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Abstract
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Malignant brain tumors are aggressive neoplasms that remain challenging to treat in spite of
their detailed molecular characterization. Both adults and children may suffer from brain tumors,
which, if not lethal, can cause severe long-term and devastating side effects. The exceptionally
invasive behavior of tumor cells, causing infiltrative disease, is among the reasons why these
brain tumors often remain fatal. This thesis focuses on a group of molecules of the brain tumor
microenvironment, heparan sulfate proteoglycans (HSPGs), and their roles in development of
malignant brain tumors. The extracellular matrix in the brain has a unique composition with
abundant HSPGs, and the hypothesis was, therefore, that heparan sulfate (HS)-degrading and
HS-biosynthetic enzymes may have an important role in glioma and pediatric brain tumors.

In our first study, we describe the role of the HS degrading enzyme, heparanase (HPSE),
in glioblastoma (GBM) development, as well as its clinical relevance. A series of mechanistic
studies revealed the effect of HPSE on signaling pathway activation and its protumorigenic
activity in vitro and in vivo.

Next, we expanded our work to encompass HPSE in pediatric brain tumors by presenting
evidence of high HPSE expression in human tumors, and in cells derived from patients. We
showed that tumor cell growth and invasion were increased by HPSE, an effect that could be
inhibited by pharmacological treatment against the enzyme, suggesting that HPSE could be a
targetable molecule in these tumors.

We further explored the molecular mechanisms underlying the pro-tumorigenic properties
of HPSE and in study III we describe a novel HPSE-CD24-L1CAM axis which was found to
influence glioma tumorigenesis. Clinical data revealed a significantly shorter patient survival
in HPSE-high/CD24-high tumors compared to CD24-low tumors, and experiments in mice
showed that anti-CD24 and anti-L1CAM treatment inhibited tumor growth.

In the fourth study, we investigated the dysregulation of the HS biosynthetic machinery
and focused on N-deacetylase/N-sulfotransferase 1 (NDST1) in GBM development. We show
overall low NDST1 expression levels across GBM patient samples, and patient-derived cell
lines, and that low NDST1 levels correlate to poorer patient survival. Furthermore, altering the
NDST1 expression had profound effects on GBM cell invasion, migration and stemness.
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Abbreviations 

3DCRT 3D Conformal Radiation Therapy 
AKT Protein Kinase B 
BBB Blood-Brain Barrier 
BMP Bone Morphogenetic Proteins  
BPH Benign Prostatic Hyperplasia 
BTB Blood-Tumour Barrier 
CD24 Cluster of Differentiation 24 
CDK6 Cell Division Protein Kinase 6  
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ClcA Glucuronic Acid 
c-MET Tyrosine-Protein Kinase Met 
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CREBBP CREB-Binding Protein 
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CTNNB1 Catenin Beta 1  
D/N Desmoplastic/Nodular 
DC Dendritic Cells 
DDX3X ATP-dependent RNA Helicase 
DTH Delayed-Type Hypersensitivity  
DWI MRI Diffusion-Weighted Magnetic Resonance Imaging 
ECM Extracellular Matrix  
EGFR Epidermal Growth Factor Receptor  
EGR1 Early Growth Response 1  
EOMES Eomesodermin 
ER Estrogen Receptor  
ERK Extracellular Signal–Regulated Kinase 
ETMR Embryonal Tumor with Multilayered Rosettes 
EXT1-2 Exostosins 1-2  
EXTL3 Exostosin Like Glycosyltransferase 3 
FAK Focal Adhesion Kinase 



 

FGF2 Fibroblast Growth Factor 2  
FLAIR Fluid-Attenuated Inversion Recovery 
GalT1-2 Galactosyltransferases 1-2  
GBM Glioblastoma 
G-CIMP Glioma-CpG Island Methylator G-phenotype  
GlcNAc N-acetyl-D-glucosamine  
GLI2 GLI Family Zinc Finger 2  
GNPs Granule Neuron Progenitors  
GPI Glycosylphosphatidylinositol  
GS Glycol-Split 
HA Hyaluronic Acid  
HCC Hepatocellular Carcinoma 
HGCC Human Glioma Cell Cultures 
HPSE Heparanase  
HS Heparan Sulfate  
Hs2st 2-O-Sulfotransferase  Endosulfatase 
Hs3st1-6 3-O-Sulfotransferases Endosulfatases 1-6 
Hs6st1-3 6-O-Sulfotransferases 1-3  
HsGlce  C5 Epimerase  
HSPGs Heparan Sulfate Proteoglycans  
IDH1 Isocitrate Dehydrogenase 1  
IFN-γ Interferon gamma  
IGF-2 Insulin-Like Growth Factor-2  
IGPT Image-Guided Proton Therapy 
IL Interleukin 
IMRT Intensity-Modulated Radiation Therapy 
ISREs Interferon-Stimulated Response Elements  
KDM6A Lysine Demethylase 6A  
L1CAM L1 Cell Adhesion Molecule 
LC/A Anaplastic/Large Cell MB  
LMWH Low-Molecular-Weight Heparin 
LMX1A LIM Homeobox Transcription Factor 1, Alpha 
MB Medulloblastoma 
MB Medulloblastoma  
MBEN Medulloblastoma with Extensive Nodularity 
MERTK Tyrosine-Protein Kinase Mer 
MES Mesenchymal 
MMP Matrix Metalloprotease  



 

MRI Magnetic Resonance Imaging 
MycN N-Myc Proto-Oncogene Protein  
NDST1-4 N-Deacetylase/N-Sulfotransferases 1-4 
NF1 Neurofibromatosis 1  
NF-κB Nuclear Factor  kappa-Light-Chain Enhancer of B-cells  
NK Natural Killer cells 
NSC Neural Stem Cell 
OLIG2 Oligodendrocyte Transcription Factor 2  
OPC Oligodendrocyte Progenitor Cells 
OTX2 Orthodenticle Homeobox 2  
PBT Pediatric Brain Tumor  
PCNSL Primary Central Nervous System Lymphoma 
PDGFRA Platelet-Derived Growth Factor Receptor Alpha 
PI3K Phosphatidylinositol-4,5-bisphosphate 3-kinase 
PN Proneural 
PRDM6 PR Domain Zinc Finger Protein 6 
PT Proton Therapy 
PTCH1 Protein Patched Homolog 1  
SHH Sonic-Hedgehog  

SMARCA/B 
SWI/SNF-related Matrix-Associated  Actin- 
Dependent Regulator of Chromatin subfamily A/B 

SMC Smooth Muscle Cell 
SNCAIP Synuclein, Alpha Interacting Protein 
sPNET Supratentorial Primitive Neuroectodermal Tumor  
SVZ Subventricular Zone 
SULF1-2 Endosulfatases 1-2 
TCGA The Cancer Genome Atlas Research Network  
TERT Telomerase Reverse Transcriptase 
TGI Tumour Growth Inhibition 
TMA Tissue Micro Arrays 
TMZ Temozolomide 
TNFα Tumor Necrosis Factor alpha  
TP53 Tumor Protein p53  
UFH Unfractionated Heparin 
VEGF Vascular Endothelial Growth Factor  
WHO World Health Organization  
WNT Wingless  
XYLT1-2 Xylosyltransferase 1-2  
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Central Nervous System Tumors 

Primary malignant central nervous system (CNS) tumors represent about 2% 
of all cancer types, although account for high mortality rates1,2. Brain malig-
nancies are the leading cause of death from solid tumors in children and the 
third cause of death from cancer in adolescents and adults aged from 15 to 
34 years3. Even though the tumor may be classified as benign, it can be 
deadly as a result of continuous growth and invasion in the confined space of 
the brain. Common symptoms and treatment options may vary depending on 
the tumor type, location, size and the age of the patient. Characteristic 
symptoms of brain tumors are headaches, vision problems, seizures, memory 
loss and poor coordination. Meningiomas are the most common benign brain 
tumors, and gliomas that encompass the highly aggressive, grade IV 
GBM, are the most prevalent malignant brain tumors1. 

Glioma 
Gliomas are among the most common types of brain cancers. They arise as 
either supratentorial or infratentorial tumors, and are further subdivided ac-
cording to histology and molecular and genetic signatures, based on the 
World Health Organization (WHO) classification of 20164: Gliomas are 
classified according to WHO criteria in grades I–IV, with I-II being the low-
grade/slowly developing glioma and III-IV the high-grade and more intru-
sive gliomas5 (Fig. 1). Diffuse and anaplastic astrocytomas, of which the 
high grade glioblastoma (GBM) is the most common, are further subclassi-
fied by their IDH mutation status. Oligodendrogliomas and anaplastic oli-
godendrogliomas are classified by IDH mutation and 1p/19q co-deletion 
status. The categorization of gliomas according to new molecular and genet-
ic parameters introduces a more solid and systematic classification towards a 
detailed base for further diagnostic and therapeutic interventions4,6. 
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Figure 1: The WHO classification of malignant glioma 

Glioblastoma (GBM) 
Grade IV GBM accounts for 80% of all cases of malignant glioma. Depend-
ing on the location of the tumor, symptoms can vary between patients, from 
weakness on one side of the body, seizures, memory loss, speech difficulties 
to nausea and vomiting. GBM is histologically characterized by extensive 
cellularity and mitotic activity, microvascular proliferation, necrotic areas 
surrounded by pseudopalisading cells, and a high-degree of invasiveness7,8. 
These tumors are restricted to the CNS and almost never metastasize to other 
parts of the body. From a molecular perspective, GBM has been defined as a 
highly heterogeneous tumor which arises from a multistep process of cumu-
lating genetic alterations8. Transcript profiling combined with genomic aber-
ration analysis and further consensus non-negative matrix factorization for 
clustering has revealed three distinct molecular subtypes of GBM9,10 which 
are referred to as proneural, classical and mesenchymal.  

GBM Cell of Origin 
The cell of origin for human GBM is not fully identified, even though many 
studies in mice have identified neural stem cells and progenitor cells as the 
glioma-initiating cells11. Neural stem cells (NSCs) are multipotent progenitor 
cells that give rise to lineage-restricted progenitor cells, which can generate 
neurons and glial cells. NSCs remain during adulthood, although they are 
much less abundant than during development, and maintain the capacity to 
self-renew and give rise to new progenitors12. Oligodendrocyte progenitor 
cells (OPCs) have been suggested as the cell of origin of oligodendrogli-
omas, due to the enrichment of the respective markers in this tumor type13,14. 
Another study supports that overexpression of V12Ha-ras specifically in as-
trocytes can initiate development of astrocytomas in mice15. Some studies 
have also shown that the activation of both H-RAS and AKT along with the 
loss of p53 in GFAP+ cells in the hippocampus or subventricular zone 
(SVZ) can cause the development of GBM-like disease16. In mouse models 
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for GBM, different cells of origin can result in different tumor phenotypes17. 
For identifying a stem-cell-like cell of origin for GBM, many markers have 
been suggested to be exclusively present in tumor-initiating cells but there is 
increasing support that a combination of specific markers should be used in 
order to identify brain tumour-initiating cells. 

Molecular Characterization of GBM 
Glioblastoma is characterized by an extreme inter- and intratumoral hetero-
geneity18. The Cancer Genome Atlas research network (TCGA) has provided 
molecular classification of adult GBMs based on their gene expression and 
mutational profiles. Hence, three molecular GBM subgroups have been iden-
tified: proneural, classical and mesenchymal9,10. The significance of molecu-
larly defined GBM tumor subtypes relates to the need to find new therapeu-
tic approaches focusing on patient stratification with the hope that those 
would be more effective than the current treatments.  
 
The Proneural (PN) subtype is linked to PDGFRA, IDH1 and TP53 muta-
tions and, to some extent, younger age of patients. This group displays high 
expression of oligodendrocytic lineage genes, e.g. PDGFRA and OLIG2. 
Another characteristic of this subtype is a small subset found to exhibit glob-
al hypermethylation from younger patients19 (termed glioma-cytosine-
phosphate-guanine-CpG island methylator phenotype, G-CIMP). The G-
CIMP has shown clinically significant contributions to the prognosis of 
GBM as G-CIMP positive tumors have shown a better prognosis than G-
CIMP negative tumors. However, comprehensive DNA methylation profil-
ing in a large cohort of glioma patients shows that the relation of G-CIMP 
and IDH1 status is not always correlated19.  
 
The Classical subtype (CL) is characterized by amplifications of chromo-
some seven and deletion of chromosome 10, EGFR amplification and homo-
zygous deletion of the Ink4a/ARF locus. Similarly, this subtype lacks addi-
tional abnormalities in TP53, NF1, PDGFRA or IDH1. O-6-Methylguanine-
DNA methyltransferase (MGMT) is a protein that is encoded by the MGMT 
gene and is pivotal for genomic stability. Its role is to repair the O6-
Methylguanine back to guanine during DNA replication and transcription 
which can be caused by the alkylating agent temozolomide (TMZ). Hence, 
loss of MGMT and incapacity of this enzyme to repair the mismatch in-
creases the sensitivity to TMZ. MGMT-methylated tumours of the CL sub-
group respond better to temozolomide as compared with non-MGMT-
methylated CL GBMs20. 
 
The mesenchymal (MES) subtype is characterized by hemizygous NF1 dele-
tion and low levels of NF1 mRNA expression which sequentially activates 
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the PI3K/Akt pathway. Mesenchymal markers (CHI3L1/YKL40, MET) and 
astrocytic markers (CD44, MERTK) are also expressed by the MES subtype 
which are known signatures that may cause epithelial-to-mesenchymal tran-
sition. EMT is a reversible process that occurs in epithelial but also in cancer 
cells. It is defined as a phenotypic and behavioral change through genetic 
alterations leading to increased migratory and invasive capacity but also 
resistance to chemotherapeutic agents21. The high degree of necrosis and 
inflammation found in MES samples is linked to the mesenchymal pheno-
type through an expression signature of wound healing, and NF-κB target 
genes22. MGMT-methylated MES tumours have shown better response to 
temozolomide treatment than non-MGMT-methylated tumours, although this 
is not significantly different20. Finally, one of the unique characteristics of 
the MES subgroup is the mutation in PTEN which activates the 
RAS pathway, making the phenotypic presentation of these tumors highly 
invasive. 

Pediatric Brain Tumors 
Pediatric brain tumors are neoplasms of the brain, stemming from undiffer-
entiated or poorly differentiated stem or progenitor cells, which may display 
divergent differentiation along the astrocytic or neuronal lineages4. Embryo-
nal tumors comprise approximately 25% of all primary CNS tumors arising 
in children. Embryonal tumors are a cluster of biologically heterogeneous 
lesions that disseminate through the nervous system via the cerebrospinal 
fluid (CSF). These tumors are very similar but molecular studies have estab-
lished the differences between tumors arising in different areas of the brain 
23. These tumors develop across the childhood age spectrum with higher 
incidence in children less than five years old, but in some cases also appear 
in adults23. Embryonal tumors have been particularly challenging to classify 
histologically as they have a similar phenotype under the microscope of 
“small round blue” cells24. They have been categorized as primitive neu-
roectodermal brain tumors arising in infratentorial (posterior fossa or cere-
bellum) or supratentorial (cerebral) locations of the brain and called medul-
loblastoma or supratentorial PNET (sPNET) respectively. However, sPNETs 
have been re-named to CNS embryonal tumors, and have been further classi-
fied based on the C19MC region amplification on chromosome 19 and INI1 
loss status4. Embryonal tumors may occur in the spinal cord, brain stem, 
cerebellum and/or cerebral hemispheres. They are denoted as medulloblas-
tomas (Fig. 2), medulloepitheliomas, embryonal tumours with multilayered 
rosettes (ETMR) with C19MC-altered/non, atypical teratoid/rhabdoid tumors 
(ATRT) with INI1 alteration, CNS embryonal tumors-NOS when non-
otherwise specified genetic changes, CNS neuroblastomas or ganglioneuro-
blastomas (Fig. 3) if ganglion cells are also present. 
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Medulloblastoma (MB) 
Medulloblastoma is the most common form of malignant embryonal pediat-
ric brain tumor. It is believed to arise from granule neuron progenitors 
(GNPs) or other undifferentiated cells of the cerebellum, in or near the brain 
stem25,26. For a long time, MBs, intracranial primitive neuroectodermal tu-
mors and a large part of ATRTs were considered as one entity. However, the 
histological profiling alongside molecular profiling of childhood brain tu-
mors classifies MB as a unique and separate tumor type according to the 
WHO classification of 201627. MB can be divided into four major histo-
pathological subtypes which are mostly correlated to different outcomes of 
the disease: classic MB (> 70% of cases) with structureless sheets of dense 
small round cells with large nuclei and small cytoplasm. The desmo-
plastic/nodular MB (D/N) (~20% of cases) were named due to the high con-
nective tissue content in the internodular regions. The anaplastic/large cell 
MB (LC/A) (~5% of cases) is generally considered to have a poorer progno-
sis and is defined by round cells with prominent nucleoli, numerous mitotic 
figures and apoptotic bodies28,29. Finally, MB with extensive nodularity 
(MBEN) shows a better prognosis than most of the other subgroups even 
though is considered an supreme type with desmoplastic pattern, exhibiting 
large-scale nodularity and progressive neuronal differentiation30. Further-
more, MB can be divided into 4 four molecularly distinct subgroups: the 
well-characterized, Wingless (WNT) and Sonic-Hedgehog (SHH) sub-
groups, and the less-characterized Group 3 and Group 4, in where the signal-
ing pathways involved are not fully determined (Fig. 2). Also, MB has been 
recently further categorized into subtypes of the already existing subgroups 
that reveal intertumoral heterogeneity within the subgroups by combining 
expression and methylation data analysis of patient samples31. This allows 
clearer and refined categorization of MB tumors which is more clinically 
relevant as it provides prognostic information for the proper clinical treat-
ment options and risk stratification. 

Molecular Classification of Medulloblastoma 
The WNT subgroup has the most favorable prognosis among all the sub-
groups and represents 10% of all MBs32. WNT MBs usually display non-
metastatic behavior and WNT patients show high survival rates of over 95% 
after standard therapy, which consists of surgical tumor resection, craniospi-
nal radiation and chemotherapy. Recent studies show that the progenitor 
cells in the lower rhombic lip of the fourth ventricle near the brainstem is the 
cell of origin for this tumor33. Approximately all the WNT MBs are identi-
fied by activation of the WNT signaling pathway, usually caused by activat-
ing mutations in the beta-catenin (CTNNB1) gene resulting in stabilization 
of the protein34. The second most frequent mutation is in the DDX3X gene 
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encoding a multifunctional ATP-dependent kinase that enhances WNT pro-
genitor cell proliferation by controlling cell cycle regulation and chromo-
some segregation or complement transformation by β-catenin activation34. 
Other frequently detected mutations in WNT MBs are missense mutations in 
TP53. Interestingly, there is no survival difference for WNT subgroup MB 
patients correlated to TP53, even though it is an essential marker in the SHH 
subgroup35. Finally, WNT MBs possess mutations in chromatin modifier 
genes such as SMARCA4 and CREBBP suggesting that epigenome dysregu-
lation is involved in the development of this MB36. Monosomy of chromo-
some 6 is also a frequent structural alteration found in WNT MBs31. WNT 
MBs have been further classified into WNT α and β. WNTα tumors arise in 
children and have ubiquitous monosomy 6. It does not exhibit different sur-
vival to WNTβ patients even though the latter is found in older patients who 
are chromosome 6 diploid31. 
 
The SHH subgroup has an intermediate prognosis and SHH MBs represent 
30% of all MBs; with a 5-year survival ranging between 60–80%37. They are 
delineated by aberrant activation of the SHH signaling pathway. GNPs are 
believed to represent the cells of origin for this MB type as SHH MBs are 
localized in the cerebellar hemispheres33. The most frequent alterations in 
SHH MBs appear in the SHH pathway components, mainly patched1 
(PTCH1), suppressor of fused (SUFU) but also focal amplifications of 
MYCN and GLI232. Also, mutations of TP53 are found in childhood SHH 
MBs and are in more than half of these cases associated with germline TP53 
mutations from the Li-Fraumeni syndrome and have extremely poor out-
come. Mutations in the isocitrate dehydrogenase 1 (IDH1) gene are found in 
some SHH MB patients38. SHH MB alterations also include gains of chro-
mosome 3q and losses of 9q, 10q, and 14q arms. Additionally, SHH MB has 
recently been identified as a more heterogeneous entity of tumors than it was 
believed and has recently further classified into 4 different subgroups. The 
SHH α subtype is defined by TP53 mutations, MYCN and GLI2 amplifica-
tion and associated with a very poor prognosis in children, while SHH β 
MBs are relatively metastatic and, thus resulting in poor outcomes in infants. 
The SHHγ subtype is characterized by better outcomes in infants without 
signature mutations in comparison to SHHδ subtype which frequently con-
tains TERT promoter mutations and defines mostly adult patients31. 
 
The Group 3 subtype of MB is the most aggressive and invasive of the four 
subgroups and represent approximately 25% of all MBs37. Group 3 tumors 
are often located in the fourth ventricle near the brainstem, but as they show 
a very invasive phenotype, almost 50% of Group 3 patients display metasta-
sis at diagnosis39. In comparison to the already mentioned subgroups of MB, 
the cell of origin for Group 3 MB is still unknown. However, recent studies 
have shown that Prominin1-positive, lineage-negative cerebellar stem cells 
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and GNPs can be remodeled into tumors that resemble the human Group 3 
MB phenotype40,41. One of the most frequently mutated genes in Group 3 
MB patients is the amplification of the MYC oncogene which accounts for 
approximately 20% of cases in this subgroup. A study has also indicated the 
activation of growth factor independent-1 (GFI1) family transcription factors 
as a result of structural rearrangements ending up proximal to super enhanc-
ers42. Notch and transforming growth factor beta (TGF-β) signaling path-
ways have also been found altered in Group 3 MBs38,43. Moreover, coordi-
nate loss of chromosome 17p and gain of chromosome 17q, called isochro-
mosome 17q (i17q), has been detected in 40% of Group 3 MB patients and 
strictly associated with poor outcomes44. Recent integrative analysis suggests 
3 subtypes in the Group 3 MB: Group 3α tumors which exhibit metastasis at 
diagnosis, Group 3β have a high frequency of GFI1 activation and or-
thodenticle homeobox 2 (OTX2) amplification and Group 3γ, often exhibit-
ing MYC amplification with an invasive phenotype at diagnosis31. 
 
The Group 4 subgroup has intermediate prognosis and considered the most 
frequent subgroup comprising approximately 35% of all MBs37. They are 
often located into the fourth ventricle near the brainstem and are commonly 
metastatic at diagnosis. Similar to Group 3, the true cell of origin for Group 
4 MB is unknown although recent analysis of super enhancers suggests that 
these tumors may originate from eomesodermin-Tbr2 (EOMES) and LIM 
homeobox transcription factor-1 alpha (LMX1A) expressing progenitors in 
the upper rhombic lip45. Other frequent changes in Group 4 MBs include 
inactivating mutations in the histone lysine demethylase gene KDM6A, gene 
duplication of synuclein-alpha interacting protein (SNCAIP) as well as 
MYCN and CDK6 gene amplification38. By identifying enhancer-hijacking 
events, PRDM6 was detected as a “top-hit” gene in Group 4 MB and 
PRDM6 expression is markedly elevated in SNCAIP-duplicated Group 4 
tumors as it is located downstream of SNCAIP gene38. As Group 4 MB ex-
hibits a high degree of intertumoral heterogeneity, Group 4 tumors can be 
further subdivided in 3 subtypes: Group 4α usually has focal CDK6 amplifi-
cation, chromosome 7q gain and 8p loss and MYCN amplification. Despite 
the fact that Group 4γ exhibits similar mutation profile, it does not have 
MYCN gene amplification. Finally, Group 4β is augmented in SNCAIP and 
PRDM6 overexpression31. 
 
The most clinically relevant approach categorizes MB based on both histo-
logical and molecular profiling: MB, WNT activated (Classic, LC/A), MB, 
SHH-activated TP53-mutant (Classic, LC/A, D/N), MB, SHH-activated 
TP53-wild type (Classic, LC/A, D/N, MBEN), MB, non-WNT/non-SHH 
group 3 (Classic, LC/A) and MB, non-WNT/non-SHH group 4 (Classic, 
LC/A). 
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Figure 2: The molecular classification of medulloblastoma 

Central Nervous System Embryonal Tumors (CNS-ETs) 
CNS embryonal tumors-NOS comprise a rare percentage of embryonal tu-
mors different from the more common MBs4. The CNS embryonal tumors 
are defined as cerebral or suprasellar (between the pituitary gland and the 
hypothalamus) embryonal grade IV tumors which are highly aggressive and 
invasive, thus disseminating to the other parts of the brain with a tendency to 
subarachnoid dissemination, but rarely outside of the brain (Fig. 3). A large 
part of these rare tumors occurs supratentorially in the brain and are evenly 
distributed in the frontal, temporal and parietal lobe, although their highly 
invasive behavior can lead them through the tentorium of the cerebellum. 
The clinical outcomes are worse than other pediatric CNS tumors such as 
medulloblastoma, with a 5-year survival only 46%46. A common feature of 
this tumor is metastasis through CSF dissemination in children less than 
three years of age. 
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Figure 3: Pediatric non-medulloblastoma embryonal brain tumor classification, age 
of onset, aggressiveness and driver mutations.  

Challenges for Brain Tumor Treatment 
The incidence of CNS neoplasms in Western countries is 2%. Primary brain 
tumors present a bimodal distribution, exhibiting a smaller peak in the pedi-
atric population, at 5-9 years old, and a significantly higher number of af-
fected individuals in the 60-69 age group47. The majority of the CNS tumors 
thus appear after 50 years of life, but also, they are the second most frequent 
cancer type in children between 5-15 years and the third largest cause of 
cancer-related deaths in adults under 34 years of age47. CNS tumors are dif-
ferent from other malignancies due to their location and they rarely metasta-
size outside of the brain, despite the fact that they rapidly invade the sur-
rounding brain parenchyma. 
 
Brain tumors exhibit extensive inter- and intra-tumoral heterogeneity48-50 
which arises from expansion of clones carrying different mutations49. The 
genetic variation of GBM cells during tumor growth makes their characteri-
zation challenging and their behavior elusive. Intra-tumoral heterogeneity 
leads to selective pressure, either by clonal evolution or by chemo- and/or 
radiotherapy. Hence, the resistant clones remaining after therapy will be the 
ones forming the recurrence, thus creating a secondary tumor51 which is 
further diversified by treatment-induced mutations. Tumor relapse is the 
leading cause of treatment failure52. 
 
One of the most challenging aspects for brain tumor treatment is the pres-
ence of the blood–brain barrier (BBB). It constitutes a physical and operative 
blockade which limits passive diffusion into the brain53. It consists of tight 
junctions that seal the brain endothelial cells to form the BBB in order to 
protect the brain from the crossing of unwanted endogenous and exogenous 
particles. The complex vasculature of the BBB, compared with blood vessels 
in the rest of the body, serves as a major obstacle to successful therapeutic 
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agent delivery to the brain53,54. To date, there has been no ideal approach to 
successfully administer drugs to the brain. Research attempts are progressing 
in order to be able to successfully target brain tumors, and invent novel CNS 
delivery systems for future clinical application, such as pulsed ultrasound55. 
Another challenge in brain tumor treatment strategies is the existence of a 
blood-tumor barrier (BTB)56. The BTB is considered a drug-delivery barrier 
as it is composed by small microvessel populations that block the access of 
large-drug molecules in the tumor57 and is different from the BBB. BTB 
microvessels have high expression of drug efflux transporters58,59 and ABC 
transporters60  compared to normal brain thus grants chemo-resistance to the 
tumor. Chemotherapeutic agents against malignant brain tumors have been 
disappointingly inefficient which is partially due to their unsuccessful accu-
mulation across the tumor mass61. 
 
Over the last two decades, a high number of studies have described GBM 
mouse models representing different molecular or histological subgroups62-

68. However, these models do not fully represent the clinical cases, thus re-
maining a limitation for current studies. 

Imaging Techniques and Current Treatment Strategies 

Brain tumor treatment involves the combination of different approaches such 
as surgery, chemotherapy, and radiotherapy. Numerous efforts have been 
devoted to malignant brain tumor treatment but still recurrence occurs in 
most of the cases depending on the tumor type. Brain imaging has been ad-
vanced along with technological development, but conventional structural 
magnetic resonance imaging (MRI) remains the most common and accepted 
imaging method for neuro-oncology. In addition, gadolinium-enhanced 
magnetic resonance perfusion imaging is the favored option due to its high 
resolution and enhancement by using contrast agents69. A standardized brain 
tumor MRI protocol consists of current consensus sequences used and is 
based on the following procedures. 3-dimensional (3-D) T1, 3-D gadolinium 
contrast-enhanced T1, axial gadolinium contrast-enhanced T2, axial fluid-
attenuated inversion recovery (FLAIR) and axial diffusion-weighted imaging 
(DWI)70. Although head and spine computed tomography (CT) is acceptable 
for imaging of brain tumors if MRI cannot be performed, it is not preferred 
due to its inability to satisfactorily image lesions in the posterior fossa. New 
imaging methods such as magnetic resonance spectroscopy or fluorodeoxy-
glucose positron emission tomography may be useful for diagnosis and re-
finement69. 
 
Surgery plays a major role in the management of brain tumors. Nonetheless, 
GBM and ETMR tumors can be considerably difficult to dissect due to the 
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absence of a defined tumor border, compared to MB tumors, which are con-
sidered less invasive neoplasms8,47,54. Resection rapidly improves body func-
tions, reduces intracranial pressure and rearranges the brain environment, to 
allow increased exposure to therapeutic drugs. In summary, surgical resec-
tion remains the standard of care for patients with GBM, ETMR and MB but 
to what degree the extent of resection matters remains controversial. 
 
Irradiation is performed to kill unremovable tumor cells or to reach non-
operable tumors. High radiation doses (around 30-60 Gy) are used in order 
to eliminate brain tumor cells, keeping within acceptable consequences for 
the normal tissue. Still, this is below the dose required to efficiently kill tu-
mor cells47,54. Usually GBM patients under conventional radiation therapy 
are exposed to 180–200 cGy per dose, 5 times per week for a period of ap-
proximately 6 weeks. However, radiation is usually not the option when 
patients are very young ( 4 years) due its negative effects on their immature 
CNS. 
 
Irradiation is primarily confined to the tumor mass and 2 cm further of the 
surrounding tissue in order to capture cells that have already migrated away. 
If conventional therapy has been used unsuccessfully, stereotactic radiosur-
gery has been developed in order to allow high-dose radiation to small tumor 
masses but strictly not normal tissue (gamma knife, cyber knife etc.). Hence, 
conventional imaging is used to visualize the exact tumor mass for success-
ful delivery of high-energy doses specifically to the tumor. Intensity modu-
lated radiation therapy (IMRT) is a relatively new method which is also 
used for a confined region of the tumor mass and not the normal parenchy-
ma. Also, IMRT has the advantage of creating multiple targets and multiple 
avoidance shapes, to treat different targets simultaneously at different dose 
ranges but also to weight targets based on their importance71. 3-dimensional 
conformal radiation therapy (3DCRT) is one more method used for delivery 
of high doses or irradiation specifically to the tumor. A three-dimensional 
image is formed by imaging of the tumor bulk from CT and MRI scans and 
radiation treatment is performed by targeting only the tumor. It has been 
proved relatively efficient and with less post-irradiation toxicity against con-
ventional methods, but is also more labor intensive and time consuming than 
IMRT planning72. Proton therapy (PT), with its newest and most advanced 
proton delivery technique, image-guided proton therapy (IGPT), is consid-
ered to have substantial benefits compared to conventional photon methods. 
Hence, PT allows the physical benefits of protons, decreasing normal tissue 
exposure and thus minimizing negative side effects73. Finally, internal radia-
tion therapy (or brachytherapy) has been used in order to administer radioac-
tive isotopes to deliver ionizing radiation directly into the tumor as a well-
defined and surgically accessible technique74,75. 
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Multimodal treatment of brain tumors includes concurrent or sequential ad-
ministration of chemotherapeutic agents although the effect is limited for 
several tumor types. Chemotherapy prolongs survival in patients with ana-
plastic gliomas, oligodendrogliomas, MBs, other pediatric embryonal tumors 
and primary CNS lymphoma (PCNSL)47. GBM, however, tends to be 
chemoresistant. The only main chemotherapeutic break-through for GBM 
has been the introduction of temozolomide (TMZ) which extended median 
survival for a few months76. For several pediatric brain tumors, the outlook 
remains equally dismal. Hence, in many cases the main objective of the 
chemotherapy is to improve the quality of life even though a cure is not pos-
sible77-79. A multitude of chemotherapeutic agents are in clinical use or have 
been through clinical trials. These include, but are not limited to antiangio-
genic agents (bevacizumab-Avastin, enzastaurin), nitrosoureas (carmustine 
BCNU, lomustine CCNU), platinum-based drugs (cisplatin, cisplatinum and 
carboplatin), procarbazine, and rarely used natural-occurring compounds 
(taxol) due to its adverse effects both in adults and children80. The nitro-
sourea Vincristine (VCR) has many clinical uses and especially its applica-
tion as a combination drug with the alkylating agent procarbazine (PRC), 
which has been found to have an effect against GBM81. Apart from nitro-
soureas and alkylating agents, irinotecan (CPT-11) has been used widely for 
the treatment of various cancers mainly as a combination with other alkylat-
ing agents, such as TMZ. CPT-11 acts as an inhibitor of topoisomerase I thus 
inducing cancer cell arrest in the G2 phase but also inhibits DNA and RNA 
synthesis82. Moreover, several main signaling pathways known to be mutat-
ed in brain tumors have been tested as drug targets. Hence, inhibitors of epi-
dermal growth factor receptor (EGFR) tyrosine kinase (gefitinib and erlo-
tinib)80,83, mammalian target of rapamycin (temsirolimus, everolimus) and 
integrin (cilengitide) have been tested80. Other tested drugs include imatinib 
(Gleevec)84, a well-tolerated inhibitor of class II tyrosine kinase receptors, 
including PDGFR and c-Kit. Sunitinib and sorafenib are two multitarget 
TKIs that have indicated dynamic antitumor effects in preclinical models53. 
Finally, a cytotoxic effect could be observed in different GBM cell lines by 
the addition of cetuximab to radiochemotherapy with temozolomide85. How-
ever, lapatinib, a dual EGFR and ErbB-2 inhibitor that performed well for 
other tumor types had no effect on brain tumors86. 
 
In spite of new chemotherapeutic agents, new drug combinations, and new 
delivery methods, the success of these therapeutic modalities to treat brain 
tumors remains, so far, very limited87. The cancer stem cell (CSC) hypothe-
sis predicts that solid tumors have a hierarchical organization, where CSCs 
drive tumor maintenance and metastasis. Tumor expansion would thus be the 
result of unlimited ability for self-renewal by CSCs that are more resistant to 
chemotherapy and irradiation than the majority of tumor cells. Since CSCs 
constitute only a marginal part of the total tumor, studies of whole tumors 
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will not be the best model of the CSC niche, and therefore a reason to culture 
CSCs separately. Furthermore, the hierarchical structure of CSCs probably 
evolves due to natural selection and genomic instability. New CSC clones 
with different genetic alterations emerge over time, giving rise to tumor het-
erogeneity. This underscores the need for large numbers of cell lines for each 
tumor type.  Finding new drugs and drug combinations that target the CSCs 
remains an unmet medical need. Development of drugs for this purpose has 
been hampered by the lack of valid cell models and even recent cancer drug 
screens rely on serum-cultured cell lines. We have therefore established a 
novel bank of GBM stem cell lines to be used in mechanistic studies and 
drug discovery. The Human Glioma Cell Cultures (HGCC) is a collaborative 
effort to provide a panel of newly established and well-characterized GBM 
cell lines derived from GBM patient biopsies. The HGCC cell lines which 
have been established cultured under stem cell conditions and are available 
as an open resource (http://www.hgcc.se) along with accompanying data for 
basic research and drug discovery. 
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Heparan Sulfate Proteoglycans (HSPGs) 

Extracellular matrix (ECM) plays crucial roles for normal brain physiology, 
such as cell differentiation, regeneration, intercellular communication, cell 
adhesion, as well as mechanical and biochemical support of surrounding 
cells. Consequently, expression and interaction between these molecules has 
to be stringently regulated for proper nervous system development and func-
tion. During brain development, ECM components are regulated in a well-
coordinated manner in order to promote differentiation, neural cell migration 
and axonal growth88. While in adulthood, the ECM maintains and control 
functions such as synaptic plasticity and synaptic remodelling89. It is note-
worthy that brain ECM has a unique composition compared to other parts of 
the body, e.g. lower levels of fibrillar collagens90, but higher levels of gly-
cosaminoglycans, such as hyaluronan (HA) and proteoglycans. Studies have 
shown that lecticans, a chondroitin sulfate proteoglycan (CSPG) family 
member, that contain a lectin domain and a hyaluronic acid-binding domain, 
HA and tenascin-R are abundant90,91. Furthermore, during development, high 
HSPG expression is detected within the proliferative zones of the brain92. 
 
HSPGs are omnipresent components of the ECM found in all animal species. 
They are polyanionic glycoproteins containing one to several heparan sulfate 
(HS) chains of various sizes, 30-400 sugar residues, depending on the tissue 
or function, covalently associated to a protein core93. In a closer view, 
HSPGs are linear polysaccharides of repeating disaccharide units which 
alternate between N-acetylated or N-sulfated glycosamine units and glucu-
ronic or iduronic acid residues. HSPGs can be mainly subdivided into three 
different groups according to their location: membrane HSPGs, such as 
syndecans and glycosylphosphatidylinositol-anchored (GPI) proteoglycans 
(glypicans), the HSPGs that are secreted and distributed to the extracellular 
matrix (perlecan, agrin, type XVIII collagen) and the secretory vesicle pro-
teoglycan serglycin94. HSPGs have the ability to tether a wide variety of 
bioactive molecules such as growth factors, chemokines, cytokines and an-
giogenic factors with various affinities and specificities. Maintenance of a 
well-tuned balance of HSPGs is indispensable for normal functions and its 
disturbance leads to alterations of various biological processes in the cell 
microenvironment such as ECM integrity. Moreover, distinct structural pat-
terns of ECM molecules are required for the sequestration and release of 
various bioactive molecules and stimulation of signaling pathways95. Hence, 
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HS fragments have the capacity to modulate the activity of growth factors 
such as bFGF, VEGF as well as thrombin and lipoprotein lipase enzymes96. 

HSPG in Tumor Formation 
HSPGs exhibit a vast diversity in cells and tissues during normal develop-
ment and can be altered in cancer. By varying the HSPG composition, cells 
have the ability to modify e.g. proliferation and metastatic potential, and a 
number of studies have shown that HSPGs alterations are strongly associated 
with a number of malignancies. For example, syndecan-1 has been found in 
high levels in various cancers and is considered as one of the most potent 
prognostic markers in pancreatic cancer97 and is essential for Wnt-1-induced 
mammary tumorigenesis98 where it correlates with poor prognosis. In con-
trast, others report that syndecan-1 expression is downregulated in prostate 
and squamous cell carcinoma99,100. Interestingly, some studies have shown 
that its expression decreases as primary carcinoma progresses to a metastatic 
state in various tumor types101 or during malignant transformation of colon 
cancer cells from adenoma to carcinoma102. Furthermore, the HS-degrading 
enzyme heparanase (HPSE) collaborates with syndecan-1 and influences the 
localization of syndecan-1 by increasing its shedding from the plasma mem-
brane thus limiting its access in the nucleus103. This implies that interactions 
between proteoglycans and their modifying enzymes may affect their locali-
zation and thus function. Syndecan-4 is another critical element in breast 
carcinoma and its presence usually appears inversely correlated to that of 
syndecan-1 in high grade tumors104. 
 
Glypicans have been found to control cellular responses to bone morphoge-
netic proteins (BMPs) and insulin-like growth factor-2 (IGF-2), essential 
components for mitosis and differentiation105. Glypican 1 expression has 
been detected to be up-regulated in pancreatic cancer cells and tumor associ-
ated fibroblasts and the mitogenic response of pancreatic cancer cells to 
bFGF and HB-epidermal growth factor was eliminated by its anti-sense 
downregulation106. Similarly, perlecan expression has been found up-
regulated at sites of active angiogenesis and after its downregulation; angio-
genesis induced by bFGF was suppressed107. HSPGs play important roles in 
tumor angiogenesis and metastasis and can either block or boost vasculariza-
tion by regulating signaling by FGF2 or VEGF receptors108,109. One such 
example is the regulation of FGF-2 bioavailability by HSPGs in the tumor 
microenvironment. HSPGs control FGF2 autocrine signaling loops on the 
tumor cell surface, which promotes cancer cell proliferation, while they also 
mediate VEGF signaling on the endothelial-cell surface to induce angiogen-
esis108. As HSPGs have the capacity to sequester antiangiogenic factors on 
endothelial cell surfaces this supports the idea that endothelial cells alter 
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their HSPG cell surface content to become either more or less sensitive to 
angiogenic signals from a growing tumor110. 
 
Furthermore, HSPGs have critical roles in tumor cell invasion and metastasis 
by cell–cell and/or cell–ECM adhesion interactions111. In order to invade and 
disseminate to the neighboring tissue, cancer cells have increased levels of 
enzymes degrading proteins and polysaccharides, such as matrix metallopro-
teinases (MMPs) and HPSE112,113. MMPs remodel the ECM during normal, 
physiological events, mainly during development, but also in wound healing. 
During immunological response and progression of several diseases, includ-
ing cancer, MMPs are upregulated114,115. Alongside MMPs, HPSE partici-
pates in ECM remodeling. HPSE is the main degrading enzyme which 
cleaves HS at defined sites, leading to ECM dissociation and release of HS-
bound bioactive molecules, affecting cancer progression. Elevated HPSE has 
been detected across many human tumors and correlated to increased tumor 
metastasis116,117. 

Heparan Sulfate Biosynthesis 
HSPGs have the ability to bind a large number of growth factors, cytokines 
and other bio-reactive molecules. As mentioned above, HS chains show a 
large variation in length, but also in the degree and distribution of sulfate 
groups. The specificity and affinity of HS to various factors is formed by 
specific sulfation patterns. 
 
A plethora of enzymes are involved in synthesizing and modifying HS, and 
it is important to understand their individual and cooperative functions. HS 
biosynthesis is initiated by the attachment of xylose to specific serine resi-
dues in HSPG core protein by one of the two xylosyltransferases (XYLT1 or 
XYLT2) (Fig. 4, step 1). This step is followed by the formation of a linkage 
tetrasaccharide, by placing a glucuronic acid on the galactose-galactose-
xylose (GlcA-Gal-Gal-Xyl) by the galactosyltransferases GalT-1 and GalT-2 
and forming of the linkage region which is then completed by the GlcAT-1 
(Fig. 4, step 1) transferase94. Thereupon, Exostosin Like Glycosyltransferase 
3 (EXTL3) attaches the first N-acetyl-D-glucosamine (GlcNAc) residue and 
is followed by an enzyme complex composed of Exostosins (EXT1 & 
EXT2) alternately adding GlcA and GlcNAc (Fig. 4, step 2) to the nascent 
chain 94. The chains go through a series of modifications that begin with the 
removal of the acetyl groups from clusters of GlcNAc residues and substitu-
tion for sulfate groups, by one or more N-deacetylase/N-sulfotransferases 
(NDSTs) (Fig. 4, step 3). Subsequently, C5 epimerase (HsGlce) epimerizes 
D-glucuronic acids to L-iduronic acid (IdoA) and a group of O-
sulfotransferases such as, 2-O-sulfotransferase (Hs2st), 6-O-sulfotransferases 
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(Hs6st1-3) and 3-O-sulfotransferases (Hs3st1, 2, 3a, 3b, 4, 5, 6) can then add 
sulfate to carbons C2, C6 and C3 (Fig. 4, step 4) respectively94,118. Then, the 
newly synthesized and modified HS chains become exported and bound to 
the cell surface or attach to ECM (Fig. 4, step 5, 6, 7). The modified domains 
constitute binding sites for various ligands as outlined above. Finally, the HS 
chains can be additionally modified by two endosulfatases (SULF1 and 
SULF2), which remove specific sulfate groups located at C6 of glucosamine 
units, or by the action of HPSE93. 

N-Deacetylases/N-Sulfotransferases (NDSTs) 
The HS biosynthetic machinery is localized in the Golgi apparatus where HS 
is synthesized, modified and then exported to the cell membrane. HS biosyn-
thetic enzymes involved in the synthesis of HS chains have been acclaimed 
to be transmembrane proteins exhibiting their catalysis inside the Golgi, with 
the only exception of 3-O-sulfotransferases. 
 
The NDST enzymes have an essential role in designing the sulfation pattern 
of HS during its biosynthesis, as N-sulfated regions are crucial substrates for 
subsequent modifications. NDSTs are essential bifunctional enzymes that 
catalyze both the N-deacetylation and the N-sulfation of glucosamine (Glc-
NAc) in HS. The NDST family has four members (NDST1-4), which are 
differentially expressed in mammalian species. NDST1 shows a wide distri-
bution pattern and are found in most cell types and tissues during embryonic 
development and adult life, whereas NDST2, NDST3 and NDST4 have nar-
rower expression patterns119. NDST1 contains two domains and thus re-
moves N-acetyl groups from selected GlcNAc residues and replaces them 
with sulfate groups. NDST1 seems to be more responsible for the sulfation 
pattern of HS compared to the rest of the NDST enzymes that have been 
found only present to specific tissues and in very low levels compared to 
NDST119. Most importantly, NDST1 has a critical role for the final form of 
the HS as all the following biosynthetic enzymes act in the vicinity of the 
already sulfated residues120. Studies in mice lacking NDST enzymes have 
provided insight into their respective significance. Ndst1-deficient mice die 
shortly after birth and present with cerebral hypoplasia, defective axon guid-
ance, eye and olfactory bulb abnormalities, defective lobuloalveolar expan-
sion of the mammary gland and morphological deformities in the 
podocytes121-123. Additionally, endothelial-targeted deletion of Ndst1 in mice 
led to reduced tumor growth and vascularization due to alteration in FGF2 
and VEGF responses, which affected mainly Erk phosphorylation124. This 
shows that NDST1 is essential for normal development and affects tumor 
progression. Our research group has shown that undersul-
fation of HS through NDST1 and NDST2 depletion restricts the differentia-
tion potential of mouse embryonic stem cells120. HS synthesized by mouse 
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embryonic stem cells deficient in NDST1/2 is 6-O-sulfated but contains no 
N-sulfate groups which could be the reason for restricted differentiation po-
tential121. Embryos from Ndst2-deficient mouse are viable and fertile but 
their mast cells are unable to synthesize heparin. Ndst2 is therefore crucial 
for heparin biosynthesis and its lack leads to changes in morphology and 
severely reduced amounts of granule proteases. On the other hand, Ndst3 and 
Ndst4-deficient mice develop normally and are fertile with no obvious phe-
notypical difference to the wild-type125,126.  

NDST1 
The role of NDST1 in HS modification is emphasized by the vast reduction 
of HS sulfation in the tissues of NDST1 knockout mice122. The human 
NDST1 gene is located on chromosome 5q33.1 and produces an 882 amino 
acid protein127,128. The resulting NDST1 enzyme is a type II transmembrane 
protein that resides in the Golgi apparatus129, and its’ active sites have been 
identified by mutating lysine 614 to an alanine which abolishes the N-
sulfotransferase activity and cysteine 486 to a tryptophan which completely 
abrogates its N-deacetylase activity130-132. 
 
Very little is known about a role for NDST1 in tumor formation. There are a 
few recent studies investigating the HS biosynthetic machinery. Ushakov et 
al. reported reduced expression levels of HS biosynthetic enzymes in human 
glioma133. Another study has shown that NDST1 downregulation causes 
lower invasion rates of renal cell carcinoma134. On the other hand, higher 
growth rate of human gastric carcinoma cells135 was detected upon NDST1 
targeting. Moreover, it is found that miR-149 targets the expression of 
NDST1 and thus modulates chemoresistance in breast cancer cells by miR-
149 downregulation. In contrast, NDST1 expression was increased in 
chemoresistant MCF-7 cells compared wild-type cells136. A recent study 
investigating metastatic and non-metastatic colorectal cancers shows that 
NDST1 transcription levels were downregulated in all metastatic tumors and 
in 60% of non-metastatic tumors137. 
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Figure 4: Schematic representation of the HS biosynthetic pathway under normal 
conditions (normal conditions, blue part) and the hypothetical effect of NDST1 
dysregulation as part of the cancer phenotype (Cancerous conditions, red part). Fig-
ure showing the heparan sulfate biosynthesis and the effect of NDST1 dysregulation 
in 7 steps (1→7). 

Heparanase (HPSE) 
HPSE is an endo-β-D-glucuronidase which cleaves HS side chains at defined 
sites producing fragments of approximately 20 sugar units. The human 
HPSE gene is located on chromosome 4q21.3 and encodes a 543 amino acid 
polypeptide with a molecular weight of 65 kDa138. As a result of post-
translational proteolysis112,139, HPSE lacks the N-terminal 156 amino acids. 
Furthermore, there are two forms of HPSE, the 65 kDa latent precursor, and 
the 50 kDa enzymatically active form, which is non-covalently associated 
with the 8 kDa peptide138. The trafficking route and activation of HPSE have 
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been well-described and additional protein targets and interactions are re-
vealed.  The pre-pro-heparanase form of the enzyme is initially targeted to 
the ER lumen via its own signal peptide. The 65 kDa pro-heparanase is sub-
sequently shuttled into the Golgi apparatus (Fig. 5, step 1), and is secreted 
via vesicles that form out of the Golgi (Fig. 5, step 2). Once the latent HPSE 
is secreted, it immediately interacts with cell membrane HSPGs, followed by 
a rapid endocytosis of the HPSE-HSPG complex (Fig. 5, step 3) that accu-
mulates in endosomes. However, it is believed that HPSE may be endocy-
tosed by a HPSE putative-binding receptor (Fig. 5, step 3’) which rapidly 
activates signaling pathways. Conversion of endosomes to lysosomes pro-
ceeds in heparanase processing and activation (Fig. 5, step 4) that, partici-
pates in the turnover of HS side chains in the lysosome. From this point, 
active HPSE can become secreted outside of the cell (Fig. 5, step 5) or can 
be translocated inside the nucleus in order to activate transcription targets 
(Fig. 5, step 6). Finally, HPSE can also stimulate signaling pathways (Fig. 5, 
step 8) by interacting with CD24 (Fig. 5, step 7). 
 
HPSE is expressed in a wide variety of normal cells140 but also malignant 
cells such as hepatoma, carcinoma, lymphoma and myeloma140,141. HPSE 
holds many functions from neovascularization and cell rearrangement but 
has also been implicated in cancer142,143, mainly, through regulation of 
growth factor-induced pathways. High HPSE expression has been detected 
during vascular and nervous system development144. Expression of HPSE 
during normal conditions is restricted mainly to keratinocytes, platelets and 
activated cells of the immune system, with limited or no expression in con-
nective tissue cells and normal epithelia. In an increasing number of cancers, 
high HPSE expression has been correlated to increased metastasis to lymph 
nodes, and distant metastasis, increased vascularization and poorer post-
operation patient survival145,146, suggesting the clinical importance of the 
enzyme. 
 
There is also a non-enzymatic glucuronidase, the HPSE2147. Alignment of 
the coding regions of HPSE (=HPSE1) and HPSE2 reveals an overall identi-
ty of 40% and sequence resemblance of 59%, including conservation of resi-
dues critical for heparanase enzymatic activity (Glu225 and Glu343). The 
segment corresponding to the linker region and cleavage sites of HPSE is not 
conserved in HPSE2; consequently HPSE2 does not undergo proteolytic 
processing and thus lacks enzymatic activity147. Somewhat surprisingly, 
HPSE2 possess the ability to bind HS/heparin at an even higher affinity than 
HPSE, thus competing for HS binding and therefore inhibiting HPSE enzy-
matic activity. HPSE2 mRNA expression shows extensive distribution in 
normal tissues suggesting opposing functions of these two isoforms. Finally, 
HPSE2 has been observed to have antitumorous effect as it has been detect-
ed to reduce vascularization and growth of head and neck tumors147,148. 
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Figure 5: Schematic representation of the trafficking route of HPSE, its internaliza-
tion and processing in the lysosomes under normal conditions (Normal conditions, 
blue part); its overexpression leads to overstimulation of signaling pathways, growth 
factor release from the HS chains and upregulation of CD24, which contributes to 
the malignancy (Cancerous conditions, red part). Figure showing the steps of HPSE 
activation and its effects in 8 steps (1→8). 
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HPSE Gene Regulation 
As mentioned above, HPSE upregulation has been detected in numerous 
human cancers and is associated with poor prognosis. However, the mecha-
nisms responsible for HPSE induction are not clearly elucidated. A number 
of studies support that promoter methylation plays a crucial role. Hence, 
human choriocarcinoma, bladder and prostate cancer-derived cell lines with 
high HPSE levels harbor at least one un-methylated allele while promoter 
methylation was detected in benign prostatic hyperplasia (BPH) and in nor-
mal bladder149-151. Moreover, one study associates high HPSE with high ex-
pression of the early growth response 1 (EGR1) in bladder and prostate car-
cinomas152. EGR1 is also upregulated in human tumors and implicated in 
tumor angiogenesis153. EGR1 is a transcription factor with binding sites in 
the HPSE promoter and its expression is induced in response to activation of 
various growth factors and cytokines. Not much is known about repressors 
of HPSE gene expression, but p53 suppresses transcription of the HPSE 
gene by direct binding to its promoter and recruiting of histone 
deacetylases154. Consequently, mutated variants of p53 deletion loose this 
inhibitory ability and therefore expression of HPSE is increased. These stud-
ies show the constitutive tight regulation of HPSE in normal conditions by 
p53154. Additionally, TNFα and IFN-γ, which are main regulators of de-
layed-type hypersensitivity inflammation, have been detected to induce 
HPSE expression and enzymatic activity in endothelial cells and T lympho-
cytes155. By computerized analysis of the HPSE gene promoter sequence, 
two consensus interferon-stimulated response elements (ISREs) were found, 
that specifically binds transcription factors activated by interferon 155. Fur-
thermore, a positive correlation between the estrogen receptor (ER) and 
HPSE has been found, thus emphasizing the importance of ER in the upregu-
lation of HPSE and mainly breast tumor progression156. Mechanisms that 
induce HPSE expression in cancers other than breast cancer are presently 
poorly understood. Finally, Arvatz et al. provided the only evidence to date 
that HPSE expression is regulated at the post-transcriptional level by an ade-
nine (A)/uracil (U)-rich consensus element (ARE) at the 3` UTR of the 
HPSE transcript in human cancer. The full-length ARE at the 3` UTR made 
HPSE more unstable and conferred reduced levels, thus suggesting a post-
transcriptional regulation of the enzyme, unknown until then157. 

Cluster of Differentiation 24 (CD24) 
CD24 is a cell surface molecule anchored to the cell membrane by glyco-
sylphosphatidylinositol (GPI) chain and is known as a heat stable 
antigen158,159. CD24 has a high degree of glycosylation and mostly functions 
in cell-cell and cell-matrix interactions160. Glycosylation differences on 
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CD24 endows the cells with various specificities, the details of which are 
still unclear and it can act as a versatile ligand160. Human CD24 is located on 
chromosome 6q21161 and is processed to a 31-35 amino acid small pep-
tide162. 
 
CD24 is expressed on B-cell progenitors at high levels and this expression 
persists on mature resting B cells, while its expression decreases on termi-
nally differentiated plasma cells163. CD24 functions as a T-cell receptor co-
stimulator for CD4 T-cell clonal expansion by activated B cells164. CD24 
thus has a role mainly in adaptive immune response but in addition to B and 
T cells, neutrophils, eosinophils, dendritic cells and macrophages, neural 
cells, epithelial cells, and keratinocytes express CD24. CD24 has been de-
tected at elevated levels in prostate, ovarian, breast, renal, bladder and other 
human cancers160. It is considered to be involved in cell adhesion and metas-
tasis165,166. Numerous ligands have been identified for CD24 and they seem 
to be cell-type specific. Thus, it is characterized as an alternate ligand for P-
selectin, an adhesion receptor on endothelial cells and platelets167, which 
means that CD24 may promote extravasation of cancer cells in blood circu-
lation during metastasis168. 
 
Similarly, recent studies have shown that E-selectin binding to CD24 con-
tributes to rolling of human breast cancer cells165. Also, L-selectin, expressed 
by leukocytes, has been found to bind to CD24 with lower affinity but no 
functional role for this interaction has been presented169. Moreover, the L1 
cell adhesion molecule (L1CAM) is the most well characterized ligand inter-
acting to CD24 in neurons, regulating neurite outgrowth170-172. Furthermore, 
CD24 interacts with Siglec-G to suppress dendritic cell activation173,174 but 
has no affinity to Siglec-5, -7, and -11174. There are even reports that it is 
possible for CD24 to act as its own ligand in certain tissues175. Finally, dif-
ferent ligand specificities can be explained by the different glycosylations on 
the protein. 
 
Despite the increased knowledge about CD24 during the last few years, the 
mechanism behind its overexpression in cancer is not elucidated. Further 
research on CD24 stimulation and binding affinity in a cell type specific 
manner will give insights into the machinery controlling its expression. 

Glycosaminoglycan Mimetics Inhibiting Heparanase for 
Brain Tumor Treatment 
It is clear that HPSE contributes to tumor progression, which has led to an 
interest in targeting the enzyme for therapeutic purposes. Mostly, HS mimet-
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ics have been suggested as potential inhibitors for the enzyme, although 
many different aspects have to be considered. HS mimetics present a varia-
tion of size and kinetics to HPSE, consequently various inhibitors display 
different efficiency against HPSE176. This will reveal new knowledge on 
HPSE - HPSE inhibitor interaction and it will increase the ability to design 
more efficient inhibitors of this enzyme. As HPSE is typically not highly 
expressed in normal tissue, side effects to inhibition should be feasible. 
 
Heparin or heparin-derivatives have been logical options for HPSE inhibi-
tion. Low molecular-weight heparin (LMWH) is an alternative to treat can-
cer but its contribution to survival improvement of patients with cancer has 
been debated. Subsequently, heparin and LMWH have been detected to alter 
tumor growth both because of their anticoagulant properties and due to anti-
coagulant-independent effects that inhibit cell adhesion, metastasis, and an-
giogenesis177,178. Enoxaparin decreased cancer cell proliferation in non-small 
cell lung cancer 179. Tinzaparin, dalteparin and enoxaparin have also shown 
to reduce FGF-induced mitogenesis through ERK kinase inhibition in endo-
thelial cells180. Tinzaparin and unfractionated heparin (UFH) decreased me-
tastases in colon adenocarcinoma and melanoma cell lines181 and inhibited 
endothelial tube formation, VEGF expression, and angiogenesis of endothe-
lial cells182,183. Most of the antitumor effects of heparin-like derivatives are 
the result of sequestering and blocking growth factors and angiogenic fac-
tors178,184. 
 
PI-88 (Mupafostat) is a mix of highly sulfonated mannan oligosaccharides, 
primarily penta- or tetrasaccharides185. PI-88 exerts its antiangiogenic and 
antimetastatic properties by inhibiting HPSE and blocking interactions of 
FGF-1/2 and VEGF with their receptors186. In preclinical studies, PI-88 re-
duced the invasion and metastasis of rat adenocarcinoma cells186 and de-
creased leukemic cell burden in mouse models187. It also inhibited late-stage 
tumor growth and early progenitor lesions in a pancreatic mouse model and 
that was linked to a decrease in cell proliferation, angiogenesis, and in-
creased tumor apoptosis188. PI-88 is the most well-studied heparan sulfate 
mimetic in clinical trials to date, through several phase I and II trials for 
patients with hepatocellular carcinoma (HCC)189-191. A phase III trial as an 
adjuvant therapy was initiated for patients with HCC, but this trial was lately 
cancelled upon interim analysis192. 
 
SST0001 (Roneparstat) is a modified heparin, which is fully N-acetylated 
and partially glycol split (GS-heparin). GS-heparins are obtained by perio-
date oxidation followed by a borohydride reduction of heparin and LMWHs 
mostly used as antithrombotic drugs193.  N-Acetylation of heparin leads to 
affinity loss for antithrombin, thus reducing anticoagulant activity194. 
SST0001 inhibits HPSE enzymatic activity and displays a decreased capaci-
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ty to release ECM-bound FGF-2 in comparison to unmodified heparin. In 
multiple myeloma cells lines, SST0001 inhibited HPSE and expression of 
HGF, VEGF, and MMP-9, resulting in decreased angiogenesis but also 
HPSE-mediated degradation of syndecan-1, which enhances myeloma cell 
proliferation194. Most recently, SST0001 weakened the development of dis-
seminated myeloma tumors in vivo when combined with conventional 
chemotherapy and reduced regrowth of myeloma tumors195. Presently, 
SST0001 is in clinical trials phase I in patients with multiple myeloma and it 
is documented to be safe at a dose of 200 mg/d196. 
 
M402 (necuparanib) is an N-sulfated glycol-split (GS) modified heparin. It 
has the advantageous properties of a heparan sulfate-like molecule but was 
especially engineered to considerably decrease anticoagulant activity. Hence, 
it has been used alone and/or combined with standard chemotherapy and it 
has shown a substantial antimetastatic activity in preclinical models197. Clin-
ical phase I/II trials have begun for M402, combined with nab-paclitaxel and 
gemcitabine for the treatment of metastatic pancreatic cancer. 
 
PG545 is a synthetic, single molecular entity fully-sulfated tetrasaccha-
ride198. In comparison to many other HS-mimetics, its structure allows en-
hanced pharmacokinetic properties and decreased anticoagulant proper-
ties199. PG545 is a highly effective inhibitor of HPSE compared to the other 
HS mimetics used to date176. In pancreatic cancer cell lines it inhibited 
Wnt/b-catenin signaling, and reduced the proliferation of tumor cells by 
proangiogenic growth factors VEGF, FGF-1, and FGF-2 binding198. PG545 
has been studied in multiple preclinical models in various tumor subtypes, 
exhibiting potent antitumor, antimetastatic, and antiangiogenic effects. These 
tumor types included breast, hepatocellular, melanoma, ovarian, and lym-
phoma198,200-202. Importantly, PG545 is the only HS mimetic investigated so 
far that has immunostimulatory effect resulting in significant antitumor ac-
tivity, and exerts its major anti-lymphoma effects through activation of the 
immune system via natural killer (NK) cells203. More specifically, PG545 
enhances the accumulation of oligodeoxynucleotides (CpG DNA) in the 
lysosomes of dendritic cells (DCs), resulting in increased production of pro-
inflammatory cytokines interleukin IL-12, IL-6 and tumor necrosis factor 
TNF-α203. PG545 is currently under examination with phase 1 trials in pa-
tients with advanced solid tumors. 
 
A highly-sulfated mixture of mannurarate saccharides ranging from tetra- to 
deca-meres, the oligomannurarate sulfate JG3 is a marine-derived oligosac-
charide which acts as a HPSE inhibitor. Its capacity to efficiently block the 
activity of HPSE through binding to the active KKDC/QPLK domains of the 
enzyme significantly reduced tumor vascularization and metastasis in liver 
and breast neoplasms204. Moreover, JG3 dramatically inhibited metastases in 
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preclinical mouse models of melanoma and breast carcinoma by reducing 
tumor vascularization. Finally, JG3 exhibited tumor growth inhibition of 
hepatocellular carcinoma by 44.2% and surprisingly with very low toxicity, 
most likely due to its weak anticoagulant activity. 
 
RG-13577 is a synthetic anionic HS-like polyaromatic compound which has 
been shown to inhibit the proliferative response of vascular smooth muscle 
cells (SMCs) to growth promoting factors. Mainly it is considered for use in 
atherosclerosis and restenosis prevention as it binds to the LRP receptor on 
the surface of vascular SMCs205. 
 
Furthermore, suramin is a hexasulfonated polyanionic naphthylurea which 
has been shown to exert antitumor activities against several aggressive can-
cers including, hepatocellular carcinoma, adrenocortical carcinoma and re-
nal-cell carcinoma206-208. It has been mainly used as an anti-parasitic and 
sleeping sickness medication but its mechanism of action still remains poor-
ly understood. Unfortunately, suramin has to be tested further as a range of 
toxic side effects have been identified such as causation of Guillain-Barre 
neuropathy syndrome. 
 
Low molecular-weight inhibitors against HPSE have been interrupted and 
further investigations and new-class of small molecule inhibitors have to be 
tested. Recently, the 3D structure of HPSE was revealed. Hopefully, detailed 
knowledge of the structure of HPSE will assists future efforts of designing 
new inhibitors as therapeutic agents209. 
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Present Investigations 

Paper I 
Heparanase Promotes Glioma Progression and is Inversely Correlated with 
Patient Survival, Kundu, S., Xiong, A., Spyrou, A., Wicher, G., Marinescu, 
V. D., Edqvist, P. H., Zhang, L., Essand, M., Dimberg, A., Smits, A., Ilan, 
N., Vlodavsky, I., Li, J. P., Forsberg-Nilsson, K. (2016), Molecular Cancer 
Research (MCR). 

Background 
Gliomas are most frequent form of primary brain tumors. Grade IV, or GBM 
has very poor outcome. Due to its rapid proliferation, extensive heterogenei-
ty and highly invasive properties, GBM responds poorly to the therapeutic 
concepts applied so far. HSPGs play an important role in the behavior of 
cancer cells, by regulating their microenvironment. High levels of HPSE 
have been widely detected in human tumors and are associated to reduced 
postoperative survival. 

Aim 
In this study, we aimed to investigate the role of HPSE in GBM formation 
and progression, and its clinical relevance. 

Results and discussion 
Our hypothesis that HPSE regulate progression of glioma was evaluated by 
various tools such as patient-derived GBM cells, tissue microarrays (TMAs), 
murine glioma models and public cancer databases. Our recent collection of 
annotated cell lines derived from GBM patients covers much of the GBM 
heterogeneity and was used as a cell model for GBM. Their levels of HPSE 
varied, but were above that of normal human astrocytes. Moreover, down-
regulation of HPSE reduced cell numbers, providing direct evidence that 
HPSE can alter glioma cell growth. Our data suggest that HPSE conferred a 
growth advantage on both human and mouse glioma cells in culture with 
subsequent ERK and AKT phosphorylation. These signaling pathways were 
activated by alterations in the level of HPSE both by the enzymatic and non-
enzymatic form.  
 
Staining of TMAs with high-grade and low-grade glioma demonstrate that 
HPSE is highly expressed in tumorous tissue, compared to non-tumor brain. 
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HPSE was detected at higher levels in the neuropil of high-grade gliomas 
compared to low-grade gliomas. We propose that secreted HPSE may alter 
the tumor microenvironment and contribute to the invasiveness of high-
grade gliomas. Additionally, we found a positive correlation between nuclear 
HPSE staining intensity and poorer survival. Roles for HPSE in the nucleus 
have been proposed by others210,211 but they are not well-elucidated. Moreo-
ver, by comparing HPSE expression of our GBM-derived cell lines to the 
TCGA database, we find that HPSE expression varies between the subtypes, 
with mesenchymal GBM exhibiting the highest HPSE level, and this associ-
ated with a poorer outcome compared to proneural GBMs. 
 
In order to examine the role of HPSE by the host brain microenvironment, 
we injected GL261 murine glioma cells stereotactically into the brains of 
Hpse-KO, WT and Hpse-Tg mice, and followed tumor growth by biolumi-
nescence imaging. Brain tumors in mice with elevated HPSE levels (Hpse-
Tg) grew to a larger size compared to tumors in mice lacking the HPSE gene 
(Hpse-KO). This suggests that elevated levels of HPSE from the brain tumor 
microenvironment results in larger tumors. We also found that glioma in the 
Hpse-KO mouse brain had more Mac2-positive cells in the peritumoral re-
gion. 
 
Our investigation also included the HPSE inhibitor, PG545, which attenuat-
ed glioma cell growth. By PG545 treatment of GL261 cells in vitro, we re-
duced the viability of the cells in a dose dependent manner. Also, intraperi-
toneal or subcutaneous PG545 treatment of flank tumors resulted in smaller 
tumors compared to the control group. PG545 has been previously shown to 
have strong anti-angiogenic effects of tumors but our data provide the first 
demonstration of this compound against brain tumor cells. In summary, our 
findings suggest that HPSE is upregulated in glioma tumors and that it could 
be clinically relevant to target, as its protumorigenic effects may be exerted 
both on the tumor cells themselves as well as the tumor microenvironment. 

Paper II 
Inhibition of Heparanase in Pediatric Brain Tumor Cells Attenuates their 
Proliferation, Invasive Capacity, and In Vivo Tumor Growth, Spyrou, 
A., Kundu, S., Haseeb, L., Yu, D., Olofsson, T., Dredge, K., Hammond, 
E., Barash, U., Vlodavsky, I., Forsberg-Nilsson, K. (2017), Molecular Can-
cer Therapeutics (MCT). 

Background 
MBs and CNS-ETs are aggressive childhood brain tumors which may spread 
to other parts of the brain and the spinal cord. CNS-ETs are less frequent and 
more difficult to treat than the majority of MBs, even though they display 
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high degree of histological similarities. Cancer cell invasion is influenced 
also by the microenvironment, and components of the ECM such as the 
abundant HSPGs which makes HPSE a potential target to limit growth and 
invasion of pediatric brain tumors. 

Aim 
In this project, our aim was to investigate the effect of HPSE on pediatric 
brain tumor cell growth and invasion, and to inhibit its activity to elucidate if 
the enzyme could be a putative therapeutic target. 

Results and discussion 
Here we show that HPSE activates mitogenic and survival signaling path-
ways and stimulates the growth and invasion of pediatric brain tumor cells. 
By investigating TMAs we show that the level of HPSE is elevated in me-
dulloblastoma and CNS-embryonal tumors, compared to normal non-
tumorous tissue, cultured astrocytes or fetal cerebellum as verified by west-
ern blotting. Although HPSE has been found to contribute to tumor aggres-
siveness in various studies, there is no evidence to date that it confers mito-
genic properties. By investigating the internalization and processing of ex-
ogenously added HPSE, we showed that in addition to its enzymatic activity, 
HPSE has non-enzymatic functions. Hence, our data show rapid activation 
of both the ERK and AKT signaling pathways in tumor cells because they 
occurred before proteolytic processing of HPSE into its active, 50kDa form. 
Additionally, our investigations focused on the role of HPSE in the invasive 
properties of pediatric brain tumor cells. Down-regulation of HPSE expres-
sion by shRNA blocked invasion of tumor cells in vitro, which suggests that 
inhibition of HPSE could eliminate the matrix remodeling effect that assists 
invasion by MB and CNS-ET cells. Also, HPSE reduction attenuated phos-
phorylation of FAK, a key regulator of cancer cell invasion, thus we provide 
the first evidence of the involvement of the HPSE-FAK axis in invasion by 
brain tumor cells. 
 
The HPSE inhibitor PG545 efficiently inhibited tumor cell growth in a dose-
dependent manner in all the tumor cell lines tested, without affecting the 
viability of normal astrocytes, even at the highest concentrations. PG545 
increased apoptosis of brain tumor cells and reduced the activation of AKT 
signal transduction pathway that is known to promote survival. Cell invasion 
was also inhibited by PG545, with a concomitant reduction in the phosphor-
ylation of FAK and SRC, critical mediators of tumor cell invasion. In vivo, 
PG545 inhibited the growth of xenografted PFSK-1 and D283 tumors in 
mice by 85-88%, thus even more efficiently than for GBM cells as described 
in paper I (59-69%), and the effect was linked to significant anti-
proliferative, anti-angiogenic and pro-apoptotic properties. PG545 was well 
tolerated without loss of body weight of mice during the treatment, suggest-
ing that targeting HPSE does not cause adverse side effects, but it did not 
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cross the BBB. In summary we suggest that targeting HPSE may be consid-
ered as a novel treatment for pediatric brain tumors, such as MB and other 
embryonal tumors. 

Paper III 
The heparanase-CD24-L1CAM axis promotes glioma tumorigenesis, Ba-
rash, U., Spyrou, A., Vlodavsky, E., Zhu, C., Luo, J., Su, D., Ilan, N., 
Forsberg-Nilsson, K., Vlodavsky, I., Yang, X., Submitted. 

Background 
GBM patients have poor prognosis, with a median survival of 15 months 
only. One of the unique features of GBM is the high-degree of invasiveness 
which makes it impossible to treat once the neoplastic cells have spread into 
the healthy brain tissue. Also, its rapid proliferation and extensive heteroge-
neity grants the tumor with highly resistance to different treatments. We 
have reported a role for HPSE in GBM, but the underlying mechanisms are 
not fully understood. Various studies have reported CD24 expression in ma-
lignant tumors but its expression and correlation with other proteins has not 
been extensively investigated in GBM. 

Aim 
In this study, our aim was to reveal the molecular mechanisms underlying 
some of the pro-tumorigenic properties of HPSE and to detect interaction 
partners for HPSE in GBM. 

Results and discussion 
The mechanisms underlying glioma growth by HPSE are to a large extent 
unknown. Here, we describe target proteins of HPSE in GBM detected by a 
gene array experiment. By an inducible Tet-on model system, an association 
of HPSE with CD24 was identified, and HPSE was found to enhance CD24 
expression. Our data show a tumorigenic role for CD24 in glioma in that 
CD24 enhances glioma cell invasion, migration, proliferation, formation of 
colonies in soft agar and promotes tumor growth in vivo. These effects can 
be inhibited by an anti-CD24 monoclonal antibody. By analyzing glioma 
TMAs, we find that GBM patients exhibiting high levels of both CD24 and 
HPSE had a shorter survival, compared with patients having high HPSE and 
low CD24 levels. CD24 is known to affect phosphorylation of key pro-
tumorigenic signaling molecules in carcinoma212-214, and several ligands of 
CD24 have been identified. Here, L1CAM was shown to be a functional 
ligand of CD24 in glioma, and overexpression of L1CAM promoted glioma 
cell growth, cellular invasion, colony formation in soft agar and tumor 
growth while its silencing attenuated these parameters. Additionally, we 
identified the 80 kDa fragment of L1CAM (L1-80) to be the form which 
binds CD24. Hence, overexpression of L1-80 itself is capable to promote 
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glioma cell proliferation and invasion in vitro which was remarkably attenu-
ated by anti-L1CAM mAb, thus suggesting the contribution of L1CAM in 
GBM development. By performing co-immunoprecipitation, and pull down 
experiments we demonstrate the direct interaction between CD24 and 
L1CAM and that the interaction can be disrupted by anti-L1CAM and anti-
CD24 neutralizing antibodies. In summary, our findings illustrated an as yet 
unrecognized HPSE-CD24-L1CAM axis that promotes glioma progression. 
By using inhibitors directed against each component of these interactions, or 
their combination, new therapeutic strategies may be developed for the bene-
fit of glioma patients. 

Paper IV 
NDST1 as a novel regulator of GBM cell growth and stemness, Spyrou, A., 
Xiong, A., Kundu, S., Marinescu, VD., Götte, M., Riethmüller, C., Greve, 
B., Kjellén, L., Forsberg-Nilsson, K., Manuscript. 

Background 
HSPGs are abundant in the brain, but the impact of GBM specific proteogly-
cans to disease progression remains unknown. HS alterations that develop 
during brain tumor initiation or progression may be a part of unique brain 
tumor signatures. NDST1 has key roles during HS biosynthesis as it designs 
the overall HS sulfation pattern, which defines interaction specificity with 
numerous growth factors. 

Aim 
In this study, our aim was to investigate one of the main HS biosynthetic 
enzymes, NDST1, in GBM development, and to further evaluate its contri-
bution in the progression of the disease by analyzing tumor cell growth, in-
vasion, GBM cell stemness and cell surface nanotopography. We build on a 
previous study from the lab which shows NDST to be rate-limiting in neural 
differentiation120. 

Results and discussion 
Here, we investigated if altered levels of a major HS biosynthetic and modi-
fication enzyme, NDST1, would influence various GBM parameters. We 
analyzed the TCGA for correlations between NDST 1-4 and GBM patient 
survival and NDST1 was chosen because low NDST1 levels were associated 
with poorer outcome. In 70% of our patient-derived GBM cell cultures, 
NDST1 expression is lower than in normal human astrocytes. Moreover, by 
injecting ES cells devoid of NDST (NDST1/2 double-knockout ES cells), we 
found that they generated teratomas that were larger and less differentiated 
than wild type ES cells. By downregulating NDST1 we found that GBM cell 
proliferation, self-renewal capacity and stem cell marker expression was 
increased compared to the controls. In contrast, when NDST1 was upregu-
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lated, it promoted cell migration, invasion and expression of EMT markers. 
Our findings therefore suggest NDST1 as part of a “switch” between prolif-
eration and migration. When analyzing the disaccharide composition and 
amount of sulfate groups in GBM cells and normal astrocytes, we found that 
normal cells have higher levels of HS disaccharide composition and amount 
of sulfate groups compared to GBM. This supports a similarity between tu-
mor cells and stem cell states, as differentiated cells carry a more mature HS 
with high degree of sulfation.  
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Discussion and Future Perspectives 

Brain tumors, such as glioma and pediatric CNS brain tumors are some of 
the most devastating cancer types with poor survival due to an invasive phe-
notype which makes them difficult to treat. Despite the advancements in 
understanding the various mechanisms involved in brain malignancy, sur-
vival of the patients still remains poor. In this thesis, my goal has been to 
investigate the effect of HS degrading and modifying enzymes in adult and 
childhood brain tumors and to suggest new therapeutic avenues in order to 
treat brain tumors by targeting these enzymes. 
 
In paper I, I have described the role of the main HS degrading enzyme, 
HPSE, in the formation and progression of GBM. By remodelling the ECM 
and altering known signaling cascades, HPSE was found to have a pro-
proliferative effect on human and mouse glioma. Our hypothesis was further 
confirmed as GBM tumors from patients were found to exhibit higher HPSE 
expression than the normal brain. Also, a clinically relevant anti-HPSE in-
hibitor, PG545, was used in order to block HPSE activity. PG545 decreases 
cell growth in vitro in a dose-dependent manner and inhibited tumor growth 
in syngeneic mice. A more clinically relevant approach in mice, combining 
surgery, irradiation and HPSE inhibition, should be attempted, as it would 
give further insights about anti-HPSE treatment over current standard of care 
for GBM. Should this be successful, HPSE inhibition might be considered 
alongside other drugs which are currently used, or in clinical trials. 
 
In paper II, we investigated the functions of HPSE in the development of 
pediatric CNS brain tumors, such as MB and CNS-embryonal brain tumors. 
HPSE was found to have both enzymatic and non-enzymatic functions, a 
finding that has not been extensively described before. Similarly to study I, 
HPSE was detected in very high levels in childhood brain tumors compared 
to normal tissue, normal astrocytes and fetal cerebellum which suggested 
further experiment to block the enzyme. HPSE inhibition had major effects 
on pediatric CNS brain tumor cells, both in vitro and in vivo, with antiprolif-
erative, antiangiogenic and pro-apoptotic effects. However, PG545 was not 
able to penetrate the BBB, meaning that it cannot be administered to patients 
in a conventional way. Optional administration routes might be via direct 
injections into the tumor mass, or depositing it at the time of surgical resec-
tion. It would be much preferable to have access to alternative HPSE inhibi-
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tors that have the capacity to cross the BBB. Our data support the tumorigen-
ic effect of HPSE in pediatric brain tumors, and it would be scientifically 
relevant to expand this research on more pediatric brain tumor cell lines and 
relevant mouse models which would characterize the effect of HPSE in vari-
ous MB subgroups and various pediatric brain tumor types. Finally, further 
experimentation on the different forms of HPSE will give a clearer view on 
their functions and novel targets which may be associated with HPSE. 
 
In paper III, our main goal was to identify proteins which contribute to the 
tumorigenic properties of HPSE and we describe a novel axis of HPSE-
CD24-L1CAM interactions promoting glioma formation. CD24 was quanti-
fied in the same glioma cohort TMA as previously HPSE, and found to be 
expressed at higher levels compared to the normal brain. Subsequently, L1-
CAM was detected to directly interact to CD24. By using inhibitors or inhib-
itor combinations against these three components new therapeutic strategies 
could be tested with the aim to target GBM more effectively. By the induci-
ble Tet-on model system for HPSE used in this study, additional protein 
targets can be analyzed which positively or negatively correlated to HPSE. 
 
In paper IV, we investigated the dysregulation of the HS biosynthetic ma-
chinery in GBM by identifying its major bifunctional enzyme, NDST1, to be 
expressed at lower levels than in normal human astrocytes, along with its 
association with poorer patient survival. NDST1 downregulation increased 
GBM cell proliferation but reduced invasion, while its overexpression 
showed the opposite effect with an additional overexpression of EMT mark-
ers. Therefore, we suggest NDST1 as part of a switch between proliferation 
and migration. Despite the detailed AFM visualization showing that 
NDST1low cells have more protrusions than NDST1high cells, high-resolution 
imaging and adhesion assays could further clarify how these cell protrusions 
correlate to their adhesive properties. Also, we found that normal cells have 
higher levels of HS disaccharides, and increased amount of sulfate groups on 
their HS, compared to GBM, and therefore a more detailed investigation of 
the sulfation pattern of GBM cells might characterize their invasive behav-
ior. Finally, it should be investigated by what mechanism NDST1 expression 
is reduced in GBM, and if it would be beneficial to adjust its levels back to 
that of normal cells. 
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