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Secreted factors from brain endothelial cells maintain
glioblastoma stem-like cell expansion through the

mTOR pathway
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Glioma stem-cells are associated with the brain vasculature.
However, the way in which this vascular niche regulates stem-
cell renewal and fate remains unclear. Here, we show that factors
emanating from brain endothelial cells positively control the
expansion of long-term glioblastoma stem-like cells. We find
that both pharmacological inhibition of and RNA interference
with the mammalian target of rapamycin (mTOR) pathway
reduce their spheroid growth. Conversely, the endothelial
secretome is sufficient to promote this nTOR-dependent survival.
Thus, interfering with endothelial signals might present oppor-
tunities to identify treatments that selectively target malignant
stem-cell niches.
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INTRODUCTION

Glioblastoma multiforme (GBM) is the most frequent and
malignant primary tumour of the central nervous system in adults.
Despite the availability of aggressive therapies, median survival
rates from the time of diagnosis range between 12 and 15 months,
and fewer than 3% of patients survive more than 5 years (Fisher
et al, 2007). The cancer-stem-cell hypothesis proposes that GBM
tumours derive from a small fraction of cells that constitute a
reservoir of self-sustaining cells with the exclusive ability to self-
renew and maintain the tumour (Singh et al, 2003, 2004; Yuan
et al, 2004; Vescovi et al, 2006; Patru et al, 2010). Regardless of
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the brain tumour ontogeny, glioblastoma stem-like cells (GSCs)
might be involved in resistance to radiotherapies and contribute to
tumour recurrence and aggressiveness (Bao et al, 2006). Further-
more, alterations in GSC levels affect tumour growth in experi-
mental models of glioma (Androutsellis-Theotokis et al, 2006;
Piccirillo et al, 2006; Clement et al, 2007). Recently, the Akt
mammalian target of rapamycin (mTOR) signalling nexus has
emerged as a regulator of cancer-stem-cell properties (Hambard-
zumyan et al, 2008; Bleau et al, 2009). However, the way in
which this pathway might protect the immature state in GSCs
within the tumour is still poorly understood.

It is generally agreed that GSCs are sheltered within a vascular
structure that provides a specific and confined microenvironment,
that is probably involved in the regulation of stem-cell renewal
and fate (Gilbertson & Rich, 2007; Sneddon & Werb, 2007). In
support of this, GSCs were identified in close proximity to
endothelial cells, and targeting the tumour vasculature eradicated
the self-renewing subpopulation (Batchelor et al, 2007; Calabrese
et al, 2007; Folkins et al, 2007). Moreover, irradiation of GSC
niches increases survival of patients with malignant glioma (Evers
et al, 2010). Thus, the vascular niche might provide essential,
selective signals to maintain GSC integrity (Becher et al, 2008;
Charles et al, 2010). Here, we show that the two mTOR
complexes mTORC1 and mTORC2 function as a gateway to
maintain GSC expansion. Furthermore, the endothelial secretome
sustains mTOR activity and GSC survival, and therefore targeting
the communication between endothelial cells and GSCs might be
an effective therapeutic strategy for glioma.

RESULTS AND DISCUSSION

The mTOR pathway is active in growing GSC

Adult GBM tumours contains a subpopulation of cells which
retain the ability to expand ex vivo as neurospheres in mitogen-
defined medium, and share many characteristics with normal
stem cells including multipotent differentiation and the ability
to self-renew (Singh et al, 2004). We have established four
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Fig 1| The mTOR pathway is active in growing, but not differentiated glioblastoma stem-like cells. (A) Upper panel: confocal analysis of four GSCs
(TG1, TG10, TG16 and OB1) grown as neurosphere (NS) and labelled with Nestin (green), Sox2 (red) and nucleus (blue). Lower panel: confocal
analysis of TG1 engaged in differentiation for 72h and processed for immunostaining with Nestin and Tubulin BIII (green) together with nuclear
counterstaining (blue). Scale bars, 10 um. (B) Akt and S6 phosphorylations (p) were tested on total cell lysates from differentiated cells (#) and
growing NS. (C) Total cell lysates from LN229 and U87 glioma cells were analysed for PTEN expression together with the four GSCs. Tubulin was used

as a loading control. (D) Phosphatase activity was measured from PTEN immunoprecipitate fractions by colorimetric assay. LN229 and primary rat

astrocytes (astro) were used as positive controls and U87 was used as a negative control. Graph represents mean + s.e.m. of three independent

experiments. DAPI, 4,6-diamidino-2-phenylindole; GSC, glioblastoma stem-like cell; mTOR, mammalian target of rapamycin; NS, neurosphere.

patient-derived long-term GSC lines (Patru et al, 2010) that can
efficiently form neurospheres while expressing neural-stem-cell
markers: the transcription factor Sox2 (SRY (sex determining region
Y)-box 2) and the intermediate filament protein Nestin (Fig TA). To
assess their multipotency ability further, single-cell GSC suspen-
sions were subjected to differentiation assay by induction of
cell adhesion and mitogen withdrawal. In such conditions, most
cells express Tubulin BlIl, a marker for neural lineage. Meanwhile,
Nestin is barely detectable after 72h (Fig 1A). As proposed
previously, this specific subpopulation of glioma cells might
represent a validated system in which to generate long-term,
human, adult tumour stable cell lines that can copy parental tumour
behaviour with the unique ability to self-renew and initiate tumours
(Lee et al, 2006; De Witt Hamer et al, 2008; Patru et al, 2010).
We investigated whether intrinsic signalling pathways are
regulated differently in growing neurospheres and differentiated
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cultures. As mTOR is aberrantly active in glioma (Eyler et al, 2008;
Akhavan et al, 2010), phosphorylation of its effectors Akt and S6
was examined. Interestingly, only sphere-forming cells show basal
activation of Akt and S6, whereas no signal is detected in
differentiated cells (Fig 1B). Thus, our data indicate that mTOR
activation is lost on differentiation. Expression of phosphatase
and tensin homologue (PTEN)—an upstream regulator of mTOR
frequently altered in GBM (Koul, 2008)—was monitored.
Although a full-length form of PTEN is expressed in the patient
cell lines TG1 and OBT, it is almost undetectable in TG10 and
TG16 cells (Fig 1C). Consistent with this, TG1 and OB1 show
functional lipid phosphatase activity in vitro (Fig 1D). PTEN status
does not correlate with the mTOR basal activation observed in the
four GSCs. Hence, mTOR activation seems to rely on environ-
mental modifiers such as non-adhesive cultures and presence of
mitogens, rather than intrinsic properties.
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Inhibition of the mTOR pathway prevents GSC expansion
To evaluate its contribution to GSC expansion, mTOR was
pharmacologically inhibited at three levels: mTOR complex 1
(rapamycin), mTOR kinase activity (PP242) and dual inhibition
of phosphatidylinositol 3-kinase and mTOR (PI103). A 24-h
treatment on growing neurospheres significantly alters mTOR
phosphorylation and downstream signalling in GSCs (Fig 2A).
Remarkably, all three mTOR inhibitors decrease the number and
size of Sox2-expressing neurospheres, as well as cell viability
(Fig 2B-E; supplementary Fig S1-2 online). Hence, pharmaco-
logical inhibition of the mTOR pathway leads to a reduction in the
number of GSCs. This suggests that both phosphatidylinositol
3-kinase and the two mTOR complexes might participate in the
maintenance of GSC integrity, but have no effect on differentiated
cultures (Fig 2C). Our data extend previous reports on the
proposed role of the Akt and mTOR pathway in GSC self-renewal
(Eyler et al, 2008; Gallia et al, 2009).

To confirm the role of the mTOR machinery in GSC
maintenance, we knocked down mTOR expression by using
RNA interference, as well as that of its partners Rictor and Raptor
(Fig 2F; supplementary Fig S5 online). After 72h, Akt and S6
activation are severely impaired in the absence of mTOR, whereas
Rictor and Raptor silencing only hamper either Akt serine
phosphorylation or S6 activation, respectively (Fig 2F). Thus,
signalling through Raptor and Rictor could still be independently
blocked, indicating that despite its constitutive activation, the
mTOR axis is not aberrantly regulated in GSCs. Interestingly, Sox2
expression is weakened when either mTOR, Rictor or Raptor
are silenced (Fig 2G). In addition, GSC expansion is severely
diminished as monitored by secondary neurosphere formation and
MTT assay (Fig 2H-I). Taken together, our results indicate that the
two mTOR complexes cooperate to maintain GSC properties and
that their individual loss-of-function interferes with GSC survival.
The Akt/mTOR axis has been proposed to be a regulator of GSC
growth and survival, and, in some cases, of differentiation (Eyler
et al, 2008; Gallia et al, 2009; Sunayama et al, 2010). Our results
support these findings by demonstrating a dual requirement for
Raptor and Rictor. However, we found that blocking the mTOR
pathway was not sufficient to enhance cell differentiation; instead,
cell viability was severely affected.

Endothelial cells preserve GSC integrity through mTOR

Similarly to embryonic and adult stem cells, cancer stem cells are
found within a specific and confined microenvironment that is
orchestrated by a vascular unit (Gilbertson & Rich, 2007). For
example, GSCs are observed in close proximity to tumour blood
vessels. Anti-angiogenic drugs eliminate most GSCs from the
tumour mass (Calabrese et al, 2007), indicating that brain
endothelial cells could protect GSCs. To investigate this, GSCs
were cultured on brain endothelial-cell monolayer, using an in vitro
model for the human blood-brain barrier (Weksler et al, 2005).
Surprisingly, even after 24 h of coculture without mitogens, GSCs
retain their identity, as shown by Sox2 expression and the lack of
morphological signs of differentiation (Fig 3A; supplementary Fig S3
online). Similar effects were observed when using macrovascular
endothelial cell monolayers (data not shown). This suggests that
endothelial cells could act as a feeding bed for GSCs by providing
the essential microenvironment that might be similar to the vascular
niche, at least at the level of GSC protection. To challenge the
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effects of the endothelial secretome, endothelial cell-conditioned
medium (CM) was used to culture GSCs (supplementary Fig S1,54
online). Epithelial CM provokes a decrease in GSC expansion,
by contrast, growth of Sox2/Nestin-expressing neurospheres persists
in the presence of the endothelial-cell secretome (Fig 3B-D). The
secreted protein profile, rather than protein concentration in CM,
seems to mediate the functional effects (supplementary Fig S4
online). Interestingly, the ratio of proliferating to quiescent cells,
estimated by carboxyfluorescein succinimidyl ester dilution, was
similar in both culture conditions, although the cell number appears
to be lower when cultured in 293T-CM, especially for TG1 and
TG10 (Fig 3E). As cycling rates were monitored exclusively on
viable cells, on the basis of their size and granulosity, we inferred
that endothelial cells might have a prosurvival effect. This was
further investigated by propidium-iodide incorporation experi-
ments. Indeed, endothelial cell-CM, but not epithelial CM was
able to maintain a high proportion of living cells (Fig 3F). Overall,
our results support the idea of an informative transference between
endothelial cells and GSCs, whereby endothelial-secreted factors
could retain GSC properties. Our findings are similar to angiocrine
factors that are shown to regulate hematopoietic stem-cell fate
(Kobayashi et al, 2010). We next explored whether endothelial cell
secretome might modulate the mTOR signalling nexus in GSCs.
Activation of mTOR downstream effectors Akt and S6 is maintained
with endothelial but not epithelial soluble factors (Fig 4A).
Supporting this, mTOR inhibitors halt endothelial-promoted
secondary neurosphere formation and reduce cell viability (Fig
4B,C). Importantly, reducing mTOR, Raptor and Rictor expression
by using short-interfering  RNA (siRNA) hinders endothelial
CM-mediated GSC expansion. Thus, the endothelial secretome
might act as a substitute for the additive mitogens contained
in GSC-culture media, and sustain neurosphere integrity and
mTOR activity.

In summary, our study reinforces the emerging concept that
brain vasculature supplies essential signals to maintain GSC
identity (supplementary Fig S5 online). Altogether, our results
reveal an active communication between endothelial cells
and GSCs, and support a model in which endothelial-
soluble factors maintain stemness. In this dialogue, the mTOR
signalling nexus emerges as a key player. Therefore, altering
the molecular transmission between endothelial cells and
cancer stem cells might be an effective therapeutic strategy for
tumour treatment.

METHODS

Cell culture and siRNA transfection. Four human GSCs (TGT,
TG10, TG16 and OB1) were obtained as described previously
(Patru et al, 2010), and maintained in DMEM/F12 plus N2, G5 and
B27 (Invitrogen). To induce differentiation, cells were placed in
10% fetal bovine serum and attached cells were cultured in
serum-free DMEM/F12 for a further 72 h. Immortalized human
brain microvascular endothelial cells (hCMEC/D3) were cultured
as described previously (Weksler et al, 2005). HEK293T, LN229
and U87 (ATCC) were maintained in DMEM-10% fetal bovine
serum. Conditioned media from HEK293T and hCMEC/D3 were
obtained from 72 h-old cultures in serum-free EBM2 (Lonza).
Stealth non-silencing control and selected siRNA for human
mTOR, Rictor and Raptor (Invitrogen) were transfected using
RNAIMAX lipofectamine (Invitrogen).
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Fig 2| Inhibition of the mTOR pathway prevents glioblastoma stem-like cell expansion. (A-E) GSCs were treated with vehicle (DMSO), rapamycin
(RP 50 nM), PP242 (1 uM) and PI103 (10 uM). (F-I) GSCs were transfected with siRNA against mTor, Rictor and Raptor or a control siRNA (sic)
for 72h. (A,F) Protein extracts were tested by western blot analysis with the indicated antibodies. (B,C,G) Confocal analysis on growing TG1
neurospheres (NS) stained with Sox2 (red) and nucleus (blue) in B and G, and on differentiated TG1 (#) stained with Tubulin BIII (green) in C.
Scale bars, 10 um. (D,H) The number of secondary neurospheres per field of view (FOV) was counted. (E,I) Cell viability was analysed by MTT
assay and normalized to the optical density (OD) obtained with DMSO and sic controls. All graphs represent mean + s.e.m. of three independent
experiments. Analysis of variance test: ***P<0.001, **P<0.01, *P<0.05. DAPI, 4,6-diamidino-2-phenylindole; GSC, glioblastoma stem-like cell;
mTOR, mammalian target of rapamycin; p, phosphorylated; siRNA, small-interfering RNA.

Reagents and antibodies. Rapamycin and PI103 were purchased  Akt, Akt, S6, Rictor, Raptor and PTEN (Cell Signaling), phos-
from MERCK, and PP242 was purchased from Sigma. The  pho S6, Nestin, Sox2 and Tubulin Bl (Millipore), Tubulin and
following antibodies were used: phospho mTOR, mTOR, phospho  VE-cadherin (Santa Cruz).
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Fig 3| Brain endothelial cells preserve glioblastoma stem-like cell properties. (A) Human brain endothelial cells (EC) were cultured for 24h

without mitogens, alone or cocultured with TG1. Confocal analysis of VE-cadherin (green), Sox2 (red) and nucleus (blue) staining. Scale bars, 10 um.
(B-F) GSCs were treated for 72h with EC-conditioned medium (EC-CM) and compared with control medium (Ctl) and epithelial CM (293T-CM).

(B) Confocal analysis of TG1 stained with Nestin (green), Sox2 (red) and nucleus (blue). Scale bars, 10 pum. (C) The number of secondary neurospheres
per field of view (FOV) was counted. (D) Cell viability was analysed by MTT and normalized to the optical density (OD) obtained with control (Ctl).
(E) Cell-cycle rate was assessed by carboxyfluorescein succinimidyl ester dilution and analysed by flow cytometry. (F) Cell death was measured on
propidium iodide-stained cells by flow cytometry. All graphs represent mean + s.e.m. of three independent experiments. Analysis of variance test:

6P <0.001, ¥*P<0.01, *P<0.05. CFSE, carboxyfluorescein succinimidyl ester; DAPI, 4,6-diamidino-2-phenylindole; GSC, glioblastoma stem-like cell;
mTOR, mammalian target of rapamycin.
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Fig 4|Brain endothelial cell secretome can restore mTOR activation in glioblastoma stem-like cells. (A) GSCs were treated with human brain
endothelial cell-conditioned medium (EC-CM) for 72h and compared with control medium (Ctl) and 293T-CM. Protein extracts were tested by western
blot with the indicated antibodies. (B,C) GSCs were treated with EC-CM alone or in the presence of rapamycin (RP 50 nM), PP242 (1 pM) and PI103
(10 uM) for 24 h. (D,E) GSCs were transfected with siRNA against mTor, Rictor and Raptor or a control siRNA (sic) for 72h. (B,D) The number of
secondary neurospheres per field of view (FOV) was counted. (C,E) Cell viability was analysed by MTT and normalized to optical density (OD)
obtained with DMSO and sic, respectively. All graphs represent mean + s.e.m. of three independent experiments. Analysis of variance test:

P <0.001, **P<0.01, *P<0.05. DAPI, 4,6-diamidino-2-phenylindole; GSC, glioblastoma stem-like cell; mTOR, mammalian target of rapamycin;

siRNA, small-interfering RNA.

Immunofluorescence. Cells grown as neurospheres were dropped
on polylysine-coated slides and fixed in PBS-paraformaldehyde
4%. For coculture experiment, endothelial cells were seeded on
collagen-treated coverslips 72 h before adding GSCs. GSCs were
left for a further 24 h in serum-free EBM2 and fixed. Immuno-
fluorescence was performed as described previously (Gavard &
Gutkind, 2006) using Alexa488- and Alexa568-conjugated anti-
bodies (Invitrogen). Samples were mounted in DAPI-containing
medium (Vector Labs). Confocal acquisitions were performed on
TCS/SP2 Leica (Cochin Imaging facility).

Western blot. Proteins were collected in TNT buffer (10mM
Tris-HCl, pH 7.5, 150mM NaCl, 1% Triton X-100, 2mM EDTA)
plus protease inhibitors (Sigma), 200 mM NaF and 0.1 mM Na;VO,.

©2011 EUROPEAN MOLECULAR BIOLOGY ORGANIZATION

Equal amounts of proteins (microBCA kit, Pierce) were separated with
4-12% Nupage gels (Invitrogen) and transferred onto polyvinylidene
difluoride  membranes (Thermo Scientific). Alexa680-conjugated
secondary antibodies (Invitrogen) were used and membranes were
scanned using the Odyssey infrared imaging system (Licor).

PTEN functional assay. Phosphatase assays were performed
as described previously (Georgescu et al, 1999). Briefly, phos-
phate released from 100 uM water-soluble di-C8-PIP3 (Echelon
Biosciences) was measured at 620nm following incubation
with Biomol Green reagent on anti-PTEN (Cascade bioscience)
and anti-GFP (Roche) immunoprecipitate fractions. Back-
ground values from GFP were subtracted from the PTEN
immunoprecipitate ones.

EMBO reports VOL 12| NO 5|2011 475
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Secondary neurosphere formation and MTT assays. GSCs were
dissociated by up-and-down pipetting and cultured in a 48-well
plate format. After 1 and 2 days of drug treatment and
siRNA transfection, respectively, cells were dissociated again
and single cells were maintained for 3 more days. Counts were
blindly performed on five random fields of view, and the
mean number of neurospheres per field of view was calculated
from three independent experiments. Viability was evaluated
by MTT (1-(4,5-dimethylthiazol-2-yl)-3,5-diphenylformazan, thia-
zolyl blue formazan) assay according to the manufacturer’s
instruction (Sigma), and absorbance values were read at 590 nm.
Statistical analyses were performed using a two-way analysis of
variance test (Prism software).

Flow cytometry. Cell proliferation was evaluated using the
Cell Trace carboxyfluorescein succinimidyl ester proliferation
kit according to the manufacturer’s instructions (5 uM, Invitrogen).
Cell death was determined by propidium iodide staining
(50 pg/ml, Calbiochem). Flow cytometry analyses were performed
on FACSCalibur and processed using Flowjo software.
Supplementary information is available at EMBO reports online
(http://www.emboreports.org).
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