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ARF  Alternate reading frame 
5-ALA 5-aminolevulinic acid 
ASLV Avian sarcoma leucosis virus 
CD44 Cluster of differentiation 44 
CDK Cyclin dependent kinase 
CDKN2A Cyclin dependent kinase inhibitor 2A 
CNPase 2',3'-Cyclic Nucleotide 3'-Phosphodiesterase 
ECM Extracellular matrix 
EGF Epidermal growth factor 
EGFR Epidermal growth factor receptor 
FGF Fibroblast growth factor 
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some 10 
RB Retinoblastoma 
RCAS Replication-Competent ALV with Splice acceptor 
SHH Sonic hedgehog 
TAM  Tumor-associated macrophage 
TP53 Tumor protein 53 gene 
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Glioma – an introduction 

Each year about seven out of 100 000 people are diagnosed with malignant 
glioma. Despite decades if intensive research worldwide there is so far no 
proper cure and the final outcome is still a cruel fate, almost certain death.  
No underlying causes for malignant gliomas have been found as yet. Ioniz-
ing radiation is so far the only established risk factor.1,2 In about 5% of cases 
there is a familial connection and some of these are associated with rare ge-
netic syndromes such as neurofibromatosis or Li-Fraumeni syndrome.3  

Classification of glioma 
The name glioma includes a great variety of tumors that look and behave 
very differently. Classifying tumors into groups helps to clarify this diversity 
and provide a diagnostic and often prognostic tool for doctors as well as 
researchers. The general standard for classifying gliomas has been set by the 
World Health Organization (WHO) and is based on tumor histology.4 Recent 
years of investigations into genetic and expression profiles of glioma have 
led to suggestions of new molecular classifications that are considered even 
more prognostically accurate.5-7 

WHO classification 
WHO divides gliomas based on cell morphologies into three main groups; 
astrocytic tumors with cells resembling astrocytes, oligodendroglial tumors 
with oligodendrocytic features and mixed oligoastrocytic tumors (figure 1).4 
Gliomas are further classified into four (I-IV) histological grades following 
their malignancy. Pilocytic astrocytomas are grade I lesions, considered bio-
logically benign, that occur mainly in children or young adults.4,8 If operable, 
pilocytic astrocytomas can be cured by surgical resection. The second grade 
includes diffuse astrocytomas, oligodendrogliomas and oligoastrocytomas, 
which have a low proliferative rate and display a more infiltrative growth 
pattern making the majority incurable by resection alone as well as prone to 
recurrence. Tumors of grade II also have a tendency to progress into higher 
malignancy over time.4  

Grade III and IV are often termed malignant glioma and are considered 
incurable. Gliomas of grade III are called anaplastic and characterized by 
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increased anaplasia and proliferation. So far only astrocytic tumors have 
been designated with the grade IV classification, featuring necrosis and mi-
crovascular proliferation. These tumors, also called glioblastoma multiforme 
(GBM), have a very rapid disease progression with a median survival of 
about a year. Occasionally glioblastomas are found partly displaying oli-
godendrocytic features and WHO recommends classifying these a “glioblas-
toma with oligodendroglioma component”.4 GBMs are additionally divided 
into primary and secondary glioblastomas. Although they cannot be distin-
guished clinically or morphologically the two types have clearly separable 
features. Primary GBMs are most common and have an average onset after 
45 years of age. They occur de novo with no prior symptoms or evidence of 
low-grade tumor progression. Secondary GBMs occur at a younger age as a 
progression from lower grade tumors.9 

 
Figure 1: Classifications of glioma based on WHO guidelines or molecular profil-
ing. WHO classification is based on histological features and has for a long time been 
the standard for glioma diagnosis. Recent years of molecular profiling of gliomas has 
revealed classifications that can better predict prognosis and treatment response. 

Profile based classifications 
Three recently published studies have suggested very similar classifications 
based on genetic alterations and gene expression profiling.5-7 The consensus 
classification divides primarily GBMs into four different subgroups named 
classical, mesenchymal, neural and proneural (Figure 1, names suggested by 
Verhaak et al.7).  
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Classical  
The classical subtype is named so because it harbors the most com-
mon genetic alterations such as chromosome 7 amplifications and 
chromosome 10 deletions, EGFR amplifications and homozygous 
CDKN2A deletions.7 This group was termed proliferative by Phillips 
et al. who showed an increase of tumor cell proliferation in these tu-
mors.6  

Mesenchymal 
One main feature of the mesenchymal class is a strong association 
with NF1 mutation/deletion and low expression of NF1 mRNA. This 
group also showed high expression of mesenchymal markers suck as 
YKL40 and MET.6,7 Phillips et al. also found this subtype to have an 
increased microvascular proliferation compared with the other sub-
types and an expression profile similar to neural stem cells.6 Recur-
rent tumors often shift towards the mesenchymal subtype.7 

Neural 
The neural group of tumors had no defining gene alterations but 
showed expression patterns most similar to that of normal brain tis-
sue.7 

Proneural 
PDGFRA alterations and mutations of TP53 and IDH1 where strong-
ly associated with the proneural subgroup.7 These abnormalities are 
often associated with secondary GBM.9-13 Also, the majority of grade 
III tumors and secondary GBMs in these studies were classified as 
proneural.6,7 Proneural tumors are also associated with younger age 
and prolonged survival. This subgroup had the least benefit of ag-
gressive therapy.7 

Treatment options 
Symptom management and treatment of the tumor are the two basic aspects 
of glioma therapy. Regardless of grade the treatment regimen is decided on a 
case by case basis. 

Many of the symptoms associated with glioma can of course be relieved 
by removal of the tumor. If resection is not possible, which is often the case 
with recurrent tumors, other forms of symptom management are needed. 
Seizures are a common symptom of glioma that can often be controlled with 
drugs used for epilepsy. Steroids can be used to treat the swelling, associated 
with edema, commonly caused by the tumor.14,15 
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The most crucial question when treating the tumor is if it can be removed. 
The location of the tumor and the extent of infiltration into normal tissue de-
cides if and how much of the tumor can be removed. The extent of the resec-
tion is associated with longer survival and improvements in tumor visualiza-
tion have increased the proportion of the resection.16,17 Intraoperative MRI has 
proved to be a valuable tool for surgeons since the tumor tissue becomes easier 
to separate from normal tissue.18-22 A chemical compound called 5-
aminolevulinic acid (5-ALA) has been shown to also improve the quality of 
resection.23-25 5-ALA causes an accumulation of fluorescent porphorins in 
glioma cells. Under blue light the porphorins display red fluorescence visualiz-
ing the tumor and making the margin more distinguishable allowing more of 
the tumor to be removed without damaging the surrounding normal tissue.26,27  

For newly diagnosed malignant glioma the standard of care following 
surgery is radiotherapy followed by or in combination with chemotherapy, 
with Temozolomide as the standard drug. Despite aggressive therapy the 
tumor recur in the majority of patients and is mostly far more destructive and 
difficult to treat. Only one quarter of recurrent GBMs are available for surgi-
cal resection,28 likely due to their extensive infiltration of surrounding tissue. 
Radiotherapy and chemotherapy can somewhat delay disease progression of 
recurrent tumors although the efficacy is quite modest and side effects may 
outweigh any potential benefits.29  

Targeted treatment 
Increased understanding of the molecular alterations underlying malignant 
gliomas has led to the development of targeted therapies. Inhibition of recep-
tor tyrosine kinases and the pathways they activate have been of particular 
interest. The PDGFR inhibitor imatinib/Glivec® is used as treatment for 
chronic myeloid leukemia and gastrointestinal stromal tumors. In clinical 
trials imatinib has had low effect on gliomas on its own, but has shown 
promise in combination with for instance hydroxyurea.30,31 For EGFR there 
are two inhibitors that have very similar functions called gefitinib/Iressa®32 
and erlotinib/Tarceva®. Both are used for treating non-small cell lung can-
cer. Tyrosine kinase inhibitors only give very modest effects as single agents 
mainly due to the redundancy of the pathways as well as co-activation of the 
tyrosine kinases. Investigational strategies are therefore more focused on 
combinatorial therapies. Molecular profiling of tumors can have many ad-
vantages. It can further improve classification of gliomas, prediction of 
prognosis and response to therapy and thereby give a basis for personalized 
therapeutical strategies. Gefitinib for instance gave very little response in 
unstratified glioma patients, but when the tumors were genetically profiled, 
the drug proved more effective in patients carrying an EGFRvIII mutation 
together with intact PTEN.33 Patients with increased activation of PI3K/AKT 
pathway showed no response at all.34  
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Mouse models of glioma 

Representative mouse models in glioma research are important for under-
standing the mechanisms behind tumor development and progression as well 
as for developing new therapies. Common model systems used in cancer 
research are xenografts and genetically engineered mice often in combina-
tion with somatic cell gene transfer. Any of these mouse models will have 
advantages and disadvantages and none can fully recapitulate tumorigenesis 
in humans due to species differences. The most suitable model should be 
chosen based on what aspect of gliomas you wish to investigate.   

Xenografts involve implantation of human primary tumor cells or glioma 
cell lines subcutaneously or orthotopically into immunosuppressed, immu-
nodeficient or neonatal immunonaïve mice.35,36 These models are highly 
reproducible in many aspects but seldom generate a histopathology compa-
rable to the corresponding human tumor, especially when transplanting cell 
lines. Culture conditions and isolation procedures quickly change gene-
expression, the genetics and epigenetics of the cells and the composition of 
cells types so that they become less representative of the primary tumor from 
which they were derived. In addition, since the mice are immunologically 
compromised any immune response against the tumor is lost. 37 

Generation of genetically engineered mice has given more representative 
glioma models. Genetic alterations seen in human tumors can be introduced 
into the mouse genome by either germline modifications or somatic cell gene 
transfer. Some of the disadvantages of using germline modification strate-
gies to model any disease include the time and cost needed to generate a 
modified mouse and there is never a certainty the genotype will generate a 
phenotype. So far, most germline-modified mice, developing gliomas, have 
only generated astrocytic tumors.38 High grade astrocytomas have been de-
veloped in mice through TP53 loss/mutation combined with NF1 loss in all 
cells or as conditional modifications in GFAP expressing cells.39-41 These 
studies also showed that inactivation of both TP53 and NF1 are required for 
astrocytoma formation and that the sequence of inactivation is important.41 
In another model, conditional inactivation of RB, p107 and p130 resulted in 
anaplastic astrocytomas, with accelerated disease progression upon PTEN 
loss.42 Mice with V12H-RAS overexpression in GFAP expressing cells also 
developed anaplastic astrocytomas.43 These RAS-induced tumors also dis-
played other glioma-associated alterations, e.g. EGFR overexpression and 
loss of PTEN, p16INK4A and p19ARF. This suggests that overexpression of 
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V12H-Ras may induce genetic events contributing to gliomagenesis in these 
mice. 

Somatic cell gene transfer 
Somatic cell gene transfer can offer a faster way of studying multiple genetic 
alterations than germline alterations and an even more selective strategy with 
regard to location and cell of origin. This strategy uses infection with retrovi-
ruses to introduce genes into the genome of somatic cells. Commonly used 
systems are Moloney murine leukemia virus (MMLV) and the RCAS/tv-a 
system.37 The number of cells that are infected is very small making second-
ary event for tumor induction improbable.44 This is both an advantage and a 
disadvantage for the model in that all modifications needed for tumor initia-
tion has to be supplied, but at the same time the initiating events, if tumors 
arise, are always known. There is also a problem when injecting viruses di-
rectly into the brain since the injection itself causes injury and inflammation 
that may affect tumor induction.  

The RCAS/tv-a mouse model system 
RCAS stands for Replication-Competent ASLV long terminal repeat (LTR) 
with Splice acceptor, and is a retroviral vector based on subgroup A avian 
sarcoma-leukosis virus (ASLV). The retrovirus can only infect cells that 
express its receptor tv-a, which is not present in the mammalian genome. 45 
Mouse cells need to be genetically modified to express tv-a gene expression 
in order to be infectable with RCAS. By placing a promoter for a tissue or 
cell specific protein in front of the tv-a gene it is possible to choose which 
cell type or tissue to be infected by the virus. The gene of interest is cloned 
into the RCAS vector (figure 2A), which is transfected into an avian cell 
line, e.g. DF-1 chicken fibroblasts, for virus production. In mice the virus 
producing cells are injected into the target organ (figure 2B). Upon infection 
the gene is inserted into the cell genome via the retroviral integration process 
(Figure 2C). Mammalian cells cannot express the viral genes properly due to 
a splice acceptor site in RCAS and therefore no new viruses are produced. 
The result is that the virus does not replicate further, i.e. there is no spread 
between receptor expressing mammalian cells.45  



 17 

 
Figure 2: The RCAS/tv-a mouse model. A) The gene of interest is cloned into the 
RCAS vector construct, which also contains the genes gag, pol and env necessary 
for virus production. The splice acceptors (SA) cause a failure in viral protein ex-
pression in mammalian cells. B) Viruses are produced in bird cells, e.g. DF-1 
chicken fibroblasts. The cells are injected into a mouse, which may eventually de-
velop a tumor. C) The virus requires the tv-a receptor to infect a cell. Upon infection 
the viral genes are integrated into the cell genome. The cell can then express the 
desired gene. 

RCAS/tv-a as a glioma model 
For glioma induction the virus producing cells are injected into the brain of 
neonatal or adult mice (figure 2B). The latter are stereotactically injected 
making it possible to target specific areas of the brain for instance the sub-
ventricular zone or cortex. Tumors induced in adult mice are even more rep-
resentative of human tumor development. Three transgenic mouse lines have 
been produced expressing tv-a in different glial cells of the brain (figure 2B). 
Ntv-a mice have tv-a expression driven by the NESTIN promoter resulting in 
tv-a expression on neural progenitors. The Gtv-a mouse line, which has 
GFAP promoter driven tv-a expression, was initially created for infection of 
astrocytes. However, studies have shown that GFAP is also expressed in 
neural stem cells of the subventricular zone.46 Recently a third mouse line 
was developed in our lab in which tv-a is expressed on cells of the oligoden-
drocytic lineage, controlled by the CNPase promoter.47 

As a tumor model RCAS is often used to induce expression of an onco-
gene in selected cells. In this way oncogenes can be tested alone or in com-
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bination for their tumor initiating abilities. Some genes, such as PDGF-B, 
have been shown to be very potent at inducing gliomas in this system (Table 
1).47-51 By inducing a tumor with PDGF-B other genes can be investigated 
for their ability to inhibit or promote tumor development, growth or progres-
sion. PDGF-B is able to induce gliomas with the histology of oligodendro-
gliomas in all three above mentioned mouse lines with the highest incidence 
in Ntv-a mice.47,48,51 Addition of p14INK4A/p19ARF loss has been shown to 
increase tumor incidence and malignancy in Ntv-a and Gtv-a mice.48,51 
PDGF-B was also shown to have a dose dependent effect in gliomagenesis.50 
AKT and K-RAS together can induce astrocytomas in Ntv-a and Gtv-a 
transgenic mice with addition of p14INK4A/p19ARF loss.49,52-54 The Ntv-a 
mouse line has also been used to induce medulloblastoma by using Shh 
alone or with other factors giving increased incidence.55-58 

Table 1: RCAS/tv-a mouse models for brain tumors. 

Mouse 
line 

Gene 
loss 

RCAS Tumor type Other  
effects 

Ref. 

Ntv-a   PDGF O II-III   48,49,51 
  p16INK4A  PDGF O II-III   51 
  p19ARF  PDGF O II-III ⇑ I, GP 51 
  CDKN2A PDGF O II-III ⇑ I, GP, ⇓ OS 48,51 
    PDGF wo 5'UTR O II-III ⇑ I, GP 50 
    PDGF+IGFBP2 O II-III GP 49 
    PDGF+Sox10 O II-III ⇑ I 59 
    Akt+K-Ras A II-IV  49,52 
  p19ARF Akt+K-Ras A II-IV ⇑ I 54 
  CDKN2A Akt+K-Ras A II-IV ⇑ I, GP  53 
  PTEN K-Ras A IV  60 
    K-ras+IGFBP2 A II   49 
    Shh M    57 
    Shh+IGF2 M ⇑ I 58 
    Shh+Akt M ⇑ I 58 
    Shh+N-myc M ⇑ I 56 
    Shh+HGF M ⇑ I 55 
Gtv-a   PDGF O II-III, OA II-III   48,51 
  p16INK4A PDGF O II-III, OA II-III ⇑ I 51 
  p19ARF PDGF O II-III, OA II-III ⇑ I, GP, ⇓ OS 51 
  CDKN2A PDGF O II-III, OA II-III ⇑ I, GP, ⇓ OS 48,51 
  p21 PDGF O ⇑ I 61 
  CDKN2A Akt+K-ras GBM ⇑ I 53 
  
 

  MTA A III, O III, OA 
III 

  62 

Ctv-a  PDGF O II-III  47 

A – astrocytoma, GP – grade progression, I – incidence, M – medulloblastoma, O – oligoden-
droglioma, OA – oligoastrocytoma, OS – overall survival 
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The hallmarks of cancer 

In 2000 Douglas Hanahan and Robert A. Weinberg first stipulated the six 
hallmarks of cancer.63 Ten years later they revisited the concept further so-
lidifying their initial notion and adding further contributors to tumorigene-
sis.64 They defined the hallmarks as “distinctive and complementary capabil-
ities that enable tumor growth and metastatic dissemination”. Here these 
traits will be described in connection with gliomagenesis focusing on those 
most relevant for this thesis work. The original six hallmarks are; sustaining 
proliferative signaling, evading growth suppressors, resisting cell death, 
enabling replicative immortality, inducing angiogenesis and activating inva-
sion and metastasis (Figure 3). The recent paper also suggested deregulating 
cellular energetics and avoiding immune destruction as emerging hallmarks. 
Hanahan and Weinberg further described two enabling characteristics that 
aid in the acquisition of the hallmarks. Genome instability will lead to an 
increased mutation frequency and thereby faster accumulation of genetic 
changes that can lead to cancer development. The second enabling character-
istic is tumor-promoting inflammation driven by some of the cells of the 
immune system. 

 
Figure 3: The hallmarks of cancer. The six hallmarks are essential steps in cancer 
development. There are many ways for a cell to acquire these traits which in turn 
contributes to the diversity of human cancers. Reprinted with permission from Else-
vier 64 
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Sustaining proliferative signaling 
Uncontrolled proliferation is a critical step in order for a cell to become can-
cerous. In normal tissue signals of proliferation are tightly regulated. Pre-
cisely how this regulation is maintained and what players are involved is 
poorly understood. How proliferation is activated in cancer cells, on the oth-
er hand, is well documented. Activating signals are mainly conveyed 
through the growth factor signaling pathways (Figure 4). Many of the key 
factors are known oncogenes. Activating these pathways in a cancer cell can 
be done in many different ways. The cells themselves may produce growth 
factors creating autocrine stimulation as well as stimulate surrounding cells. 
Another common abnormality in cancer cells is upregulation of the receptor 
proteins or alterations making them constitutively active and thereby ligand 
independent. 64 

Two very common alterations in glioma include EGFR and PDGFR 
pathways. EGFR amplification and/or overexpression is very common in 
primary GBMs and is associated with the classical subgroup.7,9 Amplifica-
tion of EGFR is often linked to a mutation variant known as EGFRvIII, 
which lacks the extracellular domain and is constitutively autophosphory-
lated.65 Overexpression of PDGF or PDGFRα is a common occurrence es-
pecially in lower grade tumors and most secondary GBMs and signifies the 
proneural subclass.7,9,66 In the RCAS/tv-a glioma models PDGF-B has been 
shown to be a potent tumor inducer originating from NESTIN, GFAP and 
CNPase expressing cells.47-51 Recently PDGF-driven mouse gliomas were 
also shown to share a similar expression profile with proneural GBMs.67 
However, no tumors developed in transgenic mice overexpressing PDGF-B, 
under control from NESTIN enhancer element or GFAP promoter, but the 
latter started to develop gliomas when combined with TP53 loss.68,69 This 
emphasizes the importance for additional genetic events for gliomagenesis. 
The NESTIN enhancer element did activate expression in embryos during 
mid neurogenesis when neural progenitors are more abundant than glial pro-
genitors which may explain the lack of tumor development.69 When using 
retroviral tumor induction insertional mutagenesis, as a result from the inte-
gration of the retroviral genome, may aid in this respect. In our recent study 
we were able to demonstrate a PDGF-dependence of glioma initiating cells 
isolated from PDGF-B induced tumors (paper I). Upon PDGF inhibition the 
cells lost their in vivo tumorigenicity and stopped proliferating, lost their 
self-renewal ability and differentiated into oligodendrocytic cells in vitro. 
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Figure 4: Pathways commonly altered in human glioma.  These pathways are to a 
large extent responsible for many of the hallmarks. Growth factor (GF) signaling 
through the receptor tyronise kinases (RTK) can also activate VEGF signaling, 
which is the main effector of angiogenesis. Adapted from 15,37. 

Proliferation can also be activated in cancer cells by abnormalities of targets 
downstream in growth factor signaling. Since there are parallel pathways 
diverging downstream of the growth factor receptor, alterations may be re-
quired in more than one of these to achieve the same effect as that of a single 
alteration occurring at the start of the pathway (figure 4). This was illustrated 
by use of AKT and K-RAS to induce gliomas in tv-a transgenic mice.49,52-54 
Both are transducers of separate pathways downstream of growth factor re-
ceptors. AKT alone could not induce tumors in any of the mouse lines tested 
nor in combination with p16INK4A or p19ARF loss. K-RAS as sole oncogene 
was able to induce glioma only in p16INK4A and/or p19ARF null mice. Combin-
ing AKT and K-RAS gave tumors in wild-type Ntv-a mice and increased 
incidence upon p16INK4A and/or p19ARF loss in other lines. This shows that 
AKT or K-RAS as sole tumor inducers are not as effective as PDGF-B. Alt-
hough the pathways they are involved in are often activated in human glio-
ma, AKT and K-RAS alterations are rare events and not considered key ab-
normalities in GBM development.9,70 

There are also negative feedback loops regulating the proliferative signal-
ing pathways. NF1, for example, is a negative regulator of RAS and down-
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regulation of the gene is connected with mesenchymal GBM.7 Another ex-
ample is PTEN, which degrades the product of PI3K, PIP3 into inactive PIP2 
abrogating the signal transduction via PI3K.71,72 PTEN loss or mutation is 
also a common event in gliomas.9 

Evading growth suppressors 
Apart from activating signaling there are also systems to negatively regulate 
cell proliferation operating mainly through tumor suppressors. Two main 
circuits are involved in tumor formation, with RB and p53 proteins as central 
mediators (Figure 4).64 RB receives signals of both extracellular and intracel-
lular origin and when activated responds by blocking cell cycle 
progression.73-75 Upstream of RB lies p16INK4A, a suppressor of CDK4, which 
in turn inhibits RB.76 Alterations in this pathway are frequent in glioma and 
to a large extent mutually exclusive, as well as important for tumor initiation 
and progression.73,77-79 p53 primarily responds to intrinsic signals due to var-
ious types of stress or DNA damage.64 The outcome of p53 action is either 
apoptosis or senescence. Abnormalities in TP53 are more frequent in sec-
ondary than primary GBMs and were predominantly found associated with 
proneural tumors.7,80,81 p14ARF acts upstream of p53 by inhibiting MDM2, 
which is an inhibitor of p53.82-84 p53 in turn activates expression of MDM2 
thus inducing its own negative regulation.82-86  

p14ARF and p16INK4A are both encoded by the same locus, CDKN2A. The 
majority of alterations in this locus result in simultaneous inactivation of 
both proteins. In the RCAS/tv-a mouse glioma models inactivation of the 
CDKN2A locus leads to increased tumor incidence and malignancy.48,51,53,54 
We often use p19ARF null mice when we want to perform studies on high-
grade tumors. The increased incidence reduces the number of mice needed to 
generate a certain number of tumors.  

Resisting cell death 
Many of the events leading up to a cell becoming malignant evoke a physio-
logical stress, which can trigger apoptosis, programmed cell death. Evading 
apoptosis is therefore a necessary step in tumorigenesis.64 The most common 
mechanism is by loss of p53 tumor suppressor function (figure 4). The 
growth factor activated pathway acting via AKT is, apart from stimulating 
proliferation, also an important regulator of cell survival. 
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Enabling replicative immortality 
The majority of normal cells are only able to go through the cell cycle a lim-
ited number of times. This can be referred to as cellular aging and prevents 
cells from proliferating endlessly. The first obstacle is senescence, entrance 
into an irreversible non-proliferative but viable state. If a cell is able to es-
cape senescence they encounter a second obstacle, the crisis phase, where 
many cells die primarily through apoptosis. In culture, if a cell manages to 
avoid both these barriers they become immortalized and are able to propa-
gate indefinitely. Again, the RB and p53 pathways play central roles in these 
events (figure 4). RB and p53 are activated by various signals, associated 
with cellular aging, and respond by inducing senescence or apoptosis. 

Telomeres are tandem hexanucleotide repeats located at the ends of each 
chromosome and has a protective function for the DNA.87,88 Normal DNA 
polymerase is not able to replicate these fully resulting in a shortening of the 
telomeres with each cell division.89,90 When the telomeres are lost the chro-
mosomes becomes highly unstable and trigger the DNA damage response in 
which p53 is involved.88,91 Loss of p53 would in this case allow the cell to 
evade this mechanism and provide a genomic instability further enabling 
mutations promoting tumor progression. 

Cell or tissue aging is also linked with increased levels of p16INK4A and 
p19ARF.92 What mechanisms govern this up-regulation and whether it is an 
effector or result of replicative aging is yet to be elucidated. p16INK4A and 
p14/p19ARF are however known inducers of senescence.  

In a recent study we showed that the short isoform of the transcription 
factor SOX5 (S-SOX5) could induce cellular senescence.93 S-SOX5 was 
able to inhibit formation of PDGF-B induced glioma in specifically p16INK4A 
deficient mice. The mechanism was proposed to be through induction of 
acute cellular senescence and involved AKT and p27KIP1 and was p19ARF 
dependent. Figure 5 shows a schematic view of the suggested mechanism of 
S-SOX5 induced senescence. When p16INK4A is lost the p19ARF/p53 pathway 
becomes the main pathway for senescence induction. Upon PDGF-B over-
expression AKT activation could block p27KIP1, thereby inhibiting 
p19ARF/p53 activation of senescence. We showed that by introducing S-
SOX5 p27KIP1 was activated and the cells entered senescence. This happened 
in a p19ARF dependent manner and was dominant to the PDGF-B induced 
transformation. When instead p19ARF is lost and p16INK4A is intact the situa-
tion changes. The cell cycle arrest induced by the p16INK4A pathway acts via 
CDK4 and occurs earlier during G1-phase. This pathway is thus not affected 
by PDGF-B stimulation and S-SOX5 would not have the same effect.  
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Figure 5: Suggested pathway for S-SOX5 induced senescence. 

Inducing angiogenesis  
Without the formation of new blood vessels solid tumors cannot grow be-
yond a very small size. Angiogenesis, defined as sprouting of new vessels 
from existing ones, is therefore an essential step in the progression toward a 
malignant tumor. The balance between pro- and anti-angiogenic factors reg-
ulates the angiogenic process. The most common angiogenic factors are 
vascular endothelial growth factor (VEGF), angiopoetin-2 (Ang-2) and fi-
broblast growth factor (FGF), VEGF being the most critical for glioma angi-
ogenesis. Examples of anti-angiogenic factors are angiostatin, endostatin and 
thrombospondin-1. In normal tissue angiogenesis only occurs during embry-
ogenesis, wound healing and the female reproductive cycle as a transient 
event. Tumor angiogenesis however is due to an “angiogenic switch“ in re-
sponse to pro-angiogenic factors that is permanent. The “switch” is often 
induced by hypoxic conditions, which stimulates production of pro-
angiogenic factors such as VEGF.64  
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The process of angiogenesis 
VEGF initiates the angiogenic process by increasing the vascular permeabil-
ity (Figure 6).94 The extracellular matrix (ECM), the basement membrane 
especially, is degraded by matrix metalloproteinases (MMP) released by 
either VEGF stimulated endothelial cells or tumor cells.95 Not only does this 
degradation make a more pervious ECM for migrating endothelial cells but 
also releases pro-angiogenic factors locked in the ECM, that can further fa-
cilitate the process.64 VEGF additionally stimulates the endothelial cells to 
proliferate and migrate into the tissue. Proper migration of the endothelial 
cells is dependent on focal adhesions and associated proteins, i.e. integrins, 
which anchors the endothelial cells to the ECM as well as other cells 96. Fi-
nally the endothelial cells assemble to form a vascular lumen and pericytes 
are recruited, which aids in the formation of a new basement membrane.94 
PDGF, which can be secreted by activated endothelial cells or tumor cells, is 
known to recruit pericytes.97 Angiopoetin-2, also released by the endothelial 
cells, aids in the dissociation of the basement membrane and pericyte de-
tachment as well as endothelial cell proliferation, migration and final assem-
bly. Pericytes are important supportive cells for normal tissue vasculature 
and also seem to have an important role in maintenance of a functional tu-
mor neovasculature.98,99 We have seen a marked increase in pericyte infiltra-
tion in PDGF-B induced glioma following tumor grade as well as a correla-
tion with vessel functionality (paper IV).  

 
Figure 6: The process of angiogenesis. VEGF increases vessel permeability and 
activates release of factors, e.g. MMPs and Ang2, that aid in degradation of the 
basement membrane, pericyte release and remodulation of adjacent tissue ECM. 
VEGF further induces proliferation and migration of the endothelial cells. The latter 
is facilitated by adhesion to the ECM through integrins. Finally the endothelial cells 
assemble to form a vascular lumen. PDGF recruits pericytes that aid in the for-
mation of a new basement membrane. MMP - matrix metalloproteinase, Ang2 - 
angiopoetin-2. 
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Another factor in tumor angiogenesis is influence of cells originating from 
the bone marrow. In particular cells of the innate immune system assembling 
at the tumor margin can promote angiogenesis and aid in local tumor inva-
sion.100-104 One example is tumor-associated macrophages (TAMs), which 
have a tumor promoting M2-like phenotype. We have seen that an increase 
in M2-like TAMs, localized at the tumor margin, is associated with glioma 
malignancy in PDGF-B induced murine tumors (paper IV).  

Angiogensis in glioma 
The newly formed blood vessels in glioma are abnormal and some even non-
functional. They have a disrupted blood-brain barrier which causes leakage 
of fluid into the tumor tissue leading to edema, which causes painful symp-
toms.105 The leaking fluid increases the interstitial fluid pressure which in-
hibits oxygen as well as drug transport into the tumor tissue. The former also 
poses a problem for therapy since radiation and many cytotoxic drugs re-
quire oxygen to function properly. Both the increased fluid pressure and 
hypoxia promote tumor cell migration toward healthy tissue.106  

As previously mentioned the balance between angiogenic factors within 
the tumor is heavily tipped towards pro-angiogenesis. Treatment with an 
anti-angiogenic agent initially leads to a normalization of the vessels. In 
preclinical models the process mostly progress towards a destruction of the 
tumor vasculature, which eventually starves the tumor. This is unfortunately 
not the case in human tumors where the normalized vasculature usually re-
verts to abnormal after a while.105 Anti-angiogenic treatment of gliomas has 
thus proven to be a complicated issue.  

Anti-angiogenic treatment of glioma 
Since VEGF is believed to be the most crucial pro-angiogenic factor in gli-
omas, most anti-angiogenic agents, that have undergone clinical trials as 
treatment, are directed against VEGF or its receptors (VEGFR 1-3). Bevaci-
zumab/Avastin®, which is an anti-VEGF antibody, has been approved by 
the Federal Drug Administration in the USA as treatment against glioma. 
This drug has been shown to increase overall survival and progression free 
survival mainly in combination with chemotherapy.107 In some GBM pa-
tients bevacizumab also decreased the tumor associated edema,108,109 de-
creasing the need for steroid treatment. The latter has also been seen for 
cediranib, which is a VEGFR 1-3, PDGFR-β and c-kit inhibitor. Cediranib 
has been shown to induce a temporary “normalization time window” during 
which the vessels were normalized and there was an increase in response to 
radiation.110 Tumors however seem to adapt to the anti-VEGF treatment 
possibly by activating alternative pro-angiogenic pathways.111 Similarly, 
tumors that have a VEGF independent activation of angiogenesis, would not 
respond to this treatment. 
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New agents are continuously being investigated in the hope of evading 
the issues posed with anti-VEGF treatment. One example is histidine-rich 
glycoprotein (HRG), known to be involved in angiogenesis, immune re-
sponse and coagulation.112-116 In a recent study we investigated the effect of 
HRG on PDGF-B induced glioma formation (paper III). We found that HRG 
could significantly decrease tumor progression into malignant glioma and 
inhibit formation of grade IV tumors. HRG was also recently shown to in-
hibit tumor growth by inducing a shift in tumor-associated macrophages 
from a tumor promoting to a tumor-inhibitory phenotype and normalizing 
vessels by downregulation of PIGF.117  

Activating invasion and metastasis 
While the other hallmarks are essential for the formation and growth of the 
tumor, the ability of the cells to invade surrounding tissue or metastasize to 
other organs is the distinction between a benign and a malignant tumor and 
what transforms it into cancer. A tumor without this trait can still grow sub-
stantially large and even be lethal, but if found in time and accessible by 
surgery fairly easy to cure. 

Malignant gliomas very rarely metastasize but their highly infiltrative na-
ture at early stages of tumor development is one of the most important fea-
ture that makes them so hard to treat and inevitably lethal. Very little is yet 
known about the specific mechanisms involved in glioma cell invasion of the 
surrounding tissue. There are four essential steps involved in tumor cell in-
vasion.118 In the first step the cells need to detach from the primary tumor 
mass. This process includes downregulation of neural cell adhesion molecule 
(NCAM) and cleavage of CD44. Next the cell will adhere to the ECM pri-
marily via integrins, most commonly integrin αvβ3. The third event is deg-
radation of the ECM mainly facilitated by MMPs. Lastly the cells need to be 
motile which requires cytoplasmic contractile force.119 An essential factor in 
glioma cell motility and the major source of cytoplasmic contractile force is 
myosin II. Myosin II enables glioma cells to migrate through pores tighter 
than their nuclear diameter.118 Hypoxia, which is abundant in GBMs, is 
known to increase GBM cell migration and possibly invasion.120,121  

Tumor-associated macrophages are well known to facilitate local invasion 
in multiple ways.100,103 The importance of macrophages in gliomas has not 
yet been investigated. We have so far seen in experimental gliomas that they 
are mainly localized at the tumor periphery and that increased numbers can 
be correlated with higher tumor grade (paper IV).  
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Our studies 

Specific aims 
I To isolate and characterize glioma initiating cells from PDGF-B induced 

murine glioma. 
II To investigate if SOX5 could be associated with glioma subtypes and to 

study the mechanisms of S-SOX5 induced inhibition of human glioma 
cell cultures. 

III To examine the effect of the anti-angiogenic protein HRG on PDGF-B 
induced glioma. 

IV To characterize stromal cells and vessel functionality in PDGF-B in-
duced glioma. 

Paper I – PDGF-B can sustain self-renewal and tumorigenicity 
of experimental glioma-derived cancer-initiating cells by 
preventing oligodendrocyte differentiation 
During the last decade cancer initiating cells, or cancer stem cells, has been a 
major focus in glioma research. The term cancer or glioma initiating cells 
comes from their ability to initiate new tumors upon orthotopical transplan-
tation, which the bulk tumor cells do not possess. The secondary tumor 
should also display the same phenotypic characteristics as the original tumor. 
Cancer initiating cells were originally referred to as cancer stem cells since 
they share some characteristics with normal stem cells, e.g. self-renewal, 
differentiation into multiple cell lineages and expression of stem cell mark-
ers.122-124 Glioma initiating cells (GIC) are believed to be a small population 
of tumor cells that are responsible for tumor growth and maintenance. Be-
cause of their resistance to radio- and chemotherapy GICs may also be re-
sponsible for tumor recurrence.125,126 This makes them very important thera-
peutic targets. 

GICs grow independent of EGF and FGF 
In this paper we wanted to isolate GICs from the RCAS/tv-a glioma mouse 
model used in our research. We used PDGF-B with an HA tag to induce 
tumors in Gtv-a p19ARF-/- mice, which generates malignant gliomas of high 
incidence. The tag enabled us to track tumor derived cells by HA staining. 
Cells derived from uninjected Gtv-a p19ARF-/- mice were used as reference 
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(NS1). The cells were isolated by dissecting the tumor and seeding in neuro-
sphere culture conditions. Neurosphere culture is a serum free non-adherent 
culture system in which the cells grow as spheres. The culture medium used 
initially for the GICs was a defined serum free medium with EGF and bFGF 
supplement (NSC medium). However we soon discovered that although at 
first the majority of cells in the culture were positive for HA, these cells 
were eventually lost in the NSC medium and non-tumor derived cells had 
taken over the culture. Removal of the supplemented growth factors from the 
medium (GIC medium) could on the other hand enrich for GICs, whereas 
reference cells were not able to grow in this medium. GIC cultures were 
established in GIC medium from five different tumors (TS1-TS5) out of 
which TS1 and TS2 were used for further studies. The self-renewal capacity 
of TS1 was independent of supplemented EGF and FGF2 whereas NS1 cells 
required EGF for self-renewal (figure 7). NS1 cells did not respond to addi-
tion of PDGF-BB. Analysis of PDGF receptor expression showed that NS1 
expressed neither PDGFR-α nor PDGFR-β, which would explain their lack 
of response to exogenous PDGF-BB. TS1 cells on the other hand expressed 
high levels of PDGFR-α.  

 
Figure 7: Growth factor independence of GICs. Sphere-forming assay showing the 
ability of NS1 (A-E) cells and TS1 (F-I) cells to generate spheres in GIC medium 
containing different combinations of growth factors.  

Depletion of PDGF-B ablates tumorigenicity and self-renewal of GICs 
TS1 cells demonstrated high tumorigenicity with as little as five cells initiat-
ing a secondary tumor upon orthotopic transplantation in syngeneic mice. In 
contrast, none of the mice injected with as many as 500 000 NS1 cells had 
developed tumors within 12 weeks of injection. When stimulated to differen-
tiate, with addition of 5% serum to the medium, TS1 and TS2 showed an 
aberrant differentiation pattern into a high percentage of GFAP and TUJ1 
co-expressing cells. This differentiation was also reversible upon serum re-
moval demonstrating that these GICs were not terminally differentiated by 
the use of serum. To investigate the dependence of our GICs on their virally 



 30 

induced PDGF-B expression we used siRNA to knock down PDGF-B. TS1 
cells lost their stemness and tumor initiating ability upon PDGF-B depletion 
(figure 8). They also differentiated into CNPase expressing oligodendro-
cytes.  

 
Figure 8: PDGF-B dependant tumorigenicity. Tumor incidence in mice transplant-
ed with TS1 cells treated with control or PDGF-B siRNA. Fisher’s exact test, 
*p<0.05. 

Conclusions 
We were able to conclude that GICs from PDGF-driven tumors were de-
pendent on PDGF-B for their self-renewal, proliferation and tumorigenicity. 
This also indicates that patients with glioma of the proneural subtype may 
benefit from drugs targeting signaling molecules regulating PDGF-
controlled differentiation. Our results also validate this glioma model as 
representative for this tumor subtype in functional studies or as a drug treat-
ment model. 

Paper II – Upregulation of SOX5 can be linked to proneural 
glioblastoma and perturbs glioma cell proliferation 
SOX5 is a member of the SOX family of transcription factors. There are two 
functional isoforms of SOX5; L-SOX5, which is the full-length version of 
84 kD and S-SOX5 of 48 kD, which lacks the N-terminal coiled-coil domain 
of the L-SOX5.127,128 Since the coiled-coil domain seems important for L-
SOX5 function and S-SOX5 lacks this part, the two isoforms are likely to 
have separate biological function. Even though S-SOX5 was the first iso-
form found most functional studies have involved L-SOX5. L-SOX5 is in-
volved in the development of melanocytes, chondrocytes, oligodendrocytes 
and corticofugal neurons.127,129-133 So far the only function suggested for S-
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SOX5 in normal tissue is a role in the formation and function of motile cil-
ia.134 S-SOX5 has been suggested as a tumor antigen with diagnostic and 
prognostic uses. 135 

In our previous study we used PDGF-B to induce tumors in Gtv-a mice 
and saw a suppressive effect of S-SOX5 in p16INK4A-/- mice but not in 
p19ARF-/-.93 Primary neural cell culture experiments showed that S-SOX5 
could reduce cell proliferation by inducing acute cellular senescence. When 
combined with PDGF-B overexpression, increased senescence was observed 
only in p16INK4A-/- cells. This induction of senescence was suggested to act 
through regulation of p27KIP1 and AKT. 

SOX5 up-regulation is associated with proneural GBM 
Since PDGF-B driven tumors have been connected with the proneural sub-
group of GBM we wanted to investigate a possible connection between 
SOX5 and any of the subclasses suggested by Verhaak and colleagues7. We 
analyzed SOX5 alterations among glioblastoma datasets in The Cancer Ge-
nome Atlas, through the cBio Cancer Genomics Portal (http://cbioportal.org) 
supplied by Memorial Sloan Kettering Cancer Center. We found that SOX5 
was mainly altered in the proneural subgroup, with only a few alterations in 
the mesenchymal (all down-regulations) and none in the classical or neural 
subgroups. Among SOX5 alterations in proneural GBMs 90% were up-
regulations of the gene. There was also a tendency toward co-occurrence 
between SOX5 and PDGFRA, SOX6 and SOX10. No co-occurrence or mutu-
al exclusivity was found between SOX5 alterations and any other SOX genes 
or genes commonly altered in glioma. SOX5 altered cases of proneural 
GBMs also displayed a non-significant tendency for prolonged survival 
compared to unaltered cases. 

S-SOX5 can inhibit proliferation of human glioma cell cultures 
In parallel with the isolation of mouse GICs we are also establishing human 
glioma cells cultures (HGCC), from resected tumor material, under stem cell 
conditions. This type of culture condition has been shown to retain the phe-
notypic properties of the cultured cells better than when culturing the cells in 
serum.136 In the previous S-SOX5 investigation, in vitro studies were per-
formed on primary mouse glial cell cultures and high human passage glioma 
cell lines grown in serum. In the present study we therefore wished to ana-
lyze how S-SOX5 would affect the HGCCs. Six HGCCs, numbered 8, 13, 
24, 28, 31 and 34, all derived from GBMs, were selected. These were char-
acterized for expression of various SOX proteins and neural markers. 
HGCCs 28 and 31 were the only cultures with a distinct endogenous SOX5 
expression. All HGCCs expressed SOX2, SOX6, SOX9 and SOX10 as well 
as NESTIN and TUJ1 but none were positive for GFAP. p16INK4A and 
CNPase were only expressed in HGCCs 13 and 28, which correlated with 
lower TUJ1 and higher SOX6 expression compared with the other HGCCs. 
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Paper III – Histidine-rich glycoprotein can prevent development 
of mouse experimental glioblastoma 
Histidine rich glycoprotein (HRG) is a highly conserved plasma protein in-
volved in biological processes such as angiogenesis, immune response and 
coagulation.112-116 Mammalian HRG is mainly produced in the liver and se-
creted into the blood, where it can be stored in platelets, which release HRG 
upon thrombin stimulation.137 At physical pH HRG is negatively charged but 
a positive charge is important for its functions and interactions. HRG can 
acquire this positive charge by incorporating Zn2+ or during acidic condi-
tions, such as hypoxia, which is a common feature in glioma.138-141 The anti-
angiogenic effect of HRG is mediated via the central histidine/proline 
(His/Pro) rich region, which has to be cleaved out in order to function.142 
HRG is able to interfere with focal adhesions leading to disruption of endo-
thelial cell adhesion and migration, which is essential for angiogenesis.142-144 
Studies have shown HRG to have anti-angiogenic and anti-tumor effects in 
several mouse tumor models. Matrigel plug assays using mouse Lewis lung 
carcinoma cells (3LL) and rat prostate cancer cells (MLL) showed inhibition 
of angiogenesis as well as decrease in tumor cell number caused by 
HRG.139,140 A syngeneic mouse model as well as a xenograft study demon-
strated significant decrease in tumor vascularization from HRG 
treatment.142,143  

HRG inhibits tumor progression 
The effect of HRG had not been previously studied in brain tumors so we 
wanted to investigate its function in the setting of our glioma mouse model. 
We cloned an RCAS construct, RCAS-HRG, containing full length HRG. 
The functionality of the virally produced HRG was tested by confirming its 
previously shown ability to inhibit VEGF induced migration of human um-
bilical vein endothelial cells (HUVEC).113 We also showed that it had no 
effect on proliferation of primary glial cell culture. Next we analyzed the 
effect of HRG on PDGF-B induced gliomas in Ntv-a p19ARF-/-. Neonatal 
mice were injected with RCAS-PDGF-B-eGFP in combination with RCAS-
HRG or RCAS-X (control virus, complete RCAS with no inserted gene). 
The tumors were histopathologically graded II-IV according to the following 
features. Grade II tumors displayed a diffuse growth pattern with small 
round tumor cells. Tumors of grade III contained mitotic figures, cellular 
and/or nuclear pleomorphism and increased vascular density. Finally, grade 
IV tumors presented with pseudopalisading necrosis and microvascular pro-
liferation of multilayered proliferating endothelial cells. Among tumors from 
PDGF-B+HRG (P+H) injected mice there was a clear shift toward lower 
grade tumors and grade IV tumors were entirely absent (figure 10).  
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Figure 10: Distribution of malignancy grades. Distribution of tumor grades (II-IV) 
in PDGF-B (P+X) and PDGF-B+HRG (P+H) injected Ntv-a p19ARF-/- mice. 
*p<0.05  Fisher's exact test. 

Conclusion 
In conclusion, our results indicate that HRG may be a useful therapy to pre-
vent tumor progression. Even though patients diagnosed with low-grade 
glioma may have a fairly long survival time many eventually undergo ma-
lignant progression to high-grade tumors. HRG may also be beneficial for 
GBM patients after tumor resection in reducing the malignancy of the recur-
rent tumor. This might render the recurrent tumor easier to treat as well as 
prolong patient survival. 

Paper IV – Malignancy of PDGF-BB driven glioma correlates 
with increased infiltration of pro-angiogenic macrophages and 
mesenchymal cells 
One year after paper III was published another study came out illustrating 
that HRG could skew tumor-associated macrophages (TAM) from a pheno-
type promoting angiogenesis and tumor growth (M2) toward an anti-tumoral 
phenotype (M1).117 It is also well documented that infiltration of TAMs cor-
relate with solid tumor growth and metastatic spreading.100,103 We therefore 
wanted to investigate the presence of TAMs as well as other angiogenesis 
associated stromal cells within our experimental glioma. 

TAMs are classified as an alternatively activated phenotype of macro-
phages that are known to be pro-angiogenic. Classically activated macro-
phages (M1) are however believed to have an anti-tumoral function. A ther-



 35 

apeutic approach could therefore be to skew these macrophages from the M2 
phenotype into an M1-like phenotype. M2 macrophages are thought to be 
derived from inflammatory monocytes that are normally recruited at an early 
stage of inflammation.145,146  

Tumor malignancy is associated with vessel area, vessel functionality and 
pericyte and TAM infiltration. 
We used experimental glioma of different grades induced by PDGF-B in 
neonatal Ntv-a p19ARF-/- mice. Staining for CD31 showed that vessel density 
was significantly altered between grade II and grade IV but with no signifi-
cant difference between grade II and III. However, vessel area was signifi-
cantly increased with increased malignancy. There was also a correlation 
between tumor grade and decreased vessel functionality and hypoxia, the 
former has to our knowledge not previously been shown for glioma.  

Tumor sections were stained for pericyte markers α–SMA, PDGFRβ and 
NG2, The majority of α–SMA positive cells were also positive for PDGFRβ 
and NG2. These cells were pericyte shaped and suggested to be bona fide 
pericytes since they were negative for GFAP and OLIG2. In the periphery of 
grade IV tumors a small population of round α–SMA, PDGFRβ, CD44 and 
OLIG2 positive cells were found, possibly representing trans-differentiated 
glioma cells.  

Tumors were also stained for markers of pro-tumorigenic macrophages. 
We found a correlation between increased numbers of tumor promoting 
macrophages and malignancy grade. 

Future plans 
We are currently inducing tumors with AKT and K-RAS in combination. 
PDGF is known to activate pericyte proliferation and recruitment. Moreover, 
the PDGFRβ pericyte and hematopoetic profiling of the AKT+K-RAS 
EGFR induced tumors will determine if the increase in pericytes we have 
seen so far is specific to PDGF-B driven tumors. We are also planning to 
transplant irradiated p19ARF-/- mice with a GFP transduced bone marrow in 
order to investigate to what percentage the accumulation of pericytes and 
pro-angiogenic macrophages stems from the bone marrow. HRG treated 
tumors (Paper III) will be stained for pericytes and macrophages. If the 
TAMs in these tumors are skewed from the M2-phenotype it may indicate 
their importance for malignant progression in glioma. 
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Future perspectives 

With the presented studies we have highlighted some of the hallmarks of 
cancer and suggested ways to deprive glioma cells of these hallmarks and 
prevent tumor growth. This was done within the context of the proneural 
subtype of glioma, as defined through genetic and expression profiling. 

As previously mentioned, malignant glioma is an incurable disease. Why 
is it so and what can future years of research bring that might change this? 
Two major problems in glioma treatment are late detection of the primary 
tumor and the inevitable development of the recurrent tumor. To solve the 
first issue would require ways to detect a tumor even before symptoms are 
noticeable. When symptoms occur, which may indicate the presence of a 
glioma in a patient, the size of the tumor and surrounding infiltration by the 
tumor cells make it impossible to cure. Improving early detection and diag-
nosis would require a routine screening method, like the mammogram for 
breast cancer or Pap smear for cervical cancer, which is cheap and easy to 
perform. 

The second issue is connected with the first since if the tumor is detected 
earlier the infiltration into the surrounding tissue may not be so extensive 
and therefore prolong time until recurrence and increase survival. After re-
section of the bulk of the tumor the infiltrating tumor cells are mainly what 
is left. The cells that manage to survive the subsequent radio- and chemo-
therapy are then what give rise to the second tumor. Understanding the na-
ture of these cells would give valuable insight in how to eradicate them. 
Since these cells are located within the functional tissue of the patient and 
subsequently cannot be removed there is no way to access and study them in 
humans. We therefore have to rely on experimental models to study these 
cells.  

One theory is that GICs are the surviving cells that initiate the recurrent 
tumor. Our studies showed that GICs from PDGF driven tumors were de-
pendent on this growth factor. By depriving them of PDGF they lost their 
tumorigenicity. In the subset of human glioma with activated PDGF signal-
ing blocking this pathway as postoperative treatment may remove the tumor 
initiating capacity of the remaining cells. Blocking PDGF signaling in these 
tumors may therefore be a way to prevent tumor recurrence. If S-SOX5 turns 
out to have an effect on tumorigenicity of human glioma cells it may also 
work as a possible treatment to prevent recurrence. The reduced proliferation 
in HGCCs by S-SOX5 does indicate a therapeutic possibility. However, the 
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differences in response between the HGCCs together with our earlier mouse 
study suggest the effect of S-SOX5 may be dependent on the genetic back-
ground of the tumor. HRG treatment may not hinder tumor recurrence but it 
could be useful post resection/ pre-recurrence by reducing the malignancy of 
the second tumor. If tumors were detected early it may be used as a preoper-
ative treatment to block tumor progression before surgery.  

Genetic profiling of gliomas may turn out to be the necessary classifica-
tion at diagnosis as well as when designing and testing new treatments. Ap-
plying this classification on new and existing disease models will also be 
important in order to apply the conclusions to the right type of tumor. Stud-
ies on GICs in glioma models that represent the different subclasses of GBM 
would give a comprehensive picture of how these cells function regarding 
both common and differential traits. Determining defining characteristics of 
the GICs within each subclass both in tumor models and human tumors and 
correlating these may either reveal common targets or subclass specific 
treatments to eradicate these cells. 

Stromal cells are known to be important for cancer growth and progres-
sion. Their involvement in glioma development has so far been a quite unex-
plored field. We have so far seen an association for increased numbers of 
pericytes and tumor-associated macrophages with tumor grade. If HRG 
treated gliomas turn out to have less of these cells it would indicate an in-
volvement in malignant progression. A less infiltrative pattern of HRG treat-
ed tumors would also suggest an importance for these cells in glioma inva-
sion.  

We believe that our studies have given further understanding of key com-
ponents in glioma development and offers hope for future therapies. 
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