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Figure 3 Characterization of glioblastoma stem-like cells. (A) Phase contrast (a) and fluorescent (b) microscopy of undifferentiated green
fluorescent protein-expresing GSC growing into tumour spheres in neurosphere medium. Phase contrast microscopy of differentiated GSC
at the differentiation assay (c). Scale bars are 100 um. (B) Comparative genomic hybridization of GSC demonstrating tumour genomic
alterations. Each bacterial artificial chromosome spotted on the comparative genomic hybridization array is represented by a dot. bacterial
artificial chromosomes are ordered on the x-axis according to their position in the genome. For each chromosome the telomere of the
short arm is on the left and the telomere of the long arm is on the right. The y-axis corresponds to fluorescence ratio. Yellow, green and
red indicate genomic copy number normal, loss and gain, respectively. Genetic alteration includes complete chromosome 10 loss, gain of
chromosome 7 with EGFR amplification (arrow). (C) Immunostaining of tumour cells for neural stem-cell markers (Nestin and Sox2) in the
sphere, then astrocytic [glial fibrillary acidic protein (GFAP) in green staining] and neuronal (neuronal class Il beta-tubulin-1 in red
staining) markers by the differentiated cells around tumour sphere at Day 7. Scale bars are 50 um. (D) Expression of Nestin, glial fibrillary
acidic protein, neuronal class Il beta-tubulin-1 and Tubulin by undifferentiated (sphere) and differentiated (diff) GSC were analysed

by western blot as described. Extracts from primary rat astrocytes (Astro) and U87 were used as controls. TUJ-1 =neuronal class IlI
beta-tubulin-1.
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Figure 4 Glioblastoma stem-like cell vasculogenesis. (A) GSC-A and GSC-B are labelled with green fluorescent protein. GSC-A forms

tubular structures in 3D culture on Matrigel while green fluorescent protein-expressing GSC-B does not. Scale bars are 250 um. (B) Green
fluorescent protein labelled-GSC-A exhibits a flattened morphology and a-SMA immunofluorescence after differentiation. Scale bars are
20 um. (C) Expression of endothelial and vascular smooth muscle cell-related genes is measured by semiquantitative reverse transcriptase
polymerase chain reaction in GSC-A and GSC-B compared to human cerebral microvascular endothelial cells and human vascular smooth

muscle cells. The housekeeping gene ALAS is used as control.

beyond this phenomenon to prove the vascular nature of these
structures, because collections of extravasated erythrocytes could
sculpt a path through tumour cells that becomes a conduit for
intratumoral blood flow and appears like a blood sinus (Warren
and Shubik, 1966; Nasu et al., 1999).

Positive identification of presumptive tumour cell-lined blood
vessels in cancers of non-vascular origin should then consider sev-
eral criteria to argue against the claim that these channels are
artefacts (McDonald and Foss, 2000). First, the tubular structures
in question must be shown to be blood vessels. Vascular basement
membrane, an important structural component of blood vessels,
can be identified using immunohistochemistry for collagen-1V as a
basal lamina antigen (Franciosi et al., 2007). We showed positive
collagen-1V staining in the wall of our tubular structures. Second,
the absence of endothelial cell marker is not sufficient. Tumour
cells considered to be in contact with the vascular lumen must be
positively identified. EGFR amplification is one of the most fre-
quent genetic changes in primary glioblastomas (Idbaih et al.,
2009) and our GSC showed to contain and maintain EGFR ampli-
fication, making this a specific marker of tumour cells in

glioblastoma tissues. We identified EGFR amplification in the
lining-cells of the non-endothelial vessels proving that they were
definitely tumour cells. Third, though technically difficult to locate,
the interface of tumour cell-lined vessels and endothelial cell-lined
vessels would show that the channels are part of the tumour
vasculature. We were able to find this interface in one glioblas-
toma section. Therefore, major criteria are met to provide convinc-
ing arguments that the presumptive tubular structures are blood
vessels formed by primary tumour cells in glioblastomas.

Several observations reported that tumour cells are located in
the walls of tumour blood vessels and form a part of the vessel
surface while the remaining part is covered by endothelium. This is
known as ‘mosaic vessels' where tumour cells undergo intravasa-
tion into the lumen and stay temporally in the vessel wall (Chang
et al., 2000). The tumour cell-lined vessels that we observed in
glioblastomas could be the result of a complete invasion of the
vessel wall by tumour cells, perhaps the endpoint of mosaicism.
However, from our data we strongly suggest that GSC are capable
of forming blood vessels de novo. They also have the ability to
express endothelium-associated genes including EphA2 (ephrin
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receptor), Laminin 5y2 (basement membrane component) and
Neuropilin-2  (vascular ~endothelial growth factor receptor
co-receptor). These molecules are required for the formation and
maintenance of blood vessels (Serini et al., 2006; Hess et al.,
2007; Geretti et al, 2008). At the same time, they are well
known to play important roles in nervous system development
(Culley et al., 2001; Wilkinson, 2001; Fujisawa et al., 2004).
The anatomical structure similarities between the nervous and vas-
cular systems are striking. Over the past decade, it has become
apparent that neural and vascular guidance pathways share
common signalling mechanisms, including ephrins and neuropilins
in particular (Eichmann et al., 2005). It is therefore likely that a
subpopulation of glioblastoma cells with neurodevelopmental fea-
tures makes use of these common neural and vascular patterning
tools to develop a proper blood vessel network. Nevertheless,
GSCs merely mimic the function of vessels as they do not trans-
differentiate into endothelial cells with respect to the lack of major
endothelial markers expression. Thus, the term ‘tubular vasculo-
genic mimicry’ is appropriate to describe the formation of these
vascular channels by tumour cells.

More surprisingly, we found that a fraction of GSC have the
capacity to transdifferentiate into smooth muscle-like cells that
may constitute part of the tumour cell-lined vessel wall as the
essential muscular component. This is consistent with the report
that rat foetal brain stem cells can give rise to smooth muscle cells
(Tsai et al., 2000; Song et al., 2009), which have an identical
contractile function to vascular smooth muscle cells (Oishi et al.,
2002). From our findings, we suggest that GSC are more plastic
than previously thought, providing more evidence for their
mesenchymal differentiation potential (Tso et al., 2006;
Ricci-Vitiani et al., 2008; Rieske et al., 2009).

Traditional anti-vascular therapies aimed at endothelial cells are
not effective in blocking tubular network formation by tumour
cells (Van der Schaft et al., 2004). Since the vascularization of
glioblastomas is heterogeneous, designing a therapeutic approach
that targets only angiogenic vessels might result in incomplete
therapy. It would be prudent to target tumour cell-lined vessels
because they may participate to the antiangiogenic resistance by
providing an alternative pathway for glioblastoma vascularization.
For instance, Laminin can be a potent target to block both
endothelial and  non-endothelial vascularization.
Down-regulation of Laminin 52 resulted in the complete inability
of aggressive melanoma cells to form vasculogenic-like networks
in tri-dimensional culture (Seftor et al., 2001) which is consistent
with the lack of vasculogenic ability in GSC-B that showed low
levels of Laminin 5y2 expression.

In conclusion, we describe a new alternative mechanism in glio-
blastoma vascularization. This finding provides a better compre-
hension of tumour vascularization and cancer stem-cell plasticity,
and has important implications in the treatment strategy. One
should evaluate the overall contribution of such tumour
cell-formed vessels to glioblastoma blood flow and determine
their sensitivity to current antiangiogenic therapies using quantita-
tive methods with appropriate sampling. Also, understanding the
influence of the microenvironment in determining the vascular fate
of GSC may provide new perspectives on tumour cell plasticity

tumour
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that could be exploited for novel strategies in cancer differentia-
tion therapy.
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