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Complex Oncogenic Signaling Networks Regulate Brain
Tumor-Initiating Cells and Their Progenies: Pivotal Roles of
Wild-Type EGFR, EGFRvIII Mutant and Hedgehog Cascades
and Novel Multitargeted Therapies
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Abstract
Complex signaling cross-talks between different growth factor cascades orchestrate the
primary brain cancer development. Among the frequent deregulated oncogenic pathways,
the ligand-activated wild-type epidermal growth factor receptor (EGFR), constitutively
activated EGFRvIII mutant and sonic hedgehog pathways have attracted much attention
because of their pivotal roles in pediatric medulloblastomas and adult glioblastoma multi-
formes (GBM) brain tumors. The enhanced expression levels and activation of EGFR,
EGFRvIII mutant and hedgehog signaling elements can provide key roles for the sustained
growth, migration and local invasion of brain tumor-initiating cells (BTICs) and their
progenies, resistance to current therapies and disease relapse. These tumorigenic cascades
also can cooperate with Wnt/b-catenin, Notch, platelet-derived growth factor (PDGF)/
PDGF receptors (PDGFRs), hepatocyte growth factor (HGF)/c-Met receptor and vascular
endothelial growth factor (VEGF)/VEGF receptors (VEGFRs) for the acquisition of a more
malignant behavior and survival advantages by brain tumor cells during disease progres-
sion. Therefore, the simultaneous targeting of these oncogenic signaling components
including wild-type EGFR, EGFRvIII mutant and hedgehog pathways may constitute a
potential therapeutic approach of great clinical interest to eradicate BTICs and improve the
efficacy of current clinical treatments by radiation and/or chemotherapy against aggressive
and recurrent medulloblastomas and GBMs.
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INTRODUCTION
Malignant primary brain tumors, including medulloblastomas and
gliomas, such as high-grade astrocytomas and glioblastoma multi-
forme (GBM) brain tumors, also designated as glioblastomas, are
among the most frequent, rapidly growing and lethal tumors of the
central nervous system (CNS) in children and adults, respectively
(Figure 1) (66, 106, 207).The image-guided complete surgical exci-
sion of infiltrating pediatric medulloblastomas and adult GBM
tumors, which can invade the surrounding tissues and spread to
different locations in the brain and/or spine through their diffusion
into the brain parenchyma and cerebrospinal fluid is typically inef-
fective and leads to local relapse of the disease (66, 106). Also,
highly aggressive medulloblastomas and GBMs are usually refrac-
tory to current clinical therapies by high-dose external beam radio-
therapy, targeted brachytherapy and/or adjuvant chemotherapeutic
treatments with diverse DNA-alkylating agents such as temozolo-
mide, nitrosoureas and/or cisplatin (66, 106, 207). Especially, the
GBM patients treated with radiotherapy plus adjuvant temozolo-
mide, which represents the standard of care in several clinics, have a
poor median survival time of about 14.6 months after diagnosis
(207). The inefficacy of current therapies by radiation and diverse
chemotherapeutic regimens for treating the patients with locally
advanced and disseminated medulloblastomas and GBMs has been
associated with an enhanced expression of different oncogenic
products and the rapid development of resistance mechanisms by
brain cancer cells (66, 106, 207). Moreover, the use of high-dose
ionizing radiation and/or chemotherapeutic drugs might cause sys-
temic and neurological toxicity, such as temozolomide-induced
CD4+ lymphopenia and severe long-term side effects (66, 106, 207).

In general, the initiation and progression of primary brain
tumors, including medulloblastomas and gliomas, are accompa-
nied by the accumulation of distinct genetic alterations in diverse
tumor suppressor gene products such as phosphatase tensin
homolog deleted on chromosome 10 (PTEN), p53, p16INK4A and/or

p19ARF and oncogenic products (100, 104, 106, 156, 181, 217, 219).
The genetic alterations resulting in a sustained activation of differ-
ent tumorigenic cascades mediated through different receptor
tyrosine kinases (RTKs) and their downstream signaling elements,
phosphatidylinositol-3′ kinase (PI3K)/Akt and Ras/mitogen-
activated protein kinases (MAPKs) can cooperate for the acquisi-
tion of more aggressive phenotypes and survival advantages by
brain cancer cells (100, 104, 106, 135, 217, 246). Among the fre-
quent genetic alterations that might contribute to primary brain
tumor initiation and progression, the wild-type EGFR receptor
tyrosine kinase (erbB1 or HER1) is amplified, overexpressed and/or
mutated in approximately 30%–60% of GBM patients (Figures 2
and 3) (1, 5, 24, 66, 92, 156, 197, 214, 224). It has also been noticed
that the EGFR amplification is often accompanied by an upregu-
lated expression of the deletion mutant EGFR variant III form,
also designated as EGFRvIII or DEGFR, as well as the PTEN
loss-induced Akt activation, and associated with a poor overall
survival of GBM patients (5, 59, 66, 197, 214, 234). More specifi-
cally, the immunohistochemical and reverse transcriptase-
polymerase chain reaction (RT-PCR) analyses have revealed that an
increase of constitutively active EGFRvIII mutant expression fre-
quently occurs in approximately 30%–60% of GBM patients while
no expression of this mutant is observed in the normal adult brain
and any other tissues (Figure 2) (5, 151, 166, 197, 234, 244). More-
over, the activation of the PI3K/Akt pathway is frequently detected
in up to about 77%–87% of the tumor tissue samples from GBM
patients (1, 38, 56, 66). In addition, a persistent activation of the
sonic hedgehog cascade often occurs during medulloblastoma and
GBM initiation and progression, and may provide critical functions
for the acquisition of more malignant phenotypes by brain tumor
cells (Figure 3) (8, 11, 15, 35, 37, 39, 40, 51, 89, 109, 130, 145, 156,
183, 187, 193, 238, 241, 242). Also, other molecular pathways that
are frequently deregulated in medulloblastoma and GBM cells
during the progression to advanced disease stages include Wnt/b-
catenin, Notch, platelet-derived growth factor (PDGF)/PDGF

Figure 1. Scheme showing the anatomic
localization of the niches of neural
stem/progenitor cells in the human adult brain
as well as their malignant transformation into
brain tumor-initiating cells. The occurrence of
genetic alterations leading to a sustained
activation of distinct developmental signaling
pathways, including wild-type epidermal
growth factor receptor (EGFR), EGFRvIII
mutant and/or sonic hedgehog pathways, in
neural stem/progenitor cells (NSCs or NPCs) is
indicated. These molecular changes in NSCs
or NPCs may culminate in their malignant
transformation into brain tumor-initiating cells
(BTICs) and brain tumor development,
including medulloblastomas or glioblastoma
multiforme (GBM) brain tumors.
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receptors (PDGFRs), hepatocyte growth factor (HGF)/c-Met
receptor, stem cell factor (SCF) receptor c-KIT, vascular endothe-
lial growth factor (VEGF)/VEGF receptors (VEGFRs) and erbB2
(HER2) in the case of medulloblastomas (Figure 4) (3, 4, 7, 21, 23,

24, 35, 39, 67, 71, 78, 104, 112, 135, 156, 192, 203, 211, 219, 224).
These tumorigenic cascades may contribute in cooperation with the
EGFR/EGFRvIII and hedgehog signaling networks to treatment
resistance and a poor survival of brain cancer patients.

Figure 2. Schematic structures of human
wild-type EGFR protein and truncated EGFRvIII
mutant. The scheme shows the extracellular
domains divided in four subdomains I–IV,
transmembrane region (TM), juxtamembrane
segment (JM), tyrosine kinase domain and
C-terminal tail. The residue number
corresponds to the human epidermal growth
factor receptor (EGFR) amino acid (aa)
sequence excluding the signal peptide
sequence. The position of potential
glycosylation sites and tyrosine
phosphorylation sites are indicated. Moreover,
the in-frame deletion of the 6–273 aa segment
in the extracellular domain of the truncated
mutant epidermal growth factor receptor
variant III (EGFRvIII mutant), which results in
the generation of a novel glycine residue at the
fusion junction between aa at the positions 5
and 274 that is specific to the mutant EGFRvIII
receptor is also indicated.

Figure 3. Schematic representations showing the structural and func-
tional differences between the wild-type EGFR and truncated EGFRvIII
mutant in brain cancer cells. This scheme shows the activation of the
wild-type EGFR through a homodimerization induced by the binding of
its ligand EGF or TGF-a and ligand-independent activation of constitu-
tively activated EGFRvIII mutant which is characterized by a sequence
deletion in the 6–273 amino acid region within the ligand-binding
domain. The high level of autophosphorylation of wild-type EGFR and
rapid endocytic internalization of EGF–EGFR complexes that might result

in either the receptor recycling or lysosomal degradation as compared
with a low level of autophosphorylation and low rate of endocytic inter-
nalization of the truncated EGFRVIII mutant are also illustrated. The
oncogenic effects induced through the sustained activation of EGF/
EGFR and constitutively activated EGFRvIII mutant in brain cancer cells
is also indicated. EGF, epidermal growth factor; EGFR, epidermal growth
factor receptor; EGFRvIII, mutant epidermal growth factor receptor
variant III; TGF-a, transforming growth factor-a.
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Importantly, recent accumulating lines of experimental evidence
also suggest that certain primary malignant CNS tumors, including
medulloblastomas and GBMs, could derive from the malignant
transformation of neural stem/progenitor cells (NSCs/NPCs) or
their more committed progenies into brain cancer stem/progenitor
cells, also designated as brain tumor-initiating cells (BTICs) in
postnatal and adult life (69, 76, 90, 154, 199, 221, 247). It has been
shown that BTICs endowed with a high self-renewal capacity but
an aberrant differentiation ability, were able to give rise ex vivo and
in vivo to the total tumor cell mass containing a heterogeneous
population of cancer cells consisting of a mixture of the astrocytes,
oligodendrocytes and/or ependymal cell-like cells in different pro-
portions that recapitulated the architecture and phenotypic features
of the original patient’s brain tumors (Figure 1) (76, 90, 99, 199). It
has also been reported that the wild-type EGFR, EGFRvIII mutant
and hedgehog cascades, in cooperation with other genetic alter-
ations, can play critical roles for the malignant transformation of
NSCs/NPCs into BTICs during medulloblastoma and GBM devel-
opment, treatment resistance and disease relapse (Figures 3 and 4)
(11, 14, 32, 37, 41, 59, 97, 119, 130, 140, 151, 238). Consequently,
the multitargeted strategies of wild-type EGFR, EGFRvIII mutant,
hedgehog and other oncogenic products with the current clinical
treatments by radiation and/or chemotherapy, might represent more
promising therapies as monotherapies for treating the patients
diagnosed with aggressive and recurrent primary brain tumors

(Figure 5). In regard with this, we review the most recent advance-
ments on the key oncogenic functions supplied by the wild-type
EGFR, truncated EGFRvIII mutant, sonic hedgehog and down-
stream signaling elements such as PI3K/Akt and cross-talks with
other tumorigenic cascades in BTICs and their progenies during
the primary brain tumor development. Of great clinical interest,
recent studies supporting the therapeutic benefit to target wild-type
EGFR/EGFRvIII mutant, hedgehog and other oncogenic signaling
elements to eradicate BTICs and their progenies and thereby
improve the current clinical treatments and develop a novel effec-
tive combination therapy against highly aggressive and recurrent
medulloblastomas and GBMs are also discussed.

IMPLICATION OF THE MALIGNANT
TRANSFORMATION OF NSCs/NPCs
INTO BTICs IN PRIMARY BRAIN
CANCER DEVELOPMENT

Phenotypic and functional features
of NSCs/NPCs

Adult neurogenesis, astrogliogenesis and tissue repair in central
and peripheral nervous tissues may occur through the activation of
adult NSCs/NPCs (13, 28, 144, 201, 210, 220, 252). The NSCs/

Figure 4. Schematic representation showing the oncogenic signaling
elements induced through the sustained activation of distinct growth
factor pathways involved in the malignant behavior of brain cancer cells.
This scheme shows the stimulatory effect induced through the activa-
tion of wild-type EGFR, constitutively activated EGFRvIII mutant, sonic
hedgehog, Wnt/b-catenin, Notch and other RTKs such as c-MET, PDGFR
and IGF-R1 on the Ras/mitogen activated protein kinases (MAPKs) and
phosphatidylinositol 3′ kinase (PI3K)/Akt and potential signaling cross-
talks between these cascades. The downregulation of phosphatase
tensin homolog deleted on chromosome 10 (PTEN), which may promote
the accumulation of phosphatidylinositol (3,4,5)-trisphosphate (PIP3)
induced by PI3K, and activation of Akt cascade is also indicated. More-

over, the stimulation of these developmental pathways, which may
result in an inhibition of cyclin-dependent kinase inhibitors p27KIP1 and
p21CIP1 and enhanced expression of diverse target gene products, is also
illustrated. EGF, epidermal growth factor; EGFR, epidermal growth factor
receptor; EGFRvIII, mutant epidermal growth factor receptor variant III;
Fzd, frizzled receptor; ICN, intracellular domain of Notch; MMPs, matrix
metalloproteinases; PTCH, pathched receptor; RTK, receptor tyrosine
kinase; SHH, sonic hedgehog; SMO, smoothened coreceptor, TBP,
TATA-binding protein; STAT, signal transducer and activator of transcrip-
tion; TF, tissue factor; TGF-a, transforming growth factor-a; uPA,
urokinase type-plasminogen activator; VEGF, vascular endothelial
growth factor; Wnt, Wingless ligand.
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NPCs have been identified within two specific germinal regions
of the brain: the subventricular zone bordering lateral ventricle in
the forebrain and the dentate gyrus in the hippocampus (Figure 1)
(13, 28, 127, 128, 201, 230, 252). Multipotent NSC/NPCs local-
ized in the germinal subraventricular zone, which express different
stem cell-like markers such as CD133 and/or nestin and possess
a high self-renewal potential, can give rise to three principal cell
lineages, including mature neurons and glial cells, astrocytes
and oligodentrocytes (13, 28, 201, 220, 230, 252). NSCs/NPCs
endowed with a multilineage differentiation potential and regen-
erative capacity can generate the progenitor cells that migrate along
the blood vessels at distant damaged areas of the brain and partici-
pate to regenerate and repair the injured tissues by generating
further differentiated and functional progenies. Moreover, NSCs/
NPCs, including NPCs designated as neural precursor cells, found
in the subgranular cell layer of the hippocampus, can generate the
granule cell projection neurons that integrate into existing neuronal
circuitry (Figure 1) (28, 144, 230). In addition, multipotent adult
stem/progenitor cells expressing the glial markers that are able to
give rise to the dopaminergic glomus cells have also been identified
in the peripheral nervous system within a germinal center termed
the carotid body (161).

The stringent regulation of NSC/NPC behavior during neuro-
genesis and astrogliogenesis in developing and adult CNS is
accomplished through the stimulation of diverse developmental
signaling cascades initiated by different growth factors that display
neurogenic, neuroprotective and/or neurorestorative effects.
Among them, there are EGF/EGFR, sonic hedgehog, Wnt/b-
catenin, Notch, insulin-like growth factor-receptor type 1 (IGF-
1R), PDGF/PDGFRs, bone morphogenic protein (BMP), nerve
growth factor (NGF), transforming growth factor-b (TGF-b) and
stromal cell-derived growth factor-1 (SDF-1)/CXC chemokine
receptor 4 (CXCR4) pathways (6, 13, 28, 43, 60, 72, 77, 116, 144,
159, 172, 200, 201, 208, 210, 220, 230, 231, 252). The interplay of
these growth factor cascades is involved in the regulation of the
balance between the quiescence, proliferation, differentiation and
migration of NSCs/NPCs and their progenies. Moreover, the
immature NSCs/NPCs are localized within a specialized local
microenvironment called the microvascular niche consisting of the
neighboring endothelial cells that tightly regulate their functions
through the direct interactions and the release of specific soluble
factors (Figure 1) (42, 62, 73, 113, 195, 196, 209, 230, 252). Impor-
tantly, a growing body of evidence has revealed that the deregula-
tion in these developmental growth factor cascades and their

Figure 5. Novel multitargeted strategies against highly aggressive and
invasive medulloblastomas and glioblastoma multiforme (GBM) brain
tumors. The scheme shows the potential inhibitory effects induced by
diverse pharmacological agents targeting wild-type EGFR, EGFRvIII
mutant, sonic hedgehog, Wnt/b-carenin, HGF/c-Met receptor and Notch/
ligand as well as current chemotherapeutic drug, temozolomide on the
growth, survival, invasion and metastasis of brain tumor cells. The
potent anticarcinogenic agents include a monoclonal antibody (mAb) or
immunotoxins directed against EGF or TGF-a ligand, wild-type EGFR or
EGFRvIII mutant, a mAb directed against Wnt and HGF as well as a
selective inhibitor of EGFR/EGFRvIII tyrosine kinase activity (gefitinib
and erlotinib), smoothened coreceptor (SMO) activity (cyclopamine or
GDC-0449), or Notch (g-secretase inhibitor). The molecular targeting of
downstream signaling elements induced through the activation of these
growth factor pathways and phosphatase tensin homolog deleted on

chromosome 10 (PTEN) downregulation-promoted PI3K/Akt activation is
also indicated. The pharmacological agents include a specific inhibitor of
JAK/STATs, PI3K (LY294002), mTOR (rapamycin), dual inhibitor of PI3K/
mTOR (PI-103), SREBP-1 (25-HC) and FAS (C75). The vaccination based
on the use of EGFRvIII-specific peptide is also indicated. EGF, epidermal
growth factor; EGFR, epidermal growth factor receptor; EGFRvIII,
mutant epidermal growth factor receptor variant III; 25-HC,
25-hydroxycholesterol; HGF, hepatocyte growth factor; ICN, intracellular
domain of Notch; JAK2, Janus-activated kinase; MAPKs, mitogen-
activated protein kinases; c-MET, hepatocyte growth factor receptor;
mTOR, mammalian target of rapamycin; PI3K, phosphatidylinositol 3′
kinase; PIP2, phosphatidylinositol (3,4)-bisphosphate; PIP3, phosphati-
dylinositol (3,4,5)-trisphosphate; STAT3, signal transducer and activator
of transcription 3; SREBP-1, sterol regulatory element-binding protein-1;
TGF-a, transforming growth factor-a; Wnt, Wingless ligand.
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local microenvironment might lead to the development of primary
brain cancers, including medulloblastomas and GBMs (Figure 1).

Cellular origin and heterogeneity of primary
brain tumors

The pediatric and adult brain tumors are heterogeneous malignan-
cies that include distinct cancer subtypes with different cellular
origins, which may be associated with specific inherited disorders
and genetic alterations occurring in primitive NSCs/NPCs or more
committed cell lineage progenies with stem cell-like properties in
the developing brain or adult CNS as well as the changes in their
local microenvironment, niche (Figure 1) (16, 24, 35, 70, 72, 129,
148, 154, 164, 192, 218, 224). Numerous genetic and proteomic
analyses combined with the gain- and loss-function studies and
development of animal models of medulloblastoma and GBM
have led to their molecular classification in different biological and
clinical subtypes characterized by particular genetic alterations as
well as the establishment of their cellular origin (16, 24, 31, 39, 48,
70, 72, 115, 122, 129, 157, 162, 164, 192, 193, 218, 224). Among
the primary brain tumors, gliomas are classified in four grades,
Grades I–IV, including Grade IV GBMs, which is the most
aggressive grade. The glioma have been classified into different
subgroups including at least three different GBM subtypes that
comprise classical, proneural and neural subtypes that are charac-
terized by frequent genetic aberrations in EGFR, PDGFR or neu-
rofibromatosis 1, respectively (15, 24, 39, 111, 122, 224). It has
been reported that the gliomas might originate from the malignant
transformation of NSCs, glial stem cells or their progenitors within
the ventricular zone germinal layer into BTICs in postnatal and
adult life (69, 76, 90, 148, 154, 186, 199, 221, 225, 247). Moreover,
it has also been shown that the PDGF-B transfer to more committed
glial progenitor cells, including oligodendrocyte progenitor cells,
can give rise to Grade II gliomas with an incidence of 33% (129).

In addition, the medulloblastomas have also been classified
in four to six different subgroups characterized by the frequent
genetic aberrations in specific signaling pathways including
Wnt/b-catenin and sonic hedgehog subgroups (31, 48, 60, 72, 115,
144, 157, 162, 193, 218, 254). The sonic hedgehog subgroup
of medulloblastoma, which is frequent in the desmoplastic and
nodular subtype, is often associated with the genetic deregulations,
including inactivating mutations in tumor suppressor genes patched
receptor 1 (PTCH1) and suppressor of fused (SUFU) that lead to a
sustained activation of sonic hedgehog ligand (SHH)/glioma-
associated oncogene (GLI) cascade (48, 60, 72, 115, 144, 157, 162,
193, 202, 218, 254). The hedgehog subgroup may arise in children
of the malignant transformation of neuronal lineage committed
progenitors, designated as cerebellar granule cell precursors
(GCPs), located in the external granular layer within the cerebellum
into BTICs (Figure 1) (72, 144). Moreover, the classic histological
subtype of medullublastoma, which often harbors the genetic alter-
ations in Wnt/b-catenin pathway and is generally associated with a
more good prognosis, may derive outside the cerebellum from the
malignant transformation of cells of the dorsal brainstrem (31, 48,
70, 115, 157, 162, 218).

Phenotypic and functional features of BTICs

The subpopulation of BTICs detected in medulloblastomas or
GBMs typically express the stem cell-like markers, such as CD133,

nestin, CD44 and/or Oct-3/4 and possess a high self-renewal and
aberrant multilineage differentiation potential, including the ability
to form nonadherent spheres in vitro and serially transplantable
tumors in animal models in vivo (76, 90, 99, 121, 199). It has
been shown that highly tumorigenic CD133+ BTICs isolated from
medulloblastomas or GBMs were able to give rise ex vivo and in
vivo to a heterogeneous population of differentiated CD133- brain
tumor cells expressing the neuronal (b-III tubulin) and astrocytic
glial fibrillary acidic protein (GFAP) markers in proportions that
reflected the cellular heterogeneity of the original patient’s brain
tumors (76, 90, 99, 121, 199).

Importantly, CD133+ BTICs have also been reported to contribute
to the resistance to current radiation and chemotherapeutic treat-
ments and disease relapse (10, 22, 64, 96, 130, 131, 136, 146, 147).
For instance, it has been observed that CD133+ BTICs detected in
three primary cell lines established from glioblastoma patients,
expressed high mRNA levels of CXCR4, O6-methylguanine DNA
methyltransferase (MGMT), brain cancer-related protein (BCRP)/
ABCG2 multidrug transporter, anti-apoptotic factors such as Bcl-2,
survivin, inhibitor of apoptosis proteins (IAPs), hedgehog signaling
elements and the transcriptional repressor of the E-cadherin, snail
(130). These BTICs were also more resistant to chemotherapeutic
agents, such as temozolomide, carboplatin, etoposide and pacli-
taxel, as compared with the CD133- cell fraction (64, 130). Particu-
larly, it has been shown that the development of treatment-refractory
infiltrating brain tumors can be promoted by CD133+ GBM cells
endowed with neural and mesenchymal properties and which are
capable of forming spheres in culture (64). Moreover, the enhanced
expression of CD133 marker and sphere forming-capacity of BTICs
has been reported to be the independent predictors of the clinical
outcome of the glioma patients (160, 177, 249). In this regard, it has
also been observed that a high number of CD133+/nestin+ BTICs
was detected in N29 and N32 rat tumor glioma cell lines maintained
under stem cell and differentiation culture conditions in vitro as well
as after intracranial implantation of tumor cells into syngeneic hosts
(19). Hence, it appears that the number of highly tumorigenic BTICs
may vary with the glioma subtype.

Recent accumulating lines of evidence have also indicated that
poorly differentiated CD133- glioma progenitor cells expressing
other neural and glial stem/progenitor cell-like markers such as
nestin, stage-specific embryonic antigen 1 (SSEA-1)/CD15 and
A2B5 endowed with a high self-renewal potential were able to give
rise to CD133+ and CD133- glioma cells (18, 30, 36, 65, 85, 102,
158, 173, 204, 213). The immature CD133- BTICs could initiate
sphere growth in vitro and tumor formation in vivo with a high
frequency comparable with CD133+ BTICs (18, 30, 36, 65, 85,
102, 158, 173, 204). In contrast, moderately differentiated and
self-renewal CD133- cells only given rise to more differentiated
CD133- glioma cells with no self-renewal ability (30, 65, 173).
Overall, these observations suggest that different brain tumor
subtypes may arise from distinct self-renewing BTICs, which
can exhibit different phenotypic markers and functional features.
Moreover, these data also indicate the possibility that the self-
renewing BTICs detected within the same primary brain tumors
may be organized under form a lineage hierarchy. The cellular
hierarchy could consist of self-renewing BTIC subpopulations
characterized by specific tumorigenic and aberrant multilineage
differentiation capacities as observed in other cancer types such as
the leukemias and epithelial cancers (30, 65, 146, 147, 158, 173,
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227). However, future studies are required to more precisely estab-
lish the hierarchical organization, specific stem cell-like markers
and functions of self-renewing CD133+ and CD133- BTIC sub-
populations detected within the same or distinct primary brain
tumors from patients at different stages of the disease progression.

In addition, the malignant transformation of BTICs and their
progenies has also been associated with the occurrence of distinct
genetic alterations in these immature cancer cells leading to a
sustained activation of diverse developmental cascades that are
involved in the stringent regulation of the behavior of their normal
counterpart, NSCs/NPCs in the postnatally developing cerebellum
and adult brain (8, 27, 35, 72, 102, 159). The growth factor path-
ways frequently deregulated in BTICs and their progenies include
EGFR, hedgehog, Wnt/b-catenin, Notch, PDGF/PDGFR, HGF/c-
Met, BMP and TGF-b cascades and downstream signaling element
PI3K/Akt (8, 27, 35, 121). In this matter, we are reporting the
specific functions of wild-type EGFR, constitutively activated
EGFRvIII mutant and sonic hedgehog cascades and potential inter-
active signaling cross-talks with other tumorigenic pathways that
can contribute to the malignant transformation of BTICs and their
progenies during primary brain cancer development, including
medulloblastomas and GBMs.

Functions of the wild-type EGFR and
EGFRvIII mutant during primary brain
cancer development

Numerous studies have revealed that a sustained activation of the
wild-type EGFR and truncated EGFRvIII mutant can cooperate for
the malignant transformation of brain cancer cells, angiogenic
process and tumor development (14, 106, 121, 217). The enhanced
expression and activation of wild-type EGFR in conjunction with
the EGFRvIII mutant have been shown to contribute to the acquisi-
tion of a more malignant behavior by BTICs and their progenies
during primary brain cancer initiation and progression (Figure 3)
(20, 76, 99). For instance, the primary GBMs, which are aggressive
brain cancers that typically progress rapidly without evidence of a
transitory step of lower-grade tumor, are frequently accompanied
by an overexpression of the wild-type EGFR and/or EGFRvIII
mutant (69, 154, 221, 247). In the same way, it has also been
reported that all tumorigenic CD133+/nestin+ BTICs populations
isolated from seven patients with GBMs expressed the wild-type
EGFR (76). Moreover, the results from the histoimmunostaining
analyses of GBM cells detected in tumor tissues from patients have
indicated that the EGFRvIII mutant was expressed in CD133+

GBM cells (249). The results of RT-PCR and Western blot analyses
of tumor spheres established from primary brain tumors have
also revealed that eight out of 11 GBMs, one out of two medullo-
blastomas and one out of one ependymoma were positive for the
EGFRvIII mutant (235). The EGFRvIII mutant has also been
observed to be co-expressed with the stem cell-like marker CD133+

in a high fraction (70 � 8%, n = 8) of the GBM cell population
detected by fluorescence-activated cell sorting (235). Importantly,
although the EGFRvIII mutant is rapidly lost when the brain tumor
cells are maintained in the culture conditions promoting their dif-
ferentiation, the EGFRvIII expression has been detected for up to
3 months in the tumor spheres endowed with a high self-renewal
ability maintained in serum-free stem cell growth media ex vivo
(235).

The ligand-activated wild-type EGFR and constitutively acti-
vated EGFRvIII mutant can stimulate similar intracellular path-
ways as well as display particular functional properties and activate
specific downstream signaling effectors in a brain cancer cell type-
dependent manner (4, 8, 66, 143, 144, 148). More specifically, the
activation of the wild-type EGFR by its secreted ligands, including
EGF and TGF-a, might occur through an autocrine loop or in a
juxtacrine or a paracrine manner, and leads to the stimulation of
diverse intracellular signaling elements in primary brain cancer
cells including BTICs (Figure 4) (106, 132, 214, 248). These intra-
cellular signaling components include PI3K/Akt, Ras/MAPKs,
Janus-activated kinase 2 (JAK2)/signal transducer and activators of
transcription 3 (STAT3) and phospholipase C-g (PLC-g) (Figure 4)
(96, 106, 132, 214, 248). The activation of these downstream
signaling elements might result in the inhibition of nuclear cyclin-
dependent kinase (CDK) inhibitors, p21CIP1 and p27KIP1 and the
induction of mitotic effects, including an enhanced expression of
metalloproteinases (MMPs), urokinase-type plasminogen activator
(uPA) and VEGF. Thereby, the EGFR activation may promote the
growth, survival, migration and local invasion of brain cancer
cells, including medulloblastoma- and GBM-initiating cells, and
the angiogenic process.

In the case of the somatically mutated EGFRvIII receptor, which
lacks an N-terminal 267-amino acid portion of the full-length
EGFR’s extracellular ligand-binding domain, it has been shown
that this truncated RTK protein can act as a constitutively auto-
phosphorylated and activated receptor that mediates its oncogenic
effects in the absence of a ligand (Figures 2–4) (14, 106). The
constitutively activated EGFRvIII typically exhibits a 10-fold
lower level of autophosphorylation relative to the ligand-activated
wild-type EGFR (75, 84, 97, 189, 248). This difference between
EGFRvIII and wild-type EGFR phosphorylation status may influ-
ence their cell-surface stability, functional properties and rate
of internalization in cancer cells (Figure 3). More specifically, the
downregulation of the cell-surface EGFRvIII mutant through its
internalization by endocytosis and degradation in the lysosomes is
low compared with the wild-type EGFR complexes that generally
undergo a rapid internalization through clathrin-coated endocytic
vesicles followed by the receptor recycling at the cell surface
or lysosomal degradation (Figure 3) (75, 84, 97, 226). Hence, the
enhanced stability of the constitutively activated EGFRvIII mutant
at the plasma membrane can promote its malignant transforming
effects on brain tumor cells and contribute at least in part to the
functional divergences noticed between the EGFRvIII mutant and
wild-type EGFR, including their differential ability to activate dif-
ferent signaling elements such as MAPKs and target genes (63, 97,
151, 189, 215). Particularly, the constitutively activated EGFRvIII
mutant can persistently stimulate diverse intracellular cascades and
upregulate the expression of numerous target genes such as MMPs,
tissue factor (TF) and TATA-binding protein (TBP). In turn, these
gene products may contribute to the malignant behavior of brain
tumor cells including BTICs (20, 44, 56, 63, 94, 98, 106, 117, 142,
151, 153, 155, 174, 182, 228). The downstream signaling elements
that might be induced through the EGFRvIII mutant in a brain
cancer cell type-dependent manner include PI3K/Akt, Ras/MAPK,
JAK2/STAT3, protein kinase C-a (PKC-a)/myristoylated alanine-
rich PKC substrate (MARCKS) and abnormal spindle-like micro-
cephaly associated (ASPM) protein (Figure 3) (20, 44, 56, 63,
94, 106, 117, 142, 151, 153, 155, 174, 182, 228). Moreover, the
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expression of the EGFRvIII mutant in the GBM patients has also
been associated with a decreased expression level of collapsing
response mediator protein 1 (CRMP1), which in turn may promote
the invasion of EGFRvIII-expressing GBM cells (153). Conse-
quently, the EGFRvIII mutant can play critical roles in the prolif-
eration and migration of GBM cells, and enhanced tumorigenicity
and angiogenic process, and cooperate with wild-type EGFR and
other oncogenic products for primary brain cancer tumor develop-
ment. In addition, the co-expression and heterodimerization of
the wild-type EGFR and EGFRvIII mutant or the formation of
heterodimer between these receptors and erbB2 and interactive
cross-talks with hedgehog and other tumorigenic cascades in
medulloblastoma and GBM cells including BTICs also can con-
tribute to their acquisition of a more malignant behavior and treat-
ment resistance (Figure 4) (7, 24, 35, 95, 101, 126, 134, 137, 152,
163, 191, 205).

Functions of the sonic hedgehog cascade during
primary brain tumor development

The sustained activation of canonical sonic hedgehog cascade con-
sisting of SHH ligand/PTCH1/smoothened (SMO) co-receptor/
GLI transcription factors, which can cooperate with other develop-
mental pathways such as EGFR, Wnt/b-catenin and Notch to
induce the proliferation of NSCs/NPCs in the postnatal develop-
ment and adult brain, is also deregulated in a subset of primary
brain tumors, including medulloblastomas and GBMs (8, 11, 37,
60, 100, 159, 169, 187, 191, 193, 205, 254). The inactivation muta-
tions in tumor suppressor genes, PTCH1 receptor and SUFU, or
activating mutations in oncogenic SMO co-receptor of the hedge-
hog cascade is prevalent in about 15% of all the cases of sporadic
medulloblastomas (176, 178, 216, 254). Also, an upregulation of
the expression levels and activities of hedgehog signaling elements
might occur in medulloblastoma and GBM cells including BTICs
during the brain cancer progression to locally advanced and dis-
seminated stages (11, 35, 37, 40, 51, 89, 95, 109, 183, 187, 191,
193, 238, 241, 242). The persistent activation of sonic hedgehog
cascade may lead to an enhanced expression of GLI-targeted genes
such as GLI-1, cyclin DI and D2, Bmi-1 polycomb ring finger
oncogene, snail, Bcl-2, insulin receptor substrate 1 (IRS1) and
adenosine triphosphate (ATP)-binding cassette (ABC) multidrug
transporters. Thereby, the activated hedgehog pathway may con-
tribute to the acquisition of a more malignant behavior and survival
advantages by medulloblastoma- and GBM-initiating cells and
their progenies (Figure 4) (11, 35, 37, 40, 51, 89, 95, 109, 145, 183,
187, 206, 238, 241, 242). More specifically, it has been shown that
the sustained activation of SHH/PTCH1/GLI-1 can promote the
self-renewal and sphere-forming ability of BTICs from GBM
patients (238).

In addition, several signaling cross-talks between the hedgehog
signaling network and other tumorigenic cascades have been pro-
posed to cooperate for the malignant transformation of medullo-
blastoma and/or glioma cells (95, 145, 191, 206). For instance, it
has been shown that the noncanonical hedgehog pathway activated
through RTKs such as EGFR may lead to the stimulation of Ras
and Akt, that in turn can activate the GLI-targeted gene expression
and GLI-mediated cellular responses in glioma cells (145, 206).
Moreover, the activation of hedgehog in glioma-initiating cells may
also result in the GLI-1-induced IRS1 expression that in turn can

stimulate the IGF-I-mediated MAPK activation (95). Additionally,
the characterization of different animal models, in which the wild-
type EGFR and/or EGFRvIII mutant were overexpressed or the
hedgehog signaling elements were altered, has also indicated the
critical importance of these tumorigenic cascades for the malignant
transformation of NSCs/NPCs into highly tumorigenic BTICs
during brain cancer development (8, 9, 46, 92, 125).

In vivo animal models of primary brain
tumor development

Numerous investigations carried out using animal models, includ-
ing transgenic mice, have indicated that the enhanced expression
level and/or activity of wild-type EGFR, truncated EGFRvIII
mutant and their downstream signaling elements, such as Ras and
Akt and/or a persistent activation of hedgehog cascade in NSCs or
more committed neuronal or glial precursor cells, can cooperate
with other genetic alterations to induce primary brain cancer ini-
tiation and progression (8, 9, 46, 83, 92, 93, 100, 125, 232). For
instance, it has been shown that the loss of both p16INK4A and
p19ARF tumor suppressor genes combined with a constitutive
expression of the wild-type EGFR in NSCs or astrocytes resulted
in their acquisition of malignant features, suggesting that these
cells can serve as the cell-of-origin for certain high-grade malig-
nant gliomas (9). In the same way, the overexpression of the
EGFRvIII mutant in PTEN-/- neural precursor cells also resulted
in an enhanced activation of Ras/Erk and PI3K/Akt pathways
as compared with PTEN+/+, PTEN+/+/EGFRvIII or PTEN-/-

neural precursor cells (125). More specifically, the transformed
EGFRvIII-expressing PTEN-/- neural precursor cells were charac-
terized by an increase in the expression level of CD133 stem cell-
like marker and enhanced centrosome amplification, in vitro
proliferation and colony formation in soft-agar as well as a higher
resistance to oxidative stress and ionizing radiation relative to non-
malignant neural precursor cells (125). The EGFRvIII-expressing
PTEN-/- neural precursor cells also formed highly mitotic tumors
characterized by a nuclear pleomorphism, necrotic areas and
the expression of glioblastoma markers (125). Moreover, it has
been observed that the intracranial injection of the EGFRvIII-
expressing PTEN-/- neural precursor cells isolated from these
primary tumors in mice led to the development of invasive, GFAP-
and nestin-positive tumors (125).

In addition, the results from another study performed using
avian retroviral vector to transfer the mutant EGFRvIII gene to the
glial precursors and astrocytes in transgenic mice expressing tv-a,
which is a gene encoding the retrovirus receptor under the control
of the brain cell type-specific promoters, have indicated that the
expression of the EGFRvIII mutant induced lesions resembling
human glioma tumors (92). It has been noticed that these brain
lesions occurred more frequently when the gene transfer to
mice was made into the progenitor-specific nestin promoter as
compared with the astrocyte-specific GFAP promoter, suggesting
that these lesions can arise more efficiently in immature brain
stem/progenitor cells than their differentiated progenies (92). The
experiments consisting of simultaneously infecting tv-a transgenic
mice with vectors carrying CDK4 and EGFRvIII or by infecting
tv-a transgenic mice bearing a disrupted INK4a-ARF locus with the
EGFRvIII-carrying vector alone, have also revealed that these
combined genetic alterations resulted in glioma formation (92).
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On the other hand, numerous genetically engineered mouse
models of primary brain tumors have been generated by altering the
hedgehog signaling elements, alone or in combination with different
tumor suppressor genes such as p53 (8, 86, 100, 143, 205, 241). It
has been shown that the PTCH knockout mice, SMOA1/SMOA1 or
SMOA1;Bmi-1+/+ and SMOA1;Bmi-1+/- mice expressing SMO and
Bmi-1 spontaneously developed typical medulloblastoma subtypes
arising from the expansion of the cerebellar granule neuron precur-
sors (GNP) within the external germinal layer relevant to human
disease (86, 100, 143, 241). Particularly, 94% of the homozygous
SMOA1/SMOA1 mouse model under the control of the GNP pro-
moter ND2 developed medulloblastoma subtypes by 2 months of
age that exhibited leptomeningeal dissemination of neoplastic cells
to the brain and spine, as observed in many cases of the patients
diagnosed with locally metastatic medulloblastomas (86).

In addition, numerous other animal models of primary brain
tumors have also been engineered that support the critical implica-
tion of the other growth factor cascades such as PDGF/PDGFRs
and HGF/c-Met in malignant transformation of NSCs/NPCs and/or
their more committed progenies in medulloblastoma and GBM
development (2, 70, 82, 83, 87, 129, 213). For instance, an animal
model of human GBM tumors has been generated by retroviral
expression of a constitutively active mutant K-RasG12V construct
that acts downstream of the EGFR in cultured neurospheres com-
posed of NSCs/NPCs derived from the subraventricular zone of
brains of neonatal p16INK4A-/-;p19ARF-/- transgenic mice follows by
the injection of the infected neurospheres into the basal ganglia of
wild-type recipient mice (213). The immunohistochemical analy-
ses of this mouse model of aggressive GBM, which has been
combined with a reporter system termed NS-GFP where the
nucleostemin (NS) promoter driving a high expression of green
fluorescent protein (GFP) expression in normal and malignant
NSCs/NPCs, has revealed that that c-Met was phosphorylated in
NS-GFP+ BTICs expressing stem cell-like marker nestin at the
invasion front of the tumors. Moreover, the activation of c-Met
cascade by its ligand HGF in isolated NS-GFP+ BTICs also
increased their invasion capacity in vitro supporting the potential
role of HGF/c-Met in GBM development and the therapeutic
benefit of its targeting to eradicate invasive GBM-initiating cells
(213).

Hence, on the basis of these observations, it appears that the
occurrence in neural or glial stem/progenitor cells of distinct
genetic alterations in the specific tumor suppressor genes and onco-
genes, including wild-type EGFR, EGFRvIII mutant and hedgehog
signaling elements, like those prevailing in certain cases of human
medulloblastomas and GBMs, are required to induce primary brain
tumor formation and disease progression. Therefore, the simulta-
neous molecular targeting of the wild-type EGFR, EGFRvIII
mutant, hedgehog and other gene products such as PDGFRs and
c-Met that are frequently deregulated during human primary brain
cancer development might constitute a more promising therapeutic
strategy as monotherapies to eradicate the total brain tumor cell
mass and prevent disease relapse. In this matter, we are reporting
the data from recent investigations supporting the therapeutic inter-
est of targeting wild-type EGFR, EGFRvIII mutant, hedgehog and
other oncogenic signaling elements, alone or in combination
with current therapies, for overcoming the treatment resistance of
BTICs and their progenies, eradicating the total tumor cell mass
and preventing disease recurrence.

Current clinical therapies against primary
brain cancers

The therapeutic treatment of the patients with primary brain tumors
in the clinics largely varies with the cancer subtype, its anatomic
localization and grade at the time of diagnosis and may include
surgical excision of tumor, radiotherapy, chemotherapy and stem
cell-based transplantation therapy, alone or in combination (66,
106, 148, 207). The chemotherapeutic drugs such as temozolomide
or nitrosourea agents, including 1,3-bis(2-chloroethyl)-1-
nitrosourea (BCNU carmustine), 1-(2-chloroethyl)-3-cyclohexyl-
1-nitrosourea (CCNU, lomustine) and cisplatin are often used for
treating the patients with aggressive primary brain cancers
(Figure 5) (66, 106, 207). Many efforts have been made to develop
new and effective combination therapies for treating patients with
primary brain cancers in considering the frequent genetic alter-
ations and complex signaling cross-talks between the growth
factors involved in the disease progression. More particularly, new
drug classes that are able to penetrate the blood–brain barrier and
specifically target the deregulated gene products in brain tumor
cells may represent an alternative therapeutic option for the
patients with disseminated and recurrent brain tumors that are
resistant to conventional therapies. More importantly, numerous
recent studies have also revealed that BTICs, which are more resis-
tant than their differentiated progenies to radiation treatment and
chemotherapies including temozolomide, may be responsible for
the tumor regrowth after treatment initiation and disease recur-
rence (10, 22, 64, 96, 130, 131, 136, 146, 147). Consequently, the
targeting of the total tumor cell mass including highly tumorigenic
BTICs is of immense importance for preventing the disease
relapse. We review here the data from recent studies supporting the
potential benefit of targeting distinct developmental signaling cas-
cades such as RTKs including EGFR/EGFRvIII and sonic hedge-
hog signaling pathways using the specific inhibitors, alone or in
combination, to eradicate BTICs and their progenies, and thereby
improve the current therapies (10, 37, 146, 148).

Molecular targeting of the wild-type EGFR and
EGFRvIII mutant signaling pathways

Diverse therapeutic strategies targeting wild-type EGFR and/or
EGFRvIII mutant, including the use of tyrosine kinase activity
inhibitors, monoclonal antibodies (mAbs) directed against these
RTKs or EGF and TGF-a ligands, immunotoxins and peptide-
based vaccination have given promising results in preclinical and
clinical trials, alone or in combination with the current treatments
by radiotherapy and/or chemotherapies (Figure 5) (103, 106, 119,
139, 148, 144, 146, 167, 214). Moreover, the inhibition of the
downstream signaling elements, such as PI3K/Akt/mammalian
target of rapamycin (mTOR) or sterol regulatory element-binding
protein 1 (SREBP-1), JAK2/STAT3, MARCKS, ASPM and
KLHDC8 referred to as a substitute for DEGFR expression-1
(SDE) might also constitute an alternative therapeutic strategy for
improving the antitumoral efficacy induced through the EGFR and
EGFRvIII blockade (44, 80, 94, 106, 132, 150, 153).

Different mAbs specifically recognizing the wild-type EGFR
and/or EGFRvIII mutant, including mouse mAb 528, 806 and
3C10 and 225, the chimeric mouse/human version, mAb C225
(cetuximab or erbitux) and humanized mAb 425 (EMD72000 or
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matuzumab) have been shown to induce the antitumoral effects
on GBM cells in vitro and/or in vivo (Figure 5) (54, 105, 126, 137,
149, 163, 168, 236). It has been proposed that the cetuximab or
mAb528 treatment of GBM cells might prevent the heterodimer
formation between the wild-type EGFR and EGFRvIII molecules
by sterically impairing the adoption of an extended conformation
by these receptors, which is necessary for their dimerization and
activation (Figure 3) (126, 137, 163). For instance, the intracranial
delivery of cetuximab has been reported to induce the tumor
growth inhibitory, anti-invasive and apoptotic effects on three of
seven cases of diffusely invasive xenografts established from dif-
ferent human GBM spheroids exhibiting EGFR amplification and
EGFRvIII expression, which have been implanted after short-term
culture into the brains of nude mice (137). In contrast, all the
unresponsive GBM tumors lacked amplified and/or mutated EGFR
expression (137). Importantly, the co-targeting of tumor-specific
EGFRvIII mutant and stem cell-like marker CD133 (AC133) by
using a recombinant bispecific antibody (BsAb) directed against
mutant EGFRvIII receptor and CD133 protein was also effective to
eradicate BTICs while the normal neurospheres expressing only
CD133 were insensitive to this BsAb treatment (236). Hence, this
therapeutic approach is of great therapeutic interest to specifically
target CD133+/EGFRvIII+ BTICs, and thereby prevents the sec-
ondary effects on the normal CD133+ NSCs/NPCs.

In addition, diverse specific inhibitors of EGFR/EGFRvIII
tyrosine kinase activity such as orally active gefitinib (Iressa) and
erlotinib (OSI-774), dual EGFR/erbB2-TKIs such as PK1166,
lapatinib (GW572017), and pan and irreversible TKI of all four
erbB family members, including EGFR (erbBb1)/erbB2/erbB3/
erbB4 (CI-1033 and EKB569) have also been shown to induce the
anti-proliferative and cytotoxic effects on primary brain tumor
cells (Figure 5) (29, 76, 106, 117, 123, 132, 139, 148, 144, 146,
150, 165). More specifically, it has been reported that gefitinib
induced an anti-proliferative effect on three medulloblastoma cell
lines (D283, D341 and Daoy) and four primary cultures established
from medulloblastomas, with apoptosis only in D283 and D341
cell lines as well as a growth inhibitory effect on D341 and Daoy
cell-derived xenografts (139). It has also been noted that the ecto-
topic overexpression of the erbB2 (HER2) in Daoy cells markedly
enhanced their sensitivity to antitumoral effects induced by gefi-
tinib treatment in vivo (139). These data indicate that gefitinib can
inhibit the EGFR-induced transactivation of erbB2 receptor mol-
ecule which is overexpressed in about 40% of medulloblastomas
and associated with a poor outcome of the patients (67, 74). Impor-
tantly, it has been observed that the gefitinib or erlotinib induced
the anti-proliferative and cytotoxic effects on EGFR+/CD133+

BTICs from five patients with gliomablastomas, while two cases of
GBMs with a high level of Akt activation in BTICs were insensitive
to both drugs or only sensitive to high concentrations of erlotinib
(76). These observations suggest that a combination of a specific
inhibitor of wild-type EGFR and EGFRvIII mutant activities with
the pharmacological agents inhibiting downstream signaling ele-
ments, including PI3K/Akt, could be more effective in certain
GBM patients than the single drugs to eradicate the total tumor cell
mass. In addition, several clinical trials have also been undertaken
to investigate the therapeutic interest of targeting wild-type EGFR
and/or truncated EGFRvIII mutant for improving the efficacy of
current therapeutic treatment of brain cancer patients (81, 170, 171,
180).

Clinical trials with the wild-type EGFR and
truncated EGFRvIII mutant inhibitors

The results from clinical trials have revealed the therapeutic inter-
est of using the RTK inhibitors such as gefitinib and erlotinib or
mAbs directed against wild-type EGFR and truncated EGFRvIII
mutant for the treatment of GBM patients, and more particularly in
combination with radiation therapy or chemotherapy (81, 170, 171,
180). In general, it has been noticed that the response of the patients
to the RTK inhibitors was positively associated with the expression
of wild-type EGFR/EGFRvIII mutant and PTEN in certain cases
of GBM patients (81, 106, 138, 140, 188). For instance, the data
from a recent phase II study have indicated that the inclusion of
erlotinib plus temozolomide during and after radiation therapy of
newly diagnosed GBM patients improved the median survival to
19.3 months as compared with 14.1 months observed for a treat-
ment consisting of radiation plus temozolomide without erlotinib
(171). The results from the comparative analyses of GBM patient’s
tissue specimens obtained pre- and posttreatment with a dual
EGFR/erbB2 inhibitor, lapatinib have also revealed that this agent
inhibited the EGFR tyrosine kinase activity and downstream sig-
naling elements including PI3K/Akt-induced the nuclear translo-
cation of SREBP that may contribute to the resistance of GBM
patients to mTOR inhibitor, rapamycin (80).

In addition, several anti-EGFRvIII antibodies and EGFRvIII
mutant-specific peptides have also been developed, which may
serve as potential carriers for radioconjugate- and immunotoxin-
based treatments and therapeutic tools for vaccination of patients
diagnosed with primary brain tumors overexpressing the truncated
EGFRvIII mutant (33, 45, 106, 133, 179, 185, 234). In fact, the
EGFRvIII mutant, which is not expressed in normal tissues, consti-
tutes an ideal and attractive tumor-specific target for cellular or
humoral immunotherapy in glioma patients. Indeed, the unique
extracellular epitope of truncated EGFRvIII mutant, which is
formed subsequently to an in-frame genomic deletion that splits a
codon and creates a novel glycine residue at the fusion junction,
can serve as a unique antigenic site that might be targeted using
antibody-based antitumor vaccines (Figures 2–5) (17, 33, 185,
240). For instance, a number of clinical studies have been per-
formed by using an EGFRvIII mutant-based cancer vaccine desig-
nated as PEPvIII-KLH. The PEPvIII-KLH construct consists of an
EGFRvIII-specific peptide PEPvIII (LEEKKGNYVVTDHC),
which corresponds to a 13-amino acid sequence that spans the
EGFRvIII fusion junction combined with an additional cysteine
residue to facilitate the chemical conjugation to a keyhole limpet
hemocyanin (KLH) (Figures 2 and 3). It has been reported that
PEPvIII-KLH can generate EGFRvIII-specific antibodies in the
patients with high-grade gliomas (33, 185, 190). Moreover, the
brain tumor resection and sequential treatment of GBM patients
with radiation plus DNA-damaging alkylator temozolomide fol-
lowed by intradermal injections of the cancer vaccine PEPvIII-
KLH was also accompanied by a specific T- and B-cell-induced
immune response and elimination of tumor cells expressing the
EGFRvIII mutant (33, 88). The overall survival of newly diagnosed
GBM patients overexpresing the EGFRvIII mutant after this treat-
ment type was significantly enhanced to about 26 months as com-
pared with 15 months observed for patients treated with radiation
plus temozolomide alone (88, 185). It has also been noticed
that the temozolomide-induced lymphopenia associated with this
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treatment improved the efficacy of the peptide vaccination by
inhibiting regulatory T cells or their delayed recovery (33, 88).
Similarly, the results from a phase II multicenter trial with 22 cases
of newly diagnosed GBM patients overexpressing EGFRvIII con-
sisting of external beam radiation therapy followed by vaccinations
with PEPvIII-KLH and granulocyte macrophage-colony stimula-
tory factor (GM-CSF) have indicated that the humoral and immune
responses were manifested in these patients. The median time-to-
progression of the GBM patients was of 14.2 months, which is
superior to only 7.1 months observed for the GBM patients who
have not been treated with temozolomide (185). Although these
results are interesting, it is noteworthy that a downregulation of the
EGFRvIII mutant and stimulation of diverse tumorigenic cascades
might occur in certain GBM patients during disease progression,
and contribute to the disease recurrence (185). These observations
suggest that it is necessary to also include other potential tumor-
specific antigens to immunotherapy such as interleukin-13 receptor
a2 in addition to the EGFRvIII mutant-specific peptide in the
future investigations in order to prevent treatment resistance
(184). In this regard, we are reporting recent studies support-
ing the clinical interest to also target the hedgehog cascade to
eradicate the medulloblastoma- and GBM-initiating cells and their
progenies.

Molecular targeting of the hedgehog
signaling cascade

Based on the observations indicating that the hedgehog cascade
can provide critical functions for the survival and treatment resis-
tance of BTICs and their progenies, numerous studies have been
made to identify and validate novel pharmacological agents that are
able to inhibit this tumorigenic cascade for killing the total brain
tumor cell mass (Figures 4 and 5) (11, 35, 37, 40, 41, 51, 95, 109,
145, 183, 187, 238, 241, 242). It has been reported that the treat-
ment with a selective inhibitor of the SMO coreceptor of hedgehog
pathway, cyclopamine or GLI-1 knockdown eradicated the glioma
cells from GBM patients endowed with a high self-renewal ability
and expressing the stem cell-like markers in vitro and inhibited the
intracranial growth of tumors derived from these immature glioma
cells in vivo (11, 37, 95, 187, 238). More specifically, a long-term
cyclopamine treatment of CD133+ gliomasphere cells expressing
high expression levels of the stemness genes (PTCH1, GLI-1 tran-
scription factor, Bmi-1, Nanog, Oct-3/4, SRY-box containing gene
2 “SOX2” and proliferating cell nuclear antigen “PCNA”) was
effective to eradicate all of these BTICs in culture, and induce the
regression of glioma tumors established from the gliomasphere
cells in nude mice in vivo, without systemic toxicity (37). Impor-
tantly, the analyses of 30 glioma samples from the patients before
and after treatment with temozolomide or nimustine (ACNU) have
revealed that the overexpression of the GLI1 transcriptional effec-
tor of sonic hedgehog correlated with glioma recurrence after che-
motherapy (41). Of therapeutic interest, it has also been reported
that the use of cyclopamine at a lower concentration in combination
with the current therapeutic drug, temozolomide induced the addi-
tive or synergistic anti-proliferative and apoptotic effects on the
gliomasphere cells in vitro (37). In the same way, the suppression of
GLI-1 activity by small hairpin RNA (shRNA) also inhibited IGF-
1-induced proliferation, clonogenicity and invasion of glioma-

initiating cells (95). The blockade of the hedgehog with a GLI
antagonist GANT or inhibition of IGF-1R or MAPK by using
AG1024 or PD98059 was also effective to improve the cytotoxic
effects induced by temozolomide or irradiation on glioma-
initiating cells (95). In addition, the use of small, chemically
synthesized SMO antagonists, SANT-1 and SANT-2, or natural
compounds that can counteract the SMO translocation to the
primary cilium, and thereby inhibit hedgehog activation in brain
cancer cells, also may constitute another potential therapeutic
strategy (40, 109).

In the case of medulloblastomas, it has been shown that the
specific products of the sterol biosynthesis, including cholesterol
and oxysterols, can provide key roles for the SMO translocation to
the ciliary structure and stimulation of the hedgehog pathway
(40). Interestingly, the blockade of the sterol synthesis using spe-
cific inhibitors that impair the translocation of SMO molecules
to the primary cilium has been observed to reduce the SHH-
mediated cell proliferation in medulloblastoma cells (40). It has
also been shown that a systemic delivery of antifungal agent des-
ignated itraconazole, which acts as a noncompetitive inhibitor
of hedgehog pathway, prevented the SHH-induced SMO accumu-
lation in the primary cilium and suppressed the growth of
subcutaneously implanted primary medulloblastoma cells from
a PTCH+/-;p53-/- mouse (109). Itraconazole also potentiated
the growth inhibitory effect induced by low doses of a
potent SMO antagonist, 3-Keto-N-(aminoethyl-aminocaproyl-
dihydrocinnamoyl)-cyclopamine (KAAD-cyclopamine) derivative
(109). Interestingly, a natural and nontoxic plant compound,
curcumin has also been reported to inhibit the hedgehog cascade
by reducing the expression levels of SHH protein and GLI target
gene products including Bcl-2, b-catenin and the activated/
phosphorylated form of Akt and NF-kB in medulloblastoma cells
(53). These molecular events induced by curcumin were accompa-
nied by a cell cycle arrest and apoptotic death of medulloblastoma
cells (53). Moreover, curcumin potentiated the cytotoxic effects
induced by cisplatin or ionizing radiation on medulloblastoma
cells (53). Of particular clinical interest, the results from a
case report about a patient diagnosed with a systemic metastatic
medulloblastoma associated with inactivating mutation in
PTCH1, that was refractory to multiple prior clinical treatments,
have also indicated that a rapid tumor regression and reduction of
symptoms occurred in this patient after a treatment with SMO
antagonist GDC-0449 (183). The occurrence of a mutation in the
SMO protein impairing the binding of GDC-0449 to the SMO
molecules, however, had led to GDC-0449-resistance, tumor
regrowth evident about 3 months after GDC-0449 treatment ini-
tiation at some sites and the death of the cancer patient (183, 242).
Thus, additional studies are necessary to establish the effects
induced through the hedgehog blockade in medulloblastoma-
initiating cells vs. their progenies as well as the mechanisms that
are associated with their intrinsic and/or acquired resistance to a
specific inhibitor of the hedgehog cascade after a long-term
exposure to the drug. In this regard, as the hedgehog and EGFR/
EGFRvIII cascades also can cooperate with other tumorigenic
pathways for the acquisition of more malignant phenotypes and
survival advantage by BTICs and their progenies during disease
progression, the targeting of distinct oncogenic products may be
more effective for developing new combination therapies against
highly aggressive and recurrent medulloblastomas and GBMs.
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Other molecular targets for eradicating
BTICs and their progenies and reversing
drug resistance

Other gene products often altered in BTICs and their progenies
during medulloblastoma and GBM formation and progression may
also be targeted, alone or in combination therapies, for eradicating
the total brain tumor cell mass and reversing drug resistance.
Among them, there are telomerase, Wnt/b-catenin, Notch, erbB2,
PDGF/PDGFRs, HGF/c-Met, c-KIT, CD44, VEGF/VEGFR, ABC
multidrug transporters and/or downstream signaling elements such
as PI3K/Akt, STATs, NF-kB, aurora kinase A (AURKA), MYCN,
insulin-like growth factor binding protein 2 (IGFB2), neuronal
adhesion molecule L1CAM and snail (Figures 4 and 5) (3, 4, 7, 21,
24, 34, 58, 78, 91, 96, 112, 114, 135, 136, 146, 192, 203, 211–213,
233, 239, 246). It has been reported that the blockade of these
oncogenic signaling components by using a specific inhibitor or
antagonist, mAb, antisense oligonucleotide or small siRNA, alone
or in combination therapy, led to a growth inhibition, apoptotic cell
death and/or a reduction of invasiveness and dissemination of
medulloblastoma and GBM cells in vitro or in animal models in
vivo (Figure 5) (3, 4, 52, 55, 58, 96, 108, 132, 136, 212, 251). More
specifically, the treatment of GBM-initiating cells with telomerase
antagonist, imetelstat has been observed to result in the telomere
shortening and induce the antiproliferative effect on these imma-
ture tumor cells in vitro and in GBM subcutaneous xenograft
tumors in vivo (136). A combination of imetelstat with temozolo-
mide also induced the additive cytotoxic effects on GBM-initiating
cells in vitro at least in part by activating DNA damage response
pathway (136). Moreover, recent studies have also revealed the
therapeutic interest of targeting the small miRNAs, which are
often deregulated during etiopathogenesis and the progression of
medulloblastomas and GBMs (68, 79, 223). For instance, it has
been observed that the transfection of miRNA-124, miRNA-137 or
miRNA-451 induced the differentiation of human GBM-derived
stem cells and a growth arrest of GBM cells (68, 198). Moreover,
the upregulation of the expression levels of different miRNAs such
as miRNA-34a, miRNA-128a, or miRNA-129 suppressor genes in
medulloblastoma or GBM cells was also effective at inhibiting the
cell growth, survival and invasion, at least in part, by downregulat-
ing different oncogenes such as Notch, c-Met and Bmi-1 (79, 223,
237). In this matter, we review recent data supporting the therapeu-
tic interest to also target Notch, PDGFR and c-Met pathways and
PI3K/Akt signaling elements for eradicating the medulloblastoma
and GBM cells and improving the anticarcinogenic efficacy of the
specific inhibitors of EGFR/EGFRvIII and hedgehog pathways,
and current chemotherapeutic drugs.

Targeting Notch, PDGFR and c-Met tumorigenic
signaling pathways

The molecular targeting of Notch and other RTK cascades such
as PDGF/PDGFR receptors and HGF/c-Met receptor signaling
elements, which are frequently deregulated in BTICs and their
progenies during the development of medulloblastomas and
GBMs, including the brain tumor subtypes overexpressing EGFR/
EGFRvIII and/or hedgehog signaling elements, also represent
potential strategies against aggressive primary brain tumors
(Figures 4 and 5) (3, 4, 7, 21, 23, 24, 35, 71, 104, 112, 114, 118,

139, 168, 175, 191, 203, 222, 250). For instance, it has been
observed that the GBM subtypes characterized by a high level of
activated EGFR, are also characterized by the Notch pathway acti-
vation as indicated by elevated expression levels of Notch ligands,
cleaved Notch receptor, and downstream target gene product Hes1
(Figure 4) (24). Interestingly, it has been reported that the inhibi-
tion of Notch receptor activity by using g-secretase inhibitor, N-[N-
(3,5-difluorophenacetyl-L-alanyl)]-S-phenylglycine t-butyl ester
(DAPT) or the downregulation of its ligands Delta-like-1 and
Jagged by siRNA reduced the proliferation and survival of diverse
human glioma cell lines in vitro and in vivo at least in part by
decreasing the EGFR expression level (Figure 5) (175). More
importantly, the Notch blockade by g-secretase inhibitors has also
reported to preferentially induce the antiproliferative and apoptotic
effects on the self-renewing and tumorigenic CD133+/nestin+

medulloblastoma- and glioblastoma-initiating cells as compared
with their differentiated progenies (57, 58). More specifically, it has
been shown that the treatment with the g-secretase inhibitors
reduced HSR-GBM1 neurosphere growth and clonogenicity in
vitro as well as the tumor growth of intracranial HSR-GBM1 neu-
rosphere xenografts in nude mice by depleting the CD133+/nestin+

glioblastoma-initiating cells (58). It has also been noticed that the
growth inhibitory and apoptotic effects induced by Notch blockade
on CD133+/nestin+ glioblastoma-initiating cells may be mediated
at least in part through a decrease of Akt and STAT3 phosphoryla-
tion (58). In the same way, a combination of g-secretase inhibitor
MRK-003 with hedgehog inhibitor cyclopamine was also more
effective at inducing apoptosis, decreasing cell growth, and inhibit-
ing colony-forming ability of the medulloblastoma and GBM cell
lines, including low-passage neurospheres isolated from freshly
resected human GBMs relative to single drugs (191). Moreover, the
inhibition of Notch and sonic hedgehog signaling elements, which
are overexpressed in CD133+ GMB cells, with GSI-1 and cyclo-
pamine, also sensitized the chemoresistant CD133+ GBM cell frac-
tion from GMB cell lines to the cytotoxic effects induced by
current chemotherapeutic drug, temozolomide (222).

In addition, a combination of different orally active small mol-
ecules that act as the specific inhibitors of different RTKs such
as PDGFR, EGFR, c-Met, RET, c-KIT and/or VEGFR-2 or use of
pan-RTK inhibitor has been shown to abrogate the primary brain
tumor cell proliferation, survival and tumor angiogenesis (3, 4,
251). For instance, it has been reported that imatinib mesylate
(STI571 or Gleevec), which may inhibited PDGFR, abrogated the
migration and invasion of human Daoy and D556 medulloblastoma
cells and induced the Daoy cell apoptosis in vitro by inhibiting the
PDGFB-induced Erk and Akt signaling pathways and EGFR trans-
activation concomitant with an upregulation of PTEN expression
and activity (4). Furthermore, the pan-RTK inhibitor, sunitinib,
which possesses the ability to cross the blood–brain barrier, also
inhibited PDGFR-signaling cascade and EGFR transactivation and
induced anti-migratory effects on Daoy and D556 medulloblas-
toma cell lines and primary murine SMO/SMO medulloblastoma
cells from the homozygous SMO/SMO mouse model (3).

On the other hand, it has been observed that the overexpression
of EGFRvIII in U87MG GBM cells was accompanied by a coacti-
vation of several RTKs, including c-Met supporting the interest to
co-target these two RTKs (168). In support with this, it has been
shown that a combination of an anti-HGF antibody, L2G7 with
erlotinib synergistically reduced the tumor growth and increased
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the apoptosis of glioma cells in PTENnull/HGF+/c-Met+/EGFRvIII+

U87MG glioma xenografts in mice in vivo (Figure 5) (117). Also, a
combination of an anti-EGFR antibody (panitumumab) with an
anti-HGF antibody (AMG102) substantially inhibited the tumor
growth of EGFRvIII-expressing U87MG glioma xenografts in
mice through an apoptotic mechanism as compared with single
agents (168). Future preclinical and clinical studies are however
required to ascertain the cytotoxic effects induced by these phar-
macological agents targeting different RTKs, alone or in combina-
tion therapy, on isolated BTICs with the stem cell-like properties.

Targeting PI3K/Akt signaling pathway

The stimulation of the PI3K/Akt and their downstream effectors
such as mTOR or SREBP-1, which are the frequent oncogenic
events occurring during medulloblastoma and GBM development,
might be induced in part through the activation of the RTKs such as
wild-type EGFR, EGFRvIII mutant, PDGFRs, IGF-R1 and other
growth factor signaling cascades as well as the PTEN inactivation
(Figures 3 and 4) (1, 25, 38, 56, 66, 214, 229). More specifically,
the tumor suppressor protein PTEN is a phosphatase that can
dephosphorylate the key lipid second messager phosphatidylinosi-
tol (3–5)-trisphosphate (PIP3) on the 3 position, generating phos-
phatidylinositol (3, 5)-bisphosphate (PIP2) and thereby antagonize
the function of PI3K (Figures 4 and 5). Consequently, the PTEN
downregulation or loss during brain cancer development may
promote the PIP3 accumulation induced through the PI3K acti-
vated by RTKs and stimulate its downstream effectors including
the serine-threonine kinase Akt (Figures 4 and 5). In this matter,
several investigations have revealed the therapeutic interest of tar-
geting the PI3K/Akt/mTOR or SREBP-1 signaling components,
alone or in combination therapy, to improve the cytotoxic effects
induced by different antitumoral agents including the wild-type
EGFR and truncated EGFRvIII mutant inhibitors, and reduce the
growth and induce the apoptotic death of GBM cells in vitro and in
vivo (Figure 5) (55, 56, 72, 80, 124, 228). More specifically, it has
been reported that the molecular targeting of PI3K/Akt/mTOR by
using a specific inhibitor of PI3K (LY294002), Akt (Akt inhibitor
III/SH-6) or mTOR (rapamycin) was more effective at inducing
a growth inhibition and apoptosis of CD133+ BTICs relative to
their differentiated CD133- progenies from primary glioblastoma
tissues in vitro and in vivo (55). The targeting of IGFBP2, which
is overexpressed in most GBM patients, by shRNA or using a
IGFBP2 neutralizing antibody (aBP2) has also been reported to
inhibit the neurosphere formation of single GBM cells from
patients (96). Interestingly, the aBP2 treatment was also effective in
enhancing the sensibility of glioma stem cells to cytotoxic effects
induced by an inhibitor of EGFR (AG1478), PDGFR (AG1296) or
IGF-1R (AG1024), as well as the etoposide (VP-16) and temozolo-
mide at least in part by inhibiting Akt activation-induced drug
resistance in these immature tumor cells (96). In the same way, the
analyses of animal models of medulloblastoma resistant to SMO
coreceptor hedgehog inhibitor have revealed that a chromosomal
amplification of GLI-2 and upregulation of IGF-1R/PI3K pathway,
and more rarely the mutations in the SMO protein may lead to a
reactivation of hedgehog cascade and tumor regrowth after treat-
ment with a SMO antagonist NVP-LDE225 (25). Of clinical inter-
est, a combination of PI3K inhibitor NVP-BKM120 or the dual
PI3K-mTOR (mammalian target of rapamycin) inhibitor NVP-

BEZ235 plus NVP-LDE225 markedly delayed the tumor growth
and development of resistance in PTCH+/-;p53-/- tumors subcuta-
neously implanted in nude mice supporting the interest to co-target
hedgehog pathway and PI3K to prevent the resistance of medullo-
blastomas to SMO antagonist (25).

In addition, the activation of PI3K/Akt might also result in
the activation of SREBP-1/FAS signaling elements and thereby
enhance the expression of fatty acids in response to cholesterol and
fatty acid deprivation following the EGFR/EGFRvIII-mediated
cell division (80). Of therapeutic interest, the inhibition of this
pro-survival metabolic pathway mediated through activated EGFR/
EGFRvIII has been observed to induce a massive rate of apoptotic
death in glioma cell lines expressing a high EGFR level (80). The
therapeutic strategies that may be used to block this metabolic
pathway include the inhibition of the fatty acid synthesis by using
25-hydroxycholesterol (25-HC), which acts as a specific inhibitor
of SREBP-1 processing, hydroxymethylglutaryl coenzyme A
reductase (HMG-CoA) inhibitor, atorvastatin and a FAS inhibitor
C75, alone or in combination (Figure 5) (80). For instance, it has
been reported that the inhibition of this fatty acid biosynthetic
pathway in U87MG-EGFRvIII glioma cells with a combination
of atorvastatin and C75 resulted in a significant reduction of the
in vitro tumor growth of xenografts derived from these cancer
cells (80).

In considering the fact that the activation of RTKs such as EGFR
and downstream signaling elements PI3K/Akt and Ras may lead
to the stimulation of a noncanonical hedgehog pathway in brain
cancer cells, the targeting of these signaling effectors also might
constitute another therapeutic approach to reduce the GLI-targeted
gene expression and oncogenic response (145, 206). In support
with this, it has been reported that a specific inhibitor of mitogen-
activated protein kinase kinase (MEK) (U0126) or Akt activity
(Akt inhibitor III also designated SH-6) in combination with cyclo-
pamine synergistically inhibited the growth of U87 human glioma
cells in vitro (Figure 5) (206). The enhanced colony formation of
U87 glioma cells induced by oncogenic Akt1 and GLI1 was also
reduced after a treatment with GLI3R transcriptional repressor or
tumor suppressor protein, SUFU or PTEN (206). Importantly,
LY294002, Akt inhibitor VIII or rapamycin was also effective to
eradicate the SHH-dependent CD133+ glioma cells as well as
SHH-independent-CD133+ glioma cells from glioma patients that
did not express the hedgehog components and which may persist
after hedgehog blockade (238). All these data support the great
therapeutic interest to also target PI3K/Akt signaling elements in
combination therapies for eradicating the total brain tumor cell
mass and prevent disease relapse. Additionally, it has also been
shown that the targeting of the local microenvironment of BTICs
and their progenies might also constitute an adjuvant therapy to
inhibit angiogenesis, and thereby prevent their intracranial dis-
semination and disease relapse.

Targeting of the local microenvironment of
BTICs and their progenies

The local microenvironment of brain cancer cells, and more par-
ticularly the microvascular niche may influence the tumor neoan-
giogenesis and growth and dissemination of BTICs at distant
intracranial sites from the primary brain tumors (26, 62, 73).
Reciprocally, BTICs can also contribute to tumor angiogenesis by
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promoting the local endothelial cell activity and recruitment
of bone marrow-derived circulating endothelial progenitor cells
(EPCs) by releasing diverse cytokines such as VEGF and stromal
cell-derived factor 1 (SDF-1) (62, 194, 243). Therefore, the target-
ing of microvascular niche components by using the anti-
angiogenic agents targeting different angiogenic factors such as the
VEGF/VEGFR system, matrix-degrading MMPs and hypoxia-
inducible factors (HIFs) may constitute adjuvant treatments alone
or in combination with the current radiotherapy or chemotherapies
to counteract the primary brain tumor development (7, 12, 21, 26,
61, 62, 112, 203). Interestingly, it has been observed that the treat-
ment of the mice bearing orthotopic U87 glioma cell xenografts
with an anti-VEGF mAb, bevacizumab markedly reduced the
microvasculature density and tumor growth of vessel-associated
self-renewing CD133+/nestin+ BTICs (26). The anticarcinogenic
effect of bevacizumab was accompanied by a decrease in the
number of vessel-associated self-renewing CD133+/nestin+ BTICs
(26). In the same way, a combination of a VEGFR-2 antibody
DC101 and cytotoxic agent (cyclophosphamide) was also more
effective in reducing the number of gliomasphere cells in C6
glioma xenografts in vivo than individual agents (61). In addition, it
has also been observed that the VEGF-dependant proliferation
of medulloblastoma and glioma cells expressing VEGFR-1 and
VEGFR-2 was reduced in the presence of a VEGF or VEGFR
inhibitor suggesting that an autocrine loop mediated through
VEGF–VEGFR system may contribute to the malignant behavior
of brain tumor cells (112, 203). Importantly, the results from a
recent phase II clinical trial have also revealed that the orally active
pan-VEGFR tyrosine kinase inhibitor AZD2171 (cediranib) was
effective as a monotherapy and associated with manageable toxic-
ity in a subset of patients with recurrent glioblastomas (12). It has
however been noted that the patients with recurrent GBMs typi-
cally relapse after an initial response to anti-VEGFR therapy, and
AZD2171-treated recurrent GBMs express high level of PDGFR
and c-Met supporting the interest to also target diverse RTKs in
combination with the anti-angiogenic therapy (47). In this regard,
it has been reported that pan-RTK inhibitor, ZD6474, which inhi-
bits VEGFR-2 and EGFR was effective at suppressing the angio-
genesis and tumor growth of intracranial xenografts derived from
EGFRvIII-expressing U87MG and short-term cultured primary
GBM8 cells in vivo (243). Moreover, the histidine-rich glycopro-
tein (HRG), a plasma protein with antiangiogenic properties that
can inhibit endothelial cell adhesion and migration, was effective at
inhibiting the development of malignant glioma and completely
prevent the occurrence of glioblastoma induced by PDGFB in
RCAS/TV-A mouse model of gliomas (107).

Of particular interest, the use of genetically modified migrating
NSCs or other cell types such as bone marrow-derived stem/
progenitor cells, which are able to migrate through the CNS and
reach the intracranial neoplastic sites also offers great promise as a
delivery vehicle for a specific release of the anti-angiogenic
factors, cytotoxic drugs or antibodies to diverse distant brain tumor
sites (110, 120, 141, 245, 253). Indeed, NSCs and other adult
stem/progenitor cells possess an inherent tumor tropic property
and typically migrate throughout the brain to reach the primary
medulloblastoma and GBM and infiltrative brain tumor sites that
release diverse chemoattractant factors (110, 253). As a matter
of fact, it has been observed that the intracerebral injection of
BM- or fetal tissue-derived NSC-like cells engineered to express

interleukin-12 or tumor necrosis factor-a (TNF-a) related apopto-
sis inducing ligand (TRAIL), resulted in their specific recruitment
within intracranial glioma, and the release of therapeutic gene
product concomitant with an inhibition of tumor growth (49, 50,
120). Moreover, it has been shown that the intracerebral injection
of bone marrow-derived NSC-like cells or EPCs engineered to
express an anti-angiogenic factor such as a secreted form of platelet
factor 4 impaired tumor angiogenesis and U87MG cell-derived
brain tumor growth in vivo (120). Hence, the combination of these
different therapeutic strategies targeting BTICs and their progenies
as well as their local microenvironment offers great promise to
eradicate the total tumor cell mass and prevent the disease relapse.

CONCLUSIONS AND PERSPECTIVES
Together, these recent investigations have revealed that the
enhanced expression and activity of the wild-type EGFR,
EGFRvIII mutant and hedgehog signaling elements represent fre-
quent transforming events occurring during primary brain cancer
development, and more particularly during medulloblastoma and
GBM progression to aggressive and invasive cancer subtypes.
These oncogenic pathways can provide critical roles for the cell
proliferation, survival and migration of BTICs and their progenies,
and thereby cooperate with other oncogenic events for tumor for-
mation and local invasion, treatment resistance and disease relapse.

Despite these important advancements, future studies are
required to more precisely establish the specific intracellular path-
ways induced through the wild-type EGFR, truncated EGFRvIII
mutant and hedgehog in the BTICs vs. their differentiated prog-
enies during primary brain cancer development. Particularly, it
will be important to determine the co-expression levels of EGFR,
EGFRvIII and sonic hedgehog (SHH/PTCH/SMO/GLIs) signaling
elements and their colocalization with the stem cell-like markers
such as CD133 on a large panel of medulloblastoma and GBM
tissues from patients at different stages of disease progression for
further confirmation of their potential implication and cooperation
in the acquisition of an aggressive behavior by BTICs and their
progenies. Moreover, it is also of great interest to more precisely
establish the specific functions supplied by homodimers vs. het-
erodimers formed by the wild-type EGFR, truncated EGFRvIII
mutant and erBb2 as well as the interactive cross-talks between
these RTKs and other growth factor pathways, including the sonic
hedgehog cascade that may cooperate for the progression of
primary brain cancer to locally advanced and invasive stages and
resistance to current therapies. The establishment of animal models
of highly invasive GBM reflecting the genetic alterations occurring
during human GBM development, including enhanced activation
of wild-type EGFR, EGFRvIII mutant and hedgehog, is also
important to develop more accurate methods of preclinical testing
of novel anticarcinogenic agents. Especially, it will be important to
develop new animal models to establish the specific functions of
sonic hedgehog in GMB development and its interacting oncogenic
partners. Also, the implantation of patient’s tumor specimens in
animal models in vivo may represent the good GBM models to
validate the results obtained in conventional non-invasive orthoto-
pic models using xenografted GBM cell lines.

Hence, these additional studies should lead to the development
of more effective multitargeted approaches to inhibit the wild-type
EGFR, EGFRvIII mutant and hedgehog-mediated tumorigenic
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pathways and other key signaling elements that cooperate for the
acquisition of a more malignant behavior and survival advantages
by BTICs and their progenies during disease progression. These
multitargeted strategies could be used to improve the current radia-
tion and chemotherapeutic treatments against highly aggressive
and lethal primary brain cancers, including pediatric medulloblas-
tomas and adult GBMs, and thereby prevent disease relapse and the
death of cancer patients.
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