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Classification of glioma 

Malignant gliomas are the most common primary intracranial tumors which 
mostly affect adults. The worldwide incidence is approximately 7 out of 
100,000 individuals per year. Gliomas grow invasively into the cerebral 
hemispheres, which hinders them to be completely eradicated by surgery. 
Due to their infiltrative nature as well as some other lethal features, such as 
resistance to radio/chemotherapy and destruction of surrounding normal 
brain tissues, gliomas account for 7% of cancer related death each year be-
fore the age of 70 1. 

Histological classification 

The World Health Organization (WHO) malignancy scale ranging from I to 
IV is widely used to classify gliomas according to their histology 2. Grade I 
lesions are relative circumscribed and benign with a slow proliferation rate. 
They usually occur in children or young adults and remain stable in tumor 
grade, maintaining their differentiation state over decades. Grade II-IV tu-
mors occur in older adults, where the average age of diagnosis increases with 
grade. Grade II tumors start to diffusely infiltrate surrounding tissues but still 
have a slow growth rate and high degree of cellular differentiation. Accord-
ing to their histology, grade II tumors can be grouped into diffuse astrocy-
tomas, oligodendrogliomas and oligoastrocytomas. Grade III tumors, com-
prising anaplastic astrocytomas, anaplastic oligodendrogliomas and anaplas-
tic oligoastrocytomas, are characterized by existence of mitotic and atypical 
cells as well as higher cellular density. Both grade II and III tumors have 
strong inherent tendency to progress to glioblastoma (GBM). Grade IV tu-
mors or glioblastomas are the most frequent and most malignant forms of 
gliomas. In addition to the features of grade III tumors, a typical glioblas-
toma often displays either or both of the following features: extensive vascu-
lar formation and areas of necrosis. Glioblastomas can be further divided 
into two subgroups, primary and secondary glioblastoma. Primary glioblas-
tomas develop rapidly within 3 months without any clinical symptoms or 
existence of low-grade gliomas and accounts for over 90% of all glioblas-
tomas. Secondary glioblastomas have an incidence of less than 10% of the 
total cases and develop from less malignant lesions. Although primary and 
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secondary glioblastomas have similar histopathological characteristics and 
disease outcome, their genome profiles are significantly different (Table 1).  

Genetic and epigenetic alterations in gliomas 

Accumulation of genetic and epigenetic changes in normal cells, such as 
mutations in DNA sequence, copy number alterations, chromosomal rear-
rangements and aberrations of DNA methylation, enables the cells to evolve 
progressively to a neoplastic state. A genetic characteristic of grade II dif-
fuse astrocytomas is frequent TP53 mutations (59%) 2. The presence of LOH 
(loss of heterozygosity) on 22q (17%) and p14Arf   promoter methylation 
(30%) can also be observed. The genetic profiles of grade III anaplastic as-
trocytomas represent an intermediate stage between grade II and grade IV 
tumors as shown by the still high frequency of TP53 mutations (53%) and 
LOH 22q (20-30%) as well as a high frequency of LOH 10q (35-60%), 
which is present in high grade gliomas. Glioblastoma contains a large num-
ber of mutations and the differences of genetic and epigenetic alterations 
between primary and secondary glioblastoma are listed in Table 1.  

Table 1: Genetic and epigenetic changes in primary and secondary glioblastoma. 
Modified from 3. 

Genetic  
Alteration  

Primary 
GBM 

Secondary 
GBM 

Promoter 
Met. 

Primary 
GBM 

Secondary 
GBM 

TP53 mutation 28% 65% p16 Ink4a 6% 31% 
EGFR amplification 36% 8% p19 Arf 3% 19% 
PTEN mutation 25% 4% RB1 14% 43% 
 p16 Ink4a deletion 31% 19% MGMT 36% 75% 
CDK4 amplification 15% 15% TIMP-3 28% 71% 
 LOH 1p 12% 8%    
 LOH 10p 47% 54%    
 LOH 10q 70% 63%    
 LOH 13q 12% 38%    
 LOH 19q 6% 54%    
 LOH 22q 41% 82%    

Molecular classification of glioblastoma 

The histologically indistinguishable glioblastomas display a high degree of 
heterogeneity, both within tumor cells of the same tumor and among the 
tumors with the same diagnosis. The rapid development of large-scale analy-
sis of the genomes, expression profiles and proteomes of tumors has allowed 
for the sub-classification of glioblastomas at molecular level 4-6. It has been 
widely accepted now that based on the integrated genomic analysis glioblas-
toma can be further divided into four subtypes: Classical, Mesenchymal, 
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Proneural and Neural 6. The Classical group harbours amplification of chro-
mosome 7 and loss of chromosome 10. High-level EGFR amplification co-
occurring with homozygous deletions of CDKN2A is observed in 94% sam-
ples of this group. Neural precursor and stem cell markers, such as NES and 
components of the Notch and Sonic hedgehog signaling (SHH) pathways are 
also enriched in this subtype. The Mesenchymal tumors display hemizygous 
deletions of NF1 and lower NF1 expression levels. They express mesenchy-
mal markers (such as CHI3L1 and MET) and astrocytic markers (CD44 and 
MERTK). The Proneural class is characterized by alterations of PDGFRA, 
point mutations of IDH1 and frequent TP53 mutations. High expression of 
oligodendrocytic markers, such as PDGFRA and OLIG2 are typical. The 
Neural tumors express neuronal markers that are similar to the normal brain. 
The subtypes display strong association with clinical outcome where patients 
in the Proneural group are least sensitive to aggressive treatment.  
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Glioma pathways 

Decades of molecular studies have indicated the significance of several sig-
naling pathways in gliomagenesis, which were recently confirmed by studies 
of human glioblastoma genomes as well as large-scale analysis of glioblas-
toma expression profiles. These pathways have critical roles in controlling 
cell proliferation, apoptosis, necrosis, tumor angiogenesis and metastasis. 
Among them three major pathways have been widely investigated, including 
the growth factor receptor tyrosine kinase (RTK) PI3K/RAS pathways, the 
TP53 pathways and the RB pathways. In a comprehensive genomic study of 
206 human glioblastoma samples carried out by The Cancer Genome Atlas 
Research Work (TCGA), at least one genetic aberration has been found in 
86%, 87% and 78% of the above three pathways respectively 7. Moreover, 
74% of the samples harboured alterations in all three pathways suggesting 
cooperation among different pathways.  

RTK/PI3K/RAS pathways 

In glioma, abnormal activity of RTK pathways is triggered by several 
mechanisms, such as receptor amplifications, receptor mutations and over-
expression of growth factors. Two growth factors, platelet-derived growth 
factor (PDGF) and epidermal growth factor (EGF), play important roles in 
both gliomagenesis and normal central nervous system (CNS) development. 
The binding of growth factors to their specific RTKs induces the dimeriza-
tion of RTKs. The dimeric receptors subsequently phosphorylate the intra-
cellular domains of each other, which in turn activates downstream effectors, 
for example, PI3K and RAS (Figure 1). Activation of RTK pathways recruits 
PI3K to the cell membrane, which then phosphorylates PIP2 (phosphatidyli-
nositol-4, 5-biosphosphate) to PIP3. PIP3 further activates its downstream 
targets such as AKT. AKT regulates a number of critical functions including 
cell proliferation and survival by phosphorylating multiple proteins on serine 
and threonine residues. Amplification of AKT has only been found in 2% of 
glioblastomas while AKT activity has been reported in 85% of glioblastoma 
samples 7. The function of PI3K can be antagonized by PTEN, whose muta-
tion or homozygous deletion could be detected in 38% of glioblastomas 7. 
RTKs can also activate RAS by creating binding sites for adaptor protein 
complexes such as GRB2/SOS. Similar to RAS, mutations are rare in glioma, 
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but elevated RAS activity has been found in high-grade gliomas 8. Neurofi-
bromin1 (NF1), whose deletion is responsible for the disease neurofibroma-
tosis type I, is a negative regulator of RAS 9 and thus acts as another impor-
tant tumor suppressor in glioma. NF1 inactivating mutations and deletions 
could be found in over 20% of glioblastomas, indicating its strong relevance 
for human gliomas 7.  

 

Figure 1. Major signaling pathways in gliomagenesis. Modified from 3. Red boxes 
indicate activating genetic alterations and green boxes depict inactivating alterations. 

PDGF and PDGFR 

The PDGF family consists of homodimers of PDGF-A, -B, -C and -D, and 
an AB heterodimer. They act through binding to the PDGFRα- and β-
tyrosine kinase receptors, where PDGFR-α can bind all chains except 
PDGF-D while PDGFR-β only binds to B- and D- chains 10. The importance 
of PDGF signaling pathways in CNS development has been revealed by a 
series of in vitro and in vivo experiments. PDGF secreted by type-1 astro-
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cytes is a potent mitogen for O-2A cells, a bipotential progenitor cell which 
can give rise to oligodendrocytes and type-2 astrocytes 11-13. Subsequent 
studies on PDGF-A knock-out mice indicated that the PDGFR-α signaling 
was essential for controlling the proliferation and migration of oligodendro-
cyte progenitors 14. Except for OPCs, PDGF signaling also plays a role in 
neural stem/progenitor cells. PDGF-B was expressed by neural 
stem/progenitor cultures and could sustain the progenitor cell division 15. In 
addition, PDGFR-α positive neural stem cells (B cells) could be found in the 
SVZ of adult mice 16. Direct infusion of PDGF-A to the lateral ventricle led 
to the formation of large hyperplasia with glioma features 16.   

The broad expression of PDGFs and PDGFRs in human glioma cell lines 
as well as in freshly dissociated tumor samples suggested that autocrine and 
paracrine PDGF loops could contribute to gliomagenesis 17,18. Genomic 
analysis of human glioblastomas revealed that PDGFRA was amplified in 
13% samples 7 and the alterations of PDGFRA was a major feature of the 
proneural subtype of glioblastoma 6. Two rearrangements of PDGFRA gene, 
intragenic deletion mutant PDGFRAΔ8,9 and gene fusion between kinase 
insert domain receptor (KDR)/VEGFRII and PDGFRA, have been identified 
in PDGFRA-amplified gliomas 19. Except for the evidence obtained from 
human glioma samples, the involvement of PDGF signaling in gliomagene-
sis has also been verified in mouse models. A murine retrovirus coding for 
PDGF-B could induce gliomas at a frequency of 40%, many of which fea-
tured characteristics of human glioblastomas 20. When the infection of 
PDGF-B containing retrovirus was directed to nestin, GFAP or CNP ex-
pressing neural/glial cells, grade II to III gliomas were generated 21-23. Mice 
over-expressing PDGF-B in nestin positive cells at embryonic stage dis-
played enlarged lateral ventricles 24. Interestingly, when the mice were ma-
nipulated to overexpress PDGF-B under the control of GFAP promoter, they 
were phenotypically normal and could only induce gliomas on a Trp53 null 
background 25. Taking these observations together, PDGF-B is such an po-
tent oncogene that in the RCSA/tv-a system, over-expression of PDGF-B 
alone is sufficient to initiate gliomas in examined neural/glial cell types. 
Additional oncogenic events, such as retroviral insertion or loss of tumor 
suppressors are usually required for gliomagenesis in other glioma models. 

EGF and EGFR 

During rat CNS development, EGF expression could be detected as early as 
on embryonic day 14 and remained detectable in the adult brainstem, cere-
bellum, hippocampus, diencephalon and telencephalon 26. Consistent with 
this finding, EGFRs were also expressed in the neurons of the cerebral cor-
tex, cerebellum and hippocampus 27. EGF could regulate the proliferation 
and fate decision of neural stem/progenitor cells and thus contribute to adult 
neurogenesis 28. Mutations and amplifications of the EGFR gene have been 
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observed in 45% of glioblastomas 7. The most common mutant is EGFR vIII 
which has a deletion of exons 2-7 and thus a ligand-independent constitu-
tively activated extracelluar domain 29-31. 

TP53 and RB pathways 

TP53 and RB, two main regulators of the cell cycle by governing the G1 to S 
phase transition, are frequently inactivated in human gliomas. The alterations 
in the TP53 and RB pathways make the cells more susceptible to aberrant 
RTK/PI3K/RAS mitogenic signals and finally result in uncontrollable cell 
growth. Two proteins p14ARF (p19Arf in mouse) and p16INK4a, encoded by the 
CDKN2A gene, are crucial regulators of the TP53 and RB pathways, respec-
tively (Figure 1). They are homozygously deleted or mutated in the majority 
of glioblastoma samples 7. p14ARF can neutralize MDM2, a negative regula-
tor of TP53, thereby stabilizing the activity of TP53. TP53 can bind to the 
promoters of over 2500 downstream genes, for example p21, and can block 
progression throughout the cell cycle and initiate programmed cell death. 
p16INK4a is an important inhibitor of CDK4/6, a protein that in complex with 
D-type cyclins can phosphorylate RB. Hyperphosphorylated RB releases 
E2F family proteins that bind to and activate target genes that govern S-
phase progression.  
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Mouse models of glioma 

Mouse models are widely used in cancer research since mice are small, easy 
to keep, have short breeding time and are highly similar to humans with re-
gard to their genome, organ system and physiology. Despite that they are not 
exactly like humans in many aspects such as their life span, cancer suscepti-
bility and spectrum, telomerase activity and signaling pathways regulating 
senescence, they are currently the best in vivo models to use. The mouse 
genome is fully mapped and easy to manipulate and there is a vast amount of 
reagents available to study mouse genes and proteins. Studies from mouse 
models have revealed numerous important mechanisms in human cancers. 
To mimic human gliomagenesis, there are three main categories of mouse 
models: xenograft models, germline modification models and somatic cell 
gene transfer models.   

Xenograft models 

In the xenograft models, glioma cell lines or freshly dissociated glioma cells 
are transplanted subcutaneously or orthotopically into immunocompromised 
mice. The transplants often grow rapidly and the tumor penetrance is high. 
Recently, the xenograft models have been used as a standard method to ex-
amine the tumor initiating capacity of brain tumor initiating cells (BTICs) in 
immunocompromised mice. Orthotopic transplantation of limited number of 
BTICs into SCID or NOD-SICD mice enables the formation of secondary 
tumor, which recapitulate the histopathology characteristics of the original 
tumor 32. However, it is impossible to use xenograft models to study the ge-
netic events initiating the tumors since in most cases the transplanted cells 
are transformed tumor cells. Furthermore, unless syngeneic transplantations 
are performed, xenograft models are not suitable for studying the microenvi-
ronment of tumor development since the host immune system is usually 
impaired.  

Germline modification models 

Germline modification models generate brain tumors by deleting tumor sup-
pressor genes or overexpressing activated oncogenes in a Mendelian pattern. 
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They are immunocompetent and have the possibility to better recapitulate 
the tumor initiation process in human. By applying cell type specific pro-
moters, genetic modifications can be directed to defined neural and glial cell 
lineage. Inducible conditional knockout or gain-of function models are real-
ized by Cre/loxP technology that further allows the genetic alterations to 
happen in a time, space and/or cell type specific manner 33. However, these 
models often have prolonged tumor latency and low penetrance. One single 
mutation usually is not powerful enough for gliomagenesis and the presence 
of several mutations in the same model can only be obtained by extensive 
breeding.  

Somatic cell gene transfer models 

The genetic alterations in somatic cell gene transfer models are not inherit-
able. Rather, the genes are delivered to a specific cell population postnatally 
by injecting viral vectors. The infected somatic cells become cancerous and 
pass on the genetic alternations to daughter cells. There are two commonly 
used single-stranded RNA viruses, Moloney murine leukemia virus (MMLV) 
and replication competent ALV splice acceptor (RCAS) retrovirus 34. Both 
viruses can be manipulated to express an oncogene of choice, produced in 
cell culture, delivered into mice where they can only infect dividing cells 
(Figure 2).  The MMLV receptor exists in many different cell types in the 
mouse and this virus is replication competent and can only infect the same 
cell once but the infected cell will start producing virus that may infect sur-
rounding cells. Compared to MMLV, expression of the avian receptor (tv-a), 
which is not present in the mammalian genome, is necessary for the target 
cells to get infected by the RCAS virus. The RCAS virus is manipulated not 
to propagate in mammalian cells and will therefore not be produced in the 
infected mouse cells, which allows for several RCAS viruses to infect the 
same cell. 

Gliomas generated in somatic cell gene transfer models genetically and 
histologically represent their human counterparts and the tumors develop in 
a normal microenvironment. The disadvantages of these models are mainly 
focused on the injection procedure. Each mouse has to be injected with virus 
and this step introduces variances in the latency, location, and penetrance of 
tumors as well as the introduction of a needle scar.  

The RCAS/tv-a glioma model 

To be able to infect cells of the glial lineage, transgenic mice expressing tv-a 
in different neural/glial cell types have been established. Until now, there are 
three tv-a transgenic mouse lines to model gliomagenesis, the Ntv-a, Gtv-a 
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and Ctv-a lines. In Ntv-a mice, the tv-a receptor is expressed under the con-
trol of the nestin promoter which directs infection to neural/glia progenitors 
35. In Gtv-a mice, the infection is directed to astrocytes and adult neural stem 
cells of the subventricular zone by the GFAP promoter 36. More recently the 
Ctv-a mouse line was produced in our lab to make the oligodendrocyte pro-
genitor cells and mature oligodendrocytes accessible to RCAS infection 22, 
where the expression of tv-a is driven by the CNP (2’, 3’-cyclic nucleotide 
3’-phosphodiesterase) promoter. All tv-a mouse lines have been further 
crossed with mice deficient for tumor suppressors of the CDKN2A pathway, 
p16Ink4a, p19Arf or combined loss of both, to investigate the differential func-
tions of these mutations on tumor development 23. Taken together, these 
mice function as unique tools for investigating how the cell of origin affects 
glioma development. 

 

Figure 2. The RCAS/tv-a mouse model. 
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Several growth factors or mutated growth factor receptors have been cloned 
into the RCAS vector and their roles in gliomagenesis have been analyzed. 
Newborn mice of all the three tv-a lines injected with RCAS-PDGF-B de-
veloped grade II to grade III tumors with slight differences in tumor inci-
dence (45% in Ntv-a mice, 29% in Gtv-a mice and 35% in Ctv-a mice) 21-23. 
The results may suggest that more immature cells are more prone to malig-
nant transformation, but it may also reflect the abundance of target cells at 
the time of injection. This trend is consistent with results using other RCAS 
vectors. When a RCAS containing a constitutively activated EGF receptor 
was injected into the brains of Ntv-a and Gtv-a mice, glioma-like lesions 
occurred more frequently in the Ntv-a mice 35. These lesions were not as big 
as the obvious gliomas induced by PDGF-B. FGF2 was even less potent than 
the mutated EGFR and could only induce proliferation and migration of 
astrocytes without tumor formation when introduced into Gtv-a mice 36. 
Downstream effectors of the growth factor pathways, such as Akt and K-
Ras, have also been studied 37. Akt or K-Ras alone was not sufficient to in-
duce gliomas in any wild type tv-a mice. The combination of these two on-
cogenes could only initiate tumors in Ntv-a mice with an incidence of 22% 
Although the tumor incidence was lower when compared to the PDGF-B 
induced gliomas, the tumor grade was higher and represented the histology 
of human GBMs. The additional loss of Ink4a or Arf sensitized the target 
cells to transformation in both Ntv-a and Gtv-a mice and resulted in higher 
tumor incidence and malignancy 23. 

The RCAS/tv-a mouse model is also powerful to dissect the role of a cer-
tain gene with previously unknown function in gliomagenesis. In a retrovi-
ral-tagging screen of PDGF-B/MMLV induced brain tumors several brain 
tumor loci were identified 38. The function of some of these genes, such as 
SOX10 and RAD51, has been further explored by cloning into the RCAS 
vector 39,40.  One example is shown in Paper I where the effect of SOX5 on 
in vivo glioma development was studied 41.  

So far, most studies using the RCAS/tv-a model have been performed by 
injecting the neonatal tv-a mice with RCAS vectors carrying various genes 
(Figure 2). However, the neonatal mouse brain is still under development 
and contains a large number of immature cells. It is possible that inducing 
tumors in adult mice would create a more relevant model to human glioma 
since most patients are older adults when diagnosed. We (Paper III and IV) 
and others 42 have started to induce gliomas in adult mice by using a stereo-
tactic device (Figure 2). This technique will further improve the use of the 
RCAS/tv-a model as a representative and versatile model of human gliomas.   
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The SOX family of transcription factors 

The SOX protein family of transcription factors is comprised of twenty 
members characterized by a high mobility group (HMG) DNA binding mo-
tif, which was first identified in the mammalian Sry protein. According to 
the sequence and structure identity, the human SOX proteins can be classi-
fied into eight groups, A to H. So far, three groups of SOX proteins (SoxB, 
SoxD and SoxE) have been proven to be involved in neural development 
43,44. During the development of the central nervous system (CNS), neural 
stem cells (NSC) undergo self-renewal as well as differentiation and give 
rise to the various types of neurons and glial cells. The SOX proteins have a 
strictly controlled spatial-temporal expression pattern in the developing em-
bryonic CNS and are important regulatory factors of CNS development. In 
the chicken egg, the expression of SoxB1 proteins could be observed after 40 
hours of egg incubation in the neuroectoderm and was responsible for the 
neuroectoderm formation 45. Sox5, Sox6 and Sox9 expression could be ob-
served in the ventricular zone of mouse spinal cord on embryonic day 10.5 
while the Sox8 and Sox10 were expressed slightly later. The interactions 
between these proteins regulate the fate choice of neurons and glial cells 46-

48.  

SoxD proteins and neural development 

The SoxD proteins, including Sox5, Sox6 and Sox13, are cell fate regulators 
of oligodendrocytes and neurons 43. SoxD proteins are highly identical to 
each other in their gene and protein structures but share less similarity with 
other Sox proteins. They are different from other Sox proteins in several 
ways. First of all, the typical transactivation or transrepression domain of 
Sox proteins does not exist in SoxD proteins, indicating that they influence 
transcription in some other forms. Secondly, SoxD proteins often have long 
and short isoforms generated by alternative splicing from large genes while 
other Sox proteins are products of intronless or compact genes. Finally, 
SoxD proteins have two highly conserved functional domains, the HMG box 
DNA binding domain and the group specific coiled-coil domain (Figure 3). 
This coiled-coil domain is only present in the long form of SoxD proteins 
and allows them to form homodimers as well as heterodimers. The short 
form transcripts of Sox5 and Sox6 are expressed in the cells of adult testis 
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while the long forms exist in other cell types, such as chondrocytes, oli-
godendrocytes and melanocytes 43.  

Because of the highly identical protein structure, as indicated by the 93% 
similarity between the HMG domains, Sox5 and Sox6 are often coexpressed 
in several different cell types.  Studies on embryonic mouse spinal cord sug-
gested that Sox5 and Sox6 were both present in the ventricular zone progeni-
tors, radial glia, oligodendrocyte progenitors and some subpopulations of 
neurons 46. These two proteins cooperated with each other to keep oligoden-
drocyte precursors in an undifferentiated state. They prevented premature 
differentiation of oligodendrocytes by directly interfering with the functions 
of Sox9 and Sox10. Except for their redundant functions, recent studies indi-
cated that Sox5 and Sox6 also had differential roles in the proper develop-
ment of specific neuronal populations 49-51. Sox5 and Sox6 were mutually 
exclusively expressed in almost entirely non-overlapping populations of 
progenitors and postmitotic neurons in the embryonic mouse brain. They 
played independent and complementary roles by controlling the timing of 
specific cell fate during neocortical development. 

 

Figure 3. Schematic structure of human SoxD proteins. The predicted molecular 
weights are listed and the amino acid position of coiled coil and HMG box domain 
are indicated. Modified from 43. 

Sox5 and gliomas 

Because of their broad expression patterns in the brain and important roles 
during brain development, Sox proteins could potentially be involved in 
gliomagenesis. In a retroviral insertional mutagenesis screen of PDGF-
B/MMLV experimental brain tumors, SOX5 was identified as a candidate 
gene cooperating with PDGF-B in gliomagenesis. Sox5 was tagged in for-
ward transcriptional orientation in three independent tumors 38. In addition to 
this, there have been a few contradictory reports regarding the expression of 
SOX5 in human gliomas. In one study comprising 6 glioma tissues and 3 
glioma cell lines, SOX5 protein overexpression was reported. Moreover, 
GBM patients carrying IgG antibodies against SOX5 exhibited a signifi-
cantly longer survival period than the ones without SOX5 antibodies 52. In 
contrast to this and in concordance with our findings, a different study com-
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prising 60 human gliomas suggested that SOX5 mRNA expression was 
equal or lower than in the control adult brain tissue 53. The contribution of 
SOX5 to glioma development remains unknown but there are a few studies 
investigating the role of SOX5 in other types of solid tumors. In naso-
pharyngeal carcinoma SOX5 is proposed to function as an oncoprotein by 
repressing the secreted glycoprotein SPARC, which in turn would lead to 
progression of the tumors 54. This mechanism of SOX5 is not likely to be 
present in glioma since SPARC has been found upregulated in glioma cells 
of all grades.  In prostate cancers, SOX5 overexpression has been found to 
be associated with tumor progression and early development of distant me-
tastasis 55.  
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Cell of origin for glioma 

Although BTICs are also named as brain tumor stem cells, it does not indi-
cate that they originate from NSCs. The recent identification of BTICs in 
high-grade gliomas just pointed to a possible immature cellular origin for 
glioma. However the true cell of origin for glioma remains to be identified, 
which is a subject that our research group has been interested in for many 
years. Evidences from histopathology of human gliomas, in vivo studies of 
experimental models as wells as in vitro manipulation of glial cells followed 
by in vivo transplantation to mice suggested several putative candidates, 
including neural stem/progenitor cells, astrocyte progenitor cells (APCs) or 
astrocytes, and oligodendrocyte progenitor cells (OPCs) (Figure 4).  

APCs and astrocytes 

The extensive expression of astrocytic marker GFAP in human gliomas 56 
made astrocytes or APCs a possible cell of origin for glioma. It has been 
shown by many studies that astrocytes or APCs were capable of dedifferen-
tiating into more immature cells. When primary astrocytes from newborn 
Ink4a/Arf-/- mice were cultured in serum free medium supplemented with 
EGF for 10 days, they started to form neurospheres and express neural pro-
genitor markers nestin and A2B5 57. If these astrocytes additionally carried a 
mutated EGFR, they induced high-grade gliomas within 4-8 weeks upon 
orthotopic transplantation into adult SCID mice 57. Prolonged exposure to 
TGFα also resulted in the dedifferentiation of mature astrocytes into radial 
glial cells 58. Longer exposure time even led to the appearance of more im-
mature cells with NSC properties. When these dedifferentiated astrocytes 
were further transformed by gamma irradiation, they became immortalized 
and functioned as BTICs upon orthotopic transplantation 59. In mouse glioma 
models, the GFAP promoter has been widely used to control the expression 
of oncogenic mutations in astrocytic cells. Some examples of such onco-
genic events included constitutively activated tyrosine kinase v-src 60, acti-
vated form of H-Ras 61, inactivation of pRb, p107 and p130 by a truncated 
SV-40 T-antigen 62 and somatic delivery of PDGF-B to astrocytes by the 
RCAS/tv-a system 21. In all these models, glioma formation was observed 
indicating that astrocytes or APCs could be the origin for glioma.  Of note, 
GFAP is not an exclusive marker for astrocytic cells since it is also ex-
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pressed by radial glial cells 63 and by subventricular zone (SVZ) NSCs 64. 
Interestingly, it has been showed that in vivo depletion of Rb/p53, PTEN/p53 
or Rb/p53/PTEN in astrocytes could not result in glioma formation. Ortho-
topic transplantation of astrocytes silenced for the above combination of 
genes into syngeneic mice did not lead to tumor formation either 65. So 
whether astrocyte could serve as cell of origin for glioma or not may also 
depend on the combinations of mutations that have been used.

 

Figure 4. Putative glioma cell of origin and its role for glioma development. A sim-
plified schematic diagram demonstrates glial cell development from the multipotent 
NSCs into astrocytes and oligodendrocytes, where the red lightning symbols indi-
cate oncogenic events. Modified from 66. 

Neural stem/progenitor cells  

In the early 1940s, it was noticed that human brain tumors frequently located 
near the SVZ, suggesting they have an ‘subependymal plate’ origin 67. Con-
sistent with this, a series of studies performed between the 1960s and 1970s 
demonstrated that in animal models an area adjacent to the cerebral ventri-
cles was most sensitive to chemical or virus induced gliomagenesis 68,69. This 
is the same region where putative NSCs with mitotic activities have been 
found 70,71. In 1990s the SVZ, which lies between the lateral ventricle and the 
parenchyma of the striatum, has turned out to be the main niche for adult 
neural stem/progenitor cells 72. Taking these observations together, neural 
stem/progenitor cells were regarded as one of the possible targets for malig-
nant transformation, which were supported by evidences from in vivo and in 
vitro experiments. Mice with combined loss of p53 and NF1 developed as-
trocytomas with 100% penetrance 73. Histopathology analysis of these tu-
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mors demonstrated that early lesions were located within the SVZ. Later on 
the same group proved that the inactivation of p53, NF1 or PTEN was suffi-
cient to induce astrocytoma formation in adult neural stem/progenitor cells 
but not in the non-neurogenic region 74. Another similar study suggested that 
in adult mice H-RAS + AKT activation in GFAP+ cells could only initiate 
glioma development in the SVZ or the hippocampus but not in the cortex 75. 
This was consistent with the previous observation in RCAS/tv-a system that 
in newborn mice nestin+ stem/progenitor cells were more sensitive to K-
RAS + AKT induced gliomagenesis than the GFAP+ cells 8. Furthermore 
direct manipulation of NSC cultures, such as transformation of NSCs from 
Ink4a/Arf-/- mice by retrovirus containing mutated EGFR 57 or spontaneous 
immortalization of human NSCs by extensive passaging (>30 passages) 76, 
could result in glioma formation in immunocompromised mice.  

OPCs  

The OPCs are the major dividing cells in the adult brain and broadly distrib-
uted in the SVZ, white matters and gray matters, which make them suscepti-
ble to oncogenic transformation. OPC markers, such as NG2 77 and PDGFR 
78, were widely expressed in human gliomas 79. NG2 expression could also be 
observed in AKT + KRAS 80 or PDGFB 23 induced mouse gliomas. Direct 
evidences have emerged during recent years that OPCs could act as cellular 
origin for glioma in mouse models. In our lab we have developed the Ctv-a 
mice where viral infection could be targeted to OPCs expressing CNP 22, a 
highly specific marker which was expressed only in the late stage of OPC 
development or in mature oligodendrocytes 81,82. Upon the oncogenic stimula-
tion of PDGF-B 22, low-grade oligodendroglioma expressing early OPC 
markers such as SOX10, OLIG2, NG2 and PDGFR could be induced in the 
Ctv-a mice. Subsequently, it has been showed that oligodendroglioma gener-
ated in the S100β-verbB mice exhibited characteristics of OPCs and demon-
strated an OPC gene expression profile rather than NSC, suggesting that 
OPCs might be the cell of origin for oligodendroglioma 83. In a MADM-
based lineage tracing study, mice with sporadically mutated p53/Nf1 in NSCs 
could develop pre-tumor lesions exclusively in cells differentiating along the 
oligodendrocyte lineage 84. Except for evidences from in vivo experimental 
models, in vitro transformation of OPCs by combining Ras activation and 
p53 deletion 85, or by p53/Nf1 mutations 84 could also result in cells with high 
tumor initiating ability. It has been suggested quite recently that mutations, 
such as constitutively activated EGFR, could lead to the loss of asymmetric 
division of OPCs 86. NG2 was segregated asymmetrically during normal OPC 
development and tracking the proliferative progeny. However, in premalig-
nant lesions, NG2+ OPCs divided symmetrically, maintained the expression 
of NG2 in both progeny and thus functioned as glioma precursors. 
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Brain tumor initiating cells  

Many cancer types display a high degree of functional and phenotypic het-
erogeneity, such as their cell morphology, genetic alterations and sensitivity 
to treatment 87. The rapid development of DNA sequencing technology pro-
vides the opportunity to detect the intertumoral genomic variations among 
tumors with the same diagnosis, thus leads to the molecular classification of 
tumor subtypes (like in glioblastoma). The intratumoral heterogeneity is the 
hallmark of several cancer types and the cells from the same tumor express 
surface markers representing various cell lineages, exhibit differential differ-
entiation status and their ability of propagating the disease in animal models 
varies a lot. To explain the mechanism underlying the intratumoral heteroge-
neity, two main models are proposed (Figure 5).  

 

Figure 5. Models to explain intratumoral heterogeneity. A) Clonal evolution model. 
Cells within the tumor undergo stochastic genetic and epigenetic changes (indicated 
by red lightning) and progress to more aggressive phenotype (blue and green) as a 
result of selection. B) Cancer stem cell model. Tumors are a mixture of cancer stem 
cells (red) and their differentiated progenies (blue and green). Cancer stem cells are 
responsible for maintaining the tumor growth whereas the progenies are not capable 
of generating tumors.  

In 1970s, the findings of oncogenes and tumor suppressor genes led to the 
development of the clonal evolution concept 88. It states that most tumors 
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arise from a single cell of origin and progress as a result of natural selection, 
where after accumulation of mutations in the original clone the progenies 
with growth advantages become dominant. This selection process is stochas-
tic thus intrinsic genetic or epigenetic differences exist among progeny cells 
(Figure 5A). Cancer stem cell (CSC) model proposes that there is a hierarchy 
organization within the tumor that only limited number of tumor stem cells 
are capable of self-renewal while the remaining tumor cells are just termi-
nally differentiated progenies and contribute less to tumor progression 89 
(Figure 5B). Of note, these two models may not be mutually exclusive. 
Nowadays cancer is no longer considered as an accumulation of proliferating 
cancer cells. Rather, malignant tumor is such a complex tissue that contains 
distinct cell types, interacts with its host and may co-evolve with surround-
ing microenvironment 90,91. It has been shown in glioma that tumor environ-
ment influenced the behaviour of tumor cells, where the distances from 
blood vessels define the phenotype and function of cancer cells 92. Thus the 
above mechanisms may work coherently to contribute to tumor heterogene-
ity.  

Cancer stem cells 

CSC theory has attracted a lot of attention from the science society in recent 
years since if the CSC model holds true, it will require a different strategy to 
treat cancer beyond the traditional anti-proliferative drugs. Many decades 
ago it has been showed that teratocarcinomas and squamous cell carcinoma 
contained multipotent malignant cells, which could give rise to well-
differentiated nontumorigenic progeny 93,94. These observations led to the 
early definition of CSCs that carcinomas were composed of 1) malignant 
stem cells with high proliferation capacity and a limited differentiation abil-
ity; 2) differentiated progeny of these malignant stem cells which may be 
benign 95. The CSC concept was revived recently since studies from leukae-
mia 96, as well as solid tumors (such as cancers of the breast 97, pancreas 98, 
colon 99,100 and brain 101-104) indicated that only a minority of tumor cells can 
initiate tumor growth by extensive self-renewal and multiple cell lineage 
differentiation. A typical experiment of defining CSCs was performed as 
follows: a limited number of cancer cells were sorted out by the expression 
of specific cell surface markers and then transplantation into immunodefi-
cient mice. Secondary tumors were generated representing the histopathol-
ogy characteristics of the primary tumors. Due to the technology limits, sev-
eral caveats exist in the CSC theory.  

The major concern of the CSC theory is that so far xenograft assay is the 
only golden standard to define CSCs. Before transplantation, the human 
cancer cells are challenged by multiple experimental procedures. They are 
dissociated from primary tumor tissues by enzyme digestion and then sorted 
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out by various methods. Furthermore, the mouse immune system has crucial 
influence on the ability of human cells to engraft in mouse tissue. Although 
NOD-SCID mice are lacking B and T cells, they still have natural killer cells 
that may reject most of the injected human cells. A study of melanoma-
initiating cells suggested that one in four melanoma cells could initiate tu-
mors when co-injected with Matrigel into NOD/SCID IL2Rγnull mice 
(NOD/SCID mice additionally without natural killer cells). Compared to this 
high tumor initiating cell frequency, only one in a million melanoma cells 
could form tumors in NOD/SCID mice 105. So the xenograft assay may just 
select for the human cancer cells that could survive the in vitro manipulation 
and the attack of the mouse immune system, instead of the cells functioning 
as the fuel of tumors in their original environment.  

Very recently, three groups independently of each other provided solid 
experimental evidence for the existence of CSCs by the use of mouse models 
106-108. By applying lineage tracing, they can successfully track the CSC 
population in mouse brain, intestinal and skin tumors in vivo. In the glioblas-
toma study, a nestin-ΔTK-IRES-GFP transgene that marks SVZ NSCs has 
been shown to also mark a subpopulation of tumor cells with CSC character-
istics in vivo. These CSC-like tumor cells propagate the disease after chemo-
therapy by giving rise to transient amplifying cells. Elimination of CSCs 
significantly impeded the tumor growth 106. In intestinal tumors, crypt stem 
cell marker Lgr5 also labels a subset of adenoma cells in vivo. These Lgr5+ 
cells maintain the tumor growth and generate additional Lgr5+ cells as well 
as other adenoma cell types 108. In benign papilloma, it has been revealed by 
in vivo clonal analysis that only about 20% of labelled tumor cells are capa-
ble of long-term self-renewal to give rise to large clones, while the majority 
of tumor cells just lose their proliferation ability probably by differentiation. 
In contrast to this, the malignant squamous skin cancer contains much higher 
percentage of proliferative tumor cells, which show no sign of terminal dif-
ferentiation 107.  

Although these studies formally prove the presence of hierarchical CSCs 
in tumors, questions are still remaining, such as the stability of the CSC phe-
notype. A current study demonstrated that melanoma-derived CSCs could 
display a dynamic phenotype in vitro 109. The JARID1B expression identified 
a group of cells with CSCs characteristics that JARID1B+ cells cycled more 
slowly and were more tumorigenic than JARID1B- cells. Of note under cer-
tain culture condition, JARID1B- cells could give rise to different amount of 
JARID1B+ progenies. This in vitro phenotypic plasticity suggests that inside 
the human body CSCs could be in different dynamic states depending on the 
tumor niche.  

Concerns regarding the quiescence, drug resistance and the rareness of 
CSCs have been raised as well 110, but before applying the CSC concept into 
clinic, there is still a long way to go.    
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Isolation and characterization of BTICs  

In 2003, two independent studies suggested that brain tumor stem cells 
(BTSCs) or BTICs exist in human GBMs and medulloblastomas 103,104. Cul-
ture conditions for human neural stem cells (NSCs) were used for isolating 
BTICs from clinical brain tumor samples. A minority of the tumor cells 
could form neurospheres in the serum free media supplemented with EGF 
and FGF and these cells exhibited the characteristics of NSCs with regard to 
proliferation, self-renewal and multiple differentiation capacity. CD133, a 
cell-surface marker of normal human neural precursors, was expressed in 
BTICs and thus was used to enrich for the BTICs. A further study in 2004 
confirmed that as few as 100 CD133+ cells isolated directly from human 
GBM samples could initiate secondary tumors when intracranially trans-
planted into immunodeficient mice 101. These secondary tumors represented 
the histopathological features of the original tumors. In contrast to this, in-
jection of 105 CD133- cells did not form tumors. These studies provided, 
until as of lately, the generally accepted standard method of isolating and 
identifying BTICs (Figure 6). 

 
Figure 6. Standard experimental approach to isolate and identify human BTICs. 
BTICs are a minor population of brain tumor cells which can initiate tumors upon 
orthotopic transplantation in vivo, self renew extensively and differentiate into mul-
tiple cell lineages in vitro.  



 32

Recently, several studies have provided new insights to the results obtained 
in the original experiments. The presence of CD133- GBM cells with BTIC 
features that could also initiate tumors in vivo and give raise to CD133+ cells 
has been reported 111. This may be explained by that the experimental ap-
proaches to isolate CD133+ are different in different laboratories. It is also 
likely that CD133 is a cell surface marker for a certain type of BTICs and 
not for the whole BTIC population. Nevertheless, these results suggest that 
CD133 may not be a reliable and unique marker for isolating BTICs and 
bona fide cell surface markers are needed to identify this population of cells. 
In a mouse model of medulloblastomas, CD15 has been used as a marker to 
identify tumor propagating cells 112. The expression of CD15 has also been 
found in human GBM and CD15+ cells fulfil all functional criteria of BTICs 
113. 

In addition to cell surface marker based sorting, other purification meth-
ods according to the function of BTICs have been reported 114,115. In normal 
brain, stem cells and progenitor cells have the capacity to exclude the fluo-
rescent nuclear dye Hoechst 33342 by the activity of the ATP-binding cas-
sette transporters (ABC transporters) and have been identified as the side 
population (SP) by flow cytometry. ABC transporters also exist in a subset 
of cancer cells and account for the resistance to chemotherapy by pumping 
out drugs. As opposed to the bulk cells within a tumor, BTICs can continu-
ously exclude the Hoechst dye and exhibit a low level of Hoechst fluores-
cence intensity. Thus, SP sorting is used as an efficient way to enrich for 
BTICs.  

The most important and obligatory characteristic of BTICs is their tumor 
initiating ability, which has been tested by transplanting human derived 
BTICs into the brains of NOD-SCID mice. Until now, almost all the pro-
found findings in the BTIC area have been based on this xenograft model. 
As discussed before, although this is the best method so far it is not perfect. 
Considering the problems with the xenograft model, expanding the BTIC 
theory into mouse glioma models offers a unique opportunity to investigate 
the biology of BTICs. There are several reports about the existence of BTICs 
in various mouse glioma models. In such a model, where the S100β pro-
moter drives the expression of the vErbB gene in a p53 deficient genetic 
background, neurosphere formation was observed when cells derived from 
the experimental gliomas were cultured in media facilitating the growth of 
NSCs. Tumorspheres were then sorted into SP and non-SP populations and 
SP cells exhibited enhanced tumor-initiating ability 114. In another study, 
BTICs were found in SP cells from PDGF-B induced gliomas and the SP 
phenotype was dependent on the PTEN/PI3K/Akt pathway 115. 

Throughout our study, we have used the name glioma initiating cells 
(GICs) instead of BTICs since we focus solely on cells derived from glio-
mas.   
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BTICs as therapeutic targets 

The traditional way of treating glioma is surgery followed by radiotherapy 
and chemotherapy. A randomized study suggested that when the first line 
chemotherapy drug temozolomide was given concomitantly with and after 
radiotherapy, the medium survival of glioblastoma patients could be ex-
tended to 15 months while the two-year survival was 26.5% 116. Due to its 
invasive nature, glioma cannot be completely eradicated and the tumor in-
variably recurs leading to the death of the patient. Some new strategies, in-
cluding targeted therapy, immunotherapy and antiangiogenic therapy, are 
under development now. Several therapies that target frequent genetic altera-
tions in glioma patients such as EFGRvIII, PDGFR, VEGF, are currently in 
early-phase clinical trials 117. However, we should keep in mind that glioma 
is such a fatal and complex disease and the final treatment will require the 
combination of different efficient methods.   

The traditional surgery, chemotherapies and radiotherapies for gliomas 
have focused on eliminating as many cells as possible. Despite the im-
provements in glioma treatment, the tumors often relapse in a very short 
period and more efficient therapies are of eager request. The isolation, iden-
tification and characterization of BTICs offer new insights into the mecha-
nism behind tumor cell resistance to existing treatment. After ionizing radia-
tion, CD133+ GBM cells have been found to be enriched both in tumors 
grown in vivo and in short-term cultures from human glioma xenografts 118. 
Compared to their CD133- counterparts, CD133+ cells exhibited resistance to 
radiotherapy by a more powerful DNA repair process where the DNA dam-
age check point response was activated to a greater extent. In addition to 
escape from ionizing radiation, BTICs can also survive chemotherapy by 
excluding drugs through the ABCG2 transporter 115. Furthermore, conven-
tional treatments often target rapidly proliferating cells thus the relatively 
quiescent BTICs may not be affected at all. New strategies based on the 
characteristics of BTICs are under development, such as blocking the vascu-
lar niche, forcing BTICs to undergo terminal differentiation and targeting the 
signal pathways controlling BTIC self renewal. 

The vascular niche is a region composed of a number of differentiated cell 
types and is enriched in blood vessels. The vascular niche regulates self-
renewal of normal NSCs and maintains NSCs in a quiescent state. Aberrant 
vascular niches are assumed to produce factors supporting BTICs leading to 
increased malignancy. CD133+ BTICs have been found to be located close to 
blood vessels in brain tumors 119. When the number of endothelial cells and 
blood vessels in a brain tumor xenograft were increased, the pool of CD133+ 
BTICs also expanded. Conversely, depletion of blood vessels by antiangio-
genic therapies efficiently arrested tumor growth. Hypoxia is an important 
regulator of angiogenesis and the fraction of BTICs increased under hypoxia 
in vitro 120. Thus, hypoxia may be an important component of the vascular 
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niche. Hypoxia-inducible factor HIF2α was upregulated in BTICs compared 
to the bulk glioma cells and normal neuronal progenitors 120. Targeting HIFs 
inhibited self-renewal of BTICs in vitro and attenuated tumor initiation by 
BTICs in vivo. Hopefully, treatment against the supportive microenviron-
ment of BTICs may turn out to be an efficient way to eliminate BTICs. 

BTICs can give rise to terminally differentiated progenies with no tumor 
initiating ability. Proteins, which can induce differentiation of normal pre-
cursor cells into neuronal or glial lineage, may also play important roles in 
terminal differentiation of BTICs. It has been reported that one such protein 
bone morphogenetic protein 4 (BMP4) could induce the differentiation of 
normal postnatal astrocytes as well as BTICs 121. The most intriguing thing 
was that in vivo delivery of BMP4 could efficiently suppress the growth of 
gliomas by promoting the differentiation of immature tumor cells. In another 
study, loss of Sox11 expression was found to be important for the tumor 
initiating capacity of tumorigenic clones derived from BTICs 122. Over-
expression of Sox11 in tumorigenic clones could induce neuronal differen-
tiation of BTICs accompanied with decreased level of plagl1 that prevented 
their tumor initiating capacity in vivo.  

As mentioned before, BTICs share some common features with NSCs. 
Thus, the signaling pathways regulating the self renewal and proliferation of 
NSCs have been paid a lot of attention and considered as candidate targets 
for novel therapy. Notch pathways have important and complex roles in the 
development of the nervous system. In GBM samples, BTICs have higher 
Notch activity compared to NSCs 123. Notch is required to maintain the BTIC 
pool and in vivo the delivery of a Notch inhibitor could efficiently block 
tumor growth. Knockdown of Notch1 and Notch2 also sensitized BTICs to 
radiotherapy by reducing Akt activity and Mcl-1 levels 124. Apart from 
Notch, the SHH pathway is also a candidate target 125. When GBM-derived 
neurospheres were treated with cyclopamine, a SHH pathway inhibitor, no 
new neurospheres could form after dissociation. Cyclopamine treatment, 
either given to neurospheres before transplantation or given to the mice after 
intracranial injection, could attenuate glioma formation. A lot of progress 
has been obtained during these years in the BTIC area. However, further 
investigations are needed especially to identify unique markers and pathways 
that distinguish between the BTICs and NSCs and thus to be able to develop 
BTICs specific treatment.  



 35 

Present investigation 

Aims 

I. To investigate the potential role of SOX5 in gliomagenesis.  
II. a) To isolate and characterize BTICs from PDGF-B induced experi-

mental gliomas. b) To explore the dependence of BTICs on PDGF-
B. 

III. a) To examine the influence of cell of origin on self-renewal, tu-
morigenicity and differentiation of BTICs. b) To identify cell of ori-
gin-specific signatures and targets. 

IV. a) To analyze the potential of OPCs to respond to other oncogenic 
events. b) To investigate the role of developmental age for OPC 
glioma susceptibility. 

Results and discussion 

Paper I. Sox5 can suppress platelet-derived growth factor B-
induced glioma development in Ink4a-deficient mice through 
induction of acute cellular senescence 

SOX5 belongs to the SoxD subgroup and has been identified as a brain tu-
mor locus in a retroviral insertional mutagenesis screen of PDGF-B induced 
mouse gliomas 38. We show in vivo that Sox5 could not cause glioma forma-
tion by itself or enhance PDGFB-induced gliomagenesis. Rather, Sox5 
caused tumor suppression particularly in Ink4a-deficient mice but not in Arf-
deficient mice. 

The SOX5 protein expression was found in 10 out of 11 human glioma 
cells. The analysis of human brain tissues showed that SOX5 was expressed 
at low levels in normal cortex where expression was confined to neurons. In 
addition to this, four gliomas were entirely negative for SOX5, 4 gliomas 
showed similar expression level as normal cortex and the remaining 3 glio-
mas showed SOX5 expression in both neurons and glial cells within the 
tumor. When the human glioma cell lines were transfected with Sox5, 
PDGF-B or eGFP, Sox5 could significantly inhibit clone formation in all the 
investigated cell lines with an average of 27,5% compared to control trans-
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fected cells. Conversely, PDGF-B enhanced clone formation with 29,5%. 
Furthermore, in the eGFP transfected cells more than 80% of the clones re-
tained the eGFP expression whereas in the Sox5 transfected cells only about 
50% of the clones expressed Sox5, and the majority of these clones were 
only semi-positive for Sox5. Two Sox5 inducible U-251MG clones were 
established and Sox5 expression showed an inhibitory effect on cell prolif-
eration with 13% and 16%, respectively.  

To investigate the molecular mechanism behind the Sox5 induced sup-
pression of PDGF-B driven gliomagenesis, primary cells from neonatal Gtv-
a Ink4a-/- and Arf-/- mice were infected with RCAS-PDGFB-HA, RCAS-
V5-Sox5 and RCAS-eGFP, and expression of proteins involved in the 
p16Ink4a and p19Arf signaling pathways were investigated. In Ink4a-/- cells the 
expression of both Cyclin D1 and Cdk4 were decreased in Sox5 infected 
cells compared to control cells but the effect was completely counteracted by 
simultaneous expression of PDGF-B. In Arf-/- cells the Cyclin D1 expres-
sion was equal in Sox5 and PDGFB infected cells while Cdk4 was decreased 
in both Sox5 and PDGFB infected cells compared to control cells. Protein 
expression of p19Arf and p53 were also examined and the results suggested 
no specific effect by Sox5 on the p19Arf pathway in Ink4a-/- cells.  

Cellular senescence is a largely irreversible growth arrest where the cells 
are arrested in the G0/G1 phase of the cell cycle and do not enter S phase in 
response to growth factors 126. Senescent cells undergo distinctive changes in 
cell morphology becoming enlarged and flattened 127, and can be detected 
with an assay detecting SA-β-gal activity 128. SA-β-gal corresponds to 
lysosomal β-galactosidase that accumulates to very high levels in senescent 
cells which makes it possible to detect its activity even at sub-optimal pH 129. 
In Sox5 infected Ink4a-/- and Arf-/- cells and in Sox5+PDGFB infected 
Ink4a-/- cells, a population of cells with the typical senescent morphology 
could be found. SA-β-gal staining of these cells was performed and an in-
creased number of SA-β-gal positive cells in Ink4a-/- cells infected with 
Sox5+PDGF-B or Sox5 alone could be found. In Arf-/- cells there was an 
increased number of SA-β-gal stained cells in Sox5 only infected cells. 
When Ink4a-/- cells were infected with Sox5+PDGF-B, over 90% of these 
cells showed co-localization of SA-β-gal and V5 whereas in the Arf-/- cells 
about 50% of V5 positive cells were SA-β-gal positive. Consistent with this, 
Ki67 staining showed that in Ink4a-/- cells, HA (PDGF-B expression) and 
V5 (Sox5 expression) double positive cells were completely negative for Ki-
67 while in Arf-/- cells about 20% of the HA+V5 double positive cells also 
expressed Ki-67. Thus, expression of Sox5 could induce acute cellular se-
nescence and inhibit cell proliferation in primary Gtv-a cells lacking either 
p16Ink4a or p19Arf. In addition, this ability seemed to be dominant to PDGF-B 
transformation in the Ink4a-/- cells only. This result could explain the out-
come of the in vivo study where Sox5 could suppress PDGF-B induced tu-
mor initiation in Ink4a-/- mice but not in Arf-/- mice. 
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The p16Ink4a, p19Arf and p27Kip1 cell cycle inhibitors are regarded as criti-
cal mediators of cellular senescence 130. Since Sox5 had no obvious effects 
on the p16Ink4a and p19Arf signaling pathways, the levels of p27Kip1 in Sox5 
and/or PDGFB infected primary Ink4a-/- and Arf-/- cells was checked.  
p27Kip1 is a negative regulator of the G1 to S phase transition of the cell cycle 
and is functionally inactivated in many human cancers 131. In our study, Sox5 
expression led to a specific increase in p27Kip1 expression and a reduction in 
total and activated Akt protein levels in the Ink4a-/- cells but not in the Arf-/- 
cells. In cells transfected with control siRNA, combined infection with 
Sox5+PDGFB had an inhibitory effect on cell proliferation as well as SA-β-
gal frequency compared to X+PDGFB infected cells. The Sox5 induced 
effect could be markedly reversed by knocking down the expression of 
p27Kip1 using specific siRNA against p27Kip1, suggesting that p27Kip1 could be 
one mediator of Sox5 signaling in Ink4a-/- cells. 

To summarize, our data suggested that SOX5 could suppress PDGF-B in-
duced glioma development predominantly upon Ink4a loss by leading to 
acute cellular senescence. We also suggest a novel pathway where SOX5 
may suppress the oncogenic effects of PDGF-B signaling by activating 
p27kip1 in a p19Arf dependent manner.   

Paper II. PDGF-B can sustain self-renewal and tumorigenicity of 
experimental glioma-derived cancer-initiating cells by 
preventing oligodendrocyte differentiation 

So far, most studies on GICs have been carried out under the same culture 
conditions as for NSCs. However, NSCs are prone to migrate towards 
glioma lesions 132, making it difficult to avoid contamination of NSCs in GIC 
cultures. In our study, freshly dissociated tumor cells were obtained from 
five independent PDGFB-induced GBMs in Gtv-a Arf-/- mice and cultured 
in EGF- and FGF2-free NSC medium (GIC medium). Sphere formation was 
observed in all the five cultures (TS1-TS5) after 1 week. We found that tu-
mor cells (TS1) and the corresponding normal cells (NS1) contained similar 
frequencies of cells with self-renewal capacity, but only the TS1 cells were 
able to self-renew in the absence of exogenous EGF or FGF2. Further ex-
amination of PDGF receptors revealed that TS1 cells expressed high levels 
of PDGFR-α but not PDGFR-β and the NS1 expressed neither of them, ex-
plaining why NS1 did not respond to exogenous PDGF-BB. TS1 cells exhib-
ited high tumorigenicity examined by orthotopic transplantation that as few 
as five TS1 cells were sufficient to initiate secondary tumors. The secondary 
tumors recapitulated the histopathological features of the primary tumors, as 
indicated by HA, GFAP, nestin and OLIG2 immunostainings as well as a 
high frequency of Ki67 positive cells. In contrast, mice injected with 
500,000 NS1 cells were 100% tumor-free 12 weeks after injection. When 
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cultured in GIC medium, TS1 cells were strongly positive for stem cell 
markers SOX2 and nestin. Taken together, we regarded TS cells as GICs.  

An important feature of GICs is that they were capable of differentiating 
into cells expressing glial and neuronal markers 102. Addition of 5% serum 
into the GIC medium induced GICs to differentiate, which was determined 
by a change in morphology, loss of nestin and induction of GFAP and TUJ1 
expression. However, the differentiation pattern of GICs was aberrant. 
Firstly, a large proportion of cells were double positive for both markers. 
Secondly, the serum induced differentiation was reversible and upon serum 
removal GICs lost the expression of GFAP and TUJ1 and regained the ex-
pression of nestin. GICs subjected to seven days of serum treatment plus 
seven days of serum deprivation were indistinguishable to untreated GICs, 
both from their morphology and marker expression.  

To dissect the relationship between PDGF-B and stemness, GICs were 
transfected by siRNA against human PDGF-B to knock down viral PDGF-B 
expression specifically. Compared to control siRNA treated cells, GICs with 
PDGF-B knock down exhibited significant growth arrest as well as a much 
lower self-renewal. The reduced proliferation and stemness could not be 
correlated to apoptosis since there was no difference in cleaved caspase-3 
expression. Instead, differentiation of GICs could be observed by the loss of 
SOX2 and nestin and induction of CNP. Most importantly, PDGF-B deple-
tion could significantly reduce the tumor initiating ability of GICs.   

Taken together, our study showed that GICs could be isolated from ex-
perimental PDGF-B induced gliomas and maintained in culture as spheres. 
These GICs were dependent on PDGF-B for their self-renewal, proliferation 
and tumorigenicity, suggesting that patients diagnosed with PDGF driven 
proneural subtype glioblastoma may benefit from therapy regulating PDGF-
B controlled differentiation.  

Paper III. Cell of origin contributes to the phenotypic 
heterogeneity of glioma initiating cells 

The cell of origin for glioma is commonly considered to be NSC or glial 
progenitor cells but is so far undefined 66. To model gliomagenesis from 
different neural/glial cell lineages, three transgenic mouse lines Ntv-a 35, 
Gtv-a 36 and Ctv-a 22 were developed. In the current study, gliomas were 
induced from specific neural/glial cell lineages in adult mice by stereotactic 
injections of DF-1 cells producing RCAS-PDGFB-HA in the CTX of Ntv-a 
Arf-/- mice (N CTX), in the SVZ of Gtv-a Arf-/- mice (G SVZ) and in the 
SVZ of Ctv-a Arf-/- mice (C SVZ). Control injections with RCAS-eGFP 
were performed accordingly and co-expression of GFP and various cell line-
age markers were analyzed one week after injection to determine the nature 
of target cells in each injection set. Double positive cells for GFP and GFAP 
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or nestin could be detected in N CTX and G SVZ but not in C SVZ. Staining 
with Musashi-1 (MSI1) was performed to distinguish N CTX from G SVZ 
since its expression could only be observed in G SVZ, neither in N CTX nor 
in C SVZ. It has been demonstrated that MSI1 cooperated with MSI2 in 
NSCs to maintain the NSC population 133,134, which suggested that we tar-
geted NSCs in G SVZ. Lack of MSI-1 expression in N CTX suggested that 
the infected cells had differentiated along the astrocytic lineage and would 
likely be APCs. Further staining with oligodendrocyte progenitor cell mark-
ers OLIG2 and NG2 confirmed that OPCs were specifically infected in the 
Ctv-a mice since double positive cells for GFP and the above markers could 
only be detected in C SVZ, and not in G SVZ or N CTX. Taken together, by 
stereotactic injection of RCAS virus, we could infect APCs in N CTX, NSCs 
in G SVZ and OPCs in C SVZ. From here on we will instead use APC-, 
NSC- and OPC-derived GICs to describe each experimental group.   

Primary tumors were induced by PDGF-B and the GBM-free survival 
was shown to differ with shorter survival when tumors were induced from 
NSCs compared to APCs and OPCs. From each injection group GIC cultures 
were set up. Tumors were dissociated into single cells and subjected to de-
fined growth-factor free medium to enrich for GICs 135. Early passage cells 
were orthotopically injected into syngeneic mice and GBM-free survival was 
analyzed. NSC-derived GICs exhibited significantly shorter tumor latency 
than those from APCs and OPCs, suggesting that GICs from a more imma-
ture cell of origin were more tumorigenic. GBMs derived from NSCs gener-
ated more spheres (69/1000 cells) than APCs (20/1000 cells) and OPCs 
(22/1000 cells) with larger diameters (NSC 54.5 μm, APC 43.5 μm and OPC 
30.2 μm). Consistent with higher in vivo tumorigenicity, the self-renewal 
capacity of NSC-derived GICs were significantly higher than for APC- and 
OPC-derived cells, as determined by assessing secondary sphere forming 
ability (NSC 50/1000 cells, APC 2/1000 and OPC 8/1000). Furthermore, 
NSC-derived GICs also proliferated at a faster rate than APC and OPC 
GICs. The phenotypic differences of GICs was likely not due to variation in 
their stemness since all GIC cultures expressed similar levels of the neural 
stem cell markers nestin, SOX2, BMI1 and MSI1, regardless of cell of ori-
gin. We also excluded the putative influence of genetic background by ana-
lyzing the primary and secondary sphere formation ability of corresponding 
NSCs.  

To analyze the effect of cell of origin on the response of GICs to serum-
induced differentiation, the cells were cultured in the presence or absence of 
5% serum for one week and analyzed for the expression of GFAP, TUJ1 and 
CNP. Their proliferation ability was assessed by 16 hour BrdU incorporation 
before cell fixation. Without serum, occasional spontaneously differentiated 
cells expressing TUJ1 or CNP could be found in all GICs cultures while 
most cells remained in a stem cell-like state. NSC-derived cells had a higher 
proportion of BrdU positive cells compared to APC- and OPC-derived cells 
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but the differences were not significant. Addition of 5% FBS generated 
many GFAP and TUJ1 single and double positive cells as well as CNP sin-
gle positive cells. Serum significantly inhibited the proliferation of APC- and 
OPC-derived cells, while NSC-derived cells maintained their proliferative 
ability.  

To reveal the underlying molecular mechanisms of the phenotypic differ-
ences of GICs, their global gene expression was examined. Principal com-
ponent analysis (PCA) suggested that GICs of the same cell of origin clus-
tered together and were distinct from each other. By comparing the tran-
scriptomes of APC to NSC+OPC (="APC signature"), NSC to APC+OPC 
(="NSC signature"), and OPC to APC+NSC (="OPC signature"), cell of 
origin signatures were produced.  

In summary, our data demonstrated that a NSC origin generated GBMs 
with a shorter tumor latency than those from APCs and OPCs. Furthermore, 
the NSC-derived GICs were more malignant than the APC- and OPC-
derived GICs, with regard to their self-renewal, proliferation, tumorigenicity 
and response to serum-induced differentiation. The gene signatures gener-
ated from each cell of origin will be used to stratify a large number of human 
GIC cultures by cross-species genomics analysis in the near future and hope-
fully will provide new subclassification and novel targets of human GBMs.  

Paper IV. Oncogenic signaling is dominant to cell of origin in 
dictating astrocytic or oligodendroglial glioma development 
from oligodendrocyte precursor cells 

The development of the Ctv-a mouse line in our lab, where viral infection 
could be targeted to OPCs, demonstrated for the first time that OPCs could 
serve as cell of origin for experimental glioma 22. Subsequently, other groups 
corroborated our finding using different mouse models; by combing v-Erb 
overexpression with p53 inactivation 83 under the control of S100β promoter, 
or by MADM-based lineage tracing with sporadically inactivated p53/Nf1 in 
NSCs 84. Tumors generated from all the above models displayed histopa-
thology characteristics of oligodendroglioma or enrichment in tumors for 
OPC markers. In the initial Ctv-a study, we established that neonatal Ctv-a 
wild type mice were susceptible to PDGF-B induced glioma transformation 
but not to K-RAS+AKT 22. Since loss of Ink4a and/or Arf enhanced glioma 
development in Ntv-a and Gtv-a mice 23, and since K-RAS+AKT in Ntv-a 
and Gtv-a mice have been shown to generate astrocytic gliomas, we asked 
the question whether it would be possible to induce astrocytic-like tumors 
also in Ctv-a mice deficient for Ink4a, Arf or Ink4a-Arf. Neonatal mice were 
infected intracerebrally with K-RAS + AKT retroviruses and the tumor inci-
dence and malignancy grade were analyzed. Ctv-a mice deficient for Ink4a 
did not develop glioma but loss of Arf generated WHO grade III-IV gliomas 
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in 30% Ctv-a Arf-/- mice and in 19% Ctv-a Ink4a-/-Arf-/- mice. Ctv-a Arf-/- 
mice exhibited significantly shorter survival than wild type and Ink4a-/- 
mice.  

Loss of Ink4a facilitated tumor growth in Ntv-a and Gtv-a mice, where K-
RAS + AKT resulted in 44% and 4% tumor incidence, respectively 80. So it 
was unexpected that Ink4a deficiency did not confer oncogenic simulation of 
K-RAS + AKT in Ctv-a mice. To explore more, PDGF-B induced glioma 
development was compared between wild type and Ink4a-/- mice of the three 
tv-a mouse lines. More pronounced effect could be observed that loss of 
Ink4a significantly increased tumor incidence and survival in Ntv-a and Gtv-
a mice 23, but not in Ctv-a mice. To summarize, Ink4a did not function as 
tumor suppressor when the CNP positive OPCs were subjected to oncogenic 
simulations of PDGFB or K-RAS + AKT.  

Although derived from OPCs, all the K-RAS + AKT tumors generated in 
Ctv-a Arf-/- and Ink4a-/-Arf-/- mice displayed an astrocytomas-like histopa-
thology while the PDGF-B induced tumors exhibited characteristics of hu-
man oligodendroglioma. Immunohistochemical staining for neural/glial 
markers were performed to further distinguish between these two kinds of 
tumors. Nestin was expressed diffusively in the tumors cells of the K-RAS + 
AKT tumors while its expression in PDGF-B tumors were confined to ves-
sels and possibly reactive astrocytes instead. GFAP was evenly distributed in 
K-RAS + AKT tumors but in PDGF-B tumors its expression was restricted 
to the cells with the morphology of reactive astrocytes or normal glial cells. 
PDGFRα expression could be observed in both tumor types, suggesting an 
OPC origin for these tumors. OLIG2 is a marker expressed more in oli-
godendroglial tumors than astrocytic tumors 136-138. We found that only a 
subset of cells were clearly positive for OLIG2 in K-RAS + AKT tumors 
while the majority of the tumors remained negative. In contrast to this, the 
majority of PDGF-B tumors were strongly positive for OLIG2. Examination 
of astrocytic marker vimentin 139,140 revealed that K-RAS + AKT tumors 
were strongly positive for vimentin while PDGFB tumors were completely 
negative. In summary, protein expression in the tumors confirmed that astro-
cytic and oligodendroglial tumors could be induced by K-RAS + AKT and 
PDGF-B respectively from OPCs in Ctv-a mice.  

To determine if OLIG2 and vimentin expression would be related to hu-
man glioma subtypes, we explored the human TCGA database 6. It was 
found that OLIG2 expression was exclusively enriched in the Proneural sub-
type while the Mesenchymal and Classical subtypes expressed significant 
higher level of vimentin than the Proneural subtype.  

Adult and pediatric gliomas display significant differences in many as-
pects, such as tumor grades and genetic alterations 141. To investigate the 
effect of developmental age on glioma development, adult Ctv-a, Ntv-a and 
Gtv-a mice were injected with RCAS-PDGF-B in the SVZ. Consistent with 
previous study 42, both Ntv-a Arf-/- and Gtv-a Arf-/- mice had 100% tumor 
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incidence. Compared to Ntv-a and Gtv-a Arf-/- mice, Ctv-a Arf-/- mice ex-
hibited a significant lower tumor incidence, longer survival and less malig-
nancy. Unlike neonatal injected mice, PDGF-B overexpression in adult Ctv-
a mice could not lead to glioma formation in wild type or Ink4a-/- mice, 
suggesting that OPCs of the adult brain are less receptive to oncogenic stim-
uli compared to neonatal OPCs. 

In conclusion, we showed that upon oncogenic stimulations of K-RAS + 
AKT, astrocytic glioma could be generated from OPCs. These tumors might 
belong to a different molecular subtype from the oligodendroglial tumors 
induced by PDGFB in the same cell of origin. Furthermore, it was demon-
strated that developmental age would affect the susceptibility to oncogenic 
transformation. The interplay between cell of origin, oncogenic activation 
and developmental age provided an explanation for glioma heterogeneity.  
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Future perspectives 

Here we have suggested a novel pathway where Sox5 could suppress PDGF-
B induced glioma development by acute cellular senescence through activa-
tion of p27Kip1 in a p19Arf dependent manner (Paper I). The importance of 
SOX protein family in CNS development indicates that they may also have 
effects on GICs. The involvement of SOX2, Sox4 and Sox11 in the GIC 
biology has been revealed by several studies recently 122,142,143. SOX2 silenc-
ing could inhibit proliferation and tumorigenicity of GICs 143. Consistent 
with this, it has been shown that TGF-β could sustain the proliferation of 
GICs by activating downstream effectors Sox4 and Sox2/Oct4 142. Sox11 
exhibited its effect by inducing the differentiation of GICs to the neuronal 
lineage 122. So exploring the effect of Sox5 on self-renewal, differentiation 
and senescence of GICs both in vivo and in vitro will be an interesting sub-
ject. Preliminary data from our group suggested that SOX5 negatively regu-
late the proliferation of human glioma cell cultured under stem cells condi-
tions. We will continue with the study and try to identify the target genes of 
Sox5 and the signaling pathways activated by Sox5 that are involved in tu-
mor suppression.  

Based on the culture method for isolating and characterizing the PDGF-B 
dependent GICs (Paper II), we discovered how the self-renewal, prolifera-
tion, differentiation and tumorigenicity of GICs were related to their cell of 
origin in PDGF-B induced mouse glioblastomas (Paper III). This finding 
could be of clinical significance since if it holds true in human, it may lead 
to new subclassification of human glioblastomas based on the phenotypes of 
GICs derived from patient samples. Furthermore, GICs with different cell of 
origin responded differentially to differentiation stimulus suggesting that 
depending on the cell of origin different treatment strategies could be used. 
There is a long way to go before applying this concept in the clinic. Onco-
genic events other than PDGF-B must be tested on mouse models to prove 
this cell of origin related phenotypic variations of GICs is not a PDGF-B 
specific effect.  

I have been involved in establishing human glioma cell cultures under 
stem cell condition from acutely dissociated glioma biopsies for several 
years. More than forty cell lines have been established so far. Now we are 
characterizing these cell lines by testing their tumor initiating ability through 
orthotopic transplantation into NOD-SCID mice, checking for neural/glial 
marker expression and performing molecular profiling. All the tested cell 
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lines so far gave rise to secondary tumors, indicating they are GICs. For the 
molecular profiling, RNA was prepared from glioma tissues and GICs and 
DNA was extracted from GICs and blood. NanoString expression profiling, 
sequence analysis of specific genes and array CGH will be performed to 
relate the molecular signatures of GICs to the TCGA subtypes. The cell of 
origin signatures obtained from Paper III will be applied to these well-
characterised human GICs by cross-species genomic analysis 144 to transfer 
the knowledge we gain from mouse glioma models to human. In addition 
large-scale drug screening will be done to find out potent chemicals that are 
capable of inducing the terminal differentiation/growth arrest/apoptosis of 
one or several subgroups of GICs.  

Adult and pediatric gliomas display significant differences in genetic al-
terations 141, indicating that simply applying the findings from adult patients 
to children may be too superficial. The finding that OPCs of neonatal mice 
are more susceptible to develop PDGF-induced glioma than adult OPCs 
(Paper IV) suggested a role of developmental age in gliomagenesis. So far as 
we know, very few studies focus on how developmental age affects the out-
come of oncogenic stimulations. To explore more, it is of high value to ex-
tend our observations in OPCs to APCs and NSCs and to compare the gene 
expression profiles of pediatric and adult mouse glioma. Furthermore, it will 
also reveal what mouse model will be more relevant when we try to study 
pediatric or adult gliomas. 

Glioma is a heterogenic, complex and incurable disease. Identifying more 
specific and efficient drugs against glioma is of urgent need. By finding new 
glioma suppressor and studying the interplay among cell of origin, onco-
genic events and developmental age in gliomagenesis, I wish I would be able 
to contribute to the basic knowledge of glioma biology, which will finally 
benefit the glioma patients.  
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