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1. ABSTRACT 2. INTRODUCTION

Malignant gliomas, particularly glioblastoma Gliomas are the intrinsic tumors of the brain. The
multiforme (GBM), account for the majority of brain severity of primary brain tumors is due to the central role of
tumors. Their incidence is increasing world wide and they the brain and the functional consequences of neuronal loss
are incurable. Although a transient response to therapy is and parenchyma disruption. As reported by the American
observed, tumor recurrence is inevitable and occurs within Cancer Society, approximately 13,100 Americans die from
tissue that has received cytotoxic therapy. This suggests malignant brain tumors each year with most patients
that a subpopulation of resistant cells is responsible for succumbing to their disease regardless of treatment (1).
tumor regrowth. The treatment of GBMs represents a Malignant gliomas are incurable, particularly grade IV
daunting challenge to clinicians due principally to the lack gliomas, named glioblastoma (GBM), which account for a
of effective therapeutic options. One explanation for this is third of all of the brain tumors (2-3). GBMs are highly
the marked cellular and genetic heterogeneity within and heterogeneous tumors, which shows cellular and tissue
across these types of tumors. Unravelling the cellular dissimilarities, harboring a strong hemorragic component,
composition of gliomas and describing cell lineage broad necrotic areas, elevated mitotic index, high
relationships are essential for therapeutic breakthroughs. endothelial proliferation and the presence of a well-
The recent proposal that a small percentage of cells with vascularized and diffuse tissue infiltration pattern. The
stem cells characteristics are responsible for tumor latter is a critical feature of these tumors for, by the time a
initiation and growth has sparked an interest in applying diagnosis is reached, the rapid and extensive dissemination
approaches used to study somatic stem cells toward an of GBM cells within the brain precludes effective surgical
understanding of the cellular elements responsible for resection. Moreover, most of the infiltrating cells are
cancer progression and recurrence. To outline the relevance endowed with limited proliferative activity, which partially
of these findings is the purpose of this review. explains the inefficacy of chemo- and radiotherapy (4-5).
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Therefore, disease recurrence occurs and the
prognosis is discouraging (6-7-8). As tumors are composed
of a heterogeneous population of cells, of which a small
percentage appear able to initiate and sustain long-term
tumor growth (i.e. the tumor-initiating cells, TICs), basing
tumor classification on an analysis of this kind of cells may
provide not only an additional classification criteria but
also a potential prognostic and/or diagnostic tool for
therapeutic development. Furthermore, while the TIC
population is obviously important and likely the most
relevant target for curing brain tumors, for most high grade
gliomas the quiescent tumor stem cell population may play
a secondary role relative to the active proliferating
population (i.e. the progenitor or transient amplifying
population), which likely determines disease progress and
therapeutic failure. Hence, understanding, at the cellular
level, the heterogeneity that exists in malignant gliomas
and the contribution that each population makes to tumor
progression is important to ultimately defining meaningful
targets. Despite significant advances in neuroimaging,
neurosurgical techniques, chemo- and radiation therapy, the
prognosis for patients with malignant gliomas, particularly
glioblastomas, remains dismal (9-10-11-12). The median
survival after surgical resection alone is 6 months with only
7.5% of patients surviving 2 years post-operatively.
Additional radiation therapy prolongs median survival to 9
months while systemic chemotherapy provides minimal
survival benefits (13-14). These poor results suggest we
have an insufficient understanding of the biology of GBM,
the diversity of cellular components and the mechanisms
that drive their growth (15). However, the advent of
genomic and proteomic tools are providing the bases to
obtain a deeper appreciation of the heterogeneity and
molecular means that make GBMs resistant to conventional
therapies. The development of new markers, the
identification of specific molecular targets and the overall
process of developing therapeutics for GBMs has been
hampered by the lack of information as to the actual
identity and nature of the normal cell type(s) that were
hit by transformation and, more importantly, by the
absence in a detailed understanding of the heterogeneity
that exists within the tumor and a fundamental
understanding of the cell types that are involved in
tumor promotion. The recent proposal that a small
percentage of cells with stem cell characteristics are
responsible for tumor initiation and growth in blood and
solid tissues cancers (16-17) has sparked an interest in
applying approaches used to study somatic stem cells
toward an understanding of the cellular elements
responsible for cancer progression and resistance to
treatment. While the validity of this hypotesis is still
being tested, the advantage of studying single or defined
population of cells, as opposed to large or less defined
populations, will likely benefit not only our
understanding of the contribution that different
populations make towards tumor growth and resistance,
but will also allow a more detailed and accurate
mapping of tumor heterogeneity. These results will not
only define the cellular populations to be targeted and
outline the inter- and intra-tumor heterogeneity, but also
identify the resistant population to be targeted with
secondary lines of treatment.
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3. CLASSIFICATION OF GLIOMAS

Brain tumors can vary in malignancy, but even
so-called benign tumors are often lethal because of their
infiltrating properties and their tendency to undergo
malignant transformation over time. Tumors that start in
the brain are called primary brain tumors, their name
depending on where the tumor originated, its pattern of
growth, and whether it is cancerous or not. Thus, adenomas
arise from a gland (pituitary adenoma), blastomas are
malignant tumors whose cells have undeveloped
(embryonic) characteristics and gliomas are (benign or
malignant) tumors that arise from the supportive tissue of
the brain, namely macroglia. According to the Central
Brain Tumor Registry of the United States, the incidence
rate of all primary benign and malignant brain tumors is 14
cases per 100,000 person-years (5.7 per 100,000 person-
years for benign tumors and 7.7 per 100,000 person-years
for malignant tumors) (18). The most common types of
gliomas can be classified in three main types: astrocytomas,
oligodendrogliomas, and mixed oligoastrocytomas, which
are usually distinguished by their histological features. On
the basis of nuclear atypia, mitoses, microvascular
proliferation, and necrosis the gliomas can be divided in
low grade or World Health Organization (WHO) grades I
and II, or high grade or malignant, WHO grades III and IV.
In order of increasing anaplasia, types of astrocytomas
usually include pilocytic astrocytoma (grade I), diffuse
astrocytoma (grade II), anaplastic astrocytoma (grade III),
and eventually glioblastoma (grade IV), which is the most
frequent subtype. The WHO classification for
oligodendrogliomas and mixed oligoastrocytomas includes
two grades- low grade (grade II) and anaplastic (grade III).
Incidence of oligodendrogliomas has been reported by
several groups as having risen substantially from the classic
figure of 5% up to 25-33% of all glial tumors, and that for
astrocytomas having fallen concomitantly. This change
suggests that some tumors previously classified as
astrocytomas are now being labeled oligodendrogliomas or
mixed oligoastrocytomas (6). In addition to their striking
propensity to infiltrate throughout the brain, low-grade
gliomas undergo malignant transformation over time.

3.1. Molecular markers

Due to the inherent heterogeneity and the
promiscuous morphology of many brain tumors,
morphological classification can often be difficult. Hence,
there is growing consensus that molecular genetic analyses
will soon become important to improve classification of
various glioma subtypes (19-20-21). While this approach is
a natural evolution based on the development of new
technology, we would argue that its application, while a
valuable addition to the currently used method, suffers
from the same inherent flaw as morphological classification
— namely categorization based on a population analysis.
The majority of cells within the tumor population dominate
the final analysis of histological and molecular
characterization. Apart from morphological parameters, the
classification and grading increasingly includes molecular
markers (22-23), which have in recent years greatly
contributed to the description of molecular oncogenic
pathways such as the activation of oncogenes (mostly



Heterogeneity of cancer-initiating cells within glioblastoma

growth factor pathways) or the loss of cell cycle control
elements (mostly tumor suppressor genes like p53, the
retinoblastoma gene Rb or PTEN). Genetic and cell
signaling abnormalities accumulate, leading to the
tranformation of somatic cells into glioma cells (24-25).
The sequence of this accumulation is used to describe the
two glioblastoma multiforme (GBM) subtypes: primary and
secondary. Primary GBM is usually diagnosed in older
patients (more than 50 years) and is more often associated
with  epidermal growth factor receptor (EGFR)
amplification/mutations, loss of heterozygosity of
chromosome 10q, deletion of the phosphatase and tensin
homologue on chromosome 10 (PTEN), and p16 deletions
(24-25-26). Secondary GBMs result from transformation of
lower grade astrocytomas in younger patients. These
tumors are characterized by p53 mutations, platelet-derived
growth factor receptor (PDGFR) overexpression, pl6 and
retinoblastoma  (Rb)  abnormalities, and loss of
heterozygosity of chromosome 10q. With the advent of
powerful sequencing tools, a genomewide mutational
analysis of glioma recently showed a high proportion of
mutations in the isocitrate dehydrogynase I gene (IDH I) in
grade II and GATAG6, a member of the GATA family of
transcriptional regulators which are also expressed in cells
of the CNS (27). Methylation of the members of the GATA
family is implied in non-glial oncology leading to the
assumption that GATA6 may be an astrocytoma suppressor
gene (27). Supporting the role not only of mutation but also
of gene regulation, two transcription factors, C/Epbbeta and
STAT3 have been recently identified as the master
regultors for the acquisition of a mesenchymal phenotype
during the evolution of gliomas (28).

4. SPECIFIC CELL BIOLOGY OF GLIOMA

As many solid tissue cancer, GBMs are
composed of a heterogeneous population of cells. Despite
decades of chemo- radio- and surgical therapy there have
been no dramatic changes in the survival of GBM patients
(29). These poor results suggets we have an insufficient
understanding of the biology of GBM, the diversity of
cellular components and the mechanisms that drive their
growth. Until recently, it was generally accepted that the
generation of new nerve cells in the CNS did not persist
into adulhood (30). However it is now clear that there
exists in the adult brain an endogenous population of
precursor cells, which continue to divide throughout life
and are capable of migrating and generating new neurons
and glia, which then integrate into the existing functional
circuitry (31-32). This resident stem cell population
provides the basis for replacing those neurons lost as a
result of normal processes, such as ageing, as well as in
response to pathological insults including
neurodegenerative disease or stroke (33). Significantly, the
characteristics that define neural stem cells (NSCs), such as
the ability to self-renew and to generate large numbers of
progeny, in many ways reflect the behaviour of glioma
cells (34). Progress in understanding the cell signaling and
molecular pathogenesis of malignant glioma has lead to a
surge in novel therapy development. For instance, the
invasive properties of malignant tumors of the CNS, and in
particular of high-grade gliomas, are of great clinical
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relevance since they dramatically contribute to the poor
prognosis of these neoplastic diseases. Migration biology of
glioma cells has for a long time been studied and what has
emerged so far is that it is a highly complex cellular
program with an ever-growing repertoire of molecules
being added as genomic approaches are entering the field
(35). Increasing efforts are being made to target the
abnormal cell signals or molecular processes in malignant
glioma. While it remains unclear if the molecular and
functional characteristics of the GBM tumor-initiating cells
is a reflection of their origin from mutated normal brain
stem cells or, rather, emerge from the acquisition of stem-
like features by more mature CNS cells following
transformation, it is emergently clear that they and their
immediate progeny are key players and targets in GBM
physiology and therapy.

4.1. Molecular and signaling diversity of cells that
contribute to GBM tumor growth

Many successful treatments for cancer have been
developed based on a sound understanding of the biology
and mechanisms that drive tumor growth (i.e. Gleevec,
Herceptin) and improved outcomes for high-grade gliomas
will likely be no different. GBMs demonstrate signal
transduction dysregulation that leads to uncontrolled
proliferation and invasion. The plethora of genetic changes
leads to a number of notable alterations in signaling
pathways that seem to be important for GBM proliferation,
survival and invasion. For instance, greater than 80% of
GBMs show vigorous AKT activation and mutated or loss
of PTEN (36). Frequently, these tumors show amplification
of receptor tyrosine kinase (RTK) activity due to receptor
over-expression, amplification or mutation that leads to
increased PI3K/AKT activity (15). The over-activation of
multiple RTKs together with inactivation of tumor
suppressor provides a rich and plentiful supply of options
for a cell to choose for continued growth. The application
of single RTK inhibitors have been disappointing clinically
with only a small population of patients responding (0-
15%) and limited 6-months progression-free survival (37).
It is likely that the downstream activation of signaling
pathways involved in proliferation and survival are
determinated by the sum of multiple inputs that are
represented by a multitude of deregulated pathways,
receptors and ligands. Hence, application of single agents
targeting individual points in the signaling cascade will be
incapable of producing a substantial clinical effect.
Stommel and colleagues recently reported on the co-
activation of RTKs in cultured GBMs, expression of
multiple phosphorylated RTKs on fresh primary cells and
intratumoral heterogeneity based on co-expression of
activated RTKs in individual dissociated cells. Their
conclusion support the hypotesis that monotherapy for
many solid tissue cancers is not likely to be successful but
may be improved by targeting multiple RTKs (38). Growth
factor pathways in gliomas that contribute to malignancy
by using tyrosine kinases include epidermal growth factor
(EGF), platelet-derived growth factor (PDGF), vascular
endothelial growth factor (VEGF), hepatocyte growth
factor/scatter factor (HGF/SF), and insuline-like growth
factor (IGF) (39). EGFR, VEGF and PDGF have been
investigated as important targets for new therapies with
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moderate success (15-40). In addition to growth factor
receptors, the intracellular effectors of malignant glioma
have provided new potential therapeutic targets. These
molecules regulate multiple cellular functions such as
proliferation, differentiation, invasion and protein
trafficking, thereby making these molecules attractive
targets. RAS-RAF-MEK-ERK pathway, for example, has
been studied in great detail in malignant glioma. RAS often
has increased activity in GBM, and several inhibitors of
farnesyltransferase, a key upstream stop in RAS maturation
(41) have been developed (39). Another regulator of cell
growth and proliferation is PI3K, a serine/threonine kinase.
It is activated in GBM by loss of PTEN, and affects AKT
and mTOR downstream (39). New inhibitors of these
complexes are being studied (42-43). Another
serine/threonine kinase, protein kinase C (PKC), mediates
cell proliferation as well as invasion and angiogenesis. This
pathway has also been targeted in recent trials (44-45).
However, targeting of these pathways had modest success.
This phenomenon may be due to the heterogeneity of
malignant gliomas and the need for targeting multiple
pathways simultaneously (39-45).

5. CANCER STEM CELLS

5.1. Hematopoietic malignancies

The idea that not all cells within a cancer are able
to re-initiate or propagate the tumor was first demonstrated
experimentally in the early 1960’s (46-47), and while the
notion that a self-renewing, relatively quiescent stem-like
cell was responsible for evading conventional treatment,
was found in the cancer research literature (48-49-50-51-
52), it was not until the 1990’s that the idea began to take
hold after two publications by John Dick’s laboratory (53-
54). The papers described the identification of an acute
myeloid leukemia (AML) initiating cell based on cell
surface antigen expression (CD34+ CD38-) and its ability
to establish human leukemia in severe combined
immunodeficient (SCID) mice. Like non-tumor, somatic
stem cells, the leukemia-initiating cell (LIC) or leukemia
stem cell, was present in low frequency, shared the CD34+
CD38- phenotype with hematopoietic stem cells, and
exhibited in vivo self-renewal as assessed by serial
transplantation. Recently, targeting of the transmembrane
glycoprotein, CD44, which is nearly ubiquitously expressed
on all AML blast cells, has demonstrated a marked
reduction in tumor burden based on altering the fate and
homing of the AML LIC (55). A second type of leukemia
(chronic myeloid leukemia, CML) has also been shown to
be driven by a stem-like cell. CML develops from an
acquired dominant genetic mutation that leads to a
constitutively active tyrosine kinase (BCR-ABL) that
enhances cell survival and proliferation, leading to an
overproduction of immature leukemic blast cells (56). A
detailed understanding of the cellular and molecular basis
of CML has led to the development of a specific tyrosine
kinase  inhibitor = (TKI), which reverses auto-
phosphorylation of BCR-ABL and is one of the more
successful stories in translational medicine (Imatinib
mesylate, Gleevec) (57). However, while Imatinib is able to
suppress CML, it rarely is curative and relapse is inevitable
with cessation or interruption of therapy (58). The reason

1238

that Imatinib is unable to eradicate all of the BCR-ABL
cells is due to the primitive CML stem cells, which are
refractory to TKI (59). Hence, for at least two types of
leukemia, the concept of a cancer stem cell seems to be
well established. A cell with a somatic stem cell phenotype
(i.e. CD34'/CD38") and functional characteristics (long-
term self-renewal and slow-cycling) is responsible for
driving tumor initiation, growth and plays a role in
resistance to therapy.

5.2. CNS cancer stem cells

The presence of stem cells in cancer outside of
the blood came initially in 2002, when it has been reported
the existence of stem-like cells for the first time in solid
tissue cancer, in this case in human cortical gliomas that
were capable of forming clonal spheres in culture,
exhibiting a multipotent differentiation potential and
expressing a unique gene expression profile suggestive of
deregulated cellular signaling (60). This revealed
similarities (i.e. the ability to form neurospheres and exhibit
multilineage differentiation, as well as expressing hallmark
molecular markers of neural stem/progenitors cells
including nestin and tenascin-C) between somatic neural
stem cells and tumor cells, implying a possible relationship
between the two populations. The follow year the Clarke
laboratory published a prospective identification of a breast
cancer stem cell where they demonstrated, based on the
absence of lineage specific markers together with high
expression of CD44 and low expression of CD24, that as
few as 100 such cells were capable of forming tumors when
injected into the mammary fat pads of NOD/SCID mice
(61). This paper generated a great deal of attention and
seemed to firmly establish the existence of solid tissue
cancer stem cells. In the same year Hemmati et al reported
on the isolation of cells from pediatric brain tumor with
properties similar to somatic neural stem cells such as the
ability to exhibit self-renewal, multipotent differentiation
and the expression of genes found in neural and other stem
cells such as CDI133, Sox2, Bmi-1 and Musashi-1 (62).
Singh et al reported on the identification of a brain tumor
cancer stem cell that exhibited the ability to proliferate,
self-renew and multi-lineage differentiation potential,
importantly they have reported that cancer stem cell
population was found exclusively in the CD133-
immunoreactive population (63). Also, in 2004, the
Vescovi group carried out a detailed analysis of the
functional stem cell characteristics of adult human GBMs,
including a description of their ability to exhibit extensive
self-renewal in vivo via serial transplantation and multi-
lineage differentiation potential. These cells recapitulated
the histological features, invasion, microvascular
proliferation and pseudo-pallisading necrosis that are
characteristic of human GBMs (64-65). A finding that was
supported by the expression profile and genotype of
cultured human GBM tumor stem cells, revealing a
similarity to the tumors from which the cells were obtained
(66). These findings indicate that the in vitro defined brain
tumor stem cells faithfully preserve the key in vivo features
of human GBM (hGBM).

At this point, the cancer stem cell hypotesis, as it
pertained to solid tissue cancers (i.e. breast and in particular
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the brain), appeared to be fairly well established based the
following criteria:

1.the existence of a low frequency population of cells that
exhibit stem cell characteristics in vitro (i.e. neurosphere
formation, self-renewal and multi-lineage differentiation
potential)

2.the ability of cells derived from solid tissue cancers (i.e.
human GBM) to exhibit stem cell characteristics in vitro
and to initiate tumor formation in vivo, and

3.the identification of a selective putative cancer stem cell
marker (CD133 for brain and CD44 high/CD24 low for the
breast).

5.3. Modeling GBM using stem-like tumorigenic cells

As mentioned, recent advances in understanding
cancer biology has extended to GBMs the basic concept
that was initially established for other tumors (54-61-67-
68), i.e. only a minor subset of cancer cells are actually
endowed with tumor-initiating ability, can sustain
neoplastic growth, perpetuate GBMs and support
recurrence (34-60-62-63-64-69). Stem-like TICs from
GBMs are rapidly proving an invaluable tool as key players
and targets in GBM physiology and therapy. These cells
can be isolated from human GBM surgery specimens,
cloned and expanded in culture extensively, while retaining
multipotency, self-renewal ability and the capacity to
reproduce, down at the clonal level, a faithful phenocopy of the
original disease, ones transplanted in the brain of
immunodeficient mice (64-66). It is worth emphasizing that
these typical GBM features were never observed in previous
studies using common xenograft or allograft-based brain tumor
models. This allows for the possibility to directly investigate
the most critical functional properties of the cells that initiate
and perpetuate GBMs in vitro. Most important, GBM tumor
stem like cells can be used to generate hundreds of copies of
the patient’s own GBM in mice. In these, the main
histological, cytological and architectural GBM features,
including infiltration, migration and neovascular processes are
well-recapitulated (64-66).

Due to the ability of brain GBM- stem-like tumor
initiating cells to generate true phenocopies of the human
disease over time, they now represent one of the most suitable
models for studying GBM physiology in vitro and in vivo, to
discover new and more specific molecules that selectively
impinge on the TICs in this disorder and to study the cellular,
molecular and genetic underpinnings of GBM development,
expansion and recurrence (70).

5.4. Stem cell markers

The research into glioma stem like cells has been
based on markers that identify the cells that are capable of
tumor formation at a low cellular density and have a capacity
for self renewal, clonogenity, spherical growth and
differentiation into a broad range of cell types — properties that
define the cell’s stemness (71).

CD133 (also called prominin-1) a transmembrane
glycoprotein with largly unknown function (72) has been
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used as the major marker together with nestin, an
intermediate filament protein (73), Sox-2 (a transcription
factor found to be expressed in multipotent stem cells of the
neuroepithelium) (74) and Musashi (an RNA binding
protein enriched in mammalian CNS stem cells required for
asymmetric cell division) (75).

The concept at the heart of the term and
definition of the cancer stem cell hypotesis, is that a TIC
derived from human gliomas does exhibit somatic stem cell
characteristics and that it is these stem cell characteristics
that make it resistant to treatment. To this end, and based
on the attractiveness of the idea that a single antigen
(CD133) defines the entire tumor initiating population,
several groups have looked at the resistence of the CD133-
IR population to treatment. The first publication in this area
by Bao et al (76), similar to the Singh et al publication,
reported that the tumor-initiating population was found
exclusively in the CD133+ fraction and that the CD133
cells survived ionizing radiation in greater proportions
relative to cells that lacked CD133 expression and that this
effect was due to the preferential activation of DNA
damage checkpoint kinases (Chk1 and Chk2) together with
an increased ability to repair radiation-induced DNA
damage relative to the CD133 non expressing cells. While
these results, and those of others (77-78) support the
hypotesis that the tumor-initiating (CD133+) cells exhibit
an increased resistance relative to non-tumor-initiating
(CD133-) cells, it is important to note that the selectively of
CD133+ cells for tumor-initiating has been challenged (79-
80-81), even by the group that first reported its selectively
for tumor formation (82). Therefore, while CD133 may
well be expressed on TICs, its expression is likely not
selective to this population nor does it define the entire
tumor-initiating  population (83). In addition, the
relationship of CD133 to somatic NSCs is currently unclear
as to what portion of the population it defines, its
selectively, and more important, does it identify a
population with stem cell features, and if so, then if these
stem cell characteristics were expressed in tumor stem cells
would it make them resistant to therapy.

A candidate solution came in May 2009 from the
group of Howard Fine, which proposed that expression of
the stage-specific ~embryonic antigen 1 (SSEA-
1/CD15/LewisX (LEX), an antigen originally expressed on
a somatic NSCs population (84-85), might be used to
isolate and enrich for tumorigenic subpopulations in human
glioblastoma, also devoid in CD133+ (86). In the same
manner, other neural/progenitor cell antigens have been
proposed as true candidate tumor-initiating cell markers for
brain tumors: nestin, expressed by uncommitted neural
precursor cells (73-87-88) and detected at high levels in
high malignant tumors as GBM when compared to less
anaplastic glial tumors (89-90-91), notch proteins,
essentials for the maintenance of the neural stem cell (92-
93-94) and overexpressed in TICs (95-96-97) or A2BS, a
marker of all the glial-restricted precursor cells, shown to
be present in a population of tumor-initiating cells that are
CD133- and able to propagate tumors (80). Other markers
have been identified in TICs that are transcription factors,
oncogenes and cell cycle modulators. Sox2, a transcription
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factor that appears to has a fundamental role for
maintenance of the self-renewal capacity of NSCs also
when they have acquired cancer properties (62-98) or Bmi-
1, a proto-oncogene essential for the generation of self-
renewing adult human SCs (99) and highly enriched in
stem-like cells within brain tumors (62). OLIG-2, another
transcription factor that promote proliferation of both
neural progenitors and GBM-initiating cells (100-101).
Maternal embryonic leucine zipper kinase (MELK), a cell
cycle modulator, that is expressed by neural stem cells and
found to be elevated in TICs (62-102). Recently, it has been
also identified a glioma-initiating cell population in human
GBM that expresses high levels of CD44, proposed as an
enriched marker for tumor stem cells in several
malignancies of haematopoietic and epithelial origin (61-
103-104) but not extensively studied in glioma. This CD44
high glioma-initiating population confers poor prognosis in
GBM patients (105-106) and is associated with glioma
progression and invasion (107-108).

Of note, by avoiding the use of molecular
markers, in February 2010 an alternative approach has been
proposed for identifying glioma-initiating cells based
purely on phenotypic qualities of this population. This
method allows the isolation and enrichment of self-
renewing and tumor-initiating glioma cells by exploiting
their  intrinsic  and  distinct  morphology  and
autofluorescence (FL1%) (109).

For all of these reasons, the rationale is quite
clear for why gliomas, and particularly GBMs, require
careful cellular, molecular and antigenic phenotypying,
even following in vitro growth, expansion and enrichment
for the clonogenic populations, if new approaches to
isolate, identify, enrich and target the most important
culprit in GBM tumorigenesis, the human stem-like tumor
initiating cells, are to be devised.

6. THERAPEUTIC APPROACHES

6.1. Targeting glioma cancer stem cells

The immaturity of the neural stem cell field
contrasts with the study of hematopoiesis, largely
contributing to our relative lack of knowledge concerning
the lineage relationships and molecular mechanisms that
control adult neural cell genesis. This is not to say that we are
totally control naive in this regard, however, comparatively
speaking the NSC field is at a significant disadvantage, a
disadvantage that is magnified when it comes to cellular
heterogeneity in brain tumors. For instance, markers that have
been successfully used to enrich for human stem cells (i.e.
CD34+/CD38-) have translated into understanding and
defining the malignant stem cell population. This type of
translation has yet to take place in the CNS field, even though
several methods for enriching for somatic neural stem cells
have been proposed (84-110-111). Hence, the absence of
maturity in the understanding of somatic NSCs biology and the
transition of stem cell progeny into functional cells has stymied
the study and characterization of the complexity of cellular
interactions in human gliomas, making it difficult to develop
targeted therapies when one does not know what the target
is.
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The poor prognosis of malignant glioma,
especially GBM, has been attributed to the failure of
treatment efficacy (i.e. molecular targeted therapies such as
tyrosine kinase inhibitor, monoclonal antibodies) due to the
cellular diversity and the limited therapeutic access to the
tumor infiltrated brain (15-112-113). For instance, the
discovery of O6-methylguanine-DNA methyltransferase
(MGMT) status influencing treatment response to
temozolomide (TMZ) highlights one of the major hurdles
in the treatment of malignant glioma — tumor cellular and
genetic heterogeneity (114). Cell surface protein expression
and molecular defects vary dramatically among and within
the tumors (115-116-117-118-119-120). This heterogeneity
represents a significant therapeutic challenge and most
likely complements the de novo and acquired resistance of
these tumors, especially with monotherapy.

After the surgical resection of accessible
neoplastic tissue (121), conventional strategies to control
the heterogeneous cell populations that culminate into a
human glioma have ranged from untargeted insults of
ionizing radiation (XRT) or cytotoxic chemotherapy (i.e.
TMZ) to targeted manipulation of the proliferation of a
select population of cells within the tumor (4-122-123-
124). An alternative approach to targeting the proliferating
(and relatively quiescent stem) cells with cytotoxic therapy
is to induce stem and progenitor cell differentiation,
causing them to lose their stem and proliferative qualities.
This regimen would make these tumors less aggressive and
more sensitive to cytotoxic treatment (125). This approach
has been confirmed using retinoic acid in hematologic
malignancies for differentiation of leukemic stem cells
(126-127). Use of all-trans retinoic acid (ATRA) with
chemotherapy raised the complete remission rate of acute
promyeocytic leukemia (APL) forcing leukemic stem cells
to differentiate (128). Exploiting this model in the
treatment of brain tumors, it has been recently
demonstrated that a member of the bone morphogenetic
proteins (BMPs), namely BMP4, which regulates neural
stem cell activity within the adult brain niche, elicits its
effects through the BMP receptors (65-129) by triggering
intracellular Smad 1,5,8 phosphorylation. This drives a pro-
differentiation cascade of events that leads to the depletion
of the cancer stem cell pool in GBMs, both in vitro and in
vivo. This result is similar to the outcome of exposing
BMPs to somatic NSCs, where it induces their
differentiation down an astrocyte pathway (130-131). This
approach did not only identify BMP4 as a potential,
powerful anti-cancer drug in GBM but established new
candidate therapeutic concepts, in that tumor therapies
might be effectively designed to target a specific cancer
stem cell population inside a solid tumor and that such
therapies may be tailored to enforce differentiation of these
cells rather than killing, thereby depleting the tumor stem
cell pool and tumorigenicity.

6.2. Other therapeutic considerations

Drug delivery to tumor tissue has also been a
critical factor limiting therapy efficacy. In addition to new
therapies, optimizing delivery is being studied to improve
outcomes in patients with malignant glioma. As a matter of
fact, the blood brain barrier (BBB) limits drug access to the
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central nervous system based on chemical constitution and
size (132-133). Additionally, BBB efflux proteins actively
pump drugs from the CNS (134-135) and tumor factors
such as dysfunctional tumor vasculature leading to relative
hypoxia diminished cytotoxic therapy (136-137-138-139).
These challenges have lead to interest in locoregional
therapy to circumvent the BBB and avoid systemic
toxicities (15). Convection Enhanced Delivery (CED) is the
latest technique of direct intraparenchymal intervention
being used to deliver novel therapies for patients with
malignant glioma. By placing catheters in and around
tumor tissue, the drug is infused over several days to
achieve homogeneous delivery that extends several
centimeters beyond the 3mm achieved with passive
diffusion (140). The ultimate goal is to treat as large a
volume as possible of the tumor infiltrated brain.
Furthermore, this technique allows the design of
therapeutics specific for the compartmental target and the
application of effective concentrations in the anticipated
treatment volume. Several human trials have demonstrated
safety of CED. In particular, large molecules such as
enzymes, antibodies proteins and even viruses, will remain
in the extracellular space of the brain for long times until
they are cleared. Gene therapy for malignant glioma has
been tested with intratumoral injections of cells with the
gene thymidine kinase of herpes simplex virus type 1
(HSV-TK). Results from phase I/I studies of HSV-TK
gene therapy in recurrent GBM demontrated safety (141-
142). More recently, the precise trial completed a phase III
study of interleukin 13 bound to Pseudomonas exotoxin
(IL13-PE) for GBM using CED (143).

While some protocols (37-65-144-145) have
shown benefit clinically and demonstrate great promise
pre-clinically, they are unlikely to be curative or to provide
a substantial benefit comparable to the use of Gleevec for
CML. In developing the next generation of targeted
therapeutic molecules for treating CNS tumors a more
comprehensive understanding of the cell types involved in
driving tumor progression and which cells are targeted by a
single treatment or combination treatment, will need to be
achieved. These results will not only define the cellular
populations to be targeted and outline the inter- and intra-
tumor heterogeneity, but also identify the resistant
populations to be targeted with secondary lines of
treatment.

7. CONCLUSIONS AND PERSPECTIVE

The analysis of glial tumors and of the related
cell lines has provided some prognostic markers as well as
potential therapeutic targets as well as key mutational
events characteristic for the individual tumor types thus
refining classification and grading. In addition some clues
were generated about the relationship between
developmental glial lineages, tumor stem cells and subtypes
of tumors, based on their gene expression patterns. The
insight gained into glioma development and biology has not
yet translated into much therapeutic progress, especially not
effective targeted therapy mainly because of its
heterogeneity, which represents a formative challenge to
treatment particularly in the application of monotherapy,
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but also a barrier to any therapeutic regime due to acquired
resistance.

A body of evidence now exists suggesting that
brain tumors contain relatively rare subpopulation of
transformed cells with stem cell-like properties and that this
population may be resistant to conventional therapy based
on the notion that conventional therapy targets the
heterogeneous body of cancer cells in a relatively non-
specific fashion and spares the tumor stem cells due to their
unique properties (16-67-146). Targeting this population
may be an important therapeutic strategy in treating
patients with brain tumors (34-147). However, as attractive
as this hypotesis sounds, it has been challenged and is still
largely untested when it comes to solid tissue cancers (148-
149). The hypotesis does not take into account the inability
of current treatments to target the bulk of the tumor.
Additionally, a convincing body of evidence does not exist
that treatment resistance and recurrence are due to the
relatively rare cancer stem cell population (150). Hence,
while targeting the cancer stem cell may ultimately be
important for an effective cure, one cannot dismiss the bulk
of the proliferating cells within the tumor. The reamining
key issues are therefore still the need for even more refined
array based molecular analysis of appropriate, defined
tumor entities serving as key comparators and the same for
tumor derived stem-like cells and the yet undefined human
neuro-glial stem cells or committed progenitors.

With the integration of onco- and neurobiological
analyses, the next generation of targeted therapeutic
molecules for treating CNS tumors will likely entail a more
comprehensive understanding of the cell types involved in
driving tumor progression and which cells are affected by a
single treatment or combination treatment.
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