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Glioblastoma, grade IV glioma, is the one of the deadliest cancers, with a median survival of
only 12-15 months despite aggressive treatment including surgery, chemotherapy and radiation.
One hallmark of glioblastoma is the morphological and functional abnormalization of tumor
blood vessels. The molecular mechanisms involved in this process and their functional and
pathological implications are not yet fully understood. Indentification of molecular mechanisms
that underlie vascular abnormalization in GBM is necessary to develop efficient treatment
regimens for normalizing vascular function.

By analyzing the RNA-content of laser microdissected vessels from human biobank
specimens using affymetrix microarray analysis, we found that the abnormal glioblastoma
vessels have a distinct gene expression signature. We found 95 genes which were differentially
expressed in grade IV glioma vessels as compared to vessels in low grade tumors and control
brain. 78 of which were up-regulated while 17 were down-regulated. Many of these genes are
regulated by VEGFA or TGFβ signaling. In addition, we show a significant increase in Smad
signaling complexes in the vasculature of human glioblastoma in situ, suggesting that TGFβ
signaling may play important role in vessel abnormalization.

CD93 is a single-pass transmembrane glycoprotein, which we found to be up-regulated in
high grade glioma. Vascular expression of CD93 correlates to tumor grade in human glioma.
Moreover, high grade glioma patients with high CD93 expression in the vasculature are associate
with poor prognosis. We found that knocking down CD93 in endothelial cells with siRNA
clearly impaired endothelial cell adhesion, migration and tube formation due to defects in
cytoskeletal rearrangement. In addition, tumor growth was severely delayed in the CD93-/- mice.

Pleiotrophin, a multi-functional heparin-binding growth factor, promotes glioma growth in
several ways. Here, we identify pleiotrophin as a driver of vascular abnormalization in glioma.
We found that high pleiotrophin expression correlates with poor survival of patients with
astrocytomas. Pleiotrophin overexpression in orthotopic GL261 gliomas increases microvessel
density, enhances tumour growth and decreases survival. Vessels in pleiotrophin-expressing
gliomas are poorly perfused and display a high degree of abnormality, coinciding with elevated
levels of vascular endothelial growth factor (VEGF) deposited in direct proximity to the
vasculature. In addition to its role in vessel abnormalization, pleiotrophin enhanced PDGF-
B-induced gliomagenesis. Taken together, our results indicate that PTN has an important role
in glioma initiation and establishment of the characteristic abnormal tumor vasculature in
glioblastoma, identifying PTN as a potential target for therapy.
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Introduction 

Glioblastoma (grade IV glioma) is one of the most deadly tumors character-
ized by microvascular proliferation and highly abnormal vasculature. Vascu-
lar abnormality aggravates the disease by inducing brain edema and reducing 
drug delivery efficiency. The aim of this thesis was to characterize the gene 
expression of abnormal glioblastoma vasculature and to identify critical pro-
teins and signaling pathways involved in this process, which may represent 
novel targets for development of future anti-angiogenic therapy for glioblas-
toma treatment.   

Glioma 
Epidemiology 
According to the World Health Organization (WHO) classification system, 
the primary brain tumors consist of tumors of the meninges, the cranial and 
paraspinal nerves and the neuroepithelial tissues (1). The neuroepithelial 
tissue malignancies are divided into three subgroups – tumor arising from 
neuronal cells, glial cells, and others. Glial tumors (gliomas) account for the 
majority of all primary brain tumors and are responsible for 7% of cancer 
related deaths each year (2). 

The incidence of malignant gliomas is 7 out of 100,000 individuals per 
year and they are slightly more common among males. Glioma may develop 
at all ages, with the average peak incidence falling in the 4th decade of life 
for low grade gliomas (Grade II) and in 6th decade of life for high grade gli-
omas (Grade III&IV) (3). The single environmental factor that has been 
identified as predisposing for glioma development is the exposure to the 
ionizing radiation. Hereditary factors have also been associated with an in-
creased risk of gliomagenesis. Conditions such as neutofibromatosis type I, 
Lynch-, Turcot- and Li-Fraumeni syndrome all come with a higher risk of 
developing a glial tumor (4). 

To date the etiology of gliomas is not clear. However, several factors such 
as genetic background, immulogical factors and infections have been sug-
gested to play a role (5). SEER (Surveillance, Epidemiology, and End Re-
sults) has reported that African Americans are 40% more likely to die form a 
low-grade glioma than non-Hispanic whites. Another recent epidemiological 
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study has reported that there is a reverse correlation between allergies and 
glioma. Glioma patients are 1.5-4 fold less likely to have allergies, and con-
sistent with this observation, an inverse relationship also exists between the 
higher IgE levels and the glioma risk. Moreover, glioma patients with an 
increased IgE levels have better prognosis, illustrating the potential clinical 
significance of this correlation (6).  

Diagnosis and histological classification  
WHO’s current standard for glioma diagnosis and classification distin-
guishes these tumors according to their predominant cellular composition 
(Astrocytoma, Oligodrendroglioma and Oligoastrocytoma) (7). In addition to 
the classification based on the phenotype of the tumor cells, the pathologic 
grade ranging from I to IV is widely used to classify gliomas according to 
histological parameters such as the proliferation index, nuclear atypia, the 
presence of necrosis and the microvascular proliferation (8) (1). 

Low grade gliomas (grade I-II)      
Grade I tumors are benign, slow growing, well differentiated and occur 
mainly in the childhood. 

Grade II astrocytomas have moderate cellularity without signs of mitosis, 
endothelial proliferation or necrosis. Three subtypes of grade II astrocytoma 
are recognized: fibrillary, gemistocytic or protoplasmic astrocytomas. Fibril-
lary astrocytoma is the most frequently occurring subtype. These tumors are 
characterized by low cellularity, GFAP expression and are embedded in a 
loosely structured tumor matrix. Gemistocytic astrocytomas comprise of 
tumor cells with eosinophilic cell bodies and also express GFAP. Notably, 
the gemistocytic subtype is more inclined to malignant progression reflecting 
their more aggressive phenotype. Protoplasmic astrocytomas, the rarest sub-
type, are histologically characterized by mucoid degeneration and small tu-
mor nuclei. The tumor cells also have decreased cytoplasma area and form a 
net structure.  

Grade II oligodendrogliomas are histologically characterized by monoto-
nous pattern of tumor cells with round and regular perinuclear halos in for-
malin fixed paraffin-embedded specimens. In contrast to grade II astrocyto-
ma, vascular proliferation, low mitosis index and even necrosis are permitted 
in grade II oligodendroglioma diagnosis.  

Grade II oligoastrocytomas demonstrate a mixture of tumor cells with 
both oligodendroglioma and astrocytoma features. In most cases the two 
tumor cell types are intermingled.  
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Grade III gliomas 
Grade III (or anaplastic) gliomas comprise grade III (anaplastic) astrocyto-
mas, grade III (anaplastic) oligodendrogliomas and grade III (anaplastic) 
oligoastrocytomas. Anaplastic astrocytomas are characterized by existence 
of mitotic and atypical cells as well as higher cellular density in contrast to 
grade II astrocytoma, but must lack vascular proliferation and necrosis on 
pathologic evaluation.  

WHO guidelines for differentiating grade III (anaplastic) oligodendrogli-
omas from grade II oligodendrogliomas include subjective criteria such as 
“significant” hypercellularity and pleomorphism. This ambiguous criteria for 
grading oligodendroglioma has lead to variability in the diagnosis. 

Grade IV gliomas 
Grade IV gliomas, also known as the Grade IV astrocytoma or glioblastoma 
(GBM), are characterized by extensive vascular proliferation and areas of 
necrosis. GBM are the most malignant and aggressive CNS tumors, and can 
be further divided into two subgroups – primary and secondary GBM.  Over 
90% of all GBMs are primary – it means they develop rapidly without any 
prior existence of low-grade tumors. Secondary GBMs account for less than 
10% of total cases of gliobastomas and develop from less malignant lesions. 
Both primary and secondary GBMs have similar histopathological character-
istics, but they show different genetic and epigenetic alterations. Although 
the GBMs are histologically indistinguishable, the advances in gene expres-
sion profiling and large-scale analysis of the GBM genomes have defined 
further GBM subgroups at the molecular level. According to the molecular 
classification, GBMs can be divided into four subtypes: Classical, Mesen-
chymal, Proneural and Neural (9). 

Classical GBMs harbor the amplification of chromosome 7, high-level 
expression of EGFR, loss of chromosome 10 and homozygous deletion of 
CDKN2A. 

Mesenchymal subtype GBMs express the mesenchymal markers 
(CHI3L1, MET) and the astrocytic markers (CD44, MERTK), but have a 
low expression of NF1. 

Proneural GBMs highly express the oligodendrocytic markers (PDGFRA, 
OLIG2), with frequent point mutation of IDH1 and TP53.  

Neural subtype GBMs, similar to the healthy brain, express the neuronal 
markers such as NEFL and SYT1. 

The glioblastoma subtypes are strongly associated with the clinical out-
come.  The aggressive treatment shows the greatest benefit in the case of 
classical group GBMs, but shows no benefit in treating the proneural group 
GBMs (9).  
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Molecular markers 
Molecular markers are of great importance in glioma diagnosis, prognosis 
and predicting treatment resistance (Table 1). Nowadays identifying the mo-
lecular markers of gliomas is a part of the routine clinical practice in many 
hospitals all over the world (10). 

Table 1. The median survival of glioma patients. 

Grade and cell type Median Survival 

Grade II 
        Astrocytoma 7-10 years
        Oligodendroglioma  11.6 years
               with 1p/19q deletion                               >10-15 years            
Grade III 
        Anaplastic astrocytoma 3.5 years
               with ATRX loss/mutation 4.6 years
               with MGMT methylation >5 years
               with IDH mutation >7 years  
        Anaplastic oligodendroglioma 7.3 years
               with IDH mutation 8.4 years
               with 1p/19q deletion >10 years                    
Grade IV 
        Glioblastoma 15 months
               with MGMT methylation 23 months
               with IDH mutation 32 months
               Proneural 16.2 months
               Neural 15 months
               Classical 12.2 months
               Mesenchymal 15 months

The loss of 1p/19q (loss of heterozygosity [LOH] or co-deletion) is a molec-
ular genetic alteration due to a chromosomal translocation. Loss of 1p/19q in 
the glial tumors is strongly associated with oligodendroglial characteristics.  
Gliomas with 1p/19q loss often have IDH mutations, but EGFR amplifica-
tions or TP53 and ATRX mutations are mutually exclusive with this aberra-
tion. EGFR amplification is prevalently seen in the primary glioblastomas, 
while TP53 and ATRX mutation are common in lower-grade astrocytomas 
as well as secondary glioblastomas (11) (12). Loss of 1p/19q together with 
the other markers mentioned above should be taken into account during the 
diagnosis of oligodendrogliomas and other gliomas (13). Two large, pro-
spective, randomized trials showed that the loss of 1p/19q is strongly associ-
ated with a better prognosis and a better response to both radio- and chemo-
therapy (14) (15) (16). Because of the co-occurrence of IDH and TERT (te-
lomerase reverse transcriptase) mutations, the loss 1p/19q as an independent 
prognostic and predictive marker requires more investigation. 

Mutations in IDH (isocitrate dehydrogenase gene) were initially identi-
fied as an early event in glioma genesis by deep genome sequencing in 2008 
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(17) (18). Up to 90% of IDH mutations are located in the IDH1 gene. IDH1 
or IDH2 mutations can be found in almost all grade II gliomas and 60% of 
grade III tumors. In contrast, less than 10% of patients with GBM have IDH-
mutations in their tumors. GBMs with IDH mutations indicate that these 
tumors have progressed from a low-grade precursor lesion. Interestingly, 
IDH mutation is the most powerful independent prognostic factor, and the 
patients with IDH mutated tumor have a more favorable prognosis. Indeed, 
IDH mutated GBM have a better prognosis than a grade III astrocytoma with 
intact IDH genes. The exact mechanisms of how IDH signaling affects glio-
magenesis remain unclear, but elevated oxidative stress levels, increased 
angiogenesis via HIF-1 signaling or epigenetic regulation have been sug-
gested to be involved in IDH signaling mediated gliomagenesis (19). 

A glioblastoma subtype encompassing hypermethlylation of several loci 
termed the glioma-CpG island methylator phenotype (G-CIMP) has been 
further identified (20). The G-CIMP glioblastomas have better prognosis and 
is predominantly associated with secondary GBM and with the proneural 
glioma subgroup. The G-CIMP has also been identified in the low-grade 
gliomas (21). Interestingly, the G-CIMP was shown to correlate with IDH 
mutations, and inducing an IDH mutation in astrocytes is sufficient to estab-
lish a G-CIMP signature (22). 

MGMT (O6-methylguanine-DNA methl-transferase) gene plays an im-
portant role in repairing DNA damage induced by alkylating agents by re-
moving groups from O6- guanine from the damaged DNA (23). Methylation 
of the MGMT promoter region results in the loss of its expression. Clinical 
trials have confirmed that gliomas with MGMT promoter methylation are 
more sensitive to chemotherapy treatment (24) (25) (26). In addition to being 
predictive of therapy response, MGMT methylation is also associated with 
more favorable prognosis of the high-grade gliomas (27).  

Similar to most cancerous cells, glioma cells express telomerase to over-
come the telomere shortening after the cell division (28).  In particular muta-
tions in the TERT promotor region increase the telomerase expression in 
GBMs and oligodendrogliomas and are associated with poor survival among 
GBM patients. Interestingly, ATRX mutations, which lead to the telomere 
lengthening in an alternative way, are found in the low-grade gliomas and 
secondary GBMs and are associated with better prognosis (29). 

Glioma pathways  
Several pathways have been identified to play a role in gliomagenesis, in-

cluding growth factor receptor tyrosine (RTK)/RAS/PI3K pathways, TP53 
Pathways and RB pathways. A recent genomic study published by The Can-
cer Genome Atlas (TCGA)  research team (TCGA) shows that 86%, 78% 
and 87% of the GBMs harbor at least one genetic aberration in the above 
three pathways respectively. Alterations in all three pathways can be detect-
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ed in 74% of the glioblastomas. Genomic alterations in these pathways can 
occur due to point mutations and local or broad (near chromosome-arm size) 
amplifications/deletions. In a comprehensive glioblastoma genome charac-
terization, ≈15 broad events (6 amplifications, 9 deletions) and 16 local 
events were identified (30). Board amplification of chromosome 7, 
8q,12p,17q,19p, 20 or deletion of chromosome 6q, 9p, 10, 11p, 13, 14, 16q, 
19q, 22 are present with high frequency (10% - 80%). In particular, chr7 
gain and chr10 loss are found in more than 80% of the primary glioblastoma 
tumors. Notably, in a mathematical modeling prediction, the gain of chr7 
and the loss of chr10 are suggested as first the events in the non-GCIMP 
glioblastomas and are believed to act as a the drivers of initial oncogenic 
events in this types of tumors (31). In the same study, it is suggested that 
most of the non-GCIMP glioblastoma subtypes evolve from a common pro-
neural-like precursor glioma, and the likely order of the evolutionary events 
in the gliomagenesis are the chr7 gain and chr10 loss, followed by the 
CDKN2A loss and/or TP53 mutation and further acquisitions of alterations 
specific to different subtypes. Experimental mouse glioma models support 
this theory, in the RCAS/tva system PDGFA driven tumors show proneural-
like glioma characteristic and additional loss of NF1 converts these gliomas 
to the mesenchymal subtype. Focal amplifications and/or deletions are also 
common in glioblastomas and may lead to different outcomes in comparison 
to the broad amplification event. For example, high EGFR expression is 
detected in gliomas with a focal high-level amplification of the EGFR gene 
but not in tumors with broad gain of the whole chromosome. In contrast, 
high MET expression can be detected in tumors with the whole chromosome 
gain, which suggest that MET but not EGF signaling could be a target for 
therapy for the patients with polysomy 7 containing gliomas (30).   

RTK/PI3K/RAS pathway: Several mechanisms, including overexpression 
of the growth factors and receptor mutations or amplifications, have been 
shown to trigger abnormal activity of RTK pathways in gliomas. Platelet-
derived growth factor (PDGF) and epidermal growth factor (EGF) play im-
portant role in glioma growth and development. The growth factors can bind 
to and activate their receptors, which can further phosphorylate their down-
stream signaling, such as PI3K and RAS. Activation of PI3K further acti-
vates its downstream target AKT. AKT is important in the regulation of cell 
survival and proliferation. RTKs can also activate RAS, which will further 
activate ERK. ERK activation has also been shown to increase cell prolifera-
tion. Amplifications or mutations of PDGFRA and EGFR gene have been 
found in 13% and 45% of the GBMs respectively. Mutation or deletion of 
PTEN, which is negative regulator of AKT, has been found in 38% of the 
GBMs (32).  

TP53 and RB pathways:  TP53 and RB both negatively regulate the cell 
cycle by governing the G1 to S phase transition and are frequently inactivat-
ed in gliomas. Inactivation of TP53 and RB make cells more susceptible to 
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mitogenic signals and result in uncontrollable cell growth. Other hubs in the 
TP53 and RB pathways, including p14ARF and p16INK4a, are also crucial cell 
cycle regulators. P14ARF can stabilize TP53 by neutralizing MDM2, which is 
a negative regulator of TP53. P16INK4a governs the phosphorylation of RB 
through CDK4/6 regulation – hyperphosphorylated RB releases E2F family 
proteins that activate target genes that control the S-phase progression. Ge-
netic and epigenetic alterations in TP53 and RB pathways can be found in 
the majority of the GBM samples (32).  

Cell of origin for malignant gliomas 
Identification of the glioma cell of origin is critical for understanding glioma 
progression and may potentially lead to development of novel therapeutic 
interventions. Cells suggested as putative candidates of gliomagenesis are 
the neural stem cells (NSCs), oligodendrocyte precursor cells (OPCs) and 
astrocyte progenitor cells (APCs)/astrocytes (33). 

As a proliferative and plastic cell population NSCs are naturally consid-
ered to be the possible origin for glioma. By introducing mutations or onco-
genes via retroviral injection to a restricted area in the mouse brain, it has 
been clearly show that tumors can form from the NSCs in the proliferative 
niche of SVZ, and that NSCs are more susceptible to tumor transformation 
(34). In mice a loss of P53 and NF1 in GFAP-positive cells led to develop 
glioma with a 100% penetrance, and the early lesions were found in the SVZ 
region (35). The same group later on confirmed that early postnatal inactiva-
tion of P53, NF1 and PTEN in Nestin-positive cells was also able to lead to 
gliomagenesis, and a stereotactic viral targeting of the SVZ, but not of the 
non-neurogenic region, induced gliomagenesis (36). In addition, a similar 
study showing that lentivirus assisted H-RAS + AKT activation in SVZ or 
hippocampus but not in cortex lead to gliomagenesis (37). These results are 
consistent with observations in the RCAS/tva mouse model, where 
AKT+KRAS overexpression in astrocyte/APCs or OPCs fail to induce glio-
magenesis, but in NSCs can induce gliomagenesis (38) (39). Interestingly, 
most of the proliferative cells after chemotherapy are Nestin positive cells as 
shown by nestin-TK-GFP transgenes. This study convincingly demonstrates 
the importance of NSCs in the tumor regrowth after chemotherapy in exper-
imental model. A reduction in tumor growth was observed in the case of the 
Nestin+ cells ablation. Interestingly, Nestin+ cells ablation cannot completely 
abolish the tumor growth, which may due to the technical reasons, but could 
reflect another cell type of tumor origin (40). 

APC/astrocytes could also be the origin for glioma. Over-expression of 
oncogenes in primary astrocytes isolated from mice will enable gliomas 
formations upon in vivo transplantation (41, 42). Since most of the markers 
used to identify the astrocytes are also expressed by other cell types, the 
specific targeting of astrocytes in genetically engineered mouse models is 
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technically challenging. Inactivation of the RB (retinoblastoma) gene in the 
GFAP expressing cells in adult mouse brain induces as widespread prolifera-
tion of astrocytes resembling grade II astrocytoma histopathology. With 
additional KRAS activation and PTEN loss, the lesions progress to glioblas-
toma (43).  The contribution of RB loss in human gliomagenesis is still con-
troversial. Nevertheless, APC/astrocytes are able to induce glioma in exper-
imental model. 

OPCs are also considered to be the origin for glioma for several reasons: 
firstly, the molecular signature of OPCs matches with the pro-neural subtype 
of glioblastoma which is suggested as precursor of other subtype of GBM 
(31). Secondly, extensive literature convincingly confirms the transformation 
ability of OPCs (44) (45) (46). By using the model of mosaic analysis with 
double markers, one interesting study showed that after introduction of TP53 
and NF1 mutations in neural-linage cells, the OPCs, but not NSCs or astro-
cytes, expanded dramatically (more than 100 fold) several months before 
tumor formation. Following transcriptome analysis revealed an OPC mo-
lecular signature in these tumors. More importantly, introduction of TP53 
and NF1 mutations directly targeting OPCs using the NG2-cre system in-
duced gliomas indistinguishable from the tumors induced by Nestin-cre (45). 
These findings suggest that although the mutation could occur in NSCs, 
OPCs or APC/astrocytes, it is the OPCs that give raise to the tumor in this 
experimental model. 

Regarding the question of which is the cell of origin for gliomas the con-
clusions are still controversial. One question one needs to keep in mind is 
what is the relevance of the animal models in recapitulating the human dis-
ease? In the mice models we induce tumor by artificially inactivating tumor 
suppressor genes or activating oncogene, but we cannot be certain whether 
this mimics the oncogenic events in human glioma development.  Neverthe-
less, the research supports the selection of all three candidates (NSCs, OPCs, 
APC/astrocyte) as the glioma initiating cells, at least in the experimental 
mouse models. 

Glioma stroma and vasculature 
Like tumors in other organs, gliomas are often subject to inflammatory cell 
infiltration, mostly by the activated microglia. Other myeloid and lymphoid 
cells have also been found in the gliomas. Immune cell infiltration to the 
tumor microenvironment contributes to glioma cell proliferation and inva-
sion and promotes angiogenesis by providing chemokines, cytokines and 
growth factors. The immune cells as well as the cancer initiating cells create 
a strong immuno-suppressive microenvironment, which allows the tumor 
cells to evade a anti-tumor immune response (47). 

The brain is a special organ with various unique characteristics. The most 
specialized feature of the brain vasculature, the blood-brain barrier (BBB) is 
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formed by the cooperation between endothelial cells, pericytes and astro-
cytes. The endothelial cells in the brain are very restrictive in terms of mole-
cule transportation between the tissue and the circulation. While small mo-
lecular weight substances can diffuse freely across the BBB, larger mole-
cules are carried across via the process of transcytosis mediated by specific 
transport receptors on the endothelial cells (48). The immune cell extravasa-
tion to the brain tissue is also very limited under the physiological condi-
tions. A special type of resident macrophages in the brain called the micro-
glia is responsible for the main immune surveillance of the brain.  

Gliomas are highly vascularized tumors and several mechanisms have 
been suggested to contribute to the glioma blood vessel formation, including 
tumor angiogenesis, vessel co-option and tumor cell trans-differentiation to 
endothelial cells. In high-grade gliomas, constant production of angiogenic 
factors promotes microvascular proliferation and results in the formation of 
multilayered pleiomorphic endothelium called “the glomeruloid vascular 
structures” (49). Endothelial cell proliferation is one of the hallmarks of 
GBM, and used as a diagnostic criteria. By using laser microdissection and 
transcriptome analysis, we have shown that abnormal vessels in high grade 
glioma have a distinct gene expression signature. A significant number of 
the genes within this signature are regulated by VEGFA or TGFβ2 signaling, 
implying that the VEGF and TGF signaling may play important role in for-
mation of multilayered pleiomorphic endothelium (50). The breakdown of 
BBB and increased vascular permeability in the glioma vessels result in vas-
ogenic edema, leading to severe complications in the glioma patients (51).  

Glioma vasculature also provides specialized microenvironment for the 
cancer stem-like cells (CSCs), and maintain a pool of pluripotent CSCs by 
creating a vascular niche (52). CSCs are believed to contribute to the treat-
ment resistance and glioma recurrence. CSCs in glioma reside close to the 
blood vessels and have shown to interact with the endothelial cells. The sig-
nals from vascular cells in glioma have been shown to promote a stem-cell 
like phenotype in the glioma cells (53). In turn the CSCs have been shown to 
induce angiogenesis by secreting pro-angiogenic factor such as CXCL12 and 
VEGF (54). Moreover, trans-differentiation from CSCs to endothelial cells 
has been identified in the glioblastoma (55). In contrast, other research 
groups have demonstrated that tumor-derived endothelial cells are absent or 
very rare in the human tumors (56) (57).  Recently, by using linage-tracing 
technology, it has been reported that stem-like glioblastoma cells are able to 
give raise to pericytes, but not to the endothelial cells in vivo. Tumor associ-
ated genetic alterations were found in the pericytes derived from a primary 
glioblastoma biopsy. Eliminating tumor-derived pericytes through Desmin-
promoter-driven expression of herpes simplex virus thymidine kinase 
(HsvTK) in the xenograft model significantly reduces tumor angiogenesis 
and growth (58).  Consistently, it has further been shown that the stem-like 
glioblastoma cells can differentiate into cells with perivascular markers 
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(PDGFRβ, α-SMA) but not to cells with endothelial markers (CD31, VE-
cadherin) (59). The setup of the molecular crosstalk between glioma vascula-
ture and CSCs is not yet fully understood and needs more investigation. 

Glioma treatment 
Glioma treatment largely depends on the location, subtype and the patholog-
ical grade of the tumor. For the low-grade gliomas the treatment is still sub-
ject to much controversy regarding the timing of the surgery and the adju-
vant therapy. Surgery is the first-line treatment approach. Since glioma cells 
are very invasive, post-operative adjuvant treatment (radiation therapy 
and/or chemotherapy) is necessary. Update of ongoing clinical trial (RTOG 
9802) reports that the low-grade glioma patients receiving postoperative 
radiotherapy plus PCV (procarbazine, lomustine, vincristine) chemotherapy 
have more favorable outcome than the patients receiving radiotherapy alone 
(median survival: 7.8 years for RT vs 13.3 years for RT/PCV) (60). Another 
clinical trial compared the standard radiotherapy with TMZ chemotherapy 
alone in low-grade glioma treatment. The results pointed to a trend towards 
worse progression-free survival with post-surgical temozolomide (TMZ) 
monotherapy. 

For the treatment of grade III glioma patients, adjuvant radiotherapy up to 
60Gy after surgery is the current standard. TMZ chemotherapy alone or in 
combination with radiotherapy has not been tested for this indication. A ran-
domized trial showed that the adjuvant PCV (procarbazine, lomustine, vin-
cristine) chemotherapy in combination with radiotherapy improves survival 
in anaplastic oligodendroglioma or anaplastic oligoastrocytoma patient co-
horts carrying tumors with 1p/19q co-deletion (median survival: 7.3 years 
for RT vs 14.7 years for RT/PCV) (61) (62).  

Maximal tumor resection surgery plus adjuvant TMZ chemotherapy with 
radiotherapy (RT) is the standard of care for glioblastoma patients (63, 64). 
Localized radiotherapy (60Gy, 30 fractions of 2Gy) is given to the patients 
after the tumor resection, and TMZ is administered daily (7 days/week) and 
simultaneously with the radiotherapy. Another six cycles TMZ (5 days every 
4 weeks) is given after the end of radiation as a maintenance treatment. Pa-
tients with MGMT gene promoter methylation are more responsive to TMZ 
and benefit from the treatment. Patients with un-methylated MGMT gene are 
suggested to take part in the ongoing clinical trials. 

Corticosteroids (usually dexamethasone 8-16 mg/day) are used to reduce 
tumor-associated edema in patients suffering from edema-associated neuro-
logical deficits. Additionally, anti-epileptic or anti-coagulation treatment is 
used on the patents with seizures or tumor induced thromboembolic events.  

The outcomes of novel glioblastoma therapies have been very disappoint-
ing. Targeted epidermal growth factor receptor therapy with erlotinib or 
platelet-derived growth factor receptor blocking with imatinib have failed to 
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improve the clinical outcome for unselected patient groups in randomized 
clinical trials (65) (66). Applying electric tumor–treating fields (TTFs) has 
been tested in recurrent glioblastoma patients in randomized clinical and 
failed to improve survival over chemotherapy (67).  

Most of the clinical trials based on immunotherapy are still ongoing (68). 
A clinical trial comparing the effect of nivolumab (PD1 antibody) treatment 
to bevacizumab (humanized antibody to VEGF) in recurrent glioblastoma 
has reached phase III (NCT02017717). Patients receiving a different T-cell 
activation regulator Ipilimumab (CTL-A antibody) for recurrent glioblasto-
ma suffered from autoimmune related side-effects (rash with colitis and hy-
pothyroidism). Autologous vaccines have been tested in small number of 
glioblastoma patients. The treatment was well-tolerated and showed promis-
ing results. However, the efficiency of this therapeutic approach needs to be 
confirmed in large randomized clinical trials (69) (70). Randomized phase 
III clinical trials are ongoing for dendritic-cell based vaccines targeting the 
tumor cells (NCT00045968) or glioma stem cells (NCT02049489). The effi-
cacies of adoptive T cell transfer targeting the human cytomegalovirus 
(CMV) protein and the injection of engineered T cells with a chimeric anti-
gen receptor (CAR) against HER2 and EGFRcIII are also being evaluated in 
clinical trials for glioblastoma treatment (NCT00693095, NCT01109095, 
NCT01454596). Conclusive results of glioblastoma immunotherapy from 
the clinical trials are bound to be reported soon. 

Anti-angiogenic therapy has shown promise in glioblastoma treatment 
(Table 2). Based on two phase II clinical trials, bevacizumab was approved 
by FDA as monotherapy or combination with chemotherapy for the treat-
ment of the recurrent glioblastoma in 2009 (71) (72). In these phase II clini-
cal trials, bevacizumab administration prolonged the progression free surviv-
al and improved the quality of life. In another randomized phase II clinical 
trial, patients were assigned to lomustine, bevacizumab or lomustine plus 
bevacizumab group. The combination therapy increased progression free 
survival/overall survival dramatically (73).  This is the first study to show 
that the combination of bevacizumab with chemotherapy can improve over-
all survival for the patients. These findings are now being evaluated in the 
ongoing phase III randomized trials (EORTC 26101, NCT01290939). The 
effects of inhibitors targeting the pathways of angiogenesis have also been 
assessed. Randomized phase III clinical trials have compared the efficacy of 
cediranib (pan-VEGFR inhibitor) as monotherapy or in combination with 
lomustine versus lomustine alone in the patient with recurrent glioblastoma. 
The results failed to demonstrated improvement of outcome over lomustine 
as the single treatment (74).  Inhibitors or decoy receptors for angiogenic 
signaling have been also tested in the phase I/II clinical trials (75-78) (79) 
(80).   

The effect of bevacizumab for newly diagnosed glioblastoma has been 
evaluated in two large randomized, placebo controlled phase III trials 
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(RTOG 0825, AVAglio) (81) (82). Patients were assigned to receive conven-
tional therapy (TMZ/XRT) or the conventional therapy plus bevacizumab. 
Both studies demonstrate extension of PFS, but did not show an increase in 
the overall survival. 

Table 2. The results of clinical trials on the anti-agiogenic therapy in glioblastoma 

Trial Phase Regimen Patients 
(n)    

Median 
PFS (mo)

Median OS 
(mo)   Ref. 

Recurrent glioblastoma 

Brain II Bev 85 4.2 9.2 (72) 
Brain II Bev + irinotecan               82 5.6 8.7 (72) 
BELOB II Bev 50 3 8 (73) 
BELOB II Lomustine 46 1 8 (73) 
BELOB II Bev + lomustine               44 4 11 (73) 
REGAL III Cediranib 131 3 8 (74) 
REGAL III Lomustin 65 3 9.8 (74) 
REGAL III Cediranib + lomustine      129 4 9.4 (74) 
Groot II Aflibercept 42 3 9.8 (75) 
Teri 1 II Sunitinib 32 1.1 9.4 (78) 
Aida II Nintedanib 13 1 10 (76) 
David II Sorafenib + TMZ          32 1.5 10.4 (77) 
Teri 2  I/II Vandetanib 32 1.3 6.3 (79) 
Fabio     II Pazopanib  35 3 8.8 (80) 

New diagnosed glioblastoma 

RTOG 0825      III Bev + TMZ/XRT 312 10.7 15.7 (82) 
RTOG 0825      III TMZ/XRT                        309 7.3 16.1 (82) 
AVAGlio III Bev + TMZ/XRT             458 10.6 16.9 (81) 
AVAGlio III TMZ/XRT                        463 6.2 16.8 (81) 

 An improvement in PFS but not in overall survival challenges the true anti-
tumor effect of antiangiogenic therapy and the radiographic response as-
sessment. Currently, according to NANO (Response Assessment in Neuro-
Oncology) criteria, anti-angiogenic therapy response is assessed by T1 con-
trast enhancement and T2/FLAIR images of MRI scan (83). However, an 
anti-angiogenic drug can reduce vascular permeability and improve vessel 
function, therefore reducing the T1 contrast enhancement. This pseudo-
response can be observed as early as 24 h after initial anti-angiogenic treat-
ment (84). Moreover, the hyperintensive T2/FLAIR signal may be caused by 
the edema, and thus making it difficult to distinguish the tumor. In order to 
overcome this problem, PET imaging and new physiological MRI should be 
considered for assessing the anti-angiogenic glioma treatment (85). 

There is an urgent need for predictive biomarkers identifying the glioblas-
toma patients who could potentially benefit from anti-angiogenic therapy. It 
is suggested that patients with the proneural subtype of glioblastoma are 
more likely to benefit from bevacizumab than the patients with other glioma 
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subtypes. High levels of MMP2 in the plasma have been associated with the 
bevacizumab treatment response and survival, but this finding need to be 
validated in large randomized study (86). Imaging biomarkers have also 
been proposed in identifying the patients who would respond to the anti-
angiogenic therapy (87). For example, the relative cerebral blood volume 
determined by conventional MRI and DSC-MRI is significantly associated 
with the outcome of bevacizumab treatment (88).   

Experimental models of glioma 
There are several animal models used in glioma research, and the mice mod-
els can be roughly divided into 3 categories: the transplantation models, the 
germline modification models and the somatic cell gene transfer models. 

There are two main types of transplantation model, xenograft transplanta-
tion, and syngenic transplantation. In xenograft, glioma cell lines established 
in serum-containing media can be transplanted orthotopically into immuno-
compromised mice, and tumor formation is often fast with good reproduci-
bility and high tumor penetrance. However, most of the glioblastoma cell 
lines have been cultured in serum-containing medium and passaged for a 
long time, therefore genetic/epi-genetic alterations, differentia-
tion/transdifferentiation and clonal selection occur during culturing. Indeed, 
typical features of glioblastoma such as single cell infiltration, microvascular 
proliferation and necrosis are absent in these model (89). To minimum the 
cell line genetic/epi-genetic drift in serum-containing medium, new culture 
tools using serum-free medium were developed. Fresh patient derived tumor 
cells are cultured in serum-free medium with present of EGF, FGF, and the 
cells displayed stem cell features and forming spheres. It is shown that xeno-
graft tumor formed derived from serum-free culture well recapitulate the 
histology of the original patient tumor (90). To maintain the heterogeneity of 
glioblastoma and to avoid clonal selection in vitro, human biopsies can be 
direct or heterotopic-to-orthotopic transplanted in the mice (91). Strikingly, 
tumors derived from biopsy xenografts are similar to human tumors regard-
ing DNA copy number and gene expression (92). The syngeneic transplanta-
tion model involves murine tumor cells transplanted into immunocompetent 
mice. Most of the cell lines are derived from chemically induced brain tumor 
such as GL261 (93). Syngeneic model can be used for studying the microen-
vironment during tumor development, which xenograft models are not suita-
ble for because of the lack of a host immune system. Generally, one of the 
drawbacks regarding to the transplantation models is that it is impossible to 
investigate step-wise tumorigenesis using this model, since the cells are al-
ready transformed. 

Germline modification model spontaneously or conditionally generate 
brain tumors by overexpressing oncogenes (Ras, Akt, PDGFB et al.) or de-
leting tumor suppressor gene (Nf1, PTEN, P53). Most of the modifications 
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are based on the Cre/LoxP technology, which can introduce gene alteration 
in a specific genetic location, time or cell type. It is believed that these mod-
els are relatively good models to mimic glioma in humans, because they are 
immunocompetent and can recapitulate tumor development and progression. 
However, in these models, tumors are driven by specific genes or mutations, 
therefore, they cannot reflect the genomic and phenotypic heterogeneity 
found in human tumors. In addition, it is still questionable whether these 
models can mirror the true tumor initiation events in human tumors. Moreo-
ver, one of the technical disadvantages of these models is that one mutation 
is not enough for gliomagenesis, and combining different mutation is usually 
achieved by several breeding steps. The tumor also often has a long latency, 
which implies that these models are very time-consuming. 

Somatic cell gene transfer models are based on viral system, which deliv-
ers genes to a specific cell population postnatally. Replication competent 
ALV splice acceptor (RCAS) retrovirus can infect somatic cells expressing 
avian receptor (tv-a). Tv-a is not present in the mammalian genome, and 
transgenic mouse with tv-a expression under certain promoter allows the 
RCAS virus to target specific cell types (94). An advantage as compared to 
the germline models is that cells can be targeted in specific locations by ste-
reotactic injection. This model can recapitulate the human glioma histologi-
cally. However, virus injection introduces variances in tumor latency and 
penetrance. In addition, similar to the germline modification models, it is an 
open question that if the tumor derived in this model can truly reflect human 
tumor initiation and progression. 

Angiogenesis 
The blood vessels form highly hierarchical branched vascular networks, 
which transport blood throughout the body. All the cells in the body require 
oxygen and nutrient. Since the limitation for oxygen diffusion in the tissue is 
on average 100~200 µm, all cells should reside no further from the vessels 
(95).  

Blood vessel structure 
The arteries are composed of three layers, the innermost tunica intima fol-
lowed by the tunica media and the outermost tunica adventitia. The tunica 
intima is formed by a single layer of endothelial cells glued onto a polysac-
charide intercellular matrix (96). The elastic fibers, the connective tissue, 
and the vascular smooth muscle cells compose the tunica media, which is the 
thickest layer and controls the diameter of the vessels. The tunica adventitia 
is consists of the myofibroblast cells, nutrient capillaries (vasa vasorum) and 
nerves (97).  
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The veins have similar structure to the arteries, but have thinner smooth 
muscle cell layer than in the arteries.  

The smallest vessels, the capillaries, are formed by single layer of the en-
dothelial cells attaching to the basement membrane, which is mainly con-
tains the extracellular matrix components, such as collagen, proteoglycans 
and hyaloronic acid. Pericytes are embedded in the basement membrane and 
partially cover the capillaries. Both the pericytes and the smooth muscle 
cells are collectively referred to as the mural cells. 

Induction of angiogenesis 
Angiogenesis is tightly regulated through the balance of pro- and anti-
angiogenic factors. According to a hypothesis put forward by Hanahan and 
Folkman, this balance controls the angiogenic switch. The model suggests 
that either an increase in the pro-angiogenic signaling or a decrease in the 
anti-angiogenic will lead to the induction of angiogenesis (98). Several trig-
gers can initiate the angiogenic process, among which hypoxia is probably 
the most prominent one. Upon experiencing low oxygen levels, the cells up-
regulate the expression of several pro-angiogenic factors. These pro-
angiogenic factors will induce proliferation and migration of nearby endo-
thelial cells towards the hypoxic regions. Hypoxia-inducible factor 1 (HIF-1) 
is the most important transcription factor regulated by oxygen. HIF1 is con-
stitutively expressed and its expression could be further increased in re-
sponse to certain stimuli, including inflammation. HIF-1 is very unstable 
under the normoxic conditions due to the prolyl hydroxilase domain (PHD) 
proteins, which hydroxylate HIF-1leading to its polyubiquitination and rapid 
degradation. Under hypoxic conditions, PHDs are inactive, and thereby HIF-
1 proteins are able to translocate to the nucleus and induce gene expression. 
To date more than 60 putative HIF-1 target-genes have been discovered, 
including genes involved in energy metabolism (glucose transporters), cell 
survival, proliferation, apoptosis and angiogenesis (99).  

Pro-angiogenic factors 
Vascular endothelial growth factor-A (VEGF-A): VEGF is the most im-
portant molecule in angiogenesis. The VEGF family of growth factors com-
prise 5 members, which are the VEGF-A,B,C,D and the placental growth 
factors (PIGF). They can bind and activate the receptor tyrosine kinase 
(RTK) VEGF receptors (VEGFR) 1-3. Neuropilin-1 and 2 (NRP1, NRP2) 
and heparan sulfate proteoglycans (HSPGs) are co-receptors for the VEGFs 
(100). Among the VEGFs, VEGF-A (also called the vascular permeability 
factor, VPF) is the most well studied and important pro-angiogenic factor. 
Mice lacking only a single Vegf-a allele die around embryonic day 11 due to 
vascular defects (101). VEGF-A’s pro-angiogenic activity is mostly trans-
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mitted by VEGFR2 expressed by the endothelial cells. VEGF-A’s binding to 
VEGFR2 leads to dimerization and tyrosine phosphorylation of the receptor, 
creating docking sites for several adaptor molecules. Downsteam signaling 
molecules including phophatidylinositol 3 kinase (PI3K), protein kinase C 
(PKC) and mitogen activated protein kinases (MAPKs) in turn regulate the 
cell migration proliferation and vascular permeability (102). Vegfr2-/- ani-
mals die at embryonic day 8.5 due to vascular defects similarly to the Vegfa-

/- animals (103). VEGF-A also can bind to VEGFR-1, but the interaction has 
only minor effects on the angiogenesis. Interestingly, Vegfr1-/- knockout 
mice die at embryonic day 8.5 -9 due to excessive endothelial proliferation 
and obstruction of the vessel lumen suggesting that VEGFR-1 is a negative 
regulator of angiogenesis, which may act as a decoy receptor for VEGF-A 
(104). There are three isoforms of VEGF-A that result form the alternative 
splicing and in humans are termed VEGF-A 121, VEGF-A 165 and VEGF-
A 189. VEGF-A 165 and VEGF-A 189 bind to HSPGs and other extracellu-
lar matrix molecules in the tissues, allowing them to form gradients that 
guide the endothelial cell migration. VEGF-A 165 and VEGF-A 189 can 
also bind to NRP1, which is an important co-receptor VEGFR2-mediated 
signaling. VEGF-A 121 can diffuse in the tissue freely due to the lack of 
HSPG- and NRP1-binding domains, and activates VEGFR2 less efficiently 
than the co-receptor binding isoforms (105). 

Angiopoietins (Ang):  Angiopoietin plays an important role in vessel 
maturation. The angiopoietins comprise of a small class of secreted glyco-
proteins that have important roles in the maintenance of the vascular and 
lymphatic systems. Three members of the angiopoietin family have been 
identified - angiopoietin (Ang) 1, 2 and 4. Tie-1 and Tie-2 are the receptor 
for Ang. Tie-1 is very important in the late stage of embryonic angiogenesis 
since the Tie-1-/- mice die between E13.5-E18.5 depending on the genetic 
background due to edema, local hemorrhage, and rupturing of the mi-
crovessels. The functions of Tie-1 are not yet understood.  According to 
general understanding of the angiopoietin system , the mural cell express 
Ang1, which activates Tie-2 expressed by the endothelial cells and leads to 
stabilization and maturation of the blood vessels. In contrast, Ang 2, ex-
pressed by the endothelial cells, acts as competitor for Ang1, binds to the 
Tie-2 and inhibits its vessel stabilization function and therefore promotes 
angiogenesis. Tie-2-/- mice die at E10.5 due to cardiac failure, hemorrhage, 
and other vascular defects. Ang1-/- mice have a similar phenotype as Tie2-
deficient mice die at E12.5 suggesting Ang1/Tie-2 system is very important 
in angiogenesis. In contrast, Ang 2-/- mice die at postnatal day 14 (P14) due 
to defects in vascular remodeling as well as in lymphatic vasculature sug-
gesting that Ang2 is important regulator in postnatal angiogenesis and lym-
phangiogenesis (106).  

Other pro-angiogenic growth factors: There are several other growth fac-
tors, including the Fibroblast growth factors (FGFs), the Epidermal growth 
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factor (EGF), the Hepatocyte growth factor (HGF) and the insulin like 
growth factor (IGF), which can induce angiogenesis by stimulating endothe-
lial cell proliferation and migration. However, these factors are not specific 
to endothelial cells, but are also involved in signaling between other cell 
types (107). 

Molecular mechanisms of angiogenesis 
Angiogenesis can occur in two ways: sprouting angiogenesis and intussus-
ceptive angiogenesis (IA) (Figure 1). 

 
Figure 1. Immunofluorescent microscopic images of 3-day-old quail yolk sac. Section has 
been stained with QH1 monoclonal antibodies. The white arrows point to the tip sprouts and 
the black arrow show the intussusceptive holes (108).  Reprinted with permission from the 
publisher. 

During sprouting angiogenesis, blood vessel migration is not random, but is 
guided by the environmental cues such as the VEGF gradients. The cells 
experiencing the highest VEGF-A concentration become the tip cells, which 
lay at the front of the blood vessel sprouts. The tip cells sends out filopodia 
to sense the surroundings for navigation and migration queues. The tip cells 
are followed by the stalk cells that are organized into a solid cord, proliferate 
and elongate. Tip cells prevent stalk cells becoming tip cells by producing 
Delta-like ligand 4 (DII4) and transactivating Notch on the stalk cells, there-
fore in each sprout there is only one tip cell. Eventually the tip cell of a 
sprout will fuse with other tip cells to form vessels (109). 

During intussusceptive angiogenesis, pre-existing blood vessel split to 
transluminal pillars (holes). The detailed molecular mechanisms have not 
been well understood, however the blood flow seems to play an important 
role in this process. Intussusceptive angiogenesis (IA) can optimize the local 
vascular branching geometry and is very important in creating local, organ-
specific architecture of vessels (110). 
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In order to form mature, stabilized and functional vessels also basement 
membrane needs to be produced and mural cells need to be recruited. Plate-
let derived growth factor (PDGF) BB expressed by the endothelial cells 
plays an important role in recruiting the smooth muscle cells and pericytes. 
Pericytes can stabilize the vessels and inhibit vascular permeability by pro-
ducing Ang1, which binds to Tie-2 expressed by the endothelial cells, there-
by decreasing the sensitivity of the endothelial cells response to other stimu-
li, inhibiting endothelial cell proliferation and increasing resistance to apop-
tosis (111). 

Tumor angiogenesis 
Angiogenesis is one of the hallmarks of cancer – tumors cannot grow more 
than 1-2 mm in diameter without access to vasculature. Many avascular le-
sions where angiogenesis has not been induced can stay dormant and have 
been found upon autopsy (112). It is hypothesized that in those cases a bal-
ance of pro- and antiangiogenic factors maintain the vascular homeostasis, 
and the proliferation and apoptosis of the tumor cells is in equilibrium. Dur-
ing the avascular phase, the oxygen and nutrients are provided by the diffu-
sion. However, during the tumor progression, some tumor cells gain ability 
to induce angiogenesis and overcome the limitation of diffusion. The tumor 
advancement from the dormant phase to the angiogenic phenotype is called 
the angiogenic switch (113). There are at least four ways for a tumor to in-
crease its vascularization: 

When the tumor lesion reaches a certain threshold size, tissue hypoxia can 
induce VEGF expression. Tumor cells can also stimulate the stroma cells, 
such as the tumor associated fibroblasts or the tumor associate immune cells, 
to secrete pro-angiogenic factors, which break the balance of pro- and anti-
angiogenic factors and induce the angiogenic switch. The tumor also can 
gain new blood vessel via vasculogenesis, in which case the bone marrow-
derived endothelial precursor cells are recruited to the neoplastic site and 
form blood vessel de novo. Last but not least, some studies have shown that 
the tumor cells can trans-differentiate into endothelial cells forming luminal 
networks called the vascular mimicry (114).  

Tumor vessels 
Under normal angiogenesis conditions, the newly formed blood vessels 

restore the tissue oxygen levels. Thereafter the expression of pro-angiogenic 
factors is downregulated and the vessel is allowed to maturate. The rapid 
growth of the tumor causes some parts of the tissue to remain hypoxic and 
continue to secrete pro-angiogenic factors.  Excessive amount of growth 
factors cause an uncontrolled angiogenic response and therefore the vascula-
ture in tumors is abnormal, very inefficient and immature.  
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Figure 2. Electronmicroscopic images of normal- and tumor blood vessels. (a) Normal blood 
vessels are organized in a very hierarchical way. (b) Tumor vasculature has a chaotic, tor-
turous structure (115). Reprinted with permission from the publisher. 

Compared to the hierarchical assembly of normal vessels, tumor vessels 
have an abnormal morphology and chaotic structure (Figure 2). The endothe-
lial cells are loosely attached and tend to overlap each other. Due to the tor-
tuous and blind-ended vasculature, blood flow through tumor vessels is very 
inefficient, with many vessels not being perfused at all. As a result of the 
exposure to large amounts of VEGF-A and decreased pericyte coverage, the 
tumor vessels are extremely permeable and plasma proteins (e.g. fibrinogen) 
leak out into the tumor stroma. Loose endothelial cell junctions can also 
facilitate tumor cell metastasis and the changes in adhesion molecules modu-
late the immune cell infiltration. Blood vessel leakage increases the intersti-
tial fluid pressure (IFP), which may result in a low efficiency in drug deliv-
ery to the tumor (116).    

Anti-angiogenic therapy 
Since the growth of solid tumors is dependent on the supply of nutrients and 
oxygen, targeting angiogenesis is an attractive strategy for cancer therapy. 
The theory of angiogenesis-dependent tumor growth was first put forward by 
Judah Folkman in 1971and is considered as the beginning of modern anti-
angiogenic cancer-treatment research. Many anti-angiogenic drugs including 
antibodies and tyrosine kinase inhibitors have been tested in the clinic and 
proven to be beneficial. Since 2004, five anti-angiogenic drug have been 
approved by the American Food and Drug Administration (FDA) for clinical 
use (117). 

Anti-angiogenic agents in the clinic 
Anti-angiogenic agents have approved by the FDA, all of which target the 
VEGF signaling. Bevacizumab (Avastin, Genentech/Roche) is a humanized 
monoclonal VEGF-A neutralizing antibody and also the first anti-angiogenic 
agent to reach the market. In combination with chemotherapy, Bevacizumab 
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has been shown to increase the survival of patients with metastatic colorectal 
and breast cancer and non-small cell lung cancer (118) (119) (120). Another 
class of anti-angiogenic agents is the small tyrosine kinase inhibitors. The 
FDA has approved Sorafenib (Nexavar) and Sunitinib (Sutent) for the treat-
ment of gastrointestinal stromal tumors and hepatocellular carcinomas. Both 
drugs are principally targeting VEGFR-2, but are less target-specific than the 
antibodies, showing significant activity against PDGFRβ, FGFR among 
other tyrosine kinases. Therefore in addition to targeting pathways involved 
in angiogenesis, the small tyrosine kinase inhibitors also simultaneously 
inhibit the neoplastic mechanisms (121). 

The clinical trials show that the administration of anti-angiogenic drugs 
alone does not benefit the patient in terms of the outcome, however in com-
bination with the chemotherapy, the anti-angiogenic therapy significantly 
increases the patient survival. At first glance, the tumor vasculature may be 
destroyed by the anti-angiogenic regent, consequently rendering the chemo-
therapy less effective, but, in fact, the removal of excessive VEGF eventual-
ly reduces vascular permeability and leakiness, leading to normalization of 
the tumor vasculature function and reduction of IFP. Increased tumor perfu-
sion together with decreased IFP can improve the delivery of the chemother-
apy regents (122). 

Relapse/resistance to anti-angiogenic therapy 
After the initial response to VEGF-targeting agent, an adaptive response in 
the tumor takes place – the tumor starts to regrow, and the vasculature is 
restored. Such resistance/relapse can be brought about by upregulation of 
other pro-angiogenic factors by the tumor cells and the recruitment of the 
immune cells or the pericytes. FGF, EGF or HGF have all been shown to 
induce angiogenesis in the presence of VEGF inhibitors. Immune cell such 
as CD11b+ Gr-1+ myeloid derived suppressor cells (MDSC) have been 
shown to be important in the escape from anti-angiogenic therapy in mouse 
tumor models. Following VEGF targeting therapy, the MDSCs have been 
shown to be recruited into the tumor stroma where they secrete many pro-
angiogenic factors including VEGF and MMPs. Additionally, increased per-
icyte coverage could contribute towards the desensitization of the tumor 
vasculature to anti-angiogenic therapy (121, 123).  

Some tumors types intrinsically do not respond to the anti-angiogenic 
therapy. For example, in the astrocytomas, the tumor cells co-opt the blood 
vessels instead; that is they grow invasively along pre-existing vessels (124). 

Adverse effect of anti-angiogenic therapy 
The reported side-effects accompanying VEGF-targeting are hypertension, 
proteinuria, impaired wound healing and perforation of stomach and intes-
tines. Recently, several studies have demonstrated that targeting tumor vas-
culature can aggravate tumor invasion and metastasis, but it is not known 
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how relevant these findings are in a clinical setting. However, these studies 
emphasize the importance of studying of the long-term effects of anti-
angiogenic therapies, and urge to assess their risks (125-127).  

CD93 
CD93 is a type I transmembrane glycoprotein with 652 amino acids, consist-
ing of 5 domains from N- to C- terminus: a C-type lectin-like domain 
(CTLD) (designated as D1), five epidermal growth factor (EGF)-like repeats 
(designated as D2), a Ser-Thr rich mucin-like domain (designated as D3), a 
transmembrane domain (designated as D4), and a 47-aa cytoplasmic domain 
(designated as D5) (128). The cytoplasmic domain, which is very important 
for CD93 to exert its function, contains two highly conserved regions: A 
highly charged juxtamembrane region and A PDZ-binding containg C11 
region (last 11 amino acids in C-terminus) (129). Moesin bind to CD93 
through the juxtamembrane region and links CD93 to the cytoskeleton. This 
binding is modulated by interaction of other intracellular molecules with the 
C11 region of cytoplasmic domain. Interaction of CD93 with moesin is cru-
cial for cell migration, adhesion and phagocytosis (129) (130). The predicted 
molecular mass is 68 kDa, however, due to high glycosylation, CD93 mi-
grates to 126 kDa in SDS-PAGE under reducing condition (131). Indeed, 
cell surface expression of CD93 is stabilized by O-glucosylation (132). 
CD93 was initially identified as a receptor for C1q, based on observation 
showing that an anti-CD93 antibody can inhibit C1q induced phagocytosis 
enhancement (131) (133). However, following studies failed to confirm the 
interaction of CD93 with C1q in physiological condition (134, 135). 

In mice development, CD93 mRNA is first detected in day 9 embryos in 
endocardium and vascular endothelium in the anterior parts of embryos. 
Uniform CD93 expression can be observed in the vasculature in day 10 em-
bryos. From embryo day 13, CD93 expression starts to decrease, and the 
expression pattern becomes confined to the developing capillary network. In 
addition to endothelial expression, CD93 is also expressed in hematopoietic 
cells from 10.5 days postcoitum (dpc). At 13 dpc, CD93 can be detected in 
hematopoietic cells in liver when this organ is hematopoietically active 
(136). In the adult, CD93 is expressed on granulocytes, monocytes, platelets 
and predominantly in endothelial cells (137) (138) (139). 

 

General function 
It is suggested that CD93 is required for clearance of apoptotic cells. In 
CD93-/- mice, peritoneal macrophage show defect in phagocytosis of apop-
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totic cells (140) (141). The soluble form of CD93 can be shed from macro-
phages upon inflammatory stimulation, and this process contributes to en-
gulfment of apoptotic cells (142). CD93-/- mice have decreased maintenance 
of antibody secretion and bone marrow plasma cell numbers, demonstrating 
that CD93 is required for the humoral immune response (143). In addition, 
CD93 is considered as an autoimmune susceptibility gene, CD93 polymor-
phism is linked to CD4+ iNKT cell deficient state in non-obese diabetic 
(NOD) mice (144). In addition, increased level of soluble CD93 can be ob-
served in the patient with several autoimmune diseases such as: systemic 
sclerosis and coronary artery disease (145) (146) (147). 

Role of CD93 in angiogenesis 
High expression of CD93 in the developing vascular system and predomi-
nant expression in endothelial cells strongly suggest role of CD93 in angio-
genesis. By analyzing differential gene expression in glioblastoma vessel as 
compared to grade II or healthy brain vessel, we found that CD93 is signifi-
cantly higher expressed in glioblastoma vasculature (50). Recently, CD93 
was identified as one of top 20 genes of a core human primary tumor angio-
genesis signature highly expressed in head  and neck squamous cell carci-
nomas, breast cancer and renal carcinomas (148). Interestingly, recombinant 
protein (rCD93D23) containing the D2 and D3 domain of CD93 has been 
demonstrated to have a pro-angiogenic effect. rCD93D23 treatment increas-
es human umbilical vein endothelial cells (HUVECs)  proliferation and mi-
gration in vitro and angiogenesis in matrigel in vivo through PI3K/Akt, 
ERK1/2 and FAK signaling. Moreover, rCD93D23 induce abnormal vascu-
lar formation in an oxygen-induced retinopathy (OIR) model, highlighting 
potential role in pathological angiogenesis. The EGF receptor is suggested to 
be the receptor for soluble form of CD93 or rCD93D23 to exert its pro-
angiogenic function (149). More recently, it has been shown than a mono-
clonal antibody recognizing the extracellular domain of CD93 can inhibit pro-
liferation, migration and sprouting in HUVEC in vitro and angiogenesis in mat-
rigel in vivo. Interestingly, treatment with this antibody does not impair the 
CD93-dependent EGFR pathway activation, indicating CD93 may have differ-
ent ways to modulate angiogenesis either as soluble form or membrane protein	
(150).		 

Pleiotrophin 
Pleiotrophin (PTN) is a 136 amino acids long secreted heparin-binding cyto-
kine with an additional 32 amino acid signal recognition sequence for an 
effective secretion. The Ptn gene is highly conserved among the different 
species. PTN belongs to the PTN/MK family of proteins with only two 



 33

members – PTN and midkine (MK), that share 45% sequence identity (151). 
PTN knockout mice are viable and fertile, with only minor defects in behav-
ior and the neuroanatomy (152). Mice with PTN and MK double-knockout 
display abnormalities in the auditory response and female fertility (153, 
154). 

PTN is composed of two domains held together by a disulfide bridge. 
Both N- and C-terminal domains encompass one short lysine-rich region and 
one thrombospondin type I-like β-sheet with three antiparallel β-strands 
(Figure 3). The nuclear magnetic resonance (NMR) studies show that the 
two thrombospondin type I domains bind tightly to heparin. This high inter-
action is required for several PTN’s biological functions and is probably 
responsible for the interactions of PTN with its receptors (155). Synthetic 
peptide (65-97) corresponding to the PTN C-terminal thrombospondin re-
peat-1 region can inhibit PTN activity by competing for the binding to hepa-
rin and the PTN receptors, demonstrating the importance of the C-domain in 
PTN bioactivity (156). 21% of amino acids in the PTN sequence are lysines 
residing in both, the N- and C- termini of PTN and therefore, PTN is very 
basic with the pI about 10.1.  

 
Figure 3. Primary structure of PTN. Schematic structure of PTN illustrates the signal se-
quence, lysine rich sequence and β-sheets (157). Reprinted with permission from publisher. 

PTN receptors 
Receptor-type tyrosine phosphatase zeta (PTPRz) is one of the reported re-
ceptors of PTN. When PTN binds to the PTPRz the protein tyrosine phos-
phatase activity of PTPRz is abrogated. This inactivation is brought about by 
PTN-induced conformational change of PTPRz, which denies substrate ac-
cess to the active site of PTPRz. PTPRz is a protein tyrosine phosphatase, 
which dephosphorylates its substrates that have been phosphorylated by 
constitutive tyrosine kinases, therefore, maintaining a steady state levels of 
phosphorylation of many protein such as β-catenin, β-adducin, Fyn and 
P190RhoGAP. PTPRz substrates have been shown to play important role in 
the cytoskeleton organization, cell migration, epithelial–mesenchymal transi-
tion (EMT) and other processes. PTN is also the first natural ligand found 
for any of the transmembrane tyrosine phosphatases (158-160). 

Another suggested receptor for PTN is the anaplastic lymphoma kinase 
(ALK). ALK is an orphan tyrosine kinase first discovered as an oncogenic 
fusion protein with nucleophosmin (NPM) in anaplastic large cell lympho-
mas. The translocated intracellular ALK kinase domain fused with 5’- half 
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of NPM generates constitutively active ALK kinase because of the dimeriza-
tion of NPM-ALK via NPM region. PTN directly binds and activate ALK 
and the downstream Akt and MAPK pathways (161). However, others argue 
that PTN indirectly induces ALK activation, and PTPRz is needed in this 
process (162). 

Syndecan-3 is another proposed receptor for PTN (163). Syndecan-3 is a 
cell surface proteoglycan carrying heparin sulfate and chondroitin sulfate 
(164). Anti-syndecan-3 antibody can inhibit PTN-induced neurite outgrowth. 
It is reported that PTN can bind to syndecan-3, which in turn interacts with 
Src that activates FAK and induces cell migration and attachment (165).  

Nucleolin is also suggested as a receptor for PTN (166, 167). Nucleolin is 
a nucleolar protein which can induce chromatin decondensation by binding 
to histone H1 (168). PTN can inhibit HIV infection by binding to nucleolin 
which is implicated in the attachment of HIV-1 particles to the cells (167). It 
is also suggested that PTN exerts its pro-angiogenic effect through nucleolin 
in vitro, PTN directly binds to nucleolin in human endothelial cells, knock-
down of nucleolin abolish PTN-induced migration of human endothelial 
cells  (166). 

PTN gene expression 
PTN expression is first detected at E8.5 in the neural plate cells of the mouse 
embryo. Thereafter its expression is found in the lateral plate of the neural 
tube at E9.5. From E11.5 to 13.5, PTN expression is restricted to the dorsal 
ventricular zone, and finally to the central gray neurons at E15.5. This dis-
tinctive temporal and cell-type specific expression manner in neutroecto-
derm and mesoderm suggests that PTN has an important role in the regula-
tion of the neural system development. PTN expression levels in the brain 
peak during the immediate postnatal period and gradually decrease with 
time. In adults, PTN expression is found in a few cell-types such as the tes-
ticular Leydig cells and discrete populations of glia and neurons (169). Inter-
estingly, PTN over-expression in the striatum mediated by the adeno-
associated viral vector protects from neuron loss in 6-hydroxydopamine 
induced neuronal degeneration model (170). 

PDGF stimulation induces upregulation of PTN. High levels of PTN were 
first identified in cells transformed by v-sis, which is the viral counterpart of 
the PDGF gene. The serum response element has been found in the PTN 
promoter region, which may account for PDGF induced PTN expression 
(171). 

PTN is upregulated in rat brain after an ischemic injury. Macrophages, 
endothelial cells and astrocytes upregulate PTN after focal cerebral ischemia 
within 3 days, and the expression levels remain high until 14 days after the 
injury. PTN is also significantly upregulated in dermis after an incisional 
wound in the rat model. These two experiments suggest that PTN plays a 
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role in the wound healing process (172). PTN expression is also observed in 
the vitreous of diabetic retinopathy patients, which indicates a potential role 
of PTN in pathological angiogenesis (173). 

PTN is also expressed in inflammatory conditions, such as the atheroscle-
rotic plaques. IFN-γ has been shown to induce PTN expression in macro-
phages. The PTN promoter region contains the gamma-activated sequence 
(GAS) that is essential for IFN-γ regulated gene activity (174). 

Role of PTN in angiogenesis 
PTN has been shown to increase cell migration and tube formation of bovine 
capillary cells (BCE) and human umbilical vein endothelial cells (HUVEC) 
in matrigel. Immobilized PTN induces a mitogenic response in HUVEC and 
bovine brain endothelial cells (BBEC), while the soluble form of PTN has no 
effect on the proliferation of these cells. PTN can activate Src kinase and 
focal adhesion kinase through PTPRz with the consequent activation of 
PI3K and Erk 1/2 (175, 176). It has also been reported that PTN can up-
regulate VEGF expression in HUVEC (173). By the using embryoid body 
(50) model, we have shown that PTN is a positive angiogenic regulator for 
EB vessel sprouting (177). 

Several studies have also shown that PTN can induce angiogenesis in vi-
vo. A plasmid coding PTN injected into rat ischemic myocardium induced a 
significant increase in normal appearing capillaries and arterioles (178). In-
troduction of an ectopic PTN gene into SW-13 (adrenal carcinoma) cells 
significantly increased blood vessel density when SW-13 cells were implant-
ed in the flank of nude mice, suggesting that PTN signaling can initiate an 
angiogenic switch (179). 

PTN has been shown to induce loss of monocytic cell marker on mono-
cytes and promote the gain of endothelial markers on these cells. PTN ex-
pressing monocytes injected into the heart of developing chicken embryos 
were able to incorporate into functional blood vessel. In myeloma, PTN can 
transdifferentiate monocytes into endothelial cells, thereby producing new 
blood vessels (155, 180). 

However, PTN can also be a negative regulator of angiogenesis via inhib-
iting VEGF activity. PTN directly interacts with VEGF through thrombos-
pondin type 1 repeat domain and can block the VEGF binding to VEGFR, 
consequently impairing the endothelial cell proliferation, tube formation and 
VEGF induced matrigel angiogenesis (181). 

Role in tumor development 
PTN is upregulated in several cancer cell-lines and primary human tumors, 
including gliomas (182), breast cancer, lung cancer, melanoma, neuroblas-
toma, pancreatic cancer and prostate cancer. Tumorigenic transformation of 
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NIH3T3 fibroblasts upon transfection with PTN cDNA indicates its onco-
genic activity (183-189). 

PTN can promote tumor growth indirectly by inducing angiogenesis (see 
PTN in angiogenesis) and by microenvironment remodeling. In the PyMT 
mouse model of breast cancer, PTN promotes cancer progression to a more 
aggressive phenotype by stimulating tumor angiogenesis and by remodeling 
of the tumor microenvironment (190). PTN has also been shown to induce 
EMT, which is important for tumor invasion and metastasis (191). 

PTN may also stimulate the tumor cells. PTN expression levels correlate 
with the histopathological grade of astrocytomas (192). Many studies using 
ribozymes, RNA interference or dominant negative protein to block tumor 
proliferation have described PTN as a rate-limiting factor in glioblastoma 
growth. Experiments with RNA interference (RNAi)-mediated gene target-
ing of PTN or the dominant negative PTN peptide have demonstrated sup-
pression of proliferation, tumor angiogenesis and tumorigenic activity of 
U87 cells in both orthotopic and subcutaneous mouse models (193-195). 
Ciaran et al. have shown that targeting ALK in U87 human glioblastoma cell 
line reduces xenograft growth and induces apoptosis in the tumors by inter-
rupting the PTN/ALK signaling (161). Double targeting of PTN and ALK 
results in an abolishment of U87 tumor growth in vivo (196). Knockdown 
models of PTPRz have demonstrated a functional role of PTN/PTPRz sig-
naling in GBM cell motility in the U373 cell line (182, 197). Targeting 
PTPRz in U251 cells results in reduced proliferation in vitro, and in inhibi-
tion of tumor growth in vivo both in orthotopical and subcutaneous tumor 
models (198). Recently, it was reported that the PTN-ALK axis is critical for 
maintenance of the glioblastoma stem cells (GSCs). Knockdown of PTN or 
ALK in GSCs inhibited sphere formation, and, strikingly, PTN knockdown 
in GSCs completely abolished tumorigenesis in vivo (199). 
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Present Investigations 

Paper I 
Transcriptional profiling of human glioblastoma vessels indicates a key role 

of VEGF-A and TGFβ2 in vascular abnormalization. 

Background and aim 

Glioblastoma (GBM) is the one of the deadliest cancers, with a median sur-
vival of 12-15 months despite aggressive treatment including surgery, chem-
otherapy and radiation. One hallmark of GBM is morphological abnormali-
zation of blood vessels. Molecular mechanisms involved in this process and 
their functional and pathological implications are not fully understood. 
VEGF-A targeting therapy can benefit patients through transient normaliza-
tion of glioma associated vessels and decreased edemas. However, VEGF-A 
targeting therapy is associate with adverse effects in animal models of glio-
ma, and has had limited success in increasing patient survival in clinical 
trials. Identification of molecular mechanisms that underlie vascular abnor-
malization in GBM is necessary to develop efficient treatment regimens for 
normalizing vascular function.   

Results and discussion 

By using laser microdissection, we isolated blood vessels from a panel of 
high grade glioma (grade IV), low grade glioma (grade II) and non-
malignant brain specimen. Grade IV glioma samples displayed vascular ab-
normalization, while grade II glioma vessel resembled vessels in non-
malignant brain. 

RNA extracted from microdissected vessels and corresponding whole tis-
sues were subjected to microarray analysis. Comparison of a selected set of 
known vascular marker gene showed a robust enrichment in the LMD frac-
tions as compared to the corresponding total tissue, confirming the efficiency 
of the methods.  

Whole genome wide clustering of microdissected samples reveal that 
grade IV glioma LMD samples clustered closely together, which non-
malignant LMD samles and grade II LMD samples were similar to each 
other and clearly differed from grade IV samples. Therefore, the pathologi-
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cal abnormalities of grade IV-associated vessels are very well reflected by 
substantial alterations in the transcriptome. 

By pairwise comparison of gene expression between LMD samples and 
corresponding total tissue, we identified a set of 639 genes that were signifi-
cantly higher expression in the vasculature. Among this set of genes, we 
found 95 genes which were differentially expressed between in grade IV 
glioma vessels. 78 of which were up-regulated while 17 were down-
regulated. Functional annotation of the 78 up-regulated genes resulted in 
vasculature signaling and angiogenesis, such as tip cell marker (NID1, 
NID2, ITGB1, ANGPT2, ESM1), angiogenesis (ANGPT2, KDR, NRP1, 
FILIP1L) and tumor vasculature marker (ESM1, CD248, PLXDC1) clearly 
shows high rate of angiogenesis in grade IV glioma. Consistent with our 
expectation, no significant changes in expression of the vascular-enriched 
genes could be detected between grade II glioma vessels and normal brain 
vessels. 

To validate our findings, six differentially expressed genes were selected 
performing immunohistochemical staining of a tissue microarray. We found 
that ANGPT2, ESM1 and CD93 were expressed in a significantly higher 
proportion of vessels in grade IV glioma vessels. TENC1, FILP1L and 
ELTD1 were expressed in a majority of vessels in all samples, but the stain-
ing intensity was significantly different in grade IV glioma vessels.  

By analyzing expression of signaling molecular (growth factors, cyto-
kines, chemokines and peptide hormones) in total tissue of grade IV glioma 
in comparison to grade II glioma and control brain samples, we confirmed 
VEGFA and TGFB2 is highly induced in grade IV glioma. Consistent with 
high VEGFA expression in grade IV glioma, several of the 78 up-regulated 
genes were significantly induced in HDMECs treated with VEGFA or up-
regulated during VEGFA induced tubular morphogenesis in a collagen ma-
trix in vitro, including ANGPT2, CD93, ELTD1, ESM1, NOX4, MCAM, 
PTP4A3 and PXDN. 

Prediction of regulated transcription factors based on the 78 genes up-
regulated in grade IV tumors reveal that Smad transcription factors where 
significantly over-represented, suggesting that TGF signaling is important in 
grade IV vessel. Consistent with this, we demonstrate increased Smad2-
Smad4 and Smad3-Smad4 signaling complexes in grade IV glioma vessels 
in situ. Moreover, several genes up-regulated in grade IV vessels was up-
regulated by HDMECs with TGFB2 stimulation, including COL1A2, 
COL3A1, FN1, ELTD1, NOX4 and PXDN.  

Taken together, we have extensively characterized changes in gene ex-
pression in grade IV glioma vessels and unraveled signaling pathways re-
sponsible for the distinct gene signature, revealing molecular mechanisms 
that underlie vascular abnormalization in high grade glioma.   
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Paper II 
High expression of the C-type lectin CD93 in glioblastoma vasculature en-

hances vessel function by regulating cytoskeletal rearrangements and leads 

to poor survival 

Background and aim 

In paper I, by characterizing the transcriptome of blood vessels in human 
glioblastoma, low-grade glioma and control brain tissue, we identified 95 
genes that are specifically expressed in glioblastoma vasculature, including 
the single-pass transmembrane glycoprotein CD93. Recently, several inde-
pendent studies have suggested that CD93 has plays a role in angiogenesis; 
however, the detailed mechanisms have not been investigated. Therefore, in 
this study, we aimed to determine the role of CD93 in tumor angiogenesis 
with special focus on glioblastoma, and the mechanisms involved. 

Results and discussion 

To investigate the role of CD93 in endothelial cell biology, we used RNA 
interference to knock down its expression in human dermal microvascular 
endothelial cells (HDMEC) in vitro. Knocking down CD93 in endothelial 
cells with siRNA clearly impaired endothelial cell adhesion, migration and 
tube formation due to defects in cytoskeletal rearrangement. 

To investigate the role of CD93 in glioma growth, we employed the 
GL261 glioma model. CD93 was mainly expressed in the tumor vasculature 
in GL261 tumors, and CD93 staining was more intense in the tumor vessels 
than in the vasculature of the surrounding brain. Importantly, intracranial 
GL261 tumor growth in CD93-deficient mice was delayed as compared to 
tumor growth in wild type mice. This was associated with a significantly 
longer survival after tumor cell injection in CD93-deficient mice compared 
to wild type mice. Quantification of vessels in tumor sections did not reveal 
a difference in vessel area in GL261 tumors from CD93-/- female mice as 
compared to tumors grown in wild type mice. However, perfusion of glioma 
vasculature was remarkably reduced in CD93-deficient mice. 

Interestingly, T241 fibrosarcoma growth was also significantly reduced in 
CD93-deficient female mice. 

By immunohistochemical staining of a tissue microarray (TMA) consist-
ing of 235 biopsies of human control brain and glioma, we show that CD93 
was up-regulated in the vasculature of high grade gliomas and that vascular 
expression of CD93 correlates to tumor grade in human glioma. 

To evaluate if CD93 expression in the tumor vessel affect patient surviv-
al, analysis was done in samples represented in the TMA array. High-grade 
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glioma patients with high CD93 expression in the tumor vasculature had a 
significantly shorter survival than patients with low CD93 expression in the 
tumor vasculature. Notably, CD93 expression was identified as an independ-
ent predictor of survival in the multivariate analysis. 

Taken together, our data imply that CD93 is a key regulator of glioma an-
giogenesis through regulation of the endothelial cytoskeleton. As the CD93 
expression level correlates with survival of patients with high grade gliomas, 
future studies should focus on evaluating its potential as a target for therapy 
or as a biomarker for glioblastoma progression. 

Paper III 
Pleiotrophin promotes vascular abnormalization in glioma and correlates 

with poor survival in human astrocytomas 

Background and aim 

Pleiotrophin (PTN) has been shown as rate-limiting factor in glioblastoma 
growth, illustrated by targeting PTN or/and its receptor in the tumor cells in 
xenograft model. However, PTN might also have other effect on tumor mi-
croenvironment and angiogenesis which need to be taken into account. Sev-
eral reports suggest that PTN can regulate tumor growth by microenviron-
ment remodeling and by promoting angiogenesis. Therefore, we aim to elu-
cidate whether and how PTN affects the tumor stroma, particularly tumor 
angiogenesis. 

Results and discussion 

By immunohistochemical staining of a tissue microarray (TMA) consisting 
of 208 brain tumors, we show that PTN expression was upregulated in high 
grade brain tumors, correlating with tumor grade. Further characterizing 
expression of PTN receptors, ALK and PTPRz, by brain tumor TMA, we 
found that ALK was expressed in the tumor vasculature but not in normal 
vasculature. Up to 60.9% of high grade tumors express ALK in the peri-
vascular cells. Interestingly, we found that PTPRz was highly expressed in 
all the samples including normal tissues and tumor tissues, which suggest 
PTN receptor ALK not PTPRz may involve in tumor angiogenesis. 

To evaluate if PTN expression affect patient survival, survival analysis 
was done in samples represented in the TMA array. High PTN expression 
was associated with poor survival in patients with astrocytoma and glioblas-
toma, and these findings were confirmed further in independent patient co-
horts using data from the TCGA according to PTN mRNA expression. 
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To investigate the role of PTN-expression on tumor progression in glio-
ma, we employed the GL261 syngeneic, orthotopic glioma model. PTN ex-
pression cannot be detected is in GL261 cells. By PTN over-expression in 
GL261 cell, we found that PTN over-expression does not affect GL261 cell 
proliferation in vitro. We further found that the PTN receptor ALK and 
PTPRz expression is minimum in Gl261 cells this can explain why PTN 
overexpression does not affect cell proliferation in vitro.   

In spite of PTN not affecting tumor cell growth in vitro, when GL261 
were inoculated in vivo PTN overexpressing tumors shows accelerate tumor 
growth as compared to GL261 control tumors. PTN overexpressing tumors 
were significantly larger than control tumors. Consistent with the human 
data, survival experiment revealed that the PTN overexpressing group sur-
vived significantly shorter than the control group. The fact that PTN acceler-
ated tumor growth and was associated with poor survival in vivo but did not 
affect tumor cell growth in vitro suggest that PTN promotes tumor growth 
mainly through remodeling of the tumor environment. 

By immunostaining of GL261 tumors we found that PTN overexpressing 
tumors shows a significant increase in proliferating cells compared to control 
tumors. Significantly higher vessel density was found in PTN overexpress-
ing tumors as compared to control tumors. Moreover, we found larger ves-
sels with increased lumen size in the PTN overexpressing tumors. The aver-
age diameter of blood vessel in PTN tumors was significantly larger than 
control tumors. Consistent with increased vessel density, PTN overexpress-
ing tumors showed a significant increase in proliferating endothelial cells as 
compared to control tumors. The highly abnormal vascular morphology was 
accompanied by decreased coverage by desmin positive pericytes and in-
creased levels of VEGF deposited in the perivascular area surrounding blood 
vessels in PTN-expressing tumors. In addition, tumor vessels in PTN ex-
pressing tumors were less perfused. Altogether, PTN increases tumor angio-
genesis and modulates vascular morphology, leading to increasingly abnor-
mal vessels with reduced vascular function. 

To determine if PTN impinges on VEGF induced angiogenesis, the em-
bryoid body (EB) model of vascular development was employed. VEGF-
induced vessel formation and sprouting were severely impaired by PTN 
knockdown in both 2D and 3D-matrix EB cultures. PTN overexpression 
enhanced the vascular ring formation and increased vessel density when EBs 
were cultured on glass slides. 

Taken together, we show that high PTN expression correlates with poor 
survival of patients with astrocytomas. By using an orthotopic, syngeneic 
model of glioma, we provide evidence that PTN enhances growth of intra-
cranial tumors through stimulation of the tumor vasculature. Our results 
indicate that PTN has an important role in establishment of the characteristic 
abnormal tumor vasculature in glioblastoma, identifying PTN as a target for 
anti-angiogenic therapy. 
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Paper IV 
Pleiotrophin enhances PDGF-B-induced gliomagenesis and promotes angio-

genesis in high-grade tumors in mouse experimental glioma 

Background and aim 

PTN promotes glioma development by both direct effect on tumor cells or 
indirect stimulation on stromal cells in the tumor microenvironment. We 
have recently demonstrated that PTN was upregulated in the glioma correlat-
ing with tumor grade, and that high PTN expression in the tumor is associat-
ed with poor survival for patients with astrocytomas. In the GL261 experi-
mental model, we demonstrated that PTN increases vessel density and pro-
motes vascular abnormalization.  In this study, we aimed to determine how 
PTN affect glioma initiation and early tumor development. 

Results and discussion 

By analyzing publically available date sets from the Oncomine database, we 
confirmed up-regulation of PTN mRNA in glioblastoma samples as com-
pared with normal white matter. PTN expression was significantly higher in 
the classical subtype as compared to the mesenchymal, pro-neural and neural 
tumors. In addition, we found that most of the GBM patients have amplifica-
tion of the PTN gene due to broad amplification of chromosome 7. Interest-
ingly, PTN mRNA expression was significantly correlated with gene copy 
number, therefore, we suggested PTN up-regulation in GBM is connected to 
amplification of chromosome 7. 

To investigate if increased PTN expression would affect tumor initiation 
during glioma development, we employed the RCAS/tva model. PTN alone 
did not induce gliomagenesis in mice of the Arf -/- background which 
strongly predisposes to gliomagenesis. However, PTN enhanced PDGF-B 
induced gliomagenesis. The tumor incidence was almost double in the mice 
injected with RCAS-PDGF virus in combination with RCAS-PTN virus 
(66.7%) as compared to mice injected with RCAS-PDGF in combination 
with an RCAS-ev (empty vector) virus (38.7%).  

By carefully grading the tumor from grade II to grade III according to the 
WHO diagnostic criteria, we found that there was no difference with regard 
to the proportion of grade III and grade II tumors formed in mice induced by 
RCAS-PDGFB in combination with RCAS-PTN as compared to tumors 
formed by RCAS-PDGFB combination with control.  

Notably, stereological quantification revealed a significantly higher vas-
cular area and vessel diameter in tumors induced by RCAS-PDGFB in com-
bination with RCAS-PTN, as compared to tumors induced by RCAS-
PDGFB&RCAS-ev, in grade III tumors but not in grade II tumors. This data 
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shows that PTN expression stimulates angiogenesis and vascular abnormali-
zation specifically in high grade gliomas. 

Taken together, we show PTN enhances PDGF-B-induced gliomagenesis 
and promotes angiogenesis in high-grade tumors in mouse experimental 
glioma. These results indicate that PTN is a promising target for adjuvant 
therapy to inhibit angiogenesis and prevent tumor relapse after surgery, radi-
otherapy or chemotherapy. 
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Concluding Remarks and Outlook 

Despite of the tremendous achievements in basic research and improvements 
in clinical practice, malignant glioma remains incurable. There are still a lot 
of fundamental questions that needs to be answered regarding glioma biolo-
gy. We are interested in two specific questions: how the abnormal vascula-
ture forms and how it contributes to tumor progression. 

In Paper I, we found 95 genes which were differentially expressed in 
grade IV glioma vessels as compared to vessels in low grade glioma and 
control brain. 78 of which were up-regulated while 17 were down-regulated. 
By analyzing expression of growth factors in total tumor tissue, we found 
that VEGFA and TGFB2 were highly induced in grade IV glioma. Several of 
the genes within the 78 up-regulated gene signature are regulated by VEGFA 
or TGFβ2 signaling. In fact, several extracellular matrix proteins regulated 
by TGF signaling, such as collagens, fibronectin and laminins are upregulat-
ed in high grade glioma vessels. Consistent with this, increased Smad2-
Smad4 and Smad3-Smad4 signaling complexes can be detected in the vascu-
lature and the perivascular areas in high grade glioma. The role of VEGF in 
glioblastoma angiogenesis has already been extensive studied. However, 
how TGF signaling regulates glioblastoma angiogenesis remains unclear. 
From previous studies, Smad3 signaling has been shown to contribute to 
endothelial-mesenchymal transition (End-MT), and MIR21, one of the most 
up-regulated genes in this study, is an important mediator of this process. 
The presence of several markers of End-MT and an increased matrix deposi-
tion in grade IV glioma vessels may contribute to the distinct vascular phe-
notype. Therefore, we want to know if TGFβ2 plays an important role as a 
regulator of the vascular phenotype in glioma through inducing End-MT. In 
addition, future study will be focused on to evaluating TGFβ2 as an addi-
tional target for vascular normalization therapy. 

In paper II, we focus on single-pass transmembrane glycoprotein CD93, 
which is one of the 78 genes that are up-regulated in high grade glioma. We 
found that knocking down CD93 in endothelial cells with siRNA clearly 
impaired endothelial cell adhesion, migration and tube formation due to de-
fects in cytoskeletal rearrangement. In addition, tumor growth and angiogen-
esis were severely delayed and decreased in the CD93-/- mice. Currently, by 
identifying CD93 ligands and binding partner, we are investigating which 
crucial molecular signaling pathways that are involved in angiogenesis regu-
lation through CD93. In addition, future studies will be focused on evaluat-
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ing if CD93 drivers glioblastoma progression and can serve as a potential 
target for anti-angiogenic therapy. 

Pleiotrophin (PTN), a multi-functional growth factor, promotes glioma 
growth in several ways. In paper III, We found that glioblastoma patient 
with high PTN expression in their tumor have a poor prognosis. It has been 
shown that targeting PTN or/and its receptor in tumor cells inhibit glioma 
growth in xenograft models by a direct effect on tumor cell proliferation 
and/or migration. In paper III, we found that PTN affects the tumor micro-
environment and induces vascular abnormality through increasing VEGF 
signaling in the GL261 model. Interestingly, PTN over-expressing GL261 
tumors are more sensitive to VEGF inhibition. Therefore, in the future, it is 
very important to evaluate that if PTN can be used as a predictive marker for 
anti-angiogenic treatment targeting the VEGF pathway, and PTN or its re-
ceptor may be potential target for glioblastoma treatment. 

In paper IV, we evaluated that if PTN affects glioma initiation and early 
tumor development using the RCAS/tva model. We show that PTN enhances 
PDGF-B-induced gliomagenesis, which in line with a recent publication 
showing that PTN plays an important role in maintenance of glioblastoma 
stem cells. Also, we confirmed the previous findings that PTN promotes 
angiogenesis in high-grade tumors. Taken together, these results indicate that 
PTN or its receptors may be a promising target for adjuvant therapy to inhib-
it angiogenesis and preventing stem cell mediated tumor relapse after sur-
gery, radiotherapy or chemotherapy. 

Although, it will be an extremely difficult battle to cure malignant glioma, 
our hope is that final victory will come if we continue to investigate the mo-
lecular mechanisms of tumor progression through basic research and 
strengthen the collaboration with translational researchers and clinicians. 
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