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Glioblastoma multiforme (GBM), the most common and malignant brain tumor, is characterized
by high molecular and cellular heterogeneity within and among tumors. Parameters such as
invasive growth, infiltration of immune cells and endothelial proliferation contribute in a
systemic manner to maintain the malignancy.

Studies in this thesis show that the expression of Sox2 is correlated with Sox21 in human
gliomas. We demonstrate that an upregulation of Sox21 induces loss of proliferation, apoptosis
and differentiation in glioma cells in vitro and in vivo and seems to correlate with decreased
Sox2 expression. Induced expression of Sox21 in vivo significantly reduces the tumor size and
increase the survival extensively, suggesting that Sox21 can act as a tumor suppressor Our
studies indicate that the balance of Sox21-Sox2 in glioma cells is decisive of either a proliferative
or a non-proliferative state.

Several TGFß family members have an important role in glioma development. TGFß
promotes proliferation and tumorigenicity whereas BMPs mostly inhibit proliferation. We
demonstrate that BMP7 can induce the transcription factor Snail in glioma cells and that this
reduces the tumorigenicity with a concomitant increase in invasiveness. Thus, we have identified
a mechanism to the double-edged sword of proliferation versus invasiveness in GBM, the latter
contributing to relapse in patients.

Experimental gliomas were induced with the Sleeping Beauty (SB) model in mice with
different immunological status of their T cells. The tumors that developed were either GBMs
or highly diffuse in their growth, reminiscent of gliomatosis cerebri (GC). GC is a highly
uncommon form of glioma characterized by extensive infiltrative growth in large parts of the
brain. It is an orphan disease and today there is practically a total lack of relevant experimental
models. The SB system would constitute a novel experimental model to study the mechanisms
behind the development of diffusely growing tumors like GC. The presence or absence of T
cells did not affect tumor development.

The work in this thesis demonstrates that the proliferative and the invasive capacities of
glioma cells can be dissociated and that the SB model constitutes an excellent model to study the
highly proliferative cells in GBMs versus the highly invasive cells in diffuse tumors like .GC.
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Introduction 

Present classification of tumors of the central nervous system (CNS), by the 
World Health Organization (WHO), is made according to two principles. 
The first is the histological similarity to cellular components in the CNS. The 
second is the degree of cellular dedifferentiation, defined as anaplastic 
changes. Depending on the extent of these anaplastic changes tumors are 
graded I-IV, where an ascending order denotes a higher degree of anaplasia. 
Mitosis, nuclear atypia, necrosis and vascular proliferation are features taken 
into account. Degree of anaplasia and malignancy are in correlation to each 
other, and the classification can aid physicians in the decision of treatment 
for the individual patient1,2. While WHO grading of tumors is helpful in pre-
dicting a patient’s prognosis and response to therapy, factors such as the age 
of the patient, location of the tumor and type of genetic alterations also have 
an influence and need to be taken into consideration. Patients with grade II 
tumors generally survive more than 5 years, grade III patients survive 2-3 
years whereas grade IV patient survival is dependent on available treatment 
modalities and the efficacy of these1. For example for patients with cerebel-
lar medulloblastomas, efficient radiation and chemotherapy results in a 5-
year survival rate of 60-80%, compared to most of the patients diagnosed 
with glioblastoma multiforme (GBM) which loose the battle against the dis-
ease within a period of 14 months despite similar thearpy. The following 
brain tumor classes are identified by the WHO classification system; astro-
cytic tumors, oligodendroglial tumors, oligoastrocytic tumors, ependymal 
tumors, choroid plexus tumors, other neuroepithelial tumors, neuronal and 
mixed neuronal-glial tumors, pineal tumors, embryonal tumors, tumors of 
the cranial and paraspinal nerves, meningeal tumors and tumors of the sellar 
region. 

Astrocytic tumors 
Astrocytomas are the most common glial tumors, and comprise the follow-
ing subclasses based on histological parameters:  
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 Grade I:  Pilocytic astrocytoma.  
  Supependymal giant cell astrocytoma. 
 Grade II:  Diffuse astrocytoma. 
  Pilomyxoid astrocytoma. 
  Pleomorphic astorcytoma. 
 Grade III: Anaplastic astrocytoma. 
  Gliomatosis Cerebri 
 Grade IV: Glioblastoma multiforme. 
  Giant cell glioblastoma. 
  Gliosarcoma. 

Low grade astrocytomas (grade I-II) are mostly found in children or young 
adults whereas malignant astrocytomas (grade III-IV) preferentially affect 
adults and elderly. GBM is the most common glial tumor and the most  

 
 
 
 
 

Figure 1. Distribution of primary 
gliomas. Astrocytic tumors account 
for approximately 76% of all pri-
mary gliomas (n= 32 279). Adapted 
from CBTRUS report 2009 3. 

 
 
 
 
 
 

frequent primary tumor in the CNS, constituting 12-15% of all reported cas-
es (Figure 1)1,3. Symptoms vary to a large extent, with clinical manifesta-
tions including seizures, confusion, memory loss, personality change and 
headache, with nausea and vomiting if severe4. Each year GBMs affect ap-
proximately 3-4 individuals in 100,000, with a higher incidence in men than 
in women. Today, despite hundreds of clinical trials carried out over a time 
period of near a half of a century, the mean survival time is around one 
year1. 
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Genetic and epigenetic features of 
glioblastoma multiforme and glioma cells 

The “multiforme” in glioblastoma multiforme denotes the heterogeneous 
nature of the disease. Accumulation of genetic and epigenetic changes cause 
the initiation and progression of GBM, and together with genomic instability 
and tumor environment drive tumor development to a malignancy where it 
has been referred to as the “terminator”5,6. Much is known about the genetic 
and epigenetic features, which give rise to errors in cellular processes such 
as DNA replication, DNA repair, chromosomal segregation, apoptosis and 
proliferation. However, the only environmental factor consistently linked to 
increased risk for developing glioma is irradiation7. Despite common histo-
logical features, GBMs exhibit a high intra- and inter-tumor variability8. In 
an attempt to better understand underlying mechanisms, improve treatment 
strategies and thus patient outcome, classifications other than the histological 
one have been attempted. 

Primary and secondary GBM 
GBMs can be diagnosed as primary or secondary depending on the clinical 
course. A primary tumor arises de novo that is without the detection of a 
prior precursor lesion. A secondary GBM develops from a lower grade as-
trocytic neoplasm9.  Primary GBMs are more common (95% of cases) and 
more prevalent in older patients, while tumors in younger patients are mostly 
secondary tumors that have progressed to full malignancy from diffuse or 
anaplastic astrocytomas during the course of 5-10 years1,10. 

Genetic instability is obtained during the development of neoplasia and as 
malignancy increases this is reflected by genetic abnormalities such as copy 
number alterations (CNA), deletions, mutations, chromosomal rearrange-
ments and aberrant DNA methylation1. Primary and secondary GBM exhibit 
different genetic aberrations, despite their indistinguishable histology11. Ex-
amples of these differences are mutations in the tumor suppressor p53 
(TP53) and loss of heterozygosity (LOH) of the chromosome it is located on 
(17q), which are more important for the development of secondary GBM. In 
fact TP53 mutations are considered a genetic hallmark for secondary GBM1. 
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Another example is that isocitrate dehydrogenase 1 and 2 (IDH1/IDH2) mu-
tations are more common in secondary GBM12. In primary GBM, amplifica-
tion of epidermal growth factor receptor (EGFR) and mutation on phospha-
tase and tensin homolog (PTEN) occur to a larger extent. Common genetic 
and epigenetic events in primary and secondary GBMs are summarized in 
figure 2. 

    
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2. Common genetic and epigenetic events in primary and secondary 
GBM. Genetic and epigenetic aberrations differ between primary and secondary 
GBM. Modified from Aldape et al 1. 

Gene expression profiles and molecular classification of 
glioma 
Several studies have investigated genomic alterations, transcriptional signa-
tures or protein signaling activity in relation to treatment strategies and out-
come. Depending on method of analysis and the inclusion of different tumor 
grades, these studies have identified different numbers of subgroups that are 
of clinical relevance8,13-16.  

Similar studies on GBMs have identified three to four distinguishable sub-
groups with defined aberrations and gene expression profiles and these have 
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been given similar names by different groups16-18.  The most recent of these, 
a study by Verhaak et al, identifies four subgroups named proneural, neural, 
classical and mesenchymal18. Figure 3 summarizes the different expression 
patterns seen in these subgroups. The proneural subtype is more common in 
the young and exhibits a tendency to more favorable survival. This subtype 
is characterized by amplification of platelet-derived growth factor receptor A 
(PDGFRA) and TP53 loss. The neural subgroup expresses neuronal markers 
while the classical subtype is characterized by EGFR-amplification but no 
TP53 mutation (Figure 3). Among these subgroups the most aggressive form 
is the mesenchymal subtype with deletion in neurofibromatosis type 1 
(NF1), high expression of mesenchymal markers and inflammatory infil-
trates.  

 
 
 
 
 

Figure 3. Distinction between 
different subgroups of GBM. A 
summary of the differences be-
tween the different molecular 
subgroups identified within GBM.  

 
 
 
 
 
 

During glioma development there is a “mesenchymal drift” and this is asso-
ciated with increased malignancy. Proof-of-principle for this comes from 
studies that have shown that upon recurrence after initial therapy GBMs 
frequently reoccur with a mesenchymal signature, and established glioma 
cell lines mostly have a mesenchymal phenotype8,19,20. Further, Carro et al 
have shown that the progression to a mesenchymal signature is regulated by 
the two transcription factors: signal transducers and activators of transcrip-
tion 3 (STAT3) and CCAAT/enhancer-binding protein ß (C/EBPß) and that 
the combined expression of these factors correlates with poorer prognosis for 
patients, compared to those with tumors negative for one or both of the fac-
tors21. 
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Alterations in signaling pathways 
The uncontrolled growth of GBMs is caused by aberrations in multiple sig-
naling pathways yielding unlimited proliferation capacity and evasion of 
apoptosis and growth arrest. The Cancer Genome Atlas (TCGA) has identi-
fied three core pathways in GBM (Figure 4) with disruptions in cell cycle 
regulation and mitogenic signaling pathways, through inactivations and acti-
vations. These three pathways are the retinoblastoma (RB), p53 and receptor 
tyrosine kinase (RTK) pathways. Alterations were found to a large extent 
and in an overlapping manner, suggesting that there is a cooperative activity 
between the three pathways during development and progression of GBM 22. 
In fact 74% of GBMs carry alterations in all three pathways.  

Cell cycle progression 
In normal cells p53 functions to maintain the fidelity of the DNA and cell 
division by initiating apoptosis, senescence or cell cycle arrest23. Further, the 
RB protein is an important regulator of the G1-to-S phase transition and is 
also involved in the regulation of apoptosis24,25. Components along the p53 
and RB pathways are frequently mutated in human gliomas, and the most 
common of these in high grade gliomas is the deletion of the tumor suppres-
sor p16INK4A, which is an inhibitor of cycline dependent kinase 4A (INK4A), 
and the alternative reading frame (ARF) that gives rise to the tumor suppres-
sor p19ARF. Both of these proteins are encoded by the cycline-dependent 
kinase inhibitor 2A (CDKN2A) locus 22,26. 

Mitogenic signaling 
RTKs, such as the receptors for (platelet derived growth factor) PDGF, EGF 
and fibroblast growth factor (FGF), or components downstream of their sig-
naling pathways, are frequently mutated in gliomas resulting in a constitu-
tively activated receptor and pathway 1,27-29. These activations benefit tumor 
growth since these pathways induce cell proliferation and inhibit apoptosis. 
A study by Snuderl et al30 showed that the RTKs, EGFR, PDGFRA and me-
senchymal-epithelial transition factor (MET) were co-amplified in different 
combinations within GBMs at a certain rate. However these amplifications 
were present in different subpopulations of tumor cells. The amplifications 
were mutually exclusive giving rise to distinct clonal subpopulations that 
were not clustered together in single areas but mixed in a single cell fashion 
within the tumor. 
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Figure 4. Alterations of three core pathways in GBM.  Oncogenes are depicted in 
green and give rise to increased signaling through mutations or amplifications. Tu-
mor suppressors are depicted in red and are inactivated through mutations or homo-
zygous deletions. Numbers indicate frequencies of genetic aberrations in individual 
oncogenes and tumor suppressor genes. Modified from the Cancer Genome Atlas 
research network, Rich and Bigner; Wen and Kesarei 4,22,31. 

Chromosome segregation, DNA replication and DNA 
repair 
Tumors are not only dependent on the activation of oncogenic processes; 
concomitantly a state of genomic instability, defined as an increased rate for 
mutations32, fuels the progression of a neoplastic growth. Failure of proper 
segregation of chromosomes will give rise to a state of mitotic catastrophy, 
giving rise to aneuploidy and genomic instability. Cells that have defects in 
their tumor suppressor functions will survive this state and thus contribute to 
the acceleration of tumor malignancy. 

GBMs have been shown to over express proteins that disrupt the timing of 
mitotic events like Aurora A, giving rise to aneuploidy in mammalian cells 
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33-35. A recent study by Singh et al identified a novel oncogenic fusion pro-
tein between FGFR and transforming acidic coiled coil (TACC) in a subset 
of GBM samples. This fusion protein has detrimental effects on mitotic fi-
delity, giving rise to chromosome instability and aneuploidy36.  

Selection for mutations of cell cycle checkpoints, such as p53, have been 
hypothesized to be due to DNA replication stress early in tumor develop-
ment. The stress causes activation of DNA damage response (DDR), provid-
ing an initial protection but also a selection mechanism for mutations in tu-
mor suppressors and ultimately genomic instability37.  DDR has been found 
to be increased in GBM and grade II astrocytomas. High constitutive activa-
tion of DDR was only found in GBM with an abundant expression of mu-
tated p53. Together with the finding that tumor cells in low grade astrocyto-
mas with persistent DDR signaling and expression of wild type p53 exhibit a 
lower proliferation, this finding supports the notion that activated DDR se-
lects for mutations in tumor suppressors and thereby promotes tumor devel-
opment38. Increased DNA damaged response also induces resistance towards 
radiotherapy and chemotherapy39,40. 

Methylation and silencing of O6-methylguanine-DNA methyltransferase 
(MGMT) is a common epigenetic event in glioma. MGMT is a DNA repair 
enzyme that removes methyl groups but is also capable of restoring DNA 
structure by the removal of larger DNA adducts41. Approximately 40% of 
gliomas exhibit methylation of this gene42. The methylation status of MGMT 
has a prognostic value due to the fact that patients with a silencing of this 
gene respond better to chemotherapy with temozolomide (TMZ), an agent 
used as standard-care-of therapy for newly diagnosed and recurrent GBM43.  

Other factors contributing to progression 

Factors related to invasive properties of glioma cells 
A prominent feature of GBM is that it grows invasively, making total surgic-
al resection impossible. Primary GBM invade diffusively as single cells with 
a tendency to infiltrate along neurons and blood vessel walls 44. Among fac-
tors that promote invasive behavior of the tumor cell, are activation of the 
AKT pathway and hypoxia induced expression of hypoxia inducible factor 
1α (HIF-α)45,46. There is a growing body of in vitro evidence for the com-
mitment of glioma cells to either cell division or motility. For instance, 
transforming growth factor beta (TGFß) inhibits growth of glioma cells with 
concomitant induction of migration47. Further, glioma cells that are exposed 
to substrates that induce motility have a decreased rate of proliferation and 
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apoptosis48-51. A subsequent study on human GBM has corroborated these 
findings; invasive glioma cells from the tumor margin have a different tran-
scriptomal profile than glioma cells in the core. Proliferative, angiogenetic 
and pro-apoptotic markers were expressed to a higher degree in the core than 
by the invading cells51. The existence of two distinct tumor cell phenotypes, 
one proliferative and one motile, has also been demonstrated in a study by 
Sakariassen et al52. In this study comparative genomic hybridization was 
used to profile two types of experimental glioma induced by human GBM 
cells, viz. infiltrative brain tumors without angiogenesis and necrosis and 
tumors with neovascularization and necrosis that were growing more cir-
cumscribed. Two different expression profiles were found, where the more 
invasive tumors had an up regulation of Wnt, PI3K and NFκB signaling 
pathways and the more circumscribed had a more pronounced up regulation 
of RAS signaling52. 

Invasive growth requires that cells located at the tumor boarder detach, ad-
here to the extracellular matrix (ECM) and open a path for cells to migrate 
into adjacent tissue by degradation of the ECM in the immediate vicinity. 
The degree of production of ECM components, both specific and non-
specific to the brain, has indeed been correlated with invasiveness in GBM. 
Hyaluronan, tenascin-C and fibronectin are examples where expression has 
been correlated to stimulation of motility and invasiveness53-55. Important for 
invasiveness is also the expression of matrix metalloproteinases (MMP), 
capable of degrading ECM components. These factors are also correlated 
with grade of malignancy in glioma56-58. 

Angiogenesis 

GBMs are among the most vascularized tumors in humans. With increased 
tumor burden perfusion becomes insufficient resulting in hypoxia and cell 
death, leading to production of growth factors, through which angiogenesis 
is stimulated. Factors that are involved in these processes and expressed in 
GBM are many. The most prominent factor, vascular endothelial growth 
factor (VEGF), promotes proliferation and migration of endothelial cells and 
increases the permeability of blood vessels59. Stromal derived factor 1 (SDF-
1) is a chemoattractant for bone marrow derived cells and thereby supports 
vessel formation60. Mechanisms like these result in microvascular prolifera-
tion, a histological hallmark for GBM, defined by the WHO as “consisting 
of multilayered, mitotically active endothelial cells together with smooth 
muscle cells/pericytes”. These proliferations often coil around themselves 
and are denoted glomeruloid bodies/thufts. This aberrant organization is not 
only reflective of the structure of the vessels but also of their function. 
Among the dysfunctions seen in blood vessels are the high porosity and ab-
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errant blood flow61,62. Increased porosity leads to leakage of fluid and high 
interstitial pressure and swelling, which gives rise to severe headache and 
impedes drug delivery. The irregular and aberrant blood flow gives rise to 
uneven distribution of drugs61.  
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The orphan among the orphans: Gliomatosis 
cerebri 

Gliomatosis cerebri (GC) is a very rare form of glioma; in fact it is so rare 
that there is no clear report about the incidence in a given population in the 
literature. However according to S:t Judes Children’s Research Hospital 
(Memphis, Tennessee, USA) it compromises less than 3% of the pediatric 
brain tumors which have an incidence of 3,2 cases in a 100,000 per year63,64. 
In another report the incidence of one percent of all astrocytomas is given65. 
This neoplasm is characterized by a highly infiltrative pattern of growth, 
involving large parts of the brain, at least three cerebral lobes, and with an 
absence of microvascular proliferation and necrosis1 (Figure 5). In fact, the 
growth is so diffuse that the normal architecture of the brain is preserved. 
When first described by Samuel Nevin in the 1930s it was described as being 
devoid of a solid tumor mass66. Although WHO classifies this neoplasm as 
an astrocytic tumor, several studies have implicated that it can also have 
oligodendroglial, mixed oligoastrocytic and a progenitor character67-70. WHO 
grades GC as a grade III tumor but there is still an uncertainty whether or not 
this neoplasm should be assigned in a separate histopathological entity dis-
tinct from other diffuse gliomas1.  

 
 
 

Figure 5. Extensive and diffuse 
growth of Gliomatosis Cerebri. 
Histology of an experimentally 
induced GC-like tumor (from paper 
IV). No microvascular proliferation 
or necrosis was detected. 

 
 

No standard care of therapy has been established for GCs but the extensive 
and highly diffuse growth precludes surgery to a large extent1,71. Several 
retrospective studies have been conducted in an attempt to find therapeuti-
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cally valuable strategies, many including those already established for ma-
lignant glioma, viz. radiotherapy and chemotherapy 69,72. Reports on 12 
months survival vary from 8,8% to 77%67,73. 

Only small samples are available for analysis due to the lack of large surgic-
al resection. Thus the genetic events that may be of importance for GC de-
velopment have not been studied as well as those for GBM1. The relatively 
few attempts that exist on this part have identified TP53 as the major player 
but mutations in PDGFB, PTEN, EGFR and RB have also been identi-
fied1,67,68.  

Difficulties in understanding this neoplasm and thus finding effective thera-
peutic modalities are also related to the relative lack of relevant experimental 
models for GCs. In a study by Ivkovic et al GC like lesions were generated 
by retroviral infection with EGFR coupled to green fluorescent protein 
(GFP) by stereotactic injection into the white matter. The lesions were posi-
tive for glial progenitor markers such as OLIG2, NG2 and Nestin, which 
made the authors draw the conclusion that the infections must have trans-
formed glial progenitors74,75. In another study by Najbauer et al spheroids 
established from glioma biopsies and without a prior extensive culturing 
gave rise to lesions resembling GCs76. 
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Models for glioma development – implications 
for phenotypic differences and dynamics 
between glioma cells 

In order to identify good therapeutic targets and develop effective therapeu-
tic strategies against cancer, we need to understand not only the molecular 
pathways essential for tumor proliferation, survival and invasion but also the 
role and interplay between the different cells within the tumor. Knowledge 
about which cells are susceptible for “hits” that transform them to neoplastic 
cells is just as imperative as knowing what those hits are. To this date, three 
models for cancer development have been proposed. The cancer stem cell 
model and the stochastic model have been around for some time, while the 
complex model has been suggested following the increased number of stu-
dies supporting the co-existence of both former models 77-79. Figure 6 gives 
an overview of the three different models and the therapeutic targets they 
predict. 

The cancer stem cell model - cancer stem cell; tumor 
initiating cell; tumor propagating cell  
The concept of the “cancer stem cell” is not new, reaching an age of around 
40 years. However, the confusion around the terminology for these cells and 
methodological difficulties in identifying, isolating and interpreting their 
“stemness potential” have hampered research in the field78,80.  The cancer 
stem cell model proposes that a small fraction of the cells in a tumor consti-
tutes the cancer stem cell population. The definition of a cancer stem cell is 
that it can self-renew, expand or re-establish the tumor, but also give rise to 
multiple non-tumorigenic lineages. Hence, this is a hierarchical model, 
where cancer stem cells are positioned at the top, and in accordance with the 
definition, a cancer stem cell can only be identified experimentally by serial 
transplantations81.  

The term “cancer stem cell” was initially used to illustrate the similarity to 
normal stem cells in regard to self-renewal and multi-lineage potential78. 
This has led to the wrong interpretation by some; that the cancer stem cell is 
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derived from the stem cell of the corresponding tissue (se section “Cell of 
origin” below). An alternative terminology has been tumor initiating cell, 
which also has led to misinterpretation with the deduction that the cell that 
initiates the tumor when transplanted in to animals is the same as the cell 
that was transformed by the initiating oncogenic event. However, develop-
ment of a tumor due to transformation of one cell type can, with tumor pro-
gression caused by subsequent frequent mutations and fueled by genetic and 
epigenetic instability, lead to the acquisition of cells with stem cell proper-
ties80. A third term in the literature is tumor propagating cell82.  

In brain tumors, a subset of cells that can initiate the tumor when serially 
transplanted83-85, exhibit resistance to chemotherapy84,86,87 and aberrant diffe-
rentiation88, has been identified. Support for the existence of tumor initiating 
cells has also been derived from studies on solid tumors in other organs such 
as colon, pancreas and breast89-91. Resistance to chemotherapy has for normal 
stem cells been attributed to their relative quiescence. Whether this is the 
case for brain tumor initiating cells (BTIC) has not been proven, but in a 
recent study Chen et al demonstrated that a relatively quiescent population 
of glioma cells can sustain tumor growth and that TMZ does not target these 
cells92. Another feature coupled to resistance in BTICs is the increased ca-
pacity to transport drugs out of the cell87.  

A further similarity between neural stem cells (NSCs) and BTICs is the 
niche in which they are found. Regions in the brain rich in blood vessels are 
termed “vascular niches” and normal NSCs and BTICs tend to accumulate in 
these niches, sheltered from apoptotic stimuli, maintaining a proper balance 
between self-renewal and differentiation93-95. Cells in these niches secrete 
paracrine factors benefitting stem cell survival and self-renewal. The func-
tion of glomeruloid thufts seen in GBM might therefore be to provide the 
optimal niche for BTICs needed for their maintenance and survival. There is 
however a second niche for BTICs, the hypoxic niche. BTICs have been 
located near and around the necrotic core in GBM where HIF-1α expression 
is high96. In fact, BTICs also express HIF-2α and multiple HIF regulated 
genes, and targeting either HIF-1α or HIF-2α in BTICs decreases tumorige-
nicity97. Interestingly, NSCs have been shown to be relatively unaffected by 
hypoxia as compared to progenitor cells98. 

All of these similarities between stem cells and BTICs are probably due to 
the fact that several genes and pathways are expressed in the same manner in 
both cell types, such as SOX1, SOX2, BMI-1 and BMP, as well as the Sonic 
hedgehog (Shh) pathway and the Wnt/ß-catenin pathway99-103. In fact many 
of the cell markers used to identify BTICs today, are normally expressed in 
NSCs such as CD133, ABCG2, CD15 and SOX2104-107. However, the use of 
a single cell surface marker to isolate BTICs has yielded inconsistent results. 
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For example Singh et al and Bao et al demonstrated isolation of CD133+ 
BTICs83,95 whereas several other reports of CD133- BTICs have been pub-
lished108-110. Similarly, the drug transporter ABCG2 has been identified as a 
BTIC isolating marker in a study111 whereas another study demonstrated 
equal tumorigenic capacity between ABCG2 positive and negative cells112. 
The usage of the side population (SP), defined by the capacity to export the 
dye Hoechst 33342 as a surrogate for the capacity for drug efflux, has given 
inconsistent results, where Broadley et al in their study show that the SP 
phenotype is not necessary for tumor initiation in vivo113. Similar inconsis-
tencies are valid for CD15114,115 and SOX2, the latter of which is expressed 
in around 40% of the cells in GBM, making it unlikely that every SOX2+ 
cell is a BTIC116,117. 

The stochastic model 
The stochastic model, the foundation of which was set approximately 50 
years ago, is in contrast to the cancer stem cell model not a hierarchical 
one79,118. According to this model, tumor development and progression are 
maintained through the neoplastic transformation of a progenitor cell and a 
selection of mutant subpopulations. As genomic instability increases and 
mutations are accumulated, different populations arise in the tumor through 
clonal evolution. The diversity of GBM would then be explained by the 
presence of a heterogeneous population of genetically distinct cancer cells. 
Support for this model in GBM comes from the fact that upon recurrence, 
tumors with a proneural or proliferative signature tend to shift toward a me-
senchymal phenotype, i.e. the tumor does not exhibit the same expression 
profile as the tumor it descends from, which would be the case if a distinct 
BTIC was the cause for the propagation of the tumor8. Genetically distinct 
subpopulations with varying sensitivity to chemotherapy have been identi-
fied in GBM, supporting this model119,120.  

The complex model 
The complex model recognizes that there is support for both the former 
models in GBM, but it also takes into account that other factors and cells are 
of importance, such as the endothelial cells in providing a niche for the 
BTICs, the immune cells role in creating an environment, aiding invasion 
and proliferation, and the importance of ECM. To further understand this 
model it is necessary to have knowledge of the studies performed to eluci-
date the “cell-of-origin” in GBM, described below. 
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Studies on the cell-of-origin 

The major part of the brain consists of neurons and glia. Glia stands for 
“glue” and refers to their main function as giving support for neurons and 
their processes. In the brain there are three types of glial cells, astrocytes, 
oligodendrocytes, and ependymal cells. Another cell type in the brain is mi-
croglia or macrophages which are the resident immune cells in the brain121. 
In the developing and adult brain, NSCs give rise to intermediate progenitor 
cells, referred as transit-amplifying, and these can be restricted to give rise to 
neurons, oligodendrocytes or astrocytes122.  

In the adult mammalian brain NSCs are mainly found in the subventricular 
zone (SVZ) in the walls of the lateral ventricles, but also in the subgranular 
zone (SGZ) of the dentate gyrus. In the SVZ, GFAP, Nestin and SOX2 posi-
tive NSCs, type B cells, are relatively quiescent while the transit amplifying 
GFAP negative progenitor cells, type C cells, are actively proliferating. The 
progenitor cells in turn give rise to precursors which differentiate to the cell 
type they were programmed to start with122. In the SGZ two types of poten-
tial NSCs exist; the SOX2+/GFAP+/Nestin+ type I progenitors which divide 
more infrequently than the SOX2+/GFAP- type II progenitors123. 

Studies investigating the cell-of-origin for glioma development, have made it 
clear that any cell type have the potential give rise to different types of glial 
tumors depending on which oncogenic event or events that are driving the 
neoplastic transformation. For instance, PDGFB delivered to astrocytes or to 
neural progenitors will result in the development of oligodendroglioma124. If 
instead of PDGFB oncogenic Ras and Akt are delivered to neural progenitor 
cells, GBM will develop, and oncogenic Ras targeted to astrocytes will in-
duce astrocytoma125,126. There are several studies in mice where both astro-
cytes and NSCs have been able to act as the cell-of-origin127-129. On a further 
note is the fact that oligodendrocyte progenitor cells also have been shown to 
be able to act as the cell-of-origin130,131. In a very recent study by Friedmann-
Morvinski et al mature astrocytes as well as mature neurons were shown to 
give rise to gliomas upon oncogenic transformation132. All of these studies 
demonstrate that multiple cells in the brain are capable of becoming neoplas-
tic if the “right” oncogenic event occurs, and that one cell type can give rise 
to glial tumors, the histology of which does not reflect the morphology of the 
cell-of-origin. Continuing on this line of thought; more differentiated cells 
can give rise to tumors through some kind of de-differentiating process, 
since GBM is an anaplastic tumor. Previous studies have indeed established 
that astrocytes have the capacity to dedifferentiate to progenitor cells133,134. 
This would mean that there is a high degree of plasticity in the cells consti-
tuting a GBM, aiding it to escape treatments and contributing to its malig-
nancy. 
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The model 

The heterogeneity of GBM, and its resistance to treatment could be ex-
plained by the complex model. According to this model the properties of a 
system cannot be explained solely by the individual properties of the differ-
ent components, since these collaborate and together give rise to the ob-
served properties135. Wu et al demonstrated that diverse, adjacent tumor cells 
can cooperate to produce properties of infiltration and tumorigenesis in a 
Drosophila model136. The plasticity of BTICs has been demonstrated in a 
study by Wang et al where BTICs gave rise to tumor endothelium137. Me-
chanisms such as de-differentiation and the putative ability of BTICs to 
adapt to treatment by switching between different phenotypic states, and the 
expression of different cell markers are all covered by the complex model77. 
This model would thus also account for the fact that, as of today, no consis-
tent cell marker for BTICs has been identified and that no single targeted 
therapy has been successful80. With this model GBM becomes a dynamic 
disease in time and space135. In order to be able to cure such a complex dis-
ease as glioma, we need to take into account all variables that are of impor-
tance138 or at least the traits that are of importance for its maintenance. In the 
cancer model this would be self-sufficiency in growth signals, insensitivity 
to growth inhibitory signals, escape from apoptosis, sustained angiogenesis, 
limitless replication capacity and invasion and metastasis139 and above all, 
the dynamic heterogeneity of the tumor. To be able to cure a complex dis-
ease as cancer, probably 2-7 targets need to be present in the therapy140. 
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Figure 6. Different tumor models for GBM. The cancer stem cell model is a hie-
rarchal model while the stochastic model predicts that most cells in the tumor exhibit 
self-renewal and have tumor-initiating capacity. In the complex model several cell 
types in a neoplasm are capable of initiating the tumor. Phenotypically new tumor 
cells can evolve through epigenetic changes (1) or through genetic changes (2) pro-
ducing progeny with more or less restricted fate This would also give the ability to 
adopt therapeutic resistance and expression of different cell markers. In this model 
this could also happen through the interaction of individual cell populations with 
each other (3). Modified from Laks et al 77. 
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The immune privileged brain and glioma  

It has long been thought that the brain is an immune privileged anatomical 
site, partly because of the isolation due to the blood brain barrier (BBB) and 
partly because there is no lymphatic drainage in the brain141,142. A more cor-
rect description, however, would be that the immune reactions are distinct 
when it comes to the brain due to its anatomy. Indications of an immune 
surveillance from the periphery comes from a study in mice showing that the 
cerebrospinal fluid (CSF) also drains into the cervical lymph nodes143, and in 
normal healthy human individuals immune cells, mostly T cells, are present 
in the CSF144. In fact the CSF of healthy individuals contains approximately 
3000 white blood cells per milliliter141. Another aspect is that although the 
normal brain parenchyma does not home dendritic cells (DCs), which are 
antigen presenting cells (APCs) that can activate T cells, these are abundant-
ly present in the dura, arachnoid and pia mater as well as the choroid plexus 
of healthy rats145 and in the CSF of humans with inflammatory and non-
inflammatory neurological disorders146. Some studies have shown that these 
cells are able to migrate to peripheral lymphoid organs to present potential 
antigens detected in the CNS to T cells147-149.  

Leukocytes can gain entry to the CNS via at least three different routes141: 
 By crossing to the CSF from blood across choroid plexus in the ven-

tricles. 
 By crossing to the CSF in the subarachnoid space from blood. 
 By crossing the BBB directly to parenchymal perivascular space. 

Immune cells in glioma 
In addition to tumor cells, GBM contains mesenchymal and endothelial 
stroma cells, normal glia, and immune cells. In fact, the largest infiltrating 
subpopulation in human gliomas consists of macrophages, attracted by che-
moattractants and growth factors. Microglia is believed to aid tumor progres-
sion through immunosuppression and increased invasion, through the secre-
tion of MMPs, and promotion of tumor cell proliferation and angiogenesis 
through the secretion of VEGF and EGF150. In turn, the normal function of 
microglia is inhibited, including phagocytosis, antigen presentation and se-
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cretion of pro-inflammatory cytokines151-153. Mouse models and analysis of 
human gliomas have demonstrated that besides macrophages, T and B cells, 
natural killer (NK) cells, mast cells and DCs also infiltrate brain tumors to a 
varying degree154-156.  

The systemic immune effect of the tumor is reflected by the fact that patients 
with malignant gliomas have a decreased peripheral immune function157,158. 
Such defects include inability to mount delayed-type hypersensitivity re-
sponse to common antigens, decreased lymphocyte count in the periphery, 
poor proliferation of peripheral blood lymphocytes in response to mitogen or 
antigen stimulation in vitro, and a diminished antibody production by these 
lymphocytes159. In addition, GBM patients have a higher degree of myeloid-
derived suppressor cells (MDSCs) in peripheral blood compared with 
healthy individuals160 

One could hypothesize that the infiltration of immune cells reflects the se-
vere loss of BBB integrity with increased malignancy, and that the immune 
cells are overwhelmed by the tumor burden. It is, however, more likely that 
there is an early immune detection and infiltration of the tumor, since peri-
pheral immune cells are able to pass an intact BBB 161. This in turn would 
mean either one of two scenarios; either the immune system initially re-
strains glioma growth and leads to the selection of less immunogenic tumor 
cells, or it is inefficient to start with, due to immunsuppressive factors, such 
as TGF-ß, IL-10 and VEGF, secreted by the glioma cells 154,162.  

T lymphocytes in GBM 
There are several studies on tumor infiltrating lymphocytes (TILs) in the 
literature. Rossi et al drew the conclusion  that CD8+ T lymphocytes occur 
in approximately 82% of GBM while CD4+ T lymphocytes are present in 
32%163. Heimberger et al on the other hand demonstrated that CD4+ TILs 
occurred in 98% of GBMs164. Farmer et al concluded that out of the TILs in 
high grade astrocytomas; 41% was CD8+ T cells and 42% were CD4+ T 
cells165 and Hitchook and Morris demonstrated that low and high-grade gli-
omas harbored 4% CD4+ cells and 10% CD8+ T cells166. Several efforts 
have been made to correlate the degree of T lymphocyte infiltration to sur-
vival, with varying results. Some studies have related an increased presence 
of TILs to increased survival167-169; some found no relationship163,170, while 
others have demonstrated a negative effect of TILs on survival171 This is the 
reason as to why the degree of TILs is not used in prognostics1. A major 
drawback in these studies is, however, that they have not considered factors 
that may affect the clinical correlation. For example, some studies have used 
glioma samples of various grades and types. Further, there is a lack of profil-
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ing of T cells. The proportion of T regulatory (Treg) cells, will for instance 
negatively affect the pool of effector T cells like cytotoxic T cells and helper 
T cells171. In addition, the infiltrating effector T cells are probably not func-
tional due to the immunosuppressive modulation by the tumor and by the 
immune suppressive cells in the tumor microenvironment. This has been 
verified in a study by Learn et al who analyzed the expression profile of 
CD4+ and CD8+ T cells; they found that genes related to T cell activation 
were significantly down regulated in GBM patients172. Despite this, a more 
recent study by Yang et al demonstrates, that the degree of CD8+ T cell 
infiltrates may indeed be correlated with increased survival173. Figure 7 gives 
an overview of lymphocyte subclassification including T cell development. 

T regulatory cell subsets, mechanism of action and 
implications in glioma 
Treg cells suppress immune responses by inhibiting T lymphocytes, B lym-
phocytes, DCs, NK cells and macrophages 174-177. Several different subsets of 
Treg cells have been identified to date, and these can be phenotypically dy-
namic. This is reflected in the fact that no cell surface marker that uniquely 
identifies these cells has been identified.  

CD8+ Treg cells were the first Treg cells to be identified but these cells have 
been found in a limited number of experimental models and laborato-
ries178,179. Co-expressed markers for this subset of Treg cells include CD122, 
CD28low and CD8αα179. This subset is very scarce and constitute less than 

1% of CD8+ T cells in thymus, lymp nodes and spleen180. CD4+ Treg cells 
are identified by coexpression of CD25 and FOXP3, and are further divided 
into natural Treg (nTreg) cells that develop in the thymus and induced Treg 

(iTreg) that develop in the periphery, initially being FOXP3 negative but ex-
pressing FOXP3 upon activation by for example TGFß178. The CD4+ subset 
of Treg cells constitute 5-10% of CD4+ T cells in the thymus and peripheral 
lymphoid organs180. This would imply that they are much more abundant 
since the CD4+ population has been shown to be greater than the CD8+ 
population both in mouse and human181,182. Studies have also identified CD4, 
CD8 double negative Treg cells, that represent 1-3% of peripheral T lympho-
cytes in rodents and 0,8-1% of CD3+ T lymphocytes in human blood 178,183. 
It should be noted that conventional T cells have been shown to express both 
CD25 and FOXP3 upon activation in vitro184. 
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Figure 7. Overview of lymphocyte development and subclassification.             
A multipotent progenitor cell gives rise to NK cells, DCs, Macrophages, B cells and 
T cells. T cells are further developed into CD8+ cytotoxic and memory T cells while 
CD4+ T cells can develop to be helper T cells. However both fractions can also give 
rise to Treg cells and there has also been an identification of double negative Treg cell 
that plausibly develop from the more progenitor T cell. Picture adapted from Oble et 
al, Koch et al and Shevach et al 178,185,186. 
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Four plausible mechanisms of action have been suggested for Treg cells. Sup-
pression can occur through187: 

1) Inhibitory cytokines; Treg cells produce IL-10, TGFß and IL-35 all of 
which inhibit immune response188. 

2) Cytolysis; occurs through secretion of granzyme A and B and perfo-
rin. Granzyme B is upregulated in mouse Treg cells. 

3) Metabolic disruption, such as cytokine-deprivation 
4) Targeting of APCs; through the inhibition of DCs, Treg cells can inhi-

bit the activation of effector T cells.  

Studies have shown that inhibition of single molecules and/or mechanisms to 
disrupt Treg cell function does not lead to complete abolishment of  their reg-
ulatory activity187. However, cells that lack for instance IL-10 or granzyme B 
have a significantly reduced regulatory activity187. 

Several studies have demonstrated or implied that Treg cells are of importance 
for the modulation of the immune response during glioma development in 
humans. For instance Andaloussi et al demonstrated that GBMs had an ac-
cumulation of CD4+/CD25+/FOXP3+  Treg cells compared to no infiltration 
in non-neoplastic samples derived from patients receiving lobectomy for 
seizures189. Heimberger et al used immunohistochemical staining of FOXP3 
and saw no infiltration in normal brain tissue samples but could detect an 
increase in FOXP3+ lymphocytes with increased glioma grade164. In an ef-
fort to find a systemic effect by GBM on Treg cells, Fecci et al used co-
staining of CD4+/CD25+/CD45RO+ of peripheral blood samples from pa-
tients and compared it with aged matched healthy volunteers190. The study 
concluded that there was a substantial decrease of CD4+ lymphocytes in 
patients with GBM and that the Treg fraction in this population was increased. 

Experimental models in mice where the Treg cell population has been targeted 
have further confirmed that these cells constitute major players in glioma 
development. Grauer et al used the GL261 mouse glioma cell line to estab-
lish intracranial tumors in C57BL/6 mice and then treated the mice with 
either a monoclonal antibody against CD25 only or combined antibodies 
against CD25 and cytotoxic T-lymphocyte antigen 4 (CTLA-4) 191. The re-
sults were enhanced survival that was more pronounced with the combined 
treatment. Similar studies have been conducted on VM/Dk mice orthotopi-
cally transplanted with the syngeneic SMA-560 glioma cell line. Using this 
model Fecci et al observed an increase in survival and rejection of the tumor 
in 50% of the cases when the mice were treated with an antibody against 
CD25192 and increased survival and reversal of the CD4+ T cell lymphopenia 
when treated with an antibody against CTLA-4193. 
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The SOX family of transcription factors 

Structural classification and function 
Sox (Sry-related HMG box) is a gene family of transcription factors that 
were first identified through their homology to the sex-determining region 
on the Y chromosome (SRY) of mouse and human194. Twenty different Sox 
proteins have been identified in mouse and human and grouped into eight 
groups, denominated A-H195. The high mobility group (HMG) domain is the 
sequence with which these proteins interact with DNA, having the capacity 
to bend DNA and thus modulate its structure. Proteins classified as Sox have 
an HMG box that shares at least 50% of the amino acid sequence identity 
with that of SRY, while proteins within a subgroup are at least 90% identic-
al196,197. Elements outside the HMG domain also determine group assign-
ment, and confer transcriptional properties198. Figure 8 gives a structural 
overview of Sox proteins in group B and their classification.  

There is no single biological function for Sox proteins, and they have been 
shown to be important for stem cells, early embryogenesis, gastrulation, 
induction of neurons and formation of organs and tissues such as CNS, lens, 
cartilage, and blood194,199,200. The Sox proteins have diverse effects such as 
induction or suppression of proliferation and multipotency in progenitor 
cells, as well as activation of tissue specific genes resulting in differentiation. 
Members of the family have overlapping functions, but, collectively, the 
target genes in a specific cell type are unique for each Sox protein201,202. 

As a family, the Sox proteins are necessary for the CNS and its development 
where members from all the different groups have been implicated199,203.  
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Figure 8. Amino acid sequence relationships between Sox B proteins.  Similari-
ties in the HMG domain is given in relation to Sox2, group B is divided into B1 
(activators) and B2 (repressors) subgroups. Amino acid sequence length is given for 
chicken. Modified from Kamachi et al 196. 

Mechanism of action 
Sox proteins recognize and bind to short core motifs on DNA like AACAAT 
or related sequences204. If this short sequence was to be the only element of 
importance for Sox binding, there would be too many potential target sites in 
the genome, which doesn’t seem plausible since the Sox protein family also 
have very similar HMG box sequences. Several studies have demonstrated 
that Sox proteins exert their functions together with co-factors exemplified 
by the Oct3/4-Sox2 in embryonic stem cells205, Sox2-BRN2 in neural pro-
genitor cells206 and Sox2-PAX6 in lens tissue development207. Kamachi et al 
have proposed a model for the mechanism of Sox protein action, where the 
effect of a particular Sox protein not only depends on the spatial availability 
of its binding site but also on the availability of the specific partner factor 
within the cell196. 

Group B 
Sox proteins in group B are in vertebrates involved in ectoderm and placode 
formation in the embryo, CNS development and maintenance of stem cell 
properties in cells as well as induction of neurons104,200,208-210.  In this section 
focus will primarily be given on their role in the CNS and its development. 
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The B1 subgroup 
Sox1, Sox2 and Sox3 together form the subgroup B1, and are considered to 
exert their functions by transcriptional activation through their C-terminal 
region196. Pluripotency in embryonic stem cells (ESC) is dependent on the 
expression of specific factors and upstream of these, at the top, is Sox2. To-
gether with Oct3/4 it regulates genes of importance for ESCs such as Nanog 
and Lefty1211-214. However, as important as the presence of Sox2, is the level 
of the expression. Mallana et al have reported that upon a two-fold induction 
of Sox2 in mouse ESCs, differentiation is induced with increased Sox21 
levels215.  

Sox2 has two enhancers (SSR1 and SSR2) that are responsible for Sox2 
specific expression in ESCs. These enhancers are also active in NSCs, which 
indicates that the stem cell activity is similar in ESCs and NSCs206. Indeed, 
Sox 1-3 are expressed in CNS progenitor cells and their expression is mutu-
ally exclusive of neuronal markers such as NeuN and Tuj1, and thus they are 
believed to be important for the maintenance of progenitor cells and inhibi-
tion of neurogenesis208. Constitutive activation of Sox2 inhibits neuronal 
differentiation while loss of Sox2 leads to loss of progenitor cell markers216. 
Functional redundancy between members in the B1 subgroup is implicated 
by the rescue of progenitor cells by expression of Sox1 when Sox2 is inhib-
ited216 and the ability of either of the three family members to suppress the 
expression of neuronal markers NeuN and Tuj1 when overexpressed in the 
chicken neural tube208.  Postnatal NSCs located in the SVZ and in the hippo-
campal dentate gyrus, are positive for Nestin and GFAP as well as Sox2 
expression104,217. Downregulation of Sox2 with siRNA blocks the prolifera-
tion of neural stem-like cells isolated from mouse and induces neuronal dif-
ferentiation218. 

On a molecular level, Sox2 has been implicated to interact with genes or 
pathways important for BTICs and glioma development. It has, for instance, 
the ability to bind and regulate Shh directly, and loss of Sox2 leads to loss of 
Shh and Wnt3a in mouse embryos219. Shh is important for maintenance of 
NSCs220 and Wnt3a is important for survival and proliferation of neural pro-
genitors derived from human embryonic stem cells221. Sox2 is also involved 
in the BMP4 signaling pathway. In vitro exposure of glioma cells to BMP4 
abolishes the capacity to generate intracerebral GBMs, and in vivo delivery 
inhibits tumor growth after intracerebral grafting222. A very interesting as-
pect is that when BMP4 is expressed by electroporation in the neural tube of 
chick, it inhibits Sox2223. 
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The B2 subgroup 
Sox14 and Sox21 together represent the B2 subgroup, which through their 
C-terminal structure function as transcriptional repressors196. Sox14 and 
Sox21 are, like their group members, expressed during the development of 
CNS. Group B Sox proteins, have a strict spatial and time restricted expres-
sion; however the expression of Sox2 and Sox21 overlaps extensively in the 
developing CNS in chicken198. This indicates that the simultaneous expres-
sion and ratio of Sox2 and Sox21 is of importance for cell specification and 
thus tissue development and maintenance. Supporting this further is the fact 
that neurogenesis can be induced in the chicken neural tube by overexpres-
sion of Sox21 through counter action of Sox1-3210 and ectopic forced expres-
sion of Sox21 can induce differentiation in ESCs215.  

Sox2 and Sox21 in glioma 
Sox2 is widely expressed in primary glioma cells, glioma cell lines and in 
glioma tissue224-226. A quantification by Phi et al of Sox2 positive GBM tu-
mors demonstrated a very high fraction, 97%, 65 out of 67 samples226. 
Alonso et al used data generated by TCGA and reported an amplification of 
Sox2 in 8.5% of the GBM cases. Hypomethylation of the promoter was seen 
in a 100% of the cases and overexpression of the protein in 86% of the tu-
mors227. Sox2 is implicated in several pathways in glioma connected to ma-
lignancy. It has been suggested to be fundamental to self-renewal of BTICs, 
where a loss of Sox2 gives a loss of tumor initiating capacity, and reduced 
Sox2 expression is correlated to glioma cell differentiation228-231. Holmberg 
et al quantified the expression of Sox2 in a panel of low and high grade 
gliomas117 and concluded that the proportion of Sox2 positive cells was simi-
lar in grade II-IV gliomas and present in 40% of the cells. However the co-
expression of Sox2 and Oct4 was increased from below 5% in grade II glio-
mas to above 50% in GBM. Similarly the co-expression of Sox2, Oct4 and 
Nanog increased with malignancy. This co-expression has been shown to be 
vital for the maintenance of pluripotent stem cells and ESCs205,211,232,233. The 
correlation of an ESC gene expression signature with malignancy has previ-
ously been reported for breast cancer, glioma and cancer in the bladder234. 
Similarly to the condition found in ESCs, Cox et al have reported that an 
approximately 2-fold increase of Sox2 in U87 glioma cells reduces prolifera-
tion and increases apoptosis 235. In the study by Alonso et al an increase in 
Sox2 in the same cell line increased viability, proliferation and invasiveness 
227. These studies confirm that the presence of Sox2 is important for survival, 
proliferation and malignancy of glioma cells. However this effect is context 
dependent where levels of Sox2 expression and co-expression of partner 



 38 

factors influence whether the cells take an invasive and malignant phenotype 
or a more differentiated, less malignant phenotype.  

Information regarding the role of Sox21 in glioma is scarce, but a role for 
Sox21 in glioma development and progression is likely, since Sox21 and 
Sox2 are often co-expressed in the brain and assumed to target the same 
genes but with opposite effects196,198. This effect is dependent on the balance 
of expression between the two200, exemplified by the study conducted by 
Mallana et al215. In this study researchers demonstrated that an induction of 
Sox21 in mouse ESCs reduces Sox2 with a concomitant increase in expres-
sion of markers for differentiation and genes for neural development. Mal-
lana et al in the same study also demonstrated that an increased Sox2 expres-
sion beyond a certain threshold also induces differentiation of ESCs and that 
this is accompanied by an increase in Sox21 expression215. 
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The Transforming growth factor ß family and 
the Snail family of transcription factors  

The family of TGFß and its downstream signaling 
The human TGFß family includes factors such as TGFß, Activin, Nodal, 
Lefty, Myostatin, BMPs and growth and differentiation factors (GDFs) 236. 
These factors regulate growth, survival, differentiation and migration, and 
are important during embryonal development and in the control of tissue 
homeostasis 237. Figure 9 gives an overview of the TGFß signaling pathways.  

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

Figure 9. Signaling in the TGFß family. Different ligands and receptors phospho-
rylate different Smads, upon activation; the R-Smads form a complex with Co-Smad 
and translocate as heterodimers to the nucleus where the addition of different co-
factors facilitates binding to DNA and thus targeting of specific genes. In humans a 
total of seven type 1 and five type 2 receptors have been identified and the ligands 
within the TGFß family have different bidning properties for these238. For instance 
TGFß binds solely to the TGFßR1 and TGFßR2, whereas AMH can bind to bone 
morphogenetic receptor 1B (BMPR1B) and anti-muellerian hormone receptor 2 
(AMHR2),  while BMP9 and BMP10 bind to activin receptor-like 1 (ACVRL1)238. 
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The colors indicate within which branch the receptors show activity. Adapted from 
Heldin et al, Ikushima et al and Massague 236,239,240. 

Ligands in this family can be divided into two segments in accordance with 
which Smads they phosphorylate downstream in the signaling network 236 
but there are also a pathways that do not involve Smads 240. Smads are fur-
ther divided into receptor Smads (R-Smads), common Smad (Co-Smad) and 
inhibitory Smads (I-Smads) 236. Upon binding of a ligand to a receptor, the 
R-Smads (Smad1-3, 5 and 8) form a complex with Co-Smad (Smad4), which 
is common to all Smads, and translocate to the nucleus. Depending on the 
Smad combination and which additional co-factor that associates to the 
complex specific genes are targeted 236. I-Smads (Smad6 and 7) in turn are 
Smads that negatively control the TGFß pathway 236. Activation of various 
non-Smad pathways such as Ras-Erk, PI3K-Akt, JNK and p38 is also facili-
tated by TGFß receptors 240. 

TGFß family members in cancer  
Components within the TGFß family have dual and contradictory roles dur-
ing neoplastic growth; one that is tumor suppressive and one that is tumor 
promoting236,239,241,242. More importantly, the effect of components within 
this family seems to be highly cell and context dependent. TGFß, for in-
stance, is a tumor suppressor at the beginning of cancer development, while 
it acquires oncogenic properties at advanced stages 239.  While the tumor 
suppressor effects of TGFß include inhibition of angiogenesis, induction of 
growth arrest and apoptosis and possibly maintenance of genomic stability, it 
also has the capacity to induce proliferation, angiogenesis and invasiveness 
through the induction of epithelial to mesenchymal transition (EMT) 243. An 
additional tumor promoting effect is achieved through the inhibition of B 
and T cell proliferation and differentiation and deactivation of machrophag-
es, facilitating escape from immune surveillance 243.  

Tumor suppressive and oncogenic effects of TGFß in 
glioma 
Studies on the tumor suppressor effect of TGFß signaling, have revealed 
diverse mutations in the two receptors and in three Smads (Smad2, Smad3 
and Smad4). Loss of function mutations in TGFßR2 can be found in colon, 
pancreatic and lung cancer as well as in glioma243,244. However, high TGFß 
levels have been coupled to malignancy and poorer prognosis in glioma. 
Bruna et al demonstrated that TGFß induces proliferation of glioma cells 
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through the induction of PDGFB in cases where the PDGFB gene was not 
silenced by methylation and that patients with low levels of phosphorylated 
Smad2 survived significantly longer than those with high levels245. Studies 
have subsequently revealed that TGFß can strengthen self-renewal capacities 
in BTICs230,246,247. Penuelas et al observed that TGFß increased the amount 
and size of glioma neurospheres, and that BTICs treated with TGFß de-
creased survival in immune-compromised mice247. Data obtained in this 
study further revealed that TGFß induced expression of leukemia inhibitory 
factor (LIF) through Smad activation, with subsequent activation of the 
JAK/STAT pathway, promoted neoplastic growth247. Similarly Ikushima et 
al reported that inhibition of TGFß signaling in CD133+ enriched GBM 
cultures inhibited tumorigenicity230. The mechanism of action that was iden-
tified in this study was the TGFß-Sox4-Sox2 axis where inhibition of TGFß 
reduced the expression of Sox2 in these cells230.  

Similar results have been obtained in studies investigating effects of BMPs 
on glioma development. Piccirillo et al have demonstrated that human 
BTICs isolated by CD133 expression proliferate less when exposed to 
BMP2, 4, 5, 6 and 7, and that  BMP4 treatment prior to transplantation to 
immunodeficient mice led to smaller tumors, with less invasiveness and 
longer survival222. Other studies have shown that BMPs can induce differen-
tiation in BTICs as well as in NSCs248,249. However, in a study by Lee et al 
different BTICs isolated from GBM patients exhibited different responses to 
BMP2 where one cell type proliferated to a higher degree upon BMP2 
treatment103. This specific BTIC turned out to lack expression of BMPR1B, 
due to hypermethylation. Upon forced expression of the receptor the proli-
ferative effect of BMP2 was abolished, giving rise to differentiation and 
decreased tumorigenicity. Lee et al have suggested that higher expression of 
BMP2 and BMP4 can give proliferative advantage when the differentiation 
potential through BMPR1B is silenced103. These two studies are clear exam-
ples of the different phenotypes of BTICs that can be present in GBM, obli-
gating caution upon choice of treatment strategies. 

The Snail family  
The Snails constitute a family of zinc-finger transcription factors, which bind 
zinc for structural stability and DNA binding250,251. The zinc-finger domain is 
located on the carboxy-terminal, however there are also regulatory elements 
on the amino-terminal important for the regulation of target genes252. The 
family can be separated into two divisions; Snails and Schratches. Snails in 
human consists of SNAIL (also known as SNAIL1), SNAIL2 (also known as 
SLUG) and SNAILP, while SCRATCH1 and SCRATCH2 make up the second 
part251. These proteins have an evolutionary conserved role, with implica-
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tions in the generation and migration of mesoderm and neural crest cells in 
invertebrates and vertebrates253-255. It has also been reported that Snail is 
important for left-right asymmetry during embryonic development in the 
mouse256. 

Snail 
The capacity of Snail to induce migration is coupled to the capacity to in-
duce EMT. Among the functions of Snail is the transcriptional repression of 
epithelial and endothelial genes such as E-cadherin and VE-cadherin, induc-
tion of mesenchymal genes such as Vimentin and Fibronectin, induction of 
MMPs, which degrade ECM, and the induction of RhoB, which induces 
cytoskeletal changes257,258. Snail also represses claudin and occludin genes 
which encode proteins that constitute tight junctions between cells 259. In 
sum; Snail induces loss of cell adhesion, changes in cell shape and environ-
mental benefits for motility and invasion257. In accordance with an invasive 
phenotype, Snail also blocks cell cycle and cell death by the downregulation 
of for example cyclin D2, caspases and p53258,260.  Inducers of Snail expres-
sion include among others TGFß, Wnt-ß-catenin, FGF, EGF, VEGF, 
PDGFB, NOTCH, HIF1 and HIF2257,261 

Snail in cancer and glioma 
Several experimental studies have established a role for Snail in metastasis 
and malignancy in cancer such as breast262, colon263 and pancreatic264 cancer. 
Kudo-Saito et al have demonstrated that Snail induces invasiveness and in-
duction of immune suppression through the stimulation of Treg cells in a me-
lanoma model265. 

Han et al have used two different glioma cell lines and demonstrated that 
SNAIL inhibition decreases proliferation and migration of these cells in vi-
tro266. In an analysis of 56 different glioma samples of different grades (I-
IV), a correlation between SNAIL and grade was established where expres-
sion increased with malignancy267. Similarly Zhang et al studied 59 GBM 
samples and found an up regulation of SNAIL and could correlate this with 
NOTCH and phosphorylated AKT levels268. These studies enforce the need to 
study the effect of Snail in experimental models of glioma in vivo . 
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Therapy  

The redundancy of multiple activated oncogenic pathways and mechanism 
of tumor escape such as the methylation status of MGMT, increased drug 
efflux capacity and increased invasion tendency upon antiangiogenic treat-
ment, are obstacles in the development of effective treatment of GBM. In 
addition, there is a problem with drug delivery since the increased permea-
bility of the blood vessels in GBM results in oedema and increased intersti-
tial pressure. Probably, the biggest obstacle when it comes to targeting the 
tumor is, however, the diffuse invasion of the tumor cells. GBMs reoccur 
due to the proliferation of cells that have migrated in to the brain parenchy-
ma. Surgical resection and chemotherapy are unlikely to eliminate these cells 
and finding targeted therapy against these cells is mandatory for curative 
therapy. Future curative therapies must cross the BBB, infiltrate throughout 
the brain and selectively target the migrating tumor cells without giving 
harm to surrounding brain parenchyma43. The molecularly targeted therapies 
will likely only be effective through the synergistic effect of several different 
drugs. Molecular diagnostic criteria have to be established to predict which 
oncogenic pathways are the essential ones to target in one individual tumor, 
in a given time269, that is therapy needs to be personalized. 

Standard care: surgery, radiotherapy and chemotherapy 
As mentioned above, the infiltrative nature of gliomas precludes radical re-
section, but surgical removal of the tumor mass may decrease symptoms. It 
also provides tissue for histological and molecular identification. After initial 
surgical debulking, radiotherapy add several months to survival and is stan-
dard care270. However in 90% of cases where radiotherapy is given the tumor 
reoccur at the original site271. Despite a long history of research only two 
chemotherapeutical agents against GBM have made it as far as to be stan-
dard care: Carmustine and Temozolomide. In combination with radiotherapy 
chemotherapy adds 1-2 months to patient survival43. Tools are being devel-
oped to aid surgeons in the resection of tumors. For instance, 5-
aminolevulinic acid, a non-fluorescent pro-drug, accumulates preferentially 
in malignant glioma cells. It is converted into a fluorescent metabolite, and 
used to optimize resection. Patients where the tumor is taken out with the aid 
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of this method exhibit prolongation of tumor progression by several months 
272. 

Molecular targeted therapy and other therapy strategies 
Research on targeted molecular therapies for GBM has included inhibitors of 
RTKs such as EGFR, PDGFR and VEGFR as well as their downstream sig-
nal transducers e.g. PI3K, RAS and AKT4. Due to multiple co-activation of 
these signaling pathways in malignant glioma, one single agent has only 
marginal effect273,274. A number of drugs currently on the market for other 
cancers have been investigated for the treatment of GBM, such as erlotinib 
(Tarceva®), imatinib (Gleevac®), and gefitinib (Iressa®) but none of these 
has been approved by the Food and Drug administration (FDA) for treatment 
in GBM due to unsatisfactory benefits. 

Considering that GBM is among the most vascularized human tumors, ef-
forts have also included antiangiogenic treatments. These efforts have in-
cluded targeting of VEGFR, PDGFR, HIF, fibronectin, MMP2 and 
MMP9275. However, success in this field has been hindered by the realization 
that antiangiogenic treatment increases the invasion of glioma cell in vitro 
and in vivo 276. Antiangiogenic treatment may benefit patients by decreasing 
oedema and intracranial pressure, but data on progression free survival are 
conflicting and side effects such as hemorrhage complicate the picture 277. 
Despite the concerns, Bevacizumab (Avastin®), an antibody against VEGF 
receptors, has been approved by the FDA for treatment of GBMs that 
progress after standard treatment278.  

Other therapeutical strategies for GBM have included the use of immune 
cells to potentiate an anti-tumorigenic response such as peptide and dendritic 
cell vaccines, activation of cytotoxic T cells and inactivation of regulatory T 
cells4,279-281. Targeting the ECM by for instance radiolabeled monoclonal 
antibodies against tenascin-C has also been attempted282 
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The Sleeping Beauty as an experimental model 
to study glioma development 

Transposons are naturally occurring elements in the DNA that have motility 
capabilities and can “jump” into DNA283. Transposons in humans and mam-
mals can broadly be divided into retrotransposons and DNA transposons 
depending on the mechanism for transposition284. Retrotransposons use re-
verse transcriptase and RNA transcripts to create cDNA copies, a so called 
“copy and paste” mechanism. DNA transposons use a “cut and paste” me-
chanism for their transposition, without a prior copying of the se-
quence284,285. DNA transposons are less abundant than the retrotransposons 
in mammalians, and in the human genome they constitute up to 3% of the 
DNA material. To date no active forms of these have been detected284,285. 

Sleeping Beauty (SB) belongs to the DNA transposons and was first isolated 
and genetically modified for reactivation in salmon fish back in 1997286.  
Following this report, several different hyperactive forms of SB, like SB11x, 
SB12x and SB13x have been reported, the latest and most active form today 
is the SB100x287-289. SB requires a TA dinucleotide for transposition (upon 
which there is a duplication of the dinucleotide) and does not have prefe-
rence for any gene but seems to hit introns to a larger extent290. In order for 
the SB transposase to be able to excise a DNA fragment, this fragment has to 
be flanked by so called inverted repeats (IRs) in a direct orientation (DR), 
that constitute the binding sites for the SB enzyme291. 

Wiesner et al were the first to report the usage of this system to orthotopical-
ly inject newborn mice with different combinations of plasmids to induce 
oncogenes or silence tumor suppressor genes for the induction of brain tu-
mors292. This study revealed that the strain, amount of DNA and combina-
tions of vectors used influenced tumor development. The vector used in this 
thesis is SB100x. Figure 10 gives an overview of the methodological set up 
for paper IV. 
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Figure 10. Overview of the experimental set up used in paper IV for the induc-
tion of glioma in neonatal mice. A total of four plasmids coupled to different pro-
moters were mixed with polyethylenimine (PEI), to facilitate entry into cells, and 
subsequently injected into neonatal mice. The injections were done stereotactically 
with coordinates to target the SVZ. Shp53: short-hairpin p53. CMV: Cytomegalovi-
rus promoter. PGK: Phosphoglycerate kinase promoter. CAG: Cytomegalovirus 
early enhancer/chicken beta actin promoter. CLP: CMV enhancer/human elongation 
factor 1-α fusion promoter. CMV, PGK, CAG, and CLP are all strong promoters293-

297.  

Experimental considerations when studying cancer and 
the influence of the immune system 
SB as an experimental model has some advantages for studies of the immune 
system, but as all models it also has some weak points, and it is important to 
be aware of these aspects.  

DNA transposons are less immunogenic than viral vectors, giving a lack of 
elaborate immune defense mechanisms in mammalian cells298. The SB sys-
tem can be used to induce tumors in immunocompetent mice, an advantage 
over xenotransplantation of human glioma cells in athymic mice, enabling 
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studies of the adaptive immune system. In this aspect it is also important to 
point out that even syngeneic transplantation models in rodents have been 
demonstrated to elicit immune responses299-301. These models also have the 
disadvantage of the need to culture cells, which may induce changes in the 
expression of cell surface molecules and secreted cytokines, even as early as 
in the first passage302.  

Another alternative for studying the development of glioma is the usage of 
transgenic mice. There are some drawbacks with this setup in both an immu-
nological standpoint but also in regard to simulating the true scenario of 
neoplasm development. Firstly, the knock-out of tumor suppressor genes 
such as p53, INK4a/ARF and PTEN not only predispose mice for the devel-
opment of gliomas but also affect the development and function of different 
immune cells such as B and T cells303-307.  A way to circumvent the systemic 
effect is to have transgenic mice with tissue specific expression. The Cre-
loxP system is frequently used for these approaches, where both Cre and 
loxP are bacteriophage elements308. However, a sustained expression of bac-
terial DNA is most probably going to have immunological impacts. A last 
aspect in regard to transgenic models is that the change in the expression of a 
specific gene of interest is induced in all the cells in the animal or in a spe-
cific tissue. In regard to the fact that the development of a neoplasm occurs 
through genetic alteration in a single or a few cells that subsequently acquire 
more mutations, transgenic models do not reflect the “true” dynamics6. 

Disadvantages with the SB system are that there is no control of the target 
cell or the amount of a certain gene that is stably integrated in each cell.  
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Present investigation 

Aim 
• Paper I: Analyze the presence of Sox21 in brain tumor tissue and 

glioma cells and evaluate its potential as a Sox2 repressor using 
human glioma cell lines as a model system. 

• Paper II: Evaluate if the function of Sox21 as a repressor of Sox2 
in glioma cells has implications for tumor growth in vivo. 

• Paper III: Analyze the functional role of Snail in glioma growth 
in vivo. 

• Paper IV: Evaluate the presence and the effect of T cells and Treg 
cells on glioma development with the Sleeping Beauty system. 

Results and discussion 

Paper I. Forced expression of Sox21 inhibits Sox2 and 
induces apoptosis in human glioma 
A number of human glioma cell lines were analyzed for expression of the 
stem cell factor Sox2 and the astrocytic/neural stem cell marker GFAP. The 
results were striking; out of 11 analyzed glioma cell lines 5 were positive for 
nuclear Sox2 expression as well as GFAP expression. The expression of 
Sox2 and GFAP was not always found in the same individual cell but co-
expressed in the same cell line. Cell lines that were negative for Sox2 ex-
pression were consistently negative for GFAP expression. In addition, co-
expression of GFAP and Sox2 was mutually exclusive with the expression of 
fibronectin (FN). Sox21 was expressed in the same cell lines as Sox2 and 
GFAP with one exception, viz. U-251 MGsp, which was negative for Sox21 
expression but expressed both Sox2 and GFAP. Apart from the exceptions 
mentioned, the human glioma cell lines could be divided into two distinct 
groups, Sox2+/GFAP+/Sox21+/FN- and Sox2-/GFAP-/Sox21/FN+.  

In order to corroborate our findings on established glioma cell lines, we ana-
lyzed the expression of Sox2 and Sox21 in primary brain tumor tissue. Sox2 
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and Sox21 were present in both adult and childhood brain tumors such as 
GBM, astrocytoma grade I and II, oligodendroglioma, as well as in medul-
loblastoma, PNET and ependymoma. 

Primary U-3001 MG cells, grown under conditions that sustain cells with 
tumor initiating capacity, showed a high expression of Sox2 and also ex-
pressed GFAP and Sox21 whereas only very few cells stained positive for 
FN. After 7 days in 10% FBS, in order to induce differentiation, the cells 
appeared flat with an increased number of extensions and the expression of 
both Sox2 and Sox21 was markedly reduced. In addition, the number of cells 
expressing GFAP had increased, indicating that the cells had undergone 
astrocytic differentiation. A striking change was the increased number of FN 
positive cells, although no cells were found to co-express FN and GFAP. 
The staining pattern of primary U-3001 MG cells thus supported the idea 
that Sox2 is expressed in glioma initiating cells and that Sox21 is co-
expressed with Sox2. 

Further analysis using the in silico transcriptomics (IST) database, by which 
it is possible to evaluate and compare mRNA expression levels of human 
genes, showed that the expression of Sox2 and Sox21 are correlated in hu-
man glioma. To investigate the functional role of Sox2 in the 
Sox2+/GFAP+/Sox21+/FN- glioma cells, we suppressed Sox2 expression us-
ing siRNA against Sox2 in U-2987 MG, U-343 MG-a Cl2.6, U-373 MG, U-
1231 MG cells, using U-343 MG cells as a negative control. The siSox2 
treatment of glioma cells resulted in a marked reduction of GFAP and 
Sox21, which suggest that Sox2 regulates both GFAP and Sox21 levels. 

We continued the study by overexpressing Sox21 in a tetracycline-inducible 
system where Sox21 expression could be efficiently upregulated in U-343 
MG-a Cl2.6 cells. Three inducible cell clones were selected and denomi-
nated Cl2.6 clone A1-Sox21, Cl2.6 clone A2-Sox21, and Cl2.6 clone A3-
Sox21. A forth clone, Cl2.6 clone B1-empty, is a negative control containing 
the vector without the Sox21 cDNA. Sox21 overexpression led to a signifi-
cant downregulation of Sox2, although this downregulation was not on 
mRNA level but on protein level. Downregulation of Sox2 either by siRNA 
or forced expression of Sox21 reduced proliferation of glioma cells; Sox2 
thus keeps glioma cells in a proliferative and immature state while Sox21 
counteracts this effect. Tuj1 and CNPase expressions were not changed, 
while GFAP was downregulated both on mRNA and protein level, this par-
tially supports that Sox21 have a differentiation effect on glioma cells, in 
addition overexpression of Sox21 induces apoptosis in glioma cells.  
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All in all these findings support that Sox2 and Sox21 may target the same 
genes in glioma cells and that for the proliferation and “stemness” of glioma 
cells Sox2 is beneficial whereas Sox21 is detrimental. 

Paper II. Sox21 inhibits glioma progression in vivo by 
reducing Sox2 and stimulating aberrant differentiation 
In the present study we investigated if the previously established Sox21 in-
ducible cell clones are able to form glioma-like tumors in vivo and if it is 
possible to treat these tumors with an induction of Sox21.  

A total of four clones were used to dissect the effect of Sox21 on sphere 
formation; three inducible cell clones denoted, clone A1, clone A2, and 
clone A3 and a fourth clone, clone B1, which is a negative control contain-
ing the primary vector without the Sox21 gene. The ability to form spheroids 
with the capability to generate cell differentiation of several lineages (neu-
ronal, astroglial and oligodendroglia) is a generally accepted criterion of 
brain tumor stem cells.  We found that three of the four clones were capable 
of forming proper spheres, whereas the Sox2 deficient clone A3 formed ag-
gregates rather than proper spheres. In the inducible clones sphere formation 
was delayed when Sox21 was induced by tetracycline treatment. Immuno-
histochemistry of sectioned spheres showed a significant upregulation of 
Sox21 in tetracycline treated spheres. 

To evaluate their tumorigenicity, clones were injected subcutaneously into 
the left flank of adult immunocompromised mice or orthotopically into neo-
natal immunocompromised mice. All subcutanous tumors, regardless of the 
clone of origin, were highly proliferative. The tumors contained microvascu-
lar proliferation and large necrotic areas occasionally with a tendency to 
form perinecrotic palisading cells and mitosis, typical of glioblastoma. Con-
sistent with the sphere formation assays, the Sox21 inducible clone A3 did 
not develop any tumors whatsoever. 

To induce Sox21 expression in the transplanted glioma cells, mice were 
treated with tetracycline through the drinking water, and control mice were 
treated with sucrose. Mice injected with the Sox21 inducible clone A2 de-
veloped tumors that were significantly smaller when Sox21 was induced by 
tetracycline compared to those in sucrose treated control animals. Sox21 was 
turned on with tetracycline either at the day of injection or 4.5 weeks later. 
The tumor size was dependent on the start point of treatment. Mice treated 
with tetracycline after 4.5 weeks developed larger tumors compared to mice 
where Sox21 expression was turned on at day 1. The control clone, clone 
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B1, did not exhibit any significant differences in tumor size between the 
treatments.  

Subcutaneous tumors originating from the Sox21 inducible clone showed an 
obvious upregulation of Sox21 when treated with tetracycline and analyzed 
by immunohistochemistry, demonstrating a successful upregulation of 
Sox21. However not all cells in the tumor expressed induced levels of 
Sox21. Areas expressing high levels of Sox21 had a lower expression of 
Sox2. However, Sox2 was still expressed in the tumors with induced Sox21 
expression, but the pattern of decreased expression reflected the pattern of 
overexpressed Sox21. In sucrose treated tumors, Sox2 was homogenously 
expressed throughout the tumor except for the necrotic areas. The tumors, 
regardless of treatment and clone, expressed high levels of Nestin and GFAP 
throughout the tumors, indicating that the tumor cells have progenitor cell 
properties. In tumors with upregulated Sox21, S100ß and CNPase were re-
markably increased, while Tuj1 expression was not altered. Staining with 
cleaved Caspase-3 revealed a significant increase in apoptosis in the treated 
tumors. 

Re-establishment of cells from subcutaneous tumors in vitro and subsequent 
tetracycline treatment showed that the differentiation effect was long term 
and that cells from the sucrose treated mice were still able to react to tetra-
cycline treatment. While no changes were observed in CNPase or Tuj1 ex-
pression upon Sox21 upregulation, GFAPδ (a progenitor marker) was de-
creased and S100ß was markedly increased. This indicates that induced ex-
pression of Sox21 induces an aberrant differentiation. 

Clone B1 and clone A2 were injected orthotopically and the recipients were 
given either normal food or food containing doxycycline. The doxycyline 
treated mice injected with the A2 clone survived significantly longer and 
immunohistochemical studies of these tumors revealed the same pattern of 
Sox21 induction and Sox2 decrease as in the subcutaneous tumors. Howev-
er, the treated tumors had increased expression of Tuj1, CNPase and S100ß 
expression, while no differences were seen in GFAP, GFAPδ or Nestin indi-
cating that these tumors were driven towards a more differentiated and per-
haps less malignant phenotype. Sox4, previously demonstrated by others to 
be upstream of Sox2, was also slightly decreased in the treated tumors. EdU 
incorporation and phospho-histone H3 revealed a decreased proliferation in 
doxycycline treated tumors. 

This study verifies that Sox21 induction in glioma causes decreased tumor 
burden and increased survival. Induction of Sox21 seems to elicit a plethora 
of cellular responses, viz. increased differentiation, apoptosis and reduced 
proliferation. This plethora is probably caused by a shift in the balance be-
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tween Sox21 and Sox2, giving rise to differential regulation of target genes. 
The findings in this study suggests that targeting the balance between the 
transcription factors Sox2 and Sox21 might be a novel approach for the 
treatment of glioma. 

Paper III. Snail depletes the tumorigenic potential of 
glioblastoma 
Four established GBM cell lines, U-2987 MG, U-2990 MG, U-343 MG and 
U-343 MGa-Cl2.6, were investigated for their capacity to form spheres in 
serum free medium. Only U-2987 MG formed proper spheres (and not ag-
gregates) and only this cell line had high expression of CD133, Sox2 and 
Nestin. Another feature important for BTIC (referred to as glioma initiating 
cells, GICs in the paper), i.e. a self-renewal capacity measured by secondary 
sphere forming capacity, was verified for this cell line. 

Following the analysis of the BTIC profile of U-2987 MG, the cells were 
treated with either TGFß1, BMP7 or either TGFß1 or BMP7 in combination 
with GW6604, an inhibitor of the TGFßR1. TGFß1 induced phosphorylation 
of Smad2 (p-Smad2) while BMP7 induced phosphorylation of Smad1 in the 
cells, and GW6604 abolished this effect in the case of TGFß while reducing 
the effect of BMP7. This inhibition was reflected by the effect on the capaci-
ty of the cells to form primary and secondary spheres. While TGFß1 induced 
sphere formation, GW6604 and BMP7 had deleterious effects on sphere 
formation. These differences were not due to a proliferation effect of TGFß1 
or BMP7. Further, the inhibitor had an adverse effect on TGFß induced pri-
mary sphere formation as well as on secondary sphere formation. RT-PCR 
analysis revealed that TGFß induced expression of Nanog and LIF while 
BMP7 treated cells expressed higher levels of GFAP and lower levels of 
Nestin and exhibited an adherent phenotype.  

Treatment with BMP7 further increased mRNA levels of Snail not only in 
U-2987 MG but also significantly in U-2997 MG and U-2990 MG, and this 
correlated with an increase in p-Smad1. The induction of Snail was ab-
olished when the cells were treated with a si-RNA against Smad4. Normal 
human neural progenitor cells (hNPC) similarly upregulated GFAP and Snail 
upon BMP7 treatment. Also, two different primary glioma cell lines U-3028 
and U-3034 also exhibited decreased sphere formation and increase in GFAP 
and Snail expression, while a decrease in Nestin expression only was seen in 
U-3028 cells. 
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Knockdown of Snail in U-2987 MG cells abolished BMP7 induction of 
Snail, GFAP but not p-Smad1, while not affecting the downregulation of 
Nestin. Further, two separate stable clones expressing a short hairpin against 
Snail revealed a potent inhibition of Snail and a decrease in GFAP expres-
sion, both on mRNA and protein levels. These experiments demonstrate that 
Snail upregulation is required for BMP7-induced GFAP expression. 

To analyze the functional role of Snail independent from the action of BMP7 
signaling in U-2987 MG, transfection experiments were used to establish 
four individual clones: Clone F and G, transfected with Snail and the two 
mock-transfected clones A and B. Snail overexpression did not affect proli-
feration in serum-free or serum containing media. Orthotopic injection of 
these clones, cultured either adherently or as spheres, into immunocompro-
mised mice led to the development of tumors. Cells cultured as spheres grew 
more invasively, regardless of Snail level. 

Unexpectedly, mice injected with Snail overexpressing clones displayed a 
tumor incidence of 40%, compared to 94% in the mock-transfected control. 
Snail-overexpression also increased overall survival. Both control- and 
Snail-clones formed invasive tumors, however those overexpressing Snail 
had a more diffuse growth, infiltrating deeper into the brain. This was espe-
cially obvious in GFP-tagged clones. The mock-transfected control clones 
formed tumors that expressed GFAP, neuronal ßIII tubulin and fibronectin, 
while Snail expressing clones exhibited the same profile but totally lacked 
neuronal ßIII tubulin. These results indicate that Snail might promote diffe-
rentiation towards an astrocytic phenotype while inducing invasiveness. 

To confirm the induction of motility in the glioma cells, a scratch assay was 
performed on the two separate stable clones expressing short hairpin against 
Snail. Snail knock-down led to a pronounced reduction in wound healing 
which was more significant in the clone with the stronger Snail reduction. 
BMP7 increased wound healing in both clones expressing a short hairpin 
against Snail and the control, however, this increase was, in contrary to the 
control, not significant in the Snail expressing clones. This implies that Snail 
overexpression is sufficient and additional BMP7 signaling cannot raise the 
impact of Snail further. 

Snail overexpressing clones F and G had a marked upregulation of Snail and 
GFAP both on mRNA and on protein level compared to control clones A 
and B, whereas no effect on Nestin was detected. The most pronounced ef-
fect of Snail overexpression was the loss of sphere forming capacity.  
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This study verifies that TGFß induces genes important for self-renewal such 
as LIF and Nanog, as well as sphere forming capacity. This is in stark con-
trast to BMP7, a ligand that impairs sphere-forming capacity and induces 
expression of GFAP, indicative of astrocytic differentiation. Snail is identi-
fied as a player downstream of BMP-Smad4 signaling required for this 
GFAP expression. The reduction in tumorigenicity as a result of increased 
Snail is in accordance with previous reports on the capacity of BMPs to in-
duce differentiation on glioma cells. The fact that both Snail and BMP7 in-
duced GFAP but only BMP7 reduced the expression of Nestin, suggests that 
there are BMP7 induced effects that are not dependent of Snail.  

Experiments in this paper verify that the therapeutical targeting of GBM 
would require strategies aiming at both the invasive and the proliferative 
phenotypes, since these two properties seem to be dissociated. 

Paper IV. Induction of high grade glioma with various 
growth patterns with a Sleeping Beauty gene transfer 
system, implications for T regulatory cell involvement 
during glioma formation 
In this study the SB transposon system was used to induce glioma with AKT, 
NRASv12 and a short hairpin against p53 in neonatal mice of three different 
strains. The strains used included C57Bl/6 and two strains with the C57Bl/6 
background but with different immunodeficiency. The Tcra-/- strain is ho-
mozygous for a T cell antigen receptor targeted mutation, which leads to 
alpha beta T-cell receptor deficiency and thus a lack of mature T cells309. 
The Gzmb-/- strain has a homozygous mutation for granzyme B. Granzyme 
B is normally not expressed in resting T regulatory cells in mice but is high-
ly induced in tumor-associated T regulatory cells. Granzyme B is also im-
portant for CD8+ cytotoxic T cells an NK cell function310 but investigators 
have shown that tumors in the Gzmb-/- mice are cleared to a higher degree 
due to the reduced efficiency of regulatory T cells and that CD8+ cytotoxic 
T cells and NK cells still function to a high degree through the Granzyme A 
and other pathways311.  

Two distinct types of brain tumors were induced, classical GBM and a high-
ly diffusely growing growth reminiscent of GC. Survival curves revealed 
that no significant difference was present between wild type mice and mice 
lacking mature CD4+ and CD8+ T cells after induction of brain tumors. 
Staining of the tumors revealed that NRAS, AKT and the shp53 were still 
expressed in the tumors indicating that they are important not only for the 
development but also the progression of the tumor.  Both types of tumors 
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had a mixed character and stained positive for progenitor markers such as 
Nestin and Vimentin but also markers indicative of differentiated cells in the 
CNS, such as GFAP, S100ß, Tuj1 and CNPase. Further, staining for infiltrat-
ing T lymphocytes revealed that while GC-like tumors exhibited no infiltra-
tion of T cells regardless of strain, GBMs originating in the wild type immu-
nocompetent strain exhibited infiltration of both CD4+ and CD8+ T cells. 
Positivity for FOXP3 was also found. No difference in survival was seen 
between wild type mice and mice that lacked T cells indicating that T cells 
as a group do not impact on glioma development. Studies regarding the sur-
vival of Gzmb-/- mice are still ongoing. 

The study establishes the SB system as a novel and promising experimental 
approach for the study of the mechanisms underlying diffusely growing tu-
mors like the orphan disease GC and demonstrates that T cells as a group do 
not affect glioma development. The question whether an inhibition of Treg 
cells during glioma development in this experimental set up will affect gli-
oma development remains to be elucidated. 
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Conclusions and future perspectives 

We have provided evidence that the balance between Sox2 and Sox21 is 
important for “stemness” and the ability to form tumors for glioma cells 
(Paper I and II). A disruption of this balance gives rise to aberrant differen-
tiation with reduced proliferation and increased apoptosis of glioma cells as 
a result. We show that Sox2 and Sox21 are co-expressed in a wide variety of 
adult and childhood brain tumors. Taken together, our findings imply a great 
therapeutic potential for Sox21. Theoretically, one would be able to hit ap-
proximately half of the cell population117 despite an otherwise intratumor 
variability. The ability to hit Sox2, which affects many “pro-glioma” factors 
and to induce differentiation, makes this one single protein an excellent can-
didate target for the complex system of GBM. However, transcription factors 
are generally considered “undruggable”312. A full elucidation of the mechan-
ism of action and all the players involved in the Sox21-Sox2 cascade is 
needed to identify easier “druggable” targets. Results from paper II indicate 
that Sox4 is a part of this cascade, which is supported by the identification of 
the TGFß-Sox4-Sox2 axis by Ikushima et al230. 

In paper III we have shown that Snail is a part of the BMP7-Smad4-Snail 
axis in glioma cells, and is an important transcription factor in the regulation 
of glioma cell invasiveness and thus malignancy. This effect is concomitant 
with an increased survival and reduced tumorigenicity in vivo seemingly 
contradictory for a contribution to malignancy. But in fact the results in this 
paper verify that there is a phenotypical distinction among glioma cells in 
regards to proliferative capacity and invasiveness. Considering that the inva-
sive growth in GBM is a tremendous obstacle in the development of a suc-
cessful therapy, dissection of the pathways that drive tumor cells towards 
increased motility, or proliferation, is of utter importance. Previous studies 
have shown that BMPs have a differentiation effects on glioma cells222,248 
and implicated that BMPs or agonists thereof might constitute potential val-
ue in the development of therapies. Results in paper III demonstrate that it’s 
a double-edged sword: differentiation due to BMPs might be accompanied 
by increased invasive potential and this inevitable will cause tumor relapse. 

We have revealed that the SB system constitutes a novel tool for the study of 
highly diffusely growing tumors reminiscent of GC (Paper IV). This is an 
ultra-orphan glioma subtype that has previously lacked good experimental 
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models. The injection of AKT, a mutant variant of NRAS and a shp53 lead to 
the formation of both GBMs and GC-like tumors. The GC-like tumors how-
ever need further characterization with staining for among others the proli-
ferative marker Ki67 and different ECM markers. The difference in the type 
of tumor that developed could be due to differences in the ratio and amount 
of the different plasmids the cells incorporate. A previous study by Sakarias-
sen et al supports this notion. Infiltrative glioma cells were shown to have a 
very high PI3K activation (upstream of AKT) while the more proliferative 
tumor cells had a pronounced RAS signaling52. We therefore plan to perform 
experiments to screen for amount and ratio of the different vectors that have 
been incorporated in the different tumors and compare them between the 
different types. This would shed some light on the differences in mechan-
isms between the proliferative GBMs and the invasive cells present in tu-
mors like GC. GBMs were found to be more immunogenic than the GC-like 
tumors, but a lack of mature T cells does not have any impact in tumor inci-
dence, grade, type or survival. Studies regarding the effect of an inhibited 
Treg cell function through the deletion of granzyme B are ongoing. 
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