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Abstract 

 

Background 

Dysregulated, stem cell-like self-renewal has been implicated in glioma treatment 

resistance and tumour recurrence. Drugs that eliminate tumour cells possessing 

this malignant characteristic are urgently needed. It remains, however, an 

experimental challenge to link heterogeneous glioma genotypes to cell 

phenotypes that can indicate positive and negative drug responses. To this end, 

we successfully derived patient-specific induced pluripotent stem cell (iPSC) 

models from both low- (LGG) and high-grade gliomas (HGG) and developed an 

initial drug discovery application, based on the characterisation of a HGG iPSC 

differentiation blockade. 

 

Methods 

Brain tumour tissue, acquired at surgery, was reprogrammed. Derived iPSC 

models were characterised using pluripotency markers, tri-germinal layer 

differentiation, gene expression, karyology and deep whole genome sequencing 

(WGS, iPSC versus parental tumour). Glioma iPSC differentiation in 2-

dimensional (adherent, optically clear 96-well imaging plates) and 3-dimensional 

(organoid) culture was carried out. Gene expression of neural induction and 

neuronal differentiation was analysed using mRNA-seq. Neural cancer stem cells 

from each of the three glioma iPSC lines were orthotopically implanted in vivo.  

 

Results 

Reprogrammed cells were confirmed as fully-reprogrammed/stable iPSCs, with 

preserved mutational variants (CNVs, total copy number) as compared to the 

parental tumours. Glioma iPSC maturation and quantification of TUJ1 staining 

indicated a ódifferentiation blockô in the HGG iPSC models. This phenotype was 

concordant in HGG iPSC-derived tumour organoids which displayed SOX2-

positive neural rosettes. Consistently, mice developed xenograft tumours. 

Expression profiling during neuronal differentiation (from iPSC to neural stem 

cells to neurons) has revealed candidate genes that may be responsible for the 

phenotypic differences between HGG and control/LGG iPSC models.  
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Conclusions 

Our adherent, organoid and in vivo iPSC models may uncover genetic mutations 

and regulatory networks underlying glioma stem cell self-renewal and cellular 

differentiation capability and provide a basis for linking glioma genotypes and 

phenotypes in drug discovery applications. Here, we have successfully 

implemented the first stages towards this development (in a 96-well assay 

format). Ultimately, our patient-derived iPSC-based approach may enable 

personalised precision medicine strategies against glioma. 
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1.   Introduction 

This thesis describes work undertaken to develop new (predominantly in vitro) 

models of glioma that complement existing published work. I approached the 

work from the viewpoint of my skills as a practicing neurosurgeon caring for 

patients wanting and able to donate fresh brain tumour tissue for use in research, 

and two new complementary technologies that emerged during my period of 

study ï namely the reprogramming of somatic cells into induced pluripotent stem 

cells (iPSCs) (2) and the development of cerebral organoid methodology (3). The 

development of models with human micro-environmental context that have an 

ability to incorporate individual patientôs brain tumour tissue would, in theory, 

provide a personalised model of glioma tumour biology. It follows, and has been 

argued, that such personalised óhuman-humanô models would bring the possibility 

of precision medicine tailored to the individual closer to clinical translation (4). In 

addition to the personalised aspect of my model development work presented 

here, I also aim to address an unmet clinical need for models that represent low-

grade gliomas. Such models are scarce in vivo and are not available in vitro. The 

result is that a significant proportion of brain tumour patients therefore have 

inadequate basic and translational research activity aligned to their disease 

outcomes, and invaluable research into the transformation of low- to high-grade 

gliomas is currently limited in the laboratory setting. 

 

The thesis begins with an overview of glioma, the current treatments available, 

their limitations and the biological challenges that result in such a poor prognosis 

from this devastating disease. I then describe the brain tumour/glioma stem cell 

hypothesis, and its implications and challenges for brain tumour treatment 

resistance and tumour regrowth. I then provide an overview of the strengths and 

limitations of current in vitro and in vivo glioma models. My work has sought to 

address some of the challenges in representing the population of stem-like cells 

in the tumour bulk by utilising cellular reprogramming. Following a review of 

reprogramming methodologies, I will outline the use of iPSCs to study cancer. 

Another approach to modelling I have used is in utilising and modifying cerebral 

organoid methodology, and therefore I introduce this technology and its recent 

(limited) use in glioma modelling. Lastly, I outline the aims and objectives of my 

PhD work. 
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1.1.  Glioma  

1.1.2.  Classification, incidence and prognosis 

It is estimated that there are 10,000 new primary brain tumour cases per year in 

the UK, with gliomas making up approximately 60-80% (5,6). Gliomas are 

malignant brain tumours that predominantly contain cells that share 

morphological characteristics with glial lineage cells (astrocytes, 

oligodendrocytes and ependymal cells). They are subclassified according to their 

presumed predominant cell of origin type i.e. astrocytomas, oligodendrogliomas, 

oligoastrocytomas and ependymomas (7). 

 

The latest World Health Organisation (WHO) 2016 classification (8) of central 

nervous system (CNS) tumours continues to follow previous precedence in 

grading tumours I-IV according to histological features. Grade I tumours are 

predominantly seen in children and generally considered a separate entity to 

Grade II-IV tumours as they behave in a non-malignant fashion and are frequently 

curable with complete surgical resection (overall survival is >99% at 10 years) 

(9,10). Grade II tumours are termed low-grade gliomas (LGGs) whilst Grade III-

IV tumours are termed high-grade gliomas (HGGs). In order to satisfy the criteria 

for a WHO Grade III high-grade glioma, tumours must exhibit hypercellularity, 

nuclear atypia, and mitotic activity (11). In addition, to be graded as a WHO Grade 

IV glioma (glioblastoma multiforme, GBM), tumours must demonstrate 

microvascular proliferation and/or necrosis. This latest WHO version is the first to 

integrate molecular and morphological criteria in the diagnostic nomenclature. In 

addition to the morphological similarity of the predominant cell type in the 

analysed tumour sample, pathologists also consider the presence or absence of 

a mutation in the isocitrate dehydrogenase 1 (IDH1) gene, and the preservation 

or co-deletion of the short (p) arm of chromosome 1 and the long (q) arm of 

chromosome 19 (so called ó1p/19q co-deletionô) in the classification of gliomas. 

IDH1 mutation status is particularly important as it has been shown to delineate 

ñprimaryò or ñde novoò GBM (approximately 90% of GBMs, IDH1-wild type) from 

ñsecondaryò GBM (approximately 10% of GBMs, IDH1-mutant) (12). When 

diagnosed at presentation, secondary GBMs are thought to arise from previously 

(clinically undetected) LGGs (12). Primary and secondary GBMs vary in their age 

of presentation (younger in secondary) and also in their prognosis (better for 

secondary) (12,13). A third group, ñnot otherwise specifiedò (NOS) exists for 
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patients in whom IDH1 is not tested (including historical cases prior to the current 

WHO 2016 classification) or in whom IDH1 testing is inconclusive (14). The latest 

published National Institute for Health and Care Excellence (NICE) guidelines on 

primary brain tumours in adults (5,15) clearly recommends the use of molecular 

markers to determine prognosis and guide treatment for glioma. In addition to 

reporting all gliomas in accordance with the WHO 2016 classification, this latest 

set of guidelines also recommends including the following: IDH1 and IDH2, ATRX 

mutations to identify IDH mutant astrocytomas and GBM, 1p/19q co-deletion to 

identify oligodendrogliomas, histone H3.3 K27M mutations in midline gliomas, 

and BRAF fusion and gene mutation to identify pilocytic astrocytoma (WHO 

Grade I glioma). 

 

GBMs are both the most common single type of primary malignant brain tumour, 

and the most common (45%) of all the gliomas (6). In England, the overall age-

standardised incidence of GBM is 4.64 per 100,000 per year, and increases with 

age (16). For gliomas overall, annual global incidence is estimated to be between 

4-6 per 100,000 (6). 

 

For GBM in England, overall survival is 28.4% at 1-year, 11.5% at 2-years and 

3.4% at 5-years with median overall survival 6.1 months ï these figures 

significantly decrease with increasing age cohorts (16). In patients aged up to 69 

years, median survival is 14.9 months with maximal treatment (debulking 

neurosurgery, radio- and chemotherapy) (16). However, patients aged over 60 

years are less likely to receive maximal treatment. These figures align with those 

globally with progression free survival of 7-8 months (17), 5-year overall survival 

of <5% and median overall survival with maximal treatment of 14-16 months 

(6,18). Patients with LGGs fare significantly better with median overall survival 7 

years (10). 

 

Aside from the challenges of improving outcomes for people with gliomas, there 

is also a societal impact of gliomas. Significant demands are placed on 

emergency departments (60% of patients present via this route), general 

practitioners and other specialist referral services by patients presenting with 

primary brain tumours. Furthermore, although these patients only represent 3% 

of all cancers, they result in the most life-years loss of any cancer (5). Taking into 
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consideration a peak age incidence of 41 years in LGGs (10) and 55-60 years in 

GBMs (18,19), this also represents a significant loss of working-age economic 

cost to the national productivity (7). 

 

1.1.2.  Current treatment and challenges 

Improving survival in patients with World Health Organisation Grade IV 

Glioblastoma Multiforme (WHO IV GBM) remains one of the most challenging 

unmet needs in oncology (20). In the field of neurosurgery, advances in imaging, 

neuro-navigation and awake surgery have enabled more targeted debulking of 

tumours, identification of eloquent brain, and preservation of cognitive function 

(21ï23). Combined with better tolerated anaesthetic agents, improved post-

operative nursing care and rehabilitation, patients recover faster, with reduced 

procedure-related morbidity and mortality. This improved functional outcome 

from surgery, with a smaller tumour burden, allows for more patients to be eligible 

for a key component of improving overall survival ï adjuvant chemoradiotherapy 

(24). However, gliomas are infiltrative and diffuse by nature, disseminating along 

white matter tracts, expanding in eloquent regions and frequently crossing the 

corpus callosum (25). Such factors mean that not all tumours are surgically 

amenable to gross total debulking and microscopic residual is present even after 

maximal debulking surgery. Technological advances have enabled more focused 

radiation with multi-modal delivery options that minimise off-target effects (26). 

Successful clinical trials have introduced new chemotherapeutic agents 

(Temozolomide) taking into account molecular characteristics, leading to 

treatment algorithms such as the óStupp regimenô (27), which has improved 

overall survival by 2.5 months, and progression-free survival by 1.9 months 

(7,28). 

 

However, despite all the above therapeutic approaches, tumours recur, patients 

deteriorate and median overall survival from GBM remains dismal, as described 

earlier. Although, low grade glioma (LGG) patients (WHO grade II) fare better, 

they pose significant challenges by exhibiting a variable disease time course, and 

most (approximately 90%) will undergo high grade transformation and the 

resultant poor prognosis of secondary GBM (21,29). Furthermore, LGGs have a 

preponderance for eloquent areas of the brain and this makes gross surgical 

resection (associated with better PFS) more difficult (10). Radiotherapy for LGGs 
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has been shown to improve PFS but not OS (30ï32), and may be associated with 

significant cognitive deficits and poorer quality of life (33). While the overall 

survival benefit of concomitant temozolomide with radiotherapy in GBM is proven 

(27), the role of this alkylating agent in the treatment of LGGs remains fully 

unassessed and inconclusive (34ï37). There are significant, and quite separate 

challenges in defining the best treatment regimen for LGGs. Neuro-oncology 

research has sought to understand glioma biology and find novel treatments that 

exploit vulnerabilities of these tumours. Developing models to understand the 

drivers of transformation from LGG to HGG remains another significant challenge 

in glioma research. It is hoped that one day, a biomarker of transformation will be 

identified and validated to help clinicians better inform patients with LGGs. 

 

One of the key challenges in improving outcomes from glioma treatment is the 

wide cellular and molecular inter- and intra-tumoural heterogeneity (24,38). 

Distinct subpopulations or clones within tumours have been shown to possess 

their own biological and genetic profiles (39). The treatment response in these 

subclones has been shown to vary (40), with their presence proposed as a 

possible cause of treatment resistance/failure and subsequent tumour recurrence 

(41). An attempt has been made to help deal with the inter-tumour heterogeneity 

by subtyping histologically diagnosed GBM tumours according to IDH1 mutation 

status into primary and secondary, as described earlier. Another way of stratifying 

patients and considering inter-tumoural heterogeneity is based on the activity of 

O6-methylguanine-DNA methyltransferase (MGMT). Hypermethylation of the 

promotor region of MGMT has been shown to improve the response to 

temozolomide as a result of gene silencing (42), which results in impaired DNA 

repair. Median overall survival in patients with hypermethylated MGMT is 22-26 

months, compared to 12-15 months in non-hypermethylated MGMT tumours. 

Thus, MGMT methylation status has been shown to be a powerful predictor of 

difference in treatment response and related outcome.  

 

Based on the work by Hanahan and Weinberg (43,44), the relevance of the six 

hallmark, and two emerging, mutations of cancer have also been studied in GBM 

by performing genome wide analysis and expression profiling (38,45,46). This 

has translated into so called óhallmarkô mutations of GBM ï significant alterations 

to the RTK/RAS/PI3K pathway occur due to overexpression of epidermal growth 
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factor receptor (EGFR, most commonly vIII) and inactivation of phosphatase and 

tensin homologue (PTEN) (17). Other common mutations and genomic 

abnormalities include activation of platelet derived growth factor receptor A 

(PDGFRA), loss of chromosome 10q, mutations in TP53 and loss of chromosome 

19q (47,48).  

 

Verhaak et al. (49) used data from The Cancer Genome Atlas (TCGA) to analyse 

gene expression signatures to molecularly classify GBM into subtypes. These 

subtypes are characterised by aberrations of EGFR (Classical), NF1 

(Mesenchymal) and PDGFRA/IDH1 (Proneural). A fourth subtype ï Neural ï has 

been proposed but without attribution to a specific gene expression signature. 

These subtypes are clinically relevant because of their differing response to 

aggressive therapy ï patients with a Classical subtype benefit the greatest and 

those with a Proneural subtype the least. This integration of transcriptomic and 

genomic data has helped other groups evaluate and demonstrate that their 

proposed targeted therapies can potentially work across the spectrum of GBM 

(50), at an early stage. Traditionally, significant amounts of time and money have 

been invested developing promising small molecules, which have only been 

tested and shown to work on a single subtype, only for these to fail in clinical trials 

when faced with the heterogeneity of GBM tumours seen in practice. Developing 

models that can incorporate this heterogeneity and/or at least cover the basic 

spectrum of subtypes will be equally important to make them useful. 

Unfortunately current clinical diagnostic techniques fail to capture the single cell 

intra-tumoural heterogeneity, which has been shown to be varied and significant 

(51).  

 

As described earlier, GBMs inevitably recur. Limited options exist for the patient 

at that point and management is unclear (52). Many of them are too unwell from 

the effects of previous chemoradiotherapy (poor Karnofsky performance status 

(53)) to undergo further debulking surgery (54). There is a significant risk of 

toxicity with reirradiation (and the implication on all-important quality of life in all 

cancer patients), especially in view of the relatively high dose given as first line 

(2 Gy per day for 6 weeks, total 60 Gy). In a small cohort of patients (Karnofsky 

performance status > 60, a major lesion size < 40mm, and progression > 6 

months after surgery), there may be a case for reirradiation (likely with 
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stereotactic radiosurgery) but the survival benefit outcome data for this is largely 

limited to case series (55). Therefore, second-line treatment relies almost entirely 

on chemotherapeutic agents (54). Despite trials with numerous agents (EGFR 

inhibitors, nitrosoureas, anti-angiogenics and re-treatment with TMZ), no 

standard therapy has emerged (54). There is a further layer of complexity to this 

challenge in that, although GBM recurrence most often occurs within 2-3cm of 

the original tumour border (56), the recurrent lesions have been shown (in the 

limited cases where repeat tissue samples have been amenable to biopsy and 

analysis) to have significant mutational differences (54). Some of these may arise 

de novo as part of cancer evolution but it is now well known that treatment with 

alkylating agents such as TMZ itself causes genomic mutational evolution ï this 

latter effect is particularly pronounced in IDH1 mutated GBMs (57,58). These 

changes can significantly mislead targeted therapies for recurrent tumours and, 

without repeat biopsy/molecular testing, many are treated óblindô (59). 

Recurrences may have different mutational characteristics to the original tumour 

(60).  

 

Mutational change is also relevant for LGGs as it is proposed that a slow 

accumulation in mutations causes the typical progression to HGGs termed 

malignant transformation (61,62). This transformation is characterised by rapid 

increase in tumour size, cellularity, vascular proliferation and contrast 

enhancement (CE) uptake on magnetic resonance imaging (MRI) (63). 

Depending on previously obtained treatment such as radiotherapy, the time to 

malignant transformation occurs on average between 2.1 to 10.1 years after LGG 

diagnosis (21,31). This highly variable PFS between patients makes predicting 

the exact time of histopathological change clinically impossible currently and 

relies on regular and relatively frequent MRI surveillance imaging with new 

appearance of CE indicative of malignant transformation (63). This has both an 

economic cost in terms of MRI resources use and a cost to the patient in poverty 

of prognostic information and anxiety surrounding the results of each scan at the 

subsequent clinic appointment. Unfortunately, even interval imaging with MRI is 

not always reliable since although CE is supposed to reflect the breakdown of the 

blood-brain barrier brought on by the more aggressive infiltration of malignancy 

(64,65), up to 20-30% of LGGs will exhibit CE without malignant transformation 

(66), and 30% lack CE in the presence of histologically-confirmed malignant 
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transformation (67,68). Furthermore, surgical debulking or chemoradiotherapy 

itself can cause CE  (69), making it very difficult to judge the difference between 

pseudo-progression and true progression (70). Despite the development and 

study of MRI modalities such as diffusion-weighted imaging (DWI), perfusion-

weighted imaging (PWI), magnetic resonance spectroscopy (MRSpec) in LGG 

malignant transformation, none have been proven to be reliable enough to make 

it into routine clinical practice (63). The ability to model LGG malignant 

transformation could address some of these challenges by revealing insights into 

the key mutations and inform more clinically useful surveillance strategies. This 

will only be possible once LGGs themselves can be modelled. 
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1.2.  Glioma stem cells (GSCs) 

1.2.1.  Evidence and Characteristics of GSCs 

A number of research groups have proposed that a subset of cells within the 

tumour mass have properties similar to stem cells. These so-called brain-tumour 

stem cells (BTSCs), brain tumour-initiating cells (BTICs) or glioma stem cells 

(GSCs) have been variably proposed as responsible for tumour initiation 

(gliomagenesis), progression and recurrence (71ï73). This builds on the cancer 

stem cell hypothesis proposed across other cancer types. GSCs are purported to 

possess stem cell properties and óescapeô anti-tumour therapy, subsequently 

evolving and clonally expanding into new tumours (74,75). One mechanism by 

which they may evade therapy  - that typically relies on rapidly dividing cells ï is 

by acquiring the ability to remain quiescent, reactivating in favourable conditions 

(76). This relative quiescence and the ability to divide asymmetrically to give rise 

to transient progenitor-like pools of tumour cells has also been proposed as an 

explanation for drug resistance (76). Transcription factor networks have been 

constructed that propose the epigenetic mechanisms responsible for directing 

GSC fate (77).  

 

Some of the evidence for the existence of GCSs and the retention of a normal 

tissue hierarchy by tumours comes from the analyses of malignant tumours 

developed by genetically engineered mouse models (GEMMs) (76). Utilising the 

principle of a marker to enrich for tumour-propagating cells, as first shown by 

Singh et al. (78) (CD133+ in that case), a transplant assay was studied in a 

hedgehog-driven medulloblastoma GEMM (79,80). This study showed that within 

the large fraction of highly proliferative cells (positive for the cell surface marker 

CD15+) enriched from the tumours developed in these mice, there was a subset 

of stem-like cells (SOX2 positive) that could initiate further tumours when 

transplanted (81). Further evidence comes from an approach using a tumour 

suppressor GEMM with a nestin promoter-enhancer-driven green fluorescence 

protein (GFP) reporter transgene (NesTK-GFP) (82). This transgene, designed 

to mark quiescent adult murine neural stem cells, elicited spontaneous GBM 

tumours. Several observations from the tumours studied in this preclinical model 

adds weight to the existence of GSCs. Firstly, all tumours contained populations 

of KI67-negative GFP-positive cells. Secondly, after treatment of these mice with 

TMZ (which would specifically target the proliferating bromo-deoxyuridine-
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incorporating cells), recurrent tumours were attributed to the GFP-positive cells, 

with no evidence that a significant portion of the new tumour cells came from 

outside this subset (83). Lastly, ganciclovir administration, targeted to kill NesTK-

GFP cells, caused prolonged survival in the tumour-bearing mice. In tumours 

developed by mouse glioma models, only a small percentage of the cells are 

GSCs (79,81,84). This information can be used to either support the CSC 

hypothesis in gliomas i.e. only a small proportion of cells need to retain stem-like 

abilities, or question the hypothesis i.e. how can such a small cell niche be 

responsible for all the morphologically, phenotypically and genetically diverse 

cells seen in one single tumour and are there more important subpopulations 

(possibly even smaller than the GSC niche) that remain undetected or undefined? 

One response to this is provided by studies into hierarchical, clonal evolutional 

and fate mapping dynamics in glioma (85,86) that show single-cell derived clones 

within single tumours. This heterogenous clonal and subclonal diversity may 

explain the different behaviours observed such as aggressive proliferation and 

drug resistance. The relationship between clonal evolution, heterogeneity and 

whether these cells, at some point or another, acquire or retain stem-like 

characteristics remains to be delineated. A further characteristic of stem-like cells 

is the ability to form spheres when cultured at low density (87). Human primary 

brain glioma cells, when isolated and cultured, readily form neurospheres (88). 

 

Studies of both IDH mutant LGGs and oligodendrogliomas show that these 

tumours contain cells with glial properties but also a subpopulation that is most 

closely aligned to stem cells at the transcriptional level (89,90). Interestingly, in 

the IDH-mutant glioma single-cell work, the pool of undifferentiated glioma cells 

was shown to increase, as tumour grade increased. 

 

It remains contested whether GSCs have a common cell of origin, such as a 

neural stem cell (quiescent or not) or arise from a somatic cell that 

dedifferentiates and acquires characteristics such as pluripotency and self-

renewal capability (91)(72). Recent evidence from human GBM tissue has added 

weight to these cells being neural stem cells, arising from the subventricular zone, 

that contain the driver mutations of GBM (92). GSCs can and have, regardless of 

origin, been described as undifferentiated tumour cells that are characterised by 

their capacity to give rise to more differentiated progeny (neuronal and glial cells), 
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their ability to self-renew (divide indefinitely) and initiate tumour growth in vivo 

(93). 

 

Given their ability to evade conventional chemoradiotherapy, either due to 

quiescence, an ability to activate DNA repair mechanisms or the existence of 

efflux drug transporters (94,95), the ability to target GSCs is an area of critical 

unmet need. Success has been very limited, partly due to the limitations outlined 

above (GSC identification, definition, enrichment). Forced differentiation 

strategies have been tested, using a number of compounds such as bone 

morphogenetic protein (BMP) (96,97), 2-hydroxyoleic acid (98), serum (99), 

curcumin (100) and retinoic acid (101), with limited success. 

 

1.2.2.  Isolation of GSCs 

Current methods of isolating GSCs in vitro, either for propagation in culture, or 

xenotransplantation, require a number of harsh mechanical and enzymatic 

treatments, followed by a variable period of incubation under artificial culture 

conditions (76). These protocols therefore inevitably subject the resulting assays 

to potential biases and artefacts. However, few better alternatives have emerged, 

and so these culture methods remain important. Moreover, they have revealed 

crucial insights into glioma biology. A commonly used isolation protocol involves 

putting dissociated primary human brain tumour tissue, taken directly at the time 

of surgery, into serum-free medium with defined growth factors (human basic 

fibroblast growth factor (bFGF) and epidermal growth factor (EGF)). (88). Cells 

isolated in this way have been shown to closely resemble the gene expression 

profile, phenotype and in vivo biology of their parental tumour (102) and represent 

the most basic cell model. The strengths and caveats of such an in vitro model 

are discussed later.  

 

CD133 enrichment can be used to isolate populations of cells that exhibit 

characteristics consistent with those expected for GSCs, but the specificity of 

CD133 for GSCs remains under debate since studies have demonstrated that 

CD133 negative cells also have the potential to form tumours (76,103ï105).  

 

As discussed previously, the variability in methods for isolating cells that are 

universally termed GSCs/BTSCs/BTICs/CSCs mean that the findings from the 
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studies in which they are used may not relate to the same subpopulation within 

the tumour, and between research groups.  

 

Despite, and perhaps because of, the debate surrounding the existence and 

importance of stem-like cells in gliomas, it is clear that any new model that aims 

to evaluate therapy, study gliomagenesis and investigate treatment resistance 

needs to represent this population, in a defined matter. 
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1.3.  Current models of glioma 

This section provides an overview of the models that have been developed and 

used in glioma research. Such models have the potential to greatly add to our 

understanding of underlying glioma biology, identify biomarkers and facilitate the 

development and evaluation of new therapies. In addition to needing to represent 

genetic abnormalities, glioma models carry an added responsibility to also 

incorporate the unique brain microenvironment in which these tumours develop 

and grow. This is a very specific and strict combination to achieve and is unlike 

many other extra-cranial cancer models. It may, in part, explain the slow progress 

made with the development of new models, the poor translation of laboratory-

based discoveries into clinical practice, and the subsequent failure to improve 

outcomes for patients with glioma. 

 

The strengths and weaknesses of the models will be discussed with respect to 

their ability to represent glioma (epi)genetics, heterogeneity, 

immunocompetence, consider the brain micro-environment, possess a blood-

brain barrier, stability and reproducibility. 

 

1.3.1.  In vitro models of glioma 

Remarkable progress has been made in understanding gliomagenesis, invasion, 

progression and recurrence (106). Much of this owes to the development and 

study of glioma models. Adherent patient-derived primary cell culture frequently 

represents the most common and technically most-straightforward in vitro glioma 

model used in research. Such adherent monolayers can be derived from brain 

tumour tissue taken directly from patients, as described above, or from 

commercial sources using immortalised lines. The two most commonly used lines 

are U87 and U251, both of which were generated many decades ago from 

patients with GBM  (107,108). Expansion and propagation of these cell lines has 

been successfully used in genetic and chemical screens (50,88,109). This model 

has been proven to be disease-relevant, but concerns have emerged regarding 

genetic mutational drift and clonal selection pressures exerted by long term 

culture (especially with foetal bovine serum) (110ï113). Recent genomic 

sequencing of the U87 line showed massive numbers of copy number variations, 

translocations and indels, most of which have been proposed to have been 

acquired after decades of cell culture (114). Furthermore, analyses from different 
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laboratories purporting to be using U87 lines have questioned the provenance of 

these lines and resulted in journals requiring cell line authentication as pre-

requisite to publication using U87 (110,115). The U251 line underwent an early 

cross-contamination and now is known to have been incorrectly labelled as U-

373 in numerous publications (111). Analysis of the common subclones from 

various laboratories using U251 show that only the original line, developed in the 

1960s, maintains the DNA copy number variation typical of GBM. Long-term 

passaged subclones of U251 have been shown to have more aggressive growth 

in vivo  and an increased growth in vitro (111). Accordingly, the predominant use 

of these lines in current practice is in the pre-screening of targeted therapies in a 

rapid and reproducible way, prior to further testing of promising candidates in 

appropriate preclinical models (116). 

 

Neurosphere culture arose from work to develop a way to stably maintain and 

propagate neural stem cells (NSCs) in medium, and obviate the need for serum 

(117). Cells cultured in this way express many of the typical stem cell markers 

such as SOX2, NESTIN, SSEA1 and CD133 (88,118). When cells lose these 

markers (for example, when cultured under serum conditions), they have been 

shown to lose the ability to diffusely infiltrate into the brain parenchyma (102,119). 

 

Tumour grade and IDH mutation status, however play a large part in the success 

of generating these cell lines (116). Very few examples of cell cultures generated 

from WHO Grade II and III gliomas with mutant IDH1 exist. Jin et al. (120) were 

able to culture WHO Grade III anaplastic astrocytoma cells which underwent loss 

of the wild-type IDH1 allele but preserved the IDH1 mutant allele following 

progression to GBM. One proposed hypothesis for the difficulty to culture cells 

with an IDH1 mutation ï thought to exert its effects in gliomas partly through 

altered metabolism (121)  ï is the challenge of modelling the brain micro-

environment and the influence this has on the metabolic phenotype of a cell (122). 

Rohle et al. (123) developed a WHO Grade III anaplastic oligodendroglioma cell 

line with an IDH1 mutation and co-deletion of 1p19q. To date, no group has 

published successful culture of WHO Grade II glioma cells with an IDH1 mutation.  

 

A move to serum-free cell culture media has been demonstrated to provide more 

genetically and transcriptionally stable lines (88,102,124) than traditional cell 
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culture methods but concerns have emerged that significant drift still occurs 

(125). A recent study looking at genomic stability of primary GBM cell culture 

during the first 20-30 passages showed that they undergo significant genomic 

and transcriptional changes (126). At a genomic level, the authors demonstrated 

variations in aneuploid cell content, subpopulation cell cycling time, and 

proportions of subchromosomal lesions resulting in sequential clonal takeovers. 

Several metabolic and signalling pathways were also shown to be altered 

temporally. These included telomere packaging, ribosomal synthesis, and 

signalling via the mammalian target of rapamycin, Wnt and interferon pathways. 

Much of this transcriptional drift was linked to the changes at a gene level. 

Cultured GBM cell lines also showed changes to the subtype over time, through 

transcriptional changes. Epigenetic changes such as DNA methylation, when 

compared to gene expression and chromosomal abnormalities, remained 

relatively stable. Some of these changes may be due to the use of growth factors 

such as basic fibroblast growth factor (bFGF) (127), which are important for 

maintaining stemness in vitro (102,128). Changes proposed to be caused by 

bFGF in culture include altered signalling pathways, modulation of apoptosis, 

mediation of DNA repair, increased proliferation and migration. Some research 

groups have therefore investigated the need to add growth factors to GSC 

cultures and found that primary cells could still be cultured with a subpopulation 

of GSCs (129), and that even neurospheres can proliferate without bFGF and 

epidermal growth factor (EGF), albeit at a lower rate of proliferation and at a 

smaller size (130). There does therefore appear to be a trade-off between in vitro 

proliferation, the use of growth factors and the phenotypic representation of 

cultured GSCs to original tumour cells. 

 

In the context of drift, understanding which relevant genetic aberrations from the 

original tumour exist in the particular óvariantô of these lines being used can make 

them helpful in the study of certain oncogenic pathways. Failing to consider these 

drifts in functional biological experiments and biomarker studies may make the 

results less relevant (126). This principle can be extended to any new model 

developed. 

 

Newer in vitro glioma models based on organoid methodology will be discussed 

in a separate section. 



16 
 

 

1.3.2.  In vivo models of glioma 

Despite ethical considerations and the lack of human context, in vivo models 

continue to be used extensively in all forms of cancer research, including glioma. 

 

Subcutaneous grafting of glioma cell lines represents a relatively straightforward 

preclinical model and is frequently used in proof of concept studies testing the 

efficacy of targeted drugs (131). They have the simple advantage of being able 

to be tracked (and quantified) visually. They are particularly useful where there is 

a defined target within tumour cells and the activity of the drug does not rely on 

modulation or interaction with the micro-environment ï the lack of which is this 

modelôs significant drawback (116). Previous studies that have failed to take this 

into account have overinterpreted the translation of their results (for example, the 

effects of angiogenesis inhibitors (132)). 

 

Orthotopic patient-derived xenograft (PDX) models aim to overcome this lack of 

microenvironment and avoid the aforementioned cell culture problems by 

bypassing in vitro propagation at all. In PDX models, glioma samples taken at the 

time of surgery are injected directly into the brains of immunodeficient mice, with 

at most a brief period of in vitro mechanical dissociation for technical reasons 

(106,119,133ï135). Intracranial injection might be done freehand or with a 

stereotactic frame device. Models such as these have been used successfully to 

evaluate the effects of small molecules on tumour burden (50).  

 

Unlike the limited success in culturing cells in vitro with IDH1 mutations, there has 

been some ability to model this in vivo. Examples include xenograft models of 

WHO Grade III human anaplastic oligodendrogliomas (one with mutations in 

FUBP1, CIC, and IDH1) (133,136) and an orthotopic xenograft model of a 

neurosphere cultured IDH1-mutant WHO grade III anaplastic oligoastrocytoma 

(134). The polymutational oligodendroglioma model is particularly interesting 

since it failed to grow in vitro after passage through a mouse. This can be 

considered to strengthen the argument for the importance of micro-environmental 

context in glioma modelling (133), although passaging in mice has been shown 

to exert a selection pressure that causes changes to genetic and epigenetic 
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signatures (137), and this drawback of animal models might be responsible for 

the failure to grow cells in which IDH1 mutation is present. 

 

Another significant drawback to xenografting, from cell lines derived in culture, or 

directly from fresh tissue samples, is that the host mice are immune-deficient. 

This creates several caveats within the model. This lack of immunocompetency 

means that it is challenging to: fully evaluate the effects of drugs that target or 

modulate the immune system, study the interactions of the immune system with 

other aspects of the microenvironment and achieve representative intratumoural 

heterogeneity due to the selection pressure for the fastest growing clones (116). 

Perhaps the most striking difference to the human immune context is the lack of 

peri-tumoural oedema seen on small-animal MRI of established in vivo brain 

tumours (138). Humanised mouse xenograft models (where the mouse Ig-locus 

is exchanged for the human Ig-locus) have been proposed as one way of 

addressing the problem of an immune system in these models (139,140).  

 

One of the earliest developed in vivo models is based on carcinogen-induced 

gliomagenesis in rats (141). In this model, DNA-damaging intravenous N-ethyl-

nitrosourea (ENU) was injected into pregnant animals with the resulting in utero 

exposure inducing predominantly brain tumours. This model has been used to 

strengthen the argument for the cell of origin of gliomas to be in NSCs as when 

ENU is injected into adult animals (relatively much fewer NSCs) they do not 

develop brain tumours (142). This model has enabled the temporal analysis of 

accumulation of mutations in brain tumours and helped identify key driver 

mutations such as TP53, PDGFRA, CDKN2A and EGFR (143). Recently, the 

ENU-induced preclinical model was used to demonstrate that the BRAF codon 

545 mutation (V545E) is a frequent early event in rat glioma development (144). 

This mutation corresponds to the BRAF V600E mutation in humans and is usually 

seen in non-diffuse gliomas (pilocytic astrocytoma) but is observed in diffuse 

gliomas too. The ENU-model has a number of strengths ï it has a more complete 

brain micro-environment, with an intact immune system and BBB, and also gives 

rise to genetically heterogenous tumours (145). Unfortunately, it is a poorly 

reproducible model with low rates of tumour formation, which results in significant 

investments of time, money and animals (116). This has, in turn, resulted in a 

number of ENU-induced rat glioma in vitro cell lines being established ï C6, 9L, 
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RG2, F98, BT4C and RT-2 (146). Another line (GL261) has been created from a 

carcinogen induced glioma model (147,148) generated by intracranial injection of 

the alkylating agent 3-methylcholantrene into C57BL/6 mice. Murine gliomas 

created by these models (with the exception of C6) enable the study of glioma 

immunology and the evaluation of immunomodulatory therapies (149) as they 

can be isolated, cultured and then orthotopically xenografted into syngeneic, 

immunocompetent mice (146). One of the drawbacks of these models is that 

humanised antibodies can only be used for a limited number of times before an 

allogeneic reaction occurs (116). 

 

Genetically engineered mouse models (GEMMs) of glioma build on the 

knowledge of specific driver mutations that are involved in human gliomas. These 

models often reflect many of the histopathological, aetiological and biological 

features of human gliomas (113). Current models can incorporate complex gain 

and loss of function mutations in specific cell types and at specific time points of 

development. This may be facilitated by introducing alleles of genes that can 

modulate expression by tet-regulation and cre-induction. The replication 

competent avian leukosis virus splice acceptor (RCAS/tv-a) system has also 

enabled the somatic introduction of multiple genes into a single mouse strain 

using retroviral or adenoviral vectors delivering cre-recombinase (150,151). 

Other GEMM models have been developed by disrupting signalling pathways 

known to be altered in gliomas, such as PDGFRA, EGFR, retinoblastoma (Rb), 

Ras and AKT (152ï154). Models of murine HGG resembling human glioma 

phenotype and with a BBB (155), and IDH1 mutation expression (156) have been 

developed using these techniques.  

 

GEMMs have distinct strengths in being able to study specific molecular events 

responsible for glioma initiation and progression (113). They are also immune 

competent and have a BBB, allowing for studies of drug distribution to glioma 

cells in the brain  (157,158). Disadvantages of these models include the lack of 

intratumoural heterogeneity that is observed in human gliomas. Also, therapeutic 

outcome is only translated into patients if the targeted drugs that are tested have 

similar activity against murine and human targets (116). 
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Other in vivo models that are emerging include zebrafish (Danio rerio) (159), 

which have been shown to share similar cancer-forming pathways with humans. 

Current zebrafish models either involve injection of day 3 post-fertilisation 

embryos or intracerebral implantation with glioma cells (116). The tumours 

formed in these systems, when using the same cells, have been shown to be 

similar to those grown in mouse, but at a much lower cost and in greater numbers. 

Adding compounds to their water supply allows for a semi-high throughput drug 

screening set-up (159). A major drawback of this system is that glioma cells must 

adapt to 32oC prior to implantation, which could adversely affect their metabolism 

and the activity of oncogenic pathways (160). Furthermore, the fish may die 

before the BBB has fully developed and/or the immune system fully matured 

(161,162). Another model that has emerged in glioma is one that has been used 

extensively in other aspects of neuroscience and cancer; the fruit fly (Drosophila 

melanogaster) (163). This organism has the advantage of being able to be 

genetically manipulated in a single cell fashion in vivo (164). Increased migration, 

and proliferation, by the manipulation of highly conserved molecular pathways 

such as the RTK signalling pathway, have been studied using fruit flies (165,166). 
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1.4.  induced pluripotent stem cells (iPSCs) 

1.4.1.  Reprogramming somatic cells to iPSCs 

Stem cells exhibit the fundamental hallmarks of self-renewal (unlimited 

proliferation in vitro) and pluripotency (differentiation into any cell type) (167). 

Embryonic stem cells (ESCs) have been isolated in both mice (1981) and humans 

(1998) but they require the destruction or manipulation of pre-implantation 

embryos and can therefore evoke strong ethical debates (168ï170). Adult 

somatic cells can be reprogrammed to induced pluripotent stem cells (iPSCs) 

(171). These cells offer the potential of a limitless source of autologous cells that 

would not be rejected by the recipientôs immune system. Potential benefits 

include replacement of damaged or diseased tissues, as well as personalised 

drug discovery and modelling of patient-specific diseases (172). iPSCs have 

been successfully derived from adult skin cells, liver, urinary tract cells, prostate 

cells, blood cells and gastric cells (171). The first clinical trial using iPSCs was 

approved in Japan in 2013 (173). The study aimed to treat patients with age-

related macular degeneration with autologous transplantation of iPSCs derived 

from retinal pigment epithelium.  

 

Reprogramming aims to reset the role that epigenetics play in the process of 

cellular decision-making during development, a concept first described by 

Waddington in 1957 (174). The first cellular reprogramming itself was undertaken 

by Gurdon in 1962 by nuclear transfer from a mature intestinal cell into a frog 

egg, which developed into a normal tadpole (175). His research showed that 

specialisation of cells is reversible, and that the DNA of the mature cell still 

retained embryonic developmental information. In 2006, the reprogramming field 

was revolutionised by Takahashi and Yamanaka who published a method of 

directly reprogramming mouse embryonic fibroblasts (MEFs) using retroviral 

infection (2). Investigating a panel of 24 factors that had been previously identified 

as important in ESCs, the MEFs were engineered (via antibiotic selection) to 

report the ESC-specific gene Fbx15 upon successful activation. By removing one 

factor at a time from colonies that emerged with activated Fbx15 reporter, the 

group eventually identified the 4 key óYamanaka factorsô ï Oct3/4, Sox2, Klf4 and 

cMyc. Refinement of the technique was achieved using NANOG as the reporter 

gene, eventually producing iPSCs with characteristics similar to ESCs (176). 

These iPSCs were crucially able to form all 3 germinal layers (ectoderm, 
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mesoderm, endoderm) and produce viable chimeras when injected into 

developing embryos. In 2007, both Thomson (177) and Yamanaka (178) 

produced human iPSCs from adult fibroblasts. Yamanaka et al. used the same 4 

factors with a retroviral system, but Thomson et al. replaced cMyc and Klf4 with 

NANOG and Lin28 and used a lentiviral system. Yamanaka and Gurdon were 

jointly awarded the Nobel Prize in 2012 for their work on cellular reprogramming. 

 

Oct3/4 (also known as POU5F1 (POU domain, class 5, transcription factor 1) is 

an octamer-binding transcription factor that maintains pluripotency and confers 

differentiation potential [35]. It is exclusively expressed in pluripotent stem cells. 

SOX2 (Sry-related high mobility group box) genes encode a family of 

transcriptions factors that also maintains pluripotency but is expressed in 

multipotent and unipotent stem cells (179). SOX genes are involved in sex 

determination and neuronal development. Klf4 is one of the Kruppel-like families 

of transcription factors that are a set of zinc finger DNA-binding proteins that 

regulate gene expression and induce pluripotency [39]. cMyc is a proto-oncogene 

that codes for a transcription factor and is involved in cell cycle progression, 

apoptosis and cellular transformation (180). In the context of reprogramming, it 

induces pluripotency. 

 

Reprogramming has several disadvantages and challenges. Efficiencies are 

typically low, around 0.01-0.1% (171). Precise timing, concentration of each 

individual factor and cell type used for reprogramming all play a key role in 

determining success (172). Unpredictable genomic integration resulting from the 

reprogramming method was a major barrier to studying conditions linked to 

genetic changes (181). Non-integrative technologies have since been developed 

(182). cMyc and KLF4 are recognised oncogenes and therefore infer a risk of 

tumour formation in iPSCs (171). Incomplete reprogramming is always a 

possibility - techniques such as live cell staining for ESC surface markers aim to 

prevent colonies being expanded that may not have fully reprogrammed 

(167,183). 

 

Currently available, validated reprogramming technologies broadly fall into 

categories ï integrative systems, inducible systems, integration and excision 

systems, and integration-free systems. Each has distinct advantages and 
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disadvantages (Table 1). No single method is suitable for every scenario or 

research question. Although mRNA transfection carries the highest efficiency 

with the fastest colony formation, the workload is laborious and it has only been 

shown to work in fibroblasts so far (182). I have chosen to use the Sendai virus 

method as it has very good efficiency (blood cells ~0.1%, fibroblasts ~1%), high 

reliability, low workload and has been shown to work in a wider number of cell 

types (172,181). The virus vector contains transgenes that will express the 4 

Yamanaka factors, causing the cell to express these genes after transduction. 

 

Feature mRNA 

(Stemgent) 

SeV (Life 

Technologies) 

Epi 

(Addgene) 

Lenti 

(Mostoslavs

ky) 

Efficiency (Fibroblasts) High Moderate Low High 

Reliability (fibroblasts) Moderate 

(mi+mRNA) 

High High High 

Reprogramming 

workload 

High Low Low Very High 

Aneuploidy rate 2.3% 5.0% 10.2% 4.5% 

Input cell requirement 

(fibroblasts) 

Low Moderate High Moderate 

Time to colony 

emergence 

Fast Moderate Moderate Moderate 

Number of colonies to 

pick 

3 6 7 No data 

Adoption: rejection rate 1.2 3.5 0. 0.3 

Special equipment 

requirement 

Hypoxia None Nucleofactor None 

Reprogramming agent 

cost 

Moderate Expensive Cheap No data 

Scalability or 

automatability 

High Moderate Low Moderate 

Lines free of 

reprogramming agents 

by passage 5 

100% 0% 60% N/A 
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Lines free of 

reprogramming agents 

by passage 9-11 

100% 79% 67% N/A 

 

Table 1: Comparison of commonly used reprogramming methods (modified from 

Schlaeger et al.) (184). RNA = Ribose nucleic acid, SeV = Sendai Virus, Epi = 

Episomal Vector, Lenti = Lentivirus. 

 

Sendai virus (SeV) is a mouse and rat respiratory virus of the Paramyxoviridae 

family (185). Other viruses in this family include measles and parainfluenza. SeV 

was first isolated in Sendai, Japan in the early 1950s. Its genome is a negative-

sense single-stranded RNA virus that contains 6 major genes and is non-

pathogenic to humans. Once cells are infected, the fusion protein F is deleted 

and therefore no more infectious particles are produced. It can therefore be 

cleared relatively quickly (~5-10 passages) (186). Sendai will bind to a large 

range of targets and only requires one transduction (185). It is non-integrative to 

the host as it replicates in cytoplasm and so there is no nuclear/DNA phase (184).  

 

1.4.2.  iPSCs in cancer and glioma 

GEMMS have enabled the study of cancer progression by observing the effects 

of oncogene induction or tumour-suppressor inhibition in a time-dependent 

manner (60). It is hoped that the use of iPSC models in cancer research will 

enable the study of underlying dynamic networks, elucidate biomarkers of early 

malignancy and provide an evaluation of new therapeutics; all with the crucial 

human specific context that GEMMs lack (187). Recapitulating disease initiation 

and progression is difficult with tumour cell lines and xenografts of primary tumour 

cells since they represent the advanced tumour state. Reprogramming cancer 

cells to pluripotency is one approach that has been used to overcome this gap 

(188). Where this approach has been used, pluripotency has been shown to be 

transient over the cancer phenotype and that partial expression of the cancer 

genome may be enough for cells to exhibit early-stage cancer phenotypes (189). 

iPSC technology has been used to reprogram cancer cells in chronic myeloid 

leukaemia (190,191), gastrointestinal cancer (192) and human primary 

pancreatic ductal adenocarcinoma (193) 
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In the context of glioma, very few iPSC-based models have been described. 

Stricker et al. (2013) (194) derived iPSCs, using piggyBac transposon vectors 

expressing OCT4 and KLF4, from cultured neural stem cells enriched from GBM. 

Their aim was to invoke epigenetic resetting and study the effects of this on DNA 

methylation, changes to the transcriptome and malignancy. They discovered that 

widespread resetting of epigenetic methylation occurred after reprogramming, 

causing removal of repression of certain tumour suppressor genes (CDKN1C and 

TES) and the growth of non-infiltrative teratomas. Highly proliferative neural 

progenitors (NPs) were derived from these teratomas. Subsequent orthotopic 

xenotransplantation of NPs differentiated from the iPSC line resulted in 

aggressive GBMs, whereas non-neural mesodermal progenitors differentiated 

from the iPSC line conserved the TSG derepression and failed to form infiltrative 

tumours. These observations demonstrate that despite epigenetic resetting 

secondary to reprogramming, oncogenic mutations still persist that drive 

malignant phenotypes. There is no published literature outlining direct 

reprogramming of primary human LGG tissue. 

 

All of the cancers described above that have been reprogrammed to pluripotency 

using iPSC technology have revealed a few key observations (60). Firstly, that 

the differentiation potential of the cancer cells can, at least in part, be restored. 

Secondly, a reduced aggressive cancer phenotype in teratoma assays is 

exhibited by the reprogrammed cells, potentially due to suppression of 

oncogenes from the original cancer and activation of tumour suppressor genes. 

Thirdly, epigenetic states are altered markedly during reprogramming. Fourthly, 

the cancer phenotype can be re-acquired during differentiation into the lineage 

from which the reprogrammed cancer cells were derived. Lastly, that this model 

has the potential to study cancer progression even though the cells being 

reprogrammed are taken from mature cancers (though this may represent 

selective/preferential reprogramming of more cancer-immature/stem-like cells 

among the parental cell source). 
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1.5.  Cerebral organoids 

1.5.1.  Development of cerebral organoids 

Reaggregation studies have demonstrated the brainôs intrinsic self-organising 

capacity to form highly spatially organised, complex interconnected regions 

(195). This key property can be used to direct stem cells (iPSCs or ESCs) to form 

neural ectoderm that differentiates into a highly organised brain-like structure that 

exhibits multiple cell types; a cerebral organoid (3). Developmental biology 

studies have shown that cells self-organise and demonstrate two key events 

during organogenesis: cell sorting out and spatially restricted lineage 

commitment (196). Both processes are evident in organoid formation (197). 

Previous 3-dimensional brain modelling (using growth factors) has produced 

tissues with homogenous brain regions derived from neuroectoderm ï forebrain, 

cerebellum and hypothalamus (198). Using concepts and techniques previously 

pioneered in Hans Cleversô group (197), Lancaster et al. (3) advanced this model 

by using Matrigel embedding to encourage buds to form from single embryoid 

bodies and develop into brain regions. Transferring these structures into spinning 

bioreactors improves nutrient and oxygen exchange to allow further growth. Self-

assembly and a remarkable resemblance to a brain-like structure makes this 

technology promising for adaptation to glioma modelling.  

 

Other in-vitro models exist such as neural stem cell (NSC), neurospheres and 

neural rosette systems, as discussed previously (117,199ï201). NSC model 

systems allow the study of live cells as they progress through malignancy, which 

could elicit new information about transcriptional networks and underlying 

pathology (60). Aggregating NSCs or tumour cells to form neurospheres attempts 

to recreate the 3D properties of brains and tumour masses, respectively (87). 

Cerebral organoids aim to advance this model by creating multiple specific brain 

regions contained within the same 3D structure (202). Neural rosettes are 2D 

neural tube-like structures established from directed differentiation of ESCs or 

isolated neuroepithelium (200). They have the advantages of exhibiting apical-

basal polarity, spontaneous radial organisation, production of intermediate 

progenitor types, and timed production of layer identities similar to in vivo 

development (201). However, neural rosettes are not 3-dimensional and so 

ultimately lack the overall organisation of the human brain (203). 
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Human iPSCs have been used to generate gastrointestinal, kidney, retinal, 

pancreatic, prostate, inner ear, brain and liver organoids (204ï210). Limitations 

such as ultimate size, lack of immune system and vascularity exist but it would 

be hoped that these could be overcome in time. 

 

In neuro-oncology, the reproducibility of brain organoids could be used for drug 

discovery and screening (potentially in a medium or high-throughput fashion), 

and contribute to the óreplacementô arm of the 3 Rôs consideration in animal 

studies (211). If patient-derived iPSCs are used to form the organoid, as 

proposed here, such modelling and drug testing could be personalised. 

 

1.5.2.  Cerebral organoids in glioma 

Primary patient-derived organoids provide an alternative, complementary in vitro 

model for study of cancer phenotypes. It has been proposed that they may bridge 

the gap between simple cancer cell lines, that are well suited for high-throughput 

applications but lack physiological context, and xenografts that provide a micro-

environment context but are complicated and expensive (212). Work primarily 

conducted in colorectal organoids shows that conferment of drug resistance to 

cancer stem cells can be modelled by the presence of differentiated cell within 

the same organoid, and additional heterogeneity can be achieved by co-culturing 

with patient-matched control healthy organoids (213,214). Furthermore, the 

methodology of organoid formation involves providing the conditions for 

progressive differentiation and cellular proliferation. Since cancers are thought to 

occur due to uncontrolled proliferation and loss of differentiation (43,44), the 

organoid model could lend itself well to studying these phenomena, potentially in 

real-time. However, it is not known whether the mutations seen in the advanced 

cancer of interest is replicated in developing organoids and/or whether additional 

genomic instability occurs due to selection pressure in vitro (212). Furthermore, 

organoids still do not have an immune system, lack vasculature (and therefore a 

BBB), remain expensive and labour-intensive to maintain (relative to simple cell 

lines) and exhibit batch to batch variability (215). Attempts have been made to 

address some of these drawbacks in cerebral organoids by the development of 

brain-region specific organoids (reduces batch-to-batch variability and more 

simplifies methodology) (216,217), by the use of stackable mini-bioreactors (to 



27 
 

aid throughput) (218) and by the use of microfluidics chips (to mimic vasculature 

and/or a BBB) (219).  

 

There has been a limited application of cerebral organoid methodology in glioma 

modelling thus far.  

 

Hubert et al. (220) were the first to describe a three-dimensional culture system 

that aimed to support the long-term growth and expansion of GBM organoids. 

Organoids were formed from cells from a variety of sources including patient-

derived primary culture, xenografts and GEMMs. They also derived organoids 

from brain metastases secondary to oesophageal adenocarcinoma. Although the 

cerebral organoid methodology was based on the previously established protocol 

by Lancaster et al. (202), this group used cells directly from tumours (patient-

derived or mouse), rather than using ESCs or iPSCs. They were able to culture 

the GBM organoids for months, observing regional heterogeneity. This included 

a highly proliferative outer region and a hypoxic core of non-stem-like cells and 

quiescent GSCs. The latter were radioresistant. The patient-derived organoids, 

when orthotopically transplanted, retained the features of the parental tumours 

(histology and single-cell invasiveness).  

 

Da Silva et al. (221) co-cultured early cerebral organoids (eCOs), derived from 

mouse ESCs and prior to embedding in Matrigel, with GBM spheres pre-formed 

from patient-derived cell lines. They were able to show with time-lapse imaging 

that, compared to control spheres pre-formed from human neural progenitor cells, 

GBM spheres would spontaneously infiltrate and migrate within the eCOs. This 

model has the significant advantages of having a short organoid formation time 

(12 days), which has been associated with reduced batch variability (215), and 

being able to be conducted in a medium-throughput (96-well) fashion. The period 

of co-culture was also short (48 hours) and may therefore be suited to real-time 

assays for anti-GBM strategies using personalised samples. The model will be 

even more relevant when the eCOs are formed from human stem cells and could 

be used to study the molecular mechanisms underlying migration. The group also 

do not confirm the tumour-forming capability of the hybrid eCOs with orthotopic 

xenotransplantation. 

 



28 
 

Ogawa et al. (222) cultured cerebral organoids for 4 months and then injected 

plasmids close to their surface, using CRISPR/Cas9 technology to target an 

HRasG12V-IRES-tdTomato TP53 locus. The resulting transformative mutation 

caused cells to become invasive and exhibit gene expression profiles consistent 

with the GBM mesenchymal subtype. Moreover, they overwhelmed the entire 

organoid and destroyed surrounding structures. They also showed that these 

cells, when orthotopically xenografted, exhibited an invasive phenotype.  

Furthermore, this group showed that GBM cells, either derived from primary 

patient samples or from GBM organoids, invade and proliferate within healthy 

cerebral organoids after co-culture. 

 

All the above examples demonstrate the potential of using the cerebral organoid 

technology in glioma modelling. The ability to incorporate tumour cells/tissue and 

the possibility to alter the genome with gene editing make this potentially a very 

useful tool in drug discovery assays and studying tumour initiation events, 

respectively. 
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1.6.  Aims and Objectives 

Even with maximal medical treatment (debulking neurosurgery, full course 

radiotherapy and chemotherapy), the prognosis for the most malignant grade of 

glioma, WHO Grade IV glioblastoma remains poor, especially when compared to 

other cancers. Despite persistent and intensive research efforts, outcomes from 

glioma have not significantly changed for decades. One reason for this is the 

poverty of in vitro and in vivo models that faithfully recapitulate the biology of 

glioma initiation, resistance to therapy and recurrence. New models, especially 

those that use patient/human cells, are urgently required. To achieve this, I 

investigated whether primary glioma tissue, taken from patients directly at the 

time of neurosurgery, could be reprogrammed to induced pluripotent cells 

(iPSCs) and whether these iPSCs would retain genetic information relevant to the 

parental tissue. Furthermore, I sought to use these iPSCs in differentiation 

experiments, in both adherent and low-adherence 3-dimensional conditions to 

see if they could be developed into personalised models with a stem cell-like self-

renewal phenotype.  

 

1. The first objective was to use reprogramming methodology to revert 

tumour cells to a pluripotent state. In achieving this, I aimed to convert a 

resource (primary tissue) typically limited by quality and quantity, and 

prone to genetic drift in culture conditions (126), into a self-renewing 

cellular resource with retained genetic aberrations (glioma iPSCs). The 

iPSCs were subjected to state of the art pluripotency testing, and whole 

genome sequencing to characterise their stable iPSC status, and glioma-

relevant genetic mutational burden. In order to link this new resource to 

existing models, in vivo orthotopic xenografting was undertaken to 

elucidate glioma iPSC tumorigenicity. 

 

2. The second objective was to develop the newly-created glioma iPSCs into 

models that could be used to interrogate glioma biology and identify 

candidate genes for future modulation. To this end, I aimed to investigate 

the differentiation behaviour of glioma iPSCs, in comparison to normal 

iPSCs, in both adherent neuronal differentiation conditions, and in 3-

dimensional cerebral organoid culture conditions. The adherent conditions 

used established protocols for neuronal differentiation whilst the organoid 
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methodology used relatively new techniques but one that is more faithful 

in recapitulating the architecture of a human brain and 3-dimensional 

nature of a tumour. I analysed gene expression in both these models 

comparing differences between glioma iPSC and normal iPSC 

differentiation. 
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2.  Reprogramming of patient-derived brain tumour tissue 

results in stable iPSCs with tumorigenic capacity 

2.1.  Results 

2.1.1.  Stable iPSCs can be derived from primary glioma tissue 

2.1.1.1. Characterisation of primary glioma tissue and cells  

Patients were consented prior to neurosurgery for donation of surplus brain 

tumour tissue under the umbrella of the Health Research Authority ethically-

approved Leeds Multi-Disciplinary Regional Tissue Bank. Two patient-matched 

WHO Grade IV GBM tissue samples were obtained ï one each from the bulk of 

the contrast enhancing tumour (HGb and HGb2), and one each from the non-

enhancing margin of the tumour (HGm and HGm2). Figure 2.1 shows an MRI 

image of a GBM tumour with superimposed schematic highlighting the contrast 

enhancing tumour (outlined in orange) representing the HGb and HGb2 samples, 

and the margin zone samples (outlined in yellow) representing the HGm and 

HGm2 samples. The margin zone samples are accessible en route to the GBM 

as part of the surgical corridor to access the tumour bulk. A WHO Grade II Diffuse 

Astrocytoma tissue sample was also obtained (LGG). Table 2 shows the details 

of the samples ï basic patient demographics (age, sex and presenting 

symptoms), final confirmed histopathological diagnosis, post-op adjuvant therapy 

and overall survival. For the purposes of cell modelling, it is beneficial to have 

both sexes represented in models as there is an increased recognition that male 

and female cells may be differentially sensitive to malignant transformation due 

to cell-intrinsic gender differences (223). The patient from whom HGb2 and 

HGm2 samples were taken had short-course radiotherapy post-operatively and 

was enrolled in the hydroxychloroquine (HCQ) trial (Clinical Trials.gov ID 

NCT01602588), both of which are typical for patients diagnosed with GBM in this 

age group. Sampling tumours prior to chemoradiotherapy means that tissue is 

more representative of the clinical scenario when patients first present since 

mutational evolution has been shown to occur after adjuvant therapy (57). In time, 

the model itself can be used as comparator to study further genomic instability if 

the same patients undergo repeat surgery for recurrence (GBM) or malignant 

transformation (LGG) and are subsequently sampled again. 
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Molecular data shows MGMT methylation in HGb2/HGm2 and hypo-methylation 

in HGb/HGm. Neither GBM sample had IDH1 or IDH2 mutations. This infers that 

the samples represents primary GBM (IDH mutation is more commonly 

associated with secondary GBM that has transformed from LGG) (224). Since 

primary GBMs account for approximately 90% of all GBMs (225), this means the 

model represents the vast majority of patients with GBM. The LGG sample was 

IDH1 mutated and 19q13 deleted alone, the latter of which is to be expected given 

the lack of an oligodendroglial component (11) (an oligodendroglioma would be 

defined by the WHO CNS 2016 classification to have 1p/19q co-deletion). The 

clinical significance of 19q deletion alone is unknown; co-deletion of 1p and 19q 

is known to be a strong prognostic factor and predictor of response to 

chemoradiotherapy in oligodendrogliomas and anaplastic oligoastrocytomas 

(226). 

 

 

Figure 2.1: Magnetic resonance image (MRI) T1-weighted with gadolinium showing right 

temporal WHO Grade IV GBM with contrast enhancement (indicated by white arrow), 

central necrotic core, peri-tumoural oedema, and mass effect as evidenced by 

effacement of the right lateral ventricle. Area highlighted by orange shows representative 

sampling region for HGb and HGb2 tissue. Area highlighted by yellow shows 

representative sampling region for HGm and HGm2 tumour margin tissue, taken en route 

to tumour bulk via the surgical access corridor. Image adapted from (227).  
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Line Alias 

    Date of 
Surgery 

Post-op 
Radiotherapy 

Post-op 
Chemotherapy 

 

Sex Age Presentation Diagnosis Survival 

HGm 
F 48 

6 weeks headaches & 
olfactory hallucinations 

WHO Grade 
IV GBM 

27/03/15 54Gy in 30# over 6/52 
TMZ, PCV at 
recurrence 

PFS 3 months OS 11 months 
HGb 
         

HGm2 

M 74 

2 weeks ataxia, 
impaired memory & 
vision, intermittent dull 
headaches 

WHO Grade 
IV GBM 

01/06/15 30Gy in 6# over 2/52 HCQ PFS 2 months OS 9 months 
HGb2 

         

LGG F 30 
Weekly complex partial 
seizures 

WHO Grade 
II Diffuse 
Astrocytoma 

14/07/15 
54Gy in 30# over 6/52 
at progression to HGG 

PCV, TMZ at 
progression to HGG 

PFS 9 months OS 3 years 
(radiological progression to 
HGG after 9 months) 

   

Line Alias 

Molecular Data 

IDH1 IDH2 MGMT 1p19q PTEN EGFR 

HGm 
WT WT Unmethylated Not co-deleted 

Not 
tested 

Not tested HGb 

             

HGm2 
WT WT Methylated Not co-deleted 

Not 
tested 

Not tested HGb2 

             

LGG IDH1m WT Unmethylated 19q13 deletion alone No loss 
No 
amplification 

 

Table 2: Patient characteristics (including post-operative adjuvant therapy and survival) for the samples obtained at surgery 

LGG = Low Grade Glioma, HGG = High Grade Glioma, WT = Wild Type, PFS = Progression Free Survival, OS = Overall Survival, PCV = Procarbazine, 

Lomustine, Vincristine, TMZ = Temozolomide, IDH = Isocitrate Dehydrogenase, MGMT = O6-methylguanine-DNA methyltransferase, PTEN = 

Phosphatase and Tensin homolog, EGFR = Epidermal Growth Factor Receptor  
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All 5 samples (HGb, HGm, HGb2, HGm2, LGG) were dissociated, established in 

serum-free culture and passaged. Frozen vials at intermittent passages were 

stored. Light microscopy was used to confirm differences in morphology that were 

present, both between lines from the same patient, and between patients (Figure 

2.2). In comparison to the HGm cells, HGb cells show a more rounded shape and 

appear to clump together. Contrastingly, HGb2 cells are morphologically more 

alike to HGm2 cells, showing similar shape and distribution. Single cell analysis 

and gene expression profiling may help with subtyping (49). If the cell lines were 

to be passaged further and used as a model in themselves, analysis of 

morphology and molecular subtyping would need repeating at intervals to 

observe any differences secondary to adaptation in culture (228). LGG cells 

exhibit morphology similar to both HGm and HGm2 cell lines. This may be 

expected given that WHO Grade II Diffuse Astrocytoma is closer in histological 

grade to normal tissue than contrast-enhancing GBM tumour bulk (HGb and 

HGb2). Cells were imaged at different degrees of confluency.  

  

 

 

 

HGm p5 HGb p5 

HGm2 p3 HGb2 p3 
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Figure 2.2: Inverted light microscopy (x10 magnification) of cultured cell lines. HGm and 

HGb cell lines are shown at passage 5, HGm2 and HGb2 cells at passage 3 and LGG 

cells at passage 5. HGb cells show a greater degree of difference to the matched HGm 

cells than HGb2 cells do to HGm2 cells. HGb cells show a more rounded shape with 

cells clumping together, whilst HGb2 cells appear more like their matched HGm2 cells. 

LGG cells appear more like the HGm and HGm2 cells ï this may be expected given they 

are likely to be closer in histological grade to the non-contrast enhancing tumour margin 

cells than the contrast-enhancing tumour bulk cells. 

 

Glioma cells have been shown to demonstrate stem-like features (72). Markers 

of stemness such as SOX2 and NESTIN, and markers of proliferation such as 

Ki67 can be used to characterise differences. Immunostaining of these markers, 

and those for astrocytic (GFAP) and neuronal (TUJ1, MAP2) expression are 

typically used in glioma cell culture (102). 

 

Immunostaining of the markers mentioned above in the primary cell lines was 

performed and the results were analysed qualitatively (Figure 2.3). This was 

followed by quantification by qRT-PCR of gene expression of key markers (Figure 

2.4). Stemness markers SOX2 and NESTIN, and the proliferation marker Ki67 

appear to show increased staining in the lines derived from the contrast-

enhancing tumour bulk (HGb and HGb2) when compared to the lines derived 

from the non-contrast-enhancing tumour margin (HGm and HGm2). This infers 

that the HGb and HGb2 lines exhibit a more stem-like phenotype, with increased 

proliferation. All lines staining positively for astrocytes (GFAP), neurons (TUJ1) 

and dendrites (MAP2), confirming that the samples were of central nervous 

system origin.   

LGG p5 
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Figure 2.3: Immunofluorescence staining of primary cell lines for stemness and central nervous system (CNS) markers. Nuclei are co-stained with 

DAPI (x10 magnification). When compared to non-contrast-enhancing HGG tumour margin primary cell lines (HGm and HGm2), staining for stemness 

(SOX2, NESTIN), and proliferation (Ki67) markers appeared increased in the contrast-enhancing tumour bulk primary cell lines (HGb and HGb2). All 

primary cell lines stained positively for astrocytic (GFAP) and neuronal (TUJ1, MAP2) markers indicating that they are of CNS origin.
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Gene expression analyses by qRT-PCR shows significantly higher expression of 

SOX2 in HGm compared to LGG (FC > 12; p < 0.05), HGb compared to LGG (FC 

> 108; p < 0.05) and HGb compared to HGm p < 0.05); significantly higher 

expression of NESTIN in HGm compared to LGG (FC > 6; p < 0.01) and HGb 

compared to LGG (FC > 5; p < 0.05); significantly higher expression of Ki67 in 

HGb compared to LGG (FC > 58; p < 0.05) and HGb compared to HGm p < 0.05); 

significantly higher expression of MAP2 in HGb compared to LGG (FC > 146; p 

< 0.05) and HGb compared to HGm p < 0.05); significantly higher expression of 

TUJ1 in HGb compared to LGG (FC > 2; p < 0.05) and HGb compared to HGm 

p < 0.05). These analyses were done after reprogramming so only the 

successfully reprogrammed lines (as described later) have been characterised 

for gene expression. 
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Figure 2.4: qRT-PCR analyses of the successfully reprogrammed HGG lines (non-

contrast-enhancing tumour margin ï HGm, contrast-enhancing tumour bulk ï HGb) and 

LGG lines. Stemness markers SOX2 and NESTIN showed significantly higher 

expression in lines derived from the HGG lines (HGb and HGm) compared to LGG. 

Proliferation marker Ki67 and central nervous system markers MAP2 and TUJ1 all 

showed significantly higher expression in the HGb line compared to the LGG and HGm 

lines.  (3 technical replicates per line; mean Ñ SD; Studentôs t-test; PÒ0.05 were 

presented as *; PÒ0.01 as **, PÒ0.001 as *** and PÒ0.0001 as ****).  

 

The Seahorse Bioanalyser detects rapid changes to the concentrations of 

dissolved oxygen and free protons caused by respiration and glycolysis, 

respectively. These are measured by solid state probes in a transient 

microchamber where cells are seeded. After the rate of change becomes linear, 

the slope is determined and OCR and ECAR calculated. Baseline metabolism is 

restored when the probe is lifted following a measurement and the larger volume 

media above the probe is allowed to mix with the media in the transient 

microchamber. Previous work from our group (Kuchler et al. (50)) performing 

similar analysis on neural progenitor cells and immortalised patient-derived GBM 

lines shows a difference in both OCR and ECAR between cell types. If the 

sampled lines are phenotypically different, it would be expected that the contrast-

enhancing HGG tumour bulk lines (HGb and HGb2) would exhibit a higher rate 

of metabolism than non-contrast-enhancing tumour margin lines (HGm and 

HGm2). Results are presented as rate per 1 x 104 cells in order to adjust for initial 

seeding numbers and growth rates during incubation. HGb lines show a 2-fold 

increase in the level of oxygen consumption when compared to HGm, whilst 

HGb2 lines show a near 3-fold increase in oxygen consumption when compared 

to HGm2, respectively (Figure 2.5). Lactate production is also increased in both 

tumour bulk lines (HGb and HGb2), when compared to tumour margin cell lines 

(HGm and HGm2) (Figure 2.6). In all analyses, the differences are preserved 

across 60 minutes. The differences in OCR and ECAR infer that the tumour bulk 

cells (HGb and HGb2) are more metabolically active than the tumour margin cells 

(HGm and HGm2).  
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Figure 2.5: Metabolic analysis (Seahorse Bioanalyzer) of oxygen consumption rate 

(OCR) between HGG contrast-enhancing tumour bulk (HGb and HGb2) and non-

contrast-enhancing tumour margin cell lines (HGm and HGm2). Cells were counted after 

the end of the analysis in order to calculate a final average rate per 1 x 104 cells. A 2-

fold increase in OCR is observed in HGb cells compared to HGm. A near 3-fold increase 

in OCR is observed in HGb2 cells compared to HGm2. In both analyses, differences are 

preserved over 60 minutes. These findings infer that metabolism is greater in tumour 

bulk cells (HGb and HGb2) compared to tumour margin cells (HGm and HGm2). 

Biological triplicates; mean ± SD. 
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Figure 2.6: Metabolic analysis (Seahorse Bioanalyzer) of extracellular acidification rate 

(ECAR) between HGG contrast-enhancing tumour bulk (HGb and HGb2) and non-

contrast-enhancing tumour margin cell lines (HGm and HGm2). Cells were counted after 

the end of the analysis in order to calculate a final average rate per 1 x 104 cells. An 

increase in ECAR is observed in both tumour bulk lines (HGb and HGb2) compared to 

tumour margin lines (HGm and HGm2). In HGb2 cells, this increase is 2-fold. In both 

analyses, differences are preserved over 60 minutes. These findings infer that lactate 

production is greater in tumour bulk cells (HGb and HGb2) compared to tumour margin 

cells (HGm and HGm2), and therefore these cells are more metabolically active than 

tumour margin cells. Biological triplicates; mean ± SD. 
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Sendai virus (SeV) has been used to reprogram many different cell types (185). 

However, there are no publications to date that describe reprogramming of 

primary glioma tissue using this method. In order to ensure the HGG and LGG 

samples were amenable to reprogramming by Sendai virus, a fluorescent control 

vector carrying the Emerald Green Fluorescent Protein (EmGFP) was transduced 

into the primary cells (Cytotune EmGFP Sendai Fluorescence Reporter, Life 

Technologies). EmGFP expression is detectable at 24 hours but reaches 

maximal levels at 48-72 hours post-transduction.  

 

All lines transduced with EmGFP Sendai Virus Reporter showed positive staining 

at 72 hours (Figures 2.7-2. 9). Cell cytotoxicity, as demonstrated by cell rounding 

and detachment, was observed in all lines. This is to be expected with Sendai 

virus transduction and is a marker of successful transduction (229). These results 

suggested that the primary cell lines could be transduced successfully with SeV 

carrying reprogramming factors but do not infer any feasibility or efficiency of 

reprogramming itself. 

 

  

  

Figure 2.7: HGb (p3) EmGFP at time of transduction (0 h), 24 hours and 72 hours post-

transduction (x10 magnification). Phase contrast images show cell cytotoxicity after 72 

0 h 24 h 

72 h 72 h 
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hours, which is to be expected. Immunofluorescence shows that all cells seen in the 

phase contrast image have been transduced with SeV. 

 

  

  

Figure 2.8: LGG (p0) EmGFP at time of transduction (0 h), 24 hours and 72 hours post-

transduction (x10 magnification). Phase contrast images show cell cytotoxicity after 72 

hours, which is to be expected. Immunofluorescence shows that all cells seen in the 

phase contrast image have been transduced with SeV. 
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Figure 2.9: HGm (p3) EmGFP at time of transduction (0 h), 24 hours and 72 hours post-

transduction (x10 magnification). Phase contrast images show cell cytotoxicity after 72 

hours, which is to be expected. Immunofluorescence shows that all cells seen in 

the phase contrast image have been transduced with SeV. 

 

2.1.1.2. Glioma iPSCs show stem cell morphology 

Due to the relative technical ease of somatic cell reprogramming, and availability 

of reprogramming vectors (including in kit form), there has been a considerable 

increase in the number of iPSCs being derived and associated publications 

related to cellular reprogramming (230). There have been attempts therefore to 

come up with ógold standardô criteria for newly derived iPSCs to adhere. These 

are outlined in Table 3 (adapted from (1)): 
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Issue Potential Solution Appropriate Testing Methods 

Cell line 

identity 

Early and frequent 

identity testing 

 

STR analysis 

 SNP analysis 

 Genomic sequencing 

Genomic 

instability 

Karyotyping 

 

G-banding 

Chromosomal microarray 

Nanostring technology   

Pluripotency Pluripotency testing Marker expression analysis 

  Embryoid body (EB) analysis 

  Teratoma assays 

Residual 

reprogramming 

factors 

Rigorous molecular 

detection or alternative 

reprogramming 

approaches 

PCR analysis 

RNA or chemical based 

reprogramming 

  

 

Table 3: Issues, solutions and appropriate testing methods proposed in order to improve 

the quality of iPSCs derived (adapted from Yaffe et al. (1)).  

 

The most basic characterisation of iPSCs is to observe morphological features 

that are seen in ESCs (231). Inverted light microscopy of iPSCs on mouse 

embryonic feeder (MEF)-culture derived from all primary cell lines reprogrammed 

with Sendai virus demonstrated classical morphology seen in ESCs (and so-

called bona fide iPSCs)  ï round, densely packed colonies with tight borders, flat, 

cobblestone appearance, high nuclei/cytoplasm ratio and prominent nucleoli 

(232) (Figures 2.10-2.14). Multiple colonies demonstrating similar morphology 

have been observed for each reprogrammed line passaged thus far.  
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Figure 2.10: induced pluripotent stem cells (iPSCs) derived from reprogrammed low-

grade glioma (LGG) cells transduced with SeV, passage 6, on mouse embryonic feeder 

(MEF) culture. Light microscopy shows classical embryonic stem cell (ESC) 

morphological features ï round, densely packed colonies with tight borders, flat, 

cobblestone appearance, high nuclei/cytoplasm ratio and prominent nucleoli (x4, x10, 

x20 magnification). 
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Figure 2.11: induced pluripotent stem cells (iPSCs) derived from reprogrammed non-

contrast-enhancing HGG tumour margin (HGm) cells transduced with SeV, passage 3, 

on mouse embryonic feeder (MEF) culture. Light microscopy shows classical embryonic 

stem cell (ESC) morphological features ï round, densely packed colonies with tight 

borders, flat, cobblestone appearance, high nuclei/cytoplasm ratio and prominent 

nucleoli (x4, x10, x20 magnification). 
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Figure 2.12: induced pluripotent stem cells (iPSCs) derived from contrast-enhancing 

HGG tumour bulk (HGb) cells transduced with SeV, passage 3, on mouse embryonic 

feeder (MEF) culture. Light microscopy shows classical embryonic stem cell (ESC) 

morphological features - round, densely packed colonies with tight borders, flat, 

cobblestone appearance, high nuclei/cytoplasm ratio and prominent nucleoli (x4, x10, 

x20 magnification). 

x 4 x 10 

x 20 

1000 µm 

200 µm 

400 µm 



51 
 

  

 

Figure 2.13: induced pluripotent stem cells (iPSCs) derived from non-contrast 

enhancing HGG tumour margin (HGm2) cells transduced with SeV, passage 5, on 

mouse embryonic feeder (MEF) culture. Light microscopy shows classical embryonic 

stem cell (ESC) morphological features - round, densely packed colonies with tight 

borders, flat, cobblestone appearance, high nuclei/cytoplasm ratio and prominent 

nucleoli (x4, x10, x20 magnification). 
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Figure 2.14: induced pluripotent stem cells (iPSCs) derived from contrast-enhancing 

HGG tumour bulk (HGb2) cells transduced with SeV, passage 4, on mouse embryonic 

feeder (MEF) culture. Light microscopy shows classical embryonic stem cell (ESC) 

morphological features - round, densely packed colonies with tight borders, flat, 

cobblestone appearance, high nuclei/cytoplasm ratio and prominent nucleoli (x4, x10, 

x20 magnification). 
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2.1.1.3. Glioma iPSCs express markers of pluripotency 

Terato-related-antigen-1-60 (Tra-1-60) has been shown to be a stem cell specific 

surface marker (183). It has been mapped to carbohydrate epitopes found on the 

200KDa form of podocalyxin, a surface glycoprotein found on stem cells and 

embryonic carcinomas. Live cell Tra-1-60 staining allows real-time assessment 

of cells undergoing reprogramming, without loss of viability (232). This means 

that colonies can be monitored and picked for expansion at the optimum time, 

when cells are observed to be fully reprogrammed and consequently should be 

at their most pluripotent. Other positive pluripotent stem cell markers that could 

be used in live culture are Tra-1-81 and stage-specific embryonic antigen 4 

(SSEA4) (231). However, Tra-1-60 is thought to represent the most rigorous 

surface cell marker amenable to live cell staining as it is upregulated later on 

during reprogramming (232). Phase contrast microscopy showed multiple 

colonies in reprogrammed cell lines that demonstrated typical stem cell 

morphology (round, flat, cobblestone appearance with tightly packed cells). Live 

cell staining helped distinguish fully reprogrammed colonies from only partially 

reprogrammed colonies (Figures 2.15-2.17), enabling only the former to be 

picked and expanded. Partially reprogrammed colonies were left in culture and 

stained again after a few days. 

 

  

 

Figure 2.15: Non-contrast-enhancing HGG tumour margin (HGm) colonies undergoing 

reprogramming, live cell immunostained for Tra-1-60. Phase contrast imaging shows 2 

colonies with morphological features representative of ESCs (round, flat, cobblestone 

appearance with tightly packed cells) but Tra-1-60 staining shows that only the colony 

on the left (marked with an arrow) is likely to be fully reprogrammed, whereas the one on 

the right (marked with a star) is likely to be only partially reprogrammed (x10 

magnification). 

400 µm 400 µm 



54 
 

  

 

Figure 2.16: Contrast-enhancing HGG tumour bulk (HGb2) colonies undergoing 

reprogramming, live cell immunostained for Tra-1-60. Phase contrast imaging shows 2 

colonies with distinct ESC morphology (round, flat, cobblestone appearance with tightly 

packed cells). Tra-1-60 positive staining in both colonies is consistent with full 

reprogramming (x10 magnification). These colonies were picked and expanded. 

 

   

 

Figure 2.17: LGG tumour (LGG) colonies undergoing reprogramming, live cell 

immunostained for Tra-1-60. Phase contrast imaging shows 3 colonies (marked with two 

arrows and a triangle) with distinct ESC morphology (round, flat, cobblestone 

appearance with tightly packed cells). The largest colony (marked with a star shows 

signs of differentiation in the middle and was not expanded. This colony was scraped off 

under sterile conditions, to minimise the risk of differentiation of other neighbouring 

colonies. It is unclear if the colony marked with a triangle has fully reprogrammed and so 

was not picked and expanded at this stage. Tra-1-60 positive staining in both colonies 

marked with white arrows is consistent with full reprogramming (x10 magnification). 

These colonies were picked and expanded. 

 

On expansion, HGb2 and HGm2 did not survive beyond passage 4 and passage 

6, respectively. Therefore, only results for iPSCs derived from primary cells of 

400 µm 400 µm 

400 µm 400 µm 
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contrast-enhancing HGG tumour margin (HGm), contrast-enhancing HGG 

tumour bulk (HGb) and LGG cells will be presented and discussed from here 

forth. 

 

The transcription factors OCT4 and SOX2 are well-established as key to 

maintaining pluripotency via self-renewal (177). These are both intracellular 

proteins and so require fixation and permeabilisation.  SSEA4 is a cell surface 

marker found on pluripotent stem cells that usually represents lineage-restricted 

patterns of expression during development (233). 

 

Fixed cell immunostaining of iPSCs derived from HGm, HGb and LGG on feeder-

free culture using antibodies against SOX2, Tra-1-60, SSEA4 and OCT4 show 

consistent expression of all four pluripotent stem cell markers across all the iPSC 

lines (Figure 2.18). 

 

 

 

Figure 2.18: Brightfield representative images of HGm, HGb and LGG primary culture, 

and derived iPSC colonies on mouse embryonic feeder (MEF) culture. Confocal 

representative images of iPSCs derived from HGm, HGb and LGG on feeder-free culture 

after undergoing fixed cell immunostaining. Consistent expression of intracellular 

pluripotent stem cell markers OCT4 and SOX2, and surface markers of pluripotency Tra-



56 
 

1-60 and SSEA4 (all false colours) are demonstrated across all glioma-derived iPSC 

lines. 

 

Flow cytometry analysis of the iPSC lines derived from HGm, HGb and LGG 

showed a significantly larger fraction of cells were positive for pluripotency 

markers SSEA4 (PÒ 0.0001 in all lines), EpCam (PÒ 0.0001 in all lines), Tra-1-60 

(PÒ 0.0001 in HGb, PÒ 0.001 in HGm and LGG), whereas only a very small 

percentage of cells were positive for SSEA1 (mean < 4% in all lines), which is a 

marker that is usually absent from human iPSCs and indicates loss of 

pluripotency (118) (Figure 2.19).  

 

 

 

Figure 2.19: Flow cytometry conducted in all 3 iPSC lines derived from HGm, HGb and 

LGG cells showed a large fraction of cells positive for pluripotency markers SSEA4 (PÒ 

0.0001 in all lines), EpCam (PÒ 0.0001 in all lines), Tra-1-60 (PÒ 0.0001 in HGb, PÒ 0.001 

in HGm and LGG) whereas only a low percentage of cells were positive for SSEA-1 

(mean < 4% in all lines), a negative marker of pluripotency (3 independent experiments 

with at least a passage between each experiment; mean ± SD; Studentôs t-test; PÒ0.05 

were presented as *; PÒ0.01 as **, PÒ0.001 as *** and PÒ0.0001 as ****). 

 

2.1.1.4. Glioma iPSCs can differentiate into all 3 germinal layers 

The glioma iPSCs derived from HGm, HGb and LGG underwent spontaneous 

embryoid body differentiation in ultra-low attachment U-bottom 96-well plates to 

investigate their ability to form all 3 germinal layers. Withdrawing bFGF from the 

human stem cell medium enables spontaneous differentiation (234). The 

resultant EBs were collected for RNA extraction. Gene expression analysis by 
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qRT-PCR showed that iPSCs derived from contrast-enhancing HGG tumour bulk 

(HGb), non-contrast-enhancing HGG tumour margin (HGm), and LGG tumour 

have the capacity to produce each germ layer (endoderm, mesoderm and 

ectoderm) as demonstrated by increased expression of germ layer specific 

markers (endoderm ï SOX17, CXCR4, GATA6; mesoderm ï NCAM, MixL1, 

Vimentin, DCN; ectoderm ï PAX6, NEUROD1, Hes5)  and concomitant reduced 

expression of pluripotency markers (OCT4, NANOG) (Figure 2.20). Pluripotency 

was further quantified by gene expression analysis by mRNA-seq as described 

later. 
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Figure 2.20: Spontaneous differentiation by embryoid body formation shows iPSC lines 

derived from HGm, HGb and LGG have the capacity to produce each germ layer 

(endoderm, mesoderm and ectoderm) as demonstrated by increased expression of germ 

layer specific markers and concomitant reduced expression of pluripotency markers 

(OCT4, NANOG) (each point (Exp1, Exp2) represents an independent experiment with 

at least a passage between each experiment). 

 

2.1.1.5. Glioma iPSCs express pluripotency-driving genes  

A previous study, performed to test the equivalence between human ESCs and 

human iPSCs derived from fibroblasts donated by healthy donors, has generated 

a stem cell reference set (GSE73211), which also included the healthy fibroblasts 

(235). Using the same analysis methodology and reference set as that study and 

another similar study (236), the gene expression profiles of the glioma iPSCs 

derived herein (HGm, HGb, LGG) and a control iPSC (derived from fibroblasts 
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donated by a healthy individual and gifted by the UK Stem Cell Bank) were 

compared. This gene expression analysis showed that the glioma iPSCs in this 

study had higher overall expression of pluripotency markers, which compared 

favourably with the healthy iPSCs and ESCs, with which they clustered (Figure 

2.21). Native fibroblasts (i.e. not reprogrammed) had higher overall expression of 

most mesoderm markers and lower expression of pluripotency markers. Gene 

expression profiles of the fibroblasts did not cluster with the glioma iPSCs, control 

iPSC and reference set stem cells (GSE73211). 

   

 

 

Figure 2.21: Heatmap and hierarchical clustering showing normalised expression levels 

(Z scores derived from VST expression levels) of nine pluripotency (blue) (237ï239) and 

25 mesoderm (pink) (240) marker genes in the 4 study iPSCs (3 glioma iPSCs HGm, 

HGb, LGG and 1 control iPSC derived from fibroblasts donated by a healthy individual, 

CON) and 62 human cell lines (15 fibroblasts, 17 iPSC, and 30 ESC) obtained from GEO: 

GSE73211 (241). Samples are colour coded to show whether they are glioma iPSCs 

(pink) or from GEO: GSE73211 (brown), and on the basis of line type (purple for 

fibroblasts, blue for hESCs and green for hiPSCs). The heatmap shows that glioma 

iPSCs cluster with the reference iPSCs and hESCs, which both show higher overall 

expression of pluripotency genes than fibroblasts, which show higher expression of most 
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mesoderm markers and lower expression of pluripotency markers than the hiPSC and 

hESC lines (including the glioma iPSC lines). 

 

2.1.1.6. Glioma iPSCs have confirmed cell identity and show genomic 

stability through unaltered karyotype 

In order to ensure there had been no mislabelling between the derived iPSCs 

during the reprogramming process and multiple passages, all the glioma iPSCs 

were tested by short tandem repeat (STR) analysis. This confirmed a match 

between the parent sample and its derived iPSC line, with the obvious caveat 

being that the HGm and HGb lines could not be distinguished (in iPSCs or primary 

cells) since they were from the same patient. However, WGS was performed at 

a later date, which confirmed a match between each iPSC line and the primary 

cells from which they were derived. 

 

In order to ensure that reprogramming had not altered the chromosomal structural 

integrity of the derived iPSCs, the glioma iPSCs underwent karyotype analysis by 

comparative genomic hybridisation (CGH) array. Karyotype reports for all 3 

glioma iPSC lines showed no gross structural abnormality. A representative 

example of a CGH array karyotyping report is shown in Figure 2.22. 
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Figure 2.22: Representative comparative genomic hybridisation (CGH) array 

karyotyping report from the analysis of the iPSC line derived from LGG primary cells. 

The report confirms no significant structural abnormality in a chromosomal region greater 

than 3Mb in size. 

 

Mycoplasma can affect the characteristics and function of iPSCs and can produce 

spurious experimental results through altered karyotype (242). It is therefore 
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important to check all cells in culture. All primary and iPSC cell lines tested were 

negative for mycoplasma.  

 

2.1.1.7. Patient-derived glioma iPSCs retain no residual reprogramming 

vectors 

In order to confirm the clearance of the viral vectors that carry the reprogramming 

factors and thus confirm lack of residual exogenous factor expression, SeV vector 

clearance was confirmed by qRT-PCR using a primer (TaqMan Mr04269880_mr) 

that binds to the common backbone of the SeV that is used to deliver all of the 

factors. It is expected that SeV will be cleared between 5-15 passages after 

reprogramming (185). Analysis of all the lines reprogrammed (HGb, HGm, LGG) 

showed no evidence of residual SeV at passage 13 (Figure 2.23).  

 

 

Figure 2.23: qRT-PCR analysis shows no evidence of residual Sendai virus polycistronic 

reprogramming vectors in any of the glioma-derived iPSCs at passage 13 (3 biological 

replicates per line; mean Ñ SD; Studentôs t-test; P Ò0.05 were presented as *; PÒ0.01 as 

**, PÒ0.001 as *** and PÒ0.0001 as ****).  
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2.1.2.  Glioma iPSCs show tumorigenic capacity in vivo 

As outlined previously, the ability to form tumours in vivo has been considered a 

key characteristic of GSCs (93,243). It can be argued therefore that any new in 

vitro models developed to either replace or complement current in vivo models 

would be more useful if they could recapitulate this characteristic. However, these 

models are iPSCs and therefore likely to form teratomas in vivo if directly 

orthotopically xenografted into immunodeficient mice - as evidenced by their 

ability to form all 3 embryonic germ layers during spontaneous differentiation. 

Therefore, the iPSCs were differentiated using a proprietary neural stem cell 

(NSC) induction kit (Thermo Fisher Scientific). Immunocytochemistry was used 

to confirm marker expression consistent with NSCs ï SOX2 positive, NESTIN 

positive and OCT4 negative. NSCs derived from each iPSC line (HGb, HGm and 

LGG) were orthotopically xenografted into the right striatum of 6- to 10-week old 

NSG mice (1x105 cells per line per mouse; 6 mice per line). Interim imaging by 

small animal magnetic resonance imaging (MRI) was performed. Mice were 

sacrificed at 16 weeks, brains harvested and analysed by immunocytochemistry.  

 

MRI images showed tumours were formed from all the injected lines. Tumours 

formed from the HGb-derived NSCs were poorly demarcated, infiltrative and 

extended across the midline into the contralateral hemisphere (Figure 2.24a). 

Migration and invasion across the midline is considered a pathological hallmark 

of GBM (50). Tumours formed from the HGm-derived NSCs were well 

demarcated, infiltrative and interestingly, did not cross the midline into the 

contralateral hemisphere (Figure 2.25a). Perhaps even more interestingly, 

tumours formed from the LGG-derived NSCs (Figure 2.26a) were more similar in 

appearance to the HGb mice ï poorly demarcated, infiltrative and crossed the 

midline into the contralateral hemisphere. 

 

Sections through the tumours immunostained with antibodies to NESTIN and 

Ki67 showed diffuse infiltration in all lines. This was most extensive in the HGb 

mice (Figure 2.24b), extensive in the HGm mice (but less so than in the HGb 

mice) (Figure 2.25b) and more localised in the LGG mice (Figure 2.26b).  
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Figure 2.24: (a) Representative magnetic resonance image (MRI) 15 weeks after 

orthotopic xenotransplantation into immunodeficient NSG mice of 1x105 neural stem 

cells (SOX2/NESTIN positive, OCT4 negative) derived from HGb iPSCs (n = 6). T2-

weighted image shows poorly demarcated, infiltrative right frontal tumour causing midline 

shift and extension across the midline into the contralateral hemisphere. (b) 

Representative confocal microscopy image of section through mouse brain with 

intracranial tumour immunostained with antibodies to NESTIN, Ki67 and DAPI nuclear 

counter-stain. Extensive, diffuse infiltration of tumour is seen throughout the mouse brain 

with evidence of increased proliferation. 

 

 

a b 

NESTIN Ki67 DAPI 
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Figure 2.25: (a) Representative magnetic resonance image (MRI) 16 weeks after 

orthotopic xenotransplantation into immunodeficient NSG mice of 1x105 neural stem 

cells (SOX2/NESTIN positive, OCT4 negative) derived from HGm iPSCs (n = 6). T2-

weighted image shows large right well demarcated right frontal tumour causing 

significant midline shift. There is no extension across the midline into the contralateral 

hemisphere. (b) Representative confocal microscopy image of section through mouse 

brain with intracranial tumour immunostained with antibodies to NESTIN, Ki67 and DAPI 

nuclear counter-stain. Diffuse infiltration of tumour is seen throughout the mouse brain 

with some minor evidence of increased proliferation. 

 

 

a 
b 
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Figure 2.26: (a) Representative magnetic resonance image (MRI) 16 weeks after 

orthotopic xenotransplantation into immunodeficient NSG mice of 1x105 neural stem 

cells (SOX2/NESTIN positive, OCT4 negative) derived from LGG iPSCs (n = 6). T2-

weighted image shows large right poorly demarcated right frontal tumour causing midline 

shift and extension across the midline into the contralateral hemisphere. (b) 

Representative confocal microscopy image of section through mouse brain with 

intracranial tumour immunostained with antibodies to NESTIN, Ki67 and DAPI nuclear 

counter-stain. More localised infiltration of tumour is seen throughout the mouse brain 

with some minor evidence of increased proliferation. 

 

2.1.3.  Patient-derived glioma iPSCs retain genetic mutations of parental 

tissue 

Evaluation at karyotypic level has already been discussed earlier. Subkaryotypic 

genomic analysis consists of assessing total number of copies, copy number 

variation (CNV), single nucleotide polymorphisms (SNPs) and loss of 

heterozygosity (244). Accordingly, deep (90X) whole genome sequencing (WGS) 

was performed of the parental tumour lines (HGb, HGm, LGG) and the derived 

iPSCs. Comparative analysis between each primary line and its derived iPSC line 

a b 

NESTIN Ki67 DAPI 
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using mutational variant calling so far show that in the contrast-enhancing HGG 

tumour bulk (HGb) sample, 69% of the total number of copies has been preserved 

in the iPSC line with a change from 90:10 gains:loss ratio in the primary line to 

95:5 gains:loss ratio in the derived iPSC line (Figure 2.27). In the non-contrast-

enhancing HGG tumour margin (HGm) sample, 60% of the total number of copies 

has been preserved in the iPSC line with a change from 90:10 gains:loss ratio in 

the primary line to 94:6 gains:loss ratio in the derived iPSC line (Figure 2.27). In 

the LGG sample, 56% of the total number of copies has been preserved in the 

iPSC line with a change from 97:3 gains:loss ratio in the primary line to 93:7 

gains:loss ratio in the derived iPSC line (Figure 2.27).  

 

 

Figure 2.27: Deep (90X) whole genome sequencing analysis comparing total number of 

copies between each primary (P) tissue sample and its respective derived iPSC line. 

Each derived iPSC line shows a partial preservation of the total number of copies of its 

parental tumour sample (HGm 60%, LGG 56%, HGb 69%). Changes in the ratios of 

gains:loss status are also observed between the iPSC lines and their respective parental 

tumour sample.  
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With respect to number of CNVs comparative analysis, 52% of CNVs have been 

preserved in the HGb iPSC line compared to the parental sample with a change 

from 49:51 gains:loss ratio in the primary line to 56:44 gains:loss ratio in the 

derived iPSC line (Figure 2.28). In the HGm sample, 49% of CNVs has been 

preserved with a change from 43:57 gains:loss ratio in the primary line to 52:48 

gains:loss ratio in the derived iPSC line (Figure 2.28). In the LGG sample, 44% 

of CNVs have been preserved with a change from 47:53 gains:loss ratio in the 

primary line to 59:41 gains:loss ratio in the derived iPSC line (Figure 2.28).  

 

 

Figure 2.28: Deep (90X) whole genome sequencing analysis comparing number of copy 

number variants (CNVs) and gains:loss status ratios between each primary (P) tissue 

sample and its respective derived iPSC line. Each derived iPSC line shows a partial 

preservation of the number of CNVs of its parental tumour sample (HGm 49%, LGG 

44%, HGb 52%). Changes in the ratios of gains:loss status are also observed between 

the iPSC lines and their respective parental tumour sample. 
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With respect to the so-called óhallmarkô mutations of GBM, WGS analysis shows 

that, when compared to the respective primary line, there has been a loss of 

mutation of NF1 in the HGb and HGm derived iPSC lines, and losses of 

amplifications of EGFR, ROS1, PTEN, BRAF, CDKN2A, MET, POU3F2 and RB1 

in the HGb iPSC line (Figure 2.29).  

 

 

 

Figure 2.29: Deep (90X) whole genome sequencing analysis comparing specific 

óhallmarkô gene abnormalities between each primary (P) tissue sample and its respective 

derived iPSC line.  
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2.2.  Discussion 

Gliomas represent the most common malignant primary brain tumour (6). Even 

with maximal medical and surgical treatment, prognosis remains extremely poor 

(16). It is clearly a cancer of unmet need (245). New models that aim to study the 

proposed tumour-initiating subset of stem-like cells could be extremely valuable 

in understanding underlying drivers of gliomagenesis, resistance to treatment and 

tumour recurrence. There is much debate about whether brain tumours develop 

in a hierarchical fashion or not. This only heightens the importance of resolving 

this question. As outlined earlier, GEMMs have provided some of the best 

evidence of the CSC hypothesis, but it could be argued that ultimately it is only 

relevant if this is robustly confirmed in human tumours.  Numerous studies using 

human primary tumour stem-like cells in culture and for xenotransplantation have 

added to the evidence, but current methodologies use different protocols and 

standards for enriching and identifying CSCs/GSCs, which means that results are 

not always comparable (116). 

 

The iPSCs described in this study represent a new set of experimental models to 

study the stem-like subpopulation in gliomas. The approach that I have used aims 

to recapitulate the óstemnessô phenotype (selected out by brief serum-free 

culture) and take advantage of the preservation of genetic mutations after 

reprogramming that have been observed in numerous examples of disease-

relevant iPSC derivation thus far (187); thus facilitating the study of genotype-

phenotype relationships.  

 

Characterisation of the primary tissue reveals typical GBM and LGG features 

such as presence of óstemnessô and higher rate of proliferation in the HGG 

models, and IDH1 mutation in the LGG model. SOX2 is a nuclear marker of NSCs 

and PSCs that is a key transcription factor in maintaining self-renewal in these 

cell populations (246). Along with NESTIN, SOX2 is considered a key óstemnessô 

factor in GSCs (247,248). NESTIN is a cytoskeletal marker for NSCs which is 

expressed during the early development of the CNS that subsequently 

disappears upon differentiation of NSCs into mature neurons or glial cells (249). 

NESTIN expression is elevated in both HGG models, compared to the LGG 

model, inferring an increased óstemnessô phenotype in the HGG models. Ki67 is 

only expressed in cycling cells and is therefore used commonly as a marker of 
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proliferation (250). Along with the typical patient features such as age, PFS and 

OS, the characteristics of the primary cells would appear to make them 

representative of HGG and LGG tumours, and therefore appropriate to take 

forward in reprogramming to derive glioma iPSC models. 

 

It is interesting to note the differences in metabolic phenotype between HGb and 

HGm primary cells inferred by the extracellular flux analysis (Seahorse). The cells 

from the bulk of the tumour appear more metabolically active than those on the 

periphery. This is expected as enhancing areas of tumour are considered a higher 

grade (thus more cancerous), and are therefore purported to acquire capabilities 

to become self-sufficient in growth, insensitive to anti-growth signals, and more 

metabolically active (44). Since the HGm cells are sampled from the non-

enhancing margin of the tumour, they may be less aggressive than the contrast-

enhancing tumour bulk cells (preservation of the BBB minimising contrast 

enhancement has been associated with lower grade (63)). This is also supported 

by the reduced expression of SOX2 and Ki67 in the HGm compared to the HGb 

cells. These findings support the development of these phenotypically different 

lines as separate cellular models. 

 

It has been shown that primary tumour cells donated by patients pre-treated with 

radiation failed to reprogram into iPSCs (193). This could be a major 

disadvantage in many cancers where neo-adjuvant chemoradiation therapy may 

induce resistance to reprogramming and prevent the creation of iPSC lines, but 

this not a hurdle that has to be overcome in glioma as neo-adjuvant treatment is 

not current standard of care.  

 

With respect to genomic and transcriptional drift in primary cell culture, this has 

only quantitatively been shown beyond passage 7 (126). Furthermore, glioma 

cells cultured under GSC conditions have been shown to maintain their overall 

genotype and gene expression profile upon propagation in vitro for up to 11-13 

passages (102). All the iPSC models derived in this study were reprogrammed at 

or below passage 5. It is hoped that reprogramming at an early passage i.e. when 

the cells are closest in genotype and phenotype to the original tumour sample, 

should increase the chances of genotypic features of the primary tumours being 

preserved in the final iPSC model. 
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Since it became known that ESC-equivalent stem cells in the form of iPSCs could 

be derived from somatic cells, there has been a dramatic increase in the number 

of groups using this technology, in many different ways, to study development 

and disease (171). There have also been considerable efforts to agree on the 

acceptable standards that newly derived iPSCs must demonstrate in order to be 

considered valid and stable (251). The iPSCs derived in this study have been 

characterised for all of these features, ranging from exhibiting stem cell 

morphology, expressing markers of pluripotency, having the ability to differentiate 

into all 3 embryonic germ layers, stability of karyotypes and clearance of residual 

reprogramming factors. Furthermore, they have been tested for their ability to 

form tumours in vivo ï which is considered a key characteristic of GSCs (84) ï

and  their genetic mutational similarity to their parent tumour cells.  

 

Evaluating the true pluripotency of a derived iPSC line also involves testing for 

the functional ability to differentiate into all three embryonic germ layers 

(endoderm, mesoderm and ectoderm) (1). This can be done in vivo by injecting 

iPSCs into various anatomical sites in immunocompromised mice (e.g. 

subcutaneous, intra-muscular, renal capsule, intra-testicular) and confirming the 

presence of all three germ layers (by histology, immunocytochemistry and/or 

gene expression profiling) in the resultant teratoma formed (252). This assay is 

considered the gold standard for pluripotency as it is differentiation under 

physiological conditions (253). However, the necessity for the teratoma assay 

has been questioned recently given how labour intensive it is (takes around 6-12 

weeks to complete) and the associated animal welfare burden (254). Instead, it 

has been suggested that completing the other traditional pluripotent tests 

(morphology, markers of pluripotency) in addition to in vitro spontaneous 

embryoid body formation (EB) with evidence of all three germ layers, along with 

newer tests such as gene expression profiling ï all done in this study for the 

glioma iPSCs ï is sufficient to confirm pluripotency. Indeed, most commercially 

available iPSC lines in the UK such as those from the Human Induced Pluripotent 

Stem Cell Initiative (HipSci) e.g. HPSI1014i-quls_2 and HPSI1013i-yemz_3 no 

longer include teratoma assays as part of their certificate of validity/pluripotency 

(255). 
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Given the frequent manipulation of cell lines (primary and iPSC) during culture, 

passage and expansion, the potential for mistakes in identity and labelling are 

high (111). Short tandem repeat (STR) profiling is a genetic authenticity technique 

that has been proposed as mandatory in ensuring iPSCs are matched to the 

donor tissue from which they were derived, as part of their initial characterisation 

and also periodically during passaging (230). STR analysis uses PCR to evaluate 

regions of tandemly repeating DNA motifs 1 to 6 base pairs in length that occur 

in intergenic and intragenic regions (256). These STR microsatellites account for 

approximately 36% of the whole genome and the variations in length at specified 

regions can discriminate between individuals (257). Other techniques that can 

achieve the same include single nucleotide polymorphism (SNP) and human 

leukocyte antigen (HLA) profiling. The concern about the use of these techniques 

is in their vulnerability to identify the donor, if combined with other personal 

information (258,259). The results of STR and WGS analysis in this study 

confirmed a match between the primary tissue and the derived iPSC line. 

 

Gross genomic abnormalities such as mosaicism, SNPs and structural 

aberrations (inversions, loss of heterozygosity) can be induced by cellular 

reprogramming (244). The most common abnormality in both human ESCs and 

iPSCs is amplification of chromosome 12 and 12p. In addition, other mutations 

common in iPSCs include recurrent amplifications of chromosome 8, mosaic 

isochromosome 20q10, and amplification of the X chromosome. It is therefore 

essential to check the karyotype of any derived iPSC. There are a number of 

methods which include G-banding, fluorescent in-situ hybridisation (FISH), 

spectral karyotyping (SKY), comparative genomic hybridisation (CGH) and SNP 

arrays, WGS and global gene expression meta-analysis (260). Genomic integrity 

following reprogramming is particularly important for disease-relevant iPSC 

models (244). Most human iPSC lines will remain karyotypically normal during 

maintenance and propagation in culture (261). This is particularly true where non-

integrative methods of reprogramming have been used. However, human iPSCs 

can acquire chromosomal aberrations during prolonged culture, for example 

amplification of chromosome 12 (244). This is analogous to the trisomy 12 

observed in human ESCs upon extended culture (262). Repeat interval 

karyotyping (for example, at every 10 passages) has therefore been suggested 

as good practice when using patient-derived disease-relevant iPSCs (230). Of 
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note is that the composition of culture media, feeder conditions (mouse 

embryonic feeder or feeder-free) and passaging technique were shown not to 

influence karyotypic stability and CNV (263,264). In this study, CGH array was 

used to check the karyotypes of the derived iPSCs. This has the advantage of a 

higher resolution (>3 Mb by the provider used in this study) but has the 

disadvantage of being unable to detect balanced translocations and possibly not 

detecting mosaicism, although these are likely to be picked up during WGS 

analysis comparing primary versus derived iPSC lines. 

 

Reprogramming-associated subkaryotypic mutations can occur in low 

frequencies (265). These can either be present at early passages and be 

maintained during prolonged culture or be acquired because of extended culture. 

The usefulness of creating new glioma iPSC models relies on their genomic 

integrity and stability after reprogramming, and during long-term culture i.e. the 

ability of the glioma iPSCs to recapitulate all or part of the genome of their 

parental tumour. Many of the published reviews and analyses concentrate on 

understanding this from the perspective of the developmental and malignant 

potential of the derived iPSCs so as to assess the safety of their use in stem cell 

therapy (266). The glioma iPSCs described in this study are not intended for 

therapeutic use and so the most important aspect of their genome to characterise 

is their integrity with respect to their usefulness in modelling the genetic drivers 

of their glioma phenotype. Given the heterogeneity of gliomas, it is likely that 

certain clones have been preferentially or stochastically reprogrammed ï given 

the limited previous research on this approach, there is no evidence to reference 

this reprogramming dynamic in gliomas ï and so it is unlikely that all of the 

genomic heterogeneity will be recapitulated in its entirety in the derived iPSCs. 

Indeed, the comparative analsysis of the so called óhallmarkô mutations of GBM 

show that there have been some losses of mutations and amplifications in the 

(predominantly HGb) iPSC lines. Along with the loss of total number of copies in 

each derived iPSC and the changes in gains:loss status ratios between the iPSC 

line and its parental sample, it is unclear what the significance of this is on 

subsequent differentiation programs. Again, it is unclear at this stage of the 

analysis what the significance of this loss of number of CNVs in each derived 

iPSC is, and the significance of the changes in gains:loss status ratios between 

the iPSC line and its parental sample. Perhaps most significantly and valuably, 
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the IDH1 mutation present in the LGG primary lines has been preserved in the 

LGG iPSC line. If this could be shown to be preserved through serial passaging, 

then it would represent the first available in vitro WHO Grade II Diffisue 

Astrocytoma model with an IDH1 mutation. This would potentially allow the study 

of the effect of mutated IDH1 on oncometabolism in gliomas.This work has 

previously been unable to be conducted using patient-derived tissue due to the 

lack of a suitable model. It is hoped that further WGS analyses will shed light on 

other subkaryotypic genomic integrity, and whether reprograming-associated 

mutations are present (267). This type of analysis will also give additional 

information such as reprogramming dynamics i.e. whether certain subclones 

within the heterogenous primary tumour are more prone to reprogramming. This 

could, in turn, inform future approaches to reprogramming primary glioma tissue. 

 

Concerns have emerged regarding residual transgene expression following 

integrative lentiviral reprogramming approaches (268). This endogenous 

transgene expression has been shown to reduce the developmental competence 

of the derived iPSCs both in vitro and in vivo. Furthermore, profiling of these lines 

has demonstrated abnormal methylation of the Gtl2 region, which is known to be 

important in ESC-equivalence transcriptional expression. In order to avoid 

residual endogenous transgene expression, especially in the context of 

developing a model aimed at studying the glioma genome and its relationship to 

the phenotype, a non-integrative approach was used in this study. The non-

replicative Sendai virus (SeV) delivery system is specifically designed so that the 

Yamanaka factors (2) are expressed by only the exogenous genes carried by 

transduced vectors (185). Since SeV is an RNA virus, it does not enter the 

nucleus for transcription and so integration of these transgenes into the host cell 

genome does not occur (184). Accordingly, there should not be an effect on the 

endogenous expression of these genes in the cell (172). 

 

Since the models developed in the present study are specifically aimed at 

studying the genotype-phenotype relationship, it was essential that an 

integration-free method was used. Even with this approach, there appears to 

have been some changes in CNVs and total number of copies preserved in the 

derived iPSCs. This most likely represents reprogramming of one of more 

subclones of the original polyclonal tissue sample. Understanding this better with 
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clonal evolution analysis will be key to characterising the strengths of this model 

further. The iPSCs developed in this study are not for use in stem cell therapy 

approaches, which is where the main concerns for these retained expression 

signatures arise from (268). Gene expression analysis of the iPSCs shows that 

the influence of residual factor expression is minimal since the reprogramming 

process still means that the derived iPSCs cluster with ESCs and iPSCs derived 

from healthy donor tissue. The use of c-myc as a reprogramming factor has been 

highlighted as a concern due to reactivation following reprogramming and 

resultant oncogenic potential (269). An alternative Sendai virus reprogramming 

kit has therefore been made available which replaces c-myc with L-myc. Again, 

this is more important for clinical applications of iPSC e.g. stem cell therapy 

approaches.  

 

Typically, human ESCs contain very few mitochondria (270). It has been shown 

that somatic mitochondria within human iPSCs acquire human ESC-like features 

(in terms of morphology, distribution and function) during reprogramming, rather 

than retaining the phenotype of their parental cells (271,272). This is thought to 

be due to the negative effects of mitochondrial oxidative stress pathways on 

senescence and genomic integrity (273). During in vitro differentiation, the 

mitochondria properties of the reprogrammed iPSCs retuned to that of their 

parental cells. The study of the mitochondria in the derived glioma iPSCs (for 

example with comparative analysis to the primary tumour samples and between 

HGm/HGb and LGG iPSC lines by extracellular flux readouts) may reveal new 

insights into the metabolic phenotype of stem-like cells with glioma genotypes. 

 

One criticism of iPSCs is that their parental cell genetic memory might predispose 

them to a differentiation bias and thus prevent differentiation into certain types of 

mature cell (244). It could be argued that it is this exact concern about iPSCs in 

other applications that this study hopes to exploit in the preservation of genes 

during reprogramming and subsequent identification of drivers that maintain 

glioma cells in an undifferentiated state. Indeed, Stricker et al. (274) 

reprogrammed cultured GSCs using 2-factor (OCT4 and KLF4) piggyBac 

transposon, a deletion after integration method (275). Despite observing 

widespread resetting of the DNA methylation signatures, they found that this 

alone did not alter the tumorigenicity of these cells, with cells remaining highly 
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infiltrative and proliferative. They postulated that epigenetic changes may occur 

at the early stages of glioma initiation but that oncogenic mutations accumulate 

to evolve tumours and promote highly malignant cellular phenotypes (188). The 

models presented in the present study are complementary to the work of Stricker 

et al. (194) as they build upon reprogramming approaches in glioma (and other 

cancers (192,193)), and are aimed at studying these genetic changes and their 

associated phenotypes. There is yet to be a single model that facilitates the study 

of all aspects of glioma so any new model can potentially add to the range of 

models available, provided the strengths and weaknesses are characterised 

(106). Although widespread resetting of the epigenome would be expected in fully 

reprogrammed iPSCs, as described, this needs confirming in the glioma iPSC 

models developed herein. 

 

One proposed mechanism for treatment resistance in gliomas has been 

attributed to efficient DNA repair mechanisms (hence why MGMT 

hypermethylated gliomas have a better response to the DNA-damaging alkylating 

agent temozolomide) (276). Human iPSCs have been shown (like human ESCs) 

to possess highly efficient DNA damage repair mechanisms and express genes 

that mediate DNA damage signalling and repair pathways (277). This also 

includes cell cycle arrest in G2/M phase as part of the DNA damage response. If 

this can be shown to be present in the derived glioma iPSCs described in this 

study (especially in the context of resetting of methylation signatures as 

discussed earlier), then they could represent a useful model for studying this 

aspect of gliomas. 

 

Ways in which these newly derived glioma iPSC models can be used to study 

gliomas is described in the following chapters. 
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3.  Cerebral organoids can incorporate primary brain tumour 

tissue by co-culturing with mouse embryonic stem cells 

3.1.  Results 

3.1.1.  mESC organoids demonstrate incorporation of primary low-grade 

glioma brain tumour tissue 

Cerebral organoid methodology was first published in 2014 (202). In order to 

become familiar with this relatively new technology, I initially formed normal 

mouse and human cerebral organoids from mouse embryonic stem cells 

(mESCs) and H9 human embryonic stem cells (hESCs), respectively. Figure 3.1a 

shows the formation of an embryoid body (EB) from a starting population of 9000 

H9 ESCs. As expected, debris from trituration into single cells prior to plating is 

present. Not all of the cells have been incorporated into the EB, which is again to 

be expected (202). Figure 3.1b shows an early organoid after neural induction. A 

tight rim of neuroepithelial cells is present at the perimeter of the organoid ï this 

is an important indicator of successful progression at this stage (202). Prior to 

transfer into Matrigel droplets, organoids appear comparable in size 

(approximately 600-700µm) and morphology (Figure 3.1c and d) to those 

published in the literature (202). The organoids exhibit features such as 

outgrowths of neuroepithelial buds (Figure 3.1e and f), which is an encouraging 

sign of successful neural differentiation, and again is comparable to images 

published in the protocol (202). Figure 3.1g shows an organoid in a 1000 µm 

pipette tip prior to transfer into Matrigel on Parafilm indents, which have then 

subsequently been transferred into a 6cm dish (Figure 3.1h). Matrigel is kept on 

ice during the transfer process to prevent premature polymerisation, with each 

droplet containing a single organoid. Figure 3.1i shows organoids formed from 

mESCs and hESCs in spinner flasks with cerebral differentiation medium (with 

vitamin A), on low-velocity magnetic stirrer plates. Organoids remained viable in 

dynamic culture with weekly medium changes. The use of dynamic culture is 

required at this stage due to the cellular density of the organoids. Spinner flask 

bioreactors have been shown to improve oxygen and nutrient perfusion 

(278,279). 
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Figure 3.1: Cerebral organoids. (a) Embryoid body formation in a U-bottom 96-well plate 

(x10 magnification). (b) Early organoid after neural induction (x10 magnification). (c) 

Organoid approximately 600-700 µm formed from mESCs (x10 magnification). (d) 

Organoid approximately 600-700 µm formed from hESCs (x10 magnification). (e) 

Neuroepithelial bud outgrowth from main organoid (x10 magnification). (f) High 

magnification image (x40) of neuroepithelial bud outgrowth region. (g, h) Cerebral 

organoid being transferred in 1000 µm pipette tip into Matrigel droplet. (i) Cerebral 

organoids formed from mESCs and hESCs in spinner flasks with cerebral differentiation 

medium (with vitamin A). 

 

In order to investigate whether the presence of human primary tissue would still 

result in the formation of a self-assembling and self-organising cerebral organoid, 

I co-cultured primary low-grade glioma (LGG) tissue with mESCs, prior to the 

formation of an EB, as 15% and 30% of the total starting number of cells. All 

subsequent steps were followed according to the original cerebral organoid 

methodology (202). No difference was found in either group for the ability to form 

organoids. 

 

In order to investigate the degree to which the primary tissue will be represented 

in the co-cultured hybrid, the organoids were formalin-fixed paraffin embedded 

(FFPE) and microtome sectioned. H&E staining of FFPE organoids sectioned at 

20µm thickness shows distinctly different areas of cells with nuclei of different 

sizes (Figure 3.2). Cells with large nucleoli and high nuclear/cytoplasm ratio 

would be expected to be representative of mESCs whilst cells with smaller nuclei 

would be likely to be human cells.  
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Figure 3.2: H&E stains at serial magnifications of cerebral organoids generated from 

mESCs co-cultured with primary human LGG tissue. Organoids were formalin fixed, 

embedded in paraffin wax and sectioned at 20 µm slices. Areas of stroma with smaller 

nuclei potentially represent the primary human tissue. Cells with large nucleoli and high 

nuclear/cytoplasm ratio are typical of mESCs. 

 

In order to detect the presence of primary human LGG tissue more specifically, 

immunofluorescence staining was performed on the co-cultured hybrid organoids 
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using human specific vimentin Ab (AlexaFluor 488 secondary Ab). Positive 

staining of cells for human specific vimentin on digital fluorescence and confocal 

microscopy of sectioned and permeabilised whole mouse organoids, 

respectively, indicates the presence of human tissue (Figures 3.3 and 3.4). Since 

no other human tissue was used in the formation of these organoids, this can be 

assumed to originate from the primary LGG tissue. The degree to which the 

(assumed) human tissue is incorporated, and its distribution appears to be 

variable in different organoids (Figures 3.3a versus 3.3b, 3.3c and 3.3d). This 

may indicate that the self-assembly or spatial organisation of the organoid has 

been disrupted. Neuroepithelial bud outgrowths, a typical feature of organoids 

and a sign of successful neural differentiation, are seen in immunofluorescence 

images (Figures 3.3a and 3.3c) and the confocal image (Figure 3.4a, arrow). This 

provides some evidence that differentiation is still possible despite the presence 

of primary tissue. 
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Figure 3.3: Digital inverted fluorescence microscope images of organoids formed from 

mESCs and primary LGG tissue in co-culture. Organoids were embedded in OCT and 

cryosectioned in 20 µm slices. Cerebral nuclei are stained with DAPI. (a, c) Organoids 

show typical outgrowths of neuroepithelial buds. Areas of green fluorescence represent 

positive staining for human specific vimentin. Suspected human tissue appears to be 

arranged variably amongst different organoids: (a) staining appears to be very region 

specific with a distinct central region that does not appear to show any positive staining 

for vimentin, (b, c) staining is very heterogenous and mixed with mESCs, (d) tissue 

staining for vimentin is more positive and occupies more of the area of the organoid than 

in the other organoids. 
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Figure 3.4: Z-stack confocal microscope images of a permeabilised whole cerebral 

organoid formed from mESC co-cultured with primary LGG tissue. Nuclei are stained 

with DAPI. Fibre artefact is present overlying the organoid. (a) A typical neuroepithelial 

bud outgrowth is indicated by the arrow. Very high levels of staining for human specific 

vimentin (green) are seen on the surface of the organoid, which may represent high 

levels of background due to poor penetration of the antibody. (b, c) With progressive 

slices through the organoid, mixed areas of positive staining for human specific vimentin 

are seen. 
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3.2.  Discussion 

These results show that it is possible to replicate the published cerebral organoid 

methodology as originally published (202). The organoids that I formed from both 

mESCs and hESCs were comparable in size (350-600µm) and morphology 

(neuroepithelial buds with radial glia) to those published. This forms the basis of 

method development to create new glioma tumour organoid models. 

 

One new model that I have created is a mouse cerebral organoid that 

incorporates primary LGG tissue. The results show that cerebral organoid-like 

structures can be formed with co-culture of LGG tissue, and that this tissue is 

incorporated into the organoid tissue. It is interesting to note that there is 

variability in the incorporation of the glioma tissue into organoids. This may 

represent the batch-to-batch variability seen in cerebral organoids, that has 

previously been described by other groups (215,280), and that is observed less 

in the gut organoids from which nearly all organoid methodology has 

subsequently developed. Further characterisation of this human tissue is required 

to determine similarity to the original primary LGG tissue, both morphologically 

and genotypically. It will also be necessary to investigate any disruptive effect the 

primary tissue has on the structural organisation of these organoids compared to 

those formed without primary tissue co-culture, and whether this has an impact 

on the micro-environmental context that using an organoid model aims to provide. 

This could be done with brain region specific antibodies as per the original 

protocol (202) and also organoid-specific imaging techniques such as 

immunolabelling after clearing (e.g. iDISCO (281)) and light-sheet microscopy 

(282). These, and other current organoid, models lack essential cell types such 

as a vasculature and immune system. Vasculature is not only important for the 

presence of a blood-brain barrier (BBB) but also because gliomas have been 

shown to exhibit a preference for tracking along the peri-vascular spaces (283) 

and because breakdown of the BBB is one of the clinical imaging signs used to 

detect malignant transformation in LGGs (63). This co-culture glioma organoid 

model in its current format therefore limits the study of the natural history of glioma 

formation and progression (222). It may however reveal other insights into the 

behaviour of gliomas, such as the interaction of glioma cells with non-cancerous 

CNS cells. 
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This work into co-culturing of mESCs and LGG was done in parallel with the iPSC 

derivation. Once iPSCs were successfully established, it was decided to 

concentrate on forming human tumour organoids. However, this work was used 

in the early stages of developing a co-culture model of patient-derived glioma 

cells with mouse organoids (221). In this more refined model, the key differences 

were that the glioma cells and mESCs were not in single cell suspension as 

described here. Rather, the authors pre-formed both the human glioma 

component (in spheres) and the mouse organoid component, co-culturing them 

at a relatively early stage of the organoid protocol (day 12). Furthermore, contrary 

to the model I have described here, the authors avoided the use of Matrigel. This 

is key to the downstream applications of this model in terms of interference with 

drug screens (drug washout may not be as complete with Matrigel present (284)), 

the avoidance of manipulation of the organoid and the reduced overall size ï both 

making it easier to conduct throughput assays. 
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4.  Tumour organoid models demonstrating phenotypic and 

genotypic differences can be derived from patient-derived 

glioma iPSCs 

4.1.  Results 

4.1.1. Tumour organoids derived from glioma iPSCs exhibit a 

ódifferentiation blockô phenotype 

The glioma iPSCs derived and characterised from primary high-grade glioma 

(bulk ï HGb, and margin ï HGm, parts of the tumour) and low-grade glioma 

previously described were used to form tumour organoids. The methodology was 

a modification of that described by Lancaster and Knoblich (202) with the starting 

cell population of each tumour organoid being a glioma iPSC line. Control 

organoids were formed from human ESCs and a UK Stem Cell Bank gifted 

human iPSC line derived from reprogramming of fibroblasts donated by a healthy 

individual.  

 

Through time-point based visual observation and subsequent immunostaining 

analysis at day 6 (transition to neural induction media), day 11 (transfer to 

Matrigel droplets) and day 15 (transfer to spinner flask dynamic culture), 

noticeable differences were observed at day 15 between the organoids formed 

from the glioma iPSCs, and the control organoids.  

 

Representative stereoscopic microscopy images of day 15 control (Figure 4.1a) 

and tumour organoids formed from glioma iPSCs (Figures 4.1b-d), embedded in 

Matrigel and prior to transfer into a spinner flask show marked differences in 

morphology. The control organoid showed distinct gross regional differences in 

morphology with neuroepithelial bud outgrowths that are optically clear and 

surround a visible lumen in some areas (Figure 4.1a, arrow). These observations 

are consistent with those reported previously for normal cerebral organoids at this 

stage (202), and thus represent a suitable control for the comparison of tumour 

organoid formation and morphology. Tumour organoids formed from HGb and 

HGm iPSCs had less gross regional differences in morphology within the 

organoids and many more neuroepithelial-like bud outgrowths than the control 

organoids and LGG tumour organoids, at the same time point (day 15). Many of 

these bud outgrowths in the tumour organoids were also not optically clear. The 
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control and LGG tumour organoids are more similar in appearance with evidence 

of radial glia and neuroepithelial bud outgrowths that are optically clear and 

surround a visible lumen (Figure 4.1a-b, arrows). although the degree of regional 

difference within each organoid is less clear in the LGG tumour organoid. 

 

a 
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Figure 4.1: Representative stereoscopic microscopy images of day 15 organoids, 

embedded in Matrigel and prior to transfer into spinner flask. Pigmented regions 

represent retinal pigmented epithelial identity, which is to be expected at this stage 

(202,285). (a) cerebral organoid formed from ESCs shows optically clear neuroepithelial 

bud outgrowths that in some cases surround a visible lumen (arrow). Gross regional 

patterning is evident from the morphological differences in different parts of the organoid 

(star compared with triangle), (b) tumour organoids formed from LGG iPSCs show some 

similarities in gross regional morphology but it is not as clear in the LGG tumour organoid, 

(c-d) tumour organoids formed from HGb and HGm iPSCs show much less gross 

regional differences in morphology and greater numbers of neuroepithelial bud 

outgrowths that are not as optically clear and show no evidence of surrounding a lumen.  

 

Histological analysis by haematoxylin and eosin (H&E) (Figure 4.2) showed 

further evidence of morphological differences between the HGb and HGm tumour 

organoids, and the control and LGG tumour organoids. The HGb and HGm 

tumour organoids are grossly more round and predominantly consist of areas of 

columnar cells arranged in a radial fashion with a central lumen, consistent with 

neural rosettes (286). The control and LGG organoids in comparison are more 

elongated and appear to consist of rosettes and other areas of alternative 

differentiation. Furthermore, there are qualitative similarities in differentiation 

d 

HGm 
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between the LGG tumour and the control organoids such as the development of 

regional cellular morphologies within each organoid. 

 

 

Figure 4.2: Representative light microscopy images of fixed, sectioned and 

haematoxylin and eosin (H&E) stained (a) control and (b-d) glioma iPSC tumour 

organoids. The control and LGG tumour organoids are more similar in morphology and 

show areas within each organoid with different cell types. HGb and HGm tumour 

organoids show morphological similarities (rounder), that are different to the control and 

LGG tumour organoid (more elongated), with increased numbers of rosettes. 

 

Further investigation of the organoids with immunocytochemistry using 

antibodies against SOX2 and TUJ1 at day 15 revealed qualitative differences in 

morphology and staining (Figures 4.3a-d). HGb and HGm tumour organoids, 

when compared to control and LGG tumour organoids, showed a distinct 

phenotype with the organoid consisting predominantly of SOX2 positive radially 

organised columnar cells, consistent with neural rosettes (287), minimal 

differences in regional morphology and minimal TUJ1 staining. A representative 

day 32 control organoid formed from human ESCs, fixed, sectioned and stained 

for antibodies against SOX2 and TUJ1 is shown in Figure 4.5 as a further point 

of comparison to the HGG iPSC derived organoids. This organoid, albeit at a later 

b 

d c 

a 
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stage of development, shows a large central area of neuronal differentiation and 

neuronal outgrowth from its inferior portion. Neuroepithelial cells arranged in a 

radial fashion persist as expected, particularly in the forebrain area, since this has 

been postulated (in murine neurodevelopmental models) to drive growth and 

expansion of the largest part of the adult brain (288,289). 

 

 

Figure 4.3: Representative confocal images of fixed, sectioned day 15 (a) control and 

(b-d) tumour organoids immunofluorescence stained with antibodies against SOX2 (a 

marker for self-renewal and the presence of neural stem cells) and TUJ1 (a marker for 

post-mitotic differentiated neurons). Qualitative analysis revealed that HGb and HGm 

tumour organoids exhibited a distinct phenotype with predominant SOX2 positive neural 

rosettes, relatively little regional differences in morphology and relatively little TUJ1 

staining, when compared to control and LGG tumour organoids. 

 

This observation was further characterised by quantification of the numbers of 

rosettes present within day 15 organoids formed from each of the glioma iPSCs 

(HGm, HGb, LGG) and control stem cells (human ESCs) (Figure 4.4). This 

showed a significantly higher mean number of rosettes within each of the 

organoids formed from the glioma iPSCs, when compared to the control organoid 

b 

d c 

a 
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(control 3.7; LGG 8.7, p = 0.0080; HGm 12.7, p = 0.0003; HGb 19.3, p = 0.0083). 

There was also a significant difference between the mean number of rosettes 

within HGm (p = 0.0275) and HGb (p = 0.0302) organoids when compared to 

LGG organoids. 

 

 

Figure 4.4: Quantification of mean number of rosettes within day 15 organoids formed 

from control and glioma iPSCs showing significant differences between all organoids 

(LGG 8.7, p = 0.0080; HGm 12.7, p = 0.0003; HGb 19.3, p = 0.0083) versus control 

organoids (3.7), HGm versus LGG (p = 0.0275) and HGb versus LGG (p = 0.0302). (3 

independent experiments per line; mean ± SD; Studentôs t-test; ns = non-significant, 

PÒ0.05 were presented as *; PÒ0.01 as **, PÒ0.001 as *** and PÒ0.0001 as ****). 
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Figure 4.5: Representative óstitchedô inverted fluorescent microscopy images of fixed 

and sectioned day 32 control cerebral organoid immunofluorescence stained with 

antibodies against SOX2 (a marker for self-renewal and the presence of neural stem 

cells) and TUJ1 (a marker for post-mitotic differentiated neurons). A large area of 

neuronal differentiation is seen in the central area of the organoid, as well as in the 

inferior portion where there is neuronal outgrowth. SOX2 positive neuroepithelial cells 

arranged in a radial fashion persist, particularly at one pole of the organoid, as these 

cells have been shown to drive expansion of the forebrain region in murine 

neurodevelopmental models (288,289). 

 

4.1.2.  Gene expression analysis of glioma iPSC organoids demonstrates 

an undifferentiated gene expression signature 

In order to further characterise the ódifferentiation-blockô phenotype observed in 

the HGb and HGm tumour organoids, bulk qRT-PCR analysis was performed to 

obtain model-specific gene expression signatures. Fold changes (FC) in gene 

expression of the analysed genes (KLF4, NANOG, POU5F1/OCT4, FOXG1, 

NESTIN, PAX6, SOX1, SOX2, BCL11B, DCX, EOMES/TBR2, MAP2, 

NEUROD1, S100B, SATB2, TUBB3/TUJ1, OLIG2, EGFR, IDH1, MGMT, MKI67, 

MYC, PDGFRA, PTEN, TGFB1, TP53, TRRAP, VIM) in the tumour organoids 

were calculated relative to gene expression FCs in control organoids that were 

derived from human H9 ESCs. Genes were targeted based on their cellular 

function so as to represent the following groups: ópluripotencyô, óneural stem cell 
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identityô, óneuronal identityô and ótumour proliferation/suppression.ô This was also 

based on previous work identifying some of these genes and associated groups 

as relevant in investigating GSC phenotype (50). The analysis yielded a 

distinctive pattern of gene expression changes, as depicted by the radar plots in 

Figure 4.6.  

 

The most marked changes in the HGb tumour organoids were the elevated 

expression of FOXG1 (FC > 19), EGFR (FC > 4), SOX2 (FC >2) and PAX6 (FC 

> 2). HGb tumour organoids also exhibited markedly reduced expression of DCX 

(FC > -11), EOMES/TBR (FC > -7), TUBB3/TUJ1 (FC > -6), PDGFRA (FC > -4) 

and MGMT (FC > -5).  

 

A similar pattern was seen with FOXG1 (FC > 20), PAX6 (FC > 3), SOX2 (FC > 

2), DCX (FC > -7), TUBB3/TUJ1 (FC > -6), and PDGFRA (FC > -6) in HGm 

tumour organoids. However, MGMT (FC > -2) was less markedly reduced in 

expression and EGFR was comparable to control organoids. Expression of 

S100B (FC > -7) and NEUROD1 (FC > -5) was much more reduced than in HGb 

tumour organoids (both FC > -2). 

 

In the LGG tumour organoids, expression of FOXG1 and PAX6 are elevated (both 

FC > 4), but to a less extent than in the HGb and HGm organoid. Likewise, there 

was a modest reduction in expression of DCX, S100B, EOMES/TBR, NEUROD1, 

TUBB3/TUJ1 and PDGFRA (all FC > -2). 
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Figure 4.6: Radar plots depicting model-specific gene expression signatures obtained 

by bulk qRT-PCR performed in day 15 tumour and control organoids. Genes are 

arranged by category (pluripotency, neural stem cell identity, neuronal identity, tumour 

proliferation/suppression). Expression of FOXG1 is markedly increased by fold change 

> 19 and >20, and DCX markedly decreased by fold change > -11 and > -7 in HGb and 

HGm tumour organoids, respectively. These changes were observed to a lesser extent 

in LGG tumour organoids (FOXG1 fold change > 4, DCX fold change > -2). Fold changes 

are presented in comparison to day 15 control organoids (3 technical replicates of 3 

biological replicates of each organoid). 
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4.2.  Discussion 

Modelling gliomas using cerebral organoid methodology has been proposed as 

complementary to current in vitro and in vivo glioma models (222). Advantages 

of using organoids are that they are orthotopically more similar to brain tumours 

than adherent or neurosphere culture, can be grown in bulk, avoid the use of 

animals, and can be grown from patient-derived iPSCs ï the latter providing a 

human context and potentially enabling personalised approaches (290). Current 

disadvantages include a lack of a blood-brain barrier, lack of an immune context, 

length of time and investment of labour required to grow and maintain organoids, 

and limited evidence of validation and translation that they are suitable for glioma 

modelling. 

 

The use of Matrigel in organoid culture is worth noting. It undoubtedly adds labour 

and expense to the process, and might interfere with potential drug screens (212). 

However, it may make cancer organoid models more physiologically relevant 

through its laminin-rich and collagen-IV rich properties that may act as a 

basement membrane substitute (291). In the analysis performed in this study, an 

organoid recovery step from Matrigel was performed prior to gene expression 

analysis to minimise contamination during RNA extraction. da Silva et al. (221) 

used so-called óearlyô cerebral organoids in their glioma invasion assays. These 

assays are run prior to the stage where the organoid would normally be 

embedded in Matrigel. More work is required to delineate the effects of Matrigel 

on glioma organoid models. 

 

The tumour organoids developed in this study represent a potential new model 

system in glioma with a distinct phenotype. SOX2 is a nuclear marker of NSCs 

and PSCs that is a key transcription factor in maintaining self-renewal in these 

cell populations (246). TUJ1 is a neuron-specific class III ɓ-tubulin (TUBB3) 

present in newly generated immature post-mitotic neurons and differentiated 

neurons (201). The co-staining of these markers within the same organoid 

therefore infers the degree of óstemnessô versus a more differentiated phenotype. 

Neural rosettes represent a histological architecture pattern seen within CNS 

tumours and previous work has established a link between a rosette phenotype 

and malignancy ï medulloblastoma, a childhood posterior fossa brain tumour 

thought to be of developmental origin (292). The qualitative observation of 
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organoids formed from the HGG iPSCs (HGm and HGb) consisting 

predominantly of SOX2 positive neural rosettes, with relatively reduced staining 

of markers of neuronal differentiation (TUJ1), taken together with the significantly 

higher number of rosettes within these organoids, relative infers a more stem-like 

phenotype and may represent a ódifferentiation block.ô Of note is that the LGG 

tumour organoids were more similar in morphology and phenotype to the control 

organoids than the other (higher-grade) HGb and HGm organoids. The targeted 

gene expression analysis, however, shows that all glioma iPSC-derived tumour 

organoids exhibited a more undifferentiated phenotype than the control 

organoids.  

 

FOXG1 is a member of the forkhead box of family of transcription factors (293). 

It is consistently one of the most commonly overexpressed genes 

(transcriptionally rather than through gene amplification) in glioma stem cells 

(294) and is inversely correlated with patient survival (295). This is perhaps 

unsurprising given its role in limiting premature differentiation and regulating 

forebrain expansion through neural progenitor cell proliferation (296,297). The 

increased expression of FOXG1 has been previously shown to be important in 

restricting astrocyte differentiation in glioblastoma stem cells (248) and is thought 

to be functionally important in driving tumour growth by attenuating the cytostatic 

effects of TGF-ɓ signalling (298). Furthermore, along with elevated SOX2 

expression, it has downstream transcriptional targets of epigenetic regulation 

(Foxo3, Plk1, Mycn, Dnmt1, Dnmt3b and Tet3). Loss of Foxo3 in particular, has 

been shown to induce astrocyte dedifferentiation and proliferation to a neural 

stem cell state. Interestingly, it was shown that gene deletion of FOXG1 (using 

CRISPR/Cas9) did not impact proliferation in vitro but when the edited cells were 

xenotransplanted, upregulation of Foxo3 and increased astrocyte differentiation 

was demonstrated. Similar gene editing approaches to FOXG1 in the HGb and 

HGm tumour organoids described in the present study may add value and insight 

into the microenvironmental context required to explain this phenotypic 

difference. 

 

The concomitant increased expression of EGFR in the HGb organoids could be 

explained by previous work showing that EGFR may work in part by triggering a 

FOXG1-dependent transcriptional network (299). EGFR, amplified or mutated in 
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up to 60% of GBMs, persistently activates signalling pathways and reprograms 

metabolism to promotes tumour growth and tumour cell survival (300). Analysis 

of clinical samples of GBM in The Cancer Genome Atlas (48) has previously 

shown that FOXG1 was the most highly correlated forkhead box transcription 

factor with EGFR, and was significantly elevated in GBMs with EGFR mutations 

(299). 

 

The increased expression of FOXG1, EGFR (in HGb tumour organoids only) and 

SOX2 infers a more aggressive phenotype promoting tumour growth, 

dedifferentiation and proliferation. This is supported by the relative reduced 

expression of markers of neuronal identity and maturation in HGb and HGm 

tumour organoids - EOMES/TBR, TUBB3/TUJ1, DCX and NEUROD1. Taken 

together, it can be argued that these features support the use of these tumour 

organoids as models of stem-like behaviour and differentiation in glioma. 

 

The MGMT gene exerts its effects by coding for a protein that catalyses the 

transfer of methyl groups from O(6)-alkylguanine and other methylated moieties 

of the DNA to its own molecule, thus facilitating DNA repair (301). Accordingly, it 

has been shown that reduced expression of MGMT is oncogenic due to the 

accumulation of unrepaired DNA and resultant mutations (302). Reduced 

expression of MGMT in HGb and HGm organoids is therefore not to be 

unexpected given the array of mutations that accumulate in GBM. Paradoxically, 

downregulation of this gene (by hypermethylation of the promoter sequence) has 

also been associated with an improved response to TMZ, which takes advantage 

of the diminished DNA repair mechanisms, and a better outcome for patients with 

GBM (42). Using these tumour organoids in TMZ response assays may provide 

further validation of their usefulness as glioma models. 

 

PDGFRA is a receptor tyrosine kinase that is involved in the PI3K pathway and 

mutated in 10-15% of primary GBMs (48). This alteration is concurrent with EGFR 

mutations in nearly half of primary GBMs (303). PDGFRA is most highly 

expressed in the proneural subtype of GBM, which itself is most commonly 

associated with secondary GBM (IDH1 mutated) (304) and younger patients (the 

proneural subtype had the greatest number of patients aged < 40 years in the 

TCGA subtype analysis (305)). Reduced expression of PDGFRA in HGb tumour 
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organoids, in the context of increased expression of EGFR, may infer that the 

HGb tumour organoid is representative of the classical subtype of GBM. 

However, without further transcriptional analysis of the primary tumour and the 

HGb iPSCs, it is not possible to fully interpret the reduced expression of PDGFRA 

further in the organoid context. 

 

Given that LGG in humans behaves phenotypically less aggressively and is 

defined as lower in grade than HGGs, it can be argued that the lower degree of 

overexpression of FOXG1 is to be expected in LGG tumour organoids. The 

representation of lower-grade behaviour in the LGG tumour organoid model is 

further supported by the greater degree of PAX6 overexpression, when 

compared to HGb and HGm tumour organoids. PAX6 has been shown to 

suppress the growth of human GBM cells (306) and its expression is inversely 

correlated to tumour grade (307). On its own, PAX6 has been shown to suppress 

cell invasiveness, colony formation and cell proliferation (308). Synergistically 

with PTEN, it acts to suppress VEGF expression in GBM (309). Furthermore, 

TMZ has been shown to increase PAX6 expression (310), and this may be one 

of the mechanisms by which it confers a better prognosis. Again, use of these 

tumour organoids in TMZ assays may reveal further insights into the effects of 

TMZ on PAX6 expression, and the relationship to grade. This may consequently 

inform the use and timing of TMZ treatment in LGG patients, which is subject to 

debate (311,312). 

 

In order to investigate the ódifferentiation blockô phenotype observed further and 

minimise the batch effect (previously discussed) in organoid formation, glioma 

iPSCs were used to develop a reproducible stem cell differentiation assays in 

chemically-defined culture conditions. This is addressed in the next chapter. 
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5.  Glioma iPSCs can be used to develop reproducible stem 

cell differentiation assays in chemically-defined culture 

conditions  

5.1.  Results 

5.1.1.  Glioma iPSCs fail to differentiate into neurons and provide proof of 

principle for the development of drug discovery assays 

Tumour organoids grown from the glioma iPSCs derived in this study show a 

distinct ódifferentiation blockô phenotype characterised qualitatively by differences 

in morphology and quantitatively by increased numbers of rosettes and gene 

expression signatures that are different to organoids formed from normal ESCs 

and iPSCs. To investigate this further, iPSCs (3x105 per line) on mouse 

embryonic feeders (MEFs) were differentiated into neural stem cells (NSCs) with 

neural induction medium (neurobasal medium and proprietary supplement). 

NSCs were propagated on a basement membrane matrix (Geltrex) using a neural 

expansion medium (neurobasal medium, Advanced DMEM/F12 and proprietary 

supplement). Immunocytochemistry showed differentiated control and glioma 

iPSCs both stained positively for NSC markers SOX2 and NESTIN (Figure 5.1a). 

Control, LGG and HGm stained negatively for the pluripotency marker OCT4 

(Figure 5.1b). NSCs differentiated from HGb iPSCs were observed qualitatively 

to have sporadic positive staining for OCT4 (Figure 5.1b). 

 

 

Figure 5.1: Immunofluorescence staining of fixed neural stem cells (NSCs) differentiated 

from control and glioma iPSCs. Starting population for each assay was 3x105 iPSCs with 

3 independent experiments conducted per line. (a) Cells stain positively for neural stem 

b 

a 
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cell markers SOX2 and NESTIN.  (b) Cells stain negatively for pluripotency marker OCT4 

in control, LGG and HGm cultures. There are a few sparse pluripotent stem cells after 

differentiation of HGb iPSCs to NSCs. 

 

To investigate the terminal differentiation capacity of the control and glioma 

iPSCs, the derived NSCs (5x104 per line) described above were differentiated on 

poly-L-ornithine/laminin coated plasticware using neuronal differentiation 

medium (neurobasal medium, B27 and glucose supplements). 

Immunocytochemistry using antibodies against the neuronal marker TUJ1 was 

used to confirm the presence of neurons and enable quantification. 

Counterstaining for the nuclear marker DAPI was used to enable the 

quantification of total cell area. Qualitatively, results appeared to show highly 

efficient differentiation of neurons from the control NSCs and formation of neurites 

to create interconnecting neuronal networks. Neuronal differentiation from NSCs 

with LGG iPSC lineage appeared qualitatively to be less efficient than the control 

NSCs. This decrease in efficiency was more pronounced in HGm iPSC lineage 

NSCs and most pronounced in the HGb iPSC lineage NSCs (Figure 5.2a). 

Furthermore, brightfield microscopy imaging of the cells that do not stain for TUJ1 

(i.e. not neuronally differentiated) in the HGm and HGb cultures appears to show 

cells with stem cell morphology ï large round nuclei with thin surrounding 

cytoplasm (Figure 5.2b). 

 

 

Figure 5.2: Immunofluorescence staining of fixed neurons differentiated from control and 

glioma iPSCs. Starting population for each assay was 5x104 neural stem cells (NSCs) 

a 

b 
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with 3 independent experiments conducted per line. (a) Cells stain positively for neuronal 

marker TUJ1. Differentiation efficiency is highest from control iPSCs and appears to 

decrease with increasing grade. (c) Higher magnification images (20X) show that in HGb 

and HGm cultures, only a few NSCs have differentiated into TUJ1 positive neurons. 

Background brightfield images show undifferentiated cells with large nuclei and thin 

cytoplasm, consistent with a stem cell phenotype.  

 

Quantification of the neuronal differentiation assay was conducted by image 

analysis of fixed cells immunostained for TUJ1 and DAPI. The TUJ1+ neurons 

generated from each NSC line were expressed as a mean percentage of the total 

area staining positively for TUJ1 and DAPI (3 independent experiments per line). 

This analysis showed a decreasing trend in TUJ1+ neurons generated from 

control NSCs (61.5%), LGG NSCs (53.0%), HGm NSCs (36.9%) and HGb NSCs 

(14.9%) (Figure 5.3). Statistical analysis between groups showed that this 

difference was significant between: control versus HGm (p=0.0223), control 

versus HGb (p=0.0002), LGG versus HGb (p=0.0002) and HGm versus HGb 

(p=0.0214). The difference was not significant between control versus LGG 

(p=0.1281) and LGG versus HGm (p=0.0650). 

 

   

 

Figure 5.3: Quantification of percentage of TUJ1 positive cells showing significant 

differences in differentiation from NSCs to neurons between control versus HGm, control 

versus HGb, LGG versus HGb and HGm versus HGb (starting population 7x104 NSCs; 
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3 independent experiments per line; mean Ñ SD; Studentôs t-test; ns = non-significant, P 

Ò0.05 were presented as *; PÒ0.01 as **, PÒ0.001 as *** and PÒ0.0001 as ****). 

 

5.1.2  mRNA-seq analysis of the undifferentiated, partially differentiated 

and terminally differentiated neurons demonstrate differential gene 

expression between normal and glioma iPSCs 

In order to investigate underlying gene expression differences that might be 

responsible for the differences qualitatively and quantitatively observed in the 

neuronal differentiation assay, analysis by mRNAseq was performed at each 

stage ï iPSC, NSC and neuronal. Principal components analysis (Figure 5.4) of 

the gene expression signatures revealed tight clustering at the iPSC stage of all 

the lines (control, LGG, HGm and HGb), with minimal divergence. However, at 

the NSC stage, all iPSC lines exhibited dissimilar gene expression profiles 

relative to each other, at the same stage of differentiation. This dissimilarity was 

further pronounced at the neuronal stage but with control and LGG derived gene 

expression signatures clustering together, and HGm and HGb gene expression 

signatures clustering together. 

 

 

Figure 5.4: Principal components analysis of gene expression signatures (by mRNAseq) 

shows tight clustering at the iPSC stage of all the lines (control, LGG, HGm and HGb). 

At the neural stem cell stage, all lines exhibit dissimilarity between gene expression 

profiles. This is further pronounced at the neuronal stage where it appears that control 

and LGG gene expression signatures appear to cluster, and HGm and HGb gene 
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expression signatures cluster. iPSC = induced pluripotent stem cell, NSC = neural stem 

cell. 

 

In order to further delineate the differential gene expression at each stage of 

differentiation of the HGG iPSCs (HGm and HGb), individual gene expression 

fold changes > 1 relative to the control and LGG iPSCs were plotted and identified 

(Figure 5.5). The most significantly differentially expressed gene at the NSC 

stage was hand and neural crest derivatives expressed 1 (HAND1, fold change 

> -20, p < 0.05). The most significantly differentially expressed genes at the 

neuronal stage were endogenous retrovirus group FRD member 1 (ERVFRD-1) 

and endogenous retrovirus group V member 1 (ERVV-1) (both fold change > -20, 

p < 0.05). 

  

 

Figure 5.5: Volcano plot showing individual gene expression values (by mRNAseq) with 

fold change > 1 at iPSC, NSC and neuronal stages of differentiation for both contrast-

enhancing tumour bulk (HGb) and non-contrast-enhancing tumour margin (HGm) lines. 

Horizontal line depicts statistically significant results (p<0.05). Interesting candidates for 

further investigation are HAND1 (at the NSC stage) as this gene is implicated in neuronal 

development. iPSC = induced pluripotent stem cell, NSC = neural stem cell. 

 

Together, these data suggest that the ódifferentiation-blockô phenotype of glioma 

iPSCs (particularly HGm and HGb) correlates with gene expression profiles that 

are different to those seen in control iPSCs that have undergone neuronal 

differentiation. Furthermore, individual genes of interest with highly differential 

expression at defined stages of differentiation have been identified.  
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5.2.  Discussion 

Hierarchies of differentiation, with subpopulations of stem-cell-like cells that are 

capable of self-renewal ï as seen in normal tissues ï have been previously 

proposed as an explanation for cellular heterogeneity in cancer (313). This model 

of cancer has been extended to GBM where it has been proposed that a subset 

of cells with stem-cell-like characteristics, that fail to differentiate (or 

dedifferentiate), drive tumour growth and recurrence. Therefore, developing 

models to study differentiation are important in understanding this subpopulation 

of cells. This might be in two ways ï identifying genes and their transcriptional 

networks that regulate differentiation/maintain óstemnessô and understanding 

better why previous forced differentiation therapies have failed to be developed 

into clinical trials or evaluating new forced differentiation therapies. 

 

Reprogramming glioma tissue to pluripotency and then attempting to re-

differentiate the derived iPSCs raises interesting questions about the influence of 

the underlying cancer genome, and at what stage of differentiation it regains 

dominance over the cell phenotype (60). The results presented here show that 

iPSCs derived from HGG tissue have a reduced propensity to be directed to 

terminal (neuronal) differentiation. This infers maintenance of a stem-like 

phenotype. Previous work has identified the influence of a variety of genes on the 

maintenance of óstemnessô in GSCs ï NESTIN, SOX2, ASCL1, FOXG1 and 

OLIG2 (295,314ï316). It has been stated that directed transcriptional programs, 

involving interactions between so-called ómasterô transcriptional factors and cis-

regulatory elements, dictate developmental fate decisions (314). Genetic 

aberrations may alter these programs and fates in GBM. Indeed, the transcription 

factors POU3F2, SOX2, SALL2 and OLIG2 have been shown to alter 

neurodevelopment and propagate GBM. It may be that in the very same way that 

over-expression of certain transcription factors can artificially induce pluripotency, 

they or others can maintain pluripotency and resist differentiation. Characterising 

the gene expression signatures at the different stages of differentiation may add 

to our knowledge of transcriptional programs that are responsible for the 

ódifferentiation blockô phenotype. Indeed, the genes identified in this differential 

gene expression analysis ï HAND1, ERVFRD-1 and ERVV-1 ï can be 

investigated further for their role in glioma biology. HAND1 in particular is very 

contextual since it is linked to neural-crest development. It remains to be 
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elucidated whether under-expression of a single gene or wider regulatory 

networks might be responsible for reduced differentiation capacity. HAND1 is a 

basic helix-loop-helix (bHLH) transcription factor gene that regulates early 

trophoblast differentiation (317) and has been associated in humans with cardiac 

anomalies such as congenital heart defects (318), cleft lips and palates (319) 

although this latter study showed that under-expression of HAND1 in the distal 

regions of the neural crest spared the craniofacial anomalies. In mouse brain 

development, HAND1 has been shown to rely on heterodimerisation with the 

bHLH E-factor ME2 (317), which in turn is expressed in the cerebral cortex, 

pyramidal cells of the hippocampal layers of CA1-CA4, Purkinje and granule cell 

layers of the cerebellum, granular cells of the dentate gyrus and the olfactory 

neuroepithelium (320). Interrogating the REpository for Molecular BRAin DaTa 

(REMBRANDT), an US National Institute of Health cancer initiative to provide a 

large collection of genomic data from brain cancer patients, shows that patients 

with low expression of HAND1 have a significantly worse overall survival when 

compared to patients with high expression of HAND1 (p = 0.0159 at 25% 

threshold) (321,322). Expression of HAND1 in regions of (mouse) brain that are 

associated with development and neuronal plasticity, in conjunction with the 

significant under-expression at the neural stem cell stage in the differentiation 

assay presented in this study, and the clinical link to reduced overall survival in 

patients with low-expression of HAND1 makes HAND1 a potentially worthwhile 

target to investigate further.  

 

It has been shown that iPSCs retain a preference to preferentially differentiate 

into their lineages of origin (323). This has also been shown to extend to iPSCs 

derived from pancreatic cancer cells (324). When developing human cell models 

of cancer progression, this preferential differentiation (assuming it extends to 

iPSCs derived from gliomas) may be considered an advantage as it may be 

activated during directed differentiation and therefore recapitulate the pathways 

of differentiation resistance (60). Furthermore, it has been shown previously that 

some transcription factors can function as oncogenes by hijacking developmental 

programs to drive tumorigenesis (325). Using iPSC models, as has been done in 

the differentiation assays described here, could contribute to understanding this 

dynamic between pluripotency, the cancer genome and the related cell 

phenotype. Such insights might reveal new therapeutic targets. 
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Forced differentiation has previously been proposed as a therapeutic strategy in 

GBM. This builds on the work done in leukaemia where cellular differentiation 

was shown to override genetic aberrations driving malignant programs (326,327). 

However, the stability of the induced differentiated state is an important 

consideration in the efficacy and evaluation of such an approach. One example 

of this has been the promise shown in using bone morphogenetic protein (BMP) 

to specifically target glioma stem cells (96), triggering them to exit the cell cycle 

and differentiate into astrocytes. However, the robustness of the exit from the cell 

cycle and the ability of all BMP-treated cells to terminally differentiate has been 

questioned (328). DNA methylation has been found to be incomplete in these 

cells, with some cells continuing to express high levels of SOX2 and therefore 

expressing resistance to terminal differentiation (329). Furthermore, some cells 

retained the capacity to re-enter the cell cycle. Thus, although it appears that 

GSCs can be engaged in differentiation programs, this failure to achieve 

differentiation commitment means that more work on BMP-induced differentiation 

is required. Further refinement of the differentiation assays described in this study 

using glioma iPSC models may help further delineate the effects of BMP on GSC 

differentiation and cell cycle dynamics. It may also help evaluate the therapy with 

respect to the stability of the induced differentiation since glial cells have a much 

longer life than cells of the haematopoietic system for example and so the 

possibility of reversion and dedifferentiation must be considered, and studied 

(329).  

 

An alternative approach towards forcing cells towards a differentiated state may 

be based on the finding that propagating GSCs in serum culture induced more 

post-mitotic phenotypic characteristics (102). Again, the differentiation assay 

described in this study could potentially be used to investigate this in LGGs and 

HGGs. Furthermore, the chemically defined nature of these assays would lend 

themselves to the reintroduction of growth factors such as EGF and FGF (aimed 

at mimicking the hallmark amplifications of EGFR and FGFR signalling pathways 

in GBM) to investigate their ability to re-enter the cell cycle and reactivate 

proliferation. In summary, the development of differentiation therapy for gliomas 

will rely on an improved understanding of why glioma cells evade differentiation 

commitment (328). 
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Image quantification of neuronal differentiation assays using patient-derived 

iPSCs has been shown to be useful in other areas of neuroscience; for functional 

drug screening and disease modelling (330ï332). This approach allows defined 

readout in vitro work to be conducted in a high-throughput (384-well plate) fashion 

at relatively low cost. Furthermore, the ability to derive the starting population of 

cells for these screens directly from patients makes them amenable to 

personalised experimental investigation and precision medicine strategies (333). 

The differentiation assays described in the present study, particularly the ability 

to quantify them using image analysis and the ability to interrogate the gene 

expression signatures at defined stages of the differentiation pathway, potentially 

make them useful for similar drug screening and disease modelling work in 

gliomas. 

 

One caveat of using the glioma iPSCs described in the present study in 

differentiation assays is that it is currently unknown which subclones of the 

original heterogenous tumour they represent. Thus, any positive findings on 

forced differentiation observed using this assay must consider that other, 

differentiation-resistant, clones may be selected after such treatment, that the 

current model fails to recapitulate.  
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5.  Conclusion and Future Work 

Despite the significant advances in glioma biology modelling, new models are 

always desirable. It can be argued that an ideal preclinical glioma model has a 

few key criteria ï genomic similarity to human gliomas (or a defined subset), 

genetic, epigenetic and intratumoural heterogeneity resembles that of human 

gliomas, incorporates a micro-environment with regard to presence of BBB, 

immunocompetence and cell to cell interactions (between glioma cells and with 

normal brain cells), the model should be stable and reproducible (116).  

 

Despite the significant advances in glioma modelling, treatment for patients has 

remained largely unchanged over many decades and outcomes remain 

extremely poor for the highest-grade tumours. Overall survival lags far behind the 

substantial gains made in other cancers, making glioma very much a cancer of 

unmet need. The patient journey from rapid onset of symptoms to major 

neurosurgical intervention followed by adjuvant chemoradiotherapy is life-

changing. Worse still, not all patients will respond to this ógold standardô therapy; 

yet all of them will be exposed to the risk of complications from surgery and suffer 

the debilitating side effects of the cytotoxic drugs and radiation. Immortalised cell 

lines grown on adherent tissue culture provide a standardised and well 

characterised model [66]. However, they suffer from limitations in quantity and 

quality, exhibit natural senescence (Hayflick limit, [72]) and unpredictable 

mutational drift in adherent culture with serial passaging [66]. Any downstream 

translational findings are also not personalised beyond the original donor. New 

glioma models are therefore urgently needed to offer different insights into the 

underlying biology of gliomagenesis, treatment resistance and recurrence. 

Furthermore, models that incorporate personalisation ï for example by allowing 

for the study of an individual patientôs tumour ï will enhance the potential to 

develop precision medicine approaches. Increasingly available, affordable and 

technically accessible technologies such as reprogramming and cerebral 

organoid differentiation mean that new in vitro glioma models can potentially be 

developed using these approaches. The ability to use patient primary tissue in 

these experimental models makes them attractive for future translation. 

 

The existence of a rare fraction of brain tumour initiating cells with stem-like 

properties that escape anti-tumour therapy has previously been proposed [13]. 
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Previous investigators have shown that glioma cells can be reprogrammed [25]. 

However, iPSCs that carry genetic drivers of gliomagenesis, derived from primary 

tissue, with matched controls, would provide a new tool to study glioma stem 

cells. I have demonstrated that reprogramming well characterised primary tissue 

that is transferred from the theatre to culture in a timely fashion offers the 

possibility of investigating the stemness phenotype of brain tumour cells. This is 

especially valuable in low-grade glioma where there is a paucity of in vitro models. 

Confirming these iPSCs as stable and interrogating them to ensure they faithfully 

recapitulate enough drivers of the parent glioma to make them worthwhile 

studying creates a resource that is self-renewing. These iPSCs have been used 

in well-established neuronal and astrocytic adherent differentiation experiments 

to study the relationship between the phenotypic stemness characteristics (i.e. 

terminal differentiation block) and possible responsible underlying genotypic 

drivers. iPSCs derived from high grade gliomas demonstrate a phenotype 

resistant to terminal neuronal and astrocytic formation and exhibit a gene 

expression signature that is significantly different to that of control iPSCs when 

both undergo differentiation in microenvironmental and chemically controlled 

conditions. Future work will concentrate on analysing the gene expression 

signatures at each stage of the differentiation to identify candidate genes possibly 

responsible for this ódifferentiation blockô in order to uncover new druggable 

targets or mechanisms to force differentiate these cells or halt their self-renewal. 

Orthotopically xenografting partially differentiated iPSCs into NSG mice show that 

they retain the ability to form tumours in a well-established preclinical model. 

 

Well characterised, truly pluripotent iPSCs derived from primary tissue provide 

an interesting model in themselves but the potential to differentiate them into a 3-

dimensional organoid model is potentially even more useful. Cerebral/tumour 

organoids formed from iPSCs derived from patient tissue advance current models 

by offering a human-human context in a 3-dimensional model that is more 

orthotopic to the parent tumour. Their ability to more faithfully recapitulate human 

brain development and architecture is in many ways one of their disadvantages 

too, since the variation in biology observed between humans is also observed in 

vitro between batches of organoids formed from the same iPSCs. However, 

acknowledging these strengths and caveats makes them complement the wider 

model systems as no single model system has been shown to be perfect thus far. 
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I have created tumour organoids from patient-derived iPSCs that demonstrate 

markedly different phenotypes. Analysing their gene expression demonstrates 

upregulation of previously established drivers of stemness seen in patient derived 

cell lines such as FOXG1 (248). This finding partly validates the tumour organoid 

model, but other candidate genes are also of potential interest, such as the 

marked under-expression of DCX and TUBB3. The LGG tumour organoids show 

an even more interesting picture where a number of genes are under- (SOX1, 

DCX, NESTIN) and over-expressed (FOXG1, PAX6). Investigating these further 

and potentially manipulating them using gene editing technologies such as 

CRISPR-Cas9 may provide insights into their role in maintaining the stemness 

phenotype. Future work will also concentrate on using organoids formed from 

different combinations of iPSCs e.g. HGb iPSCs with HGm iPSCs, LGG iPSCs 

with Control iPSCs to study the interaction of potential glioma cells with different 

invasive and migratory characteristics, and also potential transformation of LGG, 

respectively.  

 

The interaction of tumour cells with adjacent normal differentiated tissue has been 

shown to be important in cancer progression (334,335). The environment in which 

tumours expand and invade would be incorporated in the ideal model (336). 

Cerebral organoids provide a simplified human brain environment in which to 

study glioma biology. 

 

Future work comparing the primary tissue samples and the derived iPSCs will 

need to delineate the genomic mutational signatures, characterise the gain or 

loss of specific mutations shown to be important in gliomas (48), and elucidate 

primary cell heterogeneity and its consequences for clonal/subclonal 

reprogramming dynamics. It will also be important to repeat this analysis and 

karyotyping at interval passages to determine if there is any genetic mutational 

drift and/or structural abnormalities that develop after prolonged time in culture. 

Although reprogramming has been shown to cause widespread resetting of the 

epigenome (194), it will still be important to characterise the epigenome in the 

iPSCs derived in this study. Further investigation into the role of HAND1 in the 

development of gliomas, through RNA interference (RNAi) for example, may 

reveal insights into the ódifferentiation-blockô phenotype. Further interrogating the 

gene expression signatures at different stages of differentiation may reveal other 
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gene candidates and/or underlying regulatory transcriptional networks that might 

be responsible for the ódifferentiation blockô observed in both the tumour organoid 

and adherent differentiation cultures. Gene editing approaches, such as 

CRISPR/Cas9 could then be applied to the iPSCs and/or the tumour organoids 

directly to evaluate the modulation of targets identified as a result of these 

analyses. 

 

Ultimately, the iPSC and tumour organoid models that I have developed have 

significant strengths and limitations. They have the potential to complement the 

armamentarium of current glioma models and provide further experimental 

systems to understand the underlying biology of these unrelenting tumours. 

These model systems also partly address the 3Rs (reduction, replacement, 

refinement) of in vivo testing, provide a human context, could be used in 

quantifiable throughput drug screening and have the potential to form part of a 

personalised translational therapy approach. All of these developments and 

advances are aimed at addressing the very real problems and improving the lives 

of the ultimate sufferers of this devastating disease ï our patients.  
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7.  Methods 

7.1.  Surgical procedure, tissue transfer and cell culture 

Following discussion at the neuro-oncology multi-disciplinary meeting, patients 

were identified by suitability for surgical debulking of suspected GBM or LGG. 

Consent for tissue was obtained under the governance of an ethically approved 

multi-disciplinary regional tissue bank, based at the University of Leeds and 

compliant with the UK Human Tissue Act 2004. Tumour samples surplus to 

diagnostic requirements were collected during debulking (High-Grade Bulk = 

HGb and Low-Grade Glioma = LGG). In addition, non-contrast-enhancing brain 

tissue peripheral to the mass was collected as part of the routine surgical 

approach in GBM cases (High-Grade Margin = HGm). It would be anticipated that 

HGm tissue would exhibit different genotypic and phenotypic properties to the 

enhancing tumour mass, and thus provide an additional patient-matched model. 

 

Tissue was transported to the lab in PBS and on ice. Following a PBS wash, 

Dulbeccoôs modified eagle medium (DMEM)/F-12 medium (Gibco) supplemented 

with 0.5x B-27 (Invitrogen), 0.5x N-2 (Invitrogen), 40 ng/mL recombinant human 

basic fibroblast growth factor (bFGF; Gibco), 40 ng/mL epidermal growth factor 

(rhEGF; R&D Systems), 1x GlutaMAX (Gibco) and 5% (v/v) foetal bovine serum 

(FBS) (hereafter named óNP mediaô) based on [24] was added to HGm and LGG 

samples, and Neurobasal medium (Gibco) supplemented in 0.5x B-27 

(Invitrogen), 0.5x N-2 (Invitrogen), 40 ng/mL bFGF (Gibco) and 40 ng/mL rhEGF 

(R&D systems) (hereafter named óNB mediaô) based on (88) was added to HGb 

samples. Mechanical and enzymatic (TrypLE Express, Thermo Fisher Scientific) 

dissociation into small pieces was undertaken in a 10 cm petri dish (Corning). 

Contents were transferred to a 50 mL falcon tube (Corning), resuspended in 40 

mL of PBS and centrifuged at 300g for 5 minutes. The supernatant was 

discarded, the pellet resuspended in red cell lysis buffer (BioLegend) 1:10 with 

dH20 and centrifuged at 300g for 5 minutes. The supernatant was discarded, the 

pellet resuspended in 40 mL PBS and centrifuged at 300g for 5 minutes. The 

supernatant was discarded, and the pellet resuspended in a quantity of media 

appropriate to the number of flasks planned for culture. Poly-ornithine/laminin 

coated 25cm2 flasks (Corning) were washed with PBS and then 6 mL NP or NB 

media added (depending on sample). 1 mL of the cell suspension was then 

pipetted into the flask. Flasks were placed in a humidified 37oC, 5% CO2 




