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Abstract
Glioblastoma stem cells (GSCs) reside close to blood vessels (BVs) but vascular cues contributing to GSC stemness and the 
nature of GSC-BVs cross talk are not fully understood. Here, we dissected vascular cues influencing GSC gene expression and 
function to perfusion-based vascular cues, as well as to those requiring direct GSC-endothelial cell (EC) contacts. In light of 
our previous finding that perivascular tumor cells are metabolically different from tumor cells residing further downstream, 
cancer cells residing within a narrow, < 60 µm wide perivascular niche were isolated and confirmed to possess a superior 
tumor-initiation potential compared with those residing further downstream. To circumvent reliance on marker expression, 
perivascular GSCs were isolated from the respective locales based on their relative state of quiescence. Combined use of 
these procedures uncovered a large number of previously unrecognized differentially expressed GSC genes. We show that 
the unique metabolic milieu of the perivascular niche dominated by the highly restricted zone of mTOR activity is conducive 
for acquisition of GSC properties, primarily in the regulation of genes implicated in cell cycle control. A complementary 
role of vascular cues including those requiring direct glioma/EC contacts was revealed using glioma/EC co-cultures. Out-
standing in the group of glioma cells impacted by nearby ECs were multiple genes responsible for maintaining GSCs in an 
undifferentiated state, a large fraction of which also relied on Notch-mediated signaling. Glioma-EC communication was 
found to be bidirectional, evidenced by extensive Notch-mediated EC reprogramming by contacting tumor cells, primarily 
metabolic EC reprogramming.
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Introduction

Glioblastoma multiforme (GBM) is the most aggressive can-
cer with a mean survival of less than 15 months. In spite of 
significant overall improvement in cancer therapy, prognosis 
of GBM patients remains poor and with the current best 
strategy of combined post-surgery radiation and temozolo-
mide chemotherapy, survival of 10 years or more is less than 
1% [1]. Addition of anti-angiogenic therapy (targeting Vas-
cular Endothelial Growth Factor [VEGF] by Bevacizumab), 
while increasing progression-free survival, only marginally 
extends overall survival [2]. Development of better GBM 
therapies requires better understanding of GBM biology, 
particularly a better understanding how apparent intra-tumor 
heterogeneity affects response to therapy. A major advent in 
this regard was the discovery of a minor sub-population of 
glioma cells with stem-like properties endowed with a supe-
rior tumor-initiation capability, as well as a higher therapy 
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refractoriness [3, 4]. Importantly, cancer stem cell (CSC) 
identity is not a genetically hard-wired property inasmuch 
as it is a context-dependent property [5]. This is reflected 
in the loss of CSC 'stemness' upon tumor dissociation and 
re-acquisition of stem-like properties by non-CSCs follow-
ing re-engraftment onto a naïve recipient [6]. The contex-
tual nature of CSC plasticity underscores a need for certain 
microenvironmental factors for both the induction and main-
tenance of CSCs stemness [7–9].

Among stromal elements that might play a role in the 
CSC niche, particular attention has been directed to blood 
vessels (BVs), following the pioneering study of Calabrese 
C et al. showing that glioma stem cells (GSCs) are not ran-
domly dispensed but preferentially distributed in the vicinity 
of blood vessels [10]. Because the increase of tumor mass 
in fast-growing tumors usually precedes the angiogenic 
response, the prevailing situation in natural GBM is the 
co-existence of well-vascularized regions alongside under-
vascularized regions experiencing a variable degree of sub-
lethal hypoxia, and vast regions experiencing necrotizing 
lethal hypoxia. Differential availability of oxygen leads to 
spatially graded expression of oxygen-regulated genes, nota-
bly VEGF [11]. Non-uniform distribution of BVs similarly 
results in differential availability of other blood-borne sub-
stances and angiocrine factors [12, 13]. We have recently 
shown that non-uniform vascular distribution in cerebrally 
grafted GBM as well as in natural human GBM leads to 
a distinctive metabolic zonation driving, in turn, a non-
genetic, microenvironmental phenotypic tumor cell diversifi-
cation. More specifically, we showed that tumor cells within 
a narrow perivascular tier are distinguished from cells resid-
ing further downstream by using a non-Warburgian anabolic 
metabolism endowing them with more aggressive properties 
and a greater resistance to chemo- and radiotherapies [14]. 
Increased distance from perfused BVs also reduces the avail-
ability of angiocrine factors elaborated and secreted by vas-
cular cells and shown to play multiple roles in organ homeo-
stasis, including in the context of stem cell niches [15]. In 
some cases, a direct contact with tumor cells was shown to 
be required for transducing EC-derived signals [16]. There is 
some evidence that these three modes of BVs-tumor commu-
nication might also operate in the context of the GSC niche 
[10, 17]. Exemplifying presumed complementary contribu-
tions by the three communication modes are, respectively, 
regulation of the GSC marker CD133 by mTOR suggesting 
a metabolic regulation [18], a role for certain angiocrine 
factors on tumor cells invasiveness and chemoresistance 
properties mostly attributed to GSCs [19–21], and reduced 
CSC function in face of Notch inhibition [22, 23].

Yet, two major factors have hampered appreciating 
the full impact of BV-derived signals on GSCs stemness 
and function: first, analysis of GSC genes affected by BV-
derived signals mostly relied on differential expression 

of GSC markers and, second, critical parameters unique 
to the perivascular niche (e.g., its metabolic milieu) were 
overlooked, as they are usually lost when pooled GSC sub-
populations are used. To deal with the first problem, puta-
tive GSCs were physically isolated in a marker-independent 
manner, taking advantage of their relative state of quies-
cence. To overcome the second shortcoming, the perivas-
cular niche and GSCs thereof were isolated under condi-
tions preserving the authentic metabolic milieu and gene 
expression profile and under conditions allowing functional 
analyses of retrieved GSCs sub-populations.

While effects of BVs on nearby tumor cells have received 
considerable attention, the converse (i, e., whether and how 
tumor cells might affect BVs) has been largely overlooked. 
Of particular potential significance to tumor biology is the 
intriguing possibility that tumor cells might reprogram 
endothelial cells in ways that serve their own needs. Here, 
we show that GBM cells co-cultured with endothelial cells 
indeed re-program ECs towards increased production of 
key metabolites and upregulated expression of multiple cell 
transporters.

Materials and methods

Cell culture

Human GBM cell lines U87MG, U251MG and mouse gli-
oma line Gl261 were obtained from ATCC and cultured in 
DMEM (01–055-1, Biological Industries) with 10% fetal 
bovine serum (FBS, 04–007-1A, Biological Industries). 
Human umbilical vein endothelial cells (HUVECs) tagged 
with RFP (Angio-Proteomie, cAP-0001RFP) were cultured 
in EGM™-2, endothelial cell growth medium-2 (CC-3162, 
Lonza) after adding all the necessary supplements provided 
in the kit. The cell lines were routinely examined for any 
possible mycoplasma contamination using Mycoplasma 
detection kit (LT07-118, Lonza).

Mice

Male NOD/SCID mice (8–10 weeks old) were bred and 
maintained at the HUJI animal facility under specific path-
ogen-free conditions and protocols approved by the insti-
tutional animal care committee of the Hebrew University.

Human patient samples

Patient tumor samples were surgically resected for curative 
reasons and were classified according to WHO classifica-
tions [24] and Grade IV GBM tumors were used for the 
immunostaining. All patient samples were reviewed and 
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approved by an Institutional Review Board at Hadassah 
University Hospital.

Orthotopic tumor implantation

GBM cells were suspended in 1X PBS and two microliters 
of cell suspension (100,000 cells/µl unless indicated other-
wise) were stereotactically injected after anesthetization into 
the striatum of the male NOD/SCID mice (8–10 weeks old) 
using a 10 µl Hamilton syringe [25]. Injection coordinates 
were 2 mm lateral to Bregma and 3 mm deep on either lobe. 
Injected animals were monitored for 3 weeks with the tumor 
burden assessed using IVIS imaging system. In all cases 
mice were sacrificed at the indicated time point or earlier if 
any signs of neurological disorder such as ataxia, paralysis, 
or seizures were observed.

Sorting cancer cells based on their relative distances 
from perfused BVs

Tumor-bearing mice were injected with a vascular perfusion 
dye (Hoechst 33,342 (Sigma), 5 mg/kg body wt) through the 
tail vein followed by mice euthanization and sacrifice within 
five minutes from dye infusion. The brain was resected, 
the tumor separated under a fluorescent stereomicroscope 
(Nikon), and tumor cells were dissociated using tumor dis-
sociation kit (130–096-730, MACS Miltenyi Biotec). Single-
cell suspensions were FACS-sorted (with the gating adjusted 
for exclusion of cell doublets and all stromal cells) according 
to their level of Hoechst 33,342 dye uptake on the premise 
that tumor cells with the highest level of dye uptake are 
perivascular tumor cells. A detailed protocol of this proce-
dure was published in Bio-protocol [25].

Neurosphere assay

Cultured glioma cells (U87MG or Gl261) or pre-sorted 
cells from U87MG-GFP xenografts were plated onto a non-
adhesive dish at a low seeding density of 1000 cells per 
10-cm culture plate and grown in neurosphere assay growth 
medium containing serum-free DMEM supplemented with 
B27 Supplement (17,504,044, ThermoFisher Scientific), epi-
dermal growth factor (236EG, R&D Systems, 20 ng/ml), 
and basic fibroblast growth factor (233FB, R&D Systems, 
10 ng/ml). Media was replaced every 72 h and neurosphere 
formation was inspected under a fluorescent microscope 
(Nikon, USA).

Limited dilution assay for tumor‑initiation potential

Serial tenfold dilutions of cancer cells (at the range of 
 105–102 cells per mouse) were transplanted into the stria-
tum of the NOD/SCID mice and appearance of tumors was 

monitored as described above. Limiting dilution analysis 
was performed using ELDA online tool (https:// bioinf. 
wehi. edu. au/ softw are/ elda/) [26]. Cryosections including 
the injection site were examined for validating cases of no 
tumor development.

Analysis and isolation of label‑retaining tumor cells

The indicated tumor cells were stained with PKH26 dye 
(PKH26GL, Sigma) for 2 min (1 µl for 0.1 million cells in 1 
X PBS), blocked and washed with DMEM containing 10% 
FBS. For ex-vivo analysis, pre-labeled cells were plated at 
a low density under the conditions used for neurosphere for-
mation. For in vivo experiments, PKH26 stained cells were 
immediately inoculated intracranially into the striatum of 
the mice as described above. Label-retaining cells in tumor 
cryosections were visualized by direct PKH26 fluores-
cence. PKH26 fluorescence was also used for sorting label-
retaining cells (presumed relatively quiescent tumor cells) 
from single-cell tumor suspensions or, specifically, from the 
perivascular niche. For the latter, tumor cell population posi-
tive for both Hoechst 33,342 and PKH26 were sorted.

Flow cytometry

Cells were trypsinized or tumors were dissociated and 
single-cell suspension of  106 cells were either stained 
for specific antibodies against CD133-PE-Vio770 (1:50, 
130–111-081, MACS Miltenyi Biotec), CD271-APC (1:50, 
130–112-602, MACS Miltenyi Biotec) for 20 min, washed 
and analyzed in FACS buffer using Aria III or Aria LSR-
Fortessa flow cytometer (BD Biosciences). Results were 
analyzed using Flow Jo software after appropriate gating. 
Cells were gated using forward scatter (FSC) and side scat-
ter (SSC) (A stands for Area). Doublet discrimination was 
performed to exclude doublets from the study by choosing 
cells within the Width (W) and Height (H) parameters of 
SSC followed by FSC. Stromal exclusion was done by filter-
ing out all the non-GFP labeled cells (U87MG-GFP gate). 
Fractionation of cells according to their relative distance 
from blood vessels was performed by sorting cells based 
on their Hoechst intensity (H + vs H-) and the label retain-
ing (putative GSCs) were isolated based on their retention 
of PKH26 dye (P + vs P-). H + P + U87MG-GFP cells were 
dubbed as perivascular GSCs.

Cryosectioning

Tissues were fixed in freshly prepared 4% paraformaldehyde 
(PFA, 15,710, Electron Microscopy Sciences) for 4–6 h at 
4 °C, transferred to 30% sucrose solution and kept for 18 h 
at 4 °C. Tissues were then embedded in OCT (4586, Scigen) 

https://bioinf.wehi.edu.au/software/elda/
https://bioinf.wehi.edu.au/software/elda/
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and 10–50-µm-thick sections were cut in the cryostat at—
20º C and collected onto a poly-L-lysine-coated glass slides.

Immunostaining

Tissue sections were rehydrated in 1X PBS, permeabilized 
and blocked in 3% bovine serum albumin (BSA, 0332-TAM-
50G, VWR Chemicals) containing 1X PBS with 0.01% 
Tween-20 (PBST) for 2 h at room temperature followed by 
overnight incubation with CD31 antibody (1:100, 550,274, 
BD Pharmingen) at 4 °C. For human patient samples, cryo-
frozen tissues were sectioned and fixed with 4% PFA for 
5 min and the above-mentioned immunostaining protocol 
was repeated with human-specific antibodies against CD271 
(1:100, 345,101, Cell Signaling), CD31 (1:100, ab28364, 
Abcam). Slides were washed thrice in 1X PBST, incubated 
with a secondary antibody for 2 h at room temperature, 
washed thrice with 1XPBST and mounted. Secondary anti-
bodies used were Cy5-IgG-Rat (1:500, 112–175-143) and 
Cy3-IgG-Rabbit (1:500, 111–165-003) both from Jackson 
Immunoresearch Laboratories Inc.

Knockdown and stable cell line generation

Lentiviral vectors containing shRNA against human CD271 
(HSH102902, GeneCopoeia) and shRNA against LIF were 
purchased from Santa Cruz Biotechnology Inc. 15 µg of the 
respective vector, 12 µg of transfer plasmid (pMD2.G), and 
3 µg of packaging plasmid (psPAX2) were co-transfected 
into HEK 293 T cells. Supernatant containing lentivirus 
particles were harvested 48–72 h post infection, filtered and 
used to infect U87MG or U251MG cells in the presence 
of 6 µg/ml of polybrene. Infected cells were expanded to 
10 cm dishes from a 6-well plate 48–72 h post infection, and 
sorted for mCherry-positive clones using BDFACS Aria III 
sorter. Knockdown efficiency in stable lines was evaluated 
by RT-PCR.

Co‑culture

HUVEC-RFP (HR) cells and Gl261-GFP (GG) cells were 
plated together overnight in EGM-2 medium in T75 flask 
at a seeding density ranging from 100,000 to 500,000 cells 
such that they reach a cell ratio of − 3:1 or − 1:3 (HR: GG) 
72 h later. Cells were then trypsinized and suspended in 
fresh EGM-2 medium. A small fraction of it was analyzed 
by FACS to determine the final HR:GG ratio. For com-
parison with separately cultured HR and GG cells, the 
two cell lines were grown separately in EGM-2 medium 
and mixed at the exact same ratio (named Sep mixture). 
Samples were quickly lysed and RNAs were subjected to 
RNA-seq analysis. For Notch inhibition, Gamma secretase 
inhibitor (GSI) (SCP0004, Sigma) was added to the co-
culture or to the separately cultured cells at 20 µM for 24 h 
before harvesting.

RNA Extraction and quantitative RT‑PCR

RNAs were extracted using Trizol reagent (T9424, Sigma) 
and cDNAs were prepared using RNeasy mini kit (74,104, 
Qiagen). Quantitative real-time RT-PCR was performed 
using SYBR-Green PCR Master mix (A46109, Ther-
moFisher Scientific). qPCR primers used in this study are 
listed in Supplementary Table 1.

Transcriptomics

Quality of RNAs prepared from sorted fractions was exam-
ined with the aid of a TapeStation (Agilent Technologies). 
Libraries were prepared and sequenced using Illumina 
directional RNA sequencing protocol (Hi-Seq). Reads were 
mapped using TopHat2, quantified and normalized using 
Cuffdiff to produce gene level-normalized expression values 
[27]. Differentially expressed genes were defined as differ-
ences with a p-value less than 0.05. For mTOR inhibition 
studies, total RNA was isolated from – 50,000 cells and 
CEL-Seq2 analysis was performed [28].

For unambiguous identification of RNAs as human or 
mouse transcripts in co-culture experiments and to avoid 
interference due to ambiguity with the differential gene 
expression analysis, both alignment files (the results of 
mapping to both human and mouse) were used to determine 
the true origin of each read. RNA-Seq was performed to 
obtain longer reads (100 bp) to increase the efficiency of 
unambiguous alignment. An in-house Perl script compared 

Fig. 1  GSCs are clustered in a perivascular niche. A A procedure for 
tumor cell fractionation based on their relative distance from BVs 
(see Methods, Abbreviations: SSC side scatter, FSC forward scatter, A 
area, W width, and H height). B Neurospheres generated by U87MG-
GFP cells residing at increasing distance from perfused BVs (cell 
fractions dubbed  Hh,  Hm, and  Hl, with the former representing tumor 
cells closest to BVs). C Quantification of the number (left panel) 
and size (right panel) of neurospheres. n = 5, Data are presented as 
mean ± SEM. *p < 0.05 and **p < 0.01. D Tumor-initiation capac-
ity of the U87MG-GFP cells retrieved from the respective three frac-
tions and transplanted into the striatum of NOD/SCID mice. Last col-
umn signifies the minimum no. of cells required for tumorigenesis in 
respective fractions

◂
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the quality of mapping, essentially by alignment scores, 
and separated the reads into human origin, mouse origin, 
or undetermined (where the read mapped equally well to 
both genomes, which was less than 1% of the total reads 
and were discarded). Sequences were mapped to the genome 
version GRCh38 using the respective species-specific anno-
tation from Ensembl release 78. Reads were then mapped 
using TopHat2 and normalization was done using Cuffdiff 
as explained above. Identification of biological pathways 
enriched in different datasets was determined by GSEA 
analysis. Heatmaps were constructed using R program for 
the top differential genes in the particular dataset. Meta-
bolic gene expression analysis and exploratory analysis of 
co-cultured RNA-seq data were performed using a BIOMEX 
analysis platform [29]. All RNA Sequencing data are avail-
able in the ArrayExpress database under accession num-
ber: E-MTAB-9610, E-MTAB-9607, E-MTAB-9604, and 
E-MTAB-6882.

IVIS imaging

For monitoring tumor growth in living animals, U87MG and 
U251MG cells were transduced with mCherry by lentivirus 
infection and established cell lines were implanted intracra-
nially into the NOD/SCID male mice as explained earlier. 
Mice were imaged for mCherry fluorescence intensity using 
an IVIS imaging system (PerkinElmer).

Statistical analysis

Descriptive statistics were generated for all the quantita-
tive data with presentation of means ± SEM. Significance 
was tested by either t-test or ANOVA and represented using 
Graphpad Prism software.

Results

Marker‑independent isolation and characterization 
of perivascular GSCs

To isolate the perivascular niche from GBM tumors, green 
fluorescent protein (GFP)-tagged U87MG tumor cells were 
intra-cerebrally grafted and 3 weeks later mice-bearing 
U87MG-GFP tumors were intravenously infused with a flu-
orescently labeled, freely diffusing perfusion dye (Hoechst 
33,342). To allow limited diffusion, tumors were retrieved 
within 5 min from dye infusion. Tumors were then dissoci-
ated and stroma-free viable GFP-tagged tumor cells were 
sorted on the basis of Hoechst dye uptake on the premise 
that dye uptake will be mostly confined to tumor cells clos-
est to perfused BVs (Fig. 1A). Cells derived from successive 
sorted fractions representing progressive distances from the 
nearest perfused BVs (dubbed as  Hh—Hoechst high,  Hm—
Hoechst medium and  Hl—Hoechst low) were collected and 
analyzed with respect to GSC distribution, gene expression 
patterns, and biological traits. The three successive sorted 
fractions had no significant difference in their cell viability 
(Supplementary Fig. 1A). The proof for the claim that this 
methodology helps us to isolate cancer cells with differ sig-
nificantly in their perfusion limits was shown by analyzing 
the hypoxia-related genes in two sub-fractions at the oppo-
site end of the perfusion gradient spectrum (perivascular  Hh 
and hypoxic  Hl). The three hallmark genes upregulated dur-
ing hypoxia namely—Glucose Transporter 1 (GLUT1), Car-
bonic Anhydrase 9 (CA9), and Phosphoglycerate Kinase 1 
(PGK1) were significantly upregulated in  Hl fraction indicat-
ing the relative limited diffusion of oxygen in these regions 
(Supplementary Fig. 1B). In a previous study, we have also 
shown that  Hh fraction is composed of tumor cells residing 
within 60 μm from perfused vessels, dubbed the 'perivascu-
lar niche' that enjoys greater perfusion [14].

To provide a functional evidence that GSCs are indeed 
clustered in the perivascular niche, we first examined their 
neurosphere-generating capacity, a commonly used surro-
gate assay for cerebral GSC activity. As shown in Fig. 1B, 
C, Cells within the  Hh tier formed significantly more neuro-
spheres, as well as neurospheres of a larger size compared 
to more distantly located tumor cells. Analysis of tumor-
initiation potential, the gold standard assay for GSC activ-
ity, corroborated that cells within the perivascular tier are 
endowed with a higher tumor-initiation activity compared to 
that of cells residing further downstream (Fig. 1D), thus pro-
viding a marker-independent, functional confirmation that 
GSCs are preferentially clustered in the perivascular niche.

Because the utility of surface makers expression as an 
unambiguous, general CSC identifier has been challenged 
[30], we carried out an unbiased transcriptional analysis of 

Fig. 2  Marker-independent isolation and transcriptomic profil-
ing of perivascular GSCs. A Above panel A representative confocal 
image of a grafted U87MG-GFP tumor section highlighting cluster-
ing of label-retaining PKH26 + tumor cells (pseudo-colored white) 
in the perfusion-rich perivascular niche. Below panel quantification 
of PKH26 + tumor cells in the indicated cellular tiers representing 
increased distances from perfused capillaries. B Combined frac-
tionation and FACS gating for PKH26-positive cells (dubbed P +) 
and Hoechst 33,342-positive cells (dubbed H +) from intracranially 
implanted U87MG-GFP tumors, where H + P + cells considered as 
perivascular GSCs and H + P- cells as non-GSC perivascular can-
cer cells. (n = 10) C FACS distribution and relative quantification 
of mean fluorescence intensity in (MFI) of sorted cell populations 
showing enrichment of label-retaining cells (P +) in the perivascular 
region. (n = 5) D Quantification of P + cells (as % of total) in perfused 
(H +) or non-perfused (H-) tumor regions. (n = 5) E Heatmap show-
ing top 50 differentially expressed genes distinguishing perivascular 
GSCs (H + P +) from non-label-retaining cells (H + P-). Shown are 
data from two biological repeats and their average. F GSEA plots 
showing the top 4 pathways enriched in the H + P + fraction. Data are 
presented as mean ± SEM. *p < 0.05, **p < 0.01, and ***p < 0.001

◂
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tumor cells retrieved from the perivascular niche and sub-
selected based on a biological trait distinguishing GSCs 
from non-GSCs residing in the same microenvironment. 
We exploited the ‘quiescence’ property of GSCs relative 

to other rapidly dividing cancer cells and thus employed a 
label-retention strategy to identify putative CSCs using a 
membrane-associated dye - PKH26, that selectively labels 
slow-dividing cancer cell population [31]. In preparatory 
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ex-vivo experiments, U87MG-GFP cells uniformly pre-
labeled with fluorescent PKH26 were cultured and shown 
that progressive dilution of PKH26 can indeed serve as a 
reliable cell division counter (Supplementary Fig. 1B). Next, 
PKH26-tagged U87MG-GFP cells were seeded in a neuro-
sphere enrichment medium and grown in 3D configuration 
followed by sorting dissociated cells into PKH26-high and 
PKH26-low fractions (dubbed as P + and P- cells, respec-
tively). Results validated a co-segregation of PKH26-retain-
ing cells with CD133, an established GSC marker (Supple-
mentary Fig. 1C, D). More importantly, PKH26-retaining 
cells were shown to have superior tumor-initiation capabili-
ties compared to label non-retainer cells (Supplementary 
Fig. 1E).

For selective labeling of the perivascular niche in vivo, 
U87MG-GFP cells pre-labeled with PKH26 were ortho-
topically implanted into 8-week-old male NOD-SCID mice 
and tumors were allowed to grow for 3 weeks prior to i.v. 
infusion of Hoechst 33,342 and tumor retrieval 5 min there-
after. Co-visualization of Hoechst 33,342-positive cells 
and PKH26-retaining cells in tumor sections showed that 
the latter are mostly localized in the perfusion-rich region 
of < 60 μm from BVs (Fig. 2A, and Supplementary Video 
1). Combinatorial FACS analysis of H + cells and P + cells 
corroborated profound enrichment of label-retaining cells in 
the perivascular tier (Fig. 2B, C). Quantitatively, approxi-
mately 5% of H + cells were also P + (Fig. 2D), suggesting 
that this is also the estimated GSC frequency in the perivas-
cular niche. Other than providing an additional functional 
proof for GSCs clustering in the perivascular niche, these 
results have provided us with a way for marker-independent 
elucidation of transcriptional signatures of perivascular 
GSCs. To this end, isolated GCSs (the H + P + population) 
were subjected to RNA-seq analysis alongside non-GSC 

cells from the same microenvironment (the H + P- popu-
lation). Reinforcing the notion that H + P + cells represent 
perivascular GSCs, H + P + cells showed upregulated expres-
sion of a large number of genes previously recognized as 
GSC markers, as well as of CSC markers described for other 
tumors but not for glioblastoma (see Supplementary Fig. 2A, 
B for a heat map and for validation/qRT-PCR quantification 
of representative GSC markers and other stem cell-related 
genes). A notable example for the latter group is CD271 
(also referred to as nerve growth factor receptor (NGFR), 
highlighted by arrow in Supplementary Fig. 2A) previously 
implicated in multiple cancers such as melanoma, head and 
neck cancer [32–34]. More importantly, a third category 
of uncovered differentially expressed GSC genes included 
a large group of genes not previously recognized as CSC 
marker genes in either glioblastoma or in other tumors 
(Fig. 2E).

Given that perivascular GSCs were isolated based on 
their relative quiescence, it was anticipated, and indeed 
found that differentially expressed genes in H + P + cells 
included multiple genes implicated in cell cycle regulation. 
Outstanding among the top 50 upregulated H + P + genes 
were genes involved in cell cycle arrest, exemplified by the 
P53 target genes CDKNIA and CDKN2D and additional 
genes implicated in the G2M checkpoint [35–37] (Fig. 2E). 
Conversely, downregulated in H + P + cells included genes 
known to enhance cell cycle progression, exemplified by 
CDK15 and CDK18. GSEA analysis highlighted the G2M 
checkpoint regulator genes, P53 pathway, ABC transporters, 
and mTORC1 signaling as additional pathways enriched in 
perivascular GSCs (Fig. 2F).

The potential contribution of the newly identified marker 
genes to stem cell identity and tumorigenesis is yet to be 
determined. Here, we only examined the functional signifi-
cance of upregulated CD271 expression, prompted by the 
findings that it is mostly expressed in H + P + cells (Fig. 2E, 
Supplementary Fig. 3A and 3B), whereas its ligand, NGF, 
is elaborated by nearby endothelial cells (EC expression 
data to be shown below). To this end, a CD271 knockdown 
strategy was used with lentivirus-mediated ex-vivo trans-
duction of CD271-specific shRNAs in a vector also con-
taining a ubiquitously expressed mCherry reporter to aid 
monitoring tumor growth following orthotopic implantation 
in NOD-SCID mice (for the efficiency of CD271 knock-
down see Supplementary Fig. 3C). Even partial knockdown 
of CD271 led to significant reduction of tumor-initiation 
capability and reduction of tumor size (see Supplementary 
Fig. 3D-F for grafted U87MG cells and Supplementary 
Fig. 3G-I for grafted U251MG cells). U87MG xenografts 
were further analyzed for their distribution of micro-vessels 
by staining with CD31 (BV marker). Micro-vessel density 
(MVD) quantification also revealed a decreased vascular 

Fig. 3  mTOR-regulated expression and activity of perivascular GSCs 
A Heat maps of RNA-seq data highlighting mRNAs in the perivas-
cular niche of U87MG tumors downregulated upon mTOR inhi-
bition (Veh vehicle, Tor torkinib). Left transcripts of known GSC 
marker genes. Right transcripts of GSC marker genes uncovered by 
this study. B Preferential expression of CD271 in perivascular  (Hh) 
vs. distal  (Hl) U87MG-GFP cells expressed as the number of frag-
ments per KB of exon per million reads (FPKMs) (n = 2) on left and 
validated by q RT-PCR (N = 3) on right. C Downregulation by Tor-
kinib of CD271 expression in the perivascular niche of U87MG-GFP 
tumors (n = 3) expressed as in B. Data are presented as mean ± SEM. 
*p < 0.05 and **p < 0.01. D Box-whisker plot showing the expression 
of CD271 in normal and GBM patient samples obtained from TCGA 
and analyzed using web portal UALCAN [61]. E Kaplan–Meier plot 
showing the association of CD271 expression levels with patient sur-
vival. F Immunostaining of untreated primary GBM human patient 
sample showing elevated expression of CD271 (green) near the tumor 
vasculature (CD31: red). G Quantification of CD271 in GBM patient 
samples as a function of distance from nearest capillaries. (n = 5) 
Data represented as mean ± SEM. **p < 0.01
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Principal Component Analysis

No.of tumors/ no.of injections Tumor
initiating 
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Population No.of cells per injection
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Fig. 4  Perfusion-independent vascular contributions to glioma 
stemness revealed by EC-GBM co-culturing. A Co-culture setup 
for identifying perfusion-independent vascular cues affecting GSCs 
properties. B Principal component analysis (PCA) of separately (Sep) 
or co-cultured (Co) cells without (Veh) or with the Notch inhibitor 
GSI. C Heat map showing differentially regulated glioma genes in 
the four different experimental settings specified above. Enclosed in 
dashed boxes are the following group of genes: pro-differentiation 
genes downregulated in the presence of ECs (green), anti-differenti-
ation genes upregulated in the presence of ECs in a Notch-dependent 
manner (blue), anti-differentiation genes upregulated in the presence 

of ECs in a Notch-independent manner (red). Highlighted by arrows 
are the anti-differentiation genes LIF and Id1 further analyzed in D 
and E. (n = 3) D Mouse glioma cell line (Gl261-GFP:GG) and human 
endothelial cell line (HUVEC-RFP:ER) were seeded at the indicated 
cell ratios and harvested upon reaching confluence (top image). LIF 
and Id1 transcripts in glioma cells were determined by quantita-
tive RT-PCR using mouse-specific primers normalized to mouse 
beta-actin (n = 3). Data are presented as mean ± SEM. *p < 0.05 and 
**p < 0.01. E Tumor-initiation assay of U251MG-mCherry line 
expressing control shRNA or LIF-specific shRNAs
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coverage in tumors expressing low levels of CD271 com-
pared to the control (Supplementary Fig. 3L and 3 M). These 
results indicate that the previously documented contribu-
tion of CD271 to glioma tumorigenesis and the correlation 
between CD271 expression and glioma prognosis [38, 39] 
are mostly attributed to its production by perivascular GSCs.

The metabolic milieu of the perivascular niche 
shapes the GSC transcriptome

In light of our previous study showing that metabolism of 
perivascular tumor cells differ from the metabolism of tumor 
cells located elsewhere [14], we examined whether and how 
the unique metabolic milieu of the perivascular niche con-
tributes to the properties of perivascular GSCs. Given the 
pivotal role of mTOR as integrator of multiple environmen-
tal inputs together with our finding that mTOR activity in 
glioblastoma is mostly confined to a narrow perivascular 
tier [14], we examined the effect of mTOR inhibition on 
perivascular GSCs gene expression. It should be pointed 
out that mTOR inhibition was previously shown to com-
promise tumor-initiation capability of glioblastoma-derived 
cells [40–42], however, ascribing reduced tumorigenicity 
to reduced activity of a particular mTOR-controlled GSC 
marker gene(s) remains to be demonstrated. To this end, 
U87MG-GFP tumor-bearing mice were treated with the 
mTOR inhibitor Torkinib that targets both mTOR complexes 
for 6 consecutive days prior to tumor retrieval. Perivascu-
lar niches from Torkinib-treated tumors (or from tumors 
treated with vehicle only) were then isolated and subjected 
to a comparative RNA-seq analysis. As seen in the heat 
maps presented in Fig. 3A, mTOR inhibition using Torkinib 
(inhibitor of both mTORC1 and mTORC2 complexes) had 
a major impact on the expression of GSC signature genes, 
both on previously recognized CSC markers, as well as 
on GSC markers uncovered by this study. Exemplifying 
the latter group are the two P53 target genes, the ABCC3 
transporter and the Wnt receptor FZD8 previously shown to 
play a role in drug resistance [43–45] and shown here to be 
preferentially expressed in perivascular GSCs in an mTOR-
dependent manner.

Likewise, expression of the GSC marker gene CD271 
by perivascular GSCs was also found to be mTOR-depend-
ent (Fig. 3B, C), arguing for a metabolic beneficence to its 
apparent major contribution to tumor initiation (Supple-
mentary Fig. 3 J, K). CD271 expression was also found to 
be elevated in human GBM patients (Fig. 3D) and more 
importantly, we found that elevated expression of CD271 is 
correlated with worse GBM patient survival (Fig. 3E). Taken 
together, these results show that apparent clustering of CSCs 
near perfused BVs is, at least in part, due to the supportive 
metabolic milieu of the perivascular niche.

Perfusion‑independent and contact‑dependent 
vascular cues contributing to GSC stemness

Increased awareness for the role of angiocrine factors in 
cancer stem cell biology, in general, has suggested a role 
for angiocrine factors in the maintenance of GSC stemness. 
Perfusion-independent contributions of ECs to tumor ini-
tiation and propagation were indeed reported by several 
groups based on tumor-ECs co-culture systems [12, 13, 22, 
46, 47]. With the aims of further characterizing perfusion-
independent vascular influences, as well as for identifying 
pathways relying on direct BVs-tumor cell contacts, we 
carried out the following experiments: ECs from human 
umbilical veins tagged with RFP (HUVEC-RFP) were co-
cultured with mouse glioma line Gl261 fluorescently tagged 
with GFP (Gl261-GFP). Upon reaching confluency by 72 h 
post seeding, cells were harvested and RNAs extracted. The 
combined co-culture transcriptomes were determined from 
generated cDNA libraries without prior separation of the 
respective cell types (sample named as Co), taking advan-
tage on the fact that ECs and GBM cells were of different 
species thus allowing distinguishing GBM (mouse) and EC 
(human) transcripts. A comparison was then made with the 
EC and GBM transcriptomes elucidated for an artificial mix-
ture of the two cell types (Gl261-GFP and HUVEC-RFP) 
retrospectively prepared at the exact ratio of cells reached by 
the end of the co-culturing (as determined by FACS-based 
quantification of the GFP/RFP ratio) (sample named Sep) 
(See Fig. 4A for a scheme and 'Methods' for further details). 
Considering that contact-dependent EC signaling is often 
regulated by canonical Notch signaling [48] and previous 
findings implicating Notch signaling in GSCs self-renewal 
[47, 49], GBM–EC co-cultures were also treated with the 
Notch pathway inhibitor Gamma secretase inhibitor (GSI) 
(or with the DMSO vehicle alone) for 24 h before harvesting.

Principal component analysis (PCA) of GBM transcripts 
comparing Co and Sep revealed a clear divergence indica-
tive of significant modulation of the GBM transcriptome by 
EC-derived signals (Fig. 4B, left panel). Likewise, there was 
a clear divergence between co-cultures treated, or not, with 
GSI (dubbed as Co_GSI and Co_Veh, respectively), indicat-
ing a role for Notch-mediated, contact-dependent GBM–EC 
communication. Noteworthy, in the absence of ECs, Notch 
inhibition had little effect on the GBM transcriptome (Sep_
GSI vs. Sep_Veh), highlighting a role for Notch signaling in 
heterotypic GBM–EC communication but not for homotypic 
GBM cells interaction (Fig. 4B, right panel).

Outstanding among the many GBM genes affected by 
neighboring ECs were multiple genes implicated in differ-
entiation control, manifested by upregulated expression of 
more than a dozen genes known to possess a net anti-differ-
entiation activity and, conversely, by down-regulated expres-
sion of genes reported to drive cell differentiation (e.g., Myc, 
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Kitl, Bdnf) (within green box of Fig. 4C). Remarkably, a 
significant fraction of differentiation-related genes (but 
not all of them) relied on direct GBM–EC cell contacts, 
evidenced by the finding that GSI treatment brought-down 

their expression to a level comparable to that detected in 
separately cultured GBM cells (Fig. 4C). Exemplifying anti-
differentiation genes whose expression in GBM is upregu-
lated by EC-derived signals are ID1 and LIF representing, 
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respectively, Notch-independent and Notch-dependent 
expressions (blue and red arrow in Fig. 4C respectively). 
As anticipated, increasing the EC-to-GBM ratio led to a fur-
ther increase of both ID1 and LIF expressions in GBM cells 
(use of species-specific PCR primers allowed quantifying 
the respective RNAs exclusively in GBM cells), presumably 
via the increase in GMB-EC contacts (in the case of LIF) 
and/or via increased availability of angiocrine factors (in the 
case of ID1) (Fig. 4D).

To provide a functional proof that LIF contributes to 
GSC stemness, we examined the consequences of LIF 
knockdown on tumor-initiation potential as a readout for 
GSC activity. To this end, U251MG cells expressing pre-
selected shRNAs against LIF (Supplementary Fig. 4A–C) 
were grafted in the brain of naïve mice. Results showed 
that LIF knockdown significantly reduced tumor-initiation 
capability relative to U251MG cells transduced with vec-
tor only (Fig. 4E). Taken together, these results suggest a 
key role of perfusion-independent EC-derived signals in 
the prevention of GSC differentiation.

Another notable pathway enriched in GBM owing to 
EC presence was epithelial mesenchymal transition (EMT) 
(Supplementary Fig. 4D). Considering previous studies 
showing that EMT conditions tumor cells acquire stem 
cell properties [50, 51], this finding points at another pos-
sible way by which proximity to BVs may promote GSC 
stemness. The finding that Notch pathway inhibition lowers 
EMT enrichment score (Supplementary Fig. 4D) suggests 
that glioma cells contacting ECs are more EMT prone.

Transcriptional reprogramming of ECs by adjacent/
contacting glioma cells

The glioma-EC co-culture provided us with an opportu-
nity, not only to reveal GBM genes affected by EC-derived 
signals but also for the converse, i.e., to reveal EC genes 
affected by GBM-derived signals. To this end, the same 
RNA preparations obtained from GBM:EC co-cultures (or 
from separately cultured cells) and used above for analy-
sis of GBM-derived transcripts were also analyzed for EC-
derived transcripts, with the latter identified on the basis 
of their human origin. Compatible with the proposition of 
glioma-instructed EC 'education,' PCA analysis showed a 
clear divergence between the transcriptomes of ECs cultured 
alone or together with GBM cells (Fig. 5A). As done vis-à-
vis GBM transcripts, inclusion of a Notch pathway inhibitor 
in the culture medium suggested that EC reprogramming by 
GBM signals is, to a large extent Notch-dependent.

GSEA analysis of endothelial transcriptome highlighted 
metabolic reprogramming of ECs as a process markedly 
impacted by glioma cells inputs, including, alterations in 
protein secretion, amino-acyl tRNA biosynthesis, and amino 
acid metabolism (Fig. 5B). Comparative analysis of the 
1,511 metabolic genes expressed in our dataset (see 'Meth-
ods' for details) showed that metabolic reprogramming of 
ECs encompasses almost all major metabolic pathways and, 
moreover, that nearly all glioma-induced EC changes are 
nullified in the face of Notch inhibition (Fig. 5C). Notch 
dependence of glioma-instructed EC alterations was also 
evidenced from the heat map highlighting the top 50 affected 
EC genes which, in addition to key metabolic genes (e.g., 
PHGDH, PSAT1 engaged in serine biosynthesis), also 
included multiple solute carriers (e.g., SLC7A11, SLC1A4 
engaged in the transport of amino acids) (Fig. 5D).

Discussion

Findings that CSC identity is context-dependent and that 
CSCs reside in close proximity to BVs brought up the ques-
tion what makes the perivascular microenvironment unique 
in this respect. To address this issue, we harnessed our newly 
developed methodology devised for isolation of perivascular 
tumor cells under conditions allowing a direct comparison 
between perivascular niche-resident GSCs and GSCs located 

Fig. 5  Metabolic reprogramming of ECs by Glioma. A PCA analysis 
of EC transcripts in the four experimental setting used for analysis of 
glioma transcripts (named as specified in the legend of Fig.  4B). B 
GSEA of the EC transcriptome with the top panel highlighting the 
indicated pathways enriched by co-cultured glioma cells and bot-
tom panels showing their level of dependence on Notch signaling. C 
Glioma-induced EC reprogramming deduced from EC transcriptomic 
data with the aid of a BIOMEX analysis platform developed in the 
Carmeliet laboratory [29]. Green arrows indicate metabolic pathway 
upregulated in the presence of glioma cells (Co vs Sep). Note nullifi-
cation of the metabolic effects exerted by glioma cells in the presence 
of GSI (Co GSI vs Co). D Heat map highlighting EC genes affected 
by co-cultured glioma cells in a Notch-dependent manner. Exempli-
fying metabolic genes are genes involved in serine metabolism (red 
arrows). Also highlighted are affected amino acid transporters (blue 
arrows). E Heat map of differentially expressed endothelial (left 
panel) and glioma (right panel) genes encoding solute carrier trans-
porters. n = 3 in all experiments
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further away from perfused BVs. Importantly, GSCs were 
isolated from the respective microenvironmental tiers not 
on the basis of a particular marker expression but rather 
on a functional basis, exploiting their relative quiescence 
compared to non-GSCs from the same microenvironment. 
A marker-independent GSC isolation was used to extend 
the list of GSC signature genes beyond the list of currently 
recognized CSC markers. A notable group of differentially 
expressed GSC genes uncovered by this study were multiple 
genes implicated in cell cycle control and likely responsible 
for GSC quiescence.

The presence of vast under-vascularized regions in GBM 
renders adjacency to BVs a major determinant responsible 
for limited availability of oxygen and other blood-borne 
substances and a resultant metabolic zonation. Not surpris-
ingly, therefore, our results showed that the unique meta-
bolic milieu of the perivascular niche, and, specifically, 
the restricted zone of mTOR activity confined to this niche 
is essential for the maintenance of GSC stemness and can 
explain why GSCs are clustered within < 60 μm from the 
nearest perfused BV. Yet, our data show that not more than 
5% of tumor cells in this microenvironment acquire and/or 
maintain GSC properties. The question why the majority 
of tumor cells exposed to identical vascular inputs are not 
GSCs remains enigmatic (lateral inhibition?). Inhibition of 
notch signaling as a therapeutic approach has unfortunately 
rendered limited success and has not passed beyond clinical 
trials due to gastrointestinal toxicity issues [52]. GSIs, even 
though have been very efficient in sensitizing cell lines to 
radiation and targets GSCs both in vitro and in vivo [53, 
54], therapeutic resistance to these notch inhibitors has been 
observed [55]. This is partly due to the activation of alter-
native pathways through CDK9-mediated transcriptional 
elongation or over-activation of Hedgehog pathway [56, 57]. 
Thus, the need of the hour is the combinatorial therapy of 
notch inhibition along with alternative pathways with limited 
toxicity and greater specificity.

While conducive to stemness, differential availability of 
blood-borne substances cannot on its own account for the 
full spectrum of GSC properties and must be complemented 
by the action of angiocrine factors with a limited diffusion 
range. The GBM-BV co-culture system analyzed herein 
indeed uncovered a non-overlapping set of genes impacted 
by the presence of BVs. Remarkably, it appears that activi-
ties responsible for maintaining GSCs in an undifferentiated 
state are mostly mediated by perfusion-independent factors. 
A surprisingly large fraction of perfusion-independent vas-
cular signals was shown to rely on direct glioma-BV het-
erotypic cell contacts, evidenced by their nullification by 
Notch pathway inhibition. Notch signaling was shown to be 
elevated in perivascular GSCs in a study by Bayin et al. [58]. 

In addition, they observed that Notch signaling regulates 
metabolic adaptations to the microenvironment. Our study is 
also in alignment with their findings exemplified by changes 
in the GSC signature upon treatment with major metabolic 
inhibitor Torkinib (Fig. 3A). Taken together, three different 
modes of tumor-BV communication, namely signals medi-
ated by blood-borne substances, angiocrine signals, and 
Notch-mediated direct cell-to-cell signaling appear to play 
complementary roles in GSC biology.

The finding that at their interface tumor-BV communica-
tion is bidirectional, i.e., that tumor cells also reprogram 
endothelial cells is of much interest. Of particular signifi-
cance is our finding that tumor cells enhance multiple bio-
synthetic metabolic pathways in adjacent ECs in a Notch-
dependent manner. This brings up the intriguing possibility 
that tumor cells reprogram endothelial cells for the purpose 
of providing them with needed metabolites. The finding of 
reciprocal upregulated expression of multiple transporters on 
both ECs and tumor cells (Fig. 5E) is compatible with this 
rather speculative proposition. A two-sided upregulation of 
multiple cellular transporters raises the intriguing possibil-
ity of metabolites exchange between tumor cells and BVs.

One of the key challenges that need to be addressed in 
the near future should include the use of brain-specific 
primary ECs to study the brain tissue-specific and species-
specific interactions that we might have missed due to our 
cross-species in vitro cell culture system using HUVECs 
[59, 60]. Perfusion-dependent contribution of ECs can be 
further delineated from contact-dependent influence using 
trans-well barriers between glioma and ECs. Taken together, 
these findings underscore multiple levels of tumor cells-BVs 
interplay, and delineate different mechanisms by which prox-
imity to BVs secures GSC stemness.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s10456- 022- 09830-z.
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