and continued culture. Organoid periphery dominated by red (EGFP) cells
with greater label variability in core regions. Cellular structure changes from Day 30 (day of
sectioning) to day 36 with cells producing a greater number of processes (scale bar = 100 um).
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4.2.5 Dissociation and flow cytometry reveals large shifts in colour
groups after organoid culture which are corroborated through
imaging

A further portion (n = 12) of G61 organoids (seeded with cells 4 passages after RGB
marking) were dissociated using Accumax® and subject to flow interrogation of
tracing labels (EBFP2, t-sapphire and Venus). The population seeded into the
organoids was dominated by cells carrying all three fluorophores (BSG, pink), which
represented 36% of all cells (Figure 4.12A & B). EBFP2 (B, blue), T-sapphire (S, Green)
and unlabelled (neg, grey) cells each represented roughly 10% of the seeding
population. With EGFP (G, red), EBFP2/T-sapphire (BS, cyan), EBFP2/EGFP (BG,
purple) and EGFP/T-sapphire (GS, orange) positive populations each representing
under 10% of the seeding population. After 30 days of organoid culture these
lentiviral labels were re-assessed revealing changes in label distributions (Figure
4.12C). Strikingly, BSG which was the majority population at time of seeding were
found to be largely absent after organoid culture (Figure 4.12C). Quantification of
organoid label distributions (Figure 4.12D) showed EGFP (G) expressing cells and
unlabelled cells (neg) showed the highest representation across all organoids (n =
12). One-way ANOVA comparing label group mean prevalences reported a p value of
less than 0.0001. Finally, quantification the change in label distributions after
organoid culture frther support the fact that EGFP (G) and unlabelled (Neg) cells
showed consistent increases across assessed organoids (n = 12). One-way ANOVA

comparing label group mean prevalence’s reported a p value of less than 0.0001.

In conclusion, these results suggest there is considerable shift in clonal composition
after seeding into organoids with some consistent patterns between organoid
(prevalence of EGFP) as well as a lot of variation in what cellular colours persist after
organoid growth. The loss of all triple positive cells and general persistence of the
neg cell fraction suggests that expressing high levels of fluorophore may exert a
burdened to cell growth. Furthermore, the density of cell clusters expressing a single
fluorophore makes it difficult to assign clonality to a detected group of cells. While in

dual positive quadrants of flow plots well demarcated clusters/streaks appear
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indicative of clonal expansions. These observations will inform an improved labelling

approach for clonal detection.
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Figure 4.12: Large shifts in colour label composition observed after organoid culture of RGB
marked G61 cells. (A) Flow cytometry plots and (B) quantification of RGB label proportions in G61
population seeded into organoids. (C) Representative flow cytometry dot-plots (axis labels same as
shown in panel A) and imaging of dissociated organoids after 30 days of culture (n =5, scale bar =
100 um). (D) Quantification of label distributions after organoids culture (n = 12) showing EGFP (G)
and unlabelled (neg) consistently highly prevalent, one-way ANOVA (Cl = 95%), p < 0.0001. (E)
Quantification of change in label frequency after organoid culture compared to seeding population.
EGFP (G), T-sapphire/EGFP (SG) and unlabelled (neg) showed mean increases and all other groups

showed a mean reduction in prevalence across n = 12 organoids. One-way ANOVA (Cl = 95%), p <
0.0001.
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4.2.6 Dual-barcoding of U87 cells produces 15 colour groups
identifiable through flow cytometry and Imaging.

To overcome issues described in section 4.2.5:

1. Complete loss of triple labelled cells after organoid culture.
2. Prevalence of unlabelled cells that cannot be traced

3. Trend of single label populations outgrowing dual labelled populations

We devised a new labelling regime that would not produce any triple positive cells
while maximising the production of dual-labelled cells after transduction. We
reasoned that maximising the number of dual labelled cells would increase the ability
to identify clonal dynamics (i.e. expansion or attrition) when cells are co-cultured, as
these clonal expansions from dual label cells can be identified as streaks on flow
cytometry plots following sufficient cellular expansion. To achieve this, two further
tracing labels (mOrange2 and Ktushka2S) were added to the panel of labels
introduced to cells. In addition, EGFP was replaced by Venus owing to the near
identical emission spectra of T-sapphire and EGFP. Instead of applying all virus at
once, 10 separate dual transductions of all the possible virus combinations were
performed (Figure 4.13A), where - informed by RGB marking results — titred virus
particles were applied to achieve approximately 75% infection for each virus. 7 days
after virus exposure, cells from the different reactions were pooled together and
underlying label populations were assessed using flow cytometry. Figure 4.13B
shows detection and separation of all 15 possible fluorophore combinations in this
protocol. Barcodes to the right-hand side represent the fluorophore combinations
displayed in each set of aligned flow panels (Figure 4.13B). Titre calculations were
likely underestimated for mOrange2 (O) and Katushka2S (K) resulting in addition of
more virus particles and an overrepresentation of these as a single label and also the
dual label group expressing both Katushka2S and mOrange2 (Figure 4.13C).
Nonetheless, relative titres proved sufficient for achieving near even proportions of

each produced colour group
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Figure 4.13: Optical barcoding with dual infections to produce 15-distinclty labelled traceable
colour groups in U87. (A) Schematic of lentiviral labelling regime for barcoding of cells with 5
different titred fluorophores (EBFP2, T-sapphire, Venus, mOrange2 and Katushka2S. 10 separate
dual transductions with each combination of the 5 fluorophores was performed and the 10
populations were pooled 7 days after initial viral infections. (B) Detection and of all 15 colour groups
and unlabelled cells in a mixed population by flow cytometry, single label populations on the left
and dual-label populations on the right. Each row represent a differentially labelled population. Y-
axis shows fluorescence intensity with specific fluorophore indicated at top of panel, x-axis on all
plots is side scatter area (SSC-A). (C) Quantification of all 15 colour groups and negative cells in the
mixed population. (D) Counting of cells detected in each of the different label groups (n = 1 reading
of >60,000 cells. Unassigned group represents excluded cells that analysis rendered positive for
three fluorophores.
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when the 10-dual transductions were mixed together. Absolute counts for cells
assigned to each colour group are shown in Figure 4.13D. A small fraction of cells
(2.5%) were unassigned to any group as these appeared in multiple double positive

quadrants appearing positive for 3 or more fluorophores (Figure 4.13D).

Flow applications of multi-colour fluorescent lineage tracing have unique potential
compared to other lineage-tracing techniques. For example, the ability to separate
living cells further downstream culture experiments and assessment of marker
expression in different tumour cell populations. However, the most unique aspect of
fluorescence based clonal tracking is the ability to investigate cells in vivo and look at
the histological organisation of clones. To this end, we aimed to develop an image
analysis approach for our barcoded cells that automatically identify and classify cells
based on their marker expression. Our trace label panel permitted addition of the
far-red nuclear dye DRAQS5 that is excited by the red wavelength (633 nm) with an
emission spectrum at higher wavelengths than katushka2S. Nonetheless,
considerable overlap in excitation and emission spectra of mOrange2, Katushka2$
and DRAQ5 warranted the need for unmixing of fluorescent signals to accurately
detect overlapping expression of different fluorophores. Emission spectra were
acquired by identifying cells expressing a single fluorophore and unlabelled cell
labelled with DRAQ5 (Methods). With these spectra it was possible to unmix signals
in a population carrying all 6 fluorescent signals including identification of the 10

different dual-labelled cell populations (Figure 4.14).

To test the effectiveness of linear unmixing in identifying and quantifying different
label combinations, we developed a pipeline for automatic nuclear segmentation
using StarDist script for quPath (Bankhead et al., 2017, Schmidt et al., 2018) and
subsequent extraction of pixel intensities for the 6 different unmixed signals (EBFP2,
T-sapphire, Venus, mOrange2m Katushka2S and DRAQS5). During the cell passage
after flow quantification, 5 large spatial regions were imaged (Figure 4.15A), pixel
intensities extracted and the distributions of these intensities (arbitrary units) across
the segmented cells were plotted on histograms. Using these distributions, a pixel
intensity threshold was determined which served as a cut-off for designating cells as

label positive or negative for a given fluorophore. These cut offs were specific for
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each fluorophore. Applying thresholds could automatically assign cells to one of the
15 possible label groups or as negative (total cells counted = 8,030) and a comparison

of this image quantification with flow cytometry results is shown in figure 4.15B.

Venus (V) — |mOQOrange2(0)— |Katushka2(K) —

Figure 4.14 Spectral unmixing procedure for accurate detection of barcoded U87 cell populations.
(A) Merged channel image of U87 cells in adherent culture labelled with 5 fluorophores, labels and
arrows indicate cells of different label combinations shown on right handsize. (EBFP2, T-sapphire,
Venus, mOrange2 and Dkatushka2S) (Scale bar = 50 um). (B — G) Single channel images of merged
image shown in panel A (Scale bar = 50 um). (H — V) expanded view of indicated cells in panel A.
Expressed labels indicated in code shown in centre of each panel. (scale bar = 10 um).
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Our imaging analysis pipeline was able to identify cells corresponding to all 15 colour
combinations and in particular quantification of single label group sizes (B, S, V, O
and K) were comparable to those determined through flow. However, most double
label groups were determined at roughly half the prevalence found with flow
cytometry and the number of cells designated as unlabelled was 15% larger at 25%.
This may reflect insufficiencies of imaging in detecting cells with particularly low

levels of fluorophore expression and therefore detection intensity.

In conclusion, we have successfully adapted the labelling procedure to maximise the
number dual labelled cells produced without the production of any triple labelled
cells. With RGB marking a maximum proportion of 0.25 dual labelled cells with three
underlying combinations was achieved. With the adapted labelling regime we were
able to achieve a proportion of 0.53 spread across 10 dual labelled populations. We
reason in growth assays such as organoids the new labelling regime will be superior
for precise identification of clones as dual label cell expansions were previously
shown to create well demarcated streaks/clusters on flow plots. Furthermore, our
new labelling regime is also effective for imaging and automatic identification of
different cellular fractions through linear unmixing of fluorescent signals. However,
a significant proportion of unlabelled cells persisted through this technique (11%)
which previous assays suggest have superior growth potential over labelled cells. The
next step was to culture these cells over serial passages and in organoids to assess

growth dynamics.
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Figure 4.15: Analysis pipeline for effective identification and quantification of colour groups
through imaging. (A) Example image (n = 5) of the cell population quantified by flow cytometry in
Figure 4.13 (Scale bars = 500 um). (B) Comparison of colour group quantification by imaging (n =5
images) compared with flow cytometry (n= 1 reading of > 60,000 cells). Imaging quantification
assigned more than twice the number of unlabelled cells and also generally classified a lower
number of cells in each dual-label combination. (C) Table displaying the absolute number of single
cell detections in each of the images used for quantifications shown in panel B.
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4.2.7 Serial passaging and organoid culture of dual-barcoded U87
suggests persistence of more clones than was observed for G61

To test the potential for our dual-barcoding approach in detecting clonal outgrowths
as streaks on flow cytometry diagrams, we propagated cells over up to 8 passages in
12-well plate wells (n = 3). Smaller culture vessels were previously showed to
enhance the rate that clones grow out in vitro (Breniere-Letuffe et al., 2018). We also

seeded 5000 cells into organoids (n = 11), to:

1. Dissociate and assess for formation of clonal populations
2. Label with surface marker antibodies to assess marker heterogeneity
across label population

Imaging of cryo-sectioned organoids grown from dual-barcoded cells is displayed in
figure 4.16. Underlying fluorophores were well preserved and expansions of cells
harbouring the same label could be clearly observed throughout the organoids
(Figure 4.16A). Unfortunately, attempts to stain dual-barcoded cell nuclei in
organoids was not possible as DRAQ5 was found to repeatedly deposit more in the
Matrigel® matrix cells were growing in than cellular nuclei. Similar to line G61, by
maturity (~30 days culture) cells could be observed in different organisation at the
organoid surface and the centre (Figure 4.16A1 & A2). Regional disparities in clonal
composition were also observed although no predominant outgrowths covering the
whole region of the organoids were observed (Figure 4.16 A3 & A4). Multiple
cryosectioned organoids were found to have necrotic cores, largely devoid of labelled
cells (Figure 4.16B — M). Cells persisted around the surface where they were still able

to get nutrients from the media.

Flow analysis of serial passaging (8-passages) and organoid cultures (~30 days) are
displayed in Figure 4.17. In both cases labels expression remained stable with
populations of each colour group detected after passaging and organoid culture
(Figure 4.17 A - D). However, few clonal streaks were evident in U87 organoid flow-
plots, contrary to what was observed for organoid culture of RGB marked G61 cells
which did show streaks after culture. We subsequently assessed the shift in label

proportions after 8-passages in adherent culture (n = 3) and organoids culture (n =
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Figure 4.16 Representative imaging of barcoded U87 cells after organoid culture. (A) Example
image of organoid after 30 days culture containing cells with a variety of fluorescent labels (scale
bar = 500 um). (A1) Dense cell organisation at the surface. (A2) Dispersed cellular arrangements in
the centre. (A3 & A4) Demonstrate regional variation in clonal composition (scale bar = 100 um). (B
— M) serial sectioning of three further organoids; B—E=0rg A,F—-1=0rgBandJtoM=0rgC
(scale bar = 1mm).
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5). U87 cells did not show the large proportional shifts observed in primary line G61
with the biggest shift observed in the unlabelled group which was a mean 3% change

across organoids. Nevertheless, Two-way ANOVA found statistically significant

difference between means of proportional changes (P < 0.0001) but did not find an
association with culture condition (P = 1) and an overall interaction score of p =
0.3118. results did however indicate that dual -label populations were more likely to
decrease in their prevalence compared to single label or unlabelled cells irrespective
of organoid or adherent culture. Proportional shifts in unlabelled, single labelled and
dual-labelled populations were assessed in Figure 4.17F. With unlabelled colour
groups (n = 8) showing the highest mean increase, single label (n = 40) showing a
minor degree of mean of increase and double labels (n = 80) showing an overall
decrease in their proportional representation. One-way ANOVA (Cl = 95%) comparing
group means suggests differences between means are statistically significant (P <
0.0001). Tukeys post-hoc for multiple comparisons also found P < 0.0001 for
comparisons between each of the means. In conclusion, these results suggest that
the number of viral fluorophores expressed may exert a degree of influence over the

outgrowth of cells.

To test the potential for combining dual barcoding with staining for multiple surface
markers (CD44, CD133, CD15 and A2B5) to discern a total of 16 surface marker
expression phenotypes (Dirkse et al., 2019b). As described previously, staining for
these 4 surface marker labels revealed marker heterogeneity in the CSC pool of
different glioma CSC lines. However, the heterogeneity in marker expression
between clonal populations of the same line has not been explored. We planned a
panel of surface marker stains that were theoretically discernible from our five
underlying lentiviral labels. Fluorophores, antibody targets/conjugated fluorophores,
viability dye and their emission spectra are shown in Figure 4.18. Ghost dye 710
viability stain and Percp Vio® 700 (CD15) have near identical emission spectra but are
excited by different laser wavelengths, and this also applies to APC-Vio® 770 (CD44)
and PE-Vio® 770 (CD133) (Figure 4.18 B).

Combined application of these surface marker antibodies permits detection of up to

16 different single cell marker profiles. All possible marker profiles are displayed in
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Figure 4.17: Serial passaging and organoid culture suggest single label and unlabelled cells have
growth advantage over dual labelled populations. (A) Dot-plots displaying detection of 10
different dual label combinations after 8-passages of barcoded U87 cells in adherent culture. (B)
Quantification of dual-label combinations after 8-passages in adherent culture (mean + SEM). (C)
Dot-plots displaying detection of 10 different dual label combinations after organoids culture of
barcoded U87 cells. (D) Quantification of dual-label combinations after organoids culture (mean
SEM). (E) Comparison of label changes across populations cultured over 8-passages (n =3) or in
organoids (n = 5) (Mean = SEM). Results suggest in general dual-label groups are declining more
than single or unlabelled. 2-way ANOVA (95% ClI) reported a p < 0.0001 for variation between colour
groups, p = 1 for variation between culture condition and p = 0.312 for an interaction between
these two dependent variables. Indicating that culture condition exerted no statistically significant
difference on clonal outgrowth. (F) Quantification of proportional shifts in unlabelled (none), single
label (B, S, V, O & K) and double label (BS, BV, BO, BK, SV, SO, SK, VK, VO, OK) from all tested samples
in adherent and organoids groups (Mean + SEM). Statistical analysis suggested significant difference
between means of different label groups (one-way ANOVA (95% Cl) with p < 0.0001, Tukeys
multiple comparison test reported P < 0.0001 between all label groups).

Figure 4.19A, ranging from single, dual, triple or expression of all four markers. After

dissociation, viability and surface marker staining is performed, owing to the
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extensive internal cell death we observed after imaging of cryosections, a viability
dye would be important for removing dead cells from marker analysis. Isolation of
single cells, and removal of non-viable cells is shown in 4.19 B. To establish threshold
boundaries for designating cells positive or negative for any of the four markers,
control cells stained for a single marker only we required to assess any bleed through
into collection channels of the other 3 markers (Figure 4.19C). In this case, we used
adherent G61 cells as controls. However, optimal single colour control samples
should be from the same conditions and cell line as the sample being profiled with

all four markers.

A T-sapphire mOrange2
LeGO-vectors Antibodies/stains EBFP2 Venus Katushka2s
*‘ EBFP2 APC / A285 N LeGO-vectors
T-sapphire * Percp Vio®700/ CD15 L
Venus * PEVio® 770/ CD133 PE-Vio® 770
mOrange2 * APC-Vio® 770 / CD44 Antibodies/stains APC-Vio® 770
‘* Katushka2s * Ghost dye 710 / viability e
| 400 560 600 Apc 700 800 (nm)
Percp Vio®700
Ghost dye 710
B
Fluorophore Percp PE- APC-  Ghost dye

[antibody EBFP2  T-sapphire Venus mOrange2 Katushka2S APC

. Vio®700 Vio®770 vio®770 710
/stain

Laser (nm) 405 405 488 561 633 633 488 561 633 561

Bandpass Filter

(nm) 450/45 525/40 525/40 585/42 690/50 660/10 690/50 780/60 780/60 690/50

Figure 4.18: Experimental design for adjunct surface marker labelling of dual-label Barcoded U87
cells: (A) list of Tracing fluorophores, surface marker targets and antibody labels. Right hand side
shows emission spectra of lentiviral labels (LeGo-vectors) and antibodies/viability marker. (B)
Excitation laser and bandpass filters used for detection of each fluorescent signal.

Gates placed through reading of single colour controls are then applied to samples
being read for all four surface markers (Figure 4.19 D). After staining with all four
markers, it can be observed that some cells are being detected in the quadrant
associated with co-expression of multiple markers. With the six gates displayed in
Figure 4.19D (CD44", CD44*/A2B5*, A2B5*, CD44°/A2B5°, CD133*, A2B5*) As shown in
methods, Boolean logic can be implemented to designate all cell detections of the 16

possible marker profiles (Figure 4.19Error! Reference source not found.A).
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Quantification of these marker profiles is shown a stacked bar graphs for three
organoids, with results remarkably consistent between organoids. Between the
three organoid five profiles (CD44, CD44/CD133, CD44/CD15, CD44/CD133/CD15
and CD44/CD15/A2B5) are consistently prominent but with subtle fluctuations in

their proportions.

Importantly, at this stage we are assessing marker profiles at the whole organoid
level, but these cells are also carrying their underlying lentiviral labels that permit
each organoid to be split into 15 sub-populations. These 15 populations are shown
in Figure 4.20A, comprising 5 x single colour labels and 10 x dual colour labels.
However, upon splitting viral label populations and examining surface marker
expression an interaction between mOrange2 and dkatshka2S with CD15 detection
(Percp Vio® 700). This is demonstrated in Figure 4.20B where histograms showing
guantification of CD15 expression in cells of either no viral label, EBFP, T-sapphire,
Venus, mOrange?2 or Katushka2S demonstrate a shift to the right in cells labelled with
either mOrange2 or dKatushka2S. This effect is further exemplified by the
proportional expansion of the CD44*/CD15* surface marker phenotype in all viral

label combinations containing either mOrange2 or dKatushka2S (Figure 4.20C).

In conclusion, 5-colour dual labelling is a highly effective approach for experimental
analysis involving imaging and flow cytometry detection of sub populations. In
contrast with glioma CSC line G61, 5-colour dual label U87 cells do not show large
shifts in trace label proportions after culture in organoids. Suggesting primary human
glioma CSCs may have different clonal dynamics to established and highly passaged
cancer cell lines such as U87. Nonetheless, shifts in trace label proportions observed
in organoids and in serial passaged adherent culture further support a growth
advantage of unlabelled cells compared to labelled cells and potentially even single
label over dual label. Finally, we were able to identify marker profiles of organoid
cultured 5-colour dual labelled U87 cells but there was cross-talk between underlying
lentiviral labels and marker detection which hindered accurate quantification of

marker profiles.
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Figure 4.19: Detection of surface marker stains and viability dye in whole 5-colour barcoded U87
organoids. (A) Schematic demonstrating colour scheme used in all subsequent graphs displaying
guantification of different surface marker phenotypes (Ph = Phenotype). (B) Flow cytometry
pipeline for the removal of dead cells, cell doublets and non-viable cells using viability stain ghost
dye 7108°. (C) Plots of data acquisition from G61 cells stained for only a single marker; A2B5 (APC-
A), (CD15 PerCP-A), CD133 (PC7-A) or CD44 (APC-750-A). These data used to set gates for
quantification of marker profiles in samples stained with all 4 surface markers. (D) Representative
flow plots of U87 cell organoid stained for all 4 markers simultaneously. (E) Quantification of (n =
3) U87 organoid surface marker profiles.
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Figure 4.20: Splitting whole organoid into its 15 constituent colour groups reveals errors in marker
profiles originating from mOrange2 and Katuhska2S. (A) Isolation of all 15 constituent cellular
colour groups from a whole population of U87 organoid cells. (B) Histograms showing number of
cells (count) distributed around detection intensity cut-off (vertical line) used to designate a cell as
either positive or negative for CD15 expression. Shift cell intensity distributions can be seen in
mOrange2 and dKatushka2S labelled cells indicating incomplete separation of the signal for CD15
detection with that for mOrange2 and dKtushka2S. (C) Quantification of surface marker data from
15 constituent groups of n = 3 U87 organoids. Notably, colour groups containing mOrange2 or
Katushka2S show aberrant profiles associated with an increase in the CD44*CD15* profile.
Suggesting both fluorophores are bleeding into the CD15* collection channel.
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4.3 Discussion

4.3.1 Formation of clonal populations and their tracking by barcode
labelling

In this chapter, through successful labelling in U87, HEK293T and primary glioma CSC
line G61, we demonstrate that LeGO-vectors are an excellent and adaptable tool for
labelling cells in vitro. The use of LeGO-vectors has a number of advantages
compared with confetti labelling. Firstly, through overlapping fluorophore
expression, the number of detectable labels introduced can be expanded beyond the
number of fluorophores delivered. Secondly, since we have a possible 6 different
fluorophores that can be delivered, LeGO-vectors represent a more versatile lineage-
tracing tool where label panel design can be adapted for different experimental
settings. Preliminary experiments delivering three untitred viral fluorophores to U87
cells produced all seven possible labelling outcomes assessed by confocal
microscopy; fluorophore expression persisted well with many labelled cells detected
on cryosections of xenografted tissue and organoids while FACS isolation of each
labelled group was also achieved. As discussed in chapter 3, the potential for FACS
sorting of different clones after xenografting or after organoid culture represents a
great opportunity for investigating clonal heterogeneity. Sorted clonal populations
could be interrogated genetically looking at their copy number profiles and
methylomes or investigating expressional differences through RNA sequencing or
gPCR. Furthermore, emergence of clonal populations as streaks on flow cytometry
plots further enhances the utility of LeGO-vectors for clonal detection compared with
confetti labelling. We observed streak formation after organoid culture and through
serial passaging of RGB marked primary G61 cells. A likely explanation for clonal
streak on dotplots is that they are a product of lentiviral integration mechanics and
regional chromosomal gene expression. Chromosomes are structured such that
highly expressed genes are found clustered in co-regulated regions (Ridges) and the
same is true for more lowly expressed genes (Anti-ridges)(Caron et al., 2001). As
such, lentiviral transgenes carrying the same promoter sequence can vary in their
expression as much as 8-fold depending on their site of integration (Gierman et al.,

2007). In our context, a dual-labelled cell will have a ratio of expression between its
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two fluorophores depending on their site of integration, where protein expression is
detected as higher or lower signal intensities during flow cytometry analysis. These
integration sites are passed onto cellular progeny leading to cluster/streak formation
when a large clonal expansion occurs. In contrast, the cell population produced
immediately after labelling has a huge number of transgene integration sites
represented within the population and dual-label colour groups appear as spread-
out clouds with many different insertion sites represented. In addition to streak
formation after serial passaging of RGB marked G61 cells, we also observed a gradual
reduction of cells expressing three fluorophores simultaneously. This effect was even
more pronounced in organoid cultures of RGB marked G61 where virtually no triple
labelled cells persisted. Interestingly, this effect was also observed for serially
passaged RGB marked HEK293T but at a slower rate. Furthermore, organoid culture
of RGB marked G61 cells seemed to promote outgrowth of single labelled cells at
greatest frequency. These observations suggest that the expression of fluorophores
impacts cell proliferation and survival. Indeed there are data to suggest that in certain
models, GFP expression has cytotoxic effects through facilitating production of
reactive oxygen species and impairing myosin cellular transport (Jensen, 2012, Ansari
et al., 2016). Further experiments would be required to establish if these effects are
influencing the outcome of our clonal assays. Alternatively, a further possibility is
that cells were silencing the expression of integrated lentiviral expression cassettes.
Promoter methylation on transduced genes is a well-established phenomenon and
in our setting, silencing of a single expression cassette in a triple labelled cell would
lead to these cells being detected as double or singly labelled. Out with promoter
methylation, a further caveat is that with an increasing number of lentiviral
integrations, there is an increasing likelihood that an integration will ultimately
disrupt a gene or set of genes essential for continued proliferation. As such, cells
affected in this way would be outgrown by other populations as was observed for
triple positive cell populations in our assays. Another explanation for the prevalence
of single positive EGFP cells after organoid culture of RGB marked G61, is that these
populations all represent the same dominant clone that was present in the starting

bulk population when seeding the organoids. In this case, its outgrowth can be
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attributed some intrinsic properties of the clone rather than an association with

reduced fluorescence expression.

Nevertheless, to maximise the potential for detecting clones and to address the issue
of attrition in triple labelled cells, we modified the labelling method by using five
lentiviral fluorophores across 10 separate dual transductions comprising all the dual
fluorophore combinations. This strategy did not produce any triple labelled cells and
maximised the number of dual labelled starting cells from which discernible clonal
streaks could arise. Furthermore, RGB marked G61 cells reported overlapping streaks
and we therefore, reasoned that spreading cells across more unambiguous label
groups (15 in total; B, S, V, O, K, BS, BV, BO, BK, SV, SO, SK, VO, VK, OK) would reduce
the chance of emergent predominant clonal streaks occurring and overlapping in the
same unambiguous label group. Unfortunately, U87 cells did not show the same
propensity to produce clonal populations as was observed in G61 so we couldn’t fully
assess the suitability of this labelling strategy in identifying clones. However,
guantification of the labelled groups suggested that single label populations were
growing at higher rates compared to dual labelled populations. Therefore, to further
increase the likelihood of detecting clonal outgrowths as streaks and reduce the
effects of potential label growth imbalances, we will introduce a FACS step after the

initial labelling to enrich for dual label transduction outcomes only.

4.3.2 Automated identification and quantification of fluorescent labels
assessed through imaging

With our barcoded U87 cells we developed a linear unmixing, cellular segmentation
and label classification pipeline that was effective at classifying and quantifying cells
of all labels. The fluorophore panel of EBFP2, T-sapphire, Venus, mOrange2 and
Katushka2S leaves space for far-red nuclear dye, in this case we used DRAQS5.
Although imaging produced comparable quantifications of colour groups, generally
speaking the number of dual labelled cells was lower than that detected for flow
cytometry and the number of negative and unclassified cells was much higher. The
use of imaging to classify cells in this fashion has a number of inherent limitations.

Firstly, we used nuclear detection to create an ROI for each detected cell from which
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we extracted the fluorescence intensity data for each of the five detected
fluorophores. With this approach, when detected cells are overlapping, fluorescence
of two differentially labelled cells is detected as a single cell causing detections to be
incorrectly classified as positive for 3 fluorophores. Because of this, any cells
classified as triple positive were removed from the count analysis. LeGO-vector
transduction produce dimly labelled cells that are readily detected through flow
cytometry. With imaging, many of these dim cells were subsequently mis-classified
as label negative as their signal intensity fell below our applied thresholds. Other
technical caveats such as background fluorescence and differential focussing planes
of fluorophores with different wavelength emissions further hampered the collection
of accurate fluorophore intensity readings. Nevertheless, cells of all 15 different label
groups were delineated through imaging suggesting, with some further optimisation,
histological analysis in this fashion could be a powerful tool for investigating how

different clones behave in vivo.

Removal of Katushka2S from this label panel would leave free wavelengths for adding
immunofluorescence stains with an alexa 594 secondary antibody. Moreover, using
the four LeGO-vector labels; EBFP2, T-sapphire, EGFP and Venus would leave free
wavelengths for addition of two secondary antibodies (Alexa 561 & 594) for
immunofluoresence and a far-red nuclear stain for automated cell detection.
Combined immunostaining and clonal detection in xenografted tumours would be
particularly well suited to investigating relationships between clonality, tumour
heterogeneity and the microenvironment. Comparing clonal propensities for
invasion or locations of proliferation could lead to Identification of clones with
greater propensity for behaviours which progress tumour development could then
be isolated to investigate mechanisms. A further possibility would be to look at
whether certain clones have symbiotic effects on one another i.e identifying two
clones which grow well when co-cultured could reveal signalling mechanisms which
promote tumour progression. Indeed, a recent study using single-cell sorting and
clonal production of optically barcoded pediatric GBM cells showed enhanced
migratory ability when clones were co-cultured compared to cultured alone (Pericoli

et al., 2020)
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Allografting of barcoded mouse cells to animals with an intact immune system would
permit investigation of how immune responses shape clonality or how different
clones shape the immune environment. A study using optically barcoded GL261
marked cells demonstrated that tumours formed in immunocompetent mice had a
lower number of persistent clones compared with tumours grown in
immunocompromised Pfp”/Rag2”- animals (Maire et al., 2020). Authors also
demonstrate that glioma cells responded to immune challenge through activation of
the interferon response pathway and the majority of immunosuppressive gene
expression signature actually originated from non-tumour stromal cells.
Interestingly, the same two clones consistently performed best in overcoming
immune challenges after allografting into WT mice suggesting this ability is innate to
those two clones (Maire et al., 2020). An interesting follow on study would be too
look at how these resistant clones behave in vivo compared to less immune resistant
clones by staining for expression of proteins associated with immune escape. For
example, investigating clonal expression of intra-cellular adhesion molecule-1 (ICAM-
1) known to recruit myeloid derived suppressor cells which exert an array of
immunosuppressive effects by modulating the microenvironment. Alternatively,
staining for clonal expression of galectin-1 expression, a further adhesion molecule
overexpressed in GBM with a characterised mechanism for inducing t-cell death.
Such studies could also provide a picture of how the immune environment shapes

clonal architecture and vice versa.

4.3.3 Combining optical barcoding with surface marker labelling to
simultaneously assess clonal growth and plasticity

With our dual-label barcoded U87 cells we explore the potential for simultaneous
flow cytometry reading of lentiviral labels with staining and detection of CSC surface
marker expression. Recent work has shown that glioma CSC expression of establish
CSC surface markers is highly plastic in different in vitro environments but the
relationship between marker plasticity and clonal growth was not explored (Dirkse

et al,, ). We stained three optically barcoded U87 organoids for expression of the
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surface markers CD44, CD133, CD15 and A2B5 with the conjugated fluorophores
APC-vio®770, PE-vio®770, PercP-Vio®700 and APC, respectively. All 15 colour groups
were detectable after surface marker staining, however, colour groups containing
mOrange2 and Katushka2S interfered with detection of CD133 and CD15 expression.
Based on these results, adapting the LeGO-vector delivered fluorophore
combinations and surface marker conjugates, accurate reading of glioma stem-like

cell marker expression by clone should be achievable.

Recent work has challenged the consensus that these markers represent indicators
of a cell position within a traditional proliferative hierarchy (Scott et al., 2014, Scott
et al., 2019, Brown et al., 2017), opening up new possible interpretations of data
which seemingly support the presence of cell hierarchies in GBM. Combining RNA-
seq with viral genetic barcoding in patient derived xenografts of GBM suggested
considerable plasticity in cellular states and that a cells clonal heritage exerted little
influence over the expression states a given cell could adopt (Neftel et al., 2019).
However, in this study a very small number of cells (<15) were assessed in each of
the identified clones. While single-cell RNA-seq is a more precise indicator of a cells
state than CSC surface marker expression, our dual barcoding approach could permit
a more powerful assessment of clonal plasticity as we can assess marker expression
on thousands of cells from a single clone. Moreover, the potential to monitor clonal
growth alongside clonal marker expression would permit assessment of how
population level marker plasticity is underpinned by clonal outgrowth. Therefore, in
the following section we outline changes to the surface marker labelling regime and
investigate surface marker plasticity on mixed clones derived from the same primary

tumour.
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Chapter 5: Combined fluorescent lineage-
tracing and surface marker phenotyping
reveals clonal dynamics underlying glioma
CSC marker heterogeneity

5.1 Introduction

In this final chapter we set out to establish the relationship between clonal dynamics
and surface marker expression in primary glioma CSC lines. In the previous chapter
we observed cross-talk between the previously utilised lentiviral labels and surface
marker stains. Therefore, we first optimised the selection of lentiviral fluorophores
and fluorescent probes for effective reading of both tracing labels and surface marker
expression. To circumvent the need for single cell sorting to establish clones, we
optimised conditions for low cell density seeding to achieve outgrowth of many
clones within the same culture. We reasoned this would be a faster approach,
yielding a larger number of clones for analysis, while, also mitigating any selective

pressures associated with culturing clones from a single isolated cell.

Subsequently, we aim to assess clonal growth and marker plasticity over a number
of passages by repeat flow cytometry staining and interrogation of lentiviral labels at
each passage. This approach can then potentially provide novel insights of how
population level marker expression is underpinned by clonal dynamics and marker
heterogeneity. Subsequently, the serially passaged clonal mixtures will be seeded
into three-dimensional tumour Matrigel® spheroids to investigate how transition to
new microenvironment affects clonal architecture and marker expression. The
influence of micro-environmental factors on cellular heterogeneity has implications
for treatment development and studying this with respect to clonal populations has
not been widely addressed. Furthermore, application of this approach to multiple

patient-derived cell lines will provide a picture of how clonal dynamics, marker
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heterogeneity and plasticity vary between patients. Consideration of patient specific
disease mechanisms is a further aspect of therapy development emerging as an

important aspect in achieving more efficacious treatments.

5.2 Results

5.2.1 Dual labelling with FACS purification permits adjunct surface
marker labelling and effective detection of clonal expansions

As described above our first step was to achieve a labelled population optimised for
clonal tracing and marker assessment. To achieve this, we made a small adaption to
our 5-fluorophore labelling regime described in the GBM cell line U87 by removing
Katushka2S from the trace label panel and performing only six separate dual
transductions to produce 6 different dual labelled populations outlined below.
EBFP2/T-sapphire (BS)

EBFP2/Venus (BV)

EBFP2/mOrange2 (BO)

T-sapphire/Venus (SV)

T-sapphire/mQOrange2 (SO)
Venus/mOrange2 (VO)

SR

These label populations were established in two primary glioma CSC lines (G61 and
G19) which had desirable properties for in vitro investigation, i.e. to readily attach to
culture plates and rapid propagation. 7-days after exposure to the virus, cells from
the 6 separate infections were pooled together and FACS sorted to purify dual
labelled cells. As displayed in figure 5.1 A & D, these dual populations were readily
identified during the FACS sorting step and gates were manually placed for each cell
line for the purification of these six populations. Cells were sorted into two
populations;
1. Mixture of the 6 gated dual-labelled populations described above (Double)

2. Mixture of the single label and unlabelled cells falling outside of gates (Single)

The efficacy of this in producing an exclusively dual-labelled populations was
demonstrated through confocal imaging (Figure 5.1B, C, E and F). For each of the
sorted cell lines the single label collection showed cells nearly exclusively of the 4

primary colours; Blue (EBFP2), Green (T-sapphire), Yellow (Venus) and Red
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(mOrange2), while the dual labelled collection displays cells showing labels produced
through combinations of these colours. The parameters of this sorting process are
displayed in the table in Figure 5.1G, demonstrating the number of dual labelled cells
collected for each cell line. In total nearly 600,000 dual labelled cells were collected
for G61 suggesting the potential for tracing many different clones. Just under 200,000
dual labelled G19 cells were collected with a high sorting efficiency and few discarded

events (96%).

A G61sort layout for purification of dual-labelled cells
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(G Parameters of sorts for G61 and G19 viral dual-labelled cell purification

Cell line Events Aborted collected Collected Efficiency (%)
processed events single label dual label
events events
G61 2,343,110 58,795 610,930 598,871 76
G19 711,860 1,377 400,962 195,529 96

*** Efficiency: No. of target cells sorted/total No. of target cells detected

Figure 5.1: FACS mediated isolation of dual-labelled cells to enhance ability for accurate tracing
of tumour cell clones. (A) FACS plots and gates used for sorting the double label and single label
G61 cells. (B) Confocal imaging of single labelled G61 cells after FACS sorting. (C) Confocal imaging
of double labelled G61 cells after FACS sorting (scale bar = 200 um). (D) FACS plots and gates used
for sorting the double label and single label G19 cells. (E) Confocal imaging of single labelled G19
cells after FACS sorting. (F) Confocal imaging of double labelled G19 cells after FACS sorting (scale
bar = 200 um). (G) Parameters and statistics for sorting of 61 and G19 cells. (n = 1 sort for each cell
line)
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Collected cell populations were expanded as bulk mixtures for a further 7 days to
freeze aliquots and test suitability of new probes selected for surface marker
staining. Upon testing suitability of surface marker probes, G61 and G19 showed near
equal proportions of viral labelled populations which retained their cloud-like
distribution which suggested the retention of many labels after the sorting and
expansion phase (Figure 5.2A). For both cell lines, a portion of single-positive and
unlabelled cells, designated as “non-double” in Figure 5.2B, were observed
suggesting these were not completely eradicated during the FACS sorting step.
However, all single and unlabelled cells now represented a minor fraction of the
whole cell populations that was comparable to a single dual-label group (Figure 5.2C)
whereas these were the majority of cells in previous labelling approaches without a
FACS step. Using surface marker probes comprising CD44 (APC-750), CD133 (Brilliant
Violet 711), A2B5 (APC) and CD15 (Brilliant Violet 780) we were able to distinguish all
surface marker signals from one another, and from the underlying viral label signals.
In keeping with previous findings and demonstrated here each cell line showed a
unique surface marker phenotypic distribution within the bulk sample (Figure 5.2C &
D). In both cell lines, CD44 was expressed at the highest level, and A2B5 was also
highly expressed in both lines, although, at a higher level in G19. CD133 was
expressed on a large portion of cells in the G61 line with lower levels of CD133
expression observed in G19. In each of the middle panels in Figure 5.2C, CD44 (x-axis)
is plotted against CD15 (y-axis) and it shows bleed-through from the CD44 probe APC-
780 into the Brilliant Violet 780 channel which could not be corrected through
compensation. Nevertheless, gating circumvented this issue and permitted the
classification of CD15* cells which were found in very low prevalence across the three
cell lines. Single stain controls reported almost 0% of cells expressing CD15 across the
three cell lines suggesting bleed-through from the CD44 collection channel was not
interfering with detection of CD15 expression. When cell line was split into its
constituent viral label groups, marginal differences in marker phenotypes were
observed for G61 and G19 (Figure 5.2D). Indeed, cosine similarity analysis reported a
value of >0.995 when marker phenotypes of each viral label group were compared

with those of the overall whole culture. Suggesting bleed-through artefacts observed
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during U87 analysis have been mitigated with the adjusted composition of viral labels

and surface marker probes.

A Detection of viral barcodes after expansion of FACS purified double positives
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Figure 5.2: Surface marker profiling of differentially labelled glioma CSC populations after FACS
purification of dual label cells. (A) Flow cytometry dot-plots showing detection of each dual-label
population in a mixed bulk sample of G61 and G19 glioma CSCs after FACS sorting. (B) Quantification
of dual barcode labels in G61 and G19 cells after FACS sorting. (C) Dot-plots showing distribution of
surface marker expression in G61 and G19 along with gates applied to determine cells positive for
each marker. (D) Graph showing distribution of surface marker phenotypes in non-barcoded whole
culture, barcoded whole culture (WC) and each of its constituent viral label groups. (E) Summary of
cosine similarity analysis comparing viral label group surface marker phenotype distributions to its
corresponding whole culture. All values equal or succeed limit of monte carlo (CoS = 0.995)
modelling for variation due to sampling error.
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In the final step of optimisation for clonal tracking dual barcoded cells were seeded
at low density; either 500 or 1000 cells into separate wells of a 48-well plate with the
aim of producing traceable clonal mixtures from this starting pool of diversely
labelled cells. Confocal imaging of these clonally emergent sub-cultures was
performed after 10 days of culture to provide representative images of this process
for each cell line (Figure 5.3A & B). These images reveal a phenotypic difference
between the two patient-derived lines in terms of clonal colony formation and
migration. G61 clonal populations grew in clusters while G19 show apparently
greater motility with cells of different coloured clones spread out across the well
surface (Figure 5.3A & B). Assessment of dual barcodes in G61 and G19 cells reported
formation of streaks and clusters across the six dual labelled groups indicative of
expanding dual-labelled clones, with comparable results after seeding 500 or 1000
cells (Figure 5.3D & E). As a result, we reasoned for future assays that trackable clonal

populations would be produced by expansion from an initial population of 500 cells.
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Confocal imaging of barcodes in cultures 10 days after seeding with 500 cells

C Flow assessment of barcodes after 10 days culture from 500 cells
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D Flow assessment of barcodes after 10 days culture from 1000 cells
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Figure 5.3: Low-density seeding of FACS sorted dual-labelled glioma CSCs can produce mixtures
of traceable clones: (A & B) Imaging of 48-well plate wells 10 days after seeding approx. 500 dual-
labelled glioma CSCs from patient-derived tumour). Differentially coloured clonal populations can
be observed revealing unique behaviours between cell lines. (C) Flow cytometry dot-plots of the six
dual-labelled populations (BS, BV, BO, SV, SO and VO) in (n = 3) 500 cell cub-cultures (C1, C2 & C3)
after 10-days of growth for G61 and G19. (D) Flow cytometry dot-plots of the six dual-labelled
populations (BS, BV, BO, SV, SO and VO) in (n = 3) 1000 cell cub-cultures after 10-days of growth
for G61 and G19.
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5.2.2 Sub-culturing and clonal tracking of glioma CSC show distinct
dynamics in clonal expansion and selection

Combining dual label barcoding, surface marker labelling, and low-density sub-
culturing outlined in previous section, we set out to assess the relationship between
surface marker expression and clonal dynamics of G61 and G19. To achieve this, we
seeded 500-cell sub-cultures (n = 6) for G61 and G19 in 48-well plate wells. Once
confluent, sub-cultures were transferred (P1) and expanded in a 12-well plate wells.
Sub-cultures were serially passaged in 12-well plates (25% of cells retained at each
passage) with clonal proportions and marker expression assessed at passages 2, 3
and 5 (Figure 5.4). In the following section (Section 5.2.4), clonal mixtures established
by P5 (n = 3 mixture for G61 and G19) are transferred to Matrigel® spheroids to
investigate how clonal predominance and changing culture environment affect CSC
surface marker expression (Figure 5.4, ES6). Subsequently (Section 5.2.5), diversely
labelled mixtures produced in ES1 are directly cultured in organoids to assess marker

expression and clonal expansion in a more complex in vitro system (Figure 5.4 ES7).

Quantification of flow cytometry detection of dual barcode and clonal proportions
for the 6 sub-cultures across G61 and G19 are shown in Figure 5.5 and Figure 5.6
respectively. In both cell lines, across all 6 sub-cultures, discernible clonal populations
arose which constituted the majority of cells in culture, raw dot-plots are shown in
supplemental Figure 7.4 & Figure 7.5. And, examples of gating strategy used for
detecting clones across passages is shown in Figure 7.6. For G61 we detected 13 — 16
clones per sub-culture and for G19 we detected 14 — 18 clones per sub-culture.
Quantification of clonal proportions suggested, in both cell lines, a single or minority
of clones were tending toward predominance while the majority were reducing in
their proportional representation within the culture. Interestingly, in G61 sub-
cultures, the predominant clone at P5 arose form a different barcode label in each
culture other than sub-cultures 3 and 6 (C1:BO, C2:BS, C3:SV, C4:BV, C5:S0 and
C6:SV)(Figure 5.5B-G). However, in G19 sub-cultures 1 — 4, the predominant clone
arose in the BV barcode group (Figure 5.6B — E), and. the position of the clonal streak
indicated these were all descendent from the same clone (Figure 7.5A — D asterisk).

While in G19 sub-cultures 5 and 6, predominant clones arose in barcode label SO.
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Figure 5.4 Scheme for assessing glioma CSC clonal dynamics and marker expression in different
environments. Experimental step 1 (ES1), perform marker phenotyping of FACS purified diversely
labelled dual-label glioma CSC lines G61 and G19. (ES2) Establish (n = 6) 500 cell sub-cultures to
produce traceable clonal mixtures. (ES3) After 14 days and at the first passage 3/4 of the cells are
to be harvested to assess surface marker expression. The cells are cultured up to passage 5 with
further surface marker profiling at P3 (ES4) and P5 (ES5) after 35 days in adherent culture. (ES6)
Portions of cells from 500-cell subcultures will then be placed in organoids to look at how their
clonal dynamics and marker expression shift in a new environment. (ES7) Organoids will also be
grown from the diversely labelled glioma CSC populations which will be assessed for their clonal
content and marker expression once they reach maturity after 30 — 40 days. (B) Summary of viral
labels and surface marker probes used for clonal tracking and surface marker phenotyping. (C)
Table displaying cell analyser laser and filter setups for each fluorescent signal.
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*** Clone codes are specific to sub-cultures, shared clone codes between sub-cultures don’t alwaysrepresent same clone

Figure 5.5: Clonal tracking in 500-cell derived cultures of barcoded G61 reveal clonal populations
with different growth propensities. (A) Quantification of viral label groups (BS, BV, BO, SV, SO, VO
and other labels) across passages 2, 3 and 5 (P2, P3 and P5). (B — G) Relative proportions of cell
numbers in tracked clones across P2, P3 and P5 detected in different viral label groups. Clone codes
indicate the viral label group a clone is from and the number deviates clones within the same label
group. Most prominent clone at P5 in each culture is highlighted in red in list of clone codes. N =1
reading of clonal proportion at each passage. At passage O (i.e the seeded population of 500-cells),
clonal proportions were assumed to be equal although not quantified. Scales on y-axis of each graph
adjusted to best display data from each culture Line colours are arbitrary and applied randomly to
each plot. A variety of clonal growth dynamics can be seen across the subcultures with either a single
clone (Sub-culture 2 and 3) or 2 — 3 clones out performing the majority (Sub-culture 1, 4, 5 and 6)

166 |Page



A G19 viral barcode dynamics over passages
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Figure 5.6 Clonal tracking in 500-cell derived cultures of barcoded G19 reveal clonal populations
with different growth propensities. (A) Quantification of viral label groups (BS, BV, BO, SV, SO, VO
and other labels) across passages 2, 3 and 5 (P2, P3 and P5). (B — G) Relative proportions of cell
numbers in tracked clones across P2, P3 and P5 detected in different viral label groups. Clone codes
indicate the viral label group a clone is from and the number deviates clones within the same label
group. Most prominent clone at P5 in each culture is highlighted in red in list of clone codes. N = 1
reading of clonal proportion at each passage. At passage O (i.e the seeded population of 500-cells),
clonal proportions were assumed to be equal although not quantified. Scales on y-axis of each
graph adjusted to best display data from each culture Line colours are arbitrary and applied
randomly to each plot. A seen by raw flow cytometry plots the same clone appears to be
predominating in sub-cultures 1 — 4. With clones form a different viral barcode predominating in
sub-cultures 5 and 6.
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A variety of growth dynamics could be observed in the clones tending toward
predominance in both cell lines. In some cultures the predominant clone at P5 was
already detected as the predominant clone at P2. However, in certain cultures the
predominant clone at P2 or P3 was superseded by a less prevalent clone by P5
(G61: Sub-cultures 2, 4 and 6 & G19: Sub-culture 3 & 4). Results of flow cytometry
quantification were supported by imaging results of each culture at P2 and 5

displayed in Figure 5.7

In conclusion, our barcode label approach could detect and quantifying the
proportions of up to 18 clones in a culture over 5 passages. Tracking suggested
each culture was tending toward clonal predominance with variable growth

patterns observed between clones in the same culture.
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A Representative imaging of G61 sub-cultures (P2) B Representative imaging of G19 sub-cultures (P2)

C Representative imaging of G61 sub-cultures (P5S) [ Representative imaging of G19 sub-cultures (P5)
C1 C2 C3 C4 C5 C6 i C6

ROI9 ROI8 ROI7 ROI6 ROI5 ROI4 ROI3 ROI2 ROI1

ROI 10

Figure 5.7 Fluorescent imaging of sub-cultures at P5 show different pattern of clonal outgrowth
between glioma CSC lines. (A) representative images of culture regions from the (n=6) serially
passaged G61 sub-cultures at passage 2 (P2). (B) Same as A but showing G19. (C) Panel displaying
multiple regions of interest (ROI) of cells expanded from the G61 P5 population. The predominant
colours observed across the ROIs corroborate with flow cytometry data. (D) Multiple ROIs of cells
across the (n = 3) G19 subcultures (C1 — C6) after expansion of cells form passage 5. G19 cultures do
not show the distinct colour differences seen across G61 sub-cultures.
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5.2.3 Adjunct clonal tracking and surface marker profiling reveal clonal
dynamics underlying marker plasticity in glioma CSC lines

In addition to reading of lentiviral labels, each sub-culture was also stained and
assessed for its marker expression at P2, P3 and P5 (Figure 5.8A). Prior to seeding
sub-cultures, the bulk population of barcoded cells was also profiled for cellular
marker expression and this reading is displayed as PO in Figure 5.8A. Our Monte-Carlo
(95% confidence intervals) modelling suggested that sampling of 500 cells from the
seeding population would lead to maximum cosine similarity deviation of 0.98. In
both cell lines, we found that marker expression was not stable across passages and
proportions of marker profiles fluctuated between sub-cultures. However, by P5,
sub-cultures C1 and C3 for G61 reported a notably larger representation of the
CD44*/A2B5* marker expression profile compared to the other G61 sub-cultures
(Figure 5.8A). G19 produced a much larger portion of marker negative cells than any
of the G61 cultures and interestingly, by P5 all G19 sub-cultures shared a more
consistent marker expression profile. We applied cosine similarity analysis to
perform pair-wise comparisons of each sub-culture’s marker profile at P2, P3 and P5
with the PO value recorded for G61 and G19 (Figure 5.8B). Black dotted line denotes
threshold cosine similarity that could be attributed to sampling error (0.98). These
results further suggest the two cell lines show distinct behaviours in marker plasticity
across the passages. It appears that G19 sub-cultures adapt their marker expression
with variable degrees of similarity to the seeding PO population. Interestingly, each
sub-cultures similarity to PO remains relatively stable at P3, but by P5, sub-cultures
converge and share a more consistent degree of similarity in their marker expression

compared with the seeding population.

This array of similarities is retained at P3 but by P5 all cultures cluster with a similar
degree of similarity to the PO population. Conversely for G61, sub-cultures show a
large degree of similarity with the PO population at P2 which then diverges for all
populations at P3. By P5 all G61 sub-cultures other than C3 again increase their
similarity with the starting population. Interestingly, G61 sub-culture 3 (C3)

contained an SV clone that constituted over 60% of all cells in the culture that

170 | Page



diverges considerably in its marker expression compared to other cell clones (Figure

7.7). This suggests the divergence of C3 from the general pattern of marker
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Figure 5.8: Whole culture surface marker analysis of serially passaged G61 and G19 sub-cultures
reveals unique dynamics in marker plasticity. (A) Stacked bar plots showing cellular proportions of
marker expression in glioma CSC (G61 or G19) bulk sample (Passage 0) and sub-cultures (C1 — C6)
over passages 2, 3 and 5. Binary plot explains how colours denote marker expression profile. (B)
Cosine similarity analysis of passaged (P2, P3 and P5) sub-culture (C1 — C6) marker profiles
compared to bulk sample (passage 0) which seeded sub-cultures. (C) Pair-wise cosine similarity
comparisons of sub-cultures (C1 — C6) for G61 and G19 across passages 2, 3 and 5.

expression shared across passages of the other 5 G61 subcultures is solely due to the
expansion of a single unique clone. In a second analysis approach, pairwise cosine

similarity analysis comparing each of the six sub-cultures with one another at P2, P3
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and P5 (i.e 5 comparisons per sub-culture per passage and 15 comparisons per cell
line per passage). This analysis further supported the general trend observed when
comparing sub-cultures with the PO population. Namely, that G19 sub-cultures
started varied and became more similar while G61 sub-cultures started similar and

became more variable by P5 (Figure 5.8B & C).

To further probe the clonal influences on population surface marker expression we
set about gating and extracting surface marker profiles for each of the identified
clonal populations across the sub-cultures for G19 and G61. In total, 104 and 84
clones were extracted for G19 and G61 respectively. Examples of gated clones and a
summary of extracted clones surface marker expression can be found in
supplemental Figure 7.7. To summarise the clonal surface marker profiles and their
distributions compared to one another, we again subjected the data to pair-wise
comparisons of all clonal marker profiles from the same sub-culture across passages
2, 3 and 5, calculating a cosine similarity value for each pair-wise comparison. This
provided a picture of the variation in marker expression across clones in each of the
six sub-cultures, revealing distinct patterns of clonal surface marker heterogeneity
between the two cell lines (Figure 5.9). Again dotted line displays the 0.995 Monte-
Carlo CoS score deviation that could be attributed to sampling error. For both cell
lines at all passages, the highest density of pairwise cosine similarity comparisons are
towards a score of 1. Suggesting there is a common distribution of surface marker
profiles which is shared by many clones within each sub-culture. However, both cell
lines also show outlier clones that report low cosine similarity values (CoS < 0.25)
compared to other clones in their sub-culture. Monte-Carlo modelling would suggest
deviation below cosine similarity of 0.995 could not be explained by effects of
random sampling. While both cell lines share the presence of these outlier clones the
distribution of these outliers is markedly different. G19 clonal surface marker profile
variation is spread across a spectrum of dissimilarity from near identical (CoS = 1) to
highly divergent expression profiles and many intermediate profiles. However, G61
shows a more bi-modal distribution with clonal comparisons from C3, C4 and C6

diverging considerably from the clones that cluster around a cosine similarity score
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of 1. The clonal profiles causing this bimodal distribution are highlighted in

supplemental Figure 7.7 where bar charts of all clonal marker profiles are displayed.

A Cosine similarity of phenotypes for all clones compared
with other clones within the same culture
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Figure 5.9: Cosine similarity reveals heterogneiety in clonal marker expression and apparent
differences between G61 and G19. (A) Pairwise cosine similarity comparisons of clonal marker
profiles between clones of the same sub-culture. High cosine similarity values suggest comparison
of highly similar clones and low values suggest comparison of dissimilar clones. Results are
displayed for each passage (2, 3 and 5) and comparisons of different sub-cultures (C1 — C6) are
indicated by different shapes.

To further summarise the flow cytometry data and capture all inferable parameters
of our assay, we calculated the mean of cosine similarity values for each clone at each
passage (Figure 5.10). Providing a single summary measure of how similar a given
clones marker expression is to other clones within the same sub-culture allowing us
to calculate the mean fold change in cosine similarity for each clone between
passages 2 and 5. A negative fold change indicates a clone has decreased in similarity
to other clones in its sub-culture, whereas, a positive value indicates a given clone
has increased in similarity to other clones in its sub-culture from P2 to P5. Clones
which cluster around the value “0” would have shown no or very small change in
their degree of similarity/dissimilarity to other clones in their culture. The second
parameter calculated was the fold change in the fraction of cells a clone represented
within its whole sub-culture between P2 and P5, providing a summary parameter of

a clones behaviour in terms of outgrowth or attrition. A positive fold change indicates
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this clone has expanded considerably while a negative fold change suggests either
clonal loss or that a clone has remained the same size but become proportionally

smaller owing to expansion of other clones (Figure 5.10).

Plot summarising the for change in Cosine similarity and clonal fraction of whole
culture between readings at P2 and P5
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Figure 5.10: The relationship between clonal marker expression plasticity and growth. Fold
change in clonal fraction; A given clones proportion of whole culture at P2/same clones proportion
at P5). Fold change in mean CoS; Mean value of all pairwise cosine similarity calculations for a given
clone at P2/same value at P5. Shapes dictate sub-culture corresponding to a given clone and are
indicated in key on right handside.

This analysis further highlights the differences in clonal and marker profile dynamics
between the two cell lines and paints a similar picture to previous analysis. G19
shows an array of clonal readings in terms of proliferation and marker diversity while
G61 is shows a cluster of clones with similar readings and a small number of outliers.
Interestingly, there is a skew towards a positive fold change in mean CoS for all G19
clone suggesting clones within a culture are tending toward similarity with one
another in terms of their marker expression (Figure 5.10). This is reflected in what

was observed when assessing marker expression between whole sub-cultures for
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G19 (section 5.2.2) where sub-culture marker expression was variable at P2 and
became more similar by P5 (Figure 5.8C). Furthermore, in the G61 sub-cultures, the
two clones (C3 SV1 and C4 VO3) showing the greatest fold change in their clonal
fraction also showed the most negative fold change in their mean CoS (Figure 5.10).
Indicating a divergence in marker expression of these two clones compared to the
rest of their sub-culture. For both cell lines, the majority of clones report a negative
fold change in clonal fraction suggesting most clones within the sub-cultures are

reducing in their proportional representation (Figure 5.10).

In conclusion our sub-culturing, serial passaging, clonal tracking and surface marker
assessment reveal extensive plasticity in marker expression and distinct behaviours
of different patient derived lines. Our results also suggest that cellular surface marker
expression is influenced by a cells heritage as we observed clones from the same cell

line and indeed the same sub-culture with distinct distributions of marker profiles.
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5.2.4 Transfer of sub-cultures to organoid culture results in more
pronounced clonal outgrowth with predominant clones
presenting distinct marker profiles

After 5 passages in adherent culture, selected sub-culture (C1 — C3) for both G61 and
G19 were seeded into organoids. Each organoid was seeded with approximately 5000
cells and the number of repeat organoids sampled for each sub-culture are indicated
on the figures. Once organoids had reached maturity (30-40 days), living organoids
were embedded in agarose and sectioned on vibratome for imaging. The following
day, organoid sections were dissociated, stained and assessed by flow cytometry.
Once again cell lines showed very divergent behaviours in their clonal content and
marker plasticity making direct comparison difficult. For this reason, results for the
two cell lines are presented separately. Organoids were successfully derived from
G61 sub-cultures 2 (n = 10, Figure 5.11) and 3 (n = 7, Figure 5.12), while organoids
grown from sub-culture 1 developed very slowly and were not processed for analysis.
For sub-culture 2 and 3, all mature organoids presented with two predominant
clones with variable proportions observed between organoids (Figure 5.11 A&B and
Figure 5.12 A&B). For both sub-cultures, the clone apparent through flow cytometry
were also readily detectible through imaging (Subculture 2: Figure 5.11C & Sub-
culture 13Figure 5.12C). Interestingly, clones detected in sub-culture 3 (O clone: Red
and SV clone: Green) showed different phenotypes at 14 days culture with SV cell
clones more elongated and spread throughout the Matrigel matrix and O cell clones
growing more in clumps (Figure 5.12C). Further difference between the clones at 30
days was also noted with O clone growing externally and SV clone localised internally
(Figure 5.12C). Flow cytometry quantification for relative clonal cell counts are shown
in Figure 5.11D for sub-culture 2 and Figure 5.12D for sub-culture 3. The final metric
shown is for the surface marker phenotypes reported for each detected clone after
organoid culture. Clones retained in organoids grown from sub-culture 2 shared a
similar distribution of marker profiles at P5 when seeded into organoids (Figure
5.11E). However, upon transplantation and growth in organoids, these two clones
show divergent adaptation to their marker expression that remained consistent

across organoids (Figure 5.11E).
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Figure 5.11: G61 (sub-culture 2) clones show substantial clonal outgrowth and divergent marker
adaptation upon change of culture environment. (A) Flow cytometry dotplots of G61 sub-culture
2 at P5 before seeding cells into organoid culture. (B) Representative flow plots of G61 sub-culture
2 showing the two clones (BO and BS) indicated by arrows that predominated across all organoids
(n =10). (C) Representative imaging of organoids after 14 days of culture when expansion of both
clones was already visible (purple arrows = BO clone, cyan arrows = (BS clone). And, imaging of
organoids at maturity (30 days culture) suggesting BO (purple) clone is more readily found
peripherally and BS clone (cyan)more readily found internally. (D) Quantification of clonal
proportions in each organoids (n = 10) assessed through flow cytometry. (E) quantification of
marker profiles for each clone (BS and BO) across all cultured organoids, colours used are consistent
with previous displayes of marker expression. (F) Raw flowcytometry dot plots showing
representative surface marker (CD44, CD133 and A2B5) expression of BO (purple) and BS (cyan)
clones after being harvested from organoids.
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G61 C3 tracing labels at P5 of adherent culture and representative flow profile after organoid culture
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Figure 5.12: G61 (sub-culture 3) shows similar clonal outgrowth and differential adaptations to
marker expression after change of culture enbironment: (A) Flow cytometry dotplots of G61 sub-
culture 3 at P5 before seeding cells into organoid culture. (B) Representative flow plots of G61 sub-
culture 3 showing the two clones (O and SV) that predominated across all organoids (n = 7). Arrows
indicate clones predominating after organoid culture (SV and BO clones) and asterisk denotes a
predominating clone that is seemingly expressing a single (mOrange2) rather than a dual lentiviral
label. (C) Representative imaging of organoids at day 14 and at maturity (Day 30). Day 14 imaging
suggests clone shave different growth and migratory phenotypes. Day 30 imaging shows O clone
mainly localised to the periphery and SV clone localised internally. (D) Clonal proportions of G61
(sub-culture 3) adjudged by flow cytometry, showing O clone generally more prominant. (E)
Quantification of marker profiles for each clone (O and SV) across all cultured organoids and at P5,
marker combinations are indicated in key to right. (F) Raw flow cytometry dot-plots showing
representative surface marker (CD44, CD133 and A2B5) expression of O (red) and SV (yellow) clones
after being harvested from organoids.
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across organoids (Figure 5.11E). These differences are exemplified in representative
flow plots shown in Figure 5.11F, where the clones differ in their expression of A2B5,
CD44 and CD133. Similarly, clonal divergence in surface marker adaptation to culture
in organoids is also observed for clones of G61 sub-culture 3 (Figure 5.12E). Clones

from sub-culture 3 mainly differed in their expression of A2B5 (Figure 5.12F)

In contrast, G19 organoids grown from sub-cultured clonal mixtures did not report
the same degree of clonal pruning or unique phenotypic behaviours. In general, a
larger number of clones persisted in the organoids cultured from G19 which may just
reflect the presence of more clones across G19 sub-cultures than in G61. Only a single
organoid derived from sub-culture 2 contained as few as 2 clones, while all other
organoids contained 3 or more. Again, unlike G61 which had apparently unique
clones (judged by variable trace labelling) comprising their sub-cultures and
organoids, G19 organoids all shared the same predominant BV clones indicated by
arrows in Figure 5.13A, B and C; This observation in the flow cytometry data was
corroborated by imaging which showed organoids derived from each sub-culture
sharing a predominantly yellow signal. Owing to its position on the flow plot, this
recurrent BV clone could be regarded as high expressor of Venus and low expressor
of EBFP2 which would present as largely yellow (with minimal blue EBFP2 signal) by

microscopy.

In G61, we observed apparent regional localisation of different clones centrally and
at the surface (Figure 5.12E). This pattern of distribution was not observed for G19
where cells of individual clones were more widely spread through the organoid. A
result mirroring the difference in spatial distribution of G61 and G19 clones when
establishing the 500-cell derived sub-cultures (Figure 5.3A & B). In G61, we observed
relatively consistent marker expression when comparing the same clone across
multiple organoids. However, in G19 clonal marker expression after organoid culture
did not show the same consistency. For example, the VO clone identified across all
six organoids seeded from sub-culture 3 (Figure 5.14B) shows quite distinct surface
marker expression in each organoid. In fact, the VO clones marker expression
appears more similar to the clones it was cultured with in each organoid. These

inferences are purely a qualitative assessment and would require the experiment to
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be repeated on a larger scale to confirm. Overall, G19 and G61 behaviours in

organoids echo the differences observed across passages in adherent culture.

In conclusion, changing the growth environment induces a selection pressure on the
surface markers expressed by our two patient cell lines as previous work has
indicated. However, our dual-barcoding also revealed considerable changes to the
underlying clonal composition of the mixtures seeded into the organoids.
Furthermore, as in adherent culture, we observed clones with divergent marker
expression in both cell lines suggesting clones of the same tumour line can show

variable responses in their marker expression after a change in culture conditions.
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Figure 5.13: Organoids grown from G19 sub-cultures (1 — 3) all show outgrowth of the same clone.
(A) Flow cytometry dot plots of (n = 3) organoids grown from G19 sub-culture 1 cells at P5. Columns
are ordered as previously displayed (BS, BV, BO, SV, SO and VO). (B) Flow cytometry dot plots of (n
= 3) organoids grown from G19 sub-culture 2 cells at P5. (C) Flow cytometry dot plots of (n = 3)
organoids grown form G19 sub-culutre 3 cells at P5. All orgnaoids grown from all sub-cultures show

a consistent outgrowth of a BV (Green) clone.
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A 30day G19 Matrigel organoids grown from C1, 2 and 3

B Marker phenotypes for all clones identified in G19 Matrigel organoids
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Figure 5.14: G19 Matrigel organoids retain more clones than G61 and also show divergent marker
profile. (A) Representative confocal imaging of all the G19 sub-cultures after organoid culture
(yellow appearance due to consistent BV clonal growth). (B) Summary of marker profiles for all
identified clones in cultured G19 organoids, using same colour scheme as all previous dislays. A
singel graph for each organoid is shown with a summary of the marker phenoypes of the clone
spresent within that orgnaoids. Clone names are dictated by colour group in which they arrose (BS,
BV, BO, SV, SO and VO).
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5.2.5 Seeding of diversly labelled cells into 3D Matrigel organoids
reports consistent observations as experiments using clonally
enriched sub-clones

To further compare differences in clonal and marker expression phenotypes between
G61 and G19 we seeded 5000 bulk diversely labelled cells of each cell line in a number
of 3D Matrigel cultures. (G19 n = 21 & G61 n = 15). Organoids were cultured until
maturity at around 30 — 40 days, vibratome sectioned and imaged without fixation
then subsequently dissociated with Accumax® and stained for assessment of clonal
content and surface marker expression. Imaging of clonal organisation within the
organoids showed consistent observations in clonal organisation compared with sub-
culture seeded organoids. G19 clones showed a greater degree of mixing throughout
the culture matrix compared with G61 where clonal populations arose in spatially
discrete clusters. Higher power images show that clones do mix in G61 (Figure
5.15B1, B2 & B3) but the degree of spatial clonal mixing in G19 is much greater
(Figure 5.15A1, A2 & A3). Internally, both cell lines form an interconnected network
of cells but with the clonal arrangement in this network strikingly different. G19
clones appear more diffusely spread through the Matrigel matrix while the G61
clones are more segregated in clusters throughout the matrix. Diffuse (G19) and
clustered (G61) clonal organisation was also observed after culturing from 500 or
1000 cells in adherent culture. Flow cytometry analysis revealed further behaviours
reflecting characteristics observed in adherent culture. For both lines, dual-barcode
groups were seeded into organoids at near even proportions with a large variation in
labels represented within each dual-barcode (Figure 5.16A & B). Quantification of
colour groups across G61 organoids revealed variable shifts in label composition after
organoid culture (Figure 5.16A). Furthermore, streaks present on flow plots suggest
this expansion of certain label groups was due to predominance of a small number
of clones in each organoid (Supplementary Figure 7.8 & Figure 7.9). Conversely, G19
organoids barcode label group composition was more conserved across different
organoids with a lower level of proportional rearrangement. In most organoids, the
BV label groups had expanded considerably with fluctuations observed across the
other label groups (Figure 5.16B&D). Indeed, the number of clones of sufficient size

for detection was much greater in G19 compared with G61 (Figure 5.16).
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To investigate marker expression all clones were manually gated, and their surface
marker expression extracted. A breakdown of marker expression for all organoids
and all clones can be found in supplemental data (Figure 7.10). We subject this
dataset to the same analysis performed on adherent sub-cultures looking in the first
instance at similarity in marker expression between whole organoids and then

between clones of the same organoids.
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Figure 5.15: Diversely labelled cells seeded into orgnaoids deomnstrate phenotypic differences
between G19 and G61. (A) Representative imaging of a living vibratome sectioned G19 orgnaoids
seeded with diversely labelled (not sub-cultured) cells. Boxes indicate regions shown in higher power
in A1 — A3. (B) Representative imaging of G61 organoid seeded with diversely labelled (not sub-
cultured) cells. Boxes indicate regions shown in higher power in B1 — B3.
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A G61 poly-label organoid label distributions at maturity B G19 poly-label organoid label distributions at maturity
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Figure 5.16: Trace-label quantification and identified clones support previous findings of
differeing clonal dynamics between G61 and G19. (A) Raw flow cytometry dot plots of the 6-dual
labelled G61 populations prior to seeding into organoid culture. (B) Quantification of colour group
proportions across G61 or (n = 15) after 30 — 40 days of culture. (C) ) Raw flow cytometry dot plots
of the 6-dual labelled G19 populations prior to seeding into organoid culture. (D) Quantification of
colour group proportions across G19 organoids (n = 21) after 30 — 40 days of culture. (E) Summary
plot of the number of clones found per organoid between G61 and G19. (F) Summary plot displaying
the number of cells per identified clone for G61 and G19.

Comparison of all cells in an organoid showed most organoids shared a similar
proportion of surface marker profiles with the majority of pairwise comparisons
producing a cosine similarity score of > 0.9 for both cell lines Figure 5.17A. Visual
inspection of data in supplemental figures would further support this with organoids

seeded from the same cell line showing a characteristic pattern of surface marker
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expression (Figure 7.8 & Figure 7.9). Upon comparison of clonal surface marker
expression, we find a larger degree of variability than was observed between whole
organoids (Figure 5.17B). For both cell lines the majority of clones share a similar
expression signature with pairwise comparisons yielding a similarity index of >0.8.
However, for both cell lines there are a number of outlier clones which show
divergent marker profiles (<0.6 cosine similarity), similar to what was observed in
adherent culture (Figure 5.17. In adherent culture we found a different distribution
between the cell lines with G61 reporting a bimodal distribution of clonal similarities
and G19 reporting a more continuous distribution of highly similar to dissimilar
expression profiles. In this analysis, both cell lines appear to show a continuous
distribution of clonal marker expression similarities. However, G19 report a higher
proportion of similar clones (>0.8 cosine similarity) and G61 reports a higher

proportion of dissimilar clones (<0.6 cosine similarity).

In conclusion, our dual-label strategy is very well suited toward the identification and
tracking of clones in a mixed population of human tumour cells. Moreover, this
approach can be combined effectively with surface marker labelling to investigate
marker expression plasticity and heterogeneity in a range culture settings. We find
clonal populations of human tumour cells exist across a range of marker expression
profiles, with the bulk of clones sharing a similar marker expression pattern and a
number of clones reporting divergent, dissimilar marker expression distributions.
These results further suggest, that in addition to environmental influences cellular
heritage, plays a role in shaping cell identity and hierarchical tumour processes.
Indeed, we find that bulk population plasticity in marker expression is underpinned
by re-arrangements to the underlying clonal composition, supporting a role for clonal

outgrowth and predominance in processes of tumour plasticity and adaptation.
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5.3 Discussion

Clonal evolution and plasticity of glioma CSCs giving rise to intra-tumour
heterogeneity are key themes in GBM progression, treatment resistance and disease
recurrence. Leveraging the formation of clonal populations, visualised as “clouds” or
“streaks” on flow plots, we adapted the LeGO-vector based labelling method for
rapid production of many traceable cell clones. In previous studies using cell labelling
with LeGO-vectors, clones were produced by single-cell sorting and require parallel
tissue culture maintenance (Mohme et al., 2017, Pericoli et al., 2020) or emerged
after long-term serial passaging of RGB marked cells, for up to 36 passages (Breniére-
Letuffe et al., 2018). In our approach, low density seeding of approximately 500
purified dual labelled cells consistently produced clonal populations after just two
weeks of expansion with 13 — 16 (line G61) and 14 — 20 (Line G19) traceable clones
in each sub-culture. Originally the barcoding procedure was described as single-cell
sorting, expansion and maintenance of 21 separate clones from the murine glioma
line GL261 (Mohme et al., 2017). This method provided a robust approach for
investigating clonal behaviour but was limited in terms of its scalability. Single-cell
sorting to derive clones can take more than two months to expand cells to sufficiently
large numbers for downstream assays. Furthermore, repeating the process of
sorting, expanding and maintaining 21 clones across multiple primary cell lines would
have represented a technically demanding, protracted and financially challenging
procedure. Instead, through parallel maintenance of just six 500-cell sub-cultures per
cell line, we were able to identify 104 and 84 clones for G19 and G61 respectively.
Thus, our modified approach represents a technically less demanding protocol which
can produce more traceable clones and can be scaled more readily to simultaneously
assess multiple primary cell lines. As such, our approach is better suited to capture

patient specific differences in clonal behaviour.

Using our modified labelling protocol, we were able to simultaneously monitor clonal
growth and glioma CSC surface marker expression. This is to our knowledge the first
experimental approach to show how clonal dynamics underpin the recently

characterised plasticity of human glioma cell surface marker expression (Brown et
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al.,, 2017, Dirkse et al., 2019b). Not unexpectedly, and in keeping with previous
studies (Dirkse et al., 2019a, Lan et al., 2017, Suva et al.,, 2014), there was
considerable phenotypic diversity between the two cell lines (Figure 5.2D) but
interestingly we also observed diversity between serially traced clonal populations of
the same cell line (Figure 5.9 and Figure 5.10). This was observed for clones which
shared the same culture well where we can speculate each clone was subject to
broadly similar environmental pressures. This suggests that in addition to
environmental factors and intrinsic plasticity, glioma stem cell surface marker
expression may also be linked to clonal heritage. However, since clones were grown
from cells expressing a range of combinations of surface marker phenotypes and not
from purified phenotypic populations, it is also possible that the divergence between
clones is a product of surface marker evolution when clones are derived from cells
with different starting marker phenotypes. One approach to address this hypothesis
would be to first establish a labelled clonal sub-culture and then sort this population
into further sub-cultures of purified marker phenotypes. In this case, we would have
multiple sub-cultures with same clonal composition, but each sub-culture is seeded
with cells of a different marker phenotypes. Upon serial passaging, if divergence of
clonal marker expression is again observed when all cells start with the same
phenotype (irrespective of clonal identity), it would further suggest clonality and a
cells heritage are factors shaping marker heterogeneity in glioma. This is an
important consideration as it is possible the plasticity of marker expression found in
previous studies (Brown et al., 2017, Dirkse et al., 2019b) was a product of underlying
clonal outgrowth within the population rather than a plastic property of the
population as a whole (Brown et al., 2017), or heightened plasticity assigned to

certain marker phenotypes (Dirkse et al., 2019b).

Strikingly, the clonal surface marker diversity presented with patterns that appeared
to be characteristic in each of the two cell lines, G19 and G61. G19 showed a
continuum of divergent clonal phenotypic distributions while G61 showed a small
number of highly divergent clones (Figure 5.9). This difference was further
highlighted when clonal growth and marker plasticity were analysed (Figure 5.10).

Again, G61 showed a small portion of outlier clones in terms of growth (fold change
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in clonal fraction) and marker plasticity (fold change in mean CoS) while the majority
of clones clustered quite closely together. The fold change in clonal fraction of the
G19 line suggests a continuum of clonal growth rates while there was a skew of
distribution toward a positive fold change in mean CoS for surface marker expression
from P2 —P5. This suggests that marker phenotypes of G19 clones within sub-cultures
were becoming more similar over passages. This finding appeared to be replicated
also in whole sub-cultures (i.e. ES3 and ES5 in Figure 5.4) where sub-culture surface
marker profiles were diverse at P2 and became more similar by P5. These trends
highlighted the importance of using multiple patient lines to assess inter-tumour
heterogeneity and indeed the potential of our technique to capture these
differences. Nevertheless, refining and performing this experiment on a larger scale
would be required to confirm and characterise these patient specific observations.
One possibility would be to establish if patient lines harbouring similar copy number
profiles and molecular profiles such as methylation class share any characteristics in

clonal dynamics.

For both cell lines, transfer of sub-cultured clonal mixtures into organoid culture
resulted in an attrition of clonal diversity as many clones present in the P5 population
seeded into organoids (ES6 in Figure 5.4) were barely detectable after 30 days
culture. This suggests that clones were subject to a more stringent selection pressure
after a change of environment. However, whether organoid culture selected for
clones with different properties or merely accentuated the clonal outgrowth already
ongoing within each sub-culture was unclear. Flow results suggested that for G19 the
most predominant clone from sub-cultures 1, 2 and 3 at P5 (Figure 5.6; Asterisk
denoting BV clone), was also the most predominant population found after organoid
culture (Figure 5.13), suggesting accentuation of already ongoing clonal
predominance. Similarly, for G61, successfully cultivated organoids from sub-cultures
2 and 3 showed the persistence of clonal populations predominating at P5. However,
in both instances, while the most predominant clone at P5 (sub-culture 2; BS clone &
sub-culture 3; SV clone) persisted after organoid growth, it was no-longer the
predominant population. This finding could be of relevance to multiple applications

on the CSC field — it suggests that a certain clone has a growth advantage in adherent
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culture and another clone grows better in three-dimensional Matrigel culture.
However, as was put forward in a previous study of glioma CSC surface marker
phenotyping (Dirkse et al., 2019b), propensity for plasticity maybe a possible driver
of growth when cells are placed in a novel environment. Therefore, one possibility is
that clones predominating after organoid culture were poised in states that
facilitated a rapid transition into states effective for growth in Matrigel. Interestingly,
the G61 clones predominating after organoid culture (Sub-culture 2; BO clone & sub-
culture 3; O clone) show considerably distinct surface marker profiles (Figure 5.11).
This observation is in contrast to a previous study (Dirkse et al., 2019), which suggest
that environmental pressures drive cell lines to express a distinct pattern of surface
markers. If this was the case, we would have expected dominant clones across
organoids to share similar patterns of marker expression, which we did not find.
However, it is possible that marker adaptation was still in progress and that clones
may eventually have converged to the same marker phenotypes, when cultured for
longer. Nevertheless, the contribution of clonality to marker plasticity was not
addressed in this previous work by Dirkse at al. (Dirkse et al., 2019b), and given the
considerable variability in marker expression observed between clones in our
experiments, it is possible that clonal outgrowth was driving marker plasticity in
previous studies rather than an intrinsic propensity for plasticity of all cells in the

culture.

In our final experiment (ES7, Figure 5.4), we seeded the bulk labelled G61 or G19 cells
into three-dimensional Matrigel culture for clonal tracking (flow cytometry and
Imaging) and surface marker assessment. Imaging experiments reinforced the
distinct properties of the cell lines with patient-specific organoids showing markedly
different structural histology and clonal organisation. Assessment of trace label
distributions (Figure 5.15B & D) and apparent streaks (Figure 7.8 & Figure 7.9)
suggested clonal outgrowth was more prominent in G61 than in G19, where G61
showed fewer remaining clonal streaks when organoids were harvested, in keeping
with observations in adherent sub-cultures. Imaging of G61 cultured organoids
suggested there were many clones remaining that were not detected at sufficient

guantities for analysis during flow cytometry. The majority of cells were localised to
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the organoid surface and in G61 the surface regions were predominated by 2 or 3
different colours which broadly matched up with the flow cytometry streaks. It is
possible these large clones masked detection of less prevalent clones within the
organoids core. It was also further noted that for both lines (G61 and G19), clonal
predominance appears to occur more rapidly at the organoid periphery with a more
diverse repository of clones retained internally. This was also found during early
experiments with RGB marked G61 cells (Figure 4.11). It can be hypothesised that
the differing environments of the core of a sphere put different pressures on clonal
development. For example, that cell division occurs at higher rates at the organoid
surface, where cells have access to growth factors, oxygen, and nutrients, whilst cells
at the core are deprived of these factors. After vibratome sectioning of live organoids
it would be possible to dissect sections to separate the internal and external regions
for further analysis. Whilst our study explores important aspects of relationships
between clonal populations and stem cell phenotypes, there are limitations which

will require further exploration.

Firstly, our study is limited to only two cell lines with variable diagnostic measures
(i.e genetic profiles and methylation sub-class). It would be desirable to compare
additional GBM cell lines with shared diagnostic criteria. Furthermore, performing
this over a greater number of passages and in further defined micro-environments,
would better elucidate the link between clonality and surface marker plasticity in
primary GBM lines. We mitigated experimental variables by performing the entire
series of experiments strictly in parallel using consistent culture conditions, but
undoubtedly additional, massive parallel cultures will yield a more comprehensive
dataset for computational analysis.

A further limitation to our study is the propagation of glioma CSC in adherent and
organoid cultures that lack the complex environmental cues seen in vivo. Namely,
stromal cell, endothelial cell, macrophages and other immune cells which could
further modulate and influence surface marker expression. Whilst these extrinsic
modifiers have been omitted, our model however provides in the first instance a
picture how even comparatively well-controlled culture conditions can modulate

marker expression of glioma CSCs. We also observed a potential limitation of our
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labelling approach where single-label cells can dominate a culture (Figure 5.12) while
triple labelled cells appeared to have a growth disadvantage. In this series of
experiments, this imbalance was mitigated by eliminating single label cells and

performing viral transduction such that no triple label cells are produced.

In conclusion, we present here an experimental approach to barcode glioma CSCs
and create clonal populations, which can be phenotyped simultaneously. Through
computational analysis we could pinpoint the fate of such populations, which can be
used to interrogate the phenotypic plasticity in response to a change in culture
environment. The simplification of the workflow of clonal selection, combined with
reproducible and robust readouts to assess the functional properties of glioma CSCs
renders this assay potentially very suitable for screening of newly established glioma
CSCs for tumour-specific therapeutic vulnerabilities and to assess the impact of

experimental genetic or epigenetic modifications on clonal development.
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Chapter 6: General Discussion
6.1 Summary

This study examines lineage tracing, clonal dynamics, and evolution in gliomas, using
several technically and conceptually distinct approaches. Initially, tumours
expressing multiple, Cre-inducible fluorescent colours were successfully produced by
combining a genetic model with constitutive expression of inducible fluorescent
reporters (ROSA26-confetti labelling) and conditional inactivation of tumour
suppressor genes (Lei et al., 2011, Snippert et al., 2010). In this model, tumours were
either composed almost entirely of cells with the same label, suggesting a single
clonal origin, or otherwise mixtures of labels suggesting multi-clonal origin.
Furthermore, clonal composition showed regional variation, potentially mirroring
findings in serial spatial biopsies of human tumours, with multiple distinct clonal
populations (Sottoriva et al., 2013, Yu et al., 2020). However, the genetic model to
induce tracer labels suggested that there was only limited value to provide for
mechanistic insights in clonal behaviour of tumour cell populations. Specifically, this
tumour model combined with confetti labelling used constitutive cre expression
through retroviral integration, which resulted in permanent cre expression and thus
continued flipping of the Lox cassettes flanking the fluorescent expression cassettes,
resulting in repeated changes of expressed colours. Nevertheless, we successfully use
these labelled murine tumours to develop three-dimensional in vitro models, flow
cytometry approaches, live and three-dimensional imaging modalities for a readout
of fluorescently traced tumours. These models also enabled us to modify our model
systems to overcome the persistent expression cassette flipping and cell label

changes.

Subsequently, we delivered fluorophores with lentiviral vectors to achieve more
diverse labelling in primary human GBM lines. Iterative adaptations of this labelling
method had been reported previously, and we adopted this protocol into a simple,
dual-label barcode approach to derive and detect multiple clonal lineages. These
clonal populations were simultaneously characterised with a panel of CSCs surface
markers, CD133, CD44, A2B5, and CD15. Recent single cell (sc)RNA-sequencing
studies suggest that GBM cells have a considerable propensity for plasticity in state
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transitions, a view supported by recent work describing environment induced
adaptations to glioma CSC marker expression (Couturier et al., 2020, Yu et al., 2020,
Neftel et al., 2019) (Dirkse et al., 2019b, Scott et al., 2019). However, the relationship
between clonal populations and the associated expression of combinations of CSC
surface markers, i.e. interrogating plasticity of marker expression, has not been
thoroughly addressed. In keeping with previous findings, we observe patient specific
patterns of glioma CSC surface marker expression but also considerable variation in
marker expression between co-cultured clones of the same patient-line. Through
Monte Carlo-modelling, we demonstrate this variability could not be observed
through the effect of random sampling, suggesting the differences are truly due to
the clonal origin of different populations. Furthermore, we find that population
marker plasticity in response to culture in a changed environment (laminin adherent
culture to Matrigel® three-dimensional culture) is underpinned by outgrowth and
attrition of certain clones. this manifested as marker adaptation in a new
environment appearing notably distinct between clones within line G61 while the
relationship between clonality and plasticity in G19 appeared less well defined. This
highlights the efficacy of different patient lines in capturing tumour dependent
behaviours and the potential of our assay to rapidly characterise clonal and
properties as well as phenotypes of patient lines. Beyond addressing basic questions
associated with glioma CSC marker plasticity our labelling approach has potential to

identify tumour specific vulnerabilities, discussed in the subsequent chapter.

6.2 Characterising patient lines and investigating
disease specific gene disruptions

To build further on our studies combining clonality and marker expression, a set of
future experiments would assess further cell lines, produce additional biological
replicas and explore additional surface markers. Modern spectral flow cytometry cell
analysers can decipher up to 21 fluorescent signals, highlighting the potential to
increase the number of CSC markers investigated. Furthermore, advanced in vitro
culture methods such as Glioma Cerebral Organoid (GLICO) could be employed to
better model specific aspects of microenvironmental factors of GBM. The use of

GLICO culture between patient matched iNSCs and glioma CSCs was explored here

196 | Page



but is not presented. We found it difficult to identify and extract sufficient numbers
of glioma CSCs after GLICO culture to comprehensively study clonal marker
expression dynamics (data not shown). Nevertheless, improving experimental
conditions could make use of complex in vitro models more feasible. With such
improvements, our approach could be used as a rapid assessment to characterise
newly established patient lines in terms of their marker expression plasticity and
clonal dynamics. Automation of the flow cytometry analysis pipeline which separates
clonal populations and isolates their specific marker expression profile could be
easily developed and allow assessment of many cell lines, repeat sub-cultures and
clones. Through characterisation of cell lines with similar diagnostic profiles it could
be possible to better understand how a tumour’s underlying molecular profile

influences their clonal dynamics and plasticity.

A further possibility, also explored here, examines the effects of gene disruption on
marker plasticity and clonality. We developed a pipeline for knockdown of Nuclear
Factor | X (NFIX), also known as CCAAT-Binding Transcription Factor, a gene found
universally overexpressed across glioma CSC lines after comparison with skin
fibroblast derived, patient-match induced neural stem cells (iNSCs) (Vinel et al.,
2021). We successfully developed an experimental pipeline for achieving and
confirming gene disruption without the need for a fluorescent reporter, as these
interfered with downstream labelling and clonal tracking. Preliminary results of these
experiments are shown in supplemental Figure 7.12, Figure 7.13 and Figure 7.14 but

owing to time constraints we were not able to pursue these experiments further.

6.3 Methodological considerations for future studies

In our study, we found outgrowth of one clone across a number of sub-cultures for
line G19 (Figure 5.6) . It is possible this represented an example of clonal evolution
specific to G19 but may also be a result of clonal predominance that occurred within
the bulk of diversely labelled cell populations during expansion phases before sub-
culturing. In any future experiments establishing clonal sub-cultures from dual-
barcoded cells, sub-cultures should be seeded immediately after labelling, instead of
viral labelling, followed by expansion, FACS enrichment of dual barcoded cells,

further expansion and then seeding of sub-cultures. Sub-cultures could be seeded
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directly during the initial FACS enrichment step. With this approach, initial accurate
titres and equal viral delivery will not be required as FACS could allow seeding of sub-
cultures with even starting distributions of fluorescent barcodes. Such an adaptation
should reduce the chance of clones sharing the same label growing out across repeat
sub-cultures. This is desirable because as demonstrated here, clonal behaviours can
be diverse and repeat assessment of the same predominant clone would limit any

potential to capture this diversity.

6.4 Clonal heterogeneity in passaged tumour cells

In the form presented here, our clonal tracking strategy has limitations, which need
to be considered when interpreting our results. Patient-derived lines were labelled
at around 10 passages after derivation. During propagation it is likely that a
proportion of clonal diversity has been lost (Breniére-Letuffe et al., 2018). In this
case, our current experiments may be tracing newly arising or expanding clones
which do not fully recapitulate the heterogeneity present in the original tumour.
However, when extensively studied cancer cell lines such U87MG and Hela, passaged
over hundreds or thousands of cycles, have been genetically characterised in
different research groups, variable characteristic genetic and epigenetic alterations
are observed (Ben-David et al.,, 2019). This indicates that certain aspects of cell
plasticity and evolution are ongoing in cultured cell lines and further stresses the
importance of functionally assessing patient lines at early passages to more faithfully
model biology of the original tumour. A recent study used fluorescent labelling to
identify rare spontaneous cell fusion events where parasexual genetic recombination
appeared to occur (Lu and Kang, 2009, Miroshnychenko et al., 2021) both in vivo and
in vitro. Authors mixed cell individually labelled for EGFP or mCherry and detected
cell fusion events when cells expressed both markers. Fused cells contained variable
combinations of parent cell alleles and modelling predicted these events may amplify
clonal heterogeneity and facilitate tumour plasticity. Cell fusions have also been
observed in GBM models where extra-cellular vesicles were shown to play also a role
in sharing genetic material (Gao et al., 2020). In our clonal sub-cultures, flow results

suggested the presence of cells sharing labels derived from two separate clones
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(Figure 7.11), however, evidence for this in imaging data was not found and these
detections were potentially cell doublets of cells from each clone. Nevertheless, our
labelling approach would be well suited for identifying cell fusion events and clones
with a higher propensity for this behaviour which may identify the conditions under
which fusion events occur. Therefore, even when aspects of tumour heterogeneity
are lost upon passaging and use of early passage tissue is preferable for modelling
tumour heterogeneity, previous evidence and our results here suggest certain

processes of clonal evolution can be studied in early passaged cell lines.

6.5 Clonal outgrowth assay to identify mechanisms of
treatment resistance

In this part of our study we explore the plasticity of different clones in response to
culturing in a changing culture environment. This method could be used to
investigate clonal outgrowth under exposure to treatments, for example
chemotherapy or pre-clinical candidate small molecules, such as receptor tyosin
kinase inhibitors (RTKIs) (Montor et al., 2018). Outgrowth of mixtures of clonal
populations (derived through sub-culturing as described in Chapter 5:) could be
assessed in parallel, with outgrowth in normal conditions compared to outgrowth
whilst exposed to therapy. Clones which overcome and successfully outgrow while
challenged with a therapeutic agent could be identified and isolated from both
treatment exposed and normal culture conditions. Clones which are susceptible and
“die out” during treatment could also be isolated from the normal culture conditions.
Under such conditions, surface marker labelling would not be required, and
additional fluorophore labels could be introduced to obtain more viral barcodes and
potentially improved clonal detection. Characterisation and comparison of
treatment resistant clones in therapeutic conditions or normal culture conditions
could reveal how cells have adapted to continue proliferation. Furthermore,
comparison of clones grown in normal conditions which show either resistance or
susceptibility in the therapy-exposed culture, would further inform the molecular
and genetic conditions which prime certain populations with the potential to adapt

and overcome treatment. Establishing clonal mixture through sub-culturing as
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described in our study would make it possible to assess many different mixtures and
identify many examples of populations which achieve resistance. Through single cell
sorting and expansion, achieving 3 mixtures composed of 20 different clones would
require initial establishment of 60 isolated clonal cultures, whereas, with our
approach the same conditions can be achieved through just three 500-cell sub-
cultures. Finding mechanisms for adaptation which are consistent across resistant
clones would add further confidence in identifying their disease resistance
mechanisms. However, performed in vitro, these experiments would have a limited
ability to assess resistance to promising immune based therapies which require an in
vivo context. In this case, clonal labelling could be adapted to suit murine allograft
brain tumour models where the same clonal mixtures could be allografted in the
presence or absence of immunotherapy. Nevertheless, in vitro assays assessing
patient derived cells could be performed at lower cost and at higher through-put,
while capturing patient variability. A further consideration would include assessing
the effectiveness of treatment combinations on eradicating clones of patient lines,

an approach which could identify treatment regimens, tailored to individual patients.

6.6 Lineage-Tracing in CRISPR screens

In the current research climate, there is a need for non-omics based approaches for
single-cell techniques as presented here. However, with technological advancements
and reduced cost of sequencing approaches, fluorescent labelling for cell tracking
may become obsolete in the future. Sequencing based approaches can achieve
higher dimensional datasets and more accurate delineation of clonal populations
which can be further linked to expression states and genomic alterations at single-
cell level (Sun et al., 2021, Wagner and Klein, 2020). Critically, fluorescent approaches
are suitable for in situ assessment of tumour clonality, but again, further
development spatial transcriptomic approaches may supersede fluorescent labelling
for cell tracking. A further desirable aspect of this is to mitigate the need for viral
infection and any potentially cytotoxic effects conferred by cytoplasmic fluorophore
expression (Ansari et al.,, 2016). Such factors may influence cell behaviour in our

assays and spatial transcriptomics surpasses the need for invasive cell manipulations.
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Extensive work has identified the genetic underpinnings of GBM, however, the
epigenetic mechanisms which likely govern aspects of cell plasticity described in this
work, remain relatively poorly understood. Indeed, in a sample of 135 sequenced
GBM biopsies, 46% of samples contained mutations related to chromatin
architecture (Brennan et al., 2014). Future experiments could utilise CRISPR screens
of alterations affecting epi-genetic regulation, combined with single cell sequencing
to better understand how GBM cells harness epi-genetic regulation to promote and
achieve plasticity. It is possible that targeted epi-genetic manipulations can direct
tumour cells toward distinct expressional states or limit their capacity for state-
transitions. The effect of such a manipulation ability of a tumour cell population to
overcome treatment are not well established but may represent an attractive novel
therapeutic avenue where tumour cells are directed toward expressional states

which have established therapeutic susceptibilities.
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Figure 7.1: Alternative multicolour lineage tracing approach using Brianbow3.2 locus. (A) Brainbow
makes use of incompatible LoxP sites to ensure expression of 1 out of 3 possible fluorophores. Multiple
integrations of the cassette leads to overlapping expression and diversification of potential labels. (B-
I) Example of imaging endogenous fluorescence from a Brainbow3.2/Pten/P53 animal injected with
PIC. It was not possible to distinguish differently labelled cells
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Figure 7.2: Antibody amplified fluorophore signal from PIC induced tumours in Brianbow3.2 animals.
(A) Schematic of Brainbow3.2 locus. (B — K) Examples of staining for EGFP, mO2f and mK2f, again it was
not possible to distinguish individual fluorophores. (L — F) Image showing well defined mO2f and mK2f
signal from cortical neurons outside the tumour, white dotted line designates tumour border.
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Figure 7.3: In development cell tracking approach for investigating motility of tumour cells
homozygous for the r26-confetti locus. (A) Images in 20-minute increments of live r26-confetti
labelled tumours, images were acquired every 5 minutes. (B) Split channels from Image at timepoint
0in A. (C) Example of cell traces for yellow cells acquired using Fiji Trackmate. (D) Quantification of
distance travelled from 6 sampled regions for ECFP, tdimer2 and EYFP expressing cells. Homozygous
confetti cells were used therefore, many of the readings overlap between colours, we would like to
apply this approach to cells after being cultured in tumours.
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Figure 7.4: (A-F) Raw flow-cytometry data of all sub-cultures across passages showing clonal
streaks. * denote clones that showed particularly strong outgrowth.
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Figure 7.5: Dot-plots of all G19 clonal sub-cultures across P2, P3, and P5. (A-F) Raw flow-
cytometry data of all sub-cultures across passages showing clonal streaks. * denote clones that
showed particularly strong outgrowth.
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Figure 7.6: flow cytometry of barcode labelled cells to identify clonal population for selection.
Each barcoded doublet (BS, BV, PO, SV, SO, VO) was identified and dominant subpopulations were
“gated” to highlight clonal populations. Passaging of cells (P2, P3, and P5) show changing
populations with emergence, growth and also reduction, represented by marked clusters in these

flow diagrams.
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Figure 7.7: plot of the surface marker profiles (phenotypes) of barcode-label populations. Data represent all
6 subcultures C1-C6, of cell lines G19 (A) and G61 (B). The selection process of barcode doublets is shown in
Figure 7. The figure shows a selection of up to 5 barcode label doublets. Selection of fewer label doublets results
in void areas. Boxed areas in G61-C3 and G61-C4 correspond to divergent and predominant populations in G61
sub-cultures 3 and 4.
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Figure 7.8: Summary of dataset collected for each of the G61 organoids grown from bulk diversely
labelled cells. (A) Representative examples of flow cytometry streaks of barcode populations of
different organoids on left and distribution of cell surface marker data on right. (B — P) show examples
of serial vibratome sections and fluorescent imaging of living organoids corresponding to data
displayed in part A.
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Figure 7.9: Summary of dataset collected for each of the G19 organoids grown from bulk diversely
labelled cells. (A) Representative examples of flow cytometry streaks of barcode populations of
different organoids on left and distribution of cell surface marker data on right. (B — P) show examples
of serial vibratome sections and fluorescent imaging of living organoids corresponding to data
displayed in part A.
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Figure 7.10 Summary of surface marker data from diversely labelled organoids (G61 and G19):
(Top panel) distributions of marker phenotypes for all cells of different organoids. (Bottom Panel)
Distirbution of marker phenotypes of different clones from eac organoid for G19 (top) and G61

(below).
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Figure 7.11: Potential flow cytometry evidence of cell fusion events between two clones. (A) Gating
for single cells and different clone in G61 sub-culture 3 at P5. Green arrow and gate (BV clone), Purple
arrow and gate (BO clone), Orange arrow and gate (SV clone), Pink arrow and gate (SO clone). (B)
Combined population of either BO gated cells (Purple) or SV gated cells (Orange), a number of events
(coloured in black) occur in the fluorescence space of both clones. While cells also bleed into other
colour channels perhaps indicating sharing of extra-cellular vesicles between differently coloured
clones. (C) Demonstrating the observation outlined in B, occurring between BV clone (green) and SO
clone (pink), with small number of events occurring in gates for both clones (Black). It is also possible
these are a product of reading doublet cells not fully detached but any inference would require further
inspection.
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Figure 7.12: Patient matched glioma CSCs/iNSC expression comparisons reveals NFIX as a commonly
aberrantly expressed gene in glioma CSCs. (A) Summary of differential gene expression principle
component analysis showing the level of variance explained by each component. (B) Graphical plot of
PC1 vs PC2 highlighting certain outlier genes and level of variance difference between patient
matched iNSC and glioma CSC. (C) Summary of NFIX expression data for (n = 18) pairwise comparisons
of glioma CSC and iNSC show NFIX consistently overexpressed in glioma CSC. (D) TCGA mRNA
expression levels of NFIX also report significant overexpression in GBM tissue compared to non-
tumour tissue (Pairwise t-test with Tukeys honest significant difference, p = 0.026 (Cl = 95%). (E)
Survival plot from TCGA data comparing high NFIX and low NFIX expressing tumour cases. High NFIX
expression has statistically significant effect of increasing survival time.
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Figure 7.13: KD of NFIX in line G61 reduces CD44+ expression and increases overall marker negative
fraction. (A, D & E) immunofluorescent staining for NFIX detects KD after exposure to combined
shRNA’s, scale bars = 50 um. (B, E & H) Flow cytometry plots of Naive, shScram and shNFIX G61 cells
respectively. (C, F & I) Quantification of marker profiles displayed in B, E and H show loss of CD44+
marker profiles and expansion of negative cellular fraction (n = 3 per line). (K & J) Confocal imaging of
fluorescent reporter for shRNA viral vectors. (K & L) Demonstration of how turboRFP bleeds through
into the CD133 detection channel.
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Condition Total cell Cells<450AU Proportion Titre (PFU)*** Infection MOI***
detections infected
Naive 843 NA NA NA NA
0.01 ul 06 923 373 0.40 2.02x10° 0.24
0.1 pl 06 490 365 0.74 3.72x 108 2.4
0.01 ul 07 647 81 0.13 6.26 x 108 0.082
0.1pl0O7 790 305 0.38 1.93x 108 0.82

*Titre = No. of cells*(volume of virus/proportion infected)
*MOI = (titre x volume)/No. of cells

Figure 7.14: Immunofluorescence based assay confirms NFIX KD and and provides relative titre
determination. (A — E) Merged immunofluorescence images of Hoechst and NFIX (Alexa594) staining
in cells exposed to different concentrations of shRNA viruses 06 and O7 which each carry a different
shRNA specific to NFIX mRNA. (F) Examples of NFIX staining in cells positive and negative for NFIX
expression. (H — 1) Distributions of cellular intensities for NFIX stain in naive cells (G) and populations
exposed to shRNAs targeting NFIX. Note the skew in distribution toward more negative cell intensities.
Intensity distributions inform threshold intensity for cells positive or negative for NFIX expression,
manually determined as 450 AU. (L) Table outlining quantification of NFIX KD in cells exposed to
different virus’ and different amounts of virus. These values used to determine relative titre of
different virus’ preparations.
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Figure 7.15: Intracranial injections of titred PIC virus’ achieve rapid tumour formation with
histological structures resembling GBM. (A) Schematic showing experimental time course using
PIC virus (Prep 4) and animal genotypes. (B) Kaplain Meier curve showing
GLASTCreERT2/CreERT2 /pTE lox/lox /pg 3lox/lox /g g Aconfetti/wt g nimga| survival, median survival rate of 27.5
days. (C) H&E histology of PIC induced tumour showing larger tumour originating from the left
ventricle. Boxes indicate images shown in C’; Pseudopalisades, C”’; Microvasculature proliferations
and C"’; Necrotic areas which are histological hallmarks of GBM. (D — E) show corresponding
structures in human GBM acquired from pathology specimen
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