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Abstract
Xiong, A. 2015. Novel Regulators of Brain Tumor Development. – From neural stem cell
differentiation to in vivo models. Digital Comprehensive Summaries of Uppsala Dissertations
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Malignant brain tumors are diseases with poor prognosis and/or severe long-term side effects of
treatment. This thesis aimed to discover novel regulators in brain tumor development, based on
studying neural stem cell and progenitor cell (NSPC) differentiation and using animal models
to introduce new insights to mechanisms of human brain tumors.

The enzyme heparanase (HPSE) that degrades heparan sulfate (HS) is active in cell signaling
and ECM remodeling. In paper I, we found an enhanced differentiation to oligodendrocytes in
ES cell-derived NSPCs overexpressing HPSE. Further analysis suggested that this enhanced
formation of oligodendrocytes was associated with alterations in receptor tyrosine kinase
signaling, and that HPSE might also exert anti-apoptotic functions.

Subsequently, in paper II we studied the involvement of HPSE in glioma development. We
observed that high HPSE levels associated with poor survival in glioma patients. In experimental
models, we found that HPSE promoted glioma growth, and that an inhibitor of HPSE reduced
glioma progression both in vitro and in vivo.

We hypothesize that regulators in NSPC differentiation could have a potential role in brain
tumor development. In paper III, we explored the function of NRBP2, a pseudokinase that is
up-regulated during NSPC differentiation. We found low expression of NRBP2 in brain tumors,
in comparison to normal brain. In medulloblastoma, in particular, low NRBP2 expression is
linked to poor prognosis. Overexpression of NRBP2 in medulloblastoma cells led to impaired
cell growth and migration, concomitant with an increased cell death.

In paper IV, we searched for novel glioma susceptibility genes by sequencing dog breeds
from the same ancestor but with different glioma incidence. In this way we identified three new
glioma-associated genes. Two of these are significantly regulated in human glioma and one of
those might have a role in glioblastoma stem cell differentiation.
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Stem cells 

Stem cells are characterized by their capabilities of self-renewal and differ-
entiation into other cell types. The primary responsibility of stem cells is the 
formation and maintenance of a functional organ. To fulfill this task, they 
are able to divide symmetrically or asymmetrically. In a symmetric division, 
one stem cell divides into two identical daughter cells, while in an asymmet-
rical cell division, the stem cell gives rise to one daughter cell that remains a 
stem cell and one progenitor or differentiated cell. Therefore, it is possible to 
produce the cells for development and repair without depleting the stem cell 
pool. 

Based on differentiation potency, stem cells are often hierarchically cate-
gorized into groups. The totipotent stem cell is the most versatile stem cell 
type. A fertilized egg can be considered as a totipotent stem cell that has the 
potential to give rise to any cell type in the organism, and it can generate the 
functional organism. Pluripotent stem cells are located in the inner cell mass 
(ICM) of a blastocyst generated by a fertilized egg (totipotent stem cell). 
They are capable of forming all tissues of the developing body. Multipotent 
stem cells are generated after the blastocyst stage and have a more restricted 
differentiation potential. They are able to form all or several mature cell 
types of certain lineages. Multipotent stem cells appear largely in developing 
embryos. They are also present in many adult tissues, including blood, intes-
tines, skin, ovaries, testes, muscles, and liver. Even some parts of the adult 
brain have stem cells that are able to replenish the loss of differentiated cells 
from disease or trauma 1. 

Embryonic stem cells 
The blastocyst is a structure involved the early development of mammals. It 
contains two major cell populations: the outer layer, called the trophoblast, 
which develops into the placenta, and the ICM, consisting of pluripotent 
stem cells that give rise to the embryo. The isolation of cells from human 
and mouse ICM opened a new field in stem cell research 2-4. These ICM cells 
maintain their pluripotency in culture and are referred to as embryonic stem 
(ES) cells 5. By definition, when injected into a blastocyst, ES cells should 
contribute to the embryo and form a functional individual. Due to the practi-
cal difficulties, the common criteria are that when transplanted to the animal 
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body, ES cells should form teratomas, i.e., tumors containing cells from all 
three germ layers. Common markers for ES cells include Oct4, nanog, and 
alkaline phosphatase 5, 6. 

The maintenance of mouse ES cell pluripotency in vitro usually requires 
the presence of leukemia inhibitory factor (LIF), a hematopoietic regulator 
that maintains the developmental potential of ES cells and inhibits differen-
tiation 7. Mouse ES cells can be cultured with or without the presence of 
feeder cells, such as mouse embryonic fibroblasts, which secrete essential 
growth factors and cytokines and provide structural support 8. When the 
factors maintaining pluripotency are removed from the culture, ES cells can 
undergo spontaneous differentiation into a heterogeneous population of vari-
ous cell types. There are two different approaches to differentiating ES cells 
in vitro. One is monolayer differentiation in a specific medium to guide the 
cell fate. The other method involves the formation of embryoid bodies (EBs) 
in a suspension culture. Numerous investigations have established culture 
protocols that direct ES cell differentiation to specific cell types in vitro 9-12. 

Neural stem cells 
Neural stem cells (NSCs) are multipotent stem cells that give rise to neurons, 
astrocytes, and oligodendrocytes, which are the building blocks of the cen-
tral nervous system (CNS). Commonly used markers for identifying NSCs 
include nestin 13, Sox2 14, and musashi1 15. Neurons are action potential-
generating and signal-transmitting cells, forming neuronal networks built 
from neuronal cell bodies, dendrites, and axons. Early neurons can be identi-
fied by microtubule-associated protein 2 (MAP2) 16, 17, and beta-III-tubulin 18 
and neurofilament 19 label the mature neurons. Astrocytes and oligodendro-
cytes are the main populations of glia cells in the CNS and are ten times 
more abundant than neurons. Astrocytes have diverse functions related to 
blood brain barrier formation, inducing synapses formation, promoting neu-
ronal survival in neuroinflammation, providing structure support to neurons, 
etc. The most common markers for astrocytes include glial fibrillary acidic 
protein (GFAP) 20 and S100ß 21. The main function of oligodendrocytes is to 
accelerate signal transmission through forming a myelin sheath around axons 
in CNS 22. During the development of oligodendrocytes, Olig2 23 and NG2 24 
are highly expressed in oligodendrocyte precursor cells. 2',3'-Cyclic-
nucleotide 3'-phosphodiesterase (CNPase) is expressed in differentiated oli-
godendrocytes 25. 
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Neural stem and progenitor cells in central nervous system 
development 
The CNS of vertebrates is derived exclusively from cells of the ectoderm. 
The earliest stage of neural development involves the formation of the neural 
tube, a process also called neurulation. The neural tube originates from a 
single layer of neuroepithelial cells called the neural plate. When the neural 
plate reaches its maximum thickness, it starts to invaginate and eventually 
closes in the middle to form the neural tube. Subsequently, the posterior 
portion of the neural tube eventually develops into the spinal cord, and the 
anterior portion balloons into three primary vesicles: the prosencephalon 
(forebrain), mesencephalon (midbrain), and rhombencephalon (hindbrain). 
Later, the three primary vesicles transform into five vesicles (the telencepha-
lon, diencephalon, mesencephalon, metencephalon, and myelencephalon), 
which eventually develop into different parts of the brain. 

NSCs and their fate-restricted progenitors emerge in different regions and 
at different time points in development and in adults. Neurulation starts 
around embryonic day (E) 8.5 in the mouse. During this time, the neuroepi-
thelial cells forming the neural plate are bona fide NSCs. They undergo 
symmetric division to enrich the stem cell pool 26, 27. When neurogenesis 
begins around E9-10 in the mouse, the neuroepithelial cells begin to trans-
form into radial glial cells. The radial glial cells maintain certain neuroepi-
thelial cell properties, including the expression of nestin, apical-basal polari-
ty, and interkinetic nuclear migration 28 29. At the same time, they undergo 
morphological changes, including the lengthening of the pial-directed radial 
processes. These cells also start to express markers, such as astrocyte-
specific glutamate transporter (GLAST) 30 and brain lipid-binding protein 
(BLBP) 31. In addition, the tight junction that couples neuroepithelial cells 
also converts to an adherent junction 32. 

Radial glial cells appear to serve as neural progenitors throughout the 
CNS 33, 34. Different from neuroepithelial cells, they undergo asymmetric cell 
division to self-renew and produce a daughter cell that is either a neuron or a 
more restricted intermediate progenitor cell 35-37. The intermediate progenitor 
cells eventually give rise to neurons and later to astrocytes and oligodendro-
cytes. The radial glial cells are highly heterogeneous in terms of the progeny 
they produce. This diversity is established by differences in sets of transcrip-
tion factors they express in response to the microenvironment 38-41.  

NSCs are also present in restricted regions of adult mouse brains. The 
subventricular zone (SVZ) in the wall of the lateral ventricles is considered 
the prominent proliferation region 41. A subset of subventricular cells that 
express GFAP has been identified as adult NSCs in this region 42. They are 
relatively quiescent and referred to as B cells. B cells can generate actively 
proliferating progenitor cells, known as C cells 43, which give rise to A cells 
(immature neuroblasts) that migrate to the olfactory bulb, where they differ-
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entiate into interneurons 44 45. Furthermore, B cells also give rise to a sub-
population of oligodendrocytes 46. Another major region for NSCs in the 
adult brain is the dentate gyrus (DG) of the hippocampus. These NSCs are 
located in the subgranular zone (SGZ) and can differentiate into neurons and 
astrocytes 47. Neurogenesis in this region has been implicated in learning and 
memory in rats 48, and aberrant neurogenesis in this region has been linked to 
stroke, neuroinflammation, and epilepsy 49. 

Neural stem cell proliferation and differentiation 
NSC behavior is regulated by extrinsic and intrinsic signals. These signals 
maintain undifferentiated and proliferative states of NSCs or promote them 
to differentiate. The cell fate choice of NSCs is a result of a balance among 
these signals. The factors that promote NSC proliferation and prevent differ-
entiation include fibroblast growth factor 2 (FGF-2) 50, 51, epidermal growth 
factor (EGF) 52, and Notch 53. The proportion of mature cell types generated 
by NSCs can be regulated by a variety of factors. Both ciliary neurotrophic 
factor (CNTF) and bone morphogenetic protein (BMP) can promote differ-
entiation to astrocytes 50, 54. WNT signaling has been suggested to support 
progenitor proliferation and induce differentiation toward neuronal lineages 
55, 56. Sonic hedgehog (SHH) signaling stimulates the proliferation of neural 
progenitors and is important in the development of oligodendrocytes 57. 
Platelet-derived growth factor (PDGF) is an important regulator in NSC 
proliferation and differentiation. The PDGF family consists of five ligand 
isoforms that bind to three receptor subtypes. A different binding specificity 
between PDGF ligands and receptors has been demonstrated in vitro. PDGF-
AA, -BB, -AB, and -CC bind to PDGF receptor αα, and PDGF-AB, -BB, -
CC, and -DD bind to the receptor αß, while only -BB and -DD bind to the ßß 
receptor 58. PDGF can promote the proliferation of early-differentiated neu-
ral progenitors and delay differentiation, but it cannot replace FGF-2 or EGF 
as an NSC mitogen 59-61. On the other hand, PDGF-AA has also been report-
ed to induce differentiation into oligodendrocytes in vitro 62. 

Nuclear receptor binding protein 2 
Gene expression profiling has helped to better characterize neural 
stem/progenitor cells (NSPC) and the regulation of their differentiation by 
screening for genes that are significantly up/down regulated in differentia-
tion. In this way, this study focuses on a rarely studied gene, nuclear receptor 
binding protein 2 (NRBP2). NRBP2 is highly up regulated in NPSC differ-
entiation 63. During mouse brain development, NRBP2 is expressed in the 
walls of the third and fourth ventricles and in the hippocampus in the embry-
onic stage. Around birth, NRBP2 is expressed in the lining of the fourth 
ventricle and in a subset of Math1-positive precursor cells. NRBP2 is ex-
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pressed in the Purkinje cell layer around the postnatal day and is intensively 
stained in mature Purkinje cells in the adult mouse brain. In addition, 
NRBP2 is also strongly expressed in neurons of the hippocampus and the 
mitral cells in the adult brain 64. Taken together, these data indicate a link 
between the NRBP2 expression and neuronal differentiation. In pediatric 
medulloblastoma (MB), NRBP2 is expressed in a subset of cells, co-staining 
with a neuronal marker but not astrocytic markers 64. 

NRBP2 belongs to the family of pseudokinases. These comprise 10% of 
the human kinome and have a high sequence similarity to mechanistically 
validated enzymes, but they are devoid of catalytic activity. Pseudokinases 
are increasingly viewed as components of signaling pathways 65. NRBP2 is a 
pseudokinase lacking 7 of 15 residues of the kinase domain. It is given its 
name due to its 59% amino acid similarity to nuclear receptor binding pro-
tein 1 (NRBP1), a pseudokinase recently identified as a tumor suppressor 
required for the differentiation of intestinal progenitor cells 66. The function 
of NRBP2 is still unclear. Though containing two putative nuclear receptor-
binding motifs (LXXLL) 67, NRBP2 has not been demonstrated to have a 
nuclear receptor binding capacity. Instead, NRBP2 was mostly expressed in 
the cytoplasmic compartment 64. 

Epigenetic regulation has drawn increasing attention in recent years. In 
the developing mouse liver, NRBP2 is among the genes found to significant-
ly gain methylation from E17.5 to postnatal day 21 68. In human osteosar-
coma cell lines, NRBP2 is among the top 3% of genes with the highest fold 
induction after treatment with the de-methylation drug 5'-Aza-2'-
deoxycytidine (dAC) 69. Comparing the methylation patterns between nor-
mal human brain tissue and glioma, the NRBP2 promoter has been suggest-
ed to be hypomethylated 70. On the histone modification level, NRBP2 is 
found to be transcriptionally regulated by the HDAC3-NCoR/SMRT core-
pressor 71. Altogether, these results indicate a possible epigenetic regulation 
mechanism in NRBP2-involved pathways.  

In early differentiating neural progenitors, NRBP2 appeared to protect 
cells from apoptosis 64. Recently, more studies linked NRBP2 to cell survival 
and proliferation in tumors, including glioblastoma (GBM) 72. Interestingly, 
NRBP2 has also been suggested to be involved in autophagy 73, a cell death 
mechanism that might interact with apoptosis 74. 

In vitro culture of neural stem cells 
There is a variety of protocols for the isolation and culture of NSCs from 
different regions of the embryonic and adult rodent brain 75. In the embryon-
ic brain, NSCs can be isolated from, e.g., the cortex and ganglionic eminenc-
es. The hippocampus and SVZ are the main sources for NSCs from the adult 
brain. Primary NSCs can be extensively propagated as neurospheres in a 
floating culture in a defined serum-free medium in the presence of FGF-2 
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and EGF, which maintains NSCs’ self-renewal capacity and multipotency. 
Cells obtained from neurospheres are heterogeneous 76 and consist of stem 
cells and progenitors of varying degrees of differentiation. The actual pro-
portion of NSCs in neurospheres expanded in vitro is suggested to be as low 
as 2.4% 77. Therefore, when describing the primary neurosphere culture, the 
term NSCs is usually replaced by NSPCs. A true NSC is defined as able to 
proliferate into a new neurosphere, where most cells should be multipotent. 
A neural colony-forming assay can be applied to estimate stem cell numbers 
via discriminating stem cells from progenitor cells based on proliferation 
potential 78. Primary NSCs can also be cultured as a monolayer in matrix 
protein-coated plates, but the cells can only be propagated for limited pas-
sages before loss of stemness 79. In vitro-propagated NSCs have become an 
extremely useful model for the study of stem cell biology. However, we 
should be aware that the differentiation potency varies among NSPCs isolat-
ed at different time points, and even NSPCs from the same region may pre-
sent heterogeneity 80. Therefore, NSCs derived from each different source 
are only representations of NSCs at that specific time point. Besides direct 
isolation from animal tissue, NSCs can also be derived from ES cells in vitro 
81, and these ES-derived NSCs showed a more homogeneous and stable na-
ture than primary NSC neurospheres 11. 
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Central nervous system tumors 

CNS tumors represent about 2% of all cancers but contribute disproportion-
ately to the rate of morbidity and mortality. Malignant primary brain tumors 
are the leading cause of death from solid tumors in children. Typical symp-
toms of brain tumors include persistent headaches, seizures, nausea, vomit-
ing, neurocognitive symptoms, and personality changes 82. The World Health 
Organization guidelines classify primary brain tumors on a malignancy scale 
ranging from grade I to IV based on their histologic appearance, with grade 
IV being the most malignant. 

Glioblastoma 
Malignant gliomas are the most common primary brain tumor. They exhibit 
an infiltrative nature and other lethal features, including resistance to ra-
dio/chemotherapy, as well as destruction of peri-tumor normal brain tissue. 
Therefore, they are responsible for 7% of all cancer-related deaths each year 
before the age of 70 83. Grade IV glioma, also called GBM, is the most fre-
quent and most malignant form of glioma, with only a 15-month median 
survival time for a patient under combined radiation and chemotherapy after 
surgery 84. It is histologically characterized by diffuse infiltration, high cellu-
lar density, extensive vascularization, and areas of necrosis. GBMs can be 
divided into primary and secondary GBM. Primary GBMs account for 90% 
of GBMs. They develop rapidly without the existence of low-grade gliomas. 
Secondary GBMs develop from less malignant lesions, with a 10% incidence 
of the total GBM cases. 

Genetic and epigenetic alterations in GBM 
The formation of GBM involves the accumulation of a large number of ge-
netic and epigenetic alterations, such as chromosome rearrangements, muta-
tions, deletions, copy number alterations, and aberrations in DNA methyla-
tion and histone modification. The loss of heterozygosity (LOH) in GBM is 
frequently found in 1p, 10p, 10q, 13q, 19q, and 22q. LOH in 10q (47–70%), 
10p (47%), EGFR amplification (36%), p16INK4a (31%), TP53 (28%), and 
PTEN (25%) are most frequently present in primary GBM. In secondary 
GBM, the most common alterations are LOH in 22q, TP53 mutations (65%), 
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and LOH in 19q (54%) and 10q (54–63%)85. Recently, mutations in the iso-
citrate dehydrogenase 1 (IDH1) gene have drawn attention as a novel para-
digm in prognosis and therapy. This mutation was initially identified in inte-
grated genomic sequencing, where researchers found recurrent mutations in 
the active site of IDH1 in 12% of all GBM patients. IDH1 mutations prefer-
entially occurred in young patients and in most patients with secondary 
GBM. Furthermore, patients with an IDH1 mutation displayed a significant-
ly favorable prognosis 86. The cytosolic isocitrate dehydrogenase 1 protein 
encoded by IDH1 is responsible for the reduction of NADPH. The produc-
tion of NADPH is essential for the regeneration of reduced glutathione, 
which eventually leads to resistance to apoptosis and protection against oxi-
dative damages 87. This may explain the elevated sensitivity to therapies in 
mutant IDH1 cells. 

Generally, GBM cells display global hypomethylation and regional hy-
permethylation at select gene-associated CpG islands that are un-methylated 
under normal conditions. Promoter hypermethylation frequently occurs in 
the MGMT (O6-methylguanine-DNA methyl-transferase) gene, TIMP-3, and 
RB1 85. Histone modifications influence various processes in transcription. 
They are less stable than DNA methylation and are balanced by activities of 
histone-modifying enzymes, such as histone deacetylases (HDACs), histone 
methyltransferases (HMTs), and histone demethylases (HDMs). Recurrent 
H3F3A mutations have been suggested to be specific for GBM and highly 
prevalent in pediatric and young patients 88, and different H3F3A mutations 
may suggest different cellular origins 89.  

GBM pathways 
Studies of human GBM genomes and large-scale gene expression profiling 
have identified several signaling pathways in GBM. These are key signaling 
pathways controlling cell proliferation, survival, apoptosis, tumor angiogen-
esis, and metastasis. Among them, four pathways have been investigated in 
detail: the PI3K-PTEN-AKT-mTOR pathway, the RAS/MAPK pathway, the 
TP53 pathway, and the RB pathway. 

The receptor tyrosine kinase pathway in GBM 
The PI3K-PTEN-AKT and RAS/MAPK pathways are both induced by re-
ceptor tyrosine kinases (RTKs). RTK signaling are triggered by binding of 
the growth factors to their specific receptors. Receptors of EGF and PDGF, 
two growth factors important in GBM tumorigenesis and CNS development, 
belong to RTKs. The amplification of the EGFR and PDGFR genes has been 
found in 45% and 13% of GBMs, respectively 90. The activation of the RTK 
pathways subsequently initiates downstream effectors, such as PI3K and 
RAS, for instance. After receptor dimerization, PI3K is recruited to the cell 
membrane, which leads to a conversion of phosphatidylinositol 4,5-
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bisphosphate (PIP2) to phosphatidylinositol 3,4,5-trisphosphate (PIP3). PIP3 
enables the activation of AKT via phosphoinositide-dependent protein ki-
nase (PDK-1). AKT activation is a strong survival signal, and the elevation 
of AKT activity has been reported in the majority of GBM. PTEN can an-
tagonize the function of PI3K, and the mutation or deletion of PTEN has 
been reported in 36% of GBM 90. RTKs activate RAS via the complex of 
adaptor protein Grb2 and the guanine nucleotide exchange factor SOS. It 
starts a phosphorylation cascade that eventually results in the phosphoryla-
tion of extracellular regulated kinase (ERK), which causes the activation of 
pro-proliferative targets. Neurofibromin 1 (NF1) is a negative regulator of 
RAS 91, and NF1 mutations and deletions have been found in about 20% of 
GBM 90. 

 
Figure 1. Receptor tyrosine kinase pathway in GBM. 

The TP53 and RB pathways 
TP53 and RB are two tumor suppressor genes frequently silenced in GBM. 
TP53 and RB are crucial regulators in cell cycle progression. Normally, in 
the G1 phase, pRB is inactivated by cyclin D/cyclin-dependent kinase 4/6 
(CDK4/6)-induced phosphorylation, which leads to a release of E2F and the 
subsequent entry into the S phase. As well, p16INK4a is an inhibitor of cyclin 
D/CDK4/6, and p14INK4a neutralizes MDM2, an E3 ubiquitin ligase negative-
ly regulating TP53. They are both encoded by CDKN2A and are frequently 
homozygously deleted in GBM. TP53 can bind to the promoters of over 
1,000 downstream genes, including p21, which subsequently blocks the cell 
cycle and initiates programmed cell death. 

Molecular classification of GBM 
GBM displays a high degree of heterogeneity, not only among patients with 
the same diagnosis, but also within the same tumor. Based on a large-scale 
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integrated genomic analysis, it is now well accepted that GBM can be divid-
ed into four subgroups: Classical, Mesenchymal, Proneural, and Neural 92. 
The Classical subtype displays chromosome 7 amplification and chromo-
some 10 loss. The co-occurrence of EGFR amplification and CDKN2A dele-
tion is observed in most cases of Classical GBM. Besides, the NSPC marker 
NES and components in the Notch and SHH signaling pathways were highly 
expressed in the Classical subtype. The Mesenchymal subtype harbors the 
focal hemizygous deletion of NF1, the high activity of mesenchymal and 
astrocytic markers, and the high expression of the NF-κB pathway. The Pro-
neural subtype has two major features: the alteration of PDGFRA and point 
mutations in IDH1. Besides, high expressions of oligodendrocytic develop-
mental genes and the high frequency of the TP53 mutation and LOH were 
observed. The Neural subtype is typified by the expression of neuronal 
markers, and a majority of neural subtype samples contains some normal 
cells. These subtypes exhibited a strong association with clinical outcome. 
Patients in the Classic subgroup benefit most from aggressive treatment, 
while Proneural subgroup patients are the least sensitive 92, 93.  

Cell of origin for glioma 
The cell of origin, or the population of normal cells that become tumor cells 
after acquiring oncogenic mutations, is not fully characterized. Several types 
of cells have been suggested as candidates. 

NSC has been suggested as a cell of origin for GBM due to the overlap 
between the region of adult NSC niche (SVZ) 43 and the region most sensi-
tive to chemical and oncogenic virus-induced gliomagenesis 94, 95. Further-
more, GBM can be initiated when Harvey-Ras and AKT are region-specific 
activated in the SVZ and the hippocampus, but not in the cortex 96. Besides 
NSC, several non-stem cell types have been suggested as the cell of origin 
for GBM. Oligodendrocyte progenitor cells (OPCs) have also been indicated 
as the cell of origin of oligodendroglioma based on the enrichment of OPC 
markers in this type of tumor 97. The induced expression of oncogenic genes 
in CNPase-positive cells could generative GBM 98. Astrocyte progenitor 
cells could become tumorigenic for high-grade glioma when introduced to a 
combination of oncogenic events, such as the activation of H-Ras, the inacti-
vation of RB, p107, and p130, Ink4a-Arf loss, and K-Ras activation 99-101. A 
recent study suggested that GBM could be generated via the loss of p53 and 
NF1 in hippocampus GFAP-positive cells and even mature neurons 102. 

Medulloblastoma 
MB is the most common malignant pediatric brain tumor 103. It arises in or 
around the cerebellum and is grade-IV in the WHO system. Current thera-
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pies include surgical resection, radiotherapy, and chemotherapy, with an 80% 
overall five-year survival. However, these treatments cause severe long-term 
side effects, as well as an increased risk of secondary malignancies 104, 105. 
Histologically, MB has several variants that often indicate different out-
comes. Classic tumors are characterized by a small, round blue-cell appear-
ance. Desmoplastic tumors exhibit round nodules and may have a better 
outcome than classic tumors. MB with extensive nodularity often has an 
excellent prognosis. Large-cell anaplastic tumors display large angulated 
cells with vesicular nuclei and are often associates with a poor prognosis 106. 

Molecular classification 
With histology being the standard for MB patient stratification, the devel-
opment of transcriptomic techniques offers new insight into the classification 
of MB on a molecular level. The current consensus is that there are four 
molecular subgroups in MB: WNT (Wingless), SHH, Group 3, and Group 4. 
The WNT group has the best prognosis, with a more than 90% long-survival 
rate. It is characterized by germline mutations of the WNT pathway inhibitor 
APC, somatic CTNNB1 mutations, immunohistochemical staining for ß-
catenin and DKK1, and Myc amplification. The SHH group is largely identi-
fied based on transcriptional profiling. There are also mutations in PTCH, 
SMO, and SUFU, as well as amplifications of GL1 and GL2. Other charac-
teristics of the SHH group include immunohistochemical staining of SFRP1 
or GAB1. The prognosis of SHH MB appears to be similar to Group 4 MB, 
with around a 75% five-year survival rate. Group 3 and Group 4 share some 
common features, including the overexpression of OTX2 and 17p deletion. 
Group 3 tumors exhibit the worst outcome. They display a relatively high 
expression of retina-specific transcription factors NRL, CRX, and NR2E3, 
as well as MYC amplification. Signature markers for Group 4 MB include 
KCNA1 and EOMES 107, 108. 

Epigenetic modifications in medulloblastoma 
Though intensive studies have identified somatically altered gene functions 
as signature genes in MB subgroups, there is still a broad list of uncovered 
novel candidates. Early studies identified candidate genes silenced by the 
aberrant methylation of CpG islands through methylation-specific PCR and 
gene expression arrays between MB cell lines treated and untreated with 
DNA methyltransferase inhibitor dAC. Using these approaches, a list of 
genes silenced by promoter hypermethylation were identified, including 
HIC1 109, RASSF1A 110, CASP8 111, inhibitors of WNT signaling SFRP1, 2, 3 
112, and the Yamanaka factor KLF4 113. A recent study performed whole-
genome bisulphite-sequencing on 34 primary human MB cases, illustrating 
differences in DNA methylation among different MB subgroups. Moreover, 



 22 

they identified a putative novel MB candidate gene LIN28B, which was hy-
pomethylated and tightly correlated with gene expression regulation in 
Group 3 and Group 4 MB 114. MicroRNAs (miRNAs) are non-coding RNAs 
repressing gene expression via targeting mRNA. MiRNAs most deregulated 
in MB include miR-17/92, targeting SHH pathways 115; miR-128a, inhibiting 
MB growth via targeting Bmi-1 116; and miR-34a, inhibiting MB growth and 
promoting neuronal differentiation 117, 118. 

The most intriguing implication of epigenetics in MB is alterations in his-
tone modifications and chromatin remodeling. Somatic mutations, as well as 
copy number aberrations, have been found in various histone acetyltransfer-
ase (HATs), histone deacetylases (HDACs), histone methyltransferases 
(HMTs), and histone demethylases (HDMs) 119-121. The frequent mutations 
include a mutation on gene KDM6A and MLL2. KDM6A is associated with 
the function in H3K27me3/me2 demethylase, and the mutation is most en-
riched in Group 4 MB. A mutation on MLL2 suggests an ablation in H3K4 
methyltransferase activity, and it is most enriched in the SHH and WNT 
groups. The most prominent mutation that affects chromatin-remodeling 
enzymes is on the SMARCA4 gene, which is enriched in WNT and Group 3 
MB. 

Cell of origin of medulloblastoma 
The cell of origin of MB is still under investigation. As a heterogeneous 
tumor, it is most likely to have distinct origins 122. By introducing defined 
mutations to a specific cell type via genetically engineered mouse models, 
different cells of origin have been proposed to different MB subgroups. Mu-
tants in CTNNB1 and p53 in the lower rhombic lip progenitor of the dorsal 
brain stem can result in the generation of WNT MB 122. Cerebellar GNPs 
from the cerebellar external granule cell layer and from the brain stem, as 
well as NSC in SVZ are all capable of generating SHH MB, mostly through 
the inactivation of PTCH1 and the activation of Smoa1 123-129. Cerebellar 
GNPs and prominin-1-positive NSCs with p53 mutant and Myc expressions 
can give rise to Group 3 MB 130-132. The cell of origin for Group 4 MB is still 
elusive. Targeting the MYCN expression in NSC populations in a developing 
mouse brain generates a tumor representing Group 4 MB features 132, 133. 

Brain tumor-initiating cells (cancer stem cells) 
Like many other tumor types, brain tumors exhibit a high degree of intra-
tumoral heterogeneity in terms of cell morphology, the gene expression pro-
file, sensitivity to treatment, and tumor generation capability. Two models 
are purposed to explain the heterogeneity: one is the clonal evolution model 
that considers the natural selection of stochastically acquired genetic and/or 
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epigenetic modifications in the tumor cells as the main cause. The other 
model, the tumor-initiating cell model, which has generated increasing sup-
port, describes a tumor as a mixture of a small proportion of tumor-initiating 
cells (also called cancer stem cells) and their ‘differentiated’ progenies. The 
tumor-initiating cells can generate new tumors, while their progenies cannot. 
The widely accepted criteria for a tumor-initiating cell is that they should be 
able to generate a new identical tumor in serial orthotropic transplantation. 
The existence of tumor-initiating cells in human GBM and MB was suggest-
ed by two independent investigations 134, 135. Both these two investigations 
and one follow-up study 136 purposed CD133 as a cell surface marker for 
brain tumor-initiating cells. However, several later studies observed a tumor-
igenecity in CD133-negative cells, and the CD133-negative cell could give 
rise to CD133-positive cells 137. Some novel markers, such as SSEA-1 
(CD15), have also been suggested as markers for brain tumor-initiating cells 
138. Taken together, it could be possible that it is difficult to label all brain 
tumor-initiating cells with one single marker. The combination of several 
markers and/or using different markers for subpopulations is necessary to 
identify brain tumor-initiating cells. 

Experimental models of CNS tumors 
Brain tumor modeling is crucial in studying the mechanisms of tumor initia-
tion and development and evaluating anti-cancer therapies. Various types of 
models serve different research purposes. 

Brain tumor cell lines as in vitro models 
Compared with in vivo models, the main advantage of modeling a tumor 
using an in vitro cell culture is that it can provide a clean picture of tumor 
cells responding to certain drugs or alterations in the gene expression with-
out other influence from the environment, which may confound the interpre-
tation of the results. Besides, they are relatively low-cost, save time, and 
make it easier to monitor various diameters in real-time. Both in vitro and in 
vivo modeling involve the utilization of brain tumor cell lines. The brain 
tumor cell lines can originate from animals or humans. Murine brain tumor 
cell lines can be isolated from mouse tumors after an injection with carcino-
gens, and the tumor cell lines are subsequently maintained as in vitro cell 
cultures. The main issue of these types of murine cell lines is whether they 
are representative of human tumors. This can be examined by various ap-
proaches. The crucial criterion of human cell line establishment is to repre-
sent and maintain the characteristics of tumor cells from where they origi-
nate. In the 1970s–1980s, cell lines derived from primary human glioma and 
MB were established. Though nicely representing some important properties 
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of the original tumor 139, 140, it is worth noticing that these cell lines are prop-
agated in a serum-containing medium, which comprises factors in undefined 
concentrations capable of altering cell properties. In a global expression 
profiling analysis of primary brain tumors and primary brain tumor-derived 
cells propagating in a serum-containing medium, as well as in a defined se-
rum-free NSC medium, it was found that cells cultured in a NSC medium 
were more representative of the parental tumor than cells kept in a serum-
containing medium 141. Nowadays, it is widely accepted that glioma cell 
lines can be generated by the dissociation of fresh tumor tissue and cultures 
in a NSC medium, either as spheres or an adherent monolayer culture on 
polyorithine-laminin-coated plastic dishes 142. 

Mouse models 
Mouse models are the premier animal models in brain tumor research, as 
mice are small, easy to handle, and have good-sized litters for experiments 
requiring a certain number of individuals. Another major reason is the high 
similarity between human and mouse genomes, organ systems, and physiol-
ogy. 

Syngeneic models 
In a syngeneic model, the mouse tumor cells grow in the same mouse strain 
from where the tumor originated. The undeniable advantage is that tumors 
grow in immunocompetent hosts, allowing for a study of the tumor microen-
vironment and tumor immunology. A frequently used syngeneic mouse brain 
tumor model is the glioma 261 (Gl261). The Gl261 tumor was originally 
induced by an intracranial injection of 3-methylcholantrene into C57BL/6 
mice. Before being cultured in vitro, the Gl261 tumor was maintained by 
serial intracranial and subcutaneous transplantations in syngeneic mice 143. 
The characterization of Gl261 tumors proved that this model harbors several 
characteristics of glioma. They carry point mutations in both RAS and TP53 
and display elevated c-myc and p53 expression levels. They express basal 
major histocompatibility complex (MHC) I, but not MHCII. They exhibit an 
invasive but non-metastatic growth pattern and respond to anti-tumor treat-
ment, including chemo/radiotherapy, immunotherapy, and gene therapy 144. 
To examine further the influence from the microenvironment, mouse strains 
with altered gene expression levels can be used. In this thesis, for studies on 
heparanase (HPSE) in NSC differentiation and glioma progression (paper I 
and II), transgenic and knockout mice (backcrossed onto a C57BL/6 strain 
background), genetically modified in the HPSE gene, were used. Transgenic 
HPSE overexpression was driven by the CAG cassette (CMV enhancer, 
chicken ß actin promoter, and rabbit globin splice acceptor) 145. HPSE 
knockout mice were generated by the removal of the HSPE coding sequence 
in ES cells from 129 mice before injecting into C57BL/6 blastocysts 146. The 
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characterization of these two strains will be described in the following sec-
tions. 

Xenograft models 
In the xenograft model, human tumor cells are transplanted, e.g., subcutane-
ously or intracranially into immune-compromised mice. The most commonly 
used mouse strains are severe combined immune-deficient (SCID) mice, 
impaired in T and B lymphocytes, and non-obese diabetic (NOD-SCID) 
mice, with impaired T and B lymphocytes and deficient in natural killer 
(NK) cell function. The advantages of the human tumor xenograft are that 
the tumor penetrance is high and the tumors recapitulate the histopathology 
characteristics of the original tumor. However, it is not suitable for studying 
aspects that relate to the immune response in tumor development. 

Genetically engineered mouse models 
To overcome the disadvantages in xenograft models, different types of ge-
netically engineered mouse (GEM) models are generated. Generally, a GEM 
model 1) should be able carry the same mutation(s) that occur in human 
tumors; 2) mutated genes should not be silenced during the embryonic and 
postnatal stages, unless for pediatric tumors; and 3) mutations should occur 
within specific cell types in the target tissue 147. Commonly used GEM mod-
els include inducible conditional gain of function or knockout models via 
Cre/loxP technology and somatic cell gene transfer models using replication 
competent ALV splice acceptor (RCAS) retrovirus 148, 149. The main disad-
vantage of GEM models is that selected target genes are usually not reflec-
tive of the complexity of human tumor cells. 

Dogs as models for human glioma 
Despite the various advantages of using mice as a model for human glioma, 
they are different from humans in many aspects, especially regarding glioma 
susceptibility and living environment. The domestic dog (Canis lupus famil-
iaris) shares an environment with humans and develops glioma spontaneous-
ly. There are over 400 behaviorally and morphologically characterized dog 
breeds. Most have been created under strong artificial selection, resulting in 
relatively inbred populations. For this reason, certain breeds harbor a higher 
or lower incidence of certain diseases. One approach to understanding the 
mechanism of a complicated disease is to investigate the genetic basis. The 
inbred nature of dogs makes them a suitable material. The Dog Genome 
Sequencing project is accomplished, which offers not only sequences but 
also resources for association mapping. An analysis of protein-coding genes 
showed a close relationship between dogs and humans 150. Altogether, dogs 
can be excellent models for genetic studies of human glioma. 
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Genetic mapping is used for comparative disease genetics studies. The 
goal of genetic mapping is to find the allelic variants, which are causative or 
increase the risk of a certain disease. The type of genetic mapping used in 
this thesis is genome-wide association mapping (GWAM). Briefly, in 
GWAM studies, the comparison on allele frequencies was performed be-
tween individuals affected and unaffected by glioma. If one allele is signifi-
cantly more frequent in effected cases, than in controls, this allele can be 
said to be associated with the disease. In the human population it is difficult 
to use GWAM due to heterogeneity (humans are always outbred) 151. In ad-
dition, the presence of stratification in the human population may cause 
false-positive results. Dog breeds can avoid these issues, as they are mostly 
inbred. A two-stage strategy can be employed if a disease is shared between 
several breeds. In the first stage, a sparse set of markers is used to identify a 
region associated with the disease of about 1 Mb within a single breed. In the 
second stage, a denser set of single nucleotide polymorphisms (SNPs) and 
more breeds are included to narrow the associated region to a few hundred 
Kbs. Across-breed GWAM is performed when a disease is fixed in one 
breed and shared by several breeds. In the case of this thesis, individuals 
from several different breeds with and without the disease were compared. 
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Heparan sulfate proteoglycans and heparanase 

The extracellular matrix (ECM) is a complex network of molecules that are 
assembled into organized structures with distinct physical and biological 
functions. The ECM is under tight control in development and homeostasis. 
Deregulation and disorganization of the ECM commonly appears in patho-
logical conditions, including cancer. ECM molecules are often secreted by 
surrounding cells and exhibit a certain degree of tissue/organ specificity. 
Common ECM molecules include collagen, proteoglycans, laminins, and 
fibronectin. The distribution of ECM proteins in the brain is unique, which is 
composed of a large amount of proteoglycan and hyaluronan and a relatively 
small amount of laminin, fibronectin, and collagen 152. 

Heparan sulfate proteoglycans 
Heparan sulfate proteoglycans (HSPGs) are macromolecules that are present 
in all mammalian cells. They play pivotal roles in development as well as 
pathological conditions, including that of the CNS. They are found in vari-
ous cellular compartments, including the cell surface (glycans and 
syndecans), the secretory granules of mast cells (serglycan), and in the ECM 
as secreted molecules (perlecans, agrins and collagen type XVIII). There are 
also investigations suggesting a role for heparan sulfate in the nucleus. 
HSPGs offer binding sites for various types of biomolecules, including 
growth factors, chemokines, interleukins, and enzymes, as well as ECM 
proteins. They function in various processes, such as co-receptors for growth 
factors, transporting chemokines to the cell membrane from the cytoplasm, 
facilitating cell adhesion, and maintaining the integrity of the ECM 153. 

Biosynthesis of heparan sulfate proteoglycans 
HSPGs are composed of a core protein covalently O-linking with one or 
several heparan sulfate (HS) glycosaminoglycan (GAG) chains. The biosyn-
thesis of HSPGs occurs in the Golgi compartment. It includes several steps 
and involves multiple enzymes (Figure 2). The process is initiated by the 
synthesis of a tetrasaccharide linkage. First, a xylose is transferred to the 
core protein by xylosyltransferase-1/2 (XylT1/2). Then, two Gal residues 
were attached to the xylose by the xylose by galactosyltransferases-1/2 
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(Galt1/2). The linkage is completed by the attachment of GlcA by glucu-
ronyltransferase-1 (GlcAT-1). The first event in HS chain elongation is the 
attachment of the first GlcNAc residue to the tetrasaccharide linkage by ex-
ostosin-like-2/3 (EXTl-2/3). Then, the EXT1/EXT2 complex adds alternat-
ing GlcA and GlcNAc residues 154. As the HS chains are polymerized, their 
sulfation pattern is defined and shaped by a series of enzymes. The first 
modification is the N-deacetylation/N-sulfation of GlcNAc residues to 
GlcNS by N-deacetylase/N-sulfotransferases (NDSTs), which is also a pre-
requisite for most of the subsequent modifications. Epimerization by glucu-
ronyl C5-epimerase (Hsepi) converses GlcA to IdoA in N-sulfated regions of 
the HS chains. Thereafter, the HS chains undergo O-sulfation at different 
sites by corresponding enzymes, including 2-O-sulfotransferase (HS2ST), 6-
O-sulfotransferase (HS6ST), and 3-O-sulfotransferase (HS3ST). Besides the 
addition of sulfates to the HS chain during biosynthesis, 6-O-sulfates can be 
released post-biosynthetically by endo-6-O-sulfatases (SULFs) 155. 

The sulfation of HS chains is not evenly distributed. Certain regions of 
the chain can escape modification, resulting in three types of domains re-
garding the sulfation and/acetylation level, NA domains (unmodified N-
acetylate regions), NS domains (N-sulfation-rich regions), and the regions of 
the junction between these two domains, referred to as NA/NS domains. It is 
widely accepted that variations in the HS sulfation pattern determine speci-
ficity in its capacity to bind signaling molecules. Furthermore, an organ 
specificity in the HS sulfation pattern has also been implicated 156. In addi-
tion, a ‘compensatory’ mechanism among enzymes modifying the sulfation 
pattern has also been revealed: the up regulation of N-sulfation and 6-O-
sulfation was observed in mice deficient in 2-O-sulfation 157. 
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Figure 2. Schematic representation of the HS structure, biosynthesis, and modifica-
tion (Xiong et al, 2014, reprint with the permission from the publisher). 

Heparan sulfate in cellular processes 
One crucial role of HS is to function as a co-receptor for growth factors on 
the cell surface. The mechanism of HS-dependent signaling was first found 
and it has been extensively studied with regard to FGF2. HS chains increase 
the binding affinity of FGF to its receptor 158, 159 and play an essential role in 
ligand-receptor binding kinetics 160. A similar signaling model was later de-
scribed in many other pathways, including bone morphogenetic protein 
(BMP), WNT, SHH, PDGF, and vascular endothelial growth factor (VEGF) 
signaling 161-167. Besides regulating cell signaling, HSPGs have multiple 
functions in cell physiology. They transport chemokines across cells and 
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present them on the cell surface. Serving as a component of the ECM, HS 
chains facilitate cell-ECM interaction and cell adhesion via cooperation with 
integrins and adhesion receptors. As receptors for proteases and their inhibi-
tors, HS chains regulate their activity and spatial distribution. Altogether, 
HSPGs have the potential to manipulate major processes in the body and 
therefore have important implications in normal stem cell differentiation, 
development, and pathological conditions. 

Heparan sulfate in mammalian development 
The crucial role of HS in mouse development has been demonstrated by a 
number of mutational studies on HS biosynthesis and modification enzymes 
(Figure 2). The deletion or deficiency in enzymes required for biosynthesis 
initiation and elongation leads to almost a complete lack of HS in the cells 
and causes severe phenotypes. GlcAT-1 knockout mice showed embryonic 
lethality before the 8-cell stage because of failed cytokinesis 168. Mice defi-
cient in EXT1 failed to gastrulate and generated smaller embryos due to 
defects in forming organized mesoderm and extra-embryonic tissues 169. 
Mice with the complete depletion of EXT2 exhibited phenotypes similar to 
EXT1-deficient mice. Although, the heterozygotes had a normal life span 
and were fertile, but they displayed multiple abnormalities in cartilage dif-
ferentiation 170 and failed to respond properly to FGF signaling 171. NDST 
enzymes define the basic sulfation state of HS chains. Four members of 
NDSTs have been identified, and most cells express mRNA of NDST-1 and 
NDST-2 172. NDST1 deficiency resulted in neonatal lethality due to a condi-
tion resembling respiratory distress syndrome 173, and the individuals suf-
fered from a series of effects, including defects or delays in eye develop-
ment, skeleton mineralization, and pericyte recruitment 174. Disruption of C5 
epimerase led to perinatal lethality, with renal agenesis, lung defects, and 
skeletal malformations 175. Depletion of uronyl 2-O-
sulfotransferase/glucosaminyl 6-O-sulfotransferase-1/glucosaminyl 3-O-
sulfotransferase-1 led to perinatal, embryonic, and partial lethality, respec-
tively 176-178. The depletion of XylT2, NDST2, SULF1, and SULF2 in mice 
only caused mild phenotypes 179-182. However, SULF1/SULF2 double mutant 
mice exhibited delays in myogenic differentiation and regeneration after 
skeletal muscle injury 183, and NDST1/NDST2 double-knockout embryos 
died as early as E3.5 184. 

In neural development, the importance of HSPGs has been observed in 
many animal models. In cultured cockroach embryos, the addition or remov-
al of HS or heparin perturbs the growth of pioneer axons via the production 
of axon defasciculation 185. Perlecan, a type of secreted HS, has been re-
vealed to play a role in modulating repulsive guidance in Drosophila 186. The 
inhibition of endogenous HS sulfation in the Xenopus optic system caused 
the missed targeting of axons, and this was dependent on 2-O- and 6-O-
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sulfation, in particular 187. Similarly, syndecan-1 functioned in neuronal mi-
gration and in the guidance of outgrowing axons in Caenorhabditis elgans 
188. The role of HSPGs in axon guidance has also been confirmed in several 
mouse models. Mice with the conditional knockout of EXT1 in nestin-
positive cells resulted in severe guidance errors in major commissural tracts 
189. The complete loss of HS2ST or HS6ST1 was responsible for axonal nav-
igation errors in retinal ganglion cells 190 and led to severe corpus callosum 
phenotypes via the alteration of ERK signaling 191. In addition, HS has also 
been shown as a requirement for neural precursor cell proliferation via mod-
ulating cell signaling. For instance, the loss of HS2ST resulted in a signifi-
cant proliferation reduction in cerebral cortical precursors 192. The ablation of 
perlecan in the developing mouse brain led to decreased cell mitosis and 
delayed cell cycle progression in precursor cells due to insufficiencies in 
SHH and FGF2 signaling 193. Furthermore, the knockdown of syndecan re-
duced neural precursor cell proliferation via modulating their response to 
WNT ligands 194. 

Heparan sulfate in stem cell in vitro differentiation 
Though the crucial role of HSPGs and their modification enzymes in embry-
onic development has been demonstrated in a series of mouse models, the 
severe phenotypes of the animals prevent further study on their functions in 
mouse nervous system development. Instead, using ES cell in vitro differen-
tiation, the function of HSPGs in stem cell commitment and differentiation 
can readily be evaluated. Moreover, in normal ES cell differentiation, the 
regulations of N-, 3-O-, and 6-O-sulfation have been observed 195. ES cells 
harbored a low level of N-sulfation and increased expressions of NDST4, 
HS3STs, and HS6STs during differentiation to NSPCs 196. During differenti-
ation from neuroepithelial precursors to neurons, the cells distinctly changed 
their 6-O-sulfation pattern and HS chain length 197. These discoveries sug-
gested the role of sulfated HS in stem cell differentiation. 

Studies of HS in ES cell differentiation have mainly focused on ES cells 
with deletions in the EXT1 gene and the double-deletion of the genes for 
NDST1 and NDST2. The complete knockout of EXT1 led to an absence of 
HS chain synthesis. EXT1-knockout ES cells had phenotypically normal 
colonies and a high expression of pluripotent markers 195, 198. However, the 
complete depletion of EXT1 led to a differentiation arrest when subjected to 
monolayer differentiation 195, 198. Although EXT1-knockout ES cells could 
form EBs, they could not generate terminally differentiated cells 199. When 
directing these ES cells to neural differentiation, the addition of soluble hep-
arin could partially rescue differentiation to mature neurons 195. In another 
ES cell line, using the knockdown of EXT1 with short hairpin RNA, the 
soluble GAG was capable of inducing neural differentiation via influencing 
various RTK pathways 200. NDST1/NDST2 double-knockout ES cells were 
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completely devoid of N-sulfation, but retained a very low level of 6-O-
sulfation 184. Similar to EXT1-knockout ES cells, NDST1/NDST2 double-
knockout ES cells maintained a normal phenotype and pluripotency in a 
culture 184. However, they generally failed to differentiate upon embryoid 
body (EB) formation 201. Angiogenic sprouting could occur in NDST1 
/NDST2-deficient EBs, but the adhesion of pericytes to nascent sprouts was 
reduced, owing to the dysregulation of transforming growth factor beta and 
PDGFB signaling 202. When using a stepwise protocol, by allowing the ES 
cells to first differentiate to multipotent progenitors, surprisingly, the 
NDST1/NDST2 ES cells were able to give rise to osteoblasts, albeit with a 
lower efficacy than wild-type ES cells, but no adipocytes were generated 203. 
Under conditions inducing neural differentiation, these ES cells appeared to 
be blocked at a primitive ectoderm-like state, expressing the early ectoder-
mal marker FGF5 without proceeding to neural progenitors. However, the 
differentiation to neural progenitors could be restored by a combination of 
heparin and FGF2 or FGF4, but this only succeeded in a very narrow con-
centration range 203.  

Heparan sulfate proteoglycans in tumors 
Remodeling of tumor ECM has a great influence on tumor progression and 
migration. HPSGs are a component of ECM, alterations that down regulate 
enzymes responsible for side chain formation have been shown to lead to 
increased malignancy of tumors. Hypermethylation in the EXT1 promoter 
has been found in leukemia and linked with increased tumor growth 204. The 
loss of heterozygosity in EXT1 frequently occurs in hepatocellular carcino-
ma 205. In breast and ovarian cancer, mutations in EXT1 and EXT2 have 
been observed 206. Contrary to the tumor suppression association in previous 
tumors, in multiple myeloma, a high level of EXT1 is associated with poor 
survival 207, which could be due to the signaling modulator function of 
HSPGs. HS modification enzymes also have implications in tumors. 
HS3ST2 and HS3ST1 were among the most differently regulated HSPG-
related enzymes in a study on breast cancer 206. The liberation of 6-O-sulfate 
groups by SULF1 and SULF2 can affect a number of HSPG-linked growth 
factors, including FGF2, EGF, WNT, hepatocyte growth factor, and glia 
cell-derived neurotrophic factor 208. SULF1 and SULF2 have been suggested 
as associated with tumorigenesis in lung carcinoma 209. In breast cancer, 
SULF2 has been found to have a pro-angiogenesis factor 209, while SULF1 
was suggested to have an opposite function 210. In GBM, SULF2 has been 
revealed to regulate tumor growth depending on PDGFRα signaling 93. 
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Heparanase 
HPSE is the predominant degradation enzyme for HSPGs. It is an endo-ß-
glucuronidase that cleaves the ß-1,4-glycosidic bond between D-glucuronate 
and D-glucosamine, liberating fragments at appreciable sizes (4–7 kDa) 211. 
HPSE is first synthesized into a 65-kDa latent form without enzymatic activ-
ity, and it then undergoes proteolytic processing, yielding a 50-kDa active 
enzyme 212. The active form of HPSE is secreted, and it acts on the cell sur-
face and ECM, releasing HS-binding molecules and dissembling the ECM in 
association with cell migration and tissue remodeling. There are also reports 
suggesting the nuclear translocation of HPSE during cell differentiation 213 
and in tumor cells 214. 

Under normal conditions, HPSE is expressed in platelets, mast cells, pla-
cental trophoblasts, keratinocytes, and leukocytes and always at a low level. 
In pathological conditions, such as inflammation, atherosclerosis, and can-
cer, the elevation of the HPSE expression is frequently observed 215, 216. 
Mouse strains overexpressing HPSE or that are devoid of HPSE have been 
generated. Surprisingly, neither of these mouse strains exhibits a severe phe-
notype. They are fertile and have a normal life span, without prominent 
functional or pathological alterations. HPSE knockout mice exhibited an 
accumulation of long HS chains and showed a marked elevation in matrix 
metalloproteinase (MMP) 146. HPSE-overexpressing mice had a profound 
decrease in HS chain length and exhibited a reduction in food consumption 
and body weight and an accelerated hair growth rate. In addition, they 
showed increased levels of urinary proteins, enhanced neovascularization, 
and a disruption in epithelial basement membranes 145, 146. 

Heparanase in cancer 
HPSE expression correlates with key parameters in human cancer 
HPSE was first identified in mouse mastocytoma 217 and was later suggested 
to be associated with invasion and metastasis in melanoma 218 and T-
lymphoma 219 in mouse tumor-derived cell lines. Subsequent studies by 
overexpressing or silencing the HPSE expression demonstrated its role in 
accelerating tumor growth, promoting angiogenesis, and facilitating tumor 
cell invasion 220, 221. An analysis of HPSE expression levels by various meth-
ods revealed an up regulation of most major human primary tumors 222, 223. 
The increase in HPSE is often positively correlated with tumor size 224-228 
and the tendency for metastasis 228-233. Notably, besides breaking down the 
ECM, allowing for more space for tumor growth and invasion, HPSE was 
also found to stimulate tumor angiogenesis 234-236. Recently, in a glioma 
model, HPSE was reported to be involved in angiogenesis via transcription-
ally targeting TGLI1, which up regulates VEGF-A signaling 237. Therefore, it 
is not surprising that patients with a higher HPSE expression associate with a 
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poorer prognosis than those with a lower expression in many tumor types 228, 

230, 231, 233, 234, 238, 239. 

Heparanase cooperates with other proteases 
Besides HPSE, several other enzymes are capable of degrading ECM, e.g., 
serine and cysteine proteases and MMPs. MMPs are a family of zinc-
dependent endopeptidases with 23 members identified in humans 240. MMP2, 
MMP9, and MMP14 were remarkably elevated in HPSE knockout mice in 
an organ-specific manner 146. Moreover, HPSE knockout mice are fertile and 
exhibit no apparent abnormalities 146. These data proved the cooperation 
between HPSE and MMPs. However, the cross talk between HPSE and 
MMPs appears in a different way. In human myeloma, the enhanced expres-
sion of HPSE stimulated ERK activation, which in turn increased the MMP9 
expression while silencing HPSE-reduced MMP-9 activity 241. A similar 
positive correlation between HPSE and MMP-9 was also observed in mela-
noma 242. 

Heparanase and angiogenesis 
Angiogenesis is a coordinated multiple-step process involving the prolifera-
tion and migration of endothelial cells, the degradation of the subendothelial 
basal lamina and the ECM, etc. HPSE has long been implicated in processes 
in angiogenesis. Besides degrading the ECM for blood vessels to invade, 
HPSE is also involved in the modulation of growth factor signaling im-
portant in this process, such as FGF and VEGF. The HPSE expression has 
been found to be elevated in proliferating human endothelial cells, but not in 
mature ones, and HPSE cleavage promotes the migration and proliferation of 
endothelial cells by promoter FGF signaling 243. VEGF is a well-known in-
ducer of tumor angiogenesis. Besides the release of VEGF ligands, HPSE 
has also been suggested to induce directly the VEGF expression through the 
activation of the Src family 244. 

Heparanase and macrophages 
Inflammation is an early step in the wound healing process to remove an 
infection or irritation. In normal conditions, macrophages perform phagocy-
tosis and produce anti-inflammatory cytokines to prevent inflammatory re-
sponses from lasting. This is achieved by the balance between two subpopu-
lations of macrophages, pro-inflammatory M1 macrophages, and M2 macro-
phages that are anti-inflammatory. The tumor environment is believed to 
resemble a sustained inflammation condition 245. Macrophages in tumors are 
referred to as tumor-associated macrophages (TAMs). TAMs are very heter-
ogeneous, and it is difficult to distinguish the subpopulations. They produce 
cytokines, such as IL-1, IL-6, and TNF-α, which support tumor progression, 
as well as anti-inflammatory cytokines, such as IL-10. A recent publication 
revealed a switch in the predominant TAM subpopulation by glioma cells 246. 
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Mouse macrophages are remarkably more sensitive to lipopolysaccharide 
(LPS) activation in the presence of HPSE. Meanwhile, macrophages also 
induce the production and activation of HPSE 247. Microglia are the resident 
macrophages in the brain. Rat primary microglia express active HPSE when 
stimulated by LPS, and the migration of microglia can be inhibited by 
HPSE-specific inhibitors 248. 

Heparanase as a therapeutic target 
The role of HPSE in tumor progression suggests HPSE as target for tumor 
therapy. Ectopic miR-1258, suppressing HPSE expression and activity, was 
reported to inhibit the brain metastasis of experimental breast cancer 249. 
Several oligosaccharide-based compounds that inhibit HPSE activity have 
been developed. Compound SST0001, a chemically modified heparin, effec-
tively inhibited myeloma growth and angiogenesis in vivo 250. PG545 is a 
synthetic, fully sulfated HS mimetic compound that entered Phase I trials in 
2011 251. PG545 showed efficacy in anti-tumor growth and anti-metastasis in 
murine models for breast, prostate, liver, lung, colon, head, and neck cancers 
and melanoma. Pharmacokinetic data revealed a relatively long half-life of 
this compound and a need for less frequent dosing compared with other HS 
mimetics 252. 
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Present Investigations 

Paper I  
Heparanase confers a growth advantage to differentiating embryonic stem 
cells, and enhances their differentiation into oligodendrocytes 

Background and Aim 
HSPGs are mostly expressed on the cell surface and in the pericellular ma-
trix, where they interact with macromolecules including growth factor. They 
are widely expressed in mostly all types of cells, and therefore are important 
in development and homeostasis. Depletion in major HSPGs biosynthesis 
and modification enzymes in ES cell led to deficiency in differentiation po-
tential. HPSE is the predominant HSPGs degradation enzyme. It cleaves 
HSPGs at specific site and release fragments of HSPGs with binding mac-
romolecules. However, its role in stem cell differentiation has not been in-
vestigated. In this project, we aim to understand the role of HPSE in embry-
onic stem cell in vitro differentiation to cells of the neural lineage. 

Results and discussion  
We utilized ES cells overexpressing HPSE (Hpse-Tg), and compared their 
behavior in differentiation with the wild type (wt) ES cells from the same 
genetic background. For in vitro differentiation, we followed a two-step pro-
tocol that first differentiated ES cells to NSPCs then to differentiated cells of 
the neural lineage.  

Pluripotency of ES cells from both genotypes were verified by teratoma 
formation. We revealed significant growth advantage in in vitro proliferation 
of Hpse-Tg ES cells. Hpse-Tg ES cells also formed largger teratomas in 
vivo. These data suggested a strong pro-proliferation and tumor-promoting 
effect of HPSE. Though previous studies suggested a pro-angiogenic effect 
of HPSE, we did not observe any increase in blood vessel density in Hpse-
Tg teratomas.  

When subjected to differentiation to neural progenitor cells, ES cells of 
both genotypes were able to initiate differentiation and generated NSPCs, 
which consistent with the facts that Hpse-Tg mouse exhibited only mild 
phenotype and showed no major defects in brain development. We observed 



 37 

a significant increase in cell number in differentiating Hpse-Tg ES cells than 
in wt cells, underscoring the cell growth stimulating effect of HPSE. During 
this differentiation phase, the endogenous mouse hpse gene expression level 
increased in wt cells, suggesting a role of HPSE in differentiation to NSPCs. 

The ES derived NSPCs underwent differentiation to cells of neural line-
age via mitrogen withdrawal. During this phase, we observed a decrease in 
hpse mRNA expression levels in wt NSPCs. HSPGs are largely involved in 
the RTK signaling. Therefore, we asked if cleavage by HPSE could alter the 
activation of signaling pathways. Phosphorylation of ERK and AKT are the 
two major events in RTK cascades. We found that activation levels were 
different between differentiating Hpse-Tg and wt NSPCs. The phosphoryla-
tion of ERK decreased during the differentiation in wt cells, while in Hpse-
Tg cells, the activation level went down slightly on the early time point and 
then increased until the end of the differentiation. The activation level of 
AKT increased in both cell lines, but the relative AKT activation level was 
higher in Hpse-Tg cells. Since activated AKT is believed to be a pro-survival 
factor, the overall higher AKT activation in Hpse-Tg cells indicated a 
stronger anti-apoptotic protection in their culture. 

ERK and AKT activation can be triggered by several ligands including 
FGF2, EGF and PDGFs, which are important in cell fate choice. When we 
followed the neural differentiation by cell type specific marker staining, we 
first observed higher proportion of Olig2-positive glial progenitor cells in 
Hpse-Tg cells at early time points of differentiation. Most intriguingly, we 
found significantly more CNPase-positive oligodendrocytes in Hpse-Tg cells 
than wt cells, though ratios of NG2-positive cell were more or less the same 
in two genotypes. Meanwhile, the proportion of neurons increased in wt cells 
presented by the increase in ratio of MAP2- and Tuj1- positive cells.  

Altogether, we found growth stimulation of HPSE in proliferating ES 
cells and in emerging progenitors during ES to neural differentiation. Hpse-
Tg NSPCs showed an advantage in generating mature oligodendrocyte from 
Olig2/NG2-positive cells, which could due to the increase in proliferation 
and reduction in apoptosis indicated by increased ERK and AKT phophory-
lation of HPSE. 
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Paper II  
Heparanase promotes glioma progression and inversely correlates with pa-
tient survival 

Background and Aim 
Glioma is the most common malignant brain tumor in humans. Its most ma-
lignat form, GBM has very poor outcome, in spite of surgery and combined 
treatments. One of the hallmarks of this disease is the diffuse infiltration to 
healthy brain tissue. HPSE cleavage, not only liberates the HS binding mole-
cules, but also degrades extracellular matrix, which may contribute to the 
malignant features of this disease. Elevation of HPSE has been discovered in 
several human tumors, and often associated with reduced survival and en-
hanced tumor metastasis. Therefore, in this study, we aim to study the role of 
HPSE in growth and progression of glioma. 

Results and Discussion 
We first examined the expression of HPSE in glioma. In stainings of human 
patient tissue, we found enhanced HPSE staining in glioma tissue compared 
with non-tumor brain, and stronger HPSE staining in neuropil in higher-
grade glioma. In GBM patient derived cell lines, HPSE protein expression 
levels were higher than in normal human cortex and fetal cerebellum. We 
next analyzed the association between HPSE expression and patient survival 
in two different sources, and got the similar results: in a brain tumor tissue 
array, high-grade glioma patients with low HPSE staining exhibited signifi-
cant longer 3-year overall survival rate than patients with high HPSE in nu-
cleus. In a public available database, similarly, we found that GBM patients 
with lower HPSE mRNA expression had significantly longer survival time. 
Furthermore, the patients in subgroups with higher HPSE expression (mes-
enchymal and neural) also have shorter survival time compared with those in 
subgroups with lower HPSE expression (proneural and classic). Taken to-
gether, we discovered a negative association between HPSE expression and 
patient survival time. 

To characterize mechanisms of how HPSE is involved in glioma progres-
sion, we modified HPSE levels in glioma cell lines, and monitored the cell 
behavior in vitro. We observed a significantly slower growth in GBM patient 
derived cell line with down-regulated HPSE. When increasing HPSE in cul-
ture, the mouse glioma cell line GL261 obtained a growth advantage, togeth-
er with an increased activation level of ERK and AKT. Thus, we concluded 
HPSE could stimulate cell growth and activate ERK and AKT signaling. 

Thereafter, we stereo-tactically injected GL261 cells into the striatum of 
HPSE transgenic (Hpse-Tg), HPSE knockout (Hpse-KO) and wild type (wt) 
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mice, and monitored tumor growth via bioluminescence imaging. We found 
that tumors in Hpse-Tg brains grew faster than in the WT-brain, and tumors 
in Hpse-KO brain grew slower than those in WT-brain. In addition, tumors 
in Hpse-Tg brain exhibited more diffuse phenotypes, while those in Hpse-
KO brains appeared more circumscribed. To look into the mechanism of 
environmental high HPSE induced glioma growth, we first examined the 
glial scar formation (GFAP positive cells), and observed a tendency of thin-
ner glia scar surrounding tumors in Hpse-KO brains comparing with those in 
WT brains. In addition, we detected increased infiltrating Mac2 positive 
microglia/macrophage in tumors from Hpse-KO brains. Furthermore, though 
there was no significant difference in vessel density in the cores of tumors 
from three different environments, in peritumoral area the vessel density in 
tumors from Hpse-Tg brains was much higher than those from Hpse-KO 
brain, suggesting that HPSE might activate pro-angiogenetic factors or in-
crease endothelial mitogens bioavailability to stimulate blood vessel for-
mation. 

Due to the link between high HPSE levels and enhanced glioma growth 
both in vitro and in vivo, we decided to inhibit HPSE during glioma progres-
sion. We first treated GL261 cells in vitro with PG545, a potent inhibitor of 
HPSE activity. We observed a reduced growth and reduced viability under 
PG545 treatment in a dose dependent manner. PG545 also reduced the acti-
vation of AKT, but not ERK activation. Subsequently, we subcutaneously 
injected GL261 to flank of mice and started PG545 treatment by intra-
peritoneal or subcutaneous injection after tumors were formed. Both routes 
led to tumor growth inhibition.  

Taken together, our data showed that HPSE was up regulated in glioma 
and positively associated with poor outcome. HPSE bestowed a growth ad-
vantage of glioma cells in vitro and in vivo. Inhibition of HPSE reduced gli-
oma growth in vitro and in vivo, suggesting HPSE could be a glioma target 
of clinical relevance. 

Paper III  
Nuclear Receptor Binding Protein 2 is downregulated in Medulloblastoma, 
and reduces tumor cell survival when overexpressed in Medulloblastoma 
cells in vitro 

Background and Aim 
NSPCs can be initiating cells for brain tumor formation including MB. 
NRBP2 is a pseudokinase gene identified in a screen for up regulated genes 
in neural stem cell differentiation. In mouse brain development, NRBP2 is 
express in cerebellum, and mainly confined to specific neuronal populations 
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including cerebellar Purkinje cells. NRBP2 is also expressed in specific 
specimens in MB patient specimens. Therefore, we hypothesized that 
NRBP2 could participate in brain tumor development. 

Results and discussion 
To understand the regulation pattern of NRBP2 expression in brain tumors, 
we performed immuno-staining of a tumor cohort including 113 patients 
from 31 different types of brain tumors. We found very little NRBP2 expres-
sion, which in line with our hypothesis that a gene expressed at low levels in 
stem cells might also have low expression in brain tumors due to the proper-
ties shared between NSPCs and brain tumor cells. We thereafter focused on 
the association between low NRBP2 and medulloblastoma. By database 
mining, we found that NRBP2 expression was significantly lower in MB 
compared to normal cerebellum. Moreover, NRBP2 expression was higher 
in the MB subgroup with better prognosis, suggesting the involvement of 
NRBP2 in MB tumorigenesis. When investigating NRBP2 cellular localiza-
tion in brain tumor cells via subcellular fractionation, we found mostly cyto-
plasmic expression of NRBP2 in MB, neuroectodermal tumor and GBM cell 
lines. The mainly cytoplasmic localization is in line with previous investiga-
tions of NRBP2, and NRBP1, the other member of the same family. 
We then investigated the mechanism for down regulation of NRBP2 gene 
expression in MB. In available databases, we found no mutations in NRBP2 
gene, which suggested a possible epigenetic modification of the gene. When 
we treated MB cell lines with DNA de-methylation or histone de-aceylation 
drugs, NRBP2 gene expression levels were elevated, demonstrating a reduc-
tion in NRBP2-expression by epigenetic changes in MB cell lines. Down 
regulation of NcoR, a co-repressor forming a complex with histone deacety-
lases could also increase NRBP2 expression significantly, suggesting a net-
work of repressing NRBP2 gene expression. Meanwhile, we also observed 
an elevation in growth rate in cells treated with these drugs. 

We then decided to define the role of NRBP2 via overexpression of 
NRBP2 in a MB cell line. In NRBP2-overexpressing cells, we observed a 
tendency of growth reduction followed by a dramatic decrease in cell num-
ber compared to control cells. In a scratch-assay, testing the ability to repop-
ulate a cell-free region, NRBP2-overexpressing cell spread slower than con-
trol cells. When seeded in an artificial extracellular matrix for measuring 
invasiveness, the NRBP2-overexpressing cells invaded slower in the colla-
gen gel. To further characterize the cause of these pronounced effects, we 
compared the distribution of different stages of the cell cycle by flow cytom-
etry, but found no major difference, suggesting a similar growth rate. How-
ever, we observed enrichment in the fraction of dead cell in NRBP2-
overexpressing cells, and further analysis revealed an increase in apoptotic 
cells at an early time after overexpressing NRBP2. 
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In summary, we demonstrated a deficiency of in vitro migration and inva-
sion resulting from elevated NRBP2 levels in MB cells, which was unlikely 
due to alteration in cell cycle. We showed a pro-apoptotic effect on MB cells 
by NRBP2 overexpression. These data suggest that it could be worth study-
ing ways to increase NRBP2 expression in MB. 

Paper IV  
Genome-wide association mapping of canine glioma followed by targeted 
massive parallel sequencing identifies CAMKK2, P2RX7 and DENR as novel 
candidate genes for canine and human glioma 

Background and Aim 
Gliomas are the second most common malignant primary brain tumor in 
dogs, occurring with a similar frequency as in humans. Dogs are mostly in-
bred, providing valuable spontaneous models to investigate glioma suscepti-
bility and oncogenesis. Several brachycephalic breeds have an elevated risk 
of developing gliomas, than other breeds. Therefore, we decided to search 
for candidate glioma susceptibility genes by comparing the genome from 
breeds with high and low glioma risks. 

Results and discussion 
We first performed across-breed genomic-wide association mapping using 
39 gliomas and 142 controls. After genomic control corrections, we identi-
fied a major locus on canine chromosome (CFA) 26. Next step, we exam-
ined the minor allele frequency (MAF) on CFA 26 to found out signs of 
selection in region associated with glioma. Here we identified the glioma-
associated region. The re-sequencing of this region identified in total 6957 
single nucleotide variants. Employing association test in two different ways, 
we obtained the same results in most associated single nucleotide variants 
(SNVs), which located in the gene Calcium/calmodulin-dependent protein 
kinase kinase 2 (CAMKK2). It is highly expressed in the adult brain, and 
stimulates a number of signaling pathways in response to increase in intra-
cellular Ca2+. The second most associated one was in the gene Density-
regulated protein (DENR). This protein acts together with oncogene multiple 
copies in T cell lymphoma-1 (MCT-1) in translation initiation. The third one 
located in the gene Purinergic receptor P2X, ligand gated ion channel 7 
(P2RX7).  

To evaluate the potential effect of the candidate variants, we first exam-
ined the expressions of these genes in dog glioma in compare with normal 
tissue. We find a reduced expression of CAMKK2 in tumors versus normal 
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tissue, whereas P2RX7 showed an increased gene expression in tumors. No 
significant changes were discovered for DENR.  

We subsequently examined the human high-grade gliomas expression 
changes of these genes. Similar to changes in dog tissue, in analysis of avail-
able array dataset, we reveal a significantly lower mRNA expression of 
CAMKK2 in infiltrating astrocytic tumors, ependymomas and oligodendro-
gliomas compared to normal brain tumors. No significant difference for 
DENR and P2RX7 was discovered in the same dataset. Moreover, we exam-
ined the protein levels of CAMKK2 in human GBM patient-derived cell 
lines maintained in neural stem cell culture, and found 20%-60% lower ex-
pression in tumor cell lines compared to normal frontal cortex. When we 
treated these GBM cell lines with 5% serum for seven days to induce their 
differentiation, we found that CAMKK2 mRNA expression increased 2-3 
fold after differentiation in both of the cell lines. There was a trend for lower 
DENR protein expression in GBM versus normal brain, while no difference 
was observed in P2RX7 protein expression data. 

Altogether, we were able identify three candidate genes strongly associat-
ed with glioma susceptibility in dogs by comparing sequence differences in 
dog breeds with different glioma incidence. One of these three genes was 
down regulated in human glioma samples, and can be up regulated when 
GBM stem cells were differentiated, suggesting possible involvement of this 
gene in human glioma development. 
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Discussion and future perspectives 

Malignant brain tumors, especially glioma and medulloblastoma remain 
devastating diseases with poor prognosis and/or severe side effects of treat-
ment, in spite of tremendous progress in understanding the molecular mech-
anism of these illnesses. In this thesis, I focus on potential new regulators in 
brain tumor development from two aspects: finding novel regulators based 
on neural stem cell differentiation, and using dogs as models to understand 
human disease. 

In paper I and II, I studied HPSE in neural stem cell in vitro differentia-
tion and in glioma development. The main functions of HPSE define its role 
in cell signaling and ECM remodeling. In line with various previous find-
ings, HPSE showed a pro-proliferative effect. The most interesting finding is 
the strongly enhanced oligodendrocyte production in HPSE-overexpressing 
cells monitored by in vitro differentiation of ES cell-derived neural stem 
cells. The proportional change of OPC and oligodendrocytes in phase II dif-
ferentiation suggested an anti-apoptosis effect. In parallel, we found altera-
tions in ERK and AKT activation, proving the involvement of HPSE in ma-
nipulating RTK signaling in general. It would be interesting to identify the 
exact receptor signaling pathway(s) that protect the OPCs during differentia-
tion e.g. via a receptor tyrosine kinase array. Oligodendrocytes are consid-
ered as the end-product of neural differentiation, and generation of oligoden-
drocytes in vitro has turned out to be complex and time-consuming. There-
fore, it would be worth testing the effect on oligodendrocyte generation via 
addition of HPSE in the culture. A consequence of the observed increase in 
oligodendrocytes was the concomitant decrease in neurons. By a simple 
calculation, we would speculate that an oligodendrocyte-protective effect 
alone could not result in this phenomenon. Meanwhile, we should also be 
aware that Hpse-Tg NSPCs showed significantly more Olig2 positive pro-
genitors than wt-cells, indicating an alteration in cell fate choice as early as 
differentiation phase I. Therefore, it will be interesting to observe the effect 
of HPSE addition to cells in differentiation phase I, although there might be 
difficulties in interpretation of the results due to the complexity of the phase 
I culture. 

Our theory was that at least two main functions of HPSE, modulating cell 
signaling and remodeling the ECM, could be involved in glioma. In paper II, 
we found several pieces of evidence to support this hypothesis. First, in gli-
oma patients, high HPSE expression associated with poorer survival. Sec-
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ondly, in vitro studies suggested a pro-proliferative effect of HPSE on hu-
man and mouse glioma cell lines via RTK-signaling. These finding were 
consistent with those in various other major tumor types. In our syngeneic 
orthtotopic HPSE mouse models, the glioma cell line GL261 already ex-
pressed high level of HPSE, and the difference in HPSE amounts was in the 
host brain. Therefore, differences among tumors could be expected in the 
peritumoral area. One surprising finding is the increased amount of Mac2-
positive cells in tumors of Hpse-KO mice, since microglia/macrophages are 
often believed to associate with promotion of tumor growth. Mac2 is a 
marker for the all microglia/macrophages, and other antibodies are needed to 
distinguish multiple microglia/macrophages subpopulations with distinct 
functions. Investigating these major subpopulations will help understanding 
mechanisms involving HPSE in tumor progression. Inhibition of HPSE by 
PG545 reduced mouse glioma cell line proliferation in vitro, and resulted in 
smaller subcutaneous tumor size in syngeneic mice, suggesting HPSE as a 
therapeutic target in glioma. Characterization of PG545-treated tumors will 
give useful information on mechanisms of PG545 inhibition. It is worth no-
ticing that PG545 is a large molecule that should not pass the blood brain 
barrier under normal conditions. On the other hand, the blood brain barrier is 
disrupted in certain degree in presence of brain tumors. Therefore, it is of 
great importance to examine the brain penetration capability in PG545 with 
presence of glioma in mouse models. To further validate PG545 as an anti-
glioma drug, it is also meaningful to test its effect on human glioma-derived 
cell lines in a xenograft model. 

The cell of origin of medulloblastoma and glioma is still elusive. So far, 
several different cell types have been suggested as the cell of origin, and all 
these cell types can be grouped as neural stem cells or their cell-fate restrict-
ed progenitors. NRBP2 is a pseudokinase that is highly up-regulated in 
NSPCs during differentiation. We hypothesized that a gene with low expres-
sion in stem cells, compared to mature cells might be important in tumor 
formation due to the similarity between tumorigenic cells and stem cells. In 
paper III, we found indications that NRBP2 could have tumor suppressor 
functions in MB. We base this assumption on the observations that NRBP2 
expression is low in MB patients and down-regulated by epigenetic mecha-
nisms in MB cell lines. Furthermore, NRBP2 over-expression kills MB cells 
in vitro. To further prove this hypothesis, it will be necessary to examine the 
influence of overexpressing NRBP2 in MB development in vivo in mice that 
are prone to MB development. For this purpose, we intended to use a Tet-on 
expression system to control the timing of NRBP2 overexpression in neural 
precursors with stabilized MYCN mutations and examine if it alters the tu-
morigenicity of the cells. 

In spite of numerous advantages using mouse as glioma animal models, 
one shortcoming of mice is that they have a short life span and are inbred 
which limits their potential in identifying glioma susceptibility gene. In pa-
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per IV, we searched for glioma-associated genes by comparing the genomes 
of dog breeds that have different glioma incidences but are generated from 
the same ancestor breed. Among the three genes we identified from dog 
gliomas, I find (CAMKK2) to be of most interest due to the similar expres-
sion-regulation in dog and human glioma, up-regulation in 'differentiated' 
glioblastoma stem-like cells, and its known functions in mature cells of the 
neural lineage. The most meaningful action is now to transfer the knowledge 
we obtained in dogs to explore human glioma. There are various ways to 
achieve this goal, including studying the role of CAMKK2 in vitro using 
human patient derived cell lines, and monitor the effect of overexpressing 
and/or inhibiting its expression in vivo in different models. 

For heterogenic and complex tumors like glioma and medulloblastoma, 
identification of more novel regulators as putative targets is of urgent need. 
The novel regulators studied in this thesis were chosen from different angles, 
including studies of a signaling and ECM-modulator, a candidate gene from 
neural stem/progenitor cell differentiation studies, and from a GWAS of 
dogs with glioma. The progress in understanding brain tumor mechanism 
and improving therapeutic outcome will be continued, and my hope is that 
this thesis contributes. 
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