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ABSTRACT:
Microvascular proliferation is a key biological and diagnostic hallmark of human 
glioblastoma, one of the most aggressive forms of human cancer. It has recently 
been suggested that stem-like glioblastoma cells have the capacity to differentiate 
into functional endothelial cells, and that a significant proportion of the vascular lining 
in tumors has a neoplastic origin. In principle, this finding could significantly impact 
the efficacy and development of antiangiogenic therapies targeting the vasculature. 
While the potential of stem-like cancer cells to form endothelium in culture seems 
clear, in our clinical experience using a variety of molecular markers, neoplastic 
cells do not contribute significantly to the endothelial-lined vasculature of primary 
human glioblastoma. We sought to confirm this impression by analyzing vessels in 
glioblastoma previously examined using chromogenic in situ hybridization (CISH) for 
EGFR and immunohistochemistry for mutant IDH1. Vessels containing cells expressing 
these definitive neoplastic markers were identified in a small fraction of tumors, 
but only 10% of vessel profiles examined contained such cells and when identified 
these cells comprised less than 10% of the vascular cellularity in the cross section. 
Interestingly, these rare intravascular cells showing EGFR amplification by CISH or 
mutant IDH1 protein by immunohistochemistry were located in the middle or outer 
portions of vessel walls, but not amongst the morphologic boundaries of the endothelial 
lining. To more directly address the capacity of glioblastoma cells to contribute to the 
vascular endothelium, we performed double labeling (Immunofluorescence/FISH) 
for the endothelial marker CD34 and EGFR gene locus. Although rare CD34 positive 
neoplastic cells unassociated with vessels were identified (<1%), this analysis did 
not identify EGFR amplified cells within vascular linings, and further supports our 
observations that incorporation of glioblastoma cells into the tumor vessels is at best 
extremely rare, and therefore of questionable clinical or therapeutic significance.

INTRODUCTION

Glioblastoma represents the most common primary 
malignant brain tumor in humans [1], with an incidence 
of 3.19 per 100,000 person years in the United States[2]. 
These are highly aggressive neoplasms, with very poor 
overall survival despite combined chemotherapeutic 
and radiotherapy regimens [3]. Recent large scale 

genomic studies have clarified the common somatic 
genetic alterations that occur in human glioblastoma. 
Many target well known cellular signaling pathways, 
including receptor tyrosine kinase/RAS/PI3K, p53 and 
RB [1, 4]. Specific molecular alterations affecting these 
pathways include amplifications and mutations in EGFR 
and PDGFR, as well as mutations or deletions in tumor 
suppressor genes including PTEN, CDKN2A, TP53, 
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RB1, and NF1 [5-9]. Many of these alterations affect 
key biological properties of glioblastoma, including 
proliferation and cell invasion[10]. More recently, point 
mutations affecting metabolic proteins such as IDH1 
or IDH2 have been found in the majority of infiltrating 
gliomas and a subset of glioblastomas [11-13]. The most 
frequent IDH1 mutant protein (R132H) can be identified 
by a specific antibody using immunohistochemistry [14, 
15], facilitating precise localization of tumor cells.

It has also become clear that glioblastomas are quite 
heterogeneous, with stem-like cells, better differentiated 
components, and stromal cells all playing key roles in the 
growth of a neoplasm [16]. Until recently, it was thought 
that blood vessels and other stromal elements were 
recruited into the growing tumor from non-neoplastic 
sources. Several provocative recent studies, however, 
have suggested that stem-like glioblastoma cells (cancer 
stem cells) are able to differentiate into functional vascular 
endothelium, and contribute significantly to the blood 
vessels supporting tumor growth [17-19]. If true, this 
would have major implications in terms of how tumor 
vessels are targeted therapeutically. However, based on 
our routine clinical practice as surgical neuropathologists 
vessels rarely seemed to contain mutant tumor cells 
and therefore we sought to perform a more formal and 
quantitative analysis of genetic changes in glioma vessels. 
We find that the contribution of neoplastic cells to tumor 
endothelium is small at best, and below routine detection 
in many tumors. Below, we review literature on the topic 
of angiogenesis in glioma, and present data which supports 
our perspective on the issue of neoplastic contribution to 
glioblastoma vasculature.

Angiogenesis is a defining property of human 
glioblastoma

One of the most important morphologic features 
of glioblastoma is the presence of microvascular 
proliferation [20]. Indeed, such “glomeruloid” vessels 
are part of the histologic diagnostic criteria in the current 
WHO classification scheme [20]. Florid angiogenesis 
in glioblastoma often represents a response to hypoxia 
in the neoplastic microenvironment, and is frequently 
found surrounding areas of pseudopalisading necrosis 
[21]. Hypoxia leads to an increase in angiogenic 
factors, including VEGF [22] resulting in microvascular 
hyperplasia and endothelial sprouting from pre-existing 
vessels [21, 23]. In addition, recent studies support the 
induction of angiogenesis by human glioma stem cells 
[24], mediated in part by hypoxia [25-27], and suggest that 
perivascular stem cell niches can play an important role in 
brain tumor pathobiology [28-32]. There is an evolving 
literature of interactions/cross talk between glioma cells 
and endothelium, which involves important pathways such 
as the Ang1/Tie2 signaling axis[33, 34].

The importance of adequate vasculature and blood 

flow in glioblastoma and other tumors has resulted in the 
development of a number of novel therapies and laboratory 
approaches that target angiogenesis[35-37]. This is 
conceptually simpler than targeting tumor cells, as the 
microvasculature was long thought to be non-neoplastic 
and to lack genetic instability often associated with 
treatment resistance [38]. In the field of neurooncology, 
bevacizumab, a humanized monoclonal antibody against 
VEGF-A, represents an approved treatment strategy for 
recurrent glioblastoma [39-41]. 

Vasculogenic mimicry

In addition to conventional angiogenic mechanisms, 
alternative ways to increase vascular delivery to human 
tumors have been proposed, including incorporation of 
endothelial precursors from bone marrow [42-44] and 
“vasculogenic mimicry” by tumor cells. The phenomenon 
of vasculogenic mimicry, whereby neoplastic cells create 
channels lacking endothelium that conduct fluid [45], 
has been explored in a variety of cancer types, including 
melanoma, carcinomas, sarcomas, and even glioblastoma 
[46-51]. Several investigators have described the presence 
of neoplastic, non-endothelial lining in such structures by 
a variety of morphologic and molecular methods [52-54].

In glioblastoma the phenomenon of vasculogenic 
mimicry was recently studied by El Hallani et al., who 
described the formation of vascular-like channels in tissue 
sections from human glioblastoma [47]. They differed 
from true vessels by lack of CD34 expression in luminal 
cells demonstrating EGFR amplification by Fluorescence 
In Situ Hybridization (FISH), supporting the concept 
that these cells are not endothelial. Follow-up in vitro 
studies using CD133+ stem-like cells cultures from 
glioblastomas demonstrating channel formation, resulted 
in tubular structures in 3D matrigel, and expression of 
genes associated with vasculogenic mimicry (e.g. EphA2, 
laminin, neuropilin-2), but a consistent lack of endothelial 
marker expression. Interesting as these results may be, 
the extent of the potential contribution of vasculogenic 
mimicry to blood flow to glioblastoma in unclear at the 
present time.

Neoplastic contribution to endothelial-lined 
microvasculature in glioblastoma?

Studies from several investigators have raised 
the possibility that true endothelial linings may have 
a neoplastic origin in some human cancers, including 
lymphoma and neuroblastoma [55, 56], and contain 
cytogenetic aberrations in cultures from primary tumors 
and in xenograft model systems [57, 58]. The capacity of 
tumor-derived stem cells to differentiate into endothelium 
and participate in the formation of microvasculature has 
also been studied recently in breast cancer [59]. Finally, it 
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has been suggested that non-neoplastic neural stem cells 
can differentiate into endothelial cells in vitro [60].

 In recent elegant studies using in vitro systems, 
transgenic models and primary human tumors [17-
19], the hypothesis that neoplastic cells in glioblastoma 
contribute to the microvasculature by differentiating into 
endothelial cells was further explored. These groups 
described the differentiation of stem-like glioblastoma 
cells into endothelium in vitro, and their incorporation 
into tumor-associated blood vessels in vivo. This 
represents an interesting extension of the cancer stem cell 
hypothesis, and opens the possibility that a small fraction 
of multipotent cells may give rise not only to the main 
tumor mass [61, 62], but also its microvasculature. 

In one of these studies, Ricci-Vitiani et al. found 
CD31 positive endothelial cells to label with p53 protein, 
and in double immunofluorescence/FISH experiments 
reported alterations in chromosomes 10, 19q, and 22q 
in neoplastic cells and a subset of endothelial cells. 
Follow-up quantification experiments using freshly 
dissociated glioblastomas demonstrated tumor-specific 
cytogenetic aberrations in between 20-90% of sorted 
putative endothelial cells. Cultured glioblastoma stem-
like cells differentiated into endothelial cells in vitro and 
produced tumors in xenografts containing human-derived 
endothelial cells. Using similar approaches, Wang et al. 
demonstrated EGFR/Chromosome 7 abnormalities in 
CD105+ putative endothelial cells obtained from human 
glioblastomas, as well as endothelial differentiation from 
CD133+ tumor stem-like cells, thought to occur through 
a CD133+/CD144+ endothelial progenitor. Importantly, 
this second group also felt that neoplastic cells 
contributed significantly to the glioblastoma vasculature 
in human specimens, and stated that the proportion of 
CD105+ endothelial cells with extra copies of EGFR or 
chromosome 7 was comparable to the proportion of tumor 
cells with the same aberrations. 

A subsequent study by Soda et al. predominantly 
used a murine glioblastoma model expressing GFP, 
H-ras, and Akt, coupled with p53 loss, in GFAP+ cells 
[19]. In these animals a subset of tumor vasculature co-
expressed GFP and endothelial markers. Additional 
functional experiments suggested that the endothelial 
differentiation was induced by hypoxia, and resistant to 
anti-VEGF therapy. Collectively, these studies suggest 
a new paradigm in the field of angiogenesis: namely 
that genetically altered tumor cells help form their 
own microvasculature. These concepts have important 
scientific therapeutic implications, highlighted by the 
preliminary investigations of the effects of anti-VEGF 
therapy on neoplastic endothelium in two of the above 
studies [17, 19]. 

Lack of endothelial neoplastic molecular changes 
in clinical glioblastoma specimens

While even a limited cancer stem cell contribution 
to the vasculature of glioblastoma would be of basic 
biological interest, for such a process to be of functional 
significance in therapeutic planning the tumor-derived 
cells would need to comprise a sizable fraction of the 
vascular endothelium. As clinical neuropathologists, we 
routinely examine glioblastoma and other brain tumors 
with prominent neovascularization using a variety of 
markers. In our experience, tissue based techniques such 
as FISH, Chromogenic In Situ Hybridization (CISH) 
and immunohistochemistry consistently show molecular 
abnormalities to be limited to non-vascular tumor cells. 
This clinical experience suggests that while stem-like 
glioblastoma cells may have the capacity to differentiate 
into endothelium, they are unlikely to play a major role in 
forming the pathological vasculature in patients with brain 
tumors as suggested in recent reports.

Markers we have examined in glioblastomas include 
EGFR, PDGFRA, and PTEN copy number alterations 
using FISH or CISH, as well as alterations in IDH1, 
EGFR, p53 or PTEN protein using immunohistochemistry. 
Significantly, in our routine clinical work we have not 
encountered tumors in which neoplastic molecular changes 
were common in cells within the morphologically-defined 
vascular components of glioblastoma. Indeed, the tumor 
vasculature is routinely used as an internal negative 
control in such studies. Examples of normal staining in 
glioblastoma vessels are shown in Figure 1, including 
intact PDGFRA copy number in vessels with surrounding 
tumor demonstrating amplification of the receptor (Figure 
1a), and overexpression of EGFR or loss of PTEN protein 
in glioblastoma cells with vascular structures failing to 
show such changes (Figure 1b,c). Such experience, while 
“anecdotal”, includes the examination of thousands of 
tumors by the authors, all of whom are board-certified 
neuropathologists. 

To augment our clinical impressions, we have 
recently reviewed a number of cases using several 
techniques. First, we examined 24 malignant gliomas 
which showed strong immunoreactivity for mutant IDH1, 
including 9 GBM, 13 anaplastic astrocytomas, and 2 
anaplastic oligodendrogliomas identified on two glioma 
tissue microarrays generated at Johns Hopkins Hospital. 
The three to four cores per tumor on the microarrays 
included between 4 and 51 vessel profiles (mean 18 
vessel profiles per tumor), all of which were closely 
examined for mutant IDH1 protein similar to that seen 
in the surrounding infiltrating tumor cells. Most vessels 
showed no immunoreactivity for mutant IDH1 (Figure 
1d). As illustrated in Figure 1e, glial-appearing IDH1-
immunoreactive cells were found surrounding vascular 
structures in many tumors, consistent with the known 
predilection of infiltrating gliomas to satellite around 
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blood vessels [20]. However, cells expressing this 
neoplastic marker were only found within the vessel wall 
in 1 of the 24 cases (4%). The case contained two vessels 
with single IDH1-positive cells within the vascular wall 
(Figure 1f). Importantly, in none of the tumors did we 
identify IDH1 positive cells definitively lining the vascular 
lumen, and all such endothelial cells were non-neoplastic 
based on this marker.

We also re-reviewed 10 glioblastoma cases from 
Brigham and Women’s Hospital with high level EGFR 
amplification based on clinical CISH analysis. Ten random 
vascular profiles were scored in each tumor, most of which 
represented microvascular proliferations, although some 
normal-appearing vessels were analyzed as well. In 6 
of the tumors examined, no EGFR-amplified cells were 
present within or attached to blood vessels (Figure 1g). 

In 3 glioblastomas, rare EGFR-amplified cells (1 cell in 
1/10 vessels) were identified attached to the outer aspect 
of tumor vasculature but not definitively within the wall 
(Figure 1h). Finally, in one tumor, a few neoplastic cells 
were identified within the vessel wall (Figure 1i). In these 
latter 4 cases with EGFR-amplified cells in or around 
blood vessels, the percentage of vascular or perivascular 
neoplastic cells was always less than 10% of the overall 
blood vessel cellularity. Also, as with IDH1 staining, no 
cells lining the vessels showed increased EGFR copy 
number using CISH, supporting the concept that the 
endothelial lining was not derived from the surrounding 
tumor. 

To more directly address the contribution of 
neoplastic cells to vascular endothelium, we concurrently 
examined EGFR gain and endothelial marker expression 

Figure 1: Glioma specific molecular alterations are not a common feature of endothelial tumor vasculature in clinical 
samples. (a) PDGFRA amplification in tumor cells (arrow) but not in endothelial cells (arrowheads) in adjacent vessel (V).  (b and c) 
Molecular alterations in neoplastic cells by immunohistochemistry, but not in vasculature (V), including EGFR overexpression (b) and 
PTEN loss (c).  Quantification of vessels in tumors stained for IDH1 R132H mutant protein by immunohistochemistry (d-f) or EGFR 
amplification by CISH (g-i) revealed that most tumor cells showed positive staining, whereas the vessels (V) were devoid of signal (d and 
g).  Tumor cells were found to crowd the perivascular region (e and h), but only rare vessels contained positive cells within the vascular 
wall (f and i).
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in a cohort of 86 glioblastomas on the Johns Hopkins 
tissue microarrays. These combined immunofluorescence/
FISH studies were performed using an anti-CD34 antibody 
with a FITC labeled secondary antibody, and FISH probes 
targeting EGFR/centromere 7. Only CD34+ endothelial 
cells (i.e. present in the lining of a vascular lumen) 
were studied. All fields were scanned for vessels that 
demonstrated clear CD34 immunoreactivity and EGFR 
co-hybridization. Cytogenetic abnormalities in tumors 
were scored using previously published cutoffs [63].

Among the 86 tumors, 32 (37%) showed EGFR 
amplification, and an additional 35 (41%) gain of 
chromosome 7. A total of 4974 CD34+ cells in 971 
vessels were examined in the 86 glioblastomas, including 
3852 CD34+ cells in 768 vessels from tumors showing 
EGFR amplification or gain of chromosome 7. No EGFR 
amplified/CD34+ endothelial cells were identified in 
any case. The majority of the CD34+ endothelial cells 
contained 1-2 EGFR copies (Figure 2a), with only 27 
cells (0.005%) containing 3-4 copies. The number of 
CD34+ endothelial cells with extra EGFR copies was 
similar in glioblastomas with chromosome 7 gain or 
EGFR amplification and the smaller subset lacking such 
abnormalities (p=0.8, Fisher Exact Test). This suggests 
that random nuclear overlap may explain the low-level 
extra EGFR copy numbers we observe in rare cells. 

DISCUSSION

The plasticity of glioblastoma has long been 
recognized, and until recently this tumor was known as 

“glioblastoma multiforme” in recognition of its varied 
cellular composition. Divergent differentiation in the form 
of mesenchymal elements, including neoplastic bone[64], 
cartilage [65], skeletal muscle [66], smooth muscle [67], 
and adipose tissue [68], as well as epithelial structures [63] 
have all been described in glioblastoma, particularly the 
subtype known as “gliosarcoma”. It is also increasingly 
clear that glioblastoma and other malignancies contain 
stem-like cells which can be maintained in serum-free 
media as spheres and have the potential to differentiate 
along a number of lineages. We therefore do not doubt one 
central finding of recent elegant studies by several groups 
- that malignant glioma cells have the capacity to express 
endothelial markers and incorporate into blood vessels 
[17-19]. 

However, as practicing neuropathologists who 
routinely assess a variety of molecular markers in primary 
human tumors, we do question the degree to which this 
phenomenon actually occurs in patients. Our data suggest 
that very few vascular cells in human glioblastoma harbor 
the molecular changes which define the surrounding tumor. 
These results are consistent with a prior microdissection-
based study, in which glomeruloid p53 immunoreactive 
endothelial cells in glioblastoma lacked tumor-specific 
mutations [69]. 

A number of potential caveats apply to the study 
of neoplastic endothelium. First, it is possible that small 
groups of tumor cells which do not form morphologically-
recognizable vessels may express endothelial markers, 
and that such cells contributed to those isolated by 
Wang et al. [17] and Ricci-Vitiani et al. [18] using flow 

Figure 2: Lack of significant EGFR alterations in CD34 positive endothelial cells. EGFR amplifications in glioblastoma 
neoplastic cells (arrowheads), but lacking in associated CD34+ endothelial cells (arrows)(a). Orange autofluorescence frequently identified 
intraluminal red blood cells (asterisks). Only a minority of CD34+ cells demonstrated extra EGFR copies, and at a similar frequency in 
glioblastomas with and without chromosome 7/EGFR abnormalities (b). 
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cytometric approaches lacking spatial cues. In addition, 
because of the intimate relationship between glial tumor 
processes and adjacent blood vessels, it can sometimes 
be difficult to unambiguously distinguish glial tumor 
cells from vasculature particularly as obtaining single 
cell suspensions is challenging in brain tumors. Another 
consideration would be that GBM cells are able to 
transmigrate across the vessel wall in order to enter into 
the bloodstream and might therefore be observed during 
their migration. Finally, genetic heterogeneity exists in 
glioblastoma, including mosaic amplification of receptors 
such as EGFR [70], potentially complicating distinctions 
between neoplastic and non-neoplastic cells.

 It is possible that small numbers of neoplastic cells 
contribute to the endothelium of glioblastoma. Indeed, as 
shown in Figure 1, rare cells within the vessel walls can 
express molecular markers of neoplastic transformation. 
However, in neither our large anecdotal clinical experience 
nor the more focused analysis described above have we 
observed a significant contribution by neoplastic cells to 
the tumor microvasculature as suggested in recent reports. 
Specifically, we feel that most glioblastoma vessels 
contain no neoplastic cells, and when they are present 
they comprise less that 10% of the vessel cellularity. It 
also appears to us that the rare neoplastic cells within 
tumor vessels do not incorporate into the endothelial 
vascular lining or express the endothelial marker CD34. 
We therefore believe that while recent demonstrations of 
cancer stem cell plasticity are of significant basic research 
interest, the clinical and in vivo biological relevance of 
the capacity of stem-like glioblastoma cells to give rise to 
endothelium remains unclear, and current efforts to exploit 
the genotypic/phenotypic differences between tumors and 
their associated vasculature should not be abandoned. 

ACKNOWLEDGEMENTS

The authors thank Darlene Knutson and the 
cytogenetic shared resource of Mayo Clinic for technical 
assistance.

This work was funded by NIH postdoctoral 
fellowship (T32CA067751) to B.A.O and 5R01NS055089 
to C.G.E.

REFERENCES

1. Ohgaki, H. and P. Kleihues. Population-based studies 
on incidence, survival rates, and genetic alterations in 
astrocytic and oligodendroglial gliomas. J Neuropathol Exp 
Neurol 2005; 64: 479-89.

2. CBTRUS. Primary Brain AND Central Nervous System 
Tumors Diagnosed in the United States in 2004-2007. 2011; 
Available from: http://www.cbtrus.org/2007-2008/2007-
20081.html.

3. Stupp, R., W.P. Mason, M.J. van den Bent, M. Weller, 

B. Fisher, M.J. Taphoorn, K. Belanger, A.A. Brandes, 
C. Marosi, U. Bogdahn, J. Curschmann, R.C. Janzer, 
S.K. Ludwin, T. Gorlia, A. Allgeier, D. Lacombe, et al. 
Radiotherapy plus concomitant and adjuvant temozolomide 
for glioblastoma. N Engl J Med 2005; 352: 987-96.

4. Ohgaki, H., P. Dessen, B. Jourde, S. Horstmann, T. 
Nishikawa, P.L. Di Patre, C. Burkhard, D. Schuler, N.M. 
Probst-Hensch, P.C. Maiorka, N. Baeza, P. Pisani, Y. 
Yonekawa, M.G. Yasargil, U.M. Lutolf, and P. Kleihues. 
Genetic pathways to glioblastoma: a population-based 
study. Cancer Res 2004; 64: 6892-9.

5. Verhaak, R.G., K.A. Hoadley, E. Purdom, V. Wang, Y. 
Qi, M.D. Wilkerson, C.R. Miller, L. Ding, T. Golub, J.P. 
Mesirov, G. Alexe, M. Lawrence, M. O’Kelly, P. Tamayo, 
B.A. Weir, S. Gabriel, et al. Integrated genomic analysis 
identifies clinically relevant subtypes of glioblastoma 
characterized by abnormalities in PDGFRA, IDH1, EGFR, 
and NF1. Cancer Cell 2010; 17: 98-110.

6. Hayashi, Y., K. Ueki, A. Waha, O.D. Wiestler, D.N. 
Louis, and A. von Deimling. Association of EGFR gene 
amplification and CDKN2 (p16/MTS1) gene deletion in 
glioblastoma multiforme. Brain Pathol 1997; 7: 871-5.

7. Ozawa, T., C.W. Brennan, L. Wang, M. Squatrito, T. 
Sasayama, M. Nakada, J.T. Huse, A. Pedraza, S. Utsuki, Y. 
Yasui, A. Tandon, E.I. Fomchenko, H. Oka, R.L. Levine, 
K. Fujii, M. Ladanyi, et al. PDGFRA gene rearrangements 
are frequent genetic events in PDGFRA-amplified 
glioblastomas. Genes Dev 2010; 24: 2205-18.

8. Hui, A.B., K.W. Lo, X.L. Yin, W.S. Poon, and H.K. Ng. 
Detection of multiple gene amplifications in glioblastoma 
multiforme using array-based comparative genomic 
hybridization. Lab Invest 2001; 81: 717-23.

9. Fulci, G., M. Labuhn, D. Maier, Y. Lachat, O. Hausmann, 
M.E. Hegi, R.C. Janzer, A. Merlo, and E.G. Van Meir. 
p53 gene mutation and ink4a-arf deletion appear to be 
two mutually exclusive events in human glioblastoma. 
Oncogene 2000; 19: 3816-22.

10. Weber, G.L., M.O. Parat, Z.A. Binder, G.L. Gallia, and 
G.J. Riggins. Abrogation of PIK3CA or PIK3R1 reduces 
proliferation, migration, and invasion in glioblastoma 
multiforme cells. Oncotarget 2011; 2: 833-49.

11. Hartmann, C., J. Meyer, J. Balss, D. Capper, W. Mueller, 
A. Christians, J. Felsberg, M. Wolter, C. Mawrin, W. Wick, 
M. Weller, C. Herold-Mende, A. Unterberg, J.W. Jeuken, 
P. Wesseling, G. Reifenberger, et al. Type and frequency 
of IDH1 and IDH2 mutations are related to astrocytic and 
oligodendroglial differentiation and age: a study of 1,010 
diffuse gliomas. Acta Neuropathol 2009; 118: 469-74.

12. Parsons, D.W., S. Jones, X. Zhang, J.C. Lin, R.J. Leary, P. 
Angenendt, P. Mankoo, H. Carter, I.M. Siu, G.L. Gallia, A. 
Olivi, R. McLendon, B.A. Rasheed, S. Keir, T. Nikolskaya, 
Y. Nikolsky, et al. An integrated genomic analysis of 
human glioblastoma multiforme. Science 2008; 321: 1807-
12.

13. Yan, H., D.W. Parsons, G. Jin, R. McLendon, B.A. 



Oncotarget 2012; 3:  98 - 106104www.impactjournals.com/oncotarget

Rasheed, W. Yuan, I. Kos, I. Batinic-Haberle, S. Jones, 
G.J. Riggins, H. Friedman, A. Friedman, D. Reardon, J. 
Herndon, K.W. Kinzler, V.E. Velculescu, et al. IDH1 and 
IDH2 mutations in gliomas. N Engl J Med 2009; 360: 765-
73.

14. Capper, D., S. Weissert, J. Balss, A. Habel, J. Meyer, 
D. Jager, U. Ackermann, C. Tessmer, A. Korshunov, 
H. Zentgraf, C. Hartmann, and A. von Deimling. 
Characterization of R132H mutation-specific IDH1 
antibody binding in brain tumors. Brain Pathol 2010; 20: 
245-54.

15. Capper, D., H. Zentgraf, J. Balss, C. Hartmann, and A. von 
Deimling. Monoclonal antibody specific for IDH1 R132H 
mutation. Acta Neuropathol 2009; 118: 599-601.

16. Charles, N.A., E.C. Holland, R. Gilbertson, R. Glass, and 
H. Kettenmann. The brain tumor microenvironment. Glia 
2011; 59: 1169-80.

17. Wang, R., K. Chadalavada, J. Wilshire, U. Kowalik, K.E. 
Hovinga, A. Geber, B. Fligelman, M. Leversha, C. Brennan, 
and V. Tabar. Glioblastoma stem-like cells give rise to 
tumour endothelium. Nature 2010; 468: 829-33.

18. Ricci-Vitiani, L., R. Pallini, M. Biffoni, M. Todaro, G. 
Invernici, T. Cenci, G. Maira, E.A. Parati, G. Stassi, L.M. 
Larocca, and R. De Maria. Tumour vascularization via 
endothelial differentiation of glioblastoma stem-like cells. 
Nature 2010; 468: 824-8.

19. Soda, Y., T. Marumoto, D. Friedmann-Morvinski, M. 
Soda, F. Liu, H. Michiue, S. Pastorino, M. Yang, R.M. 
Hoffman, S. Kesari, and I.M. Verma. Transdifferentiation 
of glioblastoma cells into vascular endothelial cells. Proc 
Natl Acad Sci U S A 2011; 108: 4274-80.

20. Louis, D., H. Ohgaki, O. Wiestler, and W. Cavenee, WHO 
Classification of Tumours of the Central Nervous System. 
4th ed2007, Lyon, France: IARC press.

21. Brat, D.J. and E.G. Van Meir. Glomeruloid microvascular 
proliferation orchestrated by VPF/VEGF: a new world of 
angiogenesis research. Am J Pathol 2001; 158: 789-96.

22. Kaur, B., C. Tan, D.J. Brat, D.E. Post, and E.G. Van Meir. 
Genetic and hypoxic regulation of angiogenesis in gliomas. 
J Neurooncol 2004; 70: 229-43.

23. Fischer, I., J.P. Gagner, M. Law, E.W. Newcomb, and D. 
Zagzag. Angiogenesis in gliomas: biology and molecular 
pathophysiology. Brain Pathol 2005; 15: 297-310.

24. Folkins, C., Y. Shaked, S. Man, T. Tang, C.R. Lee, Z. Zhu, 
R.M. Hoffman, and R.S. Kerbel. Glioma tumor stem-like 
cells promote tumor angiogenesis and vasculogenesis via 
vascular endothelial growth factor and stromal-derived 
factor 1. Cancer Res 2009; 69: 7243-51.

25. Bar, E.E., A. Lin, V. Mahairaki, W. Matsui, and C.G. 
Eberhart. Hypoxia increases the expression of stem-cell 
markers and promotes clonogenicity in glioblastoma 
neurospheres. Am J Pathol 2010; 177: 1491-502.

26. Bao, S., Q. Wu, S. Sathornsumetee, Y. Hao, Z. Li, A.B. 
Hjelmeland, Q. Shi, R.E. McLendon, D.D. Bigner, and 

J.N. Rich. Stem cell-like glioma cells promote tumor 
angiogenesis through vascular endothelial growth factor. 
Cancer Res 2006; 66: 7843-8.

27. Li, Z., S. Bao, Q. Wu, H. Wang, C. Eyler, S. 
Sathornsumetee, Q. Shi, Y. Cao, J. Lathia, R.E. McLendon, 
A.B. Hjelmeland, and J.N. Rich. Hypoxia-inducible factors 
regulate tumorigenic capacity of glioma stem cells. Cancer 
Cell 2009; 15: 501-13.

28. Calabrese, C., H. Poppleton, M. Kocak, T.L. Hogg, C. 
Fuller, B. Hamner, E.Y. Oh, M.W. Gaber, D. Finklestein, 
M. Allen, A. Frank, I.T. Bayazitov, S.S. Zakharenko, A. 
Gajjar, A. Davidoff, and R.J. Gilbertson. A perivascular 
niche for brain tumor stem cells. Cancer Cell 2007; 11: 69-
82.

29. Gilbertson, R.J. and J.N. Rich. Making a tumour’s bed: 
glioblastoma stem cells and the vascular niche. Nat Rev 
Cancer 2007; 7: 733-6.

30. Charles, N., T. Ozawa, M. Squatrito, A.M. Bleau, 
C.W. Brennan, D. Hambardzumyan, and E.C. Holland. 
Perivascular nitric oxide activates notch signaling and 
promotes stem-like character in PDGF-induced glioma 
cells. Cell Stem Cell 2010; 6: 141-52.

31. Shen, Q., S.K. Goderie, L. Jin, N. Karanth, Y. Sun, N. 
Abramova, P. Vincent, K. Pumiglia, and S. Temple. 
Endothelial cells stimulate self-renewal and expand 
neurogenesis of neural stem cells. Science 2004; 304: 1338-
40.

32. Charles, N. and E.C. Holland. The perivascular niche 
microenvironment in brain tumor progression. Cell Cycle 
2010; 9: 3012-21.

33. Liu, D., V. Martin, J. Fueyo, O.H. Lee, J. Xu, N. Cortes-
Santiago, M.M. Alonso, K. Aldape, H. Colman, and C. 
Gomez-Manzano. Tie2/TEK modulates the interaction of 
glioma and brain tumor stem cells with endothelial cells 
and promotes an invasive phenotype. Oncotarget 2010; 1: 
700-9.

34. Zerrouqi, A. and E.G. Van Meir. A conspiracy of glioma 
and endothelial cells to invade the normal brain. Oncotarget 
2011; 2: 1-4.

35. Taraboletti, G., M. Rusnati, L. Ragona, and G. Colombo. 
Targeting tumor angiogenesis with TSP-1-based 
compounds: rational design of antiangiogenic mimetics of 
endogenous inhibitors. Oncotarget 2010; 1: 662-73.

36. Smits, M., J. Nilsson, S.E. Mir, P.M. van der Stoop, E. 
Hulleman, J.M. Niers, P.C. de Witt Hamer, V.E. Marquez, 
J. Cloos, A.M. Krichevsky, D.P. Noske, B.A. Tannous, and 
T. Wurdinger. miR-101 is down-regulated in glioblastoma 
resulting in EZH2-induced proliferation, migration, and 
angiogenesis. Oncotarget 2010; 1: 710-20.

37. Dasari, V.R., K. Kaur, K.K. Velpula, D.H. Dinh, A.J. 
Tsung, S. Mohanam, and J.S. Rao. Downregulation of Focal 
Adhesion Kinase (FAK) by cord blood stem cells inhibits 
angiogenesis in glioblastoma. Aging (Albany NY) 2010; 2: 
791-803.



Oncotarget 2012; 3:  98 - 106105www.impactjournals.com/oncotarget

38. Folkman, J., E. Merler, C. Abernathy, and G. Williams. 
Isolation of a tumor factor responsible for angiogenesis. J 
Exp Med 1971; 133: 275-88.

39. Friedman, H.S., M.D. Prados, P.Y. Wen, T. Mikkelsen, 
D. Schiff, L.E. Abrey, W.K. Yung, N. Paleologos, M.K. 
Nicholas, R. Jensen, J. Vredenburgh, J. Huang, M. Zheng, 
and T. Cloughesy. Bevacizumab alone and in combination 
with irinotecan in recurrent glioblastoma. J Clin Oncol 
2009; 27: 4733-40.

40. Vredenburgh, J.J., A. Desjardins, J.E. Herndon, 2nd, 
J. Marcello, D.A. Reardon, J.A. Quinn, J.N. Rich, S. 
Sathornsumetee, S. Gururangan, J. Sampson, M. Wagner, 
L. Bailey, D.D. Bigner, A.H. Friedman, and H.S. Friedman. 
Bevacizumab plus irinotecan in recurrent glioblastoma 
multiforme. J Clin Oncol 2007; 25: 4722-9.

41. Kreisl, T.N., L. Kim, K. Moore, P. Duic, C. Royce, 
I. Stroud, N. Garren, M. Mackey, J.A. Butman, K. 
Camphausen, J. Park, P.S. Albert, and H.A. Fine. Phase II 
trial of single-agent bevacizumab followed by bevacizumab 
plus irinotecan at tumor progression in recurrent 
glioblastoma. J Clin Oncol 2009; 27: 740-5.

42. Santarelli, J.G., V. Udani, Y.C. Yung, S. Cheshier, 
A. Wagers, R.A. Brekken, I. Weissman, and V. Tse. 
Incorporation of bone marrow-derived Flk-1-expressing 
CD34+ cells in the endothelium of tumor vessels in the 
mouse brain. Neurosurgery 2006; 59: 374-82; discussion 
374-82.

43. Du, R., K.V. Lu, C. Petritsch, P. Liu, R. Ganss, E. Passegue, 
H. Song, S. Vandenberg, R.S. Johnson, Z. Werb, and G. 
Bergers. HIF1alpha induces the recruitment of bone 
marrow-derived vascular modulatory cells to regulate tumor 
angiogenesis and invasion. Cancer Cell 2008; 13: 206-20.

44. Lyden, D., K. Hattori, S. Dias, C. Costa, P. Blaikie, L. 
Butros, A. Chadburn, B. Heissig, W. Marks, L. Witte, Y. 
Wu, D. Hicklin, Z. Zhu, N.R. Hackett, R.G. Crystal, M.A. 
Moore, et al. Impaired recruitment of bone-marrow-derived 
endothelial and hematopoietic precursor cells blocks tumor 
angiogenesis and growth. Nat Med 2001; 7: 1194-201.

45. Folberg, R. and A.J. Maniotis. Vasculogenic mimicry. 
APMIS 2004; 112: 508-25.

46. Dome, B., M.J. Hendrix, S. Paku, J. Tovari, and J. Timar. 
Alternative vascularization mechanisms in cancer: 
Pathology and therapeutic implications. Am J Pathol 2007; 
170: 1-15.

47. El Hallani, S., B. Boisselier, F. Peglion, A. Rousseau, C. 
Colin, A. Idbaih, Y. Marie, K. Mokhtari, J.L. Thomas, A. 
Eichmann, J.Y. Delattre, A.J. Maniotis, and M. Sanson. A 
new alternative mechanism in glioblastoma vascularization: 
tubular vasculogenic mimicry. Brain 2010; 133: 973-82.

48. Hess, A.R., E.A. Seftor, R.E. Seftor, and M.J. Hendrix. 
Phosphoinositide 3-kinase regulates membrane Type 
1-matrix metalloproteinase (MMP) and MMP-2 activity 
during melanoma cell vasculogenic mimicry. Cancer Res 
2003; 63: 4757-62.

49. Maniotis, A.J., R. Folberg, A. Hess, E.A. Seftor, L.M. 
Gardner, J. Pe’er, J.M. Trent, P.S. Meltzer, and M.J. 
Hendrix. Vascular channel formation by human melanoma 
cells in vivo and in vitro: vasculogenic mimicry. Am J 
Pathol 1999; 155: 739-52.

50. Ruf, W., E.A. Seftor, R.J. Petrovan, R.M. Weiss, L.M. 
Gruman, N.V. Margaryan, R.E. Seftor, Y. Miyagi, and M.J. 
Hendrix. Differential role of tissue factor pathway inhibitors 
1 and 2 in melanoma vasculogenic mimicry. Cancer Res 
2003; 63: 5381-9.

51. Yue, W.Y. and Z.P. Chen. Does vasculogenic mimicry exist 
in astrocytoma? J Histochem Cytochem 2005; 53: 997-
1002.

52. Shirakawa, K., H. Wakasugi, Y. Heike, I. Watanabe, S. 
Yamada, K. Saito, and F. Konishi. Vasculogenic mimicry 
and pseudo-comedo formation in breast cancer. Int J Cancer 
2002; 99: 821-8.

53. Timar, J. and J. Toth. Tumor sinuses- vascular channels. 
Pathol Oncol Res 2000; 6: 83-6.

54. van der Schaft, D.W., F. Hillen, P. Pauwels, D.A. 
Kirschmann, K. Castermans, M.G. Egbrink, M.G. Tran, 
R. Sciot, E. Hauben, P.C. Hogendoorn, O. Delattre, P.H. 
Maxwell, M.J. Hendrix, and A.W. Griffioen. Tumor cell 
plasticity in Ewing sarcoma, an alternative circulatory 
system stimulated by hypoxia. Cancer Res 2005; 65: 11520-
8.

55. Streubel, B., A. Chott, D. Huber, M. Exner, U. Jager, O. 
Wagner, and I. Schwarzinger. Lymphoma-specific genetic 
aberrations in microvascular endothelial cells in B-cell 
lymphomas. N Engl J Med 2004; 351: 250-9.

56. Pezzolo, A., F. Parodi, M.V. Corrias, R. Cinti, C. Gambini, 
and V. Pistoia. Tumor origin of endothelial cells in human 
neuroblastoma. J Clin Oncol 2007; 25: 376-83.

57. Hida, K., Y. Hida, D.N. Amin, A.F. Flint, D. Panigrahy, 
C.C. Morton, and M. Klagsbrun. Tumor-associated 
endothelial cells with cytogenetic abnormalities. Cancer 
Res 2004; 64: 8249-55.

58. Akino, T., K. Hida, Y. Hida, K. Tsuchiya, D. Freedman, C. 
Muraki, N. Ohga, K. Matsuda, K. Akiyama, T. Harabayashi, 
N. Shinohara, K. Nonomura, M. Klagsbrun, and M. 
Shindoh. Cytogenetic abnormalities of tumor-associated 
endothelial cells in human malignant tumors. Am J Pathol 
2009; 175: 2657-67.

59. Bussolati, B., C. Grange, A. Sapino, and G. Camussi. 
Endothelial cell differentiation of human breast tumour 
stem/progenitor cells. J Cell Mol Med 2009; 13: 309-319.

60. Wurmser, A.E., K. Nakashima, R.G. Summers, N. Toni, 
K.A. D’Amour, D.C. Lie, and F.H. Gage. Cell fusion-
independent differentiation of neural stem cells to the 
endothelial lineage. Nature 2004; 430: 350-6.

61. Singh, S.K., C. Hawkins, I.D. Clarke, J.A. Squire, J. Bayani, 
T. Hide, R.M. Henkelman, M.D. Cusimano, and P.B. Dirks. 
Identification of human brain tumour initiating cells. Nature 
2004; 432: 396-401.



Oncotarget 2012; 3:  98 - 106106www.impactjournals.com/oncotarget

62. Vescovi, A.L., R. Galli, and B.A. Reynolds. Brain tumour 
stem cells. Nat Rev Cancer 2006; 6: 425-36.

63. Rodriguez, F.J., B.W. Scheithauer, C. Giannini, S.C. 
Bryant, and R.B. Jenkins. Epithelial and pseudoepithelial 
differentiation in glioblastoma and gliosarcoma: a 
comparative morphologic and molecular genetic study. 
Cancer 2008; 113: 2779-89.

64. Hayashi, K., N. Ohara, H.J. Jeon, S. Akagi, K. Takahashi, 
T. Akagi, and S. Namba. Gliosarcoma with features of 
chondroblastic osteosarcoma. Cancer 1993; 72: 850-5.

65. Banerjee, A.K., B.S. Sharma, V.K. Kak, and N.R. Ghatak. 
Gliosarcoma with cartilage formation. Cancer 1989; 63: 
518-23.

66. Barnard, R.O., R. Bradford, T. Scott, and D.G. Thomas. 
Gliomyosarcoma. Report of a case of rhabdomyosarcoma 
arising in a malignant glioma. Acta Neuropathol 1986; 69: 
23-7.

67. Haddad, S.F., S.A. Moore, R.L. Schelper, and J.A. Goeken. 
Smooth muscle can comprise the sarcomatous component 
of gliosarcomas. J Neuropathol Exp Neurol 1992; 51: 493-
8.

68. Vlodavsky, E., M. Konstantinesku, and J.F. Soustiel. 
Gliosarcoma with liposarcomatous differentiation: the new 
member of the lipid-containing brain tumors family. Arch 
Pathol Lab Med 2006; 130: 381-4.

69. Kulla, A., K. Burkhardt, B. Meyer-Puttlitz, T. Teesalu, T. 
Asser, O.D. Wiestler, and A.J. Becker. Analysis of the TP53 
gene in laser-microdissected glioblastoma vasculature. Acta 
Neuropathol 2003; 105: 328-32.

70. Snuderl, M., L. Fazlollahi, L.P. Le, M. Nitta, B.H. 
Zhelyazkova, C.J. Davidson, S. Akhavanfard, D.P. Cahill, 
K.D. Aldape, R.A. Betensky, D.N. Louis, and A.J. Iafrate. 
Mosaic amplification of multiple receptor tyrosine kinase 
genes in glioblastoma. Cancer Cell 2011; 20: 810-7.

71. McIntire, M.G., S. Santagata, K. Ligon, and L.R. Chirieac. 
Epidermal growth factor receptor gene amplification in 
atypical adenomatous hyperplasia of the lung. Am J Transl 
Res 2010; 2: 309-15.


