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Abstract: Glioblastoma (GBM), a WHO-defined Grade IV astrocytoma, is the most
common and aggressive CNS malignancy. Despite current treatment modalities, the
survival time remains dismal. The main cause of mortality in patients with this disease
is reoccurrence of the malignancy, which is attributed to treatment-resistant cancer stem
cells within and surrounding the primary tumor. Inclusion of novel therapies, such as
immuno- and DNA-based therapy, may provide better means of treating GBM. Furthermore,
manipulation of recently discovered non-coding microRNAs, some of which regulate tumor
growth through the development and maintenance of GBM stem cells, could provide new
prospective therapies. Studies conducted by The Cancer Genome Atlas (TCGA) also
demonstrate the role of molecular pathways, specifically the activated PI3K/AKT/mTOR
pathway, in GBM tumorigenesis. Inhibition of the aforementioned pathway may provide a
more direct and targeted method to GBM treatment. The combination of these treatment
modalities may provide an innovative therapeutic approach for the management of GBM.
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1. Introduction

Gliomas are tumors that arise from glial cells and are sub-classified as astrocytomas, glioblastomas,
oligodendrogliomas, ependymomas, mixed gliomas, malignant gliomas not otherwise specified and
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other rare histological variants. Malignant gliomas are the most frequent and uniformly fatal cancers
originating in the central nervous system. The World Health Organization (WHO) assigns four grades to
astrocytomas: Grade I or pilocytic astrocytoma, Grade II or low-grade astrocytoma (AGII), Grade III or
anaplastic astrocytoma (AGIII) and Grade IV or glioblastoma (GBM).

GBM is the most frequent and malignant histological type, accounting for 65% of gliomas.
The incidence of GBM in the Unites States is 2.96 cases/100,000 population/year. GBM has
a peak occurrence in adults older than 40 years of age with predominance in males. Despite
the increased understanding of the oncological mechanisms underlying GBM pathophysiology and
treatment advances, only an insignificant improvement in overall survival has been recorded during
the first decade of the 21st century [1]. Although there are several current treatment modalities,
including surgical resection, which, at times, is not possible, due to the vastly infiltrating growth
of the glioblastoma cells, radiotherapy and chemotherapy, the median survival of patients diagnosed
with GBM remains 12–15 months, and the five-year survival rate for GBM patients is less than
5% [2,3]. Invasion and relentless growth are considered the major causes of the meager therapeutic
outcome [4]. All subtypes of high-grade neural tumors, including glioblastoma, anaplastic astrocytoma
and anaplastic oligodendroglioma, share common malignant characteristics of preferential location in
cerebral hemispheres, diffuse infiltration into normal brain parenchyma and unremitting tumor growth
with fatal outcome within months or years.

Conventional GBMs constitute approximately 93% of all GBMs and can be divided into primary
or secondary tumors: primary ones represent approximately 90% and develop de novo, whereas
secondary ones arise from WHO-defined Grade II/III astrocytomas and represent about 5% to 10%.
Histologically, both subtypes are indistinguishable. Primary GBM affects elderly individuals and is
genetically characterized by EGFR amplification, PTEN mutation and p16INK4a deletion [5], whereas
secondary GBM has TP53 and RB2 gene mutations and develops in patients with an average age of onset
of 45. Loss of chromosome 10q is common in both subtypes of GBM [6]. The recently defined isocitrate
dehydrogenase 1 gene (IDH1) is commonly mutated in secondary GBM [7]. Furthermore, selective
mutations in the IDH1 gene are found in more than 70% of WHO Grades II and III astrocytomas and
oligodendrogliomas, as well as in GBM that develop from lower-grade tumors [8]. In addition, often,
tumors without mutations in IDH1 frequently display mutations of the IDH2 gene at the analogous
amino acid site; and IDH1 mutations are associated with better survival [8]. Of note, it has been
reported that secondary GBMs lacking IDH1 mutations have infrequent TP53 mutations, and patients
with these tumors exhibit a shorter clinical history [9]. Moreover, a distinct progression history has been
seen in GBM patients, as most secondary GBMs with IDH1 mutations progressed from a WHO Grade
II, whereas secondary GBMs lacking IDH1 mutations developed through progression from anaplastic
gliomas, WHO Grade III [9]. Comparative genomic analysis indicated that gains or the losses of
various chromosomes carrying important oncogenes or tumor suppressor genes, respectively, including
the gain of PIK3C2B, MDM4, KIT, PDGFRA, EGFR, GLI1, CDK4 and MDM2 and the loss of
p16INK4a/p14ARF, PTEN and RB1, were common to all GBM tumors analyzed; whereas area-specific
alterations included the gain of 14q32.33, where AKT1 is localized [10].

Genomic analysis categorized GBM into several subtypes: classical, mesenchymal, proneural and
neural type [11–13]. These newly defined subtypes carry specific genetic anomalies, including discrete
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mutations of oncogenes or tumor suppressor genes, loss or gain of entire chromosomes or loss of a
portion of a chromosome. The classical subtype is seen in about 21% of all GBMs. Amplification
of EGFR can be considered the hallmark of this subtype, as it is seen in 97% of tumors. Loss
of heterozygosity (LOH) of 10q23, harboring the PTEN locus, amplification of chromosome 7, loss
of chromosome 10 and homozygous deletion at chromosome 9p21.3, encoding p16INK4A and p14
ARF, are also particularly common in this subtype. In addition, high expression of the Notch and
Sonic hedgehog signaling pathways is also seen. Interestingly, the classical subtype of GBM tumors
lack TP53 mutations. The mesenchymal subtype displays the expression of mesenchymal histologic
markers, including; CHI3L1/YKL40, VEGF and CD44 [11–13]. Focal hemizygous deletion of
17q11.2, harboring the tumor suppressor gene NF1 (coding for neurofibromatosis-related protein NF-1
or neurofibromin 1), occurs predominantly in the mesenchymal subtype. Furthermore, mutations of NF1
are found in a larger proportion of GBM, accounting for 32% of core samples. The proneural subtype
accounts for 31% of GBMs and has a high expression of oligodendrocytic genes, underlining its status
as an atypical GBM subtype. The majority of TP53 mutations and TP53 LOH were found in proneural
samples. Focal amplification of the locus at 4q12, harboring the PDGF receptor A (PDGFRA) gene,
was seen in all subtypes of GBM, but at a much higher rate (35%) in proneural samples. Eleven of
the twelve observed mutations in IDH1 are commonly found in this class and serve as diagnostic and
prognostic markers [13]. Another group of tumors within the proneural subtype were found to express
the glioma-CpG island methylator phenotype (G-CIMP). The 30% of proneural tumors expressing
G-CIMP were associated with occurrence in younger patients with more favorable outcomes [14]. The
classic GBM signature was less prevalent in this subtype and occurred in only 54% of these tumors. The
neural subtype accounts for 16% of GBMs and is characterized by the expression of neuron markers.
Chromosome 7 amplification associated with chromosome 10 loss is common in the neural subtype [13].

Recent studies have also attempted to classify GBM using immunohistochemical variations.
Motomura et al. [15] analyzed 79 archival GBM samples using antibodies against 16 proteins selected
according to The Cancer Genome Atlas (TCGA) classification (12,13) and identified four subcategories
of GBM, namely the oligodendrocyte precursor (OPC) type, differentiated oligodendrocyte (DOC) type,
astrocytic mesenchymal (AsMes) type and mixed type. Importantly, this histological classification
confers the prognostic significance of GBM, where the OPC type with a positive IDH mutation shows
a prolonged survival of 19.9 months [15]. Results from this study along with other genomic and
proteomic analyses suggest the formulation of new guidelines for the WHO classification of central
nervous system tumors, specifically GBM. Some of the proposed markers to be considered are mutations
of IDH1, MGMT and 1p/19q co-deletion or ATRX loss, which carry significant diagnostic, prognostic
and predictive abilities [16].

1.1. Cancer Stem Cells of GBM

Over the last decade, our understanding of biology has made it clear that stem cells not only have a
critical role in the generation and maintenance of multicellular organisms, but are also involved in the
development, growth and recurrence of tumors. Cancer stem cells (CSCs) carry three distinct properties:
self-renewal, ability to differentiate into multiple lineages and extensive proliferative potential. The
presence of CSCs was demonstrated in GBM through the identification of specific antigenic markers
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and the use of culture conditions that were originally developed for normal neural stem cells [17–19].
CNS cells grown in vitro form aggregates of cells, or free-floating neurospheres, which have the
ability to differentiate into the various principle cell types of the brain (i.e., neurons, astrocytes and
oligodendrocytes). More importantly, these CSCs possess the ability to form new neurospheres,
supporting their stem-like nature.

A subset of CSCs have been found to express a cell surface protein, CD133, a marker of hematopoietic
and endothelial progenitors, that can be detected with an antibody specific for CD133. The purification
of CD133+ cells from GBM tumors demonstrated this specificity and allowed for the growth and
separation of a tumor stem-cell population. These tumor cells display stem cell-like properties, including
neurosphere formation, self-renewal, high proliferative potential and multipotency. One study showed
that as little as 100 CD133+ cells were capable of generating tumors with identical histopathological
features of the parental tumors when grafted into NOD/SCID (non-obese diabetic, severe combined
immunodeficient) mouse brains [19]. CD133+ cells were explicitly shown to form neurospheres with
greater staining for proliferative markers as compared to CD133− cells [20]. In addition, clinical
prognostic factors have also been shown to be associated with the CD133+ cell population, such
that a higher expression of CD133+ cells correlates with a higher-grade malignancy [21]. On the
contrary, another study showed that CD133− cells isolated from human GBM biopsies, which were
then stereotactically implanted into mouse brains, resulted in tumor formation with both CD133+ and
CD133− cells present. These findings suggest that CD133− cells also have the potential to initiate
tumor formation [22]. Furthermore, populations of both CD133+ and CD133− tumor stem cells
have the ability to form neurospheres, which are multipotent and capable of self-renewal without the
influence of exogenous growth factors [23]. After researchers established that CD133+ cells are capable
of forming GBM tumors, another study proposed the possibility that only certain subpopulations of
CD133− cells have tumor initiating properties. The study subdivided CSC populations based on
nestin, glial fibrillary acidic protein (GFAP) and neuron-specific enolase (NSE) expression. Researchers
concluded that all CD133− cells were capable of tumorigenesis; however, there was a trend toward
lower tumor formation rates for GFAP+ and NSE+ cells, suggesting that their tumorigenic ability
may involve other molecular distinctions aside from CD133 expression [24]. Recently, another
study has further elucidated the significance of CD133 expression in GBM tumor formation and
aggressiveness. Researchers examined a specific subtype of glioma, a proneural tumor, which is
initiated by PDGF-driven cells and characteristically expresses minimal amounts of CD133. The results
demonstrated that both CD133+ and CD133− cells are capable of initiating proneural GBM tumors;
however, CD133+ cells had a greater association with angiogenesis and, therefore, could lead to the
formation of more aggressive tumor phenotypes [20].

In addition to CD133+, L1CAM is another molecular surface marker that has been found to be
associated with more aggressive CSCs. Specifically, the areas of invasive fronts of the tumors expressed
a particularly high amount of L1CAM [19]. L1CAM and CD133+ cells tend to cosegregate; however,
L1CAM has not been used as a method to isolate CSCs [25]. Several other stem cell markers have
been implicated in the increasing aggressiveness of glioblastoma tumors [26]. The use of these stem cell
markers as serum biomarkers is still controversial and not widely accepted. Table 1 includes a list of the
stem cell markers associated with GBM [27,28].
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Table 1. Stem cell markers in GBM.

Stem Cell Markers Type Stem Cell Regulation

CD133 Surface Glycoprotein Positivity associated with more aggressive tumors
L1CAM Adhesion Molecule Neuronal cell adhesion molecule required for maintaining

the growth and survival of CD133-positive glioma cells with
stem-like properties

CD44 Cell Surface Marker Positivity associated with more aggressive tumors; localized
with Id1 in the endothelial stem cell niche

A2B5 Surface Glycoside Mixed evidence of association with more aggressive tumors
ID1 Transcriptional Regulator Self-renewal
CD15 (aka-SSEA-1 or LeX) Cell Surface Protein CD15 is an enrichment marker of stem cells in

CD133-negative tumors
Integrin α6 Transmembrane Receptor Regulates self-renewal, proliferation and tumor formation by

interacting with extracellular matrixes

The aberrance of several development pathways has been implicated in the creation and maintenance
of CSCs. One such pathway is PI3K, a family of the lipid/Akt/mTOR signaling cascade, which
also involved regulation of brain functions [29]. Dysregulation of the PI3K/Akt/mTOR signaling
pathway is evident in many types of cancers and may affect both tumorigenesis and therapy resistance.
The downstream target mTOR plays a critical role in regulating protein synthesis, metabolism and
angiogenesis. Dysregulation of mTOR is linked to the development of GBM, suggesting that inhibition
of the mTOR pathway may have therapeutic value [30]. Recently, the role of mTOR signaling in the
maintenance of GBM CSCs has been addressed [30,31]; however, the results remain controversial.
Two major multiprotein complexes comprise mTOR (mTORC1 and mTORC2) and rapamycin, and its
chemically-related compounds (also known as rapalogues) were used in clinical trials for the treatment
of GBM. As shown in Figure 1, rapamycin inhibits only mTORC1 and not mTORC2; however, in
recent years, several small molecules have been identified that directly inhibit mTOR by targeting the
ATP-binding site; these include PP242, P30 and NVP-BEZ235. Two of these molecules, PP242 and
P30, are the first potent, selective, ATP-competitive inhibitors of mTOR. As shown in Figure 1, unlike
rapamycin, these molecules inhibit both mTORC1 and mTORC2 [31]. mTOR hyperactivation in both
embryonic and adult stem cells led to the differentiation and depletion of the stem cell population.
Furthermore, persistent activation of mTOR in normal epithelial stem cells results in exhaustion of
these stem cells [32]. The mTOR pathway was also found to play a role in the senescence of several
types of human and mouse cells [33,34]. Several studies have revealed that cellular stress, cytokines
or activation of the mTOR pathway are able to increase the expression of CSC surface markers and
phenotypes in certain bulk tumor cells [35–38], indicating that cell-extrinsic environmental factors
may reprogram conventional tumor cells to cells with stem cell-like properties. Furthermore, different
environmental conditions, such as hypoxia, have been shown to effect the malignant potential of CSCs.
One mechanism of this is by activation of HIF-1α [39]. In human glioma cells, activation of HIF-1α, a
positive downstream target of mTOR [40], enhances CD133+ glioma-derived cancer stem cell expansion
by increasing self-renewal activity and inhibiting cell differentiation [41]. Consequently, the relationship
between HIF-1α and CD133 expression remains to be established.
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Figure 1. The PI3K/AKT/mTOR pathway in GBM. The inhibitors of this pathway may
contribute to an anti-tumor effect in GBM. The diagram depicts two multiprotein complexes
of mTOR, mTORC1 and mTORC2. Targeting both complexes may provide better treatment
options, as the recently described small molecule inhibitors appear to be more effective
than analogue binding inhibitors, such as rapamycin, which targets only mTORC1. This
pathway is profoundly activated in GBM due to loss of tumor suppressor PTEN (see the text
for details).

1.2. Therapeutic Implications of CSCs

Reoccurrence of GBM is shown to be largely associated with the regeneration of tumor from
remaining CSCs after initial treatment. Thus, targeting CSCs is an extremely important aspect of the
clinical treatment of GBM. The functional aspects of CSC, such as cell proliferation and migration,
are also important to consider, because they directly correlate with the invasive nature of GBM. One
proposed mechanism for targeting CSCs is to first induce differentiation, thus making the cells more
amenable to other therapeutic agents. A recent study by Friedman et al. examined this approach
by illustrating that mTOR inhibition alone and in combination with differentiating agent, all-trans
retinoic acid (ATRA), can target CSCs [42]. Such strategies are described in Figure 2. The results
demonstrated that ATRA caused differentiation of CSCs, as evidenced by the loss of stem-cell marker
nestin expression. Treatment of GBM cells with mTORC1 inhibitor rapamycin leads to nuclear
localization of nestin. These observations were confirmed by Western blotting, which demonstrated
a time-dependent decrease in nestin expression following ATRA treatment. Proliferation of CSCs,
measured by neurosphere diameter, was decreased following treatments with ATRA alone and in
combination with rapamycin. Of particular importance was the finding that the combined treatment
of cells with mTOR inhibition and ATRA had a synergistic negative effect on CSC migration [42].
This synergism may be mediated by the MEK/ERK pathway given that treatment of cells with ATRA
and MEK1/2 inhibitors resulted in the least amount of cell migration [42], perhaps due to their
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influence on differentiation. This is of particular interest, because resistance to the gold standard
chemotherapeutic agent for GBM, temozolomide, was found to be mediated by MEK-ERK-induced
activation of O(6)-methylguanine DNA methyltransferase (MGMT) [43]. One of the mechanisms of
resistance against temozolomide is the high expression of the gene encoding O(6)-methylguanine DNA
methyltransferase (MGMT), which removes the methyl group attached by temozolomide. A recent
study demonstrated that MEK inhibition reduces MDM2 expression, which results in activation of p53,
leading to p53-dependent downregulation of MGMT expression in CSC and, thereby, overcoming the
temozolomide resistance. This further suggests that inclusion of MEK inhibitor with temozolomide
treatment would make resistant GBM-CSC sensitive to temozolomide [43].
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Figure 2. Figure describing the treatment options for tumors containing stem cell
populations (see the text and [31,42] for details).

The effectiveness of inhibiting both ERK1/2 and mTOR was examined in other cancers. A phase I
trial of 236 patients with advanced colorectal cancer treated with a PI3K inhibitor, a MAPK inhibitor or a
combination of the two [44] showed that dual inhibition was superior in efficacy compared to inhibition
of a single pathway alone. This may also provide an explanation for the only marginal benefits seen in an
early phase trial of mTOR inhibitor (temsirolimus) as a sole treatment modality for recurrent GBM [45].

Other differentiating agents termed bone morphogenic proteins (BMPs), which are related to
transforming growth factor-beta (TGF-β), were also shown to have therapeutic potential. BMP receptors
2 and 4 play a role in neuroepithelial proliferation and also induce differentiation of neurons and
astrocytes. However, 20% of GBM tumors illustrate silencing of the active BMP target, BMPR1B,
implying that its use as a therapeutic target may be limited to a specific population of patients [46–49].

1.3. MicroRNA

A newer and exciting approach to identifying and classifying GBM is through the use of miRNA.
Forty three of 318 isolated miRNAs have been implicated in primary and recurrent GBM. miRNAs
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associated with GBM appear to interact with and regulate several molecular pathways, including p53,
ErbB1, Notch, Wnt and TGF-β, thus implicating their dysregulation as a method of tumorigenesis [50].
miRNAs can either directly affect oncogenesis and tumor suppressive properties or manipulate various
signaling pathways that modulate cancer growth, migration, stem cell regulation and therapeutic
response. Furthermore, miRNAs alter the expression of phosphatase and tensin homolog (PTEN),
platelet-derived growth factor (PDGF) and epidermal growth factor (EGFR), which are involved in
the development and management of GBM. Huse et al. demonstrated that miR-26a influences the
expression of tumor suppressor gene PTEN [51]. A subset of GBM is found to have upregulated levels
of miR-26a and monoallelic PTEN loss. These observations suggest that miR-26a serves to silence
residual PTEN transcript in PTEN+/− tumors, which is analogous to the LOH event [51]. While
the precise relationship between miR-26a and its role in PTEN expression is still being uncovered, a
recent study suggested that oncogene c-myc controls the expression of PTEN via enhancing the levels
of miR-26a [52]. In this manner, c-myc may activate the pAkt/mTOR signaling pathway, influencing
cell survival and proliferation in GBM. In addition, suppression of miR-21 leads to a marked increase
in PTEN levels [53]. Although increased levels of miR-21 enhance the development and proliferation
of human GBM, an alternative study demonstrated that overexpression of oncogenic PDGF suppresses
levels of miR-21 [54]. Suppression of miR-21 also downregulates the expression of the oncogenic EGFR
pathway of GBM cells, independent of PTEN status [55]. Amplification of EGFR and miR-34 deletion
were associated with shortened survival in GBM patients; these observations were also confirmed in
patients from the TCGA project [12,56].

miRNAs have garnered interest for their ability to coordinate CSC stemness and differentiation.
Enhanced expression of miR-128a, miR-504, miR-124a and miR-184 is correlated with a reduction
of mesenchymal markers in GBM, implying that the presence of these miRNAs may predict a more
favorable prognosis [57]. Similarly, overexpression of miR-21 reduced the expression of the neural stem
cell marker, nestin, and enhanced the expression of astrocytic marker GFAP and neuronal marker TUJ1,
suggesting its role in stem cell maintenance [58]. Conversely, inhibition of miR-221/222 enhanced nestin
expression, while overexpression of these miRNAs is seen upon the differentiation of glioma-initiating
stem cells [58]. miR-137 also inhibited GBM stem cell self-renewal and promotes differentiation by
decreasing Oct4, Nanog and Sox2 levels [59]. Restoration of miR-153 in GBM stem cells also induced
differentiation [60]. These findings highlight the involvement of miRNAs in the maintenance of CSCs
and their prognostic implications in GBM (Table 2).

MicroRNAs are potential therapeutic targets, as they influence tumor cell growth, invasion, stem
cell regulation, as well as chemoresistance. For example, restoration of miR-100 leads to suppression
in tumor growth in GBM cells expressing reduced levels of this miRNA [61]. Researchers have also
demonstrated reduced tumor growth with the overexpression of miR-211 and inhibition of miR-21 and
miR-23 via MMP9 downregulation [62–65]. In particular, miR-218 inhibits glioblastoma invasion,
migration, proliferation and stemness through various targets [54]. Furthermore, cellular migration and
invasion of tumor cells is reduced with the inhibition of miR-10b [66]. Activation of the apoptotic
pathway in GBM cells was achieved by overexpression of miR-211 [62]. Manipulation of miRNAs can
also be combined with GBM chemo-radiation therapies. Standard GBM therapy includes the use of a
chemotherapeutic alkylating agent, temozolomide (TMZ). Drug resistance and elevated expression of
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miR-21 occurs with chronic use of TMZ, whereas treatment with miR-21 inhibitors along with TMZ
treatment causes significant apoptosis or cell death compared to TMZ treatment alone [67]. Similarly,
knockdown of miR-195 significantly enhances apoptosis when given in combination with TMZ, whereas
suppression of miR-455-3p or miR-10a displays a moderate cellular killing effect in combination with
the drug [68]. Notably, Costa et al. demonstrated that silencing miR-21 also enhanced the effect of
tyrosine kinase inhibitor sunitinib [53]. Aside from their role as an adjuvant to chemotherapy, miRNAs
also mediate responsiveness to radiation therapy. Overexpression of miR-26a downregulates the DNA
repair protein, ATM, causing inhibition of homologous recombination repair and sensitizing GBM cells
to radiotherapy [69]. Studies have also shown that combination chemo-radiation therapy reduces miR-21
expression, and thus, miR-21 may be a potential marker of therapy responsiveness [70].

Table 2. MicroRNA in regulation of GBM stem cells and other functions.
TMZ, temozolomide.

MicroRNA Functions

Stem Cell Regulation/Migration, Invasion, Apoptosis
miR-26a upregulation Monoallelic PTEN loss

miR-21 suppression
Increases levels of PTEN
Down-regulates EGFR expression

PDGF overexpression miR-21 suppression
EGFR amplification

Shortens survival in GBM patients
miR-34 deletion
miR-128a, miR-504, miR-124a or miR-184 Reduces levels of mesenchymal markers in GBM
enhanced expression

miR-21 overexpression
Decreases nestin expression
Enhances GFAP and TUJ1 expression

miR-221/222 inhibition Enhances nestin expression

miR-137 expression
Inhibits GBM self-renewal
Decreases Oct4, Nanog and Sox2 expression

Restoration of miR-153 Induces GBM stem cells differentiation
miR-211 overexpression

Suppression of tumor growthmiR-21 and miR-23 inhibition
miR-100 restoration
miR-218 Inhibits glioblastoma invasion, migration,

proliferation and stemness
miR-10b inhibition Reduces cell migration and invasion
miR-211 overexpression Activates apoptotic pathway

Therapy
Chronic use of TMZ Elevates miR-21expression
TMZ + miR-21 inhibitors Significant apoptosis and cell death
miR-195 knockdown + TMZ Enhances apoptosis
miR-455-3p or miR10a suppression + TMZ Induces moderate cellular killing
miR-21 silencing Enhances effect of Sunitinib

miR-26a overexpression
Downregulates ATM
Sensitizes GBM cells to radiotherapy
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1.4. Gene Therapy

The ideal treatment for any malignancy, including GBM, is induction of tumor cell-specific
cytotoxicity without affecting normal cells. Therefore, systemic chemotherapy for brain tumors is not
ideal. A recent review article discusses various gene therapies that have been explored as therapeutic
approaches for patients with GBM [71]. In addition, even localized radiotherapy does not spare
the normal cells in the tumor bed. Localized chemotherapy in the form of Gliadel, carmustine
(bis-chloroethylnitrosourea; BCNU) wafers left in the resection bed at the time of surgery have shown
efficacy in treating GBM with a slightly higher rate of wound healing complications, but its effects are
not tumor cell specific [72]. This is the only approved local intra-cavity therapy. Previous attempts to
use a viral vector to transfect tumor cells using suicide gene therapy were attempted with mild success.
Recently, the results of an open label phase III trial [73] investigating a locally administered gene therapy
were published and are reviewed below.

A replication-deficient adenovirus vector, cDNA coding for HSV-tk (herpes simplex virus thymidine
kinase), was administered into the resection bed of patients with GBM. This enzyme phosphorylates
ganciclovir to ganciclovir triphosphate, a cytotoxic analogue, which selectively kills dividing cells via
incorporation into DNA, leading to apoptosis of the transfected cells, as well as the neighboring tumor
cells [74–76]. A five-day period was allowed for transduction, and from Days 5–19 postoperatively,
the patients were given ganciclovir intravenously twice daily. This process is believed to spare normal
neurons, because they do not proliferate and are therefore not susceptible to the toxic metabolites [77,78].
Patients from 38 sites in nine countries were randomized into two groups, and 119 patients were placed
into the treatment group with 117 patients in the non-treatment group. The treatment group was given
30–70 local injections of 100-microliter aliquots up to a depth of 2 cm in the walls of the resection
cavity with a blunt needle. These patients were infused with ganciclovir as described above. Both
groups varied with respect to “standard of care” in that not all sites had temozolomide available, and a
small group of patients in both groups did not receive radiotherapy. The primary endpoint of the study
was whether this treatment increased the time to death or reintervention and if this goal was achieved.
However, the intervention failed to improve overall survival. The improvement in median time to death or
reintervention was irrespective of temozolomide usage, which was statistically significant. Eighty-eight
patients (71%) in the experimental group had one or more treatment-related adverse events, compared
with 51 (43%) patients in the control group. Most adverse events were mild and self-limited, such as
seizures or brain inflammation. The most common serious adverse events were hemiparesis (eight in the
experimental group, three in the control group) and aphasia (six and two, respectively).

The theory and methodology behind this study is sound, but unfortunately, the results show that there
is a marginal benefit with moderate risk. Further investigation is needed to optimize delivery and to
decrease the rate of adverse events before gene therapy can become incorporated into the standard of
care for GBM.

1.5. Immunotherapy in Treatment of Glioblastoma

Multiple phase I, II and III clinical trials investigating the use of cancer immune-vaccine therapy for
patients with GBM are currently ongoing. Detailed information can be found at “Clinicaltrials.gov”,
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and reviewed recently by Galluzzi et al. 2012, and Aranda et al. 2013 [79,80]. The cancer vaccine
hypothesis is based on the foundation that vaccinating GBM patients with their own dendritic cells,
which are programmed against their tumor or allergenic cancer stem cells, can provide immunity against
residual cancer cells that may be present despite prior treatment. The ultimate goal of such vaccine
studies is to form immune system responses against a patient’s own cancer cells. GBM patients’
own immune-stimulating dendritic cells are isolated via leukapheresis. Further, the dendritic cells are
customized to generate an immune response against the tumor antigen or cancer stem cells by combining
them and allowing the dendritic cells to mature. The resulting product is then vaccinated. Dendritic cell
vaccines for patients with malignant glioma demonstrated improvement in median survival and five-year
survival in newly diagnosed, as well as recurrent Grade IV gliomas, compared to historical controls [81].

An investigation therapy, known as DCVavr-L, is currently being investigated in newly diagnosed
GBM patients who undergo surgery. After two phase I/II trials, a large phase III trial is currently
ongoing [82]. Trials consisted of 39 patients, including 20 patients with newly diagnosed GBM and
19 patients with recurrent GBM and other gliomas. Patients were given trimodal therapy, including
radiation and temozolomide (Temodar). The procedure for this experimental therapy involved extracting
patients’ tumor lysate and then mixing with the patients’ DCs to make them recognize GBM cells
(antigens). These immune-modified DCs were then given to GBM patients. The main end-point was
to evaluate disease progression-free survival (PFS) and overall survival time following treatment with
DCVax(R)-L. The response to these vaccines is correlated with the body’s natural immune system
to target neoplastic cells. Another trial demonstrated that relapsed GBM patients treated with DC
vaccine-based therapy demonstrate longer survival benefits with faster vaccine schedules [83]. The
multicenter clinical trial of DCVax showed some encouraging results. The newly diagnosed patients who
received DCVax in addition to standard of care treatment typically did not have tumor recurrence for a
median of approximately two years (more than triple the usual time with standard of care treatments),
and the median survival was approximately three years (about 2.5-times the usual period of survival with
standard of care treatment) [84].

In recent years, researchers have analyzed peripheral blood lymphocyte population (PBL) for
immunoregulatory factors and have suggested their role as predictive prognostic markers in patients
receiving the DC vaccine. However, the efficacy of this vaccine is dependent on the presence of negative
costimulatory molecules, such as CTLA-4 and PD-1. Researchers have demonstrated that decreasing
the expression of CTLA-4 in peripheral blood T-cell lymphocytes of GBM patients improves overall
survival following treatment with the DC vaccine [85].

Interestingly, a number of other immunotherapeutic approaches to target EGFRvIII, a unique
deletion mutant of EGFR, have been explored. Given the technical difficulty and relatively high
cost of dendritic cell vaccine therapy, targeting EGFRvIII appears to be a better option, as shown
in both murine tumor models and early clinical trials. Researchers have developed a peptide-based
approach to target EGFRvIII. PEPvIII, derived from the novel fusion junction amino acid sequence
(H-Leu-Glu-Glu-Lys-Lys-Gln-Asn-Tyr-Val-Val-Thr-Asp-His-Cys-OH) [86], is a well-characterized,
EGFRvIII-specific, 14-mer peptide that has been shown, when coupled to keyhole limpet hemocyanin
(KLH), to elicit both humoral and cellular immune responses. Clinical trials using this therapeutic
vaccine are currently underway [87].
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2. Conclusions

In this review, we summarized recent developments surrounding the treatment of GBM. We focused
on molecular pathways commonly used to identify CSCs of GBM related to self-renewal, differentiation
and therapy resistance. We also presented new immunotherapy, which is currently under phase III
clinical trials to improve the survival of patients with GBM. Moreover, we identified miRNAs as
potential therapeutic targets, as they influence tumor cell growth, invasion, stem cell regulation, as
well as chemoresistance in GBM. Despite the complex genetic composition of this malignancy, several
approaches are aimed at understanding the biology of the disease, as well as identifying various
ambiguous markers, which may provide effective novel therapies against GBM.

Acknowledgements

We are grateful to Advanced Research Foundation for funding support.

Author Contributions

Meena Jhanwar-Uniyal conceived of the concept, designed and wrote this manuscript. Michael
Labagnara contributed to the gene therapy and immunotherapy portions of this manuscript. Marissa
Friedman contributed to the cancer stem cell portion of this manuscript. Amanda Kwasnicki contributed
to the miRNA and stem cell therapy portions of this manuscript. Raj Murali provided valuable
suggestions during the construction of this manuscript.

Conflicts of Interest

All authors declare no conflict of interest.

References

1. Lawrence, Y.R.; Mishra, M.V.; Werner-Wasik, M.; Andrews, D.W.; Showalter, T.N.; Glass, J.;
Shen, X.; Symon, Z.; Dicker, A.P. Improving prognosis of glioblastoma in the 21st century: Who
has benefited most? Cancer 2012, 118, 4228–4234. [CrossRef] [PubMed]

2. Wen, P.Y.; Kesari, S. Malignant gliomas in adults. N. Engl. J. Med. 2008, 359, 492–507.
3. Ostrom, Q.T.; Gittleman, H.; Liao, P.; Rouse, C.; Chen, Y.; Dowling, J.; Wolinsky, Y.;

Kruchko, C.; Barnholtz-Sloan, J. CBTRUS statistical report: primary brain and central nervous
system tumors diagnosed in the United States in 2007–2011. NeuroOncology 2014, 16, iv1–iv63.

4. Furnari, F.B.; Fenton, T.; Bachoo, R.M.; Mukasa, A.; Stommel, J.M.; Stegh, A.; Hahn, W.C.;
Ligon, K.L.; Louis, D.N.; Brennan, C.; et al. Malignant astrocytic glioma: Genetics, biology, and
paths to treatment. Genes Dev. 2007, 21, 2683–2710. [CrossRef] [PubMed]

5. Watanabe, K.; Tachibana, O.; Sata, K.; Yonekawa, Y.; Kleihues, P.; Ohgaki, H. Overexpression
of the EGF receptor and p53 mutations are mutually exclusive in the evolution of primary and
secondary glioblastomas. Brain Pathol. 1996, 6, 217–223. [CrossRef] [PubMed]

6. Arjona, D.; Rey, J.A.; Taylor, S.M. Early genetic changes involved in low-grade astrocytic tumor
development. Curr. Mol. Med. 2006, 6, 645–650. [CrossRef] [PubMed]

http://dx.doi.org/10.1002/cncr.26685
http://www.ncbi.nlm.nih.gov/pubmed/22180310
http://dx.doi.org/10.1101/gad.1596707
http://www.ncbi.nlm.nih.gov/pubmed/17974913
http://dx.doi.org/10.1111/j.1750-3639.1996.tb00848.x
http://www.ncbi.nlm.nih.gov/pubmed/8864278
http://dx.doi.org/10.2174/156652406778195017
http://www.ncbi.nlm.nih.gov/pubmed/17022734


Cancers 2015, 7 550

7. Parsons, D.W.; Jones, S.; Zhang, X.; Lin, J.C.; Leary, R.J.; Angenendt, P.; Mankoo, P.; Carter, H.;
Siu, I.M.; Gallia, G.L.; et al. An integrated genomic analysis of human glioblastoma multiforme.
Science 2008, 321, 1807–1812. [CrossRef] [PubMed]

8. Yan, H.; Parsons, D.W.; Jin, G.; McLendon, R.; Rasheed, B.A.; Yuan, W.S.; Kos, I.;
Batinic-Haberle, I.; Jones, S.; Riggins, G.J.; et al. IDH1 and IDH2 mutations in gliomas. N.
Engl. J. Med. 2009, 360, 765–773. [CrossRef] [PubMed]

9. Ohgaki, H.; Kleihues, P. The definition of primary and secondary glioblastoma. Clin. Cancer Res.
2013, 19, 764–772. [CrossRef] [PubMed]

10. Nobusawa, S.; Lachuer, J.; Wierinckx, A.; Kim, Y.H.; Huang, J.; Legras, C.; Kleihues, P.;
Ohgaki, H. Intratumoral patterns of genomic imbalance in glioblastomas. Brain Pathol. 2010,
20, 936–944. [PubMed]

11. Phillips, H.S.; Kharbanda, S.; Chen, R.; Forrest, W.F.; Soriano, R.H.; Wu, T.D.; Misra, A.;
Nigro, J.M.; Colman, H.; Soroceanu, L.; et al. Molecular subclasses of high-grade glioma predict
prognosis, delineate a pattern of disease progression, and resemble stages in neurogenesis. Cancer
Cell 2006, 9, 157–173. [CrossRef] [PubMed]

12. Cancer Genome Atlas Research Network. Comprehensive genomic characterization defines
human glioblastoma genes and core pathways. Nature 2008, 455, 1061–1068.

13. Verhaak, R.G.; Hoadley, K.A.; Purdom, E.; Wang, V.; Qi, Y.; Wilkerson, M.D.; Miller, C.R.;
Ding, L.; Golub, T.; Mesirov, J.P.; et al. Integrated genomic analysis identifies clinically relevant
subtypes of glioblastoma characterized by abnormalities in PDGFRA, IDH1, EGFR, and NF1.
Cancer Cell 2010, 17, 98–110. [CrossRef] [PubMed]

14. Noushmehr, H.; Weisenberger, D.J.; Diefes, K.; Phillips, H.S.; Pujara, K.; Berman, B.P.; Pan, F.;
Pelloski, C.E.; Sulman, E.P.; Bhat, K.P.; et al. Identification of a CpG island methylator phenotype
that defines a distinct subgroup of glioma. Cancer Cell 2010, 17, 510–522. [CrossRef] [PubMed]

15. Motomura, K.; Natsume, A.; Watanabe, R.; Ito, I.; Kato, Y.; Momota, H.; Nishikawa, R.;
Mishima, K.; Nakasu, Y.; Abe, T.; et al. Immunohistochemical analysis-based proteomic
subclassification of newly diagnosed glioblastomas. Cancer Sci. 2021, 103, 1871–1879.

16. Louis, D.N.; Perry, A.; Burger, P.; Ellison, D.W.; Reifenberger, G.; von Deimling, A.; Aldape, K.;
Brat, D.; Collins, V.P.; Eberhart, C.; et al. International society of neuropathology-haarlem
consensus guidelines for nervous system tumor classification and grading. Brain Pathol. 2014,
24, 429–435. [CrossRef] [PubMed]

17. Zeppernick, F.; Ahmadi, R.; Campos, B.; Dictus, C.; Helmke, B.M.; Becker, N.; Lichter, P.;
Unterberg, A.; Radlwimmer, B.; Herold-Mende, C.C. Stem cell marker CD133 affects clinical
outcome in glioma patients. Clin. Cancer Res. 2008, 14, 123–129. [CrossRef] [PubMed]

18. Piccirillo, S.G.; Combi, R.; Cajola, L.; Patrizi, A.; Redaelli, S.; Bentivegna, A.; Baronchelli, S.;
Maira, G.; Pollo, B.; Mangiola, A.; et al. Distinct pools of cancer stem-like cells coexist within
human glioblastomas and display different tumorigenicity and independent genomic evolution.
Oncogene 2009, 28, 1807–1811. [CrossRef] [PubMed]

19. Singh, S.K.; Hawkins, C.; Clarke, I.D.; Squire, J.A.; Bayani, J.; Hide, T.; Henkelman, R.M.;
Cusimano, M.D.; Dirks, P.B. Identification of human brain tumour initiating cells. Nature 2004,
432, 396–401. [CrossRef] [PubMed]

http://dx.doi.org/10.1126/science.1164382
http://www.ncbi.nlm.nih.gov/pubmed/18772396
http://dx.doi.org/10.1056/NEJMoa0808710
http://www.ncbi.nlm.nih.gov/pubmed/19228619
http://dx.doi.org/10.1158/1078-0432.CCR-12-3002
http://www.ncbi.nlm.nih.gov/pubmed/23209033
http://www.ncbi.nlm.nih.gov/pubmed/20406234
http://dx.doi.org/10.1016/j.ccr.2006.02.019
http://www.ncbi.nlm.nih.gov/pubmed/16530701
http://dx.doi.org/10.1016/j.ccr.2009.12.020
http://www.ncbi.nlm.nih.gov/pubmed/20129251
http://dx.doi.org/10.1016/j.ccr.2010.03.017
http://www.ncbi.nlm.nih.gov/pubmed/20399149
http://dx.doi.org/10.1111/bpa.12171
http://www.ncbi.nlm.nih.gov/pubmed/24990071
http://dx.doi.org/10.1158/1078-0432.CCR-07-0932
http://www.ncbi.nlm.nih.gov/pubmed/18172261
http://dx.doi.org/10.1038/onc.2009.27
http://www.ncbi.nlm.nih.gov/pubmed/19287454
http://dx.doi.org/10.1038/nature03128
http://www.ncbi.nlm.nih.gov/pubmed/15549107


Cancers 2015, 7 551

20. Calabrese, C.; Poppleton, H.; Kocak, M.; Hogg, T.L.; Fuller, C.; Hamner, B.; Oh, E.Y.;
Gaber, M.W.; Finklestein, D.; Allen, M.; et al. A perivascular niche for brain tumor stem cells.
Cancer Cell 2007, 11, 69–82. [CrossRef] [PubMed]

21. Ding, B.-S.; James, D.; Iyer, R.; Falciatori, I.; Hambardzumyan, D.; Wang, S.; Butler, J.M.;
Rabbany, S.Y.; Hormigo, A. Prominin 1/CD133 endothelium sustains growth of proneural glioma.
PLOS ONE 2013. [CrossRef]

22. Wang, J.; Sakariassen, P.ÃŸ.; Tsinkalovsky, O.; Immervoll, H.; Bøe, S.O.; Svendsen, A.;
Prestegarden, L.; Røsland, G.; Thorsen, F.; Stuhr, L.; et al. CD133 negative glioma cells form
tumors in nude rats and give rise to CD133 positive cells. Int. J. Cancer 2008, 122, 761–768.

23. Kelly, J.; Stechishin, O.; Chojnacki, A.; Lun, X.; Sun, B.; Senger, D. L.; Forsyth, P.; Auer, R.N.;
Dunn, J.F.; Cairncross, J.G.; et al. Proliferation of human glioblastoma stem cells occurs
independently of exogenous mitogens. Stem Cells 2009, 27, 1722–1733. [CrossRef] [PubMed]

24. Prestegarden, L.; Svendsen, A.; Wang, J.; Sleire, L.; Skaftnesmo, K.O.; Bjerkvig, R.; Yan, T.;
Askland, L.; Persson, A.; Sakariassen, P.O.; et al. Glioma cell populations grouped by different
cell type markers drive brain tumor growth. Cancer Res. 2010, 70, 4274–4279.

25. Zhao, W. Comparison of L1 Expression and secretion in glioblastoma and neuroblastoma cells.
Oncol. Lett. 2012, 4, 812–816. [PubMed]

26. Brescia, P.; Richichi, C.; Pelicci, G. Current strategies for identification of glioma stem cells:
Adequate or unsatisfactory? J. Oncol. 2012. [CrossRef]

27. Pietras, A.; Katz, A.; Wee, B.; Halliday, J.J.; Pitter, K.L.; Werbeck, J.L.; Amankulor, N.M.;
Huse, J.T.; Holland, E.C. Osteopontin-CD44 signaling in the glioma perivascular niche enhances
cancer stem cell phenotypes and promotes aggressive tumor growth. Cell Stem Cell 2014, 14,
357–369. [CrossRef] [PubMed]

28. Dahlrot, R.H.; Hermansen, S.K.; Hansen, S.; Kristensen, B.W. What is the clinical value of cancer
stem cell markers in gliomas? Int. J. Clin. Exp. Pathol. 2013, 6, 334–348. [PubMed]

29. Jacinto, E.; Hall, M.N. Tor signalling in bugs, brain and brawn. Nat. Rev. Mol. Cell Biol. 2003,
4, 117–126. [CrossRef] [PubMed]

30. Jhanwar-Uniyal, M.; Albert, L.; McKenna, E.; Karsy, M.; Rajdev, P.; Braun, A.; Murali, R.
Deciphering the signaling pathways of cancer stem cells of glioblastoma multiforme: Role of
Akt/mTOR and MAPK pathways. Adv. Enzym. Regul. 2011, 51, 164–170. [CrossRef]

31. Jhanwar-Uniyal Jeevan, D.; Neil, J.; Shannon, C.; Albert, L.; Murali, R. Deconstructing mTOR
complexes in regulation of Glioblastoma Multiforme and its stem cells. Adv. Biol. Regul. 2013,
53, 202–210. [CrossRef] [PubMed]

32. Castilho, R.M.; Squarize, C.H.; Chodosh, L.A.; Williams, B.O.; Gutkind, J.S. mTOR mediates
Wnt-induced epidermal stem cell exhaustion and aging. Cell Stem Cell 2009, 5, 279–289.

33. Demidenko, Z.N.; Shtutman, M.; Blagosklonny, M.V. Pharmacologic inhibition of MEK and
PI-3K converges on the mTOR/S6 pathway to decelerate cellular senescence. Cell Cycle 2009, 8,
1896–1900. [CrossRef] [PubMed]

34. Korotchkina, L.G.; Leontieva, O.V.; Bukreeva, E.I.; Demidenko, Z. N.; Gudkov, A.V.;
Blagosklonny, M.V. The choice between p53-induced senescence and quiescence is determined
in part by the mTOR pathway. Aging 2010, 2, 344–352. [PubMed]

http://dx.doi.org/10.1016/j.ccr.2006.11.020
http://www.ncbi.nlm.nih.gov/pubmed/17222791
http://dx.doi.org/10.1371/journal.pone.0062150
http://dx.doi.org/10.1002/stem.98
http://www.ncbi.nlm.nih.gov/pubmed/19544433
http://www.ncbi.nlm.nih.gov/pubmed/23205105
http://dx.doi.org/10.1155/2012/376894
http://dx.doi.org/10.1016/j.stem.2014.01.005
http://www.ncbi.nlm.nih.gov/pubmed/24607407
http://www.ncbi.nlm.nih.gov/pubmed/23412423
http://dx.doi.org/10.1038/nrm1018
http://www.ncbi.nlm.nih.gov/pubmed/12563289
http://dx.doi.org/10.1016/j.advenzreg.2010.09.017
http://dx.doi.org/10.1016/j.jbior.2012.10.001
http://www.ncbi.nlm.nih.gov/pubmed/23231881
http://dx.doi.org/10.4161/cc.8.12.8809
http://www.ncbi.nlm.nih.gov/pubmed/19478560
http://www.ncbi.nlm.nih.gov/pubmed/20606252


Cancers 2015, 7 552

35. Matsumoto, K.; Arao, T.; Tanaka, K.; Kaneda, H.; Kudo, K.; Fujita, Y.; Tamura, D.; Aomatsu, K.;
Tamura, T.; Yamada, Y.; et al. mTOR signal and hypoxia-inducible factor-1 alpha regulate CD133
expression in cancer cells. Cancer Res. 2009, 69, 7160–7164. [CrossRef] [PubMed]

36. You, H.; Ding, W.; Rountree, C.B. Epigenetic regulation of cancer stem cell marker CD133 by
transforming growth factor-beta. Hepatology 2010, 51, 1635–1644. [CrossRef] [PubMed]

37. Platet, N.; Liu, S.Y.; Atifi, M.E.; Oliver, L.; Vallette, F.M.; Berger, F.; Wion, D. Influence of
oxygen tension on CD133 phenotype in human glioma cell cultures. Cancer Lett. 2007, 258,
286–290. [CrossRef] [PubMed]

38. McCord, A.M.; Jamal, M.; Shankavaram, U.T.; Lang, F.F.; Camphausen, K.; Tofilon, P.J.
Physiologic oxygen concentration enhances the stem-like properties of CD133+ human
glioblastoma cells in vitro. Mol. Cancer Res. 2009, 7, 489–497. [CrossRef] [PubMed]

39. Persano, L.; Rampazzo, E.; Basso, G.; Viola, G. Glioblastoma cancer stem cells: Role of the
microenvironment. Biochem. Pharmacol. 2013, 85, 612–622. [CrossRef] [PubMed]

40. Hudson, C.C.; Liu, M.; Chiang, G.G.; Otterness, D.M.; Loomis, D.C.; Kaper, F.; Giaccia, A.J.;
Abraham, R.T. Regulation of hypoxia-inducible factor 1alpha expression and function by the
mammalian target of rapamycin. Mol. Cell. Biol. 2002, 22, 7004–7014. [CrossRef] [PubMed]

41. Soeda, A.; Park, M.; Lee, D.; Mintz, A.; Ndroutsellis-Theotokis, A.; McKay, R.D.; Engh, J.;
Iwama, T.; Kunisada, T.; Kassam, A.B.; et al. Hypoxia promotes expansion of the CD133-positive
glioma stem cells through activation of HIF-1alpha. Oncogene 2009, 28, 3949–3959.

42. Friedman, M.D.; Jeevan, D.; Tobias, M.; Murali, R.; Jhanwar-Uniyal, M. Targeting cancer stem
cells of glioblastoma multiforme using mtor inhibitors and differentiating agent all-trans retinoic
acid. Oncol. Rep. 2013, 30, 1645–1650. [PubMed]

43. Sato, A.; Sunayama, J.; Matsuda, K.; Seino, S.; Suzuki, K.; Watanabe, E.; Tachibana, K.;
Tomiyama, A.; Kayama, T.; Kitanaka, C. MEK-ERK signaling dictates DNA-repair gene MGMT
expression and temozolomide resistance of stem-like glioblastoma cells via the MDM2-p53 axis.
Stem Cells 2011, 29, 1942–1951. [CrossRef] [PubMed]

44. Shimizu, T.; Tolcher, A.W.; Papadopoulos, K.P.; Beeram, M.; Rasco, D.W.; Smith, L.S.; Gunn, S.;
Smetzer, L.; Mays, T.A.; Kaiser, B.; et al. The clinical effect of the dual-targeting strategy
involving PI3K/AKT/mTOR and RAS/MEK/ERK pathways in patients with advanced cancer.
Clin. Cancer Res. 2012, 18, 2316–2325. [CrossRef] [PubMed]

45. Galanis, E.; Buckner, J.C.; Maurer, M.J.; Kreisberg, J.I.; Ballman, K.; Boni, J.; Peralba, J.M.;
Jenkins, R.B.; Dakhil, S.R.; Morton, R.F.; et al. Phase II trial of temsirolimus (CCI-779) in
recurrent glioblastoma multiforme: A north central cancer treatment group study. J. Clin. Oncol.
2005, 23, 5294–5304. [CrossRef] [PubMed]

46. Piccirillo, S.G.; Reynolds, B.A.; Zanetti, N.; Lamorte, G.; Binda, E.; Broggi, G.; Brem, H.;
Olivi, A.; DiMeco, F.; Vescovi, A.L. Bone morphogenetic proteins inhibit the tumorigenic
potential of human brain tumour-initiating cells. Nature 2006, 444, 761–765.

47. Anido, J.; Sáez-Borderías, A.; Gonzàlez-Juncà, A.; Rodon, L.; Folch, G.; Carmona, M.A.;
Prieto-Sanchez, R.M.; Barba, I.; Martinez-Saez, E.; Prudkin, L.; et al. TGF-β receptor inhibitors
target the cd44(high)/id1(high) glioma-initiating cell population in human glioblastoma. Cancer
Cell 2010, 18, 655–668. [CrossRef] [PubMed]

http://dx.doi.org/10.1158/0008-5472.CAN-09-1289
http://www.ncbi.nlm.nih.gov/pubmed/19738050
http://dx.doi.org/10.1002/hep.23544
http://www.ncbi.nlm.nih.gov/pubmed/20196115
http://dx.doi.org/10.1016/j.canlet.2007.09.012
http://www.ncbi.nlm.nih.gov/pubmed/17977646
http://dx.doi.org/10.1158/1541-7786.MCR-08-0360
http://www.ncbi.nlm.nih.gov/pubmed/19372578
http://dx.doi.org/10.1016/j.bcp.2012.10.001
http://www.ncbi.nlm.nih.gov/pubmed/23063412
http://dx.doi.org/10.1128/MCB.22.20.7004-7014.2002
http://www.ncbi.nlm.nih.gov/pubmed/12242281
http://www.ncbi.nlm.nih.gov/pubmed/23877261
http://dx.doi.org/10.1002/stem.753
http://www.ncbi.nlm.nih.gov/pubmed/21957016
http://dx.doi.org/10.1158/1078-0432.CCR-11-2381
http://www.ncbi.nlm.nih.gov/pubmed/22261800
http://dx.doi.org/10.1200/JCO.2005.23.622
http://www.ncbi.nlm.nih.gov/pubmed/15998902
http://dx.doi.org/10.1016/j.ccr.2010.10.023
http://www.ncbi.nlm.nih.gov/pubmed/21156287


Cancers 2015, 7 553

48. Peñuelas, S.; Anido, J.; Prieto-Sánchez, R.M.; Folch, G.; Barba, I.; Cuartas, I.; Garcia-Dorado, D.;
Poca, M.A.; Sahuquillo, J.; Baselga, J.; et al. TGF-beta increases glioma-initiating cell
self-renewal through the induction of LIF in human glioblastoma. Cancer Cell 2009, 15, 315–327.

49. Seoane, J.; Le, H.V.; Shen, L.; Anderson, S.A.; Massague, J. Integration of Smad and forkhead
pathways in the control of neuroepithelial and glioblastoma cell proliferation. Cell 2004, 117,
211–223. [CrossRef] [PubMed]

50. Park, E.; Kim, G.; Jung, J.; Wang, K.; Lee, S.; Jeon, S.S.; Lee, Z.W.; Kim, S.I.; Kim, S.;
Oh, Y.T.; et al. Differential expression of MicroRNAs in patients with glioblastoma after
concomitant chemoradiotherapy. OMICS 2013, 17, 259–268. [CrossRef] [PubMed]

51. Huse, J.; Holland, E. Targeting brain cancer: Advances in the molecular pathology of malignant
glioma and medulloblastoma. Nat. Rev. Cancer 2010, 10, 319–331. [CrossRef] [PubMed]

52. Guo, P.; Nie, Q.; Lan, J.; Ge, J.; Qiu, Y.; Mao, Q. C-Myc negatively controls the tumor suppressor
PTEN by upregulating miR-26a in glioblastoma multiforme cells. Biochem. Biophys. Res.
Commun. 2013, 441, 186–190. [CrossRef] [PubMed]

53. Costa, P.M.; Cardoso, A.L.; Nóbrega, C.; Pereira de Almeida, L.F.; Bruce, J.N.; Canoll, P.;
Pedroso de Lima, M.C. MicroRNA-21 silencing enhances the cytotoxic effect of the
antiangiogenic drug sunitinib in glioblastoma. Hum. Mol. Genet. 2013, 22, 904–918.

54. Costa, P.M.; Cardoso, A.L.; Pereira de Almeida, L.F.; Bruce, J.N.; Canoll, P.; Pedroso de
Lima, M.C. PDGF-B-mediated downregulation of miR-21: New insights into PDGF signaling
in glioblastoma. Hum. Mol. Genet. 2013, 21, 5118–5130. [CrossRef]

55. Zhou, X.; Ren, Y.; Moore, L.; Mei, M.; You, Y.; Xu, P.; Wang, B.; Wang, G.; Jia, Z.;
Pu, P.; et al. Downregulation of miR-21 inhibits EGFR pathway and suppresses the growth of
human glioblastoma cells independent of PTEN status. Lab. Investig. 2010, 90, 144–155.

56. Yin, D.; Ogawa, S.; Kawamata, N. miR-34a functions as a tumor suppressor modulating EGFR
in glioblastoma multiforme. Oncogene 2013, 32, 1155–1163. [CrossRef] [PubMed]

57. Ma, X.; Yoshimoto, K.; Guan, Y.; Hata, N.; Mizoguchi, M.; Sagata, N.; Murata, H.; Kuga, D.;
Amano, T.; Nakamizo, A.; et al. Associations between microRNA expression and mesenchymal
marker gene expression in glioblastoma. NeuroOncology 2012, 14, 1153–1162.

58. Aldaz, B.; Sagardoy, A.; Nogueira, L.; Guruceaga, E.; Grande, L.; Huse, J.T.; Aznar, M.A.;
Díez-Valle, R.; Tejada-Solis, S.; Alonso, M.M.; et al. Involvement of miRNAs in the
differentiation of human glioblastoma multiforme stem-like cells. PLOS ONE 2013. [CrossRef]

59. Bier, A.; Giladi, N.; Kronfeld, N. MicroRNA-137 is downregulated in glioblastoma and inhibits
the stemness of glioma stem cells by targeting RTVP-1. Oncotarget 2013, 4, 665–676. [PubMed]

60. Zhao, S.; Deng, Y.; Liu, Y.; Chen, X.; Yang, G.; Mu, Y.; Zhang, D.; Kang, J.; Wu, Z.
MicroRNA-153 is tumor suppressive in glioblastoma stem cells. Mol. Biol. Rep. 2013, 40,
2789–2798. [CrossRef] [PubMed]

61. Alrfaei, B.M.; Vemuganti, R.; Kuo, J.S. microRNA-100 targets SMRT/NCOR2, reduces
proliferation, and improves survival in glioblastoma animal models. PLOS ONE 2013. [CrossRef]

62. Asuthkar, S.; Velpula, K.K.; Chetty, C.; Gorantla, B.; Rao, J.S. Epigenetic regulation of
miRNA-211 by MMP-9 governs glioma cell apoptosis, chemosensitivity and radiosensitivity.
Oncotarget 2012, 3, 1439–1454. [PubMed]

http://dx.doi.org/10.1016/S0092-8674(04)00298-3
http://www.ncbi.nlm.nih.gov/pubmed/15084259
http://dx.doi.org/10.1089/omi.2012.0065
http://www.ncbi.nlm.nih.gov/pubmed/23586679
http://dx.doi.org/10.1038/nrc2818
http://www.ncbi.nlm.nih.gov/pubmed/20414201
http://dx.doi.org/10.1016/j.bbrc.2013.10.034
http://www.ncbi.nlm.nih.gov/pubmed/24140063
http://dx.doi.org/10.1093/hmg/dds358
http://dx.doi.org/10.1038/onc.2012.132
http://www.ncbi.nlm.nih.gov/pubmed/22580610
http://dx.doi.org/10.1371/journal.pone.0077098
http://www.ncbi.nlm.nih.gov/pubmed/23714687
http://dx.doi.org/10.1007/s11033-012-2278-4
http://www.ncbi.nlm.nih.gov/pubmed/23397238
http://dx.doi.org/10.1371/journal.pone.0080865
http://www.ncbi.nlm.nih.gov/pubmed/23183822


Cancers 2015, 7 554

63. Gabriely, G.; Wurdinger, T.; Kesari, S.; Esau, C.C.; Burchard, J.; Linsley, P.S.; Krichevsky, A.M.
MicroRNA 21 promotes glioma invasion by targeting matrix metalloproteinase regulators. Mol.
Cell. Biol. 2008, 28, 5369–5380. [CrossRef] [PubMed]

64. Chen, L.; Zhang, K.; Shi, Z.; Shi, Z.; Zhang, A.; Jia, Z.; Wang, G.; Pu, P.; Kang, C.; Han, L. A
lentivirus-mediated miR-23b sponge diminishes the malignant phenotype of glioma cells in vitro
and in vivo. Oncol. Rep. 2014, 31, 1573–1580. [PubMed]

65. Liu, Y.; Yan, W.; Zhang, W.; Chen, L.; You, G.; Bao, Z.; Wang, Y.; Wang, H.; Kang, C.; Jiang, T.
MiR-218 reverses high invasiveness of glioblastoma cells by targeting the oncogenic transcription
factor LEF1. Oncol. Rep. 2012, 28, 1013–1021. [PubMed]

66. Guessous, F.; Alvarado-Velez, M.; Marcinkiewicz, L.; Zhang, Y.; Kim, J.; Heister, S.; Kefas, B.;
Godlewski, J.; Schiff, D.; Purow, B.; et al. Oncogenic effects of miR-10b in glioblastoma stem
cells. J. Neurooncol. 2013, 112, 153–163. [CrossRef] [PubMed]

67. Wong, S.T.; Zhang, X.Q.; Zhuang, J.T.; Chan, H.L.; Li, C.H.; Leung, G.K. MicroRNA-21
inhibition enhances in vitro chemosensitivity of temozolomide-resistant glioblastoma cells.
Anticancer Res. 2012, 32, 2835–2841. [PubMed]

68. Ujifuku, K.; Mitsutake, N.; Takakura, S.; Matsuse, M.; Saenko, V.; Suzuki, K.; Hayashi, K.;
Matsuo, T.; Kamada, K.; Nagata, I.; et al. miR-195, miR-455-3p and miR-10a(*) are implicated
in acquired temozolomide resistance in glioblastoma multiforme cells. Cancer Lett. 2012, 296,
241–248. [CrossRef]

69. Guo, P.; Lan, J.; Ge, J.; Nie, Q.; Guo, L.; Qiu, Y.; Mao, Q. MiR-26a enhances the radiosensitivity
of glioblastoma multiforme cells through targeting of ataxia-telangiectasia mutated. Exp. Cell
Res. 2014, 320, 200–208. [CrossRef] [PubMed]

70. Wang, Q.; Li, P.; Li, A.; Jiang, W.; Wang, H.; Wang, J.; Xie, K. Plasma specific miRNAs as
predictive biomarkers for diagnosis and prognosis of glioma. J. Exp. Clin. Cancer Res. 2012.

71. Kwiatkowska, A.; Nandhu, M.; Behera, P.; Chiocca, E.A.; Viapiano, M.S. Strategies in gene
therapy for Glioblastoma. Cancers 2013, 5, 1271–1305. [CrossRef] [PubMed]

72. Westphal, M.; Hilt, D.C.; Bortey, E. A phase 3 trial of local chemotherapy with biodegradable
carmustine (BCNU) wafers (Gliadel wafers) in patients with primary malignant glioma.
NeuroOncology 2003, 5, 79–88.

73. Westphal, M.; Yia-Herttuala, S.; Martin, J. Adenovirus-mediated gene therapy with sitimagene
ceradenovec followed by intravenous ganciclovir for patients with operable high-grade glioma
(ASPECT): A randomized, open-label, phase 3 trial. Lancet Oncol. 2013, 14, 823–833.

74. Moolten, F.L. Drug sensitivity (“suicide”) genes for selective cancer chemotherapy. Cancer Gene
Ther. 1994, 1, 279–287. [PubMed]

75. Bi, W.L.; Parysek, L.M.; Warnick, R.; Stambrook, P.J. In vitro evidence that metabolic cooperation
is responsible for the bystander effect observed with HSV tk retroviral gene therapy. Hum. Gene
Ther. 1993, 4, 725–731.

76. Asklund, T.; Appelskog, I.B.; Ammerpohl, O. Gap junction-mediated bystander effect in primary
cultures of human malignant gliomas with recombinant expression of the HSVtk gene. Exp. Cell
Res. 2003, 284, 185–195. [CrossRef] [PubMed]

http://dx.doi.org/10.1128/MCB.00479-08
http://www.ncbi.nlm.nih.gov/pubmed/18591254
http://www.ncbi.nlm.nih.gov/pubmed/24503899
http://www.ncbi.nlm.nih.gov/pubmed/22766851
http://dx.doi.org/10.1007/s11060-013-1047-0
http://www.ncbi.nlm.nih.gov/pubmed/23307328
http://www.ncbi.nlm.nih.gov/pubmed/22753745
http://dx.doi.org/10.1016/j.canlet.2010.04.013
http://dx.doi.org/10.1016/j.yexcr.2013.10.020
http://www.ncbi.nlm.nih.gov/pubmed/24211747
http://dx.doi.org/10.3390/cancers5041271
http://www.ncbi.nlm.nih.gov/pubmed/24202446
http://www.ncbi.nlm.nih.gov/pubmed/7543006
http://dx.doi.org/10.1016/S0014-4827(02)00052-6
http://www.ncbi.nlm.nih.gov/pubmed/12651152


Cancers 2015, 7 555

77. Soudais, C.; Laplace-Builhe, C.; Kissa, K. Preferential transduction of neurons by canine
adenovirus vectors and their efficient retrograde transport in vivo. FASEB J. 2001, 15, 2283–2285.

78. Thomas, C.E.; Edwards, P.; Wickham, T.J. Adenovirus binding to the coxsackievirus and
adenovirus receptor or integrins is not required to elicit brain inflammation but is necessary to
transduce specific neural cell types. J. Virol. 2002, 76, 3452–3460. [CrossRef] [PubMed]

79. Galluzzi, L.; Senovilla, L.; Vacchelli, E.; Eggermont, A.; Fridman, W.H.; Galon, J.;
Sautes-Fridman, C.; Tartour, E.; Zitvogel, L.; Kroemer, G. Trial watch: Dendritic cell-based
interventions for cancer therapy. Oncoimmunology 2012, 1, 1111–1134. [CrossRef] [PubMed]

80. Aranda, F.; Vacchelli, E.; Eggermont, A.; Galon, J.; Sautes-Fridman, C.; Tartour, E.; Zitvogel, L.;
Kroemer, G.; Galluzzi, L. Trial Watch: Peptide vaccines in cancer therapy. Oncoimmunology
2013. [CrossRef] [PubMed]

81. Chang, C.N.; Huang, Y.C.; Yang, D.M.; Kikuta, K.; Wei, K.J.; Kubota, T.; Yang, W.K. A phase
I/II clinical trial investigating the adverse and therapeutic effects of a postoperative autologous
dendritic cell tumor vaccine in patients with malignant glioma. J. Clin. Neurosci. 2011, 18,
1048–1054. [CrossRef] [PubMed]

82. Ardon, H.; van Gool, S.W.; Verschuere, T.; Maes, W.; Fieuws, S.; Sciot, R.; Wilms, G.;
Demaerel, P.; Goffin, J.; van Calenbergh, F.; et al. Integration of autologous dendritic cell-based
immunotherapy in the standard of care treatment for patients with newly diagnosed glioblastoma:
Results of the HGG-2006 phase I/II trial. Cancer Immunol. Immunother. 2012, 61, 2033–2044.

83. Vleeschouwer, D.E.; Fieuws, S.; Rutkowski, S.; van Calenbergh, F.; van Loon, J.; Goffin, J.;
Sciot, R.; Wilms, G.; Demaerel, P.; Warmuth-Metz, M.; et al. Postoperative adjuvant dendritic
cell-based immunotherapy in patients with relapsed glioblastoma multiforme. Clin. Cancer Res.
2008, 14, 3098–3104. [CrossRef] [PubMed]

84. Prins, R.; Soto, H.; Konkankit, V.; Odesa, S.K.; Eskin, A.; Yong, W.H.; Nelson, S.F.; Liau, L.M.
Gene expression profile correlates with T cell infiltration and relative survival in glioblastoma
patients vaccinated with dendritic cell immunotherapy. Clin. Cancer Res. 2012, 17, 1603–1615.

85. Fong, B.; Jin, R.; Wang, X.; Safaee, M.; Lisiero, D.N.; Yang, I.; Li, G.; Liau, L.M.; Prins, R.M.
Monitoring of regulatory T cell frequencies and expression of CTLA-4 on T cells, before and after
DC vaccination, can predict survival in GBM patients. PLOS ONE 2012. [CrossRef]

86. Choi, B.; Archer, G.; Mitchell, D.; Heimberger, A.B.; McLendon, R.E.; Bigner, D.D.;
Sampson, J.H. EGFRvIII-Targeted Vaccination Therapy of Malignant Glioma. Brain Pathol.
2009, 19, 713–723. [CrossRef] [PubMed]

87. Sampson, J.; Archer, G.; Mitchell, D.; Heimberger, A.B.; Herndon, J.E.; Lally-Goss, D.;
Gehee-Norman, S.; Paolino, A.; Reardon, D.A.; Friedman, A.H.; et al. An epidermal growth
factor receptor variant III-targeted vaccine is safe and immunogenic in patients with glioblastoma
multiforme. Mol. Cancer Ther. 2009, 8, 2773–2779. [CrossRef] [PubMed]

© 2015 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article
distributed under the terms and conditions of the Creative Commons Attribution license
(http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1128/JVI.76.7.3452-3460.2002
http://www.ncbi.nlm.nih.gov/pubmed/11884569
http://dx.doi.org/10.4161/onci.21494
http://www.ncbi.nlm.nih.gov/pubmed/23170259
http://dx.doi.org/10.4161/onci.26621
http://www.ncbi.nlm.nih.gov/pubmed/23264902
http://dx.doi.org/10.1016/j.jocn.2010.11.034
http://www.ncbi.nlm.nih.gov/pubmed/21715171
http://dx.doi.org/10.1158/1078-0432.CCR-07-4875
http://www.ncbi.nlm.nih.gov/pubmed/18483377
http://dx.doi.org/10.1371/journal.pone.0032614
http://dx.doi.org/10.1111/j.1750-3639.2009.00318.x
http://www.ncbi.nlm.nih.gov/pubmed/19744042
http://dx.doi.org/10.1158/1535-7163.MCT-09-0124
http://www.ncbi.nlm.nih.gov/pubmed/19825799

	1. Introduction
	1.1. Cancer Stem Cells of GBM
	1.2. Therapeutic Implications of CSCs
	1.3. MicroRNA
	1.4. Gene Therapy
	1.5. Immunotherapy in Treatment of Glioblastoma

	2. Conclusions

