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GBM, the most prevalent primary malignant 
brain tumor in adults, is essentially universally 
fatal, despite maximal therapy. Robust neoangio-
genesis and intratumoral heterogeneity are hall-
mark features of these brain malignancies, which 
contribute to their phenotypic plasticity and 
therapeutic resistance (Shen et al., 2008; Li et al., 
2009a; Ricci-Vitiani et al., 2010; Wang et al., 
2010; Soda et al., 2011). The latter includes drugs 
that target the angiogenic interplay between vas-
cular endothelial growth factor (VEGF) and its 
receptors, VEGFRs. Recent observations suggest 
that anti-VEGF compounds (blocking antibod-
ies and tyrosine kinase inhibitors), administered 

in combination with or before radiation, improve 
the responsiveness of solid tumors through radio-
sensitizing effects (Winkler et al., 2004; Citrin 
et al., 2006; Folkins et al., 2007; Vredenburgh  
et al., 2007; Desjardins et al., 2008; Ellis and 
Hicklin, 2008; Friedman et al., 2009; Gururangan 
et al., 2010; Lai et al., 2011).

The concept of cancer stem-like cells (CSCs) 
in general, and their presence in glioblastoma 
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Although vascular endothelial growth factor (VEGF) receptor 2 (VEGFR2) is traditionally 
regarded as an endothelial cell protein, evidence suggests that VEGFRs may be expressed by 
cancer cells. Glioblastoma multiforme (GBM) is a lethal cancer characterized by florid 
vascularization and aberrantly elevated VEGF. Antiangiogenic therapy with the humanized 
VEGF antibody bevacizumab reduces GBM tumor growth; however, the clinical benefits are 
transient and invariably followed by tumor recurrence. In this study, we show that VEGFR2 
is preferentially expressed on the cell surface of the CD133+ human glioma stem-like cells 
(GSCs), whose viability, self-renewal, and tumorigenicity rely, at least in part, on signaling 
through the VEGF-VEGFR2–Neuropilin-1 (NRP1) axis. We find that the limited impact of 
bevacizumab-mediated VEGF blockage may reflect ongoing autocrine signaling through 
VEGF–VEGFR2–NRP1, which is associated with VEGFR2–NRP1 recycling and a pool of 
active VEGFR2 within a cytosolic compartment of a subset of human GBM cells. Whereas 
bevacizumab failed to inhibit prosurvival effects of VEGFR2-mediated signaling, GSC 
viability under unperturbed or radiation-evoked stress conditions was attenuated by direct 
inhibition of VEGFR2 tyrosine kinase activity and/or shRNA-mediated knockdown of 
VEGFR2 or NRP1. We propose that direct inhibition of VEGFR2 kinase may block the highly 
dynamic VEGF–VEGFR2–NRP1 pathway and inspire a GBM treatment strategy to comple-
ment the currently prevalent ligand neutralization approach.

© 2012 Hamerlik et al. This article is distributed under the terms of an  
Attribution–Noncommercial–Share Alike–No Mirror Sites license for the first six  
months after the publication date (see http://www.rupress.org/terms). After six months  
it is available under a Creative Commons License (Attribution–Noncommercial–Share 
Alike 3.0 Unported license, as described at http://creativecommons.org/licenses/
by-nc-sa/3.0/).
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we hypothesized that there was a potential autocrine signal 
transduction through VEGFR2 in GSCs. We first performed 
quantitative flow cytometry analyses (FACS) of 17 freshly 
dissociated human GBM specimens (which were allowed to 
recover overnight in bFGF/EGF-supplemented neurobasal 
medium), and found enrichment of the surface VEGFR2 
expression among CD133+ cells compared with their CD133 
counterparts (mean positivity 19.6% for CD133+ versus 4.7% 
for CD133 cells; **, P < 0.0017; Fig. 1 A). The fraction of 
tumor cells positive for surface VEGFR2 varied among the 
tumor samples analyzed, ranging from 1.4 to 25.9% (mean 
13.8 ± 8.3%). To exclude that the VEGFR2+ cells are tumor-
associated endothelial cells, the following gating strategy was 
used in our experiments: dead cells were excluded by label-
ing with 7AAD, and then viable cells were gated as CD133+ 
and CD133 subpopulations, each of which was depleted 
of cells expressing the endothelial marker CD31 (Newman 
et al., 1990). Potential contamination by other cell types was 
furthermore ruled out by flow cytometry analyses for CD144, 
CD31, CD34, and CD105 markers in the two GBM speci-
mens (T556 and T1966) used throughout this study (Fig. S1). 
These analyses ensured that our experiments would be per-
formed using a defined population of GBM cells, and re-
vealed the existence of a subset of GBM cells expressing 
surface VEGFR2, particularly enriched among the CD133+ 
tumor cells.

Interestingly, immunohistochemical analysis of paraffin-
embedded clinical GBM specimens demonstrated that apart 
from the prominent membrane staining pattern of VEGFR2 
seen in 0.5–3% of GBM cells, the overall fraction of  VEGFR2-
expressing GBM cells was commonly higher, mainly show-
ing a “punctate” cytosolic pattern of VEGFR2 (in 5–60% of 
GBM cells per lesion; Fig. 1 B). This finding inspired us to 
examine the ratio of surface versus cytosolic VEGFR2 frac-
tions also by flow cytometry, since the cytosolic VEGFR2 
may recycle back to plasma membrane and/or remain active 
in the cytosolic compartment, a phenomenon described in 
endothelial cells (Gampel et al., 2006; Ballmer-Hofer et al., 
2011; Jopling et al., 2011). Indeed, FACS analysis could 
identify not only the surface (through surface labeling of 
viable cells), but also the cytosolic pool of VEGFR2 (visualized 
in the second labeling step after cell fixation/permeabilization, 
to detect total VEGFR2). Although the fraction of surface 
VEGFR2+ cells (T12, 2.4%; T16, 5.5%; T18, 5.5%; T19, 
17.4%) corresponded to those from FACS analysis pre-
sented above (Fig. 1 A), the number of total VEGFR2+ cells 
was significantly higher (T12, 12.9%; T16, 11.8%, T18, 
27.7%; T19, 44.4%), indicating presence of a cytosolic VEGFR2 
pool (with cytosolic VEGFR2 in T12, 10.5%; T16, 6.3%; T18, 
22%; T19, 27% cells; Fig. 1 C). Thus, whereas the presence 
of surface VEGFR2 “ready-to-bind VEGF” remains primarily 
the property of CD133+ GSCs, the internalized VEGFR2 is 
detectable in a larger cell population within the tumor mass, 
likely available to be recycled to the cell surface. Such a dy-
namic behavior of  VEGFR2 offers new possibilities for the 
putative communication of GSCs within their vascular niche, 

multiforme (GBM) in particular, have been established, and 
markers to prospectively isolate these putative CSCs, such as 
the transmembrane glycoprotein CD133 (prominin-1), have 
been identified (Hemmati et al., 2003; Singh et al., 2003;  
Li et al., 2009b). However, the value of CD133 as a single 
marker of glioma stem-like cell (GSC) is controversial (Wu 
and Wu, 2009), as CD133 glioma cells can also give rise to 
tumors in an intracranial mouse model (Beier et al., 2007;  
Joo et al., 2008; Wang et al., 2008).

VEGFR2 (also known as kinase domain region or fetal 
liver kinase-1) is a tyrosine kinase receptor essential for VEGF-
mediated physiological responses in endothelial cells (Shibuya, 
2008). Traditionally, the VEGFRs were thought to be almost 
exclusively expressed by endothelial cells (Norden et al., 2009; 
Iwamoto and Fine, 2010). Recent studies, however, suggest 
that tumor-derived VEGF provides not only paracrine sur-
vival cues for endothelial cells, but may also fuel autocrine 
processes in GBM cells (tumor-secreted VEGF providing 
prosurvival signaling through VEGFRs expressed by tumor 
cells themselves) and play a role in tumor resistance to  
existing therapies (Gorski et al., 1999; Graeven et al., 1999; 
Knizetova et al., 2008; Hlobilkova et al., 2009). Moreover, a 
new phenomenon of GSCs’ differentiation into tumor endo-
thelium has been described and proposed to contribute to 
tumor neoangiogenesis and possibly to tumor resistance 
to antiangiogenic drugs (Shen et al., 2008; Ricci-Vitiani 
et al., 2010; Tokuyama et al., 2010; Wang et al., 2010; Soda 
et al., 2011).

In our present study, the VEGFR2 receptor was detected 
preferentially on the surface of CD133+ GSCs when com-
pared with their CD133 counterparts, and VEGF-VEGFR2 
signaling promoted their viability and tumorigenic potential. 
Interestingly, we observed that VEGFR2 is not only pre-
sented on the cell surface of GSCs, but the bulk of the recep-
tor is cytosolic, internalized at least in part in early endosomal 
compartment, while persisting in its autophosphorylated,  
active state. Furthermore, we found that NRP1, another 
important proangiogenic factor (Soker et al., 2002), interacts 
with and stabilizes VEGFR2 in the presence of VEGF ligand, 
and thus promotes VEGF-VEGFR2 pro-survival signaling.

To date, the cellular mechanisms that underlie the clinical 
response, including resistance to anti-VEGF and radiation 
therapy, are poorly understood. Mechanistically, the at least 
partially autocrine activation of the VEGFR2 receptor tyro-
sine kinase in GSCs suggests that successful therapeutic inhi-
bition of VEGFR2 activity and/or its interaction with NRP1 
might negatively impact VEGFR2+ tumor cell growth and 
cause tumor regression.

RESULTS
Surface VEGFR2 is enriched in a fraction 
of GSCs in human GBM
Given the reported enhanced secretion of VEGF ligand 
by the CD133-enriched tumor cell population (Bao et al., 
2006b; Folkins et al., 2009) and autocrine growth factor sig-
naling contributing to tumor growth (Tokuyama et al., 2010), 

http://www.jem.org/cgi/content/full/jem.20111424/DC1
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(i.e., the subset that encompasses both the preferentially sur-
face and surface + cytosolic VEGFR2, conveniently isolated 
by live-cell FACS sorting for surface VEGFR2), marked as 
VEGFR2H cells. Orthotopically injected GFP-lentivirus– 
labeled VEGFR2H/CD31 GBM cells contributed to tumor 
vessel formation in the mouse brain parenchyma as shown in 
Fig. 2 B, which is consistent with recent works (Ricci-Vitiani 
et al., 2010; Wang et al., 2010; Soda et al., 2011). When 
orthotopically implanted in immunocompromised mice, 
VEGFR2H/CD31 cells formed tumors where VEGFR2 
is persistently active in GBM cells, as assessed by immuno-
fluorescence staining for Tyr1054-phosphorylated VEGFR2 
on frozen sections from such xenografts (unpublished data).

These findings prompted us to examine whether and in 
which compartment VEGFR2 is active and what biological 
benefit could such autocrine VEGF-VEGFR2 signaling pro-
vide to GBM cells.

Autocrine VEGF-VEGFR2 signaling is enhanced  
by interaction with NRP1 and remains active  
in the endosomal compartment of GBM cells
Next, we asked whether Neuropilin-1 (NRP1), a nonsignal-
ing co-receptor of VEGFR2 in endothelial cells (Ferrara et al., 
2003), could be present in the GBM cells and possibly inter-
act with VEGFR2 in our experiments. The endothelial NRP1 

through GSCs’ ability to modulate this niche by self-controlled 
autocrine secretion of VEGF into cellular microenvironment.

To confirm that CD133+ cells contain both, the surface-
presented and cytosolic VEGFR2, we analyzed freshly  
dissociated xenografted specimens (T4121 and T3691) double-
stained for surface VEGFR2/CD133, followed by fixation/
permeabilization and additional staining for total VEGFR2 
(see Materials and methods for details). As shown in Fig. 1 D, 
CD133+ cells exhibit three patterns of VEGFR2: preferentially 
surface (T4121, 4.58%; T3691, 2.09%), surface and cytosolic 
(T4121, 12.3%; T3691, 10.7%), and cytosolic only (T4121, 27%; 
T3691, 40.5%). Consistent with our initial analyses, CD133 
cells showed lower percentages of VEGFR2+ cells for all three 
staining patterns. Furthermore, our immunofluorescence stain-
ing on frozen sections from human GBM biopsies confirmed 
the presence of a VEGFR2+/CD133+/CD31 cell population 
(Fig. 2 A) in close proximity to vascular structures.

Recently, the intimate interplay between the vascular and 
nervous system gained further support from studies on poten-
tial trans-differentiation (Ricci-Vitiani et al., 2010; Wang et al., 
2010; Soda et al., 2011). In human brain, neural stem cells 
and endothelia localize to a vascular niche, where autocrine 
VEGF-mediated signaling is suggested to enhance viability of 
endothelial cells (Gorski et al., 1999). In this study, we com-
monly used GBM cells with surface expression of VEGFR2 

Figure 1. VEGFR2 is enriched on the surface of human GSCs. (A) Graph of cell surface VEGFR2+ cell fractions among CD133+ versus CD133 GBM 
cells based upon FACS analysis of 17 freshly dissociated human glioma specimens (**, P = 0.0017). (B) Immunohistochemical detection of VEGFR2 in clini-
cal GBM specimens (left and middle image) of both surface (arrowhead) and intracellular (arrow; cytosolic) VEGFR2; normal brain (NB; right) shows 
VEGFR2 in endothelial cells/vessels (*). Bar, 50 µm. (C) Graph of surface and cytosolic VEGFR2 in 4 GBM (two independent experiments). (D) Representa-
tive plots of FACS-analyzed surface (mem) versus cytosolic (cyto) VEGFR2 in CD133+ and CD133 GBM cells (specimens T4121 and T3691).
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dependent on VEGF ligand, whose increased levels can 
further enhance the activatory VEGFR2 autophosphoryla-
tion, which is apparently potentiated by interaction with 
the NRP1 co-receptor. Overall, these findings support a 
concept of VEGFR2 engagement in an autocrine VEGF 
ligand-dependent loop operating in GBM.

Moreover, shRNA-mediated knockdown of NRP1 
resulted in dramatically decreased VEGFR2 protein levels, 
indicating a crucial role of NRP1 in VEGFR2 protein stabil-
ity (Fig. 3 C). The observed decrease in total VEGFR2 was 
also accompanied by lower surface VEGFR2 presentation on 
the original VEGFR2H GBM cells (unpublished data) and 
their decreased viability.

For most other receptor tyrosine kinases like EGFR and 
PDGFR, the majority of unliganded receptor is localized at 
the cell surface in ligand-unstimulated cells (Roberts et al., 
2001; Wherlock et al., 2004). Upon activation, ligand–receptor 
complexes are commonly internalized to activate signal medi-
ators until the complex is either degraded or recycled. Here, 
cell surface biotinylation followed by immunoprecipitation of 
biotinylated surface protein fraction, compared with cytosolic 
proteins, showed that in a freshly dissociated population of un-
stimulated GBM cells, a large proportion of the total VEGFR2 
and active Tyr1054-phosphorylated VEGFR2 is localized in 
the cytosol (Fig. 3 D).

Furthermore, we found only a limited amount of  VEGFR2 
protein associated with the isolated biotin-labeled membrane 
fraction, which is consistent with known rapid internalization 
of VEGFR2 upon its activation (Lampugnani et al., 2006). 
Importantly, the same subcellular distribution profile was 

reportedly enhances VEGFR2–VEGF interaction, but only 
binds the VEGF165 isoform, and thereby promotes pathological 
angiogenesis. Furthermore, overexpression of NRP1 in brain 
tumors correlates with disease progression (Ishida et al., 2000; 
Mac Gabhann and Popel, 2006; Hu et al., 2007; Pan et al., 
2007; Jarvis et al., 2010), and therefore NRP1 represents a 
potential target for inhibiting VEGF signaling. Interest-
ingly, NRP1 colocalized with autophosphorylated and total 
VEGFR2 in immunofluorescence on frozen sections from 
clinical GBM specimens (Fig. 3 A).

To further examine a potential role of NRP1 in VEGF–
VEGFR2 signaling in GSCs, we compared coimmunopre-
cipitation of VEGFR2 and NRP1 in extracts from GBM 
cells that were untreated, treated with VEGF165, pretreated 
with VEGFR2 tyrosine kinase inhibitor SU1498 followed 
by VEGF165 treatment (100 µg/ml, 15 min), or treated by 
bevacizumab only (humanized antibody against VEGF). As 
shown in Fig. 3 B, VEGFR2 interacts with NRP1 in a ligand-
dependent manner, as neutralization of VEGF by bevaci-
zumab blocked formation of the VEGFR2–NRP1 complex. 
In contrast, inactivation of the tyrosine kinase activity by 
SU1498 had no significant effect on the VEGFR2–NRP1 
interaction. VEGF165 treatment further enhanced the basal 
level of activatory autophosphorylation at VEGFR2 Tyr1054. 
Pretreatment with bevacizumab abolished the basal level of 
VEGFR2 autophosphorylation, and treatment with SU1498 
not only prevented the VEGF165-induced increase, but even 
inhibited the activatory phosphorylation of VEGFR2 to a 
level below that seen under basal conditions (Fig. 3 B). These 
results show that VEGFR2 signaling in GSCs is active and 

Figure 2. VEGFR2H GBM cells localize in the perivascular niche in vivo. (A) Immunofluorescence on frozen sections of human GBM detects  
VEGFR2H/CD133+CD31 cells next to tumor vessel. (B) Immunofluorescence on sections of human GFP-marked GBM VEGFR2H/CD31 (T556) cell xenografts 
after 15 d of tumor growth in mouse brain. Bars, 50 µm.
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lanes Recy-con and Recy), is consistent with a surface-cytosol-
surface recycling of  VEGFR2–NRP1. Finally, immunofluores-
cence staining and confocal microscopy imaging confirmed 
colocalization of the cytosolic pool of VEGFR2–NRP1 
with the early/recycling endosomal compartment marked by 
staining for early endosomal antigen 1 (EAA1; Fig. 3 F).

The plasma membrane complex of VEGFR2 with NRP1 
is undergoing dynamic recycling from cell surface, through 
endosomal-internalized compartment back to cell mem-
brane in human GSCs, and appears to be in an active state 
likely caused by persistent autocrine signaling from VEGFR2–
NRP1 fueled by secreted VEGF.

Surface VEGFR2 enhances self-renewal capacity  
and viability of GSCs
Preferential deposition of VEGFR2 on the cell surface may 
be beneficial to GSCs’ survival and propagation, as surface 
VEGFR2 is “ready to bind” VEGF produced by endothelial 

observed for NRP1, supportive of the role of NRP1 in 
VEGFR2 stability and signaling. Similarly, membrane frac-
tionation showed the bulk of  VEGFR2 to be present in the 
cytosolic pool, and at least partly active (unpublished data).

Importantly, experiments with cell surface protein bio-
tinylation, followed by stripping of the surface-exposed biotin 
at various time points, confirmed recycling of  VEGFR2, acti-
vated VEGFR2, and NRP1 (Fig. 3 E). Thus, the initially biotin-
labeled membrane VEGFR2 and NRP1 (and transferrin 
receptor, a prototypic recycling receptor) were lost when 
surface-accessible biotin was stripped immediately, but protected 
from stripping when cells were allowed to internalize a frac-
tion of their surface proteins for 10 min at 37°C (lanes +BIO, 
Strip, and Intern in Fig. 3 E, respectively) before the reducing 
strip. The observation that the second round of surface biotin 
stripping performed upon longer incubation time (after 
another 20 min at 37°C) apparently de-protected the transiently 
internalized, shielded fraction of  VEGFR2 and NRP1 (Fig. 3 E, 

Figure 3. Total and activated VEGFR2 
localize to the cytosol of GBM cells and 
undergo endocytosis and recycling.  
(A) Indirect immunofluorescence staining for 
VEGFR2, phosphorylated VEGFR2, and NRP1 
on frozen sections of human gliomas. DAPI 
shown in blue. (B) Immunoprecipitation (IP)/
Western blotting (WB) of VEGFR2 and NRP1 
in GBM cells, lysed after overnight recovery/
starvation of freshly dissociated specimen 
T556, pretreated or not with SU1498 (10 µM) 
or bevacizumab (Bev; 0.5 mg/ml) for 2 h, and 
then exposed (15 min) or not to recombinant 
VEGF165 (100 µg/ml). pVEGFR2, Tyr1054- 
phosphorylated VEGFR2. Data are representa-
tive of three independent experiments. (C) Effect 
of shRNA knock-down of NRP1 in T556 GSCs 
on phosphorylated and total VEGFR2. Data are 
representative of two independent experi-
ments. (D) Analysis of VEGFR, pVEGFR2 and 
NRP1 in membrane (biotin-labeled) and cyto-
solic (biotin-free) fractions of GBM T556 cells. 
ERK kinase: control cytosolic protein. Repre-
sentative example from three experiments.  
(E) VEGFR2, NRP1, and TfR (positive control) 
examined during endocytosis and recycling. 
Biotinylated surface proteins (+BIO, high 
level); biotin label stripped immediately 
(Strip); proteins allowed to internalize for  
10 min (Inter, partly protected from strip) and 
recycle for 20 min (Recy, de-protected by 
resurfacing again) before stripping, respec-
tively. Recy-Con was performed along with 
Recy-sample, but the final stripping was 
omitted. Experiment is representative of three.  
(F) Confocal microscopy imaging in sorted 
CD133+ GBM cells stained for VEGFR2, NRP1, 
and EEA1 (a marker of early endosomes). DAPI 
is shown in blue. Representative images of 
three independent staining experiments are 
shown. Bars: (A and F) 50 µm.
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VEGFR2L cells exhibited enrichment and the VEGFR2H 
cells further increase of surface VEGFR2 (unpublished data).

To gain further insights into GSCs’ VEGFR2 signaling, 
we assessed VEGF secretion by VEGFR2L and VEGFR2H 
cells. The two cell subsets were sorted from bulk tumor pop-
ulations by FACS, and, after an overnight recovery, allowed 
to secrete into growth factor–free media for 24 h. The VEGF 
levels of the resulting conditioned media were then analyzed 
using ELISA. As illustrated in Fig. 4 C, significantly elevated 
secretion of VEGF was detected for VEGFR2H cells. To fur-
ther explore the emerging autocrine activation of VEGFR2, 
VEGFR2H GBM cells were treated with bevacizumab (known 
to block VEGF), SU1498 (VEGFR2 tyrosine kinase inhibi-
tor), or vehicle control for 24 h, followed by detection of 
secreted VEGF by ELISA. In contrast to control, no secreted 
VEGF was detected in the medium of bevacizumab-treated 
cells, showing efficient VEGF ligand neutralization by beva-
cizumab, as expected (Fig. 4 D). VEGF secretion was signifi-
cantly decreased in SU1498-treated VEGFR2H cells.

As the most crucial property of GSCs is their ability to 
propagate secondary tumors, we also performed in vivo 
limiting dilution assays using cells enriched for VEGFR2 
(VEGFR2H) compared with VEGFR2L cells, independent of 
other markers. Although both types of cells formed tumors 
upon transplantation in vivo, there was a consistent trend for 
VEGFR2H to develop tumors with a shorter latency. Nota-
bly, the superior tumorigenicity of VEGFR2H cells was most 
apparent at the lowest number of GBM cells implanted 
(100 cells per mouse), which showed statistically signifi-
cant differences, as documented by the Kaplan-Meier sur-
vival analysis (Fig. 5 A; P = 0.0067). However, differences  
in the experiments with 1,000, 5,000, or 10,000 cells injected 
per mouse did not reach statistical significance with respect to 
the VEGFR2 expression status (for information on tumor 
incidence and median survival see Table S1). As others and 
we have shown that the microenvironment can induce plas-
ticity of cellular differentiation, we argued that one possible 
explanation for these results could be if the initial VEGFR2L 
GBM cells reexpressed VEGFR2 during the in vivo growth. 
This scenario was indeed confirmed in vitro, as treatment of 
initial VEGFR2L cells with the proteasomal inhibitor MG132 
resulted in relatively fast (within 10 min) stabilization of 
VEGFR2 protein in these cells (unpublished data), indicating 
rapid turnover and sensitive modulation of VEGFR2 at the 
protein level.

Collectively, these results raise the issue of what are the 
functional consequences of the observed enhanced expres-
sion of VEGFR2 and the basis of its potential downstream 
signaling in this cellular context. Furthermore, we specu-
lated that the observed persistent activation of VEGFR2 
signaling in human GBM cells, along with the functionality 
of the VEGF–VEGFR2–NRP1 pathway but without any 
major biological impact of exogenously added VEGF (un-
published data), might reflect an ongoing autocrine loop 
between the secreted VEGF and VEGFR2 in the VEGFR2H 
subset of GSCs.

or cancer cells present within the tumor microenvironment, 
followed by internalization and downstream signaling. One 
important prediction of such a concept would be that 
VEGFR2H cells should exhibit higher capacity of self-renewal 
and superior growth in vitro and in vivo when compared 
with VEGFR2L cell populations (i.e., GBM cells lacking both 
surface and cytosolic VEGFR2; see Materials and methods). 
To examine this, we sorted the VEGFR2H and VEGFR2L 
cells by FACS and assessed their tumor sphere formation 
capacity, a common surrogate assay of self-renewal. The results 
showed that the VEGFR2H cells had a higher self-renewing 
potential than VEGFR2L cells (Fig. 4 A; P < 0.001 for both 
T556 and T1966), which correlated with parallel viability 
tests performed on these sorted populations (Fig. 4 B) under 
identical cell culture conditions (in EGF/bFGF free medium 
to avoid VEGFR2 induction [Xiao et al., 2007] over a period 
of 7 d). These results indicate that the presence of VEGFR2 
identifies GBM cells with enhanced propensity to proliferate 
and form spheres. Interestingly, when isolated and cultured 
in vitro for 5 d in growth factor–supplemented media, the 

Figure 4. VEGFR2 expression accounts for enhanced self-renewal, 
VEGF secretion, and viability of GSCs. Matched numbers of VEGFR2L 
and VEGFR2H cells from xenografted GBM specimens (T556 and T4121) 
were assayed for tumorsphere formation (A) and (T556 and T1966) viabil-
ity (B). (A) Data are means ± SD of two independent experiments (n = 3; 
P < 0.001). (B) Viability of GSCs. Data are means ± SD of two independent 
experiments (n = 3; P < 0.001). (C) VEGF secretion by VEGFR2H versus 
VEGFR2L cells (GBM T556, 24 h) detected by ELISA (**, P < 0.01). (D) ELISA-
detected VEGF secreted by VEGFR2H GBM cells after neutralization by 
bevacizumab (0.5 mg/ml, 24 h), and inhibition of VEGFR2 kinase (SU1498, 
5 µM), compared with nontreated controls (Con). Mean ± SD from two 
experiments in duplicate (***, P < 0.001).

http://www.jem.org/cgi/content/full/jem.20111424/DC1
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phenotype (caused by cells escaping lentivirus-medi-
ated shRNA knockdown and thus allowing for re-
expression of VEGFR2, as confirmed by indirect 
immunohistochemistry staining on sections from 
paraffin-embedded brains from these mice; unpub-
lished data). These genetic experiments are impor-
tant as they validate the significance of  VEGFR2 for 
GBM cell survival and support data (see below) ob-
tained after chemical inhibition of  VEGFR2 kinase 
activity. Consistent with the evidence for an impor-

tant role of NRP1 in this pathway (Figs. 3 and 4), shRNA- 
mediated knockdown of NRP1 resulted in enhanced apoptosis 
and decreased viability of GSCs, thus further supporting the role 
of  VEGFR2–NRP1 interaction in GSCs’ survival (Fig. 5 D).

To test whether the observed autocrine signaling through 
the VEGF–VEGFR2–NRP1 pathway might be critical for 
survival of the VEGFR2-expressing GBM cells under normal 
and stressful conditions, we treated the VEGFR2H cells with 
the VEGFR2 kinase inhibitor SU1498 (5 µM, 2 h) alone or 
in combination with ionizing radiation (IR) to mimic the 
genotoxic stress caused by radiotherapy. As shown in Fig. 6 A, 
inhibition of VEGFR2 tyrosine kinase activity in VEGFR2H 
GBM cells induced apoptosis as indicated by increase in  
Annexin V staining monitored by flow cytometry at 24 h  
after radiation. The enhanced cell death after treatment 
with SU1498 was apparent under otherwise unperturbed 
culture conditions, and this effect was further enhanced when 
cells were stressed by IR. In contrast to inhibition of VEGFR2 
kinase activity, treatment with the VEGF-blocking antibody 
bevacizumab alone did not significantly increase apoptosis 
(Lai et al., 2011). These results highlight the differential impact 
of the biologically effective direct inhibition of VEGFR2 
tyrosine kinase activity (by SU1948) versus the apparent inability 
of bevacizumab to evoke a desirable antitumor effect. We 
speculate that the latter phenomenon might reflect insuf-
ficient neutralization by bevacizumab of the continuously 

Abrogation of VEGF–VEGFR2 signaling compromises  
GBM cell survival and tumorigenesis
To assess the contribution of VEGFR2 signaling to GSC self-
renewal, survival, and tumor growth, we interrogated the ef-
fects of shRNA directed against human VEGFR2. VEGFR2H 
GBM cells were infected with lentivirus particles express-
ing shRNA directed against VEGFR2 (shVEGFR2-1 and  
shVEGFR2-2 for targeting two independent gene regions) 
or a nontargeting control shRNA (shNT). After selection for 
successfully expressed vectors, cells for each of the three sce-
narios (shNT, shVEGFR2-1, and shVEGFR2-2) were ana-
lyzed in vitro (for viability and levels of apoptosis), and then 
implanted into the brains of immunocompromised mice.

As shown in Fig. 5 (B and C), shRNA-mediated knock-
down of VEGFR2 resulted in increased apoptosis (mea-
sured by caspase 3/7 activity) and decreased viability of the 
shRNA-treated VEGFR2H cells. Consistent with in vitro data, 
tumors in mice implanted with VEGFR2H cells carrying the 
control shNT grew with expected, rapid kinetics, whereas 
shRNA-mediated knockdown of VEGFR2 resulted in  
reduced tumor formation and prolonged survival of the 
mice. Notably, compared with the control mice, which had 
to be sacrificed because of gross tumor growth before day 30 
of the experiment, mice in the shVEGFR2-2 group were 
all still alive and free from major signs at day 90, and the 
shVEGFR2-1–treated group showed an intermediate  

Figure 5. VEGFR2–NRP1 expression in GSCs accounts 
for preferential growth and survival in vitro and in vivo. 
(A) Kaplan-Meier survival curves for mice brain transplanted 
with VEGFR2H versus VEGFR2L human T556 GBM cells (4 mice 
per group; **, P = 0.0067, log-rank analysis). (B) Kaplan-
Meier survival curves for mice after brain transplantation of 
T556 GSCs with lentivirus-mediated knockdown of VEGFR2 
via two shRNAs (shVEGFR2-1 and shVEGFR2-2 targeting 
human VEGFR2), compared with a nontargeting shRNA 
(shNT). 5 mice per group; P = 0.0754 for shVEGFR2-1;  
**, P = 0.0054 for shVEGFR2-2 by log-rank analysis. (C) GSC 
death (T556; caspase 3/7 activity, left) and viability (right) 
after VEGFR2 knockdown (shVEGFR2-1 and shVEGFR2-2) 
compared with a nontargeting shRNA (shNT). n = 3; P = 
0.0061 for shVEGFR2-1; P = 0.0024 for shVEGFR2-2 for cas-
pase 3/7; P < 0.001 for shVEGFR2-1 and -2 for viability.  
(D) GSC death (T556; caspase 3/7 activity, left) and viability 
(right) after NRP1 knockdown (shNRP1-1 and shNRP1-2) 
compared with control shNT. n = 3; P = 0.0001 for both 
NRP1 shRNAs in either assay. (C and D) Data are means ± SD 
from three independent experiments.
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To corroborate the emerging differential biological 
impact of VEGFR2 kinase inhibition versus VEGF ligand 
neutralization, VEGFR2H cells were treated with either SU1498 
or bevacizumab or left untreated, irradiated, or sham-irradiated, 
and then followed for 7 d to assess their relative cell viability 
(measured by the CellTiter-Glo kit; Fig. 6 B). Although 
bevacizumab treatment alone did not impact the viability of 
VEGFR2H cells, exposure to 5 µM SU1498 led to a signifi-
cant decrease in cell viability, and this effect was further in-
creased when inhibitor treatment was followed by IR. In 
agreement with published results (Iwamoto et al., 2009), 
bevacizumab in combination with IR also resulted in a sig-
nificant decrease in cell viability, but this effect was less 
pronounced compared with tyrosine kinase inhibition by 
SU1498. These results were reproduced in a series of experi-
ments with independent specimens, T556 (Fig. 6) and T1966 
(unpublished data). To determine if these results are repro-
ducible in vivo, we pretreated VEGFR2H cells in vitro with 
bevacizumab (for 4 d), VEGFR2 tyrosine kinase inhibitor 
SU1498 (24 h), or left untreated and injected 104 cells into 
frontal lobes of immunocompromised mice. Fig. 6 C shows 
that targeting the VEGFR2 tyrosine kinase activity, but not 
ligand neutralization, is sufficient to impair tumor propagation.

Collectively, these results supported our concept that 
persistent autocrine VEGFR2 signaling represents a potent 
regulator of GSC growth under both in vitro and in vivo 
conditions. Moreover, this signaling apparently not only 
operates in GSC cell pools, but stays active in a larger pool of 
progeny tumor cells, which can reactivate the autocrine loop 
by recycling internalized VEGFR2 back to the cell surface. In 
conclusion, the functional abrogation of the VEGFR2–NRP1–
VEGF–regulated pathways can undermine GBM survival under 
various conditions, including exposure to IR, and reduce 
tumor formation.

DISCUSSION
Our present results provide novel insights into the molecular 
basis of the emerging interplay between GSCs and tumor an-
giogenesis, the ensuing strengths and vulnerabilities of GSCs, 
and the implications of the identified VEGFR2-mediated 
signaling loop for gliomagenesis and response to therapy. As 
angiogenesis and CSCs are important for other types of can-
cer as well (Reya et al., 2001; Eyler and Rich, 2008), our 
findings may help advance understanding of cancer biology 
in general, and provide valuable clues for future therapeutic 
strategies, as gliomas remain a major therapeutic challenge 
(Norden and Wen, 2006; Rich, 2007; Verhoeff et al., 2009). 
The concept emerging from our study can be summarized as 
follows: GSCs rely on an autocrine, highly dynamic signaling 
pathway that involve (a) VEGF and its secretion; (b) VEGFR2 
and its interaction with NRP1; and (c) dynamic VEGFR2–
NRP1 internalization/recycling, to survive, proliferate, form 
tumors (including crosstalk with vascular niche), and evade 
some forms of currently used therapy. Several elements of 
this concept are discussed in the following paragraph, within 
the framework of recent developments in cancer research.

secreted VEGF ligand, thereby allowing for VEGFR2 sig-
naling and, consequently, continued survival and growth 
of the tumor.

Figure 6. Chemical abrogation of VEGFR2 signaling decreases survival 
and enhances apoptosis in T556 GSCs. (A) Annexin V FACS analysis of 
dissociated xenograft VEGFR2H cells pretreated with bevacizumab (Bev,  
0.5 mg/ml) or SU1498 (SU, 5 µM) or untreated for 2 h, and then irradiated (IR, 
8 Gy) or sham-irradiated, and stained 24 h after IR for Annexin V. Mean ± SD 
(n = 3); one of two experiments with similar results. (B) Effect of SU1498 or 
bevacizumab alone or combined with IR on cell growth of VEGFR2H cells (P = 
0.0047). Mean ± SD (n = 3). Representative of three experiments is shown.  
(C) Survival effect of in vitro pretreatment of VEGFR2H cells with SU1498 (10 µM; 
24 h) or bevacizumab (0.5 mg/ml; 4 d) on their tumorigenicity in vivo (n = 6; 
**, P = 0.0078 by log-rank analysis of survival curves).
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show that this GSC-associated VEGF–VEGFR2–NRP1 path-
way is regulated at several steps, including autocrine secretion 
of VEGF (higher for the VEGFR2H cells), and regulation of 
VEGFR2 protein stability, as lentivirus-mediated knockdown 
of NRP1 resulted in significantly decreased VEGFR2 levels 
(Fig. 3 C) and dramatically decreased survival of GSCs caused 
by enhanced apoptosis (Fig. 5 D). Mac Gabhann and Popel 
(2006) predicted three alternative methods of targeting NRP1, 
resulting in three distinct therapeutic outcomes. Their in silico 
analysis has shown that the blockage of NRP1–VEGFR2 
interaction is the most efficient way of attenuating VEGF–
VEGFR2 signaling for a defined period of time. Their in silico 
findings, together with our in vitro evidence of NRP1 knock-
down decreasing GSC viability, highlight the need for further 
identification of compounds targeting both VEGFR2 and 
NRP1 and the interactions between the two of them.

Considering the intimate relationship between GSCs and 
endothelium in the GBM perivascular niche (Gilbertson and 
Rich, 2007) and the prosurvival role of the VEGF–VEGFR2 
pathway shared by both cell types, it is intriguing that the regu-
latory mechanisms we describe here for VEGFR2 protein in 
GSCs apparently differ markedly from that in vascular endo-
thelium. The reported protein half-life of VEGFR2 in 
endothelial (HUVEC) cells was considerably longer (70 min) 
compared with 42 min in our experiments with GSCs (un-
published data). Even more striking, however, is the contrast-
ing impact of proteasome inhibition on VEGFR2 protein 
abundance. Thus, for endothelial cells Meissner et al. (2009) 
reported that diverse proteasome inhibitors (including MG132) 
blocked VEGFR2 expression in a time- and concentration-
dependent manner, and decreased VEGFR2 protein levels 
were paralleled by impaired formation of capillary-like struc-
tures and endothelial cell migration (Meissner et al., 2009). In 
sharp contrast, we observed that in VEGFR2L cell population, 
the VEGFR2 protein became stabilized and its levels increased 
already after a short-term exposure to the proteasome in-
hibitor MG132 (unpublished data). For endothelial cells under 
hypoxia, Kremer et al. (1997) suggested a direct transcriptional 
induction of VEGF that subsequently evoked up-regulation 
of  VEGFR2. In neural stem cells, expression of  VEGFR2 is up-
regulated by bFGF-evoked signaling via phosphorylation of 
ERK1/2 (Xiao et al., 2007). We interpret these results as evi-
dence for regulation of  VEGFR2 in GSCs by rapid proteasome-
mediated protein turnover, and indication that VEGFR2 is 
subject to highly flexible and prompt control that are broadly 
analogous to key regulators of the cell cycle and cell viability/
death pathways (e.g., cyclins, NF-B inhibitors, etc.).

The relevance of the VEGF–VEGFR2 pathway regula-
tion becomes particularly apparent under stressful conditions 
such as tumorigenesis or exposure to IR, the latter represent-
ing the most commonly used standard-of-care nonsurgical 
treatment modality for GBM (Norden and Wen, 2006; Norden 
et al., 2009). During growth in cell culture within a relatively 
short time, a subset of originally VEGFR2L GBM cells be-
came VEGFR2H (unpublished data). This adaptive change 
was mainly attributable to posttranscriptional regulation, as 

First, the search for convenient molecular markers and 
critical functional features of CSCs has been a focus of cancer 
research for almost a decade. Because of the highly hetero-
geneous character of gliomas, it is difficult to use a single set 
of markers to identify CSCs in individual glioma patients. 
Despite major advances in this area, the candidate markers 
exemplified by CD133 for GSC enrichment have so far been 
insufficiently selective and/or remain enigmatic in terms of 
their functional significance and relevance for cancer therapy 
(Wu and Wu, 2009). As a consequence, the definitions of 
GSCs presently reflect the biological properties of these cells 
(Calabrese et al., 2007; Rich, 2007; Li et al., 2009b). In addi-
tion to CD133, other markers like A2B5 and CD15 have 
been identified (Ogden et al., 2008; Son et al., 2009).  
Because glioma cells expressing either only A2B5 or CD15 
irrespective of their CD133 status formed tumors in rodent 
hosts, they appear to identify a new glioma CSC population. 
Other recently identified promising markers include podo-
planin, a proinvasive protein overexpressed in a variety of 
cancers (Christensen et al., 2011), and integrin 6 (Lathia  
et al., 2010), which is known to play a crucial role in the 
maintenance of normal neural stem cells (Leone et al., 2005). 
We now report that the VEGFR2 receptor is enriched on the 
surface of GSCs and that the VEGFR2-mediated signaling 
pathway is active in an autocrine-produced VEGF ligand-
dependent manner. Although we do not propose that VEGFR2 
is a specific marker of GSCs, the expression of the surface 
VEGFR2 was indeed commonly enriched among the CD133+ 
cells in a panel of the 17 GBM specimens tested. Central to 
this concept is the observation that a significant pool of 
VEGFR2 is contained within the cytosol and, based on 
microscopic analysis, localized predominantly in the early 
endosomal storage compartment. Besides being degraded, a 
subfraction of cytosolic VEGFR2 remains active and recycles 
back to the cell surface. Our present data (Fig. 3 E) on GBM, 
and studies by others in endothelial cells (Gampel et al., 2006; 
Jopling et al., 2011), have shown that VEGFR2 undergoes 
recycling from peripheral endosomes back to the plasma mem-
brane, but the regulatory molecules involved remain unclear.

Our data not only corroborate that GSCs secrete VEGF to 
possibly stimulate endothelial cells and angiogenesis in a para-
crine manner, as postulated before (Bao et al., 2006b; Folkins 
et al., 2009) but also show for the first time that GSCs harbor 
an operational VEGFR2-dependent autocrine signaling loop, 
capable of responding to VEGF and transducing downstream 
signaling. We show that this pathway also encompasses the 
VEGF-dependent interaction of VEGFR2 with NRP1, a 
high-affinity receptor for semaphorins and VEGF reported for 
cell types, such as neurons and endothelia (Ferrara et al., 
2003; Rosenstein and Krum, 2004), but so far not for GSCs. 
Although NRP1 does not seem to induce intracellular signal-
ing on its own, likely because of the lack of a cytoplasmic 
kinase domain, it is known to potentiate angiogenesis by facili-
tating the interaction between VEGF165 and VEGFR2, result-
ing in increased VEGF–VEGFR2 signaling in endothelial cells 
(Soker et al., 2002). Apart from interaction with NRP1, we 
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VEGFR2 inhibition. We believe that not only the known 
paracrine function of VEGF from GSCs (Bao et al., 2006b; 
Folkins et al., 2007) but also the persistent autocrine signaling 
through the VEGF–VEGFR2 loop described here contrib-
utes to enhanced GBM cell survival in general, and tumori-
genic properties and evasion of treatment by bevacizumab by 
GSCs in particular. Sakariassen et al. (2006) have shown that 
blocking angiogenesis using bevacizumab in an immunode-
ficient nude rat model results in angiogenic-independent 
GSC tumor growth with the up-regulation of proinvasive 
genes. In respect to recently published data on the existence 
of endoglial progenitors (Shen et al., 2008; Ricci-Vitiani 
et al., 2010; Wang et al., 2010; Soda et al., 2011) and our 
own data showing that VEGFR2H cells contribute to vessel 
formation (Fig. 2 B), it is possible that after bevacizumab 
therapy, newly formed vessels (from endoglial precursors) 
substitute the original tumor vasculature, resulting in a subse-
quent diffuse relapse. The impact of bevacizumab might also 
be limited in the longer term, at least in part because of the 
continuous supply of VEGF newly secreted by GSCs them-
selves that immediately activates their own VEGFR2 receptors, 
thereby either saturating the binding capacity of bevacizumab 
or possibly bypassing the stage of a free extracellular VEGF 
ligand that is accessible by bevacizumab. Thus, combinational 
treatment including not only VEGF ligand neutralization but 
also efficient VEGFR2 tyrosine kinase activity inhibition 
may have improved activity. Whereas we observed a strik-
ingly decreased viability of GBM cells after chemical or 
genetic abrogation of VEGFR2 tyrosine kinase activity, 
apparently conflicting results were reported from clinical tri-
als in which agents targeting VEGFR2 tyrosine kinase do-
main were delivered in conjunction with chemotherapy and 
resulted only in a transient increase in patients survival, with 
majority of patients succumbing to tumor reocurrence (Butler 
et al., 2010; Hess et al., 2001). This might be an indication 
of insufficient targeting/inhibition of VEGFR2 tyrosine kinase, 
which we found to be internalized in a subpopulation of 
GBM cells. Thus, various combinations of strategies, includ-
ing the development of novel potent tyrosine kinase inhibi-
tors against VEGFR2 and possibly abrogating its interaction 
with NRP1, should be investigated (conveniently combined 
with radiotherapy or chemotherapy) to achieve synergistic 
effects on GSC apoptosis and so glioma regression.

In conclusion, the VEGF–VEGFR2–NRP1-mediated sig-
naling in GSCs is maintained in an autocrine manner by contin-
uous secretion of  VEGF ligand, allowing for persistent activation 
of downstream intracellular prosurvival pathways and promotion 
of GBM tumor growth, invasiveness, and enhanced resistance to 
some treatments. This concept offers new insights into GBM  
biology and identifies the VEGF–VEGFR2–NRP1 interplay as 
a novel and attractive target in therapy of malignant gliomas.

MATERIALS AND METHODS
Human glioma xenografts and primary specimens. GBM tissue sam-
ples (T1-T19, T556, T1966, T4121, and T3691) were obtained from 
patients undergoing resection for newly diagnosed or recurrent tumors in 

VEGFR2 mRNA was also initially expressed in the VEGFR2L 
cells (unpublished data). More importantly, given our evi-
dence for the role of VEGFR2 signaling in the survival of 
GSCs, these findings may help explain why the initially 
VEGFR2L GBM cells were only moderately less tumorigenic 
in vivo compared with their VEGFR2H counterparts. Such 
an autoenhancing system, stabilizing/recycling VEGFR2 to 
plasma membrane and thereby becoming accessible to VEGF 
ligand, may represent an important mechanism contributing 
to tumor survival, angiogenesis, and progression after radio-
therapy, likely linked to the debated greater resistance of 
GSCs, compared with the bulk of GBM cells, to radiation 
and chemotherapy (Bao et al., 2006a,b; Liu et al., 2006; Eyler 
et al., 2008).

Arguably the most significant data from our present study 
document the strikingly differential impact of the two strate-
gies that are commonly used in the clinic to target the VEGF–
VEGFR2 signaling cascade, i.e., the VEGF-blocking antibody 
bevacizumab versus chemical inhibition of VEGFR2 kinase 
activity. Given the characteristically high degree of endo-
thelial proliferation, high vascular permeability, and increased 
proangiogenic growth factor expression, angiogenesis inhibi-
tion became a rational treatment strategy in GBM (Lai et al., 
2011). However, despite some transient positive therapeu-
tic impact of bevacizumab, the clinical trials of such VEGF-
neutralizing strategies have been largely disappointing (Shintani 
et al., 2006; Desjardins et al., 2008; Friedman et al., 2009; 
Iwamoto et al., 2009; Gururangan et al., 2010; Verhoeff et al., 
2010; Lai et al., 2011). Dynamic imaging methods revealed 
that antiangiogenic treatment is effective against the leaky 
bulk of the tumor, but not against invasive tumor compo-
nents (Ellis and Hicklin, 2008), and an overall better under-
standing of angiogenesis and its molecular basis are needed to 
optimize the treatment. Our present results provide novel 
insights into this area of GBM research. Whereas most of 
current antiagiogenetic approaches act through the reduction 
or elimination of tumor blood vessels, we propose that dual 
targeting of not only the tumor vessels but also the tumor 
cells is important, as these operate typical endothelial prosur-
vival pathways like VEGF–VEGFR2–NRP1 signaling. We 
show that treatment of VEGFR2H cells with tyrosine kinase 
inhibitor SU1498, but not with bevacizumab, resulted in 
enhanced apoptosis and decreased viability and tumori-
genesis (Fig. 6 and not depicted). Notably, the results ob-
tained with the VEGFR2 kinase inhibitor were reproduced 
using a genetic approach, by knocking down VEGFR2 through 
lentivirus-mediated shRNA (Figs. 5, B and C). In fact, the 
extent of the observed biological effects on survival and 
tumorigenicity correlated with the degree of VEGFR2 knock-
down achieved by the two independent shRNAs, thereby 
further validating the superiority of direct targeting of 
VEGFR2 over sequestration of VEGF by bevacizumab. Taking 
into consideration our present data, as well as the available 
information on GSCs biology, angiogenesis, and response of 
GBM to antiangiogenic treatment, we propose a new model 
that may explain the differential impact of bevacizumab and 
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left to recover overnight after sorting, and then treated with 0.5 mg/ml bev-
acizumab for 4 d, with SU1498 (5 µM) for 24 h, or vehicle-treated and then 
injected into striatum of BALB/c (nu/nu) mice.

Immunoblot analysis and immunoprecipitation. Whole-cell ex-
tracts or immunoprecipitated complexes of VEGFR2 were separated  
by 7% SDS-PAGE and transferred to nitrocellulose membranes (Advan-
tech) using the iBlot System (Invitrogen). The membranes were blocked 
with 5% (wt/vol) dry milk in PBS-Tween-20 (0.5% vol/vol) and probed 
with primary antibodies against total VEGFR2 (Cell Signaling Tech-
nology; 1:2,000), phosphorylated VEGFR2 (VEGFR2Tyr1054; 1:200;  
Millipore), NRP1 (Abcam; 1:500), NRP1 (Santa Cruz Biotechnology, 
Inc.; 1:500), EEA1 (Abcam; 1:300), ERK1/2 (Cell Signaling Technology; 
1:800), or against -tubulin (Sigma-Aldrich) as a loading control. ECL 
detection system was used according to manufacturer’s instructions  
(GE Healthcare).

Biotinylation/recycling assay and membrane protein isolation. To 
measure the relative proportions of the surface and internalized VEGFR2 
pools, cell surface protein biotin-labeling using a Cell Surface Protein Iso-
lation kit (Thermo Fisher Scientific) was used according to the manufac-
turer’s instructions. Equal volumes (30 µl) from cytosolic and membrane 
fractions were loaded onto a 7% SDS-PAGE gel and probed for the pres-
ence of VEGFR2, and ERK1/2 detection was used as a purity control  
of the cytosolic or membrane fractions. Receptor recycling assay using  
biotinylation and biotin reduction (stripping) steps was performed as previ-
ously described (Jopling et al., 2011). Here, cells were washed twice in 
PBS, resuspended in a cleavable NHS-SS-Biotin solution (0.3 mg/ml; 
+Bio) or Biotin-free solution (for negative control; BIO), and incubated 
for 30 min on ice. Control samples (Bio; +Bio) were then quenched  
and lysed. For a strip control (Strip), cells were exposed to a reducing buf-
fer (100 mM sodium 2-mercapthoethanolsufonate, 50 mM Tris, pH 8.6, 
100 mM sodium chloride, 1 mM EDTA, and 0.2% [wt/vol) BSA) to cleave 
the biotin label.

To obtain other samples (Inter, to search for internalized receptor; 
Recy, to detect a potentially recycled/resurfaced receptor), cells were biotin-
labeled and incubated in GF-free medium for 10 min at 37°C. After incuba-
tion, cell-surface biotin was removed using a reducing buffer and quenched 
in a buffer containing 120 mM iodoacetamide. The cell sample used to 
search for internalized receptor (Inter; where the originally cell surface-
biotinylated VEGFR2 has internalized into cytosol, and thus was protected 
from the reducing/stripping treatment responsible for biotin cleavage) was 
subjected to lysis and immunoprecipitation. The cells for detection of recy-
cled receptor (Recy and Recy-con) were incubated for  another 20 min in 
growth factor–free medium at 37°C, followed by the reduction step (Recy 
sample only, to allow for potential recycling of the receptor back to cell sur-
face, where it became susceptible to the biotin strip using the reduction buf-
fer), before lysis and immunoprecipitation. Recy-con served as a control for 
potential degradation of biotinylated VEGFR2, processed along with the 
Recy sample, except that the last reduction step was omitted to detect total 
levels of biotinylated receptor remaining at that time. The entire immuno-
precipitated protein amount was used in each case for loading SDS-
PAGE for immunoblotting analysis of VEGFR2, NRP1, and TfR as 
described above.

FACS analysis of surface and total VEGFR2. FACS analysis of surface 
versus total VEGFR2 was performed as described previously (Ostrowski 
et al., 2010), for Fig. 1 D with minor modification of using a primary conju-
gated anti-VEGFR2 antibody (Alexa Fluor 488; BioLegend) for the first 
labeling step and an unconjugated primary anti-VEGFR2 antibody (fol-
lowed by a secondary Alexa Fluor 647–conjugated antibody) for the second 
labeling step. For other experiments, the freshly dissociated GBM cells were 
left to recover overnight, and then surface VEGFR2 labeling of living cells 
(using a monoclonal rabbit anti-VEGFR2 antibody, followed by a secondary 
anti–rabbit antibody conjugated to Alexa Fluor 488) on ice was performed. 

accordance with a protocol approved by the Central Scientific Ethics Com-
mittee of the Copenhagen University Hospital or the Cleveland Clinic 
Foundation Institutional Review Boards.

Tumor dissociation, cell culture, and FACS analysis and sorting. 
Tumors were dissected, washed in Earle’s balanced salt solution, digested 
with papain (Worthington Biochemical), and filtered through 70-µm cell 
strainers to remove tissue pieces. Dissociated cells were then cultured over-
night in Neurobasal A media supplemented with B27, epidermal growth 
factor, and basic fibroblast growth factor at 20 ng/ml (Invitrogen) before cell 
sorting, to allow for recovery of cell surface antigens. Freshly dissociated 
glioma specimens were labeled with conjugated antibodies (human-specific 
VEGFR2-Alexa Fluor 647 [BioLegend]; CD34-Alexa Fluor 488, CD105-
Alexa Fluor 488, CD144-Alexa Fluor 488 [Miltenyi Biotec]; CD31-Alexa 
Fluor 488/CD31-PE [BioLegend]; and CD133/2-PE [Miltenyi Biotec]) 
and analyzed using the FACSCalibur (BD) cell cytometry analyzer, and 
acquired data were further processed using FlowJo software (Tree Star). Using 
a human-specific anti-VEGFR2 antibody allowed us to avoid any contami-
nation by VEGFR2+ mouse cells when dissociated xenotransplanted human 
GBM were analyzed. VEGFR2+ (VEGFR2H) and VEGFR2 (VEGFR2L) 
cell fractions were sorted using MoFlo XDP Cell Sorter (Beckman Coulter), 
as follows: low expression (L), bottom 10% of GBM cells among the frac-
tion, showing no surface VEGFR2 binding compared with isotype IgG-
AF647 control (these were also validated as negative for cytosolic VEGFR2); 
high expression (H), GBM cells with a surface VEGFR2 signal above values 
of isotype IgG-AF647 control (typically around 5% of all GBM cells used in 
our study).

Immunofluorescence, microscopy, and Annexin V staining. Immuno-
fluorescence staining for frozen glioma sections and xenografted GBM speci-
mens for VEGFR2, VEGFR2Tyr1054, NRP1, CD31, EEA1, and CD133 
was performed as described previously (Lathia et al., 2010). Examination was 
done using the LSM 510 META/Imager.Z1 (Plan-Apochromat 63×/1.40 
oil DIC M27 objective; Carl Zeiss, Inc.). Confocal images were acquired 
with equal settings and processed with Zen 2008 software (Carl Zeiss, Inc.). 
For Annexin V staining, cells were labeled with Alexa Fluor 488–conjugated 
Annexin V for 15 min in Annexin V–binding buffer according to the manu-
facturer’s instructions (Invitrogen). For analysis, the VEGFR2H cell popula-
tion was sub-gated and analyzed for the percentage of Annexin V–Alexa 
Flour 488–positive cells using FlowJo software.

Immunohistochemical analysis on paraffin sections. Formalin-fixed, 
paraffin-embedded specimens of human normal (n = 5) and GBM tumor  
(n = 15) brain tissues were examined, as follows. The tissue sections were 
deparaffinized and processed for sensitive immunoperoxidase staining with 
the primary antibody against human VEGFR2 (Cell Signaling Technology; 
diluted 1:250) incubated overnight, followed by detection using the 
VECTASTAIN Elite kit (Vector Laboratories) and nickel sulfate enhance-
ment without nuclear counterstaining, as previously described (Bartkova et al., 
2005). Alternatively, antibody-stained sections were counter-stained with 
either Fast Red or hematoxylin, using standard dyes and procedures, to better 
visualize cell morphology. Immunostaining on each slide was scored by an 
experienced pathologist, to examine the percentage of cell surface and in-
tracellular pattern of VEGFR2 positivity in the tumor cells, as assessed in at 
least 400 GBM cells in 10 large, random microscopic fields per section.

Ionizing radiation and drug treatment. VEGFR2H cells were left to re-
cover overnight after sorting, and then pretreated with 5 µM (10 µM for IP 
experiment) VEGFR2 small molecule kinase inhibitor SU1498, 0.5 mg/ml 
bevacizumab, or left untreated for 2 h. Next, cells were sham-irradiated or 
exposed to ionizing radiation of 8 Gy that was delivered at the dose rate 
2.18 Gy/min by an x-ray generator (Pantak; HF160; 150 kV; 15 mA). For 
MG132 (10 µM; EMD) treatment, cells were treated for indicated time 
points, and then subjected to Western blot analysis for VEGFR2 expression 
(see below). For in vivo tumor formation experiments, VEGFR2H cells were 
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