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ABSTRACT 
 

Laura Rodríguez Díaz 

 

From cancer stem cells to brain tumour formation: The role of HEATR1 and 

ribosome biogenesis  

 

Brain tumours are initiated by neoplastic transformation of brain cells followed by 

uncontrolled proliferation, and are driven by genetic mutations. Despite years of study 

towards increasing our understanding of their origin and development, the high 

recurrence rate and poor prognosis of brain tumours in general, and specially of 

glioblastoma multiforme (GBM), the most aggressive type, highlight the need for more 

efficient therapeutic approaches1,2. According to the Cancer Stem Cell (CSC) 

hypothesis, tumour initiation and relapse might be caused by a subpopulation of cells 

with stem cell characteristics3–5. Loss of the Drosophila melanogaster tumour suppressor 

Brat or its human orthologue, TRIM3, promotes brain tumour growth in the Drosophila 

brain and in GBM, respectively6,7. To investigate molecular characteristics of brain CSCs, 

single-cell transcriptome data from brat brain tumour-initiating cells was obtained by the 

C. Barros laboratory (Diaz et al., in preparation), and is the foundation of this thesis’ 

studies. L(2)K09022, the conserved orthologue of human Heat Repeat Containing 1 

(HEATR1) was identified as upregulated in brat tumour initiation cells, and selected for 

further investigation with the main aim of exposing its potential role in brain tumour 

development. I show here that HEATR1 is overexpressed in GBM and low-grade glioma, 

and in both GBM immortalised cells and patient-derived GBM stem cells (GSCs). Using 

the Drosophila brat model, GBM cell lines, and GSCs, I demonstrated that although 

L(2)K09022/HEATR1 is not required for malignant transformation of brain tumour 

initiating cells, it is necessary for their enlargement, proliferation and tumour growth. 

HEATR1 acts in brain CSCs to promote ribosome biogenesis and thus contributing to 

protein synthesis, tumour cell growth and proliferation. Its action is, at least in part, 
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mediated by recruiting and enhancing the activity of the oncogene c-Myc in nucleoli, the 

sites of ribogenesis. These findings reveal HEATR1 as a novel brain tumourigenesis 

player and suggest that it may be as a potential future therapeutic target for GBM and 

possibly other brain tumours.  
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Zld Zelda 
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1 INTRODUCTION 
 

1.1 Preface 

Cancer is an umbrella term used to describe a set of diseases characterised by 

uncontrolled cell proliferation driven by the sequential acquisition of mutations8. It is the 

second most frequent cause of death world-wide, being responsible for an estimated 

figure of 9.6 million deaths in 2018 according to the World Health Organization (WHO). 

Moreover, its incidence is expected to increase by more than 50% over the coming 

decades due to the aging and growth of the world’s population9.  

Different therapies have been developed in the past years that have proven to be 

effective to some extent for several common cancers such as lung, breast or prostate 

malignancies. However, these therapies have little or no effect against tumours located 

in the central nervous system (CNS), including those found in the brain. CNS tumours 

are relatively rare, having an average incidence of 28.57 per 100,000 population10, 

nevertheless, their poor prognosis situates them among the top 10 most lethal cancers 

in Europe11. Moreover, due to the scarcity of these tumours and/or difficulties to study 

them, in 2017 the investment on brain tumour research in the UK was only 1.5% of the 

total cancer investment from funding bodies, according to the Brain Tumour Research 

Manifesto (2019).  

This dissertation which sprouted from transcriptomic data of brain tumour initiating 

cells obtained in the Barros laboratory using a brain tumour Drosophila melanogaster 

model, aims at shedding more light on the initiation of brain tumours towards providing 

new potential targets for enhanced clinical intervention.   

 

1.2 Cancer stem cells and tumour development 

Individual tumours contain varying proportions of differentiated cell types together with 

anaplastic cells, which are undifferentiated cancer cells that lose their morphological 

characteristics and have an enhanced proliferative capacity1. To explain this 

heterogeneity, two different models have been proposed: the stochastic and the 
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hierarchical model12. The stochastic model predicts that all the cells in a tumour have 

similar tumourigenic potential, which is activated randomly by cumulative mutations or 

adaptation of the cells to their microenvironment12. Therefore, tumours are formed by a 

pool of heterogenous cells that all can act as tumour-founding cells, although this might 

happen only rarely12–14 (Figure 1.1 A). The hierarchical model holds that only a rare 

subset of cells presents extensive cell renewal properties and maintain and sustain the 

growth of the tumour12–14 (Figure 1.1 B). The main difference is the prediction according 

to the hierarchical model, that whatever the environment or mutational status, only a 

small group of cancer cells have the ability to form a new tumour and all its different cell 

types. These cells are known as Cancer Stem cells (CSCs) and are defined as cells with 

capacity to self-renew and to originate the various lineages of cancer cells that drive the 

formation, growth and recurrence of the tumour15. CSCs are also thought to be often 

relatively quiescent16. The CSC hypothesis suggests that tumour heterogeneity arises 

from these cells5,17,18. However, the two models are not mutually exclusive and other 

factors like the tumour microenvironment add yet another level of complexity to tumour 

heterogeneity19. 

 

 

 

Figure 1.1 Two classic models explaining cell heterogeneity and tumour development. 

(A) Stochastic model: tumour cells are heterogeneous but most of them can proliferate 

extensively and have tumour formation capacity. (B) Hierarchical model: tumour cells are 

heterogeneous, but most have limited proliferation potential and only CSCs can self-renew and 

form tumours. Adapted from Reya et al., 200114.  
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1.2.1 Isolation and identification of CSCs 

In order to study CSCs, it is essential to differentiate them from the bulk of the tumour. 

The gold standard to define CSCs has been serial in vivo transplantation, pioneered by 

Bonnet and Dicks in 199720. Transplantation assays typically consist of isolating tumour 

cell populations using fluorescent activated cell sorting (FACS) based on their surface-

markers and inoculating them into immunodeficient mice in numbers sufficiently low to 

limit the formation of a xenograft by the bulk tumour cell population19–21. The ability of a 

given cell population to initiate a tumour over serial passages is then interpreted as 

evidence for the presence of CSCs. CSCs were first found in human acute leukaemia 

myeloid in 1994, when Lapidot et al., isolated a population of CD34+/CD38- tumour cells, 

a phenotype that defines immature haematopoietic cells, and demonstrated that they 

were the only cells capable of extensive proliferation and reforming the tumour when 

transplanted into immunodeficient mice21. Since then, this experimental design has been 

widely replicated in a variety of tumour types using different CSC surface markers (Table 

1) and CSC-like cells have been found in many solid tumours such as breast cancer22, 

medulloblastoma, glioblastoma multiforme (GBM)5, prostate cancer23, renal cancer24, 

melanoma25 and many more. 

 

Cancer Cell surface phenotype Reference 

Acute myeloid leukaemia CD34+ CD38- Lapidot et al. 1994 

Breast CD44+ CD24- ESA+  

ALDH+ 
Al-Hajj et al. 2003 
Ginestier et al. 2007 

Medulloblastoma CD133+ Hemmati et al. 2003 

Glioblastoma CD133+ 

CD15+ 

A2B5+ 

Sox2 

Hemmati et al. 2003  
Son et al. 2009 
Tchoghandjian et al. 2009 
De la Rocha et al. 2014 

Prostate CD44+ 21
+ CD133+ 

Sca-1 

Collins et al. 2005 
Xin et al. 2005 

Renal Prominin-1+ CD133+ Florek et al. 2005 

Melanoma CD271+ 

ALDH+ 

Boiko et al. 2010 
Luo et al. 2012 

Lung CD133+ 

CD44+ 

ALDH+ 

Eramo et al. 2008 
Leung et al. 2010 
Jiang et al. 2009 

Ovarian CD44+ CD117+ 
CD133+ ALDH+ 
CD133+ CXCR4+ 

Zhang et al. 2008 
Silva et al. 2011 
Cioffi et al. 2015 
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Pancreas CD44+ CD24+ ESA+ 
CD44+ CD133+ ESA+ 

Li, Lee and Simeone 2009 
Bao et al. 2014 

 

Table 1: Cell surface phenotypes to identify CSCs in different tumours. References 

included in table. 

 

Whilst xenotransplantation assays are effective for assessing the tumour initiation 

potential of a population of cells, they carry intrinsic technical and conceptual limitations, 

as they do not provide information on the fate of the implanted cells and involve heavy 

manipulation that can affect their behaviour19. To overcome these difficulties, in vivo 

lineage tracing experiments, in which individual cells are permanently marked with a 

reporter in their native environment, have been developed. Driessens et al. were the first 

ones to use this approach in a chemically induced tumour model for squamous skin 

cancer in mice, although this had been achieved in Drosophila melanogaster before26. 

Using the Cre-Lox recombination system the team was able to induce yellow 

fluorescence protein (YFP) expression in keratin-14 expressing cells within the tumour26. 

They found that the majority of the labelled tumour cells were lost after terminal 

differentiation, however, some survived long term and generated large clones within the 

growing tumours, indicating the existence of CSCs26. However, the complex genetic 

modifications required for this approach have limited lineage-tracing techniques to 

animal models.  

In recent years, CRISPR/Cas9 (clustered regularly interspaced short palindromic 

repeats/caspase 9) technology has been used to edit the genome of patient derived 

organoids and insert reporter cassettes at marker genes enabling cancer lineage tracing. 

Organoids are 3D structures grown from stem cells and consisting of organ-specific cell 

types that self-organise through cell sorting and spatially restricted lineage commitment, 

resembling in vivo organ development27,28. Two different research groups simultaneously 

engineered human colorectal cancer organoids to insert reporter cassettes knocked into 

the Leucine-rich repeat containing G protein coupled receptor 5 (Lgr5) locus, which 

codes for a protein expressed in adult intestinal stem cells29,30. Study of the xenografts 
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generated from these organoids in mice, revealed that Lgr5+ cells behave similarly to 

normal intestinal stem cells and propagate disease in healthy mice very efficiently29,30. 

Lgr5+ cells self-renew and produce progeny during long-term periods, which 

progressively undergo differentiation, confirming a hierarchical organization similar to 

that seen in colonic epithelium29,30. These studies provide a strategy for analysing CSCs 

in human organoids and xenografts that so far had only been available in animal models.  

 

1.2.2 Therapeutic implications of CSCs 

The CSC hypothesis has tremendous therapeutic implications that in many cases 

could explain the failure of traditional therapies. It is well established that CSCs have 

acquired different mechanisms that make them resistant to ionizing radiation and 

conventional chemotherapy31,32. Furthermore, most cancer treatments target rapidly 

dividing cells12,15,18,33, efficiently eliminating bulk cells but not CSCs, leaving a residual 

population  enriched on stem-like cells that can drive the recurrence of an even more 

aggressive tumour3,34. Below, I summarise some of the known major mechanisms that 

CSCs use to resist conventional cancer treatments.  

 

Increased efflux of cytotoxic agents 

Normal stem cells have developed multiple mechanisms to protect themselves from 

toxins and mutations, CSCs share many molecular traits with their healthy counterparts 

that help them resist cancer chemotherapies. For example, stem cells have a higher 

expression of ATP-binding cassette (ABC) transporters, a family of transmembrane 

proteins that allow active transport of a wide spectrum of substrates through the cell 

membrane, helping them clear a wide range of nonspecific toxic agents3. CSCs have 

hijacked this property, increasing their drug efflux capacity and becoming less sensitive 

to chemotherapy3,34. Additionally, the ABC transport family is essential for normal 

physiological functions like maintaining the blood brain barrier, gastrointestinal tract and 

the blood testis barrier, therefore, inhibitors of the ABC transporters can result in severe 

side effects which limits their clinical potential32.  
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Enhanced DNA damage repair and resistance to redox stress 

Like normal stem cells, CSCs seem to be protected from DNA damage-induced cell 

death, which makes them resistant to radiation and certain chemotherapy agents such 

as platinum based drugs, one of the most common kind of anticancer drugs13. This has 

been well studied in GBM, in which radiotherapy is the standard procedure. In these solid 

tumours most patients relapse after treatment even following full remission35. It has been 

shown that in treated patients’ mouse xenografts and in vitro cell culture models, the 

surviving population of cancer cells is enriched in CD133+ cells, a widely used CSC 

marker3. This enrichment appears to be driven by the enhanced ability of CSCs to repair 

DNA damage, as pharmacological inhibition of the DNA damage checkpoint kinases 

(Chk) 1 and 2 sensitizes CSCs to radiotherapy3. In addition, DNA damage can be caused 

by accumulation of Reactive Oxygen Species (ROS) derived from molecular oxygen. 

ROS are highly reactive unstable molecules produced naturally as a product of 

reduction-oxidation (redox) cellular reactions but can also result from chemotherapy and 

radiation and easily result in peroxidation of nucleic acids, lipids, amino acids and 

carbohydrates32. Although high levels of ROS are normally found in tumour cells due to 

elevated metabolism, the relatively quiescence of CSCs is thought to make them 

intrinsically resistant to oxidative stress-based therapies32. Furthermore, hypoxic regions 

within solid tumours attract CSCs and promote acquisition of stem-like features36–38. The 

scarcity of molecular oxygen in these niches minimizes ROS accumulation and oxidative 

DNA damage32,36.  

 

Slow cell cycle 

The majority of chemotherapy agents only work on highly proliferative cells. Some 

populations of CSCs reside in a state of reversible growth arrest, known as quiescence, 

for long periods of time, which makes them inherently resistant to cell cycle targeting 

drugs32. For example, using a genetically engineered mouse model of glioma, Chen et 

al. labelled quiescent subventricular zone adult neural stem cells and a subset of 
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endogenous glioma tumour cells with CSC properties with green fluorescence protein 

(GFP)39. After administration of the chemotherapy agent temozolomide (TMZ), pulse-

chase experiments using BrdU analogues demonstrated that tumour regrowth originated 

from the quiescent GFP+ subpopulation, which re-entered the cell cycle39. Ablation of the 

GFP+ cells with ganciclovir significantly arrested tumour growth, and the combination of 

ganciclovir and TMZ completely stopped tumour development39. This and other studies 

demonstrate that the relatively quiescent subset of glioma CSCs is responsible for 

sustaining long-term tumour growth after chemotherapy treatment through the 

production of transient populations of proliferative cells39–41.  

 

CSCs and epithelial-mesenchymal transition (EMT) 

The conventional paradigm for metastasis, states that cancer cells within most 

primary tumours, must undergo epithelial-mesenchymal transition (EMT) to enter 

circulation and transit to secondary sites3. EMT is a biological process through which 

epithelial cells undergo multiple biochemical changes that enable them to assume a 

mesenchymal cell phenotype42. This includes enhanced migratory capacity, 

invasiveness, elevated resistance to apoptosis and increased production of extra-cellular 

matrix components42. Over the past years, the connection between CSCs and EMT has 

become evident. Numerous publications support a gradient of tumour cells expressing 

both epithelial and mesenchymal characteristics within the primary tumour, circulation, 

and at the secondary site3. Most disseminated tumour cells express stem cell markers 

and conversely, CSCs are enriched in EMT markers43.  A genome-wide analysis of cells 

undergoing EMT and circulating tumour cells revealed remarkably similar transcriptomic 

profile between these cells and CSCs3. Moreover, tumour cells that express stem cell 

markers have a higher capacity to form metastasis44, and overexpression of EMT 

transcription factors, like Twist or Snail, promotes tumour-initiating potential of 

CSCs19,43,45. These data strongly suggest that CSC properties rely on EMT mechanisms.  

 

 



 

 18 

 

Immune system evasion 

In the past few decades, immunotherapy has emerged as a promising treatment 

exploiting the innate ability of the immune system to track and neutralise cancer cells. 

However, recent publications suggest CSCs can alter the tumour microenvironment by 

modulating tumour infiltrating cells, evading the immune response19,46,47. A machine 

learning algorithm, used to identify epigenetic and transcriptomic signatures from human 

non-transformed pluripotent stem cells and their differentiated progeny, revealed that 

undifferentiated tumour landscape, high in stem cell markers, correlates with a lower 

immune infiltration and downregulation of programmed cell death 1 ligand 1 (PD-L1), a 

ligand protein involved in immune checkpoint signalling46. This is supported by studies 

in melanoma in mouse models, in which activation of the Wnt/−catenin signalling 

pathway results in T-cell exclusion and resistance to PD-L1 immunotherapy, suggesting 

that specific oncogenic signals produced by CSCs can mediate immune evasion47. 

Bladder CSCs also modulate tumour infiltrating lymphocytes by producing inflammatory 

mediators like interleukin-6 (IL-6) and IL-8 which attract pro-tumourigenic myeloid cells48. 

These studies exemplify the interplay between CSCs and the immune system, 

highlighting the need for a better understanding of these processes.  

 

1.2.3  Developing approaches to target CSCs 

CSC specific therapies have been proposed in conjunction with traditional cancer 

treatments to target both differentiated and stem-like tumour cells simultaneously and 

prevent subsequent tumour relapse4. One major issue in the development of CSC 

targeting drugs is the similarity between CSCs and normal stem cells, as they share 

numerous markers and signalling pathways involved in regulating differentiation and self-

renewal49. On the other hand, the redundancy of regulatory pathways within CSCs and 

their varied protective mechanisms, such as the described above, can limit therapeutic 

efficiency49. Nevertheless, current efforts targeting CSC populations in different cancer 
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types have demonstrated some success in early phase clinical trials, and promising 

results are expected in the years to come4. 

 

Targeting surface markers expressed by CSCs 

Specific surface markers used for identification and isolation of CSCs, like the ones 

mentioned in Table 1, are becoming important targets for therapy. The major challenge 

of this approach is that the majority of stem cell markers cannot distinguish normal stem 

cells from CSCs and therefore, are not suitable for antibody therapies which specifically 

target these proteins32. Another limitation is that cell-surface phenotypes can vary from 

patient to patient, and even between different CSC populations within the same tumour, 

which can additionally diverge or evolve acquiring distinct phenotypes upon relapse4. 

Examples of this approach are therapies targeting CD44, one of the most common CSC 

markers50. A new recombinant humanized monoclonal anti-CD44 antibody was tolerated 

in a phase 1 clinical trial on 44 patients with acute myeloid leukaemia, with the majority 

of adverse effects being mild to moderate50. The treatment resulted in increased 

macrophage recruitment and decreased stem-like tumour cells, alongside with a higher 

presence of differentiated tumour cells50.  

 

Other immunologic approaches to targeting CSCs 

In addition to the antibody-based CSC targeting therapies described above, new 

immunotherapy approaches are being developed. These include the use of CSC lysates 

as a source of antigen to prime immune cells, inhibition of components of the immune 

checkpoint system, in vitro generation of CSC-specific T cells with subsequent injection 

into host, or the production of CSC-dendritic vaccines4. Targeting the immune checkpoint 

molecules, programmed cell death-1 (PD-1) and cytotoxic T-lymphocyte antigen 4 

(CTLA-4,) with blocking antibodies that inhibit their interaction with their ligands, allows 

cytotoxic T-cells to attack cancer cells despite them expressing inhibitory ligands49. This 

has proven to be effective in a small set of cancer types such as lung cancer and 
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melanoma49. These therapies are in early development, but they represent a promising 

future direction.  

 

Targeting the tumour microenvironment 

The tumour mass consists of heterogeneous populations of cancer cells, a variety of 

resident and infiltrating cells, secreted proteins, and extracellular matrix proteins, 

altogether known as microenvironment51. Within the tumour microenvironment, CSCs 

reside in specialized regions known as niches, which provide necessary signals for their 

maintenance, self-renewal and regulation, that have proven to be critical for their 

resistance to therapy3,19,51. Targeting the niche to deprive tumour cells of these factors 

holds great therapeutic potential, especially for multi-CSC/tumour targeting purposes,  

as some niche elements are shared by most tumours independently of their origin and 

type4.  

One of the best known forms of interaction between CSCs and tumour stroma is 

mediated by the C-X-C chemokine ligand (CXCL) 12 - C-X-C chemokine receptor 

(CXCR) 4 axis4. This is well studied in acute myeloid leukaemia, where leukaemic stem 

cells overexpress the receptor CXCR4, which binds to CXCL12 expressed by cells in the 

niche of the bone marrow stroma, maintaining their protective quiescence4,52. Blocking 

of CXCR4 results in a severe reduction on number of stem cells, although it does not 

impair expansion of the more mature progenitors52. Several early phase clinical trials are 

currently exploring this possibility using the CXCR4 antagonist, plerixafor, in combination 

with chemotherapy in acute myeloid leukaemia, obtaining encouraging rates of 

remissions4,53.  

CXCR1 is another target being explored for breast cancer treatment54. It is almost 

exclusively expressed by breast CSCs and functions as a receptor for CXC ligand 8 (IL-

8) promoting self-renewal, tumour progression, and metastasis54. Reparixin is an 

inhibitor of CXCR1/2 that when used in combination with chemotherapy has 

demonstrated a 30% response rate in metastatic breast cancer in a phase 1b study55.  
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Targeting CSC signalling pathways 

 Several CSC signalling pathways are currently being pursued as potential clinical 

targets. These include mainly Hedgehog (Hh), Notch and Wnt signalling, and most of the 

significant advances have been achieved by targeting the first two. 

The Hh signalling pathway was first identified in D. melanogaster as essential for the 

development of dorso-ventral body pattering56. In vertebrates, three Hh protein family 

members with similar functions to Drosophila Hh have been identified: Sonic Hedgehog 

(SHh), Indian Hedgehog (IHh) and Desert Hedgehog (DHh). The Hh family is involved 

in an evolutionary conserved pathway of signal transmission that plays a critical role in 

normal embryonic development, maintenance of tissue polarity, pattering and 

stemness57–59. In adult organisms, the pathway remains functional in stem and progenitor 

cells to promote maintenance and regeneration, being of particular importance in 

cancer59.  

In Hh canonical signalling, binding of Hh to its receptor, the tumour suppressor 

Patched 1 (Ptch1), results in activation of the pathway by preventing Ptch1-dependent 

inhibition of Smoothened (Smo)57. Accumulation and activation of Smo leads to the 

translocation of the Glioma-associated oncogene family (Gli) transcription factors to the 

nucleus and the transcription of target genes57. Activation of this pathway has been 

detected in a variety of cancers and linked to CSCs32,60. For example, Hh-Gli signalling 

regulates the expression of stemness genes of CD133+ glioma stem cells and is required 

for sustained glioma growth and cell survival60. GBM tumours of patients who received 

vismodegib, a Hh pathway antagonist, for seven days before surgical intervention, had 

reduced ex-vivo CD133+ neurosphere formation61. However, the treatment did not 

prolong progression-free and overall patient survival61. Despite the promising preclinical 

activity and number of trials with Hh inhibitors, the clinical efficacy of these drugs has 

been limited to a subset of tumours with active Hh signalling4. This suggests that the 

inhibition of this pathway might be compensated by other CSC-driving mechanisms4.  

Notch signalling is a cell-cell communication system, initiated when a membrane-

bound Notch ligand interacts with a transmembrane Notch receptor on juxtaposed 
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cells62. This results in the translocation of the intracellular part of the Notch receptor to 

the nucleus, where it acts as a transcription factor and promotes the expression of target 

genes62. The Notch pathway regulates a wide set of cell fate decisions during both 

development and homeostasis, including lineage commitment, differentiation, cell cycle 

progression and maintenance, and self-renewal of stem cells62. The first evidence of 

Notch’s oncogenic effect in solid tumours came from mouse studies, which 

demonstrated that the integration of the mouse mammary tumour virus into Notch 4 leads 

to the formation of a truncated dominant active form of Notch that causes mammary 

tumours63. Since then, several studies have shown the important role of the pathway in 

carcinogenesis, tumour angiogenesis and EMT62. Clinical studies targeting Notch have 

taken two main approaches: -secretase inhibition and antibodies against the Notch 

receptor or ligand. Yet, these therapies have shown minimal response as single-agent 

therapies in patients with metastatic or recurrent tumours4.  

In summary, the studies mentioned above suggest that effective tumour eradication 

requires that we rethink the way we diagnose and treat tumours, targeting CSCs and the 

signals critical to sustaining this population while sparing normal stem cells.  

 

1.3 Brain tumours and CSCs 

Brain tumours are among the most challenging cancers to treat64. Firstly, their location 

in one of the most crucial organs of the body often hampers surgical options, as access 

to the tumour mass is limited1,64. Additionally, these tumours are located behind the 

blood-brain barrier, a semipermeable system of endothelial cells that protects the brain 

from exposure to factors in the circulating blood, but also limiting exposure to 

chemotherapy1. Furthermore, the unique developmental, genetic, epigenetic and 

microenvironmental features of the brain make these cancers resistant to most 

treatments1.  
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1.3.1 Glioblastoma multiforme (GBM) 

Grade IV glioma, glioblastoma multiforme (GBM), is the most aggressive and 

common type of brain tumour in adults65 with an estimated incidence of 3:100,000 that 

increases with age, and more than 10,000 cases being diagnosed annually10. Moreover, 

over the past 20 years, a sustained rise in the incidence of glioblastoma across of all age 

groups has been reported in the UK, while the incidence of lower grade brain tumours 

has decreased, which is thought to be caused by environmental or lifestyle factors11. 

Current treatments involve surgical removal of the main tumour mass followed by 

radiotherapy and chemotherapy, but despite all efforts it remains untreatable, with a 

dismal prognosis of 10 to 15 months17,64–66. 

The most recent WHO guidelines (2016) distinguish GBMs that are isocitrate 

dehydrogenase (IDH)-mutant from those that are not64,65. These mutations occur early 

in gliomagenesis and consist in a change of function of the IDH enzyme, which causes 

it to produce 2-hydroxyglutarate instead of nicotinamide adenine dinucleotide phosphate 

(NADPH)67. IDH-wild-type GBMs arise de novo as primary brain tumours, whereas IDH-

mutant develop as the result of malignant progression from a lower-grade diffuse 

astrocytoma or anaplastic astrocytoma and are, therefore, secondary tumours64,65. 

Primary GBMs account for about 90% of the cases and predominate in patients over 55 

years of age, whereas secondary GBMs are only about 10% and preferentially develop 

in younger patients65. Primary GBMs are molecularly distinct from secondary GBMs64,65 

and genetic properties of GBM recurrences were shown to differ from those of primary 

tumours, suggesting that one reason for treatment failure is likely the result of current 

inefficiency in controlling these tumours right at their original site66. 

 

1.3.2 Mammalian adult neural stem cells and glioma stem cells (GSCs) 

Traditionally it was believed that the adult nervous system had no regenerative 

capacity, however, it is well established now that Neural Stem Cells (NSCs), at least in 

mammalian brain models such as adult mice,  contribute to brain plasticity and integrity 
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through life68,69. NSCs cells share fundamental properties to CSCs such as the ability to 

self-renew through symmetric divisions as well as undergoing asymmetric cell division, 

relative quiescence and differentiation capacity into different neural lineages68.  

Studies mainly using mouse models demonstrate that there are two major neurogenic 

niches in mammals where NSCs reside, the subventricular zone (SVZ) of the forebrain 

lateral ventricles and the subgranular zone (SGZ) in the dentate gyrus of the 

hippocampus. Smaller populations of NSCs have also been isolated from the subcortical 

white matter70 and the hypothalamus71. The SVZ is composed of three main cell types; 

NSCs, also known as type B cells, extend a basal process to terminate on blood vessels 

and an apical process that contacts the cerebrospinal fluid through a layer of ependymal 

cells. Type B NSCs give rise to transiently proliferating precursor cells known as type C 

which, in turn, generate mitotically active type A neuroblasts that divide while forming a 

chain and migrating tangentially towards the olfactory bulbs, where they integrate as new 

interneurons (Figure 1.2 A). In the SGZ the cellular hierarchy is similar to that in the SVZ, 

radial glia-like NSCs give rise to intermediate progenitor cells, which after limited rounds 

of proliferation generate neuroblasts that migrate tangentially along the SGZ and develop 

immature neurons. These neurons migrate radially into the granule cell layer and 

differentiate into dentate granule neurons (Figure 1.2 B)12,72.  

 



 

 25 

 

Figure 1.2 Major adult NSC niches in the brain. (A) Schematic diagram depicting the SVZ. 

NSCs (B cells) reside along the ependymal zone in the SVZ and contact the ventricular space 

and blood vessels. They generate transient amplifying cells (C cells) which generate neuroblasts 

(A cells). (B) Schematic diagram depicting the SGZ. Radial glia-like NSCs reside in the SGZ and 

extend radial processes through the granular cell layer contacting the molecular layer. They 

generate intermediate progenitor cells which generate neuroblasts which will differentiate into 

dentate granule neurons that migrate into the granular cell layer12,72. EZ, Ependymal Zone; ML, 

Molecular Layer; GCL, Granular Cell Layer.  

 

In the adult human brain, whether or not neurogenesis exists remains a controversial 

matter. In recent years two prominently published studies have arrived at opposite 

conclusions; Sorrells et al. reported that neurogenesis in the dentate gyrus of primates 

and humans is undetectable beyond adolescence73, in contrast, Boldrini et al. reported 

lifelong neurogenesis in humans74. However, several publications in agreement with 

Boldrini et al. have led to the general belief that the hippocampus continues to generate 

new neurons through life75–77.  

Although GBMs were presumed to originate from malignant transformation of 

differentiated glia, recent evidence shows that NSCs and progenitor cells might function 

as a more likely source of tumour initiating glioma stem cells (GSCs)18,78,79. Experiments 
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performed in rat  models exposing the brain to avian sarcoma retrovirus, that carries the 

oncogene src, or drugs like N-ethyl-N-nitrosourea, that lead to carcinogenesis, 

demonstrate that gliomas preferentially develop in germinal regions of the brain as 

opposed to the non-proliferative brain parenchyma, suggesting that tumours are more 

likely to arise from less differentiated cells79,80. Another study in mice, showed that 

activation of the oncogenes Ras and Akt in neural progenitors, results in a higher 

frequency of tumour formation than such alterations in GFAP-expressing differentiated 

astrocytes78. These studies suggest that the state of differentiation is an important 

feature of the cell of origin in gliomas.  

Evidence of the existence of GSCs and a proliferative hierarchy in GBM has been 

derived from xenotransplantation of specific populations defined by surface marker 

expression5,81–83, genetic lineage tracing in mouse models84 and single cell RNA 

sequencing85. Moreover, lineage tracing assays based on genetic mouse models and 

xenotransplantation have demonstrated that GSCs are responsible for brain tumour 

recurrence following chemotherapy17,39.  

Recent comprehensive genomic, transcriptomic and epigenomic studies have shed 

new light onto tumour-driving events and cellular heterogeneity in GBM. Common 

genetic alterations include loss of heterozygosity of the chromosome arm 10q, occurring 

in 60-90% of cases, deletions that affect the p53 gene, as high as 85.3-87% in secondary 

GBM, and mutations in the epidermal growth factor receptor (EGFR) and in the platelet-

derived growth factor receptor (PDGFR), that occurred in 57% and 60% of the studied 

cases respectively86. A genomic analysis from The Cancer Genome Atlas (TCGA) 

database indicates that the main signalling pathways involved in GBM tumourigenesis 

are the receptor tyrosine kinase/Ras/Phosphoinositide 3-kinases (RTK/Ras/PI3K) and 

retinoblastoma protein (pRb) signalling pathways87. The RTK/Ras/PI3K signalling 

pathway is involved in the regulation of cell proliferation, survival, differentiation and 

angiogenesis and was found altered in 86-90% of the GBM cases analysed86.  pRb is a 

tumour suppressor involved in the regulation of cell cycle entry and progression. The 

pRb pathway is altered in 77-78.9% of GBM cases86.  
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Despite the breakthroughs achieved during the last decades, GBMs remain 

untreatable. In this thesis, I use different approaches combining in vitro and in vivo 

models to study GSCs and brain tumour initiation biology.  

 

1.4 Drosophila as a model for brain cancer research  

The model organism Drosophila melanogaster, also known as fruit fly, has been 

extensively used in many research areas, including developmental neurobiology, and 

more recently, in brain cancer research. Indeed, the first ever tumour suppressor, lethal 

(2) giant larvae (l(2)gl), was described in Drosophila in the 1960s by Elizabeth Gateff, 

who found that  l(2)gl mutations result in the formation of invasive and lethal tumours in 

the larval brain and the epithelia of the imaginal discs88. Gateff then continued describing 

new tumour suppressors in flies and propelled tumour biology in this model. Moreover, 

Drosophila studies were also the foundation link between cell polarity deficiencies and 

asymmetric cell division, oncogenic signalling, and cancer88.  

The numerous benefits of using Drosophila as a model include short life cycle of 

approximately 11 days at 25ºC, cost-effectiveness compared to other models such as 

mice or rats, highly fecund and easy to breed and most importantly, a high (70%) 

orthology level of disease gene sequences with humans89. Additionally, fruit flies count 

with a vast genetic toolkit available for easier gene manipulation90. One of the key gene 

editing techniques used in Drosophila is the UAS-GAL4 system, a genetic tool adapted 

from yeast allowing targeted gene expression91, which I have used extensively in this 

work.  

In its simplest form, the system is based on a cross between a driver and a responder 

fly line. The driver line will contain a desired promoter gene region fused to the 

transcriptional activator GAL4, which will selectively activate any gene region fused to 

an Upstream Activation Sequence (UAS) in the responder line. GAL4 will only activate 

transcription when bound to its UAS responder. In the absence of GAL4 the target gene 

is silent, allowing to work with potentially lethal traits92. For example, an NSC gene-GAL4 

driver-line will only drive the expression of transgenes under the control of an UAS 



 

 28 

sequence, such as UAS-GFP. Thus, when the transgenic driver and responder flies are 

crossed, their progeny will express the gene sequence of interest (GFP) in the tissue 

pattern dictated by the desired promoter (NSCs) (Figure 1.3).  

 

 

Figure 1.3 Schematic representation of the Drosophila GAL4/UAS system. When one fly 

strain carrying a GAL4 promoter is mated to another carrying a UAS responder, progeny will 

express the gene of interest fused to the UAS sequence in the pattern dictated by GAL4. In the 

case depicted, the NSC gene promoter drives the expression of the responder, therefore, the 

progeny will express GFP in all NSCs.  

 

Since its establishment, the UAS/GAL4 system has been widely used, modified, and 

expanded to allow for more specific temporal and spatial control of targeted gene 

expression. For instance, it can be used for a variety of loss and gain of function assays, 

and simultaneously with other independent expression systems such as LexA/LexAop 

allowing additional manipulation, and using different reporters. It can inform on a variety 

of parameters including visualization of cells and their organelles, cell metabolic status 

and behavior92.  
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1.4.1 Drosophila NSCs 

Drosophila NSCs, also known as neuroblasts (NBs), recapitulate many of the key 

features of mammalian NSCs in the developing brain, acting as a simpler, well-

characterised system, that is also amenable to sophisticated genetic manipulation93,94.  

Drosophila neurogenesis takes place in two waves; during the first one, embryonic 

NSCs are formed by delamination from the neuroectoderm and start dividing to generate 

neurons and glia93,94. Acquisition of NSC identity depends on a process called lateral 

inhibition, in which Notch/Delta signalling interactions between adjacent 

neuroectodermal cells lead to stem-cell specific expression of pro-neural genes93,94. 

During this specification, the Sox genes, soxN and dichaete, and members of the Snail 

family, act redundantly promoting pro-neural gene expression24. Neural diversity is 

achieved by spatial determination, which is established along the anterior-posterior axis 

by Hox genes, and temporal transcription factors like hunchback (hb), kruppel (kr), and 

castor (cas), which are sequentially expressed in NBs and their progeny94,95. Embryonic 

NSCs become smaller after every division until they enter apoptosis, in most cases, or a 

quiescent state that marks the end of the first neurogenic wave93. 8-10 hours post-larval 

hatching (HPH), the second wave of neurogenesis begins as the NSCs exist quiescence, 

enlarge, and start entering mitosis93. Larval NSCs re-grow to their original size after each 

division and are capable of dividing hundreds of times, being responsible for 90% of the 

neurons in the adult CNS93.  

NSCs divide asymmetrically along the apical-basal axis following their delamination 

from the neuroectoderm, from which they inherit their polarity96. At the apical pole, the 

adaptor protein Inscuteable (Insc) links the Par protein complex, consisting of Bazooka 

(Baz), Protein Kinase C (aPKC), Par3 and Par6, to a second complex containing 

heterodimeric G protein -subunit (G) and the adaptor protein Partner of Insc (PINS), 

which binds to the microtubule-associated dynein-binding protein Mud96. These proteins 

determine the spindle orientation and regulate the asymmetric localization of cell-fate 

determinants96. The endocytic protein Numb, which inhibits Notch-Delta signalling, the 

translation inhibitor Brain tumour (Brat), and the homeodomain transcription factor 
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Prospero (Pros), accumulate at the basal membrane during metaphase mitosis due to 

two adaptor proteins known as Partner of Numb (Pon) that binds to Pros and Numb, and 

Miranda (Mira) that binds to Brat96 (Figure 1.4 A). The basal accumulation of these so-

called cell fate determinant proteins means they will be segregated only to the daughter 

cells upon division and confer a different identity to the progeny. After mitosis, Brat and 

Pros act to prevent self-renewal and induce cell cycle exit and differentiation6,97–99.  

During post-embryonic development, the Drosophila CNS consists of two brain lobes, 

each comprising an optic lobe at the lateral surface and the central brain located 

medially, and a ventral nerve cord (VNC). There are two main types of NSCs in the larval 

central brain that can be distinguished based on their position and lineage 

characteristics: type I and type II93 (Figure 1.4 B). Type I constitute the majority of NSCs, 

approximately 90 per lobe, and are located both in the anterior and posterior sides of 

each brain lobe and in the VNC. Type I NSCs divide asymmetrically to self-renew and 

bud off a ganglion mother cell (GMC) that divides once more to generate two 

differentiated neural cells6,93,100,101. All type I NSCs express the neural precursor gene 

and maturation marker Asense (Ase) and the self-renewal transcription factor Deadpan 

(Dpn)93,94. As they divide and differentiate into  GMCs, they stop Dpn expression but 

maintain Ase93,94 (Figure 1.4 C). There are only eight type II NSCs per brain lobe, which 

localize to the posterior brain region and are also called Dorsomedial (DM) NSCs one 

(1) to eight (8)102. There are no type II NSCs in the VNC. In contrast to type I, type II 

NSCs express Dpn, but not Ase93. They divide asymmetrically to self-renew and 

generate immature intermediate neural progenitors (iINPs), which do not express any of 

these markers.  Within a few hours, iINPs acquire Ase and Dpn expression to become 

mature transit amplifying intermediate neural progenitors (INPs)93. Each INP divides 

asymmetrically between three to five times generating another INP and a GMC that 

divides once more into two neurons or glia93,100,101 (Figure 1.4 D). Due to their transient-

amplifying capacity, Type II NSC lineages give rise to most of the neural cells in the adult 

brain103. 
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Figure 1.4 Drosophila central nervous system and asymmetric division of type I and 

type II NSCs. (A) In dividing NSCs, the adaptor Insc links the protein complexes Baz, aPKC, 

Par3, Par6 with PINS, G and Mud at the apical pole of NSCs. Brat binds to Mira and Numb and 

Pros bind to Pon and localise to the basal pole. After asymmetric division, the apical components 

remain at the mother NSC which keeps self-renewal capacity, and the basal components 

segregate to the daughter cell promoting differentiation. Adapted from Knoblich (2010)96. (B) 

Drosophila larval brain composed of two brain lobes (BLs) with their respective optic lobes (OLs) 

and central brain region (BL excluding OL), and a ventral nerve cord (VNC), depicting the two 

major post-embryonic NSC populations: type I (pink) and type II (blue). (C) Type I NSCs 

(blue/pink) generate GMCs (pink) that differentiate into glia or neurons (grey). (D) Type II NSCs 

(blue) divide asymmetrically to self-renew and generate an immature intermediate neural 

progenitor (iINP) (light blue), which matures into an INP (pink/blue). INPs divide asymmetrically 

to self-renew and generate GMCs (pink) that divide only once more to generate glia or neurons 

(grey)93,100,101. Adapted from Homem and Knoblich (2012)93. 

 

1.4.2 Drosophila brain tumour models 

Defects in NSC asymmetric cell division and cell fate determination can lead to tumour 

formation in the brain97–99,101,104,105. Loss of polarity in NSCs impairs the mechanisms that 

specify the fate of the daughter cells, which lose their ability to respond to proliferation 

control, forming NSC-like tumour cells that resemble human CSCs104.  
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In one of the seminal studies investigating the effect of disrupted asymmetric NSC 

division and tumourigenesis using Drosophila as a model, Caussinus and Gonzalez 

generated larval NSCs with mutations in different proteins that are known to segregate 

asymmetrically during NSC mitosis: aPKC, PINS, mira, pros and numb104. The authors 

transplanted the mutated NSCs into healthy hosts demonstrating that loss of function of 

any of the mentioned proteins, except for aPKC, leads to tumour formation104. 

Furthermore, the team was able to maintain the tumours in vitro, showing that the 

transformed cells become immortal and have unlimited proliferation potential, and that 

many of the regulators of asymmetric division behave as tumour suppressors104. 

Since those initial studies, publications that use fruit flies to study cancer have 

exponentially increased as several brain tumour developmental models have been 

characterized. A brief overview of some of them is given below.  

Pros is a homeodomain transcription factor106. After cell division, it enters the nucleus 

of GMCs where it regulates over 700 genes106. In the absence of Pros, GMCs fail to 

differentiate and revert to a stem cell-like fate, over-proliferate, and form a brain tumour97. 

Similarly, its vertebrate ortholog, Prox1, is critical for organ development during 

embryogenesis, it is expressed in newly differentiated neurons and inhibits neural 

progenitor proliferation107. Alterations in its expression and function are associated with 

a number of human cancers including brain tumours108.  

As previously mentioned, Notch signalling is a central node that directs self-renewing 

proliferation of NSCs and is considered an important pro-tumourigenic protein in 

numerous cancers109. In Drosophila larval NSCs, the Notch inhibitor, Numb, accumulates 

at the basal membrane upon mitosis, where it binds to Pon, and is asymmetrically 

segregated to the GMC to repress activation of Notch targets in progeny cells105. Type I 

NSC numb mutant clones show only mild defects: almost all clones contain at least one 

ectopic neuroblast in addition to differentiated cells105. However, in type II lineages, the 

loss of numb impairs INP maturation and triggers their overproliferation as type II NSC-

like cells, generating clones that contribute to a dramatic enlargement of the larval 

brain6,105. Loss of Notch, results in the transformation of type II NSCs into type I-like 
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NSCs110. Interestingly, Notch inhibition does not affect identity and self-renewal of type I 

NSCs although it is similarly activated in type I and type II111. 

Like pros and numb, brat is a tumour suppressor that acts as a cell fate 

determinant98,99,101. Its loss leads to uncontrolled proliferation of transformed immature 

INPs, which are unable to commit to maturation and act as brain tumour initiating NSC-

like cells98,99,101. A detailed description of the brat model is provided in the next section, 

as I extensively use it as a brain tumour model in my studies.  

Earmuff (erm) is another transcription factor that maintains restricted developmental 

potential of INPs in type II lineages, limiting proliferation by promoting nuclear localization 

of Pros and suppressing de-differentiation by antagonizing Notch signaling112. 

Interestingly, loss of erm leads to de-differentiation and overproliferation in type II lineage 

cells but does not affect type I, which suggests that type II lineages are more susceptible 

to mutations in cell fate determinants6. 

All of the above, are examples of how defects in asymmetric cell division and/or cell 

fate determination can impair the differentiation of immature cells. In contrast, a different 

class of mutants in which de-differentiation of bona fide neurons leads to tumour 

formation has also been identified. 

 Longitudinals lacking (Lola) is a transcription factor required to maintain neurons in 

a differentiated state by repressing NSC and cell-cycle genes in post-mitotic neurons113. 

In lola mutants, neurons revert to a pluripotent state and proliferate forming brain 

tumours113. Similarly, loss of Nervous fingers 1 (Nerfin-1), a zinc finger transcription 

factor previously implicated in embryonic axon guidance in Drosophila114, causes 

reversion of neurons into multipotent NSCs115. Nerfin-1 mutant lineages are dependent 

on the oncogene Myc and target of rapamycin (Tor)-mediated cell growth115. Midlife crisis 

(Mdlc) is another zinc finger-containing protein required for the maintenance of neuronal 

differentiation and NSC proliferation through the regulation of pros splicing. Mdlc mutant 

neurons initiate but fail to complete differentiation and instead acquire NSC marker 

expression116. These three examples demonstrate that differentiated cells can also 

become tumourigenic cells. 
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These studies add further evidence of the link between asymmetric cell divisions, cell 

determination and cancer and provide an excellent toolbox to study tumour formation in 

vivo, highlighting the power of Drosophila as a model system. 

 

1.4.3 The brain tumour (brat) model  

Among the models described above, probably one of the better characterised, is the 

brat brain tumour model, which I have used in my project to study the initiation and 

development of brain tumours.  

Brat is a tumour suppressor and cell fate determinant that belongs to the tripartite 

motif (TRIM)-NHL protein family6. It consists of 1031 amino acids and contains two B-

Box zinc finger motifs, a coiled-coil domain at the N-terminus and a C-terminal NHL 

domain117. These motifs are reported to be involved in protein-protein interactions117. 

Brat is encoded by a gene located in chromosome II which consists of five exons and 

four introns, although only exon 5 contains the coding region117.  

Brat is known to act as translational repressor and plays an important role in post-

transcriptional regulation, an essential process during development and metabolism118. 

One well studied example of this function is the regulation of hb during Drosophila 

embryogenesis. Hb mRNA is uniformly distributed across the embryo and translationally 

repressed from the posterior pole, creating an anterior-to-posterior gradient which is 

necessary for the correct segmentation of the specimen118. The NHL domain of Brat 

mediates hb mRNA recruitment to repress its translation through the interaction with 

Pumilio (Pum) and Nanos (Nos), two conserved RNA-binding proteins118. In the imaginal 

discs of the larval brain, Brat overexpression results in growth suppression, caused by a 

reduction in the number of cells in the wing through a mechanism thought to be similar 

to hb regulation118. Additionally, Brat and its C.elegans orthologue, ncl-1, have been 

shown to regulate cell growth through the regulation of ribosome synthesis, as their loss 

results in larger cells with larger nucleoli and increased amounts of ribosomal RNA119. 

In the larval brain, Brat is expressed in both type I and type II NSCs. During 

asymmetric division it binds to the scaffolding protein Mira, which segregates Brat 
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exclusively into the daughter cells99. Komori et al., performed several experiments 

mutating specific regions of the Brat protein and demonstrated that the B-boxes are 

dispensable for unequal partition of Brat during asymmetric cell division, whereas the 

NHL and coiled-coil domains are crucial for its segregation into the daughter cell120.  

Loss of brat leads to dramatic overproduction of NSC-like cells, but not all NSC 

lineages are affected6. Indeed, type I NSCs seem not affected by its loss. Bowman et 

al., (2008) showed that ectopic expression of the maturation factor ase in all NSCs 

eliminates type II lineages, that become type I-like6, and that simultaneous 

overexpression of ase and downregulation of brat does not induce either overgrowth or 

NSC-like transformation, indicating that type I lineages are not affected by brat loss6.  In 

contrast, loss of brat in type II NSC lineages has a massive effect. Its loss hampers the 

maturation of iINPs, which enter a brief cell cycle delay during which the cells grow in 

size and acquire NSC-like features, transforming into brain tumour initiation cells and 

leading to neoplastic overgrowth6,98,99,101 (Figure 1.5 A, B). These transformed iINPs 

never express the mature INP marker Ase and all acquire the self-renewal marker Dpn6. 

In brat mutant brains, normal brain structure and organization are disrupted, and the 

expression levels of the neuronal marker, Elav, and the glial marker, Repo, are 

reduced121. Similar to mammalian CSCs, if brat larval tumour initiating cells are 

transplanted into healthy adult hosts, they re-form the whole tumour mass and 

metastasize93,104,121. These metastases are mainly formed by undifferentiated cells that 

do not express either Elav or Repo, can be sequentially passaged into new hosts without 

losing their proliferation ability, and have a uniform expression pattern, indicating that 

they derivate from a clonal origin121.  

Brat is essential for the maturation of INPs. It specifies their identity by attenuating the 

function of the self-renewal transcription factor Klumpfuss (Klu) and promoting the 

Adenomatous polyposis coli 2 (Apc2) destruction complex, which negatively regulates 

-catenin/Armadillo (Arm) activity and Wnt targets122 (Figure 1.5 C). In the absence of 

Brat, the increased activity of Klu and Arm cooperatively induce reversion of the iINP into 

an NSC-like state122. Expression of brat mutant constructs without the coiled-coil or NHL 
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domains in brat null brains, suppresses the supernumerary NSC-like cell phenotype, 

proving that these two domains are not necessary for INP specification122. Yet, 

expression of a brat form without its B-boxes failed to suppress the phenotype, 

demonstrating that they are essential for this process122. Interestingly, high -catenin 

levels are a hallmark of many cancers including brain tumours123,124. Particularly in 

GBMs, growing evidence suggests that Wnt/-catenin signalling is aberrantly activated 

and that it promotes GBM growth and invasion through the maintenance of stem cell 

properties125.  

Recently, Brat has also been shown to repress self-renewal of transit amplifying INP 

cells by inhibiting Zelda (Zld), a protein required to allow re-expression of the 

transcriptional repressor Dpn in iINPs to resume transient self-renewal126. Brat’s NHL 

domain binds the 3’UTR of dpn and zld mRNA to mediate their degradation126. Upon Brat 

loss, Dpn and Zld continue to be expressed in the tumour initiating iINPs and inhibition 

of either of them stops tumourigenesis, indicating that they are required for the malignant 

transformation of brain tumour initiating cells126. Thus, in type II NSC lineages, Brat 

prevents newly born iINPs reversion to NSC-like cells by repressing the expression of 

Dpn, Zld and Klu (Figure 1.5 C).  

For a long time, it has been known that brain tumour phenotypes developed by numb, 

an inhibitor of Notch signalling, and brat mutants in type II NSC lineages are similar, 

suggesting common shared pathways between the two. However, a link between Brat 

and Notch was not proven until recently, when Mukherjee et al. demonstrated that 

inhibition of brat results in upregulation of Notch signalling and increased nuclear 

transport of Notch intracellular domain (NICD) in brain tumour cells127.  

Brat has also been shown to be required for repression of Drosophila Myc (dMyc) in 

NSC progeny. In the larval brain, dMyc is expressed in all NSCs but not in their daughter 

cells98. In brat mutants, however, dMyc can be found in all the cells of the lineage98. Like 

the human (proto)-oncogene c-Myc, dMyc is a known regulator of ribosomal RNA (rRNA) 

synthesis, a limiting step in ribosome biogenesis that controls protein synthesis and 

cellular growth128,129. Upon loss of Brat, NSC lineage cells present enlarged nucleoli (the 
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sites of ribogenesis), a consequence of enhanced rRNA synthesis, as well as increased 

cell size98 (Figure 1.5 C). Of note, c-Myc upregulation has been described in many 

cancers and its expression modulation shown to be critical in tumourigenesis130.  

To summarize, upon loss of brat, immature INPs behave like brain CSCs and initiate 

brain tumour growth.  

 

 

 

Figure 1.5 The brat model of brain tumour initiation and growth. (A) Schematic 

representations of normal (wild-type) development of type II NSC lineages. Neural stem cells 

(NSC, blue) divide asymmetrically generating immature Intermediate neural progenitors (iINP, 

light blue) that mature (pink/blue) and form ganglion mother cells (GMC, pink), which differentiate 

into neurons and/or glia (grey). (B) In a brat mutant or inhibition, type II NSCs divide 

asymmetrically but iINPs never mature. Instead, brat iINPs go through a brief non-proliferative 

stage in which they transform, acquiring self-renewal characteristics of NSCs and becoming brain 

tumour initiating cells (BTI, blue) that overproliferate forming a tumour6,98,99. Adapted from Homem 

and Knoblich (2012). (C) Brat specifies INP identity in iINPs by inhibiting the self-renewal factors 

Zelda126, Deadpan126, Notch127 and Klu, and antagonizing Arm function via an Apc2-dependent 

mechanism120. Brat also inhibits dMyc, which regulates ribosome biogenesis and cell growth98.   

 

1.4.4 TRIM3, the brat human orthologue, is a GBM tumour suppressor 

The brat tumour suppressor function is conserved in human brain tumours by its 

orthologue TRIM3, a gene located in chromosome 11p15.5131,132. TRIM3 was identified 

as Brat closest human orthologue based on its high degree of amino-acid sequence 

identity (25%) and similarity (41%), and conserved functional domains131.  
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TRIM3 is part of the TRIM-NHL protein family; its members have an evolutionary 

conserved role as neural cell fate determinants in C.elegans, Drosophila and 

mammals133. Most TRIM proteins function as E3 ubiquitin ligases and are known to be 

involved in cellular processes such as proliferation, apoptosis and transcription 

regulation133. Interestingly, impairment of their function has been previously associated 

with diverse pathological conditions, such as developmental disorders, 

neurodegenerative diseases and cancer133,134. For example, TRIM13 and TRIM19 inhibit 

tumour development by interacting with murine double minute 2 (MDM2), a regulator of 

the tumour suppressor p53134, while TRIM24 and TRIM28 suppress p53 stability and 

expression134.  

In the past decade, TRIM3 has been linked to numerous cancer types (e.g. gastric 

cancer, liver cancer, colorectal cancer, and brain tumours) where it has been shown to 

act as a tumour suppressor, inhibiting tumour growth and metastasis7,135,136. Significantly 

for my research project, TRIM3 is reported to be deleted (homo- or hemizygous 

deletions) in 20-35% of gliomas of all grades, including 25% of GBMs, where its function 

has been extensively studied127,131,132. TRIM3 expression is found downregulated in 

human GBM tumours137, cell lines and neurospheres derived from GBM patients131. 

Moreover, TRIM3 expression is lower in the population of normal human neuroprogenitor 

cells that express the stem cell marker CD133 compared to those that do not, and is also 

enriched in their differentiated state compared to undifferentiated, indicating that TRIM3 

expression is inversely correlated to stemness127. TRIM3 reconstitution in GBM primary 

cell lines impairs neurosphere formation and inhibits expression of stem cell markers 

such as CD133, Nestin and Nanog131. TRIM3 overexpression in these cells also leads 

to a switch from predominantly symmetric to asymmetric cell division131. Altogether, 

these studies indicate that, like Drosophila Brat, human TRIM3 is a brain tumour 

suppressor. TRIM3 has also been suggested to be a tumour suppressor in mice, where 

its loss facilitates the formation of gliomas upon platelet derived growth factor (PDGF) 

upregulation, a common signalling pathway upregulated in brain tumours132.  
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Again similar to Brat, in GBM neurospheres TRIM3 inhibits Notch activity through the 

regulation of Musashi, an RNA binding protein that activates Notch by inhibiting 

Numb127,131. In addition, TRIM3 expression has been found to negatively correlate with 

c-Myc in GBM samples from the TCGA database, and overexpression of TRIM3 in GBM 

immortalised cells results in reduced nuclear c-Myc expression131. Moreover, analysis of 

c-Myc targets upon TRIM3 overexpression in human astrocytes revealed a suppressive 

effect on c-Myc transcriptional activity131. Together, the above described studies indicate  

existent common mechanisms of action between Drosophila Brat and it human 

orthologue TRIM398,127,131, supporting the use of the brat model for the identification of 

potential mechanisms underlying the formation of human brain tumours, and specifically 

GBM.  

 

1.5 HEATR1: a candidate player in brain tumourigenesis  

Prior to my studies in the Barros laboratory, the team conducted a single-cell 

transcriptome analysis of brat brain tumour initiation cells with the aim to identify 

molecular changes potentially leading to brain tumour initiation and development (C. 

Barros, unpublished). The group generated via genetic recombination and combinations 

Drosophila strains carrying GAL4 fused to the promoter of the pointed gene, expressed 

in type II NSC lineages138, and a UAS-mcd8-GFP genetic construct, to achieve the 

expression of membrane-tagged GFP in type II NSC lineages of brat mutants (UAS-

mCD8-GFP,bratk6028;pointed-GAL4) and controls (UAS-mCD8-GFP;pointed-GAL4). The 

brat mutant allele used (bratk6028) is a null mutant resulting from a P-element insertion in 

exon 4 after nucleotide 32500117. Using micro-manipulation techniques and an 

established single-cell transcriptome analysis protocol139,140, single iINPs were harvested 

from brat and control live brains at a time-point when brat iINPs start to express 

molecular properties indicating their conversion into tumour-initiating cells (24 HPH)6,101. 

Single-cell RNA was immediately reverse transcribed and amplified into complementary 

DNA (cDNA), and samples from both genotypes were compared on whole-genome 

microarrays. Analysis of results revealed a large set of genes differentially expressed in 
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the tumour initiating cells, a majority with high orthology to human genes. Functional 

analysis of KEGG pathways revealed ribogenesis as one of the most overrepresented 

in the data, and among the identified genes was l(2)k093422, the Drosophila orthologue 

of human  HEAT Repeat containing 1 (HEATR1) (Diaz et al., in preparation). Herein, I 

will refer to l(2)k09022 as Drosophila HEATR1 (dHEATR1).  

 dHEATR1 was detected upregulated in brat tumour initiating cells and the result 

validated via RT-qPCRs. Additionally, preliminary data using the Drosophila brat model 

revealed a strong reduction on cell proliferation upon dHEATR1 knockdown, preventing 

tumour growth. Previous research in our group further showed that human HEATR1 is 

overexpressed in GBM samples and GBM immortalised cell lines (U87MG and U251MG) 

(Diaz et al., in preparation). Based on these encouraging preliminary data, my proposed 

PhD project focuses on further characterizing the role of HEATR1 as a potential novel 

candidate player in brain tumour formation and growth. 

 

1.5.1 HEATR1 features and known functions 

The human HEATR1 gene is located at chromosome 1q43 and encodes a large 

protein consisting on 2144 amino acids, corresponding to 236 kDa. It contains only one 

HEAT repeat on its C-terminal end, which is its only known domain141. 

HEATR1 has been associated with ribosome biogenesis, the process of generating 

and assembling ribosomes, key for the regulation of proliferation and cell growth and one 

of the major energetic processes of the cell142. Ribogenesis occurs in the nucleoli of cells 

and starts with the transcription of the ribosomal DNA (rDNA) by RNA polymerase I (RNA 

Pol I) to synthesize the precursor rRNA (pre-rRNA), which is rapidly processed and 

assembled on pre-ribosomal particles143–145. Each rDNA gene produces a 47S rRNA 

transcript that contains one copy of the 18S, 5.8S and 28S rRNAs, separated by the 

internal transcribed spacers 1 (ITS1) and 2 (ITS2), and flanked by the 5’ and 3’ external 

transcribed spacers (5’ETS and 3’ETS)143–145. The gene encoding 5S rRNA is transcribed 

by RNA polymerase III (Pol III) in the nucleus and imported to the nucleolus143–145. The 

nascent primary transcripts associate with ribosomal proteins (RPs), pre-ribosomal 
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factors and small nucleolar ribonucleoprotein particles (snoRNPs)143–145, which together 

enable rRNA processing. Finally, the ribosomal subunits are assembled and exported to 

the cytoplasm; the small 40S subunit contains the 18S rRNA and 33 RPs, and its main 

function is to bind and scan mRNAs143–145, whereas the large 60S subunit comprises the 

5S, 5.8S and 28S rRNAs, associated with 47 RPs, and is responsible for peptide bond 

formation and quality control of nascent peptides143–145. Together they compose the 

mature 80S ribosome (Figure 1.6).  

 

Figure 1.6 Schematic representation of ribosome biogenesis. Ribosome biogenesis starts 

with the (1) transcription of the rDNA genes by the RNA Pol I complex into the 47S pre-rRNA. 

Then, (2) the 47S pre-rRNA is processed through cleavage, methylations, and 

pseudouridinization to yield the 18S, 5.8S, and 28S rRNAs. The processed fragments are packed 

with other ribosomal proteins into the small subunit (40S) composed of 18S rRNA and 33 RPS, 

and the large subunit (60S) composed of the 5.8S, 28S and 5S rRNAs, the latter being transcribed 

by Pol III in the nucleus, and 46 RPLs. (3) Both subunits are then assembled into the 80S 

ribosome and exported to the cytoplasm146–148. 

 

HEATR1’s best known orthologue is yeast U3 small nucleolar RNA-associated protein 

10 (UTP10), originally identified as a protein required for the processing of 18S rRNA 

precursors, acting in association with other nucleolar proteins in a protein complex 

termed small subunit processome149. UTP10 also plays a role in pre-rRNA transcription 
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together with other UTPs, which lead to their classification as transcription-UTP (t-UTP) 

proteins149,150. Similarly, HEATR1’s zebrafish orthologue, bap28, has been shown to be 

required for transcription of rDNA and processing of the 18S and 28S rRNAs151. Its 

knockout was shown to induce cell apoptosis in early nervous system development, a 

phenotype that was recovered by overexpressing the tumour suppressor p53151. While I 

was conducting my studies, a report using human osteosarcoma cells further showed 

that HEATR1 regulated p53-dependent cell cycle arrest through the impaired ribosome 

biogenesis checkpoint (IRBC), a mechanism related to the nucleolar stress response152. 

Additionally, very recently, in human non-small lung cancer cell lines, HEATR1 was 

shown to regulate cell death through the p53/PUMA pathway, affecting mouse xenograft 

growth153. Interestingly, while to date there are no reports on dHEATR1, it was identified 

in a genome-wide RNAi screen aiming at identifying regulators of NSC proliferation as 

leading to reduced divisions154.  

Of particular note, HEATR1 has been reported to be overexpressed in GBMs in one 

study, in agreement with the preliminary data obtained by our team, and in the A2B5+ 

population of a GBM cell line, a marker for immature glial-committed progenitors155. The 

same authors show that HEATR1 peptides can induce functional cytotoxic T 

lymphocytes response in glioma patient samples155. In contrast, HEATR1 was reported 

to be down-regulated in pancreatic cancer by two independent groups, and to correlate 

with poor prognosis156,157. In these studies, HEATR1 knockdown was shown to enhance 

xenograft tumour growth, as well as increased resistance to gemcitabine chemotherapy 

in pancreatic cell lines through the negative regulation of Akt, which is a central node in 

the regulation of cell proliferation, survival, angiogenesis and glucose metabolism, 

through the phosphorylation of substrates156. Mechanistically, it was proposed that 

HEATR1 acts as a scaffold to facilitate the interaction between Akt and Protein 

Phosphatase 2A (PP2A), thereby promoting Akt dephosphorylation and consequent 

inactivation156. In addition, HEATR1 is also thought to increases resistance through 

regulating nuclear factor erythroid 2-related factor 2 (Nrf2) signalling, which is involved 

in electrophilic and oxidative stress protection through regulating expression of 
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cytoprotective and antioxidant genes157. In normal conditions, HEATR1 was shown to 

bind p61 competing with Kelch-like ECH-associated protein 1 (Keap1), which is bound 

to Nrf2 in the cytoplasm, where it is degraded by E3 ubiquitin-proteasome maintaining 

Nrf2 levels low. In pancreatic cells, the absence of HEATR1 leads to the binding of p61 

with Keap1, which in turn is released from Nrf2 causing it to accumulate in the nucleus, 

where it promotes transcription of downstream genes, contributing to gentamicine 

resistance157. 

To summarize, in the recent years several groups have made efforts to elucidate the 

functions of HEATR1 in both normal development and health, and in some cancer types, 

implicating it to some extent in varied processes such as ribogenesis and cell survival. 

Yet, a role for HEATR1 in NSC lineages and brain tumour initiation or growth remains 

currently unknown. 

 

1.6 Hypothesis and objectives of proposed PhD study 

The hypothesis underlying my proposed PhD project is that dHEATR1, identified in a 

transcriptome analysis performed in our laboratory as upregulated in Drosophila brat 

brain tumour initiating cells versus control counterparts, plays a role in brain tumour 

initiation and development, and that this role may be conserved in GBM cells contributing 

to tumourigenesis in humans. The main objectives of the studies are: 

1. Characterise the expression of HEATR1 in GBM cancer stem cells and further 

its analysis using GBM tissues.  

2. Elucidate the function and mechanism of action of dHEATR1/ HEATR1 in 

brain tumour initiation and growth in vivo using Drosophila as a model, and in 

vitro using GBM cell lines and patient-derived GSCs.  
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2 RESULTS  

 

2.1 dHEATR1 is required for brain tumour growth in vivo 

As detailed in the Introduction, dHEATR1 was found upregulated in brain tumour 

initiating INPs from the brat brain tumour model versus control INPs in a single cell 

transcriptome analysis performed in our laboratory, and the result was confirmed by RT-

qPCR (Diaz et al., in preparation). To begin examining the function of dHEATR1 in brain 

tumour development, the Drosophila UAS/GAL4 genetic binary system91 was used to 

knock down dHEATR1 and/or brat specifically in type II NSC lineages, by crossing the 

corresponding UAS-RNAi fly lines126,154 with a pointed-GAL4 (pnt-G4) driver line158. 

Simultaneous expression of UAS-mCD8-GFP159 outlined cell membranes of all type II 

NSC lineage cells.  

Overproliferation of transformed INPs acting as brain tumour initiating cells is one of 

the main characteristics of brat brain tumours, thus, it was the first parameter to be 

analysed. Larval brains of control (pntG4>mcd8GFP), dHEATR1 knockdown 

(pntG4>mcd8GFP,dHEATR1-RNAi), brat knockdown (pntG4>mcd8GFP,brat-RNAi) and 

dHEATR1,brat double knockdown (pntG4>mcd8GFP,dHEATR1-RNAi;brat-RNAi) were 

dissected at 48 and 93 hours post hatching (HPH, second and third instar larval stages) 

and immunostained with antibodies against the mitotic marker phospho-histone H3 

(PH3), Dpn, a basic transcriptional repressor expressed by all self-renewing cells, and 

GFP to delineate cell membranes in the type II NSC lineages. Divisions were measured 

by scoring GFP+/PH3+/Dpn+ cells within the type II NSC lineages in all genotypes. At 48 

HPH, there is an average of 10 GFP+/PH3+/Dpn+ cells per brain lobe proliferating in 

control brains (Figure 2.1 A, I) and dHEATR1 knockdown in this background does not 

have a significant effect (Figure 2.1 B, I). In the brat tumour model, however, 

overproliferation is evident with an average of 25 GFP+/PH3+/Dpn cells found (Figure 

2.1 C, I). Strikingly, dHEATR1 knockdown in this tumour background prevents to some 

extent the overproliferation of the brain tumour cells, and levels of divisions are closer to 

those in found in control brains (Figure 2.1 D, I). At 93 HPH, the last stage before larval 
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pupation, dHEATR1 knockdown in control brains induces a strong reduction in 

proliferation, from an average of 20 in controls to 10 GFP+/PH3+/Dpn+ cells per brain lobe 

in dHEATR1-RNAi brains (Figure 2.1 E, F, J). At this late developmental stage, there is 

a major cell overproliferation in brat-RNAi brains, around 800 GFP+/PH3+/Dpn+ cells per 

brain lobe, which leads to the characteristic aberrantly overgrown brain lobes of the brat 

model98,99,101 (Figure 2.1 G, J). Knockdown of dHEATR1 in brat-RNAi brains prevents 

this proliferation, with approximately half the number of dividing cells per brain lobe 

detected, and a resulting comparatively reduced size tumour (Figure 2.1 H, J). This 

assay (93 HPH) was initially performed and scored by Joao Marques, a former member 

of our team, and was repeated and confirmed by my findings depicted on Figure 2.1 E-

H. Collectively, the above assays show that dHEATR1 knockdown can inhibit the growth 

of brain tumours in brat deficient Drosophila larval brains, suggesting an important role 

of the protein in tumour development. 
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Figure 2.1 dHEATR1 knockdown inhibits the proliferation of brat brain tumour cells. 

Larval brain lobes from (A, A’, E, E’) control (pntG4>mcd8GFP), (B, B’, F, F’) dHEATR1 

knockdown (pntG4>mcd8GFP,dHEATR1-RNAi), (C, C’, G, G’) brat knockdown (pntG4> 

mcd8GFP,brat-RNAi), and (D, D’, H, H’) dHEATR1, brat double knockdown (pntG4> 

mcd8GFP,dHEATR1-RNAi;brat-RNAi) at specified developmental stages, immunostained for 

GFP (type II NSC lineages, green), Deadpan (Dpn, red) and Phospho-Histone H3 (PH3, blue). (I)  

48 HPH (Student’s t-test used for all comparisons except for control vs brat knockdown, in which 

Mann-Whitney was used; ***p<0.001; *p<0.05; p≥0.05, ns: non-significant) and (J) 93 HPH 

quantification of proliferating cells (GFP+, Dpn+, PH3+) shows a strong decrease upon dHEATR1 

downregulation in the brat background. A decrease is also observed at the later developmental 

stage in a control background. N numbers (Brain lobes, BL, analysed) indicated in figure. Median 
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is represented by a black line and mean by a red line (Student’s t-test; ***p<0.001). Yellow 

arrowheads indicate proliferating cells. Dotted lines delineate type II lineages (48 HPH) and 

central brain region (93 HPH). Anterior is up. Scale bar, 10m. 

 

2.2 dHEATR1 does not affect cell death of brat brain tumour cells 

To determine whether the reduced brat tumour size observed upon dHEATR1 

inhibition may also result from increased cell death, I performed a TUNEL assay at 93 

HPH to detect apoptotic cells in type II NSC lineages of the previously described 

phenotypes. A minor number of GFP+/TUNEL+ cells could be observed in the central 

brain region of control brain lobes, which was not affected by dHEATR1 knockdown 

(Figure 2.2 A, B, E). Interestingly, in brat-RNAi brains there is a significant increase in 

the total number of apoptotic cells compared to controls, which is reduced when 

dHEATR1 is knocked down simultaneously (Figure 2.2 C, D, E). However, when the 

number of TUNEL+ cells was measured per area in the bulk of the tumour, knockdown 

of dHEATR1 shows no effect (Figure 2.2 F), implying that the tumour size reduction 

caused by dHEATR1 loss is not due to increased apoptosis.  
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Figure 2.2 dHEATR1 knockdown does not affect cell death in control or brat brains. 

Larval brain lobes at 93 HPH from (A) control (pntG4>mcd8GFP), (B) dHEATR1 knockdown 

(pntG4>mcd8GFP,dHEATR1-RNAi), (C) brat knockdown (pntG4>mcd8GFP,brat-RNAi), and (D) 

dHEATR1, brat double knockdown (pntG4>mcd8GFP,dHEATR1-RNAi;brat-RNAi) 

immunostained for GFP (type II NSC lineages, green), TUNEL (cell death; red) and Dpn (blue). 

Scale bar 50m. (A’-D’) Insets depicting magnified area marked by yellow dotted squares. Scale 

bar, 15m (E) Quantification of the number of TUNEL+ cells within type II NSC lineages (GFP+) 

shows a decrease upon dHEATR1 knockdown in the brat background. Student’s t-test used for 

all comparisons. (F) Number of TUNEL+ cells in 30 m3 in brat and dHEATR1-RNAi;brat-RNAi 

shows no difference in cell death. Mann-Whitney test. N numbers (Brain lobes, BL, analysed) 

indicated in figure. Median is represented by a black line and mean by a red line. ***p<0.001; 

*p<0.05; p≥0.05, ns: non-significant. Yellow arrowheads indicate TUNEL+ cells. Dotted lines 

delineate central brain region. Anterior is up. 

 

2.3 dHEATR1 is required for brat tumour initiating cells proliferation and growth 

To investigate the role of dHEATR1 in brain tumour initiation, brains were dissected 

at 24 HPH; the developmental time point when transformation of brat INPs into brain 

tumour initiation cells is already observed, but the characteristic overproliferation has not 
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yet started6,98,99,101. Three key characteristics were analysed: proliferation, 

transformation, and size growth of brain tumour initiating cells. 

Proliferating cells were measured by scoring GFP+/Ph3+/Dpn+ cells in all type II NSC 

lineages. At this stage, only an average of two dividing cells per brain lobe in control 

larvae were detected (Figure 2.3 A, E). Proliferation was not affected by knockdown of 

either dHEATR1 or brat independently (Figure 2.3 B, C, E), as expected for the latter99. 

Interestingly, simultaneous knockdown of dHEATR1 and brat reduces cell proliferation 

by half (Figure 2.3 D, E). This suggests that downregulation of dHEATR1 in the tumour 

background triggers a delay in the proliferation of brain tumour initiating INPs, slowing 

down the formation of the brain tumour.  

 

Figure 2.3 dHEATR1 knockdown impairs proliferation of brat brain tumour initiation 

cells.  Brain lobes from (A) control (pntG4>mcd8GFP), (B) dHEATR1 knockdown 

(pntG4>mcd8GFP,dHEATR1-RNAi), (C) brat knockdown (pntG4>mcd8GFP,brat-RNAi), and (D) 

dHEATR1, brat double knockdown (pntG4>mcd8GFP,dHEATR1-RNAi;brat-RNAi) at 24 HPH 

immunostained with GFP (type II NSC lineages, green), Dpn (red) and PH3 (blue). (E) 

Quantification of proliferating cells shows a reduction upon dHEATR1 knockdown in the brat 

background. N numbers indicated in figure. Median is represented by a black line and mean by a 

red line (Student’s t-test used for all comparisons; **p<0.01; p≥0.05, ns: non-significant). Yellow 

arrowheads indicate proliferating cells. Dotted lines delineate type II NSC lineages. Anterior is up. 

Scale bar, 10m. 
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To analyse effects on type II NSC lineage cell fate, immunostainings were performed 

against Dpn, expressed by NSCs and mature INPs, and Ase, a transcription factor 

expressed by mature INPs and GMCs93. The number of total type II NSC lineage cells 

and each cell type per brain lobe were scored: Type II NSCs (Dpn+/Ase-), brat INP tumour 

initiating cells (Dpn+/Ase-), iINPs (immature INPs; Dpn-/Ase-) and INPs (Ase+ or 

Dpn+/Ase+).  

In control brains, all Type II NSCs express Dpn but not Ase (Dpn+, Ase-) while iINPs 

show no Dpn or Ase expression (Dpn-/Ase-). Upon maturation, INPs turn on Ase followed 

by Dpn expression (Ase+/Dpn+) and resume asymmetric cell division generating more 

INPs, and GMCs which are Ase positive but Dpn negative6,98,100 (Figure 2.4 A). At 24 

HPH, I consistently found approximately 80 type II NSC lineage cells per brain lobe, of 

which 8 are NSCs, around 18 are iINPs and 22 are INPs (Figure 2.4 E). Upon brat 

knockdown, iINPs fail to initiate Ase expression and start expressing Dpn, reverting to 

NSC-like cells, but at this early stage, the total number of cells remains the same, as 

previously reported, and consistently with the proliferation results99 (Figure 2.4 C, E). 

Knockdown of dHEATR1 alone has no effect at this stage in type II NSC lineage cell 

numbers or marker expression (Figure 2.4 B, E). However, simultaneous knockdown of 

brat and dHEATR1 leads to a significantly lower total number of cells (around 60) 

compared to the other genotypes, matching my earlier result (Figure 2.3), and all cells 

are NSC-like Dpn+ cells (Figure 2.4 D, E). Thus, dHEATR1 does not affect the 

transformation of normal iINPs into tumour initiating cells but it is necessary for their 

proliferation. 
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Figure 2.4 dHEATR1 loss does not affect transformation of iINP into tumour initiating 

cells but it impairs their proliferation and cell size growth. Type II NSC lineages from (A) 

control (pntG4>mcd8GFP), (B) dHEATR1 knockdown (pntG4>mcd8GFP,dHEATR1-RNAi), (C) 

brat knockdown (pntG4>mcd8GFP,brat-RNAi), and (D) dHEATR1, brat double knockdown 

(pntG4>mcd8GFP,dHEATR1-RNAi;brat-RNAi) brains at 24 HPH, immunostained with antibodies 

against GFP (type II NSC lineages, green), Ase (red) and Dpn (blue). NSC: Neural Stem Cell, 

iINP: immature Intermediate Neural Progenitor, INP: Intermediate Neural Progenitor. (E) 

Quantification of the different cell types and (F) cell size, measured as maximum diameter of each 

cell (yellow line) (control n=10, dHEATR1-RNAi n=10, brat-RNAi n=10, dHEATR1-RNAi; brat-

RNAi n=10 brain lobes). Median is represented by a black line and average by a red line. 

Student’s t-test used for all comparisons; ***p<0.001; **p<0.01; p>0.05, ns: non-significant. Scale 

bar, 10m. 

 

Enlarged nucleus and cytoplasm are common characteristics of tumour cells160. 

Similarly, it is known that tumorous cells in the brat model (brat INPs) are larger than 

control INP cells119. To analyse if dHEATR1 has an effect on size of brat tumour initiating 

cells, Z-stacks comprising the whole type II NSC lineages in brain lobes of control, brat 

knockdown, dHEATR1 knockdown and dHEATR1, brat double knockdown were 

obtained at 24 HPH. At this stage, the average reported maximum diameter in control 
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brains of NSCs is approximately 7-8m whereas INPs are around 4-6m161,162. To 

examine cell size, the maximum diameter of each cell in the lineage was measured162,163 

and the results were grouped in three categories: cells smaller than 5m, cells between 

5 and 7.5m and cells bigger than 7.5m (Figure 2.4 F). The comparison between the 

percentage of cells that fall in each category revealed that HEATR1 depletion alone has 

no effect in cell size distribution compared to controls at this stage. In brat-RNAi brains, 

an increase in the percentage of cells between 5 and 7.5m and bigger than 7.5m is 

observed compared to any other genotype, at the expenses of the smaller cells, as 

expected6,164. Interestingly, dHEATR1 knockdown in the brat tumour background results 

in an increase in the percentage of cells smaller than 5m and decrease of those bigger 

than 5m, indicating that inhibition of dHEATR1 impairs the growth of brat tumour cells 

(Figure 2.4 F). I concluded that HEATR1 is necessary for the enlargement of brat brain 

tumour initiating cells.  

So far, these assays have shown that dHEATR1 is not required for the malignant 

transformation of iINPs into tumour initiating cells, but it is necessary for their 

enlargement and proliferation. Additionally, dHEATR1 is not involved in cell death.  

 

2.4 HEATR1 is overexpressed in glioma  

Human HEATR1 has been previously linked in one publication to brain tumours, 

specifically GBM, in which it was shown to be overexpressed155. The transcriptome 

screen performed in our team revealed its fly orthologue, dHEATR1, to be also 

overexpressed in brat tumour initiating cells compared to controls, a result validated by 

previous members of the team by quantitative RT-qPCR (Diaz et al., in preparation). To 

begin the translation of these findings into human based systems, an initial analysis of 

HEATR1 expression performed in our laboratory also confirmed its upregulation in nine 

human GBM samples compared to three controls from non-tumourous brain samples. In 

order to expand this dataset and compare HEATR1 expression in high- and low-grade 

gliomas, I additionally examined protein lysates for five other GBM samples (samples 
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IDs: 65, 68, 70, 71 and 73), five grade II diffuse astrocytomas (DA) (IDs 55, 56, 57, 61 

and 63), and three control (IDs 78, 79, 77) brain tissue samples, provided by the Brain 

UK biobank (Licence 14/004) via Derriford Plymouth Hospital (Plymouth, UK). Western 

blot analysis shows that HEATR1 is overexpressed in GBMs compared to grade II DA 

and to control non-tumorous brain, corroborating and strengthening the previous findings 

in our group and literature. HEATR1 seems also to be overexpressed in DA compared 

to controls (Figure 2.5).  

 

Figure 2.5 HEATR1 is overexpressed in human GBMs compared to DAs and control 

brains. (A) Western blots showing HEATR1 expression in 14 GBMs, 5 DA and 6 controls. GBM: 

glioblastoma multiforme, DA: diffuse astrocytoma. (B) Quantification of HEATR1 normalised 

against -Actin levels functioning as loading control. The graph was made using the following 

numbers of samples; NGBM=14, NDA=5, NCTRL=6. Student’s t-test used for all comparisons, 

**p<0.01; *p<0.05; p>0.05, ns: non-significant.  

 

 

2.5 HEATR1 is overexpressed in GBM cell lines and can be efficiently knocked down  

In order to investigate the role of HEATR1 in a human-based system, I have used 

different in vitro models. Two immortalised GBM cell lines, U87MG and U251MG, and 

two different patient-derived GBM stem cells (GSCs), GSC-5 and GSC-883. The latter, 

were derived from GBM specimens and initially characterized by Dr. Gil-Ranedo83, a 
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postdoctoral fellow currently in Dr. Barros laboratory. Briefly, both cell lines grow 

exponentially forming neurospheres in cell culture media supplemented with EGF and 

FGF-2 and express different neural stem cell markers like CD133, Nestin and Sox2 in 

70-90% of cultured cells83. They effectively initiate tumours that recapitulate the cellular 

heterogeneity present in the parental GBM upon orthotopic xenografts in 

immunocompromised mice, and are able to differentiate into neurons, astrocytes and 

oligodendrocytes83. In order to establish these cultures in the laboratory, some of these 

characteristics were replicated. As shown in Figure 2.6 A, GSC-5 cells grow forming free 

floating neurospheres when cultured in the appropriate medium and, as expected, can 

be differentiated into the three neural lineages, as demonstrated by the Olig-2 

(oligodendrocytes), GFAP (astrocytes) and -III-Tubulin (neurons) immunostainings 

(Figure 2.6 B), providing a valuable model to study tumour initiation and stem cell 

potential in vitro.  

 

Figure 2.6 Establishment of the patient-derived GBM derived GSCs. (A) Propagating free 

floating neurospheres versus differentiated GSC-5 line (transmitted light). (B) Differentiated GSC-

5 express glia markers as shown by the immunostainings against Olig-2 (oligodendrocytes, 

yellow) and GFAP (astrocytes, green), and the neuronal marker -III-Tubulin (red). Nuclei are 

counterstained with DAPI (blue). Scale bar 50m.  

 

 

Previous experiments demonstrate that HEATR1 is overexpressed in U87MG and 

U251MG cells compared to control brain tissues (Diaz et al., in preparation). As 

Propagating GSC-5 spheres

Differentiated GSC-5 

Olig-2 DAPI GFAP DAPI b-III-Tubulin DAPI

Differentiated GSC-5 

A

B
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dHEATR1 is overexpressed in Drosophila brat INP tumour initiating cells, I hypothesised 

that HEATR1 is likely to also be overexpressed in human GSCs. I compared HEATR1 

expression in the patient-derived line GSC-5, to a human foetal NSC line obtained from 

the Glioma Cellular Genetic Resource (MRC Institute of Genetics and Molecular 

Medicine, The University of Edinburgh, Cancer Research, UK). The results show a 

relative increase in HEATR1 levels by 72.8% in GSC-5 (Figure 2.7 A).  

To study the role of HEATR1 using the above brain tumour cell lines, loss of function 

assays were performed using silencing RNA (siRNA) transfection and lentivirus-

mediated HEATR1 short hairpin RNA (shRNA) infections. HEATR1 siRNA knocked 

down approximately 71.2% and 71.3% of the protein 48 hours post transfection (hpt) in 

U87MG and U251MG cells, respectively,  compared to that of control cells transfected 

with GFP siRNA (Figure 2.7 B). As GSCs were not easily transfected, and for 

experiments that required a long-term inhibition of the protein, I produced lentiviral 

particles containing five different HEATR1 shRNA constructs that I named 22, 37, 50, 

62, and 97 (for the last digits of their respective serial numbers, see Materials and 

Methods section) and an empty vector termed shControl. Preliminary tests performed 48 

hours post infection (hpi) pointed at shHEATR1 #22 and #97 as the most effective ones 

(Figure 2.7 C), therefore, they were selected for further assays. After a longer infection 

period (168 hpi), shHEATR1 #22 and #97 efficiently knocked down HEATR1 protein in 

U87MG, by 78.8% (#22) and 81.0% (#97), GSC-5, by 86.6% (#22) and 86.0% (#97), and 

GSC-8 by 87.4% (#22) and 88.2% (#97) (Figure 2.7 D). 
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Figure 2.7 HEATR1 is overexpressed in GSCs and can be efficiently knocked down by 

siRNAs and shRNAs in GBM cell lines and GSCs. (A) Western blot showing upregulation of 

HEATR1 in GSC-5 compared to NSCs and respective quantification. (B) HEATR1 siRNA 

knockdown compared to GFP siRNA control in U87MG and U251MG cells 48 hours post 

transfection. (C) HEATR1 knockdown effect of HEATR1 shRNAs 22, 39, 50, 62, and 97 compared 

to control shRNA in U87MG cells 48 hours post infection. (D) HEATR1 knockdown by shHEATR1 

RNAs 22 and 97 in U87MG, GSC-5, and GSC-8 and respective quantifications (n=3, biological 

repeats, i.e., independent experiments) (Student’s t-test used for all comparisons; ***p<0.001; 

**p<0.01). 

 

2.6 HEATR1 promotes proliferation but not survival of immortalised GBM cells 

To test whether HEATR1 has a significant role in the proliferation of GBM cells, 

HEATR1 siRNA knockdown was performed in U87MG and U251MG cells. Cells were 

fixed and immunostained 48 hpt with the proliferation markers Ki67 and EdU. Ki67 labels 

the S, G2 and M phase of the cell cycle, while a one-hour pulse of EdU labels specifically 

the S phase. Both markers show that depletion of HEATR1 leads to a decrease in 

proliferation in both cell lines by 16.5% (Ki68) and 8.4% (EdU) in U87MG (Figure 2.8 A, 

B, E) and by 24.8% (Ki67) and 19.3% (EdU) in U251MG (Figure 2.8 C, D, F). The effect 
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is stronger when using Ki67, probably due to the broader specificity of the marker, 

capturing more cells in different stages of the cycle.  

 

Figure 2.8 HEATR1 downregulation impairs proliferation of GBM cell lines. (A, B) 

U87MG and (C, D) U251MG cells transfected with either GFP or HEATR1 siRNAs and 

immunostained 48 hours post transfection against Ki67 (green), EdU (1 h pulse, red) and DAPI 

(nuclei; blue). (E, F) Quantification of the number of positive Ki67 and EdU positive cells 

normalised to total cell numbers identified by nuclei staining in both cell lines, showing that 

HEATR1 knockdown reduces cell proliferation. Median is represented by a black line and mean 

by a red line. N=3, biological repeats, i.e., independent experiments. Student’s t-test used for all 

comparisons; ***p<0.001; **p<0.01; *p<0.05; p>0.05, ns: non-significant. Scale bar 50m. 

 

 

To test whether HEATR1 also affects survival of GBM cells, a TUNEL assay was 

performed in both GBM cell lines to detect apoptotic cells, finding no significant difference 

between controls and HEATR1 knocked-down cells, which is consistent with the in vivo 

results in brat model (Figure 2.9 A-E). However, HEATR1 knockdown has been reported 

to induce cell death during zebrafish development151 and in two non-small lung cancer 

cell lines, where it increased cell death and was linked to the p53/BAX/PUMA apoptotic 

pathway153. It is worth noting that the increase in cell death reported is of  approximately 

5%153.  To make sure HEATR1 was not affecting the same processes in our models, 

BCL2 associated X protein (BAX) apoptosis regulator and Caspase 3 (Casp3) 
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expression levels were evaluated in U87MG and GSC-5 upon HEATR1 knockdown, but 

again, no difference could be observed between the conditions (Figure 2.8 F-I). 

Together, these data indicate that HEATR1 promotes proliferation of GBM cells but does 

not affect cell death.  

 

 

 

Figure 2.9 HEATR1 knockdown does not affect cell death in GBM. (A, B) U87MG and (C, 

D) U251MG cells 48 hours post transfection with GFP and HEATR1 siRNAs incubated with 

TUNEL assay (red) for 30 min to detect apoptotic cells. Nuclei are counterstained with DAPI 

(blue). (E) Quantification of TUNEL positive cells shows that HEATR1 does not affect cell death. 

Median is represented by a black line and mean by a red line. BAX, Casp3, and cleaved Casp3 

expression levels are unaffected 168 hours post infection with shHEATR1 #22 and #97 in (F, H) 

U87MG and (G, I) GSC-5. N=3, biological repeats, i.e., independent experiments. (Student’s t-

test used for all comparisons; ***p<0.001; **p<0.01; *p<0.05; p>0.05, ns: non-significant). Scale 

bar 50m. 

 

 



 

 59 

2.7 HEATR1 is essential for the tumourigenic potential of GSCs  

To examine if HEATR1 contributes to the tumourigenic potential of GSCs, I used the 

soft agar colony formation assay, to our knowledge, the most stringent assay to assess 

carcinogenesis in vitro165. This was done together with Dr. Jon Gil-Ranedo (C. Barros 

Laboratory) and the work was performed in parallel.  

GSC-5 and GSC-8 lines were infected with HEATR1 shRNA #22 and #97. Next, the 

cells were selected in puromycin containing NSC medium for a week, dissociated, and 

grown in a layer of soft agar mixed with cell culture media on top of a base layer 

containing a higher percentage of agar so they could not adhere to the culture plate (see 

Materials and Methods for details). Normal cells depend on cell to extracellular matrix 

contact to be able to grow and divide, while tumourigenic cells have the ability to do so 

more independently of their surrounding environment165. It has been shown that the GSC 

ability to grow in soft agar conditions correlates with their in vivo tumour potential, as it 

resembles their 3D environment and prevents spontaneous cell aggregation165. After 

seven days in NSC-agar medium, both cell lines show a striking reduction on their ability 

to form colonies, with this reduction being slightly more pronounced using the shHEATR1 

#22 (Figure 2.10 A, B). As the level of HEATR1 knockdown using both shRNAs is almost 

identical, a possible explanation for this difference is that it is related to off-target 

effects166. In addition, I measured the size of the colonies formed, showing that they are 

significantly smaller upon HEATR1 knockdown compared to the control (Figure 2.10 C, 

D). 

Taken together, these findings suggest that HEATR1 is necessary to maintain the 

tumourigenic potential of GBM tumour initiating cells.  
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Figure 2.10 HEATR1 inhibition impairs GSC stemness potential. (A) Representative 

images of whole culture wells and (B) quantification of the number of colonies formed on soft agar 

assay showing a strong reduction upon HEATR1 knockdown. (C) Single colonies growing in soft 

agar and (D) quantification of colony size showing a decrease upon HEATR1 inhibition (n=3, 

independent assays). Median is represented by a black line and mean by a red line. Student’s t-

test used for all comparisons; ***p<0.001. Scale bar 50m. 

 

 

2.8 HEATR1 localises predominantly to the nucleolus of GBM cells  

HEATR1 has been previously linked to rDNA transcription and pre-rRNA processing, 

events that take place in the nucleolus149,151. I first investigated the localization of 

HEATR1 in GSCs and GBM cell lines by performing a co-immunocytofluorescent (co-

ICF) staining with antibodies against HEATR1 and the nucleolar protein Fibrillarin (FBL), 

a well-known nucleolar marker. In GSC-5, HEATR1 signal appears very strong in the 

nucleolus in most cells, overlapping to a large extent with FBL, and a weaker signal can 

be detected in the nucleoplasm and cytoplasm (Figure 2.11 A). The nucleolar localization 

of HEATR1 is also observed in GBM cell lines, as shown for U87MG and U251MG, 
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where the highest intensity of the signal is also found overlapping with FBL, with signal 

also detected in the nucleoplasm and cytoplasm (Figure 2.11 B, C). 

Immunohistochemistry staining against HEATR1 of formalin-fixed paraffin embedded 

(FFPE) tissue sections of control non-tumorous brain samples from white matter regions 

(Figure 2.11 F) grey matter regions (Figure 2.11 G), DAs  (Figure 2.11 H)  and GBMs 

(Figure 2.11 I) was performed by Dr. Hilton’s team in the Department of Cellular and 

Anatomical Pathology at University Hospitals Plymouth (UK). Consistent with the 

observation in GBM cells and GSCs, HEATR1 is predominantly detected in the nucleoli 

of both tumour types and controls. In control grey matter regions, enriched in neurons, 

HEATR1 staining is stronger due to the bigger size of neuronal nucleoli, whereas in 

control white matter regions, enriched in glia, HEATR1 signal is very weak (Figure 2.11 

F, G). Overall, the signal appears more intense in GBMs, consistently with the 

quantification of HEATR1 levels performed by WB analysis represented in Figure 2.5. 

These results show that HEATR1 is localised to nucleoli and may have a ribogenesis-

related function in brain cancer cells. 
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Figure 2.11 HEATR1 is mainly localised in the nucleolus. (A) GSC-5, (B) U87MG, and (C) 

U251MG cells labelled with antibodies against FBL (green) and HEATR1 (red), counterstained 

with DAPI (blue) and (D-E) secondary antibodies controls performed using the exact same 

specifications but omitting primary antibodies. Images D-F were kindly provided by N. Nsek, 

Barros laboratory. HEATR1 Immunohistochemistry in (G) DA, (H) GBM tissue (I) white matter 

and (J) grey matter from control brain. Negative controls using no primary antibody in (K) grey 

matter and (L) GBM tissue sections. Nuclei are counterstained with haematoxylin. Scale bar 

10m.  
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2.9 HEATR1 is required for ribosome biogenesis of GBM cell lines 

The nucleolus is a dynamic organelle formed by three different structural and 

functional compartments; the fibrillar centre (FC), where rDNA transcription occurs, the 

dense fibrillar component (DFC), where rRNA processing takes place, and the granular 

component (GC), dedicated to late rRNA processing and pre-ribosomal particles 

assembly143,148,167. The reorganization and modification of these spatial structures are 

indicative of alteration in nucleolar function, and therefore, can be studied by labelling 

with specific markers143,167.  

HEATR1 has been linked to rDNA transcription and pre-rRNA processing149,151, 

processes that take place in the FC and the DFC of the nucleolus respectively148 

However, HEATR1’s role in ribosome biogenesis is not fully understood and it has not 

been studied in the context of brain tumours. We hypothesised that if HEATR1 is involved 

in ribogenesis, its knockdown will affect the expression and functional localization of the 

nucleolar compartments and the proteins involved in their function. I analysed the 

expression and distribution upon HEATR1 knockdown of UBF, a nucleolar-specific 

HMG-box protein that binds extensively across the rDNA as part of the Pol I complex, 

and is involved in rDNA transcription149. Similar analysis was performed for FBL, which 

is involved in the early processing and modification of the pre-rRNA168, as well as for 

Nucleophosmin (NPM), that is required for ribosomal nuclear export. These three 

proteins are markers of the different compartments of the nucleolus (FC, DFC and GC, 

respectively) and provide a readout of the three main steps in ribogenesis143,167.  

HEATR1 was inhibited in U87MG cells using siRNA transfection and shRNA 

transduction. Western blot analysis of the nucleolar proteins upon HEATR1 knockdown 

revealed decreased levels of UBF (Figure 2.12 A), which consists of two bands of similar 

molecular sizes, which are the translational products of two different mRNAs169. 

However, it does not affect FBL level (Figure 2.12 B). Knockdown of HEATR1 via shRNA 

achieved similar results. At 168 hpi, reduced UBF expression was observed but no effect 

on FBL nor NPM total levels could be detected (Figure 2.12 C, D).  



 

 64 

 

 

Figure 2.12 HEATR1 knockdown reduces UBF total expression levels but does not 

affect other nucleolar proteins in GBM U87MG cells. Western blot showing effect of HEATR1 

knockdown using siRNAs 48 hpt on (A) UBF and (B) FBL, and respective densitometric 

quantifications of the bands. Western blots showing HEATR1 knockdown effect using shRNAs 

168 hpi on (C) UBF, FBL and (D) NPM and respective quantifications normalised to -Actin acting 

as loading control. Error bars indicate SEM. Student’s t-test used for all comparisons; n=3 

biological repeats, i.e., independent experiments, ***p<0.001; *p<0.05; p>0.05, ns: non-

significant. 

 

 

Besides protein expression levels, the location and distribution of nucleolar proteins 

is essential for their appropriate functioning143,167. To further investigate ribosome 

biogenesis activity upon HEATR1 knockdown, I performed ICF assays against UBF, 

FBL, and NPM, while inhibiting HEATR1 via siRNAs and shRNAs. A significant  decrease 

was observed in nucleolar FC and DFC area, labelled with UBF and FBL, respectively 

(Figure 2.13 A-C, E-G, K), whereas GC area, labelled by NPM was only reduced by 

shHEATR1 #22 (Figure 2.13 H-J, M). Additionally, the pattern of these nucleolar proteins 

changed, becoming more dispersed in the centre and concentrating at the nucleolar 
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periphery in distinct but adjacent cap-like structures. These so-called “nucleolar caps” 

are recognized dynamic structures that consist of nucleolar proteins and rDNA, known 

to form under certain physiological conditions that induce transcription arrest170,171. Their 

formation is an energy-dependent process that has been suggested to serve as 

protection against rDNA damage171. UBF nucleolar cap-like structures can be found in 

25.3% of the GBM cells in the control, whereas this number increases to 58.7% and 

49.4% using shHEATR1 #22 and #97, respectively. FBL nucleolar cap-like organization 

was found in 40.6% of the control GBM cells, and in 62.9% and 43.3% of the shHEATR1 

#22 and #97 treated cells, respectively (Figure 2.13 E-G, L).  No nucleolar caps could 

be found in the case of NPM staining, although its localisation pattern appeared to also 

be mis-localised towards the periphery of nucleoli in 25.1% (#22) and 44.6% (#97) of the 

cells compared to 10.9% in the control (Figure 2.13 H-J, N).  

Taken together, these findings indicate a major dysfunction in all nucleolar processes 

when HEATR1 is knocked down and suggest that HEATR1 has a role in all the steps of 

ribosome biogenesis in GBM cells. 
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Figure 2.13 HEATR1 knockdown disrupts nucleolar structure in GBM cell lines. U87MG 

cells transfected with (A) GFP siRNA as control and (B) HEATR1 siRNA, immunostained with 

antibodies against UBF (red) and FBL (green) and nuclei labelled with DAPI (blue). (C) Ratio of 

nucleolar UBF or FBL area versus nuclear area shows a size reduction upon HEATR1 

knockdown. Mann-Whitney’s test; ***p<0.001; **p<0.01. (D) Percentage of cells which have 

nucleolar UBF or FBL caps showing a strong increment after HEATR1 knockdown. Mann-

Whitney’s test; ***p<0.001. U87MG cells infected with (E-E’’) shControl and HEATR1 shRNAs 

(F-F’’) #22 and (G-G’’) #97, stained with UBF (red), FBL (green) and DAPI (blue). Nucleolar caps 

are indicated by yellow arrow heads. U87MG cells infected with (H, H’) shControl and HEATR1 

shRNAs (I, I’) #22 and (J, J’) #97 stained with NPM (red) and DAPI (blue). (K) Ratio of nucleolar 
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UBF or FBL area versus nuclear area showing a reduction upon HEATR1 loss. Mann-Whitney’s 

test; ***p<0.001. (L) Percentage of cells which have UBF and FBL nucleolar caps showing an 

increase upon HEATR1 downregulation. Mann-Whitney’s test; ***p<0.001. (M) Ratio of nucleolar 

NPM area versus nuclear area showing a small reduction with #22. Mann-Whitney’s test; 

*p<0.001; ns: non-significant. (N) Percentage of cells that have NPM mis-localization to the 

periphery showing an increase upon HEATR1 downregulation. Student’s t-test; ***p<0.001; 

*p<0.05. N=3, biological repeats, i.e., independent experiments.  Median is represented by a 

black line and mean by a red line. Scale bar 10m. 

 

 

2.10 HEATR1 is necessary for RNA Polymerase I localisation in GBM cell lines 

To provide further insight into the potential roles of HEATR1 in ribosome biogenesis, 

I analysed the expression of RPA194, the largest subunit of the RNA Polymerase I (RNA 

Pol I) complex, which catalyses the transcription of rDNA into rRNA172,173. In normal 

conditions, proteins associated with RNA Pol I co-localize in the FC90.  

RPA194 western blot revealed that total protein expression was not affected by 

HEATR1 knockdown neither 48 hours after siRNA transfection (Figure 2.14 A), nor 

seven days after shRNA transduction (Figure 2.14 B). However, at the same timepoints, 

similarly to UBF, FBL, and NPM immunostainings for RPA194 in U87MG cells show that 

signal area was reduced by approximately 60% upon HEATR1 knockdown and mis-

localised into nucleolar caps in 34.3% (siRNA), 53.9% (sh22), and 65.6% (sh97) of cells 

(Figure 2.14 C-K). These data suggest an impairment in RNA Pol I functioning 

dependent on HEATR1. 



 

 68 

 

Figure 2.14 HEATR1 knockdown does not affect RNA Pol I total expression but it 

impairs its localisation. (A) RPA194 (RNA Pol I) western blots and respective densitometric 

quantifications of U87MG cells transfected with GFP and HEATR1 siRNAs or (B) transduced with 

shRNA control and HEATR1 shRNAs #22 and #97 show no effect after HEATR1 knockdown 

(n=3). Error bars indicate SEM. RPA194 (red) and DAPI (nuclei; blue) staining of U87MG cells 

transfected with (C) GFP and (D) HEATR1 siRNAs reveals (E) a reduction in area, and (F) an 

increased number of cells presenting RPA194 nucleolar caps upon HEATR1 loss. 

Immunostaining with the same antibodies on U87MG cells infected with (G) shRNA control and 

HEATR1 shRNAs (H) #22, and (I) #97 confirms the (J) reduction on area and (K) increase on 

number of caps. Yellow arrow heads indicate nucleolar caps. Median is represented by a black 

line and mean by a red line. Student’s t-test used for all comparisons; ***p<0.001, ns: non-

significant. N=3, biological repeats, i.e., independent experiments. Scale bar 10m. Insets’ scale 

bar 3m. 

 

 

2.11 HEATR1 is required for ribosome biogenesis in GSCs 

To determine whether HEATR1 had a similar function as the described above in 

GSCs, HEATR1 was knocked down in GSC-5 using shRNAs. Consistently with the 
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results obtained in U87MG cells, western blot analysis of HEATR1 knockdown showed 

a depletion of UBF total expression in GSCs (Figure 2.15 A). Yet, no effect could be 

seen on FBL (Figure 2.15 B), NPM, which consists of two bands in these cells possibly 

due to alternative splicing isoforms (Figure 2.15 C), or RPA194 (Figure 2.15 D) 

expression levels. 

 

Figure 2.15 HEATR1 affects total expression levels of UBF but not of other nucleolar 

proteins in GSCs. Western blots showing effect of HEATR1 knockdown in GSC-5 on (A) UBF, 

(B) FBL, (C) NPM and (D) RPA194. Error bars indicate SEM. Student’s t-test used for all 

comparisons; n=3 biological repeats, i.e., independent experiments, *p<0.05; p>0.05, ns: non-

significant. 

 

 

 Localisation analysis of the above mentioned proteins via ICF assays on GSCs cells, 

shows that similar to findings using U87MG cells, nucleolar areas labelled by UBF and 

FBL antibodies are extremely reduced upon HEATR1 loss (Figure 2.16 A-C, J). 

Additionally, UBF reorganises in nucleolar caps in 49.77% (#22) and 57.12% (#97) of 

HEATR1-depleted cells, compared to only 1.79% in the control. FBL nucleolar caps were 

found in 83.36% (#22) and 88.5% (#97) of HEATR1 knockdown cells compared to 1.71% 

in controls (Figure 2.16 A-C, K). Upon HEATR1 loss, NPM overall area is reduced only 

in cells transduced with the #22 shRNA (Figure 2.16 D-F, L) and no cells with NPM 

nucleolar caps can be found. However, the distribution of the NPM protein is also mis-

localised towards the periphery, forming a ring-like shape in 63.4% (#22) and 83.0% 

(#97) of the cells compared to 11.6% in the control (Figure 2.16 D-F, M).  

Moreover, RPA194 (RNA Pol I) immunostaining analysis revealed similar defects to 

those observed in U87MG cells consequent to HEATR1 knockdown: a strong reduction 

in RPA194 nucleolar area and a re-localization of the protein in nucleolar caps in 42.2% 
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(#22) and 40.0% (#97) of the cells compared to 7.6% in the control. This result indicates 

that RNA Pol I machinery is also affected in these cells and dependent on HEATR1 

(Figure 2.16 G-I, N, O).  

Taken together, given that size and organisation of nucleolar compartments reflect 

their function143,167, the above findings suggest a role for HEATR1 in ribosome biogenesis 

in U87MG cells and GSCs. Loss of HEATR1 may directly affect all main ribogenesis 

steps, i.e., rDNA transcription, rRNA processing, and assembly. Yet, it is also possible 

that its loss affects initial stages, and the subsequent steps as a consequence. 

Interestingly, HEATR1 in yeast and zebrafish has been implicated in more than one 

ribogenesis step; UTP10 in yeast has been shown to regulate rRNA transcription levels 

and processing149, while BAP28 in zebrafish was reported to regulate rRNA 

processing151. 
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Figure 2.16 HEATR1 knockdown disrupts nucleolar structure in GSCs. GSC-5 infected 

with shControl and HEATR1 shRNAs, #22 and #97. (A, B, C) Immunostaining with antibodies 

against UBF (red) and FBL (green), and DAPI nuclei counterstain (blue). (D, E, F) Immunostaining 

with NPM (red) and DAPI (blue). (G, H, I) Immunostaining with RPA194 (red) and DAPI (blue). 

(J) Ratio of nucleolar UBF or FBL area versus nuclear area shows a strong area reduction upon 

HEATR1 knockdown. Mann-Whitney’s test; ***p<0.001. (K) Quantification of the percentage of 

cells which have nucleolar UBF or FBL caps shows an increase upon HEATR1 downregulation. 

Mann-Whitney’s test; ***p<0.001. (L) Ratio of nucleolar NPM area versus nuclear area is reduced 

when knocking down HEATR1 with #22. Mann-Whitney’s test; ***p<0.001; ns: non-significant. 

(M) Percentage of cells that present NPM mis-localization to the periphery showing an increase 
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upon HEATR1 downregulation. Mann-Whitney’s test; ***p<0.001. (N) Ratio of nucleolar RPA194 

area versus nuclear area is strongly decreased upon HEATR1 knockdown. Mann-Whitney’s test; 

***p<0.001. (O) Quantification of the percentage of cells that present RPA194 nucleolar caps 

shows an increase upon HEATR1 loss. Student’s t-test; ***p<0.001. N=3, biological repeats, i.e., 

independent experiments. Nucleolar caps are indicated by yellow arrow heads. Median is 

represented by a black line and mean by a red line. Scale bar 10m. 

 

 

2.12 dHEATR1 is required for enhanced ribosome biogenesis in brat tumour 

initiating cells  

Drosophila NSCs are characterized by having larger nucleoli than their progeny due 

to a higher rate of ribosome biogenesis needed in these cells. In type II NSC lineages of 

brat mutants, however, all cells have enlarged nucleoli, probably on account of an 

increased metabolic activity of brain tumour cells98.This enlargement can also be found 

in human cancer cells, which frequently present larger nucleoli174. dHEATR1 is enriched 

in brat brain tumour initiating cells. As the data in GBM cell lines and GSCs indicates that 

HEATR1 is required for nucleolar organisation, I next tested whether it could also 

contribute to nucleolar size increase in brat tumour cells. Drosophila nucleoli do not 

display the characteristic vertebrate tripartite organisation175, instead, only a 

homogeneous region with a regular surface can be observed, which can be measured 

using FBL98.  

Using FBL as a nucleolar marker, I analysed the size of nucleoli of cells in the type II 

NSC lineages of control, dHEATR1 knockdown, brat knockdown, and dHEATR1, brat 

double knockdown. Nucleolar size was calculated as the ratio between the maximum 

diameters of nucleoli and respective whole cells, the latter marked with membrane 

tagged GFP. dHEATR1 knockdown in a control background induces a small reduction 

in nucleolar size (Figure 2.17 A, B, E). As previously described98, in brat tumour initiating 

cells nucleoli are significantly bigger (Figure 2.17 C, E). Interestingly, knockdown of 

dHEATR1 in the brat background is able to rescue the phenotype, and reduced nucleolar 

sizes are observed, even smaller than those in controls (Figure 2.17 D, E).  
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This finding mirrors the results obtained using GBM cells and GSCs, and suggest that 

dHEATR1 is also necessary for brain tumour ribosome biogenesis in vivo as seen in 

brain tumour initiating cells of the brat model.  

 

 

Figure 2.17 dHEATR1 knockdown rescues nucleolar overgrowth of brat tumour 

initiating cells. Type II NSC lineages at 24HPH immunostained with antibodies against GFP 

(green), FBL (red) and Dpn (blue) from (A) control (pntG4>mcd8GFP), (B) dHEATR1 knockdown 

(pntG4>mcd8GFP,dHEATR1-RNAi), (C) brat knockdown (pntG4>mcd8GFP,brat-RNAi), and (D) 

dHEATR1, brat double knockdown (pntG4>mcd8GFP,dHEATR1-RNAi;brat-RNAi). (A’-D’) Insets 

of yellow squares. Yellow arrowheads indicate nucleoli. (E) Quantification of the maximum 

diameter of nucleoli normalised to cellular maximum diameter, showing rescue of size in 

dHEATR1;brat-RNAi lineages. Number (n) of cells indicated in figure corresponds to 5 brain lobes 

in each condition. Median is represented by a black line and mean by a red line. Student’s t-test 

used for control vs dHEATR1 knockdown comparison and Mann-Whitney for all other 

comparisons; ***p<0.001. Scale bar 5m. 
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2.13 HEATR1 is required for rRNA synthesis and processing in GBM cell lines 

The defects in nucleolar organization caused by HEATR1 knockdown, suggest an 

impairment on rDNA transcription and processing, which are limiting steps in ribosome 

biogenesis176.  

To examine rRNA synthesis defects, I used two different strategies. First, as 

transcription from active rDNA loci into rRNA in the nucleoli constitutes the majority of 

cellular transcription177, I measured incorporation of the nucleotide analogue 5-ethynyl 

uridine (EU) into nascent RNA after a one-hour pulse in the nucleus (Figure 2.18 A, B). 

Second, RT-qPCR quantification of the 47S pre-rRNA using primers against the 5’ 

external transcribed spacer (ETS) end, which is spliced out upon its maturation and 

rapidly degraded148,178 (Figure 2.18 C, D). Both assays demonstrate that HEATR1 

depleted GBM cells display downregulation of rRNA transcription. 

After rDNA transcription, the 47S pre-rRNA is rapidly subjected to cleavage and base 

modifications to yield the mature 18S, 5.8S and 28S rRNAs143–145 (Figure 2.18 C). To 

determine whether HEATR1 is also involved in rRNA processing, I measured by qRT-

PCR the abundance of the 18S, 5.8S and 28S. The results show a significant reduction 

in the levels of all of the subunits upon HEATR1 inhibition (Figure 2.18 E),  indicating an 

impairment in the processing of the transcribed 47S pre-rRNA.  

I next evaluated the effect of HEATR1 upregulation on levels of 47S pre-rRNA using 

again primers against the 5’ETS end. HEATR1 is a large gene with a coding sequence 

of ~13000 base-pairs. Due to its size, despite multiple strategies attempted, I was unable 

to successfully transfect its full-length cDNA into U87MG cells, a technical issue 

previously reported by Fang et al179. However, when using the more transfection-

permissive human embryonic kidney 293T cells, HEATR1 overexpression was readily 

obtained with approximately 9.5 fold change increase detected. Nevertheless, HEATR1 

overexpression did not trigger an effect in the expression of 47S pre-rRNA (Figure 2.18 

F). However, this result must be carefully interpreted, as due to lack of time, the 

knockdown of HEATR1 was not tested in 293T cells, and therefore, it cannot be assumed 
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that the same mechanism is in place. In the future, members of the lab will be performing 

these experiments to confidently publish these results.    

Together these results indicate that HEATR1 is necessary for normal rRNA synthesis 

and processing in brain tumour cells. However, as shown by the described gain of 

function assays, it seems it is not sufficient to induce rDNA synthesis.    

 

Figure 2.18 HEATR1 knockdown impairs rRNA synthesis and processing. (A) 

Visualization of nascent RNA in U87MG cells transfected with GFP or HEATR1 siRNAs following 

a 1h pulse of EU labelling (red and monochrome) and counterstained with DAPI to highlight nuclei 

(blue). (B) Quantification of EU fluorescence intensity per nucleus area shows a reduction upon 

HEATR1 knockdown. Number (N) of cells analysed are indicated on the figure, from 3 biological 

repeats, i.e., independent experiments (C) Diagram of 47S pre-rRNA and respective rRNA 

products. (D) RT-qPCR showing fold change (Log2FC) downregulation of 47S pre-rRNA upon 

HEATR1 knockdown in U87MG cells (n=3, biological repeats, i.e., independent experiments). (E) 

RT-qPCR showing effect of HEATR1 knockdown on U87MG cells on 18S, 5.8S and 28S subunits 

arising from processing of 47S pre-rRNA (n=3, biological repeats, i.e., independent experiments). 

(F) RT-qPCR showing upregulation of HEATR1 on 293T cells transfected with full length HEATR1 

FLAG tagged cDNA plasmid with no effect on 47S pre-rRNA expression (n=3, biological repeats, 

i.e., independent experiments). Error bars indicate SEM. Student’s t-test used for all comparisons; 

***p<0.001; **p<0.01; *p<0.05; p>0.05, ns: non-significant. Scale bar 10m. 
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2.14 HEATR1 is required for protein synthesis in GBM cell lines 

rRNA synthesis is a limiting step for ribosome biogenesis and subsequent protein 

synthesis and cell growth148. As defects in ribogenesis were observed in HEATR1 

deficient tumour cells, I next examined if this could be reflected in their overall protein 

synthesis capacity. I incubated U87MG and U251MG GBM cells for one hour with a 

puromycin analogue (OP-Puro Kit) to label nascent proteins and measure the intensity 

of the fluorescent signal in every image, normalising it to the number of cells. This 

analysis revealed a reduction in protein synthesis of approximately 20% in U87MG 

(Figure 2.19 A-C) and 60% in U251MG cells (Figure 2.19 D-F) after 48 hours of HEATR1 

knockdown. The stronger effect observed in U251MG highlights the differences with 

U87MG and may be related to the GBMs from which they were derived, that may have 

had different characteristics. Nevertheless, ribogenesis defects triggered by HEATR1 

knockdown lead to reduced protein synthesis in both human GBM cell lines.  
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Figure 2.19 HEATR1 knockdown impairs protein synthesis in human GBM cell lines. 

U87MG cells transfected with (A) GFP or (B) HEATR1 siRNA, incubated for 1 hour with OPP 

(green, monochrome) and counterstained with DAPI (blue). (C) Quantification of the intensity of 

OPP signal in U87MG cells showing a decrease upon HEATR1 knockdown. Mann Whitney’s test; 

*p<0.05. U251MG cells transfected with (D) GFP or (E) HEATR1 siRNA incubated for 1 hour with 

OPP (green/monochrome) and counterstained with DAPI (blue). (F) Quantification of OPP signal 

intensity in U251MG cells shows a decrease upon HEATR1 knockdown. Student’s t-test; 

***p<0.001. N numbers indicated in the graphs represent number of cells from three biological 

repeats, i.e., independent experiments. Error bars represent SEM. Scale bar 10m. 

2.15 HEATR1 inhibition does not affect p53 levels in GBM cells and GSCs 

The data so far indicates that HEATR1 has an important role in the regulation of brain 

tumour cell ribosome biogenesis, growth and proliferation. I next sought to examine in 

more depth the molecular mechanism underlying this function.  
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Previous studies conducted in an osteosarcoma cell line have reported that HEATR1 

loss or downregulation results in the upregulation and stabilization of the tumour 

suppressor p53, suggesting that HEATR1 suppresses p53 action152. Further, the authors 

show that suppression of p53 is able to rescue cell cycle arrest following HEATR1 

knockdown152. Similarly, bap28 (HEATR1’s orthologue) knockdown in zebrafish resulted 

in increased apoptosis, which was rescued upon p53 knockdown151, and another study 

reported that HEATR1 knockdown lead to the activation of the p53/PUMA apoptotic 

pathway in non-small cell lung carcinoma153. Although as previously mentioned I did not 

detect an effect on cell death, I explored the possible effect of HEATR1 knockdown in 

p53 expression. Western blot analysis demonstrates that transfection of U87MG cells 

with HEATR1 siRNA at 48 hpt does not affect p53 levels (Figure 2.20A). I also repeated 

the assay at 72 hpt, the timepoint when p53 upregulation was reported by Turi et al. in 

osteosarcoma cells subjected to HEATR1 siRNA knockdown152, yet no effect on p53 

expression was observed (Figure 2.20 B). Interestingly, in U251MG cells that are known 

to have a mutation in codon 273 of the p53 gene180, which has no transcriptional activity, 

p53 expression is strongly reduced at 48 hpt upon HEATR1 siRNA knockdown. 

However, as this p53 is not functional it was not explored any further (Figure 2.20 C). As 

inhibition of HEATR1 was more severe when using shRNAs, I have also used this 

approach. Transduction in GBM cell lines at 168 hpi shows also no significant differences 

in total p53 protein levels (Figure 2.20 D). Finally, HEATR1 was also knocked-down 

using shRNAs in GSC-5 showing no effect in p53 (Figure 2.20 E). 

Taken together, these findings indicate that in GBM cell lines and GSCs HEATR1 

seems not to affect p53, and must be implicated in a different mechanism contributing to 

ribosome biogenesis and cell proliferation.  
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Figure 2.20 HEATR1 does not affect p53 levels in GBM cell lines and GSCs. U87MG 

western blots showing that HEATR1 knockdown does not affect p53 expression levels at (A) 48 

hours post transfection (hpt) (B) or 72 hpt. (C) HEATR1 knockdown results in reduced mutant 

p53 expression in U251MG 48 hpt. Knockdown of HEATR1 via shRNA transduction 168 hours 

post infection (hpi) does not affect p53 expression in (D) U87MG or (E) GSC-5. Error bars indicate 

SEM. Student’s t-test used for all comparisons; n=3 biological repeats, i.e., independent 

experiments, ***p<0.001; **p<0.01; *p<0.05; p>0.05, ns: non-significant. 

 

 

2.16 HEATR1 inhibition does not affect total c-Myc protein expression levels 

in GBM cells and GSCs. 

The oncogene c-Myc is a transcription factor which acts as a major regulator of cell-

cycle progression, ribogenesis and cell growth129,181. An analysis across 33 cancers 

using the cancer genome atlas (TCGA) database revealed that 28% of all samples have 

at least one of the Myc paralogs amplified, indicating that Myc is a leading driver of 
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tumourigenesis130. Moreover, both Drosophila Brat and its human orthologue TRIM3 

have been shown to suppress Myc expression and activity98,131. Thus, it was next 

explored whether HEATR1’s mechanism of action could involve the regulation of c-Myc. 

Inhibition of HEATR1 in U87MG and GBM stem cells, GSC-5 and GSC-8, did not 

affect total expression levels of c-Myc (Figure 2.21). 

 

Figure 2.21 c-Myc total expression level is not affected by HEATR1 knockdown. Western 

blots and respective densitometric quantifications of (A) U87MG, (B) GSC-5 and (C) GSC-8 show 

no effect on c-Myc expression when HEATR1 is knocked down. Error bars indicate SEM. 

(Student’s t-test used for all comparisons; n=3 biological repeats, i.e., independent experiments, 

p>0.05, ns: non-significant). 

 

 

2.17 HEATR1 is required for c-Myc nucleolar localization 

In GMB cells, the majority of endogenous c-Myc is evenly distributed in the 

nucleoplasm and continuously shuttles between nucleoli, nucleus and cytoplasm182. To 

perform its role in ribosome biogenesis and transcription, c-Myc localises to nucleoli, 

however, the dynamic nature of this process and the rapid turnover of Myc by the 

proteasome system, makes it very difficult to observe it in this site182,183. An established 

method to detect it, is to overexpress c-Myc and temporarily inhibit protein degradation 

with proteasome inhibitors such as MG132182,183.  

While total levels of c-Myc remain unchanged upon HEATR1 inhibition, the cell’s 

localisation of overexpressed c-Myc upon HEATR1 knockdown was next investigated in 

U87MG cells treated with MG132. Cells were infected with HEATR1 shRNAs and 

cultured for a week. These were then transfected with 1g of full length Myc tagged with 
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human influenza hemagglutinin (HA) for six hours and treated with 5M MG132 for three 

hours, as described in Materials and Methods section184. Transfected cells were 

classified into three groups based on the c-Myc-HA expression pattern as follows: cells 

with nuclear c-Myc, cells with nucleolar c-Myc and cells with c-Myc forming so-called 

aggresomes. These are aggregations of misfolded protein that result from an 

overwhelmed protein-degradation system and are not functionally active, they have been 

previously reported upon c-Myc overexpression and MG132 treatment182,185. 

The majority of cells present exogenous c-Myc evenly distributed through the 

nucleoplasm (~42% of the cells) (Figure 2.22 A, D). Nucleolar c-Myc is detected in a 

smaller proportion of cells, 19.9%, similar to published reports182 and is mingled within 

the nucleolar compartment with FBL (Figure 2.22 B, E). However, upon HEATR1 

knockdown this nucleolar localisation is reduced to 12.1% (#22) and 16.5% (#97). In 

addition, c-Myc is clearly segregated around FBL caps, not entering the interior of the 

nucleolus (Figure 2.22 B, F). This indicates that upon HEATR1 knockdown, c-Myc is 

unable to enter the nucleoli. In the remaining cells (30 to 38%), c-Myc formed 

aggressomes within the nucleus or cytoplasm (Figure 2.22 C, G). These findings suggest 

that HEATR1 is essential for c-Myc nucleolar localization in GBM cells, and without it, c-

Myc is unable to perform its nucleolar function in ribosome biogenesis. 
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Figure 2.22 HEATR1 knockdown prevents the nucleolar accumulation of c-Myc. U87MG 

cells transfected with Myc-HA (6 h) and treated with 5 M MG132 (3 h) and HEATR1 shRNAs 

(168 hpi) display three different c-Myc patterns, as shown by immunostaining against FBL 

(green), c-Myc (red), and DAPI  (blue). (A) nuclear c-Myc, (B) nucleolar c-Myc, and (C) c-Myc 

aggresomes. (D-F) Quantification of these localisation patterns shows that upon HEATR1 

knockdown only nucleolar c-Myc is affected, redistributing around the nucleoli rather than inside. 
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Error bars indicate SEM. Student’s t-test, n=4, ***p<0.001; *p<0.05; p>0.05, ns: non-significant. 

N numbers indicated in the graphs represent number of cells from three biological repeats, i.e., 

independent experiments.  Scale bar 10m. 

 

2.18 dHEATR1 is necessary for the nucleolar localisation of dMYC in brat 

brain tumour initiating cells 

In Drosophila melanogaster, c-Myc’s orthologue, dMyc is both necessary and 

sufficient to regulate rRNA synthesis and ribosome biogenesis during larval 

development128. In Drosophila control larval brains, dMyc, is expressed in NSCs but not 

in the differentiating daughter cells due to Brat’s post-transcriptional inhibition of the 

protein98. In absence of brat, dMyc is found in all cells in the lineage98. It is believed that 

Brat regulates growth and proliferation of NSCs and their progeny partially through the 

regulation of dMyc98. As dHEATR1 knockdown impairs size growth and division of brat 

tumour initiating cells, and its human orthologue is necessary for the nucleolar 

localization of c-Myc in GBM cells, we hypothesized that it could be involved in the 

regulation of dMyc in in vivo in brat brain tumours.  

I analysed the expression of dMyc upon dHEATR1 knockdown by staining 24 HPH 

larval brains with dMyc and Dpn, confirming that dMyc can only be found in the NSCs of 

the type II NSC lineages in control brains, as reported98 (Figure 2.23 A). dHEATR1 

knockdown did not affect dMyc expression in NSCs (Figure 2.23 B). As previously 

published98, in brat-RNAi brains dMyc is expressed in all the cells in the type II clones 

throughout the cyto- and nucleoplasm, overlapping with Dpn (Figure 2.23 C). Inhibition 

of dHEATR1 in brat-RNAi type II lineages does not affect dMyc overall expression levels, 

measured as signal intensity normalised to the respective brain tumour initiating cells’ 

areas, compared to that in brat-RNAi lineages (Figure 2.23 D, G). However, a more 

detailed analysis measuring dMyc intensity only in areas overlapping with the nucleolar 

protein FBL, and normalised to nucleolar area, shows a relative higher accumulation of 

dMyc in brat-RNAi tumour initiating INP cells compared to that in double dHEATR1-

RNAi, brat-RNAi (Figure 2.23 E, F, H). These results demonstrate that dHEATR1 
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contributes to the nucleolar localisation of dMyc, and suggest an impairment on dMyc 

nucleolar function upon dHEATR1 knockdown that may at least partially explain why 

tumour initiating cells cannot proliferate and grow as their brat counterparts. 

 

 

 

Figure 2.23 dHEATR1 knockdown impairs dMyc nucleolar accumulation in brat brain 

tumour initiating cells. Immunostaining of type II NSC lineages from (A) control 

(pntG4>mcd8GFP), (B) dHEATR1 knockdown (pntG4;GFP>dHEATR1-RNAi), (C) brat 

knockdown (pntG4;GFP>brat-RNAi), and (D) dHEATR1,brat double knockdown 

(pntG4;GFP>dHEATR1-RNAi, brat-RNAi) at 24 HPH with antibodies against GFP (green), dMyc 

(red/monochrome) and Dpn (blue) reveals overexpression of dMyc in brain tumour initiating cells 

of brat and dHEATR1, brat  knockdown brains. White dotted line delineates NSCs, red dotted line 

delineates lineage daughter cells. Type II 24 HPH NSC lineages from (E) brat knockdown and (F) 
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dHEATR1, brat knockdown brains, immunostained with GFP (green), dMyc (red/monochrome) 

and FBL (blue). White dotted lines delineate type II lineages, blue dotted lines delineate nucleoli 

of yellow square insets. (C) Quantification of dMyc intensity of the whole cell normalised against 

cell area is not affected by dHEATR1 knockdown. (D) Quantification of dMyc nucleolar intensity 

against nucleolar area shows a higher accumulation of the protein in brat-RNAi lineage cells’ 

nucleoli than in dHEATR1;brat-RNAi. Error bars represent SEM. Mann-Whitney test used for all 

comparisons; ***p<0.001; **p<0.01; *p<0.05; p>0.05, ns: non-significant. N numbers indicated in 

the graphs represent number of cells from five biological repeats, i.e., independent fly brains. 

Scale bar 10m. 

 

2.19 HEATR1 is required for c-Myc driven rRNA synthesis 

Both HEATR1 and c-Myc have a nucleolar function. c-Myc binds ribosomal DNA and 

activates RNA Pol I-mediated transcription in both in mammals186,187 and Drosophila 

melanogaster128. I have shown that HEATR1 loss impairs rDNA transcription in GBM cell 

lines and prevents nucleolar localization of c-Myc (Figure 2.). To further investigate 

whether c-Myc function may be dependent on HEATR1, I overexpressed c-Myc and 

simultaneously knocked down HEATR1 in U87MG cells. RT-qPCR analysis revealed 

that Myc upregulation induces a strong overexpression of rRNA synthesis, as detected 

by levels of 47S pre-rRNA transcript, and as extensively described in the literature186,187. 

However, when HEATR1 is knocked-down at the same time, this upregulation is reduced 

by almost 5.5 fold change, indicating that HEATR1 is required for this function of c-Myc 

(Figure 2. A).  

Moreover, although HEATR1 overexpression on its own did not  affect levels of 47S 

pre-rRNA synthesis in 293T cells (Figure 2.18 F), simultaneous overexpression of 

HEATR1 and c-Myc significantly enhanced the increase observed upon c-Myc 

overexpression (Figure 2. B), demonstrating that HEATR1 controls at least in part c-

Myc-mediated rRNA synthesis.  

On the basis of the findings described in this thesis, a model is proposed whereby 

increased HEATR1 expression enhances RNA Pol I-mediated c-Myc-induced rRNA 

synthesis, promoting ribosome biogenesis, protein synthesis and brain tumour growth 

(See Discussion).  
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Figure 2.24 c-Myc mediated rDNA transcription is dependent on HEATR1 in GBM cell 

lines. (A) Upregulation of c-Myc-HA on its own in U87MG cells results in the overexpression of 

47S pre-rRNA mRNA whereas overexpression of c-Myc-HA and simultaneous HEATR1 

knockdown using shRNAs (168 hpi) prevents upregulation of 47S pre-rRNA. (B) Upregulation of 

c-Myc-HA in 293T cells results in increased 47S pre-rRNA expression, and simultaneous 

upregulation of HEATR1-FLAG induces a further enhances this increase. FC, fold change. 

Student’s t-test used for all comparisons; n=3 biological repeats, i.e., independent experiments; 

***p<0.001; **p<0.01; *p<0.05; p>0.05, ns: non-significant. 
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3 DISCUSSION 
 

3.1 Preface 

Many human tumours, and particularly GBMs, are characterised by high cellular 

heterogeneity85, which poses a major challenge to diagnosis and treatment188. Single-

cell resolution analysis have emerged as a useful tool to profile tumour heterogeneity 

and study concrete populations. My studies described in this thesis are based on a 

single-cell resolution transcriptome screen performed in Dr Barros laboratory to gain 

insights into the transcriptional alterations associated with brain tumour initiation. Single 

Drosophila brat iINPs were collected at the time of their transformation into brain tumour 

initiating cells and compared to their control counterparts. L(2)k09022, named here 

dHEATR1, was identified as highly upregulated in brat brain tumour initiating cells, and 

was selected for further investigation. dHEATR1 is highly conserved to its human 

orthologue HEATR1 (DIOPT score 13.8 out of 14)189, with an identity of 28% and 

similarity of 47% at the amino-acid level. In my studies, I aimed to identify the role of 

HEATR1 in brain tumour initiation and growth and unravel its molecular mechanism of 

action using a combination of different model systems.  

 

3.2 Advantages and limitations of models used in this study 

Among CSCs, those of GBM have been extensively investigated by numerous groups 

across the world, demonstrating that they are responsible for the re-formation of these 

tumours10,27,33. However, despite all the advances in the field, GBMs remain untreatable, 

and there is an urgent need for research towards the development of models and 

therapies66,86. 

Classic GBM immortalised cell lines such as U87MG or U251MG are of undeniable 

historic value and have shaped our knowledge about GBMs and cancer in general. 

However, evidence suggests that the maintenance of these cell lines in vitro for extensive 

periods of time with serum-containing medium and extensive passaging, resulted in 

genetic aberrations and clonal selection processes to adapt to non-physiological 
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conditions, which lead to the progressive diversion of genotypes and phenotypes, 

bearing now little resemblance to their tumour of origin191,192. However, immortalised cell 

lines have many advantages too, they are easy and inexpensive to culture, can rapidly 

multiply, provide a pure population of cells, which is important for reproducibility, and can 

usually be subjected to complex genetic manipulations that are unachievable with other 

models193. The results obtained using these cells can serve as indicators and basis 

before moving on to superior models, that are often more expensive and complicated to 

use193. For these reasons, I used GBM immortalised cell lines for part of my studies. 

Although these cell lines are still useful to study certain aspects of gliomas, they fail to 

model accurately essential processes such as stemness and tumourigenicity191,192, 

which can at least partly explain why cancer cell line-based preclinical models have been 

often found to poorly predict therapeutic outcomes192.  

To study CSCs of GBM (GSCs), protocols have been established allowing the 

isolation of these cells from GBM tumours and their maintenance in vitro81,194. GSC 

culture conditions have been adapted from those originally established to derive and 

expand NSC lines81,194. GSCs retain cancer initiating stem cell properties, which can be 

tested both in vitro and in vivo, via for example soft agar assays and xenotransplants in 

immunocompromised mice, providing a more accurate system to study these 

characteristics82,192. I have used two different patient-derived GSCs, GSC-5 and GSC-8, 

which were  obtained from GBM specimens and previously characterized by Dr. Gil-

Ranedo83. Briefly, both cell lines grow exponentially forming neurospheres in cell culture 

media supplemented with EGF and FGF-2 and express different neural stem cell 

markers like CD133, Nestin and Sox2 in 70-90% of cultured cells83. They effectively 

initiate tumours that recapitulate the cellular heterogeneity present in the parental GBM 

upon orthotopic xenografts in immunocompromised mice, and are able to differentiate 

into neurons, astrocytes and oligodendrocytes83. Nonetheless, it is worth noting again 

that the process of evaluating any population of cells, including CSCs, demands 

significant ex vivo manipulation, which may affect their intrinsic nature and compromise 

the relevance of the results in question compared to their functions in the patient19,27. 
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Therefore, models in which CSCs can be identified and studied in vivo are extremely 

valuable.  

This is one of the advantages of the Drosophila brat model, in which the brain tumour 

initiating cells, the immature INPs of type II NSC lineages, are relatively well 

characterised6,98,99 (see Introduction). Additionally, Brat’s human orthologue, TRIM3, has 

been well investigated in GBMs, where it was shown to have a similar function to that of 

Brat in Drosophila7,127. TRIM3 has been shown to be downregulated in many cancer 

types such as liver cancer135, colorectal cancer136, and importantly for my studies, GBM 

tumours7,127,132,137, and GSCs131. This is also the case in the GBM samples I have used 

in my studies, in which previous members of our group confirmed TRIM3 downregulation 

(Diaz et al., in preparation). Moreover, TRIM3 expression is inversely correlated to 

stemness in GSCs, where CD133+ cells express low levels of TRIM3 and viceversa127, 

and its reconstitution in GSCs impairs neurosphere formation, switching from 

predominantly symmetric to asymmetric cell division, and inhibiting the expression of 

stem cell markers such as CD133, Nestin, and Nanog131. Given the proven analogous 

modes of action of Brat and its orthologue tumour suppressor TRIM3, new findings using 

the Brat model may also be relevant for aspects of human brain tumourigenesis.  

By simultaneously knocking down brat and labelling type II NSC lineages using the 

UAS/GAL4 system, I could follow brain tumourigenesis from cell transformation, at a 

resolution and precision level that is still not possible in mouse models. This system 

allowed me to perform loss of function assays in a control and brain tumour background 

to address the potential role of dHEATR1 in the native environment of the cells, under 

physiological conditions. 

Overall, in my studies I have used a combination of several models, in vivo and in 

vitro, taking advantage of their respective strengths to examine aspects of brain tumour 

initiation and development.  
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3.3 HEATR1 is overexpressed in brain tumours and tumour initiating cells  

A few studies have previously linked HEATR1 to cancer. It was first shown to be 

upregulated in GBM in a study by Wu et al., who also reported its upregulation in the 

stem cell marker-expressing (A2B5+) population of GBM U87MG cells155, and more 

recently it was found overexpressed in non-small cell lung carcinoma cell lines153. These 

findings are consistent with preliminary data of this study, in which previous members of 

the Barros group found dHEATR1 upregulated in brat brain tumour initiating cells, and 

with my own data, which show that HEATR1 is upregulated in GBMs and DAs, compared 

to control non-tumorous brain samples. The higher expression in GBMs compared to 

DAs could indicated an increase in HEATR1 expression with the progression of the 

glioma tumour grade, however, further evidence would be needed to confirm this. 

Interestingly, using the TCGA database to investigate the correlation between HEATR1 

expression and patient survival in GBM and lower grade gliomas, we observed that high 

HEATR1 expression correlates with lower survival, although this is more evident in the 

case of lower grade gliomas (Diaz et al. in preparation). 

 Additionally, I also found that HEATR1 was overexpressed in GSCs compared to an 

NSC line derived from human foetal brain. Although this is not the ideal control, as foetal 

NSCs have more proliferative potential than adult NSCs, the fact that HEATR1 is 

overexpressed in GSCs suggests nevertheless a specific role in GBM CSCs and aligns 

with the findings using brat brain tumour initiating cells. In contrast, and interestingly, two 

different publications have shown the opposite result in pancreatic cancer, where 

HEATR1 was found downregulated in this type of tumour, compared to pancreatic 

control tissue156,157, suggesting that HEATR1 could have different functions depending 

on tissue context. 

 In summary, my expression studies of HEATR1 together with published data, indicate 

it plays a role in brain tumour initiation and/or development.  
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3.4 HEATR1 is necessary for brain tumour development  

Regulation of growth-promoting signals that coordinate entry and progression through 

the cell cycle is essential for maintenance of tissue homeostasis, architecture and 

function195, and uncontrolled proliferation is one of the hallmarks of malignant 

transformation in cancer195,196. Cell proliferation was, therefore, one of the first 

characteristics to be analysed in my studies of HEATR1.  

dHEATR1 knockdown at early developmental stages (24 or 48 HPH) does not have 

a significant effect in proliferation in a control background. However, when brat tumour 

initiating cells have escaped the non-proliferating stage and tumour overproliferation 

formation can already be detected, dHEATR1 knockdown prevents the excess in cell 

divisions: in double dHEATR1,brat-RNAi brains the average number of dividing cells 

reverts back to that observed in control brains. The same assays at later stages before 

larvae pupation (93 HPH) showed that dHEATR1 knockdown in a control background 

significantly reduces cell proliferation. A possible explanation for these findings is that 

once the RNAi is activated, there is still some dHEATR1 protein left in the early brains 

that is sufficient to perform its function in a control background, but not in the tumour 

background (Figure 3.1 A, B). In addition, this result confirms the findings of a genome-

wide RNAi screen performed by the Knoblich group (IMBA, Vienna) that identified 

dHEATR1 among a large number of potential NSC proliferation regulators in 

Drosophila154. At late developmental time-points, the brain lobes of brat knock-down 

brains are severely enlarged due to the size of the tumours and simultaneous dHEATR1 

knockdown impairs proliferation and reduces tumour size (Figure 3.1 A,B). These data 

indicate that dHEATR1 is required for tumour growth. Consistently, I observed that cell 

proliferation is also affected in human GBM cell lines (U87MG and U251MG) upon 

HEATR1 knockdown, suggesting a potential similar function in human GBM.  

Another well-known characteristic of the brat model is the acquisition of cell self-

renewal markers like Dpn of the iINPs, which revert to an NSC-like state, becoming brain 

tumour initiating cells98,99,101. In other words, the transformation of iINPs into CSCs. I 

have found that dHEATR1 knockdown does not stop the transformation of these cells. 
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All dHEATR1;brat depleted iINPs acquire expression of Dpn and do not express the 

maturation marker Ase, similar to brat-only depleted iINPs. However, during this 

transformation stage, brat tumour initiating cells also grow in size, and have been 

reported to be larger than control INPs119, which is also common in human tumour 

cells197. Interestingly, upon dHEATR1 knockdown, cell size growth of the transformed 

cells was prevented and remained at control levels (Figure 3.1 A, B). Therefore, 

dHEATR1 seems to not be implicated in the transformation of tumour cells but it is 

required for their enlargement and subsequent overproliferation, contributing to brain 

tumour development and growth.  

Similar results were found when examining the role of HEATR1 in human GSCs. The 

soft agar assays showed an extreme impairment on tumourigenic potential upon 

HEATR1 knockdown on both GSC lines analysed: the cells were unable to grow in an 

anchorage-independent manner, which is considered a hallmark of carcinogenesis and 

indicating that HEATR1 affects the cancer stem cell properties of these cells (Figure 3.1 

C, D). Similarly, He et al. reported that HEATR1 inhibition in the immortalised A549 and 

NCI-H460 lung cancer cell lines stopped colony formation in culture media and xenograft 

tumour growth in mice transplanted with these cells153. In contrast, HEATR1 knockdown 

in pancreatic cells induces xenograft tumour growth156, highlighting again the differences 

of actions in these tumour types.   
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Figure 3.1 HEATR1 promotes brain tumour growth. (A) Schematic drawing depicting the 

development of brain tumours in the brat model. Dpn+ NSCs give rise to immature intermediate 

progenitors (iINPs) that during a short non-proliferative period go through neoplastic 

transformation, acquiring NSC-like characteristics such as expressing the self-renewal marker 

Dpn, growing in size and never maturing (remain Ase-). These brain tumour initiating INPs next 

start to overproliferate forming a massive brain tumour98,99,101. (B) Simultaneous knockdown of 

dHEATR1 and brat results in smaller and reduced numbers of tumour initiating INPs. 

Consequently, although tumours still form, their growth is severely impaired. (C) Similarly, single 

control GSCs grow in soft agar medium forming colonies. (D) Upon HEATR1 knockdown, colony 

formation capability of GSCs is severely impaired, and after seven days in soft agar medium 

colony formation is extremely reduced. 

 

3.5 HEATR1 is a nucleolar protein required for ribosome biogenesis of brain 

tumour cells 

Ribosome biogenesis links various signalling pathways that coordinate protein 

synthesis with cellular growth and proliferation, core processes affected in cancer 

cells173,198. In fact, enlarged nucleoli, often correlate with increased proliferation199, and 

nucleolar morphology visualized by nucleolar organizer regions (NORs) silver staining 

has been long used by tumour histopathologists to diagnose cancer patients173. Aberrant 

increase in nucleolar size and number reflects increased rates of ribogenesis199, which 

has been recognized for more than a century as a hallmark of many cancers, and has 

been associated with poor prognosis173. However, the concept that increased ribosomal 

activity is not only required but sufficient to enhance malignant transformation has 

emerged only in the past few years200. Indeed, hyperactivation of ribosome biogenesis 

can be triggered by oncogenes or the loss of tumour suppressors, and has therefore 

been proposed to have a critical role in cancer initiation and progression148,173. 

Additionally, not only quantity is important, qualitative modifications in ribosomes can 

also promote oncogenesis. This is suggested by the elevated incidence of colon 

carcinoma and myeloid leukaemia in patients with inherited ribosomopathies, which are 

disorders caused by mutations in genes encoding ribosome components or other 

ribosome biogenesis factors, leading to impaired ribogenesis and/or function201.  
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I have shown that HEATR1 localises mainly to the nucleoli, in GBM cell lines and 

GSCs, where it co-localises with the nucleolar protein FBL. Similar results were obtained 

when analysing GBM and control brain tissue samples (IHC performed by D. Hilton, 

Derriford Hospital, NHS), yet levels in the later were markedly reduced as expected. In 

all cases, a weaker HEATR1 signal could also be seen throughout the nucleus and 

cytoplasm of the cells. In previous studies, different groups have reported similar findings 

in other cell types and contexts: Prieto et al., (2007) have shown that UTP10, HEATR1’s 

yeast orthologue, localises to the nucleoli, where it overlaps with other nucleolar 

proteins149, and Wu et al., (2014) found HEATR1 both in the cytoplasm and nucleoli of 

GBM tumour cells in histological sections155. Interestingly, the distribution pattern in 

pancreatic tumours is different. In these tumours HEATR1 seems to be expressed in the 

cytoplasm and sometimes in the cell membranes, where it co-localises with Akt to inhibit 

it156. It is clear that HEATR1 has a different role in pancreatic cancer to that I have 

identified in brain tumours, however, as I did not explore Akt signalling nor a 

cytoplasmatic role of HEATR1, I cannot rule out that it may act with this pathway. Yet, if 

this is the case, HEATR1 must perform a different role than in pancreatic cells, where it 

inhibits Akt signalling leading to tumour development.  

The nucleolus is a dynamic, non-membranous organelle that forms around a NOR 

comprising rDNA arrays148. In mammals, it is composed by three different structural and 

functional compartments; the fibrillar components (FCs), the dense fibrillar 

compartments (DFCs), that surround the FCs, and the granular compartments (GCs) 

that surround the DFCs143,148,167. Ribosomal genes are kept in the FCs where 

transcription rDNA takes place. Newly synthesized pre-rRNA molecules locate to the 

DFC where they begin to be processed by the small nucleolar RNAs (snoRNAs), and 

next transfer to the GC as they mature143,148,167. Of high relevance to my studies, the size, 

reorganization and modification of these spatial structures are indicative of alterations in 

nucleolar function, and therefore, can be studied by labelling them with specific 

markers143,167. Furthermore, knockdown of several nucleolar proteins has been shown to 

result in the formation of nucleolar caps171. These structures are believed to form as a 
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protection mechanism against rDNA damage, as studies inducing DNA breaks into the 

rDNA repeats in human and mouse cells consistently show RNA Pol I-dependent 

transcription inhibition and formation of nucleolar caps202. Additionally, treatment of cells 

with actinomycin D, an RNA Pol I inhibitor, results in the rapid reorganization of the 

nucleolus and formation of nucleolar caps202. Interestingly, a previous study reported that 

Actinomycin D treatment lead to HEATR1 nucleolar redistribution into caps, meaning 

that when RNA Pol I activity is impaired, HEATR1 is also affected and possibly non-

functional152. 

As mentioned in the Results section, UBF, FBL and NPM were chosen to identify and 

examine each nucleolar compartment and associated ribogenesis step, as they have 

been widely studied and used for similar purposes142,171,203. The UBF protein is 

associated to the FCs and plays a critical role in rRNA transcription by mediating the 

recruitment of RNA Pol I to rDNA promoting regions, being a key component of the 

transcription pre-initiation complex149,176. FBL is located in the DFCs and is a 

methyltransferase involved in pre-rRNA processing168. NPM labels the GCs and is 

required for ribosomal nuclear export. Western blot analyses of the expression levels of 

these nucleolar proteins upon HEATR1 knockdown in either GSCs or GBM immortalised 

cells showed that only UBF total expression was affected, whereas no significant effects 

could be seen in FBL or NPM. However, HEATR1 knockdown does affect the 

morphology of all three nucleolar compartments, which become smaller in size. In 

addition, FCs and DFCs distribute towards the periphery of the nucleoli, resembling the 

formation of the so-called nucleolar caps, and although GCs do not relocate into caps, 

their pattern in most cases also changes, acquiring a doughnut-like shape with NPM 

protein accumulating in the periphery (Figure 3.2). The higher intensity of the signal in 

these reduced size areas might explain why total protein levels in the case of FBL and 

NPM are not significantly affected. These data suggest that HEATR1 might have a main 

role in the first step of ribosome biogenesis, rDNA transcription, as it regulates the 

production of UBF, while affecting to a lesser extent the subsequent steps, rRNA 

processing and assembly.  
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Interestingly, Turi et al. (2018) reported that HEATR1 knockdown in osteosarcoma 

cells resulted in the release of NPM to the nucleoplasm152, a different phenotype to what 

I observed in GBM cell lines and GSCs, suggesting potentially different actions of 

HEATR1 in ribogenesis processes possibly dependent on tumour cell types.   

Strikingly, similar effects were observed in vivo, in our Drosophila brat model. 

Drosophila brat tumour initiating cells have enlarged nucleoli, consistently with the 

phenotype seen in a wide range of human cancer cells, and as mentioned above98,199. I 

observed that knockdown of dHEATR1 in these cells results in the reduction of nucleolar 

area to levels comparable to those of control brains, suggesting that ribogenesis is also 

back to levels found in normal cell counterparts. The findings indicate a similar 

mechanism to that of human GBM cells, and strongly suggest that HEATR1 is essential 

for several steps of ribosome biogenesis in brain tumour cells.   

 

 

Figure 3.2 Nucleolar reorganization in response to HEATR1 knockdown in GBM and 

GSC cells. Schematic representation of the structure of normal nucleoli within the nucleoplasm 

in which the fibrillar centres (FCs) form around the rDNA within the dense fibrillar compartments 

(DFCs) and the granular compartments (GCs). Upon HEATR knockdown the areas of the three 

compartments are reduced, the FCs and DFCs relocate to the periphery of the nucleoli forming 

compact structures, and the GCs become acquire a doughnut-like shape. 

 

Synthesis of rRNA by RNA Pol I is a rate-limiting step of ribosome biogenesis148. 

Previous studies have reported the co-localization of HEATR1 with RPA194, the biggest 

subunit of RNA Pol I, in an osteosarcoma cell line152. Consistently, my results 

demonstrate that HEATR1 knockdown impairs RPA194 localisation, suggesting that 
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RNA Pol I function might be affected. Further experiments analysing the rate and 

expression of rRNA synthesis in GBM cells by measuring 47S pre-rRNA synthesis 

confirmed its downregulation upon HEATR1 knockdown, clearly demonstrating that RNA 

Pol I function is affected. After being transcribed by the RNA Pol I, the 47S pre-rRNA is 

heavily modified to yield the mature 28S, 18S and 5.8S rRNA subunits, which will then 

form the small and large subunits of the ribosomes in combination with ribosomal 

proteins148,173. Previous studies had reported that HEATR1 depletion resulted in the 

reduction of 18S rRNA levels, suggesting defects in rRNA processing of this specific 

subunit151. However, I have found that in GBM cells, HEATR1 knockdown affected all 

the mature rRNAs at a similar level. Interestingly, HEATR1 overexpression was not 

enough to increase 47S pre-rRNA synthesis levels. Collectively, the data indicate that 

although HEATR1 is required for several steps of ribosome biogenesis, it is not sufficient 

to stimulate it.  

As ribosome biogenesis is directly responsible for protein synthesis, it is not surprising 

that the knockdown of HEATR1 results in lower rates of protein synthesis in GBM cells. 

Given that cell size growth depends on ribogenesis and production of proteins148,198, a 

role of HEATR1 in these processes is also consistent with the observations in the in vivo 

brat brain tumour model, in which upon dHEATR1 knockdown, tumour initiating cell size 

growth is prevented. These findings suggest that hyperactive ribosome biogenesis (as 

seen by enlarged nucleoli) and consequent protein synthesis in brat tumour initiating 

cells depends on dHEATR1. 

In conclusion, before a cell divides, protein synthesis needs to increase greatly so as 

to duplicate the cell structural and functional components, and to ensure the cell has a 

certain size to produced viable progeny148,204. This is achieved by up-regulation of 

ribosome biogenesis204, which in brain tumour initiating cells results in the upregulation 

of HEATR1, which is needed to maintain increased levels of rDNA transcription, 

processing and assembly.  
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3.6 HEATR1 seems to play no major role in brain tumour cell survival  

Regulation of apoptotic signals is another essential process that is known to affect 

cancer cells. In fact, many clinical approaches have focused on developing therapies 

promoting the elimination of cancer cells by inducing apoptosis205. HEATR1 has been 

previously implicated in cell survival as its knockdown was suggested to induce p53-

mediated apoptosis in two independent studies. The knockdown of its zebrafish 

homologue, bap28, was claimed to trigger p53-dependent apoptosis during 

development151, and in human non-small lung cancer cell lines, HEATR1 downregulation 

induced a minor increase in cell death, that was linked to the activation of the 

p53/PUMA/BAX/BCL pathway153. However, during my studies I was not able to detect 

differences in levels of apoptosis in either the Drosophila brat model or in GBM 

immortalised cell lines upon HEATR1 knockdown. Experiments performed by another 

member of our laboratory using GSCs subjected to HEATR1 inhibition revealed only a 

small (5-10%) yet significant increase, in cell death (Diaz et al., in preparation). However, 

this increase was not accompanied by significant changes in the levels of BAX and 

Casp3 as measured by western-blot assays on GSCs that I performed. Additionally, I 

extensively investigated p53 expression in our human models and was unable to detect 

any upregulation of the protein upon HEATR1 knockdown, including in GSCs. Moreover, 

BAX is regulated by p53 and an activator involved in p53-mediated apoptosis, therefore, 

the fact that BAX levels are not affected suggests that the p53/PUMA/BAX/BCL pathway 

may not be regulated by HEATR1 in GBMs.  

Additionally, HEATR1 was shown to regulate p53-dependent cell cycle arrest in 

osteosarcoma cells through triggering the impaired ribosome biogenesis checkpoint 

(IRBC)152. Upon impaired ribosome biogenesis, a protein complex containing newly 

synthesised 60S Ribosomal Protein 5 (RPL5), 60S Ribosomal Protein 11 (RPL11) and 

the 5S rRNA is redirected from assembly into 60S ribosomes to the E3 ubiquitin-protein 

ligase human double minute 2 (HDM2; MDM2 in mice), which leads to p53 stabilization 

by preventing its ubiquitylation and degradation173. This process is known as the IRBC173. 

In HEATR1 depleted osteosarcoma cells, HDM2 formed a complex with RPL5, which led 
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to the accumulation of p53152 and cell cycle arrest, while simultaneous knockdown of 

either RPL5 or RPL11 prevented p53 accumulation152. However, how HEATR1 would 

inhibit p53 in these particular tumour cells, contributing to their overproliferation would 

require further investigation.   

Together these findings suggest that even if HEATR1 has some contribution to cell 

survival, it seems it is not a main process by which it promotes brain tumourigenesis, in 

contrast to its striking effects on tumour cell size growth and proliferation. Moreover, 

unlike reports in other systems, my findings do not support an effect of HEATR1 on levels 

of the tumour suppressor P53 and therefore other mechanisms of possible mode of 

action were explored. 

 

3.7 HEATR1 regulates dMyc nucleolar localisation and function 

The underlying molecular mechanism by which HEATR1 affects cell cycle and 

ribosome biogenesis still remains an open question. Vast literature demonstrates that 

the oncogene c-Myc functions as a sequence-specific transcription factor that regulates 

cell-cycle progression, ribogenesis, and cell growth, and its deregulation has been 

implicated in a wide range of cancers130. Indeed, c-Myc regulates multiple steps of 

ribosome biogenesis129. It binds to upstream and downstream sequences of the coding 

regions of rDNA clusters, remodelling their chromatin structure, and directly regulates 

RNA Pol I transcription of the 47S pre-rRNA182,186. It also enhances expression and 

recruitment of the RNA Pol I cofactors like UBF and SL1, indirectly promoting rDNA 

transcription186. It also enhances expression and recruitment of the RNA Pol I cofactors 

like UBF and selective factor 1 (SL1), indirectly promoting rDNA transcription186.Outside 

nucleoli, transcription of the 5S rRNA by RNA Pol III is also mediated by c-Myc through 

its interaction with TFIIIB129, and transcription of ribosomal proteins is regulated by c-

Myc as well through RNA Pol II129. In this way, c-Myc controls ribosome biogenesis 

through all three RNA polymerases and at different levels. I, therefore, decided to 

investigate whether HEATR1 action in ribogenesis is linked to that of c-Myc. 
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Drosophila Myc and vertebrate c-Myc share a sequence identity of 26% and the 

characterised domains are highly conserved206. dMyc is inhibited by Brat post-

transcriptionally in the progeny of NSCs98. Therefore, in the brat tumour model dMyc is 

found overexpressed in tumour initiating INP cells98, where our group detected 

dHEATR1 also overexpressed. Moreover, using  the TCGA database, TRIM3 expression 

was shown to negatively correlate with that of c-Myc in GBM samples, and 

overexpression of TRIM3 in GBM immortalised cells results in reduced nuclear c-Myc 

expression131. These data suggest a conserved functional link between Myc and 

Brat/TRIM3.  

During active rDNA transcription, c-Myc can be found at the nucleoli186,187. This is 

reportedly very difficult to detect possibly due to it being a transient and highly dynamic 

process182. To overcome the difficulties, researchers have used strategies such as 

inhibiting the proteasome machinery182 which I have also utilised successfully in my work 

with cells in culture. It has been proposed that the recruitment of c-Myc to nucleoli is 

mediated at least partially by Nucleophosmin (NPM) in mouse embryonic fibroblasts 

(MEFs) as its overexpression leads to a higher accumulation of Myc in the nucleoli and 

its downregulation impairs this localization184. Additionally, the upregulation in rDNA 

transcription caused by Myc overexpression can be prevented by the simultaneous 

knockdown of NPM, which indicates that NPM controls c-Myc-mediated transcription184. 

In my studies, I have identified a similar relation between HEATR1 and c-Myc using both 

in vivo and in vitro models. I have shown that when HEATR1 is knocked-down, less c-

Myc can be detected in the nucleoli of GBM cells, and of Drosophila brat tumour initiating 

cells (in which c-Myc is found overexpressed). Moreover, HEATR1 depletion inhibits c-

Myc-mediated rDNA transcription, and its overexpression enhances it. This is particularly 

interesting, as HEATR1 upregulation on its own did not trigger a significant effect on 

rDNA transcription. Overall, these data indicate that c-Myc localisation in nucleoli of brain 

tumour cells is dependent on HEATR1, and HEATR1’s nucleolar role is, at least in part, 

mediated by c-Myc.  
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3.8 Proposed model for HEATR1 function 

Together with literature and contributions from other members of the Barros team (as 

indicated throughout this thesis), my findings using the Drosophila brat brain tumour 

model, GBM and GSC cells lead us to propose the following model of action of HEATR1 

in brain tumour initiation and development. 

Upon malignant transformation of neural cells, in which the tumour suppressor 

function of Brat/TRIM3 has been lost, HEATR1, a predominantly nucleolar protein, 

becomes upregulated. High HEATR1 levels lead to an increase in nucleoli size and 

function, namely in rDNA transcription and processing. I have further shown that this is 

in part mediated by recruitment of the oncogene and master regulator of rRNA synthesis, 

c-Myc129,181, to nucleoli by HEATR1. Increased ribosome biogenesis raises the rate of 

protein synthesis, leading to cell size growth and contributing to tumour proliferation and 

development (Figure 3.3). 

A limitation of this study is the lack of HEATR1 overexpression assays both in the 

Drosophila model and in vitro in GSCs. However, as HEATR1 does not regulate 

transformation, and its overexpression in 293T cells did not trigger an upregulation on 

rDNA transcription, overexpression of dHEATR1 in a control background, or in the brat 

background or in GSCs, where it is already enriched, might not have any effect. Another 

possibility is that the overexpression of dHEATR1 in a tumour background exacerbates 

tumourigenesis. 

As mentioned in the Introduction (Section 1.5.1), HEATR1 contains only one HEAT 

repeat on its C-terminal end, which is its only known domain141. HEAT repeat domains 

are believed to be involved in protein-protein interactions207. Indeed, Prieto et al., (2007) 

found that UTP10, HEATR1’s yeast orthologue, regulates rDNA transcription via binding 

chromatin in the rDNA repeat in a sequence-independent manner, as consequence of 

protein-protein interactions149. Moreover,  HEATR1 was reported to have a cytoplasmic 

role in pancreatic cells, working as a scaffold protein between Akt and PP2A, further 

suggesting its role in protein-protein interactions156. Members of our group are still 

currently investigating whether HEATR1 and Myc interact physically, through co-



 

 102 

immunoprecipitation assays, but to date this has not been successful. As it is known that 

c-Myc forms a complex with NPM in mouse embryonic fibroblast cells, and this complex 

has a similar function to that observed for HEATR1 and Myc in GBM cells, it would be 

interesting to know whether HEATR1 belongs to the NPM/c-Myc complex, or if it is an 

independent interaction.  

 

 

Figure 3.3 Proposed HEATR1 mechanism of action in brain tumour development.  

During normal development Brat/TRIM3 may inhibit both HEATR1 and c-Myc expression (directly 

or indirectly) maintaining their levels low. HEATR1 recruits c-Myc to the nucleoli, where they 

regulate RNA Pol I transcription of rDNA clusters into rRNA regulating ribosome biogenesis. In 

tumour cells, Brat/TRIM3 is lost and HEATR1 and c-Myc7,98 are overexpressed. HEATR1 recruits 

higher levels c-Myc to nucleoli, enhancing RNA Pol I transcription of rDNA into rRNA and 

subsequent ribogenesis steps, which results in nucleolar enlargement and upregulated protein 

synthesis, which leads to increased cell growth and tumour growth. 
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3.9 Ribosome biogenesis and HEATR1 as a potential therapeutic target 

It is now recognised that the hyperactivation of ribosome biogenesis is essential to 

promote cancer development, and therefore, it has been in the spotlight of cancer 

treatment for a while143,173,204. Moreover, it is known that expression of rRNAs and 

ribosome biogenesis factors directly control stem cell homeostasis and identity, and their 

deregulation, for example due to mutations in the respective genes, can lead to 

uncontrolled stem cell proliferation and tumour formation198,208. Loss-of-function 

mutations in tumour suppressors or activating mutations in some oncogenes lead to de-

regulated signalling that stimulates Pol I transcription, resulting in upregulated ribosome 

biogenesis, protein synthesis, cell growth and proliferation209.  

In the past years, drugs targeting RNA Pol I transcription have been developed, 

showing promising therapeutic effects. Examples of these are CX-5461 and CX-3543, 

both small molecule fluoroquinolone derivates that selectively bind to G-quadruplex DNA 

structures, that are particularly enriched in rDNA209. These inhibit rDNA transcription by 

blocking binding of RNA Polymerase I complex components, such as nucleolin or SL1, 

to the promoter regions of rDNA, eventually leading to apoptosis of cancer cells209. 

Several phase I clinical trials of the CX-3543 compound in patients with carcinoid and 

neuroendocrine tumours have been successful, and a phase II clinical trial for the 

treatment of these malignancies was completed with preliminary evidence of clinical 

benefit173,209. Another compound recently described, which has been shown to 

specifically target RNA Pol I transcription, is metarrestin. This drug has been shown to 

inhibit metastatic development in three mouse models of human cancer, and extends 

survival of mice in a metastatic pancreatic cancer xenograft model with no organ 

toxicity210.  

The data presented in this thesis contributes to our knowledge on ribosome 

biogenesis in brain tumour initiation and development, including regulation of a major 

oncogene, c-Myc, by HEATR1. One could speculate that specifically targeting HEATR1 

in brain tumours may be sufficient to modulate c-Myc activity in c-Myc-driven cancers, 

hampering tumour growth and leading to clinical benefits.  
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4 CONCLUSION 
 

The overall aim of this candidate PhD thesis project was to characterise the role in 

brain tumour initiation and development of HEATR1, a candidate gene that arose from a 

single-cell transcriptome analysis of brain tumour initiating cells from the Drosophila brat 

model.  

Using Drosophila brat as an in vivo brain tumour model98,99,101, and GBM cell lines and 

patient-derived GSCs as human in vitro models, I investigated HEATR1 expression and 

function and identified a possible mechanism by which it acts in brain tumourigenesis, 

accomplishing the main goal of the study. 

HEATR1 was found by our team upregulated in Drosophila brat tumour initiating cells, 

and I have contributed to show it is also overexpressed in high (GBM) and low grade 

(DA) glioma samples, and GSCs compared to controls. I have shown that HEATR1 is 

not required for the transformation of brain tumour initiating cells, but it is necessary for 

tumour initiation cell size growth and proliferation, and tumour growth development. I 

have further identified that HEATR1 acts by promoting ribosome biogenesis of tumour 

cells, which at least in part is mediated via recruiting the oncogene c-Myc to nucleoli, the 

cell’s sites of ribogenesis. c-Myc is a master regulator of rDNA transcription and overall 

ribogenesis129,181. Increased ribogenesis results in upregulated protein synthesis and 

increased cell growth and proliferation, contributing to tumour cell growth. In summary, I 

have identified HEATR1 as a novel brain tumourigenesis player. These findings add to 

current knowledge in cancer research and may contribute to the development of future 

ribosome biogenesis-targeted therapies. 
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5 MATERIALS AND METHODS 
 

5.1 Drosophila maintenance 

All fruit fly stocks were maintained in vials or bottles for long-term storage at 18ºC and 

at 25ºC for on-going experiments. Stocks were kept in standard Drosophila food.  

 

5.1.1 Drosophila standard food  

Materials: 100g sugar, 50g dry yeast, 80g organic flour, 2g (NH4)2SO4, 5g tartaric acid, 

1.5g KH2PO4, 22g agar, 300ml grape juice, 10ml propionic acid and 1g nipagin (all 

chemicals were purchased from Sigma Aldrich). dH2O to 1l. 

For the preparation of 1l of standard fly food, sugar and dry yeast were dissolved 

completely in 500ml of boiling water. Organic flour was mixed into 200ml of water until a 

smooth paste was formed, and then added to the boiling water to dissolve.  Two g of 

ammonium sulphate, 5g of tartaric acid and 1.5g of potassium phosphate monobasic 

were added to the water and boiled for 10 minutes. Agar was mixed with the grape juice 

in two separate batches (11g:150ml), slowly added to the mixture and boiled for another 

10 minutes. The mixture was left at room temperature to cool down, and 1g of nipagin 

diluted in 10ml of propionic acid was added at 70ºC. Approximately 2cm high of food was 

added to each vial or bottle.  

 

5.1.2 Drosophila agar plates  

Materials: 800ml dH2O, 21g agar, 200ml grape juice.  

For the preparation of 1.2l of plate food, 21g of agar were mixed with 200ml of grape 

juice and slowly added to 1l of boiling water. The mixture was poured into small petri dish 

plates. 
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5.1.3 Drosophila genetic crosses and staging of embryos and larvae 

Fly stocks were maintained in vials or bottles with standard Drosophila food at 18ºC 

for long-term maintenance and at 25ºC for ongoing experiments. Fly strains needed for 

experiments were grown in multiple bottles to yield maximum female virgin collections. 

Female virgins were collected every 3 hours (maximum) and stored with a similar number 

of the appropriate males at 18ºC211. The resulting crosses were transferred to egg-lay 

chambers assembled on top of agar juice plates supplemented with yeast paste and 

maintained at 25ºC. The plates were changed at least twice a day for two days. By the 

second day the flies were placed on a fresh agar plate and allowed to lay for one hour. 

Eggs laid during this time were transferred onto a fresh plate and left at 25ºC, allowing 

them to develop till the appropriate stage. Larvae were transferred every day to fresh 

plates in order to monitor their development.  

 

5.1.4 Drosophila strains 

Drosophila stocks were obtained from different sources. The Drosophila line pointed-

Gal4 (Gal414-94) on chromosome III158 was a gift to Dr. Barros laboratory by Dr. Jan 

laboratory (Howard Hughes Medical Institute, University of California, USA). Drosophila 

UAS line expressing mcd8-GFP (UAS-mcd8-GFP)159 (BL5137) and UAS-brat-RNAi126 

(BL34646) were obtained from the Bloomington Drosophila Stock Centre (BSDC). The 

UAS-dHEATR1-RNAi154 strain (V17000) is from the Vienna Drosophila Resource Centre. 

Drosophila stocks were obtained from different sources. The Drosophila line pointed-

Gal4 (Gal414-94) on chromosome III158 was a gift to Dr. Barros laboratory by Dr. Jan 

laboratory (Howard Hughes Medical Institute, University of California, USA).  

The lines UAS-mcd8-GFP;pointed-Gal4 (used as control) and UAS-dHEATR1-

RNAi;UAS-brat-RNAi (referred to as dHEATR1;brat-RNAi in the results section) were 

engineered in Dr. Barros laboratory by previous members of the group. For type II NSC 

lineage-RNAi knockdown assays UAS-mcd8-GFP;pointed-Gal4 flies were crossed with 

the appropriate RNAi line and assays were performed in the progeny.   
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5.2 Cells, media and culture conditions 

5.2.1 Immortalised GBM and human Neural Stem cell lines 

Cell lines used in this project included the immortalised glioma cell lines U87MG 

(American Type Culture Collection (ATCC) HTB-14) and U251MG (ATCC CRL-1690), 

and the human embryonic kidney HEK 293T line (ATCC CRL-11268). Cells were 

cultured in Advanced DMEM (Dulbecco’s Modified Eagle Media) (Gibco) supplemented 

with 10% Foetal Bovine Serum (FBS) (Sigma), 2mM L-Glutamine (Gibco), 1x non-

essential amino acids solution (Gibco 100X) and 100U/ml penicillin/streptomycin 

(Gibco). In all cases, cells were maintained at 37ºC in a 97% humidity atmosphere 

containing 5% CO2, following standard procedures.  

Cell lines were grown up to 70-80% confluency (from 2 to 4 days depending on the 

cell line and initial density) and then passaged. Cells were washed with Phosphate-

Buffered Saline (PBS) (Gibco) and Trypsin- Ethylenediaminetetraacetic acid (EDTA) 

(0.05%) (Gibco) was added and incubated at 37ºC for approximately 3 minutes until cells 

detached. Trypsin was neutralised with complete media and the cell suspension was 

spun at 1200rpm for 5 minutes. The supernatant was then removed, the cell pellets 

resuspended in media, and plated in a 1:5 dilution.  

A Neural Stem Cell (NSC) line derived from six weeks old foetal forebrain was 

obtained from the Glioma Cellular Genetics Resource (MRC Institute of Genetics and 

Molecular Medicine, The University of Edinburgh, Cancer Research, UK). NSCs were 

cultured in DMEM:F12 supplemented with 1.45g/l Glucose (Sigma), 1X non-essential 

amino acids solution (Gibco 100X), 100U/ml penicillin/streptomycin (Gibco), 0.012% 

BSA (Gibco), 0.1mM 2-Mercaptoethanol (Gibco), 0.5% B27 supplement (Gibco) and 

0.5% N2 supplement (Gibco). Mouse Epidermal Growth Factor (EGF) (10ng/ml, 

Peprotech), human Fibroblast Growth Factor (FGF) (10ng/ml, Peprotech) and laminin 

(1g/ml, Sigma) were added fresh to the media immediately before using it. When cells 

reached 70-80% confluency they were passaged as previously described for 

immortalised cell lines.   
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5.2.2 Patient derived GBM stem cell lines  

Patient-derived GBM CSCs (GSCs), GSC-5 and GSC-8, were kindly provided by Dr. 

Izquierdo (Molecular Biology Department, Autonomous University of Madrid, Spain). The 

lines were isolated from GBMs of two different specimens from the Hospital Universitario 

Ramón y Cajal in Madrid, Spain83. None of the patients were treated with radiotherapy 

before the extraction of the samples. The lines are described in Gil-Ranedo et al., 

(2011)83. Briefly, they grow exponentially forming floating neurospheres even when 

seeded at low density, indicating a strong self-renewal capacity, and were largely 

positive for several stem cell markers such as CD133 (76%), nestin (over 95%), Sox2 

(over 95%), vimentin (over 95%) and nucleostemin (88%). When the cells were cultured 

in differentiation-inducing media they displayed the typical neural lineage phenotype, 

which was confirmed by immunostaining with -III-tubulin and MAP2 (neurons), NG2 

(oligodendrocytes) and GFAP (astrocytes). The karyotypic analysis showed alterations 

reflecting transforming activity and clonogenicity assays in soft agar and rat xenografts 

indicated a high tumourigenic potential. The lines formed large highly infiltrative tumours 

in 100% of the cases in xenografted rats and explants of these tumours were serially 

transplanted into the brains of other nude rat hosts generating lethal tumours that were 

equally enriched for CSCs, demonstrating high self-renewal capacity. Histopathological 

analysis of the xenografts revealed the typical GBM characteristics, pseudopalisades 

and focal necrosis, high cellularity, high epidermal growth factor receptor (EGFR) and 

high proliferative index (MIB-1). Their analysis shows that the transplanted tumours were 

phenocopies of the original patient’s tumour83. 

GSCs were cultured using DMEM:F12 (1:1) supplemented with GlutaMax (Gibco), 

0.5% AlbuMax I (Gibco), 5mM HEPES (Gibco), 0.6% glucose (Sigma), 10g/ml N2 

(Invitrogen), 2g/ml Heparin (Sigma), 20ng/ml of both EGF and FGF-2 (Peprotech) and 

1X non-essential amino acids solution (Gibco 100X).  Cultures were grown at 37ºC in a 

97% humidity atmosphere containing 5% CO2 and fed twice a week with 20% volume of 
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fresh medium83. In these conditions, neurospheres developed in one to two weeks. When 

their size reached 200–300 mm, neurospheres were spun at 1000rpm for 5 minutes and 

dissociated with Trypsin-EDTA (0.05%) (Gibco) and manual pipetting once the 

supernatant was discarded. Trypsin was then blocked with the same volume of FBS 

containing DMEM and cells were spun at 1200rpm for 5 minutes. The supernatant was 

then removed, the cell pellets resuspended in GSC medium, and plated in a 1:5 dilution 

for normal passage or at the desired density for each assay.  

 

5.2.2.1 Differentiation of GCSs 

GSCs were differentiated as described in Gil-Ranedo et., al83 (2011). Briefly, the cells 

were cultured at a density of 2.5x104 on glass coverslips treated with a layer of Matrigel 

(Becton Dickinson) diluted 1/50 in DMEM:F12. The cells were maintained for 12 days in 

GSC media described above but deprived from FGF-2 and EGF and supplemented with 

0.5 % FBS, and 10 M all-trans retinoic acid (Sigma). The FBS complement system was 

previously inactivated by incubation at 56ºC for 30 minutes. This media was replaced 

once after 6 days with fresh media. Differentiation of the cells was verified by 

immunostaining against neural markers: -III-tubulin (neurons), Olig2 (oligodendrocytes) 

and GFAP (astrocytes). 

 

5.3 Growing plasmid DNAs 

Luria-Bertani (LB) broth with Lennox L agar (ThermoFisher) was prepared from 

powder, autoclaved, and cooled down to around 50ºC to add the antibiotic carbenicillin 

100g/ml (Sigma). The medium was then poured into bacterial culture petri dishes and 

let solidify at room temperature. Bacterial glycerol stocks were kept at -80ºC and taken 

right before inoculating the plates with a pipette tip dipped in the bacterial tube. The 

plates were incubated upside down overnight at 37ºC. The next morning a swab of the 

colonies was taken with a pipette tip, inoculated into 5ml of liquid LB broth supplemented 

with carbenicillin 100g/ml in a bacterial culture tube, incubated for at least 6 hours at 
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37ºC with shaking and then transferred to a bigger flask containing at least 250ml LB 

broth and incubated overnight. DNA plasmids were extracted from the bacterial cultures 

using GeneJet Plasmid Midiprep Kit (ThermoFisher) following the manufacturer’s 

instructions. Concentration of the obtained cDNA was measured using a NanoDrop 2000 

(Thermo Scientific).  

 

5.4 Transfection of cells in culture 

For small interfering RNA (siRNA) experiments, 200.000 cells per well were seeded 

in 6-well plates in DMEM supplemented with 10 % FBS and allowed to attach overnight. 

Transfections were performed with 15 ng of MISSION esiRNA (Sigma), which is an 

endoribonuclease-prepared siRNA pool comprised of a heterogeneous mixture of 

siRNAs that target the same mRNA sequence212, using Lipofectamine 2000 (Invitrogen) 

in OptiMEM (Gibco) medium following the manufacturer’s protocol. 212, using 

Lipofectamine 2000 (Invitrogen) in OptiMEM (Gibco) medium following the 

manufacturer’s protocol. Cells were incubated overnight and medium changed to DMEM 

supplemented with 10 % FBS. All assays were performed at 48 and 72 hours post-

transfection.  

For plasmid transfection experiments, cells were transfected as described above but 

using 0.5g (qPCR assays) or 1g (localization assays) of pCMV-HA (control) or the 

human c-Myc full length cDNA cloned into the pCMV-HA-N vector213 (pCMV-HA-h-c-

Myc), both kindly provided by Dr. Murai (The Jikei University School of Medicine, Japan) 

and/or 1g of pIRES-FLAG or pIRES-FLAG-HEATR1156, a gift from Prof. Lou (Mayo 

Clinic, USA). Cells were processed 6, 18, and 24 hours after transfection.  

 

5.5 Lentiviral infection of cultured cells  

5.5.1 Lentiviral particle generation  

For the packaging of lentiviral vectors enabling knockdown of HEATR1, five validated 

HEATR1 MISSION short hairpin RNAs (shRNAs) cloned into the pLKO.1 lentiviral vector 
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were purchased from Sigma Aldrich as bacterial glycerol stocks (SHCLNG-NM_018072; 

Table 2) and grown as described above (section 5.3). The base vector pLKO.1 contains 

a puromycin resistance sequence. In all cases the empty vector MISSION pLKO.1-Puro 

(Sigma Aldrich) was used as a control.  

HEK 293T were transfected using Lipofectamine 2000 (Invitrogen) and Opti-MEM 

(Gibco) following manufacturer´s guidance. For the transfection of each shRNA vector 

5.5x106 293T cells were seeded in 100mm tissue culture dishes (Thermo Scientific). The 

following were used: 10g of the HEATR1 MISSION shRNA, 5g of the packaging 

plasmid psPAX2 (created by Didier Trono, Addgene plasmid #12260) and 5g of the 

packaging plasmid pMD2.G (also created by Didier Trono, Addgene plasmid #12259). 

After 24 hours, OptiMEM was replaced for CSC media, as described above, and 

incubated 54-56 hours, allowing the cells to produce lentiviral particles. Supernatant 

containing the virus was then collected, filtered (0.45m pore), aliquoted and stored at -

80ºC or used immediately. 

 

Name Reference Sequence 

Sh22 TRCN0000137322 CCGGGCAGAGTTGATGGAAGATGAACTCGAGTTCATCTTC
CATCAACTCTGCTTTTTTG 

Sh39 TRCN0000133839 CCGGCCCAGAACATTAGATGTTGTACTCGAGTACAACATC
TAATGTTCTGGGTTTTTTG 

Sh50 TRCN0000137850 CCGGGCACAGATGGTTCTGGTTGTTCTCGAGAACAACCA
GAACCATCTGTGCTTTTTTG 

Sh62 TRCN0000137162 CCGGGCTACCAGAATCCATTCCTTTCTCGAGAAAGGAATG
GATTCTGGTAGCTTTTTTG 

Sh97 TRCN0000136697 CCGGGCTGAACAAGTCCGAATAGAACTCGAGTTCTATTCG
GACTTGTTCAGCTTTTTTG 

 

Table 2. HEATR1 shRNAs tested. 

 

5.5.2  Lentiviral transduction 

Transduction of lentiviral vectors in GSCs was performed as described in Gil-Ranedo 

et al.,83 (2011). Briefly, GSCs were seeded at a concentration of 6x104 per cm2 in Opti-

MEM and incubated for 6 hours. Once cells were adhered to the well, OptiMEM was 

replaced with CSC media and lentiviral-containing supernatant (1ml supernatant with 
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viral particles: 5ml CSC media) supplemented with 4g/ml polybrene (Sigma). After 12 

hours incubation, cells were detached from the substrate by manual pipetting and 

cultured in CSC proliferating media. Puromycin (0.8g/ml; Gibco) was added 8 hours 

after the media was changed and the cells were maintained 7 days at 37ºC in a 97% 

humidity atmosphere containing 5% CO2 before being harvested. 

For transduction in U87MG cells, the above protocol was used with minor 

modifications. 2x104 cells were seeded per M6 well in 1.4ml of DMEM supplemented 

with 10 % FBS and allowed to attach overnight. The following morning, 0.6ml of lentiviral-

containing supernatant (as described above) and 4g/ml polybrene (Sigma) were added 

to the cells. After overnight incubation, the medium was replaced with DMEM 

supplemented with 10% FBS. As for the procedure using GSCs, puromycin 0.8g/ml 

was added 8 hours after the medium was changed, and cells maintained for 7 days at 

37ºC in a 97% humidity atmosphere with 5% CO2 before being harvested. 

In all cases, a negative control for efficient infections, comprising of non-infected cells 

was also used. The cells died a few days after the puromycin was added.  

 

5.6 Soft agar GSC colony formation assay 

Soft agar assays were conducted as described by Gil-Ranedo et., al (2011)83. GSCs 

were infected with lentiviral particles mediating expression of the chosen shRNAs and 

cultured under selection pressure in CSC proliferating medium containing puromycin 

(0.8g/ml) for 7 days. A basal layer of agar was prepared mixing equal volumes of sterile 

agar (1%) and 2X CSC proliferating medium, obtaining a final solution of 0.5% agar in 

1X media. For the top layer 0.7 % sterile agar was mixed with 2X CSC proliferating 

medium as the appropriate number of dissociated cells (5.000cells/ml CSC-5, 

2.500cells/ml) was immediately added, obtaining a final concentration of 0.35% agar in 

1X medium. Cells were cultured for 10 days and viable colonies were detected by 

applying 1ml/well of 0.6mg/ml of Thiazolyl Blue Tetrazolium Bromide, also known as 

MTT (Sigma Aldrich), in proliferating medium and photographed with a Leica DM1000 
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LED microscope coupled to a Leica MC170 HD camera. Regions of interest (ROIs) of 

the same size were determined for each condition and colony number was scored using 

the Nucleus Counter plugin included in Fiji/ImageJ214 (Figure 5.1). 

 

Figure 5.1 Schematic representation of the soft agar colony formation GSC assay 

protocol.   

 

5.7 Immunostainings 

5.7.1 Immunohistofluorescence (IHF) of Drosophila larval brains 

Immunohistofluorescence (IHF) assays were performed as previously described215 

with minor modifications. Larval brains were dissected in PBS (8g NaCl, 0.2g KCl, 1.44g 

NA2HPO4, 0.24g KH2PO4, pH 7.4 in 1l H2O) at the appropriate developmental stage and 

fixed for 20 minutes in 4% formaldehyde in PBS and supplemented with 0.5M EGTA 

and 5M MgCl2 (1st instar larvae) or 1M EGTA and 10M MgCl2 (2nd and 3rd instar 

larvae). All chemicals were purchased from Sigma Aldrich. Brains were then washed 

with PBS and incubated in blocking buffer (PBS-1% Triton X-100 (PBS-T), 1% FBS) for 

1 hour at room temperature. Primary antibodies (Table 3) were diluted in PBS-T and 

incubated overnight at 4ºC. Larval brains were washed with PBS-T and incubated with 

appropriate secondary antibodies (Table 4) diluted 1:200 for 2 hours at room 

temperature. Secondary antibodies were washed in PBS-T and brains were successively 

embedded in 50% (>30 mins) and 70% (>3 hours) glycerol before being mounted on a 

microscope slide in a 1:1 mix of Vectashield media (Vector Laboratories) and 70% 

glycerol. All incubation steps were performed on continuous shaking except for overnight 

and glycerol incubations.  
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Primary 
Antibody 

Species 
Dilution; 
Purpose 

Source 

Ase Rabbit 1:10000; IF Gift from Y. Nung Yan  

BAX Mouse 1:500; WB Santa Cruz (sc-7490) 

c-Myc Mouse 1:100; IF Santa Cruz (sc-40) 

c-Myc Rabbit 1:500; WB Cell Signalling Technologies (5605) 

Casp3 Rabbit 1:1000; WB Abcam (ab13847) 

dMyc Guinea Pig 1:100 Gift from G. Morata 

Dpn Guinea Pig 1:2000; IF Gift from J. Knoblich 

FBL Rabbit 
1:500; WB  
1:200; IF 

Abcam (ab5821) 

GFP Chicken 1:500; IF Millipore (06-896) 

GFP Rabbit 1:1000; IF Gift from U. Mayor  

HA High affinity Rat  1:1000; IF Roche (11867423001) 

HEATR1  Mouse 
1:500; WB 
1:100; IF 

Santa Cruz (sc-390445) 

Ki67 Mouse 1:75; IF Dako (M7240) 

Ki67 Rabbit 1:500; IF Sigma Aldrich (10250) 

NPM (b23) Mouse 1:100; IF Santa Cruz (sc-271737) 

Olig-2 Rabbit 1:500; IF  Chemicon 

P21 Waf1/Cip1 Rabbit 1:1000; WB Cell Signalling Technologies (2947) 

p53 Mouse 1:500; WB Santa Cruz (sc-126) 

PH3 Mouse 1:500; IF Abcam (ab5176) 

RPA194 Mouse 
1:500; WB  
1:50; IF 

Santa Cruz (sc-48385) 

UBF Mouse 
1:100; IF 
1:500; WB 

Santa Cruz (sc-13125) 

-Tubulin Mouse 1:1000; WB Sigma Aldrich (T5168) 

-Actin  Mouse 1:10000; WB Cell Signalling Technologies (4967) 

-III-Tubulin Rabbit 1:100; IF Sigma Aldrich (ZRB1140) 

 

Table 3: Primary antibodies used for immunofluorescence (IF) or western blot (WB).  

 

Secondary 
Antibody 

Dilution; 
Purpose 

Source 

Goat Anti-Mouse 488 1:200; IF Thermo Fisher (A-10667) 

Goat Anti-Mouse 568 1:200; IF Thermo Fisher (A-11004) 

Goat Anti-Mouse 633 1:200; IF Thermo Fisher (A-21052) 

Goat Anti-Guinea Pig 633 1:200; IF Thermo Fisher (A-21105) 

Goat Anti-Guinea Pig 568 1:200; IF Thermo Fisher (A-11075) 

Goat Anti-Chicken 488 1:200; IF Thermo Fisher (A-11039) 

Goat Anti-Rabbit 488 1:200; IF Thermo Fisher (A-11008) 

Goat Anti-Rabbit 568 1:200; IF Thermo Fisher (A-11036) 

Goat Anti-Rabbit Cy5 1:200; IF Thermo Fisher (A-10523) 

Goat Anti-Rabbit IgG – HRP 1:10000; WB Cell Signalling Technologies (7074) 

Goat Anti-Mouse IgG – HRP 1:10000; WB Cell Signalling Technologies (7076) 

 

Table 4: Secondary antibodies used for immunofluorescence (IF) or western blotting 

(WB). HRP, Horse Radish Peroxidase. 
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5.7.2 Immunocytofluorescence (ICF) 

Cell lines were seeded at a concentration of 5x104 on glass coverslips and fixed with 

4% formaldehyde for 15 minutes. For GSCs’ stainings83, coverslips were pre-coated with 

a laminin (10g/ml, Sigma) matrix for at least one hour at 37ºC and washed 3 times with 

PBS. GSCs neurospheres were dissociated, seeded at a density of 5x104 on the treated 

coverslips, incubated overnight, and fixed. Washes were performed using PBST (PBS, 

0.2% Triton X-100) and cells permeabilised for 15 minutes in this buffer, blocked 20 

minutes with 0.1% Triton X-100 and 1% FBS in PBS and incubated with primary 

antibodies (Table 3) overnight at 4ºC. Primary antibodies were washed with PBST and 

appropriate secondary antibodies (Table 4)  were diluted 1:200 in PBST and incubated 

for 1 hour at room temperature. In all cases nuclei were counterstained with DAPI (15 

minutes, 1:1000) and mounted on microscope slides with ProLong Diamond (Invitrogen). 

 

5.8 EdU, EU and OPP incorporation assays 

Assays were performed using Click-iT kits (Invitrogen) and following manufacturer’s 

instructions using 5x104 cells seeded on glass coverslips.  To detect mitotic activity using 

EdU incorporation, cells on coverslips were incubated for 1 hour in 10M 5-ethynyl-2´-

deoxyuridine (EdU)/MEM at 37ºC (Click-iT EdU Imaging Kit, Invitrogen) and fixed in 4% 

formaldehyde in PBS. In this assay the modified thymidine analogue, EdU, is 

incorporated into newly synthesised DNA and fluorescently labelled with a photostable 

Alexa Fluor dye. EdU incorporation was combined with Ki67 antibody labelling, which 

was performed after the Click-It reaction between the azide-containing dye and the EdU 

as described above. Slides were systematically imaged and all cells that showed any 

EdU staining were counted as EdU positive.  

To detect rRNA synthesis, cells on coverslips were incubated for 1 hour at 37ºC in 

1mM 5-ethynyl uridine (EU)/MEM (Click-IT EU RNA labelling Kit, Invitrogen). EU is an 

alkyne-modified nucleoside that is actively incorporated into nascent RNA, the small size 
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of the tag enables efficient incorporation into RNA but not into DNA. The modified 

nucleoside is then detected by the chemoselective reaction between an azyde-

containing dye and the EU.  Coverslips were mounted on microscope slides as specified 

above. EU intensity was quantified in FiJi from images acquired using the same laser 

power and gain settings throughout all the conditions by measuring the total signal 

intensity in the region occupied by a mask corresponding to DAPI staining and 

normalizing it to the DAPI area.  

To detect protein synthesis, 20μM O-propargyl-puromycin (OPP) was added to the 

cells medium and incubated for 30 minutes at 37ºC (Click-iT Plus OPP Alexa Fluor 647 

Protein Synthesis Assay Kit, Invitrogen). OPP is an alkyne analogue of puromycin, which 

is incorporated into newly synthesised proteins. After fixation, OPP was detected by 

adding a pycolil azide-containing dye according to the manufacturer’s instructions. 

Coverslips were mounted on microscope slides as previously described and OPP 

intensity was measured in FiJi from images acquired using the same laser power and 

gain settings throughout the conditions by quantifying the total signal intensity in the 

whole image field and normalising it to the number of cells in the image.  

 

5.9 Cell death (TUNEL) assays 

Terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling (TUNEL) 

technology (In situ Cell Death Detection Kit, Roche Applied Science) was used to detect 

apoptosis at a single-cell level by labelling DNA strand breaks. Following manufacturer’s 

instructions cells were seeded at a density of 5x104 on glass coverslips and fixed with 

4% formaldehyde for 15 minutes. Coverslips were washed in freshly prepared 0.1% 

sodium citrate (Na3C6H5O7), 0.1% Triton diluted in PBS and incubated in this buffer for 5 

minutes on ice for permeabilization. TUNEL enzyme solution was mixed with label 

solution (1:10), added to the cells and incubated for one hour at 37ºC in a humidified 

atmosphere in the dark. Cells were then rinsed three times with PBS and mounted on 

microscope slides with ProLong Diamond antifade mountant with DAPI (Invitrogen). 
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The same protocol was optimised for TUNEL detection in Drosophila CNS. Briefly, 

larval brains were dissected 93 HPH in PBS and fixed for 20 minutes in 4% formaldehyde 

in PBS supplemented with 1M EGTA and 10M MgCl2. The brains were then washed 

in 0.1% sodium citrate, 0.1% Triton diluted in PBS and incubated in this buffer for 30 

minutes at 4ºC. TUNEL reaction was prepared as above and incubated for one hour at 

37ºC in a humidified atmosphere in the dark. The brains were washed in PBS and 

incubated in primary antibodies (Table 3) overnight at 4ºC, washed again, and incubated 

in secondary antibodies (Table 4) for 2 hours at room temperature. Secondary 

antibodies were washed, and the brains were mounted on microscope slides as 

previously described.  

 

5.10 C-Myc localization assay 

Inhibition of cells’ proteolysis is widely used to enable the visualization of nucleolar c-

Myc182. For this purpose, the proteasome inhibitor MG132 (Sigma) was used following 

published protocols184. U87MG cells per M6 well were seeded in DMEM supplemented 

with 10% FBS. Once they were attached this medium was replaced with 1.4ml of fresh 

DMEM supplemented with 10% FBS, 0.6ml of shRNA lentiviral particle containing media, 

and 4g/ml polybrene (Sigma). The next day the medium was replaced by fresh DMEM 

supplemented with 10%FBS and 0.8g/ml of puromycin (Gibco) was added 8 hours later. 

After 6 days, cells were passaged, seeded on glass coverslips at a concentration of 

5x104 and let to attach overnight. The next day, cells were transfected with 1g of pCMV-

HA-h-c-Myc or pCMV-HA (control) using Lipofectamine 2000 (Invitrogen) in OptiMEM 

following manufacturer’s instructions and incubated for 6 hours. During this time the cells 

were treated with 5M of MG132 for 3 hours. DMSO was used as vehicle control in cells 

cultured in parallel. Cells were fixed and immunostained as described above (section 

5.7.2).  
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5.11 Brain tumour tissue and cell lysate preparation 

Brain tumour and control tissue samples (Table 5) were obtained by Dr. Barros via 

the Brain UK biobank (licence 14004) and immediately processed into protein lysates by 

trained members of the Barros team in compliance with the Human Tissue Act and 

following established protocols (adapted from Sigma Aldrich). Tissues were manually 

homogenised in lysis buffer consisting of radioimmunoprecipitation assay (RIPA) buffer 

(50mM Tris-HCl pH 7.5; 300mM NaCl, 0.5% SDS, 1% Triton X-100 and 10mM PMSF) 

supplemented with protease inhibitor (cOmplete, EDTA-free; Sigma Aldrich) and 

phosphatase inhibitors (Cocktails B and C; Santa Cruz Biotechnology). Cells in culture 

were similarly lysed in 100l of complete RIPA lysis buffer per 5x105 cells and incubated 

for 30 minutes on ice. Both tissue and cell extracts were spun at 14,000rpm for 30 

minutes at 4ºC and supernatants collected and transferred to fresh 1.5ml microcentrifuge 

tubes. Protein concentrations were determined using a Pierce BCA protein assay kit 

(Thermo Scientific) as specified by the manufacturer and measured in a multi-well 

microplate reader PHERAstar FS (BMG Labtech). Samples were used immediately or 

stored at -80ºC. 

 

Study 
Number 

Patient 
Age 

Patient 
Sex 

Location  
Neuropathology 

Diagnosis 
IDH 

status 
9 33 Male Frontal Non-tumourous/ 

normal 
- 

10 22 Male Frontal Non-tumourous/ 
normal 

- 

20 57 Female Frontal Non-tumourous/ 
normal 

- 

77 77 Male Frontal cortex Non-tumourous/ 
normal 

- 

78 61 Male Cerebellum Non-tumourous/ 
normal 

- 

79 65 Male Cerebellum Non-tumourous/ 
normal 

- 

55 38 Female Frontal DA IDH mutant 

56 38 Male Frontal DA IDH mutant 

57 44 Male Intra/periventricular DA IDH mutant 

61 31 Male Frontal DA IDH mutant 

63 37 Female - DA IDH mutant 

15 55 Female Cortex GBM - 

22 73 Female Temporal GBM - 

29 68 Male Parietal GBM - 
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35 65 Female Frontal GBM - 

42 73 Female Frontal GBM - 

43 69 Female Frontal GBM - 

44 41 Female Frontal GBM - 

45 54 Male Frontal GBM - 

46 61 Male Frontal GBM - 

65 23 Female Frontal GBM IDH wt 

68 77 Male Frontal GBM IDH wt 

70 61 Male Temporal GBM IDH wt 

71 55 Male Frontotemporal GBM IDH mutant 

73 51 Female Temporoparietal GBM IDH wt 

 

Table 5: Human tissue samples used for western blot analysis. DA, grade II diffuse 

astrocytoma. GBM, grade IV glioblastoma multiforme. All information was provided by Dr. David 

Hilton (Brain Bank Deputy director, Senior consultant neuropathologist Plymouth Derriford 

Hospital, NHS). Samples obtained via the Brain UK biobank under licence 14004. Isocitrate 

dehydrogenase (IDH) mutational status, wild type (wt) or mutant. Information not available for 

those in which it is not specified.  

 

5.12 Western Blot 

Western blot was performed following standard procedures. To each sample lysate, 

a dilution of 1:5 Laemmli loading buffer (2% SDS, 5% 2-mercaptoethanol, 10% glycerol, 

0,02% bromophenol blue and 0.065M Tris, all chemicals purchased from Sigma Aldrich) 

plus RIPA buffer up to the desired volume was added for equal protein loading. Samples 

were boiled for 5 minutes, loaded on SDS-polyacrylamide gels and separated by 

electrophoresis (SDS-PAGE). The polyacrylamide percentage varied depending on the 

molecular weight of the protein of interest. Proteins were separated at 95V at room 

temperature in running buffer (3g Tris, 14.4g glycine, 1g SDS to 1l of dH2O) until resolved 

and transferred to a polyvinylidene difluoride (PVDF) membrane (Amersham Hybond), 

previously activated in methanol for 3 minutes. Protein transfer was performed at 35mA 

overnight at 4ºC in transfer buffer (3g Tris, 14.4g glycine, 200ml MeOH to 800ml of 

dH2O). For HEATR1 blotting, transfer buffer was supplemented with 0.1% SDS. 

Membranes were next blocked with 3% BSA in PBS-0.4% Tween for 1 hour at room 

temperature followed by overnight incubation with primary antibodies at 4ºC (Table 3). -

Actin or -Tubulin were used as loading controls in all cases. Membranes were washed 
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in 0.4% tween-20 in PBS and incubated for 2 hours at room temperature with the 

appropriate secondary antibodies (Table 4). After incubation, membranes were again 

washed, and detection was achieved applying the enhanced chemiluminescence (ECL) 

or ECL plus western blotting substrate (Pierce) for 5 minutes in the dark. Membranes 

were exposed to CL-XPosure films (Thermo Scientific) to detect chemiluminescence 

signal and developed. Densitometric analyses of the bands were performed using FiJi 

v1.0.  

 

5.13 RNA and complementary DNA (cDNA) synthesis generation 

RNA was isolated from 2x105 cultured cells using the RNAaqueus-Micro Kit 

(Invitrogen) following the manufacturer’s instructions and treated with DNase I to remove 

traces of contaminating genomic DNA. RNA concentration was measured using a 

NanoDrop 2000 (Thermo Scientific). cDNA was produced via reverse transcription from 

500 ng of RNA template following manufacturer’s instructions. In a 0.2ml PCR microtube, 

the RNA was diluted in up to 20l of 0.1 % diethylpyrocarbonate (DEPC) treated dH20 

and mixed with 2l of PolyT-anchored primer and 2l of Smart Primer (Table 6). The mix 

was incubated for annealing at 65 ºC for 3 minutes in a thermocycler and then cooled 

down on a frozen rack. Next, 8l of 5x First Strand buffer (250mM), 4l of DTT (0.1M), 

2l of dNTPs (10mM each), 1l of SUPERase-In and 1l of SuperScript II (all from 

Invitrogen) were added to each sample and incubated at 42ºC for 90 minutes for reverse 

transcription. The reaction was then inactivated by heating the samples at 65ºC for 15 

minutes. Digestion of the RNA strand of the RNA/cDNA hybrids was achieved by treating 

the samples with 1l of RNase H (Invitrogen) and 4l of 10x RNase H buffer (Invitrogen) 

and incubating at 37ºC for 20 minutes following by inactivation by heating at 65ºC for 15 

minutes. cDNA concentration was measured by loading 1l of the sample to a NanoDrop 

2000 (Thermo Scientific). 
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5.14 Real-time quantitative PCR (RT-qPCR) 

RT-qPCR was performed using Power SYBR Green PCR Master Mix (Thermo 

Scientific) on a StepOnePlus Real Time PCR system (Thermo Scientific) following the 

Applied Biosystems guide for RT-qPCR (2008). PCR reaction mixtures were prepared 

by adding 0.5l of each primer (forward and reverse, 10M) (Table 6), 5l of SYBR 

Green master mix, 3.5l of dH2O and 5ng of cDNA per sample. 60S Ribosomal Protein 

L32 (RPL32) was used as an internal calibrator in all reactions as it has been described 

as a suitable control to normalise gene expression in tumours216. The following RT-qPCR 

conditions were used: initial denaturation at 95ºC for 15 minutes, followed by 35 cycles 

of denaturation at 95ºC for 1 minute and annealing and extension at 60ºC for 1 minute. 

Data was analysed using the Livak CT method217.  

 

Primer name Sequence (5’ to 3’) 

HEATR1-Fw GGTCTGAACACTTCGCTCCA 

HEATR1-Rv TACTGGCCTGGAAGAGTTGC 

47S pre-rRNA-Fw CCTGCTGTTCTCTCGCGCGTCCGAG 

47S pre-rRNA-Rv AACGCCTGACACGCACGGCACGGAG 

18S - Fw AAACGGCTACCACATCCAAG 

18S - Rv CCTCCAATGGATCCTCGTTA 

5.8S - Fw CTCTTAGCGGTGGATCACTC 

5.8S - Rv GACGCTCAGACAGGCGTAG 

28S - Fw CAGGGGAATCCGACTGTTTA 

28S - Rv ATGACGAGGCATTTGGCTAC 

c-Myc - Fw CCTCTCAACGACAGCAGCT 

c-Myc - Rv CAGAAGGTGATCCAGACTCTG 

RPL32 - Fw CATCTCCTTCTCGGCATCA 

RPL32 - Rv AACCCTGTTGTCAATGCCTC 

Poly-T anchored  AAGCAGTGGTATCAACGCAGAGTACT(26)VN 

Smart  AAGCAGTGGTATCAACGCAGAGTACGCrGrGrG 

 

Table 6: List of primers used in this study. HEATR1, 47S pre-rRNA, 18S, 5.8S, 28S, c-Myc 

and RPL32 were used for RT-qPCR, being RPL32 the calibrator. Poly-T anchored and Smart 

primers were used for reverse transcription. Fw, forward; Rv, Reverse.   
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5.15 Image acquisition and processing  

Confocal images were acquired on a Leica SP8 or a Leica SPE confocal laser-

scanning microscope using LAS X software. Larval CNS immunohistochemistry 

quantifications were made using z-stacks comprising whole brain lobes using a 0.5m 

step size for 1st instar larvae and 1.5m step size for 2nd and 3rd instar. All representative 

images shown in the Results section are single optical sections. Images were processed 

and phenotypes quantified using FiJi v1.0 and/or Adobe Photoshop v21.0. Figures were 

assembled in Adobe Illustrator CC v22.0.1. 

 

5.15.1 Data quantification 

Drosophila larval brains: PH3 scorings, number of lineage specific cells per 

phenotype, cell size (maximum diameter), TUNEL scoring, FBL size (maximum FBL 

diameter/maximum cell diameter) and dMyc intensity (cellular pixel intensity/cell area, 

nucleolar pixel intensity/cell area) in larval NSC were performed using FiJi v1.0.  

Immortalised cell lines and GSCs: Ki65, EdU, TUNEL and c-Myc scorings were done 

using FiJi v1.0. Nucleolar size in vitro was quantified by measuring the area occupied by 

a mask corresponding to the nucleolar protein stain and using the “Analyse Particles” 

function on FiJi with the following parameters: size (pixels2) 0.5-Infinity, circularity 0.0-

1.0. The ratio between nucleolus and nucleus, was calculated by dividing this number to 

the area labelled with DAPI. Details for RNA and OPP intensity quantifications are 

specified in section 5.8 of this chapter.  

 

5.16 Statistical analysis 

Statistical analysis was conducted using GraphPad Prism v7.0a. Parametric 

distribution of the data was analysed using the D’Angostino-Pearson normality test. 

Significant differences between two groups were calculated using unpaired two tailed 

Student’s t-tests with Welch’s correction for parametric samples, and Wilcoxon rank-sum 

test for non-parametric. Significant differences (p values) are indicated as: * for p<0.05; 
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** for p<0.01 and *** for p<0.001. Data from Drosophila in vivo assays was obtained from 

a minimum of two biological replica sets; sample numbers are indicated in figures or 

figure legends. Cell culture-derived results derive from a minimum of three independent 

assays. Histograms are presented as mean SEM unless indicated otherwise. Boxplots 

represent 25th and 75th percentiles, black line indicates median, red line specifies mean, 

whiskers indicate 10th and 90th percentiles.  
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