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Summary and General Discussion  

Introduction: Glioblastoma Multiforme and Cancer Stem Cells 

Glioblastoma multiforme (GBM) is by far the most malignant brain tumor. The abundant migration 

of glial-like cancer cells away from primary tumor mass, infiltrating into the surrounding healthy 

tissue is one of the main histo-pathological features of GBMs. It is also one of the main difficulties 

when dealing with this disease. The infiltrating part of the tumor is considered to play a key role in 

inevitable tumor recurrence that follows surgical resection. Subsequently, patients with a 

malignant glioma have a very poor prognosis and only approximately 10% of the newly diagnosed 

survive more then 5 years despite multimodality treatment that comprises of surgery, radiation 

and temozolomide (TMZ) chemotherapy (1). 

An additional difficulty in therapeutic management of GBM is its therapy resistance due to 

invariable survival of a small fraction of tumor cells when either radiotherapy or chemotherapy is 

applied. This resistant population of cells was, according to recent reports, characterized as the 

cancer stem cell (CSC) fraction due to their similarities with normal stem cells, namely self renewal 

and multi-lineage differentiation capacity. The main criteria, however, for defining CSCs is their 

ability to give rise to tumors that phenocopy an original malignancy after serial transplantation in a 

xenograft model, demonstrating that newly generated tumors contain a fraction of functionally 

multipotent, stem-like cells capable to self-renew (2). Increasing amount of evidence is 

demonstrating that one single CSC is able to reconstitute the whole tumor phenotype (3, 4). 

Accordingly, it can be anticipated that their escape from therapy could consequently result in 

tumor regrowth. Therefore, it is not surprising that CSCs are currently considered to be the 

underlying reason of tumor recurrence. This is in part attributed to their highly efficient DNA-

damage repair mechanisms and cell-cycle check points as well as the activation of anti-apoptotic 

pathways that all together result in CSCs being extremely therapy resistant (5).  

Recently an additional layer of complexity has been added to the CSC biology and the existence of 

small, (epi)genetically identical fraction of CSCs has been challenged. One of the first clues was 

provided by Quintana et al. who showed that as much as one in four melanoma cells has 

tumorigenic potential and that furthermore tumorigenicity of cells in xenograft model is highly 

dependent on the level of immunodeficiency of the host (4). More importantly, xenografts 

obtained from the same patient specimen were heterogeneous and differed from one another. 

This raised a doubt of whether tumors contain few (epi)genetically distinct populations of stem-

like cells. In order to address this matter, namely whether a single, uniform population of CSCs is 

responsible for the tumor phenotype or if several distinct CSC clones co-exist in the tumor, we 

analyzed the GBM CSC fraction in more detail (Chapter 3).  To do so, we investigated the 
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differentiation potential of single-cell derived CSC lineages. In case of the single, multipotent 

population of CSCs, single-cell cloning of the culture would yield clones with the same 

differentiation pattern as the parental one. Our results, however, demonstrated unexpected 

variety in that respect with a broad range of differentiation patterns that varied from one clone to 

the other. Since all the clones were kept under the same culturing conditions and demonstrated a 

stable phenotype in our cultures, these results suggest that the original tumor contained several 

CSC driven clones that differ in their differentiation abilities, possibly due to their diverse genetic 

or epigenetic background. How could that be explained? It can be speculated that due to various 

selective pressures in different tumor areas, clones that initially arose from the same cell acquired 

different mutations that could influence their differentiation program but also better survival and 

higher invasiveness. Notably, invasive morphology of tumors is a direct consequence of their 

hierarchical organization and is driven by CSCs themselves, invasive clones more in particular 

(Chapter 4).  

In the light of the development of novel anti-cancer treatments, these findings certainly need to 

be considered. There is a tendency to develop treatments that would drive tumors towards 

differentiation, directing it thus towards the cell type most sensitive to therapy. If different CSC 

fractions are present within a malignancy that also display different differentiation dynamics, this 

kind of approach might be insufficient, as different CSC clones could respond differently to this or 

any other treatment for that matter. Thus, targeting more than one population of CSCs would 

probably be a more promising strategy with the main focus on identifying the most dominant, 

resistant, invasive clones and accordingly determinants that sustain them. In that respect, the 

tumor microenvironment has been proposed to play a key role. 

 

Tumor Microenvironment 

The tumor microenvironment has been, in numerous instances, demonstrated to be a major 

determinant of tumor maintenance and progression. For GBM in particular, this role has been 

assigned to the endothelial cells comprising the tumor vasculature (Chapter 2). In analogy to 

neural stem cells (NSCs), microvascular endothelial cells have been reported to form a GBM CSC 

niche, directing cell fate decisions and expanding the CSC pool (6, 7) (Chapter 5). One of the 

mediators of the CSC-vasculature interaction was reported to be nitric oxid produced by 

endothelial cells that maintains the CSC fraction by triggering the Notch pathway (8). The 

existence of a vascular niche seems to be essential for GBM CSCs to such an extent that these cells 

themselves are promoting the formation of new blood vessels and furthermore are protecting 

them from various insults (9-11). GBM CSCs are not only secreting considerable amounts of 

vascular endothelial growth factor (VEGF) that triggers and directs neovascularisation, but are 

themselves capable to differentiate into an endothelial-like phenotype and as a consequence 

generate their own niche (9, 12, 13).  In addition, hypoxic regions have also been reported to form 
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a GBM CSC niche (14) (Chapter 2). HIF2� is considered to be the key mediator of hypoxia 

mediated effects in GBM, maintaining the CSC pool by an additional mechanism. Even though one 

might intuitively think that the tumor vasculature on one hand and hypoxic regions on the other 

represent unrelated niche-entities, this does not necessarily have to be the case. In addition to 

being highly vascularized, GBMs are also characterized by an abundantly dysfunctional 

vasculature. In addition, as introduced previously, GBM cells themselves can also differentiate into 

cells that mirror an endothelial phenotype. However, these cells often build structures that end up 

being vascular mimicry rather than functional vessels. This implies that tumor cells benefit from 

endothelial (-like) cells surrounding them, but not necessarily real vasculature. Thus, hypoxic 

regions and non-functional blood vessels could very well co-localize within the tumor and 

synergistically support CSCs. From a clinical point-of-view it is essential to break the niche-

mediated support of CSCs so that the tumorigenic core of the tumor can be targeted effectively. 

 

Therapy resistance 

In addition to maintaining the CSC fraction, the tumor microenvironment has also been implicated 

in its therapy resistance. For example, angiogenesis inhibition by bevacizumab, a VEGF-

neutralizing antibody, by itself decreased the CSC pool and consequently inhibited tumor growth 

(6). It also increased the susceptibility of CSCs to cytotoxic agents (15). Moreover, inhibition of 

Notch signaling is reported to enable cross-talk between CSCs and their surrounding niche and 

significantly increases efficacy of radiotherapy on these cells (16). Therefore, learning more about 

the role of the tumor microvasculature in GBM therapy resistance appears essential, when 

considering novel therapeutic approaches.  

Current data on radiotherapy response of tumor endothelial cells are incomplete and 

controversial. While some reports claim these cells to be highly sensitive to the treatment and 

undergoing apoptosis, others suggest the opposite (17, 18). To address this question in more 

detail, we recently evaluated the response of tumor microvascular endothelial cells (tMVECs) to 

conventional treatments, with special emphasis on radiation, being the pivotal treatment for GBM 

patients, and further analyzed how this influences their interaction with CSCs (Chapter 6). Our 

data show that, when co-culturing tMVECs and CSCs, tMVECs are able to stimulate growth and 

stemness of GBM cells despite the treatment, due to their extreme therapy resistance. Their 

preferential response to irradiation is permanent cell cycle arrest, senescence. Intriguingly, 

senescent tMVECs support the CSC growth with the same efficacy as non-senescent ones. 

Moreover, GBM CSCs themselves, upon differentiating into an endothelial-like phenotype, 

subsequently respond by adopting a senescent state when exposed to radiation and obtain the 

role of the CSC niche in supporting the expansion of tumor cells (Figure 1).   
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Figure 1. a) GBM CSCs (yellow) reside close to tMVECs (red) that form their niche and maintain them in stem-like state 
(red arrow). CSCs on one hand self renew and give rise to new CSCs, and on the other hand differentiate into tumor 
cells (gray) as well as tMVECs (green arrows). b) Due to their therapy resistance, upon irradiation tMVECs do not die 
but undergo senescence (blue) and continue to support CSC pool (red arrow). CSCs that differentiate into 
endothelial-like phenotype  acquire the same response to irradiation. 
 

These results propose a discouraging scenario where the tumor cells themselves are able to 

generate their own environmental niche. This allows them to survive and further expand after 

treatment with gamma-irradiation and alkylating agents. Such a niche could contribute to the 

tumor relapse commonly observed after an initial clinical response. Crucially, in addition to 

sustaining the existing fraction of CSCs, tMVECs seem to be able to reprogram differentiated 

tumor cells and convert them back from a non-stem- into a more stem-like phenotype (Chapter 

7). Thus, the end result of modulating plasticity of tumor cells is the enrichment of a tumorigenic, 

therapy resistant and invasive fraction of cells. Therefore, interfering with and disrupting the 

interaction between tumor cells and their vascular niche would potentially sensitize them to 

treatment. The molecules that mediate this interaction are attractive therapeutic targets that 

could help to develop novel strategies to fight this disease. However, the genetic diversity of 

these tumors should be taken into account when dealing with this matter. Even though GBMs in 

general share the main hallmarks, each individual tumor has a unique pattern of genetic 

alterations. This creates a considerable obstacle for the development of universal treatments for 

this disease. Four different subtypes of GBM have been described, with different sets of mutations 

underlying their pathogenesis (19). It is likely that the genetic variation of GBM also impinges on 

the interaction with the vascular niche. This complex interplay is a finely tuned system, and so far 

various signaling pathways, secreted and membrane bound molecules have been reported to be 

the mediators. Below the main suspects are reviewed. 

 

 

 

a) b) 
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Potential candidates that enable CSC-niche cross-talk 

 

Notch pathway 

The Notch pathway is a highly conserved pathway that mainly works in trans. Activation therefore 

needs direct cell-to-cell contact. Upon ligand-receptor interaction between two neighboring 

cells, �-secretase proteolytically cleaves the receptor, which releases the Notch intracellular 

domain (NICD). This part of the protein translocates into the nucleus and subsequently activates 

the transcription of downstream targets such as Hes and Hey that further modulate cell fate. So 

far four NOTCH receptors (NOTCH 1-4), five ligands (Jagged 1-2, Delta-like ligand (DLL) 1,3,4) and 

numerous effector molecules (Hes 1-6, Hey 1,2,L) have been identified. The complexity of the 

pathway allows for cell-type specific signal outputs, which are still poorly understood. However, in 

general signal-sending cells are usually the ones undergoing differentiation or being 

differentiated whereas signal-receiving cells remain in an undifferentiated state. This is referred to 

as so-called ‘lateral specification’.  

The Notch pathway was reported to be one of the key mediators of cross-talk between the CSCs 

and their vascular microenvironment, similar to the neural stem cell niche (7, 8, 16). This signaling 

pathway has a dual role: it directs angiogenesis and regulates stem cell maintenance, emphasizing 

the tight bond between these two processes. Within the CSC niche, endothelial cells express the 

Notch ligands DLL4 and JAG1 that bind to the NOTCH1 receptor on the membrane of GBM CSCs 

and activate this pathway in CSCs (20). Furthermore, endothelial cells produce nitric oxide, a short 

range molecule that also stimulates CSCs and indirectly triggers Notch signaling in this fraction 

through the NO/cGMP/PKG pathway (8). Inhibiting this pathway by the �-secretase inhibitor DAPT 

leads to reduction of the CSC fraction as a consequence of the initial loss of endothelial cells 

preceding this event, due to Notch blockade. Combination of radiation and Notch inhibition had a 

profound therapeutic effect and dramatically reduced the growth of both endothelial and tumor 

cells as compared to radiation treatment alone in vitro (16).  

Tumor angiogenesis is essential for GBM growth and metastasis and is regulated by various pro-

angiogenic factors and signaling pathways, the most important being VEGF. Thus, it is not 

surprising that anti-VEGF treatment has already been approved for clinical trials and is 

demonstrating a certain clinical benefit for the patients, although these studies are still ongoing. 

However, resistance to or escape from this kind of treatment evolves in many cases and tumor 

growth and angiogenesis are able to proceed despite potent VEGF blockade. Furthermore, an 

increase in metastatic incidence upon this treatment has been reported, creating room for novel, 

improved therapies (21). Targeting the microvascular CSC niche by Notch inhibition might be an 

alternative approach for treatment of GBM. From a clinical perspective, Notch inhibition should 

affect two main targets: the CSC pool as well as angiogenesis. Data so far are strongly suggesting 
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an enhanced therapeutic effect of radiation in the absence of Notch signaling, thereby creating 

support for pursuing this research path further. 

DLL4-mediated Notch signaling is essential for embryonic vascular development and haplo-

insufficiency leads to embryonic lethality caused by severe vascular defects (22). In adults, DLL4 is 

largely enrolled in tumor angiogenesis and even speculated to be expressed on tumor vasculature 

at considerably higher levels compared to normal, healthy blood vessels (23). It is a critical 

negative regulator of (tumor) angiogenesis, acting to restrain excessive VEGF-induced vascular 

sprouting (24, 25). Thus, there is a feed back loop between VEGF and DLL4/Notch signaling and 

the blockade of VEGF results in decreased expression of DLL4 on tumor vasculature. Even though 

both anti-DLL4 and anti-VEGF therapy inhibit tumor growth in mouse models, these treatments 

had the opposite effects on tumor vasculature. While anti-VEGF therapy reduced vascular density, 

anti-DLL4 treatment resulted in an abundant increase of non-productive tumor vascularisation 

accompanied by enhanced sprouting and branching (24, 25). Despite the increase in vascular 

density, these were poorly perfused vessels and were not part of a functional vascular network. 

Thus it seems that tumors, despite their abnormal vasculature, nevertheless require a balanced 

hierarchy of well-organized, functional blood vessels, at least up to a certain degree.  

What would be the advantage of targeting DLL4? The main concern regarding the general 

inhibition of Notch signaling are its potential serious side affects as this pathway regulates the 

postnatal stem cell compartment in many tissues. �-secretase inhibitors that non-selectively block 

all Notch activities have already been shown to cause unwanted side-effects in rodents by 

disrupting intestinal homeostasis. The advantage of targeting DLL4 specifically lies in its more 

restricted expression in the postnatal vascular system, especially tumor vasculature. Importantly, 

DLL4 blocking antibodies efficiently reduced the growth of tumors that were resistant to anti-

VEGF treatment. The treatment inhibited productive angiogenesis and reduced the CSC fraction. 

Whereas chemotherapy alone, despite tumor shrinkage, resulted in an increased fraction of CSCs, 

this treatment combined with anti-DLL4 had the opposite effect. A recent report even suggested 

that DLL4 mediated Notch signaling could be one of the exact underlying causes of tumor 

resistance to anti-VEGF treatment using bevacizumab (26). Even though the efficacy of anti-DLL4 

has yet to be proven in clinical studies, and the concerns regarding its potential side effects need 

to be considered, data so far are strongly suggesting its therapeutic potential (27) . 

Integrins 

Integrins are cell surface receptors responsible for communication of cells with extra cellular 

matrix (ECM) protein components as well as cell-to-cell adhesion. They are heterodimeric, 

transmembrane proteins consisting of � and � subunits, and so far 16 � and 8 � subunits occurring 

in 21 different combinations have been described (28). In addition to their key roles in regulating 

cell adhesion and subsequently mediating tumor migration and invasion, their role in 



 - 136 - 

angiogenesis has also been established (29). Therefore, as GBM is a highly infiltrative and 

vascularized malignancy, targeting integrins might be an interesting option to pursue. There is an 

analogy between normal- and cancer- stem cells. Adult NSC are located in the subventricular zone 

(SVZ) and the hippocampal dentate gyrus in the unique vascular niche that regulates their 

asymmetric division and maintains their stemness (30). In addition to Notch signaling, integrins 

have been reported to mediate this interaction (7, 31, 32). More specifically, laminin is expressed 

abundantly by endothelial cells in the SVZ, and the laminin receptor �6β1 integrin on NSCs plays a 

critical role in their adhesion to vascular endothelial cells and regulation of their proliferation. 

Accordingly, blocking of �6β1 integrin detaches NSC from their niche, alters their position and has 

differentiation inducing effects. In analogy, integrin �6β1 was suggested to be a functional marker 

of GBM CSCs as well (33). Its expression overlaps with CD133, a well recognized GBM CSC marker, 

and furthermore is located in close proximity of CD31 positive endothelial cells. Blocking or 

knockdown of integrin resulted in a compromised CSC phenotype, it reduced their proliferation, 

and more importantly, their tumorigenic potential. Taken together, these data underscore 

integrin signaling in GBM as a possible therapeutic target. However, targeting integrins should be 

done with caution considering diverse roles they play in the process of tumorigenesis. For 

example, �v�8 integrin has a dual role as a negative regulator of GBM angiogenesis and a mediator 

of tumor invasion (34, 35). Targeting �v�8 integrin considerably reduced infiltration capacity of 

astrocytomas and resulted in localized lesions, however these tumors were significantly larger 

then the non-treated ones. This was partially due to increased vascularization, in agreement 

treated mice had significantly shorter lifespan as compared to control and the overall result of  

targeting �v�8 integrin was a pro-tumorigenic effect (34). On the other hand, blocking integrin 

�v�3 mainly had anti-tumorigenic effect in preclinical models (22). Cilengitide, a specific �v�3 

inhibitor, combined with radiation more then doubled a median survival time of mice when 

compared to radiation alone, significantly reduced migration and invasion of tumor cells in 

preclinical models and is currently in a phase I/II clinical trial. Thus, targeting the right integrins 

could be a potential therapeutic option.  

PI3K pathway  

Another pathway that has been implicated in the cross-talk between the CSC compartment and its 

endothelial microenvironment is the PI3K signaling pathway (36). PI3 kinases are activated by a 

broad range of tyrosine kinase receptors to produce phosphatidulinositol-3,4,5-trisphosphate 

(PIP3). This molecule couples PI3 kinase to its downstream effectors, like AKT (also known as PKB) 

that signals to promote cell growth and proliferation, and suppress apoptosis. This is enabled by 

the numerous substrates of AKT. One of the key targets is GSK3 that plays a role in preventing the 

progression through the cell cycle. AKT phosphorylates and subsequently inactivates GSK3 thus 
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driving cell into proliferation. PI3K and AKT also target mTOR, a protein kinase involved in protein 

synthesis and cells growth in response to available nutrients and growth factors. PTEN, on the 

other hand antagonizes PI3K signaling and is frequently mutated in tumors including GBM. This 

pathway is also involved in the regulation of migration and invasion, mainly by Rho family 

members Cdc42, Rac and Rho. These small GTPases dynamically remodel the actin cytoskeleton 

leading to formation of filopodia, lamellipodia and stress fibers. In addition to conferring growth 

advantage of tumor cells by increasing their survival and migration, PI3K/AKT pathway has also 

been implicated in tumor angiogenesis.  

In meduloblastoma, Hambardzumyan et al. suggested this pathway to be crucial for the 

interaction between medulloblastoma CSCs and their perivascular niche (36). Furthermore, the 

absence of PI3K signaling seems to have clinical implications, as the inhibition of AKT 

phosphorylation significantly sensitized tumor cells in the perivascular niche to apoptosis (36). 

Accordingly, abundant data is suggesting that the PI3K pathway could play the same role in GBM. 

AKT signaling has been seriously implicated in the formation and growth of high-grade gliomas 

(37, 38). Both EGFR amplification and PTEN deletion, frequent mutations in GBM, are well-known 

alterations that activate the AKT pathway and are furthermore a specific distinction of grade IV 

gliomas, as compared to lower-grade lesions (39). Several other receptors present on tumor cells 

have also been implicated in activation of Pi3K, IGF-1 receptor for example (40). GBM subtypes 

characterized by loss of PTEN and enhanced PI3K signaling are associated with poor outcome (41). 

Importantly, this pathway seems to be involved in the maintenance of the GBM CSC fraction. Loss 

of the tumor suppressor PTEN and subsequent activation of PI3K/AKT signaling leads to an 

increase in the so-called side population in GBM (42). The side population, defined by FACS 

analysis, is a result of the ABCG-2-mediated efflux of Hoechst dye and is a surrogate marker for the 

CSC fraction. Furthermore, PI3K/AKT signaling directly regulates the activity of ABCG-2 drug 

transporters, thus making CSCs more resistant to chemotherapy (42). In addition, the activation of 

this pathway plays a role in radioresistance of glioma (43).  

Even though the inhibition of PI3K signaling appears to have therapeutic potential, complexity of 

the PI3K pathway and its regulation by tumor cell itself or by signals received from its 

microenvironment has to be considered in order to target it properly. mTOR inhibitors are 

currently being tested and even though they have proven to be highly cytostatic in many 

preclinical studies, they failed to show the same effect in clinical trials (44-46). It has been 

proposed, however, that selective inhibition of mTOR could result in PI3K activation by an ill-

defined feedback loop, demonstrating that mTOR inhibition alone is not sufficient to shut down 

this pathway (47). In that respect, a highly promising molecule seems to be PI-103, a selective dual 

PI3K/mTOR inhibitor that showed unique activity against genetically different GBM lines (48). PI-

103 was already efficient at nanomolar concentrations, non-toxic and demonstrated tremendous 

efficacy in reducing the growth of malignant glioma in xenograft models regardless of their PTEN, 
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p53 and EGFR status. A clinical trial is yet to be performed, and in the meantime these results might 

provide cues to why PI3K inhibitors currently being tested are failing.  

 

Conclusions  

In conclusion, the tumor microenvironment needs to be taken into account when studying GBM. 

tMVECs play a critical role in GBM CSC maintenance on one hand, and display excessive therapy 

resistance on the other that likely contributes crucially to the treatment resistance of the tumor 

itself. How the tumor vasculature is exactly sustaining the CSC fraction and whether this holds true 

for all the CSCs in the tumor is yet to be determined. Current data are suggesting a close contact 

between CSCs and endothelial cells to be necessary, including direct cell-to-cell contact, short 

range molecules or most likely a combination of both, depending on the GBM subtype. This 

triggers different survival pathways in the CSCs, that still need to be identified more in detail, and 

allows them to escape the therapy. Directly targeting vasculature so far did not yield too 

encouraging data, as consequences of the treatment, such as increase in metastasis, overweighed 

the initial positive effect of therapy on tumor shrinkage. As tMVECs display strong resistance to 

conventional treatments, a way to potentially bypass the CSC niche could be the detachment of 

CSCs from it by interference with signals, which could have pro-differentiation effect and make 

them more susceptible for the treatment. Thus, understanding this interaction more in detail 

seems to be almost a prerequisite for more successful treatment of GBM.  
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