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ABSTRACT 

The prognostication of human gliomas has seen significant changes over the last 10 

years. The identification of mutations in two isocitrate dehydrogenase genes, IDH1 

and IDH2, in gliomas [1] was a major discovery, leading to a biomarker-defined 

glioma classification, IDH and ATRX-mutant astrocytomas and glioblastomas and 

IDH-mutant 1p/19q codeleted oligodendrogliomas [2]. The clinical value of molecular 

subtyping of Idh-wildtype glioblastoma instead had limited clinical impact [3,4]. The 

only prognostic biomarker in GBM is the methylation of MGMT but is has no 

diagnostic value [5].  

To identify biomarkers with diagnostic and/or prognostic value, we chose a 

hypothesis-generating approach by comparing mouse models with genetically 

defined mutations arising from the neurogenic zone of the developing or adult brain. 

These models develop distinct brain tumour phenotypes. Described in the first part of 

this thesis, we compared two biologically and histologically diverse tumours; diffuse 

glioma and primitive neuroectodermal tumours. We identified a highly differentially 

regulated miRNA, miR-449a and its downstream target, Gpr158. MiR-449a is highly 

expressed in the most malignant form of human adult glioma, glioblastoma and 

much less in the less aggressive forms, astrocytoma and oligodendroglioma. The 

second part of the thesis describes the role of IDH1R132H mutation, a very frequent 

mutation in WHO grade II-III gliomas, in delaying tumourigenesis and its role in 

sensitising tumour cells to endoplasmic reticulum stress. In a mouse model of 

intrinsic gliomas, tumours harbouring the Idh1R132H mutation were directly compared 

to Idh1 wildtype counterparts, both in the background of Pten and p53 mutation. In 

our comparative gene expression approach we identified miR-183 is a highly 

differentially regulated miRNA and contributes to the cell response to endoplasmic 

reticulum stress. This work demonstrate that mouse models are ideal to discover 

biologically relevant biomarkers of glioma malignancy in humans, and to identify 

potential therapeutic targets.   



iv 

IMPACT STATEMENT 

The findings in our study provide a strong scientific rationale for the development of 

molecular targeted therapies. The impacts of this study are list below. 

Novel IDH1 mutation mouse model: academic impact 

Our research introduced a novel Idh1R132H knock-in mouse model, which could 

resemble human IDH1R132H mutation. By using this model, we could generates Idh1 

mutant gliomas, and further understand the role of Idh1 mutation during glioma 

initiation and progression. In a later stage, this model could be used for drug 

screening and pre-clinical trial. 

Novel glioma biomarkers: health impact 

This study identified that miR-449a inhibited glioma initiating cell differentiation via 

targeting Gpr158 in mouse model. Translational study shows that miR-449a/GPR158 

is closely associated with glioma diagnosis and prognosis. GBM expresses highest 

level of miR-449a and lowest level of GPR158 compared with other subtypes of 

gliomas including oligodendroglioma, astrocytoma and early GBM. MiR-449a and 

GPR158 might serve as potential druggable targets to improve the clinical outcome 

of GBM patients.  

Public Engagement 

In 2016, we presented the biomarker role of miR-449a/GPR158 in British neuro-

oncology society conference. This study has been published in Oncogene (PMID 

29720725) and reported by the Brain Tumour Charity. 

  



v 

CONTENTS 

Contents ..................................................................................................................... v 
List of Figures ............................................................................................................ ix 
List of Tables ............................................................................................................. xi 
List of Abbreviations ................................................................................................. xii 
Chapter 1 INTRODUCTION .................................................................................... 1 

1.1 Glioma ........................................................................................................... 1 
1.1.1 Epidemiology .......................................................................................... 1 
1.1.2 Common pathways dysregulated in gliomas ........................................... 3 
1.1.3 Diagnostic and prognostic markers in gliomas ........................................ 5 

1.2 Isocitrate dehydrogenase (IDH): enzymatic activity and its role in gliomas ... 9 
1.2.1 Incidence of IDH mutations in gliomas .................................................... 9 
1.2.2 The effect of IDH1/2 mutations in gliomas ............................................ 11 
1.2.3 IDH mutation inhibitors and their use in clinical trials ............................ 13 

1.3 Cell of origin in human and experimental gliomas ....................................... 13 
1.3.1 Adult neural stem cells .......................................................................... 14 
1.3.2 Neural stem/progenitor sell as origin of gliomas ................................... 15 
1.3.3 Glioma mouse models: a brief history ................................................... 19 

1.4 The role of microRNA in glioma ................................................................... 24 
1.4.1 What are micro-RNAs? ......................................................................... 24 
1.4.2 Role of miRNAs in glioma ..................................................................... 25 
1.4.3 MiRNA-based therapeutics ................................................................... 30 

1.5 Endoplasmic reticulum (ER) stress and gliomas ......................................... 31 
1.5.1 The unfolded protein response (UPR) .................................................. 31 
1.5.2 Regulation of UPR by miRNA ............................................................... 33 
1.5.3 Pro- and anti-oncogenic role of UPR .................................................... 36 

1.6 Rationale and plan of this study .................................................................. 39 
Chapter 2 MATERIALS AND METHODS .............................................................. 43 

2.1 Mouse experiments ..................................................................................... 43 
2.1.1 Mouse strains used in this study and their genotyping .......................... 43 
2.1.2 Stereotactic injection on adult and neonatal mice ................................. 44 
2.1.3 Drug administration ............................................................................... 46 



vi 

2.2 Cell culture methods and assays ................................................................. 46 
2.2.1 Derivation of primary cell lines and maintenance .................................. 46 
2.2.2 X-gal staining ........................................................................................ 47 
2.2.3 IncuCyte assays: cell proliferation, gap closure and chemotaxis assay 48 
2.2.4 Transfection in vitro ............................................................................... 48 
2.2.5 D-2-hydroxyglutarate level measurement ............................................. 49 
2.2.6 Caspase 3 activity assay ...................................................................... 50 

2.3 Molecular biology methods .......................................................................... 51 
2.3.1 Genomic DNA extraction ...................................................................... 51 
2.3.2 Total RNA extraction ............................................................................. 52 
2.3.3 Microarray and sequencing ................................................................... 52 
2.3.4 RT-qPCR .............................................................................................. 53 
2.3.5 Molecular tests on human brain tumours .............................................. 55 

2.4 Cloning techniques ...................................................................................... 57 
2.4.1 Plasmid DNA purification ...................................................................... 57 
2.4.2 Double digestion and gel purification .................................................... 57 
2.4.3 Ligation of 3’-UTR to luciferase vector .................................................. 59 
2.4.4 Transformation of potential recombinant vector .................................... 60 
2.4.5 Purification and validation of insertion ................................................... 60 
2.4.6 Gateway cloning technology ................................................................. 60 

2.5 MicroRNA and RNA interaction ................................................................... 62 
2.5.1 Prediction of miRNA targets using Targetscan ..................................... 62 
2.5.2 Double pull-down assay ........................................................................ 62 
2.5.3 Luciferase assay ................................................................................... 63 

2.6 Histology and image analysis ...................................................................... 63 
2.6.1 FFPE tissue preparation ....................................................................... 63 
2.6.2 Frozen tissue preparation and cryostat section .................................... 64 
2.6.3 Haematoxylin & Eosin (H&E) Staining .................................................. 64 
2.6.4 Immunohistochemistry (IHC)................................................................. 65 
2.6.5 Immunofluorescence (IF) ...................................................................... 66 
2.6.6 Image analysis ...................................................................................... 67 

2.7 Western blot ................................................................................................ 68 
2.7.1 Protein extraction and quantification ..................................................... 68 
2.7.2 SDS-Polyacryl gel electrophoresis (PAGE) and protein transfer........... 68 
2.7.3 Immunoblotting and visualization .......................................................... 70 

2.8 Virus production and infection ..................................................................... 71 



vii 

2.8.1 Adenovirus production .......................................................................... 71 
2.8.2 Retrovirus production ............................................................................ 73 
2.8.3 Lentivirus production ............................................................................. 74 

2.9 Statistics ...................................................................................................... 74 
Chapter 3 IDENTIFICATION OF GPR158 AS A GLIOMA BIOMARKER .............. 75 

3.1 Introduction .................................................................................................. 75 
3.2 Results ........................................................................................................ 77 

3.2.1 Establishment of mouse glioma and PNET models .............................. 77 
3.2.2 Identification of miR-449a as a differentially expressed miRNA between 
glioma and PNET .............................................................................................. 79 
3.2.3 Ccnd1 and Gpr158 are direct targets of miR-449a ............................... 81 
3.2.4 MiR-449a inhibits proliferation and migration of mGIC in vitro .............. 83 
3.2.5 MiR-449a-induced inhibition of cell proliferation, migration and invasion 
is mediated by Cyclin D1 ................................................................................... 85 
3.2.6 Gpr158, another target of miR-449a, inhibits GIC proliferation, migration 
and survival ....................................................................................................... 87 
3.2.7 Gpr158-induced neural differentiation is antagonised by miR-449a...... 89 
3.2.8 Inhibition of miR-449a expression shifts mouse brain tumour towards a 
proneural phenotype ......................................................................................... 95 
3.2.9 The expression of GPR158 is associated with human glioma types and 
grades 97 
3.2.10 High levels of GPR158 or low levels of miR-449a is associated with 
favourable clinical outcome of glioma patients ................................................ 104 

3.3 Discussion ................................................................................................. 107 
Chapter 4 IDH1 MUTATION SENSITIZES GLIOMA TO ENDOPLASMIC 
RETICULUM STRESS ........................................................................................... 111 

4.1 Background ............................................................................................... 111 
4.2 Results ...................................................................................................... 113 

4.2.1 Characterization of Idh1loxP(R132H)/+ knock-in mouse model ................. 113 
4.2.2 The Idh1 R132H mutation inhibits cell proliferation and survival ......... 115 
4.2.3 The Idh1 R132H mutation alone is not sufficient to generate gliomas 117 
4.2.4 Idh1 mutation delays gliomagenesis ................................................... 118 
4.2.5 IDH-mutant GIC are sensitive to ER stress ......................................... 121 
4.2.6 Regulation of ER stress response by mutant IDH1 is mediated by miR-
183 125 
4.2.7 Idh1 mutation sensitizes glioma cells to ER stress in vivo .................. 127 
4.2.8 Overexpression of miR-183 delays glioma formation .......................... 128 

4.3 Discussion ................................................................................................. 130 



viii 

Chapter 5 GENERAL DISCUSSION ................................................................... 134 
5.1 Summary ................................................................................................... 134 
5.2 Discussion ................................................................................................. 136 

5.2.1 Use of mouse models for biomarker identification .............................. 136 
5.2.2 The target-dependent roles of miRNAs ............................................... 138 
5.2.3 The tumour suppressor role of the IDH1 R132H mutation .................. 139 

5.3 Experimental limitations and open questions ............................................ 140 
5.4 Perspectives .............................................................................................. 141 

Chapter 6 REFERENCES ................................................................................... 145 
Chapter 7 APPENDICES ..................................................................................... 181 

Appendix 1 Supplementary figures ................................................................. 181 
Appendix 2 Supplementary tables ................................................................... 186 
Appendix 3 Related publication (first page) ..................................................... 189 
Appendix 4 Related manuscript in preparation (first page).............................. 190 

 

  



ix 

LIST OF FIGURES 

Figure 1.1 Common alteration of pathways in glioma. ........................................................................ 5 
Figure 1.2 Simplified schematic of integrated glioma classification. .................................................... 7 
Figure 1.3 IDH enzymes in tricarboxylic acid (TCA) cycle................................................................. 10 
Figure 1.4 The effect of IDH1/2 mutations. ....................................................................................... 12 
Figure 1.5 Neural stem cells in SVZ of the adult mouse. .................................................................. 15 
Figure 1.6 Cell of origin of gliomas. .................................................................................................. 16 
Figure 1.7 Diagram of MADM working mechanism [130]. ................................................................. 18 
Figure 1.8 Illustration of three models to induce intrinsic gliomas in mice. ........................................ 23 
Figure 1.9 miRNA maturation and gene silencing............................................................................. 25 
Figure 1.10 Oncogenic role of miRNAs in glioma. ............................................................................ 27 
Figure 1.11 MiRNAs exhibiting a tumour suppressor role. ................................................................ 29 
Figure 1.12 The unfolded protein response (UPR). .......................................................................... 33 
Figure 1.13 MiRNAs involved in the UPR pathway [246-248]. .......................................................... 34 
Figure 1.14 UPR stimulates oncogenic growth in gliomas [279]. ...................................................... 37 
Figure 1.15 The tumour suppressor role of UPR. ............................................................................. 39 
Figure 2.1 Position of the injection site. ............................................................................................ 45 
Figure 2.2 Quantification of D2HG levels using an enzymatic assay................................................. 50 
Figure 2.3 Automatic extraction FFPE DNA using Maxwell 16 instrument. ....................................... 51 
Figure 2.4 Double digestion with HindIII and SpeI endonuclease. .................................................... 59 
Figure 2.5 Cloning Gpr158 into lentiviral plasmid pLX301 using Gateway technology. ...................... 61 
Figure 2.6 The diagram of Ago2 and biotin double pull-down assay. ................................................ 63 
Figure 2.7 Illustration of gel cassette and semi-dry transfer system. ................................................. 70 
Figure 2.8 A representative image of anti-Hexon staining................................................................. 72 
Figure 2.9 A representative figure of X-gal staining. ......................................................................... 74 
Figure 3.1 Mouse glioma and PNET tumour model. ......................................................................... 78 
Figure 3.2 Identification of miR-449a-5p as a differentially expressed miRNA between experimental 
glioma and PNET. ........................................................................................................................... 80 
Figure 3.3 Identification of Gpr158 as a direct target of miR-449a. ................................................... 82 
Figure 3.4 MiR-449a inhibits mouse GIC proliferation and invasion in vitro. ...................................... 84 
Figure 3.5 MiR-449a inhibits mGIC proliferation through targeting Ccnd1. ........................................ 86 
Figure 3.6 Gpr158 inhibits cell growth and migration, and promotes differentiation. .......................... 88 
Figure 3.7 The alteration of Gpr158, Ccnd1 and miR-449a expression level during differentiation. ... 90 
Figure 3.8 Stably overexpressing Gpr158 in Rb/p53 GIC induces proneural signature gene 
expression. ...................................................................................................................................... 92 
Figure 3.9 MiR-449a inhibits serum-induced neural differentiation through targeting Gpr158. ........... 94 
Figure 3.10 Image analysis of neural markers, Ccnd1, Gpr158 and H3.3 phosphorylation on allograft 
tumours. .......................................................................................................................................... 96 



x 
Figure 3.11 Gpr158 promotes apoptosis in human brain tumour stem cell lines. ............................... 97 
Figure 3.12 Analysis of CCND1 and GPR158 expression level in human glioma and control brain 
samples. ......................................................................................................................................... 99 
Figure 3.13 Immunohistochemistry staining of GPR158 on human glioma FFPE sections and image 
quantification. ................................................................................................................................ 101 
Figure 3.14 Analysis of GPR158 expression level in Verhaak’s GBM subtypes, ATRT/PNET (B) and 
diverse tumour types. .................................................................................................................... 103 
Figure 3.15 Kaplan-Meier analysis indicates GPR158 expression level is associated with glioma 
patients’ survival and chemotherapy response but not CCND1. ..................................................... 105 
Figure 3.16 Expression of miR-449a in human normal brain tissues (NBTs) and gliomas with different 
grades. .......................................................................................................................................... 109 
Figure 4.1 Characterization of Idh1 R132H knock-in mouse model. ............................................... 114 
Figure 4.2 The Idh1 R132H mutation inhibits cell proliferation and promotes apoptosis in vitro. ...... 116 
Figure 4.3 Idh1 mutation alone is not sufficient to generate gliomas. .............................................. 118 
Figure 4.4 Idh1 mutation delays glioma formation. ......................................................................... 120 
Figure 4.5 Idh1 mutant GIC were predisposed to apoptosis during ER stress. ................................ 122 
Figure 4.6 Idh1 mutation sensitized GIC to ER stress. ................................................................... 124 
Figure 4.7 miR-183 overexpression mediated Idh1 mutation-induced ER stress sensitization......... 126 
Figure 4.8 Idh1 mutation sensitized glioma cells to ER stress in vivo. ............................................. 127 
Figure 4.9 MiR-183 inhibits glioma development in vivo. ................................................................ 129 
Figure 4.10 The strategy of generating Idh1 R132H knock-in mouse used by Bardella et al. .......... 131 
Figure 5.1 Hif1a might bind to the promoter of mouse miR-183 cluster. .......................................... 142 
Figure 5.2 Sema3E is a direct target of miR-183. ........................................................................... 143 
Figure 7.1 Forskolin (FSK) and retinoic acid (RA) induced neuronal differentiation. ........................ 181 
Figure 7.2 Leukemia inhibitory factor (LIF) and BMP2 induced astrocytic differentiation. ................ 182 
Figure 7.3 Representative images of gliomas generated by adenovirus-Cre or PDGFB-Ires-Cre 
retrovirus. ...................................................................................................................................... 183 
Figure 7.4 Survival time of mice with PDGFB-Ires-Cre-induced gliomas is independent of sex. ...... 184 
Figure 7.5 Mice with Idh1 mutant gliomas are associated with longer survival, and there is no 
significant difference between female and male mice. .................................................................... 185 
Figure 7.6 Quantification of Sel1l expression using RT-qPCR. ....................................................... 186 

 

  



xi 

LIST OF TABLES 

Table 1.1 Frequency of IDH mutation in grade II-III gliomas (Adapted from [74]). ............................. 10 
Table 1.2 Clinical trials targeting IDH mutations in gliomas [95]. ....................................................... 13 
Table 1.3 Features of neural stem cells and gliomas [101]. .............................................................. 17 
Table 1.4 MiRNAs up-regulated in gliomas. ..................................................................................... 28 
Table 1.5 MiRNAs down-regulated in gliomas. ................................................................................. 30 
Table 1.6 List of miRNAs involved in the UPR pathway. ................................................................... 35 
Table 2.1 PCR reaction system with Qiagen Taq PCR core kit. ........................................................ 44 
Table 2.2 Primers for genotyping. .................................................................................................... 44 
Table 2.3 X-gal staining solution. ..................................................................................................... 47 
Table 2.4 Primers to measure gene expression using RT-qPCR. ..................................................... 54 
Table 2.5 Primers to measure miRNA expression using RT-qPCR. .................................................. 55 
Table 2.6 Primers used for human TERT promoter and IDH sequencing. ......................................... 56 
Table 2.7 List of primers for plasmid validation. ................................................................................ 57 
Table 2.8 The DNA fragments of Gpr158 3’UTR containing WT or mutant miR-449a binding site. .... 58 
Table 2.9 A 50 µl double digestion system. ...................................................................................... 58 
Table 2.10 A 20 µl ligation reaction system. ..................................................................................... 60 
Table 2.11 Primary antibodies used in IHC. ..................................................................................... 65 
Table 2.12 Primary antibodies used for IF. ....................................................................................... 66 
Table 2.13 Secondary antibodies used for IF. .................................................................................. 67 
Table 2.14 Components of polyacrylamide gel. ................................................................................ 69 
Table 2.15 Primary antibodies used for western blot. ....................................................................... 71 
Table 2.16 Secondary antibodies used for western blot. .................................................................. 71 
Table 2.17 Field/well calculation ...................................................................................................... 72 
Table 3.1 characterization of the four TCGA groups stratified by GPR158 resm subjectively. ......... 106 
Table 7.1 Ear Lysis Buffer. ............................................................................................................ 186 
Table 7.2 GB buffer (10x). ............................................................................................................. 187 
Table 7.3 Gene ontology analysis of DEmiRs*. .............................................................................. 187 
Table 7.4 Targets of miR-449a predicted by TargetScan................................................................ 188 

 

  



xii 

LIST OF ABBREVIATIONS 

The abbreviations involved in this study were listed below. To avoid the list becoming 

excessively long, gene names are not included, but they are available in the main 

text.  

AT/RT  Atypical teratoid/rhabdoid tumour 
BBB  Blood brain barrier 
BSA  Bovine serum albumin 
CNS  Central nervous system 
D2HG  D-2-hydroxyglutarate 
DE-miR Differentially expressed miRNA 
DMSO Dimethyl sulfoxide 
DNA  Deoxyribonucleic acid 
ER  Endoplasmic reticulum 
GBM  Glioblastoma multiforme 
G-CIMP Glioma CpG island methylator phenotype 
GG  Ganglioglioma 
GIC  Glioma initiating cell 
HEK  Human embryonic kidney 
HGG  Higher grade gliomas 
IF  Immunofluorescence 
IHC  Immunohistochemistry 
KCL  Potassium chloride 
KI  Knock-in 
LGG  Lower-grade gliomas 
LV  Lateral ventricle 
miRNA microRNA 
mRNA  messenger RNA 
NaCl  Sodium chloride 
NSC  Neural stem cell 
NSPC  Neural stem/progenitor cell 



xiii 

OB  Olfactory bulb 
OPC  Oligodendrocyte progenitor cell 
PA  Pilocytic astrocytoma 
PAGE  Polyacrylamide gel electrophoresis 
PBS  Phosphate Buffered Saline 
PCR  Polymerase chain reaction 
PFA  Paraformaldehyde 
PNET  Primitive neuroectodermal tumour 
PVDF  Polyvinylidene difluoride 
PXA  Pleomorphic xanthoastrocytoma 
RT-qPCR Reverse transcriptase quantitative PCR 
RIPA  Radio immunoprecipitation assay 
RNA  Ribonucleic acid 
s.d.  Standard deviation 
SDS  Sodium dodecyl sulfate 
sem  standard error of the mean 
SVZ  Subventricular zone 
TBS  Tris-buffered saline 
TCA  Tricarboxylic acid 
TCGA  The cancer genome atlas 
Tg  Thapsigargin 
TMX  Tamoxifen 
TMZ  Temozolomide 
Tris  Tris(hydroxymethyl)aminomethane 
Tun  Tunicamycin 
UPR  Unfolded protein response 
UTR  Untranslated region 
WHO  World Health Organization 
 
Units 
bp  base pair 
h  hour 
kb  kilo base pairs 
mg  milligram 



xiv 

min  minute 
ml  millilitre 
mM  millimolar 
mmol  millimol 
sec  second 
µg  microgram 
μl  microliter 
μM  micromolar 
μmol  micromol 
 
 
 



 

CHAPTER 1 INTRODUCTION 

1.1 Glioma 

This paragraph gives an introductory overview of the current knowledge of gliomas, 

which represent the most frequent malignant brain tumours. The WHO classification 

describes more than 100 tumour classes, of which approximately 30 are gliomas. To 

keep this section focused, only gliomas and related pathways that are commonly 

dysregulated in gliomas, will be introduced. The role of isocitrate dehydrogenase in 

the pathogenesis and diagnosis of gliomas will be separately discussed in paragraph 

1.2. 

1.1.1 Epidemiology 

Gliomas represent the most common form of primary intracranial neoplasms, 

comprising approximately 80% of malignant brain tumours [6-8]. The incidence of 

gliomas is approximately 4.5/100,000 population. Of those, glioblastoma is the most 

frequent tumour with an incidence of 3.2/100,000 population. Oligodendrogliomas 

and astrocytomas have a lower incidence, representing approximately 20% of all 

gliomas [9]. The World Health Organization (WHO) defines more than 120 tumour 

classes and within these classes, tumours are graded according to a malignancy 

scale, comprising 4 grades (WHO grade I-IV) [10]. The classification has for many 

decades been based on concepts of histology, representing the idea that tumours 

can be classified according to similarities to putative cells of origin and their 

developmental differentiation states. In the past, these histological similarities have 

been characterised primarily on the basis of the light microscopic appearance of 

sections stained with a classical tinctorial stains, such as haematoxylin and eosin. 
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Subsequently in the last three decades, the immunohistochemical expression of 

proteins such as glial fibrillary acidic protein (GFAP) has been added to further 

differentiate brain tumours [11]. Only in the last decade, molecular biomarkers such 

as gene mutations (e.g. IDH1 or histone H3.3 mutations) or copy number changes 

(e.g. EGFR or chromosome 1p/19q codeletion) became part of the classification 

system and were for the first time included in the in the 2016 update of the WHO 

classification. Broadly, gliomas are further subdivided into the following categories: 

(i) diffuse astrocytic and oligodendroglial tumours (including IDH-mutant gliomas, 

IDH-wildtype glioblastoma, histone mutant gliomas), (ii) other astrocytic tumours 

(including pilocytic astrocytomas, pleomorphic xanthoastrocytoma, PXA), (iii) 

ependymal tumours, or (iv) gliomas (including very rare tumours such as the 

Chordoid glioma, or the angiocentric glioma). The diffuse astrocytic and 

oligodendroglial tumours correspond best to the mouse models used in our study, 

both, morphologically and with regard to the genetic changes introduced into the cell 

of origin. A more detailed comparison is given in the introduction to the relevant 

chapters. 

With the increasing recognition of specific mutations being associated with biological 

brain tumour entities, i.e. a specific mutations defining a tumour entity, an 

association of certain mutations with age ranges and tumour locations became more 

apparent. For example, histone mutant glioma (H3.3 K27M) is overwhelmingly 

associated with presentation in childhood and with a midline location [12], or IDH-

mutant gliomas occur in adults in their 20-40 years old, and present as hemispheric 

tumour [13,14]. The IDH-wildtype glioblastoma instead is a tumour presenting at 

higher age (50-70 years old) and usually occurs in the hemispheres [13-15]. These 

combinations of mutations, preferred age, and tumour location suggest a "window of 

opportunity" of an interaction of the mutation and its effect on cellular pathways with 

specific type of cell of origin. 
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1.1.2 Common pathways dysregulated in gliomas 

Aberrations of several common pathways have been identified across multiple 

subtypes of gliomas. One of key pathways that is commonly altered is the receptor 

tyrosine kinase signalling pathway, such as Fibroblast Growth Factor 2 (FGF2) 

signalling pathway, which functions in autocrine, paracrine, and intracrine fashion 

[16]. Overproduction of FGF2 is observed in more than 90% of gliomas [17], which 

promotes tumour cell proliferation, survival and angiogenesis [18]. FGF2 binds to the 

extracellular domain of its receptors FGFRs, leading to phosphorylation of FGFR 

intracellular tyrosine kinase domains. Activated FGFRs results in phosphorylation of 

FGF receptor substrate 2 (FRS2), which acts as an adaptor protein linked to Growth 

Factor Receptor Bound Protein 2 (GRB2) thus initiating the activation of MEK/ERK 

and PI3K/AKT pathways (Figure 1.1A). In addition, PLC-γ (Phospholipase C gamma 

1, PLCG1) is activated via directly interaction with the phosphorylated FGFRs 

independent of FRS2, catalysing the conversion of phosphatidylinositol 4,5-

bisphosphate (PIP2) into phosphatidylinositol 3,4,5-tri-phosphate (IP3) and 

diacylglycerol (DAG). DAG induces the activation of protein kinase C (PKC), which 

has crosstalk with MEK/ERK pathway (Figure 1.1A). Moreover, nuclear 

translocation of FGF2 has also been observed in gliomas, resulting in the increase of 

cell proliferation and survival through activation of PI3K/AKT pathway, although the 

mechanism how nuclear FGF2 activates AKT phosphorylation remains unclear 

[19,20]. Other generally overexpressed growth factor pathway in glioma includes 

Platelet Derived Growth Factor (PDGF) [21] and Ciliary Neurotrophic Factor (CNTF) 

[22] pathways, which share similar signalling transduction mechanisms, and 

therefore will not be further described here [23].  

Activation of growth factor pathways is commonly associated with increased cell 

proliferation in gliomas (and other cancers). To achieve rapid growth, multiple genes 

involved in regulating cell cycle progression are dysregulated in gliomas. In the early 

G1 phase, Cyclin D binds to and activates its partner, cyclin dependent kinases 4/6 

(CDK4/6), leading to phosphorylation of the retinoblastoma protein (Rb), and thus 

releasing the transcription factor E2F. E2F transcribes its target genes, such as 
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Cyclin D/E/As, which are required for cell cycle progression (Figure 1.1B) [24]. In 

glioma, Cyclin D1 is markedly increased in comparison to brain tissue, and it plays 

an essential role in gliomagenesis [25]. Similarly, Rb can also be phosphorylated by 

the Cyclin E/CDK2 complex to promote G1/S transition (Figure 1.1B) [26]. However, 

overexpression of Cyclin E is only found in a quarter of gliomas, which is less 

frequent compared to Cyclin D [27]. Loss of Rb expression has been observed in 

approximately 10% of GBMs, but is very rare in low-grade tumours [28,29]. Cell 

cycle progression could be arrested by Cyclin Dependent Kinase Inhibitors (CDKNs) 

including p16-Ink4a (CDKN2A) [30], p21 (CDKN1A) [31], p27 (CDKN1B) [32] and 

p57 (CDKN1C) [33] via inhibition of CDK enzyme activity. Cell culture and mouse 

models have confirmed the negative regulation of glioma progression by these CDK 

inhibitors [34,35]. In human glioma samples, loss of expression of p16 is more 

frequent in higher grade gliomas (HGG, approximately 65%), compared to lower 

grade gliomas (LGG, approximately 15%), whilst it associated with poor survival of 

LGG significantly but not of HGG [36-39]. Moreover, deletion or mutation of p16-

Ink4a are also observed in more than 60% of grade III-IV astrocytoma [40]. However, 

p21, a downstream target of p53 (Figure 1.1B), is frequently upregulated in gliomas, 

and might participate in other pathways besides inhibition of CDKs [31,37]. The 

expression of p21 was independent from glioma grade and patient outcomes [37,41]. 

In contrary, the staining intensity of p27 is decreased along with glioma malignancy, 

and lower expression of p27 is associated with shorter survival, but mutations were 

rarely found on p27 in gliomas [42-44]. 
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Figure 1.1 Common alteration of pathways in glioma. 
(A) FGF2 initiated signalling transduction cascade. The FGF signalling is a classical tyrosine kinase 

signalling pathway. The ligand FGF2 binds to the dimeric receptor (dark blue) which becomes 

phosphorylated. Adapter molecules are in light blue and execute signalling on various pathways such 

as the mitogen-activated protein kinase (MAPK) pathway (purple), the protein kinase C (PKC) 
pathway (green) or the PI3K/AKT pathway (red). All pathways result in the activation of transcriptional 

targets in the nucleus, triggering pathways implicated in survival, proliferation and angiogenesis. (B) 
Regulation of cell cycle progression. During G1 phase, Cyclin D binds to and thus activates Cyclin-

dependent kinase 4/6 (CDK 4/6). Activated CDK 4/6 phosphorylate Rb, allowing E2F to translocate 

into the nucleus to activate down-stream target genes such as Cyclin D/E required for S phase and 

cell cycle progression. Similarly, Cyclin E activates CDK2, leading to phosphorylation of Rb to 

promote G1/S transition. CDKs are negatively regulated with cyclin-dependent kinase inhibitors 
(CDKNs), such as Ink4a (CDKN2A), p21 (CDKN1A) and p27 (CDKN1B). Expression of CDKNs can 

be upregulated by the tumour suppressor p53. 

 

1.1.3 Diagnostic and prognostic markers in gliomas 

In addition to these commonly altered pathways, in the last 10 years there were 

discoveries of specific genetic alterations, mostly gene mutations, which were 

associated with specific tumour types, and often correlated with tumour grades. This 
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has led to a new concept in defining these tumours, i.e. these mutations now define 

tumour types and classes and thus become diagnostic or prognostic biomarkers 

[10,45]. A number of grade I astrocytomas are characterised by BRAF mutations [46] 

(Figure 1.2). The proto-oncogene BRAF is a serine/threonine protein kinase, 

regulating MAPK/ERK signalling pathway. Mutations in this gene, most frequently 

V600E mutation or fusion with other genes, have been found in variety of cancers 

such as melanoma and colorectal cancer [47,48]. In central nervous system (CNS) 

tumours, fusion of the BRAF gene with KIAA1549 are closely associated with 

pilocytic astrocytomas although one third of pilocytic astrocytomas do not carry this 

mutation [49]. The BRAF V600E mutation instead is associated predominantly with 

low grade gliomas and glioneuronal tumours such as pleomorphic 

xanthoastrocytomas (PXA, ~65%) and ganglioglioma (GG, 18%) [50], although the 

same mutation can also be found in higher grade gliomas such as the anaplastic 

PXA and the epithelioid glioblastoma [51]. This suggests that the BRAF V600E 

mutation is probably associated with a wider spectrum of glial and glioneuronal 

tumours ranging from low grade to high grade. Diffuse grade II and anaplastic III 

astrocytomas (also called lower grade astrocytoma in some publications) are defined 

by Isocitrate dehydrogenase (IDH) 1 or 2 mutations (paragraph 1.2) and non-

codeletion (retention) of chromosomal arms 1p and 19q [11]. Particularly, these 

astrocytomas are now defined by the combined presence of an IDH mutation and 

Alpha Thalassemia/Mental Retardation Syndrome X-Linked (ATRX) loss (Figure 
1.2) [14,38,52] and frequent p53 gene mutations. According to the WHO 2016 

classification, the other type of IDH-mutant tumour, the oligodendroglioma is now 

defined by IDH mutation and chromosome 1p/19q codeletion. A large proportion of 

these tumours carries mutations in the promoter of Telomerase Reverse 

Transcriptase (TERT) (78%) (Figure 1.2) [15,53]. Mutations in the ATRX gene and 

TERT promoter are virtually always mutually exclusive [54,55]. Intriguingly, high 

throughput screening recently identified that genetic profile of lower grade IDH-

wildtype gliomas are significantly distinct from IDH-mutant gliomas, while they often 

represent glioblastoma (GBM) molecularly, for example carrying a TERT promoter 

mutation in combination with ERFR amplification [56,57] (Figure 1.2) and only 3% of 
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de novo occurring GBMs have IDH mutations [58]. PTEN (Phosphatase and Tensin 

Homolog) mutation (or 10q loss) and EGFR amplification (or 7p gain) commonly 

occur in IDH-wildtype GBMs (Figure 1.2) [59,60]. A study analysed the mutation 

profile and copy number alteration of 160 IDH-wildtype astrocytomas (grade II-III), 

and found that TERT promoter mutation and chromosome 7p/10q alterations 

occurred in around 80% of these IDH-wildtype astrocytomas [61]. Another study also 

reported that wildtype IDH was associated with 7p gain and 10q loss in LGG [14], 

thus suggesting that IDH-wildtype LGG indeed are early stage GBM’s.  

 

Figure 1.2 Simplified schematic of integrated glioma classification.  
The 2016 WHO classification identifies gliomas by their morphology in combination with genetic 

alterations, following a concept of integrated diagnosis. This classification is overlaid with a grading 

scheme WHO grade I-IV. Left, the pilocytic astrocytomas corresponds to WHO grade I. These 

tumours are characterised by alterations of the MAPK kinase pathway, most commonly through a 

fusion mutation with the BRAF gene. Centre: the IDH mutation is defining for astrocytomas (in 
combination with ATRX loss and p53 mutation) or for oligodendrogliomas (in combination with 1p/19q 

codeletion and TERT promoter mutation). Right, the IDH-wildtype glioblastoma is characterised by 

frequent EGFR amplification in combination with TERT promoter mutation. The “early GBM” 

corresponds histologically to Idh-wildtype astrocytomas (grade II) or anaplastic astrocytomas (grade 
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III), whilst the glioblastoma requires the histological criteria of microvascular proliferations and/or 

necrosis in order to correspond to a grade IV neoplasm. 

Moreover, the prognostic value of molecular markers in gliomas have been 

examined. Numerous studies confirm that patients with IDH-mutant LGG or GBM 

have significantly longer overall survival than their IDH-wildtype counterparts, 

indicating a favourable prognostic role of IDH mutation [14,62-64]. Median survival of 

IDH-wildtype LGG patients is 1.7 years, which is significantly shorter than that of 

patients with IDH-mutant LGG (median survival 6-8 years) [14,15]. Consistently, 

patients who have a GBM containing an IDH mutation show significantly longer 

median survival time than those who have an IDH-wildtype GBM (median survival 

2.6 vs 1.3 year) [63]. However, some studies suggest that the favourable prognostic 

value of IDH mutations is not applicable within grade II astrocytomas [65,66], which 

should be further verified with a larger cohort of samples. A very recent study 

suggests that homozygous deletion of CDKN2A/B in IDH-mutant astrocytomas is 

significantly associated with poor clinical outcome [67]. Patients with WHO grade III-

IV IDH-mutant astrocytomas presenting CDKN2A/B deletion have a shorter survival 

time, compared with that of CDKN2A/B wildtype counterparts. Another molecular 

marker with prognostic value in grade II-III glioma is the codeletion of chromosome 

1p/19q, which has been verified wildly [15,68,69]. Persons with oligodendroglioma 

lacking 1p/19q had a 7-year median survival time, while patients with 1p/19q non-

codeleted gliomas had a 2.8 year median survival time [15]. A third prognostic 

biomarker is the methylation of O-6-Methylguanine-DNA Methyltransferase (MGMT) 

promoter, although it has not been identified any diagnostic value currently [15]. 

MGMT is a DNA repair enzyme, and its expression is supressed by promoter 

methylation [70]. Reduced MGMT expression is associated with better clinical 

outcome of GBM patients who received temozolomide (TMZ) [70,71].  
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1.2 Isocitrate dehydrogenase (IDH): enzymatic activity 
and its role in gliomas 

The discovery of mutations in the isocitrate dehydrogenase genes 1 and 2 (IDH1 and 

IDH 2) in astrocytomas and oligodendrogliomas has profoundly changed the 

diagnostic approach in neuropathology. In this study, we are using mice that are 

expressing a mutant Idh1, which resembles the human IDH1 R132H mutation, upon 

Cre-mediated recombination. The following paragraphs will give an overview of the 

gene mutation, the metabolic and epigenetic effects caused by the mutation and 

inhibitors of the enzymatic pathways. 

1.2.1 Incidence of IDH mutations in gliomas 

Human cells express three isoforms of IDH, IDH1, IDH2 and IDH3, which are 

important enzymes involved in the tricarboxylic acid (TCA) cycle (Figure 1.3) [72]. All 

the three IDH enzymes catalyse Isocitrate into α-ketoglutarate (α-KG). IDH1 located 

in cytoplasm is an NADP-dependent enzyme while IDH2/3 stays in the mitochondria 

and uses NAD as cofactor. Only mutations of the IDH1 and IDH2 genes, but not of 

the IDH3 gene have been found in human cancers. IDH mutations are frequently 

found in acute myeloid leukaemia (AML, 20%), cartilaginous tumours (75%) and 

thyroid carcinomas (17%) [73] and astrocytomas and oligodendrogliomas (100%, as 

these mutations are defining the diagnosis) [11,14]. In gliomas, the IDH1 R132H 

mutation is most common, making up 89% of all mutations [74]. Other, less common 

IDH1 mutations are R132C, R132S, R132G and R132L (Table 1.1). IDH2 mutations 

are much less frequent in gliomas than IDH1 mutations, accounting for 

approximately 5% of all IDH mutation in brain tumours. The IDH2 mutations 

identified so far are R172K, R172M and R172W (Table 1.1). Very interestingly, IDH 

mutations are associated with poor clinical outcome in AML [75,76], while patients 

with gliomas expressing mutant IDHs have relatively favourable clinical outcome and 
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longer survival [77]. This suggests that the biological role of IDH mutations is tissue-

dependent and it is possible that is further influenced by other mutations. 

 

Figure 1.3 IDH enzymes in tricarboxylic acid (TCA) cycle. 
IDH enzymes convert Isocitrate into α-ketoglutarate (α-KG). IDH1 is located in the cytoplasm while 

IDH2/3 are located in mitochondria.  

 

Table 1.1 Frequency of IDH mutation in grade II-III gliomas (Adapted from [74]). 

IDH Nucleotide 

mutation 

Amino acid 

change 

Number 

(N=774) 

Percentage 

IDH1 G395A R132H 664 88.9% 

IDH1 G395T R132L 2 0.3% 

IDH1 C394A R132S 29 3.9% 

IDH1 C394G R132G 11 1.5% 

IDH1 C394T R132C 10 1.3% 

IDH2 G515A R172K 20 2.7% 

IDH2 G515T R172M 6 0.8% 

IDH2 A514T R172W 3 0.7% 
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1.2.2 The effect of IDH1/2 mutations in gliomas 

In 2009, it was first demonstrated that IDH1 R132H acquired a “neomorphic” enzyme 

activity that catalysed α-KG to D-2-hydroxyglutarate (D2HG), leading to significant 

increase of D2HG cellular levels [78]. This neoenzymatic activity was subsequently 

confirmed in other types of IDH1/2 mutations as well as in other tumour types such 

as AML [79]. D2HG and α-KG shared similar structure (Figure 1.4A), indicating a 

competitive role of D2HG. Indeed, subsequent studies revealed that D2HG acted as 

a competitive inhibitor of α-KG-dependent dioxygenases such as histone lysine 

demethylase 4 (KDM4, also called JMJD2A), 5-methylcytosine hydroxylase 2 

(TET2), fat mass and obesity-associated protein (FTO), and prolyl hydroxylases 

(PHDs) (Figure 1.4B) [80-84].  

KDM4 contributes to demethylation of histone H3 at residue lysine-9 and lysine-36 

(H3K9 and H3K36, respectively) [85]. Inhibition of KDM4 by mutant IDH-produced 

D2HG results in accumulation of triple methylation of H3K9 (H3K9me3) [86]. 

However, no significant increase of H3K36 methylation levels is observed in IDH-

mutant cells compared to their WT counterparts [86]. In addition, this study also 

shows that IDH mutation causes upregulation of H3K27 trimethylation (H3K27me3) 

[86]. H3K27 is the substrate of histone lysine demethylase 6 (KDM6, also called 

JMJD3) [85], while there is no direct evidence of inhibition of KDM6 by D2HG. 

Increased H3K9me3 blocks differentiation of 3T3-L1 adipocytes [86]. Histone 

methylation is a mechanism for chromatin remodelling to regulate gene expression. 

In hematopoietic stem cells (HSCs), expression of mutant IDH1 reduces ataxia 

telangiectasia mutated gene (ATM) transcription through methylation of H3K9.  

In addition to KDM4, accumulation of D2HG inhibits genomic base 5-methylcytosine 

(5mC) demethylase TET2, leading to DNA hypermethylation [81,87], which is called 

glioma CpG island methylator phenotype (G-CIMP). Nearly all IDH-mutant gliomas 

show O-6-methylguanine-DNA methyltransferase (MGMT) promoter 



12 INTRODUCTION 

 

hypermethylation [88]. Promotor methylation reduces MGMT expression, which 

sensitizes glioma cells to temozolomide (TMZ) [89].  

Recently, a study found that increased levels of D2HG in IDH-mutant cancer cells 

are able to block FTO enzyme activity, leading to global N6-methyladenosine (m6A) 

RNA hypermethylation (Figure 1.4B) [84]. In leukemic cells, Myc oncogene and 

CEBPA (CCAAT Enhancer Binding Protein Alpha) transcripts with increased m6A 

methylation tend to degrade, resulting in reduced tumour growth [84]. Prolyl 

hydroxylases (PHDs), another class of α-KG-dependent dioxygenases, are inhibited 

by D2HG overexpression, protecting HIF1a from degradation and impairing collagen 

maturation (Figure 1.4B) [90,91]. Accumulation of HIF1a promotes angiogenesis 

[92]. Impairment of collagen maturation by D2HG during development cause 

haemorrhage [90].  

 

Figure 1.4 The effect of IDH1/2 mutations.  
(A) Neo-enzymatic activity of mutant IDH1/2. In human gliomas, mutant IDH1/2 loss the intrinsic 

enzyme activity but gain a new function, which catalyse α-KG to D-2-hydroxyglutarate (D2HG). D2HG 

has similar structure with α-KG. (B). D2HG competitively inhibits α-KG-dependent dioxygenases, 

including histone lysine demethylase 4 (KDM4), 5-methyl cytosine hydroxylase 2 (TET2), fat mass 

and obesity-associated protein (FTO), and prolyl hydroxylases (PHDs). 
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1.2.3 IDH mutation inhibitors and their use in clinical trials 

It has been suggested that IDH mutation is an early event during development of 

glioma [93] and AML [94], and thus expressed in all tumour cells. This indicates that 

the IDH mutation could serve as potential drug target. Indeed, several clinical trials 

evaluating IDH mutation inhibitors in gliomas (Table 1.2) and AML [95] are 

undergoing. AG-120 [96] and AG-221 [97] are first-in-class, potent and selective 

inhibitors for mutant IDH1 and IDH2, respectively; while AG-881 is a pan-mutant IDH 

inhibitor, which inhibits both IDH1 and IDH2 mutant enzymes [98]. Phase I/II clinical 

trials to test the drug safety and tolerability is open (Table 1.2). However, one should 

be aware that the oncogenic effect of the IDH mutation in gliomas is still debated. 

Unlike in AML, IDH mutations in gliomas are associated with relatively good survival 

prognosis. Thus for therapeutic purpose, more biological functional studies of IDH 

mutations in gliomas should be done [99]. 

Table 1.2 Clinical trials targeting IDH mutations in gliomas [95]. 

Trial ID Drug Target Design 

NCT02073994 AG-120 IDH1 R132H Phase I/II 

NCT02273739 AG-221 IDH2 mutation Phase I/II 

NCT02481154 AG-881 IDH1/2 mutation Phase I/II 

 

1.3  Cell of origin in human and experimental gliomas 

The following paragraph will give an introduction into the biology of adult neural stem 

cells, their relationship to, and defining features of, glioma initiating cells and model 

systems in particular mouse models to understand the relationship between different 

cell of origins and corresponding brain tumours. The field of stem cells, cancer stem 

cells (also known as tumour initiating cells or, more specifically glioma initiating cells 

in this context), and that of experimental models of brain tumours is extremely broad 
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and inevitably, this paragraph will be a short, focused synopsis to introduce the 

model system used for our experiments. 

1.3.1 Adult neural stem cells 

Neural stem cells are cells with self-renewal ability, and can produce neurons and 

glial cells in the central nervous system [100]. In human and rodent adult brains, 

neural stem cells can be found in the subventricular zone (SVZ) located along the 

walls of lateral ventricles (LVs), in the subgranular zone (SGZ) of the hippocampus, 

and the subcortical white matter [101]. The SVZ is the largest source of neural stem 

cells in adult brains, and is composed of four types of cells: ependymal cells; type B 

cells, also called neural stem cells (NSCs); type C cells or transient amplifying cells 

(TACs); and type A cells known as neuroblasts (NBs) (Figure 1.5A) [102]. Initially, 

ependymal cells were suggested to act as neural stem cells [103]. However, later 

studies find that the neural stem cells are a subpopulation of astrocytes (type B 

cells), which express Nestin, glial fibrillary acidic protein (GFAP) and astrocyte-

specific glutamate transporter (GLAST), and contribute to the generation of neurons 

(Figure 1.5B) [104-106]. During neurogenesis, type B neural stem cells give rise to 

type C transient amplifying cells, which are highly proliferative [107]. Dividing type C 

cells give rise to type A neuroblasts, which migrate to the olfactory bulb (OB) via the 

rostral migratory stream [108]. Upon arrival in the olfactory bulb, these type A cells 

further differentiate into mature neurons (Figure 1.5) [109].  
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Figure 1.5 Neural stem cells in SVZ of the adult mouse.  
(A) The SVZ is located in the lateral wall of the lateral ventricle (LV). The lateral ventricle is lined by 

ependymal cells (brown), and the SVZ stem cell niche contains type B neural stem cells (NSCs, blue), 

type C transient amplifying cells (TACs, green), and type A neuroblasts (NBs, magenta). (B) 
Neurogenesis in the SVZ. NSCs, characterized by the expression of GFAP, Glast, Nestin and Pax6, 

give rise to TACs, which are high proliferative progenitor cells. TACs divide to generate NBs, which 
then migrate along the rostral migratory stream (RMS) to the olfactory bulb (OB) to differentiate into 

mature neurons. DG, dentate gurus. 

1.3.2 Neural stem/progenitor sell as origin of gliomas 

The term of “cell of origin” of a neoplasm refers to normal cells that gain 

tumourigenic mutations leading to tumour formation, in this context of glioma [110-

112]. Identification of the cell of origin of gliomas might provide new concepts of 

glioma heterogeneity and contribute to development of novel therapies. To identify 

cell of origin of gliomas, it is necessary to understand the hierarchy of neural cell 

lineages. In addition to neuroblasts (NBs, also called neuronal progenitor cells)[113], 

neural stem cells could also differentiate into glial progenitor cells including 
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oligodendrocyte progenitor cells (OPCs) [114] and astrocyte progenitor cells (APCs) 

[115] (Figure 1.6). OPC can be identified by the expression of PDGFRα (platelet 

derived growth factor Receptor α) and NG2 (also called chondroitin sulfate 

proteoglycan, CSPG4) [116,117]. However, a specific marker for APC has yet to be 

identified [118]. OPCs and APCs give rise to mature oligodendrocytes and 

astrocytes, respectively (Figure 1.6). 

 

Figure 1.6 Cell of origin of gliomas.  
Neural stem cells (NSCs) give rise to neuronal progenitor cells (NPCs), oligodendrocyte progenitor 

cells (OPCs), and astrocyte progenitor cells (APCs). NPCs, OPCs, and APCs differentiate into 

neurons, oligodendrocytes and astrocytes, respectively. NSCs, OPCs and APCs are candidates of 

cell of origin in gliomas. 

Neural stem cells are considered as candidates for cell of origin of gliomas because 

of their proliferative ability, plasticity and activation of developmental signalling 

pathways (Table 1.3). Also, neural stem cells and gliomas share a number of similar 

features, such as expression of immature cell markers (Table 1.3). Using genetically 

engineered mouse models containing GFAP- or Nestin-Cre transgene, tumour 

suppressor genes such as Pten, p53, Nf1 and Rb can be deleted conditionally in 

neural stem/progenitor cells. By using these models, several studies show that 
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neural stem/progenitor cells are likely cells of origin of gliomas, but not mature 

astrocytes [119-121]. Notably, proliferative neural progenitor cells cannot be 

distinguished from quiescent neural stem cells in such studies. 

Table 1.3 Features of neural stem cells and gliomas [101]. 

Features 

High motility 

Plasticity 

Proliferative potential 

Association with blood vessels and white matters 

Expression of immature cell surface antigen 

Activation of developmental pathways 

 Nestin expression 
 EGFR expression 
 PTEN expression 
 Hedgehog pathway 
 Telomerase activity 
 Wnt pathway 

 

In addition to neural stem cells, OPCs are another type of life-long slowly dividing 

cells in adult brains [122]. Importantly, the number of OPCs, which comprise 

approximately 5% of the total number of cell in the CNS [123,124], is significantly 

higher than that of neural stem cells. Furthermore, RNA sequencing analysis based 

on The Cancer Genome Atlas (TCGA) database found that the proneural subtype of 

GBM had gene expression profile similar to those of OPCs. These features suggest 

that OPCs could serve as candidate cell of origin. Recently, a study used a 

transgenic mouse model activating Cre in an NG2/tamoxifen inducible system (NG2-

creERT2 system) to delete Nf1, p53 and Pten conditionally in OPCs, which resulted 

in glioma formation with a median survival of around 21 weeks [125]. Notably, 

although the majority of NG2+ cells are OPCs, NG2 can also be expressed by 

pericytes and microglia [126,127]. Moreover, in another study using a mosaic 
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analysis with double markers (MADM) lineage tracing model [128,129], OPCs with 

Nf1/p53 mutations gave rise to gliomas (Figure 1.7) [130]. 

 

Figure 1.7 Diagram of MADM working mechanism [130]. 
A mosaic analysis with double markers’ model (MADM) contains two reciprocal chimeric cassettes, 

named as TG and GT cassettes. TG cassette contains a LoxP site and DNA fragments encoding N-

terminal of TdTomate (referred to as RFP-N here) and C-terminal of GFP (GFP-C), while the GT 

cassette harbours a LoxP site with same direction as the LoxP in TG cassette, and the other half of 

GFP and RFP DNA sequence (GFP-N and RGF-C). Both cassettes are under the control of a CMV-
actin promoter. Cre expression is under the control of GFAP promoter. N- and C-terminals are 

separated with an intron, where the LoxP site is located. Before cre-mediated recombination, cells 

have no fluorescence because of reading frame shift. Upon recombination, there are two scenario in 

GFAP positive cells: i) X-segreration leads to green cells with homozygous mutations and red 

wildtype cells; ii) Z-segregation leads to colourless or yellow cells with heterozygous mutations. 



1.3 Cell of origin in human and experimental gliomas 19 

 

The role of astrocytes as cell of origin of gliomas is being debated. Astrocyte 

markers such as GFAP and GLAST are also expressed by NSCs, which makes it 

difficult to target astrocytes specifically. Furthermore, a specific maker to distinguish 

early and mature astrocytes has yet to be identified. On one hand, loss of p16INK4a 

and p19ARF and constitutive activation of EGFR in astrocytes leads to formation of 

gliomas [131]. However, inactivation of p16INK4a and p19ARF reprograms astrocytes 

into a NSC-like state [131]. On the other hand, loss of Rb, p53 and Pten in 

astrocytes also cause dedifferentiation; however, transplantation of these astrocytes 

into NOD-SCID mice failed to generate gliomas [119], probably due to a lack of 

tumour initiating cells derived from mature astrocytes. In conclusion, even the 

experimental activation of signal generating pathways is not sufficient for 

tumourigenesis; it does require the target cells to have the capacity of tumour 

initiation. 

1.3.3 Glioma mouse models: a brief history 

Over the last eight decades, there were many different approaches to generate brain 

tumours including gliomas.[132]. In early years, gliomas were induced by chemicals 

such as methylcholanthrene (in 1920s-30s) [133], or virus with oncogenic potential 

such as Rous sarcoma virus (in 1960s-70s) [134]. Genetic mutations induced by this 

approach are random and undefined. This strategy using carcinogens to induce 

neoplastic transformation is nowadays rarely used. Transgenic mice open a new era 

for neuro-oncology study. Generation of a brain tumour using transgenic mice was 

first reported by Brinster and his colleagues [135]. In this study, they designed a 

construct containing the early region of simian virus 40 (SV40) that codes large and 

small T antigens, and metallothionein fusion genes that induces expressible 

chromatin configuration. Transgenic mice were generated by injection of this 

construct into fertilised eggs. These mice developed brain tumours from choroid 

plexus (choroid plexus tumours). A more refined method was to use tissue specific 

instead of non-specific promoters to overexpress oncogenic genes, for example, 

expressing SV40 under the control of GFAP promoters leading to formation of 
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astrocytomas [136]. During the 1980s-1990s, significant mutations of tumour 

suppressors such as Rb [137,138], p53 [137] and PTEN [139] had been identified in 

brain tumours. In the mid-1990s, homologous recombination approach to inactivate a 

tumour suppressor expression revolutionised the way of generating tumour models. 

However, a limitation of this approach is that these mutations of tumour suppressors 

in the germ line of mice leads to early embryonic lethality [140,141]. In the meantime, 

delivery of an oncogene such as FGF, EGFR or CDK4 in a desired population of 

cells could be achieved [142,143]. However, overexpression of FGF or CDK4 or both 

did not lead to glioma formation until combination with p16 loss [143]. In the 

meantime, a transgenic mouse, which expressed Tumour Virus A (TVA) under the 

control of GFAP or Nestin were generated. TVA is the receptor of avian sarcoma 

leukosis virus subgroup A (ASLV-A), and required for ASLV-A infection. The concept 

of expressing a gene under a tissue/cee specific promoter is still in use today. 

Currently, a much more flexible and popular model is the Cre/LoxP system, which 

allows to target more than one genes in a desired cell population at desired time 

points (Figure 1.8). In a genetically engineered mouse, tumour suppressors such as 

Pten [119,121], p53 [119,121,144], Rb [119], and Nf1 [121,144] are flanked with 

LoxP sites, and can be inactivated upon Cre-mediated recombination. There are 

basically three methods to induce Cre-mediated recombination. First, the cre 

transgene is expressed under the control of a cell- or tissue-specific promoter (e.g. 

GFAP, Nestin, Sox2, etc). The second is the tamoxifen (TMX) inducible method 

(Figure 1.8A), for example expression of Cre and ERT2 fusion protein under the 

control of a Nestin, GFAP or GLAST promoter. Upon TMX injection, CreERT2 

protein shuttles to nucleus in Nestin+, GFAP+ or GLAST+ cells including neural 

stem/progenitor cells, leading to inactivation of tumour suppressors. To circumvent 

the potential challenges of a systemic expression (and thus recombination in a wide 

population in the CNS) we have topically induced Cre expression by injecting 

adenovirus expressing Cre into brain subventricular zone [119] (Figure 1.8B). 

However, this model was fraught by long latencies and low tumour incidences. To 

generate a more responsive model with short incubation times and high hit rate, we 
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adopted a system using a retrovirus expressing PDGFB and Cre (PDGFB-Ires-Cre), 

which allows to generate gliomas within one month [145,146].  

An entirely different concept of generating brain tumours, with different aims is the 

transplantation of human glioma cells into the brains of immunocompromised mice 

(for example NOD-SCID). These human cell lines can be classified into two groups: 

(i) immortalized glioma cell lines such as U87 and U251, initially derived from 

patients but propagated over dozens or even hundreds of passages, thought to bear 

little resemblance to the original tumour, and (ii) patient-derived cultures containing 

glioma initiating cells, of low passage numbers [147,148]. Cell lines such as U87 and 

U251 give rise to gliomas fast and reproducibly. These cell lines are cultured in 

medium containing fetal bovine serum (FBS), which could cause genetic instability 

[149]. Indeed, multiple studies have shown that the genomic profile of these cell lines 

only poorly represents human gliomas [150-152]. Therefore, researchers 

increasingly rely on cell cultures containing glioma initiating cells (GIC), of low 

passage number derived from patients with molecularly characterised high grade 

gliomas. These cells are propagated and cultured in serum-free stem cell medium 

[153]. Thus these patient-derived glioma cell cultures are enriched for glioma 

initiating cells. It has been suggested that these patient-derived xenografts much 

better recapitulate pathological and molecular features of original gliomas [154-156]. 

However, a significant challenge is the derivation of such cultures from lower grade 

gliomas (WHO grades II-III), especially IDH-mutant tumours [149,155]. IDH-mutant 

glioma cells have been shown to lose the IDH mutation during culturing and 

propagation [155]. A limitation of the xenograft model is the absence of a functional 

immune system of the host which is necessary to prevent rejection of the xenograft 

cells but at the same time does not recapitulate the micro environment including the 

inflammasome of naturally occurring (intrinsically generated) brain tumours. 

CRISPR (clustered regulatory interspaced short palindromic repeat)/Cas9 (CRISPR-

associated 9)-guided genome editing is quickly emerging as a preferred tool to 

modify gene expression [157]. CRISPR/Cas9 was first discovered in bacteria to 

defence virus infection. Cas9 that is directed by a RNA called guide RNA (gRNA) 
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interacts with targeted genomic region and acts as a DNA endonuclease. Cleaved 

DNA strands could be repaired by non-homologous end joining, leading to a typically 

a shift of open reading frame thus inactivating a gene; or homologous recombination. 

Recently, two studies have reported the use of CRISPR/Cas9 to generate gliomas. 

Zuckermann and colleagues showed that delivery of Cas9 and guide RNAs targeting 

p53, Nf1 and Pten into E13.5 mouse brain using in utero electroporation resulted in 

generation of glioblastoma after 6-14 weeks [158]. In the other group, they started 

with a transgenic mouse line, LSL-Cas9 mouse line that expresses Cas9 

conditionally upon Cre-mediated recombination (Figure 1.8C). Adeno-associated 

virus (AAV) expressing Cre and a pool of gRNAs under the control of GFAP 

promoter was injected into mouse brain, leading to glioma formation after around 11 

weeks [159]. This approaches is becoming wildly used in glioma studies. 
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Figure 1.8 Illustration of three models to induce intrinsic gliomas in mice. 
(A) Tamoxifen (TMX) inducible mouse model. Cre recombinase is fused with mutant ligand-binding 

domain of estrogen receptor (ERT2). Tumour suppressors such as p53 are floxed with LoxP sites. In 

natural status, CreERT2 is inactive as it stays in cytoplasm. Upon treatment with TMX, the active form 

of TMX (4OH-TMX) binds to CreERT2, leading to nucleus translocation of CreERT2. CreERT2 in 

nucleus causes recombination of LoxP sites, thus inactivates tumour suppressors, e.g. loss of p53. 

(B) Virus mediated Cre recombination. Intracerebroventricular injection (i.c.v) of adenovirus or 

retrovirus expressing Cre (and oncogenes in some studies) causes mutations in neural 
stem/progenitor cells in SVZ. (C) AAV-CRISPR glioma model [159]. AAV virus expressing Cre and 

guide RNA (gRNA) library under the control of GFAP promoter is injected into the brain of mouse with 

a loxP-STOP-loxP-Cas9 (LSL-Cas9) genetic background. Cas9 is an endonuclease, which cuts out 

double strands of DNA. The interaction region of Cas9 on genome is guided by gRNA. In order to cut, 

a specific sequence called protospacer adjacent motif (PAM) immediately downstream of the 

gRNA:DNA binding site is required. 
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1.4 The role of microRNA in glioma 

One of the objectives of our work was the identification of differentially regulated 

micro-RNAs (miRNAs) between different tumour genotypes to identify downstream 

targets that could explain the difference of the biology and morphology of 

experimental brain tumours. The following paragraphs will give an introduction into 

the pathobiology of miRNAs, including some of their known roles in gliomagenesis, 

in particular their regulation of glioma proliferation, survival, angiogenesis, 

differentiation and/or invasion. Obviously, it is not possible to discuss, or even list all 

miRNAs that have been reported to have a role in glioma development. 

Comprehensive reviews have been published elsewhere [160-164]. 

1.4.1 What are micro-RNAs? 

Micro-RNAs (miRNAs) are small noncoding ribonucleic acids of approximately 22 

nucleotides in length [165]. They play an important role in the post-transcriptional 

regulation of gene expression. More than 2000 miRNAs have been identified in 

human genome, and many of them have been reported to be dysregulated in 

multiple diseases [166]. Biosynthesis of miRNA starts from production of primary 

miRNA transcripts (pri-miRNA) by RNA polymerase II or III [167,168]. These pri-

miRNAs are then cleaved by Dorsha Ribonuclease III (Dorsha, RNase III) and 

DiGeorge Syndrome Critical Region 8 (DGCR8), resulting in ~65 bp miRNA 

precursors (pre-miRNA) containing a hairpin structure (Figure 1.9) [169-172]. Pre-

miRNAs can be further processed by another RNase III Dicer followed by 

incorporation with Argonaute protein (AGO), leading to the generation of mature 

miRNA (Figure 1.9) [173,174]. Dicer-interacting proteins such as transactivating 

response RNA-binding protein (TRBP) and protein kinase R-activating protein 

(PACT) might be involved in regulating miRNA maturation [168,175-177]. During this 

process, an RNA induced silencing complex (RISC) forms, and the RISC contains 
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Dicer and its binding proteins, AGO and mature miRNA, and mediates miRNA-

induced gene silencing (Figure 1.9) [178,179].  

 

Figure 1.9 miRNA maturation and gene silencing. 
Primary transcripts containing miRNAs (pri-miRNA) are cleaved by RNase Drosha/DGCR8, resulting 

in precursor-miRNAs (pre-miRNA). Pre-miRNA is further processed to miRNA duplex by Dicer/TRBP. 

This duplex can then bind to AGO2 and one strand will be removed, leading to the maturation of 
miRNA. Mature miRNA binds to target mRNAs via base-pairing to degrade mRNAs or inhibit 

translation. 

 

1.4.2 Role of miRNAs in glioma 

Abnormal expression of multiple miRNAs has been observed in gliomas; this can 

regulate tumour development via a variety of mechanisms. MiRNAs upregulated in 

tumours usually act as oncogenic miRNAs (oncomiR, Figure 1.10). A miRNA could 

display different biological effects through targeting different mRNAs. For example, 

miR-21 in gliomas inhibits the expression of Programmed Cell Death 4 (PDCD4) and 

PTEN, promoting cell survival [180,181]. In addition, miR-21 can also promote 
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glioma invasion and angiogenesis by down-regulating Tissue Inhibitor of 

Metalloproteinases 3 (TIMP3) [182]. Furthermore, inhibition of Insulin-Like Growth 

Factor Binding Protein 3 (IGFBP3) by miR-21 leads to increase of proliferation [183]. 

MiR-155, another miRNA frequently upregulated in gliomas, is associated with cell 

proliferation, migration, and chemotherapy resistance through targeting MAX 

Interactor 1 (MAX1) [184], family with sequence similarity 133 member A (FAM133A) 

[185] and mitogen-activated protein kinase 13/14 (MAPK13/14) [186], respectively. 

MAX1 can bind to the promoter region of oncogene c-MYC, negatively regulates its 

expression [187]. FAM133A might supress migration via down-regulation of matrix 

metallopeptidase 14 (MMP14) [185]. Multiple binding partners of miR-221/222 have 

been identified in gliomas. Inhibition of pro-apoptotic PUMA (BCL2 Binding 

Component 3, BBC3) by miR-221/222 induces glioma cell survival [188]. TIMP3, 

which is a target of miR-21, could also be targeted by miR-221/222 [189]. Targeting 

protein tyrosine phosphatase Mu (PTPµ or PTPRM) by miR-221/222 can also 

increase invasion in glioma [190]. In addition, miR-221/222 promotes cell 

proliferation by supressing Semaphorin 3B (SEMA3B) [191]. As mentioned earlier, 

MGMT antagonizes TMZ-induced cell death in gliomas. It is suggested that MGMT is 

directly targeted by miR-221/222 [192]. This seems contradictory to the oncogenic 

role of miR-221/222. But this study also suggests that down-regulation of MGMT by 

miR-221/222 increases chromosomal rearrangement, which is a feature of 

progression of gliomas [192]. Moreover, miR-296 and miR-93 promote angiogenesis 

in glioma via inhibition of hepatocyte growth factor-regulated tyrosine kinase 

substrate (HGS) [193] and integrin-β8 (ITGB8) [194], respectively. To maintain self-

renewal, glioma stem cells reduce the expression of suppressor of cytokine 

signalling 3 (SOCS3) by miR-30 [195], delta like canonical notch ligand 3 (DLL3) by 

miR-18a-3p [196], and connective tissue growth factor (CTGF) by miR-17-92 cluster 

[197]. SOCS3 negatively regulates JAK/STAT signalling [198], and the latter inhibits 

glioma cell differentiation, apoptosis and proliferation [199]. CTGF expression is 

upregulated in glioma initiating cells during all-trans retinoic acid-induced 

differentiation [197]. Another relevant miRNA is miR-182, which is significantly up-

regulated in gliomas [200]. However, functional study shows that miR-182 plays an 
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anti-oncogenic role in gliomas, which inhibits cell survival and self-renewal through 

targeting BCL2-like 12 (BCL2L12), hypoxia-inducible factor 2α (HIF2A) and proto-

oncogene c-MET (Figure 1.11) [201]. These up-regulated miRNAs are also listed in 

the table below (Table 1.4). 

 

Figure 1.10 Oncogenic role of miRNAs in glioma. 
MiR-21 promotes proliferation, survival, invasion and angiogenesis by directly targeting PTEN, 

PDCD4, TIMP3 and IGFBP3. MiR-155 regulates glioma proliferation, survival and migration via down-

regulation of MXI1, MAPK13/14 and FAM133A. MiR-221/222 promotes cell survival, proliferation and 
invasion via inhibiting the expression of PTPRM, SEMA3B, MGMT, TIMP3 and PUMA. Down-

regulation of HGS by miR-296 or ITGB8 by miR-93 induces angiogenesis. MiR-30, miR-18a-3p and 

miR-17-92 cluster could inhibit differentiation through down-regulation of SOCS30, DLL3 and CTGF.  
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Table 1.4 MiRNAs up-regulated in gliomas. 

miRNA Expression alteration Targets in gliomas Reference 

miR-21 Up-regulation PTEN, PDCD4, TIMP3, IGFBP3 [180-183] 

miR-155 Up-regulation MXI1, FAM133A, MAPK13/14 [184-186] 

miR-221/222 Up-regulation PTPRM, SEMA3B, MGMT, TIMP3, PUMA [188-192] 

miR-296 Up-regulation HSG [193] 

miR-93 Up-regulation ITGB8 [194] 

miR-30 Up-regulation SOCS3 [195] 

miR-18a-3p Up-regulation DLL3 [196] 

miR-17-92 Up-regulation CTGF [197] 

miR-182 Up-regulation BCL2L12, HIF2A, c-Met [200-203] 

 

On the other hand, some miRNAs which are usually down-regulated in glioma show 

anti-tumourigenic roles (Figure 1.11, Table 1.5): MiR-181a increases apoptosis by 

targeting BCL2 in the glioblastoma cell line U87 [204]. MiR-491, which down-

regulates matrix metallopeptidase 9 (MMP), promotes glioma invasion [205]. 

Ribosomal Protein S6 Kinase I (RPS6K1, also called p70S6K1) enhances 

angiogenesis through activating HIF1α [206]. Thus down-regulation of RPS6K1 by 

miR-128 in glioma reduces angiogenesis [207]. Additionally, miR-128 directly targets 

polycomb group protein BMI1, angiopoietin-related protein 5 (ARP5) and 

transcription factor E2F3A, inhibiting self-renewal and proliferation in glioma [207-

210]. Enhancer of zeste homolog 2 (EZH2) is a subunit of polycomb repressive 

complex 2 (PCR2), which catalyse triple methylation of histone 3 (H3) at Lysine-9 

(H3K9me) and Lysine-27 (H3K27me), resulting in suppression of gene expression 

[211]. Overexpression of EZH2 is frequently found in diverse cancers including 

glioma, which leads to increased proliferation, self-renewal, angiogenesis and 

resistance to radio/chemotherapy [212-214]. Thus targeting EZH2 by miR-101 or 

miR-137 reduces glioma proliferation and angiogenesis, and promotes apoptosis 

[214,215]. Glioma pathogenesis-related protein 1 (GLIPR1, also called RTVP1) plays 
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an important role in stemness maintenance of glioma stem cells, which is repressed 

by miR-137 [216]. Furthermore, down-regulation of miR-7 upregulates the 

expression of EGFR, leading to enhanced proliferation and invasion, and reduced 

cell death [217].  

 

 

Figure 1.11 MiRNAs exhibiting a tumour suppressor role.  
Although miR-182 is up-regulated in gliomas, it has a tumour suppressor role by down-regulation of 

BCL2L12, c-MET and HIF2A. MiR-181a targets BCL2, leading to increased apoptosis. MiR-491 

promotes angiogenesis via targeting MMP9. MiR-128 that targets p70S6K1, BMI1, E2F3A and ARP5, 

is associated with glioma proliferation, angiogenesis and stemness. Both miR-101 and miR-137 inhibit 

EZH2, leading to reduction of proliferation, invasion and angiogenesis, and self-renewal. MiR-137 

could also promote differentiation through down-regulating GLIPR1. Suppression of EGFR by miR-7 
leads to inhibition of proliferation, migration and survival in gliomas. 
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Table 1.5 MiRNAs down-regulated in gliomas. 

miRNA Expression alteration Targets in gliomas Reference 

miR-181a Down-regulation BCL2 [204] 

miR-491 Down-regulation MMP9 [205] 

miR-128 Down-regulation p70S6K1, BMI1, E2F3A, ARP5 [207-210] 

miR-101 Down-regulation EZH2 [214] 

miR-137 Down-regulation GLIPR1, EZH2 [215,216] 

miR-7 Down-regulation EGFR [217] 

 

1.4.3 MiRNA-based therapeutics 

During the last few years, targeting of miRNAs has been emerging as a new 

therapeutic strategy, including repression or repletion of miRNAs. Design and 

development of miRNA-targeted therapy follows the same criteria as for other drugs, 

such as safety, drug stability, and specificity [218]. Although targeting miRNAs in the 

context of clinical trials is currently unavailable, several short oligonucleotides 

targeting selective miRNAs in other cancers have entered into clinical trials [218]. 

Miravirsen, an LNA-modified DNA oligonucleotide designed by Santaris Pharma, is a 

miR-122 antagomir to treat hepatitis C virus disease (HCV) [219,220]. This antisense 

molecule is undergoing the phase II clinical trial. Some clinical trials were also 

designed to restore the expression of tumour suppressor miRNAs. For instance, 

MRX34 delivering miR-34 mimics is going to evaluate clinically in various tumours 

such as colon cancer, non-small-cell lung cancer (NSCLC) and hepatocellular 

carcinoma, where miR-34 acts as a tumour suppressor [221]. Notably, delivery of 

miRNA drugs into gliomas is more difficult because of the blood brain barrier (BBB). 

Recently, a study reported that IONIS-HTTRx, a specific antisense oligonucleotide 

with 20 bases targeting mutant Huntingtin gene (HTT), was safe and successfully 

reduced the protein level of harmful HTT in central nervous system in human trials 

[222]. This indicates that miRNA-targeting molecules used for glioma treatment 



1.5 Endoplasmic reticulum (ER) stress and gliomas 31 

 

might be synthesized in the same way, allowing for BBB penetration. Additionally, 

other methods to overcome the BBB is promising, such as brain-penetrating 

nanoparticles delivery [223] and convection-enhanced delivery [224]. Overall, these 

studies shed light on development of miRNA-based therapy for glioma treatment. 

1.5 Endoplasmic reticulum (ER) stress and gliomas 

One of the key findings in this study is the induction of endoplasmic reticulum (ER) 

stress through a miRNA mediated pathway. Therefore, this paragraph will introduce 

the concept of ER stress, with a specific focus of the aspects relevant to the findings 

in our study. 

1.5.1 The unfolded protein response (UPR) 

The endoplasmic reticulum (ER) is an organelle in eukaryotic cells, which plays an 

important role in folding, quality control and transport of proteins [225]. Excessive 

unfolded/misfolded proteins accumulate in ER, causing ER stress. In response to ER 

stress, the unfolded protein response (UPR) pathway is activated in cells. There are 

three key transducers of ER stress in UPR pathway: activating transcription factor 6 

(ATF6, Figure 1.12A), protein kinase RNA-like ER kinase (PERK, Figure 1.12B), 

and inositol-requiring enzyme 1α (IRE1α, Figure 1.12C). Upon ER stress, ATF6 is 

translocated to Golgi, where ATF6 is processed by site 1 protease (S1P) and site 2 

protease (S2P), thus releasing the N-terminal of ATF6 (ATF6N) (Figure 1.12A) 

[226]. ATF6N then moves to nucleus, inducing transcription of ER chaperones such 

as GRP78 (also called Bip or HSPA5) and GRP94 (also called HSP90B1), to restore 

ER homeostasis [226,227]. A secondary branch of the UPR pathway is the protein 

kinase RNA-like ER kinase (PERK) signalling axis (Figure 1.12B). In ER-stressed 

cells, PERK forms dimers, allowing for trans-autophosphorylation [228,229]. 

Phosphorylated PERK then attenuates global gene translation via inactivation of 

alpha subunit of the eukaryotic initiation factor (eIF2α) [230], reducing ER protein 

loading. However, activating transcription factor 4 (ATF4) preferred to be translated 
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when eIF2α is inactive [231]. Upregulation of ATF4 expression activates the 

transcription of C/EBP-Homologous Protein (CHOP, also called DDIT3 [232], and 

Growth Arrest and DNA Damage-Inducible Protein (GADD34, also called 

PPP1R15A) [233]. CHOP upregulates the expression of pro-apoptotic factor BIM 

(also called BCL2L11) [234], while inhibits the expression of anti-apoptotic factor B-

Cell CLL/Lymphoma 2 (BCL2) [235], thus leading to apoptosis. In contrast, GADD34 

together with protein phosphatase 1 promotes dephosphorylation of eIF2α [236,237]. 

Another UPR sensor is the Inositol-Requiring Enzyme 1 (IRE1α), which is activated 

via dimerization- or oligomerization-caused trans-autophosphorylation (Figure 
1.12C) [238,239]. Upon phosphorylation, the RNase function of IRE1α is activated, 

leading to splicing the X-box binding-protein (XBP1) transcript [240]. Spliced XBP1 

(XBP1s) is translated into a protein XBP1s, which shuttles to nucleus and regulates 

the expression of UPR target genes involved in protein folding, ER-associated 

protein degradation (ERAD) and lipid synthesis [241,242]. Importantly, the three 

branches are not acting in isolation but instead they crosstalk. In addition to CHOP 

and GADD34, ATF4 can upregulate the expression of ER chaperones such as 

GRP78 as well. The expression of XBP1 is induced by ATF6N [240,243]. When cells 

are undergoing prolonged ER stress, besides ATF4 in PERK branch, both ATF6N in 

ATF6 branch and XBP1s in IRE1α branch can upregulate the expression of CHOP, 

thus promoting apoptosis [244,245]. Overall, ATF6, PERK and IRE1α are the three 

major ER stress sensors according to current studies, and they cooperate with each 

other to restore ER homeostasis, or lead to cell death if the stress cannot be solved. 
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Figure 1.12 The unfolded protein response (UPR). 
ER stress induced unfolded protein response includes three branches. (A) ATF6 branch. During ER 

stress, ATF6 is translocated into Golgi, and cleaved by site 1 protease (S1P) and site 2 protease 

(S2P), releasing the N-terminal of ATF6 (ATF6N). ATF6N acts as a transcription factor, activating the 

expression of chaperones such as GRP78 (also called Bip or HSPA5) and GRP94 (HSP90B1), 
prominently. (B) PERK branch. In cells undergoing ER stress, PERK is activated by dimerization and 

trans-autophosphorylation. Active PERK phosphorylates elF2α, leading to inhibition of translation 

initiation globally. Paradoxically, phosphorylated eIF2α (p-eIF2α) promotes the protein synthesis of 

ATF4, which promotes the transcription of CHOP (also called DDIT3) and GADD34. CHOP mediates 

ER stress-induced apoptosis. GADD34 participates in the dephosphorylation of eIF2α. (C) IRE1α 

branch. Similar to PERK activation upon ER stress, IRE1α forms dimers or oligomers and trans-

autophosphorylate each other. Activated IRE1α exhibits an RNase activity, which leads to the splicing 
of XBP1 mRNA. XBP1s synthesised from Spliced XBP1 (XBP1s) is a transcription factor, up-

regulating expression of genes involved in ER-associated protein degradation (ERAD) and lipid 

synthesis. 

 

1.5.2 Regulation of UPR by miRNA 

MiRNAs, as one of the most important endogenous gene silencing tools, are also 

functionally involved in the UPR signalling pathway. Here, I will summarise how 

miRNAs act as effectors and/or modulators of the UPR (Figure 1.13, Table 1.6). 
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Figure 1.13 MiRNAs involved in the UPR pathway [246-248]. 
UPR pathway contains three major ER stress sensors, ATF6, PERK and IRE1α. ATF6 is targeted by 

miR-702, and active ATF6 could reduce the expression of miR-455. PERK could repress the 

expression of miR-106b, -25 and -93 through phosphorylating NRF2, or upregulate miR-30c-2p 

expression through activation of NFκB. MiR-30c-2 in turn inhibits the expression of XBP1. ATF4 and 

CHOP could be targeted by miR-214 and miR-211, respectively. In addition, XBP1 is another target of 

miR-214. IRE1α, which is supressed by miR-1291, could promote the expression of miR-346 via 

splicing XBP1, or down-regulates the expression of miR-17, -34a, -96 and -125. Blue arrows, 

activation; red flat arrow, inhibition.  

To identify miRNAs involved in the ATF6 branch, a study compared the miRNA 

expression profile of the heart with constitutive overexpression of active ATF6 

(ATF6N) and non-overexpressing controls [249,250]. They identified 13 differentially 

expressed miRNAs, of which 5 miRNAs were upregulated upon ATF6N 

overexpression and 8 miRNAs were downregulated. Mir-455 as one of the 8 

significantly downregulated miRNAs, directly bind to calreticulin (Calr). Calr is a 

major calcium-binding protein in the ER lumen [251], and is upregulated during ER 

stress and acts as a chaperone protein and regulates Ca2+ homeostasis [252]. 

Down-regulation of Calr by miR-455 leads to hypertrophic growth. Another miRNA 

associated with ATF6 axis is the miR-702, which could directly bind to the 3’UTR of 

ATF6 mRNA, thus down-regulating the expression of ATF6 [253]. 
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In addition to the ATF6 branch of the UPR pathway, multiple miRNAs have been 

reported to be connected to the PERK branch (Figure 1.13, Table 1.6). First, ATF4 

can be targeted by miR-214 [254]. Second, miR-211 down-regulates the expression 

of CHOP [255]. As a transcription factor, CHOP modulates the expression of miR-

708 to downregulate the expression of Rhodopsin (RHO) and Neuronatin (NNAT). 

RHO is highly expressed during retina development, and miR-708 fine-tunes the 

loading amount of RHO to the ER [256]. NNAT that is located in the ER, regulates 

intracellular Ca2+ levels and ER stress [257]. Down-regulation of NNAT by miR-708 

could supress brain metastasis [258]. Another substrate of PERK is nuclear factor-

like 2 (NRF2) [259]. Phosphorylation of NRF2 by active PERK leads to upregulation 

of BIM expression via repressing the expression of miR-106b~25~93 cluster, thus 

promoting ER-stress-induced apoptosis [260]. Besides, phosphorylated PERK could 

reduce the protein level of Inhibitor of Nuclear Factor Kappa B (IκB), thus allowing 

nuclear factor-kappa B (NFκB) to translocate to nucleus [261]. NFκB in nucleus 

induces the expression of miR-30c-2-3p (miR-30c-2 in short), which in turn down-

regulates the mRNA level of XBP1 in IRE1α branch [262].  

Apart from miR-30c-2, several other miRNAs have been shown to be connected with 

the IRE1α branch (Figure 1.13, Table 1.6). A study showed that miR-1291 could 

directly interact with the 5’UTR of IRE1α [263]. As a riboendonuclease, IRE1α could 

cleave and thus degrade selected pre-miRNAs (pre-miRs -17, -34a, -96, 125b), 

leading to the increased expression of proapoptotic Casp2 [264]. MiR-214 that 

targets ATF4, could also binds to the 3’UTR of XBP1 thus reducing the expression 

levels of spliced XBP1 (XBP1s) [265]. XBP1s could act as the upstream of miR-346, 

causing the downregulation of antigen peptide transporter 1 (TAP1) expression, 

indicating that antigen presentation was altered when during ER stress. [266]. 

Overall, multiple miRNAs show close association with UPR pathway.  

 

Table 1.6 List of miRNAs involved in the UPR pathway. 

miRNAs Target(s) UPR branch Refs 
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miR-702 ATF6 ATF6 [253] 

miR-455 CALR ATF6 [250] 

miR-106b BIM PERK [260] 

miR-25 BIM PERK [260] 

miR-93 BIM PERK [260] 

miR-214 ATF4/XBP1s PERK/ IRE1α [254,265] 

miR-211 CHOP PERK [255] 

miR-708 RHO/NNAT PERK [256,267] 

miR-30c-2p XBP1s PERK/IRE1α [262] 

miR-346 TAP1 IRE1α [266] 

miR-1291 IRE1α IRE1α [263] 

miR-17 Casp2 IRE1α [264] 

miR-34a Casp2 IRE1α [264] 

miR-96 Casp2 IRE1α [264] 

miR-125 Casp2 IRE1α [264] 

 

1.5.3 Pro- and anti-oncogenic role of UPR 

Tumour cells face a number of challenges such as hypoxia, limited nutrient, and low 

pH during their growth. All these (micro-)environmental stressors could induce ER 

stress, thus activating the UPR pathway [268]. Activation of the UPR is a way of 

cancer cells to adapt to stress, and this can support oncogenic growth (Figure 1.14). 

Upon ER stress, ATF6N activates mTOR (Mechanistic Target of Rapamycin Kinase) 

signalling pathway through upregulation of RHEB (Ras homolog enriched in brain), 

which contributes to cancer cell survival [269]. In addition to the 

ATF6N/RHEB/mTOR axis, ATF6N upregulates the expression of ADAM17 

(Disintegrin and Metalloproteinase Domain-Containing Protein 17), which plays an 

important role in glioma cell migration [270,271]. As mentioned before, active PERK 

could directly phosphorylate NRF2 under hypoxia (paragraph 1.5.2) [259]. 
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Phosphorylation allows NRF2 to dissociate from KEAP1 (Kelch-like ECH associated 

protein 1), and then translocates into the nucleus [259]. Nuclear NRF2 acts as a 

transcription factor, inducing the expression of antioxidant genes like 

NAD(P)H:Quinone Oxidoreductase 1 (NQO1), which promotes cancer cell survival 

[272]. Furthermore, phosphorylated PERK-mediated upregulation of ATF4 increases 

the expression levels of proangiogenic genes including VEGFA (Vascular 

Endothelial Growth Factor A), IL-6 (Interleukin-6) and IL-8 (Interleukin-8) [273-275]. 

In addition, expression of ADAM17 could also be induced by ATF4 [270]. 

Consistently, the IRE1α could contribute to tumourigenesis as well. It has been 

suggested that IRE1α promotes angiogenesis in tumours by increasing the 

expression of pro-angiogenic genes including VEGFA, IL-6 and IL-8 [276,277]. In 

glioma, activation of IRE1α leads to upregulation of epiregulin (EREG), a ligand for 

epidermal growth factor receptor (EGFR)[278]. Triggering EGFR signalling pathway 

by EREG promotes glioma cell growth [278]. 

 

Figure 1.14 UPR stimulates oncogenic growth in gliomas [279].  
ATF6 activation promotes tumour cell survival and migration via RHEB/mTOR axis and ADAM17, 

respectively. In addition, ADAM17 expression could also be regulated by ATF4 in canonical PERK 

pathway. Besides, upregulation of ATF4 also induces expression of pro-angiogenic genes such as 

VEGFA, IL-6 and IL-8. NRF2, another substrate of PERK, modulates the expression of antioxidant 
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genes such as GSTA and NQO1, leading to cell survival under oxidative stress. Similar to PERK, 

IRE1α also modulates the expression of VEGFA, IL-6 and IL-8, causing angiogenesis. Moreover, 

EREG, regulated by IRE1α, could stimulate EGFR signalling, thus promote cell proliferation. 

 

On the other hand, UPR also activates anti-tumorigenic pathways (Figure 1.15). A 

study found that activation of ATF6 supresses the expression of Myeloid Cell 

Leukaemia 1 (MCL1), an anti-apoptotic regulator of BCL2 [280]. As mentioned 

previously, CHOP is the major mediator of ER stress-induced apoptosis. 

Upregulation of CHOP promotes the expression of pro-apoptotic genes such as BIM 

[234], Tribbles Pseudokinase 3 (TRB3) [281] and ChaC Glutathione Specific 

Gamma-Glutamylcyclotransferase 1 (CHAC1)[282], while it represses the expression 

of pro-survival genes such as BCL2, leading to cell death. Moreover, CHOP can 

inhibit angiogenesis through inhibition of Nitric Oxide Synthase 3 (NOS3) 

transcription [283]. Nitric oxide (NO) synthesized by NOS is responsible for 

angiogenesis [284]. Inhibition of NOS3 reduces neovascularization [283]. 

Additionally, active ATF6 also contributes to CHOP expression [243]. IRE1α could 

also initiate apoptotic signalling. IRE1α interacts with TNF Receptor Associated 

Factor 2 (TRAF2) and MAPK/ERK kinase 5 (MAP3K5), leading to the activation of c-

Jun N-terminal kinase (JNK) under stress [285,286]. Active JNK induces apoptosis 

via canonical Cytochrome c/Caspase 3 axis [287]. In glioma, dominant-negative 

IRE1α upregulates the expression of Decorin and thrombospondin 1 (THBS1), which 

is associated with increased cell invasion and migration [276]. This suggests that 

IRE1α might supress glioma invasion via down-regulation of Decorin and THBS1.  
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Figure 1.15 The tumour suppressor role of UPR.  
ATF6 promotes apoptosis through inhibition of MCL1 or upregulation of CHOP. The main regulation 

of CHOP is through PERK under ER stress. Increase of CHOP expression promotes pro-apoptotic 
gene expression (Bim, TRB3 and CHAC1), and represses anti-apoptotic gene expression (BCL2). 

CHOP could also inhibit angiogenesis via downregulation of NOS3. IRE1α also contributes to 

apoptosis through interaction with TRAF2 and ASK1, thus resulting in activation of JNK, which 

promotes apoptosis. IRE1α can reduce glioma invasion through down-regulation of Decorin and 

THBS1. 

 

1.6 Rationale and plan of this study 

Previous work from this laboratory showed that the combination of initial genetic 

mutations define the brain tumour phenotype. Codeletion of Pten/p53 in neural 

stem/progenitor cells in mice leads to glioma formation, while codeletion of Rb/p53 

generates primitive neuroectodermal tumour (PNET) [119]. However, whilst the 

phenotype of these two tumour types was described and characterised in detail, the 

underlying mechanism was not fully explained. Comparative mRNA expression 

profiling was able to associate mouse tumour phenotypes with corresponding human 
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tumour types [288], but could not explain mechanistically what caused these distinct 

phenotypes. As a next step, a comparative screen for miRNAs was carried out, in 

keeping with previous suggestions that these could explain some aspects of tumour 

phenotypes [289]. Thus we formulated the hypothesis that miRNAs expression might 

be associated with distinct brain tumour phenotypes, and aimed at identifying 

miRNAs involved in specific biological aspects of these tumours, such as invasion, 

growth rate, and expression of certain lineage markers. To achieve this, the following 

plan of work was devised. 

1. Compare the miRNA profile between experimental glioma-like tumours 

and PNET-like tumours. 

2. Identify differentially expressed miRNAs. 

3. Select the most promising miRNA’s and identify their binding partner in 

brain tumours. 

4. Functional study of the selected miRNA’s and their binding partner. 

5. Translational study of the selected miRNA’s and their binding partner. 

In the second part of this study, we investigated the role of IDH mutation in gliomas. 

IDH mutation is still not fully understood, despite a wealth of experimental data. One 

reason was the lack of a suitable mouse model with expression of mutant IDH under 

the endogenous promoter. To further understand the role of IDH mutations, we 

decided to: 

1. Use a novel Idh1 mouse model, which express mutant Idh1 R132H 

conditionally under the endogenous promoter (this mouse model was 

obtained from a collaborator).  

2. Compare gene and miRNA expression profiles of glioma initiating cells 

with and without Idh1 mutation. This will identify promising differentially 

regulated mRNA/miRNA and will help identifying promising targets for 

studies of downstream pathways. 

Overall, both brain tumour phenotypes and IDH mutations are closely associated 

with tumour malignancy and therapy response. The miRNAs of interest and their 
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downstream signalling pathway could identify a mechanistic target and ultimately 

potentially also serve as potential drug targets. 

 





 

CHAPTER 2 MATERIALS AND METHODS 

This chapter describes the experimental methods and material used in this study. 

The manufacturer and catalogue number of chemicals are provided immediately 

following the product name for the first time. For drug treatment in cell culture, 

concentration and duration are displayed in relevant figures if not otherwise stated. 

2.1 Mouse experiments 

2.1.1 Mouse strains used in this study and their genotyping 

All mice used in this study are in a mixed background of C57 BL6 and FVB strains, 

and carry a reporter gene LacZLoxP in the Rosa26 locus [290]. The generation and 

use of p53 [291], Rb [291] and Pten [292] conditional knockout mice has been 

described in detail elsewhere [119]. Idh1LoxP(R132H) knock-in (KI) mice, kindly provided 

by Prof. Andreas von Deimling (University of Heidelberg, Germany), was generated 

in the Mouse Clinical Institute (France). To verify mouse genotypes, Polymerase 

chain reaction (PCR) was carried out with Taq PCR Core Kit (Qiagen, 201207) under 

the following conditions: 94°C for 2min; 37 cycles of 94°C for 30s, 58°C for 40s, 

72°C for 60s; 72°C for 10min. The PCR reaction system and the sequence of 

primers are summarized below (Table 2.1, Table 2.2). All procedures performed on 

mice complied with UK Animals (Scientific Procedures) Act 1986 and institutional 

guidelines (Project license PA79953C0). 
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Table 2.1 PCR reaction system with Qiagen Taq PCR core kit. 

Taq PCR Stock concentration End concentration Volume per reaction 

10x buffer 10x 1x 2.5 µl 

Q-solution 5x 1x 5 µl 

dNTP 1.25 mM 0.25 mM 5 µl 

Forward primer 100 µM 0.5 µM 0.125 µl 

Reverse primer 100 µM 0.5 µM 0.125 µl 

Taq 5 U/µl 1 U 0.2 µl 

DNA Variable ~100-500 ng 2.5 µl 

H2O Not applicable Not applicable To 25 µl 

 

Table 2.2 Primers for genotyping. 

Purpose Forward (5’-3’) Reverse (5’-3’) size 

p53loxP/loxP AAGGGGTATGAGGGACAAGG GAAGACAGAAAAGGGGAGGG 584 bp 

p53 -/- CACAAAAACAGGTTAAACCCA GAAGACAGAAAAGGGGAGGG 612 bp 

RbloxP/loxP GGCGTGTGCCATCAATG AACTCAAGGGAGACCTG 740 bp 

Rb -/- GAAAGGAAAGTCAGGGACATTGGG CTCAAGAGCTCAGACTCATGG 283 bp 

PtenloxP/loxP GGCAAAGAATCTTGGTGTTAC GCCTTACCTAGTAAAGCAAG 300 bp 

Pten -/- TGGCATAAGTTAGGAAAGATG GGCAAAGAATCTTGGTGTTAC 330 bp 

Idh1loxP(R132H) AAGAGTTCTCAGCTCTTTTGGCACGG GCATCACGATTCTCTATGC 579 bp 

Idh1R312H TGCAAAAATATCCCCCGGCTAGTGA CACCATTACCACCAACAGCAACATCTC 501 bp 

 

2.1.2 Stereotactic injection on adult and neonatal mice 

Approximately 0.5 x 106 glioma initiating cells (GIC) were allografted into the left 

striatum of adult mice (bregma: 1.5 mm lateral and 2 mm deep) with a 25-µl Hamilton 
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syringe (Hamilton model 1702 RN, point style 2) with a 22 G needle (Hamilton, 

80230) attached. The location of bregma and injection site is illustrated below 

(Figure 2.1). 

 

Figure 2.1 Position of the injection site. 
Both bregma and lambda suture are visible upon opening the skin during stereotactic injection. The 

distance between bregma and lambda suture in adult mice is 4.21mm in average. The blue dot 

indicates injection site (bregma: 1.5 mm lateral and 2 mm deep). 

The induction of brain tumours with adenovirus-Cre had the disadvantage of long 

incubation times. Therefore, an alternative method was applied to shorten the 

incubation times and to increase the efficacy. To this end, PDGFB-Ires-Cre retrovirus 

was delivered into brains of mouse pups at P1 stage. The construct of PDGFB-Ires-

Cre retrovirus [145] was kindly provided by Prof. Peter Canoll (Columbia University 

Medical Center, USA). Virus production and concentration is explained below 

(paragraph 2.8). To inject retrovirus, pups were anesthetized with isoflurane and 

then gently fixed on heat pad. One microliter of retrovirus solution containing 8 µg/ml 

polybrene (sigma, H9268) was slowly administrated into left ventricle (bregma 0.5 

mm left, 1 mm deep) using a 10µl Hamilton syringe (Hamilton model 1701 RN, point 

style 2) with a 26 G needle (Hamilton 80030) attached. Pups recovered on a 37°C 

heat pad and then were returned to their parents.  
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2.1.3 Drug administration 

A 20 mg/ml Tamoxifen (TMX) injection solution was prepared by adding 100 mg of 

TMX into 250 µl of ethanol (VWR 20816.298) and 4.75 ml of corn oil (Sigma, 

C8267), followed by ultrasonication for 20 min (VWR, 142-6045). Each animal 

received 100 µl/per day of TMX solution for 5 days through intraperitoneal (IP) 

injection.  

Tunicamycin injection has been described in detail previously [293]. Briefly, 

tunicamycin (NEB, 12819S) was first dissolved in DMSO to prepare a 10 µg/µl stock 

solution, and then diluted to 0.3 µg/µl with 150 mM glucose for injection. Each mouse 

received 3 µg/g (=10 µl/g) tunicamycin with 2 subcutaneous injections, with an 

interval of 2 hours.  

2.2 Cell culture methods and assays 

2.2.1 Derivation of primary cell lines and maintenance 

Mouse neural stem/progenitor cells (mNSPC) were derived from the lateral wall of 

subventricular zone (SVZ). Fresh brains from mouse cadaver were dissected with 

two coronal cuts (bregma -1.5 to 1.5). The SVZ-containing slice was further cropped 

to remove the surrounding area. The resulting piece was passed through a syringe 

with 21G needle and dissociated with Accumax (Chemicon, SCR006) at room 

temperature for 5 min, and then cultured in DMEM/F12 medium (LONZA, BE12-

719F) supplemented with 20 ng/ml EGF (PeproTech, 315-09), 20 ng/ml FGF 

(PeproTech, 100-18B), 2% B27 (Invitrogen, 17504-044) and 1% 

Penicillin/Streptomycin (Invitrogen, 15140-122) at 37°C, 5% CO2. To obtain 

monolayers, cells were trypsinized (Invitrogen, 35400-027) and seeded on poly-

lysine (Sigma, P6282) and laminin (Sigma, L2020) double-coated petri dish. The 

medium was refreshed every 3 days. For human glioma primary cell lines, tumour 

tissue was incubated with Accumax as mentioned before. The dissociated tumour 
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tissue was passed through a 40 µm filter and cultured in completed DMEM/F12 

medium plus 2 µg/ml heparin (Stemcell technologies, 07980) and incubated at the 

same conditions as mNSPC. 

2.2.2 X-gal staining 

X-gal (5-bromo-4-chloro-3-indolyl β-D-galactopyranoside) staining is used to detect 

enzyme activity of β-galactosidase (in short β-gal), encoded by LacZ. As all the 

transgenic mice used in this study has a LacZLoxP(Stop) background, cells upon 

recombination express β-galactosidase. β-Galactosidase catalyses X-gal into 

galactose and 5-bromo-4-chloro-3-hydroxyindole, and the latter is immediately 

oxidized into a blue product called 5,5′-dibromo-4,4′-dichloro-indigo [294]. X-gal 

(Sigma, B4252) was solved in N,N-Dimethylformamide (DMF, Sigma, D4551) to 

make a 100 mg/ml solution. Cells were incubated with 1% of X-gal in the staining 

buffer (Table 2.3) at 37°C for 1h and would turn into blue. 

Table 2.3 X-gal staining solution. 

Chemicals Company Catalogue Working concentration 

Phosphate buffer pH 7 Sigma 17202 10 mM 

NaCl Sigma S7653 150 mM 

MgCl2 Sigma M8266 2 mM 

K4Fe(CN)6 ●3H2O Sigma P3289 3.3 mM 

K3Fe(CN)6 Sigma 60299 3.3 mM 

Igepal CA 630 Sigma I8896 0.02% 

Sodium Deoxycholate Sigma 30970 0.01% 
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2.2.3 IncuCyte assays: cell proliferation, gap closure and 
chemotaxis assay 

The IncuCyte ZOOM system (Essen Bioscence), which can image monolayer cells 

automatically and analyse cell confluence, was used in this study to quantify cell 

proliferation rate, gap closure rate and chemotaxis migration. To compare the 

proliferation rate of cells with different genetic background and/or under different 

treatment, 1500 cells were seeded per well of a 96-well plate (Nunc, 167008), and 

scanned in the Incucyte for 3 days (2h between scans). For gap closure assays, 

75,000 cells were seeded in one well of a 96-well plate, and a “wound” (gap) was 

create using WoundMaker (Essen Bioscence). The plate was scanned by IncuCyte 

for 24h. In the chemotaxis assay, 3000 cells were seeded into the insert well of a 

special plate (ClearView chemotaxis plate, Essen Bioscience) with starving medium 

(low growth factor concentration, EGF/FGF = 0.02 ng/ml), while the bottom was filled 

with attractant medium (high growth factor concentration, EGF/FGF = 40 ng/ml). The 

plate was scanned under Chemotaxis module in IncuCyte for 24h. Cell confluence in 

each assay was assessed using ZOOM software.  

2.2.4 Transfection in vitro 

Cells were transfected with miR-449a-5p antagomir (Exiqon, 4101241-111) or mimic 

(Exiqon, 479997-611), miR-183 antagomir (Exiqon, 471390-001) or mimic (479997-

671), miR-182 antagomir (Qiagen, 4101243-011) or mimic (Qiagen, 471963-001), 

miR-96 antagomir (Qiagen, MIN0000541) or mimic (Qiagen, MSY0000541), miRNA 

antagomir negative control (Exiqon 199006-011) or mimic negative control (Exiqon, 

199006-001), Gpr158 siRNA (Ambion, s109489), siRNA negative control (Qiagen, 

1022076), pLX301-Gpr158, pcDNA 3.1+, Sema3E shRNA1 (Sigma, 

TRCN0000112296), and Sema3E shRNA2 (Sigma, TRCN0000112297) using 

TransIT-X2 (Mirus, MIR 6000) according to manufacturer’s protocol with minor 

modification. Briefly, for a well of 6-well plate, 2 µl of 50 µM short oligonucleotides (or 
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2.5 µg plasmid) was incubated with 2 µl of Mirus in 50 µl of Opti-MEM (Invitrogen, 

51985-026) for 15 minutes at room temperature prior transfection. 

2.2.5 D-2-hydroxyglutarate level measurement 

The level of D-2-hydroxyglutarate (D2HG) in cells were detected using an enzymatic 

assay (Figure 2.2) as reported previously [295]. Briefly, cells were lysed in NP40 

lysis buffer, which contains 0.1% NP40 (Calbiochem, 492016), 135 mM NaCl and 45 

mM Tris-HCl (pH 8.0). Protein amount used for normalization was determined using 

BCA assay (Thermo, 23225). A serial dilution of commercial D2HG (Sigma, H8378) 

(0.5, 1, 2.5, 5, 7.5, 10, 25 and 50 µM) was set as standards. Then samples and 

standards were deproteinized using a deproteinization kit (Biovision, K808-200) 

according to manufacturer’s protocol. The deproteinized samples and standards in 

triplicate were incubated with assay solution, which contains 100 mM of pH 8.0 

HEPES (Applichem, H0887), 100 uM of Nicotinamide adenine dinucleotide (NAD+) 

(Applichem, A1124), 5 uM of resazurin (Applichem, A2830), 0.01U/ml of diaphorase 

(MP Biomedicals, 150843) and 1 µg/ml D-2-hydroxyglutarate dehydrogenase 

(D2HGDH, Biovision, P1001), at room temperature for 30 min in black 96-well plate 

(BRANDTech, 781608). The fluorescent intensity (FI) was detected using FLUOstar 

microplate reader (BMG Labtech, Germany) with excitation at 540 nm and emission 

at 610 nm. The standard curve was created using 4-parameter fit method in Omega 

Data Analysis software to determine the D2HG concentration in each sample. 
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Figure 2.2 Quantification of D2HG levels using an enzymatic assay. 
In the reaction system, D2HGDH catalyses D2HG into α-KG and produces NADH in the meantime. 

NADH then cooperates with Diaphorase to convert Rezazurin into a fluorescent product Resorufin. 
The fluorescent intensity positively associated with original D2HG concentration. 

2.2.6 Caspase 3 activity assay 

The activity of cleaved Caspase 3 (Cl-Casp3) was quantified using a fluorescent 

assay. Activated Casp3 cleaves its substrates to propagate the apoptosis process. 

The upstream sequence of the cleavage site (Asp-Glu-Val-Asp, or DEVD in short) is 

highly specific for Casp3. Thus a synthetic fluorogenic substrate N-acetyl-DEVD-

AMC (DEVD-AMC, BD Pharmingen, 556449) was used to quantify the Cl-Casp3 

activity. Briefly, cells were lysed in commercial lysis buffer (Cell Signalling, 7018), 

and the protein concentration of each sample was quantified using Bio-Rad assay 

according to manufacturer’s protocol (Bio-Rad, 500-0006). For each reaction, 10 µl 

of lysate was incubated with 150 µl Protease Assay Buffer, which contains 20 µM 

DEVD-AMC, 20mM pH7.5 HEPES (Sigma, H0887), 10% glycerol (Fisher, 16680) 

and 2mM DTT (Sigma, 43816), in a black 96-well plate (Brandtech, 781608) at 37°C 

in the dark for 2 hours. The fluorescent intensity (FI) before and after incubation was 

measured using the FLUOstar microplate reader with excitation at 355 nm and 
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emission at 460 nm. The increased FI after incubation was normalised with protein 

amount. Each sample was performed in triplicate.  

2.3 Molecular biology methods 

2.3.1 Genomic DNA extraction 

Mouse ear biopsies were lysed in 30 µl Ear Lysis Buffer (Table 7.1) and incubated at 

55°C for 1 hour, followed by 95°C heating for 5 min to inactivate Proteinase K. DNA 

from cell pallets was extracted using GeneJET Genomic DNA Purification Kit 

(Thermo Scientific, K0721) according to manufacturer’s protocol. DNA from FFPE 

tissue (e.g human glioma tissue) was extracted with the Maxwell 16 FFPE plus LEV 

DNA Purification Kit (Promega, AS1135). Briefly, tissue from 3 - 5 unstained sections 

was scraped out using a blade and incubated with 180 µl of incubation buffer and 20 

µl of Proteinase K at 70°C overnight. In the next day, 400 µl of lysis buffer was 

added to each sample, which was then transferred to LEV DNA Cartridge (Figure 
2.3A) provided in the kit. The Cartridge was loaded to Maxwell 16 MDx Instrument 

(Promega, AS3000, Figure 2.3B) to extract DNA automatically according to 

manufacturer’s protocol. 

 

Figure 2.3 Automatic extraction FFPE DNA using Maxwell 16 instrument. 

(A) Maxwell cartridges on the rack. (B) The Maxwell 16 instrument. Images were adapted from 

manufacturer’s brochure.  
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2.3.2 Total RNA extraction 

Total RNA from cell culture was extracted using miRCURY RNA Isolation Kit 

(Exiqon, 300110) according to manufacturer’s protocol. To extract total RNA from 

frozen tissue, we used a TRIzol method (Invitrogen, 15596026) conjugated with 

miRCURY RNA Isolation kit. Briefly, frozen tissue was homogenized in 1ml TRIzol 

by passing a 18G and 25G syringe for 5-10 times, and incubated on ice for 5min. 

Then add 200 µl 1-Bromo-3-Chloropropane (Sigma, B9673) to the homogenized 

tissue. The sample was vortexed vigorously for 10 seconds, and incubated at room 

temperature for 2 to 3 minutes. The sample was centrifuged at 13,000 x g for 15 

minutes at 4°C, and the colourless upper aqueous phase was transferred into a new 

tube. Equal volume of aqueous phase of 100% ethanol was added and then 

transferred the sample to a column from the RNA Isolation kit. The following wash 

and elution steps were described in the manufacturer’s protocol as mentioned 

above. 

2.3.3 Microarray and sequencing 

MicroRNA microarray was performed by Exiqon (Denmark). All kits used for these 

experiments were purchased from Exiqon. Briefly, miRNAs were labelled using 

miRCURY LNA Hi-Power Labelling kit and hybridized on the miRCURY LNA 

microRNA Array. Spike-ins were used for array quality control. After hybridization, 

microarray slides were scanned on Agilent G2565BA Microarray Scanner System 

(Agilent Technologies, Inc., USA) and signals were extracted from images using 

ImaGene 9. The background signals were corrected using normexp method [296]. 

Microarray raw data have been submitted to Gene Expression Omnibus (GEO) 

under GSE100065. RNA sequencing and data analysis were performed at UCL 

Institute of Child Health (ICH).  
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2.3.4 RT-qPCR 

Reverse transcription quantitative RCR (RT-qPCR) was carried out using RevertAid 

kit (Thermo Scientific, K1691) for gene expression analysis or Universal cDNA 

synthesis kit II (Exiqon, 203301) for miRNA expression analysis. For the former kit, 1 

µg of total RNA template was mixed with 4 µl of 5x reaction buffer, 1 mM dNTPs 

(final concentration), 5 uM of random hexamer primer (final concentration), 20 U 

RiboLock RNase Inhibitor and 200 U RevertAit Reverse Transcriptase in a 20 µl 

reaction system. This mixture was incubated for 5 min at 25°C, followed by 42°C for 

60 min and 5 min at 72°C to inactivate reverse transcriptase. For miRNA study, 200 

ng of total RNA was used as template in a 10 µl reaction system containing 1x 

Reaction Buffer, 1 µl of Enzyme Mix and 1 µl of Unisp6 spike-in (108 copies/µl). The 

reaction was incubated at 42°C for 60 min, followed by heat-inactivation at 95°C for 5 

min. The synthesized cDNA from both kits were used for quantitative RCR (qPCR) 

with SYBR Green (Thermo Scientific, K0221). All qPCR experiments were performed 

on HT7900 instrument or QuantStudio 5 (Applied Biosystem) with the following 

programme: 50°C for 2min; 40 cycles of 95°C for 15 sec, 60°C for 1min; and a 

dissociation stage by increasing the temperature from 60°C to 95°C at a ramp rate of 

2%. Primers for gene and miRNA expression quantification are listed below (Table 
2.4, Table 2.5). 
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Table 2.4 Primers to measure gene expression using RT-qPCR. 

Gene Forward primer (5’ – 3’) Reverse primer (5’ – 3’) Species 

Notch1 GCTGCCTCTTTGATGGCTTCGA CACATTCGGCACTGTTACAGCC Mouse 

Met GTTCTGCTTGGCAACGAGAGCT GGAGAATGCACTGTATTGCGTCG Mouse 

Gnao1 ACCATCTGCTTTCCCGAATACC TGTTGGGTGAGCGGTTTTTG Mouse 

Neto1 CAACACGCTAGTCTGCAATGGG TGCAGGAAGTCACGCCAATGAC Mouse 

Gpr158 CCTGGAGTGAACACAGCCTAGA AGCCCTTCTTGGAGCACCGTTT Mouse 

Parp8 GCACGGTAAGAAGCTGTCAGAG GATGCCGTCTTGTTCGGGTTTC Mouse 

Ccnd1 GCAGAAGGAGATTGTGCCATCC AGGAAGCGGTCCAGGTAGTTCA Mouse 

St8sla3 TTTGTTGAGCACAGAGGTCAGTTA GATACCTGTGCTCAGTCGTTTGG Mouse 

Gapdh CATCACTGCCACCCAGAAGACTG ATGCCAGTGAGCTTCCCGTTCAG Mouse 

Chop GGAGGTCCTGTCCTCAGATGAA GCTCCTCTGTCAGCCAAGCTAG Mouse 

Atf4 AACCTCATGGGTTCTCCAGCGA CTCCAACATCCAATCTGTCCCG Mouse 

Atf6 GTCCAAAGCGAAGAGCTGTCTG AGAGATGCCTCCTCTGATTGGC Mouse 

Grp78 TGTCTTCTCAGCATCAAGCAAGG CCAACACTTCCTGGACAGGCTT Mouse 

Grp94 GTTTCCCGTGAGACTCTTCAGC ATTCGTGCCGAACTCCTTCCAG Mouse 

Sema3E CACTGTGCCTTCATCAGAGTCG CCAACTAGCGTGGACACAAAGG Mouse 

GPR158 ATTCAGCCTGGAGTGAGCACAG GAGCACCGCTTTTTCTGGAGGT Human 

GAPDH GTCTCCTCTGACTTCAACAGCG ACCACCCTGTTGCTGTAGCCAA Human 
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Table 2.5 Primers to measure miRNA expression using RT-qPCR. 

miRNA Source Catalogue Species 

miR-449a-5p Exiqon LNA PCR primer set 204308 mouse/human 

miR-183-5p Exiqon LNA PCR primer set 339306 mouse/human 

miR-708-5p Exiqon LNA PCR primer set 204490 mouse/human 

miR-23a-3p Exiqon LNA PCR primer set 204772 mouse/human 

miR-27a-3p Exiqon LNA PCR primer set 206038 mouse/human 

miR-24-3p Exiqon LNA PCR primer set 204260 mouse/human 

miR-124-3p Exiqon LNA PCR primer set 206026 mouse/human 

miR-24-2-5p Exiqon LNA PCR primer set 2105527 mouse 

miR-690 Exiqon LNA PCR primer set 2103952 mouse 

miR-301b-5p Exiqon LNA PCR primer set 2108465 mouse 

miR-6540-5p Exiqon LNA PCR primer set 2119264 mouse 

miR-212-5p Exiqon LNA PCR primer set 205401 mouse/human 

miR-182-5p Exiqon LNA PCR primer set 205089 mouse 

miR-5121 Exiqon LNA PCR primer set 2102969 mouse 

miR-455-3p Exiqon LNA PCR primer set 205432 mouse 

miR-103-3p Exiqon LNA PCR primer set 204063 mouse/human 

 

2.3.5 Molecular tests on human brain tumours 

A 274bp TERT promoter region was amplified using the AccuPrimer GC-Rich kit 

(Thermo Fisher Scientific) using standard PCR programme: 95°C for 5 min; 38 

cycles of 95°C for 30s, 57°C for 30s and 72°C for 1min; 72°C for 10min. The primer 

pair is available in the following table (Table 2.6). PCR products were then purified 

using microCLEAN (2MCL, Microzone) and sequenced by Germany Eurofins 

Genomics.  
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The chromosome arm 1p/19q status were assessed using multiple RT-qPCR 

method with TagMan copy number assay (Thermo Fisher Scientific) according to 

manufacturer’s protocol. Probes for 1p (Hs06545466_cn and Hs01847890_cn) and 

19q (Hs00954642_cn and Hs00831101_cn) were purchased from Thermo Fisher. 

Each FAM labelled target probe and VIC labelled reference probe were applied in 

the same tube with commercial human genomic DNA alone, or with mixed DNA 

which contains half volume of commercial human genomic DNA plus half volume of 

DNA extracted from non-tumour paraffin embedded brain tissue, act as calibrators. 

Amplifications were performed in quadruple on a 7900HT instrument (Applied 

Biosystems, California, US), and quantification analysis of targets was performed on 

CopyCaller software (Applied Biosystems). A value of 1 signifies no difference to the 

reference tissue (no loss) while a value of 0.5 signifies loss of one chromosome arm. 

The IDH antibody H09 clone (Dianova, DIA-H09) can specifically recognise IDH1 

R132H mutation [297,298]. Other IDH1 mutations and all IDH2 mutations are 

detected by sequencing. The genomic region containing IDH1 or IDH2 mutation was 

first amplified with primers as shown below (Table 2.6) using HotStarTaq Master Mix 

(Qiagen, 203445). PCR amplification was performed in a thermocycler (Applied 

Biosystems) using an initial DNA denaturation at 95°C for 12min, followed by 38 

cycles of 95°C for 30s, 58°C for 30s and 72°C for 1min; 72°C for 7min. The PCR 

products were purified using MicroClEAN as mentioned before and sequenced in 

Eurofins Genomics (Germany). 

Table 2.6 Primers used for human TERT promoter and IDH sequencing. 

Gene Forward (5’-3’) Reverse (5’-3’) Size 

TERT AGCACCTCGCGGTAGTGG GTCCTGCCCCTTCACCTT 274bp 

IDH1 ACCAAATGGCACCATACGA TGCTTAATGGGTGTAGATACCAAA 245 bp 

IDH2 CCAATGGAACTATCCGGAAC TGTGGCCTTGTACTGCAGAG 227 bp 
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2.4 Cloning techniques 

2.4.1 Plasmid DNA purification 

All plasmids used in this study were extracted using QIAprep Spin Miniprep Kit 

(Qiagen, 27104) or Illustra plasmidPrep Midi Flow kit (GE Healthcare, 28-9042-67) 

according to manufacturer’s instruction. Primers used for plasmid validation are 

shown below (Table 2.7).  

Table 2.7 List of primers for plasmid validation. 

Primer name Plasmid name Sequence (5’- 3’) 

prGIPZ-seq pGIPZ plasmid GCATTAAAGCAGCGTATC 

prLX-seq pLX301 plasmid CACCAAAATCAACGGGACTT 

prQC-seq PDGF-Ires-Cre retroviral vector ACGCCATCCACGCTGTTTTGACCT 

prUTR-seq Luciferase vector with 3’UTR ATTGCAACGATTTAGGTG 

 

2.4.2 Double digestion and gel purification 

The ~6.5 kb pMIR-REPORT Luciferase vector (Applied Biosystem, AM5795) 

contains a multiple cloning site (MCS) in the 3’ untranslated region (3’-UTR) of 

luciferase gene (Figure 2.4A). WT or mutant 3’UTR of Gpr158 (Table 2.8) was 

cloned into this luciferase vector between HindIII and SpeI. To achieve this, a cloning 

plasmid pMA-T containing WT or mutant 3’UTR of Gpr158 was first synthesized by 

GeneArt (Thermo Fisher). Next the luciferase vector, WT and mutant 3’UTR were 

digested with HindIII (NEB, R0104) and SpeI (NEB, R0133) restriction endonuclease 

in buffer 2.0 (NEB, B7002) with BSA (NEB, B9001S) for 4h at 37°C (Table 2.9). To 

prevent self-ligation, the linearized luciferase vector was dephosphorylated at 5’-

ends with Calf Intestinal enzyme (CIP, NEB, M0290). Digestion products were 

separated using electrophoresis with a 2% agarose gel and appropriate bands 

(Figure 2.4B) were excised under UV light and purified using QIAquick Gel 

Extraction Kit (Qiagen, 28704) according to manufacturer’s protocol. 
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Table 2.8 The DNA fragments of Gpr158 3’UTR containing WT or mutant miR-449a binding site. 

Gpr158 UTR Sequence 

WT UTR ACTTGGACTAGTATACGGATTGAATCCCGACAGTTGTCTTGTATTTGCTTCCT
AGGTTTCTGCATGCGAGTGGTGATAGGTAGGACTGACAACACACTGCCTTT
GACTTCTAGCACTTAGCAGTCAAGAGTTGTAGAGTCAACAAAGCTGTAAGTC
TCTTCAAAGCTTACTTGG 

Mutant UTR ACTTGGACTAGTATACGGATTGAATCCCGACAGTTGTCTTGTATTTGCTTCCT
AGGTTTCTGCATGCGAGTGGTGATAGGTAGGACTGACAACAGCGGTAGTTT
GACTTCTAGCACTTAGCAGTCAAGAGTTGTAGAGTCAACAAAGCTGTAAGTC
TCTTCAAAGCTTACTTGG 

 

Table 2.9 A 50 µl double digestion system. 

Components Original concentration Amount 

Plasmid  1 µg 

Buffer 2.0 (10x)  5 µl 

BSA (100x) 10 mg/ml 0.5 µl 

HindIII 20 units/µl 1.5 µl 

SpeI 10 units/µl 1.5 µl 

Nuclease-free H2O  to 50 µl 
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Figure 2.4 Double digestion with HindIII and SpeI endonuclease.  
(A) Luciferase vector map. There is a multiple cloning site in 3’UTR of luciferase gene. Gpr158 3’UTR 

containing WT or mutant miR-449a binding sites will be cloned into this vector between HindIII and 

SpeI. (B) Gel electrophoresis of double digestion produces. Desired binds were outlined with white 
box, which would be cut and purified for ligation. Vec, vector. 

 

2.4.3 Ligation of 3’-UTR to luciferase vector 

The purified WT or mutant 3’UTR inserts was ligated to the luciferase vector using 

T4 DNA ligase (NEB, M0202). Briefly, a 20 µl ligation reaction system containing 

approximately 50 ng luciferase vector, 70 ng of WT or mutant 3’UTR, 2 µl of reaction 

buffer (NEB, B0202) and T4 DNA ligase, was set up as shown below (Table 2.10). 

The mixture was incubated at 16°C overnight.  
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Table 2.10 A 20 µl ligation reaction system. 

Component Amount 

Ligase buffer (10x) 2 µl 

Luciferase vector (~6.5 kb) 50 ng 

3’UTR insert (~150 bp) 70 ng 

T4 DNA ligase 1 µl 

Nuclease-free H2O to 20 µl 

 

2.4.4 Transformation of potential recombinant vector 

The ligation mixture (5 µl) was incubated with 50 µl of NEB 5α competent E. coli 

(NEB, C2987) on ice for 30 min, followed by heat-shocked at 42°C for 30 sec and 

then immediately incubated on ice for 2 min. Transformed bacteria were incubated 

with 900 µl SOC outgrowth medium (NEB, B9020) without antibiotics for 1 hour at 

37°C, 225 rpm. Then the bacteria were spread on a pre-warmed LB agar plate 

(Fisher scientific, 10734724) containing 100 µg/ml ampicillin, and incubated upside 

down at 37°C. 

2.4.5 Purification and validation of insertion 

After overnight incubation, 6 single colonies from each plate were picked up for 

outgrowth in LB medium containing 100 µg/ml ampicillin at 37°C, 225 rpm for 16h. 

Plasmids were extracted using QIAprep Spin Miniprep Kit as mentioned above. 

Plasmids were sequenced with primer pr-UTR (Table 2.7) to confirm the successful 

insertion of WT or mutant 3-UTR into the luciferase vector.  

2.4.6 Gateway cloning technology 

Mouse Gpr158 Consensus Coding Sequence (CCDS) in an entry vector 

pENTR223.1 (pENTR223.1-Gpr158 in short, MmCD00081142, DNASU) was cloned 
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into lentiviral plasmid pLX301, which was kindly provided by Parmjit Jat (Prion Unit, 

UCL) using Gateway technology [299]. Approximately 100ng of pENTR223.1-

Gpr158 and 150 ng of pLX301 were well-mixed and incubated with 2 µl of LR 

Clonase II enzyme Mix (Invitrogen, 11791) in pH 8.0 TE buffer at 25°C overnight 

(Figure 2.5). This reaction was terminated when incubated with 1 µl of 20 mg/ml 

Protease K (Roche, 03115836001) at 55°C for 10 min.  

 

Figure 2.5 Cloning Gpr158 into lentiviral plasmid pLX301 using Gateway technology.  
Mouse Gpr158 CCDS was flanked with attL1 and attL2 in pENTR223.1, while negative selection gene 
CcdB was flanked with attR1 and attR2 in designation vector pLX301. LR clonase II could catalyse 

the recombination between attL1 and attR1 (attL2 and attR2 were same) resulting the exchange of 

Gpr158 from pENTR223.1 to pLX301. The newly formed att sites are called attB1 (N-terminal) or 

attB2 (C-terminal). 
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2.5 MicroRNA and RNA interaction 

2.5.1 Prediction of miRNA targets using Targetscan 

MiRNA potential binding targets were predicted using Targetscan 7.1 

(http://www.targetscan.org/vert_71/).  

2.5.2 Double pull-down assay 

The use of hybrid Argonaute 2 (Ago2) immunoprecipitation and biotin pull-down 

method to study the interaction of mRNA-miRNA have been reported recently 

(Figure 2.6) [300]. To confirm the interaction between miR-449a-5p and Gpr158, 8 x 

106 mNSPC were transfected with 450 pmols biotinylated miR-449a-5p mimic 

(Exiqon, 479997-691). Cell lysate was collected with mi-lysis buffer (RIP-Assay kit, 

MBL) 24 h post-transfection. For immunoprecipitation, Ago2 antibody (Cell 

Signalling, 2897) was first incubated with Protein G Dynabeads (Invitrogen, 10003D) 

for 3h at 4°C, followed by incubation with cell lysate overnight at 4°C. After overnight 

incubation, beads were pelleted for elution while the Ago2-subtraction supernatant 

was collected as Ago2 depleted fraction for later use. The Ago2-complex was eluted 

from beads (Ago2-enriched fraction, Figure 2.6). Prior to pull-down biotinylated miR-

449a-5p and its binding partners, streptavidin beads (Dynabeads Myone, Invitrogen, 

65001) were first blocked with 1 µg/µl yeast RNA (Roche) and 1% BSA for 15min at 

room temperature followed by washing with 0.02% EDTA containing 100 U/ml 

ribonuclease inhibitor (RNAase OUT, Invitrogen, 10777019 ) for 3 times. Upon 

incubation of Ago2-depleted or –enriched fractions with streptavidin beads for 3h at 

room temperature, miR-449a-5p and its targets could be eluted from beads using 

elution buffer provided in RIP-Assay Kit. Total RNA was extracted from fraction 1 

(input cell lysate), fraction 2 (Ago2 depleted), and fraction 3 (Ago-enriched) using 

miRCURY RNA Isolation Kit (Figure 2.6). 
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Figure 2.6 The diagram of Ago2 and biotin double pull-down assay. 
Biotinylated miR-449a-5p are transfected into mouse neural stem/progenitor cells and cell lysate was 

collected 24h post transfection. Aog2 immunoprecipitation is carried out to pull down the RNA-
induced silencing complex (RISC)-dependent miRNA-RNA binding. Lateral miRNA binding partners 

are pulled down by streptavidin. Fraction 1, total RNA extracted from cell lysate. Fraction 2, Ago-

depleted fraction. Fraction 3, Ago-enriched elution. These fractions were then tested for the 

enrichment of Gpr158 and Ccnd1. 

2.5.3 Luciferase assay 

Mouse NSPCs in a 24-well plate were transfected with 500ng of luciferase vector 

containing WT or mutant 3’UTR of Gpr158, 200ng of β-galactosidase control vector 

(ABI, AM5795) and 100 pmol of miR-449a mimics in triplicate. Luciferase signal was 

measured 48 h post transfection using Dual-Light System (Applied Biosystems, 

T1003) on Spark 10M plate reader (TECAN, Switzerland) according to 

manufacturer’s protocol. The intensity of luciferase was normalised β-galactosidase 

signal. 

2.6 Histology and image analysis 

2.6.1 FFPE tissue preparation 

Mouse brains were fixed with 10% buffered formalin saline (BFS, Sigma, HT501128) 

for 24h following by dehydration and wax infiltration in a LEICA ASP300 tissue 
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processor. The programme of dehydration and wax infiltration is 1.5h of 70% 

Ethanol; 5 × 1h of 100% Ethanol; 3 × 1h Xylene and 3 × 1h of paraffin wax. Wax 

infiltrated samples were embedded in paraffin blocks using LEICA embedding station 

(EG1150H) and sectioned with a LEICA RM2255 microtome to obtain sections of 3-

4µm nominal thickness. 

2.6.2 Frozen tissue preparation and cryostat section 

Mouse brains were fixed in 4% paraformaldehyde (PFA) at 4°C for 24h followed by 3 

× 5 min wash with PBS (Sigma, P4417). Fixed brains were merged in 15% sucrose 

(DBH AnalaR, 102745C) at 4°C overnight, and ii) 7.5% gelatine (Sigma, G9391), 

15% sucrose at 37°C until brains sunk to bottom. Sucrose or sucrose/gelatine 

solution were prepared with PBS. The brains are embedded with this 

gelatine/sucrose solution into embedding moulds (Thermo, 1830). Embedded tissue 

was kept at 4°C overnight followed by frozen with isopentane (GPR Rectapur, 

24872.298) on dry ice. Frozen sections were cut using on a Bright Cryostat and 

stored at -30°C until use.  

2.6.3 Haematoxylin & Eosin (H&E) Staining 

H&E staining was performed on a Leica ST5020 autostaining robot using the 

following programme: FFPE sections were first dewaxed with two rounds of xylene 

(2min each time), followed by rehydration with two times of absolute alcohol (2min 

each time), 70% alcohol for 2min and water for 2min. These rehydrated sections 

were then stained with Harris haematoxylin (Leica, 3801560E) for 5min. Prior to 

Eosin staining (1%, 3min), slides were washed with water for 1min, 1% of acid 

alcohol for 14 sec, and 1-minute washing to remove acid alcohol residues. Finally 

slides were dehydrated with 70% alcohol, absolute alcohol and xylene as mentioned 

above.  
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2.6.4 Immunohistochemistry (IHC) 

IHC staining on FFPE sections was performed on Ventana Discovery XT instrument 

by UCL IQPath. Briefly, FFPE sections were first dewaxed with EZ Prep (Roche, 

950-100), followed by antigen retrieval with either Ventana Protease 1 (760-2018), 

Ventana Protease 3 (760-2020), Ventana CC1 (950-124), equivalent to EDTA buffer, 

or Ventana Ribo CC (760-107), equivalent to citrate buffer depending on primary 

antibodies. Sections were then blocked with Superblock buffer (ScyTek, AAA125). 

Primary antibodies were used in this study were listed below (Table 2.11). Primary 

and secondary antibodies were diluted with a commercial diluent (Roche, 251-018) 

and incubated with sections at 37°C for approximate 30 min. DAB (3,3′-

Diaminobenzidine) staining was performed with Ventana DAB Map detection Kit 

(Roche, 760-124) according to manufacturer’s protocol. Finally counterstain was 

carried out with hematoxylin (Roche, 760-2021) which was then blued with a bluing 

reagent (Roche, 760-2037). 

Table 2.11 Primary antibodies used in IHC. 

Primary antibodies Company Catalogue Host Dilution 

ATRX Sigma HPA001906 Rabbit 1:200 

β-galactosidase Abcam Ab616 Rabbit 1:250 

Cleaved CASP3  Cell Signalling 9661 Rabbit 1:100 

Cyclin D1 Abcam Ab134175 Rabbit 1:100 

DCX Santa Cruz Sc-8067 Rabbit 1:100 

GPR158 Abcam Ab121388 Rabbit 1:100 

IDH1 R132H Dianova DIA H09 Mouse 1:20 

OLIG2 Millipore AB9610 Rabbit 1:100 

PDGFRα Abcam Ab15501 Rabbit Pre-diluted 

Phospho-H3.3 Cell Signalling 9701 Rabbit 1:100 

SOX2 Chemicon AB5603 Rabbit 1:500 
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2.6.5 Immunofluorescence (IF) 

Cells grown on coverslips were fixed with 4% PFA for 20min, followed by 

permeabilization with 0.2% Triton X-100 for 15min at room temperature. Prior to 

primary antibody staining, cells were blocked with 3% BSA for 30min. All primary 

(Table 2.12) and secondary antibodies (Table 2.13) were diluted with 3% BSA. 

Stained Cells were mounted with ProLong Antifade Mountant (Invitrogen, P36962). 

Frozen sections used for IF were first pre-warmed at room temperature for 30min, 

followed by two times of PBS wash for 30min at 37°C to remove gelatine. Then 

frozen sections were permeabilized and blocked with PBS containing 0.2% Triton X-

100, 1% BSA and 5% FBS for 1h at room temperature. Primary antibodies were 

diluted with PBS containing 0.2% Triton X-100 and 1% BSA. Each section was 

incubated with 150 µl of diluted primary antibodies overnight at 4°C, and 150 µl of 

secondary antibodies in the dark at room temperature for 2h. Slides were mounted 

with fluorescence mounting medium (Dako, S3023). 

Table 2.12 Primary antibodies used for IF. 

Primary antibodies Company Catalogue Host Dilution 

β-galactosidase Abcam Ab9361 Chicken 1:200 

GFAP Dako Z0334 Rabbit 1:1000 

GFAP Abcam Ab4674 Chicken 1:1000 

Cyclin D1 Abcam Ab134175 Rabbit 1:1000 

DCX Santa Cruz Sc-8067 Rabbit 1:200 

GPR158 Abcam Ab121388 Rabbit 1:800 

Ki67 Abcam Ab16667 Rabbit 1:200 
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Table 2.13 Secondary antibodies used for IF. 

Secondary antibodies Company Catalogue Host Dilution 

Chicken IgG-488 Invitrogen A11039 Goat 1:200 

Rabbit IgG-488 Invitrogen A11008 Goat 1:500 

Rabbit IgG-546 Invitrogen A11010 Goat 1:200 

Chicken IgG-633 Invitrogen A21103 Goat 1:200 

 

2.6.6 Image analysis 

Histological slides were digitised on LEICA SCN400 scanner (LEICA, Milton Keynes 

UK) at 40x magnification. Digital image analysis was performed on Definiens 

Developer 2.4 (Munich, Germany).  

For the quantification of GPR158, tumour or normal brain regions were manually 

identified by a neuropathologist (Sebastian Brandner). Image analysis was done as 

follows: Homogeneity and brightness threshold were used to segment tissue from 

background in selected regions. To identify stain (brown), the RGB colour model was 

transformed to a HSD representation [301], which provides a raster image of the 

intensity of each colour of interest (brown = stained, blue = unstained). Dynamic 

thresholds used to identify a “significantly” stained area, were calculated by 

identifying light blue pixels with optical density (OD) lower than the mean OD of the 

tissue or higher than the OD of brown stain, to leave the potential brown regions. 

Then the 95th centile (𝐶95%%%%%)	of brown stain in this region was regarded as a baseline, 

which separated the 95% of the area with the highest intensity from the lower 5%. 

The standard derivation (δ) of brown stain intensity within this lower 5% and light 

blue area of tissue was used to calculate the brown threshold (T1): T1 = (𝐶95%%%%%) + 2δ. 

All pixels above T1 were classed as “Stains" and those below as “Tissue". Stains 

were excluded if the intensity of brown stain was not significantly higher than that of 

blue stain (p > 0.1) to remove the generically dark areas. Stains were further 
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categorised as Brown and Dark Brown using thresholds based on the mean (𝐵%) and 

standard derivation (δB) of brown staining: TBrown = 𝐵%+3δB; TDark Brown = 𝐵%  + 6δB. 

2.7 Western blot 

2.7.1 Protein extraction and quantification 

Cells in 6-well plates growing at 80% confluence were washed once with cold PBS 

and lysed in 200 µl ice-cold complete RIPA buffer. To obtain the complete RIPA 

buffer, Protease/Phosphatase inhibitor cocktail (Cell Signalling, 5872) was diluted 

1:100 in RIPA buffer (Thermo, 89900). Cell lysates were incubated on ice for 5 min 

and then centrifuged at 14,000 × g for 15 min. The supernatant were transferred into 

fresh 1.5ml Eppendorf tube and stored at -80°C until use. The protein concentration 

was assessed using bicinchoninic acid (BCA) assay (Thermo, 23225). Briefly, 25 µl 

of 1:10 diluted cell lysate or bovine serum albumin (BSA) standards were mixed with 

200 µl of BCA working buffer in one well of a clear 96-well plate, and incubated at 

37°C in dark for 30 min. The absorbance at 562 nm was measured on FLUOstar 

microplate reader (BGM Labtech, Germany). 

2.7.2 SDS-Polyacryl gel electrophoresis (PAGE) and protein 
transfer 

To assess the expression of a protein, proteins in cell lysate (paragraph 2.7.1) were 

firstly separated using sodium dodecyl sulfate polyacrylamide gel electrophoresis 

(SDS-PAGE) according to their molecular weight. The gel containing a resolving part 

(80% volume, bottom) and a stacking part (20% volume, top) was casted in a 

cassette (Figure 2.7A). The comb was inserted into the stacking gel before 

solidification to generate wells for protein sample loading. The same amount of 

protein (10 ~ 50 µg) from each sample were mixed with 4x Loading buffer (Bio-Rad, 

161-0747) and denatured by heating at 95°C for 5 min. The gel cassette was 

transferred into the tank of miniVE Vertical Electrophoresis System (GE Healthcare, 
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80641877), which containing around 1 L of 1 x TBS buffer (40 mM Tris-Base, 274 

mM NaCl, pH 7.6). The gel was first run at 100 V for around 30 min until samples 

passed through the stacking gel and entered into the resolving gel. Then the voltage 

was increased to 160 V until completion.  

Table 2.14 Components of polyacrylamide gel. 

Components Company Catalogue Resolving gel Stacking gel 

H2O  - 4 ml 1.8 ml 

Resolving buffer  National diagnostics EC892 2.5 ml - 

Stacking buffer National diagnostics EC893 - 0.75 ml 

30% acrylamide  Bio-Rad 1610158 3.35 ml 0.42 ml 

10% APS Sigma A3678 100 µl 33 µl 

TEMED Sigma T8133 8 µl 3 µl 

Total   10 ml 3 ml 

 

Prior to transfer, polyvinylidene difluoride (PVDF) membrane (GE Healthcare, 

10600023) was first rinsed with methanol for 15 seconds. Membrane and filter paper 

are then equilibrated in transfer buffer (Fisher Scientific, EC-880-1) for 10 min. 

Separated proteins in the gel were then transferred into the PVDF membrane using 

Pierce Power Blotter (Thermo, 22834) for 7 min. The assembly of the filter paper, gel 

and membrane is illustrated below (Figure 2.7). 
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Figure 2.7 Illustration of gel cassette and semi-dry transfer system.  
(A) The cassette to cast a gel. The resolving gel (pH 8.8) is loaded first. Upon solidification, stacking 

gel is loaded with a comb to generate wells. (B) The assembling of semi-dry transfer. Filter paper and 

PVDF membrane were pre-wetted in one-step transfer buffer. The PVDF membrane is behind the gel 

and next to the anode. This image was adapted from manufacturer’s brochure. 

2.7.3 Immunoblotting and visualization 

The PVDF membrane containing proteins was then blocked with 3% milk in TBST 

(Tris buffered saline, 20 mM Tris, 13.7 mM NaCl, 0.1% Tween-20, pH 7.6) for 1 hour 

at room temperature. For immunoblotting, the PVDF membrane was then incubated 

with primary antibodies (Table 2.15) in rolling condition overnight at 4°C followed by 

3 x 10 min wash using TBST. Then the membrane was incubated with horseradish 

peroxidise (HRP) conjugated secondary antibodies (Table 2.15) at room 

temperature for 2h and washed as mentioned previously. The primary and 

secondary antibody was diluted with 3% BSA (in TBST) and TBST, respectively. The 

dilution is dependent on the antibody product. Finally the interested protein-antibody 

complex were detected using FluorChem SP (Alpha Innotech) by 

chemiluminescence (Amersham ECL Prime Western Blotting Detection Kit, 

RPN2232). 
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Table 2.15 Primary antibodies used for western blot. 

Primary antibodies Company Catalogue Host Dilution 

Actin Sigma A5441 Mouse 1:10,000 

IDH1 R132H Dianova DIA H09 Mouse 1:200 

Sema3E Novus NBP1-06274 Rabbit 1:1000 

 

Table 2.16 Secondary antibodies used for western blot. 

Secondary antibodies Company Catalogue Host Dilution 

Mouse IgG Sigma A9917 Goat 1:10,000 

Rabbit IgG Sigma A6667 Goat 1:2000 

 

2.8 Virus production and infection 

2.8.1 Adenovirus production 

The adenovirus expressing Cre recombinase was amplified using HEK ad293 cells 

(Cell Biolabs, AD-100). Briefly, approximately 5 x 106 HEK ad 293 cells were seeded 

in a T172 flask (Thermo, 132903) and cultured in cell incubator (37°C, 5% CO2) 

overnight. Adenovirus from stock (3 – 5 µl) was directly added to HEK ad293 cells for 

infection. Adenovirus was harvested after 3-day incubation. To harvest the virus, 

cells were directly scraped out of the flask using a scraper (Corning, 3010). The cell 

suspension was transferred into a 50 ml Falcon tube and centrifuged at 2000 rpm for 

5 min. The supernatant was discarded and the cell pellet was then re-suspended in 1 

ml PBS. The cell suspension was then transferred into a 15 ml Falcon tube. To 

release the virus, the cell suspension was frozen and thawed for 3 times. The tube 

was briefly vortexed between each freeze-thaw cycle. Finally the tube was 

centrifuged at 1200 rpm for 5 min and the supernatant containing virus was passed 
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through a 0.45 µm filter, which was pre-hydrated with PBS. The adenovirus was 

stored in -80°C until use. The titre of adenovirus was assessed using Adeno-X rapid 

titre kit (PT3651-2, Clontech) according to manufacturer’s protocol by our technician 

Joanne Lau. Briefly, HEK293 cells in a 24-well plate were infected with adenovirus, 

and stained with anti-Hexon antibody 48h post-infection. Hexon is an adenoviral 

coating protein. Hexon positive cells were quantified under light microscope with a 

20x objective. The formula to calculate infectious units (ifu)/ml for each well is shown 

below. The number of fields per well was provided by the manufacturer’s protocol 

(Table 2.17). The adenovirus titre in our experiments was 1.13x1010 ifu/ml, and 3 µl 

of this adenovirus was utilized to infect 0.5x106 cells in a 10 cm petri dish.  

ifu/ml =
(infected	cells/field)X(fields/well)
volume	virus	(ml)X(dilution	factor) 

 

Figure 2.8 A representative image of anti-Hexon staining.  
Dark brown cells represent Hexon positive cells. Images were taken under a 20x objective lens. 

 

Table 2.17 Field/well calculation 

Objective lens 
Eyepiece lens (10x) Field/well 

Total magnification Field diameter Field area 24-well plate (2.0 cm2 per well) 
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20x 200x 0.9 mm 0.64 mm2 313 

 

2.8.2 Retrovirus production 

The use of the PDGFB-IRES (internal ribosomal entry site)-Cre retrovirus (PDGFB-

Cre retrovirus in short) to generate mouse glioma has been described previously 

[145,146]. The PDGFB retrovirus construct was kindly provided by Prof. Peter Canoll 

(Columbia University Medical Center, USA) [145]. For the retrovirus production, 

Platinum E cells were transfected with 12 µg of the retroviral plasmid in a 10 cm petri 

dish using Fugene (Promega, E2691). Retrovirus was harvested 48 h and 72 h post 

transfection and concentrated using Retro-X concentrator (Clontech, PT5063-2) 

according to manufacturer’s protocol. Concentrated retrovirus was stored at -80° in 

single-use aliquots. Retrovirus was mixed with polybrene (8 µg/ml as a final 

concentration) just before use to facilitate infection. To measure the retrovirus titre, 

we treated naïve neural stem/progenitor cells (unrecombined) with PDGFB-Ires-Cre 

retrovirus in a 24-well plate, and stained these cells with X-gal 48h post-infection 

(paragraph 2.2.2). X-gal positive (blue) cells (Figure 2.9) represent retrovirus-

infected cells, and the titre of retrovirus was calculated using the same formula as 

adenovirus (paragraph 2.8.1). The titre of retrovirus used in this project is 3.75x107 

ifu/ml. 
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Figure 2.9 A representative figure of X-gal staining.  
PDGFB-Ires-Cre retrovirus infected cells, leading to the expression of reporter gene LacZ (b-gal). 

Infected cells showed a blue colour upon X-gal staining. Images were taken under a 20x objective 
lens. 

2.8.3 Lentivirus production 

The Lentiviral vector (pGIPZ backbone) expressing Cyclin D1 shRNA (GE, 

V2LMM_13445) and were purchased from the UCL RNAi library. Lentiviral plasmid 

(1.5 µg) was co-transfected with gag-pol expressor p8.91 (1 µg) and VSV-G 

expressor pMDG.2 (1 µg) into HEK 293T cells using Fugene. Lentivirus-containing 

supernatant were collected 48h and 72h post transfection and filtered through a 0.45 

µm filter. Cells were infected with lentivirus and stable cell line was selected with 8 

µg/ml puromycin for 4 weeks. 

2.9 Statistics 

Analysis of RT-qPCR data were mentioned above. All other statistical analysis was 

performed on SPSS (IBM) or Prism 5 (GraphPad, La Jolla, CA 92037 USA). 

Statistical significance was determined by Student’s t-test if not otherwise stated. 



 

CHAPTER 3 IDENTIFICATION OF GPR158 

AS A GLIOMA BIOMARKER 

3.1 Introduction 

To identify genes and their targets involved in glioma growth, progression, and 

invasion, we performed a comparative analysis of two distinct, well-established and 

characterised mouse models. These models had previously been established in this 

laboratory and had been previously published [119,288]. Conditional knock-out of 

PtenLox/Lox/p53Lox/Lox (in short Pten/p53) or RbLox/Lox/p53Lox/Lox (in short Rb/p53) 

subventricular zone (SVZ) cells using adenovirus leads to development of 

experimental gliomas or primitive neuroectodermal tumours (PNET), respectively. 

These two type of experimental brain tumours have distinct morphology, genetic 

expression profile, and proliferation rate. When compared with human brain tumours, 

these Pten/p53 mutant gliomas have a similar gene expression pattern with TCGA 

GBM classical subtype [4] or Phillips proneural group [302]; while Rb/p53 mutant 

tumours resembles the Phillips proliferative [302] subtype of GBM and atypical 

teratoid/rhabdoid tumour (AT/RT), a malignant tumour typically found in children 

[288]. It should be noted that more recent studies demonstrate that the 

morphological entity “PNET” in fact is composed of a wide range of molecular 

entities [303]. However, we keep this term here to describe the poorly differentiated, 

highly proliferative and well-demarcated experimental murine tumours observed in 

this study. Overall, our mouse glioma and PNET tumours show distinct malignancy 

grades, and both correspond to different human types of brain tumours, which 

provided as a rational basis for a comparative analysis to identify differentially 

regulated genes and the pathways. In particular, we aimed at identifying differentially 
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regulated microRNAs. These are small non-coding RNAs with approximately 22-

nucleotide length, and are endogenous regulatory gene expression tools. Aberrant 

expression of miRNAs have been reported in diverse cancers, and they have been 

shown to play important roles in tumour proliferation, differentiation, apoptosis and 

angiogenesis [304,305]. Hundreds of microRNAs (miRNA in short) are suggested to 

be deregulated in glioma [163] when compared with normal brain tissue. However, 

little is known if miRNA and its direct targets can act as glioma diagnosis/prognosis 

markers.  

In this study, we first compared the miRNA expression profile between mouse glioma 

and PNET. Differential expression analysis shows miR-449a-5p (miR-449a in short) 

is one of the most significant differentially regulated between the two types of 

tumours. MiR-449a is located in the intron of CDC20B. Transcription factor E2F1, 

which inhibited by Rb, could bind to the promoter region of CDC20B, and activate 

the transcription of CDC20B and miR-449a in parallel [306]. Abnormal expression of 

miR-449a has been observed in several physiological and pathological processes. In 

prostate cancer, miR-449a acted as a tumour suppressor through targeting HDAC-1 

[307], SIRT1 [308], Cyclin D1 [309] and c-Myc [310]. The binding between miR-449a 

and Cyclin D1 (CCND1) has also been confirmed in gastric cancer cell lines [311]. 

However, the role of miR-449a in breast cancer is debated. Xu et al suggested that 

miR-449a inhibits breast cancer cell growth and invasion through targeting PLAGL2 

[312]; whilst Shi et al claimed that miR-449a promotes breast cancer development 

through targeting CRIP2 [313,314]. One study had previously shown that miR-449a 

inhibited glioblastoma (GBM) cell proliferation through suppressing the expression of 

Myc-associated zinc-finger protein (MAC)[315]; but the clinical relevance of miR-

449a in glioma had not been explored [160]. Unlike the tumour suppressive role on 

GBM cells, mir-449a seems to be required for neural stem/progenitor cell 

(NSC/NPC) proliferation during neurogenesis [316], and loss of miR-449a leads to 

relative smaller cerebral cortex size [317,318].  

Here we identified a new binding partner of miR-449a, G protein-coupled receptor 

158 (Gpr158) in glioma. GPR158, one of the class C orphan G protein-coupled 
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receptors (GPCR), is typically expressed in nervous system [319,320]. A study 

based on mouse model found that Gpr158 could transduce osteocalcin signal in 

hippocampus, which is required for hippocampal-dependent memory [321]. 

Moreover, GPR158 expression has been reported to contribute to prostate cancer 

cell growth and neuroendocrine differentiation [322]. However, little is known about 

the role of GPR158 in glioma.  

Overall, we show that Gpr158 is a direct binding target of miR-449a, and we further 

confirm the interaction between miR-449a and Ccnd1 in glioma. We show a target 

dependent effect of miR-449a, which inhibits mouse glioma initiating cell (mGIC) 

proliferation and invasion through targeting Ccnd1 and restricts neural differentiation 

through down-regulation of Gpr158. MiR-449a and GPR158 expression also exhibit 

inverse correlation in human gliomas. Low expression of miR-449a and high 

expression of GPR158 are significantly associated with longer survival.  

3.2 Results 

3.2.1 Establishment of mouse glioma and PNET models 

Establishment of intrinsic mouse glioma and PNET models have been reported from 

our lab before [119]. Briefly, adenovirus expressing Cre recombinase was delivered 

intraventricularly to adult mouse brain with RbLoxP/Loxp/p53LoxP/Loxp or 

PtenLoxP/Loxp/p53LoxP/Loxp genetic background (bregma 0.5mm left, and 2.5mm deep), 

resulting Rb-/-/p53-/- (Rb/p53 in short) and Pten-/-/p53-/- (Pten/p53 in short) GIC in the 

lateral wall of SVZ. The majority of Rb/p53 GIC give rise to PNET, and a small 

portion of Rb/p53 mice develop gliomas (Figure 3.1B, left and right column). All 

Pten/p53 cells generate gliomas (Figure 3.1B, middle column). These PNETs have 

a sharply demarcated border (Figure 3.1B, white arrow), and lack of lineage specific 

marker such as GFAP and Pdgfra. Instead, gliomas growth diffusively and show 

positive staining of GFAP and Pdgfra (Figure 3.1B).  
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Figure 3.1 Mouse glioma and PNET tumour model.  
(A) Intraventricular injection of adenovirus expressing Cre (Ad-Cre) conditionally knocked-out Rb and 

p53 or Pten and p53. (B) Representative images of Rb-/-/p53-/- glioma (left) and PNET (right), Pten-/-

/p53-/- glioma (middle). Tumour samples were selected from the archive of our laboratory. Gliomas 

diffusely grow into the CNS matrix and show positive staining for GFAP and Pdgfra (column 1 and 2), 

while PNET were well-demarcated and poorly differentiated (column 3). Scale bar corresponds to 1 
mm (overview) and 50 µm in the remaining images. White arrow indicates the border of PNET 

tumour. Note, there tumours were collected from our archived data.  
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3.2.2 Identification of miR-449a as a differentially expressed miRNA 

between glioma and PNET 

To identify potential biomarker(s) between glioma and PNET, we first performed 

miRNA microarray. Unsupervised clustering analysis shows that gliomas with initial 

mutation of Pten/p53 or Rb/p53 were clearly separated from PNETs (Figure 3.2A). 

One way ANOVA analysis identified 89 differentially expressed miRNAs (DE-miRs) 

among Pten/p53 gliomas, Rb/p53 derived gliomas and Rb/p53 derived PNETs 

(Figure 3.2A, p < 0.05). There were 26 DE-miRs between Pten/p53 gliomas and 

PNETs, and 21 DE-miRs between Rb/p53 gliomas and PNETs (student's t-test, p < 

0.05) (Figure 3.2B). Sixteen miRNAs co-existed in both DE-miR groups, which were 

validated using qPCR. We then found 9 miRNAs were significantly differentially 

expressed between all gliomas and PNETs after validation. Among the 9 DE-miRs, 

miR-449a was the most significantly differentially expressed one (Figure 3.2C). 

Gene ontology analysis of these 9 miRNAs showed an association with 

neurogenesis and cell migration (Table 7.3). MiR-449a is enriched in astrocytes 

[323], and also regulates brain development. Considering the involvement of miR-

449a-5p in the regulation network of Rb and p53, it could be a promising candidate 

and most likely relevant to brain tumour phenotype. 
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Figure 3.2 Identification of miR-449a-5p as a differentially expressed miRNA between 
experimental glioma and PNET. 
(A) Unsupervised clustering analysis of miRNA differentially expressed between Pten/p53-glioma, 

Rb/p53-glioma, and Rb/p53-PNET (one-way ANOVA, p<0.05). Note the right three gliomas (grey box) 

developed from Rb/p53 Knock-out (KO) cells were clustered to Pten/p53-glioma (white box), although 
they had an initial identical co-deletion of Rb/p53-PNET (black box). (B) Venn diagram shows the 

overlap of differentially expressed miRNAs (DE-miRs) between the following two comparisons: 

Rb/p53-glioma vs PNET (left ellipse); and Pten/p53 glioma vs PNET-(right ellipse). Upregulation 

indicated in red, and down-regulation is indicated with blue arrow. (C) Validation of top 15 DE-miRs 

using RT-qPCR, and identification of miR-449a-5p (miR-449a in short) as one of the most significant 

DE-miRs. PNETs were set as calibrator sample, and the y-axis represents log2 fold change (-ΔΔCp). 

The bars are means ± s.e.m. (Student’s t-test; *, FDR < 0.05; **, FDR < 0.01). Note, Ningning Li and 
Kastytis Sidlauskas1prepared RNA samples for microarray analysis. 
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3.2.3 Ccnd1 and Gpr158 are direct targets of miR-449a 

A list of 101 potential targets with conserved binding sites (n=101) of miR-449a were 

obtained from TargetsScan (Figure 3.3A, Table 7.4). We next retrieved the top 

1,000 DE-genes ranked by logarithmic fold change from our published Exon 

Microarray dataset (GSE42515), following filtration criteria: (i) miR-449a is highly 

expressed in PNETs, expecting the targets of miR-449a is down-regulated in PNETs 

compared with gliomas; (ii) DE-genes with p>0.05 were also considered to minimize 

false negative calls. Upon matching these DE-gene against the 101 putative targets, 

eight genes were selected (Notch1, Met, Gnao1, Meto1, Gpr158, Parp8, Ccnd1 and 

St8sia3) (Figure 3.3A). To identify candidates regulated by miR-449a, we analysed 

the expression of candidate genes in Rb/p53, Pten/p53, and miR-449a antagomir-

treated Rb/p53 mGICs, and selected those targets which were upregulated in miR-

449a low expressing mGICs (Pten/p53 and antagomir treated Rb/p53). Expression 

analysis confirmed only Gpr158 and Ccnd1, but not the other 6 genes, were 

significantly upregulated in both Pten/p53 and miR-449a antagomir-treated Rb/p53 

cells, when compared to Rb/p53 cells (Figure 3.3B). In keeping, primary Rb/p53 

PNET express low, and Pten/p53 gliomas express high levels of Gpr158 (Figure 
3.3C). 

We then confirmed a functional link between miR-449a and Gpr158 using two 

independent approaches: a hybrid of Argonaute 2 (Ago2) and biotinylated miRNA-

449a pulldown assay (Figure 2.6) and a luciferase reporter assay. The Ago2 assay 

[300,324] uses an established miR-449a target, Ccnd1, as positive control [311]. 

After immunoprecipitation of Ago2 and affinity pull-down of biotin-labelled miR-449a 

mimics in tandem, we found significant enrichment of Ccnd1 and Gpr158 in double 

pull-down fraction, compared to input RNA (Figure 3.3D). We confirmed that the 

degradation of Gpr158 mRNA by miR-449a was dependent of RNA-induced 

silencing complex (RISC) [325], demonstrating direct regulation of Gpr158 

expression by miR-449a. To confirm miR-449a binds to the 3’-UTR of Gpr158 as 

predicted by TargetScan, we designed a luciferase reporter plasmid containing 
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wildtype (wt) or mutant Gpr158 3’-UTR (Figure 3.3E). Mir-449a mimics significantly 

reduced luciferase activity under a wildtype 3’UTR (p < 0.001), which was rescued 

by substituting the reporter plasmid with a mutant seed sequence (Figure 3.3F). This 

indicates the mutated 3’-UTR of Gpr158 reduced miR-449a binding. 

 

Figure 3.3 Identification of Gpr158 as a direct target of miR-449a. 
(A) Venn diagram shows eight overlapping genes between 101 putative targets and 1,000 down-

regulated genes in mouse PNETs compared with gliomas by analysing of exon expression array 

(GSE42515). (B) Validation of the 8 candidate genes using RT-qPCR in Rb-/p53, antagomir-treated 

Rb/p53 and Pten/p53 mGIC. The expression level of Ccnd1 and Gpr158 were significantly higher in 

Pten/p53 or antagomir-treated Rb/p53 cells than in Rb/p53 cells, suggesting Ccnd1 and Gpr158 could 

be potential targets of miR-449a. (C) Representative images shows the immune-reactivity of Gpr158 
was minimal in miR-449 highly expressing PNETs, but strong in miR-449 low expressing gliomas. (D) 
Enrichment of Ccnd1 and Gpr158 after double pull-down. Significant enrichment of Ccnd1 and 

Gpr158 in double pull-down fraction (black bar) indicating direct interaction with miR-449a. (E) MiR-
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449a binding site in the 3’-UTR of Gpr158 predicted by TargetScan. Binding region of miR-449a seed 

sequence was highlighted with green. Mutations of the 3’-UTR of Gpr158 was generated in seed 

sequence binding region (red characters) therefore disturbing the interaction with miR-449a. (F) 
Luciferase reporter assay demonstrated miR-449a directly targets the 3’-UTR of Gpr158. Luciferase 

activity was reduced in mGIC co-transfected with wt 3’-UTR and miR-449a mimics. However, miR-
449a mimics did not alter the luciferase activity when cells were co-transfected with mutant Gpr158 3’-

UTR. All figures: * p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.001; **** p ≤ 0.0001 (Student’s t-test). Each bar 

represents mean ± sd.  

 

3.2.4 MiR-449a inhibits proliferation and migration of mGIC in vitro 

To test the role of miR-449a, SVZ stem/progenitor cells from PtenLoxP/LoxP/p53LoxP/LoxP 

or RbLoxP/LoxP/p53LoxP/LoxP mice were recombined in vitro, resulting Pten-/-/p53-/- 

(Pten/p53 in short) and Rb-/-/p53-/- (Rb/p53 in short) mouse glioma initiating cells 

(mGICs). These GIC were maintained in serum-free stem cell medium [119]. In 

keeping with intrinsic tumours, Rb/p53 GIC expresses significantly higher level of 

miR-449a than that of Pten/p53 cells (Figure 3.4A). Extreme limiting dilution assay 

shows that the stem cell frequency tends to be reduced in Rb/p53 cells, when 

compared to Pten/p53 cells (p=0.065, Figure 3.4B). We next examined the effect of 

miR-449a on cell proliferation, migration and invasion through transfecting GIC with 

miR-449a antagomir or mimic. The miR-449a antagomir and mimic were labelled 

with fluorescein amidite (FAM), which allow us to view the successful transfection 

under fluorescent microscopy (Figure 3.4C). We found that Pten/p53 cells 

expressing less miR-449a had a higher proliferation rate than Rb/p53 cells. Upon 

overexpression of miR-449a, Pten/p53 cells show a significantly reduced 

proliferation, and the opposite effect was observed when miR-449a antagomir was 

introduced into Rb/p53 cells (Figure 3.4D). To assess cell migration and invasion 

ability, we performed a gap closure assay and a collagen matrix assay, and found 

that miR-449a overexpression supressed cell migration and invasion, and vice versa 

(Figure 3.4E, F). Considering the poorly differentiated signature of PNET, we further 

compared the expression of a set of neural lineage markers between high and low 
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miR-449a expressing GIC, and found that Pten/p53 and miR-449a antagomir-treated 

Rb/p53 GIC expressed higher levels of Pdgfra, Olig2, Map2, Dcx and NeuN (Figure 
3.3G). Overall, our data suggest that miR-449a inhibits cell proliferation, migration, 

invasion and neural marker expression in vitro. 

 

Figure 3.4 MiR-449a inhibits mouse GIC proliferation and invasion in vitro.  
(A) Rb/p53 GIC expresses higher level of miR-449a-5p when compared to Pten/p53 GIC (p<0.001, 

student’s t test). (B) Measuring of stem cell frequency of Pten/p53 and Rb/p53 GICs using the 

extreme limiting dilution assay. Negative wells (no cell outgrowth) were counted 7 days post-seeding. 

Frequency of sphere-forming cells: Pten/p53, 1/5; Rb/p53, 1/8 (n=12, p = 0.065, student’s t test). (C) 
Representative images confirms that miR-449a mimic and antagomir were transfected into cells. (D) 
MiR-449a-5p inhibited GIC proliferation and vice versa in Incucyte confluent assay. Rb/p53 GIC 
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expressing higher level of miR-449a grow significantly slower than Pten/p53 GIC. Overexpression of 

miR-449a using mimics in Pten/p53 GICs reduced their proliferation significantly, whilst Rb/p53 GIC 

show increased proliferation once knockdown of miR-449a using antagomir. (E) IncuCyte gap closure 

assay shows cells with high miR-449a level migrated significantly slower than their low counterparts 

over 12 hours into an artificially generated cell-free space. Left, representative images before and 
after migration. Cells were masked with yellow colour. Right, quantification of cell migration confirms a 

statistically significant difference from observation. (F) MiR-449a inhibited cell invasion in a 3D 

collagen assay. Representative images of cell invasion are shown in the left and quantification of the 

relative invasion distance is shown in the right. Mir-449a low expressing cells (Pten/p53 and 

antagomir-treated Rb/p53 cells) substantially invade into the matrix; in contrast, high miR-449a 

expressing cells (i.e. Rb/p53 and mimic-treated Pten/p53 cells) hardly invade the matrix. (n=12, p < 

0.001). (G) Analysis of neural differentiation markers using RT-qPCR shows a proneural gene 

expression pattern in Pten/p53 (grey bars) and antagomir-treated Rb/p53 GIC (red bars) compared to 
Rb/p53 GIC (orange error bars). All figures: * p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.001 (Student’s t-test). 

Each value represents the mean ± s.d. Note, cell migration and invasion assay in this figure were 

performed by Kastytis Sidlauskas [326]. 

 

3.2.5 MiR-449a-induced inhibition of cell proliferation, migration 

and invasion is mediated by Cyclin D1 

To understand how miR-449a inhibits GIC proliferation, migration and invasion, we 

started from the known target, Cyclin D1 (Ccnd1). We first confirmed that knock-

down of miR-449a in Rb/p53 GIC rescued the expression of Ccnd1, whilst 

overexpression of miR-449a in Pten/p53 GIC inhibits the expression of Ccnd1 

(Figure 3.5A). We then overexpressed Ccnd1 in Rb/p53 GIC, which significantly 

increased cell proliferation (Figure 3.5B). Accordingly, suppression of Ccnd1 

expression in Pten/p53 cells using Ccnd1 shRNA significantly reduced cell 

proliferation (Figure 3.5C). We further co-transfected cells with miR-449a mimic and 

Ccnd1 plasmid, and compared them with vehicle control (pcDNA3.1+) and miR-449a 

mimic treated cells. We found that Ccnd1 overexpression could restore miR-449a-

induced proliferation inhibition (Figure 3.5D). In keeping, overexpression Ccnd1 in 

Rb/p53 cells promotes migration, while inhibition of Ccnd1 using shRNA suppresses 
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migration in a gap closure assay (Figure 3.5E). Furthermore, GIC invasion ability 

was significantly reduced when Ccnd1 was inhibited (Figure 3.5F). 

 

Figure 3.5 MiR-449a inhibits mGIC proliferation through targeting Ccnd1.  
(A) miR-449a regulates Ccnd1 expression level in mGIC. Reducing miR-449a expression level using 

antagomir in Rb/p53 cells restored Ccnd1 expression, while increasing miR-449a level using mimic in 

Pten/p53 cells supressed Ccnd1 expression. Scr., scramble. (B) Ccnd1 expression level was 

increased around two folds in Rb/p53 GIC when transfected with an expression vector p-Ccnd1 (left), 

which was associated with faster proliferation (right). (C) Knockdown of Ccnd1 using shRNA (left) in 

Pten/p53 GIC reduced cell proliferation (right). (D) Cell proliferation of Pten/p53 reduced by miR-449a 

overexpression could be rescued by Ccnd1overexpression. (E) Cells with higher Ccnd1 expression 
level, Pten/p53 (grey square) and miR-449a antagomir-treated Rb/p53 GIC (black square), closed the 
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gap faster than their low Ccnd1 expressing counterparts, grey and black circle, respectively. (F) 
Knockdown the expression of Ccnd1 in Pten/p53 GIC supressed cell invasion. Left, representative 

images of cells from a sphere invading into the collagen matrix. Right, quantification of the invasion 

length shows that inhibition of Ccnd1 expression reduced cell invasion ability. All figures: * P ≤ 0.05; ** 

P ≤ 0.01; *** P ≤ 0.001;**** P ≤ 0.0001 (Student’s t-test). Each bar represents mean ± s.d. Each assay 
was performed at least twice. 

 

3.2.6 Gpr158, another target of miR-449a, inhibits GIC proliferation, 
migration and survival 

We next sought to investigate the effect of Gpr158 on GIC proliferation and 

migration. GIC were infected with lentivirus expressing Gpr158 or GFP, and selected 

with 8 µg/ml puromycin for 4 weeks to establish Gpr158 or GFP stably expressing 

cell lines. RT-qPCR analysis confirmed the overexpression of Gpr158 in these cells 

(Figure 3.6A). Unexpectedly, overexpressing Gpr158 led to slower proliferation and 

reduced migration ability in both Rb/p53 and Pten/p53 GIC (Figure 3.6B, C). In 

keeping, knock-down of Gpr158 using siRNA slightly but significantly up-regulates 

the proliferation of Pten/p53 GIC (Figure 3.6D, E). This seems inconsistent with the 

finding that miR-449a inhibits Gpr158, as GIC display same direction when 

overexpressing with miR-449a or Gpr158. However, when we explored the effect of 

Gpr158 on cell differentiation, we found that the tumour sphere forming ability of GIC 

was significantly reduced upon Gpr158 overexpression in an extreme limiting dilution 

assay (Figure 3.6F). The sphere formed by Gpr158 overexpressing GIC had a 

smaller size and tended to attach the plate (Figure 3.6G). Differentiation of neural 

stem and progenitor cells is associated with apoptotic cell death [327,328]. Indeed, 

stably overexpressing Gpr158 promoted apoptosis in GIC (Figure 3.6H). Upon 

knock-down of Gpr158, Pten/p53 GIC displayed significantly elevated migration 

ability towards growth factors (Figure 3.6I), and tumour sphere forming ability 

(Figure 3.6J). We further analysed genes involved in neural differentiation using a 

profiler array, and found a significant up-regulation of the three proneural genes 

Map2, Sox2, and Pdgfra, and of three cell-migration related genes Filamin A (Flna), 
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Netrin 1 (Ntn1), and Pleiotrophin (Ptn) in Gpr158 overexpressed GIC, whilst 

inhibition of Gpr158 expression reduced the expression of Map2, Sox2, and Pdgfra 

(Figure 3.6K). These data indicate that Gpr158 might override miR-449a effects 

through inducing neural differentiation.  

Overall, Gpr158 inhibits GIC proliferation, migration, and self-renewal, and promotes 

the expression of proneural markers. 

 

Figure 3.6 Gpr158 inhibits cell growth and migration, and promotes differentiation.  
(A) Establishment of Gpr158 overexpressing stable cell lines. Pten/p53 or Rb/p53 mGIC were 

infected with lentivirus expressing GFP or Gpr158, LV-GFP or LV-Gpr158 in short. Infected cells were 

selected with 8 µg/ml puromycin for 4 weeks before use. RT-qPCR confrims the overexpression of 

Gpr158. (B-E) Overexpression of Gpr158 significantly inhibits cell proliferation (B) and migration (C), 
whilest inhibition of GPR158 expression using siRNA promotes proliferation (D, D). (F) Limiting 
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dilution assay shows GPP158 overexpression reduces stemness. In LV-GFP control GIC, cell sphere 

forming possibility was 1/3, while LV-Gpr158 cells decreased approximately 2 fold (1/6). (G) 
Reprensentative images show the smaller spehre size in Gpr158 overexpressing cells. The white 

arrow points to a portion of LV-Gpr158 mGIC that failed to form sphere, but instead attached to the 

floor of the cell culture dish. (H) Gpr158 promotes apoptosis in GIC. (I) Down-regulation of Gpr158 
promotes cell motibility towards growth factors in a chemotaxic migration assay. (J) Tumour sphere 

forming ability was enhance upon down-regulation of Gpr158. (K) Gpr158 regulates neurogenesis 

gene expression in mGIC. Overexpression of Gpr158 upregulated Flna, Map2, Ntn1, Ptn, Sox2, and 

Pdgfra expression, while down-regulation of Gpr158 decreased the expression of Map2, Sox2 and 

Pdgfra. All figures, * p<0.05; ** p<0.01; *** p<0.001; **** p<0.0001 (Student’s t-test). All experiments 

were performed at least twice.  

 

3.2.7 Gpr158-induced neural differentiation is antagonised by miR-
449a 

In the previous sections, we confirmed the direct binding between miR-449a and 

Ccnd1 or Gpr158. Targeting Ccnd1 by miR-449a suppressed cell proliferation and 

migration [309,311], which is consistent with other reports. The other target, Gpr158, 

did not reflect the effect of miR-449a on cell proliferation and migration. However, 

knock-down of miR-449a or overexpression of Gpr158 up-regulates proneural gene 

expression (Figure 3.4G, Figure 3.6K), indicating the cooperation of miR-449a and 

Gpr158 in inducing neural differentiation. To test this hypothesis, we first compared 

the expression of miR-449a, Ccnd1 and Gpr158 in GIC cultured in serum-free stem 

cell and 3% FBS differentiation medium. In serum-free (EGF and FGF enriched) 

medium, the immunofluorescent staining of Gpr158 is virtually negative, while 

expression of Ccnd1 was detected nearly in all cells, indicating the proliferative 

activity of GIC in stem cell medium (Figure 3.7A). Upon treated with 3% FBS for two 

days, differentiated GIC showed strongly immunoreactivity of Gpr158, while the 

Ccnd1 positive nucleus were dramatically decreased (Figure 3.7A). The up-

regulation of Gpr158 during neural differentiation was further confirmed using RT-

qPCR (Figure 3.7B). Interestingly, the expression of miR-449a was significantly 

down-regulated during differentiation (Figure 3.7C). Notably, negative association of 
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the expression levels of Gpr158 and of miR-449a during differentiation, but not of 

Ccnd1 further supported our hypothesis of the role of the target- specific miRNA 

interference [329].  

 

Figure 3.7 The alteration of Gpr158, Ccnd1 and miR-449a expression level during 
differentiation.  
(A) Immunofluorescent staining of Gpr158 and Ccnd1 on coverslip cultured cells in stem cell medium 

(EGF; FGF) or differentiation medium (3% FBS). After neural differentiation for 2 days, Gpr158 

staining shows strong immunoreactivity, while Ccnd1 positive nuclei was dramatically reduced. (B) 
Confirming the up-regulation of Gpr158 upon FBS induced differentiation in both Pten/p53 and 
Rb/p53 cells using qPCR. (C) MiR-449a expression level was decreased in differentiated cells when 

compared with stem cell medium maintained mGIC. Scale bar, 50 µm. * p<0.05; ** p<0.01; *** 

p<0.001 (Student’s t-test).  

 

We next examined the role of Gpr158 on neural differentiation using GIC stably 

expressing Gpr158. Under serum-free condition, GFP control cells were lack of any 

lineage specific marker, while Gpr158 overexpressed cells shows a strong up-
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regulation of DCX (Figure 3.8A), which is expressed in immature neurons and 

neuroblasts [330], and a marker of proneural GBM [4]. Verhaak et al previously 

classified GBM into four subtypes, proneural (PN), neural (NL), classical (CL) and 

mesenchymal (MES). Interestingly, we found that overexpression of Gpr158 only up-

regulated the expression of proneural genes (Dcx, Nkx2-2, and Pdgfra), but not of 

genes representing the remaining three subtypes (Figure 3.7B), when compared to 

the GFP control cells. Notably, both GFP and Gpr158 stably expressing Rb/p53 GIC 

were cultured in stem cell medium (serum-free), indicating Gpr158 induced 

differentiation of GIC without external triggers. This could explain why Gpr158 

overexpressing cells showed a significantly slower proliferation than the GFP 

counterparts (Figure 3.6B).  
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Figure 3.8 Stably overexpressing Gpr158 in Rb/p53 GIC induces proneural signature gene 
expression.  
(A) Stable overexpression of Gpr158 induced Dcx expression in Rb/p53 GIC in stem cell medium. 

GFP control GIC lacks lineage markers, such as Dcx, a neuronal lineage markers here. However, 

continuous expression of Gpr158 in GIC increased Dcx expression without inducing neural 

differentiation. (B) Measurement of GBM subtype signature genes expression after Gpr158 

overexpression shows that Gpr158 promoted proneural (PL) and suppressed mesenchymal (MES) 

phenotype, but have no effect on neural (NL) and classical (CL) subtypes. * p<0.05; ** p<0.01; *** 
p<0.001; **** p<0.0001 (Student’s t-test).  

 

To further understand how the alteration of expression of miR-449a and Gpr158 

affects differentiation, we transiently modified the expression levels of miR-449a and 

Gpr158 in GIC. In EGF/FGF containing serum-free medium, Rb/p53 and Pten/p53 

GIC showed no expression of the differentiation markers GFAP and DCX (Figure 
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3.9A, C). However, upon induction of differentiation with FBS, Rb/p53 GIC with 

endogenous high expression levels of miR-449a and Gpr158 showed fewer 

differentiated cells, compared to Pten/p53 cells (Figure 3.9a2, c2). Moreover, a 

significant increase of DCX or GFAP positive cells were observed in Rb/p53 GIC 

treated with miR-449a antagomir or Gpr158 overexpressing plasmid when compared 

with vehicle control (Figure 3.9A, B). In keeping, overexpression of miR-449a or 

knock-down of Gpr158 in Pten/p53 GIC cultured in FBS containing medium 

significantly blocked neural differentiation (Figure 3.9C, D). Conspicuously, Pten/p53 

GIC failed to take the miR-449a mimic occasionally preserved their differentiation 

ability (Figure 3.9c4). To further confirm the effect of mir-449a and Gpr158 on neural 

differentiation, cells were induced with specific neuronal or astrocytic differentiation 

using retinoic acid and forskolin or LIF and BMP2 [331]. Indeed, miR-449a 

overexpression or Gpr158 knock-down suppressed neuronal and astrocytic 

differentiation (Figure 7.1A-E, Figure 7.2A-D). Likewise, inhibition of miR-449a 

expression or upregulation of Gpr158 expression in Rb/p53 GIC promotes neuronal 

and astrocytic differentiation (Figure 7.1F-J, Figure 7.2E-H).  

Overall, Gpr158 promotes neural differentiation, which could be antagonised by miR-

449a. This effect is growth condition dependent. In EGF/FGF containing serum-free 

medium, GIC retain their stem or progenitor property. Thus Gpr158-activated neural 

differentiation is not permissible under these conditions, and reducing cell 

proliferation by miR-449a through targeting Ccnd1 would dominate. However, under 

differentiation conditions, miR-449a inhibits neural differentiation through targeting 

Gpr158. 
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Figure 3.9 MiR-449a inhibits serum-induced neural differentiation through targeting Gpr158.  
(A, B) Knock-down of miR-449a or overexpression of Gpr158 promotes neural differentiation upon 

FBS induction. Rb/p53 mGIC with high endogenous miR-449a levels were transfected with vehicle 

(pcDNA 3.1+), GFP labelled miR-449a antagomir or the pLX301-Gpr158 plasmid. When cultured in 

serum-free medium, Rb/p53 cells did not show any expression of lineage marker (a1, a3 and a5). 

However, upon exposure to 3% FBS differentiation medium for 48h, miR-449a low expressing (a4) or 

Gpr158 high expressing cells (a6) exhibits increased DCX positive (~4.5%) or GFAP positive (~5%) 

cells, compared to pcDNA3.1+ control (a2, ~2%). Statistical analysis of the proportions of Dcx and 
GFAP positive cells was shown in (B). (C, D) Overexpression of miR-449a or knock-down of Gpr158 

in Pten/p53 cells decreased the ability to differentiate. In stem cell medium, Pten/p53 GIC with initially 

high Gpr158 (or low miR-449a) occasionally generate DCX positive cells (c1), which was not found in 

miR-449a mimic (c2) or Gpr158 siRNA treated cells (c3). Upon differentiation, approximately 4% Dcx 
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and 5% GFAP positive cells were found in vehicle transfected cells (c2), while only around 1% of DCX 

or GFAP positive cells were found in miR-449a mimic (c4) and Gpr158 siRNA (c6) treated Pten/p53 

cells. The yellow arrow in panel c4 indicates that the DCX positive cell failed to take up miR-449a 

mimic. Experiments were performed twice. All figures: * p<0.05; ** p<0.01; *** p<0.001; **** p<0.0001 

(Student’s t-test). 

 

3.2.8 Inhibition of miR-449a expression shifts mouse brain tumour 
towards a proneural phenotype 

We then investigated the in vivo tumorigenic potential of these three groups of GIC, 

Rb/p53, miR-449a antagomir-treated Rb/p53, and Pten/p53, by allografting them 

orthotopically into the forebrain of NOD-SCID mice. Tumours originating from Rb/p53 

GIC (Rb/p53 tumours in short) grew expansively, with a sharply defined tumour 

border, whereas knock-down of miR-449a expression in Rb/p53 cells leads to a 

diffusely infiltrating pattern, similar to Pten/p53 tumours (Figure 3.10A-C). In keeping 

with the in vitro data, density of Ccnd1 positive cells and intensity of Gpr158 

immunoreactivity were significantly higher in miR-449a low expressing tumours (i.e. 

Pten/p53 and antagomir treated Rb/p53 tumours), when compared with Rb/p53 

tumours with high expression of miR-449a (Figure 3.10D-K). We next examined the 

protein levels of four proneural signature genes, Olig2, Dcx, Pdgfra and Sox2. 

Staining quantification shows a similar staining pattern between Pten/p53 and miR-

449a antagomir-treated Rb/p53 tumours, which display a stronger staining of Olig2 

(Figure 3.10L-O), Pdgfra (Figure 3.10T-W) and Sox2 (Figure 3.10X-AA), compared 

to Rb/p53 counterparts. Histone H3.3 phosphorylation (pH3.3) is a proliferation 

marker indicating the phase of mitosis and late G2 [332]. Intriguingly, unlike the in 

vitro cell proliferation assay, Rb/p53 tumours show higher intensity of pH3.3 positive 

nucleus that of developed from Pten/p53 and miR-449a antagomir-treated Rb/p53 

GIC (Figure 3.10 AB-AE). This could be explained by the inverse correlation 

between tumour proliferation and differentiation [333], where Rb/p53 tumours were 

much less differentiated. Overall, down-regulation of miR-449a in Rb/p53 induces 

tumour morphology shift towards Pten/p53 allografts. 
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Figure 3.10 Image analysis of neural 
markers, Ccnd1, Gpr158 and H3.3 
phosphorylation on allograft tumours.  
H&E staining (top row) shows the 
morphology of tumours developed from 

Rb/p53 (A), miR-449a antagomir treated 

Rb/p53 (Rb/p53ant in short) (B) and 

Pten/p53 (C) mGIC. Rb/p53 cells formed 

well-demarcated PNET, while Rb/p53ant 

and Pten/p53 cell formed tumours 

diffusely growing into the parenchyma. 

(D-G) Ccnd1 staining and positive nuclei 
counting shows miR-449a low 

expressing tumours (Rb/p53ant and 

Pten/p53) have higher proportion of 

Ccnd1 positive cells. (H-K) GPR158 

immunoreactivity is stronger in miR-

449alow expressing tumours. Staining 

intensity quantification shows knock-
down of mir-449a in Rb/p53 cells 

restored the repression of Olig2 (L-O), 
Pdgfra (T-W) and Sox2 (X-AA), but Dcx 

(P-S) remain unchanged. (AB-AE) 

Phosphorylation Histone 3.3 (pH3.3) 

analysis shows Rb/p53 tumours have a 

high mitotic rate. Scale bar, 50 µm. All 

figures: * p<0.05; ** p<0.01 (Student’s t-
test). Error bar, mean ± s.d.  
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3.2.9 The expression of GPR158 is associated with human glioma 

types and grades 

To evaluate the role of GPR158 in human gliomas, we first established 5 human 

glioma-initiating cell lines (hGICs), and inhibited or overexpressed GPR158 using 

shRNA or an expression vector, respectively (Figure 3.11A, B). In keeping with our 

previous findings, down-regulation of GPR158 reduced apoptosis, while up-

regulation of GPR158 triggered apoptosis (Figure 3.11C, D).  

 

Figure 3.11 Gpr158 promotes apoptosis in human brain tumour stem cell lines.  
(A, B) RT-qPCR confrims the knock-down or overexpression of GPR158 using shRNA or pLX301-

Gpr158 vector, respectively. (C, D) Down-regulation of GPR158 reduced apoptosis (C), while 

overexpression of GPR158 expression promotes apoptosis (D). All figures: student’s t-test, * p<0.05; 

** p < 0.01; *** p<0.001 (Student’s t-test).  

 

Next we examined the association between miR-449a and its targets, CCND1 and 

GPR158 in human glioma samples from two cohorts. The first cohort is from The 

Cancer Genome Atlas (TCGA), which includes 5 central nervous system (CNS) 
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control tissues, 155 glioblastomas (GBM) and 275 lower-grade gliomas (LGG). To 

correlate the expression of genes of interest with clinically, diagnostically and 

biologically relevant tumour classes [14,334], we classified these TCGA gliomas into 

five groups, IDH-mutant and 1p/19q codeleted oligodendroglioma (O, n=83); IDH-

mutant and 1p/19q non-codeleted astrocytoma (A, n=138), IDH-mutant GBM (IDH-

GBM, n=9), Idh-wildtype LGG (early GBM, n=54), and Idh-wildtype GBM (GBM, 

n=146). We retrieved the expression levels of CCND1 and GPR158 from TCGA RNA 

sequencing data of these control and tumour samples, and found that CCND1 was 

broadly up-regulated in tumours compared to normal CNS, but no significant 

difference between glioma sub-groups (Figure 3.12A). However, the expression of 

GPR158 was significantly associated with distinct molecular glioma types. The CNS 

controls and oligodendrogliomas showed the highest expression levels of GPR158, 

which was significantly reduced in astrocytomas and IDH GBMs, and further down-

regulated in “early GBM” and GBM (p<0.0001, Figure 3.12B). To validate the 

findings from the TCGA samples, we analysed the expression levels of CCND1 and 

GPR158 on 25 samples from our institution by RT-qPCR. Similar to the expression 

pattern of the TCGA cohort, there is no statistical significance of CCND1 expression 

levels between oligodendroglioma, astrocytoma and GBM (Figure 3.12C); whilst 

GPR158 was expressed differentially between the three glioma classes (Figure 
3.12D). Furthermore, we assessed the expression levels of miR-449a on the same 

samples. Not surprisingly, the expression of miR-449a is inversely associated with 

that of GPR158 (Figure 3.12F, Spearman correlation = -0.75, p=0.002), achieving 

highest expression level in GBM, followed by astrocytoma and IDH-GBM, and lowest 

level in oligodendroglioma and CNS (Figure 3.12E). Overall, the regulation of 

CCND1 expression is glioma subtype independent, while GPR158 expression were 

significantly associated with glioma classes, indicating a potential biomarker role of 

GPR158, instead of CCND1.  
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Figure 3.12 Analysis of CCND1 and GPR158 expression level in human glioma and control 
brain samples.  
(A) TCGA RNA sequencing quantification (rsem value) shows that CCND1 expression was up-
regulated in gliomas (n=349) when compared with CNS control tissue (n=5). However, CCND1 

expression level was not differentially expressed between the glioma groups. (B) GPR158 expression 

level is significantly associated with glioma classification in the same cohort of TCGA samples as (A). 

CNS control tissue and oligodendroglioma (O, n=84) express highest GPR158, followed by 

astrocytoma (n=138) and GBM-IDH (n=9), and further down-regulated in early GBM and GBM. The 

expression level of GPR158 between GBM-early and GBM is statistically significantly different. (C) 
Measurement of CCND1 expression level in fresh frozen tumour tissue from our Institute using RT-
qPCR. CCND1 levels only show statistically significant differences between oligodendroglioma and 

GBM. Consistent with TCGA data, oligodendroglioma, astrocytoma and IDH-mutant GBM tend to 

express higher CCND1 levels than GBM. (D) GPR158 expression pattern in fresh frozen control and 

glioma tissue mentioned in (B) was in line with TCGA data. (E) miR-449a expression level is 

significantly increased in A/GBM-IDH, and further upregulated in GBM when compared with 

oligodendroglioma and CNS in the same samples. (F) The inverse correlation between miR-449a and 

GPR158 in human gliomas from. All figures: * p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.001; **** p≤ 0.0001 

(Student’s t-test). 

 



100 IDENTIFICATION OF GPR158 AS A GLIOMA BIOMARKER 

 

We further assessed the protein levels of GPR158 in 85 human gliomas from our 

institution by IHC staining. All these tumours had been previously characterized with 

molecular markers (IDH1/2, 1p/19q, ATRX expression, TERT promoter, EGFR, 10q, 

MGMT, pH3.3, Figure 3.13C). Again, CNS grey matter was present in almost all 

samples because of the fragmented surgical aspirate that was used for the analysis, 

comprising tumour, and fragments of CNS tissue intermingled in a single block. This 

gave us the opportunity to assess tumour tissue and CNS control tissue on the same 

sections, under identical staining conditions. CNS showed the highest GPR158 

expression, followed by oligodendrogliomas which showed an overall strong and 

cytoplasmic staining. Astrocytomas and GBM-IDH stained generally much weaker, 

but had still a clearly visible fine granular cytoplasmic stain. Early GBM and GBM 

showed nearly negative staining or only focal, patchy staining (Figure 3.13A). 

Quantification of GPR158 staining using Definiens confirmed the statistical difference 

among oligodendroglioma, astrocytoma and IDH-wildtype LGG and GBM (Figure 
3.13B).  
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Figure 3.13 Immunohistochemistry staining of GPR158 on human glioma FFPE sections and 
image quantification.  
(A) Representative images of human glioma (n=93) histology and GPR158 staining pattern. GPR158 

staining is strong in CNS and oligodendroglioma, much less intense in astrocytoma including GBM-

IDH and nearly negative in Idh-wildtype GBM-early (n=12) and GBM (n=50). Nearly all tumour 

specimens contain normal CNS fragments, which were used as control here. IDH1 R132H mutant 

protein was detected in oligodendroglioma and astrocytoma, but not in normal brain, early GBM or 

GBM. Loss expression of ATRX is a signature of astrocytoma and GBM-IDH, while the other glioma 
groups and CNS maintained ATRX expression. Scale bar, 50 µm. (B) Image analysis of GPR158 

immunoreactivity. The highest GPR158 staining score (~80%) was seen in CNS tissue, compared to 

tumours of all types. Amongst the tumours, oligodendroglioma have the highest GPR158 expression 

level (~30%), followed by astrocytoma (~10%), and very low in early GBM and GBM (<5%). There is 

no statistical difference of GPR158 staining between early GBM and GBM. (C) Summary of patient 

age, gender, molecular diagnosis marker (IDH mutation, 1p/19q loss, ATRX expression, TERT 
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mutation, 10q loss and MGMT methylation and EGFR amplification) and GPR158 staining score of all 

cases used in (B).  

 

As Gpr158 promotes the expression of proneural genes in murine GIC, we further 

compared the expression of GPR158 among the four GBM subtypes. CNS control 

brains consistently expressed higher levels of GPR158 than GBMs, and GBM of the 

proneural subtype (PL) displayed significantly higher expression levels of GPR158 

than the rest of the three subtypes (Figure 3.14A). In our mouse model, Rb/p53 

experimental brain tumours with low expression level of Gpr158 have histological 

features of human CNS-PNET and AT/RT (which are a subgroup of PNET). 

Therefore we also compared the expression of GPR158 between GBM and 

PNET/ATRT in a publicly available dataset (GSE73038, [303]). Again, GPR158 was 

significantly down-regulated in PNET/ATRT (p<0.0001, Figure 3.14B). Taking the 

advantage of the TCGA database, we further analysed the expression of GPR158 in 

29 other tumour entities (Figure 3.14C). Except for neuroendocrine tumour 

pheochromocytoma and paraganglioma (PCPG), the remaining types of tumours 

expressed extremely low levels of GPR158.  

In conclusion, the expression of GPR158 is inversely correlated with that of miR-

449a in human gliomas, and significantly associated with distinct glioma classes, 

indicating a diagnostic role of GPR158 in glioma.  
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Figure 3.14 Analysis of GPR158 expression level in Verhaak’s GBM subtypes, ATRT/PNET (B) 
and diverse tumour types.  
(A) Analysis of TCGA microarray data shows GPR158 is consistently higher in CNS tissue when 

compared with GBM. Among the 4 GBM subtype defined by Verhaak et.al, PN group has a higher 

expression level than the rest 3 subtypes. (B) Analysis of GSE73038 microarray data, GPR158 is 

significantly down-regulated in human ATRT/PNET when compared with GBM. (C) Pan-cancer 

analysis using TCGA sequencing data shows that except Pheochromocytoma and Paraganglioma 

(PCPG), a type of tumour developed from nerve tissue, GPR158 expression level is very low in other 
tumour types (blue bars) when compared with gliomas (pink bars). All figures: ** p<0.01; **** 

p<0.0001 (Student’s t-test). Error bars in (A) and (B) represents mean ± s.e.m. Box plot, median and 

whisker 10-90 percentile. 
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3.2.10 High levels of GPR158 or low levels of miR-449a is 
associated with favourable clinical outcome of glioma patients 

To examine if miR-449a and GPR158 also have a prognostic value in glioma, we 

analysed the effect of miR-449a and GPR158 on patients’ survival using Kaplan-

Meier method. We first stratified the 25 glioma patients with known miR-449a 

expression levels into high- and low-miR-449a groups by their median values, and 

found that the miR-449alow expression group had a significantly longer survival 

(median 81.5 and 27.6 months, respectively; p=0.004, Figure 3.15A). Then the 85 

patients were separated into GPR158high- and GPR158low- expressing groups 

according to the median of IHC staining scores, and we found significantly longer 

survival in GPR158high group compared to the GPR158low counterparts (2.4 and 1.5 

years, respectively; p=0.009, Figure 3.15B). Consistent results were also observed 

when using the TCGA dataset, where glioma patients were arbitrarily separated into 

four groups according to the RNA-Seq by Expectation-Maximization value (‘rsem’) of 

GPR158 (≤ 500; 500~1000; 1000~1500; >1500) (p =1.65E-21; Figure 3.15C). We 

further characterized these four groups with available clinical information including 

molecular based diagnosis, age, and gender (Table 3.1). Not surprisingly, patients 

from the group with the lowest GPR158 expression (group 1), which had the shortest 

survival, predominantly comprised GBMs (71%). On the other hand, group 4 with the 

highest GPR158 expression levels was mainly found to be oligodendroglioma (61%). 

We also found that patients with lower GPR158 expression were significantly older 

than the cohort with higher GPR158 expression (one-way ANOVA, p<0.0001), which 

is explained by the higher prevalence Idh-wildtype glioblastomas in people of higher 

age and conversely the occurrence of IDH-mutant gliomas (both, oligodendroglioma 

and astrocytoma) in younger people in their 20s and 30s. We did not observe a 

statistical significance between GPR158 expression and gender (Fisher’s exact test, 

p>0.15). Moreover, we investigated the prognostic value in GBM subtypes, and 

found that patients with GBM expressing higher levels of GPR158 in proneural and 

neural groups have a significantly longer survival, compared to a shorter survival in 

glioblastomas of the classical and mesenchymal subtypes (Figure 3.15D-G). 
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Intriguingly, GBM patients with higher expression levels of GPR158 showed better 

response to chemotherapy than those with low expression of GPR158 (Figure 
3.15H). In addition, we did not observe any difference of clinical outcome between 

CCND1 high and low groups (Figure 3.15I, J).  

Overall, our data suggest that higher expression of GPR158 is associated with better 

clinical outcome.  

 

Figure 3.15 Kaplan-Meier analysis indicates GPR158 expression level is associated with 
glioma patients’ survival and chemotherapy response but not CCND1.  
Overall survival of glioma patients from our institution grouped by the median of miR-449a expression 

level (A) or GPR158 staining score (B). Patients with glioma expressing low miR-449a or high 
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GPR158 have significantly longer survival time. (C) TCGA patients with glioma expressing higher 

levels of GPR158 survived longer. The four groups were separated according to TCGA GPR158 RNA 

sequencing data (rsem). (D-G) The effect of GPR158 on the survival of TCGA GBM patients classified 

into Verhaak’s subtypes. Patients from proneural (D) and neural groups (E) with tumour expressing 

higher levels of GPR158 survived significantly longer, while no difference was observed in the groups 
of classical (F) or mesenchymal expression profile (G). (H) GBM patients who received chemotherapy 

and were in the GPR158high expression group had a significantly longer survival than those from the 

GPR158low expression group. The GPR158high and low group was separated by median. (I, J) No 

significant difference was observed between CCND1 high and low group in LGG and GBM of the 

same TCGA cohort. The CCND1 high and low group was separated by median. All figures: the 

significance was calculated using log-rank test.  

 

Table 3.1 characterization of the four TCGA groups stratified by GPR158 resm subjectively. 

 Group 1 Group 2 Group 3 Group 4 Total 

 (N=160) (N=96) (N=72) (N=104) (N=431) 

GPR158 resm ≤ 500 500~1000 1000~1500 >1500  

Classification no. (%)      

Astrocytoma/IDH-GBM 20 (13) 51 (53) 43 (60) 32 (32) 147 (34) 

Oligodendroglioma 1 (0) 1 (1) 19 (26) 63 (61) 84 (19) 

Early GBM 26 (16) 14 (15) 7 (10) 7 (7) 54 (13) 

GBM 113 (71) 30 (31) 3 (4.2) 0 (0) 146 (34) 

Age at diagnosis      

Mean ± SD 57± 14 48 ± 17 41 ± 12 42 ± 13 49 ± 16 

Gender no. (%)      

Female 60 (38) 46 (48) 25 (35) 47 (45) 178 (41) 

Male 100 (62) 50 (52) 47 (65) 56 (55) 253 (59) 
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3.3 Discussion 

To identify potential biomarkers for glioma, we performed comparative analysis two 

previously characterised mouse models which develop glioma (Pten/p53 codeletion) 

or PNET (Rb/p53 codeletion). These two tumour types in these mouse models show 

distinctive invasiveness, differentiation and growth rate [119]. By comparing 

microRNA expression profiles of these two types of brain tumours, we found that 

miR-449a was significantly differentially regulated, and most relevant to modulation 

of tumour cell lineage, invasion and proliferation. MiR-449a is a member of the miR-

34/449 family, which plays an important role in cell-cycle, differentiation and cerebral 

cortex development [335,336]. Several downstream targets of miR-449a have been 

reported previously, including Cyclin D1 (CCND1) and E2F transcription factor 5 

(E2F5) [306,311]. To understand the role of miR-449a in brain tumour growth and 

phenotypes, we sought relevant targets that were differentially expressed between 

experimental PNET and glioma. We confirmed the direct binding of miR-449a to its 

known target CCND1 in brain tumours, and we also identified a novel target, G 

protein-coupled receptor 158 (GPR158) (Figure 3.3). GPR158 belongs to class C 

orphan GPCR family, and is wildly expressed in the central nervous system [319]. 

Our functional studies showed a target-dependent effect of miR-449a on GIC 

proliferation, migration and differentiation. In serum-free stem cell medium, miR-449a 

inhibits Ccnd1 expression, resulting in reduced cell proliferation, migration and 

invasion (Figure 3.4; Figure 3.5). However, in a differentiation permissible 

environment, miR-449a delayed cell differentiation through targeting GPR158 

(Figure 3.9). When we explored the effect of GPR158 on cell proliferation and 

migration, we found that GPR158 stably overexpressing GIC showed a significantly 

reduced proliferation and migration compared to GFP control cells, which seems to 

be in contradiction with the previously established effects of miR-449a. In fact, these 

GIC stably expressing GPR158 were able to differentiate even though in serum-free 

stem cell medium (Figure 3.8). Furthermore, high expression of miR-449a was 

associated with poor differentiation and high proliferation in vivo (Figure 3.10). This 

is opposite with an in vitro assay in which GICs were cultured in a serum free stem 
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cell medium. However, tumours grow in vivo face various factors including 

differentiation-inducing factors. In such a differentiation permissible 

microenvironment, upregulation of miR-449a reduced cell differentiation, and 

undifferentiated cells maintained proliferation ability. Overall, the dominant effect of 

miR-449a is modulated by growth conditions in vitro and in vivo. 

Clinical studies of lung cancer or prostate cancer suggest a tumour suppressive role 

of miR-449a [306-310]. However, an oncogenic role of miR-449a is observed in 

breast cancer and colorectal carcinoma [313,337]. Yao et al reported the inhibition 

effect of miR-449a on proliferation and migration of GBM stem cells, which is similar 

to our in vitro results [315]. However, there is a fundamental discrepancy between 

our results and those of Yao et al. as to how miR-449a expression levels and glioma 

malignancy correlate in clinical samples. Yao et al. reported that lower expression 

levels of miR-449a is associated with higher glioma grade (in keeping with findings in 

many other cancers) (Figure 3.16), whilst we found that GBM (grade IV glioma), 

expressed highest levels of miR-449a when compared with lower grade gliomas, 

oligodendroglioma and astrocytoma. Notably, tumour samples in that study were not 

characterized by molecular profile, rather these tumours were referred to as 

astrocytoma grade I, grade II, and grade III. Therefore, the cohort of Yao et al. is not 

comparable with our molecularly stratified glioma cohort, and it is uncertain what 

grading criteria they used in their study.  
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Figure 3.16 Expression of miR-449a in human normal brain tissues (NBTs) and gliomas with 
different grades.  
This image was adapted from [315]. **/##/∆∆/††p<0.01, student’s t-test. 

Although the expression of CCND1 is significantly up-regulated in gliomas (and also 

in many other tumours) [338], it does not have a recognised prognostic and 

diagnostic value in glioma. However, here we provide strong evidence that GPR158 

expression is significantly associated with specific molecular glioma types and thus 

with favourable clinical outcomes (Figure 3.12; Figure 3.13; Figure 3.14). A study of 

prostate cancer shows high GPR158 expression promoted neuroendocrine 

differentiation, and correlates with poor survival [322]. This could be explained by the 

different pathobiology of prostate cancer, where trans-differentiation of prostate 

epithelial cells to neuroendocrine cells is associated with more aggressive prostate 

cancer [339]. In contrast, gliomas with neural differentiation are often associated with 

a less malignant phenotype. Another explanation could be the cleavage and 

translocation of C-terminal of GPR158 into nucleus in prostate cancer, which was not 

observed by us in CNS tissue or glioma cells using the antibody against C-terminal 

of GPR158, suggesting the molecular network of GPR158 could be tissue-

dependent. 
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Overall, we identified that miR-449a targets CCND1 and GPR158 in glioma and has 

target-dependent functions. Increased expression of miR-449a in a growth-

promoting environment in vitro, reducing proliferation and invasion through inhibition 

of CCND1. In a neurogenic environment, it inhibits neural differentiation by reducing 

the expression of GPR158. GPR158, instead of CCND1, act as a potential biomarker 

in gliomas, which is associated favourable outcomes. GBM is one of the most lethal 

disease in humans and current therapies have very limited effect on clinical 

outcome. The pharmacological value of GPCR has been widely reported, and 

GPR158, a member of class C GPCR, could be a potential target for therapeutic 

development. 

 



 

CHAPTER 4 IDH1 MUTATION SENSITIZES 

GLIOMA TO ENDOPLASMIC RETICULUM 

STRESS 

4.1 Background 

The discovery of IDH mutations and the subsequent recognition of mutation-specific 

tumour entities has facilitated the pathological diagnosis and the stratification of 

gliomas. It became apparent early on, that IDH-mutant glioblastomas are associated 

with a much better prognosis than IDH-wildtype glioblastomas. Subsequently, it was 

established that IDH-mutant glioblastomas are part of a spectrum of IDH-mutant 

astrocytic tumours. Another IDH-mutant tumour entity, the oligodendroglioma, is 

generally also associated with a relatively good prognosis. Here we set out to 

establish an experimental paradigms to compare the effect of the IDH mutation to 

Idh-wildtype counterparts. Frequently, patient cohorts with IDH-mutant gliomas had 

been compared with patients carrying IDH-wildtype gliomas. However, biologically, 

Idh-wildtype gliomas are an entirely different entity with a completely different set of 

driver mutations. By no means, IDH-mutant gliomas can be considered as IDH-

mutant counterparts of Idh-wildtype gliomas. The fact that these two entities are 

biologically distinct, makes direct comparisons and analysis of biological effects of 

the IDH mutation in human tumours difficult or impossible. To this end, we use a 

mouse model that allows us to dissect specifically the role of mutant IDH1. This is 

achieved by comparing an established mouse model, which develop gliomas through 

the inactivation of Pten and p53 (see Chapter 3) in conditional knockout mice with 
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counterparts expressing in addition the Idh1 R132H mutation (i.e. Pten; p53; Idh in 

short).  

As described in detail in the introduction (paragraph 1.2), IDH enzymes convert 

Isocitrate into alpha-ketoglutarate (α-KG), while mutant IDH1 and IDH2 lose their 

endogenous enzyme activity but gain a new function, which catalyse α-KG into D-2-

hydroxyglutarate (D2HG). As a result, D2HG accumulates to high levels in IDH-

mutant cells [295]. As D2HG has similar structure with α-KG, and it competitively 

inhibits α-KG-dependent enzymes [91]. One important family of α-KG-dependent 

enzyme is the 5-methylcytosine hydroxylase TET family, which mediate DNA 

demethylation [340]. Increased cellular D2HG blocks TET activity, leading to 

hypermethylation of CpG islands across the whole genome [81]. Additionally, histone 

H3 lysine demethylase KDM4 and RNA demethylase FTO can also be inhibited by 

D2HG. As a result, methylation at residue Lys-9 of H3 and N(6)-methyladenosine of 

RNA are increased in IDH-mutant cells, respectively [84,86]. Although the functions 

of mutant IDH enzymes are well established, the biological effects of IDH mutations 

are controversial. 

On the one hand, some studies suggest that IDH mutations are oncogenic. Recently, 

a study using N::TVA;Cdkn2alox/lox;Atrxlox/lox model found that mice receiving 

retrovirus expressing IDH1R132H-PDGFA-Cre developed gliomas faster than the 

wildtype IDH1 counterparts [341]. Another study suggests that conditionally 

introducing Idh1 mutation alone in neural stem/progenitor cells promotes glial cell 

expansion [342].  

In contrast to these findings, there are also studies suggesting that IDH mutations 

can have anti-tumour effects. First, multiple studies have confirmed that patients with 

gliomas expressing mutant IDH show significantly longer survival and favourable 

prognosis when compared to that of IDH-wildtype gliomas [63,334]. One reason to 

explain this is that IDH mutations are able to induce hypermethylation and thus the 

MGMT promoter also becomes hypermethylated, which reduces MGMT expression. 
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Loss expression of MGMT sensitizes glioma cells to temozolomide (TMZ) [89]. 

Second, introducing IDH1 mutation into the glioblastoma cell line U87 reduces cell 

proliferation and delays tumour formation [343]. Moreover, a recent study found that 

the Idh1 R132H mutation inhibited glioma cell migration via downregulation miR-155 

[185]. 

To further understand the role of IDH mutations in cell differentiation, growth, and in 

tumour pathobiology, we generated a mouse model expressing a cre-inducible 

pathogenic mutation of IDH1 (R132H) (conditional activation) in neural 

stem/progenitor cells. We found that the Idh1 R132H mutation reduced cell 

proliferation in both tumorigenic or non-tumourigenic conditions. By comparing Idh-

mutant to Idh-wildtype experimental gliomas, we identified that the Idh1 R132H 

mutation sensitized glioma cells to endoplasmic reticulum (ER) stress via 

upregulation of miR-183. 

4.2 Results 

4.2.1 Characterization of Idh1loxP(R132H)/+ knock-in mouse model 

To further understand the function of Idh1 R132 in glioma initiation and propagation, 

we introduced a novel knock-in mouse model, which conditionally expressed Idh1 

R132H under its endogenous promoter. In this knock-in mouse model, murine Idh1 

exon 3 containing the R132H mutation (GA>AT mutation) was inserted inversely into 

the intron, flanked with LoxP and Lox511 sites (Figure 4.1A). In this study, 

Idh1LoxP(R132H)/+ mice were used with no further genetic mutations except expressing 

an inducible beta galactosidase reporter gene, or crossed them with p53LoxP/LoxP, or 

PtenLoxP/LoxP;p53LoxP/LoxP mice, resulting in Idh1LoxP(R132H)/+;p53LoxP/LoxP, or 

Idh1LoxP(R132H)/+; PtenLoxP/LoxP;p53LoxP/LoxP mice, and their wildtype controls. Upon Cre-

induced recombination, the wildtype endogenous exon 3 of the Idh1 gene was 

replaced with the mutant exon 3, and p53 and Pten will be recombined (henceforth 

termed simplified “wt”, “Idh1R132H”, “Idh/p53”, “Idh/Pten/p53” and “p53”, “Pten/p53”, 
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respectively) (Figure 4.1B, C). The mouse Idh1R132H protein can be detected with a 

mutation-specific , commercially available antibody (Figure 4.1D) [297,298], and the 

activated expression of the mutant IDH1 resulted in significantly increase of D-2-

Hydroxyglutarate (D2HG) levels (Figure 4.1E) [78], a finding consistent with the 

functional activities of the corresponding human IDH1 R132H protein.  

 

Figure 4.1 Characterization of Idh1 R132H knock-in mouse model. 
(A) The structure of Idh1-KI allele. An inverted of exon 3 of Idh1 containing GA>AT mutation (R132H) 

was inserted into the intron region. Upon Cre expression, the endogenous exon 3 was replaced with 

mutant exon 3. (B) DNA sequencing confirms the heterozygous mutation at position 395-396 

(GA>AT) in Idh1 gene after Cre recombination. The DNA of wildtype control (Idh1WT) was extracted 
before Cre recombination. (C) Genotyping of wt, Idh1R132H, p53-/- (p53 in short), Idh1R132H;p53-/- 
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(Idh1/p53 in short), Pten-/-;p53-/- (Pten/p53 in short) and Idh1R132H;Pten-/-;p53-/- (Idh1/Pten/p53 in short). 

Band size: Idh1R132H, 501bp; Idh1 wt, 400bp; p53 wt, no band; p53 loss, 612bp; Pten wt, no band; 

Pten loss, 220bp. (D) Detection of Idh1 R132H protein expression in glioma initiating cells using 

western blot. (E) D2HG was significantly accumulated in cells expressing the Idh1 R132H mutation. 

4.2.2 The Idh1 R132H mutation inhibits cell proliferation and 

survival 

To establish the role of Idh1 R132H in the absence of any tumour suppressor 

mutations, we first derived neural stem/progenitor cells (NSPC) from the murine 

subventricular zone (SVZ) and induced Idh1 R132 expression by transfection with 

adenovirus expressing Cre recombinase as described previously [119]. Difficult or 

unsuccessful maintenance of IDH1 mutant cells in vitro has been observed in other 

studies [342]. In this study, we also observed loss of Idh1R132H cells during culturing 

(Figure 4.2A, B). A secondary hit of these Idh1R132H NSPC cultures restored the 

amount of Idh1R132H allele, indicating that Idh-wildtype cells had a growth advantage 

over IDH-mutant cells (Figure 4.2B). This reduced growth of Idh1 mutant cells was 

compensated by the additional homozygous deletion of p53, giving Idh1/p53 cells a 

growth advantage over the wildtype cells in a cell proliferation assay (Figure 4.2C). 

When comparing Idh1 mutant cultures with the corresponding Idh1 wildtype 

counterparts (Idh1R132H vs. wt, Idh1/p53 vs. p53, and Idh1/Pten/p53 vs. Pten/p53), 

the Idh1 mutation consistently reduced proliferation (Figure 4.2C). A caspase3 

activity assay shows significantly increased apoptosis in Idh1 mutant cell cultures 

compared to the corresponding Idh1 wildtype counterpart (Figure 4.2D). The 

formation of colonies, a measure of cell survival, was reduced in Idh/Pten/p53 

cultures compared to Pten/p53 controls.  

In conclusion, Idh1 mutation reduces cell proliferation and increased apoptosis 

compared with their wildtype counterparts in vitro.  
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Figure 4.2 The Idh1 R132H mutation inhibits cell proliferation and promotes apoptosis in vitro.  
(A) X-gal staining of neurospheres formed from passage 8 cells. In Idh1 WT cells, all neurospheres 

show strong blue colour after staining, while negative or weakly stained neurospheres were observed 

in Idh1 R132H cultures. (B) The presence of the Idh1 R132H allele was greatly reduced at passage 8. 

The top panel illustrates the time line of adenovirus expressing Cre (Ad-Cre) treatment. In the lower 

panel, semi-quantitative PCR demonstrates the loss of Idh1 R132H cells at passage 8 (lane 1 and 2). 

However, when p53 was co-deleted, we did not observe any loss of Idh1 R132H allele (lane 3 and 4). 

A second infection of Idh1 R132H cultures with Ad-Cre restores the presence of the Idh1 R132H 

allele. Mutant band: 501 bp; WT band: 400 bp. M, marker (DNA ladder). (C) Idh1 mutation inhibits cell 

proliferation. Cells were seeded in a 96-well plate and scanned every 12 hours using Incucyte (Essen 
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Bioscience). (D) Idh1 mutation promotes apoptosis in a Casp3 activity assay. (E) Colony formation 

assay shows that the Idh1 mutation reduces cell survival. All data, mean ± s.d. 

4.2.3 The Idh1 R132H mutation alone is not sufficient to generate 
gliomas 

We then asked how Idh1 R132H would affect NSPC expansion in vivo. Three 

methods were used in this study to generate Idh1 R132H mutant NSPCs (Figure 
4.3A). First, Idh1LoxP(R132H) mice were crossed to mice in an inducible fashion using 

the tamoxifen- inducible oestrogen receptor ER(T), Cre expression under the control 

of a Nestin, GFAP, or Glast promoter, respectively; all in the ROSA26-LacloxP-Stop-loxP 

reporter background. This was done to assess the effects of IDH1 R132H on the 

proliferation of stem/progenitor cells in vivo, either constitutively or upon tamoxifen 

(TMX) injection at age 5-6 weeks. Tamoxifen-induced Cre activation leads to 

recombination in the SVZ stem cell population [344]. In the second method, we 

injected adenovirus expressing Cre into the subventricular zone of Idh1LoxP(R132H) 

mice. Third, we allografted Idh1R132H NSPCs into NOD-SCID mouse brains. We 

collected brain samples after 21-day incubation time periodically up until 430 days; 

even after the longest incubation time, we did not observe any neoplasia, and the 

mouse brains with Idh1 R132H mutant cells were indistinguishable from Idh1 WT 

littermate controls (Figure 4.3B). We further compared proliferation between Idh1 

WT and mutant cells in mouse SVZ. Mice expressing the Cre ERT2 under the 

control of Glast promoter received TMX treatment for 5 days, and brains were 

collected 5 weeks post treatment. We found that there were less recombined, beta-

galactosidase positive cells, identified by expressing the Idh1 R132H mutant protein 

and the reporter beta galactosidase in the SVZ compared to Idh-wildtype controls 

expressing beta-galactosidase only (Figure 4.3C). This prompted us to further 

investigate proliferative activity of recombined cells with Ki67 staining [345]. We 

found that most Ki67+ cells showed co-localization with b-gal in WT control mice 

(green arrow head, Figure 4.3C), while Idh1 mutant cells rarely co-localized with 

Ki67 (yellow arrow head, Figure 4.3C), indicating that mutant IDH1 R132H reduced 

cell proliferation. 
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Figure 4.3 Idh1 mutation alone is not sufficient to generate gliomas.  
(A) Three approaches to generate Idh1 R132H NSPC in vivo. TMX, 2 mg/mouse for 5 days; Ad-Cre, 

intraventricular injection of adenovirus expressing Cre; allograft, transplantation of NSPC with or 

without Idh1 R132H mutation into the striatum. (B) No neoplasia was generated from Idh1 R132H 

NSPCs after up to 430 days’ incubation. Each circle represents a sample. (C) Idh1 mutation reduced 

SVZ cell proliferation in vivo using Glast-Cre ERT2 system. Brains were collected after 5-week 

incubation. Upper panel, b-gal (red) indicates recombined cells; Ki67 (white) indicates proliferative 

cells. Bottom panel, quantification of staining. The number of b-gal positive (b-gal +) cells per field did 
not show significant difference between Idh1 mutant SVZs (n=5) and their WT counterparts (n=3). 

However, the percentage of proliferative b-gal positive cells (Ki67+; b-gal+) were significantly reduced 

in Idh1 mutant SVZs. Green arrow, Ki67+; b-gal+ cells. Yellow arrow, Ki67+; b-gal- cells. All data: 

mean ± s.e.m.  

4.2.4 Idh1 mutation delays gliomagenesis 

Next we sought to verify the growth-delaying effects of mutant Idh1 in the context of 

tumour formation. Previously, we have reported that the median survival of mice 
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carrying gliomas developed from co-deletion of Pten/p53 in SVZ NSPCs using 

adenovirus was approximately 225 days [119]. To accelerate tumour formation, we 

injected a retrovirus expressing PDGFB-IRES-Cre into neonatal mice [145,146]. This 

resulted in the formation of Idh-wildtype and Idh-mutant high grade astrocytic 

gliomas with features of glioblastoma (Figure 4.4A, Figure 7.3B, C). Consistent with 

human gliomas, mice carrying Idh1 R132H mutant tumours survived significantly 

longer compared with their WT counterparts (Figure 4.4B). Gender does not affect 

the survival time of mice with gliomas (Figure 7.4, Figure 7.5). Notably, PDGFB-Ires-

Cre retrovirus alone was sufficient to induce gliomas, with a latency time as early as 

85 days (Figure 4.4B, top panel). Idh1LxoP(R132H) mice received PDGFB-Ires-Cre 

retrovirus did not show any symptoms before we terminated the experiment at 150-

day incubation time; however, histological staining found neoplasia or tumours 

(Figure 7.3B), indicating that in the absence of any cooperating tumour suppressor 

genes the presence of mutant Idh1 delays tumour formation.  

In conclusion, we show here that the presence of the Idh1 mutation delays 

gliomagenesis in vivo. 
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Figure 4.4 Idh1 mutation delays glioma formation.  
(A) An example of PDGF-Ires-Cre retrovirus induced Idh1 WT or mutant gliomas. (B) Mice carrying 

Idh1 mutant gliomas showed a significantly longer survival time compared to their WT counterparts in 
each comparison. Median survival (days): top panel, WT vs Idh1R132H (~136 vs ~150, p = 0.027); 
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middle panel, p53 vs Idh1/p53 (30 vs 35, p < 0.0001); bottom panel, Pten/p53 vs Idh1/Pten/p53 (29 vs 

34, p < 0.0001). 

4.2.5 IDH-mutant GIC are sensitive to ER stress  

To understand how mutant Idh1 reduces cell growth and promotes apoptosis, we 

compared the gene expression profile between Idh1/Pten/p53 and Pten/p53 glioma 

initiating cells (GIC). Intriguingly, gene set enrichment analysis (GSEA) showed that 

genes involved in ‘ER response’ and ‘ER stress-induced apoptosis’ pathways were 

significantly enriched in Idh1/Pten/p53 cells compared to WT controls (Figure 4.5A, 
FDR<0.05), indicating a role of Idh1 mutation on regulation of cell response ER 

stress. Thus we induced ER stress in GIC by exposing to tunicamycin (Tun) or 

thapsigargin (Tg) [346]. We found that treatment with these drugs leads to more 

increase of cell death of Idh1/Pten/p53 GIC, compared to Pten/p53 controls in a 

Sulforhodamine B (SRB) assay and Casp3 activity assay (Figure 4.5B-D). AGI-

5198, a specific inhibitor of Idh1 R132H [341], could significantly blocked apoptosis 

of Idh1 mutant GIC during ER stress (Figure 4.5C, D). As Idh1 mutation leads to the 

increase of D2HG in cells, we treated Pten/p53 cells with D2HG in keeping. 

Consistently, D2HG treated Pten/p53 cells exhibited more apoptosis compared 

untreated counterparts during Tun- or Tg-induced ER stress (Figure 4.5C, D). 

Notably, treatment with AGI-5198 or D2HG alone, without tunicamycin, showed no 

effect on apoptosis (Figure 4.5C, D).  



122 IDH1 MUTATION SENSITIZES GLIOMA TO ENDOPLASMIC 

RETICULUM STRESS 

 

 

Figure 4.5 Idh1 mutant GIC were predisposed to apoptosis during ER stress. 
(A) Genes involved in ER stress response and ER stress induced apoptosis pathways were 

significantly enrichment in Idh1 mutant GIC (FDR < 0.05). (B) Idh1 mutation decreased cell survival 

during tunicamycin- or thapsigargin-induced ER stress. Tunicamycin (Tun), 0.5 µg/ml for 48h; 
thapsigargin (Tg), 0.2 µM for 24h. (C) Idh1 mutation increased apoptosis during Tun-induced ER 

stress, which was antagonised by Idh1 R132H inhibitor AGI-5198. Idh1/Pten/p53 GIC showed higher 

increase of apoptosis after Tun treatment (0.05 µg/ml for 16h) compared with Pten/p53 GIC (~4 folds 

vs 1.5 folds). Inhibiting Idh1 R132H enzyme activity with 10uM AGI-5198 blocked apoptosis during ER 

stress. In keeping, increase the D2HG level (10 mg/ml) in Pten/p53 cell cultures promoted apoptosis 

during ER stress. (D) Similar to Tun treatment, Idh1 mutant GIC showed more increase of apoptosis 

compared with WT counterparts during Tg treatment (0.2 µM for 8h). All data: mean ± s.d. *p<0.05; 

**p<0.01; ***p<0.001; ***p<0.0001, student’s t-test.  
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ER stress activates unfolded protein response (UPR) pathway, which includes three 

branches: (i) protein kinase RNA (PKR)-like ER kinase (PERK); (ii) the inositol-

requiring transmembrane kinase/endoribonuclease 1 (IRE1) pathway, and (iii) the 

transcription factor-6 (ATF6) pathway [347]. Without tunicamycin or tharpsigargin 

treatment, Idh1/Pten/p53 and Pten/p53 GIC expressed similar levels of Atf4, Atf6, 

Chop (also called Ddit3), Grp94 (Hsp90b1) and Grp78 (Hspa5 or Bip) (Figure 4.6A, 
B). Upon tunicamycin and tharpsigargin treatment, UPR genes were strongly 

upregulated in Idh1/Pten/p53 GIC compared to their wildtype counterparts (Figure 
4.6A, B). A direct indicator of IRE1 pathway activation is the splicing of mRNA 

encoding for X-Box-Binding Protein 1 (XBP1). Here, we quantified splicing of Xbp1 

during ER stress between Idh1/Pten/p53 and Pten/p53 cells, and found a significant 

increase of spliced Xbp1 transcripts in Idh1/Pten/p53 compared to Pten/p53 GIC 

during tunicamycin and Tharpsigargin treatment (Figure 4.6C, D). Overall, we 

provide evidence that the Idh1 mutation sensitizes GIC to ER stress. 
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Figure 4.6 Idh1 mutation sensitized GIC to ER stress. 
(A, B) The increase of expression of UPR representative genes (Atf4, Atf6, Chop, Grp94, and Grp78) 

were significantly higher in Idh1 mutant GIC compared to WT counterparts, during Tun- or Tg-induced 

ER stress, respectively. Tun, 0.5 µg/ml for 16h; Tg, 0.2 µM for 8h. (C, D) Idh1 mutation increased 
Xbp1 splicing during Tun or Tg treatment, respectively. Xbp1u, unspliced Xbp1; Xbp1s, spliced Xbp1. 

All data, mean ± s.d. *p<0.05, **p<0.01, ***p<0.001, student’s t-test. 
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4.2.6 Regulation of ER stress response by mutant IDH1 is mediated 
by miR-183 

We next sought to identify the mechanism by which mutant IDH1 sensitises GIC to 

ER stress. In recent years, the discovery of a functional connection between ER-

induced UPR (ERUPR) signalling and the expression of miRNAs has revealed 

mechanisms of regulation of protein homeostasis. The miRNA biogenesis machinery 

localises close to the ER and miRNA expression regulates, and is regulated by, the 

ERUPR [246]. To identify miRNA that could be associated with ERUPR in gliomas, we 

compared the miRNA expression profile of Idh1/Pten/p53 and Pten/p53 GIC, and 

found 31 significantly differentially expressed miRNAs (DE-miRNAs, Figure 4.7A, 

p<0.05). Validation of the top 14 DE-miRNAs was done by RT-qPCR, and miR-183-

5p was identified as most significantly differentially regulated (Figure 4.7B). MiR-183 

together with miR-182 and miR-96 forms a cluster, and they transcribe together 

[348]. In keeping, miR-182-5p was also significantly up-regulated in Idh1/Pten/p53 

GIC (Figure 4.7A, B). Although miR-96-5p did not show a significant differential 

expression in miRNA sequencing, RT-qPCR validation demonstrated significant up-

regulation of miR-96 in Idh1/Pten/p53 cells as well (Figure 4.7B). Thus, we 

demonstrate an overexpression of the miR-183 cluster in Idh1/Pten/p53 cells, which 

might mediate Idh1mutation-induced ER stress sensitization.  

To establish the role of miR-183 and the other two family member miR-182 and miR-

96, we knocked down or overexpressed miR-183, -182 and -96 in GIC of both 

genotypes. We found that Pten/p53 GIC transfected with miR-183 mimics but not 

miR-182 or miR-96 mimics showed a significant increase of growth compared to 

cells transfected with scramble control (Figure 4.7C, p<0.0001), whilst, 

Idh1/Pten/p53 GIC showed a significant increase of growth upon transfection with 

miR-183 and miR-182 antagomir instead of miR-96 antagomir (Figure 4.7D). We 

next tested their role in modulating tunicamycin mediated ER stress. Overexpression 

of miR-183 in Pten/p53 GIC significantly increased cell apoptosis during ER stress; 

in keeping, knock-down of miR-183 in Idh1/Pten/p53 GIC suppressed apoptosis 

during Tunicamycin treatment (Figure 4.7E, F). Instead, manipulation of miR-182 
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and miR-96 expression levels in GIC did not affect cell response to ER stress 

(Figure 4.7E, F). In conclusion, we show here that miR-183 up-regulation mediated 

Idh1 R132H-asociated ER stress sensitivity. 

 

Figure 4.7 miR-183 overexpression mediated Idh1 mutation-induced ER stress sensitization. 
(A) Clustering analysis of differentially expressed miRNAs between Idh1 WT and mutant GIC. Exact 

negative binominal test, p<0.05. (B) Validation of top 14 differentially expressed miRNAs using RT-
qPCR. Considering miR-183, -182, and -96 share the same promoter and transcribe together, we also 

measured the expression of the miR-96. (C) Overexpression of miR-183 instead of miR-96-182 

reduced Idh1 wildtype GIC proliferation significantly. Mim, mimic. (D) Knockdown expression of miR-

182 and miR-183 but not miR-96 promotes Idh1 mutant GIC proliferation. Ant, antagomir. (E) 
Overexpression of miR-183 instead of miR-96-182 predisposed Idh1 wildtype GIC to apoptosis during 

Tun-induced ER stress. (F) Knockdown of miR-183 instead of miR-96-182 reduced Idh1 mutant GIC 
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apoptosis during apoptosis. All data, mean ± s.d. *p < 0.05; **p<0.01; ***p<0.001; ****p<0.0001; 

student’s t-test. 

 

4.2.7 Idh1 mutation sensitizes glioma cells to ER stress in vivo 

Finally, we assessed glioma cell response to ER stress in vivo. Mice received 

tunicamycin or DMSO control treatment as described previously [293], and were 

sacrificed 24h post treatment. Cleaved Casp3 staining shows that a significantly 

higher apoptotic rate was seen in Idh1 mutant tumours compared with Idh1 WT 

counterparts (Figure 4.8A). Consistent with in vitro findings, Tunicamycin-induced 

ER stress significantly upregulated apoptosis in Idh1 mutant gliomas, but not in Idh1 

WT gliomas (Figure 4.8A). We further analysed UPR gene expression with fresh 

frozen glioma tissue. Tunicamycin treatment significantly increased the expression of 

Atf4, Atf6, Chop, Grp94, and Grp78 compared with DMSO control samples in both 

Idh1 WT and mutant gliomas (Figure 4.8B). Although the expression of Atf4, Atf6, 

Grp94 and Grp78 in tunicamycin-treated Idh1 mutant gliomas was not significantly 

upregulated compared to their WT counterparts, Chop expression was significantly 

higher in Idh1 mutant gliomas than that of Idh1 WT gliomas after tunicamycin 

treatment (Figure 4.8B). Overall, Idh1 mutation sensitizes glioma cells to ER stress 

in vivo. 

 

Figure 4.8 Idh1 mutation sensitized glioma cells to ER stress in vivo.  
(A) Cleaved Casp3 staining and quantification in Idh1 wildtype and mutant gliomas with or without 
tunicamycin treatment. (B) Quantification of UPR gene expression in Idh1 wildtype and mutant 



128 IDH1 MUTATION SENSITIZES GLIOMA TO ENDOPLASMIC 

RETICULUM STRESS 

 
gliomas with or without tunicamycin treatment. All data, mean ± s.d. *p < 0.05; **p<0.01; student’s t-

test. 

 

4.2.8 Overexpression of miR-183 delays glioma formation 

To examine the effect of miR-183 in vivo, we generated a retroviral construct 

expressing miR-183 in addition to PDGFB and Cre (in short PDGFB-Cre-

miR183mimic). We first validated the overexpression of miR-183 in vitro. 

Unrecombined PtenloxP/loxP;p53loxP/loxP cells were infected with PDGFB-Cre or 

PDGFB-Cre-miR183mimic retrovirus, and the recombination efficiency was tested with 

β-gal staining. We found that 1 µl of PDGFB-Cre or PDGFB-Cre-miR183mimic 

retrovirus was able to recombine 0.1 million cells in vitro (Figure 4.9A). The 

expression level of miR-183 was significantly upregulated in cells infected with 

PDGFB-Cre-miR183mimic retrovirus compared with that of PDGFB-Cre infected cells 

(Figure 4.9B). We next injected this PDGFB-Cre-miR183mimic retrovirus to 

PtenloxP/loxP;p53loxP/loxP mice. Consistent with in vitro data, overexpression of miR-183 

delays glioma formation (Figure 4.9C).  
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Figure 4.9 MiR-183 inhibits glioma development in vivo. 
(A) β-gal staining of Pten/p53 cells after retrovirus-induced recombination in vitro. 

PtenloxP/loxP;p53loxP/loxP neural stem/progenitor cells were seed on coverslips and infected with PDGFB-

Cre or PDGFB-Cre-miR-183mimic retrovirus. (B) RT-qPCR validation of miR-183 overexpression using 

PDGFB-Cre-miR-183mimic (mean ± s.d, student’s t-test, p<0.0001). (C) Kaplan-Meier estimation of 
mouse survival time. The genomic background of all these mice is PtenloxP/loxP;p53loxP/loxP. Mice with 

gliomas induced by PDGFB-Cre-miR183mimic retrovirus show significantly longer survival time 

compared with PDGFB-Cre controls (58.6 vs 29.6 days, log rank test, p=0.001). The survival time of 

PDGFB-Cre group is the same dataset with Pten/p53 group in Figure 4.4B. 
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4.3 Discussion 

The question of the tumour initiating effects, i.e., if IDH mutations are oncogenic 

[86,349] or elicit neoplastic transformation [84,343], have been a matter of lively 

debate [99]. Firstly, it is widely accepted that IDH mutation early event in the 

pathogenesis of astrocytomas and oligodendrogliomas. However, multiple attempts 

to recreate this presumed oncogenic role in experimental models has resulted in 

unconvincing or contradictory evidence, and many experimental studies concluded 

that mutant IDH alone is not sufficient to drive oncogenic transformation of 

stem/progenitor cells. Recently, Bardella et al reported that the Idh1 R132H 

mutation, expressed in the stem cell compartment resulted in hydrocephalus and 

early gliomagenesis patterns in mice [342]. However, we did not observe 

hydrocephalus or expansion of glial cells in our mouse model, in the contrary we 

noted a reduction of proliferating progenitor cells and increased apoptosis in the 

SVZ, and no formation of gliomas. (Figure 4.2, Figure 4.3). Additional deletion of 

p53 in Idh1 mutant NSPCs prevents apoptosis. This is in keeping with the mutations 

of human astrocytomas, where IDH and p53 mutations are frequently observed (In 

addition, human astrocytomas are also characterised by loss of ATRX expression). 

[14]. A possible explanation of these two divergent observations might be that we 

and Bardella et al used different mouse models. The Idh1 R132H mouse model used 

by Bardella et al is shown below (Figure 4.10). Unexpectedly, they found a leaky 

expression of Idh1 R132H also when no recombination had taken place [350], 

suggesting that developmental stage and cell type(s) of mutant Idh1 expression are 

uncertain in this model. It is unclear if this leaky expression contributes to 

hydrocephalus and glial cell expansion. In developmental study in mice, expression 

of Idh1 at around E10.5 leads to haemorrhage from E14.5 [90]. In human, inborn 

mutation of IDH2 leads to a rare disease called D-2-hydroxyglutaric aciduria (D-2-

HGA, http://omim.org/entry/613657). Patients with D-2-HGA are associated with 

brain damage such as seizure, rather than developing gliomas. These suggest 

accumulation of D2HG, the product of mutant Idh1/2 might be affected by 
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development stage. It would be very interesting to investigate if expression of Idh1 

R132 at different development stages, and how they may lead to different 

phenotypes. 

 

Figure 4.10 The strategy of generating Idh1 R132H knock-in mouse used by Bardella et al. 
This figure was adapted from [350]. 

 

The aim of this study was in particular to identify genes and regulatory pathways that 

are affected by mutant IDH1. Therefore, rather than attempting to generate a most 

realistic model for human astrocytomas (i.e. a mouse expressing mutant IDH, mutant 

ATRX, and mutant p53), we required an approach that can directly compare IDH-

mutant and Idh-wildtype gliomas of the same background. Such scenario is not 

possible, as Idh-wildtype glioblastomas and IDH-mutant glioblastomas have an 

entirely distinct histogenesis. Importantly, we required a model system that develops 

tumours relatively rapidly and with high rates of tumourigenesis. The previous model 

using Adeno-Cre driven recombination of tumour suppressors in the SVZ was 

realistic but fraught with long incubation times and low efficacy rates. To this end, we 

adapted a model that used retrovirus expressing PDGFB and Cre recombinase 

simultaneously. The PDGFB is a strong driver of stem cell expansion in the SVZ, 

and in combination with a Cre-mediated recombination of IDH (R132H), p53, and 

optionally also PTEN, this model developed tumours rapidly (within 30-50 days, 

depending on the combination of targeted genes) and with high efficiency rates, of 

up to 90%. 

This PDGFB-Ires-Cre retrovirus was used to induce Cre-mediated recombination in 

neonatal mice: (i) induction of recombination in newborns allows the tumour to 
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develop in an environment similar to the SVZ of young human adults, i.e. it presents 

during a “window of opportunity”, i.e crosscuts between a certain developmental 

stage of the cell of origin and of a combination of mutations; (ii) the combination of 

Idh1 R132H and p53 mutations is commonly found in astrocytomas; (iii) PDGFR 

signalling activation is frequently found in human gliomas, especially in IDH-mutant 

gliomas. The biological effects of Idh1 R132H on gliomagenesis were studied by 

comparing Idh1 mutant cells with their wildtype controls in vivo and in vitro, including 

Idh1 R132H with wildtype cells, Idh1/p53 with p53 cells and Idh1/Pten/p53 with 

Pten/p53 cells. Our data suggest that Idh1 R132H mutation delays gliomagenesis, 

which seems contradictory from a previous study [349]. In this previous study, Idh1 

mutation was introduced into gliomas with a PDGFA-Cre-Idh1R132H retrovirus. 

However, a limitation of this study is that majority tumour cells lose expression of 

Idh1 R132H at some point as the retrovirus was failed to insert to the mouse 

genome; while in our model, all tumours arising in an Idh1 mutant backgrounds 

expressed the Idh1 R132H protein. It is unknown the effect of loss of Idh1 mutation 

half-way on gliomagenesis in the previous study. 

One explanation of how Idh1 mutation delays gliomagenesis could be that Idh1 

mutation sensitizes glioma cells to endoplasmic reticulum (ER) stress. ER stress, a 

downstream effect of different stressors [351], could be triggered by various 

physiological and pathological insults such as hypoxia and low pH, which are 

frequently observed in tumours [352,353]. ER stress activates unfolded protein 

response (UPR) pathways that play an important role in cell survival in a stressful 

microenvironment. Sensitizing to ER stress leads to reduced cell proliferation and 

apoptosis [354]. In this study, we showed that Idh1 mutant glioma cells were 

sensitive to tunicamycin and thapsigargin, two ER stress inducers, in vivo and in vitro 

(Figure 4.5, Figure 4.6, Figure 4.8).  

MiRNAs, the short non-coding RNAs, are emerging as important regulators of ER 

stress-activated UPR pathway. Here we found that upregulation of miR-183 by Idh1 

mutation contributed to ER stress sensitivity (Figure 4.7). Current studies have 
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identified numerous downstream targets of miR-183, and these target genes are 

involved in multiple pathways including development, metabolism, cell survival and 

immunoresponse [348]. Increased expression of miR-183 sensitizes glioma to 

chemotherapy [355]. Furthermore, oxidative stress induced by H2O2 upregulates the 

expression of miR-183 [356]. A study reported that the expression level of 

suppressor/enhancer lin12-like gene (Sel1l), an ER membrane protein involved in 

ER-associated degradation, was negatively associated with miR-183 in mice 

[357,358]. However, in our glioma cells, Sel1l expression was not always negatively 

associated with miR-183 expression levels (Figure 7.6). This indicates that miR-183 

regulates UPR pathway via other targets.  

Overall, in this study, we used a novel Idh1 knock-in mouse which express Idh1 

R132H mutant protein upon Cre-mediated recombination. Our data suggest that Idh1 

R132H inhibits cell proliferation, promotes apoptosis and sensitize glioma cells to ER 

stress via upregulation of miR-183. MiR-183 may be a potential therapeutic targets 

for gliomas, and further understanding the interaction between miR-183 and ER 

stress could prove highly useful for development of therapeutic approaches.  

 



 

CHAPTER 5 GENERAL DISCUSSION 

5.1 Summary 

The key aims of this study was the identification of differentially regulated transcripts 

that could play a role in tumour growth, invasiveness, phenotype and survival. This 

was achieved by using mouse models in which we compared the transcriptomes, in 

particular microRNAs, to study targets that are involved in modulating tumorigenic 

effects, and to study pathways regulated by them. We identified two miRNAs, miR-

449a and miR-183, which are involved in the regulation of proliferation, survival, 

differentiation and stress response in gliomas. In the first part of this study, we 

identified a biomarker that has a potential diagnostic, and a definitely prognostic 

value. The target of miR-449a is a G protein receptor (GPR158), which is part of the 

large GPR family for which drugs have been developed. Thus, this protein could in 

the future serve as a druggable target. This study has recently been published in the 

journal oncogene [326].  

To summarise the key findings of this study: we started from two well-characterized 

mouse models, where codeletion of Pten/p53 results in gliomas and codeletion of 

Rb/p53 results in PNET. MiRNA expression analysis indicates that miR-449a is the 

most significant one among all the differentially miRNAs (Figure 3.2). Down-stream 

identified that Gpr158 and Ccnd1 are directly targeted by miR-449a in brain tumours 

(Figure 3.3). We then analysed the biological effects of miR-449a, and its targets 

Gpr158 and Ccnd1 in brain tumour initiating cells, and we found that the effect of 

miR-449a is target-dependent. In serum-free conditions, brain tumour initiating cells 

maintain their stem/progenitor property. Overexpression of miR-449a leads to down-

regulation of Ccnd1, leading to reduced cell proliferation and migration (Figure 3.5). 
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However, under differentiation-permissible conditions, miR-449a inhibited cell 

differentiation via suppressing Gpr158 (Figure 3.9, Figure 7.2, Figure 7.3). We 

further analysed the diagnostic and prognostic value of miR-449a and GPR158 in 

human gliomas. We found that the expression of miR-449a and GPR158 is 

significantly associated with glioma type and grade (Figure 3.13). Survival analysis 

indicates that patients with glioma expressing lower levels of miR-449a or higher 

levels of Gpr158 show longer survival compared with their counterparts (Figure 
3.15). Within different subtypes of GBM, the proneural subtype show better clinical 

outcomes compared with the rest three subtypes including mesenchymal, classical 

and neural subgroups [4,302]. We found that the expression level of GPR158 is 

significantly higher in proneural subtypes compared with the other three subtypes 

(Figure 3.14).  

The second part of this study uses the same methodological approach, by 

comparing two mouse models, this time to study the role of mutant IDH1. IDH 

mutations are inversely associated with glioma malignancy, but the underlining 

mechanism has not been fully understood is not yet fully understood. Mutant IDH1 is 

a classic example for a diagnostic and prognostic biomarker. Since its discovery 

2008, a substantial number of studies to characterise the role of mutant IDH1 in 

tumourigenesis. Overexpression of IDH1 R132H in U87 cells reduces cell 

proliferation and delays glioma formation [343]. While another study shows that Idh1 

R132H mutation promotes glioma development in mice by injecting a retrovirus 

expressing PDGFA, Cre and Idh1 R132H gene [349]. Notably, IDH mutations are 

heterozygous in human tumours, thus overexpression of IDH1 R132H might be 

unable to fully reflect the effect of IDH mutations during gliomagenesis. Therefore, in 

the second part of this study, we used an Idh1 knock-in mouse model that expresses 

mutant Idh1 under its endogenous promoter. Our results support that Idh1 R132H 

mutation inhibits cell proliferation and promotes apoptosis (Figure 4.2, Figure 4.3). 

Under oncogenic condition (loss of Pten and p53), the Idh1 mutation delays glioma 

development (Figure 4.4). To understand why Idh1 R132H mutation display such a 

tumour-inhibitory role, we compared the gene expression profile of Idh1 mutant and 
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wildtype GIC (Idh1/Pten/p53 vs Pten/p53). We show that genes involved in ER 

stress are enriched in Idh1 mutant GIC (Figure 4.5). ER stress inducer (tunicamycin 

and thapsigargin) treatment result in strong apoptosis in Idh1 mutant GIC but not 

Idh1 wildtype cells (Figure 4.5). In keeping, the ER stress-associated UPR pathway 

is more active in Idh1 mutant GIC compared with their wildtype counterparts in vitro 

and in vivo (Figure 4.6). We hypothesize that miRNA as one of the major gene 

expression regulation tools, might be involved in Idh1 mutation associated ER stress 

sensitization. Indeed, we identified that miR-183 cluster was upregulated in Idh1 

R132H GIC, and we also can show that overexpression of miR-183 in Idh1 wildtype 

GIC inhibits cell proliferation and sensitises cells to ER stress (Figure 4.7).  

In conclusion, these data (i) show a diagnostic and prognostic value of miR-

449a/GPR158 in gliomas; (ii) demonstrate that IDH mutations sensitize glioma to ER 

stress via upregulation of miR-183; (iii) provide further understanding of miR-449a 

and miR-183 pathways which may provide a key step for therapy development. 

5.2  Discussion 

5.2.1 Use of mouse models for biomarker identification 

Biomarkers [359] are biological characteristics that can be objectively measured as 

an indicator of normal or pathological processes. In the context of this study, the use 

of the term biomarker has been more limited to a naturally occurring molecule/gene 

that is characteristic in a pathological process. The mutant IDH1 is a typical example 

of a biomarker. It is diagnostic (for a range of brain tumours) and prognostic 

(indicating a relatively favourable diagnosis and therapy response of patients with 

tumours carrying this mutation). In our study we have used mouse models to 

establish potential biomarkers, using a comparative analysis which is not achievable 

by using human samples, simply because the human samples do not have 

comparators that would allow to identify differentially expressed genes. It is 

recognised that many, if not all mouse models have limited value to model human 
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diseases. For example, the presence of the IDH mutation is not sufficient to initiate 

tumourigenesis in mice. Yet, the mouse models have a significant value when used 

to tease out specific aspects of molecular dysfunction (for example, ER stress 

pathway sensitisation in IDH-mutant mice). The most commonly used mouse model 

systems, such as xenografts and genetically modified mice are explained in the 

introduction (paragraph 1.3.3). Xenografts of primary glioma cell lines are 

reproducible and represent the heterogeneity of human gliomas, while deriving and 

maintaining cell lines from IDH-mutant tumours is difficult [342], but xenografts lack 

the naturally occurring microenvironment and inflammasome, as they are placed in 

immunodeficient hosts to avoid tissue rejection. Transgenic mouse models give rise 

to intrinsic tumours, but can show intratumoural heterogeneity, which can be an 

advantage or disadvantage, depending on the readout of the mouse model. 

Therefore, a complementary use of different types of mouse models is often 

beneficial for the identification and validation of biomarkers. Once a putative 

biomarker has been identified in mice, it is essential to validate it in human samples, 

as for example in our validation of miR-449a/GPR158 a large cohort of well 

characterised human glioma samples.  

An ideal property of a biomarker, in particular in pathology, is (i) cost-effective, (ii) 

easy to implement into clinical test processes, (iii) reproducible and easy to read out, 

and (iv) low rates of false positive and false negatives. Such an example is the 

immunohistochemical detection of mutant IDH1 (R132H), which is inexpensive (£6 

per test) and time-saving (4h, in routine practice overnight, i.e. 12-16 hours). In 

particular for clinical pathology practice such a test superior to sequencing, which 

requires multiple additional steps [15]. In addition to these protein-based biomarkers, 

numerous miRNAs have been suggested to act as potential biomarkers because 

they are associated with variety tumour performance including proliferation, 

differentiation and drug resistance [160,162]. With the aim of identifying dysregulated 

pathways that could be intercepted for the potential therapies, or at least to identify 

mechanisms involved in the regulation of proliferation, invasion, apoptosis, we 

started from transgenic mouse models to identify microRNA’s. In our two models we 
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identified and characterised two microRNAs that were either associated with growth, 

proliferation and tumour differentiation or with a response to ER stress, and 

sensitisation to apoptosis. 

 

5.2.2 The target-dependent roles of miRNAs 

As described in the introduction (paragraph 1.4), miRNAs interact with targeted 

mRNAs, and thus reduce gene expression. A miRNA can bind to various mRNAs, 

and vice versa. The interaction of a miRNA and its targets is dynamic and is affected 

by multiple factors, such as the abundance of this miRNA and its targets, the 

secondary/tertiary structure of the targets, or other undetermined factors [360]. 

Therefore it is not surprising that many miRNAs show dual roles in cancers. Costa-

Pinheiro et.al reported that miR-375 is upregulated in prostate cancers (compared 

with normal prostate tissues), and associated with poor prognosis [361]. However, 

the phenotypic effect of miR-375 was cellular context-dependent. Overexpression of 

miR-375 in PC-3, a prostate cancer cell line with low endogenous level of miR-375, 

promoted apoptosis, while down-regulation of miR-375 in 22Rv1, a prostate cancer 

cell line with high endogenous level of miR-375, promoted apoptosis as well. Another 

example is miR-181a which could act as an oncogene or tumour suppressor in 

breast cancer [362]. In the context of our study (differential expression of miR-183 in 

IDH-mutant tumours), we suggest that such a discrepancy could be caused by a 

feedback loop between miR-183 and its targets. For example, p53 as a target of 

miR-183 could negatively regulate the expression of miR-183 [363]. In our study 

comparing a glioma and PNET model, we found that miR-449a shows a dual role in 

brain tumours. In serum-free environment, overexpression of miR-449a in GIC down-

regulates the expression of Ccnd1, resulting in reduced proliferation and migration. 

Upon differentiation of GIC, miR-449a inhibited differentiation by targeting Gpr158. 

This distinct effect of miR-449a might be mediated by the abundance of Ccnd1 and 

Gpr158 [364]. GICs cultured in serum-free medium are proliferative and the 

expression level of Ccnd1 is high (Figure 3.7). A possible explanation is high affinity 
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of miR-449a the promoter of to Ccnd1. During differentiation, the expression of 

Ccnd1 was very substantially reduced (Figure 3.7), whilst the expression of Gpr158 

was significantly upregulated. This could be explained by a better accessibility of the 

promoter binding site of Gpr158. Therefore, we suggest a target -dependent effect of 

miR-449a, resulting in a context specific function that is distinct in brain tumours, and 

differ from most other cancers. 

5.2.3 The tumour suppressor role of the IDH1 R132H mutation 

It remains controversial how IDH1 mutations can act as driver mutations in gliomas 

and other neoplasms. Some studies suggest that mutant IDH1 is an oncogene 

[86,342,349], while others propose that IDH1 R132H has a tumour suppressor 

function [84,185,343]. But all studies agree that mutant IDH1 converts α-KG into 

D2HG and leads to whole genomic hypermethylation. In our study, we used an 

inducible knock-in mouse model, which expresses mutant Idh1 R132H conditionally, 

i.e. upon Cre-mediated recombination. In Idh1 mutant cells, the cellular level of 

D2HG was significantly upregulated (Figure 4.1). Our functional studies show that 

Idh1 R132H inhibits cell proliferation and sensitizes glioma cells to ER stress, 

supporting the notion that mutant Idh1 displays a tumour suppressor role. It remains 

unclear why the Idh1 mutation has a dual role in gliomas. These discrepant functions 

may be attributed to the cellular context or the intracellular level of D2HG. IDH1 

mutations in human gliomas are heterozygous, and D2HG, the product of mutant 

IDH, might increase to a certain steady-state level. Instead, as a general limitation 

most current studies of gliomas transfect Idh-wildtype cells of various backgrounds 

with a vector expressing mutant IDH. This approach is almost certainly unsuitable to 

model the heterozygosity of the IDH mutation (and also that of the wildtype allele), 

even though these models report and upregulated intracellular concentration of 

D2HG. Such artificial systems may affect the homeostasis of the cells adversely, and 

may contribute to the diversity of data to date [84].  
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5.3 Experimental limitations and open questions 

General limitations: our approach uses mouse models with defined mutations. All 

mutations are also present in human tumours, but at this stage we were not able to 

model the exact combinations of mutations (for example IDH, ATRX, p53). 

Therefore, our models address only specific aspects of tumourigenesis. The 

advantage of this approach however is the selective and differential expression of 

mutant proteins that cannot be achieved by the study of human brain tumours, as no 

direct comparator exists for human brain tumours.  

Specific limitations: We show that Idh1 R132H down-regulates cell proliferation and 

sensitizes cells to ER stress via upregulation of miR-183. We asked if these findings 

could also apply to human glioma cells. We tried to establish human primary glioma 

cells with or without IDH mutations, and then investigate if IDH mutation could 

sensitize human glioma cells to ER stress. However we found that IDH-mutant 

human primary glioma cells grow extremely slowly or lose the IDH mutation in vitro, 

consistent with a previous study [342]. The mechanism why IDH-mutant human 

primary glioma cell lines are difficult to culture in vitro is not fully understood. A 

possible explanation could be that IDH mutant cells undergo senescence when 

cultured. However, this will need experimental proof.  

Open questions: In this study we carried out in vitro and in vivo studies to discover 

putative biomarkers and potential druggable targets. However, not all questions 

could be addressed. 1) why does miR-449a display a target-dependent role in 

gliomas? In our study, we confirmed the interaction between miR-449a and Ccnd1, 

and identified Gpr158 as a new target of miR-449a. MiR-449a targets Ccnd1 to 

supress GIC proliferation and migration, while it targets Gpr158 to inhibit cell 

differentiation. We hypothesise that this target shift might be associated with the 

abundance of Ccnd1 and Gpr158, but it needs to be validated. 2) Does expression of 

Idh1 R132H at different development stage lead to distinct outcomes? In this study 

we showed that the Idh1 mutation in neural stem cells (NSC) in young adult mouse 

inhibits cell proliferation. However, Bardella et al reported that the Idh1 mutation 
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promotes NSC proliferation and glial cell expansion in young adult mice [350], which 

is contradictory with our findings. Notably, the mouse model used by Bardella et al 

has a leaky expression of mutant Idh1, suggesting that cells start expressing mutant 

Idh1 might be earlier than expected. Thus investigating the association between Idh1 

mutation and development stage might improve our understanding about Idh1 

mutation and shed light on the development of IDH mutant gliomas. 

 

5.4 Perspectives 

In this study, we show a very interesting link between Idh1 R132H and ER stress, 

which is mediated by miR-183. However a number of areas would need further 

investigation. 

1) How does Idh1 R132H upregulate miR-183? We showed that miR-183 was 

upregulated in Idh1 mutant glioma initiating cells using miRNA microarray and RT-

qPCR. As reported previously, IDH mutation-induced D2HG accumulation leads to 

inhibition of α-KG dependent hydroxylase such as prolyl hydroxylase (PHD) (Figure 
1.4). Inhibition of PHD protects HIF1A from degradation, and consistently protein 

level of HIF1A is higher in IDH-mutant cells compared with wildtype counterparts 

[90,91]. In human prostate cancer, HIF1A binds to the hypoxia-response element 

(HRE) sites in the promoter of miR-183 cluster and positively regulates the 

transcription of miR-183 cluster (Figure 5.1A) [365]. We also identified two HRE 

sites in mouse miR-183 promoter (Figure 5.1B), indicating that miR-183 cluster 

might be a target of Hif1a in mouse. A follow-up experiment on whether Hif1a 

regulates the transcription of miR-183 cluster is being carried out. 
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Figure 5.1 Hif1a might bind to the promoter of mouse miR-183 cluster.  
(A) HIF1a as a transcriptional factor positively regulates the expression of miR-183 cluster in PC-3, a 

human prostate cancer cell line. MiR-183 cluster is located in the chromosome 7q32.2. HIF1A binds 

to the hypoxia-responsive element (HRE) 1 and 2, which resident in the upstream -2447 and -2081 of 

miR-183, respectively. This image was adapted from [365]. (B) Two potential HRE sites are identified 
in the promoter of mouse miR-183 cluster. This suggests that the transcription of miR-183 cluster 

could be regulated by Hif1a in mice. 

2) The effect of miR-183 on ER stress response in vivo. As mentioned above 

(paragraph 4.2.8), overexpression of miR-183 significantly delays glioma formation. 

The next step is to examine if miR-183 could sensitise glioma cells to ER stress in 

vivo. 

3) The down-stream target of miR-183. As shown here, miR-183 regulates cell 

response to ER stress. However, the mechanism has to be examined further. 

Considering that miRNAs are gene expression regulatory tools, we hypothesize that 

there is at least a target of miR-183 that is involved in ER stress response. We 

compared the down-regulated genes (retrieved from RNA sequencing data) with 

targets of miR-183 predicted by TargetScan 7.1 (http://www.targetscan.org/vert_71/), 

and found a promising gene Semaphorin 3E (Sema3E). Sema3E is an axon 

guidance molecule, and loss of Sema3E leads to apoptosis in breast cancers [366]. 
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We carried out some preliminary experiments and found that the expression of 

Sema3E was negatively regulated by miR-183 (Figure 5.2A). Luciferase assay 

further confirmed the direct binding of miR-183 with Sema3E (Figure 5.2B, C). 

Moreover, down-regulation of Sema3E in Pten/p53 GIC inhibited cell proliferation 

and promoted apoptosis during ER stress (Figure 5.2D-F). In the near future, we will 

i) further validation of Sema3E on ER stress response in vitro and in vivo, ii) 

quantification of the expression of miR-183 and SEMA3E in human gliomas and 

analyse the association of miR-183/SEMA3E expression with clinical outcome of 

glioma patients. 

 

Figure 5.2 Sema3E is a direct target of miR-183.  
(A) The expression of miR-183 and Sema3E is inversely correlated. Idh1 mutant GIC (Idh1/Pten/p53) 

expresses higher level of miR-183 and lower level of Sema3E, compared to the wildtype counterpart 
(Pten/p53). Overexpression of miR-183 in Pten/p53 GIC down-regulates Sema3E and vice versa. (B) 
Predicted miR-183 binding site in the 3’UTR of Sema3E using TargetScan. The seed region of miR-

183/Sema3E interaction sites is heighted with green. The seed region is mutated thus resulting in no 
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interaction between miR-183 and Sema3E. This mutant seed region is highlighted with red and 

asterisk. (C) Luciferase assay confirms that miR-183 directly targets Sema3E in the region as 

predicted in TargetScan. MiR-183 significantly reduced the luciferase signal intensity in cells 

transfected with Sema3E wildtype 3’UTR, but not in the mutant counterparts. (D) Western blot shows 

that Sema3E is knocked down with two shRNAs. (E) Down-regulation of Sema3E in Pten/p53 GIC 
inhibits cell proliferation. (F) Down-regulation of Sema3E in Pten/p53 GIC increases apoptosis during 

ER stress. All data, mean ± s.d. student t-test, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 
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CHAPTER 7 APPENDICES 

Appendix 1 Supplementary figures 

 

 

Figure 7.1 Forskolin (FSK) and retinoic acid (RA) induced neuronal differentiation. 
DCX is a neuronal marker. Overexpression of miR-449a (B) or down-regulation of Gpr158 (D) inhibits 

FSK/RA induced neuronal differentiation, compared to the scramble control (A). (C) A DCX positive 

cell without miR-449a mimics is outlined in (B) and magnified. In keeping, down-regulation of miR-
449a (G) or overexpression of Gpr158 (I) promotes neuronal differentiation compared with the vehicle 

control (F). (H) A DCX positive cell with miR-449a antagomir is outlined in (G) and magnified. The 

quantification is shown in (E) and (F), respectively. All data, mean ± s.d. *p<0.05, **p<0.01, 

***p<0.001, student’s t-test. 
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Figure 7.2 Leukemia inhibitory factor (LIF) and BMP2 induced astrocytic differentiation.  
Overexpression of miR-449a (B) or down-regulation of Gpr158 (C) inhibits LIF/BMP2 induced 

astrocytic differentiation, compared to the scramble control (A). In keeping, down-regulation of miR-

449a (F) or overexpression of Gpr158 (G) promotes astrocytic differentiation compared with the 

vehicle control (E). The quantification is shown in (D) and (H), respectively. All data, mean ± s.d. 

*p<0.05, **p<0.01, student’s t-test. 
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Figure 7.3 Representative images of gliomas generated by adenovirus-Cre or PDGFB-Ires-Cre 
retrovirus. 
(A) Representative experimental gliomas induced by adenovirus-Cre. Scale bar, overview 1 mm, 

H&E, 5 µm and the rest, 10 µm. (B) Neoplasms induced by PDGFB-Ires-Cre retrovirus with or without 

Idh1 R32H mutation. Scale bar, overview 1 mm and the rest 50 µm. (C) Mice with a p53loxP or Idh1loxP 

/p53loxP background develop gliomas after receiving PDGFB-Ires-Cre retrovirus. Scale bar, overview, 

1 mm, and the rest, 50 µm. 
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Figure 7.4 Survival time of mice with PDGFB-Ires-Cre-induced gliomas is independent of sex. 
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Figure 7.5 Mice with Idh1 mutant gliomas are associated with longer survival, and there is no 
significant difference between female and male mice.  
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Figure 7.6 Quantification of Sel1l expression using RT-qPCR. 
Sel1l tends to be down-regulated in Idh1/Pten/p53 GIC compared with Pten/p53 GIC (p=0.061). 

Unexpectedly, overexpression of miR-183 upregulated Sel1l. Sel1l expression levels were not 

affected when miR-183 was down-regulated. 

 

Appendix 2 Supplementary tables 

Table 7.1 Ear Lysis Buffer. 

Components Company Catalogue number  Volume (mL) 

10x GB buffer* - - 2.4  

25% Triton X-100 Fisher T/3751/08 0.48  

β-mercaptoethnol Sigma M3148 0.24 

H2O - - 20.88 

Total   24 

Note, add 1 µl of 19.7 mg/mL of Proteinase K (Roche, 03155844) to 499 µl ear lysis buffer before use.  
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Table 7.2 GB buffer (10x). 

Components Stock concentration Volume (mL) 

Tris (pH8.8) 1.5 M 4.47 

(NH4)2SO4 1.0 M 1.66 

MgCL2 1.0 M 0.67 

H2O - 3.2 

Total  10.00 

 

Table 7.3 Gene ontology analysis of DEmiRs*. 

 

*Gene ontology analysis was performed on DAVID (https://david.ncifcrf.gov/). Values here represent 
FDR. Full table can be found in the related publication [326]. 
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Table 7.4 Targets of miR-449a predicted by TargetScan. 

SATB2 SH2B3 PARP8 SNX30 CACNA1E SLC44A2 ESRRA ZDHHC23 

NOTCH1 ARHGAP1 GJB4 CCND1 EEF2K ADIPOR2 HECW2 SCN2B 

GEMC1 POU2F1 CDK6 ENG FOXP1 KIAA1217 VCPIP1 TMEM167B 

DDX17 LHFPL4 FGFR1 COPS7B TBCK FAM167A PEF1 FUT8 

SYT1 KIAA0284 ADD2 SLC6A17 CASP2 DNAJC16 OXSR1 HTR2C 

RRAS LETMD1 UCK2 MCFD2 ZDHHC17 SRPR CDC25A MAP1A 

TMEM22 RTN4RL1 GPR85 ACTR1A GNAO1 GPR158 RELN MYCN 

MET GALNT7 RPS6KA4 ST8SIA3 EML5 TFDP2 TCF12 NOTCH2 

CCNE2 CBFA2T3 AFF4 MLL2 VWA5B2 PEA15 SHISA7 YTHDC1 

E2F5 TFRC NAMPT SLC12A2 KITLG ITSN1 SLC31A2 TAF4B 

PPP2R3A BNC2 IGFBP3 SOCS4 ACCN1 CALCR C1orf21  
OSGIN2 ZNF282 PLOD1 NSMCE4A MLLT3 ADAM22 FAM70A  
SHKBP1 JAKMIP1 SDK2 PALM2 CLOCK ACBD3 NETO1  
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Appendix 3 Related publication  

Please find in from Oncogene using the link below. 

https://www.nature.com/articles/s41388-018-0277-1   
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Appendix 4 Related manuscript in preparation (first 
page) 

 


