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Abstract  

Glioblastoma multiforme (GBM) is a devastating disease with high mortality and poor prognosis. 

Cancer stem cells (CSCs) have recently been defined as a fraction of tumor cells highly resistant to 

therapy and subsequently considered to be responsible for tumor recurrence. These cells have 

been characterized in GBM and suggested to reside in and be supported by the tumor 

microvascular niche. Here we evaluated the response of tumor microvascular endothelial cells 

(tMVECs) to radio- and chemotherapy and analyzed how this effects their interaction with CSCs. 

Our data demonstrate that tMVECs exhibit extreme resistance to both therapies, with the main 

response to irradiation being senescence. Importantly, senescent tMVECs can be detected in 

human GBM samples as well as in mice upon irradiation. Even though permanently arrested, they 

are still viable and able to support CSC growth with the same efficacy as non-senescent tMVECs. 

Intriguingly, GBM CSCs themselves are capable of differentiating into cells with similar features as 

tMVECs that subsequently undergo senescence when exposed to radiation. This indicates that 

endothelial-like cells are therapy resistant and more importantly, support expansion of GBM cells. 
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Introduction 

Glioblastoma multiforme (GBM) is the most common primary brain tumor,  characterized by 

diffuse infiltration into surrounding healthy brain tissue (1). Patients with a malignant glioma have 

poor prognosis due to local recurrence, with a 5 year survival of only 9.8%, despite surgery, 

radiotherapy and temozolomide (TMZ) chemotherapy (2). These facts stress the need for more 

effective novel therapeutic strategies.  

There is growing evidence showing that tumors are driven by a rare fraction of tumor cells named 

cancer stem cells (CSCs) (3). This population of cells has been identified in different solid 

malignancies, including GBM (4). In analogy to normal stem cells, CSCs are also capable of self-

renewal and multipotency (5). In addition to these hallmarks of stemness, CSCs are suggested to 

further possess active anti-apoptotic pathways, efficient DNA damage repair and the expression of 

multidrug transporters on the plasma membrane, making them highly resistant to conventional 

therapies (6;7). It is thus believed that they are the cause of tumor recurrence. Therefore, it is 

important to identify the factors responsible for sustaining this population of cells.  

Induction of angiogenesis is an essential prerequisite for tumor growth and progression. Once 

tumors reach a certain size (≈1mm3), simple diffusion of oxygen and nutrients is not sufficient to 

supply all tumor cells with necessary factors. This result in hypoxic areas, which trigger the 

formation of tumor vasculature, termed the angiogenic switch. This way the tumor establishes its 

own independent blood supply, which consequently facilitates its further expansion. GBMs are one 

of the most vascularized human cancers, and the formation of tumor-associated vessels occurs 

early during tumor progression. In fact, endothelial proliferation is one of the pathological criteria 

for grading a glioma as high grade, indicative of a poor prognosis (8). Since development of tumor 

vasculature is an essential component of tumor progression, tumor blood vessels have been a 

target of novel therapeutics. The neutralizing anti-VEGF antibody Bevacizumab is currently in a 

phase III non-randomize trial for recurrent GBM. Initial results show that this treatment slightly 

improves overall survival of GBM patients compared to chemotherapy alone. This effect is 

probably due to transient normalization of tumor vasculature, resulting in enhanced delivery and 

efficacy of cytotoxic agents (9;10).  

In addition to supplying tumor cells with oxygen and nutrients, endothelial cells are believed to 

form a niche-type entity in GBM. Evidence so far shows that endothelial cells indeed closely 

interact with brain CSCs and maintain them in a stem-like state (11). Vice versa, GBM CSCs are able 

to recruit endothelial cells by secreting VEGF, stimulating the formation of their own niche (12). 

Moreover, two recent reports indicate that GBM CSCs can differentiate into cells that very closely 

resemble tumor-associated vascular endothelial cells (13;14), suggesting that GBM CSCs can 

differentiate into niche-type cells. Therefore endothelial cells play major role in tumor growth and 

it is thus necessary to obtain knowledge on how treatment changes vascular function and 

subsequently their interaction with CSCs. However, observations on radiosensitivity of endothelial 
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cells vary considerably. It has been reported that the main response of tumor endothelial cells to 

irradiation is massive apoptosis and that this is dependent on the acid sphingomyelinase pathway 

(15). For GBM CSCs this would implicate partial eradication of their supportive niche after 

irradiation, leaving them unprotected and potentially more susceptible to treatment. On the 

other hand, different reports state that endothelial cells, such as HUVECs, mainly undergo 

senescence when irradiated (16). Here we re-evaluated these claims, especially in the context of 

the tumor microvascular endothelial cells (tMVECs) and their potential role as a protective niche 

for CSCs during therapy. We previously developed a method to co-isolate CSCs and tMVECs from 

human GBM specimens, which enabled us to reconstruct the physiological environment of GBM 

cells (17). Our data show that, when co-culturing these cells, tMVECs are capable of stimulating 

growth and stemness of GBM cells despite radiation and TMZ treatments. This is enabled primarily 

by their extensive cell death resistance to both therapies. While TMZ treatment had no effect on 

these cells, their preferential response to irradiation is irreversible senescence. Senescent tMVECs 

can still support CSC growth, with the same capacity as non-senescent ones. Moreover, GBM cells 

have the ability to differentiate into cells that phenocopy tMVECs, at least in some aspects, most 

important being senescent state upon radiation and support of GBM growth. This could, at least 

partially, explain therapy-resistance and recurrence of GBM.  

 

Results  

CD133 positive fraction of GBM cells is enriched for CSCs   

GBM CSCs were isolated from tumor material of GBM patients who underwent surgical resection. 

These cells can be propagated in culture as spheroids resulting in the expansion of CD133+ CSCs 

(Figure 1a). Consistent with previously published data, the CD133+ tumor cells had high clonogenic 

capacity (Figure 1b) (4). Furthermore, as shown before the CD133+ GBM cells were tumorigenic and 

gave rise to invasive, scattered tumors upon injection, while CD133- cells did not (Figure 1c, 

Supplementary Figure 1a). This confirms that the CD133+ fraction is enriched for GBM CSCs.  

Irradiation combined with TMZ is standard therapy for GBM patients. We therefore first exposed 

our GBM cultures to these treatments in order to investigate their sensitivity. GBM spheroid 

cultures showed increased amount of cell death when irradiated with 1x5Gy, although the level of 

sensitivity varied between cultures (Figure 1d). The two lines shown, display the most extreme 

response to radiotherapy when looking at cell death. In G073 only a very limited amount of 

apoptosis is observed, while apoptosis was induced in a large fraction of the G408 cells. In 

supplementary figure 3 several other GBM spheroid cultures are shown with varying response to 

irradiation. In the following experiments we mainly focused on two independent spheroid cultures 

isolated from different patients (G408 and G073). Both these lines appeared to be resistant to the 

alkylating agent TMZ, while a third line G077 was extremely sensitive to TMZ (Supplementary 

Figure 1b).  
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Figure 1 CD133 fraction is enriched for GBM CSCs.  (a) Primary GBM cultures G408 and G073 show expression of CD133 
marker when cultured under serum-deprived and growth factor enriched conditions. (b) A limiting dilution assay was 
performed on sorted CD133+ and CD133- fraction of G408 and G073 cultures. The clonogenic potential of each fraction 
is depicted on the graphs and shows higher clonogenicity of CD133+ population. A representative example of two 
independent experiments is shown. Error bars represent 95% confidence intervals.  (c) Intracranial injection of G408 
cells into nude mice; 5x103 cells of either CD133+ or CD133- G408 fraction were FACS sorted and injected. The number of 
successful tumor initiations out of six injections for each condition is shown. (d) Cell death of G408 and G073 upon 
treatment with 1x5Gy was measured five days after irradiation by PI exclusion. Error bars represent SD (n=3). 
 
 

tMVECs support the  growth of GBM CSCs despite irradiation and TMZ treatment  

In addition to GBM CSCs we also co-isolated tMVECs from GBM specimens. These cells expressed 

endothelial markers CD31 and CD105 and demonstrated tube forming ability (Supplementary 

Figure 2a, b).  Previously we showed that tMVECs support the expansion and stemness of GBM 

cells (17). Here, we investigated whether these stimulatory effects of tMVECs were preserved after 

irradiation or chemotherapy. As shown in Figure 2a, tMVECs induced expansion of GBM cells even 

after irradiation with 1x5Gy. The inhibition of proliferation upon irradiation in the absence of 

tMVECs differs between GBM lines (Figure 2a and Supplementary Figure 3a), but in all cases the 

tMVECs enhance proliferation. In other words, tMVECs protect GBM cells in part from the effects 

of irradiation. Moreover, we determined the CD133 expression of GBM cells after exposure to 

1x5Gy in the absence or presence of tMVECs. Co-culture strongly increased the CD133+ fraction in 

GBM cells, suggesting that tMVECs support stemness in CSC cultures. Importantly, this enhanced 

CD133-positivity was preserved after irradiation (Figure 2b, Supplementary Figure 3b). Thus, in 

addition to enhancing their expansion, tMVECs are able to provide factors that support CSCs to 

preserve their ‘stemness’, even upon irradiation.  

The tMVEC-induced increase in GBM cell-numbers after irradiation could result from reduced cell 

death, increased proliferation or a combination of both. The dilution of CFSE, measured four days 

after the beginning of the experiment, demonstrated that GBM cells had higher proliferation rates 
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Figure 2 tMVECs support 
growth and stemness of 
GBM CSCs despite 
irradiation treatment. (a) 
FACS profiles show an 
example of co-culture 
and control; GBM cells 
were CFSE-labeled and 
thus distinguishable from 
tMVECs. Numbers of 
G408 and G073 were 
measured in control 
samples and co-culture 
with tMVECs, untreated 
or treated with 1x5Gy, by 
using calibrated beads. 
One representative 
example of five 
independent experiments 
is shown. Significance was 
tested with ANOVA and 
Tukey’s post-test. 
Significant differences 
with p<0.05 in group 
comparisons are denoted 
by ‘*’.  For clarity reasons, 
only 0Gy vs. 5Gy 
comparisons are shown. 
(b) Staining for CD133 was 
performed on co-culture 
and control samples, 
untreated or irradiated 
(5Gy). Percentages of 
CD133+ G408 and G073 
under different 
conditions are depicted 
on the graphs (n=3). (c) 
CFSE dilution was used to 
assess the proliferation of 
G408 and G073 when 
cultured with either 
tMVECs or alone, either 
with or without 
irradiation (5Gy); the 
graphs depict Mean 
Fluorescence Intensity 
(MFI) of the CFSE signal of 
GBM-cells under different 
conditions. One 
representative example 
of five independent 
experiments is shown.  
(d) Percentages of 
irradiation-induced cell 
death of GBM-cells in co-culture and control were measured by PI exclusion and calculated as follows: 100×(% 
experimental cell death − % spontaneous cell death)/(100 − % spontaneous cell death). Error bars represent SD. 

 

in co-culture as compared to control samples (lower MFI means higher proliferation). 

Furthermore, when co-cultured with tMVECs, GBM cells recovered much faster from the 

irradiation treatment and re-entered the cell cycle (Figure 2c, Supplementary Figure 3c). 

Moreover, the amount of irradiation-induced cell death of GBM cells was in most cases lower in 
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co-culture as compared to control-irradiated cells (Figure 2d, Supplementary Figure 3d). The 

protective effect of tMVECs varied between GBM lines. Recently, GBM subtypes that differ in the 

presence of signalling-pathway alterations as well as in their response to therapy have been 

identified (18). The protective and proliferation-enhancing effect of tMVECs on GBMs is mediated 

by soluble and cell-bound factors (17). It is thus likely that the dependence on certain signalling 

pathways and presence of receptors on different GBM subtypes determines the effects of their 

interaction with tMVECs.  

We next tested whether tMVECs can protect GBM cells from treatment with the 

chemotherapeutic agent TMZ. The TMZ-sensitive GBM line G077 showed a significantly higher cell 

number under TMZ-treatment when co-cultured with tMVECs as compared to the control, 

indicating that TMZ-sensitive CSCs are protected by tMVECs from chemotherapy as well 

(Supplementary Figure 3e). Moreover, under combined TMZ and radiation treatment, tMVECs also 

exert protective effects on these GBM cells (Supplementary Figure 3e). The underlying mechanism 

is unknown, but it has been reported that response of GBM patients to TMZ treatment largely 

depends on whether MGMT gene is silenced or not (19). Thus, it can be speculated that tMVECs 

might regulate MGMT levels in tumor cells or simply enhance the repair machinery necessary to 

deal with the damage induced by TMZ. Combined our data demonstrate that tMVECs not only 

increase the basal proliferation level of GBM cells, but provide additional protective effects from 

radio- and chemotherapy. 

 

Endothelial cells undergo senescence after irradiation 

As the effects of co-culture on GBM CSCs were still evident after treatment, we decided to 

investigate the response of tMVECs to these treatments. Cells were exposed to 1x5Gy or 1x15Gy 

gamma-irradiation and the amount of cell death was determined, with HUVECs serving as control. 

PI exclusion revealed a very low amount of cell death after irradiation in two separate tMVEC lines, 

E030 and E023, while HUVECs showed higher cell death rates under these conditions (Figure 3a, 

Supplementary Figure 4a). Even after high dose radiation with 1x15Gy we detected only around 5% 

of cell death in our tMVEC cultures, indicating that apoptosis is not a major response and that the 

vast majority of cells survived the treatment. This was consistent with other cell death 

measurements such as DNA fragmentation by Nicoletti assay, YO-PRO and Annexin V staining, 

which consistently showed low death rates (Supplementary Figure 4b and data not shown). 

Moreover, we exposed tMVECs to different doses of TMZ. PI exclusion showed that after TMZ 

treatment no cell death could be detected (Supplementary Figure 4c). Analysis of the cell cycle 

distribution also revealed no change in cell cycle profile after the treatment with this alkylating 

agent (Supplementary Figure 4c). Thus, we conclude that tMVECs are highly resistant to TMZ, in 

addition to irradiation.  
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Figure 3 Irradiation induces senescence in tMVECs. (a) Graphs present the percentages of PI+ cells day 
one/four/seven after 1x5Gy or 1x15Gy in two tMVEC cultures E030 and E023. Error bars represent SD (n=3). (b) FACS 
profiles show cell cycle distribution of tMVECs one week after irradiation treatment, measured by BrdU incorporation. 
Graphs show quantified cell cycle distribution of E030 and E023 after the treatment. Error bars represent SD (n=3).  (c) 

β-gal assay was performed on E030 one week after 1x5Gy or 1x15Gy of irradiation. Senescent cells are evident by blue 

β-gal staining. Scoring of the blue cells revealed approximately 90% of senescent cells after irradiation in E030 
culture. Scale bars 20 m.  (d) Western blot demonstrates an increase in p16 levels in E030 after irradiation. (e) In vivo 

detection of senescent tMVECs. CD31 (dark brown) and β-gal (blue) co-staining on mice brains that were either 
irradiated (lower) or not (upper) with 20Gy. Nuclei were counterstained with nuclear red. Errors point the co-

localisation of endothelial marker CD31 and β-gal staining. (f) Biopsy of GBM patient irradiated with 60Gy was co-

stained for CD105 (green) and β-gal (red), nuclei (blue). Higher magnification of the boxed areas indicates senescent 

tMVECs (CD105 and β-gal co-localizing). Of note green represents tMVECs, red β-gal. Several endothelial cells show 
clear red areas or co-staining in yellow. For details see Materials and Methods and Supplementary Figure 4f. 
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Importantly, the DNA analysis revealed that the tMVECs appeared to undergo G2 arrest after 

irradiation (Supplementary Figure 4b). To further determine the cell cycle distribution of tMVECs 

before and after treatment, we performed a BrdU incorporation assay. The results show that 

irradiation decreased the amount of proliferating cells in a dose-dependent manner, indeed 

mainly due to G2 arrest (Figure 3b, Supplementary Figure 4a). Even a week after irradiation, cells 

remained growth arrested and did not resume proliferation (Figure 3b, Supplementary Figure 4a). 

Furthermore, we noticed a dramatic change in the light-scatter properties of the surviving 

tMVECs after irradiation (Supplementary Figure 4d). Senescence is known to be an irreversible cell 

cycle arrest, associated with morphological changes of the cells, where the cells get significantly 

larger, show flatten shape and express senescence-associated β-galactosidase. To determine if 

senescence was the preferential response of tMVECs to irradiation, we performed a β -gal assay. 

This assay confirmed a significant increase in the amount of senescent cells after treatment 

(Figure 3c, Supplementary Figure 4e). Accordingly, irradiated tMVECs also displayed increased 

levels of the CDK inhibitor p16, whose elevated expression was associated with senescence (Figure 

3d) (17;20).  

           In an endeavor to validate if senescent endothelial cells can also be detected upon irradiation 

in vivo, we examined brains of nude mice that were exposed to 20Gy of irradiation and compared 

them to non-irradiated ones (Figure 3e). Co-staining for the senescence marker β-gal and the 

endothelial marker CD31 revealed that senescent endothelial cells can exclusively be detected in 

irradiated brains. None of the endothelial cells were senescent in the non-irradiated brains, 

indicating that senescence is a consequence of the radiation treatment. Moreover, we examined 

post-mortem biopsies of a GBM patient who displayed tumor recurrence after having received 

treatment with surgery and subsequent radiotherapy (60Gy). As this effectively represents an 

irradiated tumor these post-mortem samples were analyzed for the presence of senescent 

tMVECs. We clearly detected tMVECs in these tumor samples and the majority showed a co-

staining for β-gal pointing to senescence (Figure 3f, Supplementary Figure 4f). These results 

strongly suggest that the irradiation response of (tumor) endothelial cells observed in vitro occurs 

in the physiological conditions as well where these cells could very well play the same role in 

tumor growth and tumor resistance as demonstrated in vitro. 

 

Senescent endothelial cells preserve their capability to support GBM CSCs  

Our results demonstrated that tMVECs become senescent when irradiated and that irradiation 

does not affect their supportive role to GBM cells. To further investigate the functionality of 

senescent tMVECs in relation to non-senescent ones, tMVECs were irradiated with a single dose of 

15Gy one week prior to co-culture with GBM cells in order to allow them to become senescent. 

Intriguingly, senescent tMVECs are not only capable of sustaining the growth of GBM cells, but 
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this effect is comparable to co-culture with non-senescent tMVECs (Figure 4a). Furthermore, 

analysis of CD133 expression demonstrated a higher percentage of CD133+ GBM cells in co-culture 

with both non-senescent and senescent tMVECs as compared to control, showing that tMVECs 

drive expansion of GBM cells and selectively support the CSC fraction even after they have 

become senescent (Figure 4b).  

                                 

Figure 4 Senescent tMVECs support growth and stemness of GBM-cells.  (a) GBM cultures G408 and G073 were co-
cultured with non-senescent or senescent tMVEC (pre-irradiated with 1x15Gy one week before start of the co-culture) 
for four days before the measurement. Experimental set-up is same as in Figure 2. Graphs show the numbers of G408 
and G073 under indicated conditions. A representative example of four independent experiments is shown; 
Significance was tested with ANOVA and Tukey’s post-test. Significant differences with p<0.05 in group comparisons 
are denoted by ‘*’.  For clarity reasons, only co-culture vs. control comparisons are shown. (b) Graphs show the 
percentages of CD133+ G408 and G073 in control and co-culture with either senescent or non-senescent tMVECs. 
(n=3). Error bars represent SD. 

 

GBM can differentiate into cells that mimic tMVECs in their radiation response and support 

of GBM expansion 

It has been reported recently that GBM cells have the ability to differentiate into endothelial-like 

cells (13;14). This suggested that GBM cells could effectively generate their own niche by 

differentiating into an endothelial-like phenotype that would support the CSC fraction in the 

tumor. To test whether this is indeed the case, we allowed our GBM cultures to differentiate under 

conditions described to favor the endothelial-like lineage. The resulting cells, which we termed 

endothelial-like GBM (E-GBM) to reflect this phenotypical change, indeed resemble, at least in 

some aspects, endothelial cells. In a tube-formation assay E-GBMs had the ability to form vessel-

like structures, similar to tMVECs (Supplementary Figure 2 and 5). To determine whether the E-

GBMs show a similar radiation-response as tMVECs, we exposed them to gamma-irradiation. 

Strikingly, the results show minimal cell death of E-GBMs, in contrast to the response observed  
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Figure 5 GBM that differentiate into endothelial-like E-GBMs become radiation-resistant and support the expansion of 
GBM-CSCs.  (a) G408, G081 and G008 were either cultured in endothelial differentiation conditions (E-GBM) or 
maintained under CSC conditions (GBM-CSC) for five days, and subsequently were exposed to 1x5Gy. Cell death was 
measured by PI exclusion. Graphs show percentages of PI+ cells five days after irradiation treatment. Error bars 

represent SD (n=3).  (b) Treatment with �-irradiation preferentially induces senescence in E-GBMs while the parental 

GBM-CSC’s response is cell death. �-gal assay was performed on G408, G081 and G008 under conditions as described 

in 5a. Senescent cells are stained blue. Scale bars 20�m.  (c) E-G408 were labeled with CFSE and co-cultured with 
G408, G081 and G008 GBM-CSCs; the numbers of CFSE+ GBM-CSCs were measured using calibrated beads after four 
days of co-culturing. One representative example of two independent experiments is shown. Error bars represent SD.  
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with the undifferentiated parental GBM-CSC cultures (Figure 5a). This effect was evident even in 

the initially highly radiosensitive G408 cells that reverted to complete resistance to this treatment 

upon E-GBM differentiation (Figure 5a). Accordingly, the preferred response of E-GBMs to 

irradiation rather appeared to be senescence (Figures 5b). It is interesting to note that senescence 

seems to be a default response for these E-GBMs and in some cases is already observed in a 

significant fraction of the non-irradiated cells (E-G081). This is in line with previous observations 

showing that GBM-associated endothelial cells undergo senescence (21). The observed 

differences in basal senescence in the different isolates of E-GBM may reflect different GBM 

subtypes (18). However, the resistance to radiation and the induction of senescence is a common 

feature for all E-GBMs tested. Most strikingly, co-culture of E-GBMs, both non-irradiated and 

irradiated, led to a significant increase in the number of GBM-CSCs, suggesting that E-GBMs are 

also capable of supporting the growth of GBM-CSCs comparable to tMVECs (Figure 5c). 

Importantly, this was observed for various GBM cultures. Combined our data therefore point to a 

general tumor-supportive role for both tMVECs and E-GBMs that is sustained after irradiation.  

 

Discussion 

There is a growing body of literature concerning the effects of irradiation and TMZ on GBM cells. 

However, these data are mainly derived from in vitro studies using GBM cell lines. In addition, 

recent insights suggested an important role of the tumor microenvironment in tumor 

maintenance and progression, tumor vasculature in particular, in the case of GBM (11). The 

majority of brain tumor vasculature is structurally and functionally different from the vessels in 

healthy tissue as it is disorganized, tortuous, dilated and often displaying dead-end structures (22). 

These seemingly dysfunctional blood vessels still co-localize with tumor cells, the CSC fraction in 

particular, and form a niche for these cells. Published data demonstrate that tumor 

microvasculature plays an essential role in sustaining GBM CSCs, regulating their self-renewal and 

promoting their tumorigenicity (11). However, little is known about the consequences of 

treatment on these endothelial cells. The ability to isolate these cells from primary tumor material 

gives us the unique opportunity to study the effects of various treatments on isolated GBM CSC 

cultures, alone as well as in the context of their perivascular niche. Ionizing radiation is mostly 

contributing to survival of GBM patients (~7 months), next to surgery (~5 months) and 

chemotherapy (~2 months). The effects of ionizing radiation on angiogenesis in both, tumors and 

healthy tissues, have long been a matter of considerable debate and still remain largely elusive. At 

the cellular level, apoptosis of endothelial cells is believed to be the main biological process 

underlying irradiation-induced endothelial dysfunction, and this is thought to be dependent on 

the acid sphingomyelinase pathway (15). Our data, however, show that the endothelial cells are 

highly resistant to radiation treatment and that their main response to radiation is irreversible cell 

cycle arrest, senescence (Figure 3, Supplementary Figure 4). Our results are in agreement with the 
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observations of Garccia-Barros et al. who reported low cell death rates of endothelial cells at doses 

of irradiation up to 15Gy, and strong increase in apoptotic cells at higher doses (15). Here we 

extend these observations by showing that the majority of the surviving endothelial cells undergo 

senescence instead of cell death. Accordingly, HUVECs exposed to gamma-irradiation are also 

prone to become senescent (16). Importantly, senescent endothelial cells can be exclusively 

detected in mice brains upon irradiation treatment, while none of these cells were found in non-

irradiated brains (Figure 3e), strongly suggesting senescent state of these cells to be the result of 

treatment itself. In addition, senescent tMVECs can also be detected in irradiated GBM samples 

(Figure 3f). This is consistent with previous reports stating that glioma-associated endothelial cells 

exhibit characteristics of cellular senescence, particularly in central parts of the tumor (21). More 

importantly, these senescent tumor endothelial cells seem to be more resistant to cytotoxic drugs 

and produce even more growth factors as compared to normal vasculature in the brain (21). 

Senescent cells, even though terminally arrested, are still metabolically active and able to secrete 

different growth factors, cytokines, immune modulators and enzymes all of which can alter tissue 

microenvironment and as such could potentially create a tumor microenvironment that harbors 

and supports cancer cells (23-25). Accordingly, senescent fibroblasts have already been shown to 

sustain growth of epithelial tumor cells and furthermore promote their tumorigenicity (26;27). 

Here we show that senescent endothelial cells are fully capable of supporting the expansion of 

GBM cells while maintaining the CSC fraction, with the same capacity as non-senescent tMVECs 

(Figure 4). Moreover, this supportive effect is still evident after irradiation treatment (Figure 2, 

Supplementary Figure 3). Even though GBM cells will undergo cell death upon irradiation and 

show reduced proliferation, tMVEC provide support to overcome this irradiation response. 

Importantly, it has been reported before that CD133+ GBM are more resistant to cell death 

induction by irradiation. In our in vitro experiments we do not observe a selective increase in the 

number of CD133+ cells upon irradiation, arguing against resistance of these cells. However, this 

experiment runs over a 5 day period, during which CSC divide and may yield new CD133- cells, 

potentially re-establishing the original ratio between CD133+ and CD133- cells. Using this set-up it 

is therefore difficult to conclude whether CSC are more resistant to irradiation treatment.  

TMVEC also provide protection of GBM cells against TMZ treatment, as well as against an even 

more cytotoxic combination of gamma-irradiation with chemotherapy (Supplementary Figure 3e). 

Furthermore, we show that GBM cells can differentiate into cells that mimic some aspects of the 

tumor endothelial phenotype (E-GBM) as they become radioresistant upon differentiation and 

preferentially enter senescence. This is comparable to genuine tMVECs and in contrast to the 

radiosensitive parental GBM cells (Figures 5a and b). More importantly, E-GBMs share with tMVECs 

the capability to support the survival and expansion of GBM-CSCs after gamma-irradiation, the 

first-line treatment for GBM. These results suggest a striking scenario in which the tumor cells 

could potentially provide themselves with an environmental niche that allows them to survive and 
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even proliferate during and after treatment with gamma-irradiation and alkylating agents. Such a 

protective niche could contribute to the observed tumor relapse after an initial clinical response. 

Disrupting the interaction between tumor and its vascular niche would negate the protective 

effects for tumor cells and potentially sensitize them to treatment with DNA-damaging agents. 

The molecules that mediate this interaction are thus attractive therapeutic targets that could help 

to develop novel strategies to fight this disease. 

 

Materials and methods 

 

Isolation of tMVECs and CSCs  

GBM and tMVECs were essentially isolated as described (Borovski et al., 2009). In short, GBM 

specimens were cut into small pieces and digested in 1mg/ml Liberase-1 (Roche) for 10’ at room 

temperature (RT). The cell suspension was passed through a 70�m cell strainer (BD). The flow-

through containing the GBM cells was washed in CSC medium and cultured as described below. 

The tMVECs contained in the filter residue were further digested in 0.05U/ml 

Collagenase/Dispase (Roche) for 60’ at 37°C, constantly agitated, and furthermore filtered 

through a 40�m cell strainer (BD) to remove undigested tissue components. The flow-through 

containing the tMVECs was washed in IMDM with 10%FCS and cultured as described below. Patient 

specimens were obtained according to established and approved protocols. 

Cell culture 

GBM CSCs were cultured  in advanced DMEM/F12 medium (Invitrogen) supplemented with 2mM 

glutamine, 0.3% glucose, N2 supplement (Invitrogen), 100�M �-Mercaptoethanol, Trace-

Elements B and C (VWR), 5mM HEPES, 2�g/ml heparin, lipid mixture (Sigma), 25�g/ml insulin, 

50ng/ml h-bFGF and 20ng/ml h-EGF (Peprotech) in ultra-low attachment flasks (Corning). This 

will further be referred as CSC medium. Growth factors were supplemented twice weekly and 

spheroids were dissociated weekly with Accutase (Sigma). tMVECs and HUVECs (Promocell) were 

cultured in Endothelial Cell Growth Medium MV2 (Promocell) on gelatine-coated plates (0.2% 

gelatine, 2 hours 37°). In order to differentiate GBM cells into endothelial-like phenotype, cells 

were plated on gelatine-coated plate or growth factor reduced matrigel (BD) in the Endothelial 

Cell Growth Medium and incubated for five days. 

Intracranial cell transplantation into nude mice 

GBM cultures were stained for CD133 as described below, sorted for 10% of the highest CD133+ and 

10% of the CD133- and resuspended in 3�l PBS containing 5×103 cells. Aliquots were injected into 

the frontal cortex of five- to eight-week-old female nude mice following inhalation of general 

anesthesia. All animal experiments were approved by the local animal-welfare committee. 
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Mouse brain fixation  

Mice brains were immediately removed from sacrificed mice and fixed in 4% formaldehyde. After 

fixation, samples were dehydrated by ethanol steps and embedded in paraffin. Brains were 

sectioned at 6�m thickness and stained for Ki67 as described below. 

Senescence-associated �-galactosidase (SA-�-gal) assay 

Cells were fixed in 0.2% glutaraldehyde for 5’ at  RT, washed with PBS, and incubated overnight at 

37 °C in a phosphate buffer pH6 containing 5mM K3Fe(CN)6, 5mM K4Fe(CN)6, 2mM MgCl2, 150mM 

NaCl and 1mg/ml X-gal (Fermentas). Cultures were assessed for SA-�-gal content using light 

microscopy. 

Tube formation assay 

Growth factor reduced matrigel (BD) was thawed on ice, 500�l per well was added in 24-well plate 

and incubated at 37°C for 30’ to allow matrigel to solidify. tMVECs and GBM cultures were 

resuspended in endothelial culture medium, added onto solidified matrigel and incubated 

overnight at 37°C. Next day tubular structures were examined using light microscopy. 

Limiting dilution assay (LDA) 

Cells were deposited by FACS sorting into ultra-low adhesion 96-well plates (Corning) containing 

CSC medium. Different lines were plated in different dilutions depending on their clonogenicity, 

from complete saturation (all wells contained spheres) to complete dilution (none of the wells 

contained spheres). Plates were scored after two weeks. Medium was refreshed every three days. 

Frequency of clonogenic cells was calculated using ELDA software: 

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

Co-cultures and measuring absolute cell numbers 

tMVEC were grown in 12-well plates in Endothelial Cell Growth Medium until confluence. GBM 

CSCs were dissociated into single cell suspension and labelled with CFSE (0.5�M CFSE in PBS for 10’ 

at 37°C, Molecular probes) to be distinguishable from tMVECs. 5x103 GBM CSCs were added to 

each well containing growth-factor free CSC medium, either with or without tMVECs. Next day 

cells were irradiated with 1x5Gy gamma-irradiation using Cs137 source. Dosage-rate was 

approximately 0.8Gy/minute. TMZ (Sigma) was diluted in DMSO, added same day as cells were 

irradiated (10, 50 or 100�M TMZ) and refreshed two days later. Three days after the irradiation, 

samples were measured. Determination of absolute cell numbers: samples were resuspended in 

200�l of FACS-buffer (2% BSA/0.01% Na-azide in PBS) containing 1�g/ml of propidium iodide (PI), 

added to Trucount tubes (BD) containing calibrated beads and cell numbers were determined by 

FACS, measuring each sample per same number of beads.  
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Immunocytochemistry 

Staining for extracellular markers: Cells were resuspended in FACS buffer containing the antibody 

and incubated on ice for 30’. After washing with PBS, FACS buffer containing 1�g/ml of PI was 

added to exclude dead cells, and samples were measured by FACS. The antibodies used: CD133.1-

APC (Miltenyi Biotec), CD31-PE (BD), CD105-PE (Invitrogen). 

Ki67 staining: Brain sections were deparaffinised, antigens were retrieved by boiling in 10mM 

sodium citrate buffer pH6 for 10’, followed by peroxide blocking (1% H202 in methanol for 15’) and 

serum blocking, after which anti-human Ki67 antibody (Clone SP6, Thermoscientific) was added 

and incubated at 4°C overnight. For detection Powervision (Immunologic) and DAB solution 

(DAKO) were used, and slides were counterstained with haematoxylin.  

BrdU staining: Cells were incubated with 10�M BrdU for 1 hour at 37°C and afterwards fixed in 80% 

ethanol. Staining included 4 steps: cells were incubated in 0.4mg/ml pepsin/0.1N HCl solution for 

30’, 2N HCl for 30’, rat anti-BrdU antibody (Abcam) and anti-rat Alexa-Fluor 647 antibody 

(Invitrogen) for 1 hour each. First step was performed at RT, the following at 37°C. Antibodies were 

diluted in 0.1% Tween-20/PBS. Finally, samples were resuspended in FACS buffer containing 

50�g/ml PI and measured by FACS.  

Cell death measurement 

PI exclusion was done by resuspending the samples in FACS buffer containing 1�g/ml PI and 

measuring by FACS. Nicoletti assay was performed by resuspending the samples in Nicoletti buffer 

(0.1% sodium citrate, pH7.4/0.1% TritonX-100) containing 50�g/ml PI and keeping them 

overnight at 4°C. DNA content was determined on FACS. Sub-G0/G1 was considered apoptotic; the 

cellular debris was excluded from the analysis. Specific cell death was calculated using formula: 

100×(% experimental cell death − % spontaneous cell death)/(100 − % spontaneous cell death). 

Western blot 

Cells were lysed with TritonX-100 lyses buffer, and proteins were separated on a SDS/10% 

polyacrylamide gel and blotted onto transfer membrane (Immobilone-FL, Millipore). Blots were 

blocked for 1 hour at RT in Odyssey blocking buffer LI-COR (Westburg), diluted in PBS 1:1. Blots 

were incubated with 1�g/ml anti-p16 antibody (BD) in blocking buffer overnight at 4°C, in IRDye 

680 anti-mouse (LI-COR Biosciences) for 1 hour at RT and detected using the Odyssey system.  

In vivo detection of (senescent) endothelial cells 

FVB/nude mice received  a single local irradiation dose of 20 Gy on the right hemisphere of the 

brain applied as a 5 mm wide beam by -Image Guided Radiotherapy using the X-Rad 225Cx 

(Precision X-Ray Inc., North Branford, CT, USA). Non irradiated mice were used as a control. After 

7 days, the mice were sacrificed.  
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Tumor specimen was collected after written informed consent, in accordance with the 

Declaration of Helsinki and after approval by the Academic Medical Center Institutional Review 

Board (EudraCT2007-005644-24/CCMO NL20411.018.07/NTR 1148).  

The samples were frozen ion carbon dioxide and kept at -80°C until further processing.  

Cryosections were stained for β-gal and CD31/CD105 as follows: fixation and β-gal staining was 

performed according to manufacturer’s instructions (Millipore. KAA0022RF). Upon peroxide 

blocking (1%H202 in methanol 15’ RT) and serum blocking, samples were incubated with anti-CD31 

(BD, 555444) or CD105 (DAKO, M3527) for 2 hours at RT. Powervision anti-mouse-poly HRP 

(Immunologic) and DAB (DAKO) were used to detect endothelial cells. Nuclei were 

counterstained with nuclear red and haematoxylin.  

Visualization of staining on GBM samples: Multispectral data sets from slides stained for CD105 and 

β-gal were acquired using a Nuance camera system (Caliper Life Science/CRiHopkinton, MA) from 

420-720 nm at intervals of 20nm.  After loading the DAB, β-gal and haematoxylin spectra 

obtained from single-staining slides, data sets were spectrally unmixed allowing for exclusive 

visualization of stained cells and conversion of colors. Original staining can be viewed in 

Supplementary Figure 4f and converted image in Figure 3f. 

 

Conflict of Interest: The authors declare no conflict of interest. 
 
Grant support: Jan Paul Medema is supported by a VICI grant (NWO) and a KWF grant (2009-4416); Martin R. Sprick 
was partially funded by an EMBO Long-Term Fellowship (ALTF 1063-2005). 
 
Acknowledgments 
The authors thank Jan-Jacob Sonke and Alessia Gasparini for setting up the irradiation machine for irradiating mice, 
Dr. E. Aronica for helping with preparation of GBM samples and Dr. Louis Vermeulen for helpful discussions and 
critical reading of the manuscript. 
 

 



 - 96 - 

                                                                               References 
 
 (1)  Giese A, Bjerkvig R, Berens ME, Westphal M. Cost of migration: Invasion of malignant gliomas and 

implications for treatment. Journal of Clinical Oncology 2003 Apr 15;21(8):1624-36. 

 (2)  Stupp R, Hegi ME, Mason WP, van den Bent MJ, Taphoorn MJB, Janzer RC, et al. Effects of radiotherapy with 
concomitant and adjuvant temozolomide versus radiotherapy alone on survival in glioblastoma in a 
randomised phase III study: 5-year analysis of the EORTC-NCIC trial. Lancet Oncology 2009 May;10(5):459-
66. 

 (3)  Clarke MF, Fuller M. Stem cells and cancer: Two faces of eve. Cell 2006 Mar 24;124(6):1111-5. 

 (4)  Singh SK, Hawkins C, Clarke ID, Squire JA, Bayani J, Hide T, et al. Identification of human brain tumour 
initiating cells. Nature 2004 Nov 18;432(7015):396-401. 

 (5)  Clarke MF, Dick JE, Dirks PB, Eaves CJ, Jamieson CH, Jones DL, et al. Cancer stem cells--perspectives on 
current status and future directions: AACR Workshop on cancer stem cells. Cancer Res 2006 Oct 
1;66(19):9339-44. 

 (6)  Bao SD, Wu QL, McLendon RE, Hao YL, Shi Q, Hjelmeland AB, et al. Glioma stem cells promote 
radioresistance by preferential activation of the DNA damage response. Nature 2006 Dec 7;444(7120):756-
60. 

 (7)  Bleau AM, Hambardzumyan D, Ozawa T, Fomchenko EI, Huse JT, Brennan CW, et al. PTEN/PI3K/Akt Pathway 
Regulates the Side Population Phenotype and ABCG2 Activity in Glioma Tumor Stem-like Cells. Cell Stem Cell 
2009 Mar 6;4(3):226-35. 

 (8)  Louis DN, Ohgaki H, Wiestler OD, Cavenee WK, Burger PC, Jouvet A, et al. The 2007 WHO classification of 
tumours of the central nervous system. Acta Neuropathologica 2007 Aug;114(2):97-109. 

 (9)  Dickson PV, Hamner JB, Sims TL, Fraga CH, Ng CYC, Rajasekeran S, et al. Stem cell-like glioma cells promote 
tumor angiogenesis through vascular endothelial growth factor. Clinical Cancer Research 2007 Jul 
1;13(13):3942-50. 

 (10)  Verhoeff JJ, van TO, Claes A, Stalpers LJ, van Linde ME, Richel DJ, et al. Concerns about anti-angiogenic 
treatment in patients with glioblastoma multiforme. BMC Cancer 2009;9:444. 

 (11)  Calabrese C, Poppleton H, Kocak M, Hogg TL, Fuller C, Hamner B, et al. A perivascular niche for brain tumor 
stem cells. Cancer Cell 2007 Jan;11(1):69-82. 

 (12)  Bao SD, Wu QL, Sathornsumetee S, Hao YL, Li ZZ, Hjelmeland AB, et al. Stem cell-like glioma cells promote 
tumor angiogenesis through vascular endothelial growth factor. Cancer Research 2006 Aug 15;66(16):7843-
8. 

 (13)  Wang R, Chadalavada K, Wilshire J, Kowalik U, Hovinga KE, Geber A, et al. Glioblastoma stem-like cells give 
rise to tumour endothelium. Nature 2010 Dec 9;468(7325):829-U128. 

 (14)  Ricci-Vitiani L, Pallini R, Biffoni M, Todaro M, Invernici G, Cenci T, et al. Tumour vascularization via endothelial 
differentiation of glioblastoma stem-like cells. Nature 2010 Dec 9;468(7325):824-U121. 

 (15)  Garcia-Barros M, Paris F, Cordon-Cardo C, Lyden D, Rafii S, Haimovitz-Friedman A, et al. Tumor response to 
radiotherapy regulated by endothelial cell apoptosis. Science 2003 May 16;300(5622):1155-9. 

 (16)  Igrashi K, Sakimoto I, Kataoka K, Ohta K, Miura M. Radiation-induced senescence-like phenotype in 
proliferating and plateau-phase vascular endothelial cells. Experimental Cell Research 2007 Sep 
10;313(15):3326-36. 

 (17)  Borovski T, Verhoeff JJC, ten Cate R, Cameron K, de Vries NA, van Tellingen O, et al. Tumor microvasculature 
supports proliferation and expansion of glioma-propagating cells. International Journal of Cancer 2009 Sep 
1;125(5):1222-30. 

 (18)  Verhaak RGW, Hoadley KA, Purdom E, Wang V, Qi Y, Wilkerson MD, et al. Integrated Genomic Analysis 
Identifies Clinically Relevant Subtypes of Glioblastoma Characterized by Abnormalities in PDGFRA, IDH1, 
EGFR, and NF1. Cancer Cell 2010 Jan 19;17(1):98-110. 



 - 97 - 

 (19)  Hegi ME, Diserens A, Gorlia T, Hamou M, de Tribolet N, Weller M, et al. MGMT gene silencing and benefit 
from temozolomide in glioblastoma. New England Journal of Medicine 2005 Mar 10;352(10):997-1003. 

 (20)  Romagosa C, Simonetti S, Lopez-Vicente L, Mazo A, Lleonart ME, Castellvi J, et al. p16(Ink4a) overexpression 
in cancer: a tumor suppressor gene associated with senescence and high-grade tumors. Oncogene 2011 May 
5;30(18):2087-97. 

 (21)  Charalambous C, Virrey J, Kardosh A, Jabbour MN, Qazi-Abdullah L, Pen L, et al. Glioma-associated 
endothelial cells show evidence of replicative senescence. Experimental Cell Research 2007 Apr 1;313(6):1192-
202. 

 (22)  Jain RK, di TE, Duda DG, Loeffler JS, Sorensen AG, Batchelor TT. Angiogenesis in brain tumours. Nat Rev 
Neurosci 2007 Aug;8(8):610-22. 

 (23)  Coppe JP, Patil CK, Rodier F, Sun Y, Munoz DP, Goldstein J, et al. Senescence-Associated Secretory 
Phenotypes Reveal Cell-Nonautonomous Functions of Oncogenic RAS and the p53 Tumor Suppressor. Plos 
Biology 2008 Dec;6(12):2853-68. 

 (24)  Rodier F, Coppe JP, Patil CK, Hoeijmakers WAM, Munoz DP, Raza SR, et al. Persistent DNA damage signalling 
triggers senescence-associated inflammatory cytokine secretion. Nature Cell Biology 2009 Aug;11(8):973-
U142. 

 (25)  Kuilman T, Peeper DS. Senescence-messaging secretome: SMS-ing cellular stress. Nature Reviews Cancer 
2009 Feb;9(2):81-94. 

 (26)  Krtolica A, Parrinello S, Lockett S, Desprez PY, Campisi J. Senescent fibroblasts promote epithelial cell growth 
and tumorigenesis: A link between cancer and aging. Proceedings of the National Academy of Sciences of 
the United States of America 2001 Oct 9;98(21):12072-7. 

 (27)  Rodier F, Campisi J. Four faces of cellular senescence. Journal of Cell Biology 2011 Feb 21;192(4):547-56. 
 

 

 

 

 

 

 

 

 



 - 98 - 

                                                                                                                                                                                                     

…           
 
Supplementary Figure 1 (a) 5x103 cells of either CD133+ or CD133- G408 fraction were FACS sorted and intracranial 
injection into nude mice was performed. Human-specific Ki67 staining was performed to identify scattered, invasive 
tumor cells (arrows). (b) The response of GBM cells to TMZ; G408, G073 and G077 were treated with 10�M, 50�M and 

100�M TMZ respectively, and cell death was determined by PI exclusion. Percentages of PI+ cells are depicted. 
 
 

………  

 
Supplementary Figure 2 (a) Staining for endothelial markers CD31 and CD105 demonstrated positivity in the tMVEC 
culture E030. HUVECs were used as a positive control. (b) Tube formation assay on E030 demonstrate a formation of 
tubular patterns, verifying that the tMVEC cultures contain functional endothelial cells. HUVECs were used as a 
positive control. Scale bars 20�m. 
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Supplementary Figure 3 (a) Numbers of 
CFSE-labeled GBM cultures G077, G081 and 
G008 were measured in control and co-
culture +/- 1x5Gy, by using calibrated beads. 
(b) FACS profiles show CD133-APC staining of 
GBMs under co-culture and control 
conditions. Dead cells were previously 
excluded by PI. (c) CFSE dilution was used to 
assess the proliferation rates of G077, G081 
and G008 after culturing with tMVECs or 
alone, +/- 5Gy. Graphs represent CFSE-MFI of 
GBM-cells under indicated conditions. (d) 
Percentages of irradiation-induced cell death 
of GBM-cells under indicated conditions were 
calculated as in Figure 2d. (e) G077-CFSE were 
either co-cultured with tMVECs or cultured 

alone and subsequently exposed to 100�M 
TMZ, 5Gy or combined treatment; numbers of 
G077 were measured as previously described. 
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Supplementary Figure 4 (a) Graphs show percentages of PI+ HUVECs one/four/seven days after irradiation (left 
graph); cell cycle distribution was analyzed by BrdU incorporation one week after the treatment (right graph). (b) 
Nicoletti assay on E030 five days after irradiation, showing the percentage of DNA fragmentation and cell cycle 

distribution. (c) E030 were treated with 50�M or 100�M TMZ and cell death, measured by PI exclusion (left graph) 
together with BrdU cell cycle analysis (right graph) was conducted on day one/four/seven after the treatment; results 
from day seven are depicted on the figure; of note, there was no difference in results between the different days. (d) 

FACS profiles demonstrate change in light-scatter (SSC/FSC) profile of E030 after irradiation. (e) �-gal assay was 

conducted on E023 and HUVECs a week after irradiation; senescent cells are blue. Scale bars 20�m.  (f) Biopsy of GBM 

patient irradiated with 60Gy was co-stained for CD105 (dark brown) and �-gal (light blue). Nuclei were counterstained 
with haematoxylin. 
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Supplementary Figure 5  G408, G081 and G008 GBM-cells demonstrate tube forming ability under endothelial 
differentiation conditions, comparable to tMVECs.  
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