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Cancer Stem Cells in Glioblastoma

Jinwei Hu, Xiangpeng Yuan, Qijin Xu, Hongqiang Wang, Keith L. Black, and John S. Yu

Abstract Glioblastoma multiforme (GBM) is the
most common adult malignant brain tumor and is com-
prised of a heterogeneous population of cells. Despite
advanced surgical and medical therapies, the 2-year
survival rate for patients with GBM remain only 10–
25%. Recently, increasing evidence suggest that the
progression of GBM is driven by a small subpopula-
tion of tumor cells, termed cancer stem cells. These
cancer stem cells have capability of self-renewal, pro-
liferation, and differentiation into the phenotypically
diverse populations of cells similar to those present
in the original GBM. Furthermore, these cancer stem
cells are able to form tumors and generate both neuron-
like and glial-like progenies after implantation into the
brains of SCID mice. Here, we summarize the meth-
ods of isolating cancer stem cells from GMB, and
discuss the implications of the cancer stem cell hypoth-
esis for understanding the origin and growth of GBM
and development of new therapeutic strategies for the
treatment of brain tumors.
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Introduction

Glioblastoma multiforme (GBM) is typically
comprised of morphologically diverse cells within
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the tumor mass. Despite current advances in therapy,
the morbidity and mortality of GBM remain very
high with a 2-year survival rate of only 10–25%
(Stupp et al., 2005). This is due, at least in part, to
the focus of most treatments on the tumor mass.
However, the diverse cells within GBM may play
different roles in tumorogenesis. There is increasing
evidence that cancers might contain and arise from
stem cells. Studies on leukemia and breast carcinoma
have demonstrated that a small group of cells within
the tumor mass is responsible for tumor formation and
maintenance. This subpopulation of stem-like cells
plays an important role in the tumorogenic process
(Lapidot et al., 1994). GBMs contain cells that express
neural markers as well as cells that express glial
markers, indicating that there may be multipotent
neural stem cell like cells (Ignatova et al., 2002).

The cell origin of glioblastomas may develop from
neural stem cells (NSCs) or from differentiated cell
types that acquired multipotential stem cell-like prop-
erties by either reprogramming or de-differentiating in
response to oncogenic mutation (Bachoo et al., 2002;
Kondo and Raff, 2000). This plasticity of central ner-
vous system (CNS) cells has already been reported as
normal oligodendrocyte precursor cells can be induced
to acquire stem cell-like properties (Kondo and Raff,
2000; Nunes et al., 2003). Recent evidence suggests
that brain tumors contain small numbers of cells with
neural stem cell properties. These cells may be impor-
tant for the malignancy (Galli et al., 2004; Hemmati
et al., 2003; Singh et al., 2003, 2004; Yuan et al., 2004).
To clarify the concept, Dirks and others have estab-
lished a functional definition of brain cancer stem cells
(Dirks, 2008; Vescovi et al., 2006). First, brain cancer
stem cells should be highly proliferative, multipotent,
and capable of self-renewal. Second, a brain cancer
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Fig. 14.1 Primary cultures of
adult GBM form glioblastoma
spheres that can self-renew.
(a) Primary neurosphere-like
colony, glioblastoma sphere,
developing from monolayer
tumor cells. Scale
bar = 50 μm. (b) Subsphere
derived from a single cell of
primary sphere. Scale
bar = 50 μm

stem cells should be tumorigenic; that is, capable of
giving rise to a histologically appropriate tumor fol-
lowing transplantation into an SCID mouse brain. Last,
brain cancer stem cells should give rise to a tumor that
is capable of propagation, whether by dissociation and
cell culture of the transplanted tumor mass, or by serial
transplantation into an immunocompromised host.

For the past several years in our laboratory, we
have demonstrated that a subpopulation of cells exist
within adult GBM (Yuan et al., 2004). We have also
successful isolated tumor stem-like cells from benign
brain tumors, including pituitary adenomas (Xu et al.,
2009). These cells may represent a general source
of cancer stem cells in adult brain tumor and need
to be targeted for more effective and specific cancer
therapy. Here, we discuss the procedures of isolation
and characterization of cancer stem cells from brain
tumors, highlight some of the central questions that
remain to be answered and potential strategies for the
development of cancer stem cells specific therapies.

Primary Culture of Glioblastoma Cells
and Spheres

Tumor specimens from GBM patients were collected
within 30 min after the surgical resection. Under a bio-
hazard hood, tumor tissues were washed three times
with PBS to eliminate blood eventually present. The
tissue was then transferred onto a new culture dish and
dissected in a dissection medium containing catalase,
deferoxamine, N-acetyl cysteine, and superoxide dis-
mutase using sterile scissors and forceps. The dissected
tissue was then centrifuged to remove supernatant.
After digestion in trypsin, tumor tissues were triturated

by passing them in a tissue sieve, the cell suspension
was recovered by passing a 70 mm cell strainer. Tumor
cells were suspended in DMEM/F12 medium contain-
ing 10% fetal bovine serum (FBS) as growth medium
and plated at 2×106 cells per 75 cm2 flasks. The cells
attached and grew as a monolayer in flasks. After
growing for 24–48 h, the monolayer-growing tumor
cells were switched into a defined serum free neu-
ral stem cell medium (Yuan et al., 2004), containing
DMEM/F12, EGF (20 ng/ml), and bFGF (20 ng/ml),
B27, penicillin/streptomycin (200 U/ml), fungizone
(250 ng/ml). Neurosphere-like colonies appeared in the
cultures after 1–2 weeks and formed floating spheres
after continuing culture (Fig. 14.1a).

Neurosphere-Forming Assay
for Glioblastoma Cells

After primary spheres formed and reached about
50–200 cells per sphere in the culture, the sphere cells
were harvested, dissociated into single cells and plated
into a 96-well plate for the subsphere-forming assay by
limiting dilution (Kabos et al., 2002; Yuan et al., 2004).
The cells in single-cell suspension were diluted and
plated at 1–2 cells/well. In parallel, the monolayer cell
remaining in the flasks after harvesting of the spheres
was also plated. Cells were fed by changing half of
the medium every 2 days. After plating, the cells were
observed and only wells containing a single cell were
considered. The wells were scored for sphere forma-
tion after 14 days. Subspheres can form in the wells
seeded with individual sphere cells with efficiency
between 1 and 10% varying among different tumor
samples (Fig. 14.1b). However, sphere formation will
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be not evident in the wells seeded with monolayer
cells. When compared with normal human NSCs that
were grown with the similar passage number, there
were usually <1% cells with subsphere-forming abil-
ity. This observation indicates that the glioblastoma
spheres have a self-renewing ability. This ability can be
confirmed by harvesting the subspheres and perform-
ing further rounds subsphere-forming assay. The effi-
ciency of subsphere formation is usually maintained.

Glioblastoma Spheres Express NSC
Markers as Well as Lineage Markers

The self-renewal capability of glioblastoma spheres
indicates that sphere cells isolated from GBM pri-
mary cultures share this property with the NSC. To
investigate whether the glioblastoma spheres could
express genes characteristic of NSC, spheres derived
from a single mother cell and isolated by subsphere-
forming assay were dissociated and expanded fol-
lowing by gene expression analysis. For staining
the primary cultured tumor cells and differentiated
glioblastoma sphere or normal neurosphere, the cells
growing in precoated chamber slides were fixed with
2% paraformaldehyde for 15 min at room tempera-
ture, treated with 1% donkey serum, and then stained
with the following primary antibodies: anti-CD133,
anti-nestin, anti-β-tubulinIII, anti-GFAP, and anti-
myelin/oligodendrocyte. The primary antibodies were

detected with Tex-Red or FITC-conjugated secondary
antibodies. The cells were counterstained with 4,
6-diamidino-2-phenylindole (DAPI) to identify all
nuclei. For immunostaining of glioblastoma spheres,
the spheres or dissociated sphere cells were freely
floated in “U”-bottom wells of a 96-well plate dur-
ing the staining process. Then, the cells were resus-
pended into the mounting medium containing DAPI
and mounted on microslides. Quantification of cells
positive for a specific marker was carried out by
counting all the stained cells within 20 randomly
selected microscope fields per specimen, and the per-
centage was calculated based on the total number
of nuclei counted. Two NSC markers were cho-
sen to characterize the expanded spheres: CD133,
a cell surface marker of normal human NSCs; and
nestin, a cytoskeletal protein associated with NSCs
and progenitor cells in the developing CNS. For all
GBMs studied, daughter spheres derived from one
mother cell were positive for both CD133 and nestin
(Fig. 14.2). Several lineage markers were also cho-
sen for clarifying the characteristics of the spheres:
anti-β-tubulinIII is a neuronal marker; anti-GFAP is an
astocyte marker, and anti-myelin/ oligodendrocyte is
an oligodendrocyte marker. Some cells within tumor
spheres were also found to be positive for lineage
markers β-tubulinIII and myelin/oligodendrocyte. The
cells in non-sphereforming monolayer cultures pre-
dominantly expressed the three lineage markers of
CNS, β-tubulinIII (30–50%), GFAP (10–25%), and

Fig. 14.2
Single-mother-cell-derived
glioblastoma spheres express
NSC markers. Glioblastoma
spheres derived from a single
mother cell were stained by
NSC markers CD133 (red)
and Nestin (green). Cells were
located by counterstaining
with DAPI (blue). Scale
bar = 50 μm
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myelin/oligodendrocyte (20–40%). The pattern was
clearly different from that of the glioblastoma sphere
with 5–15% for β-tubulinIII, 1–5% for GFAP, and 10–
20% for myelin/oligodendrocyte. The observed phe-
notypic variation of stained cells within spheres from
one mother cell indicates that the mother cells have the
potential to produce the terminal cell types specific to
the tumor tissue.

Differentiation Assay of Glioblastoma
Spheres

To test whether glioblastoma spheres derived from
one mother cell have multipotent ability and produce
progenies of different lineages, the spheres were sub-
jected to a differentiation assay. Glioblastoma sphere
derived from one mother cell in the subsphere-forming
assay was trypsinized into single-cell suspension and
seeded into chamber slides for differentiation assay.
The cells were grown in medium devoid of growth
factors but permissive for differentiation for 14 days,
and processed for immunocytochemistry staining for
various lineage markers. The results demonstrate that
glioblastoma spheres were predominantly differenti-
ated into b-tubulinIII (80%), myelin/oligodendrocyte
(25%) and GFAP (10%)-positive cells that recapitu-
lated the parental tumor phenotype. In contrast, the
phenotype pattern was different from that of normal
human NSC, which was cultured for the same period
of time as that of glioblastoma spheres. The differenti-
ated progeny of normal NSCs was characterized with
50–60% GFAP-positive cells, 20–30% β-tubulinIII-
positive cells, myelin/oligodendrocyte-positive cells
accounting for 10%, and less than 5% cells posi-
tive for CD133 or nestin, respectively. These results
reveal that glioblastoma spheres are multipotent for
the three neural cell types, but different from normal
human neurospheres regarding the phenotype of their
progenies.

Distinctions Between Glioblastoma
Spheres and Normal Neurospheres

To further determine that glioblastoma spheres are
cancer stem cells and not derived from contami-
nating normal NSC, we conducted a differentiation

experiment for both glioblastoma spheres and normal
human neurospheres by dissociating individual spheres
into a single-cell suspension and subjecting the cells
to differentiation conditions. After 2 weeks of differ-
entiation, all cells were attached and growing as a
monolayer. Cells were then switched into NSC growth
medium. New spheres started to form in the GBM dif-
ferentiated monolayers after 1 week and were positive
for nestin and CD133. No spheres were observed in the
normal human neurosphere-differentiated monolayer
even after 4 weeks.

We also did karyotype analysis of the glioblastoma
sphere cells as compared to normal human neuro-
spheres. The spectral karyotype analysis identified
chromosome loss, gain, and translocation events in
glioblastoma sphere cells, but not in normal human
neurospheres (Yuan et al., 2004). Taken together, both
cellular analysis and genetic data support the hypoth-
esis that glioblastoma spheres isolated from primary
GBM cultures are not normal NSCs migrated into
the tumor mass. Rather, these glioblastoma spheres
possess abnormal characteristics including enhanced
self-renewal and altered differentiation abilities, which
may be responsible for maintaining the tumor stem
cell pool and also for generating the differentiated
progeny.

Glioblastoma Spheres are Capable
of Forming Tumors into the Brains
of SCID Mice

To address whether glioblastoma spheres and
nonsphere-forming monolayer cells differ in their
abilities to form tumor in vivo, the isolated glioblas-
toma spheres or non-sphere-forming monolayer cells
were implanted into the brains of the SCID mice. The
implanted mice were killed after 6 weeks to 6 months,
and then the brains were harvested and examined
for tumors on the brain sections after hematoxylin–
eosin staining. There was no tumor detected in the
brains after implantation of non-sphere-forming
monolayer cells. However, all the mice developed
brain tumors after implanting with the same number
of glioblastoma sphere cells. The tumors, which
developed in mice brains after implantation of human
glioblastoma spheres, were stained positively by
human-specific antibodies against nestin and CD133
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Fig. 14.3 The isolated
glioblastoma spheres were
able to form brain tumors in
nude mice after intracranial
implantations. The tumors
developed in the mice brain
could be stained with
human-specific antibodies
against NSC markers, nestin
(a, b) and CD133 (d–f). The
sections were labeled also
with DAPI (blue) to identify
nuclei (c, e). The merged
images were also shown (f).
Scale bar = 1000 μm (a–c);
Scale bar = 250 μm (d–f)

(Fig. 14.3), the NSC related markers. Also, the
tumor cells were stained positive for anti-GFAP,
anti-myelin/oligodendrocyte, and anti-β-tubulinIII,
suggesting that the implanted glioblastoma spheres
can generate both glial cells and neurons in vivo. Thus,
the malignance of the human adult GBM apparently
depends on the insolated glioblastoma spheres, the
cancer stem cells.

Relationship Between Neural Stem Cells
and Cancer Stem Cells

Stem cells are functionally defined as self-renewing,
multipotent cells that exhibit multilineage differentia-
tion (Weissman, 2000). Over the past decade, several
groups have succeeded in isolating NSCs from various
regions of the adult human brain, including the ante-
rior subventricular zone (SVZ) (Sanai et al., 2004) and
the subgranular zone (SGZ) of the dentate gyrus (Roy
et al., 2000). These stem cells in the adult SVZ and
SGZ reside in tightly controlled environments, known
as niches, which maintain the complement of stem
cells and regulate stem cell proliferation and differen-
tiation (Quinones-Hinojosa et al., 2007). In addition,
it is thought that the niche can adapt to the brain’s
need for new cells in the conditions of brain injury
(Thored et al., 2006) or neurodegenerative diseases,
such as Parkinson’s disease (Hoglinger et al., 2004)
and amyotrophic lateral sclerosis (Liu and Martin,
2006).

The application of principles used for studying the
NSCs to tumor biology indicates a link between nor-
mal neurogenesis and brain tumorigenesis (Holland
et al., 2000; Kabos et al., 2002). The concept of
cancer stem cells arose from the observation of strik-
ing similarities between stem cells and cancer cells,
including the self-renewal mechanisms, activation of
DNA repair mechanisms, and expression of drug trans-
porters (Pardal et al., 2003). Normal somatic stem
cells must self-renew and maintain a relative balance
between self-renewal and differentiation, cancer can be
contextualized as a disease of unregulated self-renewal
(Reya et al., 2001). The presence of cancer stem cells
in both primary GBMs and medulloblastomas was
initially reported independently by several groups (Al-
Hajj et al., 2003; Galli et al., 2004; Singh et al., 2004;
Yuan et al., 2004) with different approaches for iso-
lating these cells. Galli et al. and our group isolated
cancer stem cells from adult human GBMs based on
neurospheres assay (Galli et al., 2004; Yuan et al.,
2004). The neurospheres were detected in all cultures
established from GBMs from both groups. Sphere-
forming frequency was between 0.5 and 31% of the
total cells plated for GBM in Galli’s group, as com-
pared to that of 1–10% in our group. The GBM cells
were not only capable of self-renewal, but were also
multipotent, and tumorigenic. Tumors derived from
transplantation of these cells into SCID mice recapit-
ulated the histopathological phenotype of the parent
tumors. Singh et al. isolated a subpopulation of cells
from human GBMs and medulloblastomas by use of
cell sorting technique based on selection for the cell
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surface marker CD133, a transmembrane glycoprotein
found on numerous adult stem cell populations, includ-
ing those in the adult human brain (Singh et al., 2004).
In culture, this subpopulation of cells demonstrated
properties of NSCs, including sphere-forming capabil-
ity, self-renewal, and multipotentiality. The CD133+
cell content ranged from 19 to 29% among GBMs and
from 6 to 21% among medulloblastomas. Implantation
of 100 CD133+ cells into SCID mice produced a
tumor that could be serially transplanted, whereas
injection of 1×105 CD133– cells produced engraft-
ment but not tumor progression. The tumors arising
from CD133+ cells recapitulated the histopathologi-
cal phenotype of the parent tumors, suggesting that
the CD133+ subpopulation is capable of giving rise to
the full heterogeneous complement of cells present in
the tumor. However, Beier et al. reported that CD133
expression does not always appear to mark the can-
cer stem cells in gliomas (Beier et al., 2007). Indeed,
glioblastomas could be propagated from CD133– cells,
although these cells were cultured as adherent spheres
and cell lines before transplantation. In this study,
CD133– cells were similarly tumorigenic to CD133+
cells in nude mice, although CD133– tumour cells
appeared to have a distinct molecular profile (Beier
et al., 2007). Up to now, there is no appropriate marker
for isolating cancer stem cells, especially for distin-
guishing cancer stem cells from NSCs. It is a funda-
mental step to identify and isolate cancer stem cells, so
that elucidating the pathways that account for tumori-
genic potential and developing effective and specific
anticancer strategy may be realized.

Recently, several studies reported isolation of can-
cer stem cells from human glioblastoma cell lines
(Fukaya et al., 2009; Qiang et al., 2009) and rat glioma
cell lines (Kondo et al., 2004). These cells possess the
properties of cancer stem cells, and may be useful for
analyzing molecular and functional characteristics of
cancer stem cells because of the ease of handling and
their high yield.

Therapeutic Implications of Brain Cancer
Stem Cells

Cancer stem cells have been implicated in brain
tumor initiation, progression and recurrence. It was
reported that CD133+ cells was significantly elevated

in recurrent gliomas compared with newly diagnosed
gliomas in the same patients. These CD133+ cells were
more resistant than other tumor cells to treatment with
a panel of chemotherapeutics, suggesting that their
role in tumor recurrence is likely to be mediated by
their relative resistance to chemotherapy (Liu et al.,
2006). Increased expression of ATP-binding cassette
transporters, including ABCG2 and ABCG5, is one of
the possible mechanism underlying chemoresistance
of cancer stem cells (Dean et al., 2005). Interestingly,
expression of the drug transporter and chemoresistance
mediator ABCB5 correlated with tumor progression.

In addition to chemoresistance, cancer stem cells
exhibit enhanced resistance to radiation therapy. Bao
et al. reported that cancer stem cells contribute to
glioma radioresistance through preferential activation
of the DNA damage checkpoint response and an
increase in DNA repair capacity (Bao et al., 2006).
CD133-expressing tumor cells isolated from both
human glioma xenografts and primary patient glioblas-
toma specimens preferentially activate the DNA dam-
age checkpoint in response to radiation, and repair
radiation-induced DNA damage more effectively than
CD133-negative tumour cells. In addition, the radiore-
sistance of CD133-positive glioma stem cells can be
reversed with a specific inhibitor of the Chk1 and Chk2
checkpoint kinases. Targeting DNA damage check-
point response in cancer stem cells may overcome this
radioresistance and provide a therapeutic model for
malignant brain cancers (Bao et al., 2006).

There is increasing interest in exploiting the puta-
tive cancer stem cells niche for drug targeting. Cancer
stem cells may dictate expansion of the normal niche
as they proliferate, which may eventually lead to
an altered niche as the cells become independent
of normal regulatory signals and produce extrinsic
factors that deregulate niche-forming cells. Cancer
stem cells from glioblastoma and medulloblastoma
appear to be maintained by signals from an aber-
rant vascular niche that mimics the normal stem cell
niche. It was showed that freshly isolated CD133+
enriched cells but not CD133– glioblastoma cells
formed highly vascular tumors in the brains of nude
mice (Calabrese et al., 2007). Treatment of CD133+
cells with bevacizumab, a vascular endothelial growth
factor monoclonal antibody, markedly inhibited their
ability to initiate tumors in vivo and depleted both
blood vessels and self-renewing CD133+ cells from
tumour xenografts (Folkins et al., 2007). These studies
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suggest that anti-angiogenic therapy in conjunction
with cytotoxic chemotherapy may prove effective in
targeting cancer stem cells in glioblastomas.

A small subpopulation of radioresistant and
chemoresistant cancer stem cells plays an important
role in GBM initiation, progression and recurrence.
The identification and characterization of these cells,
as well as our increased understanding of molecular
biology, offer an opportunity for the development of
novel therapies for primary brain tumors.
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