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Abstract 

Pediatric diffuse intrinsic pontine glioma (DIPG), an incurable, aggressive childhood 

malignancy, arises in a region- and age-specific nature. The underlying pathophysiology 

suggests dysregulation of postnatal neurodevelopmental processes causing aborted cell 

differentiation. The cell of origin is as yet unclear, but recent data suggests an 

oligodendrocytic lineage. This is supported by the over-expression of transcription factors 

such as Olig1 and Olig2 in 80% of DIPG cases. Results from in-depth bioinformatics and 

principal component analysis (PCA) of genes involved in brain development and DIPG led 

us to explore GPR17. GPR17, an orphan G protein-coupled receptor has been identified in 

a number of physiological and pathological processes, such as oligodendrocyte 

differentiation, spinal cord injury and brain injury. Bioinformatic analyses of publicly 

available mRNA datasets (GSE26576), indicated a significant up-regulation of GPR17 in 

DIPG patients compared to normal brainstem and normal brain . PCA analysis shows GPR17 

clusters closely to Olig1 and Olig2. GPR17 expression was confirmed in cell lines (VUMC-

DIPG-A, VUMC-DIPG-08 and SU-DIPG-IV) at the mRNA level using RT-qPCR and the protein 

level using Western blot, IHC and Flow Cytometry. 

 

To understand the role of GPR17 in our DIPG cells, we used HAMI3379, an experimental 

drug identified as an antagonist for GPR17 has been shown to work via blocking GPR17 and 

promote oligodendrocyte development. Treatment with HAMI3379 causes a reduction in 

GPR17 expression, mRNA and protein, resulting in a change in cell morphology, an increase 

in O4 and nuclear localisation of CREB. This resulted in a reduction in sphere size, cell 

motility, cell velocity and self-renewal capacity. When DIPG cells had pre-treatment with 

HAMI3379 in combination with known cytotoxic agents, there was a decrease in cell 

viability compare to cytotoxic alone. 

 

In conclusion I have provided data to support my hypotheses that GPR17 is over expressed 

by DIPG cell lines and by altering expression levels using a small molecule agonist (MDL 

299,51) and antagonist (HAMI3379). The result included altered cell genotype and 

phenotype. The inactivation or blocking of GPR17 caused the DIPG cells to be more 

sensitive to potential therapies.  
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Chapter 1: Introduction 

Brain tumours are the leading cause of cancer-related death in children. Tumours of the 

central nervous system (CNS) are the second most common malignancy in children, after 

leukaemia (Ballester et al., 2013; Baker, Ellison and Gutmann, 2016; Mackay et al., 2017; 

Sengupta et al., 2018). Diffuse intrinsic pontine gliomas (DIPG, now reclassified as diffuse 

midline glioma), represent approximately 10% of childhood brain cancer, with 

medulloblastoma being the most common (20%) (Ozawa et al., 2016; J. Wang et al., 2018). 

DIPG is a rare, devastating and incurable cancer with a median overall survival of 9 months 

with nearly all patients succumbing to this cancer within 2 years of diagnosis, with less than 

1% surviving after 5 years. DIPG is considered an orphan disease with a yearly incidence of 

2.32 per 1,000,000 people aged 0-20 years (Fangusaro, 2012; Sturm et al., 2014; Jones et 

al., 2016; El-Khouly et al., 2017; Mackay et al., 2017; van Zanten et al., 2017). These 

tumours which are restricted to the midline structures of the brain primarily affect young 

children with peak incidence at 6 years of age. These have the highest mortality of all 

childhood solid tumours (Jones et al., 2016; Filbin et al., 2018). Since the brainstem controls 

basic life functions, surgical removal is not an option and chemotherapy and radiation only 

provide palliative relief (El-Khouly et al., 2017; van Zanten et al., 2017; Filbin et al., 2018). 

The midline location and diffusive nature of the tumour causes severe disabling neurologic 

symptoms that over time destroy facial control and motor co-ordination. Due to the rapid 

progression of DIPG, children normally experience symptoms for a month or less before 

diagnosis (Johung and Monje, 2016; Louis et al., 2016). The compression or dysfunctions of 

anatomic structures cause children to present with different clinical signs and symptoms, 

dependent on the tumour location. The increase in intracranial pressure can cause 

headaches, nausea, vomiting, and vision loss. Common clinical presentations of tumours 

located in the posterior fossa are ataxia and clumsiness (Segal and Karajannis, 2016). The 

“classic triad” in DIPG patients are (1) cerebellar signs, e.g., ataxia dysmetria and dysarthria; 

(2) long tract signs: weakness, spasticity, sensory loss and abnormal reflexes; and (3) 

multiple cranial neuropathies, although only up to 50% of children may present with these 
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(Warren, 2012; Vanan and Eisenstat, 2015; Johung and Monje, 2016; Segal and Karajannis, 

2016). Growth of DIPGs occur in a relatively discrete spatial and temporal pattern, which 

coincides with periods of developmental myelination suggesting a dysregulation of the 

postnatal neurodevelopmental process.   

 

Previously, DIPG’s were treated the same as adult glioma but recent advances in 

stereotactic neurosurgery for obtaining biopsy tissue for molecular analyses has led to the 

expansion of knowledge, notably the identification of somatic histone mutations 

(Schwartzentruber et al., 2012; Wu et al., 2012; Jones et al., 2016). Mutations in H3F3A or 

HIST3BHI which encode the histone H3.3 variant and H3.1, respectively, lead to a 

substitution of methionine for lysine at position 27 (K27M). These appear to be present in 

~80% DIPG patients, with tumours that arise throughout the midline structures harbouring 

the H3.3 K27M mutation while H3.1 K27M are restricted to the pons (Khuong-Quang et al., 

2012; Schwartzentruber et al., 2012; Warren, 2012; Wu et al., 2012; Schroeder, Hoeman 

and Becher, 2014; Nikbakht et al., 2016; Cohen, Jabado and Grill, 2017). Since the 

identification of this mutation many studies have tried to understand the role of the histone 

H3K27M mutation in DIPG oncogenesis. These studies have shown that this mutation 

suppresses activity of EZH2, the catalytic sub-unit of polycomb repressive complex 2 

(PRC2), causing a marked reduction in H3K27 methylation resulting in a re-wiring of 

essential developmental regulator of genes (Bender et al., 2013; Chan et al., 2013; Lewis et 

al., 2013; Jones et al., 2016; Creasy, 2017; Mohammad et al., 2017; Bavle, A. & 

Chintagumpala, 2018; Filbin et al., 2018). These histone mutations modify the epigenome, 

causing oncogenic insults to progenitor cells in early neurodevelopment (Sturm et al., 2012; 

Bjerke et al., 2013; Jones et al., 2016). It is suggested that these histone mutations may 

contribute to initial oncogenic events however, are not solely sufficient for the formation 

of the tumour and are associated with other gene mutations such as cell cycle regulators 

(TP53, PPMID), chromatin remodeler (ATRX) or growth factors (ACVR1, 

PDGFRA)(Schwartzentruber et al., 2012; Wu et al., 2012; Fontebasso et al., 2014; Taylor et 

al., 2014; Buczkowicz and Hawkins, 2015; Nikbakht et al., 2016). 

 

In addition to molecular analysis, tissue collections have enabled the establishment of 

primary tumour cell lines and patient-derived xenograft (PDX) models to further 
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understand the biology of the tumour. Lagging behind are studies designed to understand 

oncogenic events in the context of the tumour microenvironment (Hsu, Neilsen and Bryce, 

2010; M Monje et al., 2011; Grasso et al., 2015a; Berlow et al., 2018). Unfortunately, DIPG 

is still not well understood, partly because of its low incidence, barrier to tissue acquisition 

(biopsy) and autopsy. Additionally, the molecular characterisation has not yet been 

translated into better treatments (Wu et al., 2014; Morales La Madrid, Hashizume and 

Kieran, 2015). Connections with neural development and diffuse gliomas are suggested by 

the markedly different neuroanatomical locations across different age groups. For example 

tumours with H3.1 K27M are restricted to the pons and are found in younger children 

whereas the H3.3 K27M mutation is present in tumours located in any midline structure 

and tends to occur in older children (Venkatesh et al., 2015; Baker, Ellison and Gutmann, 

2016; Jones et al., 2016). Herein, we present a brief overview of brainstem development, 

discuss the developing microenvironment in terms of DIPG growth and provide rationale 

for the need for more knowledge into pontine development and DIPG microenvironment.  

 

1.1 Epigenetic regulation  

Epigenetics is the study of modification in gene expression rather than the alteration of the 

genetic code (Waddington, 2012). These modifications are controlled by what is termed 

‘epigenetic marks’ or tags and are crucial to essential cellular functions (Toh, Lim and Chow, 

2017). Epigenetic marks can be classified into three groups: direct modification of DNA, 

positioning of nucleosomes along the DNA and post-translational modifications of histone 

proteins. Histone proteins have a role in the control of chromatin architecture, 

nucleosomal positioning, and access to DNA for gene transcription. 

 

The most common post-translational modifications of histones are acetylation and 

methylation and histone modification patterns change more often and quickly than DNA. 

These modifications are generally associated with short-term fluctuations in gene 

activation patterns, rather than long term changes associated with DNA methylation. The 

addition of a methyl group to a histone tail can either silence or activate genes, dependent 

on the amino acid, the histone tail or the number of methyl groups added, mono-

methylation (me1), di-methylation (me2) and tri-methylation (me3)(Pan et al., 2018).   
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Acetylation, first described by Allfrey et al. in 1964 (Allfrey, Faulkner, & Mirsky, 1964), 

involves the transfer or removal of acetyl groups to ε-amino group of the lysine residue and 

this is mediated by acetyltransferase and deacetylase enzymes. The negative charge of the 

acetyl group, weakens the attraction between the negatively charged DNA and positively 

charged histones making the DNA easier to transcribe, therefore is always associated with 

gene activation. 

 

1.2 Histone 3 K27 modification 

The posttranslational modification of histone 3 lysine 27 can be methylated or acetylated. 

Methylation of histone 3 on lysine 27 (H3K27) is catalysed by Polycomb Repressive Complex 

2 (PRC2)(Pan et al., 2018). The addition of one methyl group at H3K27 (H3K27me1) has 

been shown to increase the expression of target genes, whereas the addition of three 

methyl groups (H3K27me3) always silences gene transcription (Ferrari et al., 2014; Pan et 

al., 2018). The acetylation is catalysed by histone acetyltransferase (HATS) and the 

deacetylation is performed by histone deacetylase (HDACs) (Lee and Workman, 2007; 

Tollervey and Lunyak, 2012). Acetylation of H3K27 (H3K27ac) is associated with the higher 

activation of transcription and defined as an active enhancer mark (Creyghton et al., 2010). 

Both methylation and acetylation occur at specific sites on the histone tails, due to the 

mutation in DIPG, resulting in the replacement of the lysine with a methionine (K27M) this 

will have an effect on the silencing and activation of gene transcription. 

 

The H3K27M mutation was first identified in a genomic sequencing project of paediatric 

high grade gliomas (pHGG), notably in midline tumours (Schwartzentruber et al., 2012; 

Sturm et al., 2012; Wu et al., 2012).  The reporting of the K27M mutation in other cancers 

is very rare (Ryall et al., 2017; Boileau et al., 2019). A sequencing study examining all histone 

variants in both primary acute myeloid leukaemia (AML) and remission patients, revealed 

that only a small population of patients have the K27M mutation (3/434) (Boileau et al., 

2019). Therefore, this mutation seems to be unique hallmark of paediatric midline brain 

tumours. 
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1.3 Development 

Brain development takes over two decades to build via precisely regulated molecular, 

cellular and epigenetic processes that are governed by a genetic blueprint and 

environmental factors. When this process is interrupted, pathologies arise. Early brain 

development, particularly from the mid-foetal stage to 2 years after birth, is the most 

dynamic across the entire lifespan (Ouyang et al., 2018). The cellular and environmental 

composition of the paediatric brain is very different to that of the adult brain and consists 

of a large number of proliferating, migrating and differentiating cells. The mature brain is 

comprised of approximately 86.1 billion neurons, as well as equal numbers of glial cells 

(oligodendrocytes and astrocytes) (Jakovcevski et al., 2009; Rowitch and Kriegstein, 2010; 

Silbereis et al., 2016; Laug, Glasgow and Deneen, 2018). While much is known about 

gliogenesis in cortical areas, we continue to gain knowledge relating to less studied regions 

of the human brain from genomic data (brainspan.org) and from advances in imaging 

technology incorporating biophysical models in which early developmental changes are 

being mapped. (Tate et al., 2015; Rollins, Booth and Chahrour, 2017; Song et al., 2017; 

Tamnes et al., 2017; Gilmore, Knickmeyer and Gao, 2018; Ouyang et al., 2018; Wierenga et 

al., 2018). 

 

1.4 Brainstem 

The brainstem includes the midbrain, the pons, and the medulla oblongata. The pons not 

only serves as a bridge between the cerebrum and the spinal cord; it is also home to many 

cranial nerve ganglia that are involved in the co-ordination of motor control signals sent 

from the brain to the body. This area of brain is responsible for the control of several 

important functions of the body including alertness, arousal, breathing, blood pressure, 

digestion, heart rate, swallowing, walking, and sensory and motor information integration 

(Dale Purves, George J. Augustine, David Fitzpatrick, William C. Hall, Anthony-Samuel 

LaMantia, James O. McNamara, 2007; Ngeles Fernández-Gil et al., 2010). 

 

The brainstem develops from two of three primary regions formed from the neural tube. 

The three regions are forebrain, midbrain and hindbrain. The forebrain ultimately becomes 

the cerebrum and the diencephalon. The midbrain region or mesencephalon becomes the 
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midbrain in adult. The hindbrain develops into two regions; the metencephalon, which will 

form the pons and the cerebellum and the myelencephalon, which will become the medulla 

oblongata (Barkovich, Millen and Dobyns, 2009; Jane B. Reece, Lisa A. Urry, Michael L. Cain, 

Steven A. Wasserman, Peter V. Minorsky, 2011; Tate et al., 2015). The pons is located 

between the midbrain and the medulla oblongata, with a presenting anterior surface 

connecting the right and left cerebellar hemispheres (Figure 1A) (Ngeles Fernández-Gil et 

al., 2010). The brainstem contains both white matter and grey matter. Grey matter 

(collection of neuronal cell bodies) is found throughout the brainstem and includes cranial 

nerve nuclei (10 of the 12 cranial nerves, III to XII), the reticular and pontine nuclei. The 

white matter consists of fibre tracts passing down from the cerebral cortex to the 

cerebellum and spinal cord and up from the peripheral nerves and the spinal cord (Ngeles 

Fernández-Gil et al., 2010). The internal structure of the brainstem is organised into 3 

laminae, basis (ventral), tectum (dorsal), and tegmentum (medial), which extend the length 

of the brainstem (Figure 1B) (Ngeles Fernández-Gil et al., 2010). 

 

 

Figure 1 -Anatomical structures of the brainstem showing cranial nerves.  

(A) The brainstem is divided into the midbrain (blue), Pons (red) and the Medulla 

Oblongata (yellow) (B) Laminae of the brainstem: Basis (purple), Tegmentum (brown) 

and Tectum (green). Schematic modified from (Ngeles Fernández-Gil et al., 2010). 

 

There are three phases of growth in the basis of the pons. In the first three months of life, 

the basis dramatically expanded in volume as compared to the tegmentum because during 

the first month, the proliferation is increased in the basis relative to tegmentum. Between 

3 months and 1 year, this expansion decreased. After 1 year, the growth rate of the basis 
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declined to near zero until 7 years. In contrast, the growth rate of medulla and tegmentum 

is dramatically declined by 3-6 months and 6 months-1 year, respectively (Hatta et al., 

2007; Tate et al., 2015).  

 

Although not intended to be an exhaustive review on pontine nuclei, their cortical input 

and their projections, there are a few highlights we present for this review and refer to 

several outstanding detailed reviews on this subject (Ngeles Fernández-Gil et al., 2010; 

Kratochwil, Maheshwari and Rijli, 2017; Yung et al., 2018). Pontine neurons are derived 

from the neurodevelopmental anatomical area referred to as the rhombic lip and these 

neurons migrate in several phases during development. Depending on the origination of 

the specific rhombmere these neurons migrate a long distance in one direction and change 

at specific sites. This tangential or rostroventral migration of pontine neurons along the 

anterior extramural stream or posterior extramural stream is well orchestrated and 

dependent on developmental regulated mechanisms including transcription factors, 

attractive and repulsive proteins (Ngeles Fernández-Gil et al., 2010). The pontine nuceli 

(PN) receive most of their input from the cortex and this afferent connection is called the 

cortical-pontine projection and has a specific topography associated with it (Kratochwil, 

Maheshwari and Rijli, 2017). The pontine-cerebellar is an efferent pathway with PN 

projections terminating in the cerebellum.  

 

Developmentally and during the median age of diagnosis of DIPG, the pontine region is a 

very busy area with migration of neurons to specific brainstem nuclei, formation of synaptic 

input from the cortex and subsequent projections to the cerebellum and cortico-spinal 

(ascending and descending) pathways to name a few multifaceted processes. A vital key 

and an essential post-natal event involves the myelination of the above mentioned 

pathways. Myelination is vital for the successful establishment of efficient brain 

communication.  

 

1.5 Myelination 

Myelination involves a step-wise process that requires oligodendrocyte progenitor 

generation and proliferation, cell migration and differentiation into oligodendrocytes, 
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process extension and their interaction with axons, synthesis and trafficking of membrane, 

wrapping and compaction, and the establishment of axo-glial junctions (Nave and Werner, 

2014; Kim HG, Moon WJ, Han J, 2017; Snaidero and Simons, 2017). Coating the axon of 

each neuron with a lipid-rich coating called myelin is essential for normal brain function 

and is a cornerstone of human neurodevelopment (Baumann and Pham-Dinh, 2001; Deoni 

et al., 2011). The myelin sheath, a multi-lamellar, lipid-rich structure is essential for rapid 

propagation of action potentials, but also protects neuronal axons. This is one of the most 

pivotal cell-cell interactions for normal brain development, allowing extensive exchange of 

information between mature oligodendrocytes and axons(Baumann and Pham-Dinh, 2001; 

Purger, Gibson and Monje, 2016; Snaidero and Simons, 2017). While progress to identify 

the molecular and cellular mechanisms of myelination, as well as identification of the 

individual molecules involved have been made, there is still a lack of understanding of the 

communication required(Jahn, Tenzer and Werner, 2009; Snaidero and Simons, 2017). 

Myelination begins in the brainstem and cerebellum before birth and continues through 

childhood, but is not completed in the frontal cortex until late in adolescence (Baumann 

and Pham-Dinh, 2001; van Tilborg et al., 2018). Studies using rodent models have 

limitations as myelination begins during neurogenesis and only takes a few weeks in 

comparison to decades in humans (Budday, Steinmann and Kuhl, 2015). 

 

Despite the critical functions of the brainstem, postnatal development is still poorly 

understood, with the brainstem frequently ignored in brain development studies or studies 

describing the development of the foetal pons (Nozaki, Goto and Nara, 1992; Fischbein et 

al., 1996; Hatta et al., 2007; Silbereis et al., 2016). A recent MRI study of human specimens 

reveals that the pons increases 6-fold in size from birth to 5 years of age, with continued 

slower growth throughout childhood (Tate et al., 2015). In the first month after birth, 

neural progenitor cells (NPCs) rapidly proliferate, then gradually decline until 7 months of 

age. Proliferating NPCs in both the human and rodent developing pons have been shown 

to express Nestin (intermediate NPC filament), Sox2 (stem/progenitor cell transcription 

factors sex determining region Y-box 2) and Olig2 (basic helix-loop-helix transcription 

factor) in co-expressing and an independent manner (M Monje et al., 2011; Tate et al., 

2015; Anderson et al., 2017). Monje et al, examined the spatial and temporal distribution 

of neural precursor cells in postnatal human brainstem, observing that the majority of the 
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proliferating cells in the pons were Olig2+ (M Monje et al., 2011). This dramatic increase in 

size has also been observed in a mouse model, showing that the main proliferating cells 

expressed oligodendrocytic lineage markers Sox2 and Olig2 and not by the addition of new 

neurons.(M Monje et al., 2011; Lindquist et al., 2016; Anderson et al., 2017) Suggesting the 

increase myelination is due to the development of neural circuits through learned 

behaviour during childhood development (Figure 2) (Fields, 2015; Tate et al., 2015; Jones 

et al., 2016; Mount and Monje, 2017). 
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Figure 2 -Timeline of gene expression identified in CNS development throughout 

development from conception to 15 years of age. 

Data obtained from brainspan.org and analysed using R2. A) OLIG2, SOX2 and Nestin 

positive cells have been identified as the main proliferating cell in early postnatal 

brainstem development, with a decrease around 3 years of age. B) Myelinating genes 

show a rapid increase in expression before birth until 2 years of age, before a plateauing. 

A

B
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1.6 Oligodendrocytes 

Oligodendrogenesis, the generation of mature, myelinating oligodendrocytes involves a 

precise balance with epigenetic regulation of differentiation activators and inhibitors, 

followed by the transcriptional activation of myelin genes (Figure 3)(Kremer et al., 2011; 

Koreman, Sun and Lu, 2018; Marie et al., 2018). Oligodendrocytes (from Greek meaning 

‘cells with a few branches’) are responsible for structural support and the formation of the 

myelin sheath around the axons to ensure rapid impulse propagation (Budday, Steinmann 

and Kuhl, 2015).  

 

Figure 3. Specific proteins and transcription factors are expressed at the different stages 

of OL differentiation.  

These stages are recognised by the expression of well-characterised markers, distinct 

morphology and their ability to proliferate, migrate and differentiate. Modified from 

(Barateiro and Fernandes, 2014). 

 

Oligodendrocytes arise from OPCs, in a stepwise process that involves specification, 

proliferation and differentiation requiring co-ordination of transcriptional and epigenetic 

circuits to mediate the stage-specific intricacies of oligodendrocyte development. This is 

driven by interplay of extracellular signals, including secreted molecules, neuronal activity, 

extracellular matrix components and spatial constraints in the microenvironment with the 

intracellular molecular components, such as transcription factors and epigenetic 

regulators(Liu et al., 2016). The stages of oligodendrocyte maturation is divided into four 
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different steps: oligodendrocyte precursor cells (OPC), pre-oligodendrocytes (or late OPC), 

immature (or pre-myelinating) OL and mature (or myelinating) OL (Barateiro and 

Fernandes, 2014). These stages are well described and are identified by expression of 

specific proteins and transcription factors (Figure 3) (Cahoy et al., 2008; Armada-Moreira 

et al., 2015; Emery and Lu, 2015; Marques et al., 2018). An extensive description of these 

are beyond the scope of this review and directed interested readers to a number of 

excellent reviews elsewhere (Barateiro and Fernandes, 2014; Marinelli et al., 2016; Allen 

and Lyons, 2018; Marques et al., 2018). 

 

It is still unclear whether the OPCs receive multiple negative signals acting in parallel or 

they all come together in one signalling pathway, but they appear to have growth cone-like 

structure which they appear to use to explore their environment(Simpson and Armstrong, 

1999). 

 

OPCs also exhibit predominantly euchromatic nuclei, defined by a relaxed chromatin 

structure and easy DNA accessibility, potentially making them more susceptible to 

mutations(Hernandez and Casaccia, 2015; Liu et al., 2016). These progenitor cells exhibit 

greater proliferation and tumour propagating potential than their more differentiated 

counterparts. OPC proliferation is actively stimulated by extracellular signals, that not only 

promote proliferation but also inhibit differentiation, for example, platelet-derived growth 

factor (PDGF) has been shown to potently drive OPC proliferation( Figure 4) (Armada-

Moreira et al., 2015; van Tilborg et al., 2018). 
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Figure 4.Schematic representation the generation of mature, myelinating 

oligodendrocytes.  

A precise balance with epigenetic regulation of differentiation activators and inhibitors 

of extracellular cues promoting (green) and/or inhibiting proliferation and/or 

differentiation at different stages of oligodendrogenesis. Modified from (Wheeler and 

Fuss, 2016). 

 

The multistep process involved in the OPC differentiation into mature myelinating OLs is 

tightly regulated by extrinsic extracellular signals, intrinsic transcription factors, epigenetic 

modulators, miRNAs and various signalling pathways (Emery and Lu, 2015; Hernandez and 

Casaccia, 2015; Liu et al., 2016; Elbaz and Popko, 2019). Histone deacetylation is required 

for oligodendrocyte differentiation (Shen, Li and Casaccia-Bonnefil, 2005; Gibson et al., 

2014). If this process is altered or doesn’t proceed correctly this is when issues such as 

cancer arise. 

1.7 The Developing Microenvironment: Intersection with DIPG Microenvironment 

The development of the brain requires a co-ordination of molecular and cellular processes 

across an array of cell types over a period of time (Silbereis et al., 2016). The precise 

choreography of numerous components of the developing microenvironment is necessary 

for successful connections and the ultimate functioning of neural networks. CNS 

development involves a highly constrained, dynamic and organised process of stem cell 

self-renewal and differentiation determined by both genetic and environmental factors in 

an orderly pattern (Stiles and Jernigan, 2010; Azzarelli, Simons and Philpott, 2018).  
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The tumour microenvironment (TME) is a complex regulatory and dynamic structure 

composed of cellular and non-cellular components and processes that contribute to 

disease progression. There are a wide range of physiological mechanisms that can fall under 

TME spanning from metabolism to biomechanical processes. TME is being increasingly 

recognised as a key factor in multiple stages of cancer progression, particularly in regards 

to local resistance, immune-escaping, and promoting distant metastasis (Chen et al., 2015). 

Brain tumour cells are part of a dynamic and spatially distributed system, interacting with 

a wide diversity of environments and cell types(Mack et al., 2016). In addition to cancer 

cells, tumour lesions contain a mixture of different stromal cells such as endothelial cells 

and inflammatory cells that infiltrate the tumour (Figure 5). 

 

Figure 5- Schematic representation of the tumour microenvironment of DIPG in the 

context of the brainstem.  

Paediatric brain tumours form in the context of the developing CNS, adding an extra layer 

of complexity compared to adult brain tumours. By understanding the signalling 

pathways that govern brainstem development and the way they interact with the 

tumour, we can try to dissect the drivers of growth and resistance. Not depicted are 

microglia, immune component or neural satellitosis. 
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Neuronal activity is a key regulator of CNS development and plasticity, the influence of 

active neurons on DIPG proliferation, differentiation and cellular behaviour is not fully 

understood.  A number of studies using mouse models have shown that activity-

dependent secreted factors from cortical slices have a mitogenic effect on brain tumour 

cells (Venkatesh et al., 2015; Johung and Monje, 2017). Further analyses of the conditioned 

medium using biochemical and proteomic analyses identified neuroligin-3 (NLGN3), brain-

derived neurotrophic factor (BDNF) and 78-kDa glucose regulated protein (GRP78) with a 

lesser effect. NLGN3 was identified to be the primary factor responsible for the mitogenic 

effect and was secreted in an activity-dependent manner (H S Venkatesh et al., 2015; 

Venkatesh et al., 2017). The neuron-glioma mechanism is thought to be bidirectional with 

neuronal activity increase glioma growth and gliomas increasing neuronal activity 

(Venkatesh et al., 2019).  

 

Microglia are the resident macrophage cells of the brain and are the main form of active 

immune defence in the CNS (Filiano, Gadani and Kipnis, 2015). The presence of microglia 

was first identified in brain tumours by Wilder Penfield in 1925 by using silver carbonate 

staining of tumour sections. In adult brain tumours, specifically GBM, GBM-associated-

macrophages (GAMs) have been shown to support tumour cell proliferation, invasion, 

survival and angiogenesis (Glass and Synowitz, 2014; Hambardzumyan, Gutmann and 

Kettenmann, 2015; Lieberman et al., 2018). In DIPG, little is known about the role of 

microglia due to the lack of tissue availability, but limited studies have shown 

immunoreactivity for macrophage/microglia markers CD68 and CD163 (Caretti et al., 2014; 

Lieberman et al., 2018; Lin et al., 2018). The gene expression profile of DIPG-associated 

macrophages is similar to that of adult GBM-associated macrophages, but they express 

fewer inflammatory cytokines and chemokines compared to adult GAMs (Lin et al., 2018). 

 

New information concerning the immune landscape is beginning to be realised with current 

reports demonstrating that DIPG exhibits a less inflammatory microenvironment compared 

to adult high grade gliomas (Lieberman et al., 2018; Lin et al., 2018). These studies, in 

addition to the outcomes of several immunotherapy based clinical trials will help inform 

future trials (Scutti, 2018). Nevertheless there is still a need to improve our basic 

understanding of the developing brainstem in all aspects including microglial dynamics 
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(Menassa and Gomez-Nicola, 2018). Information on the spatial and temporal expression of 

genes and proteins involved in modulating the immune system during development will be 

vital when considering immunotherapy strategies. 

 

Tumour cells, as they proliferate, remodel, attach and rebuild a new microenvironment by 

releasing extracellular signalling molecules that promote tumour angiogenesis, 

extracellular matrix (ECM) remodelling and evasion of the immune system(Blehm et al., 

2015). The cancer cells exploit the bidirectional communication between healthy glial cells, 

endothelial cells and neurons to remodel the microenvironment to grow and evade 

therapeutics. 

 

Whilst extensive research is being undertaken to determine the function of molecular 

aberrations in DIPG, there are significant gaps in understanding the influence of the tumour 

microenvironment and the development of the pontine area of the brain stem (Creasy, 

2017; Mohammad et al., 2017; L. Wang et al., 2018). Additional developmental processes 

that need mentioning include the formation of the various brain barriers such as the blood 

brain barrier, blood-cerebrospinal fluid (CSF), and arachnoid barrier. 

 

The brain is one of the most densely vascularised organs; the blood vessels differ from the 

blood vessels in other organs in terms of their tightness and structure. Tight junctions 

between brain EC and metabolic barriers strongly resist the passage of cells and even small 

molecules through the blood-brain barrier (BBB). Furthermore, blood vessels are 

supported by astrocyte end feet and pericytes (Lorger, 2012). In adult glioma, a ‘leaky blood 

brain barrier’ is well described (Warren, 2018), whereas there is limited clinical descriptive 

clinical data in DIPG. The use of MRI (Magnetic resonance imaging) enhancement suggests 

that DIPG tumours at diagnosis have a relatively intact and functional BBB (Bradley et al., 

no date; Plessier et al., 2017). Recent data from a non-human primate model suggests that 

the pons has a super-BBB compared to the cortex, further restricting substances to the 

brain (McCully et al., 2013; Warren, 2018). 

 

Two thirds of the CSF is produced from the choroid plexus, structures located within the 

lateral, third, and fourth ventricles. The development of the choroid plexus is interesting 
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and although much is known concerning the development, less is known about these 

structures in DIPG. Could the choroid plexus contribute in some way to the dissemination 

of tumour cells? Are there changes associated with the choroid plexus in patients 

diagnosed with DIPG? During development, arteries invaginate the roof of ventricles to 

eventually form involuted ependymal cells containing connective tissue and many 

fenestrated blood vessels and become the blood-CSF barrier (Liddelow, 2015; Corbett and 

Haines, 2017). This is a well-studied area in neural development and to cover the exciting 

work that has led to the characterisation and identification of factors involved in the 

establishment of a functioning blood-CSF barrier is beyond the scope of this review and 

refer readers to excellent reviews (Liddelow, 2015). The purpose of mentioning these 

barriers is that they are part of the DIPG microenvironment and may at some level affect, 

associate with or participate in DIPG growth. These barriers are also important for the 

protection of the brain as well as providing essential nutrients. In addition, learning more 

about these structures and their functions in normal development as well as in DIPG could 

potentially provide information on delivery routes for therapies (Huang et al., 2017; 

League-Pascual et al., 2017). 

 

How the developing brain microenvironment contributes or interferes with DIPG is 

unknown and it most likely is multifaceted and dynamic both in space and time. The task is 

to distinguish what is normal developmental processes and what is DIPG related. Clues can 

be obtained from numerous studies into identification of tumour cell of origin.  

 

1.8 Cell of Origin 

The term ‘cell-of-origin,’ refers to the normal cell type that is uniquely susceptible to 

particular oncogenic mutation(s) resulting in a tumour (Zong, Parada and Baker, 2015). Glial 

cells have a prominent role in the development and physiology of the brain. The word 

glioma comes from their similarity, morphologically to the normal glial cells of the brain. 

The cell of origin for DIPG is not known, (M Monje et al., 2011; Jones et al., 2016) but recent 

data suggests an oligodendrocytic lineage cell (M Monje et al., 2011; Zong, Parada and 

Baker, 2015; Jones et al., 2016; Nagaraja et al., 2017; Azzarelli, Simons and Philpott, 2018; 

Gillespie and Monje, 2018; Filbin et al., 2018). This is supported by the expression of 
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essential factors in the specification of oligodendrocytes, PDGFRA amplification, 

chondroitin sulfate proteoglycan NG2 and basic helix-loop-helix transcription factors: 

OLIG1 and OLIG2, are up-regulated in 80% of DIPG cases (Ligon et al., 2004; Ballester et al., 

2013; Mei et al., 2013; Anderson et al., 2017). It has been suggested that DIPG may arise 

from an aborted cell differentiation program of the developing pons, resulting in 

uncontrolled proliferation(Morales La Madrid, Hashizume and Kieran, 2015). Interestingly 

there may be a distinct difference in the cell of origin of these tumours as it has been shown 

that the H3.3 K27M mutated DIPG have a proneural/oligodendroglial phenotype with a 

pro-metastatic gene expression signature with PDGFRA activation, while H3.1 K27M 

mutated tumours exhibit a mesenchymal/astrocytic phenotypic phenotype (Castel et al., 

2015). It has been suggested that the gene expression signature may not be due to the 

specific histone mutation, but rather the accompanying alterations (PDGFRA vs ACVR1) 

supporting the notion that modulation of the microenvironment by tumour cells is more 

influential than the histone mutation (Castel et al., 2015; Jones et al., 2016). 

 

1.9. Conclusions 

While extensive research is being undertaken to determine the function of the molecular 

aberrations in DIPG, there are significant gaps in understanding the biology and the 

influence of the tumour microenvironment on DIPG growth specifically in consideration of 

the developing pons. The precise orchestration and co-ordination of the development of 

the brain is still not fully understood. Cancers do not grow on their own and we believe that 

knowing more about the microenvironment in the developing CNS is critical for 

understanding the drivers of tumour growth and therapeutic resistance in DIPG. The 

intersection of brain development and paediatric brain cancer in terms of 

microenvironment holds critical information for a major shift in the ways these tumours 

are treated. 
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1.10 Overview of G-Protein Coupled Receptors with focus on GPR17 

The G protein-coupled receptors (GPCRs) are a large superfamily of seven-transmembrane 

domain receptors that bind extracellular ligands and transduce signals in cells via 

heterotrimeric G proteins (Lynch and Wang, 2016).  With over 800 members, GPCR’s 

represent approximately 3% of the human genome. These receptors play key roles in a 

variety of biological processes including cell proliferation, differentiation, 

neurotransmission, development and apoptosis (Nieto Gutierrez and McDonald, 2018). 

 

The diverse group of ligands that bind and activate these receptors include light-sensitive 

compounds, odours, pheromones, hormones, and neurotransmitters, vary in size from 

small molecules to peptides to large proteins (Benned-Jensen and Rosenkilde, 2010). 

 

1.11 G-protein signalling 

Guanine nucleotide-binding proteins, or G proteins are found specifically in the inner 

plasma membrane. G proteins that are generally associated with GPCRs are heterotrimeric, 

they have three different subunits: an alpha, a beta, and a gamma subunit (Figure 6A). 

When a ligand binds to the GPCR it causes a conformational change in the GPCR, causing 

an interaction between the GPCR and nearby G proteins which allows the GPCR to act as a 

guanine nucleotide exchange factor (GEF), allowing the G-protein to turn “on” by 

exchanging nucleotides guanosine diphosphate (GDP) to guanosine triphosphate (GTP) 

(Figure 6B). Subsequently the α subunit and βγ dimer to activate downstream effectors 

(Figure 6C). The GTP is then hydrolysed to GDP and the receptor is restored (Figure 6D) 

(Stewart, 2015). 
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Figure 6- Activation cycle of G-Proteins.  

A) Inactive GPCR in plasma membrane B) Ligand binding to GPCR, causing a change in 

conformation facilitating the exchange of GDP to GTP. C) The active GTP-bound α subunit 

and Gβγ are released to stimulate or inhibit downstream effectors. D) GTP is hydrolysed 

to GDP and the original receptor and G-proteins are restored (A). 

 

The heterotrimeric G protein's activate downstream intracellular signalling proteins or 

target functional proteins directly depending on the α subunit type that is associated with 

the GPCR (Gαs, Gαi/o, Gαq/11, Gα12/13) (Figure 7)(Lynch and Wang, 2016; Hauser et al., 

2018). 
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Figure 7- Overview of G-protein sub-unit dependent signalling pathways and 

downstream effectors.  

The intracellular downstream effectors are dependent on the alpha subunit type. For 

example, the αi/o subunit inhibits the enzyme, adenyl cyclase, resulting in a reduction in 

cAMP, whereas αq/11 can activate adenyl cyclase increasing the formation of cAMP and 

causes a signalling cascade causing a different cellular behaviour. Figure adapted from 

(Schou, Pedersen and Christensen, 2015). 



Chapter 1: Introduction 

42 
 

The termination or desensitisation of GPCR signalling is highly regulated through GPCR 

kinases (GRKs), and second messenger regulated kinases, which uncouples receptors from 

G-proteins or by the recruitment of arrestins (Krupnick and Benovic, 1998; Tian, Kang and 

Benovic, 2014). The receptors are removed from the cell surface by endocytosis and either 

recycled to the cell surface or degraded by lysosomes, where the cellular level receptors 

are decreased (Figure 8) (Pierce, Premont and Lefkowitz, 2002; Tian, Kang and Benovic, 

2014). 
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Figure 8- Classical model of GPCR desensitisation, recycling and degradation.  

Following ligand binding to GPCR and heterotrimeric G protein signalling(1) Promotion of GRK association with the bound GPCR 

causing receptor phosphorylation (2)  
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recruitement to the receptor initiating a conformational change that promotes the GPCR/β-arrestin complex (3) with the endocytotic 

machinary and resulting in endocytosis (4). Into Sorting endosomes (5) and either recycled (6) back to the cell membrane (7) or sorted into 

lysosomes and degraded (8). Adapted from (Tian, Kang and Benovic, 2014). 
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1.9.1 Regulation of GPCR signalling mediated by β-arrestin binding 

In addition to G protein signalling, G protein independent signalling pathways can be 

activated through the multi-functional adaptor proteins called arrestins (Bologna et al., 

2017). These are a small family of proteins (1-4) that were initially characterized in GPCR 

desensitisation in the visual system via the blockade of physical obstruction of G protein 

signalling but the knowledge of its role is continuously evolving (Wilden, Hall and Kuhn, 

1986; Jean-Charles, Kaur and Shenoy, 2017). Beta-arrestin is a ubiquitously expressed and 

does not only have a role in receptor desensitisation but can also mediate signalling 

pathways dependent on the GRK phosphorylation of the receptor (Shenoy et al., 2001). The 

phosphorylation of specific serine/threonine residues at the C-terminus or intracellular 

loops of the activated receptor, increases the affinity of β-arrestin binding. This can then 

form a scaffold with various proteins such as mitogen-activated protein kinases (MAPKs), 

ERK1/2, p38 and c-Jun, generating signalosomes, which can result in long-lasting cell 

signalling (Bologna et al., 2017). 

 

 

GPCRs are important drug target for various diseases, and approximately 34% of all US Food 

and Drug Administration (FDA) approved drugs target 108 members of the GPCR family. 

The global sales volume for these drugs is estimated to be over 430 million pounds(Hauser 

et al., 2018). 

 

GPCRs are grouped into six classes based on sequence homology and functional similarity. 

These include the rhodopsin-like receptors (class A), the secretin receptor family (class B), 

metabotropic glutamate/pheromone (class C), fungal mating pheromone receptors (class 

D), cyclic AMP (cAMP) receptors (class E) and frizzled/smoothened (class F). 

 

1.11.1 The G protein coupled receptor GPR17  

GPR17 (G-protein coupled receptor 17), rhodopsin-like orphan GPCR (unknown ligand), has 

the typical features of the GPCR superfamily, seven transmembrane domains (TM1-TM7), 

eight amphipathic helices, an extracellular n-terminal domain and an intracellular C-

terminus (Figure 9)(Paolo Ciana et al., 2006; D Lecca et al., 2008; Marta Fumagalli et al., 

2011; Marucci et al., 2016). 
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Figure 9- Schematic representation of GPR17.  

Seven transmembrane domains (TM1-TM7), eight extracellular loops (EL1-EL8), N-

terminal domain, and C-terminal domain in respect to the plasma membrane using the 

amino acid sequence. Modified from (Fumagalli, Lecca & Parravicini, 2017). 

 

GPR17 was first identified by Raport and colleagues (Raport et al., 1996),by using PCR-

screenings on human genomic DNA as a template and looking for homology with known 

chemokine and GPCRs and was referred to as R12. This was shown to be most homologous 

to the P2U purinoreceptor, thrombin receptor, angiotensin receptor, and the orphan 

EBI1(CCL21).  

 

1.11.1 GPR17 identification 

GPR17 was identified by genomic screens of chemokine and P2Y receptors due to its 

homology. From a phylogenetically point of view, GPR17 was originally thought to be more 

similar to purinergic (P2Y) and cysteinyl leukotriene (CysLT) receptors, specifically 

P2Y12/13/14 Rs and CysLT1/2Rs due to the similarity of their amino acid sequences (21-48%) 

(Figure 10)(P Ciana et al., 2006). 
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Figure 10 - Phylogenetic tree showing the relationships between GPR17, P2Y and CysLT 

receptors.  

GPR17 clusters with Cys LT1 and CysLT2 as well as P2Y receptors 12,13 and 14 (Appendix 

-Error! Reference source not found.). 

But more recent phylogenetic analysis using sophisticate bioinformatic homology 

alignment shows GPR17 clusters closely to the chemokine receptor, CXCR7, as well as the 

CysLT and P2Y receptors (Figure 11) (Chang et al., 2012; Fumagalli, Lecca and Abbracchio, 

2016; Marucci et al., 2016). This alternative approach uses any relevant biological signal 

such as sequence homology, structural similarity, genomic structure and functional 

similarity. This method could help identify different endogenous ligands, as previously the 

comparison with ligands of the CysLt and P2Y receptors was the approach taken (Fumagalli, 

Lecca & Parravicini, 2017; C Parravicini et al., 2016).  
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Figure 11- Phylogenetic tree illustrating the relationship of GPR17 to selected structurally 

related class-A GPCRs. 

GPR17 highlighted in apple green, Grey for purinergic receptors (P2Y), orange for 

cysteinyl-leukotriene receptors (CysLT), light green for chemokine receptors (CXCRn, 

CCRn, XCRn), emerald green for Epstein-Barr virus-induced G-protein coupled receptor 2 

(EBI2), sky blue for 2-Oxoglutarate receptor 1 (OXGR1/GPR99) (Marta Fumagalli, Davide 

Lecca and Chiara Parravicini, 2017). 

 

1.11.2 GPR17 expression 

GPR17 has been identified in a number of normal physiological and pathological processes, 

such as oligodendrocyte differentiation, spinal cord injury and brain injury. (Y Chen et al., 

2009; Khan and He, 2017). Expression of GPR17 is predominantly expressed in the CNS but 

has been identified in tissues that undergo ischemic damage such as the kidney and heart 

(Paolo Ciana et al., 2006; Boda et al., 2009; Y Chen et al., 2009; Marucci et al., 2016).  
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Expression of GPR17 in rodent oligodendrocytes undergo a well-defined time course in 

vitro, with initial expression oligodendrocyte precursor cells (OPCs). This increases in 

immature oligodendrocytes, but is down regulated in mature, myelinating 

oligodendrocytes.  

 

GPR17 is expressed in differentiating OPCs in a controlled manner and is seen as an intrinsic 

cell timer of differentiation as well as a sensor for injury (D Lecca et al., 2008; Y Chen et al., 

2009; M Fumagalli et al., 2011; Shi et al., 2015). Expression of GPR17 is regulated through 

the oligodendrocyte pathway, with the mechanism still not entirely clear (Figure 12A). 

Single cell RNA-seq studies of the mouse and human midbrain have identified GPR17 to be 

almost exclusively expressed by OPCs (Figure 12B)(La Manno et al., 2016). 

 

Figure 12- Expression of GPR17 in the Oligodendrocyte lineage cells.  

A) GPR17 is expressed in Oligodendrocyte lineage cells in a controlled manner. B) Single-

cell RNA-seq studies show GPR17 to be predominately to be expressed by OPCs. 

 

Fumagalli and colleagues have shown that in primary rat OPC cultures, GPR17 is down 

regulated when markers of mature oligodendrocytes, Myelin Basic Protein (MBP) and 

Proteolipid Protein 1 (PLP1) are expressed (Figure 13)(M Fumagalli et al., 2011).  
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Figure 13- In primary rat OPC cultures, GPR17 expression is restricted to the first few days 

in vitro and is down regulated when myelin proteins are expressed (M Fumagalli et al., 

2011). 

 

In summary this data suggests that GPR17 may play a key role in developmental 

myelination. To understand this relationship, I looked at a human spatiotemporal genome 

wide expression atlas to correlate the expression of GPR17 in terms of myelination (Figure 

14). The analyses involves evaluating gene expression patterns across six different regions 

of the brain from conception to adulthood showed an initial increase in GPR17 in foetal 

development and early infancy and decreases during the peak period of myelination and in 

adulthood (Figure 14) (Y Chen et al., 2009; E Boda et al., 2011; La Manno et al., 2016; Z Ou 

et al., 2016; Khan and He, 2017).  
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Figure 14 -Developmental trajectories from Human Brain Transcriptome database across 

six regions of the brain from conception to adulthood.  

A) GPR17 gene expression. Dramatic increase expression of GPR17 prenatally, with a 

peak during infancy and then slowly decreases from early childhood to adulthood. B) 

Myelination occurs mostly post-natally across all brain regions. The blue triangles 

highlight the range of age of diagnosis, with the peak at 6 years old. Regions of analysis 
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cerebellar cortex (CBC), mediodorsal nucleus of the thalamus (MD), striatum (STR), 

amygdala (AMY), hippocampus (HIP) and neocortex (NCX). Data obtained from (Kang et 

al., 2011). 

The generation of mature, myelinating oligodendrocytes involves a precise balance with 

epigenetic regulation of differentiation activators and inhibitors and is followed by the 

transcriptional activation of myelin genes (Kremer et al., 2011).  

 

There has been a large amount of research in to the role of GPR17 in the CNS, in particularly 

myelination (E Boda et al., 2011; Fratangeli et al., 2013; S Hennen et al., 2013; Z Ou et al., 

2016). Myelination of axons is a complex process and primarily requires the maturation of 

OPCs to myelinating oligodendrocytes through morphological changes (M Fumagalli et al., 

2011; Kim HG, Moon WJ, Han J, 2017).  

 

1.11.3 GPR17 signaling 

A proposed mechanism of GPR17’s ability to inhibit oligodendrocyte differentiation is by 

activating and inducing nuclear localisation of inhibitors of DNA binding 2 and 4 (ID2, ID4) 

(Y Chen et al., 2009; Kremer et al., 2011). ID2/4 in turn physically interacts with both Olig1 

and Olig2 to block oligodendrocyte differentiation by forming non-functional heterodimers 

(Figure 15C)(Y Chen et al., 2009). 

 

Olig1 promotes myelin gene expression while repressing GPR17 expression. In models of 

Olig1 overexpression, GPR17 expression was repressed by directly binding to the regulatory 

region, suggesting that Olig1 negatively regulates GPR17 expression (Figure 15A) (Y Chen 

et al., 2009). 

Seyedsadr and Ineichen indicate that GPR17 is a transcriptional target of Olig2 (Figure 15B) 

(Seyedsadr and Ineichen, 2017). This proposed mechanism was confirmed in a chromatin 

immunoprecipitation (ChIP) sequencing study, showing that GPR17 as a downstream target 

of Olig2, but still resulted in the nuclear localisation of ID2/4 complex and oligodendrocyte 

differentiation (Z Ou et al., 2016). Both studies were conducted using multiple sclerosis 

models and show lysolecithin-induced expression of GPR17, therefore there is a question 

if this a biological or disease effect. 
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Figure 15 - Schematic model of Olig1/2-GPR17-ID2/4 negative regulatory loop in 

differentiation.  

A) Overexpression of Olig1 represses GPR17 expression by directly binding to its 

regulatory region. B) GPR17 is a transcriptional target of Olig2. C) GPR17 activation leads 

to the nuclear translocation of ID2/4, which block Olig1/2 function by forming a non-

functional heterodimer, resulting in inhibition of differentiation. 
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1.11.4 Knockdown/overexpression models 

The role of GPR17 in oligodendroglial maturation inhibition has been studied using 

knockout and transgenic mouse models and have resulted in intriguing phenotypes. 

Transgenic GPR17 mice, under the control of the CNP (2',3'-Cyclic Nucleotide 3' 

Phosphodiesterase) promoter caused a defect in myelinogenisis by the blockade of 

oligodendrocyte maturation causing generalised tremors, hindlimb paralysis, and seizures 

(Ying Chen et al., 2009). GPR17 deficiency in P19 mice had translucent optic nerves, in 

comparison to wildtype (WT) indicating a lack of myelin sheaths. Whereas, GPR17 knockout 

mice, established by homologous recombination in embryonic stem cells causing the 

deletion of the entire GPR17 coding region (GPR17 -/-) showed accelerated OPC 

differentiation and myelination. GPR17-/- mice exhibited a significant increase in the 

number of myelinated axons in comparison to WT littermates, suggesting an early onset of 

myelination at the neonatal stage (Ying Chen et al., 2009). 

 

The development of therapies targeting GPR17 has been largely focused on 

neurodegenerative disorders and brain injury, due to its role in oligodendrocyte 

differentiation and remyelination (D Lecca et al., 2008; Ceruti et al., 2009; Y Chen et al., 

2009; Fumagalli, Lecca and Abbracchio, 2016; Seyedsadr and Ineichen, 2017). GPR17 

overexpression in transgenic mice results in severe myelination deficits, whereas GPR17 

null mice exhibit accelerated differentiation and early onset of myelination(Enrica Boda et 

al., 2011). These studies suggest that GPR17 is an integral signalling component that 

controls the timing of oligodendrocyte differentiation and is vital to the transition between 

immature and myelinating oligodendrocytes via, ID2/4 mediated negative regulation. 

 

Therefore, GPR17 provides an attractive target for brain pathologies. Unfortunately, GPR17 

is still recognised as an orphan receptor as the endogenous ligand is still unknown but 

through the development of synthetic ligands, the biology and function of GPR17 can start 

to be understood. 

 

One approach to understand the function of GPR17 in vitro is to utilise known agonists and 

antagonists.  
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1.11.5 Targeting GPR17 

There is conflicting data in the literature from numerous studies using of different ligands 

for GPR17 (natural or synthetic) showing different effects on OPC differentiation and 

maturation (Table 1) (Satoh et al., 2017).  

Table 1- Ligands identified from the literature for GPR17 

Ligands 
Agonist/ 

Antagonist 
Structure References 

UDP, UDP-

glucose, UDP-

galactose 

Agonist 

 

(Paolo Ciana et al., 2006) 

Cysteinyl 

leukotrienes 

(LTC4, LTD4) 

Agonist 

 

(Paolo Ciana et al., 2006) 

MDL 299,51 Agonist 

 

(Harden, 2013; Hennen et al., 

2014; Katharina Simon et al., 

2016) 

SDF-1 Agonist 

 

(Chiara Parravicini et al., 2016) 

Cangrelor Antagonist 

 

(Pugliese et al., 2009) 

Montelukast Antagonist 

 

(Pugliese et al., 2009; Cosentino 

et al., 2012; Zhang et al., 2013) 

Pranlukast Antagonist 

 

(Parravicini et al., 2010; Z. Ou et 

al., 2016) 

HAMI 3379 Antagonist 

 

(Merten et al., 2018) 
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Published in vitro data on the function of GPR17 have shown a dual pharmacological profile, 

specifically in regard to the P2Y1R antagonist, cangrelor, and CysLTR antagonists, 

montelukast and pranlukast (Davide Lecca et al., 2008; M Fumagalli et al., 2011; S. Hennen 

et al., 2013; Marta Fumagalli, Davide Lecca and Chiara Parravicini, 2017). This could be due 

to the differentiation stage at which these compounds were added and the model systems 

used. Also, a number of these studies have been conducted in models of 

neurodegeneration, which could alter the function of GPR17. 

 

1.11.5.1 MDL 299,51 

MDL 299,51 was first identified as a small molecule agonist by Hennen et al in a 

comprehensive in vitro study in human and rodent primary cells to identify an agonist that 

would help to decode the signalling and function of GPR17 (S. Hennen et al., 2013). MDL 

299,51 (Cayman Chemical) is highly selective for GPR17 over the entire repertoire of 

receptors from the purinergic cluster and competent to stimulate GPR17 irrespective of the 

cellular background and expression system, in marked contrast to the activators proposed 

so far, such as the UDP’s and Cysteinyl leukotrienes (Hennen et al., 2014). 

 

1.11.5.2 HAMI3379 

HAMI3379 (Cayman Chemical) is an experimental drug that was originally identified as an 

antagonist of the cysteinyl-leukotriene CysLT2 receptor, initially to treat cardiovascular and 

inflammatory disorders (Wunder et al., 2010; Zhang et al., 2013; Lin et al., 2014; Shi et al., 

2015). HAMI3379 inhibits signalling of recombinant human, rat, and mouse GPR17 across 

various cellular backgrounds, and of endogenous GPR17 in primary rodent 

oligodendrocytes (Merten et al., 2018). 

 

1.11.6 Current Therapies for DIPG 

1.11.6.1 Bleomycin 

Bleomycin is an antibiotic which has been shown to have antitumor activity. Bleomycin 

selectively inhibits the synthesis of deoxyribonucleic acid (DNA) (Figure 16). The guanine 

and cytosine content correlate with the degree of mitomycin-induced cross-linking. At high 
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concentrations of the drug, cellular RNA and protein synthesis are also suppressed. 

Bleomycin has been shown in vitro to inhibit B cell, T cell, and macrophage proliferation 

and impair antigen presentation, as well as the secretion of interferon gamma, tumour 

necrosis factor alpha (TNFa), and Interleukin-2 (IL-2). The antibiotic antitumor drugs are cell 

cycle-nonspecific except for Bleomycin (which has major effects in G2 and M phases). 

 

Figure 16- Chemical structure of Bleomycin 

 

1.11.6.2 Panobinostat 

Panobinostat (Farydk®, Novartis Pharmeceutocal), also known as LBH589, is a pan-histone 

deacetylase inhibitor (HDACi) (Figure 17).  

 

 

Figure 17- Chemical structure of Panobinostat 

 

Panobinostat was approved by the US FDA in February 2015 for the treatment of multiple 

myeloma (Moore, 2016). Histone deacetylases (HDAC’s) are responsible for the regulation 

of gene transcription, cellular differentiation, cell-cycle progression, and apoptosis. HDAC 

inhibitors cause an increase in the acetylation of histones that results in an increase in DNA 
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transcription and accumulation of a number of proteins, reducing cell proliferation and 

inducing cell death (Atadja, 2009; Andreu Vieyra and Berenson, 2014; Van Veggel, 

Westerman and Hamberg, 2018). In a study led by Professor Monje, a screen of 83 drugs 

selected by paediatric neuro-oncologists on 14 patient-derived DIPG cell cultures, with 

Panobinostat among the most effective agents (Grasso et al., 2015a).There is a Phase I 

clinical trial recruiting for the use of Panobinostat in children with DIPG  through the 

Pediatric Brain Tumor Consortium (PBTC-047) 

https://clinicaltrials.gov/ct2/show/NCT02717455. 

1.12 Summary 

Currently there are no effective therapies for DIPG patients. By understanding the cellular 

biology in combination with the normal physiological processes of the developing brain we 

may be able to find potential therapeutic targets. GPCRs are attractive for the development 

of pharmaceuticals due to their cell surface expression. GPR17 is key in the oligodendrocyte 

lineage pathway but with an unknown endogenous ligand. We need to utilise synthetic 

compounds to decode the function and downstream effectors. 

 

Therefore, my plan of study is to understand the expression pattern of GPR17 in DIPG 

patients and to dissect its role in DIPG cell lines. 

  

https://clinicaltrials.gov/ct2/show/NCT02717455
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1.13 Plan of investigation 

1.13.1 Hypotheses 

1: Genes involved in key neurodevelopmental pathways are dysregulated in DIPG 

compared to normal controls 

2: GPR17 mRNA is over-expressed in DIPG patient tissue and DIPG cell lines. 

3: Treatment of DIPG cell lines with a small molecule agonist (MDL 299,51) and antagonist 

(HAMI3379) will modulate GPR17 resulting in an altered cell phenotype. 

4: Modulation of GPR17 using HAMI3379 will cause DIPG cells to be more sensitive to 

conventional and potential therapies. 

1.13.2 Aims 

1. Characterise genes involved in key developmental pathways in brain development, 

specifically oligodendrocyte differentiation and myelination using a bioinformatic 

approach. 

2. Characterise GPR17 gene expression in patient data and DIPG cell lines. 

3. Modulate GPR17 expression in DIPG cell lines using a small molecule agonist and 

antagonist. 

4. Determine if modulation of GPR17 renders DIPG cell lines to potential therapies in 

vitro. 
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2 Materials and Methods 

2.1 Materials 

The compositions of the various buffers and solutions used are contained in Table 2. All 

buffers were made in distilled water (dH2O). 

Table 2 - Molecular and Cellular Biology buffers 

Use Name Composition 

General Phosphate 

buffered saline 

(PBS) 

One tablet (Sigma Aldrich) dissolved in 200 mL of 

deionized water yields 0.01 M phosphate buffer, 

0.0027 M potassium chloride and 0.137 M sodium 

chloride, pH 7.4 

Protein 

extraction 

Radioimmunopreci

pitation assay 

(RIPA) buffer  

Pre-made fromThermoFisher: 25mM Tris-HCl pH 7.6, 

150mM NaCl, 1% NP-40, 1% sodium deoxycholate, 

0.1% SDS 

Cell Lysis buffer RIPA buffer supplemented with 1% Halt Protease and 

Phosphatase Inhibitor Single-Use Cocktail 

Immuno-

blotting 

4 x Laemmli buffer Pre-made 4 x Laemmli Buffer (Bio-rad, UK) with 

containing 10% β -mercaptoethanol (Sigma) 

10 x SDS (sodium 

dodecyl sulfate) 

running buffer 

25 mM Tris, 190 mM glycine, 0.1% SDS and pH 8 

Transfer buffer Pierce™ 1-Step Transfer Buffer 

10 x TBS (Tris-

buffered saline)  

0.5 M Tris-HCl pH 7.5, 1.5 M NaCl 

TBS-T 1 x TBS, 0.1% (v/v) Tween-20 

cAMP-

Glo™ Max 

Induction Buffer PBS 

Complete 

Induction Buffer 

PBS, 500µM IBMX (isobutyl-1-methylxanthine) and 

100µM Ro-20-1724 [4-(3-butoxy-4-methoxy-benzyl) 

imidazolindone] 

cAMP Detection 

Solution 

10µl Protein Kinase A in 1ml cAMP-Glo™ ONE-Buffer 
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Table 3-Primary antibodies used throughout this project. 

Western blot (WB), Immunocytochemistry (ICC) and Flow cytometry (FC). 

Antigen Species Dilution Product 

Number 

Company 

GPR17 Rabbit WB: 1:500 

ICC: 1:500 

FC: 1:200 

CAY170871 Cayman 

Mouse WB: 1:500 TA811615 Origene 

Olig2 Rabbit WB 1:2500 

ICC 1:500 

AB9610 Millipore 

O4 Mouse ICC 1:500 MAB1326 Cell Signalling 

Technologies 

H3.K27M Rabbit WB 1:1000 

ICC 1:1600 

 

74829 Cell Signalling 

Technologies 

CREB Rabbit ICC 1:500 9197 Cell Signalling 

Technologies 

Cyclophilin-α Rabbit WB 

1:10000 

ab41684 Abcam 
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Table 4 -Secondary antibodies used throughout this project.  

Western blot (WB), Immunocytochemistry (ICC) and Flow cytometry (FC). 

Antigen Dilution Application Product Number Company 

AlexaFluor® 

488 

1:500 ICC, FC A-11001  

(Anti-Mouse) 

A-11008 

(Anti-Rabbit) 

Life Technologies 

AlexaFluor® 

568 

1:500 ICC A-11004  

(Anti-Mouse) 

A-11011  

(Anti-Rabbit) 

Life Technologies 

IRDye® 800CW 1:15000 WB 926-32210  

(Anti-Mouse) 

926-32211  

(Anti-Rabbit) 

Licor 

IRDye® 680RD 1:15000 WB 926-68070  

(Anti-Mouse) 

926-68071  

(Anti-Rabbit) 

 

Licor 

 

All primers were obtained from Eurofins Genomics. Sequences were verified by using the 

NCBI tool, Primer BLAST. 

 

Table 5 - List of primers used in this study 

Gene ID Forward Primer (5′ → 3′) Reverse Primer (5′ → 3′) 
Product 

(bp) 

GPR17 NM_005291 CTCTGACTCCAGCCAAAGCATG GGTAGAAGGAGGCGAACAGCAT 134 

CREB1 NM_134442 GACCACTGATGGACAGCAGATC GAGGATGCCATAACAACTCCAGG 135 

PRKACA NM_002730.3  CTCAGAACACAGCCCACTTG TTCATTCAGGGTGTGTTCGA 173 

GAPDH NM_002046 GTCTCCTCTGACTTCAACAGCG ACCACCCTGTTGCTGTAGCCAA 131 
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Table 6 - Chemicals used in cell culture experiments 

Substance Product Number Company 

HAMI3379  CAY10580 Cayman Chemical 

MDL 299,51 CAY16266 Cayman Chemical 

BleocinTM (Bleomycin) 203408 Millipore 

Pranlukast P0080 Sigma Aldrich 

Panobinostat S1030-SEL Stratech 
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2.2 Methods 

2.2.1 Bioinformatics 

2.2.1.1 Data Mining using R2: Genomics Analysis and Visualization Platform 

Patient data and gene expression datasets were obtained from R2: microarray analysis and 

visualization platform (http://hgserver1.amc.nl/cgi-bin/r2/main.cgi). This is a public 

domain for published datasets to be accessed and analysis. For this study we used several 

datasets listed in Table 7. 

 

Table 7- Datasets used on R2: Genomics Analysis and Visualization Platfrom 

Dataset 

Number 

Title Samples Publication 

GSE26576 Genome-wide Analyses 

of Diffuse Intrinsic 

Pontine Gliomas 

37 –DIPG (27), low-

grade (6), HGG (2) and 

normal brainstem (2) 

(Paugh et al., 

2011) 

doi: 

10.1200/JCO.201

1.35.5677 

GSE11882 Gene expression changes 

in the course of normal 

brain aging are sexually 

dimorphic 

172 -cognitively intact 

individuals from 20-99 

years old across 

different regions of 

the brain 

(Berchtold et al., 

2008) 

doi: 

10.1073/pnas.08

06883105 i 

GSE36245 Hotspot mutations in 

H3F3A and IDH1 define 

distinct epigenetic and 

biological subgroups of 

glioblastoma. 

47 – only used 22 

samples as filtered for 

under 18 years –

H3F3A status - wild-

type (11), K27M (6), 

G34R (5) 

(Sturm et al., 

2012) 

doi: 

10.1016/j.ccr.201

2.08.024. 

No GSE 

number 

IL-13 receptors as 

possible therapeutic 

targets in diffuse intrinsic 

pontine glioma 

16 – DIPG samples (Berlow et al., 

2018) doiL 

10.1371/journal.p

one.0193565 

http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=gse26576


Chapter 2: Materials and Methods 

66 
 

In addition to the R2 platform, I used three other platforms for bioinformatic analyses as 

detailed in Table 8. 

 

Table 8 -Other platforms used for bioinformatic analysis 

Platform Title Samples Publication 

http://linnarssonlab.

org/ventralmidbrain

/ 

Molecular Diversity of 

Midbrain Development 

in Mouse, Human, and 

Stem Cells 

1977 - ventral 

midbrain cells 

from ten human 

embryos (6-11 

weeks) 

(La Manno et al., 

2016) 

doi: 

10.1016/j.cell.2016.

09.027. 

http://portal.brain-

map.org/ 

BrainSpan atlas of the 

developing human 

brain 

524 – 8 post 

conceptional 

weeks to 40 

years. 

Filtered samples 

up to 18 years of 

age (445) 

 

http://hbatlas.org/ Human Brain 

Transcriptome 

1340 tissue 

samples from 56 

patients across 6 

regions of the 

brain 

(Johnson et al., 

2009; Kang et al., 

2011) 
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Figure 18 - Stage -specific Oligodendrocyte lineage markers used for bioinformatic 

analysis. Genes identified to discriminate each stage of the lineage for bioinformatics. 

 

2.2.1.2 Data analysis  

Gene expression data was downloaded from the R2 visualisation platform. Comparisons 

were conducted in terms of relative gene expression (log2) between defined groups 

(Tumour type or H3F3A status) (Error! Reference source not found.). Statistical analysis w

as performed using GraphPad Prism and specifically detailed in the results section 

(Chapters 4 and 5). 
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Figure 19 - Detailed method to download data from R2: Genomics Analysis and 

Visualization Platform. 

A – Dataset selected in box 2, for this example: Tumor Glioma DIPG -Paugh was used. 

Information about the specific dataset can be obtained by selecting the information icon. 

For specific gene analysis, the gene name is entered in box 4. 

B-The platform selects the best match of gene and then you select the track or sample 

filter you wish to view. For the purpose of this study we used ‘disease type.’ 

C- Before you view a box plot, you need to change ‘track’ under ‘Group separations’ to 

match the previous sample filter e.g ‘disease type. Then graph type can be changed to 

boxplot. Select ‘Adjust settings’ 

D -The data will now come up as a box plot, scroll down to see ‘data table.’ The raw data 

can now be copied into a statistic programme for further analysis. 
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2.2.1.3 Principal component analysis 

Principal Component Analysis (PCA) was performed using MiniTab 17. PCA is an 

unsupervised method and a data reduction technique that allows the major sources of 

variation in a multi-dimensional dataset to be analysed without introducing inherent bias. 

The first step in PCA is to subtract the mean from each of the data dimensions. Next, the 

covariance matrix and the eigenvectors and eigenvalues of the covariance matrix are 

calculated. Data compression and reduced dimensionality was performed when converting 

the data into components and to form feature vectors in 2 dimensions along the x- and y-

axis. 

 

2.2.3 Cell Culture 

2.2.3.1 Ethical Statement 

For all cell lines, the Brain Tumour Research Centre at the University of Portsmouth was 

given a favourable ethical opinion by the National Research Ethics Service (NRES) 

committee South Central -Hampshire A (REC reference number 11/SC/0048) for a study 

titled ‘The Cellular and Molecular Biology of Brain Tumours: Migration, apoptosis, 

malignancy and therapeutic applications.’ 

 

The cell lines used in this project are briefly described in Table 9 and Table 10. 

 

2.2.3.2 Cell lines 

The VUMC-DIPG-A and VUMC-DIPG-08 cell lines were kindly provided by Dr.Ester Hulleman 

(VUmc Cancer Center, Amsterdam, The Netherlands). The SU-DIPG-IV and SU-DIPG-VI cell 

lines were kindly provided by Dr. Michelle Monje (Stanford University, California, USA). The 

use of these cells at the University of Portsmouth is possible through an arranged Material 

Transfer Agreement (MTA). Non-neoplastic cell lines, foetal astrocytes CC-2565 (Lonza,UK) 

and Human Oligodendrocyte Precusor cells (Merck, UK) were purchased from Lonza and 

Merck respectively. 
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Table 9- Characteristics of patient-derived high-grade glioma cell lines  

WHO =World Health Organization; DIPG = diffuse intrinsic pontine glioma; XRT = radiotherapy; TMZ =temozolomide. 

 

 

Cell line 

Age at 

diagnosis 

(years) 

Sex 
Tumour type, 

location and grade 
H3 Status 

Other genomic 

characteristics 
Treatment Source 

VUMC-DIPG-A 4 Female DIPG H3.3-

K27M 

 XRT (54 Gy) VUmc Cancer Center, 

Amsterdam, The 

Netherlands VUMC-DIPG-

08 

 Make DIPG H3.3-

K27M 

  

SU-DIPG-IV 2 Female DIPG; pons; WHO 

grade III 

H3.1-

K27M 

TP53 WT; MDM4 

amplified; ACVR1 

G328V 

XRT + 

cetuximab/irinotecan 

Stanford University, 

California, USA 

SU-DIPG-VI 7 Female DIPG; pons; WHO 

grade III 

H3.3-

K27M 

TP53 mutated XRT + vorinostat 

U-2OS 15  Female Oesteosarcoma -   ATCC 
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Table 10 - Characteristics of non-neoplastic cell lines 

Cell line Cell information Catalogue #/Lot # Source 

CC-2565 Male , 17 weeks gestation Foetal Astrocyte CC-2565/ 

0000402839 

Lonza, UK 

Human Oligodendrocyte Progenitor 

Cells (OPCs) 

Derived from NIH approved H9 human embryonic stem 

cells (hESCs) 

CS204496/2870187 Merck 
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Cell morphology and confluency was monitored by phase contrast microscopy to main 

optimum cell growth and detect any bacterial or fungal contaminations. Figure 20 shows 

representative images of core cell lines used throughout this project in their maintenance 

media. 

 

Figure 20 - Representative phase images of cell lines used in this project taken using FLoid 

Imaging system.  

A) Human Oligodendrocyte prescusor (Merck) B) Foetal Astrocytes, CC-2565 (Lonza) 

C) VUMC-DIPG-A D) VUMC-DIPG-08 E) SU-DIPG-IV and F) SU-DIPG-VI 
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2.2.3.3 Maintenance of Cell lines 

All cell culture maintenance and media preparation was carried out in a biological level II 

sterile laminar flow cabinet (NUAIRE, UK) using aseptic technique. All cell lines were 

maintained at 37°C in a 5% CO2 humidified atmosphere within a Hereaus Hera Cell 

incubator. Cell growth, confluence and morphology were regularly checked using an 

FLoidTM Cell Imaging Station (Life Technologies).  

 

2.2.3.4 Tissue culture media  

The compositions of the tissue culture media used are detailed Table 11. All media was 

prepared in laminar flow hood. 

 

Table 11- Cell culture maintenance media 

 Cell lines Base media Supplements 

DIPG cell lines VUMC-DIPG-A, 

VUMC-DIPG-08, 

SU-DIPG-IV,  

SU-DIPG-VI 

 

Tumour Stem media 

48% DMEM/F12, 48% 

Neurobasal-A medium, 

1% HEPES 1 M, 1% MEM 

Non-essential amino 

acids, 1% 100 mM 

Sodium Pyruvate, 1% 

GlutaMAX, 1% 

Antibiotic/Antimycotic 

(TSM Base, all 

components from 

Thermo Fisher, Waltham, 

MA, USA) 

2% B27 (Thermo 

Fisher, Waltham, MA, 

USA), 20 ng/mL 

human EGF, 20 ng/mL 

human bFGF 

(Miltenyi), 10 ng/mL 

human PDGF-AA, 10 

ng/mL human PDGF-

BB (Peprotech, 

London, UK) and 

5IU/mL heparin 

(Sigma Aldrich). 

 

Non-neoplastic 

foetal astrocytes 

CC-2565 

(Lot #  

0000402839) 

Astrocyte Basal Media-2 

(Lonza, UK) 

Supplemented with 

AGM SingleQuotsTM) 

with 2% human serum 

(Sigma Aldrich, UK) 



Chapter 2: Materials and Methods 

74 
 

Positive control  U-2OS McCoys 5A media (Gibco, 

UK) 

10% Foetal bovine 

serum (Sigma Aldrich, 

UK) 

Non-neoplastic 

Oligodendrocyte 

Precursor cells 

Human 

Oligodendrocyte 

Precusor cells 

(HOPC) 

(Lot # 2870187) 

Human OPC Basal 

Medium (Merck, UK) 

2% Neural 

supplement, 

20ng/mL 

Recombinant human 

bFGF, 40µL PDGF-AA 

(2500X) and 40µL 

NT3(2500X) (Merck, 

UK) 

 

2.2.3.5 Quality Control of Cell lines 

All cell lines were routinely subjected to mycoplasm testing using MycoAlertTM Mycoplasma 

Detection kit (Lonza,UK) and only used for experiments when confirmed negative. 

Additionally, routine short tandem repeat (STR) analysis was performed to ensure cell line 

identity at the beginning, during, and at the end of the project using GenePrint 10 System 

(Promega) (Appendix - Table 18).  

 

2.2.3.6 Cryopreservation of the cell lines   

RecoveryTM cell culture freezing medium (Invitrogen, UK) was used which was supplied 

complete with a dehydrating agent; dimethlysulfoxide (DMSO), which reduces the water 

content of the cells thus reducing ice crystal formation and therefore preventing damage 

to cell membranes. Cells were harvested, centrifuged and resuspended in 1mL of cell 

culture freezing medium before transferring to cryotubes (Greiner, Bio-One, Germany).  

The cryotubes were placed in a freezing container which containing isopropanol to allow 

cells to be cooled at a rate of 1°C/minute and kept at -80 °C freezer overnight. The 

cryotubes were immersed in liquid nitrogen at -196 °C and stored for an indefinite period 

of time. 
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2.2.3.7 Resurrection of cells from liquid nitrogen stores  

Cells were removed from the liquid nitrogen tank, thawed in a water bath at 37°C.  The 

contents were transferred dropwise to T25 flasks with 6mL of fresh pre-warmed medium 

(Table 11). Media was changed after incubating overnight to remove the DMSO. Flasks 

were then returned to the incubator and maintained as previously described. 

 

2.2.3.8 Cell Counting 

The Countess II FL® (Invitrogen, UK) were used to determine cell viability using the trypan 

blue exclusion assay (Strober, 2001). Trypan blue is taken up passively by dead cells while 

live cells with intact cell membrane exclude the dye. To perform a cell count, cell 

suspension was mixed 1:1 with 0.4% trypan blue solution stain (Invitrogen, UK). 10µL of 

this cocktail was then mounted on Countess II FL® slides (Invitrogen, UK) and slotted in the 

machine for the cell count to be carried out.  

 

To calculate the required volume of cell suspension that contained the required cell count, 

Equation 1 was used. 

 

Equation 1- Calculation to determine volume of cell suspension required 

1000 × (𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑒𝑙𝑙𝑠 𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑑)

𝑇𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑣𝑖𝑎𝑏𝑙𝑒 𝑐𝑒𝑙𝑙𝑠 𝑐𝑜𝑢𝑛𝑡𝑒𝑑
= 𝑅𝑒𝑞𝑢𝑖𝑟𝑒𝑑 𝑣𝑜𝑙𝑢𝑚𝑒 (𝜇𝑙)𝑜𝑓 𝑐𝑒𝑙𝑙 𝑠𝑢𝑠𝑝𝑒𝑛𝑠𝑖𝑜𝑛 

 

2.2.4 mRNA Expression 

2.2.4.1 RNA Extraction from cell lines 

RNA was extracted using RNeasy Mini Kit (Qiagen) according to manufacturer’s 

instructions. RNA was eluted with 30µl of RNase-free water and stored at -80°C prior to 

cDNA synthesis. 

 

2.2.4.2 Integrity of RNA 

To ensure reliable and reproducible gene expression data, the integrity of the extracted 

RNA was analysed using the Agilent RNA 6000 Nano Kit on the Agilent 2100 Bioanalyzer 

System according to manufacturer’s instructions. The Agilent 2100 Bioanalyzer System 
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automatically generates the ratio of the 18S to 28S ribosomal subunits. The RNA Integrity 

Number (RIN) also considers the electrophoretic trace to provide further analysis on the 

degradation of RNA. 

 

2.2.4.3 Concentration determined using BMG PolarStar LVis Plate Reader 

One microlitre of RNA was loaded on to LVis low-volume microplate. The absorbance is 

measured at 260 and 280nm and the ratio is calculated.  MARS data analysis software 

calculates the RNA concentration (ng/µl). 

 

2.2.4.4 Quantitative reverse transcription PCR (RT-qPCR) 

Quantitative reverse transcription PCR (RT-qPCR) is a method used to analysis gene 

expression by using RNA as a starting material. For each experiment, alongside positive and 

negative controls, a no reverse transcriptase and no template control were included. 

 

2.2.4.5 Two-step RT-qPCR 

One microgram of total RNA was reverse transcribed using the iScript cDNA synthesis kit 

(Bio-Rad, UK), according to the manufacturer’s instructions. Quantitative PCR amplification 

was performed using iTaq™ Universal SYBR® Green Supermix (Bio-Rad,UK) according to 

manufacturer’s instructions. A list of primers and their sequence are shown in Table 5.  

Samples were run using a Roche Lightcycler 96 (Roche) instrument. Cycling conditions are 

stated in Table 12. Data normalisation was performed using the housekeeping gene 

GAPDH.  
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Table 12-Cycling protocol for use with Lightcycler 480 for two-step RT-qPCR 

Step Time  Temperature  

Enzyme activation 20 seconds 95°C 

Denaturation 15 seconds 95°C 
Cycling x40 

Data Collection 60 seconds 60°C 

Melt curve 65–95°C 

(0.5°C increments at 2–5 sec/step) 

 

 

2.2.4.6 OneStep RT-qPCR 

Twenty-five nanograms of total RNA was used per reaction with PrecisionPLUS OneStep 

RT-qPCR Master Mix (PrimerDesign, UK) according to manufacturer’s instructions. Samples 

were run using a Roche Lightcycler 96 (Roche) instrument. Cycling conditions are stated in 

Table 13. Data normalisation was performed using the housekeeping gene GAPDH.  

 

Table 13 - Cycling protocol for use with Lightcycler 480 for OneStep RT-qPCR 

Step Time  Temperature  

Reverse Transcription 10 minutes 55°C 

Enzyme activation 2 minutes 95°C 

Denaturation 10 seconds 95°C 
Cycling x40 

Data Collection 60 seconds 60°C 

Melt curve 65–95°C  

(0.5°C increments at 2–5 sec/step) 

 

 

2.2.4.7 Data Analysis 

The cycle threshold (Ct) of each well was used for analysis. ΔCt was obtained using the Ct 

of gene of interest (GOI) minus corresponding Ct GAPDH. ΔΔCt was obtained using ΔCt 

minus the ΔCt of the untreated control. The fold of control was generated as 2^(-ΔΔCt) and 

subjected to statistical analysis using GraphPad Prism.  
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2.2.5 Protein Expression 

2.2.5.1 Protein isolation 

In order to analyse protein expression using Western blot methodology, total protein 

lysates were extracted using RIPA buffer supplemented with HaltTM Protease and 

Phosphatase Inhibitor cocktail (ThermoFisher,UK, 1:100). Cells were plated at 2 x 103/ well 

in 6 well plates overnight and then treated with MDL 299,51 or HAMI3379. At specific time 

points cells were harvested, washed twice with ice-cold PBS and lysed in ice-cold cell lysis 

buffer (Table 2). Samples were placed on ice on a rocker for 10 minutes, then centrifuged 

at 14,000 relative centrifugal force (rcf) for 10 minutes. 

 

2.2.5.2 Bicinchoninic Acid (BCA) Protein Quantification Assay 

The concentration of protein in the lysate was determined using a bicinchoninic acid (BCA) 

assay, a colorimetric assay which relies on the formation of a Cu2+ protein complex under 

alkaline conditions, followed by reduction of the Cu2+ to Cu1+, the amount of reduction is 

proportional to the protein present. A standard curve of known concentrations of bovine 

serum albumin (BSA) (2000-0µg/mL) were prepared. 200µl of protein detection reagent 

was added to 10µl of sample (standard curve/lysates) in a 96-well plate in triplicate. After 

30 minutes incubated at 37°C, the absorbance of the BCA/ Cu1+ was measured at 595nm 

using a POLARstar OPTIMA plate reader (BMG Labtech, UK). A standard curve was 

generated by plotting the absorbance values of the standards versus the protein 

concentration and the equation of the trendline was used to calculate the protein 

concentrations of protein lysates. 

 

2.2.5.3 Immunoblotting 

Western blotting is semi-quantitative method used to analyse protein expression in tissue 

and cell lysates. Adherent and suspension cultures were treated as per experimental 

protocol and total protein lysates prepared from 80-90% confluent cultures. 

 

2.2.5.3.1 SDS-PAGE and Protein transfer 

Cell lysates (20-25µg) were diluted in 4x Laemmli buffer (Bio-Rad) containing 10% β -

mercaptoethanol (Sigma) and were heated for 5 mins at 95°C. Samples were then 



Chapter 2: Materials and Methods 

79 
 

separated by gel electrophoresis using 10% Mini-PROTEAN® TGX™ Gels at 100 volts for 90 

minutes using a Tris-Glycine running buffer (Table 2) alongside Precision Plus ProteinTM All 

Blue Prestained standard (250-10kD) (Bio-Rad). Proteins were transferred to Immuno-Blot 

PVDF membrane (Bio-Rad) using Thermo Scientific Pierce Fast Transfer System according 

to manufacturer’s instructions for 1.5mm gel.  

 

2.2.5.3.2 Western blotting 

Membranes were immediately incubated in Odyssey TBS Blocking Buffer (Licor) for 1 h at 

room temperature to prevent non-specific binding. Membranes were probed with relevant 

primary antibodies, overnight for 16-20 hours at 4°C (Table 3). After primary incubation, 

membranes were washed 5 times for 5 minutes with TBS(T) and were incubated in IRDYE 

Secondary antibodies (Licor) for anti-mouse or rabbit as appropriate, for 1 hour at room 

temperature. Membranes were scanned on the Odyssey CLx System (Licor) using Image 

Studio 5.0 software. To normalise for equal loading and protein transfer, membranes were 

re-probed with loading control, cyclophilin-α (Abcam). 

 

2.2.5.4 Immunocytochemistry (ICC) 

Immunocytochemistry is a qualitative method which shows the location and intensity of 

expression of antigens within individual cultured, fixed cells. Cells were plated on to sterile 

glass cover slips at 1 x 103/ well in 6 well plates overnight and then treated with MDL 299,51 

or HAMI3379 for 48 hours. Cells were fixed with 4% paraformaldehyde (PFA) (Sigma, UK). 

For intracellular antigens, cells were permeabilised with 0.01% Triton-X. Non-specific 

antigens were blocked with 10% goat serum (Bio-Sera) for 1 hour at room temperature. 

Fixed cells were incubated in primary antibodies overnight at 4°C, then washed thoroughly 

with PBS then incubated with fluorochrome-conjugated AlexaFluor® secondary antibodies 

(1:500, Life Technologies) for 1 hour at room temperature. Hoechst Blue (Sigma, UK) was 

used as nuclear counterstain. Coverslips were mounted on slides with Vectashield 

mounting medium (Vector Labs). Fluorescent images were obtained using Zeiss Axio 

Imager ZI fluorescent microscope using Volocity 6.1 acquisition software (PerkinElmer) or 

Zeiss LSM 510 Meta Axioskop2 confocal microscope and Zen software (Zeiss). 
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2.2.5.5 Flow Cytometry (FC) 

Flow cytometry is a quantitative method of analysis which can be used to measure the 

proportion of cells expressing an antigen and the abundance of expression per cell. Cells 

were plated at 2 x 103/ well in 6-well plates overnight, then treated with MDL 299,51 or 

HAMI3379 for 48 hours. Cells were collected via gentle scraping, blocked in 2% goat serum 

for 1 hour at room temperature. For intracellular antigens, cells were fixed and 

permeabilised with Cytofix/Cytoperm (BD Biosciences) for 20 minutes at 4°C. Fixed cells 

were incubated in primary antibodies for 1 hour at room temperature, washed thoroughly, 

then incubated with fluorochrome-conjugated secondary antibodies (1:500, Life 

Technologies) for 30 minutes at room temperature. Samples were analysed on BD 

FACSCaliburTM, using CellQuestPro software. Each experiment was repeated three 

independent times in triplicate. Data were represented as percentage of positive cell 

population and mean fluorescence intensity (MFI). 

 

2.2.6 Viability assays 

2.2.6.1 MTS assay  

MTS assays use the measurement of a formazan product to quantify viable, metabolically 

active cells in proliferation. The CellTiter 96® Aqueous One Solution (Promega, UK) contains 

3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-

tetrazolium, inner salt (MTS) and a cell-permeable electron coupling reagent; phenazine 

ethosulfate (PES). PES shuttles into cells where it is reduced by NADPH or NADH, it then 

shuttles out of the cell where it reduces MTS to formazan (Riss et al., 2004). Cells were 

plated at 1 x 103/well overnight in a 96 well plate, then treated with the studied drugs 

(Table 6). Ten microlitres of Cell Titre 96® Aqueous One Solution was added to each well. 

The plate was incubated at 37°C for 2 hours before the absorbance is measured at 490nm 

using a POLARstar OPTIMA plate reader (BMG Labtech, UK). Readings were blank corrected 

by subtracting cell free controls and data normalised to untreated control. 

 

2.2.6.2 Trypan Blue Exclusion 

The dye exclusion test, using Trypan Blue Solution, 0.4%, was used as a cell stain to assess 

cell viability (Warren, 2001). The cells were treated with the studied drugs for 24, 48 and 
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72 hours. The cells were harvested by trypsinisation, centrifuged, and re-suspended in 1ml 

of fresh media. Ten microlitres of cell suspension is mixed 1:1 with 0.4% Trypan Blue and 

samples run on Countess II according to manufacturer’s instructions. 

 

2.2.6.3 Fixed cell cycle-DAPI assay 

The effect of the radiomimetic, Bleomycin, on cell cycle distribution was analysed by using 

the fluorescence image cytometer NucleoCounter NC-3000 (Denmark). The cells were 

plated at 2 x 103/well in a 6 well plate, the next day cells were treated with the studied 

drugs for 24 and 48 hours. The cells were harvested by trypsinisation, centrifuged, 

quantified and fixed with 70% cold ethanol overnight at 4°C. Then ethanol was removed, 

the cells were resuspended in PBS and centrifuged. To the cell pellets Solution 3 (containing 

DAPI and Triton X-100 to trigger cellular membrane damage) was added. After 5 min of 

incubation at 37 °C the stained cells were loaded into NC-Slide A2 and analysed using Fixed 

Cell Cycle-DAPI assay protocol. Cellular fluorescence was quantified, and DNA content 

histograms were used to delineate cells in different phases of the cell cycle. NucleoView 

NC-3000 software, version 1.4. was used for data analysis. 

 

2.2.7 Functional assays 

2.2.7.1 cAMP-Glo™ Max assay 

The cAMP-Glo™Max assay (Promega,UK), is a bioluminescent assay to measure cyclic 

adenosine monophosphate (cAMP), a second messenger of GPCR signalling. The cells were 

plated at 1 x 103/well overnight in a white-walled, clear bottomed 96-well plate. Cells were 

treated with 10nM MDL 299,51, 30µM HAMI3379 or 5µM Forskolin prepared in complete 

induction buffer (Table 2) for 30 minutes. 10µl of cAMP Detection solution was added to 

all wells and mixed for 2 minutes using a plate shaker, then incubated at room temperature 

for 20 minutes. Next, 50µl of Kinase-Glo® reagent was added to all wells, mixed for 2 

minutes using a plate shaker, then incubated at room temperature for 10 minutes. 

Luminescence was measured using POLARstar OPTIMA plate reader (BMG Labtech, UK). 

Readings were blank corrected by subtracting cell free controls. 
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2.2.7.2 Three-Dimensional (3D) Tumour Spheroid Growth Assay  

3D invasion assays were adapted from methods previously described (Vinci, Box and Eccles, 

2015). Briefly, cells were seeded at 2×103/100ul/well in ULA 96-well round-bottomed 

plates (Greiner Bio-one) and incubated at 37°C, 5% CO2, 95% humidity to facilitate spheroid 

formation. After four days incubation, 50µl of media per well was removed and 50 μl of 

matrigel (Corning biosciences) was added to neurospheres of approx. 200-300 μm in 

diameter (12 replicates), then incubated at 37°C for 1hr. Once the matrigel solidified, 50 

μl/well of stem-cell culture medium containing either MDL 299,51 or HAMI3379 (3× final 

concentration) was added on top. Starting from time zero, and at 24-hour intervals up to 

72 hours images were collected using EVOS Fl Imaging System (Life Technologies). The 

degree of cell invasion into the matrigel was quantified by 4 area measurements using 

Image J and the data plotted as the average distance of invasion (Figure 21) (Vinci, Box and 

Eccles, 2015). 

 

Figure 21 -Schematic of Three-Dimensional (3D) Tumour Spheroid Growth Assay. 

 

2.2.7.3 Wound healing (scratch) assay 

Cell migration was characterised using the wound healing (scratch) assay as previously 

described (Liang, Park and Guan, 2007). Cells were seeded in TSM with 1% FBS and cultured 

overnight allowed to grow into monolayer. Artificial scratch gaps (wounds) were made in 

each cell monolayer using a 200 μl pipette tip, then cells immediately washed and 

incubated in culture media or media containing agonist/antagonist. Live cell imaging was 
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performed using a Zeiss Axiovert 200M (inverted) microscope (Carl Zeiss, Welwyn Garden 

City, Herts, UK) contained in an incubator (37 °C, 5% CO2 / 21% O2, humid atmosphere). A 

5x objective was used and phase images (1 scratch per well; 3 wells per condition, i.e., N = 

3) were acquired every 30 min for 72 h (V5.4, Perkin Elmer). Scratch area was measured 

using Volocity software (V6.1.1, Perkin Elmer). To allow for slight variations in gap widths 

in different wells/regions, scratch areas were normalised with respect to the initial scratch 

area (Figure 22). 

 

Figure 22 - Schematic of Wound healing (scratch) assay.  

 

2.2.8 Statistical analysis 

All experiments were performed at least three times in triplicate, and data expressed as 

mean ± standard error of mean (SEM). All statistical analyses were performed using Graph 

Pad Prism 6 software. Appropriate statistical tests are annotated in figure legends in 

subsequent chapters. 
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Chapter 3: Bioinformatic analyses leads to identification of GPR17 dysregulation in DIPG 

samples 

3.1 Introduction 

DIPG is a rare disease, with a yearly incidence of 2.32 per 1,000,000 people aged 0-20 years. 

These tumours primarily affect young children with peak incidence at 6 years of age (Figure 

23) and have the highest mortality of all childhood solid tumours (Jones et al., 2016).  

 

Figure 23 - Frequency distribution of age of diagnosis 310 cases of brainstem glioma. 

Average age of diagnosis 6 years of age. Data obtained from (Mackay et al., 2017). 

 

As the name suggests DIPGs arise in the Pontine region of the brainstem (Pons). This region 

increases 6-fold in size from birth to 5 years of age, with continued growth, albeit slower 

throughout childhood (Tate et al., 2015). This is likely due to increased myelination and the 

development of neural circuits through learned behaviour. The brainstem is also 

considered one of the later areas to complete the myelination of axons compared to other 

areas of the brain (Tate et al., 2015). The majority of proliferative cells in the postnatal pons 

have been shown to express the transcription factor Olig2, suggesting an oligodendrocyte 

(OL) lineage (Tate et al., 2015; Jones et al., 2016; Anderson et al., 2017).  

 

Growth of DIPGs occur in a discrete spatial and temporal pattern and coincides with periods 

of developmental myelination suggesting a dysregulation of the neurodevelopmental 

process. 
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To determine whether key developmental processes (oligodendrocyte differentiation and 

myelination) in brain development could elucidate any clues to the cell of origin and the 

biology of DIPG, we sought to characterise the major genes associated with myelination 

using a bioinformatic approach. 

 

Therefore, these are the hypotheses that are relevant to this chapter: 

Hypothesis 1: Genes involved in oligodendrocyte differentiation and myelination are 

dysregulated in DIPG compared to normal controls  

 

Hypothesis 2: G-Protein Coupled Receptor 17 (GPR17) is over-expressed in DIPG patient 

samples obtained from publicly available datasets. 

  



Chapter 3: Bioinformatic analyses identifies GPR17 dysregulation in DIPG samples 

87 
 

3.2 Results 

With use of the Human Brain Transcriptome Atlas there is a dramatic increase in genes 

involved in myelination (MBP,PLP1, MOG, C11orf9 and MAG) in the latter stages of foetal 

development and early infancy in all regions of the brain examined (Figure 24).  

 

Figure 24- Developmental trajectory of genes associated with myelination demonstrating 

specific spatiotemporal gene expression profiles from foetal development to adulthood. 

Principle component analysis of the expression of grouped genes (MBP, PLP1, MOG, 

C11orf9, MAG) in cerebellar cortex (CBC), mediodorsal nucleus of the thalamus (MD), 

striatum (STR), amygdala (AMY), hippocampus (HIP) and neocortex (NCX). Data obtained 

from (Kang et al., 2011). 

 

Due to the region and age specific nature of DIPGs, the underlying pathophysiology would 

suggest a dysregulation of the postnatal neurodevelopmental process (M Monje et al., 

2011; Sturm et al., 2014; Tate et al., 2015; Jones et al., 2016). The cell of origin for DIPG is 

not known (M Monje et al., 2011; Jones et al., 2016), but recent data suggests an 
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oligodendrocytic lineage cell, the cells responsible for myelination (Filbin et al., 2018). This 

is supported by the expression of markers such as Olig2 (Oligodendrocyte Transcription 

Factor 2) in 80% of DIPG cases (Ligon et al., 2004; Ballester et al., 2013; Anderson et al., 

2017). Using the Human Brain Transcriptome Atlas, examining six different regions of the 

brain and genes expressed by different stages of the OL lineage. The peak expression of 

genes expressed by Oligodendrocyte Precursor cells (OPCs) in early infancy was followed 

by a steady decline (Figure 25A). Whereas markers of mature OL’s reaches a peak at the 

end of early infancy/early childhood before plateauing off throughout the rest of life. 
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Figure 25 - Developmental trajectory of oligodendrocyte lineage markers from 

spatiotemporal gene expression profiles from foetal development to adulthood.   

Principle component analysis of the expression of grouped genes A) Oligodendrocyte 

progenitor cell (CSPG4, OLIG1, OLIG2, PDGFRA) show a increase througout foetal 

development and infancy. B) Mature Oligodendrocytes (CNP) show an increase in infancy 

then plateau out. Regions of analysis cerebellar cortex (CBC), mediodorsal nucleus of the 

thalamus (MD), striatum (STR), amygdala (AMY), hippocampus (HIP) and neocortex 

(NCX). Data obtained from (Kang et al., 2011). 

 

3.2.1 Data Mining using R2: Genomics Analysis and Visualization Platform 

The data in Figure 25 only used a small selection of genes in OL lineage staging. To 

understand this further we used patient data and gene expression datasets obtained from 

R2: microarray analysis and visualization platform (http://hgserver1.amc.nl/cgi-

bin/r2/main.cgi). This is a public domain for published datasets to be accessed and 

analysed. For this study we used a number of datasets listed in Table 14 for comparison.  

We compared gene expression in DIPG patients to normal brain. 

Table 14 - Publicly available datasets from R2: Genomics Analysis and Visualization 

Platform for gene expression analysis. 

Dataset Number Title Samples Publication 

GSE26576 Genome-wide 

Analyses of Diffuse 

Intrinsic Pontine 

Gliomas 

37 –DIPG (27), low-

grade (6), HGG (2) 

and normal 

brainstem (2) 

(Paugh et al., 2011) 

doi: 

10.1200/JCO.2011.

35.5677 

GSE11882 Gene expression 

changes in the 

course of normal 

brain aging are 

sexually dimorphic 

172 -cognitively 

intact individuals 

from 20-99 years 

old across different 

regions of the brain 

(Berchtold et al., 

2008) 

doi: 

10.1073/pnas.0806

883105 i 

 

http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=gse26576
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To understand the gene expression profile of DIPG patients compared to normal brain 

controls, markers for each stage of oligodendrocyte lineage were examined from neural 

stem cell (NSC) to mature myelinating oligodendrocyte. Of the 10 markers of NSC, 6 were 

significantly up-regulated in DIPG and 1 (SOX3) were significantly down-regulated 

compared to normal control. When comparing the average relative gene expression of 

markers of the OPC stage, eleven of the seventeen markers were significantly up-regulated 

in DIPG compared to normal brain (Figure 26B). Of the twenty markers that were analysed 

for the myelinating stage of the lineage, eight were significantly down regulated in DIPG.  

Genes specifically involved in the production of myelin: MAG (Myelin Associated 

Glycoprotein), MOBP (Myelin-Associated Oligodendrocyte Basic Protein), MOG (Myelin 

Oligodendrocyte Glycoprotein) and MYRF (Myelin Regulatory Factor) were significantly 

down-regulated (p<0.0001).  

 



Chapter 3: Bioinformatic analyses identifies GPR17 dysregulation in DIPG samples 

91 
 

 



Chapter 3: Bioinformatic analyses identifies GPR17 dysregulation in DIPG samples 

92 
 

Figure 26 -Bioinformatic analyses of relative gene expression of stage-specific Oligodendrocyte markers.  

Comparisons of normal brainstem (n=172) to DIPG (n=27) A) Neural Stem Cell, 6/10 significantly up-regulated and 1/10 significantly down-

regulated. B) Oligodendrocyte Precursor, 11/17 significantly up-regulated and 4/17 significantly down-regulated.  C) Premyelinating 

Oligodendrocyte, 3/15 significantly up-regulated and 6/15 significantly down-regulated. D) Myelinating Oligodendrocyte, 4/20 significantly 

up-regulated and 9/20 significantly down-regulated. Data obtained from R2: Platform using datasets in Table 14.Statistical analysis was 

performed in GraphPad Prism, 2-way ANOVA with Sidak’s multiple comparison test. P****<0.0001. 



Chapter 3: Bioinformatic analyses identifies GPR17 dysregulation in DIPG samples 

93 
 

3.2.2 DIPG patients cluster away from normal brain and low-grade tumours 

Due to the amount of data obtained from OL lineage pathway analysis, Principal 

Component Analysis (PCA) was employed to reduce the number of variables without 

introducing inherent bias. This data supports the association of GPR17 with Olig1 and 

Olig2 expression and clusters with the brain tumour samples. Due to the limited 

availability of DIPG and normal control tissue, the clusters are not as clear and tight 

as they would be with an increased number of samples, but a trend can still be 

observed. 

 

Figure 27 -PCA Analysis of stage-specific Oligodendrocyte markers across different 

histologically grades.  
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A) Score plot of stage specific OL lineage markers. High grade tumours cluster away 

from normal brainstem and low-grade brain tumours. B) Loading plot of the first 

two components, genes shown to be higher in DIPG cluster in the bottom right 

quadrant and genes associated with normal brainstem, in the top right. Genes 

associated with OPC stage, cluster together. 

 

Following the broad bioinformatic analyses we focused on known genes to be up-

regulated in DIPG, such as PDGFRA (Platelet Derived Growth Factor Receptor Alpha) 

and Olig2 alongside genes that were identified (Figure 28A). I sought to understand 

the expression of these specific genes in normal brain development and the cell type 

using a database created using Single-cell RNA-seq to determine the best-matching 

cell types from ventral midbrain (La Manno et al., 2016). This data is represented by 

the violin plots in Figure 27 and 28. ASCL1 (Achaete-Scute Family BHLH Transcription 

Factor 1) and PROM1 (Prominin 1) are expressed throughout foetal development 

and decrease postnatally (Figure 28B) and are both expressed by numerous cell types 

in the ventral midbrain (Figure 28C). PDGFRA, CSPG4 (Chondroitin Sulfate 

Proteoglycan 4), Olig2 and GPR17 (G Protein-Coupled Receptor 17) all have a steady 

expression profile throughout development (Figure 28B) and are expressed almost 

exclusively by OL lineage cells in the ventral midbrain (Figure 28C). 



Chapter 3: Bioinformatic analyses identifies GPR17 dysregulation in DIPG samples 

95 
 

 

Figure 28 -Focused bioinformatic analysis genes up regulated in DIPG compared to 

normal brain, expression pattern through normal development and cell-specific 

expression.  

A) Relative gene expression of up regulated genes in DIPG (n=27) compared to 

normal brain (n=172) from Oligodendrocyte differentiation pathway.  Data 

obtained from R2 database, DIPG (GSE26576) and normal brain (GSE11882). 

Statistical analysis was performed in GraphPad Prism, one-way ANOVA P 

****<0.0001 (Berchtold et al., 2008; Paugh et al., 2011). B) Developmental 
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trajectory of genes shown to be up regulated in DIPG, in normal brain 

development. Data obtained from BrainSpan atlas of the developing human brain, 

(portal.brain-map.org). C) Violin plots showing expression of identified genes 

specifically expressed in mutually best-matching cell types from ventral midbrain. 

Data obtained from linnarssonlab.org/ventralmidbrain/ 

 

Of the genes that were identified in the stage-specific analyses (Figure 25B), MAL, 

MOBP and MYRF were all significantly down-regulated in DIPG versus normal 

development (Figure 29A). All these genes are predominately expressed postnatally, 

with a sharp increase in early infancy (Figure 29B). 

 

Figure 29 -Focused bioinformatic analysis genes down regulated in DIPG compared 

to normal brain.  

A) Relative gene expression of down regulated genes in DIPG (n=27) compared to 

normal brain (n=172) from Oligodendrocyte differentiation pathway.  Data 

obtained from R2 database, DIPG (Paugh, GSE26576) and normal brain (Berchtold, 

GSE11882. Statistical analysis was performed in GraphPad Prism, one-way ANOVA 

P ****<0.0001. B) Developmental trajectory of genes shown to be down regulated 

in DIPG, in normal brain development. Data obtained from BrainSpan atlas of the 
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developing human brain, (portal.brain-map.org). C) Violin plots showing 

expression of identified genes specifically expressed in mutually best-matching cell 

types from ventral midbrain. Data obtained from 

linnarssonlab.org/ventralmidbrain/ 

 

3.3 Summary 

Of the genes that I have identified through systematic bioinformatic analyses of 

multiple databases examining expression of genes expressed during myelination and 

in DIPG we have identified GPR17 to be a potential key player in DIPG pathobiology 

and wanted to investigate this further. 
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3.4 GPR17 is mRNA is over expressed in DIPG patient tissue 

GPR17 is highly expressed in oligodendrocyte progenitors (OPCs) but is 

downregulated during the peak period of myelination and in adulthood (Y Chen et 

al., 2009; E Boda et al., 2011; La Manno et al., 2016; Z Ou et al., 2016; Khan and He, 

2017).  My initial bioinformatics showed an increase in GPR17 expression in DIPG 

(n=27) compared with normal brain (all regions, n=172) and normal brainstem (n=2) 

(Figure 30A). Due to the limitation of access to normal paediatric brainstem tissue 

we included the all regions of the brain for comparison. Then I wanted to see if the 

overexpression of GPR17 could be affected by the mutation status as it is linked to 

tumour location. Further analysis of the histone mutation status of paediatric high 

grade gliomas, show a significant increase in GPR17 expression in all K27M (H3.1 and 

H3.3) subtypes compared to control (Figure 30B). 

 

Figure 30-Bioinformatic analysis of GPR17 from publicly available datasets.  

A) GPR17 is up-regulated in DIPG patients compared to normal brain and brainstem  

**** p<0.0001 ** p 0.0037 (GSE26576) (Paugh et al., 2011). B) GPR17 is 

overexpressed in K27M tumours in comparison to normal age matched brain. 

Statistical analysis performed using GraphPad Prism, One-way ANOVA, followed 

by Dunnett’s multiple comparison test **** p<0.0001 ** 0.0052 (GSE36245) (Sturm 

et al., 2012). 
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Further analysis of an additional dataset, Berlow et al published an RNA-seq dataset 

with matched tumour tissue and non-tumour controls tissue from the same patient 

that had been collected at autopsy. As DIPG is a rare tumour, the opportunity to use 

data with matched non-tumour controls may help our understanding of the biology 

of this disease. Patient information is listed in Appendix -Table 17.  

Of the fourteen patients, seven had an up-regulation (fold-change greater than 2) of 

GPR17 compared to matched control (Table 15).  

Table 15 -Comparison of GPR17 expression in matched tumour and normal tissue. 

A) Seven patients had an up regulation (<2) of GPR17 expression in the tumour 

sample compared to control. Data obtained from (Berlow et al., 2018). 

Tissue Sample 

GPR17 

Fold change (DIPG/Normal) 

A0518 DIPG 86.756 

H0712 DIPG 0.904 

P0323 DIPG 1.073 

M0416 DIPG-I 1.672 

PCB385 Tumor 12.586 

PCB388 Tumor 4.090 

PCB448 Tumor 11.193 

PCB507 Tumor 2.654 

Pt-0227 DIPG 0.097 

TB0121 DIPG 4.685 

SU-DIPG-II 0.189 

SU-DIPG-VI 5.110 

SU-DIPG-VII 0.236 

SU-DIPG-XI 0.494 

 

Due to the samples being collected from difference sources, the patient information 

was not complete (H3 status and location), other than age. I compared the fold 
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change in GPR17 compared to normal control versus age to see if it was an age effect. 

The older patients (over 9 years) had higher GPR17 levels compared to control 

(Figure 31). I would speculate this would be due to the levels of GPR17 decreasing 

through life (Figure 28A), but this would have to be examined in a larger dataset to 

confirm this relationship. 

Figure 31 - GPR17 Fold-change (DIPG/Normal) plotted against age at diagnosis. 

Patients older and younger than the median age of diagnosis showed an increase 

in GPR17 expression compared to normal. 

 

As a further level of investigation, I examined receptors that were phylogenetically 

related to GPR17, the P2y and CysLT receptors.  
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Figure 32-Bioinformatic analyses of P2Y and CysLT receptors with similar homology 

to GPR17 in normal (172) and DIPG patients (27). 

Of the 8 additional receptors examined alongside GPR17, 2/8 were significantly up-

regulated and 6/8 were significantly down-regulated compared to normal control. 

Data obtained from R2: Platform using datasets in Table 14.Statistical analysis was 

performed in GraphPad Prism, 2-way ANOVA with Sidak’s multiple comparison 

test. P* 0.0444, ***<0.001****<0.0001. 

 

3.5 Summary 

Following a systematic bioinformatic approach I have identified GPR17 to be 

overexpressed at RNA level in several datasets, suggesting a potential role in the 
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biology of DIPG. These data analyses directed the investigation towards 

understanding if the role of GPR17 in OPC differentiation in normal physiological 

conditions could play a role in DIPG biology (Figure 33).  

  

Figure 33- Schematic of GPR17 in OL lineage in normal development and proposed 

role in DIPG. 

 

Due to the regulation of the translation of mRNA to protein I needed to confirm these 

findings at the protein level in cell lines. I investigated the role and modulation of 

GPR17 in DIPG and non-neoplastic cell lines. 
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GPR17 expression and function in 

DIPG cell lines 
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Chapter 4: GPR17 expression in DIPG cell lines 

 

4.1 Introduction 

My initial bioinformatic approach had shown that GPR17 is up regulated in DIPG 

samples when compared to normal controls and that the temporal expression which 

covers the median age of diagnosis was significant when compared to normal 

counterparts. To further investigate the role of GPR17 in DIPG I first needed to 

characterise GPR17 levels in DIPG cell lines, non-neoplastic cell lines (OPC and foetal 

astrocytes) and a known positive control cell line as a baseline. With improvements 

in the safety of brainstem biopsies, the availability of tumour tissue has increased 

and dramatically helped advance our molecular knowledge of this cancer, but to be 

able to test and develop effective therapies a protocol to create primary cell lines 

from autopsy tissue has been invaluable (Lin and Monje, 2017). It is important to 

examine non-neoplastic cell lines alongside the DIPG lines, in this study I use 

commercially available cells, foetal astrocytes CC-2565 and human oligodendrocyte 

precursor cells, OPCs. Both cell lines have a limited passage life in vitro. U-2OS is a 

commercially available osteosarcoma cell line that I identified as a positive control 

for GPR17 using The Human Protein Atlas (proteinatlas.org). 

 

DIPG’s arise in a relatively short window of brain development, but the age at which 

these tumours are diagnosed varies from each patient, even with the same H3K27M 

mutation there will still be differences in the heterogeneity of cells in the tumour. In 

the in vitro tumour cell lines, it is a controlled growth environment so there will be 

more uniformity within the cell population compared to the de novo tumour. 

 

Therefore, these are my hypotheses that are relevant to this chapter: 

Hypothesis 3: GPR17 is over expressed by DIPG cell lines. 
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4.2 Characterisation of cell lines 

The bioinformatic analyses and data summarised in the previous chapter were based 

on the RNA levels of GPR17. I needed to determine the basal mRNA levels of GPR17 

in my DIPG cell lines. All the DIPG cell lines had a significantly higher expression of 

GPR17 at mRNA level, compared to the positive control, U-2OS (Figure 34). With SU-

DIPG-IV having the highest, then VUMC-DIPG-A and VUMC-DIPG-with the lowest 

(*** p=0.0005 and ****p <0.0001). 
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4.2.1 Results 

 

 

Figure 34 - Relative GPR17 mRNA expression is increased in DIPG cell lines 

compared to OPCs. 

RT-qPCR was performed on RNA extracted from cell lines. Data were analysed 

by the 2 -ΔΔCt method using GAPDH as a reference gene. Bars show mean with 

SEM n=3. Statistics performed using GraphPad Prism. One-way ANOVA with 

Dunnett’s multiple comparison test. *** p=0.0005 and ****p <0.0001. 
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4.2.2 DIPG cell lines all have K27M mutation 

As a quality control step, I examined the levels of K27M by western blot, to ensure 

my cell lines contained this mutation (Figure 35). 

 

Figure 35- Representative Immunoblot of K27M protein expression in cell lines.   

All DIPG cell lines used in this study have K27M mutation.  

25µg of total protein was loaded and membrane was probed with Histone H3 

(K27M Mutant Specific) (17kDa) and Cyclophilin α (18kDa) as a loading control, 

n=3. Sample list: 1 – HOPC, 2 – hCMEC, 3 – CC-2565, 4 – SF188, 5 – SU-pcGBM2, 

6 –SU-DIPG-VI, 7 – VUMC-DIPG-A, 8 – VUMC-DIPG-08, 9 – SU-DIPG-IV. 

 

Expression of K27M was also confirmed by immunocytochemistry, with the staining 

restricted to the nucleus (Figure 36). This data is in agreement with the known status 

of these cell lines (Berlow et al., 2018). 
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Figure 36 - Immunostaining of DIPG cells showing K27M expression. 

Confocal images of DIPG cell lines, K27M (Red) and nuclei stained blue. Images 

taken at 20x magnification, scale bar 100µm. K27M is localised to nucleus, 

shown by appearance of purple in merged image. 

 

4.2.3 GPR17 is expressed by DIPG cell lines at the protein level 

Several methods were used to determine GPR17 protein expression levels in DIPG 

cells. To support the mRNA result shown in Figure 34, all the DIPG cell lines and the 

OPC positive control show protein expression of GPR17 (Figure 37). A GPR17 

immunoreactive protein was seen at 57kDA in the three DIPG cell lines. A slightly 
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lower molecular weight was see in the OPC, this could indicate a shorter isoform of 

GPR17 (Pugliese et al., 2009). Cyclophilin A, a routinely used housekeeping protein 

was also examined, to verify equal amounts of total protein loaded and GPR17 

expression was not due to unequal sample sizes. 

 

Figure 37 – All DIPG cell lines show GPR17 protein expression. 

The human OPC cell line and three of the DIPG cell lines express GPR17.  

25µg of total protein was loaded and membrane was probed with GPR17(C-

Terminal) (57kDa) and Cyclophilin α (18kDa) as a loading control, n-=2. Sample 

list: 1 – HOPC, 2 – hCMEC, 3 – CC-2565, 4 – SF188, 5 – SU-pcGBM2, 6 –KNS42, 7 

– VUMC-DIPG-A, 8 – VUMC-DIPG-08, 9 – SU-DIPG-IV. 

 

GPR17 expression was also characterised using immunocytochemistry. While GPR17 

is a transmembrane receptor, it undergoes processing. The antibody used 

throughout this study recognises the C-terminal of GPR17, so the cells were 

permeabilised prior to staining, therefore the staining is not just observed at the cell 
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surface (Figure 38). The staining observed in the three DIPG cell lines is very different. 

ICC is a subjective method for determining protein expression. 

 

Figure 38 - Immunostaining of OPC and DIPG cells shows expression of GPR17 

Fluorescence images of DIPG cell lines, GPR17 (Green) and nuclei stained blue. 

Images taken at 20x magnification, scale bar 100µm (OPC) and 63µm (DIPG).  

 

Flow cytometry was used to determine the percentage GPR17 expression in a 

population as well as the mean expression per cell (mean fluorescence intensity). 

All the DIPG cell line populations had greater than 50% positive expression of 

GPR17, with VUMC-DIPG-08 with the lowest, then VUMC-DIPG-A and SU-DIPG-

IV having the highest percentage (Figure 39B). CC-2565, a foetal astrocyte cell 

line was used as a negative control for GPR17 and U-2OS and OPCs were used as 

a positive control. The mean fluorescence intensity (MFI) of the DIPG cell lines 

had a similar trend as the expression, with SU-DIPG-IV having the highest MFI, 
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followed by VUMC-DIPG-A and VUMC-DIPG-08 (Figure 37C). This data somewhat 

contradicts the RT-qPCR data, but this can be explained by the relationship 

between mRNA and protein levels. It should not be assumed that high mRNA 

levels will mean high protein abundance. The regulation of translation of mRNA 

to protein involves key processes, such as mRNA decay and protein degradation 

to ensure the protein level is at a steady state for the particular cell types 

phenotype and function (Vogel et al., 2010). Also, the post-translation 

modifications, including the folding of the protein and transporting to the 

required location can alter the protein level in the cell (Liu, Beyer and Aebersold, 

2016). Interestingly, the semi-quantitative data obtained from flow cytometry 

(MFI) does not agree with the western blot data, this could be due to the sample 

preparation for each technique and needs to be validated further. 
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Figure 39 - GPR17 expression in cell lines by Flow Cytometry 

Flow cytometry analysis of GPR17 in non-neoplastic and DIPG cell lines. U-2OS 

used as a positive control. A) Representative histogram of GPR17 expression – 

Black line – unstained control, Red line – GPR17 B) Percentage of GPR17 

expression. C) Mean Fluorescence Intensity of GPR17 of per cell. 
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Chapter 5: GPR17 function in DIPG cell lines 

In this chapter I will explore the potential function of GPR17 using two experimental 

drugs: MDL 299,51, a small molecule agonist identified to be highly selective for 

GPR17 and HAMI 3379, an antagonist for GPR17, initially developed as a CysLT2 

antagonist to treat cardiovascular and inflammatory disorders (S. Hennen et al., 

2013; Merten et al., 2018). MDL 299,51 was first identified as a small molecule 

agonist by Hennen et al in a comprehensive in vitro study in human and rodent 

primary cells (S. Hennen et al., 2013). The use of HAMI3379 as a small molecule 

antagonist was identified by the same group from the University of Bonn, with a 

similar methodology and employing MDL 299,51 as a GPR17 activator (Merten et al., 

2018). From these two studies, I felt that the use of these experimental drugs would 

allow me to determine the function of GPR17 in my DIPG cell lines. 

 

Therefore, these are my hypotheses that are relevant to this chapter: 

Hypothesis 4: Treatment of DIPG cell lines with a small molecule agonist (MDL 

299,51) and antagonist (HAMI3379) will modulate GPR17 resulting in an altered cell 

phenotype. 

Hypothesis 5: Modulation of GPR17 using HAMI3379 causes DIPG cells to be more 

sensitive to potential therapies. 

 

5.1 Modulation of GPR17 using small molecule antagonist (HAMI3379) and 

agonist (MDL 299,51)  

To explore the potential function of GPR17 as it is still classified as an orphan 

receptor (unknown endogenous ligand), I used small experimental drugs to target 

this receptor to further understand its mechanism and function. The mechanism for 

activation of GPR17 using MDL 299,51 is well described, and is known to result in 

downstream signalling via the αi/o subunit causing inhibition of the enzyme adenyl 

cyclase, leading to a decrease in intracellular cAMP triggering several cellular 

pathways including growth, proliferation and motility (Figure 40A). The mechanism 
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of GPR17 inhibition by HAMI3379 is less clearly defined. From my understanding of 

inactivation of other GPCRs using an antagonist, I propose that the binding of 

HAMI3379 causes GPR17 to become inactive, promoting internalisation and 

degradation. This decrease in cellular levels of GPR17 prevents the negative effect 

on cellular differentiation and results in the transcription of genes involved in 

oligodendrocyte differentiation (Figure 40B). 
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Figure 40 - Mechanism of action of MDL 299,51 and HAMI3379.  

A) MDL 299,51 has been shown that when GPR17 is activated, the αi/o subunit 

inactivates adenyl cyclase, causing a reduction in intracellular cAMP resulting in an 

increase in cell growth, metabolism, proliferation, motility and tumour 

progression. B) Proposed mechanism of HAMI3379. HAMI3379 blocks the receptor 

and potential ligand binding, stabilising the inactive confirmation that can increase 

GPCR internalisation and degradation. Downstream gene transcription due to 

decrease in cellular level of GPCR. 
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When the cell lines were treated with 10nM MDL 299,51 for 48 hours the cell lines 

had a similar morphology to untreated controls, especially in OPCs and VUMC-DIPG-

A (Figure 39). The two cell lines that grow as suspension spheres VUMC-DIPG-08 and 

SU-DIPG-IV had larger spheres, compared to control, when treated with 10nM MDL 

299,51 (Figure 39). Treatment of the cell lines with 30µM HAMI3379, an 

experimental drug used as an antagonist, altered the morphology of all cell lines, 

including non-neoplastic controls. The cells all had an increased number of processes 

(arrows) and a reduction in the number of spheres (VUMC-DIPG-08 and SU-DIPG-IV) 

(Figure 41). 

 

Figure 41 – Treatment of cell lines with 10nM MDL 299,51 and 30µM HAMI3379 

alter the cells morphology.  

Representative images of cell lines treated with MDL 299, 51 and HAMI3379 for 

48 hours. Brightfield mages taken using FLoid imaging system. Scale bar 100µm. 
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5.1.1 Treatment with MDL 299,51 and HAMI3379 alter the mRNA levels of GPR17 

in DIPG cell lines 

To determine whether the treatment of the cell lines with 10nM MDL 299,51 and 

30µM HAMI3379 alters the mRNA expression of GPR17, RNA was extracted 48 hours 

after treatment with the compounds and examined using RT-qPCR. MDL 299,51 

caused a significant up-regulation in VUMC-DIPG-A (p=0.0242) and SU-DIPG-IV 

(p<0.006) when compared to no treatment control. Treatment with HAMI3379 

resulted in a significant down regulation of GPR17 mRNA expression in VUMC-DIPG-

A and VUMC-DIPG-08 (p<0.006) (Figure 42). 

 

Figure 42 - Relative GPR17 mRNA expression is increased in DIPG cell lines treated 

with 10nM MDL 299,51 and decreased when treated with 30µM HAMI3379 for 48 

hours.  

Data were analysed by the 2 -ΔΔCt method using GAPDH as a reference gene. Bars 

show mean with SEM n=3. Statistics performed using GraphPad Prism. One-way 

ANOVA with Dunnett’s multiple comparison test. ** p<0.006 and *p =0.0242 
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5.1.2 Cell viability is reduced in DIPG cell lines at 72 hours when treated with 

HAMI3379 

MDL 299,51 (Cayman Chemicals) and HAMI3379 (Cayman Chemicals) are both 

experimental drugs. As I am using them to understand the function of GPR17 in vitro 

I needed to understand the effect that they have on viability of the cell lines, non-

neoplastic and neoplastic. The MTS assay was used to quantify viable, metabolically 

active cells, 24, 48 and 72 hours after treatment with 10nM MDL 29951 and 30µM 

HAMI3379. The absorbance was blank corrected to a no cell control and normalised 

to the 24-hour time point. MDL 299,51 caused a significant decrease in cell viability 

in CC-2565, VUMC-DIPG-A AND SU-DIPG-IV at 72 hours (*<0.03 ***<0.0008) 

compared to no treatment control (Figure 43A, 11C and 11E). Treatment with 

HAMI3379 caused a significant decrease in cell viability in all cell lines, except OPCs 

(*<0.03 **<0.007 ***<0.0008) compared to no treatment control (Figure 43). From 

this data we performed further experiments at the 48-hour time point as there was 

no significant effect on cell viability. 

 

Figure 43 - Cell viability of cell lines when treated with GPR17 agonist (MDL 

229,51, 10nM) or antagonist (HAMI3379 30µM).   

MTS assay performed at 24, 48 and 72 hours after treatment and absorbance 

measured at 490nm. Measurements were blank corrected and normalised to 
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24-hour time point. Graphs show mean with SEM. Statistics were performed 

using GraphPad Prism, Two-way ANOVA with Dunnett’s multiple comparison 

test.  Treatment with 30µM HAMI3379 caused a significant decrease in 

viability compared to control at 72 hours in all cell lines except OPC’s. *<0.03 

**<0.007 ***<0.0008. Treatment with 10nM MDL 299,51 caused a significant 

decrease in viability compared to control at 72 hours in CC-2565, VUMC-DIPG-

A and SU-DIPG-IV. *<0.03 ***<0.0008. 

 

A downstream effect of MDL 299,51 is to inactivate adenyl cyclase, resulting in a 

decrease in cAMP production. Using a luminescence assay, there is a decrease in 

luminescence in VUMC-DIPG-08 and SU-DIPG-IV cells treated with MDL 299,51 (*** 

p = 0.0005 **p <0.0088) (Figure 44). When the cells were treated with HAMI3379 

there was no significant change in cAMP in all cell lines. Forskolin was used as a 

positive control as it directly activates adenyl cyclase. 
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Figure 44 - cAMP activity assay of cell lines when treated with 10nM MDL 229,51 

or 30µM HAMI3379 and Forskolin (FSK, positive control). 

Cell lines were treated compound for 30 minutes then cAMP activity assay was 

performed and luminescence measured. Measurements were blank corrected. 

Graphs show mean with SEM. Statistics were performed using GraphPad Prism, 

Two-way ANOVA with Dunnett’s multiple comparison test by comparing treated 

cells with untreated control. *** p = 0.0005 **p <0.0088 * =0.0134. 
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5.1.3 DIPG cells treated with HAMI3379 leads to an increase in O4, a marker of 

Oligodendrocyte differentiation 

When the DIPG cell lines are treated with HAMI3379, I observed an altered cell 

morphology (Figure 41), more like that of a pre-myelinating/mature oligodendrocyte 

like cell. Therefore, I conducted ICC using Oligodendrocyte Marker O4 (O4) on cells 

that had been treated with either 10nM MDL 299,51 or 30µM HAMI3379 for 48 

hours. Figure 45 shows an increase in O4 staining in the HAMI3379 VUMC-DIPG-A 

cells, whereas treatment with MDL 299,51 caused an increase in GPR17 staining. The 

changes in O4 expression in VUMC-DIPG-08 cells were much more subtle, but still 

increased compared to no treatment control (Figure 46). The SU-DIPG-IV cells, like 

the other two DIPG cell lines had an increase in O4 expression when treated with 

HAMI3379. Interestingly the expression of GPR17 appears to be more consistent 

across the cells in MDL 299,51 treated compared to no treatment and HAMI3379, 

where it appears more punctate (Figure 47). To observe these changes, I have 

cropped and enlarged the same region on the merged images as shown in Figure 48. 
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Figure 45 - Immunostaining of VUMC-DIPG-A when treated with GPR17 agonist (MDL 229,51, 10nM) or antagonist (HAMI3379 30µM) for 

48 hours. 

Confocal images of VUMC- DIPG-A cells, GPR17 (Green), O4 (Red) and nuclei stained blue. Images taken at 20x magnification, scale bar 

100µm. Localisation of GPR17 appears to be cytoplasmic in all treatments, with an increase in the MDL 299,51 treated cells. O4 staining 

is increased with treatment of HAMI3379. 
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Figure 46 - Immunostaining of VUMC-DIPG-08 when treated with GPR17 agonist (MDL 229,51, 10nM) or antagonist (HAMI3379 30µM) for 

48 hours. 

Confocal images of VUMC- DIPG-08 cells, GPR17 (Green), O4 (Red) and nuclei stained blue. Images taken at 20x magnification, scale bar 

100µm. Localisation of GPR17 appears to be cytoplasmic in all treatments, with an increase in the MDL 299,51 treated cells. O4 staining 

is increased with treatment of HAMI3379. 
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Figure 47-Immunostaining of SU-DIPG-IV when treated with GPR17 agonist (MDL 229,51, 10nM) or antagonist (HAMI3379 30µM) for 48 

hours. 

Confocal images of SU- DIPG-IV cells, GPR17 (Green), O4 (Red) and nuclei stained blue. Images taken at 20x magnification, scale bar 

100µm. Localisation of GPR17 appears to be cytoplasmic in all treatments, with an increase in the MDL 299,51 treated cells. GPR17 appears 

more punctate in control and HAMI3379 treated cells. O4 staining is increased with treatment of HAMI3379.  
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Figure 48 - Immunostaining of DIPG cell lines when treated with GPR17 agonist (MDL 229,51, 10nM) or antagonist (HAMI3379 30µM) for 

48 hours. 

Cropped and enlarged confocal images of DIPG cells, GPR17 (Green), O4 (Red) and nuclei stained blue. Images taken at 20x magnification, 

scale bar 100µm. Localisation of GPR17 appears to be cytoplasmic in all treatments, with an increase in the MDL 299,51 treated cells. 

GPR17 appears more punctate in control and HAMI3379 treated cells. O4 staining is increased with treatment of HAMI3379.  
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5.1.4 GPR17 protein levels are decreased upon treatment with HAMI3379  

ICC is a subjective measurement of protein expression; flow cytometry is a semi-

quantitative measurement of expression. Treatment with MDL 299,51 caused a significant 

increase in percentage protein expression in VUMC-DIPG-08 and SU-DIPG-IV (** <0.006 

**** <0.0001) and a significant decrease in VUMC-DIPG-A and SU-DIPG-IV (** <0.006) 

(Figure 49A). The mean fluorescence intensity or number of antigens per cell was 

significantly increased in all cell lines when treated with MDL 299,51 (** <0.006 **** 

<0.0001) but only significantly decreased in SU-DIPG-IV (**** <0.0001) (Figure 49B). 

 

Figure 49 -Flow cytometry analysis of DIPG cell lines when treated with GPR17 agonist 

(MDL 229,51, 10nM) or antagonist (HAMI3379 30µM) for 48 hours. 

Flow cytometry analysis of GPR17 DIPG cell lines treated with either 10nM MDL 

299,51 or 30µM HAMI3379. A) Percentage of GPR17 expression. B) Mean 
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Fluorescence Intensity of GPR17 of per cell. C) Representative overlay histogram of 

GPR17 expression – Black line – unstained control, Red line – untreated control, Green 

line – MDL 299,51 and Blue line – HAMI3379. Graphs show mean with SEM. Statistics 

were performed using GraphPad Prism, One-way ANOVA with Dunnett’s multiple 

comparison test by comparing treated cells with untreated control. ** <0.006 **** 

<0.0001. 

 

5.1.5 Growth of DIPG cells in 3-D is altered when treated with HAMI3379 

As tumours do not grow in monolayers, I wanted to investigate the effect of these 

compounds on sphere size by using a Matrigel spheroid assay (Vinci, Box and Eccles, 2015). 

Time lapse images were taken over 72 hours and the area of the sphere was measured 

every 12 hours. The data was normalised to the starting size sphere. HAMI3379 had a 

significant effect in all cell lines at 72 hours (p* <0.03 ** <0.007 ****p <0.0001). For the 

VUMC-DIPG-A cell line, HAMI3379 caused a significant effect on sphere size at 48 hours (p* 

<0.03) (Figure 50A). Representative images from the start and end of the assay can be seen 

in Figure 50B. The size differences in spheres due to treatment with HAMI3379 could be 

due to a reduction in proliferation in favour of differentiation as the MTS data (Figure 43) 

at 48 hours showed a slight reduction in cell viability compared to control and MDL 299, 

51. 
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Figure 50 - Measurement of sphere area when treated with 10nM MDL 299,51 or 

30µM HAMI3379 when embedded in Matrigel.  

A) HAMI3379 causes a significant decrease in sphere size over 72 hours. Time lapse 

images were taken every 24 hours using the EVOS imaging system at 10x in an 

incubated chamber set to 37°C, 5% CO2 and 21% O2.  The area of the sphere was 

measured using ImageJ and normalised to the starting sphere size.  Graphs show 

mean with SEM. Statistics were performed using GraphPad Prism, Two-way ANOVA 

with Dunnett’s multiple comparison test. p* <0.03 ** <0.007 ****p <0.0001. B) 

Representative images showing sphere size at the start and the end of the 

experiment. 
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5.1.6 MDL 299,51 increases DIPG cell motility, whereas HAMI3379 reduces distance 

travelled and velocity 

Due to the diffuse nature of DIPGs, it was important to understand the motility of the cell 

types by tracking the distance travelled and velocity of single cells. The DIPG cell lines 

travelled an average further distance than OPCs in 48 hours (***<0.007 ****<0.0001) 

(Figure 51A). Interestingly, only the SU-DIPG-IV had a significantly increased velocity 

compared to OPCs (***<0.007) (Figure 51B). 

 

Figure 51 -Cell motility in cell lines under normoxic condition over 48h.  

A) Average distance (µm) travelled by untreated cell lines. All DIPG cell lines travelled 

further than OPC’s. B) Average velocity (µm/ second) of cells. All cell lines had a 

similar velocity. Graphs show mean with SEM. Statistics performed using GraphPad 

Prism. One-way ANOVA with Dunnett’s multiple comparison test. ***<0.007 

****<0.0001. 

 

To determine the functional effect of MDL 299,51 and HAMI3379, I tracked cells as 

described above to determine distance travelled and velocity. Treatment with MDL 299,51 

caused a significantly increase in average distance travelled in the OPCs and VUMC-DIPG-

08 (** <0.0025 ****<0.0001.) (Figure 52A). MDL 299,51 also caused a significant increase 

in mean velocity in the OPCs and VUMC-DIPG-08 (** <0.0025 ****<0.0001.) (Figure 52B). 

Whereas treatment with HAMI3379 caused a significant decrease in average distance 

travelled in VUMC-DIPG-08 and SU-DIPG-IV (** <0.0025 ****<0.0001.) (Figure 52A). The 
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average velocity of OPCs, VUMC-DIPG-08 and SU-DIPG-IV was significantly decreased by 

treatment with HAMI3379 (** <0.0025 ****<0.0001.) (Figure 52B). 

 

Figure 52- Cell motility in cell lines when treated with 10nM MDL 299,51 or 30µM 

HAMI3379 over 48h.  

A) Average distance (µm) travelled by cell lines. Treatment with 30µM HAMI3379 

caused a significant decrease in distance travelled compared to no treatment control 

for VUMC-DIPG-08 and SU-DIPG-IV. Whereas treatment with 10nM MDL 299,51 

caused a significant increase in distance travelled compared to control in the OPCs 

and VUMC-DIPG-08. ** <0.0025 ****<0.0001.B) Average velocity (µm/ second) of 

cells. Treatment with 30µM HAMI3379 caused a significant decrease in average cell 

velocity compared to no treatment control for OPCs, VUMC-DIPG-08 and SU-DIPG-IV. 

Whereas treatment with 10nM MDL 299,51 caused a significant increase in distance 

travelled compared to control in the OPCs and VUMC-DIPG-08. *** <0.0004 

****<0.0001. Graphs show mean with SEM. Statistics performed using GraphPad 

Prism. One-way ANOVA with Dunnett’s multiple comparison test. ** <0.0025 *** 

<0.0004 ****<0.0001 

. 

5.1.7 HAMI3379 affects the speed of gap closure on DIPG cell lines grown in a monolayer 

Another way to determine the migration capacity of the cells when treated with MDL 

299,51 and HAMI3379 was a wound healing assay. Cells were grown into a confluent 



Chapter 5: GPR17 function in DIPG cell lines 

136 
 

monolayer; a scratch was made using a pipette tip, then the compounds were added to the 

wells. Time lapse images were taken every 2 hours and the area of the scratch was 

measured until the no treatment gaps were closed. Only VUMC-DIPG-A and SU-DIPG-IV 

were analysed as VUMC-DIPG-08 and the OPCs were inadequate at growing into a 

confluent monolayer. In the VUMC-DIPG-A cells, HAMI3379 caused the closure of the gap 

to be significantly slower at 24, 36 and 48 hours compared to control (***0.0007 

****<0.0001) (Figure 53). VUMC-DIPG-A cells treated with MDL 299,51 had a significant 

larger gap at 24 and 36 hours compare to control (* 0.0153 ***0.0007) (Figure 53). In the 

SU-DIPG-IV cells only treatment with HAMI3379 caused a significant effect on the size of 

the gap at 16 and 24 hours (****<0.0001) (Figure 53). 

 

Figure 53 – Wound healing assay in cell lines when treated with 10nM MDL 299,51 or 

30µM HAMI3379 until control gap was closed.  

Treatment with 30µM HAMI3379 caused a significantly slower closing of the gap. Graphs 

show mean with SEM. Statistics performed using GraphPad Prism. One-way ANOVA with 

Dunnett’s multiple comparison test. * 0.0153 ***0.0007 ****<0.0001. 

 

5.2 Summary 

I have shown GPR17 is overexpressed in DIPG cell lines, at mRNA and protein level and that 

GPR17 can be modulated using an agonist, MDL 299,51 and an antagonist, HAMI3379. Both 

of these compounds influence the cellular phenotype and behaviour. MDL 299,51 reduces 
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the amount of intracellular cAMP, increases GPR17 expression and increases cell motility. 

In contrast, the effect of HAMI3379 treatment is a decrease in GPR17 expression, increase 

in O4 expression, decrease in cell viability, reduction in cell motility and reduced sphere 

size in a 3-D system. 

 

My next steps were to try to understand downstream effectors related to differentiation 

and potential therapeutic targeting of DIPG cells using MDL 299,51 and HAMI3379 in 

combination with known therapeutics. 
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5.3 HAMI3379 affects the self-renewal capacity of DIPG cells 

To test whether either MDL 299,51 or HAMI3379 had an effect on the self-renewal 

properties of the cells, the cells were treated for 5 days, then plated at equal cell number 

and cell viability assays (MTS and trypan blue) were conducted (Figure 54). 

 

Figure 54 - Schematic representation of self-renewal experiment.  

Cells were treated with either 10nM MDL 299,51 or HAMI3379 on day 2 and day 4, 

then cells were counted and plated at equal cell number for MTS assay (10,000 cells 

per well, 96 well plate) and trypan blue exclusion assay (50,000 cells per well, 6 well 

plate) in triplicate in complete growth media. 

 

The trend of growth by both cell viability assays was similar. HAMI3379 reduced the cell 

viability after 2 (day 8) and 4 (day 10) days after return to complete growth media (*p 

<0.04) (Figure 55A), but with the trypan blue assay this was only seen on day 6 (day 12) 

after return to complete growth media (*p <0.04) (Figure 55B). For the VUMC-DIPG-08 cell 

line, even though the trend for both assays was similar, a significant difference was only 

observed 6 days (day 12) after return to complete growth media by the trypan blue assay 

(****p <0.0001) (Figure 55D). For the SU-DIPG-IV cells, a significant reduction in cell 

viability was observed for both MDL 299,51 and HAMI3379 treatment by MTS assay (Figure 

55E) and trypan blue (Figure 55F) after 6 days (day 12) in complete growth media (** <0.04 

****p <0.0001). 
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Figure 55 – Measurement of self-renewal capacity of DIPG cells.  

HAMI3379 reduces the self-renewal capacity of DIPG-cells. DIPG-cells were plated 

after 7 days of treatment with 10nM MDL299,51 or HAMI3379 and cell viability assays 

were performed. MTS assay performed on days 8, 10 and 12 after treatment and 

absorbance measured at 490nm (A, C, and E). Measurements were blank corrected 

and normalised to 8-day time. Trypan blue exclusion assay performed after 7 days of 

treatment and on days 8, 10 and 12 (B, D, and F). Cell number was normalised to day 

7. Graphs show mean with SEM. Statistics were performed using GraphPad Prism, 

Two-way ANOVA with Dunnett’s multiple comparison test. *p <0.04. ****p <0.0001. 
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5.4 Transcriptional targets of GPR17 modulation 

To understand the downstream signalling of GPR17, I looked at the effect of MDL 299,51 

and HAMI3379 on cyclic AMP-Responsive Element -Binding Protein 1 (CREB1). CREB1, has 

been shown to be a downstream target of cAMP mediated cellular differentiation (Raible 

and McMorris, 1993; Sato-Bigbee and DeVries, 1996; Chen et al., 2017). MDL 299,51 had a 

significant down regulation on CREB1 on all DIPG cell lines after treatment for 48 hours 

(p<0.0282). HAMI3379 caused a significant up regulation in CREB1 in all cell lines (p<0.0002) 

(Figure 56). 

 

Figure 56 - Relative CREB1 mRNA expression is increased in DIPG cell lines treated with 

30µM HAMI3379 for 48 hours. 

Data were analysed by the 2 -ΔΔCt method using GAPDH as a reference gene. Bars show 

mean with SEM n=3. Statistics performed using GraphPad Prism. One-way ANOVA with 

Dunnett’s multiple comparison test. * p<0.0282 and ***p <0.0002 ****p<0.0001. 

 

To determine if the activation of CREB1 is via cAMP-dependent signalling, I examined mRNA 

of PRKACA (catalytic subunit of protein kinase a, PKA), HAMI3379 treatment caused a 

significant up-regulation in PRKACA in all the cell lines (* p<0.05 and **p <0.002 

***p<0.0002) (Figure 57). 
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Figure 57 -Relative PRKACA mRNA expression is increased in DIPG cell lines treated with 

30µM HAMI3379 for 48 hours.  

Data were analysed by the 2 -ΔΔCt method using GAPDH as a reference gene. Bars show 

mean with SEM n=3. Statistics performed using GraphPad Prism. One-way ANOVA with 

Dunnett’s multiple comparison test. * p<0.05 and **p <0.002 ***p<0.0002. 

 

To confirm the activation of CREB1, I used ICC to confirm protein expression on cells that 

had been treated with either 10nM MDL 299,51 or 30µM HAMI3379 for 48 hours. Figure 

58 shows an increase in CREB staining in the HAMI3379 VUMC-DIPG-A cells with increased 

location in the nucleus, whereas treatment with MDL 299,51 caused an increase in GPR17 

staining. The changes in CREB expression in VUMC-DIPG-08 cells were much more subtle, 

but still increased compared to no treatment control (Figure 59). The SU-DIPG-IV cells, like 

the other two DIPG cell lines had an increase in CREB expression when treated with 

HAMI3379 and increased localisation to nucleus. (Figure 60)  
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Figure 58 -Immunostaining of VUMC-DIPG-A when treated with GPR17 agonist (MDL 229,51, 10nM) or antagonist (HAMI3379 30µM) for 48 hours.  

Confocal images of VUMC- DIPG-A cells, GPR17 (Green), CREB (Red) and nuclei stained blue. Images taken at 20x magnification, scale bar 100µm. 

Localisation of GPR17 appears to be cytoplasmic in all treatments, with an increase in the MDL 299,51 treated cells. GPR17 appears more punctate 

in control and HAMI3379 treated cells. CREB staining is increased with treatment of HAMI3379. 
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Figure 59 - Immunostaining of VUMC-DIPG-08 when treated with GPR17 agonist (MDL 229,51, 10nM) or antagonist (HAMI3379 30µM) for 48 

hours. 

Confocal images of VUMC- DIPG-08 cells, GPR17 (Green), CREB (Red) and nuclei stained blue. Images taken at 20x magnification, scale bar 

100µm. Localisation of GPR17 appears to be cytoplasmic in all treatments, with an increase in the MDL 299,51 treated cells. GPR17 appears 

more punctate in control and HAMI3379 treated cells. CREB staining is increased with treatment of HAMI3379. 



Chapter 5: GPR17 function in DIPG cell lines 

146 
 

 



Chapter 5: GPR17 function in DIPG cell lines 

147 
 

Figure 60 -Immunostaining of SU-DIPG-IV when treated with GPR17 agonist (MDL 229,51, 10nM) or antagonist (HAMI3379 30µM) for 48 hours. 

Confocal images of SU- DIPG-IV cells, GPR17 (Green), CREB (Red) and nuclei stained blue. Images taken at 20x magnification, scale bar 100µm. 

Localisation of GPR17 appears to be cytoplasmic in all treatments, with an increase in the MDL 299,51 treated cells. GPR17 appears more 

punctate in control and HAMI3379 treated cells. CREB staining is increased with treatment of HAMI3379.
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5.5 Drug- sensitivity 

Currently for DIPG patients the standard of care is radiotherapy which only provides 

palliative care. Some promising drugs such as Panobinostat are now undergoing clinical 

trials, but there is a focus on drug delivery as well as cytotoxicity. Chemotherapeutics such 

as vincristine provide little effect due to the location of the tumours in the pons. As I would 

like to establish if prior targeting of GPR17 would render these tumours more susceptible 

to available treatments I needed to calculate the efficacy dose to kill 50% of the cells (EC50). 

I used a radiomimetic, Bleomycin to test the effects of radiotherapy on my cell lines, with 

all cell lines having a similar EC50 ranging between 1.38 and 1.87mg/ml at 48 hours (Figure 

61A) with the specific doses listed in Table 16. Panobinostat is a pan HDAC inhibitor that is 

undergoing several Phase I and II clinical trials in patients with DIPG. VUMC-DIPG-08 has 

the highest EC50 of 53.06nM, followed by VUMC-DIPG-A with 48.97nM and finally SU-

DIPG-IV with 31.94nM (Figure 61B). I used vincristine as a positive control, even though it 

is not commonly used in DIPG patients, it shows good efficacy in in vitro studies. The range 

of EC50 for all cell lines was 11.85 -15.29nM, with VUMC-DIPG-A requiring the higher dose, 

and SU-DIPG-IV the lower dose (Figure 61). 
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Figure 61- Dose-response of three potential DIPG therapies to determine EC50 after 48 h 

treatment.  

Data normalised and analysed using the sigmoidal dose-response EC50 comparison using 

GraphPad Prism and show mean with SEM. A) Bleomycin, a radiomimetic antibiotic used 

to replicate the effect of radiotherapy. B) Panobinostat, a pan-HDAC inhibitor currently 

undergoing Phase I and II clinical trials. C) Vincristine, a common DNA-alkylating agent, 

used a positive control 
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Table 16 shows the detailed concentrations of EC50’s for Bleomycin, Vincristine and 

Panobinostat to be used in combination with MDL 299,51 and HAMI3379. 

Table 16- EC50’s determined by sigmoidal dose-response 

 

 

5.5.1 HAMI3379, a GPR17 specific antagonist causes DIPG cell lines to be more sensitive 

to existing therapies 

When DIPG cells are treated with HAMI3379, GPR17 expression decreases, there is an 

altered morphology, and a reduction in self renewal capacity and motility. To test our 

hypothesis that modulation of GPR17 would make DIPG cells more susceptible to existing 

therapies, I treated the DIPG cells with 30µM HAMI3379 for 24 hours, then with the EC50 

dose determined for each compound as described in Figure 61 and Table 16. Prior 

treatment with HAMI3379 caused a significance decrease in cell viability in the VUMC-

DIPG-A cells in combination with Panobinostat or vincristine compared to cytotoxic alone 

(***<0.0003) (Figure 62A). VUMC-DIPG-08 had a significant decrease in cell viability with 

prior treatment with HAMI3379 followed by Bleomycin or vincristine compared to 

cytotoxic alone (** p=0.038 and ***p=0.0007) (Figure 62B). When SU-DIPG-IV had pre-

treatment with HAMI3379, there was a significant decrease in cell viability compared to 

cytotoxic alone with all treatments (** <0.01 and ***p=0.0001) (Figure 62C). 
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Figure 62- Cell viability of cell lines with prior treatment of 30µM HAMI3379 for 24 hours 

then and EC50s of Bleomycin, Panobinostat or Vincristine for 48 hours.  

A) VUMC-DIPG-A show a significant decrease in cell viability with prior treatment of 

HAMI3379 followed by EC50’s of Panobinostat and Vincristine (***<0.0003). B) VUMC-

DIPG-08 show a significant decrease in cell viability with prior treatment of HAMI3379 

followed by EC50’s of Bleomycin and Vincristine (** p=0.038 and ***p=0.0007).. C) SU-

DIPG-IV show a significant decrease in cell viability with prior treatment of HAMI3379 

followed by EC50’s of Bleomycin, Panobinostat and Vincristine (** <0.01 and 

***p=0.0001). 
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Treatment of DIPG cells with the GPR17 activator, MDL 299,51 led to an increase in GPR17 

expression and influenced the motility and self-renewal capacity in DIPG cells. DIPG cells 

were treated with 10nM MDL 299,51 for 24 hours, then with the EC50 dose determined for 

each compound as described in Figure 61 and Table 16. There was no significant difference 

in cell viability in cells treated with MDL 299,51 in combination with any drug, compared to 

drug alone (Figure 63). 

 

Figure 63 - Cell viability of cell lines with prior treatment of 10nM MDL 299,51 for 24 hours 

then and EC50s of Bleomycin, Panobinostat or Vincristine for 48 hours. No significant 

changes in cell viability with pre-treatment of MDL 299,51 in combination with cytotoxic 

agents, compared to alone. 
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5.6 Summary 

The orphan receptor, GPR17 is over-expressed by DIPG cell lines. This supports the 

bioinformatic data presented in Chapter 4. The results in this chapter provide evidence that 

GPR17 is a potent targetable receptor to affect DIPG phenotype and can be targeted in 

DIPG cells using an experimental antagonist, HAMI3379 that has been shown to promote 

oligodendrocyte differentiation (Merten et al., 2018). Treatment with HAMI3379 causes a 

reduction in GPR17 expression, mRNA and protein, resulting in a change in cell morphology, 

an increase in O4 and nuclear localisation of CREB. This resulted in a reduction in sphere 

size, cell motility, cell velocity and self-renewal capacity. When DIPG cells had pre-

treatment with HAMI3379 in combination with known cytotoxic agents, there was a 

decrease in cell viability compare to cytotoxic alone. 

 

5.7 Conclusion 

In conclusion I have provided data to support my hypotheses that GPR17 is over expressed 

by DIPG cell lines and by modulating expression levels using a small molecule agonist (MDL 

299,51) and antagonist (HAMI3379). The result included altered cell genotype and 

phenotype. The inactivation or blocking of GPR17 caused the DIPG cells to be more 

sensitive to potential therapies. 
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Chapter 6: Discussion 

6.1 Introduction 

Currently there are no effective treatments for children with DIPG, with the standard of 

care being radiotherapy, which is only palliative. Until fairly recently, paediatric high-grade 

gliomas have been grouped with their adult counterparts, but due to the increase in 

stereotactic biopsy to obtain tissue for genomic sequencing it has become clear they are 

different (Khuong-Quang et al., 2012; Bjerke et al., 2013; Schroeder, Hoeman and Becher, 

2014). It has been suggested that DIPG’s may arise from an aborted cell differentiation 

program of the developing pons, resulting in uncontrolled proliferation, with the cell of 

origin still not known (Baker, Ellison and Gutmann, 2016; Jones et al., 2016; Filbin et al., 

2018).  

 

6.1.1 To understand DIPG, we need to understand this in the context of developing brain 

Brain development is a precise, regulated molecular, cellular and epigenetic process that is 

governed by a genetic blueprint and environmental factors. The main steps in brain 

development are proliferation of cells, migration, differentiation, myelination and the 

formation of synapses (Figure 64). When these processes are interrupted or malfunction, 

pathologies arise. 
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Figure 64 -Timeline of major events in brain development.  

Beginning with neurulation, transformation of neural plate into the neural tube, followed 

by neuronal proliferation, migration, synaptogenesis, pruning and myelination. Adapted 

from (Tau and Peterson, 2010). 

 

To understand whether genes involved in two key developmental processes; 

oligodendrocyte differentiation and myelination are dysregulated in DIPG, I utilised a data 

mining approach comparing DIPG patients to non-neoplastic controls. The median age of 

DIPG diagnosis is 6 years old (van Zanten et al., 2017). There is a rapid increase in genes 

involved in myelination from the last third of gestation to 3 years of age, where it remains 

constant into adulthood. Myelination is essential to facilitate saltatory neurotransmission 

as well as provide trophic support to the axon (Hirrlinger and Nave, 2014; Gibson, Geraghty 

and Monje, 2018). The cells responsible for myelination in the central nervous system are 

specialised glia cells, oligodendrocytes. Oligodendrocytes wrap myelin, a lipid rich 

substance, around axons. For myelination to occur, OPC’s need to proliferate, migrate and 

differentiate into mature oligodendrocytes to have the ability to myelinate axons. I 

examined genes expressed by OPCs in normal development (CSPG4, OLIG1, OLIG2, 

PDGFRA) and based on my analyses observed that there is a profound increase in gene 

expression mid-way through gestation followed by a slow decline during childhood 

throughout adulthood. Myelination begins in the final third of gestation with a rapid 
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increase into childhood, then plateaus off into adulthood, this is confirmed by markers of 

mature oligodendrocytes exhibiting the same trend.  

 

Genes known to be upregulated in DIPG: PDGFRA, OLIG1 and OLIG2, are key in the 

oligodendrocyte pathway. These genes are up-regulated in DIPG patients compared to 

normal controls suggesting that DIPG have some commonality with OPCs (Filbin et al., 

2018). I therefore sought to investigate the genes that are involved in the different stages 

of the oligodendrocyte lineage pathway: neural stem cell, OPC, premyelinating and 

myelinating oligodendrocytes with their association and expression patterns in DIPG. Due 

to the age of onset, it was important to understand the role of these genes across normal 

brain development as well as the tumours. My next step was to examine the up regulated 

genes, alongside PDGFRA and OLIG2 in normal brain development and best-matching cell 

types. Given these parameters, and the focus on OPC related genes, one gene that was 

identified to be differentially expressed in DIPG compared to normal developing brain was 

GPR17. Because of GPR17 being highly expressed in OPCs and its function as a negative 

regulator of differentiation (S. Hennen et al., 2013; Z. Ou et al., 2016), I identified GRP17 a 

as potential key player in DIPG pathobiology that required further investigation. 

 

6.2 GPR17 is overexpressed in DIPG 

In comparison of DIPG patient tissue to normal brain, GPR17 mRNA is overexpressed. I 

wanted to understand if this was specific to DIPGs or if this was a general property observed 

in all pediatric high-grade gliomas (wild-type and G34R mutants). Interestingly, GPR17 

upregulation was associated with K27M (H3.1 and H3.3) compared to normal controls. The 

possible importance of this will be discussed below in future directions. 
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6.3 GPCRs as a therapeutic target 

The primary function of GPCRs is to transduce extracellular stimuli into intracellular signals 

that regulate a number of physiological processes including metabolism, differentiation, 

growth, neurotransmission and sensory perception (Heldin et al., 2016). In cancer, GPCR 

pathways are critical for cell proliferation, apoptosis, immune evasion, invasion, 

angiogenesis and metastasis (Lynch and Wang, 2016; Nieto Gutierrez and McDonald, 

2018). GPCRs are considered the largest family of targets for approved drugs, with 134 

GPCRs targets for currently FDA-approved drugs, with only a few of these being oncology 

drug targets (USA) (Nieto Gutierrez and McDonald, 2018; Sriram and Insel, 2018). The use 

of small molecules and antibody therapies have been developed for the chemokine 

receptor family, for example, CXCR4, which is one of the most well described receptors for 

driving cancer metastasis. The competitive antagonist, AMD3100 (plerixafor, Mozobil™) 

was approved by the FDA in 2008 for patients with multiple myeloma and non-Hodgkin 

lymphoma (Donzella et al., 1998; De Clercq, 2019). In chronic lympocytic leukemia, a 

human anti-CXCR4 antibody, Ulocuplumab (BMS-936564/MDX1338) to induce cell death 

(Kashyap et al., 2016). 

 

A number of orphan GPCRs (oGPCRs) have been linked to cancer development and 

progression on the basis that they are overexpressed and have emerged as promising 

targets for the development of therapies (Nieto Gutierrez and McDonald, 2018). 

 

By using a similar approach to this project, using genomic information from breast cancer 

patients, GPR161 was identified to be overexpressed in patients with triple negative breast 

cancer. This group of patients have a particularly poor prognosis due to the lack of target 

therapies and those overexpressing GPR161 had an increased chance of relapse (Feigin et 

al., 2014).  
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In Melanoma, an oGPCR, GPR18 was found to be expressed in metastatic melanoma as well 

as melanoma cell lines. Upon further examination of melanoma cells, GPR18 was found to 

have intrinsic constitutive activity, preventing apoptosis and promoting tumour survival 

(Qin et al., 2011). This constitutive signaling could be a key player in keeping cancer cells in 

the pro-proliferative state, as the receptor does not get down-regulated by the recycling 

into lysosomes (Geppetti et al., 2015). Compartmentalised signaling, is an agonist-

stimulated intracellular trafficking which causes the GPCRs to form signaling complexes in 

subcellular compartments leading to unique downstream outcomes (Irannejad et al., 2013; 

Geppetti et al., 2015). Either constitutive or compartmentalised signaling are possible for 

GPR17, but this would have to be investigated further. 

 

In genome wide screens to identify new therapeutic targets, oGPCR are being identified to 

have a role in pathologies (Diaz, Angelloz-Nicoud and Pihan, 2018; Alavi, Karimi and 

Roohbakhsh, 2019). The targeting of oGPCRs is a dynamic area but their roles in both 

normal and pathological processes needs further studies (Diaz, Angelloz-Nicoud and Pihan, 

2018). Also, many compounds targeting GPCRs are small molecule drugs and antibodies, 

the development of peptides with high selectivity could reduce side effects and toxicity to 

normal cells (Craik et al., 2013; Muratspahić, Freissmuth and Gruber, 2019). 

6.4 GPR17 

The mechanism by which GPR17 is expressed and down-regulated to promote 

oligodendrocyte differentiation is not entirely clear. It has been shown that GPR17 is a 

transcriptional target of Olig2, a basic helix-loop-helix transcription factor required for 

oligodendrocyte specification. Olig2 has been shown to be expressed in the majority of 

proliferative cells in the developing pons (M. Monje et al., 2011; Tate et al., 2015) and to 

be important for DIPG proliferation (Anderson et al., 2017). Olig2 is important in neural 

stem cells for cell fate determination to the oligodendrocyte lineage pathway (Imayoshi et 

al., 2013). Olig2 is expressed by all the DIPG cells used in the study, but this was not heavily 

examined. The level of Olig2 in DIPG cells may be a factor in regulating the sustained 
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expression of GPR17 (Joseph D. Dougherty et al., 2012; Z. Ou et al., 2016). A future study 

could look at the effect of targeting Olig2 and its downstream effect on GPR17. 

 

Olig2 is a basic helix-loop-helix (bHLH) transcription factor that is expressed at all stages of 

the oligodendrocyte lineage development. Olig2 is essential not only for OPC specification 

but for migration and promoting OL differentiation (Tiane et al., 2019). Inhibitors of 

differentiation (ID) proteins, ID2 and ID4 dimerize to both OLIG1 and OLIG2, inhibiting them 

from binding to the nuclear DNA, preventing the development into mature 

oligodendrocytes (Samanta and Kessler, 2004; Y Chen et al., 2009; X S Chen et al., 2012). 

 

6.5 Targeting GPR17 in vitro 

I have shown that GPR17 mRNA and protein is expressed by DIPG cell lines and that by 

using the experimental drugs, MDL 299,51 and HAMI3379, GPR17 expression is modulated. 

HAMI3379 has been identified in remyelination studies to block GPR17 and to promote 

differentiation of rodent and human oligodendrocytes (Merten et al., 2018). 

 

To understand the role of GPR17 in DIPG cells, I utilised an experimental drug, HAMI3379 

that was initially identified as a CysLT2 antagonist, but more recently shown to be an 

effective blocker of GPR17 in recombinant mammalian expression systems and primary 

cells (Wunder et al., 2010; Merten et al., 2018). Previous use of leukotriene receptor 

antagonists, Montelukast and Pranlukast were used to interrogate the function of GPR17 

on oligodendrocyte differentiation (Paolo Ciana et al., 2006; S. Hennen et al., 2013). 

Pranlukast, an anti-asthma agent was shown to be superior to montelukast in the 

functional inhibition of GPR17, but had a harmful effect on oligodendrocyte survival (S. 

Hennen et al., 2013). These studies were conducted in terms of providing a remyelination 

strategy in multiple sclerosis. GPR17 expression has been investigated in adult 

glioblastoma, using UDP as an agonist in primary murine glioblastoma cells. Data showed 

that GPR17 activation favoured survival and expansion of Olig2 positive cells in vitro (J D 
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Dougherty et al., 2012). But this has not been investigated in the paediatric brain tumour 

field or using a GPR17 agonist, MDL 299,51 and GPR17 antagonist, HAMI3379.  

 

To test for functional capacity of MDL 299,51 on GPR17 and 11 other purinergic receptors, 

HEK293 cells were transfected with a single receptor and time course dynamic-mass 

redistribution (DMR) assays were performed.  MDL 299,51 showed strong selectivity for 

GPR17 over the other GPCRs tested (S Hennen et al., 2013). This result was confirmed in 

primary rat oligodendrocytes and hiPSC-Derived Oligodendrocytes (S Hennen et al., 2013; 

Merten et al., 2018). It is still not clear if MDL 299,51 binds the active site of GPR17 

(orthosteric) or binds elsewhere causing a change in confirmation (allosteric). Despite this 

it has been shown to link GPR17 to all the major effector pathways, therefore making it a 

key tool to interrogate the signalling and function of GPR17 ((S Hennen et al., 2013; 

Katharina Simon et al., 2016)) 

 

The pharmacological inhibition of GPR17 was previously shown using pranlukast. 

Pranlukast treatment led to the promotion of differentiation of mouse and rat 

oligodendrocytes in vitro  (S Hennen et al., 2013; Z. Ou et al., 2016).While rodent 

preclinical data showed that GPR17 inhibition by pranlukast was a promising method for 

demyelinating diseases, due to the poor success of drugs emerging from rodent preclinical 

demyelinating models into human clinical studies, other compounds were sought for 

further understanding of GPR17. HAMI3379 was identified by a rodent and human 

oligodendrocyte in vitro study, specifically using human hiPSC-derived oligodendrocytes 

where pranlukast had a detrimental effect on the survival of the cells. HAMI3379 showed 

to promote both rodent and human oligodendrocyte differentiation via the inhibition of 

GPR17 (Merten et al., 2018).  

 

The exact mechanism on how HAMI3379 “blocks” GPR17 is not clear. A proposed 

mechanism is that it binds to GPR17, prevents the conformational change that recruits the 
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nearby G-proteins and promotes the endocytic machinery and degradation of the receptor. 

Another way could be similar to how pranlukast is proposed to work, by binding the 

endogenous ligand in the cell culture media. A way to explore this could be by using 

fluorescent labeled ligands, and bioluminescence resonance energy transfer (BRET) assays, 

which require close binding to generate a measurable signal (Alcobia et al., 2018). This 

could be used in a cell and cell-free system to help determine a mechanism. 

 

With use of these experimental drugs I could modulate GPR17 expression in DIPG cells and 

examine downstream effects (viability, motility, sphere size and self-renewal). HAMI3379 

had a clear effect on the DIPG and control cell morphology, with an increase in the number 

of processes and a reduction in sphere size. The MTS assay is employed as a cell viability 

assay to determine metabolically active cells. If cells are undergoing a differentiation 

processes, the metabolic activity may not be the best indicator of proliferation. Further 

work to determine if the reduction in cell viability when cells are treated with 30µM 

HAMI3379 is due to cell death or cell differentiation needs to be explored further. But the 

increase in O4 and CREB expression shown by immunostaining, supports the cell 

differentiation pathway. The cells were only treated with HAMI3379 for 48 hours to 

understand its initial effect on GRP17. To achieve, if even possible, terminal differentiation 

of the cells, they would need to be treated for longer and in combination with other growth 

factors such as Neurotrophin-3 (NT-3), Insulin-like growth factor1 (IGF-1), Ciliary 

Neurotrophic Factor (CNTF) and Thyroid hormone (T3) (Steven A. Goldman, 2015; Ehrlich 

et al., 2017). 

 

DIPG tumours are highly infiltrative in the brainstem, and this characteristic was evident in 

my in vitro studies as well, as the DIPG cells showed a significant increase in distance 

travelled compared to the OPCs, which are motile cells. Treatment with HAMI3379 reduced 

the distance travelled as the velocity of the DIPG cells. Whereas MDL 299,51 caused a 

significant increase in distance travelled and velocity of the OPCs and the VUMC-DIPG-08s. 
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OPC migration is regulated by cell-intrinsic mechanisms that involves Sox9 and Sox10 and 

their downstream effect on PDGFRa signaling (Finzsch et al., 2008; Tsai et al., 2016). 

PDGFRa is frequently mutated/amplified in DIPG which could potentially explain the 

increase in motility, compared to OPCs, but PDGF and its receptors are involved in survival 

and proliferation pathways also, so the mechanism needs to be explored further (Paugh et 

al., 2013; Koschmann et al., 2016). 

 

To examine the self-renewal capacity of DIPG cells, I pre-treated the cells for 5 days before 

cell viability experiments. HAMI3379 caused a significant decrease in cell number (trypan 

blue) and viability (MTS) in all DIPG cell lines. As previously mentioned, a longer time course 

of treatment and further experiments would be needed to understand if this effect is due 

to differentiation of the cells. A key question for the study was the effect of GPR17 

modulation on drug sensitivity in DIPG cells. Currently there are limited options for patients 

and the standard of care is radiotherapy, which only alleviates the symptoms. There are a 

number of promising compounds being examined in basic research and early clinical trials 

(Grasso et al., 2015b). Panobinostat, is a pan-HDAC inhibitor, currently undergoing clinical 

trials (Andreu Vieyra and Berenson, 2014; Moore, 2016; Clymer and Kieran, 2018). A potent 

chemotherapeutic, Vincristine was used in my experiments as a control. Due to the lack of 

access to a cell irradiator, I used a radiomimetic compound, Bleomycin, to replicate the 

effects of radiotherapy. In all cell lines, there was a significant decrease in cell viability when 

pre-treated with 30µM HAMI3379 and at least two of the tested compounds.   

 

Ideally, a knockdown system would be employed to understand the role of GPR17 in DIPG 

cells, but we were unable to transfect the primary cells using cationic-lipid reagent, we are 

in the process of trying electroporation as an alternative method.  
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6.5.1 Ongoing and Technical difficulties 

To understand the role of GPR17 in DIPG cell lines, we wanted to use an shRNA (short-

hairpin RNA) knockdown system to stably down-regulate GPR17 and OLIG2. Due to our 

limitations of using a lentiviral system we had very poor uptake of the plasmid, commonly 

seen in primary cell lines using TurboFection 8.0 (Origene). TurboFection 8.0 is a 

lipid/histone blend optimised for nucleic acid delivery.  Our next approach is to use 

electroporation, pulsed electrical fields to increase the permeability and uptake of 

macromolecules to the cells (Kumar, Nagarajan, & Uchil, 2019; Maurisse et al., 2010).  

 

6.6 GPR17 as a therapeutic target for DIPG and clinical implications 

The targeting of GPR17 using a small molecule antagonist has shown promise in modulating 

DIPG genotype and phenotype in vitro. The use of HAMI3379 alone does not cause a 

significant effect on cell viability in DIPG cells, but in combination with potential therapies 

it does. HAMI3379 is an experimental drug that needs to undergo further testing before it 

can be used in the clinic but shows promise to target GPR17 in DIPG. The ability of 

HAMI3379 to cross the blood brain barrier has not been tested, so it is unknown if it crosses 

or not. The question of how this would be delivered in a clinical setting arises. There has 

been no change in DIPG patient survival in over 50 years and patients do not benefit from 

systemic chemotherapy. This is thought to be due to a combination of the anatomical 

location, an intact blood brain barrier and inadequate drug delivery systems (El-Khouly et 

al., 2017; Warren, 2018). The delivery of chemotherapeutics systemically (intravenously or 

orally) fail to reach adequate concentrations in the tumour. Development of local 

administration techniques using convection-enhanced delivery (CED) to deliver drugs 

directly into the tumour, bypassing the blood brain barrier are promising techniques 

(Himes, Zhang and Daniels, 2019). This technique is an attractive form of delivery as it 

ensures the therapeutic reaches the tumour, hopefully limiting the effect on the normal 

brain. CED currently undergoing a number of clinical trials in brain tumours and Parkinson’s 

disease (El-Khouly et al., 2017; Souweidane et al., 2018; Whone et al., 2019).  
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Better treatment strategies for DIPG are not going to result by using a single agent, but a 

combination of treatments that specifically target the DIPG cells in the precious 

environment of the developing brain, rendering them more susceptible to cytotoxics 

agents. Cancers have an ability to not only adapt, but also adapt their environment to be 

supportive of proliferation and survival. Paediatric brain cancers have the added 

complexity of the brain undergoing dynamic changes in normal development, these need 

to be considered in the development of therapies. 
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6.7 Conclusions 

The aims of this study were to determine if GPR17 is overexpressed in DIPG (tissue and 

cells) and if by targeting this receptor we could render the cells more sensitive to potential 

therapies. By the use of publicly available datasets and primary DIPG cell lines I have shown 

that DIPG is upregulated at mRNA and protein level, supporting the theory of cell of origin 

being an OPC-like cell (Filbin et al., 2018). By targeting GPR17 using experimental drugs, 

MDL 299,51 and HAMI3379, GPR17 levels can be modulated, causing an effect on viability, 

motility, sphere size and downstream proteins. Whether this a direct or indirect effect of 

GPR17 expression would need further investigation. Pre-treatment with HAMI3379 

followed by EC50 treatment of potential therapies, caused a significant effect on cell 

viability, suggesting that HAMI3379 renders the cells more sensitive, again the mechanism 

needs further investigation. 
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Figure 65 - Graphical abstract 

A – Schematic of GPR17 in OL lineage in normal development 

 

B – Schematic of proposed role of GPR17 in DIPG. Sustained over-expression of GPR17 

in OPCs prevents normal differentiation, resulting in uncontrolled cellular proliferation. 

 

C- Schematic representation of targeting GPR17 over-expression in DIPG cells using 

HAMI3379 to promote differentiation, making the cells more susceptible to therapies. 

 

In the paediatric brain tumour field, great strides are being made in trying to understand 

the genomics and biology, however; this is yet to be translated into better treatments and 
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increase in overall survival. By taking a step back to dissect the underlying biology of DIPG 

in the context of developing brainstem, we hope to understand the role of GPR17 in our in 

vitro system. By using real patient data, I identified GPR17 to be dysregulated in DIPG 

patients and confirmed this in our cell lines and wanted to interrogate its role further by 

the utilisation of a small molecule antagonist and agonist to modulate the expression and 

activity of GPR17. The promotion of differentiation of cancer stem-like cells into a more 

susceptible cell type has been an active field of research (Yang, Liu and Huang, 2016; 

Atashzar et al., 2020).  
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6.8 Further work 

6.8.1 Limitations of study 

In this study I have demonstrated that GPR17 expression can be modified forcing a change 

in cellular genotype and phenotype. The mechanism of how GPR17 exerts its effect on DIPG 

to be in an OPC-like cell needs further investigation, by longer treatment time course with 

MDL 299,51 and HAMI3379 and further dissection of changes in genes and proteins over 

time. As previously mentioned, genetic manipulation of GPR17 using knockdown studies 

need to be conducted to ensure the effect that is seen is due to expression of the receptor, 

rather than an unknown off target effect. 

 

6.8.2 Mechanism of GPR17 

Mechanistic studies of the mode of action of HAMI3379 need to be conducted, as it was 

originally identified as a CysLT2 receptor antagonist, even in with similar homology of the 

receptors, the specificity needs to be determined. Also, as HAMI3379 has been shown to 

block differentiation of OPCs, the safety for use in the developing brain, where there is a 

higher number of OPCs compared to myelinating oligodendrocytes needs to be assessed. 

If we knew the endogenous ligand of GPR17 this would give us huge insight and help in the 

development of a truly specific antagonist. 

 

6.8.3 GPR17 in DIPG 

The expression of GPR17 in the subgroups of paediatric high grade glioma suggests that the 

effect of the K27M mutation on gene transcription may have a role in the aborted cell 

differentiation program. Single cell RNA-seq studies have shown that in H3 K27M tumours, 

the population is predominately an OPC-like cell, with a minority of more differentiated 

cells (Filbin et al., 2018). With OPC-like cells driving tumour growth, targeting GPR17 could 

be a lineage defined therapy. The H3 K27M mutation results in the dysfunction of the 

polycomb repressive complex (PRC2), subsequently causing a global reduction in H3K27 

trimethylation (H3K27me3) that can cause transcription activation and DNA 
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hypomethylation (Bender et al., 2013). The reduced H3K27me3 and DNA hypomethylation 

are major driving forces of abnormal activated gene expression in K27M tumours (Sturm et 

al., 2012; Bender et al., 2013; Nagaraja et al., 2017). The identification of the H3 K27M in 

DIPG was a huge breakthrough in DIPG research (Schwartzentruber et al., 2012; Sturm et 

al., 2012; Wu et al., 2012).  

 

In normal OPC differentiation, GPR17 is downregulated to enable the terminal 

differentiation into mature myelinating oligodendrocytes, with the K27M mutation, these 

cells may be unable to turn off GPR17 translation, keeping the cells in a pro-proliferative 

state resulting in a tumour (Y Chen et al., 2009; Xing Shu Chen et al., 2012; K Simon et al., 

2016). The mechanism that regulate stem cell behavior in the developing brain are being 

examined in paediatric brain cancers as these neurological cancers are very similar of 

normal developing brain tissue (M. Monje et al., 2011; Filbin et al., 2018). With brain 

tumours consisting of mixed cell populations, targeting these more ‘stem-like’ populations 

to render them more targetable to conventional therapies is an attractive avenue for 

research (Baker, Ellison and Gutmann, 2016). With the use of relevant models of DIPG, we 

need to improve our understanding of the biological effect of the K27M mutation alone 

and its downstream effectors in combination of the understanding of the developing brain 

and cancer and this will be key in our understanding of this devasting disease (Misuraca, 

Cordero and Becher, 2015; Pathania et al., 2017). 
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Appendix I Supplementary data 

 

The following Figures and Tables are supplementary data for Chapters 4 and 5. 

 

Table 17 - Patient characteristics from RNA-seq data for matched tumour and non-

tumour controls (Berlow et al., 2018). XRT (Radiotherapy) 

Tissue 

Sample 

Age at 

diagnosi

s 

Gender Histology 
H3 

status 
Treatment 

A0518-DIPG 13 Female -  K27M XRT + bevacizumab 

H0712-DIPG 8 Female glioblastom

a 

K27M XRT + 

bevacizumab+VPA 

M0416-

DIPG-I 

5 Female glioblastom

a 

- XRT-vorinostat 

P0323-DIPG 11 Male (fragile x 

syndrome) 

DIPG 

- XRT+VPA+avastin+im

etelstat  

PCB385-

Tumor 

9 Male - - - 

PCB388-

Tumor 

15 Male - - chemo/XRT 

PCB448-

Tumor 

3 Male - - - 

PCB507-

Tumor 

11 Male - - - 

Pt-0227-

DIPG 

6 Male glioma K27M XRT +VP16 
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SU-DIPG-II 7 Male glioblastom

a 

H3.3-

K27M 

XRT + temozolomide 

SU-DIPG-VI 7 Female High-grade 

glioma 

H3.3-

K27M 

XRT + vorinostat 

SU-DIPG-VII 8 Male glioblastom

a 

WT XRT (2 days only) 

SU-DIPG-XI 5 Male glioblastom

a 

H3.3K27

M 

XRT+EGFRVIII vaccine, 

imetelstat 

TB0121-

DIPG 

- - - - - 
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Figure 66- Comparison of GPR17 expression in matched tumour and normal tissue. A) 

Seven patients had an upregulation (<2) of GPR17 expression in the tumour sample 

compared to control. Data obtained from (Berlow et al., 2018). 
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Table 18-STR profiles of cell lines -STR profiles were checked at the beginning and end of 

project 

 AMEL CSF1PO1 D13S317 D16S539 D21S11 D5S818 D7S820 TH01 TPOX vWA 

VUMC-DIPG-

A 

X/ 12/ 11/12 8/12 29/ 11/12 11/ 6/8 11/ 16/17 

VUMC-DIPG-

08 

X/Y 9/13 12/ 11/13 30/30.2 12/13 11/13 6/9.3 11/12 16/18 

SU-DIPG-IV X/X 9/10 7/12 9/12 29/31 12/13 10/11 6/9.3 8/ 15/19 

SU-DIPG-VI X/X 10/11 11/ 8/13 29/31 10/12 8/9 7/8 8/11 17/18 

SF188 X/Y 12/ 13/ 11/ 31/ 16/17 10/8 9.3/ 8/11 16/17 

CC-2565 X/Y 11/12 9/12 10/11 30/31.2 7/10 10/12 9/9.3 10/11 17/19 

U-2OS X/X 13/ 13/ 11/12 31/ 11/ 11/12 6/9.3 11/12 14/18 
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Figure 67 - Validation of GAPDH SYBR green primers.  

A) Fluorescence curves of serial dilution B) CT values of serial dilutions of input RNA. C) 

CT values plotted against concentration D) Standard curve to determine efficiency of 

primers. 
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Figure 68 -Validation of GPR17 SYBR green primers.  

A) Fluorescence curves of serial dilution B) CT values of serial dilutions of input RNA. C) 

CT values plotted against concentration D) Standard curve to determine efficiency of 

primers. 
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Figure 69 - Full uncropped blots shown in Chapter 5 of K27M expression with cyclophilin 

a as a loading control. Dotted lines show cropped region. 
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Figure 70 - Full uncropped blots shown in Chapter 5 of GPR17 expression with cyclophilin 

a as a loading control. Dotted lines show cropped region. 
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Figure 71 - Immunostaining of DIPG cell lines shows expression of OLIG2.  

Fluorescence images of DIPG cells, OLIG2 (red) and nuclei stained blue. Images taken at 

20x magnification, scale bar 63µm. 

 

 

Figure 72- Immunostaining of DIPG cell lines treated with 10nM MDL 299,51 and 30µM 

HAMI3379 for 48 hours. Fluorescence images of DIPG cells, OLIG2 (green) and nuclei 

stained blue. Images taken at 20x magnification, scale bar 63µm. 
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Figure 73 -Treatment of cells with Panobinostat,(Pano) Bleomycin (Bleo) or Vincristine 

(VCR).  

Representative images of cell lines treated with EC50 of each compound after 48 hours. 

Brightfield images taken using a Zeiss Axiovert 200M (inverted) microscope using 

Volocity software (V6.1.1, Perkin Elmer). 
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Figure 74 - Cell cycle analysis of Bleomycin treatment.  

A) Quantification of percentage of cells in cell cycle phases, G0, S, and G2/M. B) 

Representative cell cycle traces of no treatment Vs.EC50 dose of Bleomycin. 

 

 

Figure 75- Dose-response of Panobinostat and Bleomycin to determine EC50 dose. 

MTS assay was performed 24,48, and 72 hours after treatment. Data normalised and 

analysed using the sigmoidal does-response EC50 comparison using GraphPad Prism and 

show mean and SEM.
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Appendix II: A comprehensive gene/protein investigation of the tumour 

microenvironment in brain stem high grade glioma in children 

 

Introduction 

 

The initial focus of my PhD project was to examine the tumour microenvironment of DIPG 

by using focused microarrays to understand the complexity. I initially focused on the 

extracellular matrix component. Due to the limited availability of tissue sections and 

nature of our in vitro study, I decided to focus my work on GPR17. This work is preliminary 

but could help us identify potential ligands not previously identified for GPR17. 

 

Tumour Microenvironment of the Brain 

The tumour microenvironment (TME) is increasingly being recognised as a key factor in 

multiple stages of disease progression, particularly local resistance, immune-escaping, and 

distant metastasis (Chen et al., 2015; Hanahan & Coussens, 2012; Hanahan & Weinberg, 

2011). Cancer cells do not exist in isolation, they are part of a dynamic system, interacting 

with a wide diversity of environments and cell types (Mack, Hubert, Miller, Taylor, & Rich, 

2016). Cancer cells have the ability to co-opt and exploit their surroundings to survive 

(Batista, Riedemann, Vardam, & Jain, 2015).  In addition to cancer cells, tumour lesions 

contain a mixture of different stromal cells; this for example includes endothelial cells (ECs) 

that constitute blood vessels, glia cells; such as neurons, astrocytes, oligodendrocytes, and 

pericytes, as well as inflammatory cells that infiltrate tumours from the blood stream.  

The brain is densely vascularised and the blood vessels differ from those in other organs in 

terms of their tightness and structure (Batista et al., 2015; McCarty, 2009; McConnell, 

Kersch, Woltjer, & Neuwelt, 2016). This specialised vasculature provides the unique 

requirements of the brain, a homeostatic ionic environment and protection from 

neuroactive blood-borne solutes (McConnell et al., 2016). The formation of tight junctions 

between brain ECs and metabolic barriers strongly resist the passage of cells and even small 
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molecules through the blood-brain barrier (BBB). Glial cells provide further support of the 

blood vessels, astrocyte extend end feet processes and perform bi-directionally signalling 

with ECs to maintain vascular integrity and pericytes embedded within the basement 

membrane envelope the blood vessels (Lorger, 2012; McConnell et al., 2016).  Tumour 

cells, as they proliferate, remodel, attach and rebuild a new microenvironment by releasing 

extracellular signalling molecules that promote tumour angiogenesis, extracellular matrix 

(ECM) remodelling and evasion of the immune system (Blehm, Jiang, Kotobuki, & Tanner, 

2015).  

 

ECM 

The ECM represents a major part of this of the TME, it is a highly dynamic network produced 

by all cell types within the TME, resulting in a sophisticated fibre network that not only 

provides structural support but also integrates local signals, regulates cellular movement, 

proliferation, and differentiation and also controls the diffusion and availability of 

molecules (Dyck & Karimi-Abdolrezaee, 2015; Hynes, 2009; Reinhard, Brosicke, 

Theocharidis, & Faissner, 2016; Vecino & Kwok, 2016). The ECM has become increasingly 

evident that it is no longer a bystander between cells but performs significant functions 

and is involved in controlling various physiological responses in the CNS (Vecino & Kwok, 

2016). The functional attributes of the ECM in the CNS arise directly from its composition 

of molecules, which are localised to three principal compartments: the basement 

membrane (basal lamina), the perineuronal nets and the neural interstitial matrix (ECM 

molecules that are dispersed in the parenchyma) (
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Figure 

76)(Lau, Cua, Keough, Haylock-Jacobs, & Yong, 2013).  

 

Figure 

76 -ECM components are arranged into basement membranes that lie outside cerebral 
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vessels, condensed as perineuronal nets around the cell bodies and dendrites of neurons 

or diffusely distributed as the neural interstitial matrix between cells of the CNS 

parenchyma. The pink glial clels depict astrocytes, oligodendrocytes or microglia (Quirico-

Santos, Fonseca, & Lagrota-Candido, 2010). 

 

The basement membrane is a sheet-like layer that serves as a boundary between 

endothelial cells and CNS parenchymal tissue; it also surrounds the whole pial surface of 

the CNS. The basement membrane is largely made up of collagen, laminin–nidogen (also 

known as entactin) complexes, fibronectin, dystroglycan and perlecan (Mouw, Ou, & 

Weaver, 2014; Quirico-Santos et al., 2010). Whereas, the perineuronal nets comprise a 

condensed layer of mesh-like matrix composed principally of proteoglycans (PGs), tenascin 

R and link proteins that surrounds neuronal cell bodies and proximal dendrites. The neural 

interstitial matrix consists of ECM components in the parenchyma that are not tightly 

associated in basement membranes or perineuronal nets; comprising a compact network 

of PGs, hyaluronan, tenascins and link proteins, as well as relatively small amounts of 

fibrous proteins (collagens and elastin) and adhesive glycoproteins (laminins and 

fibronectin).  PGs include membrane associated heparin sulfate proteoglycans (HSPGs) 

and Chondroitin sulfate proteoglycans (CSPGs) which found in the pericelluar space. CSPGs 

are secreted by all cell types in the CNS and provide guidance cures for developing growth 

cones contributing to the formation of neuronal boundaries in the developing CNS (Dyck & 

Karimi-Abdolrezaee, 2015; Lau et al., 2013). These CSPGs in the CNS fall into three protein 

families: lecticans (aggrecan, brevican, neurocan and versican), phosphacan and neuron-

glial antigen 2 (NG2) (Dyck & Karimi-Abdolrezaee, 2015; Sood et al., 2016). Continuous ECM 

remodelling is required and this is mediated by matrix-degrading enzymes, such as matrix 

metalloproteases (MMPs), a disintegrin and metalloproteases (ADAMs), and ADAMS with 

thrombospondin motifs (ADAMTSs) (Berezin, Walmod, Filippov, & Dityatev, 2014; Gladson, 

1999; Lukes, Mun-Bryce, Lukes, & Rosenberg, 1999; Theocharis, Skandalis, Gialeli, & 

Karamanos, 2016). Remodeling of the ECM involves expression of different cell adhesion 
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molecules and modification of cellular processes such as migration and polarity. Important 

cell adhesion genes that are involved include integrins, selectins, cell adhesion molecule 

family members (ICAM, ECAM, NCAM, PECAM, and VCAM), and the catenins which link cell 

adhesion molecules and the cytoskeleton (Goldbrunner, Bernstein, & Tonn, 1998, 1999; 

McCarty, 2009; Quirico-Santos et al., 2010). 

 

Several ECM components, ECM receptors and their associated downstream signalling 

molecules have been found to be essential for cortical development (Reinhard et al., 2016; 

Vecino & Kwok, 2016). These ECM components can be seen in both neural stem cell (NSC) 

niches as well as the cancer stem cell (CSC) niche and evidence suggests that these 

molecules play an important role in promoting growth factor access and activity in the stem 

cell niche (Mercier, 2016). Collagens, glycoproteins, integrins and PGs interact with specific 

growth factors and morphogens to promote proliferation, self-renewal, or stimulate 

lineage progression and differentiation (Reinhard et al., 2016). The concept that these 

niches play a vital role in the regulation of cell behaviour, which is a main focus in 

embryology, has been increasingly accepted in cancer biology (Lu, Weaver, & Werb, 2012; 

Plaks, Kong, & Werb, 2015).  Disruption or exploitation of these control mechanisms will 

lead to abnormal behaviours in the TME that ultimately can result in the development of 

cancer (Cox & Erler, 2011; Lu et al., 2012). Additionally, not all cells in a solid tumour are 

exposed to the some TME cues, the leading edge will receive more oxygen and nutrients, 

therefore more metabolically active, and are more likely to actively proliferate and 

infiltrate than those closer to the tumour core (Cox & Erler, 2011). This diversity in the TME 

is perhaps a contributing factor to the high heterogeneity of the tumour cell population 

(Cox & Erler, 2011).  

 

The properties of the ECM are not independent, but are intertwined, and abnormal ECM 

dynamics are being recognised as a hallmark of cancer (Hanahan & Weinberg, 2011; 

Levental et al., 2009; Lu et al., 2012). For example, increased ECM stiffness can be a physical 
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barrier blocking therapeutics, protecting the tumour from chemotherapeutic agents but 

also changes in the biomechanical properties that can directly impact interaction with 

migrating cells (Levental et al., 2009; McCrea et al., 2015; Plaks et al., 2015).   

 

Tumour Microenvironment in vitro 

Due to the incidence and availability of tissue, the use of characterised preclinical models 

is an area of development to study the cellular and molecular biology of these tumours in 

vitro. There has been an increase in the use of stereotactic biopsies at diagnosis, but the 

amount of tissue is limited, whereas the collection of post mortem tissue has enabled 

collection of larger amounts as well as normal brain tissue, to be used as an internal control 

(Caretti et al., 2013). From this post mortem tissue, primary DIPG cell cultures have been 

developed (Caretti et al., 2013, 2014; Venkatesh et al., 2015).  

 

Implications for DIPG 

The diffuse nature of DIPG, would indicate the need for constant ECM remodelling and by 

gaining further understanding of the genetic and proteomic landscape of the tumour 

microenvironment in this terminal disease we could possible identify potential therapeutic 

targets. Also, the link with neural development suggests that there may be a role of 

abnormal ECM regulation that is a contributing factor in the cause of this disease.  

 

DIPG is a devastating, aggressive and incurable disease that is the leading cause of 

paediatric brain tumour death. The challenges of the neuroanatomical location and diffuse 

nature of the tumour that causes severe disabling neurologic symptoms that over time 

destroy control and co-ordination of the face, pharynx and body. The identification of the 

genetic and proteomic landscape of DIPG and the tumour microenvironment will provide 

potential therapeutic targets and effective pharmacological approaches. 

 

Materials and methods 
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Bioinformatic analyses were conducted using data obtained from R2: Genomics Analysis 

and Visualization Platform of DIPG tissue samples (GSE26576). This in silico gene mining 

approach and analyses of differential expressed ECM genes will aid with our in vitro studies. 

This resource contains over 70,000 patient molecular information and in many published 

data sets, other parameters are known (e.g. survival, treatment, tissue type).  

 

Comparisons were examined in terms of relative gene expression (log2) between four 

groups: Normal brainstem, Low-grade glioma, High-grade glioma and DIPG. One-way 

ANOVA was performed using Graph Pad Prism  7. Further  statistical analysis using 

Principal Component Analysis (PCA) was performed using MiniTab 17. 

 

In parallel with the bioinformatics analyses, RNA was extracted from fixed-formalin paraffin 

embedded tissue (FFPE) from post-mortem brain of two DIPG patients (NRES 

10/HO308/56). RNA was extracted from three different regions tumour core, adjacent and 

‘normal’ tissue, was reverse transcribed then amplified . Following quality control 

experiments to ensure RNA integrity (Agilent Bioanalyser 2100, DV200 metric and qPCR of 

housekeeping genes), then used for a focused ECM array containing 80 genes. 
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Fixed-Formalin-Paraffin Embedded Tissue sections 

We obtained tissue sections (12 slides of each, with 2 – 5 um thickness on superfrost 

positive slides for antigen retrieval and immunohistochemistry) and FFPE sections (10µm 

thick – 4 each of the 3 areas – tumour core, adjacent and ‘normal’ area) in vials for isolation 

of RNA. 

 

RNA Isolation 

All working areas, instrument surfaces and pipettes were treated with RNaseZap solution 

(AmbionTM) and RNase-free filter tips and microtubes were used.  

 

RNA Extraction from FFPE tissue 

FFPE sections from two patients, from three distinct areas; tumour core, adjacent to 

tumour and ‘normal’, obtained from Cambridge University Hospital. A Material Transfer 
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Agreement (MTA) was obtained between the University of Cambridge and the University 

of Portsmouth under the ethical approval NRES 10/HO308/56. 

RNA was extracted using RNeasy FFPE Kit (Qiagen) according to manufacturer’s 

instructions. RNA was eluted with 30µl of RNase-free water and stored at -80°C prior to 

cDNA synthesis. 

 

Evaluating RNA Quality from FFPE Samples illumina 

RNA obtained from FFPE tissue samples show a degree of degradation due to the cross-

linking from fixation and subsequent tissue storage. The length of FFPE RNA fragments is 

expected to be 100-1000 bases. The gold standard for RNA integrity is to use the Agilent 

RNA Integrity Number (RIN). However, RIN values from degraded FFPE samples are not a 

sensitive measure of RNA quality and they are not a reliable predictor of successful library 

preparation.  The use of RNA fragment size is a more reliable determinant of RNA quality, 

the DV200 metric- the percentage of RNA fragments > 200 nucleotides (Table 19) from 

Evaluating RNA Quality from FFPE Samples. 

 

Table 19- Recommended RNA Input Based on DV200 

Quality DV200 Recommended Input Quantity 

High >70% 20ng 

Medium 50-70% 20-40ng 

Low 30-50% 40-100ng 

Too Degraded <30% Not recommended 

 

Genomic DNA Contamination 

The presence of genomic DNA (gDNA) can alter the results obtained from real-time PCR. To 

eliminate any gDNA, a DNase step is incorporated into the RNA extraction and an additional 

step with the starting RNA before cDNA synthesis by the addition of Buffer GE at 42° for 5 

min. The RT2 Profiler Arrays include a gDNA contamination control. 
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RT2 Profiler PCR Array 

500 ng of Total RNA of each sample were converted to single stranded cDNA using the RT2 

First Strand Kit (Qiagen) following manufacturer’s instructions. Subsequently, cDNA was 

added to SYBR mastermix (Qiagen) and 25µL was added to each well of the optimised PCR 

Array RT2 ECM and Adhesion Profiler (Qiagen). Samples were run using a Roche Lightcycler 

96 (Roche) instrument. Reaction consisted of one cycle at 95°C for 15 s followed by 45 

cycles at 60°C for 1 min each.  Data normalisation for this array was performed using the 

housekeeping gene GAPDH.  

 

RT2 Profiler PCR Array Analysis  

All values were exported from the real-time cycler and formatted in a spreadsheet 

(appendix 3) to be uploaded to Qiagen’s online Data Analysis Center where all analysis, 

from quality control and statistics, to graphical visualization, takes place. 

 

Results 

Differential gene expression in DIPG, compared to ‘normal’ brain stem 

Eighty ECM related genes were chosen for bioinformatics analyses to make indirect 

comparisons to the ECM focused RT2 profiler. Only up-regulated genes were assessed at 

this time. Preliminary analyses indicate that 13 of the 80 genes were significantly up-

regulated in DIPG tumours compared to normal brainstem (p<0.05) (Figure 77). The most 

significantly differentially expressed include, Matrix Metalloproteinase1 (MMP1), Collagen 

type XI alpha 1 (COL11A1), and Matrix Metalloproteinase 16 (MMP16) (p<0.0001).   
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Figure 77-Bioinformatic analysis of ECM molecules in a DIPG dataset obtained from R2: 

Genomics and Visualisation Platform. Comparison of gene expression between relative 

gene expression of normal brain stem (n=2) and DIPG (n=27). 

 

High grade tumours cluster together, away from the normal brainstem and low grade 

tumours as shown by Principal Component Analysis 
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Figure 78 -PCA Analysis of  ECM molecules  across different histologically grades. 

A) Score plot of ECM and adhesion molecules. High grade tumours cluster away from 

normal brainstem and low grade brain tumours. B) Loading plot of the first two 

components, genes shown to be higher in DIPG cluster in the top right quadrant and genes 

associated with low-grade, in the bottom left. 

 

 

FFPE RNA ECM Array 
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In preliminary analyses of data obtained from focussed RT2 array using FFPE tissue, tumour 

adjacent RNA was compared to ‘normal’ brain (Figure 79).  

 

 

Figure 79-H & E Staining of Tumour core (A), adjacent to tumour (B) and ‘normal’ FFPE 

tissue used for focused ECM array. 

 

Of the 80 genes, 7 were differentially expressed and include COL11A1, Collagen type VI 

alpha 2 (COL6A2) and Laminin alpha 3 (LAMA3) (Table 20-Genes that are up-regulated in 

adjacent tumour sample compared to ‘normal’ control).  

 

Table 20-Genes that are up-regulated in adjacent tumour sample compared to ‘normal’ 

control 

Gene Symbol Description Fold Up-Regulation 

LAMA3 Laminin, alpha 3 33.57 

COL6A2 Collagen, type VI, alpha 2 16.68 

COL11A1 Collagen, type XI, alpha 1 12.78 

SPG7 Spastic paraplegia 7  12.54 

VCAM1 Vascular cell adhesion molecule 1 11.20 

MMP2 Matrix metallopeptidase 2 (gelatinase A) 3.70 

TNC Tenascin C 2.81 

 

From this focused approach we have identified genes that are up-regulated in DIPG 

patients compared to normal controls. From the initial 80 genes, we have identified 4 
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genes, that are up-regulated in DIPG patients compared to normal brain controls from both 

the bioinformatics and FFPE tissue (Figure 80).  

We are currently in the process of comparing this with RNASeq data obtained from DIPG 

patients. 

 

 

Figure 80-Comparison of up-regulated genes identified by bioinformatics and analysis and 

FFPE tissue. Four genes were shown to be up-regulated in both methods. 
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Discussion 

The focus of a large amount of research into DIPG is on the genetic aberrations rather than 

the biology of the tumour and how the interactions between the tumour and stroma  to 

help support the growth.  
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Preliminary data obtained by examining publically available datasets and the use post-

mortem tissue  has highlighted a number of key molecules that will direct further 

functional studies. Molecules that stand out are not only constitutes of the basal lamina 

but also molecules  involved in the degradation and re-modelling of the ECM. 

 

 

We believe that by identifying key host/tumour interactions that drive DIPG growth, this 

knowledge will help lead to improved therapeutics for this devastating childhood brain 

cancer.  

 

Key Findings 

ECM genes are dysregulated in DIPG to normal brainstem, the data has herein filled a gap 

in the knowledge of the  tumour microenvironment, specifically the role of ECM 

molecules. The identification of key molecules will inform targeted functional 

experiments. 
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