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Glioblastoma multiforme (GBM) is the most common and lethal form of primary brain tumor
that mainly affects adults. GBM displays remarkable intra- and inter-tumoral heterogeneity and
contains a subpopulation of cells named glioma stem cells that is believed to be responsible for
tumor maintenance, progression and recurrence.

We have established and characterized a biobank of 48 cell lines derived from GBM patients.
The cells were explanted and maintained as adherent cultures in serum-free, defined neural
stem cell medium. These GBM cells (GCs) displayed NSC marker expression in vitro, had
orthotopic tumor initiating capability in vivo, harboured genomic alterations characteristic of
GBM and represented all four TCGA molecular subtypes. Our newly established biobank is
also connected with a database (www.hgcc.se) that provides all molecular and clinical data.
This resource provides a valuable platform of valid in vitro and in vivo models for basic GBM
research and drug discovery.

By using RCAS/tv-a mouse models for glioma, we found that GBMs originating from a
putative NSC origin caused more tumorigenic GCs that had higher self-renewal abilities than
those originating from putative glial precursor cell origin. By transcriptome analysis a mouse
cell origin (MCO) gene signature was generated to cluster human GCs and GBM tissue samples
and a functional relationship between the differentiation state of the initially transformed cell
and the phenotype of GCs was discovered, which provides the basis for a new predictive MCO-
based patient classification.

LGR5 was found to be highly expressed in the most malignant mouse GC lines of putative
NSC origin and also enriched in proneural GBMs characterized by PDGFRA alterations and
OLIG2 up-regulation. By overexpressing or depleting LGR5 we discovered that high LGR5
expression in proneural GC lines increased the tumorigenicity, self-renewal and invasive
capacities of the cells and could potentiate WNT signalling through its ligand RSPO1. Through
transcriptome analysis we identified the candidate genes CCND2, PDGFRA, OLIG2, DKK1 that
were found to be regulated by LGR5.

In the last study, we found that mouse OPCs could initiate both astrocytic and oligdendroglial
gliomas, which indicated that oncogenic signalling is dominant to cell of origin in affecting the
histology of gliomas.
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Abbreviations 

ALV avian leucosis virus  
APC adenomatous polyposis coli  
APCs       astrocytic precursor cells  
ARF p14/p19 Arf   
BMP4 bone morphogenetic protein 4  
BTSC brain tumor stem cell   
CDKN2 cyclin-dependent kinase inhibitor 2A  
CNAs copy-number aberrations  
CNP 2’, 3’-cyclic nucleotide 3’-phosphodiesterase  
CNS central nervous system   
COO cell of origin  
CRC colorectal cancer   
CSC cancer stem cell   
eGFP enhanced green fluorescent protein  
EGF epidermal growth factor   
EGFR epidermal growth factor receptor  
eNOS endothelial nitric oxide synthase  
FGF fibroblast growth factor    
G-CIMP glioma-CpG island methylator phenotype 
GBM glioblastoma multiforme   
GC GBM cells  
GEF guanine exchange factor   
GFAP glial fibrillary acidic protein  
GPR G-protein coupled receptor  
GSC glioma stem cell   
HGCC Human Glioblastoma Cell Culture  
HMG high mobility group   
IDH1 isocitrate dehydrogenase 1 
INK inhibitor of CDK4   
LGR5 leucine-rich repeat-containing G-protein coupled receptor 5  
LOH loss of heterozygosity   



 

LRP low density-lipoprotein receptor related protein  
MAPK mitogen-activated protein kinase  
MADM mosaic analysis with double markers  
MCO mouse cell origin  
MDM2 murine double minute 2   
Mes mesenchymal  
MLL5 mixed lineage leukemia 5  
MMLV moloney murine leukemia virus  
NF1 neurofibromin 1  
NO nitric oxide  
NSCs neural stem cells  
O2A oligodendrocyte/ type-2 astrocyte 
Olig2 oligodendrocyte transcription factor 
OPCs oligodendrocyte progenitor/precursor cells  
PDGF platelet-derived growth factor  
PDGFR platelet-derived growth factor receptor  
PDGFRA platelet-derived growth factor receptor alpha 
PI3K phosphoinositide 3-kinase  
PIP2 phosphatidylinositol-4, 5-biosphosphate  
PN proneural   
Prolif proliferative   
PTEN phosphatase and tensin homolog  
PVN perivascular niche   
RB retinoblastoma 1   
RCAS replication competent ALV splice acceptor  
RSPO R-Spondin proteins  
RTK receptor tyrosine kinase   
SVZ subventricular zone   
TCGA The Cancer Genome Atlas Research Work  
TMA tissue microarray   
TP53 tumor suppressor protein 53  
tv-a receptor for subgroup A avian sarcoma and leukosis virus 
VEGF vascular endothelial growth factor 
WHO World Health Organization  
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Classification of glioma  

Malignant gliomas are the most common and aggressive primary intracranial 
brain tumor mainly affecting adults. The most frequent and malignant glio-
ma is called glioblastoma multiforme (GBM). Approximately 5% of the 
GBM patients will survive five years after diagnosis despite implementation 
of intensive therapeutic strategies and medical care1. The incidence of GBM 
is much higher in older people with the highest in 75 to 84 years old pa-
tients1. Due to its features of diffuse infiltration, resistance to ra-
dio/chemotherapy, and remarkable intra- and inter-tumoral heterogeneity, 
the prognosis is very poor and currently there is no cure for GBM patients2. 

Histological classification 

Gliomas are categorized morphologically as ependymomas, astrocytomas 
and oligodendrogliomas. Tumors are further histologically classified into 
four (I-IV) grades according to the World Health Organization (WHO) ma-
lignancy scale3. Grade I tumors are biological benign with a low prolifera-
tion index, and can often be cured by surgical resection alone. These gliomas 
usually occur in children or young adults. Grade II tumors begin to infiltrate 
into surrounding brain tissues, but with a relatively low proliferation poten-
tial. Several grade II tumors tend to transform to higher grades of malignan-
cy. For instance, diffuse astrocytomas with a low-grade can progress to high-
grade anaplastic astrocytomas and GBMs. 

Grade III tumors exhibit nuclear atypia, increased anaplasia and mitotic 
activity. In most cases, patients with grade III tumors are treated by ra-
dio/chemotherapy. Grade IV tumors are the most malignant and most fre-
quent and account for 45.6% of all gliomas1. These tumors are also termed 
GBM and often display pseudopalisading necrosis and extensive vascular 
proliferation, considered to be hallmarks of GBM. Approximately 74,000 
GBMs are diagnosed worldwide per year4. The median survival for GBM 
patients ranges from 12 to 15 months despite intensive treatment5. GBMs are 
further subdivided into primary and secondary GBM subtypes. Primary 
GBMs account for approximately 90% of all GBMs, and usually occur in 
older patients, while secondary GBMs typically occur in younger patients (< 
45 years). Primary GBMs are diagnosed de novo while secondary GBMs are 
derived from a prior diagnosis of a lower grade glioma. Primary and second-
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ary GBMs have indistinguishable histopathological, but their genomes and 
transcriptomes are remarkably different. 

 
Figure 1. Histological classification of astrocytic tumors based on WHO malignancy 
scale. Modified from1,3,5-7. 

Transcriptome-based molecular classification  
Human malignant gliomas exhibit a great level of inter- and intra-tumoral 
molecular heterogeneity that is histopathologically indistinguishable. Based 
on large-scale analysis of genomes, transcriptomes, and proteomes of tumor 
samples, the first molecular classification of high-grade gliomas (HGGs = 
grade III-IV gliomas) displayed three molecular subtypes: proneural (PN), 
proliferative (Prolif), and mesenchymal (Mes)8. These subtypes displayed a 
association with histological tumor grade. PN included almost all the WHO 
grade III tumors and a part of grade IV tumors. In contrast, Prolif and Mes 
are exclusively grade IV tumor with necrosis. Patients classified into PN 
were around 40 years old with relatively longer survival. However, patients 
from Prolif and Mes were about 50 years old with shorter survival. Loss of 
PTEN and EGFR amplification could be found in both Prolif and Mes sub-
types, but not in PN. 
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Subsequently, The Cancer Genome Atlas research network (TCGA) pro-
vided a robust gene-expression based molecular classification of adult 
GBMs that is currently widely used. In this classification, GBMs are divided 
into four molecular subtypes: classical, mesenchymal, neural, and proneu-
ral9. The classical group harbours high-level EGFR amplification, homozy-
gous CDKN2A deletions, and a distinct lack of TP53 mutations. Chromo-
some 7 gain paired with chromosome 10 loss is also one main feature in 
classical samples. The mesenchymal subtype is characterized with predomi-
nantly hemizygous NF1 deletion and lower level of NF1 mRNA expression. 
This subtype also exhibited expression of mesenchymal markers 
(CHI3L1/YKL40 and MET) and astrocytic markers (CD44 and MERTK). The 
neural samples have no defining mutations and an expression of markers that 
is quite similar to normal brain. The proneural class harbours PDGFRA al-
terations or point mutation in IDH1, and frequent TP53 mutations. This 
group displayed high expression of oligodendrocytic lineage genes, such as 
PDGFRA and OLIG2.  Moreover, a subset of the proneural group was found 
display global hypermethylation, a feature termed glioma-CpG island meth-
ylator phenotype (G-CIMP), often overlapping with the IDH1 mutated sam-
ples, and these patients were younger at diagnosis and had improved surviv-
al10,11. 

Accumulating evidence also indicate the remarkable intratumor heteroge-
neity of GBM which can be an underlying cause for the treatment failure. 
Different samples from the same GBM patient can be classified as different 
TCGA subtypes12. Individual cells13 or single cell-derived clones14 from the 
same GBM patients can also be grouped as different subtypes by transcrip-
tome analysis.  

Table 1. Molecular classification of GBM based on large-scale analysis of genomes 
and transcriptomes by TCGA. 
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Epigenetic-based molecular classification 
Furthermore, an epigenetic-based GBM classification that also included 
pediatric GBMs has revealed six distinct DNA methylation clusters15. 
Hotspot H3F3A mutations affecting two amino acids (K27 and G34) have 
been identified almost exclusively in GBMs from children, that were mutual-
ly exclusive with IDH1 mutations. Based on correlation with mutations, 
gene expression profile and DNA copy-number aberrations (CNAs), six 
distinct DNA methylation clusters are identified, “IDH”, “K27”, “G34”, 
“RTK I (PDGFRA)”, “mesenchymal” and “RTK II (Classic)”. “IDH1” 
group contains a majority of IDH1 mutated tumors and exhibits concerted 
hypermethylation, which is clearly mapped to G-CIMP+ cluster10.  “proneu-
ral” signature is found in all the tumors from “IDH1” cluster9. “K27” group 
is also clearly enriched in “proneural” expression. Nevertheless, for ”G34” 
cluster, it displays widespread hypomethylation especially in nonpromoter 
regions.  

In all the three clusters of IDH1, K27 and G34, frequent TP53 mutations 
and lack of detected CNAs (amplification of EGFR, deletion of CDKN2A, 
chromosome 7 gain paired with chromosome 10 loss) were observed. In 
addition, “RTK I (PDGFRA)”, “mesenchymal” and “RTK II (classical) clus-
ters are respectively highly enriched for proneural, mesenchymal, and classi-
cal gene expression signatures described by TCGA9.  

It is known that dysregulation of H3.3 is through mutations in pediatric 
GBM. Adult GBMs also display the dysregulation of H3.3 but through epi-
genetic repression. It has been revealed that mixed lineage leukemia 5 
(MLL5) and H3.3 together play a role in maintaining cell self-renewal, a key 
character of cancer cell contributing to GBM recurrence16.  
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Core pathways in human GBM 

Multi-dimensional molecular analysis has identified three core pathways in 
human GBM pathogenesis, including RTK signalling, and the p53 and RB 
tumor suppressor pathways. TCGA has found 74% of 206 human GBM 
samples carried aberrations in all three pathways, suggesting that coopera-
tion among three pathways is a core requirement in controlling glioma cell 
proliferation, apoptosis, necrosis, angiogenesis and metastasis17.  

RTK signalling pathways 
Based on the latest study of GBM by TCGA, genetic aberrations have been 
found in up to 90% of the RTK/PI3K/RAS pathway11. 

Receptor tyrosine kinase (RTK) signalling pathways are critical targets 
for glioma initiation and progression. Several mechanisms are involved in 
activating the RTK pathways, such as receptor amplification, abnormal ac-
tivity through autocrine stimulation or receptor mutations causing constitu-
tive activity. In nomal cells RTKs are activated upon ligand binding (e.g. 
EGFs, FGFs, PDGFs or VEGFs) to their specific RTK that induces dimeri-
zation of RTKs and autophosphorylation of intracellular domains. The phos-
phorylated RTKs then activate corresponding downstream effector path-
ways, including Ras/MAPK, PI3-K, PLC-γ, and JAK-STAT, which can 
regulate cellular responses such as proliferation, survival and migration18. 
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Figure 2. Major signalling pathways in human GBM. Modified from19. Red prints 
indicate oncogenes, and green prints indicate tumor suppressor genes. 
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PDGFR signalling is an essential regulator of gliomagenesis. There are 
four PDGF ligands PDGF-A, -B, -C, -D, that form of homo- or heterodi-
mers, which may bind to the receptors PDGFR-αα, PDGFR-αβ or 
PDGF-ββ20. PDGF is secreted by type-1 astrocytes and promotes the divi-
sion and development of bipotential oligodendrocyte/ type-2 astrocyte 
(O2A) progenitor cells21-23. In the normal brain PDGFR signalling is consid-
ered to play a predominant role in oligodendrocyte development22. It has 
been found that PDGFR-α is downregulated in glial progenitors that differ-
entiate into oligodendrocytes, and PDGF-AA deficient mice have a great 
decrease in the number of glial progenitors and oligodendrocytes24. In the 
adult mouse brain, PDGFR-α is restricted to the ventricular and subventric-
ular zones (SVZ) of the lateral ventricles, which is deemed as the biggest 
niche of adult neurogenesis and the most likely source of gliomas25. PDGFR-
α+ cells have also been found scattered throughout the white matter and 
cerebral cortex of adult rodents26. An important role for PDGFR signalling in 
human GBM was implied for the first time several decades ago when co-
expression PDGF ligands and receptors were described in glioma cells27, that 
was shown to result in increased cell proliferation due to an autocrine loop28-

30. Unsupervised analysis of 251 GBMs, PDGFRA was found altered in 13% 
of all the samples.  

The majority of alterations in GBM involve EGFR signalling11,17. EGF 
mRNA expression could be detected in all regions examined including cere-
bellum, cerebral cortex, brain stem, olfactory bulb, hippocampus, basal hy-
pothalamus, striatum and thalamus during central nervous system (CNS) 
development in rat31. On embryonic day 14, EGF expression could be de-
tected and continued to be detected to the postnatal period in the whole 
brain31.  Cellular localization and finding of EGFR support the notion of the 
roles of EGF in CNS development. EGFR is also found to be expressed in 
various region of the CNS32. In primary GBM, EGFR is frequently activated. 
The most common EGFR VIII mutant is the deletion of extracellular domain 
(exon 2-7), which result in a constitutively active receptor33,34. According to 
the latest study by TCGA, up to 57% of the GBMs displayed EGFR altera-
tions, including mutation, rearrangement, altered splicing, and /or focal am-
plification11. 

Ras/MAPK and PI3-K are two major effector pathways activated by 
RTKs. Ras are part of the monomeric GTPase superfamily of proteins. Ras 
are located in the inner surface of the plasma membrane and transmit extra-
cellular signals to promote the activities of cells, such as cell growth, prolif-
eration and differentiation. Autophosphorylation of intracellular receptor 
domains allows guanine exchange factor (GEF) to attach to the receptor by 
the adaptor proteins SOS and Grb-2. GEF induces the exchange of GDP to 
GTP, which result in activation of Ras. Furthermore, Ras-GTP can be inacti-
vated by Ras-GAP proteins (e.g. NF1). NF1 is a tumor suppressor in glioma, 
inactivating mutations or homozygous deletions of NF1 can be found in 10% 
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of GBMs11.  The major downstream target of Ras-GTP is mitogen-activated 
protein kinase (MAPK), which is involved in the regulation of cell prolifera-
tion.  

The other important effector of RTK activation, PI3K (phosphinositide 3-
kinase), acts by phosphorylating PIP2 to PIP3 that in turn activates its down-
stream target Akt, which plays a vital role in cell survival and cell prolifera-
tion. Akt mutations are very rare but the high activity has been seen in most 
GBM samples17. However, tumor suppressor protein PTEN catalyses 
dephosphorylation of PIP3 to PIP2 and counteracts the PI3K activity. Muta-
tions or homozygous deletions of PTEN can be detected in 41% of GBMs11. 

p53 and RB pathways 
According to TCGA, at least one genetic alteration has been identified in 
85% and 79% of p53 and RB pathways respectively11, that is most GBMs 
have mutations of both these pathways. The essential components of the RB 
pathway are CDKN2A, CDK4/6 and RB and in the p53 pathway CDKN2A, 
MDM2/4 and p53. The CDKN2A locus is thus shared by both p53 and RB 
signalling and encodes two tumor suppressor proteins, p16INK4a and p14ARF. 
p16INK4a inhibits CDK4 and CDK6 that promote activation of RB. Activation 
of Rb proteins bind E2F family proteins, which in turn inhibit the cell cycle 
to move on to the S phase. The other tumor suppressor encoded by 
CDKN2A, p14ARF, can bind to and inactivate MDM2, an E3 ubiquitin ligase 
that cause degradation of p53. Furthermore, p53 can bind to promoters of 
many downstream genes that regulate cell cycle arrest, DNA repair and pro-
grammed cell death.  
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Mouse models of glioma 

Mouse models are the favorite animal models to study human cancers due to 
their genomic similarity and short generation period. Mouse models can be 
used to study complex tumor characteristics including malignancy, invasion, 
and metastasis, which cannot be modeled in cell culture systems. Moreover, 
mice are essential tools as preclinical models for identifying potential thera-
peutic targets for tumorigenesis. To date, there are four predominant strate-
gies employed that mimic human gliomagenesis: chemical mutagen-induced 
models, xeno- or allograft transplantation models, germline genetic modifi-
cation models and somatic cell genetic modification models35. 

Chemical mutagen-induced models 
DNA alkylating agents are commonly used to generate point mutations to 
induce glioma36-38. Although the histology of induced tumors show similarity 
to equivalent tumors in human, the initiating mutation responsible for tumor 
induction and the cell of origin are not known in this model. 

Xeno- or allograft transplantation models 
This strategy has been widely used in preclinical trials39,40 and to examine 
the tumor initiating capacity of brain tumor stem cells (BTSCs). Human or 
mouse glioma cell lines are injected subcutaneously or orthotopically into 
immunocompromised mice. These cells usually grow fast and tumor inci-
dence is high. These models have several good characteristics including 
defined and reproducible tumor formation and time to death41. However, 
genetic alterations and immunological interaction between tumor and host 
are not known in these models, which is not ideal for investigating early 
stages of tumor development but good tools for drug test and preclinical 
studies. 
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Germline modification models 
The formation of glioma is a multistep process that involve altered growth-
factor signalling and altered cell-cycle arrest. More genetically accurate ro-
dent model is developed by gain of function transgenic approaches and loss 
of function targeted deletion strategies. By applying the promoter that drives 
a construct’s expression, knock-in mice can express a gene of interest, or 
called oncogene in all the cells. On the contrary, transgenic mice can lose 
expression of tumor suppressor genes. By applying the Cre/Lox technology, 
inducible conditional knock-out or knock-in models can be made through 
recombining a pair of target DNA sequences (named lox sequence) by Cre 
recombinase42. This technology is widely used in germline modification 
models. However generation of germline modification models is a time-
consuming process. 

Somatic cell genetic modification models 
By injecting retroviral vectors, genes of interest are delivered into cells post-
natally. Unlike germline modification, somatic cell genetic modifications are 
not inheritable. To date, two common systems are available including 
MMLV (moloney murine leukemia virus) and ALV (avian leucosis virus) 
single–stranded RNA virus based approaches43. MMLV has the ability to 
infect any dividing cell types. Obviously, the cell of origin of gliomagenesis 
cannot be specified by using this system. However, ALV has a limited infec-
tion capacity restricted to avian cells because their expression of the tv-a 
receptor. Mammalian cells can be made susceptible to ALV infection 
through transgenic expression of tv-a. RCAS (replication competent ALV 
splice acceptor) is an ALV retrovirus that is used as vehicle to transfer genes 
of interest into transgenic mice that express tv-a, the avian cell surface recep-
tor for RCAS. Nowadays, the RCAS/tv-a system is widely used in transfer-
ring oncogenes into selected somatic cell types, which may allow for spatio-
temporal control of tumorgenesis. It is an excellent model for addressing the 
cell of origin of glioma43. Recently, an efficient and promising targeting 
method CRISPR/Cas9 has emerged to model gliomagenesis44. By applying 
this technology to delete multiple genes (Trp53, Pten, Nf1) in the mouse 
brain, GBM-like tumor will develop45.  
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RCAS/tv-a glioma model 
To obtain cell type-specific gene transfer by RCAS tv-a transgenic mice are 
needed. 

 
Figure 3. The RCAS/tv-a mouse model. Three different transgenic tv-a mouse lines 
N/tv-a46, G/tv-a47 and C/tv-a48 were used in our glioma studies. 

There are many tv-a transgenic mouse lines available46-52, but in our glio-
ma studies we have used three different tv-a transgenic mouse lines, Nes-
tin/tv-a, GFAP/tv-a and CNP/tv-a. The Nestin promoter is used to control the 
expression of tv-a in N/tv-a mice, which direct infection to CNS stem and 
progenitor cells47. In G/tv-a mice the glial fibrillary acidic protein (GFAP) 
promoter is used that direct infection to mature astrocytes and NSCs46, and 
in the C/tv-a mice recently established in our lab, the CNP (2',3'-cyclic nu-
cleotide 3'-phosphodiesterase) promoter is used to drive infection in late 
oligodendrocyte progenitor cells (OPCs) and mature oligodendrocytes48. All 
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tv-a mouse lines have been crossed with mice deficient for the tumor sup-
pressor genes of Cdkn2a locus, Ink4a, Arf or combined loss of both.  

With these mouse lines we and others have modeled many types and 
grades of gliomas. For instance, with RCAS-PDGF-B oligodendroglioma-
like tumors could be induced in all three tv-a lines48,53-55. Combined K-ras 
and Akt infection generated malignant gliomas in N/tv-a but not G/tv-a 
mice55. The additional loss of Ink4a or Arf in both N/tv-a and G/tv-a mice 
lead to higher tumor incidence and malignancy55,56. 
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Cellular origin of glioma  

The cell of origin in human GBM is unknown. Investigations from mouse 
models imply that many cell types of the CNS can be the origin. Develop-
ment of cells in CNS occurs in a hierarchical way, from NSCs to committed 
precursor cells that in turn differentiate into neurons, ependymal cells, astro-
cytes and oligodendrocytes. Based on results from animal models many of 
these cell types have the potential to serve as a cellular origin of glioma.  

Neural stem cells 
NSCs mainly reside in the SVZ and hippocampus. Human brain tumors are 
frequently located in this germinal region, SVZ57. By evaluation of MRI 
scans in 100 glioma patients, up to 93% cases the lesion connected to SVZ58.  
NSCs have self-renewal capacity, and can differentiate into neurons and 
macroglia (astrocytes and oligodendrocytes). Several surface markers are 
available to characterize both normal NSCs and GSCs, like Sox259, Nestin60, 
CD13361, GFAP57, and GFAP delta57,62. Nevertheless, none of them is uni-
versal stem cell marker. Combination of p53 loss and activation of Ras sig-
nalling via Nf1 inactivation is demonstrated to initiate malignant astrocytoma 
with 100% penetrance. Histopathology analysis of all these tumors reveals 
that all the early pre-symptomatic lesions reside within SVZ of lateral ven-
tricle, indicating that NSCs in SVZ region may serve as a cell-of-origin63. 
Inactivation of tumor suppresors p53, Nf1 and Pten in neural stem cells is 
certified to be necessary and sufficient to develop malignant astrocytoma64. 
Putatively NSC derived glioma stem cells are demonstrated to sustain GBM 
growth and recurrence after chemotherapy65.  

Glial precursor cells  
GFAP is expressed in both radial glia cells66 and NSCs of the SVZ67, which 
has been widely used as a promoter to control many different oncogenic 
mutations. Somatic delivery of PDGFB into GFAP+ cells results in oligoden-
drogliomas or oligo-astrocytomas in 40% mice by applying RCAS/tv-a 
mouse model, and loss of Ink4a-Arf shortens latency and increases malig-
nancy of glioma53. Inactivation of pRb, p107 and p130 in GFAP+ cells in-



 24 

duced high-grade astrocytoma, and the tumor development was accelerated 
by heterozygous deletion of PTEN but not P5368. Lentiviral transduction of 
shNF1-shp53 in GFAP+ cells can give rise to malignant glioma69. 

Oligodendrocyte precursor cells 
CNP is a highly specific marker in the CNS for late development of OPCs or 
in mature oligodendrocytes. It is applied as a promoter to control oncogenic 
mutations in C/tv-a mice that is developed in our lab48. RCAS-PDGFB trans-
fer to CNP+ cells can induce WHO grade II glioma with a penetrance of 
33%. Although infected cells are CNP+, the tumor cells start to express earli-
er OPCs markers, like SOX2, SOX10, OLIG2, NG2, and PDGFR, indicating 
a process of dedifferentiation occur in target OPCs. NG2+ oligodendrogli-
oma cells show sensitivity to chemotherapy and have limited self-renewal 
capacity, which indicate a progenitor origin for these cells70. Additionally, a 
new mouse model “MADM” (mosaic analysis with double markers) allows 
to trace entire tumorigenic process when initial mutation p53/Nf1 sporadical-
ly in NSCs. Interestingly, aberrant proliferation prior to tumor lesion can 
only be discovered in OPCs. Transcriptome analysis of these tumors also 
reveals obvious OPC feature71. Recently, two phenotypically and molecular-
ly distinct subtypes of GBM has been discovered, which arise from func-
tionally different CNS progenitors. This finding point to that the cell of 
origin plays an essential role in determining GBM subtype diversity72.  
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Sources of Heterogeneity within Cancer 

Intrinsic Genetic/Epigenetic Clonal Evolution 
The concept of genetic clonal evolution was presented in 1970. It suggests 
that a tumor is initiated from one mutated single cell that acquires a selective 
growth advantage over the adjacent cells. After a latency period, neoplastic 
proliferation eventually leads to genetic instability in the expansion of a tu-
mor cell population73. Also, a central role of epigenetic processes in cancer 
development have been frequently studied in the past decades74. Upon intrin-
sic genetic/epigenetic clonal evolution, heterogeneity arises within tumors in 
a stochastic manner and through a selection process. 

Extrinsic Environmental Effects 
Heterogeneity can also arise in response to extrinsic environmental factors. 
Cancer cells adjacent to the perivascular niche (PVN) show differences from 
the cells located further away from the PVN. One study shows that endothe-
lial nitric oxide synthase (eNOS) is significantly increased in tumor vascular 
endothelium that is adjacent to glioma cells. Only the perivascular glioma 
cells show expression of Nestin, Notch and the nitric oxide (NO) receptor, 
but not the cells further from blood vessels75. This indicates that only a popu-
lation of glioma cells adjacent to blood vessels can respond to NO signalling. 
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Figure 4. Sources of heterogeneity within cancer. Modified from76. 

Cancer Stem Cell Model 
The cancer stem cell (CSC) model suggests that tumors are mainly initiated 
by a rare fraction of self-renewing, multipotent cells with stem cell capabili-
ties77-79. There is now compelling evidence that various cancers, both leuke-
mias and solid tumors are organized in a hierarchical manner and sustained 
by the so-called CSCs (or tumor initiation cells) which can generate full 
repertoire of tumor cells80. 

Glioma Stem Cells 
GSCs are a subpopulation of cells suggested to be responsible for glioma 
maintenance, therapeutic resistance and recurrence. To date, three functional 
criteria are used to characterize GSCs: (1) They are tumorigenic after intra-
cranial orthotropic transplantation into NOD-SCID mice. (2) GSCs can give 
rise to both tumorigenic and non-tumorigenic cells, establishing a cellular 
hierarchy. (3) They have increased self-renewal capacity and multi-lineage 
differentiation potentials81.  

As GSCs can be a potential therapeutic target, there is a great interest in 
finding a reliable cell-surface marker to identify and isolate them. CD133 
(prominin-1) was the first marker used to isolate GSCs. These CD133+ cells 
held the capacity to proliferate and self-renewal in vitro and lacked expres-
sion of neural differentiation markers. As few as 100 CD133+ were proved to 
be sufficient for initiation of human brain tumors in NOD-SCID mice, while 
as much as 50,000 to 100,000 CD133- cells could not form tumors in the 
same mice. It suggested that CD133+ human brain tumor cell fraction con-
tain GSCs that exclusively induced tumor formation82. Furthermore, CD133+ 
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cells exhibit the ability to activate DNA damage checkpoint in response to 
radiation, which is deemed as the source of tumor recurrence after radia-
tion83. However, increasing controversy argues that CD133- cells also have 
the capability to initiate tumor in nude mice and give rise to CD133+ cells84. 
Approximately 40% of freshly isolated GBM biopsies do not contain 
CD133+ cells. It seems that the ability of self-renewing and proliferation in 
human brain tumor might not be restricted to an exclusive subset of CD133+ 

stem-like cells.  
Over the last decade, several additional markers have emerged to enrich 

GSCs, like CD4485, L1CAM86, A2B587,88, SSEA-181 and integrin alpha 689. 
Some GSCs markers are also embryonic stem cell marker for normal brain 
development, like Sox290-92, Nestin93,94, Nanog91 and Oct491,95,96. As GBM 
displays remarkable intra- and intertumoral heterogeneity, it seems unlikely 
to discover a universal marker for GSCs. Instead, trying to identify GSC 
markers coupled to subgroups of GBMs, such as the molecular subtype or as 
yet novel subgroups, will probably be a more successful strategy. 

Combined Model 
The above three sources of heterogeneity are not mutually exclusive and 
may apply to variable extents depending on the type of cancer. Cancer that 
depend on the CSC model could also follow genetic/epigenetic clone evolu-
tion and in response to extrinsic environmental effects. 

In addition, since many cell types in the mouse can develop glioma it is 
not unrealistic to hypothesize that so is the case also in human glioma. In 
line with such reasoning it may also be hypothesized that different cellular 
origin may contribute to the inter-tumoral heterogeneity found in GBM. 
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LGR5 

Leucine-rich repeat-containing G-protein coupled receptor 5 (LGR5) is also 
known as G-protein coupled receptor 49 (GPR49) or G-protein coupled re-
ceptor 67 (GPR67). It is a 7-transmembrane receptor that has gained promi-
nence as a stem cell marker in the intestine, stomach and hair follicle, how-
ever its expression can be found across a diverse range of tissues such as 
muscle, placenta, spinal cord and brain. 

LGR5 and Wnt signalling 
LGR5 is a member of wnt signalling pathway that controls stem cell self-
renewal and differentiation. Wnt receptor complex that activates canonical 
pathway contains two components: a member of the Frizzled family and a 
member of the low density-lipoprotein receptor related protein (LRP5 or 
LRP6). R-Spondin (RSPO) proteins belong to a family of secreted Wnt sig-
nalling agonists that binds LGR5 and form a complex with Frizzled and LRP 
to potentiate Wnt signalling97,98. The central player of the wnt pathway is 
beta-catenin, whose stability is controlled by the “destruction complex”. 
In absence of wnt receptor activation, Axin and the tumor suppressors ade-
nomatous polyposis coli (APC) proteins form a scaffold that facilitates new-
ly synthesized beta-catenin phosphorylation by two kinases, CK1α and 
GSK3β.  The phosphorylated beta-catenin is subsequently ubiquitinylated, 
and undergoes proteasomal degradation. In the absence of wnt signalling, the 
levels of beta-catenin will decrease which allows the DNA binding protein 
Tcf/Lef to repress target gene expression by associating with co-repressors. 
However, when wnt receptors are engaged, the destruction complex is inac-
tivated through relocation of Axin to the membrane. Beta-catenins can ac-
cumulate and enter into the nucleus, which transiently converts Tcf/Lef fac-
tors into transcription factors. LGR5 activation by R-spondins has been 
shown to enhance the WNT/beta-catenin signalling pathway leading to tran-
scription of Tcf/Lef target genes98.  

Wnt/beta-catenin signalling also plays a key role in the development of 
glioma99. Persistent activation of beta-catenin has been found in the most 
malignant form of glioma GBM100. In addition, Wnt2 and Wnt5a are also 
overexpressed in human glioma. Knockdown of Wnt2 by siRNA in 
U251MG could inhibit cell proliferation101 whereas overexpression of Wnt5a 
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increases glioma cell proliferation in vitro102. However, the molecular mech-
anisms behind Wnt-LGR5 signalling in GBM development are not well un-
derstood. 

Figure 5. LGR5 and wnt signalling pathway. LGR5 activation by R-spondins has 
been shown to enhance the WNT/beta-catenin signalling pathway. Modified from103. 

LGR5 in cancer  
LGR5 expression is not only enriched in healthy human intestinal stem cells 
but also in tumor-initiation cells in human colorectal cancer. LGR5+ intesti-
nal stem cells combined with loss of APC resulted in a progressively grow-
ing neoplasia104. LGR5 has further been validated as a bona-fide CSC mark-
er identifying a fraction of colorectal cancer (CRC) cells with clonogenic 
and tumorigenic capacities. In stomach cancer, LGR5+ pyloric stem cells 
combined with loss of APC also lead to initiation of adenoma growth in the 
pylorus105. LGR5+ pyloric stem cells are suggested as the cell of origin of 
wnt-driven stomach cancer. In hair follicles, hundreds of regeneration cycles 
occur in a lifetime. In the resting phase of this cycle, LGR5+ cells are 
demonstrated to reside exclusive in secondary germ of telogen hair follicles 
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and the lower bulge that is/are believed to be the major stem cell reservoir 
for hair follicles106. Further, LGR5+ hair follicle stem cells are identified as a 
potential cell of origin for basal cell carcinoma107. Similar with intestine and 
stomach, these LGR5+ stem cells are potential targets for oncogenic muta-
tions as a route to skin cancer. Recently, LGR5+ stem cells are shown to be 
radiosensitive and suggested to have the ability to overtime give rise to a 
radioresistant stem cell population in colorectal cancer108.   

LGR5 in GBM 
Regarding the role of LGR5 in gliomagenesis, this is poorly investigated 
with few reports so far. In 2013, Susumu et al. first demonstrated LGR5 as a 
marker of poor prognosis in GBM based on immunochemistry staining of a 
glioma tissue microarray (TMA) containing 283 different astrocytic tumors. 
LGR5 knockdown in one glioblastoma cell line leads to loss of sphere for-
mation and increased apoptosis109. LGR5 was then revealed to be preferen-
tially expressed in GBMs of the proneural subtype and could be regulated by 
the proneural factor OLIG2 through investigating two glioma cells lines with 
siRNA-mediated OLIG2 depletion110. LGR5 depletion in U87MG cells that 
cultured in serum containing medium, suspended sphere formation in vitro 
and tumor growth in vivo111.Recently, SOX9 is found to directly upregulate 
LGR5 mRNA expression by studying two glioblastoma cell lines112. And 
trichosanthin (a bioactive protein purified form tuberous root of a Chinese 
medical plant called Trichosanthes kirilowii) is discovered to induce apopto-
sis in U87 and U251 by targeting LGR5 and inhibiting the Wnt/beta-catenin 
signalling pathway113.  
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Present investigations 

Paper I.  
The Human Glioblastoma Cell Culture Resource: Validated Cell 
Models Representing All Molecular Subtypes 

Background  
Glioblastomas (GBMs) are highly heterogeneous and have recently have 
been classified into distinct molecular subtypes. For relevant in vitro and in 
vivo modeling of glioblastoma it is essential that the intra- and inter-tumor 
heterogeneity can be maintained. There is a general agreement that classical 
serum-derived cancer cell lines do not well represent the patients' tumors, 
and that defined serum-free stem cell culture conditions is an efficient meth-
od to enrich for glioma-initiating cells in culture. 

Aim 
To establish a large collection of relevant and well-characterized cell lines 
derived from GBM patients, maintained under serum-free stem cell culture 
conditions. 

Results and discussion 
In this study, 94 GBM surgical specimens were explanted in defined serum-
free media and 53 GC lines were established. The dissociated tumors cells 
were first cultured as spheres and after 5-7 days transferred to laminin-
coated dish for adherent monolayer culture. Successful establishment of a 
GC line from a patient’s tumor is positively correlated with a short patient 
survival. To evaluate the proliferative capacity of these GC lines, we meas-
ured the cell density on day 1, day 4 and day 7.  Patients whose tumors gen-
erated low proliferative cells exhibited better survival. However, a Cox mul-
tivariate analysis of several parameters (ability to propagated in culture, pro-
liferative capacity and age) revealed that only age was a significant predictor 
of survival.   

Global gene expression followed by TCGA subtype classification was 
applied on 48 of the GC lines. In a subset of tumor samples, we analysed the 
molecular subtype of both primary tumors and their corresponding GC lines 
employing Nanostring technology. Due to intratumor heterogeneity and 
clonal selection during culturing, 10 of 22 cases the primary tissues and their 
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corresponding GC lines were assigned to the same molecular subtype. As G-
CIMP+ and IDH1 mutant proneural GBM patients showed better survival11, 
we also analysed if there was IDH1 mutations in our GC lines by exsome 
sequencing. We did not find the most frequent mutated site codon R132 in 
IDH1 in any of the analysed GC lines, and in support with a previous report 
showed that G-CIMP+ and IDH1 mutant GCs survival poorly in vitro114. The 
above findings indicated that all our GCs are G-CIMP-. When transplanting a 
majority of the GC lines to NOD-SCID mice, proneural GC lines displayed 
the shortest survival compared to the other subtypes. This goes well in line 
with a reduced survival of G-CIMP- proneural patients11. 

To investigate the genomic similarity to TCGA GBM cohort, analysis of 
copy number aberration was performed on 48 GC lines. Chromosome 7 gain 
and chromosome 10 loss were presented in more than 70% of the GC lines 
which was very similar to that of the tumors in TCGA cohort.  

To summarize, we have established a large collection of human GBM 
cells and these cells lines are tumorigenic, harbour genomic alterations char-
acteristic of GBMs and represent all four TCGA molecular subtypes. This 
collection we refer to as the Human Glioblastoma Cell Culture (HGCC) 
resource, enable accurate cell-based modelling GBM and is connected with a 
database (www.hgcc.se) that provides high-resolution molecular data and 
clinical data. The HGCC resource provides an open-source repository for in 
vitro and in vivo modelling of GBM heterogeneity that will enable stratified 
studies of GBM mechanisms and facilitate the development of new thera-
pies. 

Paper II.  
Malignancy and drug sensitivity of glioblastoma cells are 
affected by the cell of origin 

Background 
GBMs harbours highly intra-and inter-tumor heterogeneity and can be divid-
ed into molecular subtypes but these have to date no clinical relevance. The 
cell of origin for GBM is undefined but assumed to be a glial stem or pro-
genitor cell. GBMs contain a subpopulation of cells called GSCs that has 
increased resistance to therapy and is believed to be responsible for tumor 
maintenance, progression and recurrence.  

Aim 
To investigate and cross-compare the consequences of the differentiation 
state of the cell of origin for GBM development and GBM cell properties in 
mouse and human cells. To identify a mouse cell origin (MCO) signature 
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and explore if that could be used to stratify GBM patients and find novel 
targets and pathways of importance for GBM development. 

Results and discussion 
In this paper, we used RCAS/tv-a mouse models of glioma to investigate 
how different states of differentiation of the initially transformed cell would 
affect GBM development. To induce glioma, three different tv-a expressing 
mouse strains (G/tv-a, N/tv-a and C/tv-a) were used to direct RCAS contain-
ing oncogene PDGF-B to infect GFAP, NES or CNP positive cells. All tv-a 
mouse lines were used in a homozygous Arf deficient background.  

To define the target cells in CNS, we initially injected DF-1 cells produc-
ing RCAS-eGFP in three tv-a lines at different locations in the brain. To 
target NSCs and OPCs, we injected adult G/tv-a;Arf-/- and C/tv-a;Arf-/- 
mice in the SVZ. To increase the likelihood to target other types of glial 
precursor cells, we also inject N/tv-a;Arf-/- mice in the retrosplenial cortex 
(CTX). By co-immunofluorescence staining for neural/glial markers and 
GFP, we found RCAS infected CNS cells in G/tv-a SVZ brains displayed a 
more immature phenotype (GFAP+/NES+/CNP-/OLIG2-/SOX2+), a puta-
tively NSC; in N/tv-a CTX brains displayed a glial precursor cell-like pheno-
type (GFAP+/NES+/CNP-/OLIG2+/SOX2+) and in C/tv-a SVZ brains the 
infected cells were similar to an OPC (GFAP-/NES-/CNP+/OLIG2+/ 
SOX2+). 

Regarding the mouse survival, G/tv-a SVZ and N/tv-a CTX tended to be 
more malignant than C/tv-a SVZ mice when DF-1 cells producing RCAS-
PDGF-B were injected. Further, G/tv-a SVZ and N/tv-a CTX gave rise to a 
glioma incidence of 100%, while tumors generated in C/tv-a SVZ mice had 
an incidence of 82.6%.   

Subsequently, we cultured GBM cells (GCs) in serum-free defined NSC 
medium. The GC lines were named mGC1GFAP, mGC2NES and mGC3CNP for 
mouse GCs originating from G/tv-a SVZ, N/tv-a CTX and C/tv-a SVZ. We 
found mGC1GFAP cells of putative NSC origin were more tumorigenic and 
had higher self-renewal abilities than mGC2NES or mGC3CNP cells, i.e. of 
putative glial precursor cell origin. GCs of more immature origin are also 
remarkably more resistant to proliferative arrest in response to serum-
induced differentiation and were more sensitive to drugs compared to a glial 
precursor cell origin.  

By transcriptome analysis we have generated a MCO gene signature that 
by cross-species bioinformatics could be used to stratify 64 human GCs and 
529 GBM tissue samples. Human GCs in the mGC1GFAP group (=hGC1) 
showed higher self-renewal and tumorigenic capacities while being more 
sensitive to drugs compared to those assigned to the mGC2NES group 
(=hGC2).  

Here we show a functional relationship between the differentiation state 
of the initially transformed cell and the phenotype of GBM cells generated 
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thereof that could be applied on human GBMs, which could have important 
implications for therapy development and provide the basis for a new predic-
tive MCO-based patient classification. 

Paper III.  
High LGR5 expression in proneural glioblastoma cells 
contributes to increased self-renewal and invasiveness  
Background 
Glioblastoma (GBM) maintenance, progression and recurrence are believed 
to be driven by GSCs that have unique/enhanced tumorigenic capacities and 
are more resistant to therapy. GSCs are characterized by increased self-
renewal capacity and have the ability to generate the full repertoire of tumor 
cells. LGR5 was discovered as a stem cell marker in several normal tissues 
and has been shown to both enhance and be induced by WNT signalling. 
Expression of LGR5 has also been found in various forms of cancer and has 
been validated as a cancer stem cell marker. In paper II, we identified LGR5 
to be significantly upregulated in GBM cells (GCs) derived from tumors 
induced in GFAP-promoter active cells in the SVZ of adult mice, i.e. of pu-
tative NSC origin. 

Aim  
To analyse the role of LGR5 in GBM and its mechanism of action in GCs.  

Results and discussion 
By microarray analysis and subsequent qPCR validation LGR5 was found to 
be highly expressed in the most malignant mouse GC lines of putative NSC 
origin. Investigating our HGCC database we found that the expression of 
LGR5 was also significantly higher in the proneural subtype of human 
GBM, which is characterized by PDGFRA amplification/overexpression. 
When exploring LGR5 expression in TCGA database, LGR5 was also found 
to be enriched in the proneural subtype and a significant correlation between 
LGR5 and PDGFRA mRNA expression was discovered in both all GBMs 
(n=206) and in proneural GBM tumors (n=56). However, this positive corre-
lation could not be detected when proneural samples were removed from the 
data set. To investigate the relation between LGR5 and PDGFRA, we made 
lentiviral vectors to be able to overexpress LGR5 in our GC lines. We found 
overexpression of LGR5 caused an upregulation of PDGFRA in LGR5high 
proneural GCs but not in LGR5low GCs by immunofluorescence staining. 
Co-expression of PDGFRA and LGR5 was observed in one of the LGR5high 
proneural GC lines. To study if PDGFRA expression would affect LGR5 
expression, we treated LGR5high proneural GC lines with siPDGFRA, and 
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found that depletion of PDGFRA caused a significant decrease of LGR5 
expression in two out of three GC lines. These findings suggest that LGR5 
may play an important role in proneural GCs/GBM and there may be a func-
tional connection between LGR5 and PDGFRA.  

By applying limiting dilution assay, we found LGR5high proneural GCs 
showed higher self-renewal capacity and generated larger spheres than 
LGR5high mesenchymal and LGR5low GCs. To investigate the functional 
consequence of high LGR5 expression in GCs, we made lentiviral constructs 
containing short hairpin-LGR5 (shLGR5) or a nonsense control shRNA 
(shNS). Depletion of LGR5 in LGR5high proneural GC lines had a hampering 
effect on self-renewal capacity.  

From our previous studies in mouse GCs we knew that self-renewal ca-
pacity is strongly correlated with tumorigenicity. By intracranially trans-
planting GC lines to NOD-SCID mice, we found LGR5high GC lines acceler-
ated tumor development compared to LGR5low GC lines. As LGR5high pro-
neural GCs had higher self-renewal ability than LGR5high mesenchymal GCs, 
we also transplanted these GCs into NOD-SCID mice and found that 
LGR5high proneural GCs were more tumorigenic than LGR5high mesenchymal 
GCs. 

To investigate if overexpression of LGR5 would affect the in vivo tumor-
igenic phenotype of GCs, we transplanted LGR5 overexpression GCs and 
corresponding controls into NOD-SCID mice.  Overexpression of LGR5 in 
LGR5high proneural GCs caused both larger and invasive tumors compared to 
their controls. However, we did not observe this effect in LGR5low GC lines. 
Continually, we investigated the role of LGR5 in migration and invasion in 
vitro. We found depletion of LGR5 in LGR5high proneural cells caused de-
creased migration by applying scratch assay and decreased invasion capacity 
by applying 3-D invasion assay in collagen gels. In lines with in vivo studies, 
overexpression of LGR5 in LGR5low GCs did not increase their invasion 
capacity in vitro.  

Several studies in CSCs have indicated a role of LGR5 in WNT signalling 
and RSPOs have been shown to bind LGR5 to potentiate WNT signalling.  
We found knock-down of LGR5 affected beta-catenin nuclear localization 
upon WNT3a treatment. RSPO1 was found to potentiate WNT signalling in 
a subset of GCs. Differential mRNA expression analyses of a large set of 
glioma relevant genes in relation to LGR5 high and low expression generat-
ed many candidates that may be further investigated in order to identify the 
underlying mechanism of LGR5 signalling. Three of the genes, CCND2, 
OLIG2 and DKK1, were further investigated and all were found to be regu-
lated by LGR5. Our findings point to an important role for LGR5 in sustain-
ing stemness, invasiveness and tumorigenicity in proneural GCs, which 
makes it a putative predictive biomarker and a potential target for future 
drug development. 
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Paper IV.  
Oncogenic signalling is dominant to cell of origin and dictates 
astrocytic or oligodendroglial tumor development from 
oligodendrocyte precursor cells 
Background 
The majority of gliomas of grades II-IV is composed of astrocytic and oli-
godendroglial tumors, which are the two most common types of glioma that 
mainly affect adult.  Astrocytic and oligodendroglial gliomas have been con-
sidered as separate disease groups with different diagnosis and putatively 
different origins. Oligodendrocyte precursor cells (OPCs) have been demon-
strated as the cell of origin for experimental oligodendroglial tumors. While, 
if OPCs could be the cell of origin for experimental astrocytic gliomas re-
mains largely unknown. 

Aim 
To investigate the potential and circumstance of OPCs to develop both astro-
cytic and oligodendroglial gliomas. 

Results and discussion 
In our lab, the Ctv-a mouse model was developed to study the role of OPCs 
in glioma development48. Thus it is the evidence that OPCs can be the cell 
origin for oligodendroglial-like tumor in mice. We wondered if OPCs also 
held the potential to develop astrocytomas. We then injected K-RAS+AKT 
into neonatal Ctv-a mice deficient for ink4a, Arf or ink4a-Arf. Both Ctv-a 
wild-type and ink4a-/- mice were not susceptible to K-RAS+AKT-induced 
glioma development. While Arf -/- and ink4a-Arf -/- mice could give rise to 
tumor development from OPCs with an incidence of 30% and 19% respec-
tively. Quite interestingly, K-RAS+AKT-induced glioma from OPCs dis-
played an astrocytoma-like histopathology.  

To investigate if Cdkn2a loss was responsible for the astrocytic histo-
pathology, we injected RCAS-PDGF-B into neonatal Ctv-a mice deficient 
for Arf or ink4a-Arf. Loss of Arf or ink4a-Arf also accelerated PDGF-B in-
duced glioma development and increased tumor incidence. However, the 
histopathology of these tumors was analogous to human oligodendroglioma, 
which was in concordance with PDGF-B induced glioma in Ctv-a wild-type 
mice. These findings indicate that OPCs can give rise to both astrocytic and 
oligodendroglial tumors, depending on the activated oncogenes and loss of 
Cdkn2a. 

Subsequently, we compared expression of various glial proteins in K-
RAS+AKT and PDGF-B-induced tumors. Nestin and GFAP displayed ho-
mogenous expression in all K-RAS+AKT induced gliomas, while GFAP 
only detected in reactive astrocytes in PDGF-B induced tumors. Further, 



 37 

several astrocytic markers like vimentin, CD44 and YKL40 were all dis-
played higher expression in K-RAS+AKT induced gliomas. OPC makers 
like PDGFRα and OLIG2 were shown to give a higher, more homogenous 
expression in PDGF-B induced tumors. 

By analyzing the transcriptome data from TCGA database, there was a 
clear overlap between human astrocytic and oligodendroglial tumors that 
supported our mouse data. Our findings indicate that oncogenic signalling is 
dominant to cell of origin (COO) in affecting the histologic classification of 
gliomas. This may have implications for future therapy development since 
we have data (in paper II) that shows that COO affects therapy response of 
GCs. 
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Future perspective 

Glioblastoma (GBM) is the most common and lethal form of primary brain 
tumor, which displays remarkable intra-and inter-tumor heterogeneity. These 
histologically inseparable adult GBMs can be classified into at least four 
different TCGA molecular subtype: proneural. neural, classical and mesen-
chymal 9.  

In paper I, we have described the establishment and characterization of a 
biobank of 48 cell lines derived from GBM patients using stem cell culture 
conditions and these GC lines represent all four subtypes.  As different sam-
ples or even individual cells from the same GBM patients can give different 
molecular subtypes12,13, similarly only 45% of GC lines showed identical 
transcriptome subtype as the tumor of origin. Besides the sample heterogene-
ity, the existence of non-neoplastic cells, like inflammatory cells, reactive 
astrocytes and vascular cells can also contribute to the subtype shift. It would 
be very valuable to develop a new cell culture method to also maintain non-
neoplastic cells. Additionally, most mesenchymal GC lines did not generate 
macroscopic tumors within 20 weeks, however diffusely spread human GCs 
could be detected in most of the mouse brain. It would be interesting to fur-
ther investigate these mesenchymal lines, whether they represent a pheno-
typically distinct subgroups and if those seemingly quiescent but clearly 
alive human GCs can initiate GBM in mice by giving enough time.   

In paper II, we have analyzed the GBM development and essential GC 
properties by comparing tumors induced by three putative originating cell 
types. We have found that a more immature, NSC-like origin significantly 
accelerated GBM development, increased the number of GCs in the primary 
tumor and enhanced their malignant properties compared to a glial precursor 
cell origin. By transcriptome analysis we generated 196 mouse cell origin 
(MCO) gene signature to stratify human GBM cells and then performed drug 
test on the stratified groups. Interesting, both mouse and human GCs with 
higher self-renewal and tumorigenic capacity also displayed a greater drug 
sensitivity. To develop more effective drug treatment, we need to further 
investigate the mechanism of interplay between stemness and drug sensitivi-
ty. To further explore the MCO gene signature is also a way to reveal more 
candidate genes or pathways to contribute to GBM therapy. Additionally, 
when related our mouse GBM models to TCGA subtypes, it is clearly 
showed that the three mouse models could not cover the whole human GBM 
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diversity, which encourage both us and others to add more relevant mouse 
models and oncogenes to investigate cell of origin.   

In paper III, we investigated the role of LGR5 in sustaining stemness and 
invasive properties in proneural GCs. We found that LGR5 is highly en-
riched in the proneural subtype and correlated with proneural markers, like 
PDGFRA and OLIG2. It would be interesting to further explore the role of 
LGR5 in PDGFRA and p53 signalling. LGR5 did not affect proliferation but 
both self-renewal and invasive capacity of proneural GCs, which suggests it 
could serve as a potential therapeutic GBM target. By relating the expression 
of 758 glioma-relevant genes to high versus low LGR5 expression, we found 
LPAR4, CCND2, PDGFRA and OLIG2 were most up-regulated expressed 
in LGR5high GCs and DKK1 was significantly down-regulated in LGR5low 
GCs. Next, we will investigate more on these downstream genes of LGR5 
and study their function connections with LGR5 and how they affect LGR5 
signalling. 

In paper IV, we showed that human astrocytic and oligodendroglial tu-
mors could have the same cell of origin and genetic alterations is dominant 
to cell of origin in determining glioma histopathology. Cell of origin can also 
affect the molecular subtype of GBMs, which is supported by us (Paper II) 
and others72.  We also found that OPCs of neonatal mice were easier to gen-
erate PDGF-B induced glioma compared to OPCs in adult mice. This sug-
gests that development age plays an essential role in glioma development. It 
would be interesting to further explore how a more immature origin influent 
glioma development in neonatal mice compared to adult mice. Gene expres-
sion profiles of neonatal and adult glioma will add values to further investi-
gate the development age in gliomagenesis. 

In all, high-grade glioma is a very complex, heterogeneous and lethal dis-
ease that currently has no cure.  It is imperative to stratify glioma patients 
into clinical relevant groups and identify effective drug targets for each sub-
group of patients. By establishing a biobank of glioma patients derived GCs 
to model GBM and investigating cell of origin, genetic alterations and role 
of a cancer stem cell marker LGR5 in gliomagenesis, hopefully these inves-
tigations will contribute to the new therapy development and benefit glioma 
patients. 
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