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Brain tumors 

Histological classification 
Gliomas are the most common primary tumors of the central nervous system 
(CNS) mainly affecting adults. From their histological similarities they are 
believed to originate from glial cells, the supportive cells of the CNS. Glio-
mas are categorized into astrocytomas, oligodendrogliomas and ependymo-
mas reflecting the histological appearance, not necessarily their cellular ori-
gin. Classification of gliomas  by histology and malignancy is made accord-
ing to guidelines from the World Health Organization (WHO) (Cavenee et al 
2007), as described in the following chapters. Malignancy ranges from grade 
I to IV, grade IV being the most malignant. Gliomas diffusely infiltrate the 
surrounding normal tissue irrespective of grade and have a high tendency for 
malignant progression making them uniformly fatal. Every year 3 to 4 out of 
100 000 individuals are diagnosed with glioma. Individuals of all ages can 
be afflicted but they are most common among elderly adults, 50% of the 
patients are 60 years or older. 

Astrocytoma 

Diffuse astrocytomas are comprised of tumor cells with histological charac-
teristics of astrocytes and are the most common of all gliomas. They account 
for 60% of all primary brain tumors. The subtypes according to malignancy 
are diffuse astrocytomas (AII, WHO grade II), anaplastic astrocytomas (AA, 
WHO grade III) and glioblastoma multiforme (GBM, WHO grade IV), 
where glioblastomas are the most common (Cavenee et al 2007).  

Diagnosis of astrocytomas is made upon histological findings of fibrillary 
or gemistocytic neoplastic astrocytes with specific nuclear characteristics 
surrounded by a loosely structured tumor matrix. The astrocytic nucleus is 
elongated and often has a distinct nucleolus. Astrocytes have more extensive 
cellular processes than oligodendrocytes. Diffuse astrocytoma grade II is 
characterized by a high degree of cellular differentiation and slow growth. 
Nuclear atypia (dense nuclear chromatin, nuclear pleomorphism, multinucle-
ation) and moderately increased cellularity and cell size are the histological 
features. This less malignant form mostly affects younger adults in compari-
son with more malignant forms that affect adults or elderly adults. In addi-
tion to increased nuclear atypia, increased cellularity and the presence of 
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significant mitotic activity upgrades the tumor to an anaplastic astrocytoma 
grade III. Anaplastic astrocytomas can progress from a diffuse astrocytoma 
grade II but may also arise de novo, i.e. without a less malignant precursor 
lesion. Additional features such as cellular pleomorphism, vascular thrombo-
sis, microvascular proliferation and/or necrosis are diagnostic for a glioblas-
toma, grade IV. Most glioblastomas (>90%) arise rapidly de novo and are 
called primary glioblastomas. Secondary glioblastomas develop from a pre-
viously diagnosed diffuse astrocytoma grade II or anaplastic astrocytoma 
grade III. It is believed that the progression from a low grade to a high-grade 
tumor is associated with cumulative genetic alterations. 

Oligodendroglioma 

Oligodendrogliomas constitute of tumor cells with histological characteris-
tics of oligodendrocytes. The two subtypes are oligodendroglioma (OII, 
WHO grade II) and anaplastic oligodendroglioma (AO, WHO grade III). 
Mostly middle-aged adults are diagnosed with oligodendroglioma. In general 
oligodendrogliomas are slowly dividing with relatively long survival times. 

Oligodendrogliomas grade II are moderately cellular with well-
differentiated and slowly dividing rounded cells with a homogenous slightly 
enlarged nuclei with increased chromatin density. On paraffin sections a 
swollen clear cytoplasm called perinuclear halo can be observed (tissue 
processing artifact). Other histological features are typical dense networks of 
capillaries (chicken wire), nuclear palisading and perivascular or perineu-
ronal pseudorosettes. Reactive astrocytes may be scattered throughout the 
tumor but are distinguished from neoplastic astrocytes by their eosinophilic 
cytoplasm. Low mitotic activity correlates with the low frequency or absence 
of Ki67 positive cells found in oligodendrogliomas. Anaplastic oligodendro-
gliomas grade III have histological features of malignancy (mitotic activity, 
microvascular proliferation and/or necrosis) and a less favorable prognosis. 
Anaplastic oligodendrogliomas may arise de novo or progress from an oli-
godendroglioma grade II. 

Mixed glioma 

There is also a third group of mixed gliomas, oligoastrocytomas (OA, WHO 
grade II) and anaplastic oligoastrocytomas (AOA, WHO grade III), with 
mixed components resembling both glial lineages.  

Genetic and epigenetic alterations in glioma 
A cancerous cell is driven by both genetic and epigenetic alterations ena-
bling the cell to escape normal mechanisms controlling cell survival, prolif-
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eration and migration (Figure 1). The classical belief is that with time cancer 
cells acquire more alterations rendering them more malignant. Also, one 
alteration is rarely sufficient to cause a normal cell to transform into a cancer 
cell. Often, a combination of alterations affecting several of these control 
mechanisms is found. 

 

 
 
Figure 1. Major genetic and epigenetic alterations in glioma. Modified from 
(Cavenee et al 2007). 

Growth factor pathways 

One of the most common genetic alteration in glioma is activation of recep-
tor tyrosine kinase (RTK) signaling pathways, most commonly caused by 
EGFR mutation/amplification and PDGFR amplification/overexpression. 
EGFR is the single most frequently amplified gene in glioblastoma (Fuller 
and Bigner 1992). Epidermal growth factor receptor (EGFR) is frequently 
found to be amplified, mutated and rearranged in glioblastomas. All of these 
alterations lead to enhanced tumor growth, reduced survival, progression and 
resistance to therapy. About 40 % of primary glioblastomas have EGFR 
amplification, however it is rarely found in secondary glioblastomas 
(Ekstrand et al 1991, Libermann et al 1984, Ohgaki and Kleihues 2007, 
Wong et al 1992). In addition, about 63-75 % of all glioblastomas that over-
express EGFR have rearrangements of the gene (Ekstrand et al 1991, Ek-
strand et al 1992, Malden et al 1988, Sugawa et al 1990, Yamazaki et al 
1988). The most common variant of mutated EGFR is the EGFRvIII which 
is characterized by a 267 amino acid deletion of exons 2 to 7 in the extracel-
lular domain. This leads to inability to bind a ligand but constitutive activa-
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tion by tyrosine phosphorylation of the intracellular domain and subsequent 
activation of signaling pathways (Gan et al 2009). 

Increased expression of PDGF ligands and receptors has been observed in 
astrocytic tumors of all grades (Nister et al 1988) while gene amplification is 
only detected in a subset of glioblastomas (Hermanson et al 1992). Almost 
all oligodendrogliomas express PDGF-A and -B as well as the receptors � 
and � (Di Rocco et al 1998, Martinho et al 2009). PDGF is a mitogen for 
many types of cells. The PDGF family consists of ligands PDGF-A, -B, -C 
and –D. They signal by forming homo- and heterodimers of PDGF-AA, -
BB, -AB, -CC and -DD that bind to the receptor tyrosine kinases PDGFR� 
and -� with varying affinity (Figure 2). Upon ligand binding the PDGF re-
ceptor tyrosine kinases form ��, �� or �� dimers. This leads to autophos-
phorylation of the receptors and activation of an autocrine stimulatory loop 
that is found in almost all gliomas (Lokker et al 2002). 
 
 

 
 

Figure 2. PDGF ligands and their receptors. The combinations of ligands and recep-
tors that can activate the autocrine stimulatory loop. * Ligands DD bind with low 
affinity to the �� receptor. 

Growth factors expressed in gliomas (EGF, FGF2, PDGFs, TGF�, IGF1 and 
NGF) are also important for the regulation of proliferation and/or maturation 
of normal oligodendrocyte development. They regulate proliferation and cell 
survival through the PI3K/AKT and RAS/MAPK pathways (Figure 3). Bind-
ing of growth factors to their receptors lead to recruitment of PI3K (phos-
phoinositide 3-kinase) to the cell membrane. PI3K converts phosphati-
dynositol-4,5-bisphosphate (PIP2) to PIP3, which in turn activates down-
stream targets such as serine/threonine-specific protein kinase AKT and 
mTOR (mammalian target of rapamycin) resulting in increased cellular pro-
liferation and cell survival. The central domain of PTEN (phosphatase and 
tensin homology) is homologous to the catalytic region of protein tyrosine 
phosphatases. PTEN can inhibit the PIP3 signal thereby inhibiting prolifera-
tion. PTEN is mutated in 18-23% of anaplastic astrocytomas (Davies et al 
1999, Ohgaki and Kleihues 2007, Watanabe et al 1998) and 36% of glioblas-
tomas, predominantly in primary glioblastomas. AKT however, is not com-
monly mutated in glioma.  
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Neurofibromin 1 (NF1) is a tumor suppressor gene lost in the disease neu-
rofibromatosis type I. Neurofibromatosis is associated with abnormalities in 
the nervous system and associated with increased risk of brain tumors. NF1 
regulates RAS in a negative way (Martin et al 1990), hence loss of NF1 
leads to increased cellular proliferation. However, no frequent mutations in 
NF1 have been reported in glioma and RAS is not mutated in gliomas 
(Burgart et al 1991) but overexpressed in glioblastomas (Holland et al 2000) 
and required for the proliferation of astrocytoma cells (Guha et al 1997). 

Cell cycle regulation 

The other main alteration found in glioma besides growth factor alterations 
is loss of cell cycle regulation (Figure 3). The loss of both p53 and Rb cell 
cycle control is found in almost all tumors and most tumors have mutations 
in both pathways. TP53 is located on 17p13.1 and regulates the cell’s re-
sponse to DNA damage. ATM (ataxia telangiectasia mutated) and ATR 
(ataxia telangiectasia and Rad3 related) are DNA dependent protein kinases 
that can sense DNA damage. Upon DNA damage, ATM phosphorylates p53, 
which is released from MDM2 and thereby stabilized. p53 induces transcrip-
tion of CDKN1A (p21Cip1) leading to cell cycle arrest in the G1 to S phase. 
TP53 mutation is a frequent hallmark of low-grade diffuse astrocytomas and 
glioblastomas (Rasheed et al 1994, Sidransky et al 1992, von Deimling et al 
1992). Increased malignancy does not seem to be associated with increased 
frequency of mutation indicating that this is an early occurring event in 
gliomagenesis. Accordingly, TP53 mutations are less frequent in primary 
glioblastoma (about 30%) (Ohgaki et al 2004, Watanabe et al 1996) than in 
secondary glioblastoma (approximately 60%) (Ohgaki and Kleihues 2007, 
Watanabe et al 1996, Watanabe et al 1997). MDM2 binds to and inhibits p53 
from activating transcription. Transcription of MDM2 is induced by wild 
type p53 in an autoregulatory feedback loop and MDM2 promotes degrada-
tion of p53. MDM2 overexpression is found in more than 50% of primary 
glioblastomas (Biernat et al 1997). MDM2 overexpression is predominantly 
found in primary glioblastomas without TP53 mutations indicating that this 
is an alternative mechanism to TP53 inactivation (Reifenberger et al 1993). 
Gene amplification occurs in about 10% of glioblastomas without TP53 
mutations (Biernat et al 1997, Schiebe et al 2000). p14ARF (p19Arf in mouse) 
is encoded by the CDKN2A locus located on 9p21 (chromosome 4 in mouse) 
and is a protein that binds to MDM2 thereby inhibiting degradation of p53. 
Expression of p14ARF is negatively regulated by p53. Loss of p14ARF expres-
sion is frequent in glioblastoma (76%) and is mediated through homozygous 
deletion or promoter methylation (Nakamura et al 2001). Approximately 
30% of low-grade astrocytomas already harbor methylation of the p14ARF 
promoter (Kuo et al 2009, Nakamura et al 2001, Watanabe et al 2007, Wol-
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ter et al 2001) resulting in gene silencing. There is no significant difference 
between primary and secondary glioblastoma.  

 
 

 
 

Figure 3. Molecular pathways involved in glioma. Modified from (Rich and Bigner 
2004). Tumor suppressor genes are indicated in blue and oncogenes in pink. 

 
The transition from G1 to S phase in the cell cycle is regulated by the 
p16INK4a/CDK4/Rb pathway. The p16INK4a gene (alternative transcript of the 
CDKN2A locus on 9p21) encodes a protein that binds to CDK4/6 and inhib-
its the complex of CDK4/6 and CyclinD1 thereby inhibiting the G1 to S 
transition. In both primary and secondary glioblastomas this pathway is dis-
rupted in about 40-50% of the cases (Biernat et al 1997, Nakamura et al 
2001). It can be disrupted by deletions (Bigner et al 1999, Cairncross et al 
1998, Ohgaki and Kleihues 2007), in approximately 30% of gliomas, or hy-
permethylation (Kuo et al 2009, Watanabe et al 2007, Wolter et al 2001). In 
malignant cells with loss of p16INK4a expression the CDK4/6 and CyclinD1 
complex phosphorylates the Rb protein, which is in turn activated causing a 
release of transcription factor E2F, which activates S-phase genes. Deletion 
of p16INK4a and alterations of RB1 appears to be mutually exclusive (Biernat 
et al 1997, Burns et al 1998). The CDK4 gene is amplified in 15% of high-
grade gliomas, especially in cases without p16INK4a deletion. LOH of the RB1 
locus at 13q is detected in 12% of primary and 38% of secondary glioblas-
tomas (Nakamura et al 2000). Promoter methylation and subsequent loss of 
RB1 is more frequent in secondary than primary glioblastomas (43% and 
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14% respectively) (Nakamura et al 2001). This event likely occurs late dur-
ing progression since it has not been detected in low-grade or anaplastic 
astrocytomas. 

Other genomic alterations 
Genomic imbalance is a common feature of many solid tumors. Loss of het-
erozygosity (LOH) on chromosome 10q occurs in 60-80% of glioblastomas 
at similar frequencies in primary and secondary glioblastomas (Balesaria et 
al 1999, Ichimura et al 1998, Ohgaki and Kleihues 2007). LOH 17p is found 
in 50-60 % of anaplastic astrocytomas (Ohgaki et al 2004, von Deimling et 
al 1995), LOH 19q in 46% of anaplastic astrocytomas and LOH 22q in 17% 
of grade II astrocytomas and 20-30% of anaplastic astrocytomas. LOH 22q 
is more frequent in secondary glioblastoma than in primary glioblastoma 
indicating that it is an early event. Loss of 1p and 19q is detected in glioblas-
tomas and lower grade astrocytomas but is more prominent in oligodendro-
glioma, where it occurs in up to 80% of the cases. 

 
The invasive growth of gliomas is unique and one of the main reasons why 
gliomas are so difficult to eradicate. A number of proteins involved in inva-
sion have been described. Activation of TGFβ and AKT pathways have been 
related to invasiveness (Koul et al 2005, Miao et al 2009, Wick et al 2006). 
Tumor hypoxia has been suggested to promote invasiveness through HIF1α 
(Du et al 2008) and inhibition of tumor induced hypoxia can inhibit inva-
siveness (Ali et al 2009). Glioma cells can also promote migration and inva-
siveness by expressing GLI1 (Lo et al 2009) which regulates PTCH1 and 
CD24. For tumor cells to migrate they have to detach and migrate along the 
extracellular matrix (ECM). They do so by remodeling the ECM (Knott et al 
1998) by secreting proteolytic enzymes such as matrix metallopeptidase 2 
(MMP2) (Wisniewski et al 2009). In a subset of tumors elevated expression 
of ECM components and intracellular proteins involved in motility has been 
found (Freije et al 2004, Mahesparan et al 2003, Park et al 2008, Phillips et 
al 2006). 

DNA repair in gliomagenesis 
Tumorigenesis is believed to be associated with multiple genetic alterations. 
DNA damage can be caused by environmental as well as endogenous events. 
There are mechanisms to protect cells from and repair DNA damage as well 
as to eliminate unsalvageable cells. Genome integrity is crucial and is re-
flected by the strict control of repair and apoptosis. Inability to repair dam-
aged DNA can lead to genomic instability, a common feature of many tu-
mors (Lengauer et al 1998).  
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The two major mechanisms of DNA repair of double strand breaks 
(DSBs) are non-homologous end joining (NHEJ) and homology-directed 
repair (HDR). HDR is the most efficient of these repair mechanisms since it 
maintains genomic integrity. When a DSB is formed, HDR is initiated by 
DNA resection around the break creating a single stranded DNA (ssDNA) 
where RAD51 binds, forming nucleoprotein filaments in an ATP-dependent 
manner. The RAD15 filaments stabilize the sensitive ssDNA. The binding 
catalyses a DNA strand exchange reaction between ssDNA and the homolo-
gous double stranded DNA (dsDNA) (Baumann et al 1996, Benson et al 
1994, Gupta et al 1997) using the sister chromatid as template for repair. At 
DNA damage sites RAD51 can be seen as nuclear foci (Haaf et al 1995, Tan 
et al 1999) where it co-localizes with the RAD51 paralogs (RAD51B, 
RAD51C, RAD51D, XRCC2 and XRCC3) (Masson et al 2001), members of 
the RAD52 group (RAD52, RAD54 and others) (Golub et al 1997, Tan et al 
1999) and the breast cancer susceptibility genes BRCA1 and BRCA2 
(Henning and Sturzbecher 2003). 

Cells with mutations in HDR genes exhibit high genetic instability and 
sensitivity to cross-linking agents and irradiation (Thompson and Schild 
2001). Mutations of RAD51 are rare in human tumors (Kato et al 2000). 
Overexpression of RAD51 has been found in several types of tumors and 
tumor cell lines (Han et al 2002, Maacke et al 2000a, Maacke et al 2000b, 
Raderschall et al 2002). In glioma, RAD51 expression is correlated with 
increased survival (Welsh et al 2009) possibly reflecting genetic instability 
and thereby susceptibility to apoptosis after cytotoxic stimuli. On the other 
hand, it seems that RAD51 expression is associated with resistance to irra-
diation since inhibition of RAD51 expression in two experimental glioma 
models increased the cells’ sensitivity to irradiation (Ohnishi et al 1998, 
Russell et al 2003). It has also been suggested that RAD51 is a tumor sup-
pressor gene since the genomic region encoding the gene, 15q15.1, has been 
found to be deleted in human gliomas of various subtypes (Bredel et al 
2005). Further supporting the role of RAD51 in tumorigenesis is the finding 
that TP53 deficient cells expressing a dominant-negative form of RAD51 
developed tumors when injected in nude mice (Bertrand et al 2003). Taken 
together, the dual roles of RAD51 in tumorigenesis indicate that proper func-
tion is essential for preventing oncogenic transformation. 

Angiogenesis 
Glioblastomas are among the most vascularized human tumors. As tumors 
grow in size and cell number the need for oxygen and nutrients increases 
both due to pure size of the tumor and increased cellular proliferation. Angi-
ogenesis is the process of formation of new blood vessels from pre-existing 
ones. Extensive proliferation of endothelial cells and accumulation of multi-
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layered endothelial cells is a distinct feature of malignant glioma. Angio-
genesis is controlled by pro- and antiangiogenic factors. The most important 
of proangiogenic factors is VEGF, promoting angiogenesis, proliferation and 
migration of endothelial cells and permeability of blood vessels. The in-
creased vascular permeability leads to increased interstitial fluid pressure in 
the tumor area, which inhibits efficient drug delivery to tumor tissue (Weis 
and Cheresh 2005). Expression of VEGF and its receptors is important in 
tumor angiogenesis and found in all gliomas (Chan et al 1998). VEGF-A is 
commonly expressed by tumor cells (Goldman et al 1993, Plate et al 1992). 
The receptors, VEGFR1 and VEGFR2, are also overexpressed in the endo-
thelial cells of glioma (Plate et al 1992, Plate et al 1994). Flt1, a tyrosine 
kinase receptor, binds to VEGF-A, VEGF-B and placental growth factor 
(PlGF) and positively regulates angiogenesis. Flt-a is not only expressed by 
endothelial cells but also myeloid hematopoietic cells such as monocytes and 
macrophages infiltrating the tumor and promotes both growth and angio-
genesis in a syngeneic mouse model of glioma (Kerber et al 2008). This 
implies that infiltrating hematopoietic cells have an important role in tu-
morigenesis. Thrombospondin and MMP2 are also expressed by nearby tu-
mor vasculature (Fears et al 2005) and promote tumorigenesis. 

Hypoxia is a common feature within tumors and considered to be the ma-
jor driving force that leads to stabilization of hypoxia inducible factor 1-� 
(HIF-1�) (Acker and Plate 2004). Accumulation of HIF-1� leads to tran-
scriptional activation of more than 100 hypoxia-regulated genes involved in 
angiogenesis (VEGF and Ang1), cellular metabolism, survival/apoptosis 
(BNIP) and migration (MET, CXCR4). The major effector of HIF-1� is 
VEGF, produced by pseudopalisading cells in hypoxic areas.  

Cancer stem cells 
More recently, the finding that human brain tumors harbor a sub-population 
of immature cells with properties similar to normal neural stem cells has 
attracted intense interest. These so called “cancer stem cells” or “tumor initi-
ating cells” have properties of normal stem cells, i.e. they can self-renew 
indefinitely and generate different cell types through differentiation. In addi-
tion, they can generate tumors upon transplantation resembling the parental 
tumors histology. According to this hierarchical cancer theory, the bulk of a 
tumor consists of tumor cells generated by cancer stem cells through differ-
entiation. These bulk tumor cells have lost their capacity to self-renew in-
definitely and are targeted by chemotherapy and radiation treatment. In con-
trast, the cancer stem cells has the capacity to survive treatment and give rise 
to a recurring tumor recapitulating the primary tumor (Bao et al 2006a), the 
major reason for treatment failure. The presence of cancer stem cells has 
raised the question whether normal stem cells of the brain could be the origin 
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of brain tumors. However, not all brain tumors are located in the same area 
as the normal stem cells, the subventricular zone (SVZ) and the subgranular 
zone (SGZ) in the dentate gyrus of the hippocampus (for a review on neural 
stem cells in the adult brain see (Ma et al 2009)). It is possible that a trans-
formed stem cell migrates away from the SVZ while it starts to proliferate, 
as a normal glial cell do, giving rise to a tumor not located in the SVZ. If the 
stem cells are not the origin of brain tumors there must be an underlying de-
differentiation occurring from a transformed glial cell to the tumor stem cell. 
However, this remains to be further explored.  

The cancer stem cells in glioma can be sorted out by various protocols in-
cluding selective expression of cell surface markers such as CD133 (Qiang 
et al 2009, Wu et al 2008). In one publication CD133 positive cells assumed 
to be the cancer stem cells survive ionizing radiation through activation of 
the DNA damage checkpoint response and an increase in DNA repair capac-
ity (Bao et al 2006a). In addition these stem cell-like cells promote tumor 
angiogenesis (Bao et al 2006b). Later contradictory results were published 
where CD133 negative cells also give rise to tumors upon transplantation 
(Wang et al 2008). 

Another way of enriching for cancer stem cells is to sort for side popula-
tion cells, cells that exclude the nuclear dye Hoechst 33342 (Patrawala et al 
2005, Wu and Alman 2008) by active transporters of the ABC family such 
as ABCG2 (Bleau et al 2009). In the 90’s it was shown that cells that retain 
Hoechst dye are multidrug resistant. The same transporters that exclude 
Hoechst dye also exclude chemotherapeutic agents. Following, it was shown 
that normal stem cells, progenitor cells and cancer stem cells exclude 
Hoechst dye. The activity of ABC transporters can be blocked by verapamil, 
which may also be useful for future treatment studies of therapy-resistant 
gliomas. 

The polycomb group (PcG) gene BMI1, a negative regulator of CDKN2A, 
is often expressed in human glioma and is enriched in CD133 positive can-
cer stem cells where it is essential for maintaining stem cell self renewal 
(Abdouh et al 2009, Bruggeman et al 2007). In maintenance of normal stem 
cells both p16Ink4a and p19Arf are important negative regulators whose expres-
sion increases with age and are associated with the decline in number of 
stem cells (Krishnamurthy et al 2004, Molofsky et al 2006). In addition, the 
Cdkn2a locus is crucial in limiting induction of pluripotent stem cells (iPS 
cells) (Li et al 2009). Taken together, this points to a central role of p16Ink4a 
and p19Arf in controlling stem cell self-renewal and glioma suppression. 

Hypoxia induced expression of HIF-1� can also promote expansion of 
CD133 positive cancer stem cells in glioma (Soeda et al 2009), involving the 
PI3K and ERK pathways. Accordingly, cancer stem cells are sensitive to 
AKT inhibition (Eyler et al 2008). 

Interleukin 6 (IL6) is also expressed preferentially on cancer stem cells 
(Wang et al 2009). Enhanced IL6 signaling leads to accumulation of signal 
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transducers and activators of transcription 3 (STAT3), which mediates sur-
vival of cancer stem cells. 

For the above mentioned reasons, it is highly important to further study 
the regulation of cancer stem cells in the hopes of finding a way to selec-
tively target these cells in patients while avoiding the normal neural stem 
cells. 

Development of the glial cell lineage 
The primitive neural tube forms at the fourth week of gestation in human. 
Neurogenesis, gliogenesis and myelination proceed until postnatal stages. 
Most glial cells arise from glial lineage restricted progenitors and neurons 
from neuronal restricted precursors. Glial cells originate from the neuroepi-
thelial cells of the neural tube, which contains multipotent stem cells that can 
generate neurons, radial glia, astrocytes and oligodendrocytes in vitro and in 
vivo. Oligodendrocytes and astrocytes are the major types of glial cells that 
can be further sub-classified into several specialized glial cells such as radial 
glia, Bergmann glia, Muller glia, pituitary glia, olfactory ensheathing cells 
etc. The lineage relationships of glial precursors have been extensively in-
vestigated, mainly in mice, but remains a complex issue (reviewed by (Liu 
and Rao 2004)) and has been schematically depicted in Figure 4.  

Each stage of cellular differentiation can be characterized by the expres-
sion of specific cellular markers. The neural stem cell is characterized by 
expression of CD133/GFAP/Nestin and can give rise to both the neural and 
glial lineage of the developing brain. SOX2 expression can be found in neu-
ral stem cells of the SVZ (Ellis et al 2004) and SGZ (Suh et al 2007) and is 
important to maintain the immature state of stem cells and maintain their 
proliferation and generation of neurons (Favaro et al 2009, Ferri et al 2004). 
Neurons mature through intermediate stages and express markers such as �–
III tubulin and NeuN.  
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Figure 4. Hierarchy of glial cell development. The neural stem cell gives rise to both 
neurons and glial restricted progenitors. The intermediate stage glial restricted pro-
genitor can give rise to both astrocyte lineage and the oligodendrocyte progenitor 
cell, commonly referred to as the O2A cell. The O2A cell gives rise to mature myeli-
nated oligodendrocytes through intermediate stages. Different stages in the gliogene-
sis are characterized by expression of different proteins as indicated in the figure.  

 
Turned on expression of OLIG2 and subsequently SOX10 drives differentia-
tion towards the oligodendrocytic lineage (Zhou et al 2000). Glial restricted 
progenitors are according to their name committed to the glial lineage. In 
vivo they can differentiate into astrocytes or oligodendrocytes depending on 
intrinsic and extrinsic signaling. The glial restricted progenitors are positive 
for expression of the ganglioside A2B5 but as soon as they become commit-
ted to the astrocyte lineage A2B5 expression is lost. Astrocytes express the 
glial fibrillary acidic protein (GFAP alpha), as do neural stem cells and early 
astrocyte progenitors (Doetsch et al 1999, Malatesta et al 2000). However, 
neural stem cells exclusively express a variant of GFAP, GFAP delta, not 
expressed by astrocytes. GFAP delta is an isoform produced through alterna-
tive splicing (Roelofs et al 2005) which differs from GFAP alpha at the C-
terminal protein sequence. This peptide is incapable of filament self-
assembly in vitro. GFAP filaments can tolerate insertion of a small fraction 
of assembly-incompetent GFAP delta even though it has negative effects on 
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the filament organization and subsequently filament-filament and filament-
protein interactions (Perng et al 2008). The glial restricted progenitor can 
also give rise to oligodendrocytes through the oligodendrocyte progenitor 
cell (OPC) commonly referred to as the O2A cell (Ingraham and McCarthy 
1989, Levi et al 1986, Miller et al 1989, Raff et al 1983). In vitro it has been 
possible to generate astrocytes from this cell but it may be an artifact since it 
has not yet been shown to occur in vivo (Espinosa de los Monteros et al 
1993, Skoff 1990, Skoff and Knapp 1991). OPCs express PDGFR�, A2B5 
and chondroitin sulfate proteoglycan 4 (NG2). As differentiation occurs 
firstly PDGFR� and NG2 expression is lost and later A2B5 expression. The 
first cellular stage of oligodendrocyte maturation, the pro-oligodendrocyte, 
still harbor expression of A2B5 and in addition the early oligodendrocytic 
markers O4 (cell surface antigen on oligodendrocytes) and myelination asso-
ciated protein 2´,3´-cyclic nucleotide 3´-phosphodiesterase (CNP). While 
oligodendrocytes undergo myelination expression of O4 is lost and other 
proteins associated with myelination such as Galactocerebrosidase (GalC), 
Myelin basic protein (MBP) and Myelin proteolipid protein (PLP) can be 
detected. 

Glial markers and cellular origin of glioma 
As gliomas resemble normal glial cells they also express markers of normal 
glial cells. It is not true however that astrocytomas express solely astrocytic 
markers and oligodendrogliomas oligodendrocytic markers. Within each 
subgroup of glioma there is also a great variation in protein expression. 
Common for all gliomas is that the tumor cells resemble the more immature 
cellular stages in the glial lineage and express markers of such cells. Human 
astrocytomas are positive for GFAP and intermediate filament Vimentin. 
Oligodendrogliomas express markers of oligodendrocyte progenitor cells 
(OLIG1, OLIG2, PDGFR�, NG2, SOX2 and SOX10) but have low or lack 
expression of several markers of mature oligodendrocytes (MAG, GC, PLP, 
CNP and MBP respectively). This would indicate that the cell of origin for 
oligodendrogliomas is an OPC. However, human astrocytomas also express 
oligodendrocytic marker OLIG2 (Lu et al 2001, Marie et al 2001), SOX10 
(Ferletta et al 2007, Zhou et al 2000) and PDGF ligands and receptors, like 
oligodendrogliomas. Further, in some cases oligodendrogliomas express 
GFAP (Mokhtari et al 2005, Rebetz et al 2008). The only exclusive marker 
of astrocytomas is Vimentin, not commonly expressed by ectodermal cells 
but by cells of mesenchymal origin. Mesenchymal differentiation has also 
been found in glioblastoma stem cells (Ricci-Vitiani et al 2008, Rieske et al 
2009) and might be due to the de-differentiation process early in tumori-
genesis. These discrepancies in glial specific marker expression reflect the 
inherent heterogenic nature of glioma. 
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Figure 5. Hierarchy of glial lineage and cancer cell origin. It has previously been 
shown in mice that neural/glial progenitor cells, astrocytes and oligodendrocyte 
progenitor cells can give rise to glioma (pink arrows). Studies of human and mouse 
glioma stem cells have shown that they can differentiate into cancer cells.  

 
Hypothetically, if the cell of origin is a stem cell the cancer cells will have 
acquired a more differentiated phenotype or vice versa, if the cell of origin is a 
mature oligodendrocyte or astrocyte the cancer cells have undergone a de-
differentiation. The de-differentiation of glial cells upon tumorigenic trans-
formation has indeed been reported by us and others (Bachoo et al 2002, Dai 
et al 2001, Lindberg et al 2009) and could explain the concurrent expression of 
astrocytic and oligodendrocytic markers in glioma. An intriguing fact is that 
the incidence of glioma peaks in elderly adults above the age of 60 years but 
later on declines in parallel with the decrease in number and potency of stem 
cells in the brain. In addition, the location of tumors in the brain often corre-
sponds to areas where stem cells reside, the subventricular zone (SVZ) and the 
subgranular zone (SGZ) in dentate gyrus of the hippocampus. Possible rela-
tionships between normal glial cells and cancer cells are depicted in Figure 5. 

In addition, the cellular origin of the tumor might affect the cellular sig-
naling pathways driving tumorigenesis and hence possible targets for treat-
ment. Since patients are most often diagnosed at late stages of disease it is 
necessary to study the possible cell of origin and its role using animal mod-
els of the disease.  
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The molecular characteristics of the cell of origin is not only important, 
but also the location in the brain from where the tumor originates. Glial cells 
with the same antigen expression have different functions depending on their 
location in the brain and the surrounding microenvironment (Gilbertson and 
Gutmann 2007). 

Treatment  
Standard treatment for glioma is surgery and radiation sometimes followed 
by chemotherapy using alkylating agents. Due to their invasive growth glio-
mas are impossible to completely resect. Typically, tumors recur after treat-
ment as higher-grade tumors. Temozolomide (Temodal�) in combination 
with radiotherapy seems to have a synergistic effect on survival of glioblas-
toma patients (Athanassiou et al 2005, Stupp et al 2005) and is used post-
surgery. In addition, temozolomide seems to selectively eradicate cancer 
stem cells (Beier et al 2008). For oligodendrogliomas PCV chemotherapy 
(procarbazine, lomustine and vincristine) treatment after surgery and radia-
tion is more commonly used (Kappelle et al 2001).  

Several approaches have been used to target individual signaling mole-
cules involved in gliomagenesis. Imatinib mesilate (Gleevec�) is a receptor 
kinase inhibitor of PDGF receptors, KIT and ABL, which has been tested in 
clinical trials for glioma. The combination of imatinib mesilate with hy-
droxyurea has an effect in a subset of patients (Desjardins et al 2007, Rear-
don et al 2005). In glioma cultures sensitivity to imatinib mesilate has been 
correlated to expression of PDGF receptors and CXCL12/stromal cell-
derived factor 1 (Hagerstrand et al 2006). Immunohistochemical analysis of 
receptor tyrosine kinases in patient samples may be used as selection for 
imatinib mesilate treatment (Haberler et al 2006). Another RTK inhibitor, 
sunitinib, inhibits PDGF receptors as well as VEGF receptors and the recep-
tor KIT. It has been recommended for treatment of patients who develop 
resistance to imatinib through mutations of KIT. It has also been shown to 
have an effect on glioma growth and angiogenesis in an orthotopic glioma 
model (de Bouard et al 2007). Since angiogenesis is a hallmark of malignant 
glioma and affects drug delivery, antiangiogenic treatment could be of value 
in combination with already existing treatment modalities. Bevacuzimab 
(Avastin�), a VEGF neutralizing antibody has showed 60-65 % response 
rate in a phase II clinical trial on recurrent glioblastomas (Vredenburgh et al 
2007). Also, antiangiogenic treatment with a soluble VEGF receptor (sFlt-1) 
in combination with an angiostatin-endostatin fusion gene has been success-
ful in a mouse glioma model (Ohlfest et al 2005). However, there are emerg-
ing problems with both developing treatment-resistance and adverse effects 
associated with anti-VEGF therapy such as disturbance of VEGF-dependent 
physiological functions and homeostasis in the cardiovascular and renal sys-
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tems, wound healing and tissue repair, reviewed by (Chen and Cleck 2009). 
This promotes the search for novel antiangiogenic therapies. Gefitinib (Ir-
essa�), an EGFR tyrosine kinase inhibitor has given minimal response in 
clinical trials (Rich et al 2004). However, in screening individual biopsies 
for EGFRvIII (the most common genetic alteration of EGFR) and PTEN it 
was possible to identify potentially responsive patients to erlotinib 
(Traceva�) or gefitinib EGFR kinase inhibitors (Mellinghoff et al 2005).  

It is naive to believe that there will be one single treatment to cure all 
gliomas, rather will a combination of treatment strategies have the best effect. 
Possibly, future patients will be given selected and individually targeted 
treatments based on the expression/mutation analysis of that particular pa-
tient’s tumor. Ideally, treatment could be tailored to achieve highest possible 
efficacy depending on expression of growth factors, mutated genes and so on. 

Prognosis 
Despite decades of research and clinial trials, life expectancy for glioma 
patients has not improved considerably and is only about 15 months for 
grade IV glioma (Stupp et al 2005). There are several reasons as to why it 
has been so difficult to find new effective therapies against glioma. Drug 
delivery is especially complicated due to the blood-brain-barrier and the 
distorted glioma vessels limiting drug delivery (Weis and Cheresh 2005). 
The invasive nature of gliomas make them impossible to remove surgically. 
Tumor cells also have a strong inherent propensity for malignant progres-
sion. In addition, some cells are resistant to therapy (Bao et al 2006a), sup-
posedly the cancer stem cells, that have the unique ability to give rise to new 
tumors. Lastly, overexpression of proteins involved in DNA repair machin-
ery could cancel the effects of radio- and chemotherapy.  

Overall, age is the most commonly used negative prognostic factor. An-
other prognostic factor used is proliferative index, higher proliferative capac-
ity indicates more rapid tumor growth and shorter survival. Methylation of 
the MGMT promoter is the best predictive marker for outcome in patients 
treated with alkylating agents (Friedman et al 1998, Hegi et al 2004). Loss of 
1p/19q is associated with prolonged survival in oligodendrogliomas. 

For low-grade astrocytomas the 5-year survival is 47% and for grade III 
astrocytomas 29% according to the Central Brain Tumor Registry of the 
United States (CBTRUS). For glioblastomas the median survival is 12-15 
months after diagnosis, only half of the patients survive longer than one year 
(Stupp et al 2005) and the 5-year survival is about 3%. For oligodendroglio-
mas survival time is relatively longer, about 5 years (Nagy et al 2009), with 
a 5-year survival for oligodendroglioma grade II of 70% (CBTRUS). Pa-
tients with anaplastic oligodendrogliomas have a 5-year survival of 40% 
(CBTRUS) with a median survival time of 1-4 years.  
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Mouse models of glioma 

Since most patients with glioma present with late stages of the disease it is 
impossible to study the events of glioma initiation and development from 
this material. It is also difficult to get access to human glioma samples or to 
test new candidate treatments on patients due to ethical considerations. For 
these reasons animal models recapitulating the human disease have been 
developed and are used as a substitute in experimental studies. Mice are 
often used as animal models since their genome has fully mapped and they 
are easy to modify genetically and breed in captivity. The only way to study 
the possible causative effects of genetic alterations found in human glioma is 
to use animal models. In addition, reagents for experimental studies in mice 
are commercially available.  

There are significant differences between mouse and human tumorigene-
sis that needs to be taken into account. Firstly, fewer genetic or epigenetic 
events are required for tumorigenic transformation of murine cells. Human 
cells age rapidly by degradation of the telomeres, as telomerase activity de-
clines, which makes them more difficult to immortalize and transform. In 
murine, the telomeres are longer and telomerase activity more readily de-
tected. This makes murine cells more susceptible to immortalization and 
subsequently tumorigenic transformation that could explain the difference in 
number of genetic events necessary for tumorigenesis to occur. Another 
major difference is in the molecular pathways leading to cancer. In murine 
cells the p53 pathway is restricting uncontrolled proliferation through p19Arf 
which is supported by numerous studies using Arf-/- mice. The Rb pathway 
is of importance in murine cells but not to the same extent. In human cells 
however, this is the pathway essential in limiting tumorigenic transformation 
and inducing senescence. These differences between mouse and human cells 
and tissues are important to take into account when transferring results from 
experimental studies done in mice to human cancer. However, it does not 
diminish the importance of lessons about causative and molecular relation-
ships learned from experimental studies using mice so far. 

When studying experimental glioma in vivo there are several approaches 
used such as xenograft models, germ-line modification by deletion of tumour 
suppressor genes or over-expression of oncogenes and somatic cell gene 
transfer using retroviral vectors carrying an oncogene. In xenograft models 
tumor/transformed cells are orthotopically transplanted into an often im-
munocompromised animal and studied. The advantage of xenograft models 
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is that tumor development is relatively rapid and reproducible. Also, the 
xenografted tumor cells can be modified regarding gene expression and the 
effects of these modifications studied in vivo. However, since the cells are 
already transformed de novo tumor initiation cannot be studied. Often, 
xenografting human tumor cells results in failure of xenografted cells to 
survive, propagate and reconstitute tumor growth. The difference in micro-
environment and stromal attributes between human and mouse could explain 
this failure. Several attempts have been made to “humanize” the recipient 
murine ECM and microenvironment. In addition, if the receiving mice are 
immunocompromised the tumorigenic process is affected and not relevant to 
human tumor development.  

Deletions of tumor suppressor genes and/or over-expression of oncogenes 
recapitulate the tumor initiating events of human glioma. However, several 
genetic modifications are often necessary to initiate tumorigenesis requiring 
extensive breeding and late onset making experiments time consuming and 
expensive.  

The advantages of somatic cell gene transfer are that the retroviral infec-
tion can be cell type specific allowing the surrounding cells to be of normal 
genotype resembling human tumor development. Combinations of onco-
genes can also be studied by infection with different retroviruses. The com-
bined effects of oncogenes and tumor suppressor genes can be studied by 
cross breeding the transgenic mice with mice that carry a stable gene dele-
tion. By using a retrovirus, which is replication-incompetent in the host and 
only allowing the experiment to go on for a restricted period of time, the risk 
of additional spontaneous mutations or insertional mutagenesis is minimized.  

RCAS/TV-A model system 
In somatic cell gene transfer (retroviral) models tumors can be induced in 
mice by intracranial injection of oncogene carrying retroviruses. The 
RCAS/TV-A model is based on avian RCAS (replication competent ALV 
splice acceptor) retroviruses and transgenic mice expressing the receptor for 
RCAS, tv-a, under the control of cell type specific promoters (Figure 6) 
(Uhrbom and Holland 2001). There are at present three tv-a transgenic 
mouse models of glioma, Ntv-a, Gtv-a and Ctv-a mice. In Ntv-a mice tv-a is 
expressed from the Nestin promoter directing infection to neural/glial pro-
genitor cells (Holland et al 1998). In Gtv-a mice the GFAP promoter directs 
infection to astrocytes or subventricular zone stem cells (type B cells), de-
pending on cerebral location of injection and age of the mice (Holland and 
Varmus 1998). It is also possible to induce tumors in committed oligoden-
drocyte progenitor cells (OPCs), in Ctv-a mice (Lindberg et al 2009). The 
Cnp promoter drives expression of tv-a in OPCs and mature oligodendro-
cytes. Tumors are induced with one or several oncogenes in combination by 
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using one or several RCAS viruses. In addition, tv-a lines have been crossed 
with mice carrying targeted deletions of tumor suppressor genes involved in 
human gliomagenesis. Hence, the role of cell type/differentiation status of 
the cell of origin for glioma development can be studied in vivo.  

 

 
 

Figure 6. The RCAS/TV-A mouse model system.  

In previous studies using PDGF-B (Dai et al 2001, Tchougounova et al 
2007) tumors were induced in 50-60% of injected Ntv-a mice. Most of these 
tumors were equal to human grade II oligodendrogliomas and a few to grade 
III oligodendrogliomas. PDGF-B induced tumors in 29% of injected Gtv-a 
mice, all resembling grade II oligodendrogliomas. In Ctv-a mice PDGF-B 
could induce tumors with a frequency of 35%, resembling human grade II 
oligodendrogliomas and oligoastrocytomas and one grade III oligoastrocy-
toma.  

The tv-a mice have been crossed with mice lacking either tumor suppres-
sors p16Ink4a, p19Arf or both. The loss of Ink4a resulted in increased frequency 
of PDGF-B induced oligodendrogliomas in both Ntv-a and Gtv-a mice. The 
loss of Arf resulted in increased frequency of anaplastic oligodendrogliomas 
grade III in both mouse lines. The combined loss of both tumor suppressors 
was equal to loss of only Arf.  
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Fibroblast growth factor 2 (bFGF) has also been used in the Gtv-a mice 
but can only induce proliferation and migration of astrocytes, not induce 
tumors (Holland and Varmus 1998). 

A mutated EGFR gene (EGFR*) which carries both the vIII mutation, 
causing constitutive activation in absence of ligand, and a deletion of an 
intracellular kinase-regulatory domain has been used to induce glioma-like 
lesions in the Ntv-a and Gtv-a mice (Holland et al 1998). Only upon Ink4a-
Arf deficiency could EGFR* induce lesions with similarities to human 
glioma such as histologically structural abnormalities, increased cellular 
density and immunopositivity for GFAP and Nestin. However, these lesions 
were small in size compared to PDGF-B induced tumors and diffuse in char-
acter. Ntv-a Ink4a-Arf-/- mice were more susceptible to EGFR* induced 
tumorigenesis (44%) than Gtv-a Ink4a-Arf-/- mice (33%). Amplification of 
the EGFR gene is often found together with loss of INK4a-ARF in human 
glioma, which suggests that there is cooperation between these two. EGFR 
and TP53 mutations appear mutually exclusive in gliomas (Watanabe et al 
1996). Loss of TP53 did not enable EGFR*-induced tumor formation in Ntv-
a or Gtv-a mice. However, the combination of CDK4 and EGFR* induced 
tumors indicating that there is a cooperation between the Rb and TP53 path-
way as in the case of combined loss of Ink4a and Arf. In addition, gliomas 
with amplifications of CDK4 frequently harbor TP53 mutations. 

The combination of AKT and K-RAS (G12D point mutated activated 
RAS) (Holland et al 2000, Uhrbom et al 2002) could only induce tumors in 
Ntv-a mice with an incidence of  22%. These tumors had the characteristics 
of human glioblastomas. The combination of AKT and K-RAS failed to 
induce any tumors in Gtv-a and Ctv-a mice (Paper I). Loss of Ink4a resulted 
in astrocytic tumors in Ntv-a mice but only small neoplastic lesion in Gtv-a 
mice. Loss of Arf however resulted in high-grade gliosarcoma-like tumors 
induced by K-RAS alone or in combination with AKT in both Ntv-a and 
Gtv-a mice. In Gtv-a mice some tumors contained the unique giant cells 
characteristic of human giant cell glioblastoma.  

The RCAS/TV-A mice have also been used to study potential oncogenes 
and tumor suppressor genes, some of which were identified in a retroviral 
tagging screen (Johansson et al 2004, Johansson et al 2005).  Examples of 
genes being studied are insulin-like growth factor binding protein (IGFBP2) 
(Dunlap et al 2007), Sox10 (Ferletta et al 2007), Sox5 (Tchougounova et al 
2009), Prkg2 (Swartling et al 2009) and Rad51 (Paper III). 

Finally, the RCAS/TV-A mice have been used to induce glioma in adult 
mice (Hambardzumyan et al 2009) (Paper II). 
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Present investigation 

Aims 
• To investigate the potential of oligodendrocyte progenitor cells as 

cell of origin in glioma and how the cellular origin affects gliomage-
nesis. 

• To elucidate the role of tumor suppressor proteins p16Ink4a and p19Arf 
in different cells of the glial lineage during tumorigenesis. 

• To explore the potential involvement and mechanisms of the DNA 
repair protein RAD51 in gliomagenesis. 

• To analyze the possible effects of anti-angiogenic protein HRG on 
gliomagenesis. 

Results and discussion 

Paper I. Oligodendrocyte progenitor cells can act as cell of origin 
for experimental glioma. 

Previous in vivo studies using the Ntv-a and Gtv-a mice suggested that the 
cell of origin for gliomas could be a glial stem- or progenitor cell or even an 
astrocyte. Several other models have been used where cells of these lineages 
are targeted as cell of origin (Bachoo et al 2002, Ding et al 2001, Weiss et al 
2003, Weissenberger et al 1997). Tumor cells induced from glial stem- or 
progenitor cells acquired a more differentiated phenotype and tumor cells 
induced from astrocytes seemed to have undergone de-differentiation (Dai et 
al 2001, Uhrbom et al 2002). Many tumors in Ntv-a and Gtv-a mice had the 
histopathology of oligodendrogliomas and tumor cells expressed the oli-
godendrocyte progenitor cell marker NG2, as do human gliomas (Shoshan et 
al 1999), which implied a susceptibility of these cells to oncogenic transfor-
mation. Therefore, we decided to investigate if OPCs could be the cell of 
origin for glioma. 

The Ctv-a transgenic construct (pmCNP-tv-a-ires-LacZ) consists of the 
tv-a gene cloned behind the mouse Cnp I and II promoter DNA. CNP is one 
of the earliest known myelin-specific proteins to be synthesized by develop-
ing oligodendrocytes. Expression can be detected in the neural system of 
mouse and rat as early as in embryonic stage (Peyron et al 1997, Yu et al 
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1994). Several studies have shown a specific expression of CNP (2',3'-cyclic 
nucleotide 3'-phosphodiesterase) during differentiation of oligodendrocytes 
(Scherer et al 1994, Yuan et al 2002). The Cnp promoter has been proven in 
several transgenic mouse studies to faithfully direct expression of a trans-
gene to oligodendrocyte progenitor cells and differentiated oligodendrocytes 
(Chandross et al 1999, Yuan et al 2002).  In these mice the Cnp promoter has 
been coupled to the eGFP or �-geo reporter genes and expression of the 
reporter genes in relation to CNP and other markers were investigated. The 
Cnp promoter consists of two separate promoter regions. This results in two 
isoforms, CNP1 (46kDa) and CNP2 (48kDa), encoded by the same gene 
(O'Neill et al 1997). The proximal promoter regulating transcription of 
CNP1 mRNA contains an open reading frame for the CNP1 protein and is 
mainly active after birth. The distal promoter regulates transcription of 
CNP2 mRNA, which is able to produce both CNP1 and CNP2 polypeptides, 
and is active as early as in embryonic brain. Thus, using the Cnp promoter in 
the new Ctv-a mouse model, tv-a expression and thereby RCAS infection 
will be restricted to oligodendrocyte progenitor cells and mature oligoden-
drocytes. 

In addition to the reporter mice studies the Cnp promoter has been used in 
some other transgenic studies. In one mouse model the human EGFR was 
expressed under the control of the Cnp promoter directing expression to 
oligodendrocytes in the brain and schwann cells in peripheral nerves (Ling et 
al 2005). These mice did not develop any brain tumors proposedly due to 
lack of EGFR ligands in the brain. Normal oligodendrocyte progenitors have 
no expression of EGFR and are mostly depending on FGF and PDGF signal-
ing (Bogler et al 1990, Redwine et al 1997, Redwine and Armstrong 1998). 
However, EGFR overexpression enhanced the migration of NG2 positive 
progenitor cells in the postnatal subventricular zone (SVZ) and cortex 
(Aguirre et al 2005). In another model CD44 was expressed by the Cnp 
promoter (Tuohy et al 2004). CD44 is involved in cellular processes like 
cell-matrix adhesion, cell signaling and regulating cell-cell interactions. Ele-
vated expression of CD44 failed to induce tumors in the brain or peripheral 
nerves. 

Since there are no commercially available antibodies detecting the tv-a 
receptor the addition of ires-lacZ would make it possible to follow the ex-
pression of the tv-a transgene in vivo and in vitro. Ctv-a transgenic mice 
were produced by pronuclear injection in oocytes and mice were screened 
for germline transmission of the transgene using a PCR-based genotyping 
protocol. Homozygous mice were established and characterized for trans-
gene expression. Functional expression of the transgene was confirmed to be 
specific for CNP expressing cells in vitro and in vivo.  

To compare the tumorigenic susceptibility of the Ctv-a mice with the Ntv-
a and Gtv-a mice we used the same RCAS viruses previously used in these 
mice (RCAS-PDGF-B-ires-eGFP, RCAS-AKT and RCAS-K-RAS). AKT 
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and K-RAS, separately or combined, could not induce any tumors. Com-
bined activation of AKT and RAS in neural progenitors (Ntv-a mice) can 
induce glioma, but neither alone is sufficient (Holland et al 2000).  

PDGF-B could induce tumors in Ctv-a mice with the histopathology of 
human oligodendroglioma grade II to III. These tumors were strongly posi-
tive for early oligodendroglial markers Sox2 and Olig2 and weakly positive 
for NG2. However, they were mostly negative for astrocytic (GFAP and 
Vimentin) and stem cell markers (Nestin) and lacked expression of CNP 
implying that they had undergone a slight de-differentiation. 

Comparing the result from Ctv-a mice with data published from Ntv-a and 
Gtv-a mice we found that neural progenitor cells were more sensitive to on-
cogenic transformation by PDGF-B than OPCs, which in turn were more 
sensitive than astrocytes. Thus, the least differentiated cell type was the most 
sensitive. This is in line with the fact that a recently isolated subpopulation 
of stem-like cancer cells have been shown to have many features in common 
with normal stem and progenitor cells. Another possible explanation for the 
differences in tumor incidences found in the different tv-a mice is the avail-
ability of targets cells in newborn mice. It is likely that Nestin positive cells 
are the most abundant in newborn mice compared to GFAP positive or CNP 
positive cells. However, all cell types targeted in the RCAS/TV-A model had 
the capacity to develop tumors that would imply that cancer stem cells could 
occur by de-differentiation of a more differentiated glial precursor. 

In conclusion, we have established and characterized the Ctv-a mouse line 
in which specific oncogenes can be expressed in OPCs and used that to show 
that OPCs can act as cell of origin for glioma. 

Paper II. Differential roles of p16Ink4a and p19Arf in suppressing 
gliomagenesis from oligodendrocyte progenitor cells.  

In Ctv-a wild type mice tumors could be generated by expression of PDGF-
B but not AKT and K-RAS, where mainly of WHO grade II malignancy and 
displayed histopathology of human oligodendrogliomas. Previous investiga-
tions had showed that Gtv-a mice exhibited a similar response to oncogenic 
stimuli and that Ntv-a wild type mice were additionally susceptible to AKT 
and K-RAS stimulation. Since homozygous deletion of the Ink4a-Arf locus 
is a common event in human glioma we have extensively dissected the role 
of these genes for glioma development in the Ntv-a and Gtv-a mice and 
found that loss of either or both genes could contribute to glioma develop-
ment, where p19Arf is the most crucial. Ctv-a mice with targeted deletions of 
Ink4a, Arf and Ink4a-Arf were generated, injected neonatally with PDGF-B 
or AKT and K-RAS retroviruses, monitored and killed when sick or at 12 
weeks of age. The in vivo data showed that AKT and K-RAS could induce 
gliomas in Ctv-a Arf-/- and Ctv-a Ink4a-Arf-/- mice. The tumors were similar 
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to high-grade astrocytomas, in line with previous results using AKT and K-
RAS in Ntv-a and Gtv-a mice. The fact that gliomas could be induced by 
AKT and K-RAS also in Ctv-a mice suggests that OPCs may act as cell of 
origin for all types of glioma, not only oligodendrogliomas. Secondly, 
PDGF-B injected Arf-/- and Ink4a-Arf-/- Ctv-a mice showed increased tumor 
incidence, malignancy and decreased latency compared to wild type, in ac-
cordance with previous results from Ntv-a and Gtv-a mice. Intriguingly, the 
incidence in Ink4a-/- mice was decreased compared to Ctv-a wild type mice 
and contrary to the results from Ntv-a Ink4a-/- and Gtv-a Ink4a-/- mice. This 
implies that p16Ink4a is not an important tumor suppressor in OPCs. Possibly, 
this might be due to compensatory upregulation of proteins in the Rb path-
way downstream of p16Ink4a or in the p19Arf/p53 pathway that are cell type 
specific for OPCs. 

Immunohistochemical analysis of the tumors displayed partial expression 
of GFAP, also in tumors with oligodendrocytic histology, in accordance with 
clinical findings (Kinjo et al 2008, Mokhtari et al 2005, Rebetz et al 2008). 
PDGFB-induced tumors were positive for expression of PDGFR�. Also, 
tumors induced by AKT and K-RAS had low expression of PDGFR�. The 
PDGFR� expression is both a sign of the differentiation status of the tumor 
cells, OPCs, and a result of increased PDGF-B signaling both in an autocrine 
(tumor cells expressing RCAS-PDGF-B) and paracrine manner (non in-
fected bystander cell being stimulated paracrinely). PDGF-B induced tumor 
cells were strongly positive for Olig2 in Ink4a-/- and Ink4a-Arf-/- back-
ground. Interestingly, PDGF-B induced tumors in Arf-/- mice and AKT and 
K-RAS induced tumors in Arf-/- and Ink4a-Arf-/- expressed low levels of 
Olig2. It seems like Olig2 expression may be negatively correlated to malig-
nancy. There was also an inverse correlation between Nestin and Olig2 ex-
pression and GFAP and Olig2 expression, which has been reported previ-
ously (Kinjo et al 2008, Ligon et al 2004, Mokhtari et al 2005). It indicates 
that p16Ink4a and p19Arf may regulate (directly or indirectly) the expression of 
Olig2. The proliferative index, determined by Ki67 staining, was over all 
higher in Arf-/- and Ink4a-Arf-/- background and correlated to malignancy. 

In order to further investigate the underlying molecular mechanisms we 
set up in vitro infections of primary OPC cultures and analyzed the protein 
levels of p16Ink4a, p19Arf, p27Kip1 and p21Cip1 using western blot. When look-
ing at the p16Ink4a expression we found that wild type cells had no or very 
low levels of p16Ink4a and that there was no induction of p16Ink4a upon PDGF-
B infection. However, Arf-/- cells had upregulated levels, as reported previ-
ously for Arf-/- cells. Yet, this was not sufficient to save these cells from 
tumorigenesis in vivo supporting the fact that p16Ink4a does not act as a tumor 
suppressor in OPCs and implies that p19Arf may suppress p16Ink4a expression. 
Also, we studied expression of p19Arf and found that expression was in-
creased in control Ink4a-/- cells compared to wild type cells and induced 
upon PDGF-B infection in both wild type and Ink4a-/- cells. This further 



 35 

supports the in vivo findings that p19Arf is a potent tumor suppressor acti-
vated upon oncogenic stress in OPCs and might explain the decreased tumor 
incidence in Ink4a-/- mice. In addition, we found that p27Kip1 was upregu-
lated in cells lacking p16Ink4a (Ink4a-/- and Ink4a-Arf-/-). Cell cycle regulator 
p21Cip1 was found to be upregulated in cells lacking either p16Ink4a or p19Arf 
showing that in contrast to p27Kip1 it might function as a tumor suppressor in 
OPCs regardless of Ink4a-Arf status. 

In most studies using the RCAS/TV-A mice, tumors are induced in new-
born mice. Gliomas are most common in older adults and the quantity and 
quality of stem- and progenitor cells differ between children and adults possi-
bly affecting tumorigenesis. In order to study development of adult glioma we 
induced tumors in 6-8 weeks old mice and found that loss of Arf enabled tu-
mor formation by PDGF-B expression in the SVZ of Ntv-a, Gtv-a and Ctv-a 
mice. Wild type mice did not develop any tumors and neither was loss of 
Ink4a-/- sufficient to enable tumor induction by injection in the SVZ or cortex. 

In conclusion, we found that the major tumor suppressor in both newborn 
and adult OPCs is p19Arf. Also, tumor induction in adult mice provides a new 
more relevant model for mechanistic and preclinical studies of glioma. 

Paper III. Rad51 can suppress PDGFB-induced gliomagensis and 
genetic instability. 

RAD51 is important for maintaining genomic integrity through the mecha-
nism of homology directed repair (HDR) of damaged DNA. The RAD51 
paralog Rad51b was identified as a potential cancer-causing gene in an inser-
tional retroviral mutagenesis screen using the PDGF-B/MMLV model 
(Johansson et al 2004). The RAD51 paralogs form a complex with other 
HDR proteins at DNA double strand breaks (Henning and Sturzbecher 2003) 
and bind to single-stranded DNA forming filament structures. Rad51b was 
tagged in two different tumors and subsequently investigated by expression 
profiling (Johansson et al 2005). The expression profiling study showed that 
Rad51b had a similar expression profile as PDGFR�, which implied a role 
of Rad51b in the development of PDGF-B induced glioma. Here we have 
investigated the role of HDR in gliomagenesis by interfering with RAD51 
function in various ways. 

We used wild type RAD51 and a dominant negative RAD51 mutant, 
RAD51KR, cloned into RCAS. We investigated their oncogenic effects in 
vivo, alone and in PDGF-B induced gliomagenesis in the Ntv-a mouse line, 
both wild type mice and mice deficient for p19Arf. Overexpression of wild 
type RAD51 or RAD51KR alone did not induce tumors in any mice. In Ntv-
a wild type mice the combination of PDGF-B+RAD51KR significantly sup-
pressed PDGF-B induced tumor formation compared to control mice with no 
significant effect of RAD51WT. In Ntv-a Arf-/- mice however the opposite 
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was found, RAD51WT caused suppression of PDGF-B induced tumorigene-
sis with no effect of RAD51KR. We hypothesize is that RAD51 signaling 
and p19Arf function are related during oncogenic PDGF-B stimulation so that 
when RAD51 signaling is abrogated (with RAD51KR) it will lead to a p19Arf 
dependent cell cycle arrest and/or apoptosis, supported by a study by Pauklin 
et al (Pauklin et al 2005). In Arf-/- cells the effect of RAD51KR is abolished 
but can be substituted by increased RAD51 signaling. Upon further studies 
we found that PDGF-B induced tumors were genomically instable and that 
this can be reduced by RAD51 expression. We also found, in accordance 
with previously published data, that RAD51WT can inhibit proliferation 
(Flygare et al 2001) of PDGF-B stimulated cells in vitro providing a putative 
mechanism for tumor inhibition. 

In summary, we have shown that the DNA damage response pathway is 
important in preventing PDGF-B induced brain tumor formation by reducing 
genomic instability and inhibiting proliferation. 

Paper IV. Histidine-rich glycoprotein can prevent development 
of mouse experimental glioblastoma. 

An important feature of any cancer, and gliomas in particular, is the exten-
sive formation of new blood vessels, angiogenesis, which is a prominent 
feature of grade III and IV gliomas. These newly formed blood vessels sup-
ply the rapidly proliferating tumor cells with oxygen and nutrients. In addi-
tion, the perivascular niche favors growth of cancer stem cells. Hence, 
antiangiogenic drugs could have several negative effects on tumor develop-
ment and propagation. Some antiangiogenic drugs are in use today as cancer 
therapy for various cancer types. Among others are drugs or antibodies tar-
geting VEGF or the VEGF receptor. However, there are emerging problems 
with anti-VEGF treatment resistance and adverse effects promoting the need 
for additional antiangiogenic therapies. One candidate is the plasma protein 
histidine-rich glycoprotein (HRG) with endogenous antiangiogenic proper-
ties. HRG inhibits angiogenesis by preventing endothelial cell adhesion and 
migration. In experimental settings, it has been shown to inhibit growth of 
fibrosarcoma and tumor angiogenesis (Olsson et al 2004). 

Here, we have investigated the effect of HRG on experimental brain tu-
mor development using the RCAS/TV-A mouse model of glioma. Since 
HRG does not pass the blood-brain barrier and we wanted HRG to be admin-
istered at the tumor site human HRG cDNA was cloned into the RCAS vec-
tor and functional protein was shown to be expressed. Retrovirally trans-
duced HRG could inhibit migration of endothelial cells in a chemotaxis as-
say. Next, Ntv-a Arf -/- mice were co-injected with PDGF-B and HRG or 
control RCAS viruses. PDGF-B induces both low-grade tumors and high-
grade tumors with extensive microvascular proliferation in the Ntv-a Arf-/- 
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mice. HRG had little effect on PDGF-B induced tumor incidence and overall 
survival. However, there was a significant effect on tumor progression by 
HRG causing a shift towards low-grade tumors, and glioblastomas could 
only be found in control-injected mice. Expression of HRG in the tumors 
was validated by PCR detection using primers specific for human PDGF-B 
and human HRG on both DNA and RNA extracted from the tumor tissue. 

Taken together, we found that HRG can affect glioma development by in-
hibiting angiogenesis causing a significant effect on malignancy. Malig-
nancy is the major limiting factor of survival in glioma patients. These find-
ings support further studies of HRG as a novel drug in treatment of glioma, 
even more so in combination with already existing modalities since it is 
likely that a combination of treatments will have the best effect in a clinical 
setting. 
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Conclusions and future perspectives 

We have successfully managed to generate gliomas from OPCs as the cell of 
origin (Paper I). In previous studies neural/glial stem- and progenitor cells 
(Ntv-a mice) and astrocytes (Gtv-a mice) have been successfully targeted as 
cell of origin. Taken together this indicates that, at least in mice, the cell of 
origin in glioma could be several different glial cell types. However, more 
immature cells seem to be more sensitive to tumorigenic transformation than 
mature cells. The difference in ability to be oncogenically transformed can 
be explained by two possible mechanisms; the first being that immature cells 
are more alike tumor cells or tumor stem cells with their proliferative capac-
ity making tumorigenic transformation require fewer genetic events, the 
second being that immature cells have lower levels of cell cycle regulating 
proteins. It also reflects the fact that different cells in the glial lineage are 
regulated by different mechanisms. Another possible explanation is that 
there are unequal numbers of target cells expressing tv-a in newborn Ntv-a, 
Gtv-a and Ctv-a mice.  

In Ntv-a and Gtv-a mice crossed with mice lacking tumor suppressor 
genes p16Ink4a and p19Arf tumor incidence is increased showing that they are 
important in preventing tumor formation. For OPCs it was clear that only 
p19Arf could act as a tumor suppressor and that additionally p27Kip1 and 
p21Cip1 may be important in preventing OPC tumorigenesis (Paper II). An-
other interesting perspective on this is the difference in tumor suppressive 
pathways between mice and humans. In humans the RB pathway is the ma-
jor pathway limiting tumorigenic transformation while the p53 pathway is 
more important in mice. This is in accordance with our results that p19Arf is 
the major tumor suppressor in mouse gliomagenesis. The role of the Rb 
pathway in mice is however not negligible. We need to take this intriguing 
fact into account when transferring results from experimental studies to hu-
man glioma. It is possible that the Rb pathway is more important in human 
gliomagenesis and that it should therefore not be neglected as a direct result 
of our findings.  

The actual molecular mechanisms that are responsible for promoting tu-
morigenesis upon PDGF-B stimulation or the combination AKT and K-RAS 
seem to be the same. However, the differential molecular mechanisms of 
tumor suppression depending on cellular origin needs to be further addressed 
since they might be of importance in choosing treatment strategies for differ-
ent gliomas. 
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In addition, we can establish that the oncogenes driving tumorigenesis 
dictates the histopathology of these tumors and not the cellular origin. 
Hence, PDGF-B favors the induction of oligodendrogliomas while the com-
bination of AKT and K-RAS favors induction of astrocytomas. 

Another interesting finding was that tumors induced from different cell of 
origin have different malignancy. Tumors induced from Nestin positive cells 
were in general of higher malignancy than tumors induced from GFAP posi-
tive or CNP positive cells. The difference in malignancy might be related to 
the presence of cancer stem cells residing within these tumors, where more 
malignant tumors contain more cancer stem cells. It is possible that tumors 
generated in Ntv-a mice arise from neural progenitor cells transformed into 
tumor stem cells or contain more tumor stem cells than tumors in Gtv-a and 
Ctv-a mice also explaining the higher tumor frequency and larger tumors. 
This is an interesting theory that needs to be further investigated. 

Using the RCAS/TV-A model system tumors are mainly induced in new-
born mice. In humans, gliomas are most common among adults and elderly 
adults. It is therefore of interest to also study gliomagenesis in adult mice 
and explore if there are differences between tumorigenesis, malignancy, 
histopathology and quantity and quality of cancer stem cells populations by 
injecting into different areas of the brain in mice of different ages. In one 
study, gliomagenesis was initiated by PDGF expressing retrovirus in adult 
rat white matter resulting in tumors resembling human glioblastomas by 14 
days post infection (Assanah et al 2006). In paper II we successfully induced 
tumors in adult Ntv-a, Gtv-a and Ctv-a Arf-/- mice and found that loss of 
tumor suppressor Arf enabled tumor induction while loss of Ink4a was not 
sufficient. Neither was it possible to induce tumors in wild type mice irre-
spective of cellular origin. The decreased susceptibility to oncogenic trans-
formation in adult mice might reflect the differences in glial cells between 
newborn and adult mice where glial cells in newborn mice are more permis-
sive to proliferative stimuli for natural reasons. It may also reflect the num-
ber of target cells at the location of injection and their proliferative capacity. 
For the RCAS virus to be integrated in the target cell genome the target cell 
has divide at least once. This difference in tumor between newborn and adult 
mice provokes for further studies. Also, the use of adult mice to study 
gliomagenesis will be valuable in mechanistic and clinical studies of novel 
treatments. 

 
DNA repair is a fundamental mechanism that is crucial in normal cells to 
prevent DNA damage to cause established mutations, genomic instability 
and potentially cancer. In Paper III we investigated the role of the central 
DNA repair protein RAD51. We showed that functional DNA repair systems 
are important in preventing brain tumor formation. Hypothetically, when 
RAD51 signaling is abrogated it will lead to p19Arf dependent cell cycle ar-
rest and/or apoptosis. We found that expression of RAD51 results in reduced 
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genomic instability in these tumors and inhibits proliferation of glial cells. 
This opens the possibility for new treatment strategies of malignant brain 
tumors based on genomic instability and the analysis of genomic instability 
as a potential sign of patient prognosis. In fact, in a recent study it was 
shown that increased levels of RAD51 correlate with prolonged survival in 
glioma patients (Welsh et al 2009). 

 
Since angiogenesis is a major event in tumorigenesis and tumor progression 
we decided to investigate the potential of the angiogenesis inhibitor HRG as 
a treatment strategy for malignant glioma. We induced high-grade tumors in 
Ntv-a Arf-/- mice with PDGF-B in combination with HRG or control virus 
and found that expression of HRG could affect both incidence and malig-
nancy, completely preventing the formation of the highest-grade glioma 
(glioblastoma). HRG also had an effect on tumor vessels normalizing the 
vascular structures, which might improve the delivery of therapeutic agents 
to the tumor site. There have been emerging problems with treatment resis-
tance and adverse side effects of existing anti-angiogenic treatments with 
VEGF inhibitors that promotes the search for new antiangiogenic treatment 
strategies. The fact that HRG alone had an effect on tumorigenesis strongly 
suggests that HRG in combination with already existing treatment modalities 
could be beneficial for patients. Survival is the most commonly used pa-
rameter in clinical studies of glioma and it is highly correlated with malig-
nancy where patients with low-grade tumors survive for a substantially 
longer period of time. The finding that HRG could inhibit the formation of 
high-grade glioma strongly suggests that administration of HRG could pro-
long survival for glioma patients. However, since the in vivo experiments 
were limited to 12 weeks we could not detect any effects on overall survival. 
This might be better addressed in a long-term study.  Further experimental 
studies are required to elucidate in what settings this novel treatment might 
be efficient. Next step would be to evaluate the effect of administration of 
synthetic HRG on already established tumors. It would be possible by using 
Ef-luc transgenic mice that have tumor cell specific expression of luciferase 
(Uhrbom et al 2004) which makes it possible to both identify tumor bearing 
mice for treatment and follow tumor development in vivo in a non-invasive 
way. 
 
The prognosis for patients with glioma has not significantly improved during 
the last decades and there is a great need for both basic studies of glioma-
gensis using relevant animal models and new potential treatment strategies. 
In this thesis I have tried to address all of these questions and achieved 
greater knowledge that will be of use in further studies in the hopes of im-
proving the prognosis for patients afflicted with this severe disease. 
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Populärvetenskaplig sammanfattning 

Uppkomsten av cancer 
Cancer är en sjukdomsprocess där kroppens celler delar sig ohämmat. En 
normal cell har flera skyddsmekanismer som ser till att cellen delar sig la-
gom ofta och begränsar cellens livslängd. Om något går fel och cellen trots 
allt delar sig för fort finns det andra mekanismer som ser till att cellen då 
elimineras. I en cancercell är livslängden obegränsad jämfört med en normal 
cell. I de flesta celler fungerar dessa mekanismer tillsammans och förhindrar 
uppkomsten av cancer.  

Hjärntumörer 
Varje år drabbas ca 1100 personer i Sverige av en hjärntumör vilket gör det 
till den elfte vanligaste cancerformen. Hjärntumörer drabbar personer i alla 
åldrar men är allra vanligast bland äldre personer. Förutom primära hjärntu-
mörer, som uppstår i hjärnan, förekommer metastaser, dottertumörer, i hjä-
nan som spridit sig från tumörer i andra delar av kroppen. Symtomen vid en 
hjärntumör varierar beroende på var i hjärnan den sitter och vilka normala 
funktioner som styrs från den delen av hjärnan. Det kan tex vara huvudvärk, 
illamående och balansproblem. Det finns flera olika typer av hjärntumörer 
och de klassificeras beroende på vilken normal celltyp de liknar. Den vanli-
gaste formen kallas gliom därför att tumörcellerna liknar gliacellerna, stöd-
jecellerna i hjärnan. Gemensamt för alla gliom är att tumörcellerna infiltrerar 
den normala hjärnvävnaden och sprider sig diffust. Eftersom tumören inte 
växer i en samlad massa är det svårt att med kirurgi ta bort den. I de fall man 
kirurgiskt försöker ta bort en hjärntumör tar man bort så mycket som möjligt 
av tumörvävnaden utan att även ta bort för mycket normal vävnad. Detta 
resulterar i att det alltid finns tumörceller kvar som kan ge upphov till en ny 
tumör. För att förhindra det kan man i tillägg till kirurgi behandla med strål-
ning och cellgifter. Trots det är hjärntumörer i stort sett obotbara med en 
överlevnadstid på månader till år.  
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Ursprunget till hjärntumörer 
Avhandlingens första arbete handlar om i vilken cell som hjärntumörer upp-
står. Eftersom tumörcellerna liknar normala gliaceller kan man anta att de är 
ursprungscellen. Det finns däremot ingen definitiv kunskap om den exakta 
celltypen och vad som händer när en tumör uppstår. När en patient diagnos-
ticeras med en hjärntumör är tumören redan i ett avancerat stadium vilket 
gör det omöjligt att studera hur tumören uppkom. För att studera uppkoms-
ten av hjärntumörer har vi använt en sjukdomsmodell i mus. En djurmodell 
är ett djur där en sjukdom av intresse kan studeras eftersom den efterliknar 
sjukdomen som den ser ut i människor. Om sjukdomen är mycket lika i djur 
och människa kan de resultat vi får från att studera djur även vara överförba-
ra på människa.  

Genom att använda ett experimentellt system är det möjligt att introduce-
ra cancerorsakande gener i möss. Med detta system kan vi bestämma vilken 
typ av celler i musens hjärna som ska få dessa gener och därmed vilken cell-
typ som blir ursprunget till hjärntumören. Sen kan vi studera vad olika cell-
typer har för potential att bli till tumörceller och hur valet av ursprungscell  
påverkar tumörens utseende och egenskaper. 

Senaste åren har det varit stort intresse kring så kallade cancerstamceller. 
Cancerstamceller är en mindre population av tumörcellerna med speciella 
egenskaper. De kallas cancerstamceller eftersom de har många egenskaper 
gemensamt med normala stamceller samt att de kan ge upphov till nya tumö-
rer efter genomgången behandling. Detta har fått många forskare att undra 
om hjärntumörer uppstår ifrån normala stamceller. Vi har vänt på det och 
frågat om andra mer mogna celler i hjärnan kan ge upphov till hjärntumörer. 
Med vår sjukdomsmodell har vi introducerat cancerorsakande gener i en 
sådan mer mogen celltyp och visat att dessa celler också kan ge upphov till 
tumörer. Det är alltså möjligt att vilken typ av stödjecell som helst kan vara 
ursprunget till en hjärntumör, alltså inte nödvändigtvis en stamcell. Det är nu 
av intresse att vidare studera vad som skiljer tumörer som kommer ifrån 
olika typer av stödjeceller. 

Tumörsuppressorgener 
Det finns gener som orsakar cancer, onkgener, och gener som förhindrar 
uppkomsten av cancer, tumörsuppressorgener. Tumörsuppressorgenerna 
hämmar uppkomsten av tumörer genom att se till att celler slutar dela sig när 
det finns tillräckligt många och att cellen bara lever så länge som det är ön-
skvärt. Om något blir fel i en sådan gen eller om den inte är aktiv så kan 
cancer uppstå eftersom cellen då delar sig ohämmat och lever onormalt 
länge. Jag har i den andra artikeln använt vår djurmodell för att studera några 
sådana tumörsuppressorgener och deras funktion vid hjärntumöruppkomst i 
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mer mogna celler. Vi har även jämfört tumörsuppressorgenernas funktion 
och betydelse i olika celltyper som kan ge upphov till hjärntumörer. Slutsat-
sen vi kunde dra var att olika tumörsuppressorgener är av olika betydelse i 
olika celler. 

DNA reparation 
När en cell delar sig dupliceras allt DNA så att båda dottercellerna får en 
komplett uppsättning gener. Den allt snabbare celldelningen i tumörceller 
gör att DNAt måste dupliceras fortare och oftare vilket leder till att fel kan 
uppstå. En normal cell har skyddsmekanismer som känner av när något blir 
fel i DNAt, försöker korrigera det och om det inte går elimineras cellen. I 
den tredje artikeln undersöks vad som händer med hjärntumörer om man stör 
DNA reparationsmekanismerna. Kommer det bli mer fel i DNAt så att tu-
mörcellerna blir mer elakartade eller kommer det göra att de elimineras? 
Genom att störa funktionen av ett protein som är centralt vid DNA repara-
tion, RAD51, har vi visat att tumörcellerna påverkas negativt. Det kan bero 
på cellerna känner att de inte längre kan reperera sitt skadade DNA och där-
för slutar dela sig eller genomgår celldöd. Båda alternativen resulterar teoret-
sikt sett i färre tumörceller. Vi kunde se att tumörcellerna med störd DNA 
reperationsmekanism hade ett mer instabilt DNA vilket stärker våra teorier. 

Näringsförsörjningen i tumörer 
När en tumör växer blir det allt fler celler som behöver både syre och näring 
för att överleva. Syre och näring levereras till alla celler i kroppen via blodet. 
I takt med att tumören växer bildas nya blodkärl inom tumören för att upp-
fylla det ökade behovet. Denna process kallas angiogenes. Cancercellerna 
utsöndrar ämnen som stimulerar angiogenes. I den tredje artikeln studeras 
vad som händer om man hämmar bildandet av nya blodkärl. Kan det få tu-
mören att sluta växa eller åtminstone sakta ner tillväxten av tumören? Ge-
nom att använda vår djurmodell har vi inducerat tumörer som dessutom ut-
trycker ett speciellt protein, HRG, som är känt för att hämma nybildningen 
av blodkärl. Resultatet blev att detta protein hämmande bildningen av blod-
kärl i hjärntumören samt att dessa tumörer blev mindre elakartade. Resulta-
ten från denna studie visar att HRG kan vara en ny lovande alternativ be-
handling av hjärntumörer, i tillägg till redan etablerade behandlingsformer. 
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