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Abstract 

Following injury, cortical astrocytes acquire neurogenic potential when explanted in 

vitro, but remain restricted to their own lineage in vivo. This lineage barrier can be 

fully transgressed in tumourigenesis, however the mechanisms that restrict normal 

astrocyte plasticity or how they are subverted by oncogenic insults are poorly 

defined.  

In this thesis, I have demonstrated that loss of the tumour suppressor gene p53 is 

sufficient to relax astrocyte identity. I found that in vitro, loss of p53 fully 

dedifferentiates astrocytes to neural stem-like cells in the presence of mitogens. 

Using single cell RNA sequencing I described the biological changes that underlie this 

process, revealing that dedifferentiating astrocytes undergo actin remodelling, 

followed by enhanced ribosomal biogenesis before reaching a highly proliferative, 

stem-like state. ChIP-sequencing of wildtype astrocytes indicated that p53 does not 

supress dedifferentiation by directly repressing a neurogenic program or maintaining 

glial fate. Instead, pathway analysis and loss-of-function experiments revealed that 

p53 null astrocytes increase expression of EGFR and its downstream signalling 

sensitising them to EGF and leading to ERK-dependent dedifferentiation.  
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In vivo, p53 loss was induced in cortical astrocytes by stereotaxic injection, and led to 

some astrocytes retracting their processes and downregulating lineage markers, 

indicative of a change in cellular identity. Interestingly, these non-astrocytic cells 

were located very close to the injection wound site, suggesting that, as in vitro, 

extrinsic injury signals cooperate with p53 loss to drive this phenotype. Consistent 

with this, increasing EGF levels at the injury site through local infusion, resulted in 

complete dedifferentiation of p53-deficient astrocytes to a proliferative, stem-like 

state. Thus, injury signals cooperate with tumour-initiating mutations to increase 

astrocyte plasticity. This work suggests a possible mechanism of tumour initiation in 

the adult brain, with important implications for the aetiology and treatment of brain 

cancer. 

Impact Statement 

Glioblastoma (GBM) is the most common and lethal brain tumour in adults. Despite 

therapeutic interventions, median survival of patients is less than 15 months and long 

term (5-year) survival is just 5.5 % (Lapointe, Perry and Butowski, 2018). GBMs have 

been shown to have a population of stem like cells (GSCs) which are able to give rise 

to all tumour cell types. GSCs are thought to be less responsive to therapies and thus 

are likely a major cause of GBM recurrence (Bao et al., 2006; Venere et al., 2011; 

Seymour, Nowak and Kakulas, 2015). Therefore, it is highly important to study the 

biology of this disease and in particular GSCs. 

In this thesis, I have found that loss of p53, a tumour suppressor gene commonly 

mutated in GBM, is sufficient to induce astrocyte dedifferentiation in a permissive 
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injury microenvironment in the absence of other genetic changes. Our work supports 

other studies that suggest that GBM can arise from the differentiated cell 

compartment, although previous studies demonstrated the need for two cooperating 

tumour-driving mutations for dedifferentiation (Hambardzumyan et al., 2011; 

Friedmann-Morvinski and Verma, 2014). A major argument against somatic cells as 

the cell of origin for GBM, is their non-dividing state makes their gaining of tumour-

initiating mutations in vivo implausible. However, our work suggests that loss of a 

single gene, p53, which appears to be silent in the normal brain, is sufficient for 

dedifferentiation in the context of an injury. This provides additional support for 

astrocytes as the cell of origin of GBM and suggests that p53 null astrocytes are 

potentially tumourigenic when exposed to sufficient injury signalling. This study and 

follow-up studies will therefore be important for understanding GBM initiation.  

Moreover, repair after injury such as trauma or stroke in the central nervous system 

is very limited, and therefore understanding the mechanisms that govern astrocyte 

plasticity will be important for directing clinical approaches to promote brain repair.   

In this study I have generated single cell transcriptomic data that shows the process 

of astrocyte dedifferentiation upon p53 loss. This will be a useful resource for both 

our lab and others to look at mechanisms of dedifferentiation. Combined with the 

chromatin immunoprecipitation sequencing data generated in this study, I have 

generated a list of p53 direct targets in astrocytes. Further analysis of these datasets 

may elucidate further roles for p53 in astrocytes beyond regulation of astrocyte 

plasticity. 
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We aim to publish this study in an open access peer-reviewed journal, allowing it to 

be available to other academics and clinicians and have the greatest possible impact. 

Moreover, we have already and will continue to present this work at both local and 

international conferences, to support its dissemination in our scientific field.  
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Chapter 1 Introduction 

Tissues must be maintained and repaired in order to ensure that they continue to 

function properly. In most tissues this task is carried out by a population of cells, 

known as stem cells, which have the unique ability to self-renew and differentiate 

into multiple lineages, and thus are able to replenish the tissue. However, it is 

becoming increasingly clear that repair is not restricted to the stem cell 

compartment. After injury, a subset of differentiated cells can dedifferentiate to 

stem-like cells to support repair and help repopulate the damaged tissue. This 

phenomenon has been demonstrated in multiple tissues such as the intestine, 

stomach, peripheral nervous system and lung (Mirsky et al., 2008; van Es et al., 2012; 

Stange et al., 2013; Tata et al., 2013; Donati et al., 2017).  

A further example of the intrinsic plasticity of mature cells is in tumourigenesis, 

whereby oncogenic transformation dedifferentiates somatic cells to tumour initiating 

cancer stem-like cells (CSCs). CSCs are cancer cells that possess the hallmarks of 

normal stem cells – self-renewal and multilineage differentiation into tumour bulk 

cells. CSCs have been reported in various cancer types, including leukaemia, breast, 

colon, ovarian and brain cancers (Friedmann-Morvinski and Verma, 2014). Therefore, 

understanding dedifferentiation is important for tissue repair and the aetiology of 

cancers, but the cell-intrinsic mechanisms governing cellular dedifferentiation or the 

extrinsic cues that drive it are still not fully understood. 

In this thesis I investigate the role of the tumour suppressor p53, in restricting 

dedifferentiation of astrocytes in response to injury signals, which may indicate a new 
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role of p53 loss in the initiation of glioblastoma, the most aggressive and lethal 

primary brain tumours in adults. Therefore, I will first introduce the resident neural 

stem cells in the mammalian brain, followed by astrocytes and what is currently 

known about their dedifferentiation and the role of this in glioblastoma. I will also 

discuss what is already known about dedifferentiation in other systems. Finally, I will 

introduce p53 and its known functions and methods of transcriptional regulation. 

1.1 Neural stem cells in the mammalian brain 

Until the studies of Joseph Altman in the 1960s, it was thought that new neurons 

could not be produced in the brain beyond embryonic development (Altman, 1962; 

Altman and Das, 1965). However, it is now widely accepted that neurogenesis, the 

process of production of new neurons, occurs in the adult mammalian brain. This is 

achieved by a population of cells known as neural stem cells (NSCs), which have the 

properties of long-term self-renewal and differentiation, permitting lifelong 

neurogenesis. The presence of NSCs was confirmed by isolation and in vitro assays, 

along with in vivo lineage tracing studies, which have shown the integration of 

newborn neurons in the olfactory bulb and hippocampus of the adult brain. In the 

adult mammalian brain, neural stem cells reside in two highly specialised 

microenvironments (niches), which support their function by providing signals, such 

as growth factors and nutrients. These niches are the subventricular zone (SVZ) of 

the lateral ventricle and the subgranular zone (SGZ) of the hippocampus (Palmer, 

Takahashi and Gage, 1997; Doetsch et al., 1999; Obernier and Alvarez-Buylla, 2019).  
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1.1.1 Subventricular zone niche 

The subventricular zone (SVZ) of the lateral walls of the lateral ventricles contains the 

majority of NSCs in the brain. The NSCs of the SVZ are referred to as type B cells, 

which are further subdivided into quiescent (qB) and active (aB) cells (Codega et al., 

2014; Llorens-Bobadilla et al., 2015). The majority of type B cells are quiescent, which 

is a reversible state of cell cycle arrest. Once activated, type B cells divide and 

progress through their lineage, producing intermediate progenitor cells called type 

C. Type C cells undergo several rounds of division, before giving rise to neuroblasts 

(type A) which migrate in chains via the rostral migratory stream (RMS) to the 

olfactory bulb (OB) where they terminally differentiate into mature interneurons 

(Lois and Alvarez-Buylla, 1993; Luskin, 1993; Doetsch et al., 1999; Doetsch, 2003). 

These SVZ-derived OB neurons have been shown to be important for complex 

olfactory behaviours such as odour discrimination (Alonso et al., 2006, 2012). 

Type B cells have a radial morphology that reaches through the full niche, making 

contacts with many cellular compartments. They possess a small apical process which 

contacts the cerebrospinal fluid (CSF) on the ventricular surface and a long basal 

process which contacts blood vessels via a specialized endfoot. The apical process 

intercalates within a pinwheel-like structure of ependymal cells at the ventricular 

surface, and extends a primary cilium thought to be involved in signal transduction 

(Doetsch, 2003; Codega et al., 2014). The basal process allows direct cell-cell contact 

with the endothelium of the vasculature, which enforces their quiescence (Shen et 

al., 2008; Tavazoie et al., 2008; Kokovay et al., 2010; Ottone et al., 2014). Apart from 

the signals from within their immediate niche, which includes the cell types already 
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described above, microglia, astrocytes, extracellular matrix (ECM) and fractones, type 

B cells also receive signals from distant sources, such as from neurons with 

projections into the SVZ and from the choroid plexus via the CSF. These signals from 

various sources are integrated to allow proper balance of quiescence vs activation to 

sustain lifelong neurogenesis (Obernier and Alvarez-Buylla, 2019).  

Type B cells are characterised by expression of the astroglial markers GFAP and Glast 

(Slc1a3). Single cell RNA sequencing has revealed that as quiescent B cells activate, 

they enter first into a ‘primed quiescent’ state, whereby they begin to upregulate 

protein synthesis and ribosome biogenesis markers, before entering the activated 

state which is characterised by entry into cell cycle (Llorens-Bobadilla et al., 2015). 

Activated B cells also upregulate expression of EGFR and Ascl1, which are sustained 

into type C cells (Codega et al., 2014; Llorens-Bobadilla et al., 2015; Dulken et al., 

2017). 

Type B cells are heterogeneous; type B cells from different regions of the SVZ have 

been shown to give rise to different subtypes of OB interneurons. Interestingly, 

transplantation of NSCs to a different region of the SVZ did not change the type of 

neuron generated, suggesting that this is intrinsically regulated rather than by 

differences in the local microenvironment (Merkle, Mirzadeh and Alvarez-Buylla, 

2007).  

Additionally, it is unclear whether NSCs are truly multipotent in vivo. Adult NSCs were 

first discovered and defined by their ability to form multipotent neurospheres when 

isolated from the SVZ and cultured in media containing EGF or FGF (Reynolds and 
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Weiss, 1992; Richards, Kilpatrick and Bartlett, 1992). Studies using in vitro live cell 

imaging of NSCs isolated from the adult SVZ cultured in media without growth factors 

showed that NSCs mainly gave rise to neurons under these conditions. However, if 

exposed to EGF or FGF, they were able to form neurons and glia (Costa et al., 2011; 

Ortega et al., 2013). While it has been shown that type B cells can also give rise to 

corpus callosum oligodendrocytes in vivo, it is thought that different subsets of B cells 

may give rise to oligodendrocytes or neurons (Ortega et al., 2013; Obernier and 

Alvarez-Buylla, 2019). Recent single cell RNA sequencing analysis has revealed that 

the lateral walls of the SVZ are enriched for neurogenic NSCs, while the septal walls 

are enriched for gliogenic NSCs which give rise to oligodendrocytes (Mizrak et al., 

2019). Therefore, NSCs are multipotent at a global level in vivo, but at a single cell 

level may be more lineage-restricted.   

1.1.2 Subgranular zone niche 

The subgranular zone is located between the hilus and the granule cell layer of the 

hippocampal dentate gyrus (DG). Like the SVZ NSCs, the NSCs of the SGZ (termed type 

1 radial glial-like cells), give rise to intermediate progenitors (type 2 cells) which in 

turn give rise to neuroblasts (type 3). Unlike in the SVZ, however, these neuroblasts 

are not highly migratory, and instead remain within the DG and give rise to mature 

dentate granule neurons. Newborn neurons from the SGZ are thought to be 

important in memory and learning (Palmer, Takahashi and Gage, 1997; Kempermann 

et al., 2018). Type 1 cells are also able to give rise to astrocytes in vivo (Steiner et al., 

2004) and are fully multipotent in vitro upon exposure to EGF or FGF – forming 

neurospheres that can differentiate to neurons, oligodendrocytes and astrocytes.  
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Similar to the SVZ type B cells, type 1 cells are exposed to signals from a wide range 

of cellular compartments, including their progeny, microglia, the vasculature and 

ECM. However, type 1 cells are not located on the ventricle and therefore do not 

contact the CSF (Gonçalves, Schafer and Gage, 2016). 

Single cell RNA sequencing studies have been used to understand the lineage 

progression from quiescent NSC to activation and differentiation (Shin et al., 2015; 

Artegiani et al., 2017). These studies have revealed the downregulation of Notch, 

BMP and MAPK pathways upon activation from quiescence. As seen in the SVZ 

system, NSCs switch from glycolytic to oxidative metabolism, and upregulate protein 

synthesis and cell cycle genes upon activation (Llorens-Bobadilla et al., 2015; Shin et 

al., 2015; Artegiani et al., 2017) (see Introduction Figure 1).   

1.1.3 NSCs and neurogenesis in the adult human brain 

Much of our understanding of neurogenesis has come from studies in rodents. 

However, it is still controversial as to whether and to what extent neurogenesis 

occurs in the adult human brain. Both the SVZ and SGZ exist in the human brain, but 

whether these regions contain bona fide NSCs into adulthood is less clear. Limited 

availability of well-preserved tissue and means to lineage trace cells have hampered 

studies in this area. In both the SVZ and SGZ, a population of cells with stem-like 

neurosphere forming properties have been identified in human tissue (Kempermann 

et al., 2018; Paredes et al., 2018). Moreover, cells expressing proliferation markers 

and markers of immature neurons have been found along the lateral walls of the 

lateral ventricle in the adult brain, however there was no evidence of migration to 
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Introduc�on Figure 1: Lineage progression of early neurogenesis
Schema�c representa�on of stages and marker expression during lineage progression 
of quiescent neural stem cells (NSC), to ac�ve NSC, to intermediate progenitor cell 
(IPC). Adapted from (Codega et al., 2014; Bond, Ming and Song, 2015; O�one and 
Parrinello, 2015; Llorens-Bobadilla and Mar�n-Villalba, 2017).
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the OB (Sanai et al., 2011; Wang et al., 2011). Human hippocampal neurogenesis has 

been reported to decline soon after birth and to be absent or at least very rare from 

childhood (Knoth et al., 2010; Dennis et al., 2016; Cipriani et al., 2018). Indeed, in the 

same tissue samples which showed positivity for young neurons in the ventricular 

walls, young neurons were not present in the DG (Sorrells et al., 2018). However, 

others have reported robust hippocampal neurogenesis into adulthood (Spalding et 

al., 2013; Boldrini et al., 2018; Moreno-Jiménez et al., 2019). Nevertheless, it is clear 

that the repair and regeneration properties of the human brain are lower than in 

many other tissues, including the peripheral nervous system. After injury, even in 

rodents, a robust repair response has not yet been shown. NSCs activate and 

proliferate, and neuroblasts have been shown to migrate to local sites of injury, but 

significant repair does not appear to take place (Sun, 2016). For example, in the 

striatum of the rat, the replacement of dead neurons with new after stroke was found 

to be just 0.2 % (Arvidsson et al., 2002).  

1.2 Astrocytes 

Rudolf Virchow first coined the term ‘nervenkitt’ in 1846 (neuroglia, glia from the 

Greek for glue) to describe what he thought were merely connective cells in the 

nervous system. This view prevailed for many years, but it is now becoming clear that 

glia have vast roles in brain homeostasis and pathologies. The glia of the adult 

mammalian brain are astrocytes, oligodendrocyte progenitor cells (OPCs, or NG2 

glia), oligodendrocytes and microglia (Allen and Barres, 2009). The number of glia is 

thought to be approximately 1:1 with the number of neurons in the human brain 

(Azevedo et al., 2009).  
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Astrocytes are a type of specialised glia that make up approximately 20 % of the total 

cells in the human brain (Azevedo et al., 2009; von Bartheld, Bahney and Herculano-

Houzel, 2016). Astrocytes have diverse functions in the brain; from regulation of 

blood brain barrier (BBB), ion homeostasis, synaptic function and maturation as well 

as gliotransmitter release. Astrocytes also undergo a process known as reactive 

astrogliosis in response to injury, which will be discussed in greater detail below. 

Astrocytes, which tile the brain with non-overlapping spatial domains, were named 

from their characteristic star-like morphology. They possess 5-10 major branches, 

which extend into many smaller fine processes. These processes interact with 

neighbouring astrocytes and many other brain cell types, such as endothelial cells of 

blood vessels via specialised endfeet (Allen and Barres, 2009; Sofroniew and Vinters, 

2010; Allen and Lyons, 2018).  

1.2.1 Astrocyte development 

In the embryonic brain, neuroepithelial-derived progenitors known as radial glial cells 

undergo first a wave of neurogenesis, followed by a wave of gliogenesis (Deneen et 

al., 2006; Ge et al., 2012). Following this ‘gliogenic switch’, which is mediated by the 

transcription factors Nuclear factor I-A (NFIA) and Sox9, radial glia either directly 

differentiate into astrocytes, or give rise to intermediate progenitor cells, such as 

OPCs (Stolt et al., 2003; Deneen et al., 2006; Kang et al., 2012; Dimou and Götz, 2014; 

Glasgow et al., 2017). Early on, a small proportion of these radial glia upregulate 

p57kip2 which forces them into a quiescent state and specifies them to become the 

adult neural stem cells described in the previous section (Furutachi et al., 2015). 

Newborn astrocytes or astrocyte precursors begin to express the markers Glast and 
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Aldh1l1 and migrate to their final regional location in the brain, where they 

proliferate locally during the first few postnatal weeks, before terminally 

differentiating into mature astrocytes (Ge et al., 2012; Molofsky and Deneen, 2015). 

These mature astrocytes express S100β, glutamine synthetase, AldoC, Aquaporin 4 

and GFAP, although GFAP does not mark all protoplasmic astrocytes (Sofroniew and 

Vinters, 2010; Molofsky et al., 2012). Functional maturation of astrocytes is thought 

to be, at least in part, mediated by neuronal activity as well as growth signals such as 

bone morphogenetic proteins (BMPs) (Scholze et al., 2014; Hasel et al., 2017). 

Indeed, neuronal activity has been shown to mature astrocytes in vitro (Hasel et al., 

2017).     

1.2.2 Astrocyte functions 

Astrocytes have many roles in the healthy brain, from regulating synapse formation, 

maturation and pruning, ion homeostasis, blood brain barrier, nutrient processing 

and gliotransmitter release (Sofroniew and Vinters, 2010; Poskanzer and Molofsky, 

2018) (see Introduction Figure 2).  

During development, astrocytes are very important for neuronal maturation, in 

particular axon guiding and synaptogenesis (Powell and Geller, 1999; Ullian et al., 

2001; Christopherson et al., 2005; Allen, 2013). Astrocytes release factors such as 

thrombospondin and glypican which promote synapse formation (Christopherson et 

al., 2005; Allen et al., 2012). Further signals from astrocytes, such as Sparc1, induce 

synapse maturation (Jones et al., 2011; Kucukdereli et al., 2011). Astrocytes can also 

phagocytose synapses to prune inappropriate connections (Chung et al., 2013) or 
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target them for elimination by microglia (Stevens et al., 2007). Together these 

functions of astrocytes contribute to the proper connectivity between neurons.  

In the mature brain, astrocytes remain intimately connected with synapses and 

regulate their function. In the rodent brain, a single astrocyte can contact 100,000 

synapses via its fine processes (Bushong et al., 2002). In the human brain this number 

has been shown to rise to 2 million and this discrepancy between rodent and human 

has been suggested to, in part, explain the increased computational power of the 

human brain (Oberheim et al., 2009). The notion of a ‘tripartite synapse’ was first 

described in the 1990s, which proposes that astrocyte processes are an integral part 

of the synapse along with the previously described pre- and post-synaptic 

compartments of neurons (Araque et al., 1999). Astrocytes can respond to and clear 

neurotransmitters, as well as releasing their own molecules to signal to neurons – 

known as gliotransmitters. Astrocytes respond to neurotransmitter receptor 

activation or gliotransmitter release with surges of calcium (Ca2+) activity, though the 

timescales of these are much longer than in neurons, possibly indicating different 

roles (Khakh and McCarthy, 2015). In addition, through the secretion of growth 

factors and phagocytic activity, astrocytes maintain and prune synapses, both in the 

healthy brain and possibly also in response to pathological conditions 

(Christopherson et al., 2005; Stevens et al., 2007; Barres, 2008; Araque et al., 2014). 

Astrocytes take up potassium (K+) ions from the extracellular fluid through Kir 

channels, which is important for the repolarisation of neurons after action potential 

firing (Larsen et al., 2014). 

  



Introduc�on Figure 2: Astrocyte roles in the CNS
Schema�c representa�on of the roles of astrocytes in the CNS. Astrocytes have 
important roles in development and homeostasis, including, but not limited to those 
shown above. 
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Astrocytes also make up a part of the blood brain barrier (BBB) and contact blood 

vessels via their endfeet. The BBB is a barrier which limits the influx of molecules into 

the brain from the blood, based on their polarity and or size. Aquaporin 4 (AQP4) are 

expressed at astrocytes endfeet and allow astrocytic maintenance of fluid 

homeostasis (Nielsen et al., 1997; Rash et al., 1998; Papadopoulos and Verkman, 

2013). Astrocytes have also been shown to modulate blood vessel diameter and 

thereby regulate blood flow, through release of signalling molecules, such as nitric 

oxide and prostaglandins (MacVicar and Newman, 2015).  

The positioning of astrocytes, with processes contacting both the vasculature and 

neurons, make them ideally placed to take up nutrients from the blood and process 

them for neurons (Nortley and Attwell, 2017). Astrocytes can take up glucose and 

metabolise it to lactate to prepare it for neurons. Furthermore, astrocytes also store 

glycogen reserves which can be utilised to allow high levels of neuronal activity and 

continued neuronal function in hypoglycaemia (Pellerin and Magistretti, 1994; 

Brown, Baltan Tekkök and Ransom, 2004; Magistretti and Allaman, 2018). 

Together these various functions described show that astrocytes are an important 

cell of the CNS that play key roles in brain homeostasis and function.  

1.2.3 Astrocyte heterogeneity 

Astrocytes were first classified into two major types based on their morphology and 

location within the brain: protoplasmic in the grey matter and fibrous in the white 

matter (Ramón y Cajal, 1909). The fine processes of the protoplasmic astrocytes 

surround synapses, while the processes of fibrous astrocytes contact nodes of 
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Ranvier, demonstrating their likely different major roles. Additionally, it is becoming 

clear that astrocytes are more heterogeneous than just these two types. This 

diversity can be demonstrated in their functions, marker expression and response to 

injury (discussed further below) and disease. Heterogeneity is observed in astrocytes 

from different brain regions as well as within the same regions.  

In the mammalian brain, layers of the cortex are defined by their distinct 

subpopulations of neurons, therefore it is hypothesised that there are different 

subpopulations of astrocytes to support these different cells and microenvironments 

(Lanjakornsiripan et al., 2018). Astrocytes of different layers of the cortex have been 

shown to have different Ca2+ dynamics (Takata and Hirase, 2008), which may lead to 

differing gliotransmitter release. Additionally, they have different levels of expression 

of the potassium channel Kir4.1, suggesting different ion buffering abilities of 

different layers of astrocytes. Heterogeneous astrocyte Kir4.1 expression has also 

been demonstrated in different brain regions and in different sub-populations of 

astrocytes in the hippocampus (Tang, Taniguchi and Kofuji, 2009).  Spatial 

transcriptomic approaches have now confirmed that cortical astrocytes do indeed 

show regional heterogeneity and are organised into layers which are, surprisingly, 

divergent from the neuronal layers (Bayraktar et al., 2018). 

Possibly the best example of astrocyte heterogeneity is in marker expression. GFAP 

is probably the most commonly used marker for astrocytes in the literature, and 

marks all fibrous astrocytes, but labels very few (or only very weakly labels) 

protoplasmic astrocytes in the uninjured brain (Sofroniew and Vinters, 2010; Sirko et 

al., 2015). Other markers of astrocytes have been proposed, such as Aldh1L1, Glast 
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and S100β that are thought to be pan-astrocyte markers, but even these have 

variable expression between different regions/subpopulations of astrocytes (Cahoy 

et al., 2008; Sofroniew and Vinters, 2010).  

However, despite the functional heterogeneity described above, recent single cell 

RNA sequencing studies (scRNA-seq) have suggested that astrocytes are cell-

intrinsically very similar to one another. Comparison of astrocytes isolated from the 

striatum and cortex, along with quiescent and active NSCs and type C cells of the SVZ, 

showed indistinguishable clustering between the two astrocyte populations by 

principal component analysis (Llorens-Bobadilla et al., 2015). Additionally, scRNA-seq 

was performed on cells from the hippocampus and somatosensory cortex and 

defined only two astrocyte subpopulations (Zeisel et al., 2015). Although the depth 

and number of cells sequenced in these studies may not enable complete resolution 

of different astrocyte subtypes, together these studies could suggest that the 

heterogeneity of astrocytes may be more strongly governed by the extracellular cues 

from their microenvironment. 

1.2.4 Astrocyte responses to injury 

After injury, astrocytes undergo a process known as reactive astrogliosis, whereby 

they become hypertrophic, proliferative and upregulate the expression of GFAP and 

stemness markers. The severity and outcomes of the injury depend on the insult, 

such as CNS trauma, infection, ischemia or neurodegeneration (Sofroniew, 2009). 

Reactive astrogliosis phenotypes have been defined by their differing morphological 

and neuroprotective/toxic outputs. Mild to moderate reactive astrogliosis 
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encompasses major upregulation of GFAP expression. This makes it appear as if there 

are increased astrocyte numbers, but this is only due to the low GFAP 

immunoreactivity before injury as very little proliferation occurs. Additionally, in mild 

to moderate reactive astrogliosis, astrocytes remain within their tiled domains. In 

contrast, with severe reactive astrogliosis, in addition to the above, astrocytes do 

proliferate and lose their tiled domain structure, becoming overlapping and 

disorganised. In the most severe cases, a glial scar structure forms of predominantly 

astrocytes, but also other cells such as microglia, fibroblasts, and pericytes, which 

may have both positive and negative effects on repair. While the glial scar inhibits 

axonal regrowth and repair, it also creates a barrier against infectious and 

inflammatory agents, thereby protecting the healthy tissue from further damage 

(Sofroniew, 2009). 

The contrasting supportive/detrimental properties of astrocytes after injuries was 

further demonstrated by a study which used expression data to define two subtypes 

of astrocyte, which were termed A1 and A2, and have toxic and protective roles, 

respectively (Zamanian et al., 2012). Reactive astrocytes after lipopolysaccharide 

(LPS) treatment took on the A1 phenotype, whereby they strongly upregulated genes 

of the complement cascade, which leads to the loss of synapses and neuronal death. 

In contrast, reactive astrocytes after ischaemic injury took on the A2 phenotype, 

which was characterised by upregulation of neurotrophic factors, such as CLCF1, LIF, 

IL6 and thrombospondins, which enhanced repair (Zamanian et al., 2012).  In a 

follow-up study, they showed that A1 astrocytes are induced by activated microglia 
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and become highly neurotoxic while also losing their normal astrocyte functions 

(Liddelow et al., 2017). 

During the process of reactive astrogliosis, astrocytes upregulate stemness markers 

(see Table 1). This poses the question as to whether these astrocytes dedifferentiate 

to a stem-like state. After stab wound injury in the cortex, astrocytes upregulate 

stemness markers such as Sox2, BLBP and Nestin, and can proliferate, but remain 

within their lineage in vivo, meaning they only proliferate to produce astrocytes. 

However, when taken out of the injury site and subcultured in vitro in the presence 

of mitogens EGF and FGF, about 5 % of reactive astrocytes were able to form 

neurospheres, which could be differentiated into astrocytes, oligodendrocytes and 

neurons, indicative of self-renewal and multilineage differentiation potential (Buffo 

et al., 2008; Sirko et al., 2013; Götz et al., 2015) (see Introduction Figure 3). 

Therefore, like the NSCs of the neurogenic zones, cortical astrocytes appear to have 

neurogenic potential in vitro, but are lineage restricted in vivo. It is worth noting that 

a lower proportion of neurospheres isolated from the injured cortex were 

multipotent (differentiating to astrocytes, oligodendrocytes and neurons) than those 

from the SVZ. Rather, many neurospheres from the injured cortex displayed 

bipotency (astrocytes and oligodendrocytes) in vitro, demonstrating a reduced 

neurogenic potential of cortical reactive astrocytes compared to SVZ NSCs (Buffo et 

al., 2008; Götz et al., 2015). Additionally, cortical astrocytes generally only divided 

once in vivo, whereas NSCs divide multiple times and are thought to exhibit long-term 

self-renewal (Bardehle et al., 2013; Obernier and Alvarez-Buylla, 2019).    
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Table 1: Common markers of NSCs and astrocytes 

Relative expression of astrocyte and stemness markers in quiescent NSC, active NSC, 
astrocytes in the adult uninjured brain (mature astrocyte) and reactive astrocytes in 
the injured brain. Reactive astrocytes upregulate many markers of NSCs. Adapted 
from (Götz et al., 2015; Llorens-Bobadilla et al., 2015). 

 
quiescent NSC active NSC Mature astrocyte Reactive astrocyte 

GFAP +++ ++ -/++ +++ 

Glast ++ ++ +++ +++ 

S100β + + ++ +++ 

Aldh1L1 + + +++ +++ 

Vimentin +++ +++ - +++ 

Sox2 +++ +++ + +++ 

EGFR + +++ + ++ 

Nestin ++ +++ - +++ 

 

The stemness potential of cortical astrocytes was contested in a model of stroke in 

the cortex. In this study, neurosphere forming cells isolated from the cortex were 

demonstrated to be derived from NSCs of the SVZ. Using a dual genetic labelling 

system to label both NSCs and astrocytes separately, they showed that NSCs of the 

SVZ that had migrated to the site of the injury and gave rise to the neurosphere-

forming reactive astrocytes. The authors found no evidence of resident cortical 

reactive astrocytes giving rise to neurospheres (Faiz et al., 2015). It is unclear what 

underlies this difference in findings. It could be due to the different injury models 

driving different levels of responses from resident astrocytes and NSCs of the SVZ. 

However, these studies highlight the need for consideration in mouse models with 
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selective labelling of resident astrocytes versus NSCs, so that the contribution of each 

cell population to injury phenotypes can be distinguished.  

Interestingly, striatal astrocytes appear more neurogenic after injury (Magnusson et 

al., 2014; Nato et al., 2015) (see Introduction Figure 3). After stroke in the striatum, 

astrocytes were shown to convert to the neuronal lineage in vivo (Magnusson et al., 

2014), which was later complemented with a study that showed that striatal 

astrocytes were neurogenic after excitotoxic lesions in vivo (Nato et al., 2015). 

Together these studies both showed the same neurogenic program of astrocyte 

conversion to an Ascl1+ transit amplifying-like proliferative cell. Ascl1+ cells gave rise 

to DCX+ immature neuroblasts, of which a small subset of these survived to 

differentiate into NeuN+ mature neurons (Magnusson et al., 2014; Nato et al., 2015). 

This was shown to be dependent on Notch downregulation in astrocytes. Indeed, 

knockout of Rbpj using a tamoxifen-based injury free approach was sufficient to 

induce striatal astrocyte conversion to the neuronal lineage. Interestingly, the Rbpj 

knockout-induced conversion was mostly restricted to medial striatal and medial 

cortex astrocytes, and was inefficient in more lateral regions of the striatum, except 

for in the context of a needle insertion injury. Rbpj knockout also did not induce 

lineage conversion in neocortical astrocytes (Magnusson et al., 2014), suggesting that 

astrocytes from different regions are intrinsically heterogeneous in their neurogenic 

potential or that the microenvironment of the cortex is much more refractory to 

dedifferentiation.  
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Introduc�on Figure 3: Astrocyte responses to injury; stemness and neurogenic 
poten�al
Upon injury, astrocytes undergo a process known as reac�ve astrogliosis, whereby 
they become hypertrophic, upregulate astrocyte markers such as GFAP and stemness 
markers, such as Sox2. Reac�ve astrocytes can also proliferate (generally only once). 
In the cortex, astrocytes appear restricted to their lineage in vivo, and can proliferate 
only to generate new astrocytes. However, in vitro, reac�ve astrocytes from the 
cortex appear to have increased poten�al, and are able to form neurospheres which 
can differen�ate to neurons, oligodendrocytes and astrocytes, indica�ve of 
self-renewal and mul�-lineage differen�a�on. Striatal astrocytes appear more 
neurogenic a�er injury, such as stroke or excitotoxic lesions, and have the ability to 
generate new neurons via conversion to a transit amplifying progenitor (TAP) state 
which gives rise to neuroblasts which can mature to neurons. This lineage conversion 
can also be induced in striatal astrocytes in vivo by knockout (KO) of Rbpj or 
overexpression (OE) of Sox2. Adapted from (Götz et al., 2015; Magnusson and Frisén, 
2016).
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1.2.5 Astrocyte reprogramming to neuronal lineage 

Yamanaka and colleagues first showed in 2006 that induction of defined factors, 

Oct4, Sox2, Klf4 and c-Myc (OSKM), could be used to reprogram differentiated cells 

to induced pluripotent stem cells (iPSCs) (Takahashi and Yamanaka, 2006). These 

iPSCs could be differentiated into any cell type required, paving the way for exciting 

research into the therapeutic potential of reprogramming.  

Since endogenous brain repair is very low, reprogramming of somatic cells to produce 

distinct neuronal subtypes could be beneficial to replace neurons after injury or 

disease. Much research has been carried out in this area, with many groups focussing 

on conversion of the endogenous glia of the brain. Astrocytes are an appealing cell 

type for reprogramming, as they are abundant and are more closely developmentally 

related to neurons than fibroblasts, which are typically used for reprogramming in 

other systems. This suggests that astrocytes could be faster and need fewer 

perturbations for efficient conversion. Indeed, numerous studies have shown that 

forced expression of either a single or a combination of transcription factors in 

astrocytes could convert them to neurons both in vitro and in vivo. These studies 

generally focussed on well described transcription factors that are required for 

neuronal differentiation in development, such as Pax6, Ascl1, Neurog2 and NeuroD1 

(Heins et al., 2002; Berninger et al., 2007; Heinrich et al., 2010; Guo et al., 2014; 

Masserdotti et al., 2015; Masserdotti, Gascón and Götz, 2016).  

Different factor expression can direct the same starting cells to different neuronal 

subtypes. In cultured cortical astrocytes, Ascl1 induction was shown to facilitate 
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conversion to GABAergic neurons while Neurog2 converted astrocytes to 

glutamatergic neurons. Transcriptomic analysis of astrocytes undergoing Ascl1 or 

Neurog2-mediated conversion showed surprisingly small overlap between the two, 

suggesting they undergo largely different programmes (Masserdotti et al., 2015). 

Ascl1 is a pioneer factor, which means it is able to open closed chromatin, thus 

making it more accessible for other transcription factors (Wapinski et al., 2013). 

Consistent with this, Ascl1 overexpression showed a much accelerated and greater 

transcriptomic change than Neurog2 induction. Analysis of the common 

transcriptomically regulated genes between Ascl1 and Neurog2, revealed many pan-

neuronal lineage markers regulated by both perturbations, such as doublecortin 

(DCX), βIII-tubulin (Tubb3), NeuN and synuclein a (Snca). Additionally, some of the 

common targets were transcription factors such as NeuroD4, Prox1 and Sox11 and 

were essential for conversion. NeuroD4 was also sufficient for direct reprogramming 

on its own, though the neurons generated by NeuroD4 alone did not take on a 

specific subtype (Masserdotti et al., 2015). 

The above methods described direct reprogramming of astrocytes, without passing 

through an intermediate progenitor like phase. Other studies have shown efficient 

reprogramming with the latter process. Overexpression of Sox2 in astrocytes of the 

striatum of the adult brain in vivo, was sufficient to induce astrocyte conversion to 

the neuronal lineage (Niu et al., 2013). Like in the Rbpj knockout model described 

above, astrocytes first passed through an Ascl1+ proliferative progenitor state before 

becoming DCX+ neuroblasts (Niu et al., 2013, 2015; Magnusson et al., 2014). These 

neuroblasts could be encouraged to differentiate into functional NeuN+ neurons with 
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the additional factors BDNF and noggin or treatment with valproic acid, a histone 

deacetylase inhibitor which stimulates BDNF expression (Niu et al., 2013). 

Interestingly in the adult mouse spinal cord, overexpression of Sox2 in astrocytes with 

simultaneous loss of the tumour suppressor p53 or its target p21 led to increased 

number of neuroblasts, compared to Sox2 overexpression alone. This was not due to 

an improvement in reprogramming efficiency to Ascl1+ progenitors, rather p53 

promoted cell cycle exit of the DCX+ neuroblasts (Wang et al., 2016). 

How these various findings could be used for therapeutic benefit is still becoming 

clear. For example, viral transduction of cells in the human brain may not be 

preferable due to safety concerns, while transplantation of cultured cells may also 

cause further injury phenotypes. Furthermore, direct reprogramming, that is the 

direct conversion to neurons without dedifferentiation to a proliferative progenitor 

state could be more attractive as it bypasses a multipotent state which could be more 

tumourigenic in vivo. However, the lack of proliferation of converted cells could lead 

to depletion of resident astrocytes, thus disrupting the balance of neurons to 

astrocytes, which may exacerbate pathologies. 

1.3 Glioblastoma 

Glioblastoma (GBM) is the most common and lethal type of primary brain tumour. 

Despite the gold standard therapy of surgical resection, followed by radiotherapy and 

chemotherapy (currently with temozolomide), 5-year survival remains at just 5.5 % 

(Lapointe, Perry and Butowski, 2018). This is caused in part by the heterogeneity in 
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these tumours (both inter- and intra-tumoural), its invasive nature and the presence 

of glioblastoma stem-like cells (GSCs).  

Transcriptomic analysis of glioblastoma patient tissue has revealed vast 

heterogeneity both between different patient tumours and even within the same 

tumour. This heterogeneity precludes universal treatments. All GBMs appear to be 

characterised by loss of tumour suppressor activity and gain of oncogenic signalling. 

GBMs have been classified into three main transcriptional subtypes: proneural 

associated broadly with loss of p53 and gain of function mutations in PDGFR 

signalling, classical associated with loss of Cdkn2a and gain of EGFR signalling 

(particularly driven by a constitutively active EGFRviii variant) and mesenchymal 

which is associated with loss of p53 function and loss of Nf1. Nevertheless, while 

much is known about the specific mutations and pathway alterations that occur in 

GBM, it is not fully understood how these drive tumourigenesis at the molecular level 

(Verhaak et al., 2010; Wang et al., 2017). 

GBM is highly invasive, infiltrating into distant brain regions. This property hinders 

complete surgical resection (Giese et al., 2003). GBM cells have been shown to invade 

through the surrounding brain tissue along existing brain structures such as white 

matter tracts, blood vessels and through the parenchyma (Scherer, 1938; Cuddapah 

et al., 2014; Brooks and Parrinello, 2017). Mechanisms of invasion may also vary 

between different subtypes of GBM and be driven by particular pathway alterations.  
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1.3.1 Glioblastoma stem-like cells 

It is well established that a population of cancer stem-like cells (GSCs) exists in 

glioblastoma. GSCs have been isolated from patient tumour samples by FACS sorting 

for stem cells markers such as CD133. CD133+ cells were shown to be able to form 

tumours in mice with the same complexity and phenotype as the original tumour, 

while CD133- cells could not (Singh et al., 2004). GSCs are more resistant than the 

bulk tumour cells to radiation and chemotherapies as these treatments generally 

preferentially hinder fast-dividing cells (Bao et al., 2006). Additionally, GSCs may also 

be particularly invasive, allowing them to escape surgical resection. After therapy, 

any remaining GSCs are able to regenerate the tumour thus leading to tumour 

recurrence (Venere et al., 2011; Seymour, Nowak and Kakulas, 2015). GSCs, like their 

NSC counterparts, are thought to exhibit quiescence (Chen et al., 2012; Lan et al., 

2017). This may contribute to their resistance to chemo- and radio-therapies. 

Therefore, there is a pressing need for therapies that specifically target GSCs. 

1.3.2 Cell of origin of glioblastoma 

There is much debate in the field over the origin of glioblastoma and GSCs. It has 

been demonstrated that glioblastoma can originate from transformation of neural 

stem cells. Parada and colleagues developed mouse models whereby tumour 

suppressor genes (p53 and Nf1) were lost in hGFAP expressing cells (neural stem cells 

and astrocytes). They showed that the subsequent tumours were only derived from 

the stem cell compartment (Zhu et al., 2005). 
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Along with NSCs, another likely candidate cell of origin of GBM are more committed 

progenitors, such as oligodendrocyte progenitor cells (OPCs). OPCs are distributed 

throughout the whole adult brain, and are able to continuously self-renew and 

differentiate to give rise to new oligodendrocytes (García-Marqués, Núñez-Llaves and 

López-Mascaraque, 2014; Yeung et al., 2014). Due to this continuous ability to 

proliferate, OPCs have the potential to gain mutations and become transformed. 

Work from the Zong lab has shown that loss of p53 and Nf1 specifically in OPCs using 

NG2 Cre lines leads to gliomagenesis (Liu et al., 2011; Galvao et al., 2014). 

Interestingly, they also showed that introduction of these same mutations in NSCs, 

led to no change in proliferation in NSCs, but a marked expansion of OPCs, ultimately 

leading to tumourigenesis. This study suggests that while NSCs were the cell of 

mutation, the cell of origin (or cell of transformation) was actually OPC (Liu et al., 

2011). Together, there is significant evidence pointing to the stem and/or progenitor 

cell compartment as the cell of origin for glioblastoma.  

However, work from the Verma lab has shown that introduction of oncogenes into 

mature astrocytes or neurons can also lead to dedifferentiation to stem-like cells, 

which drive glioma formation in vivo. Specifically, dedifferentiation was achieved by 

driving H-RasV12-shp53 or shp53-shNf1 expression in cortical astrocytes or neurons. 

The authors also observed a dedifferentiation response in vitro using the same 

approach (Friedmann-Morvinski et al., 2012). Furthermore, mathematical gene 

modelling with patient-derived samples has supported the notion that glioblastomas 

can originate from both stem cells and more mature cells that undergo 

dedifferentiation in vivo. This study went on to show with RCAS/t-va technology that 
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PDGF-induced tumours can be derived from both stem cells and parenchymal 

astrocytes with similar efficiency and latency (Hambardzumyan et al., 2011). One 

argument against more differentiated cells is that their dormancy precludes them 

gaining tumour-initiating mutations. However as discussed above, the cell of 

transformation may not necessarily be the cell of mutation. Moreover, astrocytes 

undergo reactive astrogliosis in response to injury, which may allow them to become 

exposed to oncogenic insults. Together these studies show that gliomas can be 

initiated from mature astrocytes, suggesting that astrocytes are able to 

dedifferentiate to cancer stem cells. 

1.4 Dedifferentiation in other systems 

Astrocytes are not the only cell type that have been described to show plasticity in 

response to injury. In many other systems, including the peripheral nervous system 

(PNS), stomach, intestine and lung, somatic cells have been shown to dedifferentiate 

to support repair and regeneration of the tissue (Mirsky et al., 2008; van Es et al., 

2012; Stange et al., 2013; Tata et al., 2013). I will briefly outline what is known about 

two of these systems as examples and then discuss known mechanisms of 

dedifferentiation. 

1.4.1 Schwann cell dedifferentiation in the PNS 

Unlike many other systems in which only few cells dedifferentiate to support repair, 

the Schwann cells (SCs) of the PNS dedifferentiate en masse in response to injury. 

This major coordinated response of a differentiated cell compartment may explain 

the significant repair potential of the peripheral nerve, which is able to regenerate 
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efficiently even after severe injury, such as full trunk transection (Chen, Yu and 

Strickland, 2007).  

Schwann cells (SCs) are the main glia of the PNS. The main two types of SCs in the 

peripheral nerve are the myelinating SCs (mSCs) and the non-myelinating SCs 

(nmSCs). mSCs make up the insulating myelin sheath around axons, important for 

rapid action potential conductance, while nmSCs form structures known as Remak 

bundles by ensheathing groups of small calibre axons (Jessen, Mirsky and Lloyd, 

2015). Normal turnover in the nerve is very low: mSCs are completely quiescent in 

the uninjured nerve, while nmSCs turn over only every 72 months (Stierli et al., 2018). 

After injury, such as nerve transection or crush injury, the peripheral nerve undergoes 

Wallerian degeneration and the axon distal to the injury site degenerates. SCs 

respond rapidly to this signal, dedifferentiate and begin to proliferate. The blood 

nerve barrier is broken, which allows massive influx of immune and inflammatory 

cells. Together, macrophages and SCs clear myelin and axonal debris to make the 

wound microenvironment favourable for axonal regeneration. Dedifferentiated SCs 

also play an important role in guiding axonal re-innervation, by forming cords which 

migrate collectively from both the distal and proximal ends through the bridge 

region, join up and thereby form a path for regrowing axons. Once this regeneration 

is complete, SCs re-differentiate and re-enter their quiescent state (Chen, Yu and 

Strickland, 2007; Zochodne, 2008). Notably, this repair process occurs without any 

stem cell involvement, indicating the importance of the inherent plasticity of 

Schwann cells (Stierli et al., 2018). 
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Reprogramming of SCs occurs through a rapid and sustained increase in Ras/Raf/ERK 

signalling after injury (Harrisingh et al., 2004; Napoli et al., 2012). Indeed, 

overexpression of Raf in SCs is sufficient to induce their dedifferentiation in the 

absence of nerve damage in vivo (Napoli et al., 2012). Dedifferentiation of SCs leads 

to downregulation of myelination and lineage markers such as MBP and MPZ, with 

upregulation of markers of dedifferentiation such as Krox24 and Sox2. Moreover 

dedifferentiated SCs undergo a partial epithelial to mesenchymal transition (EMT) 

and take on a transcriptomic profile more similar to embryonic stem (ES) cells than 

their developmental progenitor, the neural crest cell. Interestingly, analysis of SCs in 

different regions of the injured nerve revealed that they had distinct transcriptomic 

profiles. SCs in the bridge region showed a more pronounced EMT phenotype and 

proliferated more than those in the distal stump. Together this suggests that the 

microenvironment plays an important role in the reprogramming of SCs (Clements et 

al., 2017).  

Dedifferentiated SCs are further influenced by other components of the wound 

microenvironment, such as fibroblasts. SCs make direct contact with fibroblasts as 

they enter the bridge site. Fibroblasts express the ligand EphrinB2 on their surface 

which leads to phosphorylation of SC EphB2 receptors. This causes stabilisation of 

Sox2 which mediates relocalisation of N-Cadherin to the cell surface in SCs. This 

enables their cell sorting phenotype which allows them to migrate collectively as 

cords (Parrinello et al., 2010). Furthermore, TGFβ secreted by fibroblasts enhances 

the cell sorting of SCs by maintaining N-cadherin levels and their mesenchymal 
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phenotype (Clements et al., 2017). Together all these signals contribute to SC 

plasticity upon injury and to their role in peripheral nerve repair.  

1.4.2 Dedifferentiation in the lung 

The adult mammalian lung can be subdivided into two main compartments: the 

airways, which are made up of trachea, bronchi and bronchiole; and the alveoli which 

is the site of gas exchange. Surprisingly, cellular plasticity has been observed in the 

epithelia of both of these compartments (Tata et al., 2013; Jain et al., 2015; Tata and 

Rajagopal, 2017).  

The airway epithelia acts as an important barrier to protect against infection. It is 

made up of secretory cells, which secrete mucus and antimicrobials; and ciliated cells, 

which have motile cilia to move debris out of the airway (Jeffery and Li, 1997). There 

are also basal cells which are stem cells of the airway epithelium. In the human, these 

basal cells are present throughout the whole airway, while in the mouse they are only 

found in the trachea and upper bronchi. Under normal conditions, there is low 

turnover and the stem cells are quiescent. However, after injury they are 

regenerative and give rise to the secretory and ciliated cells (Liu, Nettesheim and 

Randell, 1994; Rock, Randell and Hogan, 2010). Interestingly, upon ablation of the 

stem cell compartment, secretory cells have been shown to dedifferentiate to bona 

fide basal stem cells in vivo. The new secretory cell-derived basal stem cells were able 

to persist and self-renew long term, and were phenotypically and functionally 

identical to normal basal stem cells. They were able to give rise to both secretory and 

ciliated cells after injury (Tata et al., 2013).  
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Interestingly, the secretory cells were only found to dedifferentiate and proliferate 

after ablation of greater than 80% of the basal cells. This suggests that secretory cells 

must be able to sense the number of neighbouring basal cells and react accordingly. 

Furthermore ex vivo clonal co-seeding of sorted secretory or basal cells showed that 

both cell types could form lung organoids, and that secretory cells could also 

dedifferentiate in vitro, even when near basal cell-derived organoids. Notably, 

chimeric organoids that originated from both secretory and basal cells did not show 

dedifferentiated secretory cells. This suggests that the suppressive signal from basal 

cells that prevents dedifferentiation of secretory cells is cell-cell contact dependent 

or at least only acts over very short range (Tata et al., 2013).  

The alveoli of the lung is composed of type 1 and type 2 cells. The type 1 cells are thin 

and enable gas exchange while the type 2 cells produce surfactants to maintain the 

alveoli. Type 2 cells have been shown to act as the stem/progenitor cells responsible 

for maintenance of the alveoli, as they are able to self-renew and give rise to type 1 

cells (Rock et al., 2011; Barkauskas et al., 2013; Desai, Brownfield and Krasnow, 

2014). Interestingly, after pneumonectomy, type 1 cells have been shown to 

proliferate and give rise to type 2 cells during lung regrowth. This demonstrates 

bidirectional plasticity between type 1 and type 2 cell states (Jain et al., 2015).  

Therefore, certain differentiated cell populations of the lung epithelium retain 

remarkable plasticity, and are able to respond to pathological insults. 

Dedifferentiation to support tissue repair after injury has also been reported in many 

other epithelial tissues, such as intestine and stomach (van Es et al., 2012; Stange et 

al., 2013). In all of these systems, which are supported normally by a stem cell 
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compartment, differentiated cells retain the plasticity to regenerate the tissue 

epithelium. This suggests that differentiated cells are able to act as a back up to the 

normal stem cell population. This may be particularly important for epithelial tissues 

due to their frequent exposure to pathogenic insults.  

1.4.3 Mechanisms of dedifferentiation 

Stem cells are maintained by their niche, and often they receive feedback signals 

directly from their differentiated progeny that regulate their proliferation (Tata and 

Rajagopal, 2016b). This regulation ensures the proper balance of maintenance of the 

tissue, while suppressing uncontrolled growth which could lead to the formation of 

a tumour. Differentiated cells may receive similar signals from their progenitors or 

microenvironment to suppress their plasticity. Conversely, their plasticity may be 

intrinsically blocked, for example through epigenetic remodelling during 

differentiation. However, in the context of injury, these signals may be perturbed. 

Moreover injury signals from the microenvironment may also be supportive of 

dedifferentiation. Likely, in most systems, it is a combination of all of these factors 

that are coordinated to maintain cells in a stable, differentiated state and suppress 

potentially tumourigenic cellular plasticity. 

In the trachea, it appears that feedback mechanisms from stem cells suppress 

daughter cell plasticity, as secretory cells can sense if the stem cell population are 

lost, and dedifferentiate to replace the compartment even in the absence of an injury 

(Tata et al., 2013; Tata and Rajagopal, 2017). This suggests that they are intrinsically 

poised to dedifferentiate, but their potential is held in check by their neighbouring 
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progenitors. In the peripheral nerve, Schwann cells are not in contact with a 

progenitor, but rather loss of contact with axons induces their rapid 

dedifferentiation, suggesting that signals from the nerve normally suppress their 

dedifferentiation (Stierli et al., 2018). Signals from the wound microenvironment also 

support their dedifferentiation (Clements et al., 2017).  In the cortex and striatum, 

astrocytes are not in contact with their progenitors, so will not receive inhibitory 

signals from the stem cell compartment, but may from the cells in their 

microenvironment. Furthermore, it is unclear if astrocytes are poised to reprogram, 

but their potential is held in check by their microenvironment or if injury signalling 

activates their plasticity.   

Signalling Pathways 

MAPK pathways 

The mitogen-activated protein kinase (MAPK) pathway has been implicated in 

dedifferentiation. In this pathway, activation of a receptor tyrosine kinase (such as 

epidermal growth factor receptor (EGFR)) by an extracellular ligand (eg EGF) leads to 

autophosphorylation of specific tyrosine residues in the receptor. This leads to 

docking of proteins via the phosphorylated tyrosine residues, and recruitment of a 

guanine nucleotide exchange factor (GEF). This recruits a member of the Ras 

subfamily of GTPases (such as H-Ras) and exchanges its GDP for GTP, thus activating 

it. Ras activates the kinase activity of Raf kinase which sets off a kinase cascade of 

phosphorylation and activation of Mek and MAPK (such as Erk). Phosphorylated 

MAPK is then able to regulate transcription and translation of target genes via 
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phosphorylation activity, leading to promotion of growth, differentiation and/or 

survival (Plotnikov et al., 2011).   

Ras/Raf/Erk signalling 

Ras/Raf/Erk signalling has been shown to be sufficient for Schwann cell 

dedifferentiation, even in the presence of an uninjured nerve (Harrisingh et al., 2004; 

Napoli et al., 2012). However, others have shown pro-myelinating roles for Erk 

signalling in vivo (Grossmann et al., 2009; Newbern et al., 2011). This suggests that 

distinct levels of Erk signalling may lead to different functional or phenotypic outputs. 

Low Erk activity may be required for Schwann cell differentiation while high activity 

induces their dedifferentiation.  

The plasticity of Schwann cells in response to elevated Ras/Raf/Erk signalling makes 

them vulnerable to tumourigenesis. Neurofibromatosis type 1 patients are 

heterozygous for the NF1 gene, which encodes the Ras-GTPase activating protein 

(Ras-GAP), neurofibromin. Neurofibromin negatively regulates Ras activity by 

converting active Ras-GTP to the inactive GDP-bound form (Martin et al., 1990; Xu et 

al., 1990). NF1 heterozygosity predisposes patients to tumours of the peripheral 

nerve called neurofibromas. These tumours originate from loss of heterozygosity 

(LOH) of NF1 gene in SCs (Colman, Williams and Wallace, 1995; Serra et al., 2000; Zhu 

et al., 2002). Since NF1 is a negative regulator of Ras activity, and Ras/Raf/Erk 

activation is sufficient to induce SC dedifferentiation, loss of NF1 could be expected 

to drive dedifferentiation of SCs and tumour initiation. Surprisingly, the peripheral 

nerve develops phenotypically normally in NF1 null background and mSCs undergo 
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normal differentiation (Joseph et al., 2008; Wu et al., 2008; Zheng et al., 2008; Le et 

al., 2011). Moreover, NF1 null mSCs did not have increased Erk signalling. However, 

after injury, tumour initiation occurred specifically at the injury site. Moreover 

dedifferentiated NF1 null SCs displayed increased plasticity compared to normal 

dedifferentiated SCs, giving rise to perineurial-like cells. Together, this suggests that 

the normal nerve microenvironment suppresses tumour initiation, while the wound 

microenvironment is supportive (Ribeiro et al., 2013).   

Rac/JNK 

Rac/JNK is another MAPK signalling pathway, which is normally activated in response 

to stress. In Schwann cells, JNK signalling has been implicated in upregulation of c-

Jun (Monje et al., 2010; Shin et al., 2013), which directs plasticity by negatively 

regulating myelination. c-Jun knockout Schwann cells are unable to fully 

dedifferentiate after injury, thus the regeneration response is impaired (Parkinson et 

al., 2008; Arthur-Farraj et al., 2012). c-Jun has also been proposed to be activated 

downstream of Ras/Raf/Erk signalling (Syed et al., 2010). Indeed it is upregulated 

upon Raf overexpression in vivo (Napoli et al., 2012).   

PI3K/Akt/mTOR 

PI3K/Akt/mTOR signalling pathway is involved in regulation of cell cycle, 

differentiation and survival of cells. Phosphatidylinosital 3-kinase (PI3K) activation 

leads to phosphorylation and activation of Akt. One of the downstream targets of Akt 

is mammalian target of rapamycin (mTOR) which senses nutrients and accordingly 

regulates cellular metabolism, translation and growth (Porta, Paglino and Mosca, 
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2014). mTOR has recently been implicated in Schwann cell dedifferentiation after 

injury. mTOR is upregulated upon dedifferentiation and was shown to be important 

for c-Jun upregulation by promoting translation (Norrmén et al., 2018). 

Hippo pathway 

The Hippo signalling pathway is another kinase cascade pathway, which normally 

regulates tissue size via regulation of apoptosis and proliferation (Yu and Guan, 

2013). Overexpression of the downstream Hippo pathway member, Yap in secretory 

cells of the trachea induces their partial dedifferentiation to a basal stem cell-like 

fate. However, if the Yap signal returns to normal levels, the secretory cells 

redifferentiate. Together this suggests that other, yet unknown, signals also regulate 

the process (Zhao et al., 2014). 

Notch signalling 

Notch signalling is also frequently implicated in dedifferentiation. Notch is a 

transmembrane receptor. Upon binding of Notch ligands (such as jagged or Dll), the 

Notch intracellular domain (NICD) is cleaved and translocates to the nucleus, where 

it interacts with Rbpj to activate target gene expression (Andersson, Sandberg and 

Lendahl, 2011). As discussed above, loss of Notch signalling via Rbpj knockout induces 

dedifferentiation and a neurogenic program in astrocytes in the striatum and medial 

cortex. However in other cortical areas, loss of Rbpj is insufficient for 

dedifferentiation suggesting there are other or additional inhibitory signals that must 

be overcome for astrocyte dedifferentiation in the cortex (Magnusson et al., 2014).  
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TGFβ signalling 

Transforming growth receptor β (TGFβ) signalling has been implicated in cellular 

plasticity. Upon binding of the ligand, such as TGFβ or bone morphogenetic proteins 

(BMPs), to the TGFβ type II receptor dimer, a type I receptor dimer is recruited. The 

type II receptor then phosphorylates the serine residues in the type I receptor, which 

in turn a SMAD, and phosphorylates its serine residue. p-SMAD binds to a Co-SMAD 

and translocates to the nucleus, where it regulates transcription of target genes 

(Massagué, 2012). In the peripheral nerve, TGFβ signalling from fibroblasts in the 

wound microenvironment promotes EMT reprogramming of Schwann cells 

(Clements et al., 2017). Conversely, in the alveoli, inhibition of TGFβ signalling 

improves the number of in vitro organoids of both type 1 and type 2 cells derived 

from type 1 cells, suggesting that TGFβ suppresses the plasticity of type 1 cells (Jain 

et al., 2015).  

Intrinsic mechanisms 

One of the major barriers to cellular reprogramming is thought to be the epigenetic 

landscape. Waddington’s landscape model describes the process of differentiation 

from a pluripotent state as a ball rolling down a mountain (Waddington, 1957). 

Various peaks and troughs are encountered along the way, as cells overcome barriers 

to differentiation and become increasingly specified to a certain lineage. During this 

process, the chromatin is remodelled from a relatively open and plastic state to an 

increasingly heterochromatin state which defines the lineage-specific gene 

expression. Therefore, in order for a cell to dedifferentiate, it needs to undergo 
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significant chromatin remodelling to travel back up the mountain to the pluripotent 

state. 

The majority of our understanding of the intrinsic mechanisms that underlie 

dedifferentiation has been elucidated from the reprogramming of somatic cells to 

induced pluripotent stem cells (iPSC) using the Yamanaka factors (OSKM) (Takahashi 

and Yamanaka, 2006). While astrocyte dedifferentiation may not follow the same 

path as this process, these principles are likely to be relevant to their 

dedifferentiation. Therefore, I will give a brief overview of the three main intrinsic 

steps of reprogramming somatic cells to iPSCs, which are: silencing of the somatic 

cellular fate, activation of a stemness/pluripotency program and reorganisation of 

the 3D chromatin topology (Apostolou and Stadtfeld, 2018). The OSKM factors have 

been reported to have both direct and indirect roles in each of these stages. 

Silencing of somatic fate 

The first phase of somatic cell reprogramming appears to be the silencing of somatic 

gene expression, in other words, shutting down the differentiated, specialised state 

of the somatic cell. OSKM factors have been reported to directly bind to active 

somatic enhancers, thus displacing the somatic transcription factors or recruiting co-

repressors. For example, Oct4 can interact with histone deacetylase 1 (HDAC1) which 

can then silence the enhancer (Chronis et al., 2017). OSKM have also been reported 

to indirectly silence enhancers through activation of expression of chromatin 

remodellers, such as Sap30, which are important to close chromatin around somatic 



 56 

enhancers (Li et al., 2017). Overall this first stage of reprogramming is thought to be 

relatively efficient, compared to subsequent stages (Apostolou and Stadtfeld, 2018). 

Activation of pluripotency program 

The next step of reprogramming involves activating a stemness program, which is an 

inefficient process and presents a bottleneck to reprogramming. It requires access of 

OSKM to heterochromatin around pluripotency enhancers. The Yamanaka factors 

Oct4, Sox2 and Klf4 have all been shown to have pioneer factor activity (Soufi et al., 

2015), however cooperative binding of at least two of these transcription factors is 

required to increase accessibility of pluripotency enhancers. As single factors, Oct4, 

Sox2 or Klf4 are only sufficient to silence somatic enhancers, but not promote 

accessibility of pluripotency-associated regions, suggesting synergy between the 

factors is required. Upon binding to inaccessible regions, OSK can induce chromatin 

unwinding and recruit co-activators to enhance gene expression (Chronis et al., 

2017). In some regions, OSK have been shown to bind to inactive enhancers but not 

immediately activate gene expression, in a process known as ‘pre-marking’ or ‘stalled 

pioneering’. This may prevent premature activation of gene expression, or may be 

due to the requirement of further cues or signals, in order to begin transcription at 

these regions (Kim et al., 2018). Activation of expression of other pluripotency factors 

which synergise with OSKM, such as Nanog, present another barrier to 

reprogramming. In support of this, forced expression of these transcription factors 

improves efficiency of OSKM-mediated reprogramming (Hanna et al., 2009; Chronis 

et al., 2017).  
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Moreover, some areas of heterochromatin are particularly refractory to binding, due 

to epigenetic modifications such as high levels of H3K9 methylation (Soufi, Donahue 

and Zaret, 2012). These areas require extensive remodelling before they become 

accessible to transcriptional activators. OSKM have been shown to activate 

expression of epigenetic remodellers such as Tet1 and MLL which make the 

chromatin more accessible for transcription factor binding (Chen et al., 2013; Zviran 

et al., 2017).  

Reorganisation of the 3D chromatin structure 

Chromatin is normally organised into topologically associated domains (TADs). 

Several studies have demonstrated that chromatin 3D topology differs between 

pluripotent and somatic cells, and even between different somatic cell types 

(Apostolou et al., 2013; de Wit et al., 2013; Denholtz et al., 2013; Wei et al., 2013; 

Beagan et al., 2016; Krijger et al., 2016). Accordingly, chromatin architectural changes 

are required for the induction of the pluripotent state and expression of 

pluripotency-associated genes. OSK have been shown to interact with factors, such 

as cohesin, which are important for maintaining and rearranging TADs (Apostolou et 

al., 2013; Wei et al., 2013). OSK has also been shown to have enriched binding in the 

domains which rearrange during reprogramming (Stadhouders et al., 2018). 

However, other studies point to a more indirect role of OSKM in chromatin 

reorganization, through the activation of cofactors and epigenetic remodellers such 

as PRC2 (Mas and Di Croce, 2016). Together, OSKM induces the remodelling of 

chromatin landscape to induce and maintain the pluripotent state during somatic cell 

reprogramming.   
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Another possible repressor of cellular plasticity is p53, loss of which has been shown 

to improve efficiency of OSKM-mediated reprogramming (Hong et al., 2009). This will 

be discussed in greater detail in the next section.  

1.5 p53 

p53 is one of the most widely studied proteins in biology, particularly in relation to 

cancer. This is due to the important role of p53 as a tumour suppressor, which earned 

it the title as ‘the guardian of the genome’. p53 loss of function has been described 

in the majority of cancers. This occurs through loss of signalling to p53 or inactivating 

mutations in p53 itself, many of which infer a loss of p53 function but also have 

dominant negative effect on any remaining p53 protein (Muller and Vousden, 2013). 

Along with its tumour suppressor role, p53 also has myriad emerging roles in 

development, cellular homeostasis and plasticity.  

The most well characterised role of p53 is its regulation of the response to cellular 

stress. p53 becomes stabilised via post-translational modifications in response to 

stress signals, such as DNA damage, oncogene activation, ribosomal stress and 

hypoxia, and transcriptionally activates various p53 target genes, such as the cell 

cycle regulator Cdkn1a (p21), leading to cell cycle arrest, apoptosis or senescence. 

This growth arrest thereby protects the tissue from tumour initiation following 

damage (Horn and Vousden, 2007). 
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1.5.1 Transcriptional regulation by p53 

p53 binds target genes at p53 response elements (RE). The p53 RE is made up of two 

half-sites with the consensus sequence RRRCWWGYYY which are separated by a 0-

13bp spacer. p53 normally acts as a tetramer, made up of two dimers which each 

bind a half-site. The proximal binding of the two dimers allows the two 

transactivation domains of p53 to activate gene expression (El-Deiry et al., 1992; 

McLure and Lee, 1998; Kitayner et al., 2006; Veprintsev et al., 2006), see 

(Introduction Figure 4).   

p53 has been described to typically bind in the promoter region of its regulated 

genes. Studies have previously looked for regulation by p53 in the range of up to 5 – 

100 kilobase (kb) upstream of the transcription start site (TSS) (Wei et al., 2006; 

Menendez et al., 2013; Fischer, 2017), however it is generally believed that its binding 

and transactivation activity declines the further it is from the TSS (Riley et al., 2008; 

Fischer et al., 2016). Therefore, p53 is generally believed to bind in close proximity to 

its target genes, and a recent meta-analysis found that this is typically within 1 kb 

upstream of the TSS (Fischer, 2017). p53 has also been found to bind to intronic sites, 

particularly the first intron, leading to alternative transcriptional initiation and 

varying length of transcripts (Barak et al., 1994; Zauberman et al., 1995).  

Mechanisms of p53-dependent gene downregulation have also been described. 

These involve either regulation via direct binding of p53 to target genes, or through 

indirect mechanisms. Direct downregulation of genes has been described either by 

binding to p53 REs (Jiang et al., 2013, 2015), head-to-tail oriented RE (whereby the 
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second half-site is flipped) (Johnson, Ince and Scotto, 2001; Godar et al., 2008; Amson 

et al., 2012), modified p53 RE (Wang, Xiao and Ren, 2009) or through interference of 

coactivators, such as NF-Y and Sp1 (Imbriano et al., 2005; Sengupta et al., 2005; Li et 

al., 2014). However, these reports of direct repression are controversial, and often 

contradicted by other studies that have found a lack of binding, or requirement of 

p21 or p107/p130 for transcriptional repression. It is now believed that only about 

3% of genes repressed by p53 are direct targets. Often this is thought to be through 

binding to intragenic regions (Fischer, Steiner and Engeland, 2014). 

Therefore, the majority of genes downregulated by p53 are controlled indirectly. This 

is achieved via p21 and retinoblastoma (RB) or a complex of proteins known as 

DREAM (dimerization partner, RB-like, E2F and multi-vulval class B). The DREAM 

complex functions to repress gene expression during quiescence, but its composition 

can switch in other cell cycle stages, allowing it to switch to gene activation of the 

same targets. The DREAM complex is composed of the MuvB complex (LIN9, LIN37, 

LIN52, LIN54 and RBBP4); E2F4 and E2F5 which repress gene expression; DP1, DP2 

and DP3 which are dimerization partners of E2F; and the retinoblastoma (RB)-like 

proteins, p107 or p130. DREAM binds E2F sites via the E2F4-5/DP components and 

cell cycle genes homology regions (CHR) sites via LIN54 of the MuvB complex. During 

quiescence, the full DREAM complex binds to E2F or CHR sites and represses gene 

expression. However, during the cell cycle, p107 and p130 are hyperphosphorylated 

by cyclin/cyclin dependent kinase (CDK) complexes, which inhibits their formation of 

the DREAM complex. Instead, the MuvB complex binds to B-MYB and/or FOXM1, 

leading to expression of CHR targets (Engeland, 2018).  
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Introduc�on Figure 4: Transcrip�onal regula�on by p53
Proposed mechanisms of p53 transcrip�onal regula�on. Direct transcrip�onal 
upregula�on: p53 binds to consensus response element (RE) to ac�vate gene 
expression of target genes. Direct transcrip�onal repression: p53 binds to consensus 
RE, head-to-tail RE, modified RE or interferes with transcrip�onal coac�vators to 
repress gene expression. These proposed mechanisms are controversial. Indirect 
transcrip�onal repression: p53 ac�vates p21 (CDKN1A) expression which inhibits 
Cyclin/CDK complexes. Inhibi�on of cyclin/CDK complexes causes 
hypo-phosphoryla�on of p107, p130 and RB, leading to forma�on of DREAM complex 
and RB/E2F complexes, which suppress cell cycle genes. Adapted from (Fischer, 2017; 
Engeland, 2018).
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p53 activation has been shown to induce cell cycle arrest via the DREAM complex, as 

p53 activation of p21 expression (via direct binding and transactivation as described 

above), leads to p21-mediated inhibition of cyclin/CDK complexes. This in turn means 

that the cyclin/CDK cannot phosphorylate p107 and p130. Hypophosphorylated 

p107/p130 proteins can now integrate with the MuvB complex, forming the DREAM 

complex, which then enables switching from activation to repression of target genes. 

Thus, p53 can downregulate gene expression indirectly via p21 and the DREAM 

complex. Meta-analyses have described at least 250 targets of p53 via DREAM with 

diverse functions. These genes generally regulate cell cycle and have roles including 

G1/S or G2/M checkpoints, DNA replication and mitotic spindle assembly (Fischer, 

Steiner and Engeland, 2014; Fischer et al., 2016; Engeland, 2018). RB also mediates 

p53-dependent downregulation of genes. After p21-mediated cyclin/CDK inhibition, 

hypophosphorylated RB binds to E2F1-3 to repress E2F targets (Flatt et al., 2000; 

Gottifredi et al., 2001; Jackson and Pereira-Smith, 2006; Schvartzman et al., 2011). 

The redundancy between RB and DREAM remain unclear. Since both RB and DREAM 

bind E2F sites, there is an overlap in the genes regulated by the two, but DREAM also 

binds CHR sites, meaning it regulates a larger set of genes (Engeland, 2018). 

Nevertheless, these studies show that p53 repression of gene expression is often 

indirect and dependent on activation of p21.        

1.5.2 Functions of p53 and its target genes 

Aside from cell cycle arrest as described above, p53 and its downstream targets have 

many other functions in the cell (see Introduction Figure 5). In response to stress, 

p53 activates DNA repair proteins (Sengupta and Harris, 2005) and can induce 
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apoptosis both intrinsically and extrinsically. Intrinsically, apoptosis is induced by 

direct p53 activation of BCL-2 family members, such as BBC3 (PUMA), BAX and 

PMAIP1 (NOXA) (Toshiyuki and Reed, 1995; Nakano and Vousden, 2001; Hudson et 

al., 2005). Extrinsically, p53 induces tumour necrosis factor (TNF) receptor family 

members such as FAS and TNFRSF10A-D (Müller et al., 1998; Munsch et al., 2000; 

Takimoto and El-Deiry, 2000). Activation of TNF receptors by external stimuli such as 

FASL or TNF-α induce caspase-dependent apoptosis (Locksley, Killeen and Lenardo, 

2001).  

p53 can also induce autophagy in response to cellular stress, via activation of DRAM1 

(Crighton et al., 2006). p53 also activates PRKAB1 expression, which activates AMPK, 

blocking the mammalian target of rapamycin (mTOR) pathway (Feng et al., 2005). 

mTOR signalling can be further inhibited by the direct p53 target genes SESN1 and 

SESN2 (Budanov and Karin, 2008). Inhibition of mTOR also represses mRNA 

translation. Protein biosynthesis is further repressed by p53-mediated 

downregulation of ribosomal RNA (rRNA) genes. This repression by p53 is important 

to inhibit cell growth in response to cellular stress (Budde and Grummt, 1999; Zhai 

and Comai, 2000).   

It is well established that while normal cells tend to prefer oxidative phosphorylation 

under aerobic conditions as it is a more efficient method of energy production from 

a single unit of glucose, cancer cells prefer to utilise glycolysis. However, glycolytic 

metabolism has an advantage for rapidly dividing cells, in that the products of 

glycolysis may be used for biosynthesis. Loss of p53 in cancer cells may mediate this 

switch to glycolytic metabolism (Labuschagne, Zani and Vousden, 2018). p53 
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increases oxidative phosphorylation via indirectly increasing pyruvate 

dehydrogenase (PDH) levels, which leads to enhanced conversion of pyruvate to 

acetyl coenzyme A (acetyl-CoA), which favours oxidative phosphorylation (Contractor 

and Harris, 2012). Furthermore p53 biases against glycolytic metabolism through 

TIGAR upregulation and downregulation of glucose transporters Glut1 and Glut4 

(Bensaad et al., 2006; Puzio-Kuter, 2011). p53 also promotes fatty acid oxidation 

(FAO) through upregulation of key FAO proteins such as carnitine 

palmitoyltransferase 1C (CPT1C) which transports fatty acids into the mitochondria 

for oxidation and malonyl CoA decarboxylase (MLYCD) which catalyses the 

conversion of malonyl-CoA to acetyl-CoA (Sanchez-Macedo et al., 2013; Liu et al., 

2014). Loss of p53 therefore leads to decreased FAO and oxidative phosphorylation. 

This switch leads to increased dependence on glycolytic metabolism, which is 

sustained through increased glucose uptake through glucose receptors 

(Labuschagne, Zani and Vousden, 2018). 

p53 targets also participate in both negative and positive feedback loops. The most 

well characterised of these loops is mediated by the p53 target the E3 ubiquitin ligase 

MDM2. p53 activation of MDM2, leads to ubiquitination of p53 and its subsequent 

degradation (Juven et al., 1993; Wu et al., 1993; Haupt et al., 1997). Cyclin G1 

(encoded by the direct p53 target Ccng1) supports dephosphorylation of MDM2, 

thereby increasing its activity and the MDM2-mediated ubiquitination of p53, thus 

conferring a negative feedback loop (Michael and Oren, 2002).  

 

 



Introduc�on Figure 5: Func�ons of p53 target genes
p53 target genes have roles in many processes, which include: cell cycle arrest, 
apoptosis, DNA repair, metabolism, autophagy, protein biosynthesis, stemness and 
feedback control. Some of the target genes involved are indicated. Adapted from 
(Fischer, 2017).
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Increasing studies have linked p53 to the regulation of stem cell properties such as 

proliferation, self-renewal and balance of symmetric vs asymmetric division (Olivos 

and Mayo, 2016). In brain development, p53 null (p53-/-) mice were shown to 

generate more neurons at the expense of glial differentiation (Liu et al., 2013). In the 

adult brain, proliferation is higher in the SVZ of p53 null mice and NSCs show 

increased self-renewal in vitro. Additionally, differentiation of p53 null NSCs in vitro 

showed a bias towards neuronal differentiation (Gil-Perotin et al., 2006; Meletis et 

al., 2006).  

1.5.3 p53 and reprogramming 

Interestingly, p53 appears to act as a barrier to reprogramming (Lin and Lin, 2017). 

Efficiency of Oct4, Sox2, Klf4 and cMyc (OSKM)-based reprogramming of somatic cells 

into induced pluripotent stem cells (iPSCs) has been shown to be improved in p53 

knockout (KO) context (Hong et al., 2009; Kawamura et al., 2009; Marión et al., 2009). 

For example, reprogramming of mouse fibroblasts by OSKM typically only 

reprograms 0.1 % of cells, however, after inactivating p53, the efficiency rises 

markedly to 20 %. Additionally, reduction in p53 levels can allow efficient 

reprogramming with only two of the Yamanaka factors required (Oct4 and Sox2). 

Even transient suppression of p53 can improve reprogramming efficiency, without 

inducing DNA damage or apoptosis, but does depend on suppression of p21 

(Rasmussen et al., 2014). In contrast, the pluripotency marker Nanog was 

upregulated in p53 suppressed cells, suggesting that p53 may repress Nanog 

expression. Thus p53 removal improves the efficiency of the reprogramming process, 
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supporting the idea that p53 may be a barrier to dedifferentiation into the formation 

of cancer stem-like cells in the context of tumourigenesis.  

 

Aims 

As discussed above, introduction of tumour driver mutations (oncogenic Ras 

overexpression and p53 loss) to astrocytes has been shown to induce their 

dedifferentiation to a GSC-like state capable of glioma formation. However, the 

mechanisms underlying astrocyte dedifferentiation and the context(s) in which 

cortical astrocytes may be able to dedifferentiate in vivo to a glioma-initiating state 

remain unclear. In my PhD project, I aimed to address these questions using 

oncogene-induced astrocyte dedifferentiation as a model. Specifically, I had the 

following aims: 

1. Study the cell intrinsic mechanisms of oncogene-induced astrocyte 

dedifferentiation 

2. Understand the extrinsic microenvironmental factors that drive the process 

3. Understand the potential role of astrocyte dedifferentiation in tumour 

initiation  
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Chapter 2 p53 loss is sufficient to dedifferentiate astrocytes 

in vitro in the presence of mitogens 

While previously thought of as terminally differentiated support cells of the brain, it 

is becoming clear that astrocytes in the mammalian cortex retain remarkable 

plasticity into adulthood. When explanted in vitro, astrocytes from the injured cortex 

have been shown to form neurospheres, which can be differentiated in vitro to 

neurons, oligodendrocytes and astrocytes, indicative of the stem cell hallmarks of 

multi-lineage differentiation and self-renewal. However, astrocytes are restricted to 

their lineage in vivo. They have been shown to proliferate and upregulate stemness 

markers such as Sox2 and Nestin, but are only able to proliferate to produce more 

astrocytes (Buffo et al., 2008; Shimada et al., 2012; Bardehle et al., 2013; Sirko et al., 

2013). Interestingly, in other brain regions, such as the striatum, astrocytes are more 

plastic and have been shown to generate neuroblasts following injury, which is 

dependent on downregulation of Notch signalling (Magnusson et al., 2014). This 

suggests that the microenvironment of the cortex is less permissive to full 

dedifferentiation and/or that astrocytes from distinct brain regions are intrinsically 

heterogeneous.  

Astrocytes have been shown to be able to overcome the lineage barrier restricting 

them to their astrocytic fate in tumourigenesis. Loss of tumour suppressor (e.g. p53) 

and overexpression of oncogenic signalling (e.g. RasV12) have been shown to fully 

dedifferentiate mouse astrocytes to glioma stem-like cells (GSCs) capable of initiating 

glioma formation in vivo (Friedmann-Morvinski et al., 2012). However, the 
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mechanisms by which these mutations drive dedifferentiation of astrocytes are 

unclear. Understanding dedifferentiation is important for understanding the 

aetiology of brain cancers and guiding future treatment. Therefore, we sought to 

investigate the mechanisms that underlie astrocyte dedifferentiation.  

2.1 Developing model of in vitro dedifferentiation of astrocytes 

p53 loss and gain of oncogenic Ras signalling has previously been shown to 

dedifferentiate cortical astrocytes in mice, transforming them to glioma-initiating 

glioma stem-like cells in vivo (Friedmann-Morvinski et al., 2012). I began by trying to 

replicate this result in astrocytes in vitro, with the aim of then using this as a model 

to investigate mechanistically how the loss of tumour suppressor and gain of 

oncogenic signalling drives dedifferentiation.  

I developed two in vitro astrocyte model systems either by using primary cortical 

astrocytes or by differentiating neural stem cells (NSCs) to astrocytes. These 

astrocytes carried conditional p53 knockout (KO) alleles and were engineered to 

overexpress inducible RasV12. Together this allowed temporal control over the loss 

of tumour suppressor and gain of oncogenic Ras signalling.  

For the first model, I isolated primary astrocytes from the cortex of postnatal days 2-

4 (P2-P4) conditional p53 KO mice (p53 flox/flox), which also contained a tdTomato 

fluorescent reporter (LSL-tdTomato). The p53 flox/flox mice are a well-characterised 

mouse line whereby exons 2-10 of the p53 gene are flanked by LoxP sites, meaning 

that addition of Cre recombinase leads to recombination of the LoxP sites and 

subsequent deletion of p53 (Marino et al., 2000). The tdTomato reporter line has 
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LoxP sites flanking a STOP codon between a CAG promoter driven tdTomato gene. 

This construct is knocked in to the Rosa26 locus, and enables efficient expression of 

tdTomato upon Cre recombinase-mediated recombination (Madisen et al., 2010). 

During the first few days in vitro (DIV), I infected the astrocyte cultures with retrovirus 

to overexpress oncogenic H-RasV12 under a tamoxifen-responsive oestrogen 

receptor (ER), named hereafter ER:Ras (Barradas et al., 2009).   

In parallel, as a second complementary model, I also made preparations of NSCs from 

p53 flox/flox; LSL-tdTomato mice, which were transduced with the ER:Ras construct 

and selected to make stable lines. Upon removal of mitogens EGF and FGF from NSCs, 

they undergo differentiation to neuroblasts, oligodendrocytes and astrocytes. 

However, it is possible to bias the differentiation to generate >95% astrocytes by 

treating with fetal calf serum or BMP4 after removal of mitogens (Pollard, 2013), so 

I used this as an alternative source of astrocytes in vitro.    

Astrocytes prepared by the two described methods were plated for experiments and 

infected with adenovirus expressing a codon-improved Cre recombinase under the 

CMV promoter (Ad-iCre) to induce p53 KO or a control empty adenovirus (Ad-Null) 

which retains p53 expression. The following day, media was changed to either 

astrocyte media or neural stem cell (NSC) media containing the mitogens EGF and 

FGF. The media was supplemented with 4-hydroxytamoxifen (4OHT) to activate 

ER:Ras construct, or with vehicle (ethanol, (EtOH)) control. This experimental 

workflow is summarised in Figure 1A.  

  



Figure 1: Developing model of in vitro dedifferen�a�on of astrocytes
A Schema�c representa�on of in vitro workflow. NSCs were prepared from p53 
flox/flox; LSL-tdTomato mice, transduced with ER:Ras construct then differen�ated 
with 10% serum or BMP4 to astrocytes. Alterna�vely, primary astrocytes were 
prepared from P2-4 p53 flox/flox; LSL-tdTomato mice and retrovirally transduced with 
ER:Ras construct. Prepared astrocytes were infected with Ad-Null or Ad-iCre and 
incubated for 7 days in astrocyte (10% serum), BMP4 or NSC media. 
B Immunostaining for p53 shows that >99% of astrocytes are p53+, but a�er Ad-iCre 
infec�on 99% become tdTomato+ and 95% p53-. C Western blot for pERK shows 
increased expression upon 4OHT-mediated induc�on of ER:Ras construct. 
D Representa�ve images of wt astrocytes and colony of dedifferen�ated p53 KO 
astrocytes in NSC media. Scale bar = 50 μm. E-G Quan�fica�ons of EdU posi�ve cells 
per condi�on for NSCs differen�ated to astrocytes in 10% serum (E), NSCs 
differen�ated in BMP4 (F) or primary astrocytes (G). ns not significant, * p < 0.05, 
**** p < 0.0001, One-way ANOVA with Tukey’s mul�ple comparisons test.
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To assess efficacy of the experimental manipulations, I performed immunostaining 

for p53 4 days after adenoviral recombination. Figure 1B shows that in Ad-Null 

infected astrocytes, almost all (>99%) cells stained positive for p53, and all were 

tdTomato-. Ad-iCre induced efficient recombination, with approx. 95% p53- and 99% 

tdTomato+. All of the p53- cells were also tdTomato+, but approx. 4% tdTomato+ 

cells were p53+, suggesting that the LSL-tdTomato allele recombines more efficiently 

than the p53 flox/flox.  

I then tested the ER:Ras construct after 2 days of 4OHT induction, by western blot for 

phosphorylated ERK (pERK), a downstream target of Ras. If RasV12 is efficiently 

overexpressed in cells, the expression of pERK should also be increased. Both 200 nM 

and 1000 nM 4OHT led to upregulation of pERK compared to control (Figure 1C). 

Although 1000 nM led to higher upregulation, I chose 200 nM 4OHT for future 

experiments, as 1000 nM showed some cytotoxicity in astrocytes. 

Having confirmed that p53 was efficiently recombined and RasV12 overexpressed in 

astrocyte cultures, I incubated astrocytes for 7 days in astrocyte (10% serum) or 

neural stem cell (NSC) media which contained the mitogens EGF and FGF (Figure 1A), 

then assayed for dedifferentiation phenotype. Astrocytes were treated with 5-

ethynyl-2’-deoxyuridine (EdU) for the last 2 hours before fixation. EdU is a modified 

thymidine analogue that becomes incorporated into newly synthesized DNA, and 

thus labels all cells in S-phase. Cells were immunostained for GFAP to assess astrocyte 

marker expression. While control (p53 wt) astrocytes remained GFAP+ with low 

proliferation, we noticed the formation of colonies of proliferative (EdU+), GFAP-low 

cells in p53 KO astrocytes in NSC media (Figure 1D). These cells were small and had a 
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morphology reminiscent of neural stem cell cultures. Quantification of EdU+ cells in 

NSCs differentiated in 10% serum (Figure 1E), BMP4 (Figure 1F) or primary astrocytes 

(Figure 1G) showed that p53 KO astrocytes in NSC media showed a significant 

increase in proliferation compared to p53 wt. Interestingly ER:Ras induction did not 

seem to synergise with p53 loss, and was not sufficient to cause an increase in 

proliferation on its own. These results were consistent across all models (Figure 1E-

G). Together these data suggests that loss of p53 alone leads to dedifferentiation of 

astrocytes in vitro, as they are transformed to a proliferative state with reduced 

astrocyte identity as seen by downregulation of GFAP expression and change in 

morphology.  

To support this finding, we next aimed to test if p53 KO dedifferentiated astrocytes 

displayed hallmarks of stemness. However we first aimed to rule out caveats that 

could have potentially confounded our results. We decided to use only primary 

astrocytes in further experiments, as a possible criticism of the differentiated NSCs is 

that they are not fully committed to the astrocyte lineage, so may retain inherent 

plasticity. To further optimise our primary astrocyte system, I next aimed to ensure 

that astrocytes were fully mature and pure in vitro, to ensure that the 

dedifferentiation phenotype observed was not due to immaturity of astrocytes or a 

contaminating cell type. 

2.2 Optimisation of purity and maturity of in vitro astrocyte cultures 

In order to rule out possible contaminant cell types (such as oligodendrocyte 

progenitor cells (OPCs)) from contributing to the phenotype seen after loss of p53, I 
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adapted a published immunopanning protocol from (Foo, 2013). After one week in 

vitro, astrocytes were panned over a series of dishes labelled with antibodies against 

cell surface antigens of non-astrocytic brain cell types. Cells expressing markers 

would bind to the antibody-labelled dish and thus be removed from the cell 

suspension, thereby purifying the cell suspension of contaminating cells. This 

procedure is summarised in the schematic Figure 2A. Dishes were labelled with 

secondary antibody only, CD45, O4 and L1 antibodies to select for microglia and 

macrophages (secondary antibody and CD45 plates), oligodendrocytes and OPCs (O4) 

and neurons (L1). I performed immunostaining on cultures before and after panning. 

I stained for O4 to label oligodendrocyte lineage cells and Tuj1 to label neuronal cells 

(Figure 2B). The percentage of both contaminant cell types was reduced to less than 

0.2 % of cells in the culture (Figure 2C).  

To further rule out effect of any remaining contaminating cells, Ad-GFAP-Cre virus 

(Ad5GFAP-Cre) was used instead of the Ad-iCre. This virus has Cre recombinase under 

the astrocyte specific GFAP promoter, meaning that only cells expressing GFAP (i.e. 

astrocytes) will become p53 KO. As in previous experiments, Ad-Null was used as a 

control virus to leave the p53 gene intact. Ad-GFAP-Cre virus infection led to 

approximately 85 % of cells becoming tdTomato+, of which approx. 80 % became 

p53- (Figure 2D). This was lower efficiency than the Ad-iCre, most likely as astrocytes 

have variable amounts of expression of GFAP in vitro.  

 

 

 



Figure 2: Op�misa�on of astrocyte culture system in vitro
A Schema�c representa�on of immunopanning of astrocytes. Cell suspension is 
passed over an�body-coated panning plates to remove contamina�ng cells. 
B-C Immunopanning significantly improves purity of astrocyte cultures. 
Immunostaining (B) and quan�fica�on (C) of contamina�ng oligodendrocytes (O4+) 
and neuroblasts (Tuj1+) before and a�er panning.  D Immunostaining for p53 shows 
that approx 80 % tdTomato cells are p53 KO a�er Ad-GFAP-Cre infec�on. E-F BMP4 
treatment improves astrocyte matura�on in vitro, as assessed by morpholgy and 
marker expression (E) and reduced prolifera�on (F) a�er incuba�on in NSC media. 
Scale bar = 100 μm. * p < 0.05, ** p < 0.01, **** p < 0.0001, Two-way ANOVA with 
mul�ple comparisons.
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I also wanted to rule out that the reason we observed proliferation in astrocytes after 

p53 KO was due to them not being mature before the procedure. Firstly, to reduce 

variability between preparations of primary astrocyte cultures, I only made 

preparations from P3 pups, rather than P2-P4. Secondly, I treated primary astrocytes 

with BMP4, which is a known pro-differentiative signal that promotes astrocyte 

differentiation and maturation (Scholze et al., 2014). Astrocytes were treated with 

25 ng/μl BMP4 for 2 days and then put back into NSC media for 7 days. They were 

pulsed with EdU for 24 hour before collection, to label all cells in S-phase during that 

time period. I used a longer EdU pulse (24 hours rather than 2 hours) here to label 

even very slowly dividing cells. No formation of colonies of dedifferentiated cells 

were observed in any cultures (Figure 2E), but astrocytes that had not been treated 

with BMP4 (10% serum) could revert to a proliferative state when put into mitogenic 

NSC media (Figure 2F). However, astrocytes that had been pre-treated with BMP4 

did not as readily re-enter the cell cycle (Figure 2F).  

Together, these optimisations increased the stringency of the assay ensuring that any 

dedifferentiation observed after loss of p53 results from pure, mature astrocytes. 

2.3 p53 loss in the presence of mitogens is sufficient to drive 

astrocytes to dedifferentiate in vitro 

Following optimisation, I repeated the dedifferentiation assay to confirm that p53 

loss alone is sufficient to dedifferentiate astrocytes in the presence of mitogens. 

Primary astrocytes were prepared from P3 conditional p53 KO pups with tdTomato 

reporter and purified and matured as described above. p53 KO was induced by Ad-
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GFAP-Cre infection or AdNull as control, and cells were incubated in NSC complete 

media (containing the mitogens EGF and FGF) or NSC basal media supplemented with 

25 ng/ μl BMP4 (summarised in Figure 3A).  

After 7 days in BMP4 or NSC media, I used crystal violet staining to allow visualisation 

of cells and assessment of dedifferentiation. Figure 3B shows dense colonies of small 

cells in the p53 KO cells in NSC media. All the other conditions looked like controls, 

and when imaged at high magnification, all cells remained astrocytic in morphology 

(Figure 3C). As an estimate for cell density, I measured the intensity of crystal violet 

in the wells. The intensity was significantly increased in the p53 KO astrocytes in NSC 

media compared to all other conditions (Figure 3D). Together, this confirms that in 

the optimised culture system, p53 loss alone is sufficient to dedifferentiate astrocytes 

in the presence of mitogens. 

I also repeated this experiment in more stringent, clonal conditions. At clonal density, 

only cells with self-renewal properties will be able to form visible colonies on the 

plate. I plated astrocytes at clonal density, induced p53 KO and put them into BMP4 

or NSC media for 14 days, to allow time for large colonies to form. Colonies were only 

observed in p53 KO, NSC media plates (Figure 3E+G). High magnification images 

confirmed that these colonies consisted of relatively small cells with the stem-like 

morphology seen in the previous experiments (Figure 3F). No colonies were seen in 

any of the other conditions (Figure 3E+G). Together these experiments suggest that 

loss of p53 in mitogenic conditions drives astrocytes to dedifferentiate.  

  



Figure 3: p53 loss is sufficient to dedifferen�ate astrocytes in vitro in the presence 
of mitogens
A Schema�c representa�on of in vitro workflow. Primary astrocytes were prepared 
from postnatal day 3 p53 flox/flox; LSL-tdTomato mice. A�er immunopanning and 
matura�on with BMP4 treatment, astrocytes were infected with Ad-Null or 
Ad-GFAP-Cre. Astrocytes were incubated in NSC basal media supplemented with 
BMP4 (BMP4) or NSC complete media containing EGF and FGF (NSC), before assaying 
for dedifferen�a�on phenotype by crystal violet staining. B-G Crystal violet staining 
reveals forma�on of colonies in p53 KO astrocytes in NSC media, but not in p53 wt 
astrocytes or p53 KO in BMP4 media. Experiments at normal density (B-D) and clonal 
density (E-G). Whole well view (B, E). High magnifica�on (C, F) shows cells in colonies 
adopt small cell phenotype. Quan�fica�on of rela�ve intensity at normal density (D) 
or number of colonies at clonal density (G). * p < 0.05, ** p < 0.01, Two-way ANOVA 
with mul�ple comparisons. 
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2.4 p53 KO-dedifferentiated astrocytes display neural stem cell 

hallmarks  

I next wanted to assess whether the small, highly proliferative cells observed after 

p53 KO in NSC media were dedifferentiated to bona fide NSCs, and thus showed 

properties of stem cells. The classical hallmarks of stem cells are self-renewal and 

multi-lineage differentiation.  

The clonogenic assays in Chapter 2.3 suggest that p53 KO astrocytes have self-

renewal properties, but I further assessed this property with a well-established 

protocol – the neurosphere assay. In this assay, cells are plated at clonal density in 

suspension with the mitogens EGF and FGF. Only cells with the stem cell property of 

self-renewal are able to form neurospheres – densely packed spheres of many cells, 

which can be passaged for multiple passages (Pastrana, Silva-Vargas and Doetsch, 

2011). After adenoviral infection and 7 days in NSC media, cells were taken out of 

adherent culture and 10,000 cells per condition were plated into neurosphere 

conditions. p53 KO cells could form neurospheres that could be serially passaged for 

at least 5 passages, indicative of self-renewal (Figure 4A+B). Importantly these 

neurospheres were all tdTomato+, indicating they were derived from p53 KO 

astrocytes that had received the GFAP-Cre. p53 wt astrocytes did not form 

neurospheres.  

To assess multi-lineage differentiation potential of p53 KO astrocytes, I plated them 

onto coverslips and removed the factors from the NSC media. This method induces 

neural stem cells to differentiate into astrocytes, oligodendrocytes and neuroblasts,   



Figure 4: p53 KO astrocytes display neural stem cell (NSC) hallmarks
A-B p53 KO astrocytes can form neurospheres (A), which can be serially passaged (B). 
p53 wt astrocytes do not form neurospheres. n=3 C p53 KO-dedifferen�ated 
astrocytes (first passage) can differen�ate into all three NSC lineages: astrocytes 
(GFAP+, Sox2low), oligodendrocytes (O4+) and neuroblasts (Tuj1+). Scale bar = 100 μm.
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which can be identified by immunostaining for GFAP, O4 and Tuj1, respectively. 

Indeed, these experiments revealed that p53 KO-dedifferentiated astrocytes could 

differentiate into all three neural stem cell lineages as seen by positive staining for all 

three markers (Figure 4C).  

Together, this shows that the colonies of proliferative small cells seen after p53 loss 

in astrocytes in mitogenic media are fully dedifferentiated neural stem-like cells.  

2.5 Discussion 

I set out to develop a model of astrocyte dedifferentiation in vitro, in order to allow 

us to investigate the intrinsic mechanisms of dedifferentiation. I developed an 

optimised culture system of pure and mature astrocytes, and surprisingly found that 

p53 loss alone in the presence of mitogens was sufficient to dedifferentiate 

astrocytes to a neural stem cell-like state. These dedifferentiated astrocytes had the 

stem cell hallmarks of self-renewal and multilineage differentiation. 

Our initial in vitro experiments were performed on primary astrocytes cultured in 

10% serum media. This media has been commonly used in the literature, but may not 

be very representative of the microenvironmental signals astrocytes experience in 

the wildtype brain, and may be a more relevant model of the developing or injury-

reactive brain (Cahoy et al., 2008; Foo et al., 2011). Astrocytes cultured in serum have 

been shown to express reactive astrogliosis genes that are upregulated in vivo in 

response to systemic LPS treatment and middle cerebral artery occlusion (MCAO), 

which model neuroinflammation and ischemic stroke, respectively (Zamanian et al., 

2012). Nonetheless, while we did see that some of our wt astrocytes proliferated in 
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NSC media, we never observed the small cell phenotype in p53 wt astrocytes. This 

suggested that they did not undergo dedifferentiation in these conditions, but rather 

re-entered the cell cycle. To overcome this, we treated astrocytes with BMP4, a pro-

differentiative signal, which has been previously shown to induce maturation of 

immature astrocytes in vitro (Scholze et al., 2014). In BMP4 treated astrocytes, we 

observed dedifferentiation of p53 KO cells in NSC media, but very minimal 

proliferation in the wt astrocytes. We concluded that BMP4 treatment improved the 

stringency of the assay, by promoting maturation of in vitro astrocytes. 

Another potential caveat with our initial experiments was that the dedifferentiated 

cells may not be astrocyte-derived. We introduced an immunopanning step to 

remove contaminating cells (Foo et al., 2011; Foo, 2013). This reduced the 

contaminating oligodendrocytes and neurons to <0.2 % of our cultures. Additionally, 

we performed experiments with GFAP-Cre adenovirus, ensuring that p53 

recombination occurred only in GFAP-expressing astrocytes and not in any 

contaminant cell type. Under these conditions, we still found that p53 KO was 

sufficient to dedifferentiate astrocytes in the presence of mitogens and that all 

dedifferentiated cells were tdTomato+, indicating that they were indeed astrocyte-

derived.  

This finding that loss of p53 alone was sufficient to drive dedifferentiation in the 

presence of mitogens was surprising, as previous studies had shown that both loss of 

p53 and gain of oncogenic Ras signalling or loss of the negative regulator, Nf1, were 

required (Friedmann-Morvinski et al., 2012). A possible difference between our 

systems could be that in the Friedmann-Morvinski study, p53 was knocked-down 
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with a short hairpin RNA (shRNA) approach. The level of knockdown in the astrocytes 

in their paper was likely lower than our approach, which achieves a full knockout of 

p53 protein.  

To test whether our dedifferentiated astrocytes were truly dedifferentiated to bona 

fide neural stem cells, we tested for the hallmarks of stemness: self-renewal and 

multi-lineage differentiation. To test multi-lineage differentiation, we removed 

mitogens from our dedifferentiated astrocytes, and found that they efficiently 

differentiated to neurons, astrocytes and oligodendrocytes. We used the 

neurosphere assay to test self-renewal, which showed that p53 KO astrocytes were 

able to form neurospheres which could be serially passaged, while p53 wt astrocytes 

did not form neurospheres. While the neurosphere assay is commonly used in the 

literature, it should be used with caution. It has been shown that cells can aggregate 

in vitro (Pastrana, Silva-Vargas and Doetsch, 2011), giving the appearance of 

neurospheres and supplying cells with contact dependent growth signals. To 

overcome this problem, we plated cells at very low density and minimised movement 

of dishes. To conclusively assess if dedifferentiated astrocytes are bona fide neural 

stem cells, they could be injected into the subventricular zone and assessed for their 

neurogenic potential.  

At clonal density approximately 25 colonies were seen per 10,000 cells plated, 

suggesting the efficiency of dedifferentiation was low. The efficiency was difficult to 

assess at normal density as it was hard to distinguish if colonies had merged together, 

but was likely lower at clonal density due to lack of supportive cell-cell paracrine 

signalling. We estimated that the efficiency at normal density to be <2 % of cells. 
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However this low number was not completely surprising, as reprogramming of 

somatic cells with OSKM (Oct4, Sox2, Klf4 and c-Myc) factors to generate induced 

pluripotent stem cells (iPSCs) is an inefficient process. It would be of interest in the 

future to understand what makes certain astrocytes more susceptible to 

dedifferentiation. In iPSCs there are a number of hypotheses as to why the efficiency 

is low. It could be due to the requirement for a specific balance of the OSKM factors 

for the process to occur, which would not apply in our system as we are knocking out 

one gene only. However, it is also known that modifications of the chromatin such as 

methylation can be a bottleneck to reprogramming, so it could be that some 

astrocytes have more refractory chromatin.  Another theory is the need for precise 

timing of the delivery of OSKM factors within fluctuations of transcription factor 

expression, which could be relevant to our response. This may make chromatin more 

accessible for remodelling, enabling efficient reprogramming (Zviran and Hanna, 

2014; Ebrahimi, 2015). 

Together, these findings suggested that p53 loss alone was sufficient for astrocyte 

dedifferentiation in the presence of mitogens. We next wanted to use this in vitro 

dedifferentiation model to understand the mechanisms of how dedifferentiation 

occurs at the cell intrinsic level, in other words what transcriptional changes occur 

within astrocytes as they dedifferentiate.  
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Chapter 3 Characterising transcriptional changes during 

astrocyte dedifferentiation upon p53 loss 

Since we have found that astrocytes dedifferentiate in vitro upon loss of p53 in the 

presence of mitogens (see Chapter 2), we next wanted to use this model to 

investigate the molecular basis of dedifferentiation and how loss of p53 drives this 

process. To this end, we aimed to perform RNA sequencing to define the 

transcriptome of dedifferentiating astrocytes. This would allow downstream analysis 

to identify transcriptional programmes and signalling pathways that drive 

dedifferentiation. 

3.1 Attempts at optimising a system to enrich for early 

dedifferentiated astrocytes and perform bulk RNA sequencing 

Since only a small proportion of astrocytes dedifferentiate upon loss of p53 in media 

with mitogens (approx. 1-2%, see Chapter 2), we reasoned that bulk RNA sequencing 

would likely be difficult to interpret due to too many contaminating non-

dedifferentiated astrocytes in the culture. Therefore, we aimed to first enrich for 

dedifferentiating astrocytes, and then perform bulk RNA sequencing on this 

population, which we would compare to wildtype astrocyte cultures.  

To this end, we sought to identify a marker of early dedifferentiation of astrocytes. 

We took a panel of previously described stemness markers and screened these for 

expression in dedifferentiated astrocytes by immunostaining; Sox2, Ascl1, CD133, 

SSEA1 and Zeb1.  
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Sox2 (sex determining region Y-box 2) is a transcription factor with a well-described 

role in maintaining self-renewal and multipotency of many stem cell compartments 

(Novak et al., 2019). Ascl1 (Achaete-scute homolog 1) is a proneural transcription 

factor that is expressed in activated NSCs and transit amplifying progenitors 

(Guillemot and Hassan, 2017). CD133 (also known as prominin-1) is a cell-surface 

antigen, which is expressed by NSCs. It has been previously used successfully to sort 

for tumour-initiating glioblastoma stem-like cells from human GBM samples (Singh 

et al., 2004). SSEA1 (stage specific embryonic antigen-1) is a stemness marker that 

has been described in many tissues, including neural stem cells (Capela and Temple, 

2002). Zeb1 (Zinc finger E-box-binding homeobox 1) is a transcription factor and 

inducer of epithelial to mesenchymal transition (EMT) that has been linked to 

stemness in many cancers, including GBM (Siebzehnrubl et al., 2013).  

From this panel we hoped to then find a marker that is upregulated early in the 

process to allow us to sort dedifferentiated astrocytes with fluorescence-activated 

cell sorting (FACS). Figure 5A shows the immunostaining for each marker in p53 wt 

or KO astrocytes after incubation for 7 days in NSC media as described in Chapter 2. 

EdU incorporation (2 hour pulse) was also used to help identify colonies of 

dedifferentiated cells in p53 KO cultures. Wildtype neural stem cells were stained in 

parallel as a positive control.  

Sox2 and Zeb1 were found to be expressed in all cells (Figure 5A), but their expression 

increased in dedifferentiated astrocyte colonies compared to the wildtype 

astrocytes. CD133 and SSEA1 expression did not appear to be strongly induced upon 

dedifferentiation, indicating that they were not useful markers in our system.  



Figure 5: Ascl1 is an early marker of astrocyte dedifferen�a�on in vitro
A Immunostaining for indicated stemness markers (green), EdU incorpora�on (red) 
and DAPI (blue) in p53 wt or KO astrocytes 7d a�er adenoviral infec�on or neural 
stem cells as posi�ve control. Ascl1 is most promising marker upregulated in 
dedifferen�ated astrocytes. Scale bar = 50 μm. B Time course assessing Ascl1 
expression at indicated days a�er adenoviral Ad-GFAP-Cre infec�on of p53 flox/flox; 
LSL-tdTomato astrocytes. Ascl1 high cells are observed 3 days a�er infec�on. Scale bar 
= 50 μm. 
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Ascl1 showed low expression in wt astrocytes but was highly expressed in 

dedifferentiated astrocytes (Figure 5A). Ascl1 appeared the most promising target as 

it is a proneural factor, and therefore expression of Ascl1 indicates increased 

potential of astrocytes, not just a reactive astrocyte response as could be suggested 

for Sox2. Therefore, I performed time course analysis to assess its expression during 

early dedifferentiation and determine whether it could be used to enrich for 

dedifferentiating astrocytes prior to RNAseq. I fixed astrocytes 2, 3, 5 and 7 days after 

adenoviral induction of p53 KO and performed EdU labelling and immunostaining for 

Ascl1. Ascl1 was upregulated in a small number of astrocytes as early as 3 days post 

adenoviral infection and clearly marked colonies of dedifferentiated astrocytes at the 

7 day timepoint (Figure 5B). 

Ascl1 is a transcription factor located in the nucleus, which precludes live cell staining, 

as cells would have to be permeabilised to allow antibody penetration. Therefore we 

decided to generate a genetic reporter for Ascl1. We acquired a plasmid from a 

collaborator, which contained the Ascl1-reponsive DeltaM enhancer upstream of the 

Dll minimal promoter upstream of LacZ. Together this construct acts as a LacZ 

reporter for Ascl1 expression (Castro et al., 2006). In order to make an Ascl1 reporter 

that is suitable for FACS, I cloned the DeltaM enhancer element and minimal 

promoter into a lentiviral plasmid, upstream of enhanced green fluorescent protein 

(EGFP) (Figure 6A). After transduction of astrocytes with the reporter construct, I 

performed the dedifferentiation assay and assessed the specificity of the reporter for 

Ascl1+ cells by immunostaining. Figure 6B shows that Ascl1+ dedifferentiated p53 KO 

colonies were positive for the Ascl1-EGFP reporter, and that there was clear 
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correlation between Ascl1 protein expression and reporter fluorescence, indicating 

that the construct was working as expected.  

I next tested the Ascl1 reporter with FACS analysis 7 days post-recombination. p53 

KO cultures were gated for tdTomato positivity before gating for Ascl1. Control cells 

that did not contain the Ascl1 reporter construct were used to set the gating of Ascl1 

reporter positive/negative cells. Unfortunately, in both p53 wt and KO cells (Figures 

6C and 6D, respectively) there was a population of cells that appeared positive for 

GFP (28.6% and 33.8% for p53 wt and KO, respectively). This suggests that reporter 

GFP expression was leaky in some normal astrocytes or that background expression 

in differentiated astrocytes was higher than detected by immunostaining.  

To better understand this, we collected GFP high and negative cell populations from 

both wt and p53 KO cultures for RNA isolation followed by RT-qPCR, to test if the 

reporter enriched for dedifferentiating astrocytes. I found that p53 was strongly 

decreased in p53 KO cells, confirming that the gating by tdTomato was successful 

(Figure 6E). However, dedifferentiation markers (Ascl1, Sox2 and Ccnd1) were not 

enriched in p53 KO GFP high cells. This could have been due to the reduction in size 

of cells as they dedifferentiate, which made gating for the Ascl1 reporter difficult, 

with the background expression of large astrocytes possibly masking the expression 

of small stem-like dedifferentiated cells.  

This suggests that the Ascl1 reporter-based strategy was unsuccessful in enriching for 

dedifferentiated astrocytes and could not be used for RNA-seq experiments. 

Therefore we turned to single cell RNA-seq (scRNA-seq) as an alternative approach. 



Figure 6: Ascl1 reporter does not effec�vely enrich for dedifferen�ated astrocytes
A Schema�c of Ascl1 reporter construct. Ascl1-responsive DeltaM enhancer 
upstream of Dll minimal promoter (MinP) drives enhanced GFP (EGFP) expression. 
B Ascl1 reporter marks Ascl1+ dedifferen�ated colonies. Scale bar = 50 μm. 
C-D Representa�ve FACS plots of Ascl1 reporter fluorescence shows many reporter+ 
cells in both p53 wt (C) and p53 KO (D) n=3. Posi�ve/nega�ve gate was set by control 
cells without reporter infec�on. GFP high cells were collected for RNA isola�on. 
E Rela�ve expression (qRT-PCR) of indicated genes in FACS sorted cell popula�ons. 
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3.2 Preparation for single cell RNA sequencing of dedifferentiating 

astrocytes 

As an alternative approach to survey the transcriptomic changes upon astrocyte 

dedifferentiation, we decided to perform single cell RNA sequencing (scRNA-seq). In 

contrast to bulk RNAseq, where RNA isolation and library preparation is from a pool 

of cells, in scRNA-seq this is done for individual cells.  

Early systems for scRNA-seq have relied either on FACS sorting of individual cells into 

multi-well plates or microfluidic systems to dispense single cells into chambers for 

segregated library preparation. These methods are highly effective, but are usually 

used to sequence modest numbers of cells (in the range of hundreds) due to cost 

constraints. Since our dedifferentiation event is rare, the chances with 100s of cells 

of seeing a significant dedifferentiation profile would be low. However, with the 

advent of droplet-based approaches, such as 10x Genomics, it has become possible 

to perform scRNA-seq on the range of thousands of cells. 10x Genomics employs a 

gel-bead emulsion to barcode individual cells to allow multiplexing for library 

preparation and sequencing. A drawback of scRNA-seq is that the depth of 

sequencing is lower, but this technique has been previously used to successfully study 

rare cell types (Zeisel et al., 2015, 2018; Hochgerner et al., 2018; Pandey et al., 2018; 

Zywitza et al., 2018).  

For our scRNA-seq experiments, we wanted to be able to survey the range of states 

of astrocytes from wt to early p53 KO to fully dedifferentiated. In order to achieve 

this from a single sample (rather than a time course of collections), we used primary 
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astrocyte cultures from GFAP-CreER; p53 flox/flox; LSL-tdTomato mice. After 

preparing astrocytes as described in Chapter 2.2, we put astrocytes into NSC media 

supplemented with 4-hydroxytamoxifen (4OHT, an active metabolite of tamoxifen), 

in order to induce Cre mediated recombination of p53 and tdTomato alleles, 

specifically in astrocytes (due to the GFAP promoter driven CreER). Unlike the 

adenoviral system, which causes p53 and tdTomato recombination only at one 

specific time point, we kept the 4OHT in the media until collection for scRNA-seq, 

which meant that astrocytes could become recombined at any time, which we hoped 

would ensure a range of stages of dedifferentiation in the same sample (Figure 7A).  

After 7 days in NSC media supplemented with 4OHT (or EtOH control), we assessed 

p53 recombination efficiency by immunostaining. We found that 4OHT/GFAP-CreER 

mediated recombination was less efficient than Ad-GFAP-Cre. With 4OHT, 

approximately 70% of cells became tdTomato+ (as opposed to 90% with Ad-GFAP-

Cre, see Chapter 2.2). Additionally the levels of p53 recombination were reduced to 

only 60% of tdTomato+ cells. However, we still saw colonies of dedifferentiated 

astrocytes that were tdTomato+ p53- Ascl1+ and had the small, stem-like 

morphology that we saw in previous experiments (Figure 7B), indicating that in this 

alternative astrocyte recombination model, we still observed dedifferentiation of 

astrocytes upon p53 loss in the presence of mitogens.  

We next performed a time course experiment to assess the best time point to collect 

cells for scRNA-seq. We wanted to find a time point, where there were enough 

dedifferentiated cells that would allow significant bioinformatics analysis, but when 

dedifferentiation was not too far advanced. In this case, proliferative NSC-like cells 
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would take over the cultures and make up the majority of cells sequenced. Therefore, 

we assessed the number and size of colonies after 3, 5 and 7d of incubation in NSC 

media with 4OHT. Colonies were scored by searching for clusters of Ascl1+ cells and 

scored as small (3-8 cells in the colony), medium (9-15 cells) or large (16+ cells) 

(Figure 7C). From this analysis, we chose 5d as the best time point for collection, as 

most colonies were small-medium, meaning that we would be able to assay a range 

of dedifferentiation events. 

I proceeded to the collection of samples for scRNA-seq. Two collections were made 

from two independent preparations of primary astrocytes – labelled A19 and A26 

hereafter. In parallel, I kept two wells as controls to confirm the dedifferentiation in 

these particular replicates. These were incubated in NSC media supplemented with 

4OHT or EtOH, and were fixed and crystal violet stained after 7 days to assess colony 

formation. As expected, all cells remained astrocytic after EtOH treatment and 

colonies of dedifferentiated astrocytes were observed after 4OHT treatment (Figure 

7D). 

scRNA-seq and analysis was performed in collaboration with Samuel Marguerat and 

the Genomics Facility at MRC London Institute of Medical Sciences, Imperial College 

London.  

  



Figure 7: Prepara�on of in vitro dedifferen�a�ng astrocytes for single cell RNA 
sequencing (scRNA-seq)
A Schema�c of experimental workflow in prepara�on for scRNAseq of 
dedifferen�a�ng astrocytes in vitro. B Ascl1 and p53 immunostaining of 7d EtOH or 
4OHT treated astrocytes shows forma�on of colonies of tdTomato+Ascl1+p53- 
dedifferen�ated astrocytes. Scale bar = 50 μm. C Quan�fica�on of size of 
dedifferen�ated colonies in astrocytes incubated for indicated days in NSC media 
supplemented with 4OHT. Colonies were scored by number of Ascl1+ cells, as small 
(3-8 cells), medium (9-15) or large (16+). n=2 D Crystal violet staining of control spare 
wells at 7d (2d a�er collec�on for scRNA-seq). 1st collec�on = A19 and 2nd 
collec�on = A26. Colonies of dedifferen�ated cells only found in 4OHT treated wells. 
Scale bar = 50 μm.
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3.3 Bioinformatic analysis of scRNA-seq data 

Reads were processed with the Cell Ranger package, which identified 5327 and 6111 

single cells from A19 and A26 samples, respectively. We then began by filtering for 

cells that were tdTomato+. Figure 8A shows the number of cells for each replicate 

(A19 or A26) that had 0, 1, 2 or >2 mapped reads of tdTomato. For downstream 

analysis, we only used cells that had >2 reads of tdTomato transcript, so that we could 

be confident that they were fully recombined for tdTomato.   

We next wanted to assess the reproducibility between the two samples and assess if 

they there was any batch effect, which are differences due to having been collected 

and processed on separate occasions. Principle component analysis (PCA) of the two 

samples showed there was little batch effect observable, and there was a very similar 

distribution of cells in both samples (Figure 8B).  

We next performed unsupervised clustering of cells. 6 clusters were used to separate 

the cells, referred to hereafter as Clusters (or Cl) 0 – 5. A t-distributed stochastic 

neighbour embedding (t-SNE) plot coloured by clusters is shown in Figure 8C. We 

next looked at the top upregulated genes in each cluster. Figure 8D shows the most 

informative top upregulated marker for each cluster overlayed in the t-SNE plot. 

Figure 8E shows a heatmap of the top 10 upregulated genes for each cluster.  

Initial analysis suggested that Cluster 0 appeared to be p53 wt astrocytes as this 

cluster had significant upregulation of Cdkn1a, which encodes the negative cell-cycle 

regulator p21, the major downstream target and effector of p53. Though not one of 

the top upregulated genes, this cluster also had higher GFAP expression.  



Figure 8: scRNA-seq analysis of dedifferen�a�ng astrocytes
A Number of cells per sample with indicated number of tdTomato reads. Only cells 
with >2 tdTomato reads were used for downstream analysis. B Principle component 
analysis (PCA) of samples together shows li�le batch effect. C t-SNE plot of cells a�er 
clustering with 6 clusters. D t-SNE plots of a top upregulated gene per cluster. 
E Heatmap of 10 most differen�ally expressed genes per cluster.
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Cluster 1 appeared to be another cluster of astrocytes more defined by expression of 

ApoE, another astrocyte marker, it also had slight upregulation of Cdkn1a, suggesting 

these cells were also largely p53 wt. 

Cluster 2 was defined by upregulation of cell cycle genes and Ascl1, suggesting that 

this cluster contained the fully dedifferentiated cells that we had detected in previous 

experiments.  Cluster 3 had upregulation of ribosomal genes, such as Rblp0. It also 

had some expression of Ascl1, suggesting that it was also composed of 

dedifferentiated astrocytes. Indeed Cluster 2 also had upregulation of Rplp0. 

Cluster 4 was defined by upregulation of the cytoskeletal component, beta-actin 

(Actb). There was also downregulation of astrocyte signatures, suggesting these were 

perhaps an intermediate state.  

Cluster 5 showed upregulation of Gap43 and Pcp4, which are more commonly 

markers of neurons or OPCs. This cluster also clustered quite distinctly on the t-SNE 

plot, suggesting it was made up of a different cell type rather than cellular state like 

the other clusters. We therefore performed staining for Pcp4 in astrocyte cultures. 

Pcp4+ cells were seen in both BMP4 and NSC incubated astrocytes, and in both p53 

wt and KO (Figure 9). This suggested that cluster 5 were unfortunately a contaminant 

cell type that was not removed by immunopanning and that expressed GFAP to a 

significant level for tdTomato recombination.  Therefore we removed this cluster of 

cells from downstream analysis.  

  



Figure 9: Cluster 5 cells are a contamina�ng cell type
A Immunostaining for PCP4 in GFAP-CreER; p53 flox/flox; LSL-tdTomato or control 
(p53 flox/flox; LSL-tdTomato) astrocyte cultures in BMP4 or NSC media supplemented 
with 4OHT shows PCP4+ cells in all condi�ons. Scale bar = 50 μm. 
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3.4 Pseudo-temporal ordering of scRNA-seq cells to understand 

temporal dynamics of dedifferentiation 

To understand how the progression between the different clusters during 

dedifferentiation, we next performed pseudotime analysis of the scRNA-seq data. 

This method uses mathematical modeling to generate a continuum of cell states 

based on the changes in transcriptomes and thus put cells in a ‘pseudo-temporal’ 

order. From this analysis, our wt astrocytes (Clusters 0 and 1) were at the top of the 

diagram, followed by Cluster 4, then Cluster 3 and finally Cluster 2 - which were the 

fully dedifferentiated astrocytes with high Ascl1 expression (Figure 10A).   

Now that we knew the temporal ordering of clusters, we wanted to look at pathway 

changes over time as astrocytes dedifferentiated. For each pathway, expression of 

pathway genes was assessed by gene set enrichment analysis (GSEA), gene ontology 

(GO) or Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis. A violin plot of 

the mean expression per cell for each ordered cluster was produced (Figure 10B). 

p53 pathway expression decreased over time, particularly in Cluster 3 and 2, as 

expected. Furthermore, as p53 was progressively lost, astrocytes showed 

transcriptional profiles enriched for gene signatures consistent with actin 

remodelling, followed by ribosomal biogenesis and finally cell cycle. Together, this 

showed the molecular changes throughout the progression of dedifferentiation of 

astrocytes upon p53 loss in vitro. 

  



Figure 10: Pseudo-temporal ordering of cells reveals pathway changes upon 
astrocyte dedifferen�a�on
A Force-directed graph showing pseudo-temporal ordering of cells in scRNA-seq, 
coloured by cluster. B Violin plots of changes in gene signatures associated with 
pathway ac�vity, sorted by cluster. 
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3.5 Dedifferentiated astrocytes express neural stem cell markers 

We next checked neural stem cell marker expression in the scRNA-seq data. Figure 

11A shows violin plots of Olig2 and Ascl1 expression in the ordered clusters. Although 

detection of both genes was fairly low due to low coverage inherent with scRNA-seq 

data, expression of both markers were upregulated in the final two clusters (Cl3 and 

Cl2). We have previously identified that Ascl1 is expressed in the dedifferentiated 

astrocytes. We next validated Olig2 in our system by immunostaining. Figure 11B 

shows that in dedifferentiated astrocyte clusters Olig2 protein levels were increased.  

We also wanted to validate whether stemness marker expression occurred earlier in 

dedifferentiation progression than the upregulation of cell cycle pathway, as 

indicated with our bioinformatic analysis. We observed small clusters of cells that had 

a cuboidal morphology and were strongly Olig2+, but were not EdU+ (Figure 11B, 

yellow arrowheads), suggesting that indeed, stemness gene upregulation occurred 

earlier in the process of dedifferentiation than the strong proliferative phenotype.  

Together this data confirms that the clusters 3 and 2 contain early dedifferentiating 

and fully dedifferentiated astrocytes which upregulate stemness markers, such as 

Olig2 and Ascl1. 

  



Figure 11: Dedifferen�ated astrocytes (Cl3 and Cl2) express stemness markers
A Violin plots of Olig2 and Ascl1 expression per cell sorted by cluster in scRNAseq. 
Clusters 3 and 2 show upregula�on of Olig2 and Ascl1 marker expression. 
B Representa�ve images of immunostaining valida�on of Olig2 expression. Both early 
and late dedifferen�ated astrocytes (p53 flox/flox NSC+4OHT) express stemness 
marker Olig2. Early clusters have Olig2 expression, cuboidal morphology and no EdU 
incorpora�on (yellow arrowheads). Fully dedifferen�ated colonies show Olig2 
expression and EdU incorpora�on (cyan arrowhead). Scale bar = 50 μm.
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3.6 Dedifferentiating astrocytes increase protein synthesis 

To validate if the upregulation of ribosomal biogenesis gene signature during 

dedifferentiation was also correlated to increased protein synthesis, we used O-

propargyl-puromycin (OP-Puro) incorporation experiments. OP-Puro becomes 

incorporated in newly synthesised polypeptides and terminates translation. These 

polypeptides accumulate in the cytoplasm and nucleus and can be fluorescently 

labelled through Click chemistry (Liu et al., 2012; Uozumi, Matsumoto and Saitoh, 

2016). Colonies of dedifferentiated astrocytes (in p53flox/flox NSC+4OHT wells) 

showed high OP-Puro incorporation indicating high rates of protein synthesis (Figure 

12A). Quantifications of OP-Puro nuclear intensity in the p53 flox/flox NSC+4OHT 

wells confirmed that the tdTomato+ cells had significantly higher OP-Puro 

incorporation than tdTomato- (Figure 12B).  

To further validate further the bioinformatic finding from Chapter 3.4 that ribosomal 

biogenesis increases before cell cycle pathway signatures, we looked for early 

dedifferentiating cells in the OP-Puro incorporation experiments. Unfortunately, EdU 

and OP-Puro incorporation both use Click-iT chemistry for labelling, so were not 

compatible to combine in the same experiment, but we used the cuboidal 

morphology of early dedifferentiated clusters (described above) to identify them. We 

could identify early dedifferentiated cells which were OP-Puro high (Figure 12C 

yellow arrowhead). There were also some single cells that had high OP-Puro 

incorporation that we postulate may have been at the very early stages of 

dedifferentiation (Figure 12C white arrowhead). This confirms that astrocytes first  



Figure 12: Dedifferen�a�ng astrocytes increase protein synthesis
A Clusters of dedifferen�ated astrocytes (p53 flox/flox NSC+4OHT) undergo increased 
protein synthesis as assessed by O-propargyl-puromycin (OP-Puro) incorpora�on. 
Scale bar = 50 μm. B Quan�fica�on of rela�ve OP-Puro nuclear intensity for p53 
flox/flox cells in NSC+4OHT. **** p < 0.0001, unpaired Student’s t-test. 
C Upregula�on of protein synthesis is an early dedifferen�a�on event. Lone cells with 
high OP-Puro incorpora�on (white arrowhead). Early dedifferen�a�ng clusters of cells 
with cuboidal morphology also have high OP-puro incorpora�on (yellow arrowhead). 
Scale bar = 50 μm.
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enter a state of high protein synthesis before they become highly proliferative as they 

undergo dedifferentiation upon p53 loss. 

3.7 Discussion 

In this chapter, we aimed to assess the intrinsic transcriptomic changes that occur in 

astrocytes as they dedifferentiate upon p53 loss by RNA-seq. Initially we intended to 

carry out bulk RNA-seq of dedifferentiated astrocytes and compare these to wt 

astrocytes and neural stem cells. However, as we were unable to enrich for 

dedifferentiated astrocytes, and dedifferentiation is a rare event, we turned to 

scRNA-seq.  

By using a low efficiency, 4OHT-inducible system of p53 KO and collecting at an earlier 

time point, we captured the full profile of states, from wildtype astrocyte to fully 

dedifferentiated. This allowed us to perform pseudotiming analysis of our data, to 

understand the temporal ordering of transcriptomic changes upon dedifferentiation. 

This showed that as astrocytes dedifferentiate in our system, they lose p53 pathway 

expression, and show gene signatures consistent with increased actin remodeling 

followed by protein synthesis, before finally entering a state characterized by high 

cell cycle gene expression.  

Lorens-Bobadilla et al. have previously found that when quiescent type-B neural stem 

cells of the subventricular zone become activated they enter an intermediate ‘primed 

quiescent’ state in which they upregulate ribosomal biogenesis and protein synthesis 

before activating and entering the cell cycle (Llorens-Bobadilla et al., 2015). 

Interestingly, we see the same transition in our astrocyte dedifferentiation model, as 
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early dedifferentiated colonies (along with single cells that could be beginning to 

dedifferentiate) had higher ribosomal biogenesis gene expression coupled with 

higher protein synthesis validated by OP-Puro incorporation. Together this suggests 

that dedifferentiation of astrocytes may follow the same developmental pathway as 

activation of NSCs from quiescence.  

Our scRNA-seq data showed that stemness markers such as Olig2 and Ascl1 are 

upregulated upon dedifferentiation. We also validated these in vitro at the protein 

level with immunostaining. Along with our findings in Chapter 2 which confirmed 

stemness properties of self-renewal and multi-lineage differentiation, this data 

suggests that dedifferentiated astrocytes take on a neural stem cell-like state.  

It would be important to now understand how p53 loss regulates the process of 

dedifferentiation. In the next chapter, we will use p53 ChIP-sequencing and more in-

depth analysis of our scRNA-seq to understand this further.  
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Chapter 4 Investigating transcriptional regulation of 

dedifferentiation by p53 

We next wanted to understand how loss of p53 leads to dedifferentiation of 

astrocytes, and specifically what p53 may be regulating in our system. We expected 

p53 may be repressing a neurogenic program in normal astrocytes or perhaps 

maintaining the gliogenic fate, and wanted to directly test this. Since p53 is a 

transcription factor that binds to and modifies gene expression, we decided to 

perform chromatin immunoprecipitation sequencing (ChIP-seq) for p53 in wildtype 

astrocytes in pro-differentiative BMP4 conditions. ChIP-seq relies on cross-linking of 

proteins to DNA, fragmentation of chromatin, followed by immunopreciptation (IP) 

with a specific antibody to pull down DNA bound to a protein of interest - p53 in our 

case. This is followed by library preparation and sequencing. From this experiment 

we hoped to understand which genes p53 is binding to and by cross-referencing with 

the scRNA-seq, find out which of these it is regulating in normal astrocytes. 

4.1 Preparation for ChIP-seq 

I first wanted to optimize the ChIP conditions, to test which antibody would 

successfully pull down p53-bound chromatin. I therefore performed ChIP-qPCR, 

where the end read-out of purified fragments is qPCR rather than sequencing. I 

cultured wildtype astrocytes in BMP4 maturation media for 2 days, to replicate the 

conditions astrocytes are in when p53 is knocked out in the dedifferentiation assay. I 

then collected and prepared the chromatin for IP. The following 7 different IPs were 
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performed. As a positive control to test that the IP conditions were correct I used an 

antibody for RNA polymerase II (RNA PolII). I tested two different p53 antibodies – 

referred to as p53-1c12 and p53-CM5. For the latter I used 3 different dilutions of 

antibody. I used mouse and rabbit normal IgG as a negative control for the p53-1c12 

and p53-CM5 antibodies, respectively, to test for non-specific binding of antibody to 

chromatin. I performed qPCR for two well-described targets of p53 (Cdkn1a and 

Ccng1) and a negative control gene (Gapdh) that should not be bound by p53, so 

should not have significant immunoprecipitation. Figure 13A shows that for all genes 

RNA PolII had a successful pulldown and that the primers were working well. There 

was very little pull down with either IgG control, indicating that non-specific 

background was low. In contrast, the p53-1c12 antibody had very little enrichment, 

while the p53-CM5 antibody worked much better, with increased enrichment of 

Cdkn1a and Ccng1. Lower dilution of antibody (1:50) increased pulldown of Cdkn1a 

and Ccng1 but did not increase non-specific background (Gapdh). Therefore we chose 

to use 1:50 p53-CM5 for the following experiments. 

I next sought to optimize the sonication conditions for the library preparation. For 

ChIP-seq experiments, it is recommended to shear the chromatin to fragments of 100 

– 300 bp size. Figure 13B shows the Bioanalyzer trace for the first replicate. The 

majority of the DNA was within 100 – 300 basepair (bp) in length. There were some 

fragments which were longer (seen as a ‘tail’ on the Bioanalyzer trace), but this is 

recommended in order not to denature proteins/destroy epitopes bound to the 

chromatin, which would then lead to an unsuccessful IP.  

  



Figure 13: Op�misa�on of p53 an�body and shearing condi�ons for chroma�n 
immunoprecipita�on (ChIP).
A ChIP-qPCR for control (Gapdh) and known p53 direct targets (Cdkn1a, Ccng1), 
tes�ng two p53 an�bodies. n=1. B-D Bioanalyzer HS DNA traces for replicate 1. 
Sonicated chroma�n (B), Input libary (C) and p53 ChIP library (D).  
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I proceeded with the IP and library preparation for Input DNA and p53 ChIP DNA. 

Figure 13C shows that the Input library had a sharp peak as is expected, with a small 

increase in average size compared to the sonicated chromatin, as adaptor and 

indexes are added to the DNA fragments. However, the p53 ChIP library (Figure 13D) 

had a bimodal distribution of length of fragments. The majority were the same size 

as the expected fragment size, but many were much longer. This suggested that p53 

was preferentially binding and pulling down longer fragments of DNA in the IP. Closed 

chromatin shears less efficiently than open chromatin, so yields longer fragments of 

DNA than euchromatin. This may indicate that p53 was binding preferentially to 

heterochromatin.  

4.2 Bioinformatic quality control of ChIP-seq 

I performed three independent biological replicates of the p53 ChIP and produced 

libraries for sequencing of the ChIP DNA and the Input control. The Input control 

allows assessment of sonication biases in the original sheared chromatin, which may 

confound interpretations in the downstream bioinformatic analysis. Sequencing was 

performed in collaboration with the UCL Cancer Institute Genomics and Genome 

Engineering Core Facility. After sequencing, I performed bioinformatics analysis using 

the NGI-ChIPSeq Nextflow pipeline (Ewels et al., 2019). To first assess the 

reproducibility and quality of the sequencing data, I performed some standard ChIP-

seq quality control (QC). Raw FASTQ reads were assessed with the FastQC package. 

Figure 14A shows the GC content in reads. All samples were around 50% GC as 

expected, with a little enrichment of GC sequences in the p53 ChIP samples for 

Replicate 1 and 2 compared to their Input controls.  



Figure 14: Bioinforma�c quality control (QC) of p53 chroma�n immunoprecipita-
�on sequencing (ChIP-seq)
3 independent replicates, termed Rep1, Rep2 and Rep3 were sequenced. For each 
replicate, the Input and p53 ChIP DNA was sequenced. A Percentage GC in reads per 
sample. B Percentage duplica�on per sample. C Number of uniquely mapped reads 
per sample. D Cross-correla�on plots generated by Phantompeakqualtools package. 
ChIP peak (indicated by red dashed lines) should be higher than the phantom peak 
(indicated by blue dashed lines). E Fingerprint plot generated shows distribu�on of 
reads on genome.
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I next assessed the percentage duplication of reads, which could be caused by PCR 

amplification biases and low complexity of library. Replicate 1 had very high 

duplication (Figure 14B). For replicates 2 and 3 we tried to improve the library 

complexity by pooling DNA from 3 IPs and using fewer PCR cycles, to try and reduce 

PCR biases introduced. However, we started with inherently low amounts of 

material, as we were using primary cells rather than cell lines which are commonly 

used for ChIP sequencing, so high duplication was not unsurprising.  Reads were 

aligned to the mouse genome and the number of uniquely mapped reads was 

counted (Figure 14C). For an ideal ChIP experiment, at least 10 million unique reads 

is preferable to allow complete saturation and two find all possible binding sites 

(Landt et al., 2012). Rep1 and 2 were lower than this, at 6.8 and 2.3 million reads, 

respectively. However, a recent ChIP-seq paper for p53 in mouse embryonic stem 

cells has indicated that at least 2 – 5 million reads would be sufficient for saturation 

of sequencing (Li et al., 2012).  

To assess the quality of the ChIP, I used a package called Phantompeakqualtools, 

which assesses the cross-correlation of aligned reads (Kharchenko, Tolstorukov and 

Park, 2008; Landt et al., 2012). It generates a plot with two peaks; a phantom peak 

that corresponds to the read length and a ChIP peak which corresponds to the 

fragment size. A ChIP peak higher than the phantom peak indicates a successful ChIP 

experiment. Figure 14D shows the cross-correlation plots for each replicate. 

Replicate 2 had a low ChIP peak, which is likely caused by the low sequencing depth 

of this sample. Phantompeakqualtoools also generates normalised strand coefficient 

(NSC) and relative strand correlation (RSC) values, which give a measure of the signal 
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to noise. The guideline ideal values for these are NSC > 1.1 (with ENCODE cutoff of 

NSC > 1.05) and RSC > 1 (ENCODE RSC > 0.8) (Landt et al., 2012). Unfortunately, 

Replicate 2 has a low RSC, likely due to the shallow sequencing depth.  

I next looked at the distribution of reads with deepTools. This generates a fingerprint 

plot of the fraction of reads within each region of the genome. For a perfect genome 

sequencing which doesn’t have any enrichment for open chromatin due to shearing 

bias, this plot would give a straight diagonal line as reads should be evenly distributed 

throughout the whole genome. For a ChIP experiment, the plot should show a very 

steep rise at the highest rank, indicating very specific enrichment at distinct regions 

of the genome (Ramírez et al., 2016). This showed that all ChIP samples had a good 

fingerprint plot compared to their input control (Figure 14E). Rep3 had a very similar 

plot between its Input and p53 ChIP sample. This suggests that this replicate may 

have enrichment in regions that are non-specific to the p53 pull down.  

Together this QC shows that, despite potential caveats caused by low input samples, 

generally the ChIP-seq reads were of high quality and could be used for downstream 

analysis.  

4.3 Bioinformatic analysis of p53 binding peaks and occupancy 

p53 ChIP peaks were called using MACS (Model-based Analysis of ChIP-seq) (Zhang 

et al., 2008). This program calls peaks where there is significant enrichment of the 

sequencing in the ChIP sample compared to the Input sample. The Input sample is 

taken into account to avoid calling peaks due only to regions of open chromatin. 

Called peaks are therefore the regions of the DNA where p53 is bound. 200, 297 and 
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623 peaks were identified for Rep 1, 2 and 3 respectively. The strong increase in peaks 

in Rep3 is likely due to the increase in sequencing depth in this sample, but I wanted 

to assess the likelihood of these being real p53 binding peaks or just noise. To do this, 

I used bedtools to retrieve the DNA sequences for each peak with 250 bp either side 

of the peak summit. I then used motif analysis software (MEME-ChIP) to look for 

enriched motifs within the sequences (Machanick and Bailey, 2011). All motifs found 

contained sequence similarity to the p53 binding motif: RRRCWWGYYY. Figure 15A 

shows that the majority of peaks had a p53 DNA binding site within them, suggesting 

that they were indeed representing binding of p53 to the chromatin, rather than 

background noise. As a further validation of the MACS peak calling, I looked at the 

location of the top 5 motifs from the MEME analysis within the 501 bp sequences of 

the peaks using CentriMo (Bailey and Machanick, 2012). Figure 15B shows the output 

of this analysis for Rep1, but similar results were found with all three. This analysis 

showed that there was enrichment for the p53 binding motifs at the summit (centre) 

of the peaks that had been called by MACS, validating that it was correctly calling 

peaks.  

I next investigated the occupancy of sequencing reads in relation to their nearest 

annotated genes with the NGSplot package (Shen et al., 2014) (Figure 15C+D). This 

showed that the majority of reads were found at the TSS, as is expected for p53, but 

there was also some binding within the gene body.  

  



Figure 15: Bioinforma�c analysis of the p53 ChIP-seq peaks occupancy and loca�on 
A MEME-ChIP analysis shows majority of called peaks have p53 binding mo�f site. 
500 bp regions centred on the peak summit was analysed with MEME-ChIP. Number 
of peaks with/without p53 binding mo�f was counted. B CentriMo analysis of the top 
5 MEME mo�fs (all of which had p53 half site) in replicate 1 shows binding sites 
enriched at summit of peak. Similar plots were generated for other two replicates. 
C Distribu�on of reads around the transcrip�on start site (TSS), generated with 
NGSplot package. D Distribu�on of reads in upstream and downstream regions and 
along genebody of nearest annotated genes.
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4.4 Analysis of genes in close proximity to the p53 binding peaks 

Since we had identified p53 binding sites in our astrocytes, we now wanted to assess 

which genes may be regulated by these binding sites. I decided to look for genes only 

within close proximity (< 1 kilobase (kb)) to binding peaks, as p53 is known to only be 

functionally relevant when bound very close to its target genes, and its 

transactivation activity declines further away from the peak (Fischer, 2017). 

Therefore, using Biomart, I generated gene lists for each replicate that fit these 

criteria.  

ChIP-seq experiments are known to be subject to very high noise, due to relatively 

loosely associated proteins being very tightly fixed to the chromatin. Therefore I only 

investigated genes that were found in at least two ChIP-seq replicates. Figure 16A 

shows the overlap between the three replicates. Indeed there were many genes that 

were only found in one replicate. This was particularly the case in Rep3, as this had 

much greater sequencing depth and therefore many more binding peaks identified. 

It is possible that we may have had to exclude some real peaks from Rep3 by only 

counting genes in > 2 replicates, which were not found in Rep1 and Rep2 due to 

insufficient sequencing depth. However, we hypothesized that important regulated 

genes in astrocytes would be tightly bound, so should be identified with low read 

depth. Figure 16B and Figure 16C show the lists of genes found in all 3 replicates or 

just two replicates, respectively. Genes with no known function or annotation have 

been removed from the list.  

  



Figure 16: Analysis of genes in close proximity (<1 kb) to p53 peaks 
A Overlap between replicates of genes within 1 kilobase (kb) of p53 ChIP peaks. 
B+C Lists of genes within 1 kb of p53 ChIP peaks in all 3 (B) or 2 (C) replicates. 
D+E Gene set enrichment analysis (GSEA) on all genes in at least two replicates. 
Hallmark gene sets (D) and GO Biological process (E). Number of genes overlapping 
with gene set is plo�ed. Green: p < 1 x 10-9 . Grey: p < 1 x 10-2. F p53 ChIP-seq reads 
(above) and peaks (below) at Cdkn1a gene locus.  
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I next performed gene set enrichment analysis (GSEA), to assess the overlap of genes 

identified in our ChIP-seq with known pathways or biological processes (Subramanian 

et al., 2005). As expected, the GSEA for Hallmark gene sets showed highly significant 

overlap for the p53 pathway (Figure 16D). Additionally, GSEA for gene ontology (GO) 

terms biological process showed significant overlap with many genes involved in p53 

mediated DNA damage or apoptotic responses (Figure 16E). Together this confirms 

that our ChIP-seq was binding to canonical p53 targets, such as Cdkn1a (Figure 16F).  

4.5 Cross-referencing ChIP-seq and scRNA-seq data to assess direct 

transcriptionally regulated targets by p53 in astrocytes 

To understand if the direct p53 bound target genes identified in the previous section 

may be regulating the dedifferentiation response after p53 loss, I cross-referenced 

them with the significantly differentially expressed genes per cluster from the scRNA-

seq in Chapter 3. Figure 17 shows the genes within 1kb of at least 2 replicates in the 

ChIP-seq that were found to be significantly changed in at least one cluster of the 

scRNA-seq. Clusters are ordered as per the pseudotime analysis. Orange squares 

indicate significant upregulation and blue indicates significant downregulation, with 

the number indicating the fold change. Grey boxes indicate no significant change. 

From this data, I inferred the regulation by p53 on each of these genes, basing our 

knowledge from the previous chapter that Cl0 and Cl1 are p53 wildtype cells while 

Cl3 and Cl2 are p53 KO. Therefore, genes upregulated in Cl0 and Cl1 and 

downregulated in Cl3 and Cl2 are activated by p53, and vice versa. 10 genes were 

found to be activated by p53 with only 3 repressed, and one had unclear regulation.  



Figure 17: Comparison of p53 ChIP-seq and scRNA-seq to iden�fy p53 direct targets
A Lists of genes within 1 kb of p53 ChIP peaks in at least 2 replicates were 
cross-referenced with significantly differen�ally regulated genes in scRNA-seq data. 
Genes from ChIP-seq analysis that are significantly regulated in at least one cluster 
(Cl) in scRNA-seq are shown. Orange indicates significant upregula�on and blue 
indicates significant downregula�on in indicated cluster. Grey squares indicate no 
significant change. Direc�on of regula�on by p53 was inferred from the scRNA-seq 
expression data.  
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A

Gene Cl0 Cl1 Cl4 Cl3 Cl2

Inferred 
regula�on 
by p53 from 
our data

Btg2 0.26765 -0.2633 -0.4849 Ac�vated
Ccng1 0.52549 -0.3641 -0.6259 Ac�vated
Cdkn1a 0.71301 -0.6762 -0.8336 Ac�vated
Ckap2 0.73295 Repressed
Dst -0.2854 Ac�vated
Ephx1 0.30693 -0.2754 -0.3808 Ac�vated
Foxj1 0.25036 Ac�vated
Nucks1 -0.2748 0.65833 Repressed
Phlda3 0.41538 -0.3164 -0.4583 Ac�vated
Pid1 -0.2808 Ac�vated
Plxdc2 -0.2838 Ac�vated
Rap2b 0.32411 ?
Trp53inp1 0.30797 -0.2603 -0.3743 Ac�vated 
Ybx3 -0.3553 -0.3802 0.36704 0.60597 Repressed
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This is consistent with reports that most direct p53 targets are activated, while p53 

mostly represses gene expression via indirect mechanisms (Fischer, Steiner and 

Engeland, 2014).  

Many of the p53-activated genes (such as Cdkn1a, Ccng1, Phlda3, Trp53inp1, Btg2 

and Ephx) are known p53 targets that are activated upon cellular stress in order to 

induce cell cycle arrest, apoptosis or senescence (Fischer, 2017).  

Phlda3 (Pleckstrin Homology Like Domain Family A Member 3) may be an interesting 

candidate to study further. It is a known target of p53 that encodes a negative 

regulator of Akt. Activation of Phlda3 by p53 leads to inhibiton of Akt and blocking of 

mTOR pathway (Kawase et al., 2009; Takikawa and Ohki, 2017). Since Phlda3 is 

downregulated in our system upon p53 loss, this may in part explain the upregulation 

of ribosomal biogenesis and protein synthesis phenotype upon dedifferentiation (in 

Cl3 and Cl2, see Chapter 3.4 and 3.6). It is unclear whether this upregulation of cell 

growth is necessary for astrocyte dedifferentiation, or just a consequence. To address 

this we could perform experiments whereby we block ribosomal biogenesis, mRNA 

translation or mTOR, and assess if this blocks the dedifferentiation upon p53 loss. 

Moreover, we could perform the reverse experiment and increase cell growth – 

perhaps genetically by Phlda3 knockout, and assess if this is sufficient to induce 

astrocyte dedifferentiation. 

Foxj1 (Forkhead box protein J1) is a transcription factor involved in ciliogenesis and 

motility (Ostrowski et al., 2003). In our system, it is bound by p53 and upregulated in 

Cl0 (one of the wt astrocyte clusters) only. This suggests that it is activated by p53 in 
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our system. Foxj1 has previously been reported as a direct target of the p53 family 

member p73 (Jackson and Attardi, 2016). Foxj1 is generally thought to be a marker 

of ependymal cells but expression has been reported in a small subset of astrocytes 

in the SVZ which have neurogenic potential. Knockout of Foxj1 leads to lethality or 

impaired olfactory bulb development, indicating its requirement for neurogenesis 

(Jacquet et al., 2009, 2011). However, in our system it is counterintuitively 

upregulated in normal astrocytes, suggesting it does not play a similar role in our 

system. 

Genes such as Ckap2, Dst, Pid1, Nucks1 and Plxdc2 that are only differentially 

expressed in the final cluster (Cl2), are unlikely to be mediating the initial 

dedifferentiation, as we have identified in the previous chapter that Cl3 and Cl2 are 

both composed of dedifferentiating cells. However, this could be due to the low 

coverage of scRNA-seq data. 

Rap2b, a small GTP-binding protein belonging to the Ras family, is upregulated in Cl4 

only, which from our pathway analysis does not appear to have significant 

downregulation of p53 pathway (see Figure 10B). Therefore it is unclear whether the 

change in expression seen in Cl4 is due to p53. In other systems, p53 has been shown 

to activate expression of Rap2b. 

Ybx3 (Y-Box binding protein 3, also known as dbpA) may be another candidate gene 

to investigate further. In our system it is upregulated upon p53 loss, however in other 

systems it has been shown to be activated by p53 (Chang et al., 2014; Younger et al., 

2015). Ybx3 binds to DNA and mRNA via a specific consensus sequence, and is 
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reported to act as a repressor (Kudo, Mattei and Fukuda, 1995; Coles et al., 1996). 

Ybx3 has been shown to regulate cellular amino acid levels. It can bind to RNA and 

either increase stability or repress translation (Giorgini, Davies and Braun, 2001; 

Coles et al., 2004; Cooke et al., 2019). Interestingly, Ybx3 is not expressed or at least 

exhibits low expression in adult tissue, including brain, and is thought to be 

downregulated after embryonic development (Lu, Books and Ley, 2006). Therefore 

this upregulation of Ybx3 in dedifferentiated astrocytes could represent their switch 

to a primitive, developmental-like state. 

Together we have been able to identify genes that p53 binds in astrocytes and assess 

their transcriptional regulation. The majority of genes found were canonical targets 

involved in p53-mediated stress response. Moreover, investigation of other members 

of the gene list suggested that p53 does not maintain a gliogenic program in 

astrocytes or conversely does not directly repress a neurogenic program. 

4.6 Discussion 

In this chapter, we have used ChIP sequencing to try and probe what p53 is 

transcriptionally regulating, to begin to answer how loss of p53 leads to astrocyte 

dedifferentiation. I performed 3 replicates of p53 ChIP-seq and identified genes that 

were within 1kb of a p53-bound site. This identified 193 genes in at least 2 replicates, 

which can be further narrowed down to 76 high-confidence genes found in all 

replicates. We then cross-referenced these gene lists with the differentially 

expressed genes in our scRNA-seq experiments (Chapter 3). This revealed just 14 

genes that were directly regulated by p53 and whose expression changed during 
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dedifferentiation. The majority of these 14 genes were canonical p53 targets known 

to be mediators of p53-induced cell cycle arrest and apoptosis, which were 

downregulated upon p53 loss.  

p53 binding to Notch1 was found in all three replicates. Notch1 is known to be 

upregulated in astrocytes during development, mediating the switch to gliogenesis, 

which is mediated in part through Notch pathway repression of Ascl1 expression 

(Andersen et al., 2014). Additionally, knockout of Notch1 leads to impaired 

gliogenesis, as Notch signalling is required for Sox9 expression during development 

(Taylor, Yeager and Morrison, 2007) and knockout of Notch pathway member Rbpj 

leads to astrocyte conversion to neuroblasts in vivo (Magnusson et al., 2014). 

However, Notch1 expression was not significantly changed in our scRNA-seq data, 

suggesting that the loss of p53 binding to this gene was not transcriptionally relevant 

to our dedifferentiation response.  

Together, this suggests that p53 is not suppressing a neurogenic program in 

astrocytes. However, it is important to note, that caveats with our sequencing may 

have precluded our finding of these targets. Replicate 3 was sequenced to greater 

depth and showed many more binding sites of p53. Therefore, by only looking at 

genes in proximity to binding peaks in at least two replicates, we had to exclude many 

genes from this replicate. Indeed, many may be false positives, but due to the lower 

sequencing depth of Rep1 and Rep2, we may have excluded some weakly bound true 

positives. Therefore the number of p53 target genes identified in this study was low 

compared to other reports (Li et al., 2012). In the future we could perform an extra 

replicate to sufficient depth.  
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As we hypothesized that p53 may be repressing a neurogenic program in normal 

astrocytes, we aimed to assess the binding of p53 in normal conditions, so performed 

the ChIP-seq on wildtype astrocytes in BMP4. However, it may be pertinent to 

investigate location of p53 binding in astrocytes in neural stem cell media, as there 

may be differential binding, perhaps due to differences in chromatin accessibility or 

post-translation modifications of p53. It would therefore be interesting in the future 

to perform p53 ChIP sequencing of astrocytes in NSC media, and compare this to our 

current experiments. This may help reveal why astrocytes only dedifferentiate upon 

p53 loss in NSC media, but not in BMP4 media. 

Moreover, we only looked for genes that were within 1 kb distance to the ChIP 

binding peak. We did this as p53 is known to bind in very close proximity to the TSS 

of genes, and that p53 binding further from this has weak transactivation activity 

(Fischer, 2017). This allowed us to look for high-confidence regulations. However, 

other groups have used cut-offs much larger than this (such as 25 kb (Li et al., 2012)). 

Therefore to expand our future search, we could also investigate genes further from 

the p53 binding sites, though this is likely to introduce many false positives that are 

not bona fide p53 targets. 

Our library preparation revealed enrichment of longer fragments in p53 ChIP DNA, 

which suggested p53 may be binding to closed chromatin regions. This could lead to 

confounding problems with sequencing and peak calling as the model generated by 

MACS assumes a consistent length of fragment size, and ours was bimodal. Although 

it doesn’t appear to have affected our peak calling quality, as the majority of peaks 

had a p53 binding motif, it may have reduced the number of peaks found. This could 
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be particularly important for finding repressed genes in regions of closed chromatin. 

We could test this theory that p53 binds in regions of closed chromatin by performing 

ATAC-seq (Assay for Transposase-Accessible Chromatin for sequencing) (Buenrostro 

et al., 2013). This method uses tagmentation with a hyperactive transposase to insert 

adaptors into regions of open chromatin, and then tagged DNA is purified, amplified 

and sequenced. This therefore allows visualization of the accessibility of chromatin. 

In our case it could be compared with our ChIP-seq binding data to assess whether 

p53 is binding in regions of closed chromatin. Furthermore, ATAC-seq of astrocytes 

in BMP4 vs NSC media could be used to assess the changing chromatin landscape of 

astrocytes in different conditions.  

p53 is also known to repress genes indirectly via activation of p21 (Cdkn1a) and 

hypophosphorylation of RB and p107/p130 of the DREAM complex, which directly 

repress genes via E2F and CHR sites (Flatt et al., 2000; Gottifredi et al., 2001; Quaas, 

Müller and Engeland, 2012; Engeland, 2018). Astrocyte dedifferentiation upon p53 

loss could be due to de-repression of targets of RB or the DREAM complex. To test 

this, we could perform p21 knockout in astrocytes, and assess if this phenocopies p53 

loss. If so, it would suggest that p53 is repressing dedifferentiation indirectly. This 

could be tested in future experiments by knocking out RB or members of the DREAM 

complex.   

Since our ChIP-seq experiments did not reveal any clear mechanistic insights into 

astrocyte dedifferentiation, we next decided to turn back to our scRNA-seq to probe 

p53-specific pathway changes.    
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Chapter 5 Dedifferentiation upon p53 loss is dependent on 

elevated EGF signalling 

Although our scRNA-seq revealed the transcriptional changes that take place and the 

temporal progression of dedifferentiation (Chapter 3), we still didn’t understand the 

mechanisms that drive the process upon p53 loss. Our ChIP-seq data (Chapter 4) 

suggested that this was not due to direct regulation or repression by p53 of a 

neurogenic programme at the transcriptional level. Therefore we turned back to our 

scRNA-seq data to look for alterations in signalling pathways upon p53 loss that may 

cooperate to drive dedifferentiation. 

5.1 Comparison of tdTomato+ and tdTomato- clusters in scRNA-seq 

reveals EGFR pathway activation upon p53 loss 

In order to investigate further the mechanisms of dedifferentiation upon p53 loss, 

we compared the transcriptional profile of tdTomato+ and tdTomato- cells in our 

scRNA-seq data. As in Chapter 3, cells with >2 tdTomato reads were classified as 

tdTomato+ cells, while cells with 0 tdTomato reads were called tdTomato-. Since 

tdTomato- cells are p53 wt, this analysis would allow us to identify p53-specific 

transcriptional changes. It is important to note that low sequencing depth of scRNA-

seq may lead to false negatives, but we expect this to be low as tdTomato is very 

highly expressed from the ubiquitous Rosa26 locus. Nevertheless, the two 

populations should be significantly enriched for the expected cell type, allowing 

bioinformatic analysis. 
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tdTomato+ cells were clustered as described in Chapter 3. tdTomato- cells were 

clustered separately, and then the resulting clusters were matched to the tdTomato+ 

clusters manually by finding clusters with similar gene expression profiles. Figure 18A 

shows the number of cells in each of the matched clusters. tdTomato+ clusters 3 and 

2 were found to diverge in number from their tdTomato- matched clusters. Indeed 

we had previously found that these two clusters had the lowest expression of p53 

pathway targets (Figure 10B). We therefore generated lists of differentially 

expressed (DE) genes between the tdTomato+ and tdTomato- cells in each matched 

cluster. To understand which pathways may be coordinating the expression changes 

between the tdTomato+/- cells we performed ingenuity pathway analysis (IPA) on 

the DE lists. Figure 18B and 18C show the results of the IPA for cluster 3 and 2, 

respectively. The figure shows that in both clusters, as expected, p53 pathway is 

inhibited in the tdTomato cells (negative activation z score). Among activated 

pathways, we identified several components of the EGFR pathway in the tdTomato+ 

clusters 3 and 2. Therefore we looked further at gene expression of members of this 

pathway using a published gene set (Reactome of signalling by EGFR in cancer (R-

HSA-1643713) (Fabregat et al., 2018)). Figure 18D shows a heatmap of the DE 

between tdTomato+ and tdTomato- cells in each matched cluster for genes of the 

gene set that were significantly changed in at least one comparison. Figure 18E shows 

a boxplot of the normalized expression of the gene signature in each of the matched 

clusters. The width of the boxplot indicated the number of cells in each cluster. EGFR 

signature is enriched specifically in tdTomato+ cells of clusters 3 and 2. Together 

these data suggests that EGFR pathway is activated to a greater level after loss of p53 

in the process of astrocyte dedifferentiation.  



Figure 18: Comparison of tdTomato+ and tdTomato- frac�ons of scRNA-seq reveals EGF 
pathway targets are ac�vated upon p53 loss
A Number of tdTomato posi�ve and nega�ve cells in the 5 clusters. tdTomato posi�ve and 
nega�ve datasets were clustered separately and clusters were matched by hand. 
B+C Ingenuity pathway analysis (IPA) of the divergent clusters Cluster 3 (B) and Cluster 2 (C). 
D Heatmap of differen�al expression of EGF pathway genes between matched clusters 
(tdTomato- vs tdTomato+). E Boxplot of normalised expression of EGF signature (Reactome 
signalling by EGFR in cancer) comparing tdTomato+ clusters (red: Cl 0, 1, 4, 3 and 2) with their 
matched tdTomato- clusters (grey). Width of boxes represents rela�ve number of cells in 
cluster.
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5.2 EGF pathway targets are activated upon p53 loss 

To validate this result, astrocytes were prepared from GFAP-CreER; LSL-tdTomato; 

p53flox/flox (or p53 wt as controls). Astrocytes were incubated for 7 days in NSC or 

BMP4 media supplemented with 4OHT. I performed immunostaining for EGFR and 

the downstream activated effector, phosphorylated ERK (pERK) (Figure 19). In both 

early and late dedifferentiated colonies (p53flox/flox NSC+4OHT), there was 

increased expression of EGFR, which was associated with increased downstream 

target pERK. This confirms that the EGFR pathway is activated during astrocyte 

dedifferentiation upon p53 loss. 

5.3 Dedifferentiation upon p53 loss is dependent on EGF in the 

media 

We next wanted to understand if the activation of the EGFR pathway upon p53 loss 

was actually mechanistically driving the process of dedifferentiation of astrocytes, or 

if it was just a bystander signalling change. Since EGF is one of the mitogens in the 

NSC media that we use to dedifferentiate astrocytes, and p53 KO astrocytes do not 

dedifferentiate in BMP4 media, we set out to assess whether EGF signalling was 

necessary for dedifferentiation to take place.   

To test this, I performed the in vitro dedifferentiation assay (Ad-Null or Ad-GFAP-Cre 

infection of p53 flox/flox astrocytes and incubation for 7 days after) on a range of 

different media conditions; basal NSC media without any mitogens added (Basal), 

basal NSC media with BMP4 (BMP4), basal NSC media with FGF only (FGF), basal NSC  



Figure 19: EGF pathway targets are ac�vated upon p53 loss
A Immunostaining for pERK and EGFR reveals expression is elevated in p53 KO early 
(yellow arrowhead) and late (orange arrowhead) dedifferen�ated colonies. Scale bar 
= 50 μm.
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media with EGF only (EGF) or NSC media (FGF+EGF). This allowed assessment of 

whether astrocytes could still dedifferentiate upon p53 loss, with the absence of EGF 

in the culture media. Upon crystal violet staining, I found that only p53 KO astrocytes 

exposed to EGF could dedifferentiate and form colonies (Figure 20A+B). No colonies 

were found in Basal media or NSC without EGF (FGF), indicating that EGF signalling 

was required for astrocytes to dedifferentiate upon p53 loss. Additionally, there was 

no difference observed between p53 KO in EGF and p53 KO in FGF+EGF (NSC), 

suggesting that EGF in the media was necessary and sufficient for astrocyte 

dedifferentiation upon p53 loss.  

I also repeated this at clonal density (Figure 20C-E). p53 KO astrocytes in EGF and 

FGF+EGF formed densely packed colonies of small cells. Interestingly, in this 

condition p53 KO cells in FGF did undergo a small amount of proliferation, as seen by 

colonies of quite diffuse, astrocytic looking cells. However, they did not show the 

small stem-like morphology indicative of the fate change of dedifferentiated cells 

(Figure 20E). Furthermore, there was a trend for p53 KO astrocytes in EGF media to 

form fewer colonies than in normal NSC (FGF+EGF) media, though this was not quite 

significant due to the variability between cultures (Figure 20D). This would suggest 

that FGF signalling improves the efficiency of dedifferentiation at clonal density, but 

is not required for the process. In contrast, EGF signalling was necessary and 

sufficient for dedifferentiation upon p53 loss also at clonal density.  

To understand this further, we assessed if p53 KO astrocytes dedifferentiated in EGF 

media showed the hallmarks of neural stem cells; self-renewal and multi-lineage 

differentiation. If so, this would confirm that EGF signalling is required for astrocytes  



Figure 20: EGF is necessary and sufficient to dedifferen�ate astrocytes upon p53 loss 
in vitro
A Crystal violet staining reveals forma�on of colonies of dedifferen�ated astrocytes in 
p53 KO astrocytes in EGF or FGF+EGF, but not in p53 wt astrocytes or p53 KO in Basal, 
BMP4 or FGF media. Experiments at normal density (A,B) and clonal density (C-E). 
Whole well view (A, C). Quan�fica�on of rela�ve intensity at normal density (B) or 
number of colonies at clonal density (D). Both experiments n=4. At clonal density, 
there is background prolifera�on of p53 KO astrocytes in FGF, but they do not 
dedifferen�ate to small cell phenotype (E). ns not significant, ** p < 0.01, 
**** p < 0.0001, Two-way ANOVA with mul�ple comparisons. Scale bar = 100 μm.
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to dedifferentiate to a stem-like state. To test if p53 KO astrocytes dedifferentiated 

in EGF media only have multi-lineage differentiation potential, I removed factors and 

stained for lineage markers as in Chapter 2.4. Astrocytes that were dedifferentiated 

in EGF only, like FGF+EGF, were able to differentiate to astrocytes, oligodendrocytes 

and neuroblasts, as shown here by GFAP, O4 and Tuj1 marker expression, 

respectively (Figure 21A). 

To assess self-renewal, I performed the neurosphere assay, with p53 wt or KO cells 

that had been incubated in each of the different media. Figure 21B shows that on the 

first passage, only p53 KO astrocytes that had been in EGF or FGF+EGF efficiently 

formed neurospheres – indicative of true dedifferentiation before putting into 

neurosphere conditions. 

p53 KO cells in other media began to form neurospheres in later passages, suggesting 

that they dedifferentiated later, as they became exposed to EGF in the neurosphere 

culture conditions. p53 KO astrocytes in FGF began forming neurospheres more 

efficiently than those in Basal media (FGF reached saturation already at passage 2), 

suggesting that the pre-incubation with FGF primed them for dedifferentiation when 

exposed to neurosphere conditions. BMP4 incubated p53 KO astrocytes were the 

slowest to form neurospheres, possibly due to their longer incubation in pro-

differentiation conditions, but critically were able to form them once in neurosphere 

conditions. Importantly, p53 wt astrocytes again never formed neurospheres in any 

conditions. This experiment suggests that p53 KO astrocytes dedifferentiate to neural 

stem-like cells with self-renewal properties when exposed to EGF. Together with our 

knowledge that p53 KO leads to increased EGFR and pERK signalling, this suggests  



Figure 21: EGF is necessary and sufficient to dedifferen�ate astrocytes upon p53 loss 
in vitro
A Redifferen�a�on of astrocytes dedifferen�ated by p53 KO in EGF or FGF+EGF media 
reveals both show mul�-lineage differen�a�on. Scale bar = 100 μm. B Neurosphere 
assay on astrocytes prepared in the different media, shows that astrocytes have 
self-renewal capacity a�er p53 KO and exposure to EGF.
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that loss of p53 makes astrocytes sensitive to increased EGF signalling, allowing them 

to dedifferentiate. 

5.4 Inhibition of EGF signalling blocks astrocyte dedifferentiation 

We next wanted to assess whether dedifferentiation upon p53 loss occurs through 

the canonical EGFR downstream pathway of MEK/ERK signalling. To do this, I used an 

inhibitor of MEK. If EGFR/MEK/ERK signalling is essential for dedifferentiation for 

astrocytes upon p53 loss (as suggested by the experiments above), then blocking 

MEK should abolish dedifferentiation.  

I used the MEK inhibitor PD0325901 which blocks MEK activation and downstream 

signalling – thus blocking phosphorylation of ERK. To first assess that it efficiently 

inhibits MEK activity in our hands, I treated NSCs in complete NSC media with 0, 0.1, 

1, 10, 100 or 1000 nM of inhibitor for 24 hours, then collected protein lysates. As 

expected, Western blotting showed a decline in pERK abundance with increasing 

concentrations of MEK inhibitor, confirming that the MEK inhibitor was working 

(Figure 22A+B). 0.1 nM and 1 nM PD0325901 treatment showed no difference in 

pERK abundance, therefore we did not use 0.1 nM treatment for future experiments 

and instead added an extra intermediate concentration of 500 nM.  

I then performed the dedifferentiation assay by Ad-GFAP-Cre or Ad-Null infection of 

p53 flox/flox astrocytes at normal density. After 14 days of incubation in NSC media 

treated with 0, 1, 10, 100, 500 or 1000 nM PD0325901, I performed crystal violet 

staining. Colonies of dedifferentiated cells can be seen in p53 KO treated with 0, 1, 

10 or 100 nM inhibitor, but dedifferentiation is completely abolished in the higher  



Figure 22: Inhibi�on of ERK signalling blocks dedifferen�a�on of astrocytes in vitro
A Representa�ve western blot for phospho-ERK (pERK) and total ERK protein 
abundance upon treatment with MEK inhibitor (PD0325901) at indicated 
concentra�ons. B Quan�fica�on of rela�ve pERK protein abundance from western 
blots, normalised to total ERK. n=2. C-E AdNull (p53 wt) or AdGFAP-Cre (p53 KO) 
infected astrocytes were incubated in NSC media with indicated concentra�on of 
PD0325901 for 14 days. C Crystal violet staining. D Rela�ve crystal violet intensity in 
p53 KO astrocytes. n=3. E Percentage EdU posi�ve cells in p53 KO astrocytes. n=3. 
* p < 0.05, ** p < 0.01, *** p < 0.001. Repeated measures one-way ANOVA.
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concentrations of treatment (500 and 1000 nM) (Figure 22C). Interestingly, there is 

a decrease in the relative crystal violet intensity at 100 nM PD0325901 and greater 

concentrations (Figure 22D), suggesting that MEK inhibition is directly inhibiting 

dedifferentiation of astrocytes upon p53 loss. 

We also looked at proliferation of astrocytes in the p53 KO astrocytes treated with 

MEK inhibitor. Quantifications of the percentage of cells incorporating EdU within the 

final 2 hours before fixation, showed that although there was a trend of reduction in 

proliferation between 1 – 100 nM treatment, this was not significant (Figure 22E). 

However, there was a significant reduction in proliferation in the 500 and 1000 nM 

treated cells – due to the complete abolishment of dedifferentiation. Moreover, 

while there was a significant reduction in relative intensity (and thus the number of 

colonies formed) with 100 nM treatment, the proliferation was not affected at this 

dose. This suggested that MEK inhibition was not affecting the proliferative ability of 

dedifferentiating cells, rather the actual propensity to dedifferentiate. Together this 

suggests that p53 drives dedifferentiation through upregulation of EGFR/ERK 

signalling. 

5.5 Discussion 

We have identified using our scRNA-seq that EGFR signalling was increased as 

astrocytes dedifferentiate upon p53 loss. After validating this in vitro with 

immunostaining, we set out to assess whether this elevation of EGFR signalling was 

causal in driving the process of dedifferentiation or just a consequence of 

dedifferentiation. We found that EGF signalling was necessary and sufficient for 
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dedifferentiation and that blockade of the downstream effector, MEK, led to 

impaired dedifferentiation. Interestingly, dedifferentiation was impaired at lower 

doses of MEK inhibitor than proliferation was. Together this suggests that the 

increase in EGFR signalling after p53 loss may lead to astrocytes becoming sensitised 

to the EGF in the media that can then drive their dedifferentiation.  

To test this hypothesis it would be interesting to increase astrocyte sensitivity to EGF 

by another method (for example by overexpressing EGFR) to see if this would 

phenocopy the dedifferentiation seen after p53 loss. However, from our finding that 

oncogenic Ras alone does not dedifferentiate astrocytes (Chapter 2.1), it suggests 

that the levels of signalling may be very crucial, and perhaps the strong elevated 

levels caused by oncogenic Ras may actually be inhibitory. This could be due to 

senescence. In other models, it has been shown that overexpression of oncogenic 

Ras leads to cellular senescence, which is bypassed in a p53 null background (Serrano 

et al., 1997). Additionally, full dedifferentiation may not be possible in wt cells in the 

presence of elevated EGF signalling, without the presence of additional mutations. 

Indeed it has been shown that EGFRvIII, a constitutively active mutant of EGFR that 

is frequently found in GBM, is unable to cause tumourigenesis on its own, but is highly 

tumourigenic in the context of other mutations, such as Cdkn2a (Holland et al., 1998; 

Ding et al., 2001; Zhu et al., 2009). Moreover, in a p53 loss/Nf1 loss model of glioma, 

p53 loss was required before Nf1 loss for tumourigenesis (Zhu et al., 2005).  

Interestingly, MEK/ERK signalling has been previously reported as a barrier to 

reprogramming, suggesting a key difference with our present study. iPSC generation 

with the Yamanaka factors (OSKM) has been improved by incubation in ‘2i’ containing 
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media, which indicates the two inhibitors of MEK and glycogen synthase kinase 3 

(GSK3); PD0325901 and CHIR99021, respectively (Silva et al., 2008). Furthermore, ES 

cells and iPS cells are commonly cultured in 2i, which is important to maintain them 

in a pluripotent and undifferentiated state (Sim et al., 2017). Therefore, while 

inhibition of MEK is supportive of reprogramming with OKSM, in contrast MEK 

signalling is required in our system for dedifferentiation to occur.  

It is unclear which EGF pathway target p53 may be regulating. Our experiments 

showed that EGFR was increased in dedifferentiated astrocytes, suggesting that this 

could be the direct target, but it is unclear if p53 may regulate a target further 

downstream leading to a positive feedback regulation of EGFR. Our p53 ChIP-seq did 

not find any direct regulation of EGFR or other EGF pathway genes by p53, but there 

could be multiple reasons for this. As discussed in Chapter 4.6, p53 is known to also 

regulate expression of genes indirectly. Additionally, it could be that we did not see 

binding as our ChIP-seq experiments were performed in BMP4 media, and there may 

be differential binding upon exposure to EGF. p53 has been shown to directly bind to 

EGFR gene has been observed in p53 ChIP-seq experiments in mouse embryonic stem 

cells (ES) (Li et al., 2012). To understand which pathway target p53 is regulating, we 

could perform a series of knockout or knockdown experiments of EGF pathway 

members, and assess whether loss of expression of any of these genes abolishes 

dedifferentiation upon p53 loss.  
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Chapter 6 Investigating effect of p53 loss on cortical 

astrocytes in vivo  

From previous work described in this thesis, we have found that p53 loss is sufficient 

to induce astrocyte dedifferentiation in vitro in the presence of mitogens, specifically 

EGF. We next wanted to understand the relevance of this in vivo. To do this, we 

sought to develop a model of astrocyte specific p53 loss, where we could also fate 

map astrocytes and assess their dedifferentiation phenotype. 

6.1 Establishing a model of astrocyte specific p53 loss in vivo 

Using our GFAP-CreER; LSL-tdTomato; p53 flox/flox or p53 wt mice as described in 

previous chapters, we wanted to set up an in vivo model to assess cortical astrocyte 

specific p53 loss. Since the majority of astrocyte markers also label neural stem cells 

(eg GFAP, Glast) we did not want to use a systemic tamoxifen based system (such as 

via intraperitoneal injection), as this would cause labelling of cells and p53 loss in 

both astrocytes and neural stem cells. This would have then confounded analysis of 

any dedifferentiation phenotype, as it would be difficult to fully exclude the 

contribution of neural stem cells migrating from the SVZ to the cortex.  

We therefore aimed to develop a model that labelled only resident astrocytes in situ 

in the cortex of the adult brain while simultaneously inducing p53 recombination. We 

performed intracranial stereotaxic injections directly into the cortex. Since tamoxifen 

needs to pass through the liver to be metabolised, we instead used endoxifen (N-

desmethyl-4-hydroxytamoxifen), which is an active metabolite of tamoxifen that has 
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been previously successfully used in intracranial injections (Benedykcinska et al., 

2016). Endoxifen was injected into the cortex of adult (8-11 week old) GFAP-CreER; 

LSL-tdTomato; p53 wt or flox/flox mice via stereotaxic injection to induce astrocyte-

specific (GFAP driven) tdTomato labelling and p53 loss (in p53 flox/flox), meaning that 

mice could be sacrificed and recombined astrocytes fate mapped for any 

dedifferentiation phenotype (Figure 23A).   

The GFAP-CreER mice are well characterised, however I first wanted to assess the 

specificity of GFAP-driven recombination in our endoxifen-based system. I injected 

endoxifen into the cortex of GFAP-CreER; LSL-tdTomato; p53 wt mice and sacrificed 

animals 2 weeks after injection. I performed immunostaining for GFAP and ApoE 

which showed that >99% of tdTomato+ cells were astrocytes (GFAP+ and/or ApoE+) 

(Figure 23B). Together this suggests that the GFAP-CreER model was specifc for 

astrocytes and could be used as a model for in vivo astrocyte specific p53 loss. 

Additionally, we noticed a strong increase in GFAP around the immediate periphery 

of the injection site, suggesting the needle injection was sufficient to cause a reactive 

astrogliosis injury response. To test this further, I isolated RNA from the direct site 

around the injection (and from a similar sized piece from the contralateral uninjured 

cortex as a control) 1, 4 and 7 days post injection and performed qRT-PCR (Figure 

23C). Consistent with the immunostaining for GFAP, GFAP mRNA levels increased in 

the injection site, as did Cyclin D1, suggesting proliferation consistent with reactive 

astrogliosis. p53 also was found to increase in the injection site, indicating that 

expression is activated in the cortex in response to injury. However, it is important to 

point out that this was from a mixed population of cells, so it is unclear whether this  



Figure 23: Establishing a model of astrocyte-specific p53 loss in vivo 
A Schema�c of in vivo approach. Endoxifen was injected intracranially into the cortex 
of 8-11 week old GFAP-CreERT2; LSL-tdTomato; p53 wt or flox/flox mice. At specified 
�mepoint post injec�on, mice were sacrificed and fate-mapped astrocytes 
(tdTomato+) were assessed by immunostaining. B Representa�ve image 2 weeks post 
injec�on shows all tdTomato+ cells have astrocy�c morphology. Some reac�ve 
astrogliosis is seen by upregulated GFAP staining. Scale bar = 100 μm. C qPCR data for 
reac�ve astrogliosis markers (GFAP and CyclinD1) and p53 mRNA expression, 1, 4 and 
7 days a�er injec�on. Tissue was taken from injec�on site (ipsi) or contralateral 
control cortex (contra). GFAP, p53 and CyclinD1 were all induced by injec�on. n = 2 
animals per �me point. 

142

ApoE tdTomato

GFAP MERGE + DAPI

8-11 weeks old
GFAP-CreERT2
LSL-tdTomato
p53 wt or flox/flox

6 weeks post injury

SacrificeIC Endoxifen 

GFAP
p53

Cyc
lin

D1
0.5

1

2

4

8

16

32

64

Re
la

tiv
e

ex
pr

es
si

on

1d contra
1d ipsi
4d contra
4d ipsi
7d contra
7d ipsi

A

B

C



 143 

increase in p53 occurs specifically in the astrocyte compartment. Together, this 

suggests that injection into the cortex causes at least a mild injury response in 

astrocytes as there is upregulation of markers of reactive astrogliosis. 

6.2 p53 loss and injury signals cooperate to downregulate cortical 

astrocyte lineage identity 

In order to exclude possible effects of the acute phase of injury, where it is already 

known that astrocytes upregulate stemness markers such as Sox2 and Nestin (Sirko 

et al., 2013; Götz et al., 2015), we decided to assay for dedifferentiation phenotype 

in fate mapped astrocytes after the injury phase had subsided. Mice were injected 

with endoxifen as described above and sacrificed 6 weeks after injury (Figure 24A). I 

assessed the fate mapped tdTomato+ recombined astrocytes in p53 wt and flox/flox 

brains (Figure 24B). In p53 flox/flox brains, approximately 3% of tdTomato+ cells 

were found to lose the characteristic astrocytic morphology and retract their 

processes (Figure 24C). From hereon I will refer to these cells as “non-astrocytic 

cells”. Although this was only a small proportion of total tdTomato+ cells, it was 

significant in comparison to p53 wt brains, and suggested that astrocytes began to 

lose lineage identity in response to p53 loss.  

To check that this loss of tdTomato+ processes was not due to a technical issue of 

tdTomato detection, such as bleaching or weak signal, I performed immunostaining 

for tdTomato protein (Figure 25A). This confirmed the absence of astrocyte 

processes surrounding rounded tdTomato+ cells. I also confirmed that the change in  

  



Figure 24: A small propor�on of astrocytes lose astrocy�c morphology a�er p53 loss 
in vivo 
A Schema�c of in vivo approach. Endoxifen was injected intracranially into the cortex 
of 8-11 week old GFAP-CreERT2; LSL-tdTomato; p53 wt or flox/flox mice. 6 weeks post 
injec�on, mice were sacrificed and fate-mapped astrocytes (tdTomato+) were 
assessed by immunostaining. B Representa�ve image of p53 wt and p53 flox/flox 
animals 6 weeks post injec�on shows some tdTomato+ cells lose astrocy�c 
morphology in p53 flox/flox (white arrowheads). Scale bar = 50 μm. C Quan�fica�on 
of percentage of tdTomato+ cells that are non-astrocy�c. * p < 0.05, Student’s t-test. 
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Figure 25: Valida�on of loss of astrocyte morphology a�er p53 loss in vivo
A tdTomato (RFP) staining (green) of p53 flox/flox, shows overlap of tdTomato na�ve 
fluorescence (red) and staining in both astrocy�c cells (top) and non-astrocy�c 
(bo�om, white arrowheads). Scale bar = 20 μm. B Non-astrocy�c cells are nega�ve for 
apoptosis marker, cleaved caspase 3. Scale bar = 20 μm.  
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astrocyte morphology was not due to apoptotic cell death by Cleaved caspase 3 

staining (Figure 25B). 

To characterize this response further, I tested a panel of astrocyte markers by 

immunostaining. I found that non-astrocytic cells were negative for astrocyte 

markers GFAP (Figure 26A) and ApoE (Figure 26B), suggesting they had indeed 

downregulated astrocyte identity. All tdTomato+ cells were positive for Nfia, 

including non-astrocytic tdTomato+ cells (Figure 26B). Nfia is an astrocyte lineage 

marker expressed by astrocytes and NSCs. This suggested that while they had 

downregulated mature astrocyte identity, they still expressed some lineage markers.  

To assess potential dedifferentiation of the non-astrocytic cells, I performed 

immunostaining for stemness markers and proliferation. I assessed NSC markers 

Olig2 and Ascl1, as we had found these to be upregulated in dedifferentiated 

astrocytes in vitro (Chapter 3). Non-astrocytic cells were negative for Olig2 

expression (Figure 27A).  Unfortunately, Ascl1 immunostaining had a lot of non-

specific background in the injury site, so we were unable to rule out expression of 

this marker. Proliferation was assessed by EdU incorporation (6 hour pulse before 

sacrifice, Figure 26A) and Ki67 expression by immunostaining (Figure 27B), which 

were both negative. Together these data suggest that some astrocytes downregulate 

astrocyte identity but do not fully dedifferentiate to NSC-like cells upon p53 loss in 

vivo. 

We also noticed that these non-astrocytic tdTomato+ cells tended to be very close to 

injury site, while tdTomato+ cells with astrocytic morphology were found at a wide  



Figure 26: Characterisa�on of non-astrocy�c cells in p53 cKO reveals they 
downregulate astrocyte lineage iden�ty 
A-B Immunostaining for indicated markers reveals non-astrocy�c cells (white 
arrowheads) are nega�ve for astrocyte markers, GFAP (A) and ApoE (B), but posi�ve 
for astrocyte/NSC lineage marker, Nfia (B). Non-astrocy�c cells are not prolifera�ng, 
assessed by EdU (A). Scale bar = 20 μm. 
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Figure 27: Characterisa�on of non-astrocy�c cells in p53 cKO reveals they are not 
fully dedifferen�ated and are located close to the injec�on site 
A-B Immunostaining for indicated markers reveals non-astrocy�c cells (white 
arrowheads) are not fully dedifferen�ated as they are Olig2- (A) and not prolifera�ng 
(Ki67-, B). SVZ is used as posi�ve control in B. Scale bar = 20 μm. C Non-astrocy�c 
tdTomato+ cells are located close to the wound site. Quan�fica�on from n=4 p53 
flox/flox animals. **** p<0.0001, Student’s t-test.
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range of distances from the injury site. I quantified the perpendicular distance from 

the centre of the nucleus of each tdTomato+ cell to the injury site (defined by the 

break in the cortex) in p53 flox/flox brains. This showed that non-astrocytic 

tdTomato+ cells were almost exclusively restricted to within 75 μm from the injury 

site, while astrocytic cells were found typically 0 - 300 μm from the injury site (Figure 

27C). This suggests that the loss of astrocytic identity is dependent on a synergy 

between p53 loss and injury signals.   

What was currently unclear is why astrocytes do not fully dedifferentiate in vivo upon 

p53 loss as we had seen in vitro. A possible explanation for this could be that 

astrocytes in vivo in the injury site do not have significant exposure to mitogens 

(particularly EGF) that we know from our in vitro experiments are critical for full 

dedifferentiation upon p53 loss. Conversely, in vivo cortical astrocytes may be 

exposed to inhibitory signals from the microenvironment that preclude their full 

dedifferentiation. To test this, we decided to increase EGF mitogenic signalling in the 

injury site to understand if this would enable full dedifferentiation of astrocytes. 

6.3 EGF infusion drives full dedifferentiation of p53 KO astrocytes in 

vivo 

To probe the contribution of EGF signalling, we performed EGF infusion experiments. 

After injection of endoxifen into the cortex as described in Chapter 6.1, we implanted 

a subcutaneous minipump filled with EGF (or vehicle control) which was attached to 

a brain infusion cannula. This enabled infusion of EGF into the cortex at the same site 

as the injection of endoxifen.  



Figure 28: EGF infusion in vivo leads to the forma�on of non-astrocy�c cells in p53 
wt and p53 flox/flox
A EGF infusion in vivo experimental workflow. B Representa�ve images of tdTomato 
in each condi�on. Non-astrocy�c tdTomato+ cells are seen in both p53 wt and 
flox/flox upon EGF infusion (arrowheads). Scale bar = 50 μm. C Quan�fica�on of 
percentage of non-astrocy�c cells. Two-way ANOVA with mul�ple comparisons. 
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Due to technical constraints, EGF pumps could only for be kept in for 2 weeks before 

animals were sacrificed (Figure 28A). I started by assessing the phenotype of 

tdTomato+ cells by examining morphology and again scoring cells as astrocytic or 

non-astrocytic (Figure 28B). As before, in control brains (non-EGF infused), a small 

proportion of tdTomato+ cells lost astrocytic morphology after p53 KO. However, 

upon EGF infusion, non-astrocytic cells were observed in both p53 wt and flox/flox 

brains, suggesting that increase in EGF signalling alone, like p53 loss, is sufficient to 

induce loss of astrocyte identity (Figure 28C). This corroborates our finding that a 

mechanism of action after p53 loss is the upregulation of EGF pathway targets (see 

Chapter 5), suggesting that p53 increases astrocyte sensitivity to EGF.  

We next wanted to understand whether potentiated EGF signalling allowed 

astrocytes to fully dedifferentiate upon p53 loss. As we know from our scRNA-seq 

data, the final stage of dedifferentiation of astrocytes was characterized by 

upregulation of stem cell markers (such as Olig2 and Ascl1) and of cell cycle 

signatures. 

I first looked at proliferation by Ki67 immunostaining. I found that proliferation 

increased in astrocytic tdTomato+ cells in EGF-infused p53 flox/flox cortices, 

compared to EGF-infused p53 wt mice (Figure 29A, Figure 29B). Moreover, I found a 

significant increase in Ki67+ non-astrocytic cells in EGF-infused p53 flox/flox brains, 

suggesting that the non-astrocytic cells were fully dedifferentiated (Figure 29C, 

Figure 29D).  

  



Figure 29: EGF infusion in vivo drives p53 KO astrocytes to fully dedifferen�ate to 
prolifera�ve stem-like state
A+C+E Representa�ve images of dedifferen�a�on in p53 flox/flox with EGF infusion. 
Astrocytes and non-astrocy�c cells are indicated with yellow and white arrowheads, 
respec�vely. Scale bar = 50 μm. B+D Quan�fica�on of percentage of astrocy�c (B) and 
non-astrocy�c (D) tdTomato+ cells that were Ki67+. F Quan�fica�on of percentage of 
non-astrocy�c cells that were found as doublets. * p < 0.05, ** p < 0.01, Two-way 
ANOVA with mul�ple comparisons.
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Furthermore, approximately 6% of non-astrocytic cells in p53 flox/flox EGF infused 

mice were found as a pair of cells (or doublet), suggesting they had just undergone 

successful cell division (Figure 29E, Figure 29F), something that was not observed in 

any p53 wt controls or non-EGF-infused p53 KO brains.  

We then looked at stemness marker expression by Olig2 immunostaining (Figure 

30A), and found a significant increase in Olig2 expression in EGF infused p53 flox/flox 

brains both in astrocytic (Figure 30B) and non-astrocytic (Figure 30C) tdTomato+ 

cells. Together, this suggests that astrocytes fully dedifferentiate in vivo upon p53 

loss and increased EGF signalling. 

6.4 Discussion 

In this chapter we set out to assess the role of p53 in maintaining astrocyte identity 

in vivo. Since we had found that loss of p53 in the presence of mitogens was sufficient 

to dedifferentiate astrocytes in vitro, we wanted to assess whether this was also true 

in vivo. We developed a model of astrocyte specific p53 loss, which involved a minor 

stab-wound injury. We found that some astrocytes downregulated astrocyte identity 

upon p53 loss, and that this was in part in response to injury signals, as these non-

astrocytic cells were found located close to the injury site. Non-astrocytic cells had 

downregulated astrocyte marker expression and lost morphological characteristics 

of astrocytes, but were not fully dedifferentiated, as assessed by lack of proliferation 

or stemness markers. This suggested that the injury signalling was insufficient to 

enable full dedifferentiation of p53 null astrocytes in vivo, but was sufficient to allow 

relaxation of lineage identity. 



Figure 30: EGF infusion in vivo drives p53 KO astrocytes to fully dedifferen�ate to 
prolifera�ve stem-like state
A Representa�ve image of Olig2+ cells in p53 flox/flox animals with EGF infusion. 
Astrocytes and non-astrocy�c cells are indicated with yellow and white arrowheads, 
respec�vely. Scale bar = 50 μm. B+C Quan�fica�on of percentage of astrocy�c (B) and 
non-astrocy�c (C) tdTomato+ cells that were Olig2+. **** p < 0.0001, Two-way 
ANOVA with mul�ple comparisons. 
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Since we knew that upregulation of EGF signalling downstream of p53 loss was critical 

for dedifferentiation of astrocytes in vitro (see Chapter 5), we then wanted to assess 

if we could induce full dedifferentiation in vivo by infusion of additional EGF. We 

found that EGF infusion caused partial loss of astrocyte identity in both p53 wt and 

KO astrocytes, but p53 KO astrocytes were pushed further to full dedifferentiation as 

assessed by proliferation and stemness marker expression.  

It may now also be important to further characterise the dedifferentiated astrocytes 

in vivo. We could test further stemness markers, such as Sox2 and Ascl1. As Ascl1 

staining was unsuccessful, it may be pertinent to use other methods such as 

RNAscope to look at expression of stemness markers in the injection site. Sox2 may 

be hard to interpret, as reactive astrocytes are also known to upregulate Sox2 

expression. It would be interesting to assess their stemness potential when put in 

vitro, by the neurosphere assay and subsequent differentiation experiments. This 

could also be used to assess if microenvironmental signals preclude full 

dedifferentiation of cortical astrocytes. If they did, we may find that non-astrocytic 

cells after p53 loss only would be able to form neurospheres in vitro that could be 

differentiated into multiple lineages. Whereas, if it was simply the case that 

insufficient injury signalling was taking place without additional EGF added, then only 

non-astrocytic cells in p53 KO EGF-infused brains would be able to show stemness 

potential in vitro. These experiments would have to be done late enough that 

contribution from reactive astrocytes, which are able to form neurospheres (Buffo et 

al., 2008), would not confound results.    
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Together this work shows that loss of p53 in cooperation with injury signalling allows 

full dedifferentiation of astrocytes in the absence of further genetic changes. This 

could represent an important model of tumour initiation. Our work suggests that in 

the intact (uninjured) brain, p53 loss would not have an effect, as we observed that 

astrocyte dedifferentiation only occurred close to the injury site, Furthermore our in 

vitro work showed that astrocytes did not dedifferentiate upon p53 loss when 

exposed to BMP4, a signal thought to mimic the pro-differentiative environment of 

the adult cortex (Scholze et al., 2014). This would suggest that p53 mutations could 

lay silent in astrocytes in the intact cortex. However, our results suggest that p53 null 

astrocytes could become tumourigenic only when an additional injury is applied, 

allowing astrocytes to downregulate their lineage identity and proliferate. It would 

therefore be important to understand if EGF infusion and p53 loss would cause 

formation of tumours in the injured cortex, in the absence of any other genetic 

alterations.  
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Chapter 7 Summary and future directions 

7.1 Summary 

In this thesis, I sought to investigate the mechanisms of astrocyte dedifferentiation. I 

began by developing an in vitro model of astrocyte dedifferentiation by using 

inducible loss of p53 and overexpression of oncogenic Ras (H-Rasv12). Previous work 

has suggested that both loss of p53 and gain of oncogenic Ras signalling was required 

for astrocyte dedifferentiation (Friedmann-Morvinski et al., 2012). Surprisingly, I 

found that loss of p53 was sufficient to induce astrocyte dedifferentiation in vitro in 

the presence of mitogens. These dedifferentiated astrocytes had the hallmarks of 

stem cells, capable of long-term self-renewal and multi-lineage differentiation in 

vitro.  

I performed scRNA-seq of dedifferentiating astrocytes to assess transcriptomic 

changes. Pseudotime analysis revealed the trajectory from wildtype astrocytes to 

fully dedifferentiated p53 KO. During dedifferentiation astrocytes upregulated 

stemness marker expression and passed through various states, characterized by 

transcriptional profiles consistent with actin remodeling, followed by cell growth 

(ribosomal biogenesis and protein synthesis) before strongly upregulating cell cycle 

genes.  

I next sought to understand how p53 controls dedifferentiation. Since p53 is a 

transcriptional regulator, I performed ChIP-seq for p53 in wildtype astrocytes. This 

revealed a number of genes that p53 was binding to, which I cross-referenced to our 
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scRNA-seq data to assess whether they were direct targets. This revealed just 14 

genes, most of which were canonical p53-activated damage response targets. None 

of the p53 targets we identified are known to be involved in neurogenesis, suggesting 

p53 was not directly suppressing a neurogenic program in astrocytes. 

Further analysis of tdTomato positive and negative fractions in the two final states of 

the scRNA-seq revealed a significant enrichment for EGFR signalling pathway targets 

in tdTomato+ (p53 knockout) cells. I confirmed that EGFR and the downstream 

effector (phospho-ERK) were increased in tdTomato+ dedifferentiating cells. We next 

set out to understand whether EGFR pathway upregulation was causal or 

consequential of dedifferentiation. Using loss of function experiments, I found that 

increased EGF signalling was necessary and sufficient for dedifferentiation upon p53 

loss, suggesting a possible mechanism of astrocyte dedifferentiation.  

Finally, I aimed to assess the relevance of this model in vivo. I developed a method of 

lineage tracing cells after cortical astrocyte-specific p53 loss by stereotaxic injection. 

This allowed assessment of astrocyte responses to p53 loss without confounding 

neural stem cell labelling. Intriguingly, I found a small proportion of astrocytes lost 

their astrocytic identity after p53 loss, and these were very close to the wound site, 

suggesting a synergy between injury signals and p53 loss. However, although these 

astrocytes lost morphological and marker expression of astrocytes, they were 

negative for stemness markers and did not proliferate, suggesting they were not fully 

dedifferentiated. Given the critical role of EGF in astrocyte dedifferentiation in vitro, 

we infused EGF to the injury site in vivo. Interestingly, p53 knockout astrocytes now 

began to express stemness markers and re-entered the cell cycle, indicating that they 
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underwent full dedifferentiation in vivo. Together, this work suggests a novel role for 

p53 as a barrier to astrocyte dedifferentiation. p53 achieves this by suppressing the 

plasticity that astrocytes exhibit in response to injury signals. Upon p53 loss, injury 

signals alone are sufficient to drive full dedifferentiation of astrocytes.  

7.2 Significance and future directions 

In this study, we have found that astrocytes can fully dedifferentiate in vivo with only 

one mutation (p53 inactivation) when exposed to a permissive microenvironment. 

This has important implications for understanding glioblastoma initiation. Multiple 

lines of evidence indicate that GBM initiates from the progenitor compartment, such 

as neural stem cells of the subventricular zone or oligodendrocyte progenitor cells 

(Alcantara Llaguno et al., 2009; Liu et al., 2011). As stem/progenitor cells proliferate 

under normal conditions, it stands to reason that they would be more prone to 

gaining tumour-initiating mutations, which is instead less likely in differentiated, non-

dividing cell types, such as astrocytes. 

Until fairly recently, the concept of dedifferentiation was quite controversial, and 

differentiated fates were thought to be terminal and extremely stable. However, 

given the recent evidence for dedifferentiation in multiple systems, it is becoming 

clear that under certain conditions, such as injury, differentiated cells do exhibit 

inherent plasticity (Buffo et al., 2008; Mirsky et al., 2008; van Es et al., 2012; Stange 

et al., 2013; Tata et al., 2013; Magnusson et al., 2014).  

While it is clear that GBM often originates from progenitor cells, our work suggests 

that astrocytes can also be the cell of origin in the context of injury. This work 
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supports that of others that showed astrocytes can dedifferentiate in vivo upon 

tumour-initiating mutations and give rise to GBM (Hambardzumyan et al., 2011; 

Friedmann-Morvinski et al., 2012). It is unclear how, in a normal brain, astrocytes 

could acquire these mutations. Moreover, these studies demonstrated that at least 

two cooperating mutations were required for astrocyte dedifferentiation. As 

astrocytes divide on average only once after injury, it is difficult to imagine how 

multiple mutations would occur concomitantly (Bardehle et al., 2013; Götz et al., 

2015). However, our work suggests that p53 loss alone is sufficient in a permissive 

microenvironment. 

Overall our work points to the following model. In the absence of injury signals, p53 

loss does not appear to an effect on astrocyte identity. This suggests that p53 

mutations could be gained during development and lay silent. However, in the 

context of an injury, astrocytes undergo reactive astrogliosis and acquire plasticity. 

Normal astrocytes would resolve back to normal state after the injury has subsided. 

However, p53 null astrocytes may remain plastic and lose their astrocytic identity. In 

the case of a severe injury with sufficiently high levels of mitogenic signalling, p53 

null astrocytes could fully dedifferentiate to a stem-like state and proliferate, 

allowing tumourigenicity (see Figure 31).  

It would be of great interest to continue to test and strengthen this model in future 

studies. Firstly, it will be important to investigate further the theory that astrocyte 

p53 mutations may be gained during development – such as during the final stages 

of development in which astrocytes migrate to their final site and proliferate locally.  

 



Loss of 
p53 Injury

Normal 
astrocyte

p53-/- 
astrocyte

Loss of astrocyte
identity

EGF gradient

Dedifferentiated
astrocyte

Dedifferentiation Tumourigenesis

Astrocytic lineage genes
Stemness and proliferation

Increased sensitivity to EGF stimulusNormal sensitivity to EGF

161

Figure 31: Proposed model of tumour ini�a�on via astrocyte dedifferen�a�on
Our work suggests that p53 loss has no effect on astrocyte iden�ty in the normal 
brain, but increases sensi�vity of astrocytes to EGF signalling. Following injury, p53 
null astrocytes lose astrocyte inden�ty. If the injury (EGF) signalling in the 
microenvironment is sufficient, p53 null astrocytes fully dedifferen�ate to a 
prolifera�ve, stem like state, which may be tumourigenic. During the course of 
astrocyte dedifferen�a�on, astrocyte lineage genes are downregulated, while 
stemness markers and prolifera�on are upregulated.  
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It is unclear whether this would have an effect on the developing brain. Loss of p53 

in development is known to favour neurogenic over gliogenic differentiation, but it is 

unclear whether it would have an effect in committed glial progenitors. Another 

possible scenario could be of heterozygous p53 mutation and the injury-associated 

proliferation leading to a loss of heterozygosity (LOH) event.   

It will also be important to dissect the role of different components of the injury 

microenvironment and how these affect astrocyte plasticity, especially in relation to 

p53 loss. Upon injury, the microenvironment of the cortex changes significantly. 

Firstly, there will be a major change in the composition of cells in the injury site. There 

is likely to be neuronal death or at least axonal degeneration and accompanying loss 

of synaptic contacts. Moreover, activated microglia and other infiltrating immune 

cells will accumulate at the injury site, leading to formation of an inflammatory 

microenvironment. These changes in cellular composition will modify the local 

signalling environment, both in terms of direct contact and secreted signals. 

Moreover, perturbations to normal blood flow and blood brain barrier disruption will 

lead to changes in the availability of nutrients, oxygen and water. This is likely to 

affect the cellular metabolism. Blood brain barrier leakage may also allow influx of 

immune cells not normally in contact with astrocytes (Kan, Ling and Lu, 2012). 

Moreover, there will be changes in extracellular matrix and tissue stiffness in the 

injury site (Pogoda and Janmey, 2018). Together, all these changes to the local 

microenvironment will have profound effects on the signals astrocytes receive, which 

is likely to have an effect on their plasticity. Understanding this will be important not 

only for preventing tumourigenesis but also, possibly, for enhancing brain repair.  
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In support of our model of the injury microenvironment being permissive of tumour 

initiation from astrocytes in the cortex, all mouse models that have previously 

identified astrocytes as the cell of origin of gliomas have induced mutations in 

astrocytes through injections, meaning that they occurred in the context of an injury 

(Hambardzumyan et al., 2011; Friedmann-Morvinski et al., 2012). It is unclear if these 

models which used multiple mutations would occur in an injury free model. 

Mathematical modelling combined with mouse models may help in understanding 

this, but unfortunately, it will likely only be possible to finally address with the 

development of truly astrocyte-specific, non-NSC targeting Cre-ER driver mouse 

lines.  

We have used an experimental paradigm to increase mitogenic signalling in the injury 

environment to facilitate dedifferentiation in p53 null astrocytes. It will be important 

to understand which physiological scenarios allow enough EGF signalling and 

overcoming of possible inhibitory signals to allow full dedifferentiation of p53 null 

astrocytes to a stem-like and proliferative state capable of initiating gliomas. It would 

be interesting to test the response of astrocyte-specific p53 loss combined with other 

types of injury or repeated injuries. It is already known that different types of injury 

(eg ischemic injury vs neuroinflammation) induce different transcriptomic responses 

in astrocytes (Zamanian et al., 2012). Therefore it follows that this may affect their 

plasticity in p53 null astrocytes. The injury caused by our injection model is relatively 

mild, and so it would be pertinent to understand how the microenvironment of a 

severe injury affects the response of p53 null astrocytes. For example, the 

inflammatory microenvironment of severe injuries such as stroke may provide 
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sufficient EGF signalling to overcome the lineage barrier in p53 null cortical 

astrocytes. 

In support of our model, there have been rare reports of gliomas in patients with a 

history of traumatic brain injury (TBI) (Munch et al., 2015; Tyagi et al., 2016; Simińska 

et al., 2018). Although these could be due to NSCs migrating to the injury site, our 

work suggests that it could also be caused by dedifferentiation of resident astrocytes. 

A recent study presented two patient cases where GBM had arisen in the exact site 

of a previous TBI (Tyagi et al., 2016). However, from this study, molecular sequencing 

was not reported, so we do not know if these tumours were associated with p53 

mutations. It will be important to test our hypothesis with experimental animal 

models. This could be achieved with fate mapping and induction of p53 mutations 

specifically in astrocytes, followed by subjecting mice to a TBI model (such as 

controlled cortical impact) and assessing for tumour formation. This is currently 

precluded by lack of animal models that specifically target astrocytes and not the 

stem cell compartment.  

Since striatal astrocytes are more neurogenic than cortical (Magnusson et al., 2014), 

it would be of interest in the future to understand their response to p53 loss. This 

could be achieved via a single endoxifen injection into the striatum in the astrocyte-

specific inducible p53 knockout mouse model as performed here. One might expect 

that astrocytes of the striatum may be able to fully dedifferentiate, while cortical 

astrocytes could only undergo partial transformation in the absence of additional 

mitogenic signalling. This may help elucidate the heterogeneity between astrocytes 
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of the cortex and striatum and begin to help understand if intrinsic or 

microenvironmental differences underlie their heterogeneous responses to injury.  

In mammalian systems it has generally been shown that dedifferentiation for 

regeneration and repair declines with age (Tata and Rajagopal, 2016a). With the 

relevance of our system to GBM, which occurrs in adulthood (median age of diagnosis 

is 64 years old (Tamimi and Juweid, 2017)), it will be of interest to investigate this 

further. Ageing is known to lead to an increasingly inflammatory phenotype. For 

example, in the SVZ, ageing leads to increased infiltration of T cells and thus exposure 

to inflammatory cytokines such as interferon γ (Dulken et al., 2019). Moreover, 

during ageing there is an accumulation of senescent cells and the acquisition of the 

senescence-associated secretory phenotype (SASP) (McHugh and Gil, 2018). It is 

already well-described that there is an increased astrocyte GFAP expression in older 

animals (Nichols et al., 1993; Kohama et al., 1995), and that ageing induces the 

neuroinflammatory A1 reactive phenotype in astrocytes (Clarke et al., 2018). Given 

the critical reliance of dedifferentiation of p53 null astrocytes on injury signals, it is 

tempting to speculate that the pro-inflammatory environment of the aged brain will 

be more permissive to dedifferentiation. 

A possible caveat with our model is that we have used GFAP-dependent driver of Cre 

throughout. This could have led to a bias and meant that we targeted only a 

subpopulation of astrocytes. Indeed not all astrocytes express GFAP in the normal 

brain in vivo. However, our in vivo experiments were performed in the context of an 

injury, where it is known that most/all astrocytes upregulate GFAP (Sofroniew and 

Vinters, 2010). Therefore it is likely that we were targeting the majority of cortical 
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astrocytes. Nevertheless, it will be important to test these findings with other 

astrocyte-specific Cre drivers in the future (such as Glast or Aldh1l1 (Mori et al., 2006; 

Srinivasan et al., 2016)) to assess its reproducibility or if it is a GFAP only effect. Even 

if this was exclusive to GFAP expressing astrocytes, it would still represent a possible 

mode of tumour initiation in a subset of astrocytes, and would open further research 

to understand why certain subpopulations of astrocyte are more refractory to 

dedifferentiation.  

Remarkably, the transcriptomic progression of astrocyte dedifferentiation seems to 

undergo the same developmental program as quiescent neural stem cell activation. 

In the process of activation, quiescent NSCs of the SVZ enter a state termed ‘primed 

quiescence’ whereby they go through a growth period, upregulating ribosomal 

biogenesis genes and protein synthesis, before entering the cell cycle and 

proliferating (Llorens-Bobadilla et al., 2015). A similar progression occurs in 

hippocampal NSCs (Shin et al., 2015). Interestingly, in our scRNA-seq analysis of 

dedifferentiation in vitro, astrocytes undergo a similar phase of increased protein 

synthesis before strongly upregulating cell cycle genes. This suggests as astrocytes 

become stem-like and proliferative, they undergo similar changes to NSC activation. 

It would be interesting to validate this finding in vivo. We could test this by 

performing OP-Puro incorporation experiments in vivo and assessing the relative 

protein synthesis in astrocytic and non-astrocytic cells.  

This study demonstrates a novel function of p53 for suppressing astrocyte plasticity, 

and suggests that this occurs through p53 modulation of EGF signalling. It will be 

important in the future to understand how p53 regulates this pathway, as this will 
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help in understanding the crosstalk of these pathways in tumourigenesis. Moreover, 

it would be interesting to assess the roles of other GBM-initiating mutations in 

suppressing astrocyte plasticity, such as Nf1 and Cdkn2a. This could be achieved with 

the same inducible model as we have used in this study, combined with Cre inducible 

gene loss or gain. These studies will build on the understanding from our current 

study of how astrocyte dedifferentiation upon tumour initiating mutations may drive 

tumourigenesis. 

In summary, I have found that p53 acts as a barrier to restrict injury-induced plasticity 

in cortical astrocytes. p53 null astrocytes have increased sensitivity to EGF and are 

therefore able to dedifferentiate in the context of supportive injury 

microenvironment in the absence of further mutations. This work has important 

implications for understanding glioblastoma initiation.  
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Chapter 8 Materials and Methods 

8.1 Cell culture 

8.1.1 Cell culture media 

All basal media was purchased from Gibco (Life Technologies).  

Table 2: Cell culture media compositions used in this study  

Media Name Components 

Dissection media HBSS 

5.52 M HEPES 

100 g/ml Kanamycin 

2 g/ml Gentamicin  

Astrocyte media / HEK media DMEM-GlutaMAX 

10 % FBS (Sigma, F7524) 

100 g/ml Kanamycin 

2 g/ml Gentamicin 

Astrocyte maturation media 50 % Neurobasal 

50 % DMEM 

1 mM Sodium pyruvate 

292 g/ml L-glutamine 

1X SATO 

5 g/ml M-acetylcysteine 

100 g/ml Kanamycin 

2 g/ml Gentamicin 
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25 ng/ml BMP4 

NSC control media DMEM-F12 

6.525 mg/ml Glucose 

1X NEAA 

5 mM HEPES 

120 g/ml BSA 

50 M 2-mercaptoethanol 

0.5X N2 

0.5X B27 

100 g/ml Kanamycin 

2 g/ml Gentamicin 

NSC complete media NSC control media 

10 ng/ml FGF 

20 ng/ml EGF 

Neurosphere media DMEM-F12 

1X B27 without retinoic acid 

4 g/ml Heparin  

10 ng/ml FGF 

20 ng/ml EGF 

100 g/ml Kanamycin 

2 g/ml Gentamicin 

Wash media DMEM-F12 

150 g/ml BSA 

100 g/ml Kanamycin 

2 g/ml Gentamicin 
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8.1.2 Subventricular zone neural stem cell (NSC) isolation and culture 

For isolation of NSCs from SVZ, litters of mice aged postnatal day 9-11 (P9-11) were 

used. Pups were sacrificed by decapitation and the brain removed and placed in ice 

cold dissection media. Brain was sectioned with McIlwain tissue chopper and the 

lateral wall was dissected out, chopped into small pieces and collected in a falcon 

tube. All pups from one litter were pooled into a single tube. After centrifugation at 

300 x g for 3 minutes, the tissue pieces were resuspended in 50 units papain and 250 

units DNase in EBSS, and incubated for 30 minutes in a 37 C 5 % CO2 incubator. 2.5 

ml warm EBSS was added and pipetted up and down 10-20 times to dissociate tissue 

to single cells. After centrifugation at 300 x g for 5 minutes, pellet was resuspended 

in 2.7 ml EBBS supplemented with 300 μl of 1 mg/ml BSA and 1 mg/ml ovomucoid 

inhibitor and 250 units DNase. After centrifugation at 300 x g for 5 minutes, pellet 

was resuspended in 7 ml neurosphere media and plated in an uncoated T25 flask 

(Nunc). After 3-4 days, while neurospheres were still small, they were plated into 

adherent conditions on laminin (Sigma) coated plates. The following day, 

neurospheres spread out as monolayer on laminin coated dish and were passaged. 

Dishes were washed twice with PBS and incubated for approximately 1-2 minutes at 

room temperature with accutase, until cells began to retract but had not fully 

rounded and lifted from the plate. Cells were removed from plate with 10 ml wash 

media, centrifuged 3 min at 300 x g and resuspended in NSC complete media. Cells 

were plated at 35 x 103 cells/cm3 onto laminin coated plates. 
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8.1.3 Differentiation of NSCs to astrocytes  

The following day after plating, NSC media was replaced with NSC control media 

supplemented with 20 ng/ml BMP4 or 10 % FBS, NSC-derived astrocytes were used 

for experiments 8d or 30d later, respectively.   

8.1.4 Primary astrocyte isolation 

For isolation of primary cortical astrocytes, litters of mice aged P3 (or for experiments 

in Chapter 2.1, P2-4) were used and protocol based on (Schildge et al., 2013). P3 pups 

were sacrificed by decapitation, brains removed and put into dissection media. 

Cortices were dissected under an upright dissecting microscope and meninges 

removed. Cortices were cut into small pieces then digested for 30 minutes at 37 C 

in 0.25 % trypsin (Sigma, T4799) in HBSS. Tissue pieces were pelleted by 

centrifugation at 300 x g for 5 minutes and supernatant removed. Tissue was 

dissociated by trituration in Astrocyte media before plating on poly-L-lysine (PLL)-

coated T25 flasks at a density of 1 T25 per brain. Cells were cultured in an incubator 

set to 37 C, 5 % CO2. The following day, plates were washed 3 times with PBS to 

remove debris and astrocyte media replaced. Media was changed every 2-3 days 

thereafter.  

8.1.5 Immunopanning purification of astrocytes  

6-7 days after preparation, astrocyte cultures were passaged and immune-panned as 

an adapted protocol from (Foo, 2013) to remove contaminating cells. See also Figure 

2A for schematic representation of panning process. Panning plates were prepared 
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as follows. 15 cm bacterial petri dishes were coated with 25 ml of 50 mM Tris-HCl (pH 

9.5) per dish with the following secondary antibody solution: 

 "Secondary only" dish – 60 l goat anti-rat IgG  

 "CD45" dish – 60 l goat anti-rat IgG 

 "O4" dish – 60 l goat anti-mouse IgM mu chain specific 

 "L1" dish – 60 l goat anti-rat IgG 

Plates are initially hydrophobic and were rocked until completely covered with the 

secondary antibody solution, then incubated overnight at 4 C. The following day, 

panning plates were washed 3 times with PBS and subsequently coated with the 

following primary antibody solutions: 

 "Secondary only" dish – 12 ml 0.2 % BSA-PBS  

 "CD45" dish – 20 l rat anti-mouse CD45 (BD 550539) in 12 ml 0.2 % BSA-PBS 

 "O4" dish – 12 l mouse IgM anti-O4 (R&D MAB1326) in 12 ml 0.2 % BSA-PBS 

 "L1" dish – 10 l rat anti-L1 (Millipore MAB5272) in 12 ml 0.2 % BSA-PBS 

Panning plates were incubated for 2 hours at room temperature then washed 3 times 

with PBS before use. Astrocyte cultures were trypsinised to single cell suspension, 

collected in astrocyte media, then centrifuged 3 minutes at 300 x g. The pellet was 

resuspended in 0.02% BSA-PBS solution and allowed to recover for 30 minutes in a 

37 C, 5 % CO2 incubator. After recovery, cell suspension was incubated on each 

panning plate sequentially: “Secondary only”, “CD45”, “O4” (20 minutes each) and 

finally “L1” (30 minutes). Plates were shaken half way through the incubation. After 

centrifugation (300 x g, 3 minutes), the pellet was resuspended in astrocyte media 
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and plated onto PLL-coated T25 flasks. Media was changed the following day and 

every 2-3 days thereafter. 

8.1.6 Sub-culturing primary astrocytes for experiments 

Once astrocytes reached confluence again after the immunopanning purification 

step, they were passaged and used for experiments. Astrocytes were trypsinised and 

plated onto PLL-coated plates in astrocyte media at a density of 20 x 103 cells per cm2. 

For clonal density experiments, astrocytes 10 x 103 cells were plated onto PLL-coated 

10 cm dishes (density 0.17 x 103 cells per cm2). The following morning, media was 

changed to astrocyte maturation media, to induce astrocytes to fully mature. The 

evening after (2 days after splitting), p53 and/or tdTomato recombination was 

induced by addition of 200 nM 4-hydroxytamoxifen (4OHT) or adenoviral infection. 

For adenoviral-based experiments, the following morning adenovirus was removed 

and replaced with NSC control media supplemented with 25 ng/ml BMP4 or NSC 

complete media. For 4-OHT based experiments, the following morning media was 

changed to NSC control media supplemented with 25 ng/ml BMP4 or NSC complete 

media with/without 4OHT. 

8.1.7 Retrovirus production and infection of primary astrocytes 

To produce retrovirus, 5 x 106 phoenix cells were seeded in HEK media onto 10 cm 

plate. The following day, cells were transfected using Lipofectamine 2000 

(ThermoFisher). 1.5 ml of Opti-MEM (Gibco) was mixed with 10 g of plasmid DNA. 

1.5 ml of Opti-MEM was mixed with 30 l Lipofectamine 2000. Both solutions were 

incubated at room temperature for 5 minutes before mixing together and incubating 
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for a further 20 minutes at room temperature. Transfection mix was added to 7 ml 

Opti-MEM supplemented with 10 % FBS, applied to phoenix cells and incubated 

overnight. The following morning, transfection mixture was removed and replaced 

with 6 ml astrocyte media. 24 hours later, the supernatant was collected and cells 

replaced with another 6 ml astrocyte media. The collections were repeated for up to 

3 days. To prepare viral supernatant for infection of astrocytes, it was filtered through 

0.45 m filter and 0.2 mg/ml polybrene added. The retrovirus was added to 

astrocytes for 3 hours, before replacing with fresh astrocyte media. This was 

repeated for up to 3 days. Infection was performed in the first 5 days after astrocyte 

preparation (Chapter 8.1.4) to ensure astrocyte proliferation and thus retroviral 

integration. Cells were then selected with the appropriate antibiotic 2 days after final 

infection.  

8.1.8 Adenovirus production and infection of primary astrocytes 

Adenoviruses used were Ad-Null (Ad-CMV-Null, Vector Biolabs, #1300), Ad-iCre (Ad-

CMV-iCre, Vector Biolabs, #1045) and Ad-GFAP-Cre (University of Iowa Viral Vector 

Core). For propagation of virus, Ad293 cells were seeded on 15cm plates in HEK 

media. The following day, 50 l of previous batch of adenovirus was added to Ad293. 

After 2-3 days of infection and viral propagation, most Ad293 cells detached from 

plates. Supernatant and cells were collected and centrifuged for 5 minutes at 300 x 

g. Pellet was resuspended in 1 ml of PBS and subjected to three freeze-thaw cycles 

to lyse the cells and release adenovirus. After centrifugation of 5 minutes at 150 x g, 

the supernatant was filtered through a pre-washed 0.45 m filter, aliquoted and 

stored at -80 C. Adenovirus was titred using Adeno-X RapidTiter Kit (Clontech). 
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Astrocytes were incubated overnight with adenovirus in astrocyte maturation media 

using a multiplicity of infection (MOI) of 30.  

8.1.9 Lentivirus production and infection of primary astrocytes 

To produce lentivirus, HEK 293T cells were plated at 6 x 106 cells per 10 cm PLL-coated 

dish in HEK media. The following morning, cells were transfected with 

Polyethylenimine MAX (PEI, Polysciences 24765-2). The following solutions are for 

one 10 cm dish, but typically 12 or 24 were pooled per production. 800 l Opti-MEM 

was mixed with 6.5 g Δ8.9, 3.5 g pCMV-VSV-G and 12 g lentiviral vector. 800 l 

Opti-MEM was mixed with 51 g PEI. The solutions were incubated for 5 minutes at 

room temperature, before mixing together and incubating for a further 30 minutes 

at room temperature. 6.4 ml Opti-MEM was added to the transfection mixture and 

applied to the 293T cells. After 7-8 hours of incubation, transfection mix was replaced 

with 9 ml Opti-MEM. Approximately 40 hours later, viral supernatant was prepared 

for ultracentrifugation concentration. The supernatant was collected, 4 dishes 

pooled and centrifuged for 10 minutes, 3000 RPM, 4 C to pellet cell debris. The 

supernatant was filtered through pre-washed 0.45 m filters and loaded into 

ultracentrifuge tubes with 1 ml of 20 % sucrose cushion. This was then centrifuged 

for 3 hours at 50,000 x g at 4 C. After centrifugation, the viral pellet was resuspended 

in 100 l PBS by shaking for 1hr on ice. The pellet was pipetted up and down several 

times to dissolve viral aggregates, followed by a short spin to pellet leftover 

aggregates. The supernatant was aliquoted and stored at -80 C. For infection of 

astrocytes, 5 – 10 l of virus was added per T25 and incubated for 5 hours before 



 176 

replacing with fresh astrocyte medium. Cells were selected with the appropriate 

antibiotic 2 days after infection.  

8.1.10 Crystal violet staining and analysis 

For crystal violet staining, cells were fixed for 15 minutes in 4 % paraformaldehyde 

(PFA). After washing with PBS, plates were stained with 0.2 % crystal violet in 10 % 

ethanol for 15 minutes. Excess crystal violet was removed by washing with PBS, plates 

were dried completely and scanned on a standard scanner with resolution of at least 

800 dpi. For clonal density experiments, number of visible colonies were counted. For 

intensity measurement from normal density experiments, colony intensity was 

measured using the Colony Area ImageJ plugin as described in (Guzmán et al., 2014).  

8.1.11 Differentiation of dedifferentiated astrocytes  

Cells were seeded onto PLL and laminin-coated glass coverslips in NSC complete 

media at 50,000 cells per coverslip. The following day, NSC complete media was 

replaced with NSC media supplemented only with FGF (10 ng/ml). 48 hours later, 

media was replaced with NSC media without factors in order to induce 

differentiation. Cells were incubated a further 2 days before, optionally incubating 

with O4 antibody (1:500, R&D, MAB1326) for 20 minutes, and fixing with 4 % PFA for 

15 minutes.  

8.1.12 Neurosphere assay 

The neurosphere assay was used for assessment of self-renewal ability of 

dedifferentiated astrocytes. Cells treated with accutase (Sigma) until they began to 
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round, before collecting off the plate as single cells in wash media. After 

centrifugation at 300 x g for 3 minutes, cell pellet was resuspended in neurosphere 

media and plated 10,000 cells in 7 ml neurosphere media into uncoated T25 flasks 

(Nunc) (density of 1.4 cells / l).  

After approx. 7 days, neurospheres were scored and counted, before passaging as 

described in (Belenguer et al., 2016). Briefly, the media containing neurospheres was 

transferred to a tube and centrifuged 150 x g for 5 minutes. The supernatant was 

removed, pellet resuspended in 200 l accutase and pipetted gently with a P200 

Gilson. After 10 minutes incubation at room temperature, 800 l wash media was 

added and triturated with a P1000 Gilson. Wash media was added to total volume of 

5 ml and briefly mixed before centrifugation at 300 x g for 3 minutes. Cell pellet was 

resuspended in neurosphere media, counted and 10,000 cells were plated in 7 ml 

neurosphere media in uncoated T25 flasks.  

8.2 In vivo protocols 

All animal work was carried out in accordance with the guidelines and regulations of 

the UK Home Office. All animals were in a mixed 129xC57BL/6 background. Animals 

used are described in the below table. 
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Table 2: Mouse strains used in this study 

Strain name Reference Genotyping primers used 

p53flox/flox (Marino et al., 2000) 
(JAX 008462) 

p53-1: CACAAAAACAGGTTAAACCCAG 

p53-2: AGCACATAGGAGGCAGAGAC 

p53-4: GAAGACAGAAAAGGGGAGGG 

p53-1 and p53-2 for genotyping 

p53-1 and p53-4 for recombination 
genotyping 

Rosa26-LSL-
tdTomato 

(Madisen et al., 
2010) (JAX 007914) 

WT-F: AAGGGAGCTGCAGTGGAGTA 

WT-R: CCGAAAATCTGTGGGAAGTC 

MUT-F: CTGTTCCTGTACGGCATGG 

MUT-R: GGCATTAAAGCAGCGTATCC 

GFAP-CreERT2 (Hirrlinger et al., 
2006) 

WT-F: 
GAGGCACTTGGCTAGGCTCTGAGGA 

WT-R: 
GAGGAGATCCTGACCGATCAGTTGG 

GFAP-F: 
CAGGTTGGAGAGGAGACGCATCA 

GFAP-R: 
CGTTGCATCGACCGGTAATGCAGGC 

 

8.2.1 Intracranial injections 

8-11 week old GFAP-CreERT2; LSL-tdTomato; p53 flox/flox (or as control: GFAP-

CreERT2; LSL-tdTomato) mice were anaesthetised with isofluorane. The head was 

shaved, and the mouse was placed into a stereotaxic frame, with the body resting on 

a heated blanket. The head was cleaned with chlorhexidine solution. Lacrilube or 
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viscotears was applied to the eyes to protect from dehydration. Carprofen analgesic 

was injected subcutaneously. Before cutting along the midline of the head, 

bupivacaine was injected subcutaneously as a local anaesthetic. The skull was 

washed with saline, and bregma was identified by scraping with a needle.  A hole was 

drilled in the skull 1.2 mm posterior and 1.7 mm lateral to bregma. 1.807 μl of 

endoxifen (13.3 μM) was injected into the cortex at a depth of 1mm with a Hamilton 

syringe at a rate of 0.5 μl per minute. The needle was left in the brain for 3 minutes 

after the end of injection to minimise risk of reflux of endoxifen solution. After 

removing needle, skin was sutured and 100 μl saline was injected subcutaneously for 

rehydration. Mice were allowed to recover in a warmed chamber and were 

transferred to their home cage once fully motile. The following day carprofen was 

administered in drinking water.  

8.2.2 Implantation of slow-release minipump 

Brain infusion cannula attached to mini osmotic pumps (Alzet Brain Infusion Kit 3 and 

Pump model 1002) were used to infuse EGF directly into the endoxifen injection site 

in the cortex at a rate of 0.25 l/hour (360 ng/day) over a period of two weeks. Slow 

release devices were assembled according to manufacturer’s instructions. Briefly, 

brain infusion cannula was modified by addition of 4 spacers to facilitate injection 

into cortex. Catheter was cut to 4 cm length and attached to brain infusion cannula, 

before filling with EGF (Peprotech (315-09) 60 g/ml in 0.9 % saline-1 % BSA) or 

control solution (0.9 % saline-1 % BSA). Osmotic pump was weighed, then filled with 

100 l EGF or control solution. This was weighed again to confirm successful filling 

without air bubbles. Osmotic pump was then attached to brain infusion cannula 
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assembly. Slow release device was incubated overnight in 0.9 % saline in an incubator 

at 37 C in 5 % CO2 to enable it to start infusing before implantation.  

Surgical procedures were performed as described in Chapter 8.2.1. After endoxifen 

injection into the cortex, a subcutaneous pocket was created on the back and left 

flank of the mouse. The minipump was inserted into the subcutaneous pocket and 

cannula inserted into cannula driver attached to the stereotaxic frame. Cannula was 

positioned stereotaxically at 1.2 mm posterior and 1.7 mm lateral to bregma. The 

skull and cannula were dried with a cotton bud. Cyanoacrylate glue applied to the 

bottom of the cannula, before stereotaxically guiding into the injection site. 

Cyanoacrylate glue was applied around the cannula to firmly seal it to the skull. Once 

set, the skin was pulled to cover the catheter and sutured closed. Skin was attached 

around the cannula with Vetbond. Mice were allowed to recover as in 8.2.1 and given 

rimadyl in jelly for 5 days post-surgery. Mice were monitored daily for signs of wound 

breakdown, pain and weight loss.  
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8.3 Immunostaining 

8.3.1 List of antibodies used 

Table 3: Antibodies used in this study 

Antigen Host Dilution Supplier/ Catalog Number 

ApoE Goat 1:1000 Millipore AB947 

Ascl1 Mouse 1:200 Gift from Francois Guillemot 

CD133 Rat 1:500 eBioscience 13A4 

Cleaved caspase 3 Rabbit 1:500 CST 9664 

EGFR Goat 1:400 R&D AF1280 

GFAP Rabbit 1:1000 DAKO Z0334 

GFAP Mouse 1:1000 Millipore MAB3402 

Ki67 Rabbit 1:400 Abcam Ab16667 

Nfia Rabbit 1:1000 Atlas Antibodies HPA006111 

O4 Mouse IgM 1:500  R&D MAB1326 

Olig2 Rabbit 1:1000 Millipore AB9610 

p53 (1c12) Mouse 1:500 CST 2524  

p53 (CM5) Rabbit 1:500 Leica p53-CM5 

PCP4 Rabbit 1:500 Atlas Antibodies HPA005792 

pERK Rabbit 1:1000 CST 4370 

RFP Rabbit 1:400 Antibodies-online ABIN129578 

Sox2 Rabbit 1:400 Abcam ab97959 

SSEA1 Mouse IgM 1:500 BD MC480 

Tubulin β 3 (Tuj1) Rabbit 1:500 Biolegend 845501 

Zeb1 Rabbit 1:1000 Atlas Antibodies HPA027524 
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Secondary antibodies used were Alexa Fluor (488, 555 or 647) conjugated 

(Invitrogen).  

8.3.2 Immunostaining cells on coverslips 

Cells on coverslips were washed with PBS before fixing for 15 minutes with 4 % 

paraformaldehyde (PFA) in PBS. After two washes in PBS, cells were permeabilised in 

0.5 % triton X-100 in PBS for 20 minutes. After washing with PBS, blocking of non-

specific antigen was performed in 10 % animal serum (using the same serum as host 

for secondary antibody), for at least 30 minutes at room temperature. Coverslips 

were incubated with primary antibody in blocking solution overnight at 4 C in a 

humidified chamber. The following day, coverslips were washed three times in PBS, 

before incubating with secondary antibody (1:400) + DAPI (1 ng/ml) in blocking 

solution for 1 hour at room temperature. Coverslips were washed three times with 

PBS, followed by one wash in water before mounting in ProlongGold Antifade 

Mountant (ThermoFisher). 

For EdU incorporation experiments, cells were incubated with 10 μM EdU for 2 hours 

or 1 μM EdU for 24 hours before fixation and permeabilization as described above. 

EdU incorporation labelling was performed with Click-iT kit (Invitrogen) as per 

manufacturer’s instructions, before washing three times in PBS and continuing with 

antibody staining as described above.  

For OP-Puro incorporation experiments, cells were incubated with 20 μM OP-Puro 

for 30 minutes before fixation as described above. Cells were permeabilized for 15 
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minutes 0.5 % triton X-100 in PBS before OP-Puro and NuclearMask labelling with 

Click-iT kit (Invitrogen) as per manufacturer’s instructions. 

8.3.3 Preparation of tissue for immunostaining 

For EdU incorporation experiments, mice were injected IP with 50 mg/kg EdU 4-5 

hours before perfusion. All animals were sacrificed at the described time-points by 

transcardial perfusion with PBS followed by 4 % PFA under terminal anaesthesia. The 

brain was dissected out, and post-fixed in 4 % PFA at 4 C overnight.  

For fixed frozen sections, the following day, brain was washed with PBS and put into 

30 % sucrose in PBS and incubated at 4 C. At least 2 days later, once the brain had 

sunk to the bottom of the tube, brain was trimmed and frozen in OCT in a cryomold 

(Tissue-Tek). OCT-embedded brains were stored at -80 C until cutting. For 

sectioning, OCT-embedded tissue was mounted onto block and sectioned at 35 m 

on Leica cryostat. Sections were collected into PBS and then either used immediately 

for staining or transferred to cryobuffer (25 % glycerol, 25 % ethylene glycol, PBS) for 

long-term storage at -20 C.  

For fixed vibratome sections, after post-fixation, brain was washed in PBS before 

embedding in 3 % agarose. Brain was sectioned at 60 m on Leica vibratome. Sections 

were collected into PBS and then either used immediately for staining or transferred 

to cryobuffer for long-term storage at -20 C. 
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8.3.4 Immunostaining of tissue 

Brain sections were washed 3 times in PBS to remove cryobuffer. Sections were 

permeabilized and blocked together in 0.5 % or 1 % triton X-100, 10% animal serum 

in PBS for 1 – 1.5 hours for OCT or vibratome sections, respectively. The same animal 

serum as host for secondary antibody was used. All incubation and wash steps were 

performed on a gentle rocking platform. Sections were incubated with primary 

antibody in antibody solution (0.1 % triton X-100, 10 % animal serum, PBS) overnight 

at 4 C in a humidified chamber. The following day, sections were washed three times 

10 minutes in PBSTx (PBS + 0.1 % triton X-100), before incubating with secondary 

antibody (diluted 1:400) in antibody solution for 1 hour at room temperature. 

Sections were washed for 10 minutes in PBSTx, followed by 15 minute incubation in 

DAPI (1 ng/ml in PBSTx), followed by final 10 minute wash in PBSTx. Sections were 

transferred to PBS and mounted on uncoated glass slides in ProlongGold Antifade 

Mountant (ThermoFisher). 

For EdU incorporation experiments, sections were washed three times with PBS, 

before permeabilisation for 30 minutes in 0.5 % triton X-100, followed by three 

washes in PBS. Sections were incubated in Click-iT reaction buffer for 30 minutes as 

per manufacturer’s instructions. After 3 washes in PBS, sections were blocked with 

10 % animal serum for 1 hour and continued to antibody staining as above.  
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8.4 Western blotting 

8.4.1 Preparation of cell lysates 

For collection of protein lysates from cells, wells were washed twice with ice cold 

PBS. Lysis buffer (RIPA buffer (Sigma) with protease inhibitor and phosphatase 

inhibitor cocktails) was added to the well and cells were scraped off the plate with a 

cell scraper, and transferred to an Eppendorf tube on ice. Tube was incubated on ice 

for 15 minutes, with short vortex every 5 minutes. Eppendorf was centrifuged at 

maximum speed for 5 minutes at 4 °C to pellet membraneous material. The cleared 

supernatant containing protein lysate was transferred to a new tube. Protein 

concentration was measured by the Bradford assay.  

8.4.2 Western blotting 

6x Laemmli buffer was added and samples were boiled at 95 °C for 5 minutes to 

denature proteins. Samples and PageRuler Plus ladder (ThermoFisher) were loaded 

onto 10% resolving/4% stacking polyacrylamide gel, and run by gel electrophoresis, 

before transfer to polyvinylidene difluoride (PVDF) membrane (Millipore). 

Membranes were blocked for at least 1 hour in 5 % bovine serum albumin (BSA) in 

TBST (TBS + 0.05 % Tween) with phosphatase inhibitor cocktails. Membranes were 

incubated with primary antibody overnight at 4 °C in 5 % BSA in TBST. Primary 

antibodies used were rabbit anti-pERK (CST 4370, 1:1000) and mouse anti-total ERK 

(CST 4696, 1:1000). Membranes were washed three times with TBST, before 

incubating for 1 hour at room temperature with secondary antibody in 5 % milk 

powder in TBST. Membranes were washed twice in TBST, once in TBS and imaged for 
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chemiluminescence using ECL Luminata Crescendo reagent (Millipore) on 

ImageQuant.  

8.5 Cloning 

8.5.1 Cloning of Ascl1 reporter 

DeltaM enhancer upstream of Dll minimal promoter were PCR amplified from 

DeltaM-LacZ plasmid (Castro et al., 2006) with the following primers: 

F:GCAGAGATCCAGTTTGGTTAATTAATAGCCGGACATTGTCGCAGAG 

R:CCTTGCTCACCATGGTACCGCTGGACGC.  

eGFP fragment was PCR amplified from FUGW (Naldini et al., 1996) with the primers: 

F:CGGTACCATGGTGAGCAAGGGCGAGGAGC 

R:GATAAGCTTGATATCGAATTCCTAGAGTCGCGGCCGCTTTAC.  

Fragments were cloned into FUGW plasmid digested with PacI and EcoRI restriction 

enzymes using InFusion Cloning as per manufacturer’s instructions. Successful 

cloning was assessed by restriction digests and Sanger sequencing. 

8.6 RNA isolation and qPCR 

8.6.1 RNA extraction, reverse transcription and qPCR 

RNA was extracted from cells from FACS sorted cells or dissected tissue using RNeasy 

Plus Micro Kit (Qiagen) as per manufacturer’s instructions. RNA concentration and 

quality was measured with Nanodrop. Reverse transcription of RNA to cDNA was 

performed using iScript gDNA clear cDNA synthesis kit (BioRad) as per manufacturer’s 
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instructions. cDNA was then diluted at least 1:1 in H2O. qPCR was performed in a 

thermocycler as per manufacturers instructions with the following mix in 20 μl 

format: 10 μl qPCRBIO SyGreen Blue Mix Lo-ROX, 0.5 μl of 10 μM primers, 1 μl cDNA. 

8.6.2 List of qRT-PCR primers used 

Table 4: Primers used for qRT-PCR 

Name Sequence (5’->3’) 

Ascl1 F: ATGCAGCTACTGTCCAAACG 

R: AACAGTAAGGGGTGGGTGTG 

Ccnd1 F: GAGATTGTGCCATCCATGC 

R: CTCCTCTTCGCACTTCTGCT 

Gapdh F: TGCACCACCAACTGCTTAG 

R: GGATGCAGGGATGATGTTCA 

Gfap  F: ACCATTCCTGTACAGACTTTCTCC     

R: AGTCTTTACCACGATGTTCCTCTT 

p53 F: GGACGGGACAGCTTTGAGGT 

R: GTGGGCAGCGCTCTCTTTG 

Sox2 F: CATGGGCTCTGTGGTCAAGT 

R: TACATGGTCCAATTCCCCCG 
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8.7 Single cell RNA-sequencing 

8.7.1 Preparation 

After 5 days incubation of astrocytes in NSC media supplemented with EGF, FGF and 

4OHT as described in 8.1.6, 6 wells of a 6 well plate were washed with PBS, and 

trypsinised for 10-15 minutes in 37 °C incubator. Cells were washed off the plate with 

10 ml astrocyte media and centrifuged for 5 minutes at 300 x g. Cell pellet was 

resuspended in 1 ml of astrocyte media with a P1000 tip, top up to 4 ml, before 

filtering through MACS SmartStrainer 30 μm (Miltenyi). Cells were counted using 

haemocytometer. Meanwhile cells were centrifuged for 3 minutes at 300 x g. Cell 

pellet was resuspended in 1 ml cold PBS + 0.04 % BSA using a wide bore P1000 tip, 

and centrifugation/wash step was repeated. Cells were centrifuged 3 minutes 300 x 

g, before resuspending in 0.3 - 0.5 ml PBS + 0.04 % BSA with a regular P1000 tip. Cell 

suspension was filtered through MACS SmartStrainer 30 μm, before counting with 

haemocytometer using trypan blue for exclusion of dead cells. Two independent 

draws from cell suspension were counted, and all squares of haemocytometer grid 

were scored to give final reading of cell concentration and viability. Volume was 

adjusted to allow cell concentration of 700 - 1200 cells/μl. Viability was over 80 % for 

both collections. Two replicates were performed from two independent astrocyte 

preparations, termed A19 and A26. 

Gel Bead-In-EMulsions (GEMs) and library preparation was performed as per the 10x 

Genomics Single Cell 3’ reagent kit protocol by the Genomics Core Facility at the MRC 
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London Institute of Medical Sciences.  Sequencing was performed first on Illumina 

MiSeq for initial quality control before sequencing on Illumina HiSeq Paired end.  

8.7.2 Analysis 

scRNA-seq analysis was performed in collaboration with Samuel Marguerat at the 

MRC London Institute of Medical Sciences. Data was initially processed with 10x 

Genomics Cell Ranger. Mouse mm10 genome was used for alignment with additional 

sequence for tdTomato-WPRE-polyA (taken from Addgene plasmid 22799 sequence 

(Madisen et al., 2010). Cell Ranger identified 5327 and 6111 single cells in the A19 

and A26 samples, respectively. Further analysis was performed using R, Seurat, t-SNE 

and Kleintools Spring software. 

tdTomato positive cells were classified as those with at least two tdTomato-WPRE-

polyA reads. Principal component analysis (PCA) was used to compare the two 

replicates. TdTomato cells were clustered with Seurat and viewed with t-SNE. Lists of 

significantly differentially expressed (DE) genes per cluster were generated and 

inspected. Pseudo-temporal ordered clusters were assessed for gene expression of 

hallmark gene sets of key pathways using GSEA, KEGG and GO analysis using the 

following lists: p53 pathway - KEGG_P53_SIGNALING_PATHWAY (KEGG M6370) and 

HALLMARK_P53_PATHWAY (GSEA M5939); Actin remodelling -  

GO_ACTIN_CYTOSKELETON_REORGANIZATION (GO M15745); Ribosomal biogenesis 

GO_RIBONUCLEOPROTEIN_COMPLEX_BIOGENESIS (GO M1438) and 

GO_RIBONUCLEOPROTEIN_COMPLEX (GO M17739); Cell cycle - GO_CELL_CYCLE (GO 

M14460) and GO_CELL_CYCLE_PROCESS (GO M16550). 
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For comparison of tdTomato+ and tdTomato- cells, cells with 0 tdTomato reads were 

classified as tdTomato-. tdTomato- cells were then clustered as above, and the 

resulting clusters were matched by hand to the tdTomato+ clusters by similar 

profiles. Ingenuity pathway analysis (Qiagen) was performed. Heatmap and boxplot 

were generated of tdTomato+ vs tdTomato- cluster expression of genes in the 

Reactome signalling by EGFR in cancer gene set (R-HSA-1643713) (Fabregat et al., 

2018). For heatmap, only genes that were differentially expressed in at least one 

cluster are shown.   

8.8 Chromatin immunoprecipitation (ChIP) 

8.8.1 ChIP  

ChIP was performed with the EZ-Magna ChIP kit (Millipore), with the following 

alterations. Cells were trypsinised from 15 cm plate, resuspended in 20 ml of 

astrocyte media and cell number counted. Cells were fixed for 10 minutes in 1 % 

paraformaldehyde before quenching with glycine for 5 minutes and centrifugation 

for 5 minutes at 800 x g at 4 °C. Cells were washed twice by resuspension in 2 ml PBS 

with protease inhibitor cocktail and centrifugation at 800 x g for 5 minutes at 4 °C. 

Cell pellet was snap frozen in liquid nitrogen. Cell pellet was resuspended in cell lysis 

buffer containing protease inhibitor cocktail and incubated 15 minutes on ice, 

vortexing every 5 minutes, before centrifugation 5 minutes at 800 x g at 4 °C. Cell 

pellet was resuspended in nuclear lysis buffer at a density of 2 x 107 cells per ml. 

Lysate was sonicated with Bioruptor Pico with 10 – 20 cycles (30 seconds on, 30 

seconds off). 1 µl was removed and de-crosslinked for assessment of sonication 
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pattern, and further sonicated if required until chromatin was average of 100 – 400 

bp. Immunoprecipitation (IP) and subsequent DNA cleanup was performed as per 

manufacturer’s instructions. Antibodies used were p53-CM5 (Rabbit, Leica, 1:50), 

p53-1c12 (Mouse, CST, 1:200) and RNA Polymerase II (Mouse, Millipore 05623B, 1 

μg). For IgG controls, 1 μg Normal Mouse IgG or Normal Rabbit IgG was added per IP. 

8.8.2 ChIP-qPCR 

qPCR was performed in a thermocycler as per manufacturers instructions with the 

following mix in 20 μl format: 10 μl qPCRBIO SyGreen Blue Mix Lo-ROX, 0.8 μl of 10 

μM primers, 2 μl purified ChIP DNA. The following ChIP-qPCR primers were used: 

Table 5: ChIP-qPCR primers used in this study 

Target Sequence (5’->3’) 

Ccng1 F: GCAAGCCTTGGCACTGAAC 

R: TCTCGCAGCCTCTCTCATTG 

Cdkn1a F: TGGGTGGGGACTAGCTTTCT 

R: TCACCCCACAGCTGGTAGTT 

Gapdh F: CTGCTGCACCTCTGGTAACTC 

R: ATTACGGGATGGGTCTGAACG  

8.8.3 ChIP library preparation  

ChIP-qPCR was used to confirm that p53 ChIP pull-down had been successful for each 

replicate. 50 µl of DNA from p53 ChIP samples and 6-20 µl input DNA (depending on 

Qubit-quantified DNA concentration) was used for library preparation with NEBNext 

Ultra II DNA library prep kit (NEB) as per manufacturer’s instructions. 14 (Rep 1) or 



 192 

13 (Reps 2 and 3) cycles of PCR amplification were used. Library concentration was 

measured on Qubit, diluted as necessary and analysed on Agilent Bioanalyzer HS DNA 

chip. Libraries were diluted to 1 or 4 nM and pooled before sequencing on Illumina 

Nextseq paired end 2 x 75 bp or Illumina HiSeq single end 75 bp read. 

8.8.4 ChIP-sequencing analysis 

FASTQ files from multiple lanes of sequencing run were combined and then mapped 

and analysed using NGI-ChIPseq Nextflow pipeline (Ewels et al., 2019). Quality 

control (QC) on raw reads was performed with FastQC. TrimGalore was then used to 

trim adaptor sequences and FastQC was performed again. Sequences were then 

aligned to mouse genome GRCm38 with blacklisted regions filtered out using BWA 

and sorted with SAMtools. Picard was used to remove duplicates. 

Phantompeakqualtools was used to assess the quality of the IP and generate 

normalized strand coefficient (NSC) and relative strand coefficient (RSC) 

(Kharchenko, Tolstorukov and Park, 2008). For good ChIP experiments, ENCODE 

guidelines recommend NSC > 1.05 and RSC > 0.8 (Landt et al., 2012). Deeptools was 

used to generate fingerprint plots to assess enrichment in ChIP samples compared to 

input control (Ramírez et al., 2016). NGSplot was used to assess read occupancy on 

the genome and around genes (Shen et al., 2014). MACS was used to call peaks, with 

Input samples used to control for open chromatin sequencing biases (Zhang et al., 

2008). Narrowpeak setting was used for MACS as p53 is a transcription factor with 

expected sharp/narrow binding sites.  
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Genelists were generated by annotating for genes within 1 kb flanking of each peak 

using BioMart. Genelists were cross-referenced to generate high confidence lists of 

genes within 2 or 3 replicates.  

For motif analysis, 250 bp was added upstream and downstream of peak summits 

output from MACS. These lists were converted to FASTA format lists of 501 bp DNA 

sequences centred on the peak summit using Bedtools. MEME-ChIP (Machanick and 

Bailey, 2011) was used to assess motif enrichment in these sequences with supplied 

p53 binding sequence of RRRCWWGYYY where R = A/G, W = A/T and Y = C/T (Fischer, 

2017). Up to 10 MEME motifs were called. In all samples these contained sequence 

similarity to the p53 binding motif. CentriMo was used to assess location of binding 

sites in relation to summit peak (Bailey and Machanick, 2012). 
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