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Molecular analysis of ex-vivo CD133+ GBM cells
revealed a common invasive and angiogenic
profile but different proliferative signatures
among high grade gliomas
Juan L Garcia1,2, Maria Perez-Caro3, Juan A Gomez-Moreta4, Francisco Gonzalez3, Javier Ortiz5, Oscar Blanco5,
Magdalena Sancho5, Jesus M Hernandez-Rivas2,6, Rogelio Gonzalez-Sarmiento2,7, Manuel Sanchez-Martin7,8*

Abstract

Background: Gliomas are the most common type of primary brain tumours, and in this group glioblastomas
(GBMs) are the higher-grade gliomas with fast progression and unfortunate prognosis. Two major aspects of
glioma biology that contributes to its awful prognosis are the formation of new blood vessels through the process
of angiogenesis and the invasion of glioma cells. Despite of advances, two-year survival for GBM patients with
optimal therapy is less than 30%. Even in those patients with low-grade gliomas, that imply a moderately good
prognosis, treatment is almost never curative. Recent studies have demonstrated the existence of a small fraction
of glioma cells with characteristics of neural stem cells which are able to grow in vitro forming neurospheres and
that can be isolated in vivo using surface markers such as CD133. The aim of this study was to define the
molecular signature of GBM cells expressing CD133 in comparison with non expressing CD133 cells. This molecular
classification could lead to the finding of new potential therapeutic targets for the rationale treatment of high
grade GBM.

Methods: Eight fresh, primary and non cultured GBMs were used in order to study the gene expression signatures
from its CD133 positive and negative populations isolated by FACS-sorting. Dataset was generated with Affymetrix
U133 Plus 2 arrays and analysed using the software of the Affymetrix Expression Console. In addition, genomic
analysis of these tumours was carried out by CGH arrays, FISH studies and MLPA;

Results: Gene expression analysis of CD133+ vs. CD133- cell population from each tumour showed that CD133+
cells presented common characteristics in all glioblastoma samples (up-regulation of genes involved in
angiogenesis, permeability and down-regulation of genes implicated in cell assembly, neural cell organization and
neurological disorders). Furthermore, unsupervised clustering of gene expression led us to distinguish between two
groups of samples: those discriminated by tumour location and, the most importantly, the group discriminated by
their proliferative potential;

Conclusions: Primary glioblastomas could be sub-classified according to the properties of their CD133+ cells. The
molecular characterization of these potential stem cell populations could be critical to find new therapeutic targets
and to develop an effective therapy for these tumours with very dismal prognosis.
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Background
The cancer relapse and mortality rate suggests that cur-
rent therapies do not eradicate all malignant cells. In
this sense, there is increasing evidence that many types
of cancer contain their own stem cells: cancer stem cells
(CSCs), which are characterized by their self-renewing
capacity and differentiation ability [1]. The study of hae-
matological disorders shed light on the relationship
between cancer and stem cell compartments, and the
mechanisms by which CSCs might appear and change
during the progression of the disease [2,3]. However, the
evidence for the existence of CSCs in solid tumours has
been more difficult to find because of the lack of speci-
fic cell surface markers. During the last years, different
cancer cell subpopulations from selected types of
human solid cancers have been identified (breast [4],
brain [5-7], colon or colo-rectal [8-10], head and neck
[11] and pancreatic cancer [12]). These authors, through
the use of cell culture, FACS and/or MACS methods,
have been able to identify different cell populations
within the tumour showing hallmarks of stem cells. This
stem cell potential, including self-renewal and lineage
capacity, was demonstrated by serial transplantation
experiments in animal models. Specifically, the investi-
gation of solid tumour stem cells has gained momentum
particularly in the area of gliomas, the most common
type of brain tumours. In this group, glioblastoma multi-
forme is the highest-grade glioma [GBM; grade IV] and
is manifested by morphological, genetic and phenotypic
heterogeneity [13-15]. Two major aspects of glioma biol-
ogy that contributes to its awful prognosis are the for-
mation of new blood vessels through the process of
angiogenesis and the invasion of glioma cells, the hall-
marks of GBM [16]. In addition, these abnormal blood
vessels have also been shown to create a vascular niche
that houses glioma stem cells [17].
Despite of the recent advances, two-year survival for

GBM patients with the most favourable treatment is
less than 30%. Even in those patients with low-grade
gliomas therapy is almost never curative. Recent studies
have confirmed the existence of a small portion of
glioma cells with characteristics of neural stem cells [1].
In general, this fraction is characterized by its neuro-
sphere-forming ability, its strikingly increased drug
resistance, and finally, by its ability to express surface
markers that are oftenly used for their FACS-based iso-
lation [5,6]. With the implantation during this last dec-
ade of the NS forming assay as a robust method for the
isolation of neural stem cells [18], it has become widely
accepted that adult mammalian brain harbours a pool
of NSCs responsible for the persistent neurogenesis,
seen in limited adult brain regions, such as the

sub-ventricular zone, olfactory bulb and hippocampal
dentate gyrus [19].
However, it should be borne in mind that the NS

assay is not the most suited source of primary adult
stem cells for transcriptomic analysis since cells are
selected based on its in vitro proliferation capacity in
the presence of cytokines and growth factors in their
cell cultures such as EGF and FGF.
At the end of twenty century, two independent labora-

tories could identify and isolate human central nervous
system stem cells using antibodies against CD133
[20,21]. This protein, named prominin, identifies a sub-
set of human foetal brain cells distinct to human hae-
matopoietic stem cells, which are also CD133+ but are
also CD34-bright [22]. This subset of human CD133+
fetal brain cells is capable of neurosphere initiation, self-
renewal, and multilineage differentiation at the single-
cell level [20]. The CD133+ cells can differentiate
in vitro to neurons and glial cells, and their transplanta-
tion into the lateral ventricles of newborn NOD-SCID
mouse brains resulted in specific engraftment in numer-
ous sites of the brain [20,21,23].
The CD133 marker is a five-transmembrane protein

which is expressed in different type of progenitors as
human fetal brain cells or human hematopoietic stem
cells [20-22]. In brain tumours the proportion of these
CD133+ cells represent a minority of the tumour cell
population and are also capable to initiate tumour for-
mation in vivo. Although it have also been reported that
a proportion of these tumours could be maintained by
CD133- cells [24], there are several evidences showing
how this small fraction of CSC which forming NS, can
also be isolated using CD133 as a selection marker [6].
In the present study, we have analysed thoroughly the

molecular signature of eight fresh primary GBMs focused
on its CD133 positive and negative cells. Importantly, all
tumours were studied before any treatment of the patient
and without previous tumour cell culturing. In addition
to the expression analysis of the FACS-sorted cells, we
have also performed genome-wide analysis by CGH-
arrays, FISH studies at PTEN and EGFR loci, and MLPA
at the MGMT promoter. The results obtained concluded
that the gene expression signature of CD133+ discrimi-
nate common genes to all samples involved in two main
characteristic pathways deregulated in GBMs, angiogen-
esis and invasiveness. However, CD133+ gene expression
profile also allowed distinguishing between two different
GBM subtypes in higher or lowering proliferative
tumours. The molecular biology and the expression sig-
nature of these CD133+ cells that drive and support the
tumour growth will shed light on the development of
fresh and specific treatment strategies.

Garcia et al. BMC Cancer 2010, 10:454
http://www.biomedcentral.com/1471-2407/10/454

Page 2 of 16



Methods
Samples, flow cytometry and sorting assays
Fresh tumours from eight patients affected of primary
GBM without any previous treatment were collected (clinic
and pathologic features are summarized in Table 1).
Patients’ diagnostic were confirmed by the Pathology Facil-
ity from the University Hospital of Salamanca, Spain. At
the surgical extraction moment, a vast proportion of each
tumour was processed to isolate the CD133+ and CD133-
cells without previous cell culture. Single-cell suspensions
were prepared from individual tumours by standard proce-
dures. We decided to undergo a mechanical disaggregation
of tumour samples due to the softness of brain samples,
avoiding enzymatic stress that could change the cell surface
and even their gene expression. Briefly, tumours were care-
fully sliced and forced through a 70 μm single-cell filter
into the Ca++/Mg++ free phosphate-buffered saline by
applying gentle pressure using the piston of a disposable
plastic syringe, All single-cells were used for staining. Cells
were immunophenotyped using human CD133/2 (293C3)
phycoerythrin conjugated antibody (MACS, Miltenyibio-
tec). Mature red cells were depleted by hypotonic lysis
solution (0.38% ammonium chloride for 15 minutes on ice)
before staining. Cells suspended in Ca++/Mg++ free phos-
phate-buffered saline supplemented with 1% fetal calf
serum were labelled with this antibody (approximately
1 μg/106 cells) for 30 minutes on ice. Cell fluorescence was
analyzed and sorted using the FACS Aria sorter (Becton
Dickinson, New Jersey, USA). CD133 antibody was tested
previously in human bone marrow (BM) cells in which
CD133 positive cells were described before (Figure 1). BM
cells were incubated with CD133 and CD34 antibodies
(Pharmingen), sustained in studies that demonstrate that
antibodies against CD133 also identified a subset of
CD34bright BM hematopoietic stem cells [22]. Cell viability
was assessed by propidium iodide exclusion (5 μg/mL;
Sigma) using flow cytometry.

Expression arrays
We studied a dataset generated with Affymetrix U133
Plus 2 arrays (Affymetrix, Santa Clara, CA, USA) in 8
gliomas. Results from this expression analysis have been
deposited at GEO [25] with accession number GSE18015.
Isolated cells (CD133+ and CD133- from each tumour)

using sorting methods were collected in separated vials
containing RNA Later (Qiagen, Chatsworth, CA, USA).
Total RNA was extracted from CD133+ and CD133-
sorted cells using Trizol (Invitrogen, Carlsbard, CA) mak-
ing a total of 16 samples (8 positives and 8 negatives).
The integrity of the RNA was confirmed with the Agilent
Bioanalyzer 2100 using the RNA 6000 Pico kit (Agilent).
We used the GeneChip® Expression 3’ Amplification
Two-Cycle Target Labelling kit (Affymetrix, Santa Clara, Ta
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CA, USA) to label the RNA following the manufacturer
protocol. The cRNA was hybridized to Affymetrix
Human U133 Plus 2 arrays according to the manufac-
turer protocol. Briefly, double-stranded cDNA was
synthesized routinely from less than 1 microgram of total
RNA primed with a poly-(dT) -T7 oligonucleotide. The
cDNA was used in an in vitro transcription reaction in
the presence of T7 RNA polymerase and biotin-labelled
modified nucleotides during 16 hours at 37°C. Biotiny-
lated cRNA was purified and then fragmented (35-200
nucleotides), together with hybridization controls and
hybridized to the microarrays for 16 h at 45°C. Using the
GeneChip Fluidics Station 450 (Affymetrix), the biotin-
labelled cRNA was revealed by successive reactions with
streptavidin R-phycoerythrin conjugate, biotinylated anti-
streptavidin antibody and streptavidin R-phycoerythrin
conjugate. The arrays were finally scanned in an Affyme-
trix GeneChip Scanner 7G Plus.
Preliminary data analysis was conducted using the

software of the Affymetrix Expression Console from
AGCC suite (Affymetrix GeneChip Command Console,
version 1.1) following the statistical procedures

described in the Affymetrix: Expression Console User
Guide, selecting the 3’ Expression Analysis guidelines
for MAS5 and PLIER algorithms in two independent
steps. MAS5 calculated the present call index for each
of the 54,675 probe sets on the chip (settings used were
standard for the HG U133 Plus 2 array: alpha1 = 0.04,
alpha2 = 0.06, Tau = 0.015, TGT = 500). This present
call index was used to select 245 probe sets having Pre-
sence index through the 16 analyzed samples. PLIER
algorithm was used to calculate the normalized expres-
sion values of the probe sets (using quantile normaliza-
tion and PM-MM background correction methods).
Statistical analysis and post-processing were performed
using TIBCO Spotfire 9.1 (TIBCO Software Inc., Palo
Alto CA, USA).
Multidimensional Scaling Analysis of CGH and Gene

Expression data for the eight samples was performed
using the multivariate statistics options of the Simfit
Package (Version: 6.1.10 © W. G. Bardsley, University of
Manchester, http://www.simfit.man.ac.uk/).
Network analysis was performed mapping the results

on the IPA 8 knowledge database (Ingenuity Pathway
Analysis).

CGH array
DNA from each fresh-frozen sample was extracted with
the standard phenol-chloroform method and normal
DNA was prepared from human placenta of healthy
donors. DNAs were quantified using the Nanodrop spec-
trophotometer. DNA quality was assessed by the 260:280
ratio and its integrity by agarose gel ethidium bromide
visualization. Genomic-wide analysis of DNA copy num-
ber in each patient was performed using CGH based array.
Due to the low proportion of CD133 positive cells in each
tumour sample, CGH array only was performed using
genomic DNA from the bulk tumour. Slides containing
3296 BACs were produced in “Centro de Investigación del
Cáncer” (Salamanca, Spain). The particular bacterial artifi-
cial chromosome (BAC) and P-1 derived artificial chromo-
some set used to produce this array is distributed to
academic institutions by the Welcome Trust Sanger Insti-
tute (Cambridge, United Kingdom) and contains targets
spaced at ≈ 1 Mb density over full genome, a set of subte-
lomeric sequences for each chromosome arm and a few
hundred of probes selected for their involvement in onco-
genesis. The clone content is available in the “Cytoview”
windows of the Sanger Institute mapping database site,
Ensembl (http://www.ensembl.org/). According to this
database, clones were ordered along the chromosomes.
For the array, 10 simultaneous hybridizations of normal
male versus normal female and placenta (DNA reference)
was performed to define the normal variation for the log2
ratio. Cy5/Cy3 intensity ratios of every spot were con-
verted into log2 ratios. The log2 ratio of each clone was

Figure 1 FACS sorting of glioblastoma cells using CD133 and
CD34 antibodies. Control samples from human bone marrows
incubated with CD133 antibody. 1: Total cellularity; 2: Gate CD34
without CD133-PE; 3: Gate CD34 with CD133-PE.
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normalized to the median log2 ratio of the ten control
hybridizations, after which the median of triplicate spots
was calculated. Data from two-colour hybridizations for
both DNA were normalized using the corresponding
GEPAS module DNMAD [26]. Regions of copy number
gained and lost for the BAC array-CGH data were identi-
fied by creating sample specific thresholds. Reference copy
number polymorphisms were carefully revised in all data
sets. Therefore every clone on the array was compared
with ‘Database of Genomic Variants’ (http://projects.tcag.
ca/variation/) [27,28]. For unsupervised clustering analysis,
we converted the relative ratio value for each BAC clone
to a score of 1 (gained/amplified), 0 (no change), or -1
(lost) based data obtain by the binary segmentation
method described by Olshen et al. [29] and analyzed data
with Cluster and TreeView of GEPAS (Multi Experiment
Viewer 4.0) based on the average linkage method with the
Pearson uncentered metric correlation. Statistical evalua-
tion was carried out using the SPSS 15.0 statistical soft-
ware (Chicago, Illinois, USA). All P-values reported were
two-sided and statistical significance was defined as
P-values < 0.05. Complementary details on this method
are summarised in Additional file 1.

Fluorescence in situ hybridization
Dual-probe fluorescence in situ analysis were performed
with locus-specific probes for centromere 7/EGFR gene
and centromere 10/PTEN gene (Vysis, Dowerners
Grove, IL). FISH studies were carried out following
well-established methods [30]. Polysomies (chromoso-
mal gains) were defined as more than 10% of nuclei
containing three or more CEP signals. Specimens were
considered to have an amplification of EFGR when
more than 10% of CD133 negative tumour cells exhib-
ited an EGFR/CEP7 ratio >2 or inestimable tight clusters
of signals of the locus probe.

Real-Time PCR
CD133+ and CD133- amplified RNA samples were
reverse-transcribed to cDNA. PCR reactions were per-
formed using equal amounts of cDNA as template. SYBR
Green PCR Master mix (Applied Biosystems, USA) was
used for template amplification using standard protocol
with specific primers for each of the transcripts examined
[Additional file 2: Supplemental Table S1]. Incorporation
of the SYBR Green dye into PCR products was moni-
tored in real time with an ABI PRISM 7000 sequence
detection system (Applied Biosystems). SDS system soft-
ware was used to convert the fluorescent data into
threshold cycle (Ct) at which exponential amplification of
products begins. The differences in the Ct values (dCt)
between the transcript of interest and endogenous con-
trol (GAPDH) were used to determine the relative
expression of the gene in each, adapted from [31]. qPCR

was performed using specific primers to corroborate
expression array result for several genes of those 245 pre-
sented probes [Additional file 3: Supplemental Figure S1].

MS-MLPA analysis
MLPA analysis was performed using SALSA MLPA Kit
ME011 and executed as described by the manufacturer
(MRC-Holland) with minor modifications in order to
detect MGMT promoter methylation. Briefly, 5 μl of
each tumour DNA was denatured and subsequently
cooled down to 25°C. After addition of the probe mix,
the sample was denatured and probes were allowed to
hybridize. Sample was ligated with or without HhaI
digestion, resulting in ligation of the only digested
sequences. PCR amplification was performed using as
template both ligation products (50 μl PCR volume con-
taining 10 μl of the ligation reaction). Agarose gel elec-
trophoresis was used to check MLPA efficiency. Then,
PCR reaction fragments were separated by capillary gel
electrophoresis (ABI 3739, Applied Biosystems) and
quantified using the Genemapper software (Applied Bio-
systems). MS-MLPA processing was performed using
Coffalyser analysis tool developed at MRC-Holland
(http://www.mlpa.com) and performed as described by
Jeuken et al [32].

Results
Patients with higher number of CD133+ cells could
present resistance to the treatment
In order to check the functionality of the CD133 anti-
body and the FACS, we firstly tested the methodology
in a human bone marrow sample. In normal conditions,
CD133 antibody also identifies a subset of bone marrow
stem cells, which are also CD34 positives. Figure 1
shows how CD133 antibody identifies a pool of well-
defined human CD133+/CD34+ cells. Using the same
procedure, we sorted the CD133 positive population
from each fresh GBM sample without previous cell cul-
ture (Figure 2). Table 1 shows the absolute number and
percentage of CD133+ cells obtained from each sample
as well as clinical-biological parameters of each patient.
It is interesting to note that only those two patients
with higher number of CD133+ cells (more than 10000
cells) did not response to the chemotherapy. Interest-
ingly this correlation, high CD133+ cell number and
resistance to therapy, has also been observed in patients
and in GBM cultured cells [33-35] which further vali-
date our approach.

EGFR, PTEN and MGMT genes are altered in the GBM
primary samples
The implication of different genetic alterations in the prog-
nosis of primary glioblastoma such as EGFR amplification,
PTEN deletion or MGMT promoter methylation has been
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previously described. As EGFR, PTEN and MGMT genes
are usually altered in primary GBMs, we decided to corro-
borate the primary nature of our samples by checking for
the existence of these alterations in the bulk tumour cell
population of GBMs by FISH analysis and MLPA assay.
EGFR amplifications were detected in 3 of 8 samples and
PTEN deletions in 6 of 8 samples. Additionally, we also
detected MGMT promoter methylation but none of these
variables were significantly related to the biological features
of the patients (see Table 1 and Figure 3B). It is important
to remark that the number of cases studied is probably too
low to find this kind of correlation.

Common genomic imbalances identify patients with
higher number of CD133+ cells without treatment
response
In addition to the expression studies, we analyzed the
genomic profile by CGH in the bulk tumours. All P-
values reported were two-sided and statistical signifi-
cance was defined as P-values < 0.05. In more than 50%

of cases the gains affected to chromosomal regions
located at 1q31-q42, 3q25, 4p15, 6p21-6q23, 7p21, 7q21,
9p21, 9q22, 11q22, 12q21 and 18q12. The losses were
located on regions at 1p36, 1p13, 2p23, 5p15, 10q24.16,
12q13, 13q14, and 17p were also affected on more than
50% of cases [Additional file 4: Supplemental table S2].
Two major genetic groups emerge from the unsuper-
vised clustering of CGH data (Figure 3A). Significantly,
the only two cases with higher number of CD133+ cells
and without treatment response, samples G4 and G11,
grouped together. This cluster was characterized with
common genomic rearrangements with gains on
3p21.31, 6p21, 6q25, 7p14.2, 9q22, 15q11, 20q13 and
22q13 chromosomes.

CD133+ vs. CD133- gene expression analysis divided
GBMs in 2 different groups
Although the number of samples is not very large, the
main feature that distinguishes this work from previous
studies [36,37] resides on the ex-vivo study of GBM cells

Figure 2 FACS sorting of GBM cells using CD133 antibody. Dot plot representation of CD133+ and CD133- populations in GBM tumour
samples are shown. CD133+ population is painted in red and CD133- population in green. Percentage of each population is marked (green for
CD133- and red for CD133+ percentage). Tumour sample is illustrated in the upper side of each plot.
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that were analysed. Using direct sorting of CD133+ cells
without previous cell culture led us to obtain a bona fide
primary pool of CD133+ cells. Even when these cells repre-
sent a low percentage in the number of tumour cells, as in
a normal tissue, we were able to isolate and amplify their
RNA (by two rounds of amplification) in order to study
their gene expression signature in comparison to its coun-
terpart population of CD133- from the same GBM tumour.
Data normalized from preliminary analysis was used to

calculate only those probe sets that were present
(as described in the MAS5 algorithm) in all the samples
(16 arrays from 8 GBM; hybridization per cell popula-
tion). Results from this expression analysis have been
deposited at GEO [25] with accession number GSE18015.
A final list of 245 probe sets was obtained according

to these parameters. Initially, unsupervised clustering of
245 gene list using GEPAS Release v3.1 software (http://
gepas3.bioinfo.cipf.es/) allowed us to examine the first
classification of these GBMs. Importantly, GBM samples
were ordered in two main groups (Figure 4). Samples
G9 and G11 were grouped together and apart from the
rest. However, their only common biological characteris-
tic was their tumour location. G9 and G11 presented a
parietal location versus the temporal or local locations
presented by the remaining tumours (Table 1).

Commonly up-regulated and down-regulated genes in
CD133+ GBMs
Following the initial classification proposed by SOTArray
of GEPAS, we were able to discriminate a minor group of
genes commonly up (19 genes) and down-regulated
(22 genes) in all samples (CD133+/CD133-) (Tables 2
and 3). Common up-regulation of genes such as
COL1A1, COL1A2, PGF, LRRFIP1, TMEFF2 or TGFB1

Figure 3 CGH array and MGMT promoter methylation assays in
GBM samples. A) Unsupervised cluster analysis of CGH data from 8
primary GBMs. Each column represents one case and each row
represents one BAC clone. We assigned values of 1, 0 and -1 for
gain, no change and loss, respectively. Losses are in green and
gains in red. P-values < 0.05. B) Ideogram showing MGMT promoter
methylation.

Figure 4 Unsupervised clustering of CD133+ cells vs. CD133-
cell gene expression signature from each tumour sample show
2 main GBM groups. To molecularly characterize glioblastoma
stem cells of GBM tumours, we compared the gene expression
profiles of purified CD133+ cells from GBM patients versus CD133-
cells from each patient. Each gene (identified at right) is
represented by a single row of coloured boxes; each patient is
represented by one single column. Data are displayed by a colour
code where red indicates over-expression in CD133+ fraction versus
CD133-cells. A group of genes over-expressed for almost all samples
are grouped in the bottom. SOTArray tool from GEPAS Release v3.1,
let us to classify CD133+ vs. CD133- cells from each tumour in 2
mainly groups: G9, G11 and the rest.
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suggested an important role of this pool of cells in blood
vessel formation, angiogenesis, permeability and prolif-
eration pathways, essentials functions in tumour progres-
sion [38-40] (Figure 5). On the other hand, the group of
genes commonly down-regulated in all CD133+ vs.
CD133- cells (that means, over-expressed in the CD133-

compartment) were strikingly related to cell assembly,
neural cell organization and molecular pathways altered
in neurological disorders. That is the case of, GNB2L1,
DPYSL2, TUBA1A or CFL1, all of them important players
in cell migration, morphology and actin polymerization,
in brief, motility of neural differentiated cells (Figure 6).

Table 2 Common up-regulated genes in CD133+ vs.CD133- GBM cells

Gene symbol Gene name Probe set

COL1A1 Collagen, type I, alpha 1 1556499_s_at

TGFBI Transforming growth factor, beta-induced, 68 kDa 201506_at

C10orf104 Chromosome 10 open reading frame 104 224667_x_at

UACA Uveal autoantigen with coiled-coil domains and ankyrin repeats 236715_x_at

C14orf153 Chromosome 14 open reading frame 153 232814_x_at

OCIAD1 OCIA domain containing 1 239748_x_at

CMBL Carboxymethylenebutenolidase homolog (Pseudomonas) 234981_x_at

PDE4C Phosphodiesterase 4C, cAMP-specific (phosphodiesterase E1 dunce homolog, Drosophila) 206792_x_at

DBT Dihydrolipoamide branched chain transacylase E2 205370_x_at

LRRFIP1 Leucine rich repeat (in FLII) interacting protein 1 211452_x_at

PRR11 Proline rich 11 219392_x_at

PGF Placental growth factor, vascular endothelial growth factor-related protein 215179_x_at

ZNF160 Zinc finger protein 160 214715_x_at

SEPP1 Selenoprotein P, plasma, 1 237475_x_at

OPHN1 Oligophrenin 1 206323_x_at

COL1A2 Collagen, type I, alpha 2 202403_s_at

FLJ45803 FLJ45803 protein 238701_x_at

TMEFF2 Transmembrane protein with EGF-like and two follistatin-like domains 2 224321_at

SRGN Serglycin 201859_at

Table 3 Common down-regulated genes in CD133+ vs.CD133- GBM cells

Gene symbol Gene name Probe set

HNRPA3 Heterogeneous nuclear ribonucleoprotein A3 1555653_at

ATP13A5 ATPase type 13A5 1553567_s_at

IQWD1 IQ motif and WD repeats 1 224373_s_at; 224372_at

TUBA1A Tubulin, alpha 1a 209118_s_at

DPYSL2 Dihydropyrimidinase-like 2 200762_at

RAB13 RAB13, member RAS oncogene family 202252_at

MATR3 Matrin 3 214363_s_at

DSTN Destrin (actin depolymerizing factor) 201022_s_at

LDHB Lactate dehydrogenase B 213564_x_at

UBC Ubiquitin C 211296_x_at

CFL1 Cofilin 1 (non-muscle) 200021_at

LOC729548 Similar to ribosomal protein S2 203107_x_at

GAPDH Glyceraldehyde-3-phosphate dehydrogenase 213453_x_at; 212581_x_at; 217398_x_at

LOC388076 Similar to ribosomal protein S8 200858_s_at

RPS19 Ribosomal protein S19 202649_x_at; 213414_s_at

TUT1 Terminal uridylyl transferase 1, U6 snRNA-specific 200689_x_at; 211345_x_at; 211927_x_at

RPSAP15 Ribosomal protein SA pseudogene 15 213801_x_at

LOC390860 Similar to 60S acidic ribosomal protein P0 (L10E) 211720_x_at; 208856_x_at; 201033_x_at

DDX17 DEAD (Asp-Glu-Ala-Asp) box polypeptide 17 208718_at

RPL13A Ribosomal protein L13a 212790_x_at

GNB2L1 Guanine nucleotide binding protein (G protein), beta polypeptide 2-like 1 200651_at

LOC390861 Similar to cytoplasmic beta-actin 200801_x_at
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Two different GBM groups can be functionally defined
according to the expression pattern of 40 genes
The major group of genes discriminated by the SOTArray
of GEPAS presented a differential gene expression pattern
in two of the eight CD133+ vs. CD133- GBM samples, G4
and G7, in contrast to the remaining cases. In this group,
we found out a cluster of genes clearly over-expressed in
some of CD133+ vs. CD133- GBM samples (G4 and G7)
but repressed in the rest. Specifically, a group of 40 well-

defined genes, classified according to their function, were
able to distinguish between 2 different GBM signatures
(Figure 7) revealing the possible different proliferative
potential in high grade GBM tumours (VIM, GLUL, PLK1,
HUWE1, RPS4X...) (Figure 8 and Table 4).

Discussion
Glioblastomas are the higher-grade gliomas with fast
progression and unfortunate prognosis. Recent studies

Figure 5 Commonly CD133+ cell up-regulated genes participate in angiogenesis, tumour development and neural developmental
disorders. Ingenuity representation and classification by functions of those common up-regulated genes in all CD133+ vs. CD133- cell GBM
samples. Red colour genes are the most positive deregulated and grey one those with a lower over-expression levels in this group. The first
cluster of genes (COL1A1, COL1A2, TGFB1...) has been described largely in angiogenesis and permeability whereas the second cluster (LRRFIP1 and
OPHN1) participates in developmental disorders. Changing transcription pattern of all of them favour tumour development.
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have demonstrated in these tumours the existence of a
small fraction of cancer cells endowed with features of
primitive neural progenitor. Although some observations
pointed out towards the involvement of CD133- cells in
tumour maintenance [24], several studies have involved
the CD133+ cells as the brain tumour initiating cell
[6,41,42]. In any case, studies performed in order to
characterize the glioblastoma stem cell have been car-
ried out using in vitro, cultured tumour cells. While
these cultured cells present the capacity to form NS,
essential pathways in cell/tumour biology could likely be

altered as a direct consequence of the cell culturing
such as cell-cell adhesion, cell-niche junctions, exposure
to mitogen activation, rapid division of the cells etc.
To gain insight into the characterization of these cells,

we examined directly for the first time CD133+ cells by
FACS-based purification from ex-vivo primary tumours
without the intervention of cell culturing or any prior
expansion procedure.
Despite that the cohort of tumours analysed was not

very large, we could find a correlation among clinical
history, response to treatment and genomic alterations

Figure 6 Common CD133+ cell down-regulated genes are involved in cell assembly organization and cancer. Ingenuity representation
and classification by functions of those commonly down-regulated genes in all CD133+ vs. CD133- cell GBM samples. Green colour represents
those genes differentially regulated in CD133+ vs. CD133- that participates in cell assembly, migration and cancer pathways.
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in two samples (G4 and G11). Both of these tumours
showed the highest content of CD133+ cells, the lack of
response to treatment and similar chromosomal altera-
tions (multidimensional scaling analysis reflected rela-
tionship among these parameters). However, this
correlation was not further supported by transcription
profiling of CD133+ and CD133- cells. Indeed, non-
supervised analysis of CD133+ vs. CD133- gene expres-
sion (Figure 4) showed that only G9 and G11 samples
were grouped together and apart from the rest, being
the tumour location the only biological feature able to
distinguish them (see Table 1). Despite of this low num-
ber of samples, multidimensional scaling analysis estab-
lished again a relationship between G9/G11 tumour
location and their gene expression.
To understand the biological properties of the CD133+

compartment, we sought to identify common gene signa-
ture by the comparison of CD133+ vs. CD133- cell popu-
lations. This array-based analysis led us to the
identification of gene profiles with common up-regulated
and down-regulated genes. Up-regulated genes such as
COL1A1, COL1A2, PGF [38] or TGFB1 [43], suggested an
important role of these compartment in blood vessel for-
mation, angiogenesis, permeability and invasiveness, essen-
tial functions in tumour progression [38-40]. Significantly,
most of these up-regulated genes encoded secreted pro-
teins involved in autocrine and paracrine signalling, like
TGFBI, a pleiotropic cytokine that, among other functions,
can induce the dissociation of VE-cadherin junctions
between endothelial cells which could favour mature
tumour or GBM cells migration [43]. Up-regulation of
these genes in putative CD133+ stem cells would help to
increase the mobility of cancer stem cells through the
brain, which is consistent with the high invasive character-
istics of these tumours and their high possibility to colo-
nize the adjacent area. It is also worthy to mention in this
same regard, the importance of the microenvironment in
the stem cell/cancer stem cell maintenance, as has recently
been pointed out with the identification of the perivascular
niche in grade I-IV astrocytomas [44]. Several evidences
suggest that normal neural stem cells, and likely also
neural cancer stem cells, exist within protective niches as
the vascular niches, into which endothelial cells secrete
factors that regulate neural stem cell function [45,46]. This
raises the question of whether CSCs could be located and
regulated by these microenvironments. Calabrese et al.
proposed that the tumour microvasculature generates spe-
cific niche microenvironments promoting the mainte-
nance of CSCs [47]. Recent studies using orthotopic
glioblastoma xenografts suggest that CSCs secrete proan-
giogenic factors that promote the recruitment and forma-
tion of tumour blood vessels [48] that significantly
facilitates brain tumour growth and invasion. Our gene

expression findings in ex-vivo CD133+ isolated cells clearly
support this result.
High expression in the CD133+ compartment of genes

such as LRRFIP1, transcriptional repressor of EGFR [49],
would support the idea of EGFR gene as a secondary
event in the process of GBM development by promoting
infiltration and mediating resistance to therapy. In this
same scenario, the positive regulation of the tumour
suppressor gene TMEFF2 [50] in the potential CD133+
stem cell compartment in these GBMs, could also oper-
ate as a late event in the initiation of neoplastic progres-
sion. In fact, low levels of TMEFF2 and other genes
responsible for tissue or cell assembly in the CD133-
compartment would promote the down-regulation of
cell to cell interactions and junctions, providing a mole-
cular mechanism for the highly invasive nature of the
GBM.
The second group of genes, commonly down-regu-

lated in all CD133+ vs. CD133- cell from human ex-vivo
GBM samples (that means, over-expressed in the
CD133- compartment) were found to be associated to
cell assembly, neural cell organization and neurological
disorders. That is the case of genes such as GNB2L1, an
anchor protein involved in adhesion and migration of
human glioma cells [51], DPYSL2, a promoter of micro-
tubule assembly and neuronal development [52],
TUBA1A [53] or CFL, which controls cell migration and
cell cycle progression [54,55]. This group of genes plays
important roles in cell migration, cell polarity and actin
polymerization (Figure 6). In this same oncogenic sce-
nario, it would be interesting to mention the deregulated
expression of HIF-1 gene. This gene which is down-
regulated in most of the CD133+ samples analysed, is
involved in tumour angiogenesis and cell growth [56],
and could play some role in the later events that drive
tumour progression. In this regard, recent studies have
demonstrated that HIF-1 protein stabilization contribute
to tumour angiogenesis, one of the main characteristics
of primary GBMs [16]. Mutations in metabolic enzymes,
in particular isocitrate dehydrogenase enzymes (IDH1
and IDH2), have been shown to be involved in glioma
development and would facilitate HIF-1 protein stabili-
zation [57,58]. The negative deregulation of the HIF-1
gene that we have observed in most ex-vivo CD133+
cells in this work, also support this idea.
A notable feature of the gene expression pattern of

CD133+ cells was the differential expression of 40 genes
that divide GBM samples in two opposite molecular sig-
natures. The classification of these 40 genes according
to their function (Figure 8 and Table 4) pointed to their
implication in cell growth, cell death, DNA replication,
recombination and, definitively, in cell proliferative con-
trol. Amongst these genes we wanted to emphasize the
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differential expression of the gene coding for vimentin
(VIM), an intermediate filament of the mesenchymal
lineage involved in migration, cell signalling, cancer and
neurological disease [59,60]. Some other genes differen-
tially expressed in this pool of cells CD133+ and also
involved in cancer and neurological disease are RPS4X,
RPS3A or TUBA1B (Table 4). Another relevant member

of the top 40 list of genes was HUWE1, a pleitropic
ubiquitin ligase that participates in a wide variety of bio-
logical functions related to cell proliferation such as cell
growth/death, and DNA replication, and that has been
described to be deregulated in different carcinomas [61]
(see Figure 8 and Table 4). Interestingly, this deregu-
lated gene has also been reported to be an important

Figure 7 Forty differential genes in G4 and G7 samples discriminate between high or low proliferative potential. Unsupervised
clustering and ingenuity pathways representation of 40 differentially expressed genes. A) Unsupervised clustering of this 40 gene list let us to
distinguish 2 well defined and opposite groups. Ingenuity principal represented pathways include B) recombination and repair pathways and C)
cancer and cell compromise. Those GBMs with a positive pattern CD133+/CD133- for this gene expression signature, could present a higher
proliferative potential of their tumour stem cells or, by the opposite, a lower proliferative potential of the mature glioma cells.
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control gene for the proliferation capacity of embryonic
NSC in the mice [62]. GLUL encodes the glutamine
synthetase, a metabolic enzyme required for the mainte-
nance of the energy balance and that when mutated

causes severe malformations and neonatal death [63].
Finally, PLK1, the mitotic kinase par excellence, modu-
lates mitosis entry and promotes cell transformation
upon upregulation as an oncogene [64-66]. These

Figure 8 Forty differentially expressed genes in ex-vivo CD133+/CD133- GBM cells classify these tumours according to their functional
categories. Ingenuity functional classification of 40 differentially expressed genes in primary GBMs discriminate two main groups of GBM
according to their proliferative potential.

Table 4 Functional classification of 40 differentially expressed genes in CD133+ vs.CD133- GBM samples

CATEGORY P-VALUE MOLECULES

Protein Synthesis 1,14E-10-
1,14E-10

EIF2AK4, RPL22, RPS4X, RPS3A, RPL27A, RPL7A, RPL39, RPL23A, RPL41, RPL7

Cancer 1,17E-04-
4,38E-02

HUWE1, TRA2B, VIM, PLK1, TUBA1B, ACTG1, RPL7, TPT1, RPS4X, RPS3A, H3F3A, RPS16, GLUL,
HSP90AA1, CLEC2D

Cellular Growth and Proliferation 1,94E-03-
2,89E-02

HUWE1, PLK1, RPL23A

Cell Death 1,99E-03-
3,52E-02

HUWE1, RPS3A, HSP90AA1, VIM, PLK1

Cell Morphology 1,99E-03-
2,36E-02

VIM

Cellular Assembly and Organization 1,99E-03-
3,71E-02

VIM, PLK1, ACTG1, RPL7

DNA Replication, Recombination, and
Repair

1,99E-03-
3,71E-02

HUWE1, VIM, PLK1

Cell-To-Cell Signalling and Interaction 3,97E-03-9,9E-
03

VIM

Cellular Function and Maintenance 5,49E-03-
2,94E-02

EIF2AK4, HSP90AA1, VIM, ACTG1

Cellular Development 5,95E-03-
1,97E-02

EIF2AK4, HSP90AA1, VIM

Neurological Disease 9,02E-03-
4,28E-02

TPT1, RPS4X, RPS3A, RPL39, VIM, ACTG1, NSMAF, TUBA1B, CALM2

Skeletal and Muscular Disorders 9,02E-03-
9,02E-03

TPT1, RPS4X, RPS3A, VIM, TUBA1B

Cellular Movement 1,38E-02-
1,38E-02

VIM

Gene Expression 2,36E-02-
3,13E-02

PABPC1, PLK1
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differentially regulated molecules must be playing pivo-
tal roles in keeping the tumour cells in a switch-on state
that enables them to survive, proliferate and invade the
surrounding healthy tissue.
In brief, the results obtained in this study revealed the

presence in CD133+ cells from primary glioblastoma of
a common gene expression signature involved princi-
pally in the promotion of proangiogenic and invasive
programs. Additionally, CD133+ gene expression pattern
led us to discriminate between two different GBM sub-
types in higher or lower proliferative tumours. The
molecular biology and the expression signature of these
CD133+ cells that drive and support the tumour growth
will shed light on the development of new treatments to
fight against GBMs.

Conclusions
Ex-vivo analysis of CD133+ primary GBM cells has dri-
ven us to the valid detection of a common gene expres-
sion profile among GBMs principally characterized by
the expression of genes involved in blood vessel forma-
tion, angiogenesis and invasiveness, the main aspects of
glioma biology that contributes to its adverse prognosis.
Besides, data obtained from the analysis of a group of
40 genes differentially expressed in GBM samples sug-
gest that primary GBM can be sub-classified according
to the properties of their CD133+ cells. Differences
between both groups were provided by the proliferative
potential of their CD133+ population (potential tumour
stem cells). We can conclude that molecular characteri-
zation of CD133+ population in primary GBMs could
be critical in the development of new and effective treat-
ments for these tumours with very dismal prognosis.

Additional material

Additional file 1: Complementary details on CGH array method.
Complementary details of the CGH methodology in GBM tumours.

Additional file 2: qPCR Primer Sets. Set of primers carefully designed
to test mRNA expression in CD133+ and CD133- cells by SYBR Green
real-time PCR.

Additional file 3: qPCR validation of gene candidates differentially
expressed in Affymetrix arrays. Relative expression of six gene
candidates differentially expressed between CD133+ cells and CD133-
cells from four representative groups of samples is shown. Names of
transcripts analyzed are on the x-axis and the CD133+/CD133- mean fold
differential regulation is on the y-axis.

Additional file 4: CGH-array data set. Chromosomal gains and losses
from tumour bulk cells of GBM patients are shown in this table. Each
column shows the median of Cy5/Cy3 ratio intensity of triplicate spots of
each clone normalized by GEPAS.

Abbreviations
GBM: Glioblastoma multiforme; FACS: Fluorescent activated cell sorting; CGH:
Compared genomic hybridization; FISH: Fluorescence in situ hybridization;
MLPA: multiplex ligation-dependent probe amplification; CSCs: Cancer stem

cells; MACS: Magnetic activated cell sorting; NS: Neurospheres; NSCs: Neural
stem cells; BM: bone marrow; BAC: bacterial artificial chromosome.

Acknowledgements
We are grateful to Dr. Alberto Pendas for continuous and generous help
with the writing of the manuscript. We thank Dr. I. Sanchez-Garcia for his
support. We thank Dr. M. Luz Sanchez and Dr. J.M. Martin Fernandez for
continuous and generous help with the human tumour cell sorting and
technical assistance. Research in my group is supported by Ramon y Cajal
Scientific Spanish Program, Junta de Castilla y León (SAN673/SA09/08)
(SA093A08), and Department of Medicine from University of Salamanca. Dr.
JL Garcia is supported by IESCyL foundation.

Author details
1Instituto de Estudios de Salud de Castilla y León (IESCyL), Spain. 2IBMCC,
Centro de Investigación del Cáncer (USAL/CSIC), Salamanca. 3OncoStem
Pharma S.L, Spain. 4Department of Neurosurgery, Hospital Universitario de
Salamanca, Spain. 5Department of Pathology, Hospital Universitario de
Salamanca, Spain. 6Department of Haematology, Hospital Universitario de
Salamanca, Spain. 7Department of Medicine, University of Salamanca, Spain.
8Genetically Engineered Mouse Facility, SEA, University of Salamanca, Spain.

Authors’ contributions
JLG participated carrying out CGH, FISH and methylation studies. MPC
carried out qPCR assays, analysis and interpretation of array data and has
been involved in drafting the manuscript. JAGM provided GBM samples and
clinical data from patients. FGR carried out gene expression assays and
performed gene expression analysis. JO, OB and MS contributed to
anatomy-pathological diagnosis of GBM samples. JMHR and RGS have been
involved in revising it critically for important intellectual content. MSM
conceived of the study, its design, coordination and has been involved in
drafting the manuscript. All authors read and approved the final manuscript.

Competing interests
The authors declare that they have no competing interests.

Received: 9 March 2010 Accepted: 24 August 2010
Published: 24 August 2010

References
1. Sanchez-Martin M: Brain tumour stem cells: implications for cancer

therapy and regenerative medicine. Curr Stem Cell Res Ther 2008,
3(3):197-207.

2. Perez-Losada J, Gutierrez-Cianca N, Sanchez-Garcia I: Philadelphia-positive
B-cell acute lymphoblastic leukemia is initiated in an uncommitted
progenitor cell. Leuk Lymphoma 2001, 42(4):569-576.

3. Perez-Caro M, Gutierrez-Cianca N, Gonzalez-Herrero I, Lopez-Hernandez I,
Flores T, Orfao A, Sanchez-Martin M, Gutierrez-Adan A, Pintado B, Sanchez-
Garcia I: Sustained leukaemic phenotype after inactivation of BCR-
ABLp190 in mice. Oncogene 2007, 26(12):1702-1713.

4. Al-Hajj M, Wicha MS, Benito-Hernandez A, Morrison SJ, Clarke MF:
Prospective identification of tumorigenic breast cancer cells. Proc Natl
Acad Sci USA 2003, 100(7):3983-3988.

5. Singh SK, Clarke ID, Terasaki M, Bonn VE, Hawkins C, Squire J, Dirks PB:
Identification of a cancer stem cell in human brain tumors. Cancer
research 2003, 63(18):5821-5828.

6. Singh SK, Hawkins C, Clarke ID, Squire JA, Bayani J, Hide T, Henkelman RM,
Cusimano MD, Dirks PB: Identification of human brain tumour initiating
cells. Nature 2004, 432(7015):396-401.

7. Galli R, Binda E, Orfanelli U, Cipelletti B, Gritti A, De Vitis S, Fiocco R,
Foroni C, Dimeco F, Vescovi A: Isolation and characterization of
tumorigenic, stem-like neural precursors from human glioblastoma.
Cancer research 2004, 64(19):7011-7021.

8. Dalerba P, Dylla SJ, Park IK, Liu R, Wang X, Cho RW, Hoey T, Gurney A,
Huang EH, Simeone DM, et al: Phenotypic characterization of human
colorectal cancer stem cells. Proc Natl Acad Sci USA 2007,
104(24):10158-10163.

9. O’Brien CA, Pollett A, Gallinger S, Dick JE: A human colon cancer cell
capable of initiating tumour growth in immunodeficient mice. Nature
2007, 445(7123):106-110.

Garcia et al. BMC Cancer 2010, 10:454
http://www.biomedcentral.com/1471-2407/10/454

Page 14 of 16

http://www.biomedcentral.com/content/supplementary/1471-2407-10-454-S1.DOC
http://www.biomedcentral.com/content/supplementary/1471-2407-10-454-S2.XLS
http://www.biomedcentral.com/content/supplementary/1471-2407-10-454-S3.PDF
http://www.biomedcentral.com/content/supplementary/1471-2407-10-454-S4.XLS
http://www.ncbi.nlm.nih.gov/pubmed/18782002?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18782002?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11697484?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11697484?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11697484?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16983340?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16983340?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12629218?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/14522905?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15549107?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15549107?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15466194?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15466194?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17548814?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17548814?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17122772?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17122772?dopt=Abstract


10. Ricci-Vitiani L, Lombardi DG, Pilozzi E, Biffoni M, Todaro M, Peschle C, De
Maria R: Identification and expansion of human colon-cancer-initiating
cells. Nature 2007, 445(7123):111-115.

11. Prince ME, Sivanandan R, Kaczorowski A, Wolf GT, Kaplan MJ, Dalerba P,
Weissman IL, Clarke MF, Ailles LE: Identification of a subpopulation of cells
with cancer stem cell properties in head and neck squamous cell
carcinoma. Proc Natl Acad Sci USA 2007, 104(3):973-978.

12. Li C, Heidt DG, Dalerba P, Burant CF, Zhang L, Adsay V, Wicha M, Clarke MF,
Simeone DM: Identification of pancreatic cancer stem cells. Cancer
research 2007, 67(3):1030-1037.

13. Louis DN, Ohgaki H, Wiestler OD, Cavenee WK, Burger PC, Jouvet A,
Scheithauer BW, Kleihues P: The 2007 WHO classification of tumours of
the central nervous system. Acta Neuropathol (Berl) 2007, 114(2):97-109.

14. Li A, Walling J, Ahn S, Kotliarov Y, Su Q, Quezado M, Oberholtzer JC, Park J,
Zenklusen JC, Fine HA: Unsupervised analysis of transcriptomic profiles
reveals six glioma subtypes. Cancer research 2009, 69(5):2091-2099.

15. Miller CR, Perry A: Glioblastoma. Arch Pathol Lab Med 2007, 131(3):397-406.
16. Tate MC, Aghi MK: Biology of Angiogenesis and Invasion in Glioma.

Neurotherapeutics 2009, 6(3):447-457.
17. Gilbertson RJ, Rich JN: Making a tumour’s bed: glioblastoma stem cells

and the vascular niche. Nat Rev Cancer 2007, 7(10):733-736.
18. Reynolds BA, Rietze RL: Neural stem cells and neurospheres–re-evaluating

the relationship. Nat Methods 2005, 2(5):333-336.
19. Pevny L, Rao MS: The stem-cell menagerie. Trends in neurosciences 2003,

26(7):351-359.
20. Morrison SJ, White PM, Zock C, Anderson DJ: Prospective identification,

isolation by flow cytometry, and in vivo self-renewal of multipotent
mammalian neural crest stem cells. Cell 1999, 96(5):737-749.

21. Uchida N, Buck DW, He D, Reitsma MJ, Masek M, Phan TV, Tsukamoto AS,
Gage FH, Weissman IL: Direct isolation of human central nervous system
stem cells. Proc Natl Acad Sci USA 2000, 97(26):14720-14725.

22. Yin AH, Miraglia S, Zanjani ED, Almeida-Porada G, Ogawa M, Leary AG,
Olweus J, Kearney J, Buck DW: AC133, a novel marker for human
hematopoietic stem and progenitor cells. Blood 1997, 90(12):5002-5012.

23. Fricker RA, Carpenter MK, Winkler C, Greco C, Gates MA, Bjorklund A: Site-
specific migration and neuronal differentiation of human neural
progenitor cells after transplantation in the adult rat brain. J Neurosci
1999, 19(14):5990-6005.

24. Beier D, Hau P, Proescholdt M, Lohmeier A, Wischhusen J, Oefner PJ,
Aigner L, Brawanski A, Bogdahn U, Beier CP: CD133(+) and CD133(-)
glioblastoma-derived cancer stem cells show differential growth
characteristics and molecular profiles. Cancer research 2007,
67(9):4010-4015.

25. Edgar R, Domrachev M, Lash AE: Gene Expression Omnibus: NCBI gene
expression and hybridization array data repository. Nucleic acids research
2002, 30(1):207-210.

26. Herrero J, Al-Shahrour F, Diaz-Uriarte R, Mateos A, Vaquerizas JM, Santoyo J,
Dopazo J: GEPAS: A web-based resource for microarray gene expression
data analysis. Nucleic acids research 2003, 31(13):3461-3467.

27. Sebat J, Lakshmi B, Troge J, Alexander J, Young J, Lundin P, Maner S,
Massa H, Walker M, Chi M, et al: Large-scale copy number polymorphism
in the human genome. Science New York, NY 2004, 305(5683):525-528.

28. Iafrate AJ, Feuk L, Rivera MN, Listewnik ML, Donahoe PK, Qi Y, Scherer SW,
Lee C: Detection of large-scale variation in the human genome. Nat
Genet 2004, 36(9):949-951.

29. Olshen AB, Venkatraman ES, Lucito R, Wigler M: Circular binary
segmentation for the analysis of array-based DNA copy number data.
Biostatistics 2004, 5(4):557-572.

30. Hernandez JM, Schoenmakers EF, Dal Cin P, Michaux L, Van de Ven WJ, Van
den Berghe H: Molecular delineation of the commonly deleted segment
in mature B-cell lymphoid neoplasias with deletion of 7q. Genes
Chromosomes Cancer 1997, 18(2):147-150.

31. Ivanov AI, Pero RS, Scheck AC, Romanovsky AA: Prostaglandin E(2)-
synthesizing enzymes in fever: differential transcriptional regulation.
American journal of physiology 2002, 283(5):R1104-1117.

32. Jeuken JW, Cornelissen SJ, Vriezen M, Dekkers MM, Errami A, Sijben A,
Boots-Sprenger SH, Wesseling P: MS-MLPA: an attractive alternative
laboratory assay for robust, reliable, and semiquantitative detection of
MGMT promoter hypermethylation in gliomas. Laboratory investigation; a
journal of technical methods and pathology 2007, 87(10):1055-1065.

33. Liu G, Yuan X, Zeng Z, Tunici P, Ng H, Abdulkadir IR, Lu L, Irvin D, Black KL,
Yu JS: Analysis of gene expression and chemoresistance of CD133+
cancer stem cells in glioblastoma. Mol Cancer 2006, 5:67.

34. Kang MK, Kang SK: Tumorigenesis of chemotherapeutic drug-resistant
cancer stem-like cells in brain glioma. Stem cells and development 2007,
16(5):837-847.

35. Bao S, Wu Q, McLendon RE, Hao Y, Shi Q, Hjelmeland AB, Dewhirst MW,
Bigner DD, Rich JN: Glioma stem cells promote radioresistance by
preferential activation of the DNA damage response. Nature 2006,
444(7120):756-760.

36. Beier D, Hau P, Proescholdt M, Lohmeier A, Wischhusen J, Oefner PJ,
Aigner L, Brawanski A, Bogdahn U, Beier CP: CD133+ and CD133-
Glioblastoma-Derived Cancer Stem Cells Show Differential Growth
Characteristics and Molecular Profiles. Cancer research 2007,
67(9):4010-4015.

37. Hoelzinger DB, Mariani L, Weis J, Woyke T, Berens TJ, McDonough WS,
Sloan A, Coons SW, Berens ME: Gene expression profile of glioblastoma
multiforme invasive phenotype points to new therapeutic targets.
Neoplasia New York, NY 2005, 7(1):7-16.

38. Carmeliet P, Moons L, Luttun A, Vincenti V, Compernolle V, De Mol M,
Wu Y, Bono F, Devy L, Beck H, et al: Synergism between vascular
endothelial growth factor and placental growth factor contributes to
angiogenesis and plasma extravasation in pathological conditions. Nat
Med 2001, 7(5):575-583.

39. Jackson CJ, Jenkins KL: Type I collagen fibrils promote rapid vascular tube
formation upon contact with the apical side of cultured endothelium.
Experimental Cell Research 1991, 192(1):319-323.

40. Ramirez F, Di Liberto M: Complex and diversified regulatory programs
control the expression of vertebrate collagen genes. FASEB J 1990,
4(6):1616-1623.

41. Galli R, Binda E, Orfanelli U, Cipelletti B, Gritti A, De Vitis S, Fiocco R,
Foroni C, Dimeco F, Vescovi A: Isolation and Characterization of
Tumorigenic, Stem-like Neural Precursors from Human Glioblastoma.
Cancer research 2004, 64(19):7011-7021.

42. Yuan X, Curtin J, Xiong Y, Liu G, Waschsmann-Hogiu S, Farkas DL, Black KL,
Yu JS: Isolation of cancer stem cells from adult glioblastoma multiforme.
Oncogene 2004, 23:9392-9400.

43. Ma C, Rong Y, Radiloff DR, Datto MB, Centeno B, Bao S, Cheng AW, Lin F,
Jiang S, Yeatman TJ, et al: Extracellular matrix protein betaig-h3/TGFBI
promotes metastasis of colon cancer by enhancing cell extravasation.
Genes & development 2008, 22(3):308-321.

44. Christensen K, Schroder HD, Kristensen BW: CD133 identifies perivascular
niches in grade II-IV astrocytomas. Journal of neuro-oncology 2008,
90(2):157-170.

45. Palmer T, Willhoite A, Gage F: Vascular niche for adult hippocampal
neurogenesis. J Comp Neurol 2000, 425(4):479-494.

46. Ramirez-Castillejo C, Sanchez-Sanchez F, Andreu-Agullo C, Ferron SR, Aroca-
Aguilar JD, Sanchez P, Mira H, Escribano J, Farinas I: Pigment epithelium-
derived factor is a niche signal for neural stem cell renewal. Nat Neurosci
2006, 9(3):331-339.

47. Calabrese C, Poppleton H, Kocak M, Hogg TL, Fuller C, Hamner B, Oh EY,
Gaber MW, Finklestein D, Allen M, et al: A Perivascular Niche for Brain
Tumor Stem Cells. Cancer Cell 2007, 11(1):69-82.

48. Bao S, Wu Q, Sathornsumetee S, Hao Y, Li Z, Hjelmeland AB, Shi Q,
McLendon RE, Bigner DD, Rich JN: Stem Cell-like Glioma Cells Promote
Tumor Angiogenesis through Vascular Endothelial Growth Factor. Cancer
research 2006, 66(16):7843-7848.

49. Rikiyama T, Curtis J, Oikawa M, Zimonjic DB, Popescu N, Murphy BA,
Wilson MA, Johnson AC: GCF2: expression and molecular analysis of
repression. Biochimica et Biophysica Acta (BBA) - Gene Structure and
Expression 2003, 1629(1-3):15-25.

50. Elahi A, Zhang L, Yeatman TJ, Gery S, Sebti S, Shibata D: HPP1-mediated
tumor suppression requires activation of STAT1 pathways. International
journal of cancer 2008, 122(7):1567-1572.

51. Besson A, Wilson TL, Yong VW: The anchoring protein RACK1 links
protein kinase Cepsilon to integrin beta chains. Requirements for
adhesion and motility. The Journal of biological chemistry 2002,
277(24):22073-22084.

52. Fukata Y, Itoh TJ, Kimura T, Menager C, Nishimura T, Shiromizu T,
Watanabe H, Inagaki N, Iwamatsu A, Hotani H, et al: CRMP-2 binds to

Garcia et al. BMC Cancer 2010, 10:454
http://www.biomedcentral.com/1471-2407/10/454

Page 15 of 16

http://www.ncbi.nlm.nih.gov/pubmed/17122771?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17122771?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17210912?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17210912?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17210912?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17283135?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19244127?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19244127?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17516742?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19560735?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17882276?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17882276?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15846359?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15846359?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12850431?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10089888?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10089888?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10089888?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11121071?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11121071?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9389720?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9389720?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10407037?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10407037?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10407037?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17483311?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17483311?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17483311?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11752295?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11752295?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12824345?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12824345?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15273396?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15273396?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15286789?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15475419?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15475419?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9115965?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9115965?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12376404?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12376404?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17700563?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17700563?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17700563?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17140455?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17140455?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17999604?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17999604?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17051156?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17051156?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17483311?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17483311?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17483311?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15720813?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15720813?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11329059?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11329059?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11329059?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/1701729?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/1701729?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/2180769?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/2180769?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15466194?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15466194?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15558011?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18245446?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18245446?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18612800?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18612800?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10975875?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10975875?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16491078?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16491078?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17222791?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17222791?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16912155?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16912155?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11934885?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11934885?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11934885?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12134159?dopt=Abstract


tubulin heterodimers to promote microtubule assembly. Nat Cell Biol
2002, 4(8):583-591.

53. Poirier K, Keays D, Francis F, Saillour Y, Bahi N, Manouvrier S, Fallet-Bianco C,
Pasquier L, Toutain A, Tuy F, et al: Large spectrum of lissencephaly and
pachygyria phenotypes resulting from de novo missense mutations in
tubulin alpha 1A (TUBA1A). Hum Mutat 2007, 28(11):1055-1064.

54. Bellenchi GC, Gurniak CB, Perlas E, Middei S, Ammassari-Teule M, Witke W:
N-cofilin is associated with neuronal migration disorders and cell cycle
control in the cerebral cortex. Genes Dev 2007, 21(18):2347-2357.

55. Ghosh M, Song X, Mouneimne G, Sidani M, Lawrence DS, Condeelis JS:
Cofilin promotes actin polymerization and defines the direction of cell
motility. Science New York, NY 2004, 304(5671):743-746.

56. Harris AL: Hypoxia - a key regulatory factor in tumour growth. Nat Rev
Cancer 2002, 2(1):38-47.

57. Yan H, Parsons DW, Jin G, McLendon R, Rasheed BA, Yuan W, Kos I, Batinic-
Haberle I, Jones S, Riggins GJ, et al: IDH1 and IDH2 mutations in gliomas.
The New England journal of medicine 2009, 360(8):765-773.

58. Balss J, Meyer J, Mueller W, Korshunov A, Hartmann C, von Deimling A:
Analysis of the IDH1 codon 132 mutation in brain tumors. Acta
neuropathologica 2008, 116(6):597-602.

59. Mor-Vaknin N, Punturieri A, Sitwala K, Markovitz DM: Vimentin is secreted
by activated macrophages. Nat Cell Biol 2003, 5(1):59-63.

60. Nieminen M, Henttinen T, Merinen M, Marttila-Ichihara F, Eriksson JE,
Jalkanen S: Vimentin function in lymphocyte adhesion and transcellular
migration. Nat Cell Biol 2006, 8(2):156-162.

61. Confalonieri S, Quarto M, Goisis G, Nuciforo P, Donzelli M, Jodice G,
Pelosi G, Viale G, Pece S, Di Fiore PP: Alterations of ubiquitin ligases in
human cancer and their association with the natural history of the
tumor. Oncogene 2009, 28(33):2959-2968.

62. D’Arca D, Zhao X, Xu W, Ramirez-Martinez NC, Iavarone A, Lasorella A:
Huwe1 ubiquitin ligase is essential to synchronize neuronal and glial
differentiation in the developing cerebellum. PNAS 2010,
107(13):5875-5880.

63. Haberle J, Gorg B, Rutsch F, Schmidt E, Toutain A, Benoist JF, Gelot A,
Suc AL, Hohne W, Schliess F, et al: Congenital glutamine deficiency with
glutamine synthetase mutations. The New England journal of medicine
2005, 353(18):1926-1933.

64. Golsteyn RM, Mundt KE, Fry AM, Nigg EA: Cell cycle regulation of the
activity and subcellular localization of Plk1, a human protein kinase
implicated in mitotic spindle function. The Journal of cell biology 1995,
129(6):1617-1628.

65. Degenhardt Y, Lampkin T: Targeting Polo-like Kinase in Cancer Therapy.
Clin Cancer Res 2010, 16(2):384-389.

66. Toyoshima-Morimoto F, Taniguchi E, Shinya N, Iwamatsu A, Nishida E: Polo-
like kinase 1 phosphorylates cyclin B1 and targets it to the nucleus
during prophase. Nature 2001, 410(6825):215-220.

Pre-publication history
The pre-publication history for this paper can be accessed here:
http://www.biomedcentral.com/1471-2407/10/454/prepub

doi:10.1186/1471-2407-10-454
Cite this article as: Garcia et al.: Molecular analysis of ex-vivo CD133+
GBM cells revealed a common invasive and angiogenic profile but
different proliferative signatures among high grade gliomas. BMC Cancer
2010 10:454.

Submit your next manuscript to BioMed Central
and take full advantage of: 

• Convenient online submission

• Thorough peer review

• No space constraints or color figure charges

• Immediate publication on acceptance

• Inclusion in PubMed, CAS, Scopus and Google Scholar

• Research which is freely available for redistribution

Submit your manuscript at 
www.biomedcentral.com/submit

Garcia et al. BMC Cancer 2010, 10:454
http://www.biomedcentral.com/1471-2407/10/454

Page 16 of 16

http://www.ncbi.nlm.nih.gov/pubmed/12134159?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17584854?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17584854?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17584854?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17875668?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17875668?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15118165?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15118165?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11902584?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19228619?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18985363?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12483219?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12483219?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16429129?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16429129?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19543318?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19543318?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19543318?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20231446?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20231446?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16267323?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16267323?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/7790358?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/7790358?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/7790358?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20068088?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11242082?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11242082?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11242082?dopt=Abstract
http://www.biomedcentral.com/1471-2407/10/454/prepub

	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	Samples, flow cytometry and sorting assays
	Expression arrays
	CGH array
	Fluorescence in situ hybridization
	Real-Time PCR
	MS-MLPA analysis

	Results
	Patients with higher number of CD133+ cells could present resistance to the treatment
	EGFR, PTEN and MGMT genes are altered in the GBM primary samples
	Common genomic imbalances identify patients with higher number of CD133+ cells without treatment response
	CD133+ vs. CD133- gene expression analysis divided GBMs in 2 different groups
	Commonly up-regulated and down-regulated genes in CD133+ GBMs
	Two different GBM groups can be functionally defined according to the expression pattern of 40 genes

	Discussion
	Conclusions
	Acknowledgements
	Author details
	Authors' contributions
	Competing interests
	References
	Pre-publication history

