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Abstract 

Glioblastoma multiforme (GBM) is a fast growing, primary malignant brain tumor with poor clinical 

outcome. GBM cancer stem cells (CSCs) have recently been identified as a significant factor in 

cancer maintenance and progression, as they have the exclusive ability to serially propagate 

tumors in xenograft models and furthermore contribute to therapy resistance and tumor 

angiogenesis unlike the rest of the tumor bulk. Within the tumor, the CSC fraction is mainly 

located in their vascular niche, essential for maintaining their undifferentiated state and self 

renewal. We now extend this knowledge to the role of tumor vasculature in regulating tumor cell 

plasticity. We show that tumor endothelial cells have the ability to promote a stem-like phenotype 

in the non-stem fraction, assessed by marker expression and increased neurosphere formation. 

This finding underscores the importance of developing therapeutics that will target the tumor 

microenvironment in addition to CSCs.  
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Introduction 

Glioblastoma multiforme (GBM) is a nearly universally lethal, heterogeneous primary brain tumor. 

Florid angiogenesis and pseudopallisading necrosis are defining hallmarks of this cancer. The 

prognosis for this malignancy has remained poor despite the aggressive treatments, with the 5-

year survival rate of 10% (1). The maximal surgical resection combined with the irradiation is the 

most efficient therapy for GBM. Nevertheless, these treatments are providing only palliation. 

Radiation has a limited efficiency due to the resistance and survival of small fraction of tumor cells, 

named cancer stem cells (CSCs) (1). They share numerous features with normal stem cells, such as 

expression of stem cell markers, self renewal capacity and long term proliferation, and the ability 

to differentiate into multiple lineages (neurons, astrocytes and oligodendrocytes).  However, in 

contrast to normal stem cells, CSCs carry numerous mutations and chromosomal aberrations and 

can serially propagate tumors that phenotypically resemble the original malignancy. Being the 

clonogenic and tumorigenic fraction of tumor cells and the most therapy resistant, CSCs are 

believed to be the driving force of tumor regrowth after treatment (1, 2). Accordingly, GBMs 

almost inevitably recur after the treatment and frequently do so in a nodular pattern which 

suggests a clonal source of tumor regrowth, consistent with the CSC hypothesis. 

Since CSCs have been implicated in tumor growth and its resistance to conventional treatments, 

recent research heavily focused on elucidating the molecular pathways and factors that regulate 

CSC maintenance and survival. One of the main sites of regulation are distinct areas inside a tumor 

termed CSC niche that extrinsically regulates this fraction of cells. Neural stem cells are located in 

a complex, vascular environment essential for their maintenance in an undifferentiated state, their 

self renewal and regulation of asymmetric divisions (3). GBM CSCs reside in a similar perivascular 

niche that orchestrates their cell fate decisions and consequently sustains the CSC pool (4). In 

addition to their maintenance, this interaction seems to provide a survival advantage for CSCs 

after treatment, thus creating a possibility for them to repopulate the tumor. CSCs are therefore 

highly dependent on their niche. They secrete the pro-angiogenic factor VEGF that stimulates 

endothelial cell growth and expansion of the surrounding vasculature (5). In turn, endothelial cells 

maintain CSCs by expressing Notch ligands and nitric oxide that subsequently activate the Notch 

signaling pathway (6, 7). Furthermore, this bidirectional communication is protecting both sides 

from various DNA-damaging insults such as irradiation (8, 9). Thus, when talking about the CSC 

niche, we are referring to a rather complex crosstalk between CSCs and tumor microvasculature 

with direct implications for the clinic. 

Even though differentiation of cells was for decades considered to be the point of no return, 

recent evidence is suggesting the opposite and proposing a certain level of plasticity of this 

process. A turning point in the field was the work of Takahashi et al. who demonstrated that fully 

differentiated fibroblasts can be reprogrammed by defined factors, Oct3/4, Sox2, c-Myc and Klf4 

into fully functional pluripotent stem cells (10, 11). Compared to normal, healthy tissues, tumor 
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cells are believed to have a much higher potential with respect to plasticity. GBM CSCs are one 

example of tumor cells with this capacity. Ricci-Vitiani et al. and Wang et al. recently demonstrated 

that GBM CSCs can differentiate into an endothelial-like phenotype, both in vitro and in vivo, and 

thus contribute to tumor angiogenesis (12, 13). This was done by identifying endothelial cells in 

GBM vasculature that carry tumor-specific chromosomal aberrations, suggesting that they 

originate from tumor cells. Importantly, this work strongly implies that, when critical 

microenvironmental components are lacking, CSCs are able to differentiate into required cell type 

by intrinsic lineage plasticity.  

In light of current knowledge on the CSC niche, it can be hypothesized that CSC differentiation 

and de-differentiation can be influenced and directed by environmental cues. Recent data 

demonstrated this to be the case for some factors such as hypoxia. GBM CSCs are enriched in 

hypoxic regions, defined by low oxygen tension, and hypoxia-inducible factors (HIFs), HIF-2� in 

particular, are involved in their maintenance (14). Strikingly, HIF2� was able to convert 

differentiated GBM cells into a more stem-like phenotype, promoting cell growth and self renewal 

(15). Other external factors were also suggested to play a similar role. For example, acidic stress 

was also implicated in influencing the plasticity of GBM cells towards a CSC-like phenotype (16). 

We now extend these studies to the tumor microvasculature. Our results show that the 

perivascular GBM CSC niche is also capable of promoting stem-like features in a non-stem 

population, up-regulating the expression of CSC-related marker CD133 and increasing 

neurosphere forming capacity, thus adding an additional layer of complexity to the CSC 

microenvironmental interplay. 

 

Results  

Endothelial cells stimulate expression of CSC marker CD133 in negative population 

GBM CSCs have been identified using several markers the most common being CD133. Tumor cells 

with an immature phenotype expressing the cell surface marker CD133 have been demonstrated 

by us and others to have the exclusive capacities to self-renew, differentiate and transplant the 

malignancy into nude mice (2) (Chapter 6). Thus, to address the question as to whether tumour 

microvascular endothelial cells (tMVECs) can induce stem-like features in non-stem GBM cells, we 

first focused on the expression of CD133. The main question we wanted to address is whether 

CD133, a marker for GBM CSCs, can be re-expressed by differentiated tumour cells under the 

influence of tMVECs.  

Thus, we sorted CD133 positive and negative fractions from a GBM culture (CD133+ and CD133- ), as 

shown in Figure 1a, and plated them either on top of tMVECs or in conditioned medium derived 

from tMVECs cultures, in addition to the control. GBM cells were CFSE labelled to be able to 

distinguish them from tMVECs. After three days of culture, samples were stained for CD133 in 

order to investigate if the expression of CD133 had changed in the presence of tMVECs. Our results  
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Figure 1. tMVECs can restore CD133 expression in the negative fraction of GBM cells a) GBM cells were stained for 
CD133 and sorted for 10% high expressing and negative fraction (CD133+ and CD133- ). b) Immediately upon sorting, 
GBM cells were plated either on top of tMVEC monolayer for co-culture (cc), in tMVECs conditioned medium (cm) or 
as a control (ctrl). 72 hours later, CD133 staining was repeated. FACS profiles show representative staining. c) 
Quantification of CD133 positive fraction under indicated conditions is depicted in the graphs. + and – stand for 
initially sorted CD133+ and CD133-  fraction. Experiment was done for two different GBM cultures, G073 and G408. 

 

show that, in addition to maintaining the initial CD133+  CSC fraction, tMVECs were also able to 

significantly increase the frequency of CD133+ cells in the initially negative population, suggesting 

the shift of non-stem GBM cells towards a stem-like phenotype (Figure 1b, c). This effect was 
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consistent for all the GBM cultures tested, demonstrating it to be a more general effect of 

tMVECs. 

 

Endothelial cells promote self-renewal capacity in CD133 negative fraction 

Self renewing ability is one of the main criteria for defining the CSC as such. To investigate 

whether the clonogenic capacity can also be reacquired under the influence of tMVECs, we 

examined the sphere forming ability of the CD133- fractions in the presence of tMVECs-derived 

factors (Figure 2). Cells were sorted as described previously. CD133+ and CD133-  fractions were 

plated for a limiting dilution assay and incubated for two weeks to allow sphere formation. 

 

                             

Figure 2. tMVECs can install self renewing capacity in poorly clonogenic GBM cells; A limiting dilution assay was 
performed on sorted CD133+ and CD133- fraction of G073 and G408 cultures. Cells were cultured either in tMVECs 
conditioned medium (cm) or fresh CSC medium (ctrl). + and -  refers to CD133+ and CD133- fraction. The clonogenic 
potential of each fraction under indicated conditions is depicted on the graphs.  

 

The CD133+ fraction displayed, as expected, the highest clonogenicity regardless of the conditions, 

while CD133- cells had significant lower clonogenic capacity. Strikingly, the CD133- fraction 

demonstrated an increased clonogenic capacity when cultured in tMVEC conditioned medium 

(Figure 2). Thus, tMVECs seem to be able to convert differentiated GBM fraction to less 

differentiated state according to marker expression and acquisition of stem-like behaviour.   

Materials and Methods 

Cell culture  

GBM CSCs and tMVECs were isolated from patient material as described previously (17). Cells were 

cultured under the following conditions, further referred to as CSC medium: Advanced DMEM/F12 

medium (Invitrogen) supplemented with N2 supplement (Invitrogen), 2mM glutamine, 0,3% 

glucose, 100uM beta-Mercaptoethanol, Trace-Elements B and C (VWR), 5mM HEPES, 2ug/ml 

heparine, lipid mixture (Sigma) , 25ug/ml insulin, 50 ng/ml h-bFGF and 20ng/ml h-EGF 

(Peprotech) in ultra low attachment flasks (Corning). Growth factors were supplemented twice 

weekly and spheroids were dissociated weekly with Accutase (Sigma). tMVECS were cultured in 

Endothelial Cell Medium MV2 (Promocell) on gelatine-coated plates (Greiner Bio-One). 
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Immuno-fluorescence and co-culture/conditioned medium experiments 

CSC cultures were dissociated using accutase and filtered through 40�m pore size cell strainer to 

get single cell suspension.  They were incubated with CD133.1-APC (Miltenyi Biotec) antibody for 25 

minutes and sorted for 10% of the highest CD133 expressing fraction and CD133 negative fraction 

(CD133+ and CD133- ). Dead cells were excluded with propidium iodide. Immediately after sorting, 

GBM cells were labeled with CFSE (0.5�M CFSE in PBS for 10 minutes at 37°C, Molecular probes), to 

be distinguishable from tMVECs, and plated either on top of tMVEC monolayer, in tMVECs 

conditioned medium (conditioned for 24h) or in a control medium. In all these conditions, we 

used CSC medium without the addition of bFGF or EGF. Three days later, cells were harvested and 

CD133 staining was again performed and analyzed by Flow cytometry. 

Clonogenic assays 

Positive and negative fractions of CD133.1-APC labeled GBM cells were FACS deposited for limiting 

dilution assay. Cells were plated in low-attachment 96-wells plates (Corning) at ascending clonal 

densities, from complete saturation to complete dilution, and incubated either in a fresh CSC 

medium or in a CSC medium previously incubated with tMVECs for 24h. Fresh medium was added 

every three days. Plates were scored two weeks later. Clonogenicity was determined using 

Extreme Limiting Dilution Analysis (ELDA) software: 

http://bioinf.wehi.edu.au/software/elda/index.html  

 

Discussion 

For the last few decades, major effort has been invested into development of more efficient 

treatment for GBM. Nevertheless, despite all novel therapeutics, there is a very limited increase in 

the lifespan of patients. The refractory nature of the tumor still provides a challenge for the 

treatment and this disease to date remains incurable. The recurrence of GBM has mainly been 

attributed to the small fraction of CSCs able to survive the treatment and subsequently repopulate 

the tumor (1). The maintenance of this fraction, however, is primarily enabled by their supportive 

microvascular environment (4). The cues from the niche are critical for the CSC self renewal and 

survival.  

Increasing data are suggesting that cells, tumor cells in particular, possess a certain level of 

plasticity and can revert from a differentiated state into a less differentiated phenotype. It remains 

a matter of debate if this ability of cells is regulated intrinsically or by microenvironmental cues. 

Gupta et al. recently proposed that, in contrast to normal stem cells that require their niche for 

this kind of regulation, cancer cells can stochastically enter a stem-like phenotype due to their 

genetic changes alone (18). Although ability of tumor cells to revert to a less differentiated state 

could be, at least in part, an intrinsic feature, recent data demonstrate however this process to be 
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significantly influenced and supported by the microenvironment. For example, in colon cancer the 

microenvironment was shown to be critical for this step. HGF secreted by surrounding 

myofibroblasts was the key factor in restoring a CSC phenotype in non-stem tumor cells, 

demonstrated both in vitro and in vivo (19). Even in the previously mentioned paper by Gupta et al. 

some experiments suggest that the microenvironment is not a completely irrelevant factor in this 

process. More specifically, when testing for tumor seeding ability, the cancer stem cell fraction 

was successful in initiating new tumors, however the differentiated tumor cells were also capable 

of inducing tumors provided so-called carrier cells were co-injected (18). Even though carrier cells 

alone did not have tumorigenic potential, they could potentially provide a preferable surrounding 

and factors necessary for differentiated tumor cells to revert to cancer stem-like cells.  

Here we demonstrate that tumor microvascular endothelial cells can play a similar role in GBM, 

namely regulate cell differentiation and plasticity by restoring the stem-like phenotype in 

differentiated fraction of GBM cells, resulting in the enrichment of CSC pool. What are the clinical 

implications of this finding?  Considering all the current knowledge on CSC therapy resistance, a 

lot of effort is being invested into development of CSC targeted therapies. Our results suggest, 

however, that targeting only CSCs might be insufficient due to their complex cross-talk with the 

microvasculature. Under the influence of their niche, differentiated tumor cells could potentially 

re-acquire stem cell features and re-establish the CSC pool to maintain tumor cell homeostasis. 

Thus finding a way to target the CSCs through treatment modalities designed to intersect the 

effects of the tumor surrounding might be essential for development of effective therapies.   
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