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Glioblastoma (GBM) is the most aggressive brain tumor in
adults. Due to the high degree of heterogeneity, little is known
about the molecular events underpinning GBM genesis and
the disease is already advanced at clinical presentation, thus
complicating the efficacy of therapies.
This special issue provides an update on novel basic
and translational advances, which are expected to impact on
patient treatment and improve survival.
On the translational front, the review by F. A. Chowdhury
et al. focuses on the cytotoxic and antiapoptotic potential of
Thymoquinone for GBM treatment by affecting key signaling
pathways that promote tumor cell proliferation. Another
two reviews by V. Desai and A. Bhushan and M. N. Park
et al. highlight the potential of natural compounds in the
treatment of this devastating disease both individually and in
combination with the standard of care for GBM patients, that
is, chemo- and radiotherapy, and their mechanism of action
in promoting apoptosis and suppressing invasion. Another
novel therapeutic strategy based on recombinant immunotoxins is described by S. Zhu et al. in their review. Importantly,
this work also highlights the challenges associated with the
use of immunotoxins, for instance, delivery to the brain and
immunogenicity.
Finally, the original papers by C.-N. Im and by D.
Kavaliauskaitė et al. propose two experimental strategies to
inhibit GBM growth. One is based on PPAR𝛾 inhibition using
its ligands and its inhibitor that results in downregulation of
stem cell markers and sphere-forming ability and the other
on sodium valproate that acts by blocking the proliferation,
migration, and angiogenesis of human glioma cells.
As part of the basic advances in GBM research, we
solicited the submission of manuscripts that could help

deepen our understanding of the signaling pathways underlying malignant growth and ultimately lead to the development
of new therapies. The research article by S. Paglia et al.
focuses on alterations in the PTEN/aPKC/Lgl axis that are
implicated in gliomagenesis in Drosophila. The review by
L. Ryskalin et al. addresses the role of the mammalian
Target of Rapamycin (mTOR) in the brain and in particular
how mTOR activation is critical in GBM development. H.
Alfardus et al. examine the key role of microRNA in the
regulation of glycolytic metabolism and oncogenic signaling
pathways in GBM. Finally, a review by S. A. Valdés-Rives et
al. provides an overview of all the signaling pathways that
negatively control apoptosis and how these could be targeted
to trigger an apoptotic response in GBM.
In an elegant and alternative strategy, using mathematical
algorithms M.-E. Oraiopoulou et al. modelize not only
overall proliferation but also the intratumor heterogeneity.
Moreover, these in silico data are further validated using in
vitro models. Another interesting approach for screening of
different antiglioma compounds is shown by D. W. Lee et al.
This group implemented a 3D cell-based, high-throughput
screening method that allows mimicking the microenvironment using a micropillar and microwell chip platform. Using
this system, they evaluate cytotoxicity and efficacy of 70
compounds.
In line with the notion that the microenvironment plays
an important role in sustaining the pathogenesis of glioma, I.
A. W. Ho and W. S. N. Shim investigated the contribution of
the microenvironment to GBM heterogeneity. In their work
they try to understand how the different types of stromal cells
that surround the tumor such as endothelial cells, microglia,
and others may impact angiogenesis, invasion, proliferation,
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and stemness of GBM cells. Understanding this crosstalk
would aid to better tailor therapeutic interventions.
Finally yet importantly, the work by N. Senhaji et al.
characterizes the EGFR amplification and IDH mutations in
GBM patients from the Northeast of Morocco. In this work
the authors, using a specific population, aim to determine the
prevalence of those genetic aberrations and how this relates
to the frequency seen in other ethnic groups.
We hope that this special issue will help investigators
interested in GBM biology to familiarize with the recent
therapeutic advances in this field and to better understand
the role of key signaling pathways in the oncogenic process
leading to this disease. We also hope that the content of this
special issue will stimulate discussion and inspire future basic
and translational studies.
Sara G. M. Piccirillo
Marta M. Alonso
Francesco Pasqualetti
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Glioblastoma multiforme (GBM) is one of the most devastating brain tumors with median survival of one year and presents unique
challenges to therapy because of its aggressive behavior. Current treatment strategy involves surgery, radiotherapy, immunotherapy,
and adjuvant chemotherapy even though optimal management requires a multidisciplinary approach and knowledge of potential
complications from both the disease and its treatment. Thymoquinone (TQ), the main bioactive component of Nigella sativa L.,
has exhibited anticancer effects in numerous preclinical studies. Due to its multitargeting nature, TQ interferes in a wide range of
tumorigenic processes and counteract carcinogenesis, malignant growth, invasion, migration, and angiogenesis. TQ can specifically
sensitize tumor cells towards conventional cancer treatments and minimize therapy-associated toxic effects in normal cells. Its
potential to enter brain via nasal pathway due to volatile nature of TQ adds another advantage in overcoming blood-brain barrier.
In this review, we summarized the potential role of TQ in different signaling pathways in GBM that have undergone treatment
with standard therapeutic modalities or with TQ. Altogether, we suggest further comprehensive evaluation of TQ in preclinical and
clinical level to delineate its implied utility as novel therapeutics to combat the challenges for the treatment of GBM.

1. Introduction
Glioblastoma multiforme (GBM) is a primary neuroepithelial
tumor of the brain, characterized by an aggressive clinical
phenotype derived from inter- and intrapatient genomic and
histopathological diversity [1]. In the latest reclassification of
the World Health Organization (WHO), the GBMs are listed
in the group of diffuse astrocytic and oligodendroglial tumors
reflecting their highly malignant behavior [2]. It constitutes
more than 40% of all malignant brain tumors and approximately 54.4% of all malignant gliomas with mean age at
diagnosis being 64 years and 1.5 times more common in men
than women [3]. Even after the treatments by multimodal
therapy that involved surgery, radiotherapy, and combined
chemotherapy, GBM is nearly incurable with approximate
survival rate of around 8 to 15 months after diagnosis
[4]. Genomic analysis for prognostic markers of GBM has

been conducted with large-scale genomic characterization.
These investigations found mutations or amplifications of
different signaling pathways [5–8]. The most commonly
disrupted signaling cascades in GBM are pathways related
to receptor tyrosine kinase (RTK), including epidermal
growth factor receptor (EGFR), platelet derived growth
factor receptor alpha (PDGFRA), basic fibroblast growth
factor receptor 1 (FGFR-1), and insulin-like growth factor
receptor (IGFR-1) [9], and nuclear factor-𝜅B (NF-𝜅B) [10].
GBM has also been associated with aberration in signaling
through the mitogen-activated protein kinase (RAS/MAPK),
phosphatase inosine 3 kinase/protein kinase B (also known as
AKT)/mammalian target of rapamycin (PI3K/AKT/mTOR),
cell cycle-regulating retinoblastoma (RB) tumor suppressor
related pathways, tumor protein p53 (TP53) [11], promoter
methylation of O-6-methylguanine-DNA methyltransferase
(MGMT), isocitrate dehydrogenase (IDH) mutation, and

2
altered expression of cyclin dependent kinase (CDK) genes
[12].
The logical leap from such investigation is that targeting
disrupted pathways may be an effective means of treating
GBM as is the case for other type of cancers [13]. The changes
in RTK, PI3K, TP53, cell cycle, neoangiogenesis, cellular
metabolism, NF-𝜅B [10], signal transducer, and activator of
transcription 3 (STAT3) [14, 15] signaling pathways have
already paved the way for considering them as feasible targets
in GBM [10, 16, 17]. Among the RTKs, the instance of
increased gene copy number of EFGR is prevalent in GBM,
which is frequently responsible for increased proliferation,
transformation, adhesion, migration, and escape from apoptosis [18]. Though extensive preclinical studies with GBM
have shown promising results in EGFR targeting, several
clinical trials designed for therapeutic targeting of EGFR in
GBM patients have failed so far [19]. The lipid kinases PI3K
family are situated downstream of RTKs and with the interaction of numerous intermediary signal transduction kinases
(e.g., Akt, PTEN, and mTOR), control protein translation,
ribosome biosynthesis, and cell growth [20, 21]. Targeting
PI3K, PTEN, and mTOR pathways have shown moderate
success in combination with conventional therapy at clinical
level [17, 22, 23]. Alterations in cell cycle regulatory signaling
pathways, for example, CDK signaling (especially mutation
of CDK4, CDK6, and CDKN2A followed by E2F1 transcription factor dysregulation), and inactivation of TP53 (either
dependent or independent of MDM2 mutation), have also
been extensively targeted in GBM [8, 24]. Moreover, some
studies with cell cycle inhibitors in GBM therapy have shown
promise in radiosensitization as well as in the promotion of
senescence and apoptosis of tumor cells [25, 26]. Neoangiogenesis, a characteristic histopathologic feature of GBM, is in
part secondary to the hypoxic tumor microenvironment that
induces hypoxia-inducible factor-1𝛼 (HIF-1𝛼) followed by
subsequent VEGF accumulation, RTK activation, fibroblast
growth factor (FGF), PDGF, hepatocyte growth factor (HGF,
also known as scatter factor), integrins, angiopoietins, and
STAT3 upregulation [14, 27]. Depriving cell of oxygen and
nutrients to halt further growth is the initial justification for
targeting angiogenesis. The Food and Drug Administration
(FDA) of the United States of America has already approved a
monoclonal antibody targeting VEGF (Bevacizumab) in
GBM therapy [4] but other interventions targeting angiogenesis have not shown improvement in overall survival in
GBM [28, 29]. Clinical trials targeting multiple players in
the angiogenesis pathways in GBM are underway but the
outcomes are yet to be published [17]. The mutation of IDH (a
component of the tricarboxylic acid cycle) occurs early in the
gliomagenesis, leading towards neoenzymatic activity that
converts 𝛼-ketoglutarate to 2-hydroxyglutarate and disrupts
cellular metabolism in GBM [30, 31] providing rationale for
considering IDH as a therapeutic target and it has already
prompted several clinical trials whose outcome is yet to be
available [30, 32, 33]. Glioma stem cells (GSCs) represent
another viable target in GBM treatment due to their important role in mediating therapeutic resistance [34]. A number
of other novel targets, such as poly-ADP ribose polymerase
(PARP) (DNA repair protein), BRAF (a protein kinase
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that mediates MAP kinase signaling), bone-marrow Xlinked kinase (BMX), Bruton’s tyrosine kinase, and gammasecretase, are now under investigation for GBM treatment
at preclinical level[17, 35–37]. However, chemotherapeutic
drugs still remains the mainstay in glioblastoma treatment.
At present, the chemotherapeutic drugs for GBM approved
by FDA act as alkylating agents (Temozolomide (TMZ) and
Nitrosourea) [4, 38] which are not sufficient to combat GBM.
Based on this situation, there have always been a need to find
new therapeutics for GBM.
Thymoquinone (2-methyl-5-isopropyl-1, 4-benzoquinone; TQ) is the principle active ingredient of the volatile oil
of black cumin or black seed (Nigella sativa L. (NS)) (family
Ranunculaceae) [39]. People in different societies used NS as
condiment and different traditional medicinal system such as
Ayurvedic and Unani systems consider NS for the treatment
of various maladies [40–43]. The pharmacological investigations of TQ [44] are almost as old as its isolation from NS in
1963 by El-Dakhakhny [45]. Since then, numerous preclinical
studies have been performed including those to determine
the anticancer effects of TQ. The molecular mechanism of
through what TQ shows selective cytotoxicity for human cancer cells is widely reported [46]. Studies have shown that TQ
causes selective cancer cell death and possess tumor growth
inhibitory activities in addition to its role in interference with
other tumorigenic processes such as angiogenesis, invasion,
and metastasis [47, 48]. TQ is involved in tumorigenesis or
development of drug resistance [49] as well as in the sensitization of cancer cells to chemotherapeutic agents and radiation
therapy through the resistance mechanisms [31, 50]. The
result of a registered investigation for studying the role of NS
in a precancerous disease, actinic keratosis (AK), is yet to be
reported (ClinicalTrials.gov Identifier: NCT01735097; website: https://clinicaltrials.gov/ct2/show/record/NCT01735097
accessed on 26 June, 2017). Hence, the usefulness of TQ in
cancers including GBM is now more than a speculation and
it can target different hallmarks [51] of GBM.
There are several reviews on GBM [52], its pathology
[53, 54], possible therapeutic targets [17, 55, 56], and current
challenges in its therapies [54]. The treatment with TQ alone
has shown antitumor efficacy in several in vitro and in vivo
studies [57, 58] and also as in adjuvant therapy either to
prevent carcinogenesis [59] or to potentiate the efficiency of
conventional therapeutic modalities [60]. However, there is
no systemic compilation of the potential role of TQ as a
therapeutic agent or as an adjuvant agent for the treatment or
the prevention of GBM or an agent for slowing the progress of
GBM. In this review, we have compiled the potential role of
TQ in GBM therapeutics focusing on the major gliomagenesis signaling pathways.

2. Potential Role of TQ in Modulating
Proliferative and Migratory Signaling
Pathways of Glioblastoma
Two of the most important signaling cascades frequently
deregulated in GBM are the PI3K/Akt/mTOR and Ras/Raf/
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PI3K/Akt/mTOR pathway
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Thymoquinone
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Thymoquinone
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Figure 1: Signaling pathways of proliferation in glioblastoma targeted by Thymoquinone (NF-𝜅𝛽: nuclear factor-𝜅𝛽; FAC: Focal Adhesion
Molecule; MMP-2: Matrix Metalloproteinase-2; MMP-9: Matrix Metalloproteinase-9; PAK1: p21 protein (Cdc42/Rac) activated kinase 1;
PI3K/AKT/mTOR: phosphatase inosine 3 kinase/protein kinase B (also known as AKT)/mammalian target of rapamycin. Ras/Raf/MEK/ERK:
a chain of proteins in the cell that communicates a signal from a receptor on the surface of the cell to the DNA in the nucleus of the cell; Ras:
a type of small GTP-binding protein; Raf: Raf kinase family of serine/threonine-specific protein kinases; MEK: a protein kinase; ERK: a
member of the mitogen-activated protein kinase superfamily). Aside from FAC, MMP-2, and MMP-9, other signaling pathways primarily
affect glioblastoma proliferation.

MEK/ERK pathways that promote cell growth and proliferation [61, 62]. In addition, the dysregulation of RTK,
non-RTK (c-src activity), growth factors (e.g., PDGF, FGF,
TGF, and IGF-1), GTPase activating protein (G protein),
serine/threonine-specific protein kinase (STK), and NF-𝜅B
activity differentially contributes to GBM proliferation [63–
66]. Studies have shown that aberrant constitutive activation
of NF-𝜅B, in response to PDGF overexpression/PI3K signaling/PTEN inactivation, can promote GBM proliferation
through inappropriate activation of regulatory genes that
control cell proliferation and cell survival [67]. Nonreceptor
tyrosine kinase, Focal Adhesion Kinase (FAC), is associated
with increased rates of both migration and invasion in GBM
[68]. The FAC signaling regulates cell adhesion and motility
by relaying extracellular matrix (ECM) signals to ERK signaling and secreting matrix metalloproteinase- (MMP-) 2 and
MMP-9 [69–71].
No study has been conducted yet regarding the role of
TQ in modulating the proliferative signaling pathways in
GBM but studies in other type of cancer have demonstrated
that TQ upregulates PTEN signaling [72, 73], interferes with
PI3K/Akt signaling and promotes G(1) arrest, downregulates
PI3K/Akt and NF-𝜅B and their regulated gene products,
such as p-AKT, p65, XIAP, Bcl-2, COX-2, and VEGF, and
attenuates mTOR activity [73–78], providing the strong
rationale that TQ might play a crucial role in inhibiting
PI3K/Akt/mTOR signaling pathways, NF-𝜅B, resulting in
inhibiting proliferative signaling pathways of GBM. Studies
in colorectal cancer have demonstrated that TQ inhibits the
Ras/Raf/MEK/ERK signaling and disrupts its prosurvival
function, especially affecting the kinase domain of the p21
protein (Cdc42/Rac) activated kinase 1 (PAK1), consequently
disturbing its interaction with pPAK(Thr423) [79]. Phosphorylated Pak1 level in the cytoplasm has also been reported
to correlate with shorter survival time in patients with GBM

[80]. Multiple studies have reported that TQ downregulates
FAC and reduces the secretion of MMP-2 and MMP-9
and thereby reduces GBM cells migration, adhesion, and
invasion [81, 82]. Therefore, there is a strong possibility of TQ
to provide therapeutic benefits for the treatment of GBM
(Figure 1). However, we propose further investigation in this
regard.

3. Cytotoxic and Antiapoptotic Potential of
TQ against Glioblastoma
TQ may exhibit glioma cell-specific cytotoxic effects [83] by
influencing cell cycle, DNA structure and synthesis, structural proteins like tubulin, apoptotic mechanism, and ROS
generation (Figure 2). It has been reported that TQ can
interfere in normal cell cycle progression and thereby inhibit
GBM growth [84]. Several studies have shown that TQ has the
capacity to cause cell cycle arrest at different phases [46, 85].
TQ treatment can alter the expression of multiple cell cycle
regulatory proteins, such as cyclin D1, cyclin E, and the CDK
inhibitor p27 [74], and induce apoptosis (accumulation of
sub-G1 population) through caspase activation and PARP
cleavage [86].
TQ influences both p53-dependent and p53 independent
pathways for apoptosis [72, 87]. TQ augments the proapoptotic and reduces the antiapoptotic regulatory proteins. TQ
induced apoptosis involves changes in mitochondrial membrane potential, activation of caspases and PARP cleavage
[88], increase in the Bax/Bcl-2 ratio via downregulating Bcl-2
and upregulating Bax level [88], raise in level of cytochrome c
and caspase-3, along with suppressed expression of Bcl-xL
and survivin [74], degradation of alpha and beta tubulin, and
increase in p73 expression leading to apoptosis in cancer cells
[87].
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TQ scavenges the
ROS, inhibits the VEGF
expression, and downregulates
the ERK phosphorylation
TQ inhibits the efflux of
drug by downregulating
MAPK signaling and
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TQ inhibits the
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TQ inhibits Chk 1, Chk 2,
telomerase activity and increases
sensitivity to anticancer therapy
induced cell injury
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sensitivity to drug and radiation
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Decreased sensitivity to
apoptosis
Sensitivity to Fas and TRAIL
mediated apoptosis, expression
of caspases and antiapoptotic
regulatory protein

Figure 2: Antiapoptotic and chemosensitization potential of Thymoquinone.

TQ is hypothesized to act as an antoxidant at lower
concentrations and a prooxidant at higher concentrations
depending on its environment [89]. In tumor cells specifically, TQ generates ROS production that leads to reduced
expression of prosurvival genes, loss of mitochondrial potential, and structural changes in proapoptotic changes causing
caspase-dependent apoptosis in the cells [90]. A recent study
on human colon cancer cells demonstrated elevated level
of ROS generation and simultaneous DNA damage when
treated with a combination of TQ and artemisinin [91]. TQ
mainly attenuates its proapoptotic and oxidative potential
through suppressing the NF-𝜅B pathway [92]. This simultaneously inhibits the activation of IKBA kinase, IKBA
phosphorylation, IKBA degradation, p65 phosphorylation,
and p65 nuclear translocation. The expressions of NF-𝜅Bregulated antiapoptotic (IAP1, IAP2, XIAP Bcl-2, Bcl-xL,
and survivin), proliferative (cyclin D1, cyclooxygenase-2, and
c-Myc), and angiogenic (matrix metalloproteinase-9 and
VEGF) gene products are also downregulated by TQ [92, 93].
TQ affects the DNA structure by targeting the copper in
the chromatin, which is associated closely with the base guanine [89]. In normal cells, DNA damage will initiate repair by
p53 mediated p21 triggered growth inhibitory effects. However, in GBM cells, TQ induced DNA damage directly causes
cell death [94]. DNA-dependent protein kinase (DNA-PKcs)
is necessary for repairing breaks in DNA double strand in
order to maintain genomic integrity [95]. However, despite

the prominent cell damage in DNA-PKcs deficient GBM
cells, they are found to be less sensitive to TQ induced
cytotoxicity as compared to DNA-PKcs proficient GBM cells.
The significant cell death seen in DNA-PKcs proficient GBM
cells justifies the theory that these cells are attacked by TQ
and that DNA-PKcs activation is essential for cellular death
in GBM [96].
Telomere attrition, due to inhibition of telomerase by TQ
through the formation of G-quadruplex DNA stabilizer, subsequently leads to rapid DNA damage which can eventually
induce apoptosis in cancer cells specifically [97]. In a recent
GBM cell line study, TQ has shown to reduce telomerase
activity and cause significant DNA damage [94] in addition
to its inhibitory role in DNA synthesis in cancer cells affecting
cellular proliferation and viability [58].

4. Targeting Chemosensitization and
Drug Resistance Mechanisms of
Glioblastoma by TQ
GBM possesses very complex resistance mechanisms associated with cell cycle and DNA repair, apoptosis, drug efflux,
growth factors, and cellular maintenance pathways [98, 99].
Evidently, TQ can significantly affect the drug resistance of
GBM through inhibition of its resistance strategies and
induce chemosensitization, by acting as an adjuvant to a
therapy via affecting variety of signaling pathways (Figure 2).
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GBM stem cells are seen to demonstrate an increased sense of
repair to injury after radiotherapy, due to enhanced activation
of ATM, Rad17, Chk1, and Chk2 [100]. Another cell surface
protein molecule known as L1CAM, which is expressed
nearly twice in resistant GBM cells, amplifies the DNA repair
capacity through adhesion [101]. There is a 32-fold increase in
the level of the repair enzyme MGMT transcripts in GBM
cells which acts as a means of resistance against the anticancer
alkylating agents [102]. TQ is seen to reduce the level of Chk1
(cell cycle checkpoint kinase) in p53−/− HCT116 colorectal
carcinoma cells. As a result this increases the caspase 3 activity leading to DNA damage and apoptosis, decreasing the
extent of DNA repair [103].
GBM cells have decreased sensitivity to both Fasmediated and TRAIL-mediated apoptosis [104, 105]. The
reduced presence of caspase-8 [106] and increased expression
of Bcl-2, an antiapoptotic regulatory protein [107], are the
contributory causes behind the resistance. In a study with a
model of colorectal tumorigenesis, it was observed that TQ
increases the chemosensitivity of 5-fluorouracil (5-FU) by
suppressing the NF-𝜅B pathway and upregulating antitumorigenic proteins [108]. Telomerase and DNA-PKcs deficiency play huge role in cellular resistance to apoptosis of
GBM cells [94, 109]. However, GBM cells also carry specific
mutations and miRNAs that inactivate the apoptosis [107] for
what further investigations are required regarding the relevance of TQ treatment.
The higher apoptotic index in GBM is supported by their
higher proliferation, presence of hypoxic region, angiogenesis, and migration [107]. The cancer cells facing hypoxia tend
to remain inactive, do not proliferate, and create resistance to
the cytotoxic anticancer drugs which cannot reach those [110,
111]. Extensive research has elucidated the fact that cancer
cells express higher level of hypoxia-inducible factors [112].
Hypoxia induces the production of ROS that favors the tumor
survival, progression, and adaptation [113]. TQ acts as an
antioxidant in this case and scavenges the ROS including
the superoxide anion, hydroxyl radical, and singlet molecular
oxygen [114]. It has the capacity to readily travel across the
blood-brain barriers (BBB) and reach the subcellular compartments [115], thus reaching the inner hypoxic regions of
the tumor in the brain.
The mTOR is a protein kinase that ensures supply of nutrients to tumor cells and inhibits apoptosis and autophagy. This
kinase is upregulated in tumors causing enhanced growth
and proliferation, through Akt signaling [20]. The Notch
signaling is another pathway found enhanced in tumor cells,
which is necessary for the activation of transcription factors
required for regulation of nervous system. Its activity is
mediated by an enzyme gamma-secretase that stimulates its
active signaling [116]. However, gamma-secretase activity can
be inhibited by reducing Akt activity [117]. Thus both mTOR
and Notch pathways involve Akt/ERK signaling that is
downregulated by TQ [77]. TQ was found to chemosensitize
gemcitabine against cancer cells in inducing apoptosis by
inhibition of Akt/mTOR/S6 signaling pathways and reduced
expression of antiapoptotic proteins [118], providing a strong
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rationale for the potentiating role of TQ with gemcitabine in
GBM therapy [119].
Active efflux of anticancer drugs out of the cancer cell by
ATP-binding cassette (ABC) transporters is one of the major
criteria of resistant glioblastoma cells [120]. Overexpression
of P-glycoprotein (P-gp), an ABC transporter, occurs because
of the upregulation of the MDR1 gene, which is induced
by mutation, activation of Raf, anticancer drugs, and DNA
damaging agents [121]. Although TQ cannot prevent drug
efflux directly, but it can indirectly help through inhibition
of Raf activation, by downregulating MAPK [122], which will
consequently downregulate the MDR1 gene expression, thus
preventing the overexpression of P-gp. TMZ is currently the
most widely used chemotherapy for GBM [123]. TQ is seen
to give synergistic effect with TMZ in inducing apoptosis
and cell growth inhibition in GBM cells [124]. As TQ is a
small lipophilic molecule and, as mentioned earlier, can easily
cross the BBB, it can help the chemotherapeutic agent in
reaching the tumor while being used as an adjuvant and also
by preventing the drug efflux indirectly, creating chemosensitization.

5. Potential Role of TQ to
Mediate Neuroinflammation and
Immunotherapy in Glioblastoma
GBM plays role in generating immunosuppressive microenvironment by producing different immunosuppressive cytokines including IL-6, IL-10, and TGF-𝛽 as well as tumor
aggravating IL-1 and basic fibroblast growth factor (bEGF)
resulting in neuroinflammation [125–127]. These cytokines
promote antitumor immune response by inhibiting effector
T cell response and activating regulatory T cell (Tregs)
expression [128, 129]. In addition to cytokines, macrophage
and myeloid derived suppressor cells also infiltrate into the
GBM microenvironment and cause inhibition of antitumor
immune response [130, 131]. Also, immunosuppressive checkpoints including CTLA-4, PD-1, LAG-3, and TIM-3 is known
to have potential role in escaping immune environment of
GBM [132].
Successful immunotherapeutic approach depends on its
targeting of GBM cells specific antigen and its ability to kill
tumor cells [129]. There are a number of antigens found that
are glioma associated such as EPhA2, HER-2, gp 100, and
TRP-2 [133–135]. However, EGFR found in around 25 percent
of GBM patients is the most targeted one to the researchers.
Peptide based vaccines for GBM usually target antigens such
as EGFRvIII, survivin, and heat shock protein and currently
couple of vaccines are in various stages of clinical trial
including CDX-100 and M57-KLH [136]. Studies have provided evidence that TQ has potential to downregulate tumor
associated antigen [137] and therefore hold promise to possess therapeutic benefit in inhibiting GBM antigen expression
but further investigations are required in this regard.
Dendritic cells (DCs) vaccination is an important avenue
of immunotherapy that utilizes DCs to make a bridge
between innate and adaptive immune responses [138, 139].
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Since DCs cannot process antigen effectively in immunosuppressive microenvironment, they are being cultured outside
of patient body with exposing to antigen. Reinvigorated DCs
are then inserted back to patient body which then activate T
cells like CD4, CD8, and natural killer cells [129, 140]. Even
though the DC based vaccine appears to be comparatively
safe, its efficacy and clinical output are still limited. However,
positive immune response among GBM patients were found
when they are treated with DCs pulsed with different antigens
with different degree of success [141, 142]. Studies have
demonstrated that TQ compromises inflammation induced
DC maturation, an important step towards antigen presentation to T cell and for effective antitumor immunity [143], and
blunts inflammation induced cytokine release and migration
of DCs [144], providing avenue for the further investigation
regarding the role of TQ in DC cell based GBM therapy.
Immune stimulatory adjuvant are thought to initiate
innate immune response through activation of toll-like receptors (TLRs) and pattern recognition receptors (PRRs), necessary components for maintaining the balance between both
cellular and humoral immune response [145]. Commonly
used adjuvants include CpG oligonucleotides, poly-ICLC,
and tetanus toxoid. In two separate phase II clinical trials
among GBM patients, it has been found out that treatment
with poly-ICLC was well tolerated and improves the efficacy
of radiotherapy [146, 147]. Studies have shown that TLR
mediated by Neu1 sialidase activation [148] which is mediated
by TQ provides avenue for further investigation regarding
the role of TQ in the TLR mediated beneficial effect in GBM
immune adjuvant therapy [149].
Immunomodulatory cytokines play important role in
GBM and other cancer types. IL-6 is recognized for stimulating tumor growth in GBM patients, whereas IL-10 is known
for inhibiting IFN-𝛾 and TNF-𝛼 production [150, 151]. IL-10 is
also responsible for decreased expression of MHC class II and
inducing anergy in T cells [152, 153]. TGF-𝛽 is known to mediate immunosuppression by regulating T cell proliferation, IL2 production, and NK cell activity and promoting regulatory

T cells (Tregs) activity [154, 155]. A phase I clinical study
among malignant glioma patients revealed that inhibiting
Tregs by basiliximab, a monoclonal antibody to IL-2 receptor,
generates improved immune response [56, 156]. TQ is known
to inhibit the ability of TNF-𝛼 to induce IL-6 production
in a different disease group [157]. This implies that further
investigation is necessary to find out the impact of TQ on
immunomodulatory cytokines in GBM patients.
TQ possesses significant antineuroinflammatory effect
[158] and improves the anticancer activity of other therapeutic agent through either inhibition of autophagy or apoptotic
cell death of GBM cell line [124, 159]. We hypothesize that TQ
might help overcome those immunosuppressive mechanisms
[160–162] in GBM immunotherapy and therefore further
investigations are required for the potential role of TQ in different immunotherapeutic modules including the potential
synergistic role of TQ on the therapeutic efficacy of immune
checkpoints (CTLA-4 and PD-1) blockers for the treatment
of GBM (Figure 3).

6. Potential Role of TQ to Inhibit
GBM Stem-Like Cells from Acquiring a
Mature Postmitotic Phenotype and
Decrease Survival
It has been widely suggested that the subpopulations of
tumor-initiating or stem-like cells are one of the primary
factors causing GBM recurrence and resistance to treatment
[100, 163]. It has been observed that GBM stem-like cells have
higher levels of nuclear p65 and NF-𝜅B-dependent gene
expression than regular glioma cells [164]. Studies have
suggested that NF-𝜅B signaling has been linked to the
proliferation, migration, and differentiation of neural stem
cells [165] which is considered as one of the potential cell of
origin of brain tumors. One of the subunits of NF-𝜅B,
RelB, is highly expressed in mesenchymal GBM and studies
have shown RelB regulates expression of Olig2 [166], a
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critical factor in normal and tumorigenic stem-like cell
proliferation. Studies have shown that TQ interferes with the
expression of RelB [167] and thus shows potential to interfere
with tumorigenic stem-like cell proliferation. Studies have
suggested that activation of NF𝜅B may keep differentiating
glioblastoma-initiating cells (GICs) from acquiring a mature
postmitotic phenotype, thus allowing cell proliferation and
support the rationale for therapeutic strategies aimed to
promote premature senescence of differentiating GICs by
blocking key factors within the NF𝜅B pathway [168]. It is
well established that TQ blocks NF-𝜅B from multiple molecular pathways but further investigation is suggested for the
role of TQ in promoting senescence of GICs. Studies have
shown that STAT3 is upregulated in GBM-derived brain
tumor stem cells (BTSCs) [169] and inhibition of STAT3
either by pharmacological agent or by gene knockdown
resulted in reduced BTSC survival regardless of endogenous
MGMT promoter methylation or EGFR, PTEN, and TP53
mutational status [170]. TQ has shown to suppress STAT3 in
myeloma, gastric, and colon cancer [86, 171, 172] and, therefore, we hypothesize that TQ would be inhibiting BTSCs
but further investigations are warranted. We also propose
more investigations regarding the role of TQ in preventing
treatment resistance mediated from GBM stem-like cells in
conventional GBM therapy.

7. Potential Beneficiary Role of TQ
in Surgery and Ionization Radiation
Therapy in Glioblastoma
Surgery and radiation therapy are two major modules for
GBM treatment. The underlying molecular mechanisms that
are overactivated or inactivated nearby the surgical area of
GBM is still poorly understood [173] which partly contribute
to the GBM reappearance, aggressive proliferation, and
induction of metastatic potential in the microscopic tumors
that are not eliminated through tumor resection [174, 175].
Many mitogenic and proangiogenic factors, such as TGF-𝛽,
FGF, VEGF, EGF-like growth factors, and endostatin, were
found in the wound fluids that stimulate cancer cell proliferation and neoangiogenesis during postsurgery wound healing
period [176–178]. Studies have shown that TQ attenuates
tumorigenic signaling, including those mediated by TGF-𝛽,
VEGF, EGF, and several other promitogenic, angiogenic, and
metastatic factors, with the inhibition of cancer cell growth,
migration, and invasion [48, 179–182]. Studies have shown
that TQ counteracts the trauma-induced chemotaxis of
circulating malignant cells and their epithelial to mesenchymal transition (EMT) [48, 181, 183] and interferes in the
activation of nuclear factor erythroid-related factor-2 (Nrf-2),
NF-𝜅B, and STAT-3 that are responsible for the transcriptional activation of genes encoding proteins involved in cell
proliferation, angiogenesis, and metastasis [50, 184]. Thus,
TQ demonstrates very strong rationale for possible beneficial
agent as a preoperative and/or postoperative neoadjuvant in
GBM treatment.
Radiation therapy for GBM has been used in conjunction
with surgery for over 35 years [185] and almost 50% of all
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cancer patients receive this therapy in one form or another
during their course of illness [186]. It causes cell to undergo
apoptosis due to double-stranded breaks via inducing DNA
damage. Even though it is an effective therapeutics, it is
restricted by some inherent limitations, such as the detrimental effect to surrounding normal tissues and the stimulation
of cancer cells adaptive responses to counteract the damage
process. Cancer cells that survived after initial cycles acquire
resistance through multiple cellular mechanisms such as
activation of NF-𝜅B, PI3K, Akt, and mTOR [187] but the
resistance to radiotherapy in GBM is primarily attributed to
EGFRvIII. This mutation confers an EGF ligand-independent
dimerization of the EGF receptor resulting in constitutive
activation of the EGF/EGFR signaling pathway [188, 189]
and thus cellular resistance to radiation therapy by upregulating the DNA double-stranded break repair machinery
[190]. Therefore, EGFRvIII inhibitors are readily rationalized
to possess increased overall GBM sensitivity to radiation
therapy. Studies have found that EGFRvIII mutant GBM cell
proliferation is more sensitive to TQ than wild-type GBM
cells. It was also found that TQ inhibits autophagic flux
and induces caspase-independent apoptotic cell death of the
EGFRvIII mutant GBM cells to the similar extent of the
wild-type GBM cells [115]. TQ might enhance radiation
therapeutic benefit by enhancing the cytotoxic efficacy of
radiation through modulation of cell cycle and apoptosis [31],
preventing the radiation-induced metastatic progression
through restoration of TGF-𝛽 [179] and activation of several
signal transduction pathways including PI3K-Akt-mTOR
[49, 187, 191, 192] or by rescuing T-lymphocytes from gamma
irradiation-induced apoptosis [193]. Even though free radical
scavenging ability and antioxidant properties of TQ are
primarily considered for the mechanistic explanations of TQ
mediated beneficial effect [192] but it is obvious that other
mechanisms are involved and thus we propose further extensive investigations.

8. Summary and Future Perspective
GBM is one of the least understood diseases. Highly heterogeneous cell populations and complex pathogenesis add further
complexities for effective therapeutic agent developments.
The presence of BBB adds another layer of complexity in
combating this disease. Though considerable advancements
have been accomplished in GBM molecular pathogenesis
and thereby in treatment strategies, the overall survival rates
remain poor. Targeting a particular molecule or signaling
pathway, involved in one of the singular aspects of the multistep complex tumorigenesis processes, has recently been
deemed as extravagant attempt to curtail malignant progression. Due to the inherent heterogeneous nature, GBM can
always evade a particular therapeutic modality and continue
to survive on alternative pathways followed by recurrence of
tumor at a far more aggressive form. Therefore, the paradigm
in cancer treatment strategy is now shifting from targeted
therapy to combination or multitargeted approaches or targeting cancer with modalities that affect multiple signaling
pathways.
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As a multitargeting therapeutic substance, TQ has been
investigated in numerous disease models along with different
types of cancer in vivo and in vitro models including GBM.
Studies have focused on various signaling pathways providing
evidence for its potential use in the GBM therapeutics. The
prominent GBM signaling pathways includes the role of TQ
in interfering in the phosphorylation and subsequent activation of several upstream tyrosine kinases (e.g., MAPK, Akt,
mTOR, and PIP3) that are involved in tumor cell proliferation
signaling pathways [49, 180]. Transcriptional factors (e.g.,
Nrf2, NF-𝜅B, and STAT-3) that are considered as key players
in various oncogenesis process are other crucial molecular targets of TQ [49, 57, 84]. It has been suggested by
multiple studies that, by regulating the activation of these
transcription factors, TQ might counteract different tumorigenic processes including inflammation, cell proliferation,
cell survival, angiogenesis, cell invasions, and metastasis. Furthermore, TQ shows chemopreventive properties by downregulating carcinogen metabolizing enzymes (e.g., CYP 1A2
and CYP 3A4), upregulating cytoprotective enzymes (e.g.,
glutathione S-transferase, superoxide dismutase, and oxidoreductase), attenuated production of proinflammatory
mediators (e.g., cytokines, chemokines, and prostaglandins)
[49]. Among different signaling pathways several are significant in the context of GBM therapy with TQ; the JAK/STAT
and NF-𝜅B are getting increasing attention in the context
of GBM. The JAK/STAT signaling in GBM consists of four
JAKs (JAKs1–3 and TYK2) and seven STATs (STATs1–4, 5a,
5b, and 6) [194] but STAT3 is generally considered as the
most eminent among cancers [195]. In GBM, protein kinase
C𝜀 has been shown to drive serine phosphorylation of
STAT3 in a RAK/MEK/ERK-dependent fashion, and this
modification of STAT3 enhances the invasive capacity and
apoptosis resistance of GBM [196, 197]. STAT3 upregulation,
hyperactivation, and nuclear accumulation is a well-known
feature of GBM [198]. Studies have shown that TQ inhibits
proliferation in gastric cancer via STAT3 pathway in vivo and
in vitro [171] alone and also in combination with other drugs
in breast cancer [199]. We propose further investigation for
the role of TQ in GBM in JAK/STAT3 pathways. Further
investigations are also required whether TQ affect specific
parts of NF-𝜅B such as I𝜅K complex that is involved in the
regulating NF-𝜅B activation or regulate NF-𝜅B signaling in
a more selective manner by specifically interacting with NF𝜅B dimers or whether TQ blocks NF-𝜅B by directly targeting
the subunits (p65 and p50) themselves. This is of particular
interest because of the fact that one available drug, TMZ, has
opposite effects in the subunits [200]. Previous study in GBM
cells has shown that Ikk inhibitors decrease proliferation and
increase apoptosis directly [201] or via inhibiting nuclear p65
translocation [202]. Study regarding the effects of TQ on proteasomes is also suggested since inhibitors of proteasomes has
shown to have beneficiary effects on GBM [203] but whether
such effects are mediated by TQ has not been investigated.
TQ induces selective and time-dependent proteasome
inhibition, both in isolated enzymes and in GBM cells, suggesting that this inhibition leads to intracellular increases in
the levels of apoptotic proteins such as p53 and Bax, and may
be linked to the onset of apoptotic events [204]. Therefore, we
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propose further investigations on TQ as its potential application as an adjuvant in the treatment of cancer and other
diseases. In the clinical settings, no such study has been
conducted with TQ for the treatment of GBM but one general
conclusion is that improved understanding of the molecular
mechanism by which GBM is regulated is a strategy that can
make a significant impact in the successful management of
GBM.
Interestingly, even the lower efficacy [205] and poor bioavailability [206, 207] of TQ are the primary bottleneck of TQ,
its volatile nature [208] provides opportunity to be exploited
for use in novel drug delivery strategy via intranasal pathway
to brain due to unique connection provided by the olfactory
and/or trigeminal nerve system present between the olfactory
epithelium and the central nervous system. Such delivery
system provides opportunity to bypass both the BBB and
hepatic first-pass metabolism [209].
It is evident that TQ is multitargeting in its nature but
majority of the signaling pathways in the GBM pathogenic
context is yet to be explored. Due to its lower efficacy and
systemic bioavailability, we propose further investigation on
its role as adjuvant therapy with other chemotherapeutic
courses. Further investigation could also be conducted for its
more efficacious analogues and formulating those into different delivery systems to cross BBB in GBM treatment
along with determination of their pharmacokinetic behavior,
efficacy, and toxicity. To better understand these differential
cellular effects of TQ, more in vitro, in vivo, and in silico
studies could be conducted at both proteomic and genomic
level. Findings from such studies will enable us to devise
clinically effective combination therapeutics where TQ or its
derivatives can potentiate the antitumorigenic potential of
various conventional and established GBM therapeutic
courses.
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Different regions in the mammalian adult brain contain immature precursors, reinforcing the concept that brain cancers, such as
glioblastoma multiforme (GBM), may originate from cells endowed with stem-like properties. Alterations of the tumour suppressor
gene PTEN are very common in primary GBMs. Very recently, PTEN loss was shown to undermine a specific molecular axis, whose
failure is associated with the maintenance of the GBM stem cells in mammals. This axis is composed of PTEN, aPKC, and the
polarity determinant Lethal giant larvae (Lgl): PTEN loss promotes aPKC activation through the PI3K pathway, which in turn leads
to Lgl inhibition, ultimately preventing stem cell differentiation. To find the neural precursors responding to perturbations of this
molecular axis, we targeted different neurogenic regions of the Drosophila brain. Here we show that PTEN mutation impacts aPKC
and Lgl protein levels also in Drosophila. Moreover, we demonstrate that PI3K activation is not sufficient to trigger tumourigenesis,
while aPKC promotes hyperplastic growth of the neuroepithelium and a noticeable expansion of the type II neuroblasts. Finally,
we show that these neuroblasts form invasive tumours that persist and keep growing in the adult, leading the affected animals to
untimely death, thus displaying frankly malignant behaviours.

1. Introduction
Glioblastoma multiforme (GBM) is a highly malignant brain
cancer whose prognosis is extremely poor [1]. As with
other tumours [2], a subset of undifferentiated cells has
been identified in GBM as “tumour-initiating cells” [3], due
to their ability to originate a neoplastic mass resembling
that of the donor patient when implanted in the brain of
immunocompromised mice [4]. Primary GBMs represent
about 95% of the total cases and develop as rapidly growing
tumours with no evidence of premalignant lesions [5]. Several
genetic alterations are recurrently implicated in primary
GBM, among which PTEN inactivation is the most frequent,
shown to occur through different mechanisms [6, 7]. PTEN
loss of function (LOF) promotes an increased PI3K signalling
[8, 9] which activates, among others, the atypical Protein
Kinase C (aPKC) [10, 11], resulting in alterations in tissue
morphology both in Drosophila [12] and in mammalian cells
[13]. Lethal giant larvae (Lgl), an aPKC substrate [14, 15], was
first identified in Drosophila as an oncosuppressor protein

[16] found at the membrane [17], encoded by the lgl gene,
whose loss of function causes malignant growth of larval
brain and epithelia [18, 19]. Of note, Lgl controls neuroblast
(NBs) differentiation by regulating the asymmetric localisation of cell fate determinants in the neural progenitors
[20–22] and phosphorylation by aPKC converts Lgl into an
inactive form released in the cytoplasm [23]. Drosophila Lgl
is evolutionarily conserved [24], and our and other studies
described its altered expression/localisation in several forms
of human cancer [24–27]. Mammalian Lgl (Lgl1) is highly
expressed in the brain and its knock-out causes severe brain
dysplasia in mice [28]. Activated aPKC promotes GBM cell
motility by dissociating Lgl1 from nonmuscle myosin II
[29], and two recent papers demonstrated that inactivation
of Lgl1 following PTEN loss promotes the maintenance of
GBM stem cells in mammals [30, 31]. Consistently, Hugl1
(Human lgl1) overexpression in human GBM cells hampers
their ability to form brain tumours in nude mice [32]. In
the last fifteen years, Drosophila has been successfully used
to investigate the genetic and molecular basis of different
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cancer hallmarks [33–35]. With regard to brain cancer, a
model of glioma has been proposed that recapitulates some
features of mammalian brain tumours [36, 37]. In this model,
cancer was induced by activating the EGFR/PDGFR and
PI3K pathways in glial cells, and the authors found that some
neural cell types were not prone to neoplastic transformation
[36], highlighting the relevance of the cell of origin to cancer
initiation and progression [38]. A recent study demonstrated
that the same molecular alterations give rise to different
GBM subtypes when induced in different neural progenitors,
pointing to the cell of origin as a major determinant of
GBM diversity [39]. Moreover, GBM cell of origin was
also shown to influence malignancy and drug sensitivity
[40]. The Drosophila larval brain lobe contains several stem
populations: the neuroepithelial (NE) cells, that originate the
NBs of the optic lobe (OL) [41] by the same developmental
mode as the mammalian forebrain [42], types I and II and
mushroom bodies NBs of the central brain (CB) [43], and the
newly reported non-NB progenitors that give rise to lamina
glia and neurons [44]. Larval NBs undergo a limited number
of asymmetric divisions and stop dividing before adulthood
[45]; nevertheless, adult neurogenesis was recently observed
in the medulla region of the OL, which increases following
brain damage [46]. Drosophila NBs have been extensively
used as a model for brain cancer [47–49], and different
genetic alterations were shown to prime specific NE/NB
populations for tumourigenesis [50–55]. Among these cell
populations, type II NBs are particularly attractive as their
lineage is analogous to that of the mammalian neural stem
cells, involving transient amplifying cells called Intermediate
Neural Progenitors (INPs), used to expand the progenitor
cell population [56, 57] and programmed cell death that culls
excess neurons [58, 59]. Of note, type II NBs are known to
undergo unrestrained growth [52, 60–63] and their lineages
generate a variety of neurons and glial cells that contribute to
the CB and the OL of the adult brain [64, 65]. Moreover, larval
brains from lgl mutants produce primarily ectopic type II
NBs [52, 55], prompting us to investigate the susceptibility of
these stem cells to alterations of the PTEN/aPKC/Lgl axis. We
first confirmed that PTEN LOF is sufficient to increase aPKC
cortical loading and to inhibit Lgl membrane localisation
in the Drosophila larval brain. We then manipulated the
PTEN/aPKC/Lgl axis in the NE and in the type II NBs of
the Drosophila brain, demonstrating that, while perturbation
of this molecular pathway provokes mild NE hyperplasia, it
triggers an accumulation of immature precursors in the larval
central brain, where type II neuroblasts reside. In addition,
these immature progenitors form adult brain tumours that
kill the animals in time, thus showing a malignant behaviour.

2. Materials and Methods
2.1. Fly Stocks and Treatments. The following fly stocks were
used in the study: yw, hs-Flp, UAS-GFP, tub-Gal4; tub-Gal80,
FRT40A-w; Ubi-GFPnls, FRT40A-w; PTEN 117 , FRT40A/CyOyw, UAS-PI3K CAAX -w; UAS-aPKCCAAX-wt -w; Optix-Gal4,
UAS-EGFP-w; Optix-Gal4, yvsc, UAS-mCD8::GFP; UASdmRNAi. Fly lines were from the Bloomington Stock Center

BioMed Research International
(NIH P40OD018537) except for w; Optix-Gal4 II (A.H.
Brand)-w; PTEN 117 , FRT40A/CyO (H. Stocker)-w; and UASaPKCCAAX-wt (C.Q. Doe). Stocks and experimental crosses
were all raised on standard medium at the temperatures
indicated. Eggs were collected from 15 females in 8-hour time
windows to avoid developmental delays due to overcrowding.
For MARCM experiments (Figure 1(a)), where mutant cells
are marked by GFP expression [66], larvae were heatshocked for 20 minutes in a water bath at 37∘ C at 48 hours
development, and for Flp/FRT experiments (Figures 1(b)
and 1(c)), where mutant cells are marked by lack of GFP
expression [67], larvae were heat-shocked for 60 minutes in
a stove at 37∘ C at 48 hours development.
2.2. Immunohistochemistry. Larval and adult brains were
dissected in PBS, fixed in 3.7% formaldehyde in PBS for 30
minutes, permeabilised in 0.5% Triton in PBS for 2 hours,
and stained following standard protocols. Final samples
were mounted in Fluoromount-G (Southern Biotechnology
Associates, Inc.). The following primary antibodies were
used: rabbit anti-aPKC𝜁 (1 : 200, sc-216, Santa Cruz Biotechnology); rabbit anti-Yki (1 : 400, K.D. Irvine); rabbit antiphosphoAKT (1 : 200, Ser505, Cell Signaling Technology);
rabbit anti-Lgl (1 : 500, D. Strand); rabbit anti-PntP1 (1 : 500,
J.B. Skeath); rabbit anti-Mira (1 : 200, C.Q. Doe); rabbit antiPH3 (1 : 200, Ser10 Upstate Biotechnology); mouse anti-MYC
(1 : 5, P. Bellosta); mouse anti-dIAP1 (1 : 200, B.A. Hay); and
mouse anti-Repo, anti-Elav, and anti-𝛾-H2AX (1 : 50, DSHB).
Secondary antibodies were Alexa Fluor 555 goat anti-mouse
and anti-rabbit (Invitrogen Corporation) and DyLight 649
goat anti-mouse and anti-rabbit (Jackson ImmunoResearch
Laboratories).
2.3. Image and Statistical Analysis. Fluorescent images were
taken on a Leica TCS SP2 confocal microscope, and the entire
images were processed with Adobe Photoshop software;
all the images shown are from a single 𝑧 stack. ImageJ
free software from NIH, Bethesda, MD, USA, was used to
measure sample diameter and area. For statistical analysis,
the number of samples is indicated in the figures. For IF
analysis, the figures represent the average phenotype across
15–25 samples analysed, if not otherwise specified. Data
represent mean ± s.d. Two-tailed Student’s 𝑡-tests were used
to determine significance. ∗∗ 𝑃 < 0.01. Graphs were created
in GraphPad Prism 5.

3. Results and Discussion
3.1. PTEN Mutation Affects aPKC Abundance and Lgl Localisation in the Drosophila Brain. The phosphatase PTEN is
known to regulate cell proliferation and growth through
the PI3K/AKT pathway [8, 9, 68]. In cancer, deregulation
of this signalling network supports a number of cellular
characteristics such as survival, migration, and inability to
differentiate [69]. This is partly achieved through activation of
aPKC [10, 11], known to control cell polarity and asymmetric
cell division in a variety of cells, from Drosophila to mammals
[14, 19]. aPKC expression and activity are increased in human
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Figure 1: PTEN mutation activates the PI3K-pAKT pathway in different regions of the larval brain, while increasing aPKC and lowering Lgl at
the cell membrane. (a) MARCM PTEN 117 LOF clones (GFP+ ) induced in a wild-type background. pAKT staining (red) is positive in the optic
lobes (outlined, arrowheads) and in the dorsomedial (DM) region of the brain (arrows). The asterisk marks a PTEN 117 mutant clone in the
central brain which does not activate AKT. ((b)-(c)) Flp/FRT PTEN 117 clones in the OL show aPKC accumulation ((b) white, outlined) and Lgl
decrease ((c) white, outlined). (d) Expression pattern of Optix in the larval brain: OL = optic lobe; CB = central brain; NE = neuroepithelium;
NB I = type I NBs; NB II = type II NBs; VG = ventral ganglion. Scale bars are 50 𝜇m.

GBM [70], and its direct substrate Lgl has been recently
associated with the maintenance of the GBM stem population
[30, 31]. In Drosophila, PTEN is known to colocalise with
the PAR/aPKC complex at the apical cortex of different cell
types, where it serves multiple critical functions by helping
maintain the correct actin organisation [12, 71]. With the aim
to associate PTEN loss with Lgl inhibition in the Drosophila
larval brain, we first investigated the impact of PTEN loss of
function on the PI3K/AKT pathway in this organ. As can be
seen in Figure 1(a), while the PTEN mutant clone (GFP+ ) in
the ventrolateral (VL) CB failed to activate AKT (asterisk),
clones within the OL (arrowhead) and in the dorsomedial
(DM) CB (arrow) were positive to pAKT staining (red). These
two regions of the larval brain contain the NE cells with their
descendants (OL) and type II NBs (DM-CB), respectively.
We then focused on the OL surface, where the NE cells
and their progeny form a cohesive tissue and analysed
aPKC and Lgl abundance and localisation in PTEN mutant
clones. In Figure 1(b), PTEN mutant cells (GFP− , outlined)
displayed aPKC membrane enrichment (outlined, compared
with the surrounding cells). Lgl abundance was coherently
lowered within the PTEN mutant clones in Figure 1(c) (GFP− ,
outlined). This was clear evidence that the PTEN/aPKC/Lgl
axis is conserved in the Drosophila brain.
In Drosophila, the maternal contribution of mRNAs and
proteins to the developing embryo is known to prevent detection of mutant phenotypes; in particular, lgl embryos have
sufficient maternally provided transcript to enable animals

to survive to the midlarval stage, after which their brain
and epithelia undergo tumourigenic growth [18]. Complete
depletion of Lgl is indeed required to trigger tumourigenesis
and, being it a very stable protein [72], the use of lgl
mutations or knock-down constructs may not be suitable
to induce complete loss of function. Consistently, PTEN
mutation, though lowering Lgl cellular levels, failed to deplete
it completely (Figure 1(c)). To circumvent this issue, we
genocopied PTEN and lgl loss of function by overexpressing
their antagonists PI3K and aPKC. Since PTEN mutation
activates the PI3K/AKT pathway in the OL and in the DM
CB (Figure 1(a)), we directed kinase expression through the
Optix promoter, which is active in subterritories of these
regions (Figure 1(d)) [55, 73].
3.2. The Activated Form of aPKC Induces Hyperplastic Growth
of the Larval NE. We first investigated the effect of aPKC
activation in the OL. Expression of the aPKCCAAX-wt transgene in the Optix domain provoked a substantial cellular
increase of this kinase (Figure 2(a), compare the GFP+ and
the GFP− regions in the middle panel; the green and the
yellow arrowheads mark the boundaries of the unaffected OL
and NE, resp.). This confirmed that although Optix promoter
is more active in the NE than in the OL NBs [73], it is
however efficient in driving transgene expression also in these
cells. Following aPKC activation, larval OL appeared normal,
but the NE acquired a multilayered structure formed by
rounded cells, as can be seen in Figure 2(b) (white arrows),
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(a)

(b)

(c)

Figure 2: The activated form of aPKC induces hyperplastic growth of the larval NE. ((a)–(c)) Representative brains from Optix-aPKCCAAX-wt
late L3 larvae grown at 25∘ C. (a) Surface section showing aPKC (white) membrane enrichment (middle panel) and dIAP expression (lower
panel) in the Optix NE domain (GFP+ , upper panel). (b) Cross-section showing the multilayered structure of the NE and dIAP expression
(lower panel) within the Optix domain (GFP+ , upper panel). (c) Surface section displaying Lgl (white) release from the membrane (middle
panel) and MYC expression (lower panel) within the Optix domain (GFP+ ). Green arrowheads indicate the boundaries between aPKCCAAX-wt
and wild-type OL, and yellow arrowheads indicate the boundaries between aPKCCAAX-wt and wild-type NE. Scale bars are 50 𝜇m.

where the cross-section of a brain hemisphere is shown.
This phenotype was exacerbated by combined activation
of PI3K and aPKC (Figure 3(c)) and was observed with
variable severity in all the brains analysed (𝑛 = 23). In the
middle panel, the yellow arrowheads mark the borders of the
untargeted NE, which maintained the wild-type columnar
shape (Figure 2(b)). In Figure 2(c), Lgl staining highlighted
how this protein is released from the membrane following
aPKC activation (compare the GFP+ and the GFP− regions
in the middle panel; the green and the yellow arrowheads
mark the boundaries of the unaffected OL and NE, resp.), as
it does in other Drosophila tissues [27]. Hyperplastic growth
has also been reported in the Optix NE domain following
Hippo pathway deregulation [73]. The Hippo pathway plays
essential roles in regulating tissue growth [74] and is known
to modulate proliferation and differentiation in the NE
[75, 76]. Since aPKC and Lgl have been demonstrated to

regulate growth through this signalling cascade in Drosophila
[77, 78], it is conceivable that the hyperplastic phenotype
triggered by aPKC activation in the NE is partly due to Hippo
pathway deregulation: the downstream targets dIAP1 [79]
and MYC [80, 81] showed indeed ectopic expression in the
Optix OL domain (Figures 2(a), 2(b), and 2(c), lower panel;
yellow arrowheads indicate the unaffected NE). Altogether,
our findings indicate that, despite Lgl inhibition and Hippo
pathway deregulation, the NE shows a mild morphological
response, suggesting that its cells and their progeny, the
OL NBs, are not prone to initiate brain cancer following
alterations of the PTEN/aPKC/Lgl molecular axis.
3.3. The Activated Form of aPKC Primes Expansion of the
Type II NBs of the Larval Brain, and PI3K Contributes to
the Overall Organ Growth. We then shifted the focus from
the NE to the other region that appeared to activate the
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Figure 3: The activated form of aPKC induces neoplastic growth in type II NBs of the larval brain, and PI3K contributes to the overall growth.
((a)–(c)) Representative brains from Optix-PI3K (a), aPKCCAAX-wt (b), and Optix-PI3KCAAX aPKCCAAX-wt (c) late L3 larvae grown at 25∘ C.
Repo (red) stains glial cells and Mira (cyan) stains NBs. The lower panel shows Mira staining alone. While Mira marks mainly OL and CB type I
NBs in (a) (arrows), aPKC activation triggers an increase in type II NBs (arrowhead) which form invasive masses (arrowheads) in cooperation
with the active form of PI3K (c). ((d)–(f)) Representative brains from Optix-PI3K (d), aPKCCAAX-wt (e), and Optix- PI3KCAAX aPKCCAAX-wt
(f) late L3 larvae grown at 29∘ C. Elav and Repo (red) stain neurons and glial cells, respectively, and Mira (cyan) stains NBs. The lower panel
shows Mira staining alone. As it happens at 25∘ C, while Mira marks mainly OL and CB type I NBs in (a) (arrow), aPKC activation triggers a
huge increase in type II NBs (arrowhead), which form invasive clusters (inset in the (e) upper panel) and grow as to fill the entire brain lobe
in cooperation with the active form of PI3K (f). Scale bars are 50 𝜇m.

6
PI3K/AKT pathway in response to PTEN mutation: type II
NBs of the CB (see Figures 1(a) and 1(d)). This population is
composed of 8 NBs/brain lobe, which represent in Drosophila
the first identified postembryonic progenitors giving rise to
both neurons and glial cells [64, 82]. Optix is expressed in
4 out of 8 of these NBs and respective progeny, in the DM
region of the CB, and in 1 type I DM NB [55, 73]. We first
analysed the proliferation versus differentiation phenotype
of late L3 larvae grown at 25∘ C with single or combined
activation of PI3K and aPKC in the Optix domain. Figure 3(a)
shows a larval brain lobe stained for Miranda (Mira), a NB
marker, and reversed polarity (Repo), a pan-glial marker.
Mira is an aPKC substrate which, such as Lgl, is released in the
cytoplasm following phosphorylation; this in turn inhibits
the correct segregation of polarity determinants and affects
proper cell division [83]. Mira staining was mainly evident in
the OL region and in type I NBs of the CB (arrows). Despite
the promoter being active in the CB (GFP+ , arrowhead),
in these samples Mira staining was undetectable in type II
NBs (Figure 3(a)), indicating that PI3K activation was not
sufficient to induce their expansion. On the contrary, aPKC
activation in the same regions drove a potent neurogenic
wave in the CB (Figure 3(b), arrowhead) and an increase
in Mira+ OL NBs number (arrows), promoting brain lobe
overgrowth. Finally, activation of PI3K cooperated with aPKC
in increasing both Mira+ tumour mass in the CB (Figure 3(c),
lower panel, arrowheads) and overall brain size. Noticeably,
the NE region and its progeny NBs underwent dramatic
hyperplasia (arrow and brackets, GFP+ , upper panel) but
showed few signs of neurogenesis (asterisk, lower panel).
We then repeated the same immunostainings as above on
larval brains from crosses carried out at 29∘ C, to exacerbate
cancer traits. Also in this case, Optix-PI3KCAAX brains did
not give origin to any aberrant phenotype, with OL and CB
NBs found in stereotyped positions (Figure 3(d), arrow). Of
note, aPKC expression at 29∘ C provoked a massive expansion
of the CB NBs, which filled the entire brain lobes but the
OLs, which were negative to Mira staining (Figure 3(e),
arrow). This evidence confirmed that the expansion of the
immature progenitors initiates from the CB NBs and does
not involve the OL NBs. Another interesting trait observed
in these samples was the formation of cell clusters invading
the VG (arrowhead in the lower panel). These groups of
invasive cells did not show any sign of differentiation, as they
were negative to both Repo (glial marker) and Elav (neuronal
marker) (Figure 3(e), upper panel, inset). This phenomenon
was observed in 13 out of 18 Optix-aPKCCAAX brains. Also
at 29∘ C, activation of PI3K cooperated with aPKC in tumour
development, with Mira+ cells filling the entire, oversized
brain lobes (Figure 3(f), lower panel). In Supplementary Figure S1, a graph reports the average anterior-to-posterior (A/P)
lobe diameter of the progeny from each experimental group.
The differences between the three groups were all statistically
significant, both at 25∘ C (Supplementary Figure S1A) and
at 29∘ C (Supplementary Figure S1B). Finally, Supplementary
Figure S2 represents Optix-aPKCCAAX larval brains from
crosses carried out at 29∘ C, where staining for PointedP1
(PntP1), a type II NBs marker [84, 85], revealed a large
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predominance of type II NBs and respective descendants in
brain colonisation. In addition, these brain lobes presented a
high degree of double strand breaks (Supplementary Figure
S2), underlining defective DNA repair, typical of malignant
tumours [86] and, interestingly, of GBM stem cells [87].
Altogether, these analyses performed on larval brains suggest
a strong implication for aPKC in cancer initiation from
type II NBs. Moreover, aPKC cortical activity in lgl−/− INPs
originated from type II NBs is known to revert these cells
back into NBs [88], and here we showed that, also in wildtype brains, while aPKC activation does not seem to initiate
tumour growth from the NE-derived NBs, it promotes a huge
expansion of the type II NBs, which eventually colonise the
entire CBs at 29∘ C.
3.4. The Unrestrained Growth Initiated in Type II NBs by
the Activated Form of aPKC Leads to Formation of Adult
Brain Tumours. In Drosophila, adult brain tumours have
been observed following inactivation of the translational
repressor Brat, the transcription factor Earmuff, or proteins
of the SWI chromatin complex in type II NBs and INPs
[61, 89–92]. We thus observed adult flies carrying single
or combined ectopic activation of PI3K and aPKC. As
can be seen in Supplementary Figure S3A, the differences
between the observed and expected progeny numbers were
not significant at 25∘ C. It is however important to underline
that 1/3 of the Optix-PI3KCAAX aPKCCAAX-wt progeny died as
pharate adults; therefore the following analyses will possibly
not include the most severe phenotypes of this class. At 29∘ C,
no Optix-aPKCCAAX-wt and Optix-PI3KCAAX aPKCCAAX-wt
eclosed adults were recovered (Supplementary Figure S3A).
We therefore proceeded by analysing all the progenies at
25∘ C. Optix-aPKCCAAX-wt animals displayed small, coneshaped eyes (Supplementary Figure S3C, middle panel),
possibly due to kinase activation in the eye disc [93]; therefore
we measured the head capsule width (IOD, Interocular
Distance) for each class, normalised to that of control siblings,
to find differences among the three samples. The graph in
Supplementary Figure S3B indicates that Optix-aPKCCAAX-wt
fly heads were much larger than those of the other two
classes, as can be appreciated in Supplementary Figure S3C.
An analysis of these three classes of flies under a fluorescence stereoscope revealed that while Optix-PI3KCAAX fly
heads were negative, both Optix-aPKCCAAX-wt and OptixPI3KCAAX aPKCCAAX-wt fly heads showed the presence of
GFP+ masses in the CB in about 30% of the scored individuals. Those individuals were found to display the highest IOD
values within their class (not shown), suggesting this measure
may be utilised as an index of brain tumour growth. We
then analysed the phenotypes of adult brains from 1–4-dayold flies grown at 25∘ C with single or combined activation
of PI3K and aPKC. As illustrated in Figure 4(a), residual
Optix reporter activity was visible in some cells, and the same
was observed in Optix-PI3KCAAX adult brains (Figure 4(b)),
where the Optix domain appeared slightly enlarged. The
GFP+ cells were Mira− in both samples, indicating that
the adult brains did not contain detectable immature cells.
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Figure 4: The neoplastic growth induced in type II NBs of the larval brain by the activated form of aPKC leads to formation of adult brain
tumours. ((a)–(d)) Representative adult brains from Optix (a), Optix-PI3K (b), aPKCCAAX-wt (c), and Optix-PI3KCAAX aPKCCAAX-wt (d) 1–4day-old individuals. All the samples are dorsal up and ventral down. While the a-Mira antibody does not stain control (a) and Optix-PI3KCAAX
(b) brains, a myriad Mira-positive cells can be observed both in aPKCCAAX-wt (c) and in Optix-PI3KCAAX aPKCCAAX-wt (d) samples (cyan).
Elav and Repo staining is shown in red. (e) Graph displaying the ratio of the total GFP+ area normalised to the whole brain area for the two
indicated groups. Each triangle represents one brain, and the central bar indicates the average ratio. The two sample groups are not statistically
different, 𝑃 = 0.1968. (f) Adult brains from Optix-aPKCCAAX-wt 1–4-day-old individuals showing PntP1 staining. Scale bars are 50 𝜇m.

On the contrary, both Optix-aPKCCAAX-wt (Figure 4(c))
and Optix-PI3KCAAX aPKCCAAX-wt (Figure 4(d)) adult brains
contained a myriad GFP+ Mira+ cells, representing immature
neural progenitors which failed to respond to cell cycle
termination signals at the onset of metamorphosis, hence
their persistence in the adult. A statistical analysis of the
GFP+ areas in the Optix-aPKCCAAX-wt versus the OptixPI3KCAAX aPKCCAAX-wt samples did not reveal significant

differences (Figure 4(e)), but we speculate that the combined activation of the two kinases did not allow the most
compromised animals to eclose, escaping this analysis (see
Supplementary Figure S3). A staining for PntP1 revealed
that the GFP+ immature cells contained in the OptixaPKCCAAX-wt adult brains were type II NBs/INPs: an analysis
performed on 9 Optix-aPKCCAAX-wt adult brains indeed
confirmed that all the GFP+ brain areas were also PntP1+ .
This was convincing evidence that aPKC cortical activation
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Figure 5: The brain tumours keep growing during the adult life. (a) Adult brains from Optix-aPKCCAAX-wt 1–4-day-old individuals showing
PH3 staining. The brain is outlined in (a), right image. Scale bar is 50 𝜇m. (b) Graph displaying the ratio of the total GFP+ area normalised
to the whole brain area for the two indicated groups. Each triangle represents one brain, and the central bar indicates the average ratio. The
two sample groups are statistically different, 𝑃 < 0.05.

initiates tumourigenesis in type II lineages, as it is for other
proteins involved in NB polarity determination [89, 90]. With
the aim to understand if these brain tumours were mitotically
active, we stained Optix-aPKCCAAX-wt adult brains for the
Phospho-Histone H3, an immunomarker specific for cells
undergoing cell division. As can be seen in Figure 5(a), GFPpositive areas show diffuse PH3 staining, suggesting these
tumours are still proliferating in the adult. A comparison
of the average GFP+ area in brains from flies of different
age indeed found that brain tumours from 11-day-old flies
were 1.5-fold bigger than brain tumours from 1-day-old flies
(Figure 5(b)), confirming these brain cancers keep growing
during adult life. Finally, we calculated the average survival of
Optix-aPKCCAAX-wt adult flies over time and, at 30 days from
eclosion, we found that, while the 83% of control siblings were
alive and healthy, only the 20% of the experimental flies were
alive, with clear signs of cancer burden such as scarce motility
and inability to feed and mate (see Supplementary Figure
S4 for survival curve). Altogether, these results demonstrate
that aPKC cortical recruitment primes in the type II NB
lineages a series of molecular events which promote the
accumulation of immature progenitors in the larval CB. These
undifferentiated masses continue to proliferate, escape proper
controls during metamorphosis, and persist in the adult,
where they keep growing and lead the animals to untimely
death, thus behaving like frankly malignant tumours.

3.5. Brain Tumour Growth Induced by aPKC Activation Is
MYC-Dependent. Neural progenitor cells need MYC function to proliferate properly [94], and MYC family proteins are
highly deregulated in human brain cancers, GBM included
[95–97]. Brat promotes type II NBs asymmetric cell division
by repressing MYC, and expression of the human orthologue
TRIM3 represses c-MYC activity in GBM cells [98]. Direct
MYC inactivation or inhibition of MYC-driven processes has
been shown to impair GBM growth in several ways [99–
101]. aPKC activation promotes MYC ectopic expression in
the OL (Figure 2(c), lower panel); therefore we investigated
MYC abundance in the larval CB following kinase activation.
Figure 6(a) represents an Optix-aPKCCAAX-wt larval brain
lobe where, in the regions showing lower Lgl levels (outlined,
lower panel), MYC was aberrantly expressed. The highest
MYC levels were visible in the CB (arrow), indicated as
region II in the inset, but MYC was found deregulated, as
above described, also in the OL NBs (Figure 6(a), arrowheads). MYC knockdown in Optix-aPKCCAAX-wt individuals
deeply impaired tumour development (compare Figures 6(c)
and 6(b), arrows) and reverted the organ back to wildtype dimensions (compare Figure 6(c) with Figure 1(d)),
demonstrating that these tumours depend on MYC for
both initiation and progression. PI3KCAAX cooperates with
aPKCCAAX-wt also in MYC deregulation, as can be appreciated
in Figure 6(d), where the inset indicates the CB region as II.
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Figure 6: Brain tumour growth induced by aPKC activation is MYC-dependent. ((a)-(b)) Representative brains from Optix-aPKCCAAX-wt
larvae grown at 25∘ C. (a) MYC (red) and Lgl (white) staining. Regions II and OL in the GFP+ inset indicate type II and OL NBs, respectively.
(b) The arrow indicates the NE-medulla region and the arrowhead points to the type II NBs in the DM region. (c) The same regions as in
(b) are indicated in an Optix-aPKCCAAX-wt dmKD brain. (d) Representative brains from Optix-PI3KCAAX aPKCCAAX-wt larvae grown at 25∘ C
stained for MYC (red) and Lgl (white). The GFP+ inset shows the huge expansion of the type II NBs (region II). (e) Optix-aPKCCAAX-wt
representative adult brains from 1–4-day-old animals showing MYC upregulation associated with Yki accumulation (arrows). Scale bars are
50 𝜇m.

Finally, we examined MYC levels in Optix-aPKCCAAX-wt
adult brains and we found it was ectopically expressed in
several tumour areas (Figure 6(e), arrows). In the same areas,
some cells overexpressed Yki, the downstream effector of
the Hippo pathway [79], suggesting that aPKC-mediated
tumourigenesis in type II NBs/INPs may be partly mediated
by this pathway. In summary, these results indicate that
deregulation of the Hippo pathway and of its target MYC
contribute to the tumourigenic growth promoted by aPKC
activation in type II NBs. bantam, another Hippo target [102],
has also been found to control differentiation of both type
I and type II NBs [63, 103]; thus reinforcing the evidence
that the Hippo signalling cascade, by connecting polarity
and growth regulators, may orchestrate different aspects of
brain cancer development. The Yki human orthologue YAP
is indeed found overexpressed in a number of human cancers
[104], including GBM [105]. Moreover, it is known that aPKC

activation increases MYC levels through deregulation of the
Hippo pathway both in Drosophila [77] and in mammals
[106], while PI3K activation is known to regulate MYC
stability and MYC-dependent transcription in Drosophila
[107, 108], as it happens in mammals [109]. Finally, c-MYC
is known to inhibit PTEN by upregulating miR-26A in GBM
[110], thus creating a vicious circle.

4. Conclusions
Primary glioblastoma (GBM) is the most common and
incurable brain cancer of the adult, displaying high cellular
and genetic diversity, used to define tumour subtypes [111].
GBM origin is long being debated, although the most likely
hypothesis is that it may initiate from different cells, making it
difficult to find a treatment for such a heterogeneous disease
[1]. Given the presence of cancer stem cells in GBM, which
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reside in perivascular niches [112] and resist DNA-damaging
therapies [87], interest is growing towards their specific
biology. For this reason, investigations on the mechanisms
reprogramming normal neural progenitors into cancer stem
cells are fundamental to decipher the essential logic driving
brain cancer development at the genetic, molecular, and
cellular levels. PTEN deficiency has proven to be sufficient to
reprogramme human neural progenitors into GBM stem cells
[113] and its inactivation is very frequent in GBM, occurring
through a number of different mechanisms [7, 110, 114].
We focused our attention on recent studies that associated
alterations in the PTEN/aPKC/Lgl axis with the maintenance
of GBM stem cells [30, 31]. This axis regulates cell growth
and cell polarity, two essential features that guarantee proper
differentiation of neural stem cells, through combined action
of the conserved PI3K/AKT and aPKC/Lgl pathways [115].
Drosophila is routinely used as a model for the study of
cancer biology [33], so we investigated the consequences of
alterations in these pathways on different neural progenitors
found in the Drosophila brain. We first confirmed that PTEN
deficiency in the fly brain is able to activate aPKC with a
consistent inhibition of Lgl (Figures 1(b) and 1(c)). We then
expressed an activated form of aPKC in the optic lobe and
observed hyperplastic growth of the neuroepithelium that
switched from the wild-type columnar monolayer into a
multilayer of rounded cells, without evident morphological
alterations of the brain lobe (Figure 2). Of note, neuroepithelium hyperplasia was associated with ectopic expression
of the Hippo pathway downstream targets dIAP1 and MYC
in the neuroblasts (NBs) of the optic lobe (Figure 2, lower
panel), indicating that loss of cell polarity in the neuroepithelium affects differentiation [75, 76]. aPKC activation, alone or
combined with PI3K, caused instead severe phenotypes in the
central brain. In that region, type II NBs originate neurons
and glial cells through transient amplifying cells, as it is for
mammalian neural stem cells [56, 57]. While PI3K activation
did not hamper NB differentiation, expression of aPKC
alone or in combination with PI3K promoted a dramatic
expansion of the neural progenitor cells, which eventually
filled the central brain (Figure 3) and persisted in the adult
(Figure 4), where they kept growing (Figure 5) leading the
animal to premature death. The Hippo signalling cascade
was found deregulated also in the adult brains (Figure 6(e)),
suggesting an involvement of this central pathway in the
integration of multiple signals during brain tumourigenesis.
Our neurogenic model of brain cancer in the fly seems to
recapitulate a number of traits typical of human brain cancers.
Thanks to the use of more sophisticated genetic systems, it
may help identify and characterise the neural lineage most
susceptible to PTEN inactivation. Future work is therefore
warranted to address the many open questions on the genesis
and biology of GBM.

Conflicts of Interest
The authors declare that they have no conflicts of interest.

Acknowledgments
The authors thank P. Bellosta, A. H. Brand, C. Q. Doe, B.
A. Hay, K. H. Irvine, J. B. Skeath, H. Stocker, and D. Strand

BioMed Research International
for sharing stocks and reagents. This study was supported
by AIRC (IG17252 to AP), by a Research Fellowship from
the University of Bologna to MS, and by a Fellowship from
LazioDiSu to SP.

Supplementary Materials
Supplementary Figure S1. Measurement of the A-P larval
brain lobe diameter following neurogenic growth. Supplementary Figure S2. The most part of the immature cells
filling the Optix-aPKCCAAX−wt larval brains are type II NBs
and INPs. Supplementary Figure S3. The activated form of
aPKC induces an increase of the adult fly interocular distance
(IOD). Supplementary Figure S4. Kaplan-Meier survival
curve of Optix-aPKCCAAX−wt adult flies maintained at 25∘ C.
(Supplementary Materials)

References
[1] J. Clarke, N. Butowski, and S. Chang, “Recent advances in
therapy for glioblastoma,” JAMA Neurology, vol. 67, no. 3, pp.
279–283, 2010.
[2] S. Sell, “On the stem cell origin of cancer,” The American Journal
of Pathology, vol. 176, no. 6, pp. 2584–2594, 2010.
[3] R. Galli, E. Binda, U. Orfanelli et al., “Isolation and characterization of tumorigenic, stem-like neural precursors from human
glioblastoma,” Cancer Research, vol. 64, no. 19, pp. 7011–7021,
2004.
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Glioblastoma multiforme (GBM) is the most frequent, primary malignant brain tumor prevalent in humans. GBM characteristically
exhibits aggressive cell proliferation and rapid invasion of normal brain tissue resulting in poor patient prognosis. The current
standard of care of surgical resection followed by radiotherapy and chemotherapy with temozolomide is not very effective. The
inefficacy of the chemotherapeutic agents may be attributed to the challenges in drug delivery to the tumor. Several epidemiological
studies have demonstrated the chemopreventive role of natural, dietary compounds in the development and progression of cancer.
Many of these studies have reported the potential of using natural compounds in combination with chemotherapy and radiotherapy
as a novel approach for the effective treatment of cancer. In this paper, we review the role of several natural compounds individually
and in combination with chemotherapeutic agents in the treatment of GBM. We also assess the potential of drug delivery approaches
such as the Gliadel wafers and role of nanomaterial based drug delivery systems for the effective treatment of GBM.

1. Introduction
Human gliomas constitute the major form of primary brain
tumors [1, 2]. These tumors can be classified as low-grade
gliomas, glioblastomas, or anaplastic astrocytomas, based
on the degree of invasiveness and pathology of the tumor
[2, 3]. The most malignant form of astrocytoma is called
glioblastoma multiforme (GBM), typically characterized by
an increased angiogenesis, invasion of normal brain tissues,
and necrosis, and has the worst prognosis [4–6]. At a cellular
level, GBM is poorly differentiated, with round or pleomorphic cells that are multinucleated and anaplastic [6–8].
Depending on origin, it is categorized as either primary GBM,
which arises de novo from the glial cells, or secondary GBM,
which arises from preexisting lower grade astrocytoma [6, 9].
The hallmark feature of primary GBM is overexpression of
the EGFR gene and loss of heterozygosity of PTEN while secondary GBM exhibits loss of p53 and overexpression of PGDF
[8–10]. Although the causes of GBM are relatively unclear, its
risk may be increased by certain factors (i.e., family history,
brain trauma, and immune system alteration) and conditions
(i.e., Li-Fraumeni’s syndrome) [5, 6]. The current therapy
includes surgical resection of the tumor, radiotherapy, and
adjuvant chemotherapy with temozolomide [3, 9, 11]. The

complete surgical resection of gliomas is difficult, and due
to local invasion and infiltration of normal tissue the tumor
recurs leading to death of patients with glioblastoma [3, 9].
The efficacy of chemotherapy is further decreased by the
presence of the blood brain barrier that limits the delivery of
chemotherapeutics to the brain [9, 11]. The current therapy
minimally improves the median survival time of patients
from 12 months to ∼14.6 months. The 5-year survival rate of
treated patients is <10% [1, 3, 9]. Hence, there is an imperative
need for the development of novel, targeted, and effective
therapies for GBM.

2. Natural Compounds in Cancer
Conventional cancer therapies such as chemotherapy and
radiotherapy essentially exert their cytotoxic effects by damaging the DNA of cancer cells [12, 13]. However, limitations
exist with these treatments when used as single modalities
due to the high heterogeneity in solid tumors and the
deregulation of several cell signaling cascades [14–18]. GBM
is particularly difficult to treat because of the heterogeneity
of the tumor, its highly aggressive infiltration into the surrounding tissues, and the presence of blood brain barrier [3,
4]. Multimodality treatment approaches can be an effective
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strategy for GBM wherein different therapies or therapeutic
agents with distinct molecular mechanisms are combined to
exert an improved cytotoxic effect on cancer cells [10, 11].
In particular, multimodal therapy can work effectively by
sensitizing cancer cell DNA by one agent to the damaging
effects of the other [12, 13, 19].
In recent years, several epidemiological studies have
investigated the role of natural, dietary compounds in
influencing the development, progression, and metastasis of
cancer [19–22]. A wide range of natural compounds have
been recognized for their antioxidant nature and for their
cancer chemopreventive potential, including soy isoflavones,
curcumin, epigallocatechin, resveratrol, and retinoids [23–
25]. The main objective of this review paper is to discuss the
role of these natural compounds in enhancing the efficacy of
chemotherapeutic drugs in GBM treatment as reported by a
number of studies. We also review the significance of novel
drug delivery methods such as the Gliadel wafers and the
emerging role of nanomedicine in drug delivery for GBM
treatment.
2.1. Isoflavones in Glioma. Several studies have demonstrated the benefits of consumption of a plant-based diet
of fruits and vegetables [13–19]. Soy isoflavones, such as
genistein, daidzein, and biochanin A, are natural polyphenolic compounds with potent antioxidant, anti-inflammatory,
and weak estrogenic properties [18, 19]. Isoflavones are
usually derived from soy and soy-based products but are
also found in chick peas, nuts, grain products, and red
clover [12, 15]. They have been implicated in cancer prevention, based on the epidemiological reports that South
Asian populations have heavy consumption of soy and soycontaining foods and low incidence of cancer and cardiovascular diseases compared to the people in Western
civilizations [14, 19]. Furthermore, they also reportedly have
beneficial effects in endocrine-responsive cancer, osteoporosis, menopause, and coronary heart diseases [21, 22]. Interest in soy isoflavones has been renewed by the research
showing the estrogen-like ring in their structure, indicating
that they may be a better alternative to synthetic selective
estrogen receptor modulators (SERMs) currently used in
breast cancer prevention and hormone replacement therapy
[20, 21, 23].
The intestinal microflora in the body converts isoflavones
to isoflavonoids which reportedly play a critical, preventive role in mutation and promotional phases of cancer
progression [21, 22]. Cancer chemopreventive properties of
isoflavones in improving the efficacy of chemotherapy and
radiotherapy have been demonstrated in vitro and in vivo,
and a number of clinical trials are focusing on the antiinvasive and antiangiogenic properties of these compounds
for treatment of GBM [18, 21, 23].
2.1.1. Genistein. Genistein is one type of soy isoflavone
that has shown promise as a chemopreventive agent due
to its antioxidant and anti-inflammatory properties and its
ability to potently inhibit angiogenesis and metastasis [16,
18, 20]. Our previous studies have reported its ability to
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inhibit invasion in a coculture model of GBM by inhibiting tyrosine kinase EGFR [24]. Other studies have shown
that genistein prevents the hypermethylation of promoter
regions of tumor suppressor genes (i.e., p21, BRCA1) by
inhibiting DNA methyltransferases in different cancer types
[20, 22]. In other research, genistein inhibited the expression
of apurinic/apyrimidinic (AP) endonuclease 1 (APE1) in
prostate cancer cells in a dose dependent manner [18, 23].
APE1 is an enzyme involved in the DNA base excision
repair (BER) and redox signaling, and elevated levels have
been correlated to resistance to chemotherapy [13, 15, 16].
Genistein is also a known inhibitor of protein tyrosine kinase
(PTK), and it competes with ATP to bind to the tyrosine
kinase domain thereby inhibiting the activation of tyrosine
kinase-mediated downstream signaling processes [20, 22,
24]. A recent study on genistein showed its inhibitory effects
on telomerase activity and subsequent cell cycle arrest in
radiosensitive brain tumor cells [15, 17, 22]. There have
been several clinical studies at phases I, II, and III on
genistein as an adjuvant compound on patients undergoing
chemotherapy or radiotherapy for prostate, bladder, or breast
cancer [25]. In a study on 20 prostate cancer patients treated
with pure genistein, it was observed that there were no
genotoxic effects or any change in micronuclei number and
no damage to the chromosomes compared to the nontreated
lot [26]. A wide range of clinical studies on isoflavones have
demonstrated a good safety profile even at maximal dose
which is encouraging for the population [26]. However, in
clinical studies, various factors such as the stage or type of
cancer and differences in the metabolic state of individuals
play a critical role in determining the outcome of such studies.
Nonetheless, the results of a number of studies on isoflavones
in cancer are encouraging and hold a potential for further
research.
2.1.2. Biochanin A. Biochanin A, a bioactive isoflavone and
a prodrug or methoxy form of genistein that is found in
red clover, has been shown to inhibit the incidence and
growth of LNCaP xenograft tumors in athymic mice [21, 23].
Earlier studies showed that it has chemopreventive and anticancer potential against glioblastoma, breast cancer, prostate
cancer, and oral cancer cells [11, 17, 23, 24]. Biochanin A
is documented to be less mutagenic than genistein, and
hence it may be a more suitable candidate for use as a
chemopreventive agent [14, 18]. It is rapidly degraded to
genistein, genistein conjugates, and biochanin A conjugates,
which confer anticancer properties to the compound [20, 23].
It has tyrosine kinase inhibitory properties that are weaker
than those of genistein and inhibits the growth of breast,
colon, and prostate cancer cells in vitro [11, 17, 18, 27]. Studies
have also shown that biochanin A has inhibitory potential
on the development of lung tumors induced in mice by
benzo(a)pyrene [23].
Both biochanin A and genistein have been found to
inhibit both serum and EGF-stimulated growth of human
prostate cancer cells [17, 18]. Our earlier studies showed that
genistein and biochanin A inhibit the invasion of glioblastoma cells by inhibiting matrix metalloproteases (MMPs)
[11]. Both isoflavones have also been found to enhance
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the efficacy of rapamycin in inhibiting the mTOR pathway
in glioblastoma cells and their rapamycin-induced feedback
upregulation of AKT [24].
2.2. Resveratrol. Resveratrol (trans-3,4 ,5-trihydroxystilbene)
(RSV) is a naturally occurring polyphenolic phytoalexin
present in grapes, mulberries, peanuts, and vegetables [27,
28]. It has attracted substantial attention in recent years due to
its antioxidant and anti-inflammatory properties, which give
it efficacy in treating cardiovascular diseases, and due to its
neuroprotective effects in penetrating the blood brain barrier,
which give it efficacy for treating ischemia and hypoxia [29].
The chemopreventive and antioncogenic effects of RSV have
been reported in several cancer types [27–29]. Researchers
found that RSV prevented the development of skin cancer in mice during the different stages of carcinogenesis
[27] and inhibited DMBA-induced mammary carcinogenesis
[28]. Clinical trial studies in patients with colorectal cancer
have shown that RSV hinders tumor cell proliferation and
increases caspase-3 in the malignant hepatic tissue compared
to the placebo patients [30, 31]. In a phase I trial study in
healthy volunteers, it was observed that ingesting RSV (0.5
to 5 g/day for 29 days) led to a decrease in systemic IGF-1 and
IGFBP-3 levels, which may contribute to the antiproliferative
activity of RSV [32].
In earlier studies by Gangemi et al., RSV was found to
induce apoptosis by activating caspase-3 in a human glioma
cell line U251 [33]. Further, Ryu et al. demonstrated that RSV
reduced the invasion in U373MG glioma cells induced via
TNF-𝛼, by regulating the NF-𝜅B activation and expression of
upa/upar [34]. A study by Jang et al. reported the chemopreventive and anticarcinogenic effects of RSV in the different
stages of carcinogenesis, namely, initiation, promotion, and
progression [28]. RSV causes cell death in GBM cells through
mechanisms such as autophagy, apoptosis, and senescence
[28, 35]. It exerts its cytotoxic and cytostatic effects in cancer
cells by modulating the cell cycle at specific points including
an S phase arrest in medulloblastoma cells [35].
A study by Filippi-Chiela et al. on several GBM cell
lines found that RSV potentiates the toxicity of TMZ in
combination treatment mainly by inhibiting TMZ-induced
G2/M arrest followed by induction of senescence and MC
[35]. This G2/M arrest was p53 independent, as it was
observed in all glioma cells tested, including p53 mutant cells
U251 and U138 [35]. Cilibrasi et al. investigated the effects
of RSV on seven glioma stem cell (GSC) lines derived from
GBM patients. They observed that RSV inhibited the cell
proliferation, increased cell mortality, and reduced motility
of the cells by modulating the Wnt signaling pathway [36–
38]. These findings clearly suggest that RSV possesses potent
therapeutic properties and may work as effective adjuvant
molecules in combination therapy of cancer.
2.3. Epigallocatechin Gallate. Epigallocatechin gallate
(EGCG) is a major polyphenolic green tea component and
a major catechin in green tea [39, 40]. EGCG has been
extensively investigated for its potential chemopreventive
and chemosensitizing properties in a variety of malignant
cancers [41, 42]. It has the ability to bind to GRP78, a key
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prosurvival component of ER stress response system, and
inactivate its antiapoptotic function, an interaction that
makes cancer cells more chemosensitive [41]. A number of
studies have shown that EGCG increases the sensitivity of
different cancer types to different apoptotic drugs, such as
5-fluorouracil, gemcitabine, or taxol, in vitro [42–44] and to
doxorubicin and paclitaxel in vivo [44, 45]. Studies have also
reported that EGCG can reverse drug resistance by inducing
apoptosis and inhibiting P-gp expression and ABCG2 in
drug-resistant cancer cells of the ovaries, breast, and lung
[40, 42]. There have been reports of the inhibition of Wnt
signaling by EGCG in breast cancer cells and an upregulation
of p53 transcriptional activity in LNCaP cells [42, 46, 47]. In
a double-blind placebo-controlled clinical trials with green
tea catechins (GTCs) against prostate cancer, it was shown
that GTCs were safe and effective in treating premalignant
lesions before the prostate cancer developed [48]. In another
phase II study among 42 patients of androgen independent
prostate carcinoma, a minimal antineoplastic activity with a
decline in prostate specific antigen (PSA) levels was reported
[49]. However, there have been a few positive reports with
EGCG inducing apoptosis in leukemic B-cells in majority of
patients of chronic lymphocytic leukemia (CLL) and patients
with low-grade B-cell malignancies [50].
A recent study by Zhang et al. reported that EGCG
reduced U87 and C6 GSLC (Glioma Stem-Like Cells) viability, neurosphere formation capability, and migration. EGCG
also sensitized GSLCs to temozolomide, a phenomenon
associated with downregulation of P-gp in vitro [40, 43].
EGCG was observed to induce apoptosis in U87 GSLCs
by reducing Akt phosphorylation, inactivating antiapoptotic
protein Bcl-2, upregulating the apoptosis-promoting protein
Bax, and cleaving PARP [51, 52]. Since gliomas are sensitive
to apoptosis through the downregulation of Bcl-2 family
[47, 51], EGCG is potentially an effective molecule to target
GSLCs associated with inhibition of an Akt-related pathway [52]. Although it remains unclear whether EGCG can
achieve chemosensitization of cancer cells across the blood
brain barrier, which would be required for the treatment
of malignant gliomas, these studies provided clear evidence
that polyphenol compounds like EGCG can significantly
augment the chemotherapeutic efficacy of cancer drugs in a
combination treatment both in vitro and in vivo.
2.4. Retinoids. Retinoids have also been found to potentially
enhance the efficacy of chemotherapy and radiotherapy in
GBM. Retinoids are a class of chemical compounds that are
related to vitamin A and are fat soluble [53, 54]. Retinol is
transported from the liver to the target tissues as retinolbinding protein and is then enzymatically converted to
retinaldehyde and consequently to retinoic acid [53, 55].
The retinoid signaling pathways play an important role in
neurogenesis, dendritic growth of hippocampal neurons, and
higher cognitive functions [53, 54]. Studies have shown that
retinoids strongly inhibit the cell proliferation and migration
in primary cultures of human glioblastoma multiforme [54,
55]. Retinoids can successfully induce differentiation but
cannot induce apoptosis. However a synthetic analog of alltrans retinoic acid (ATRA), N-(4-hydroxyphenyl) retinamide
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(4-HPR), exhibits both antiproliferative and proapoptotic
effects [55]. 4-HPR is a much more effective and relatively less
toxic compound than ATRA, and it is proven to be effective
even in ATRA-resistant cells [55, 56].
In one notable study in which 4-HPR treatment was
used in combination with the knockdown of survivin, a
prosurvival protein overexpressed in GBM that has been
positively correlated with GBM cell proliferation, around 80%
of the cells were apoptotic and in vivo angiogenesis studies
showed a noticeable decrease in tumor vascularization [54,
56, 57]. In a similar study, when GBM cells were treated
with retinoids, differentiation of astrocytes was induced and
telomerase activity was inhibited, allowing for an increased
sensitivity to interferon-𝛾 therapy [58]. Moreover, treatments
with retinoids have been shown to reduce levels of inflammatory factors, potentially making the GBM cells sensitive to
radiotherapy [53, 54].
2.5. Other Notable Natural Compounds with
Promising Anticancer Activity against GBM
2.5.1. Cannabis and Cannabinoids. Cannabis sativa L. and
its derivative compounds cannabinoids have been reported
to have a broad range of pharmacological effects mediated
specifically by two plasma membrane receptors (CB1 and
CB2) [59–62]. Δ9 -Tetrahydrocannabinol (THC) is the most
potent and abundant endocannabinoid in cannabis that
can bind to and activate specific cell receptors [60, 63].
Several studies have reported the efficacy of cannabinoids
in the treatment of pain, inflammation, depression, neurological disorders, and cancer [59, 60, 62–66]. The anticancer
potential of cannabinoids against gliomas may be mediated
through the CB1 receptor which is densely expressed in
the brain as a seven-transmembrane domain G proteincoupled receptor and is activated by the receptor agonist Δ9 THC in vitro and in vivo in the treatment of glioblastoma
(GBM) [61–66]. The activation of CB1 and CB2 by Δ9 THC impairs cancer cell proliferation and invasion, induces
apoptosis by ceramide accumulation in culture, and also
reduces the tumor volume in animals [59, 63]. Δ9 -THC in
combination with temozolomide (TMZ) has shown a robust
anticancer activity in TMZ-sensitive as well as TMZ-resistant
tumors in glioma xenografts [65]. A phase I clinical study
in brain tumor patients has reported the safety of direct
intratumoral injection of tetrahydrocannabinol in recurring
GBM [66]. However, to validate the efficacy of cannabis
in preventing gliomas and the methods of administering
the other derivatives of cannabis safely, more clinical trials
are needed [66]. In recognition of the promising anticancer
potential of Δ9 -THC in the preclinical studies with a fair
safety profile, it has become an important therapeutic target
for the treatment of GBM and has also prompted a human
clinical trial [61, 66].
2.5.2. Neurostatin. Neurostatin is a natural glycosphingolipid, an O-acetylated ganglioside GD1b, present in the
mammalian brain, and shows strong inhibition of astroblast
and astrocytoma division [66, 67]. Although it exhibits a
high inhibitory activity against gliomas, it is relatively less
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abundant in the brain [68, 69]. However, neurostatin has
now been extensively purified from the ganglioside extracts
of rats and bovine and porcine brain and is observed to
be cytostatic against C6 glioma cells and grade III and IV
human astrocytoma cells [66, 69]. In particular neurostatin
has been shown to impair glioma cell proliferation in vivo
by inducing cell cycle arrest and potentiating the immune
cell response to the tumor through the activation of CD4+
and CD8+ lymphocytes [67]. Valle-Argos et al. reported
that the anticancer activity of neurostatin in vitro and
in vivo in gliomas is mediated through the arrest of cell
cycle progression, while interfering with the angiogenic and
invasive mechanisms [66, 67]. Neurostatin was shown to
inhibit the expression of cell cycle promoters (cyclins) and
CDKs while upregulating cell cycle inhibitors such as p21
and p27 [67, 70]. The promitogenic pathways of MAPK and
PI3K were also reportedly blocked through the inhibition
of EGFR signaling [67, 70]. Gangliosides like neurostatin
are ubiquitous molecules with potent and specific biological
actions, and the preclinical studies strongly indicate that it is a
promising therapeutic candidate in the treatment of gliomas
[69, 70].
2.5.3. Bipolaris setariae Fungi. Bipolaris is a genus of dematiaceous hyphomycetes with more than 100 species [71].
Ophiobolin A (OP-A), a sesterterpenoid that is produced
by the plant pathogenic fungi, was purified from the culture extract of Drechslera gigantea and characterized to be
an effective phytotoxin [72, 73]. Further studies on the
compound showed a broad spectrum of biological and
pharmacological characteristics including anticancer activity
[72, 73]. A number of studies have reported the anticancer
activity of OP-A with an IC50 in micromolar concentration
range against different glioblastoma and neuroblastoma cells
[73, 74]. A study by Bury et al. reported that OP-A caused
marked changes in the organization of the actin cytoskeleton
and induced paraptosis through the disruption of internal
potassium ion homeostasis in glioblastoma cells [73]. The
reported studies indicate that the OP-A causes mitochondrial
dysfunction and ER stress, impairs cell cycle progression, and
inhibits multiple oncogenic signaling pathways in glioblastoma cells [73, 74]. Table 1 shows some of the natural
compounds used in the treatment of GBM and their reported
mechanism of action in in vitro and in vivo studies. OP-A thus
represents a class of natural compounds that can be used to
combat cancer types exhibiting different levels of resistance
to proapoptotic stimuli [72, 74].

3. New Approaches to Drug Delivery
3.1. Gliadel Wafers. Despite surgical resection of GBM tumor
followed by radiotherapy and chemotherapy (i.e., carmustine
(BCNU) and temozolomide), recurrences are inevitable [75,
76]. Effective delivery of drugs to the tumor is a major
challenge due to systemic toxicities and the need for transport
across the blood brain barrier [75–77]. Gliadel wafers offer a
novel system for delivering chemotherapeutic agents to GBM
cells. Approved for treating recurrent glioblastoma by FDA
in 1995, Gliadel wafers are biodegradable polymers loaded
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Table 1: Natural compounds and their mechanism of action in GBM and other cancer cells.
Natural
compounds
Isoflavones
(biochanin A,
genistein, etc.)
Resveratrol
Epigallocatechin
A (EGCG)
Retinoids
Cannabis
Neurostatin
Bipolaris
setariae fungi

Target mechanisms
Inhibits MMPs and thus invasion & metastasis.
Inhibits tyrosine kinase mediated downstream signaling.
Induces apoptosis by activating caspase-3.
Modulates cell cycle at specific points.
Binds to GRP78 (prosurvival component of ER stress response system) and inactivates its antiapoptotic
function. Inhibits P-gp expression thus reversing drug resistance in cancer cells.
Reduces levels of inflammatory factors making cancer cells sensitive to radiotherapy. Increases sensitivity to
specific therapies such as interferon-𝛾 therapy by inhibiting telomerase activity.
Induces apoptosis by sustained accumulation of ceramide that also upregulates the ERK activity.
Causes ER stress and inhibition of pAkt/mTOR leading to autophagy-mediated cell death.
Inhibits cell cycle progression (suppresses cyclins and CDKs and promotes inhibitors such as p21 & p27).
Impairs promitogenic pathways of MAPK and PI3K by blocking EGFR signaling.
Disrupts the potassium ion homeostasis causing mitochondrial dysfunction and ER stress. Impairs cell cycle
progression.

with carmustine [77, 78]. They are implanted at the resection
site, and the drug is gradually released over a period of 2-3
weeks as the wafer polymer degrades [78–80]. In a placebocontrolled, double-blind phase 3 trial in 2003, 2-year survival
was higher among glioblastoma patients treated with Gliadel
wafers (15.8%) than patients who received placebo (8.3%);
median survival was 13.8 months in the patients treated with
the Gliadel wafer and 11.6 months in the placebo group [79–
81].
Another study treated glioma patients who had undergone surgery with Gliadel wafers soaked with temozolomide [80, 81]. The patients treated with Gliadel wafer and
temozolomide survived 20.7 months (median) and the 2year survival rate was 36% [80]. Several other studies have
reported that when Gliadel wafers are implanted in the
resection cavity of malignant gliomas, local drug delivery is
improved and systemic side effects are reduced in recurrent
glioma treatment. However, there have also been reports that
use of Gliadel wafers resulted in adverse effects, including
cerebral edema, surgical site infection, perioperative seizures,
and severe hydrocephalus leading to death [77–79, 82].
Hence, the practice of using Gliadel wafers for the treatment
of GBM needs to be reevaluated.
3.2. Nanomedicine and Drug Delivery across the Blood Brain
Barrier. During the last couple of decades, nanomedicine
has progressed significantly, especially in the field of cancer
therapeutics. A key feature of the nanomaterials is their size
which operate at the same scale as the biological molecules
and pathways. This means that nanoscale materials can be
designed to interact with biological entities in a direct,
efficient, and precise manner and that they can help us understand biological processes and pathways at the molecular
level [83, 84]. Nanometerials can be designed to circumvent
or cross the BBB and hence may serve as an effective drug
delivery system in GBM treatment.
Treatment for GBM is often impaired because therapeutic
agents cannot be delivered adequately to the target tumor

cells; the problem is further compromised by the presence
of blood brain barrier (BBB) [85, 86]. Blood brain barrier
(BBB) is a unique anatomical structure mainly formed by
tight junctions and adherence junctions between the brain
endothelial cells that selectively regulate the flow of ions,
nutrients, and cells into the brain [85, 87]. This restricted
permeation of drugs to the GBM cells, allowing a fraction of
cells called cancer stem cells (CSCs) to evade drug cytotoxicity and develop therapeutic resistance [86, 88, 89]. Further,
the poor delivery of chemotherapeutic agents can also be
attributed to their large size, hydrophobic nature, and their
efflux by the MDR efflux pumps expressed by BBB and tumor
cells [87, 88]. Thus, targeted, effective, therapeutic regimens
are needed that can cross the BBB and reach their target in
the brain [90, 91]. A few proposed strategies include passive
permeation of lipidated drugs, development of prodrugs that
can hijack the transport mechanism of BBB, and drug-loaded
nanocarriers [87, 88, 92, 93].
Apart from a limited number of liposoluble, small
molecules, most of the other molecules need a specific
transport system to cross the BBB [84, 92]. Hence, a more
selective and targeted approach such as the nanoparticles
based system can be employed to design targeted therapies.
Colloidal systems such as the nanoparticle system allow
for the design of nanocarriers with surface properties to
overcome the biochemical/biophysical barriers, and can be
tailored to deliver the drugs across the BBB. Moreover,
the surface properties of the nanocarriers can be modified
for a selective, controlled drug release with minimal side
effects and increased efficacy [84, 94, 95]. Nanomaterial based
chemotherapeutic agents such as the liposomes, dendrimers,
or polymeric micelles are reported to circumvent the BBB
and reach the target site of action [87, 88, 96, 97]. Several
nanomaterials-based drugs have been evaluated for the treatment of GBM and other cancers. Table 2 features some of
these drugs which have been approved by the regulatory
authority and are in clinical use for GBM as well as other types
of cancers [85–100].

Liposomal cisplatin
Liposomal Irinotecan (e.g., CPX 1)
Polymeric NPs conjugated with camptothecin or
bevacizumab
Lipid encapsulated daunorubicin

Temozolomide (TMZ)
Carmustine (BCNU)

Cisplatin

Irinotecan

CRLX101

DaunoXome

Gold nanoparticles

No
No

Antimitotic by DNA intercalation and inhibits
topoisomerase II

Yes

No

Yes
No

No

No

Permeability
to BBB
No
No

Antiangiogenic inhibitor of HIF-1

DNA alkylating agent
DNA alkylating agent
Inorganic Pt2+ complexes DNA alkylating and
intercalating agent
Inhibits DNA topoisomerase I & induces single strand
DNA lesions

DNA damage by ROS, mitochondrial dysfunction.
Directs immune cells to tumor

DNA damage by ROS, peroxidation

CNTs, nanographene oxide
Au NPs (spheres, rods, and shells), Au NPs modified
with TNF-𝛼, TGF-𝛽, or thio-PEG.
Au NPs conjugated to T cells
TMZ bound to nanocarriers (e.g., cucurbit[n]uril)
BCNU bound nanocomplex

Inhibits nucleic acid synthesis, ROS
Microtubule stabilizing

PEGylated liposome/doxorubicin hydrochloride
Nanoparticle albumin-bound paclitaxel

Doxil
Abraxane
Carbon nanomaterials (carbon nanotubes (CNTs),
graphene oxide)

Characteristics

Nanocarrier

Name

Table 2: Nanomaterial-based drugs in clinical use for the treatment of GBM.
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Glioblastomas exhibit a high degree of heterogeneity and
the integrity of BBB varies, with high-grade gliomas showing
a leaky BBB and low-grade gliomas showing an intact BBB
[98–100]. Hence, the GBM therapies need to be designed
to identify disease-related changes in the BBB and to tailor
the drug or drug nanocarriers accordingly [99, 100]. Ideally,
the carrier agents should be cationic for optimal vascular
absorption, small, stable in biological fluids, and tailored to
carry a large drug payload [97, 99, 100]. The physiological
and pathophysiological status of the gliomas also needs to be
considered for optimization of any chemotherapeutic agent
for GBM.

4. Conclusions and Future Directions
The current standard therapy of GBM has shown little
promise and there have been efforts to design novel, targeted,
effective therapeutics. Moreover, the current chemotherapy
may also be a cause of drug resistance in GBM treatment as
it severely destabilizes the cell metabolism and cell signaling
network. Here we have reviewed a number of studies that
report the role of various natural, dietary compounds that
show significant improvement in the efficacy of chemotherapeutics in combination therapy of GBM both in vitro and
in vivo. Glioblastoma is a highly heterogeneous and often
fatal cancer, and attacking its chemoresistance is a critical
step in combating its growth. Several of the studies reviewed
emphasize the relative nontoxicity of the natural compounds
and improvement in efficacy of combination therapy at a
lower dosage level. We have also reviewed the role of Gliadel
wafers after surgery in the local delivery of drugs such as
BCNU and temozolomide in brain tumor treatments. The
main challenge of GBM treatment is the inadequacy of drug
delivery due to the presence of BBB. We have discussed the
role of nanocarriers and nanomedicine in overcoming the
obstacle of BBB to improve the efficacy of drug delivery
and thus the GBM treatment. The studies reviewed above
clearly demonstrate the anticancer potential of these natural
compounds and indicate that they can be an alternative
approach to a more effective and relatively nontoxic GBM
treatment.
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The mammalian Target of Rapamycin (mTOR) is a molecular complex equipped with kinase activity which controls cell viability
being key in the PI3K/PTEN/Akt pathway. mTOR acts by integrating a number of environmental stimuli to regulate cell growth,
proliferation, autophagy, and protein synthesis. These effects are based on the modulation of different metabolic pathways.
Upregulation of mTOR associates with various pathological conditions, such as obesity, neurodegeneration, and brain tumors.
This is the case of high-grade gliomas with a high propensity to proliferation and tissue invasion. Glioblastoma Multiforme (GBM)
is a WHO grade IV malignant, aggressive, and lethal glioma. To date, a few treatments are available although the outcome of GBM
patients remains poor. Experimental and pathological findings suggest that mTOR upregulation plays a major role in determining
an aggressive phenotype, thus determining relapse and chemoresistance. Among several activities, mTOR-induced autophagy
suppression is key in GBM malignancy. In this article, we discuss recent evidence about mTOR signaling and its role in normal
brain development and pathological conditions, with a special emphasis on its role in GBM.

1. Introductory Statement: Molecular
Structure and Functions of mTOR
The mammalian Target of Rapamycin (mTOR) is a 289-kDa
serine/threonine kinase which belongs to the PI3K-related
kinase (PIKK) family. It was originally discovered in yeast in
the early 1990s. mTOR is a highly evolutionarily preserved
kinase and it is ubiquitously expressed in all eukaryotic cell
types including neural cells [1]. This protein is the target
of a molecule named rapamycin, a lipophilic macrolide
compound produced by the bacterium Streptomyces hygroscopicus, which was isolated for the first time in the 1970s in a
soil sample from Easter Island (Rapa Nui in Polynesian) [2, 3].
This kinase plays a pivotal role in cell growth and
metabolism acting as a key sensor and integrator of a variety
of intra- and extracellular stimuli encompassing nutrients,
growth factors, and energetic status and it represents a downstream substrate of PI3K/PTEN/Akt pathway, which controls
protein synthesis and gene transcription, proliferation, and
motility [4–6].

In mammals, the mTOR catalytic subunit interacts with
several proteins to form two big, functionally distinct, multiprotein complexes known as mTORC1 (mTOR Complex 1)
and mTORC2 (mTOR Complex 2) [7–10] (Figure 1). Complex
1 (mTORC1) is composed of the catalytic subunit mTOR, the
regulatory protein Raptor, and the proteins PRAS40, Deptor,
and mLST8. In particular Raptor (regulatory associated
protein of mTOR) acts as a scaffold protein for recruiting
the mTOR substrates [11–13]. mTORC1 also associates with
PRAS40 (proline-rich Akt substrate of 40 kDa) and Deptor
(DEP-domain-containing mTOR-interacting protein), which
act as negative regulators of the complex by inhibiting the
binding of its substrates [14–16]. In addition, this complex
contains the mLST8 protein (mammalian lethal with Sec13
protein 8; also known as G𝛽L); however, the function of
this last component is still unclear [15–17]. On the other
hand, Complex 2 (mTORC2) encompasses six different components including mTOR, mLST8, Deptor, Rictor, mSIN1,
and Protor 1/2 [16, 18–20]. In particular, the catalytic subunits mTOR and mLST8 and the negative regulator Deptor
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Figure 1: mTOR structure and components. In mammals, the mTOR kinase interacts with several proteins to form two functionally distinct
multiprotein complexes, namely, mTOR Complex 1 (mTORC1) and mTOR Complex 2 (mTORC2). The dashed line indicates the components
shared between mTORC1 and mTORC1.

represent a common feature of both mTOR Complexes 1
and 2. Moreover, mTORC2 is equipped with the scaffold
protein Rictor (rapamycin-insensitive companion of mTOR),
the protein mSIN1 (mammalian stress-activated map kinaseinteracting protein 1), which helps the complex assembly,
and Protor 1/2 (so called protein observed with Rictor-1 and
Rictor-2) [18–22]. In 2010 Kaizuka and colleagues [23] identified two other proteins (Tti1 and Tel2) which assemble with
both mTORC1 and mTORC2 complex. These two mTORinteracting proteins have been found to be essential for the
stability and the assembly of this multiprotein complex. In
fact, authors demonstrated that the knockdown of either
Tti1 or Tel2 causes the disruption of mTOR functional
activity [23]. The differences between mTORC1 and mTORC2
are not merely based on their protein components since
these complexes are involved in the regulation of different
major cellular processes (Figure 1). In particular, mTORC1 is
mostly involved in cell growth and proliferation in response
to energetic and nutritional conditions [24] (Figure 2).
Nutrient availability (such as amino acids), cellular energy
status (oxygen and AMP/ATP ratio), growth factors, and
other extracellular and environmental stimuli may activate
mTORC1, which in turn acts on protein synthesis through
a wide number of downstream substrates and in particular
on the molecules of the translational machinery responsible
for the recruitment of mRNA (4E-BP1, p7026K, and S6
ribosomal protein) [13, 25, 26]. mTORC1 is also involved
in regulating lipid biogenesis which is necessary for cell
membrane generation and therefore cell growth and proliferation. In fact, it has been demonstrated that mTORC1
positively regulates the activity of two transcriptional factor,
SREBP1 (sterol regulatory element binding protein 1), and
PPAR𝛾 (peroxisome proliferator-activated receptor 𝛾), which
are involved in controlling the expression of genes coding for
proteins linked to lipid and cholesterol homeostasis [27, 28].
Moreover, mTORC1 regulates metabolism and mitochondrial
biogenesis by modulating the transcriptional activity of the
nuclear cofactor PGC1-𝛼 (PPRA𝛾 coactivator 1) [29, 30].
Furthermore, mTORC1 is a negative modulator of autophagy,

the main way of removing and recycling misfolded or longlived macromolecules, and even entire damaged organelles
(mitochondria, ribosomes, and endoplasmic reticulum) [31–
35]. This latter process works in baseline conditions but can be
either up- or downregulated depending upon specific needs.
When a defect in the autophagy pathway occurs, a variety
of cell mechanisms are altered and several consequences
may be produced. In the last decade, the impairment of
autophagy was related to a wide spectrum of human diseases
including type II diabetes, neurodegenerative conditions and
tumors as well [1, 36–38]. In contrast, mTORC2 is insensitive
to nutrients and it responds mostly to growth factors and
hormones to control actin cytoskeleton organization by phosphorylating several kinases such as Akt, SGK1, and PKC𝛼
[1, 10] (Figure 2). When compared to mTORC1, the function
of mTORC2 is less explored. The dearth of knowledge about
mTORC2 signaling pathways is mainly due to lethality caused
by the deletion of mTORC2 components during embryonic
development. We also lack specific mTORC2 inhibitors.
Only mTORC1 is sensitive to rapamycin [7]. This natural
compound, produced by Streptomyces hygroscopicus bacteria,
and its analogs (rapalogs) represent allosteric inhibitors
which prevent mTORC1 recruitment of the mTOR catalytic
subunit, leaving intact the mTORC2 activity [2, 3, 39–
43]. Originally mTORC2 was thought to be a rapamycininsensitive companion of mTORC1 [18, 21]. However, further
studies demonstrated that, at least in some cell line, a
prolonged rapamycin administration may inhibit mTORC2
function as well [44].

2. mTOR Signaling Pathway in Neurons
In cells, mTOR activation requires the integration of a variety
of stimuli which in turn lead to several biochemical downstream reactions governing cell growth and metabolism.
In neurons, major mTOR upstream inputs include amino
acids (e.g., leucine and arginine) [45, 46], neurotrophic
growth factors, and neurotransmitters [47]. In fact, mTOR is
activated by a large number of growth factors encompassing
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Figure 2: mTOR signaling in neurons. The cartoon summarizes the main pathways placed both upstream and downstream to mTOR. The
activation of mTORC1 is elicited by a variety of upstream signaling molecules such as growth factors (e.g., BDNF, NGF, and IGF1), hormones
(e.g., insulin), and amino acids and neurotransmitters (e.g., glutamate) via the stimulation of various receptors. These include RTKs (Receptor
tyrosine kinases), GPCRs (G-protein coupled receptors), channel receptors, and cytokines receptors. Conversely, stimulation of NMDA
receptor decreases mTOR activity. Even hypoxia and energy defect enhance TSC complex activity, which in turn leads to mTOR inhibition.
The main downstream effects of mTORC1 are reported. Classically mTORC1 activates protein synthesis, translation, lipid biogenesis, and
mitochondrial biogenesis, while autophagy is under the negative control of mTORC1. In contrast, mTORC2 is not sensitive to nutrients and
it is mostly activated by growth factors and hormones to control cell survival and cytoskeletal organization.

BDNF (brain-derived neurotrophic factor), IGF1 (insulinlike growth factor 1), VEGF (vascular endothelial growth
factor), CNTF (ciliary neurotrophic factor), and NRG-1
(neuregulin-1), all of them stimulating their specific tyrosine kinase (RTKs) receptor [47–50]. Most pathways which
activate mTORC1 converge in inhibiting the TSC1-TSC2
(hamartin-tuberin) complex, a heterodimer which, in turn,
is a strong endogenous mTOR inhibitor [51], while amino
acids activate mTORC1 independently from TSC complex
(Figure 2). In particular, mTORC1 activation is elicited by the
inactivation TSC complex via its phosphorylation on specific
sites through different kinases such as canonical Akt, RSK
(ribosomal S6 kinases), or even IKKB (I𝜅B kinase 𝛽) [51].
Moreover, several molecules other than neurotrophic
factors, such as guidance molecules, may either activate or
inhibit mTOR activity. For instance, previous studies demonstrated that ephrin (Eph) is essential for axonal guidance by
its inhibitory role on neuronal mTORC1 [52]. On the other

hand, mTORC1 is activated by the reelin, an extracellular
matrix protein, in order to regulate dendritic growth and
branching [53, 54]. Again, many G-protein coupled receptors
(GPCPs) have been reported to activate mTOR signaling
in neuronal cells such as glutamate metabotropic mGlu1/5,
AMPA, dopamine D1 and D3 , GABAB , and serotonin 5HT6 receptors [47, 55–59]. Conversely, the activation of the
glutamate NMDA receptor reduces intracellular arginine,
which decreases mTORC1 activity [60, 61]. Accordingly, the
NMDA receptor antagonist ketamine was found to quickly
activate the mTORC1 pathway [62, 63]. This latter effect leads
to synaptogenesis in the prefrontal cortex of rat [62, 63].
In contrast only few data are available about upstream and
downstream mechanisms bound to mTORC2 in neurons.
For instance, mTORC2 activation may be induced by neurotrophic growth factors rather than nutrients, while the
inhibition of its activity seems to be related to mTORC1
overactivation [64, 65] (Figure 2).
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migration, differentiation, axonal and dendritic development, synaptic plasticity, learning, and memory storage. Aberrant mTOR signaling
alters neural development and produces brain malformations in a wide spectrum of neurological disorders including neurodegeneration
and brain tumors. In fact, mTOR governs the proliferation and maintenance of NSCs within normal CNS. These stem cell niches are placed
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demonstrate that a fine spatiotemporal tuning of mTOR expression in the forebrain is essential for normal brain physiology and development.
Thus, enhanced activation of mTOR may lead to brain malformation and neurodevelopmental disorders. In GBM, Glioma Stem/Progenitor
Cells (GSPCs), which represent the amplification of normal stem cell niches, have been reported to support microvascular proliferation
and to promote infiltration into the surrounding tissues. Moreover, these cells are key for GBM progression, radio- and chemoresistance
and recurrence. Among several pathways which have been implicated in the maintenance and viability of GSPCs population, the marked
upregulation of mTOR is key in fostering cancer stem cells self-renewal and malignant phenotype.

3. mTOR-Dependent Brain Development and
Adult Neurogenesis
As occurring in all peripheral tissue, even in the central nervous system (CNS), the mTOR pathway is involved in many
physiological functions such as cell growth, proliferation,
migration, protein synthesis, and transcription [1, 4, 6, 13, 25,
66, 67]. Among these pathways, transcriptional control and
protein synthesis are fundamental in the adult CNS due to
their key role in synaptic plasticity. In this way, modification
in those neuronal circuitries may alter learning and memory.
This calls for an in-depth experimental analysis of the effects
induced by long-term mTORC1 inhibition which may be
induced therapeutically by rapamycin or rapalogs. In fact,
apart from therapeutic effects, or systemic short-term side
effects, there is no study which specifically addresses how
the brain is modified by a long-term mTORC1 inhibition.
This calls for ad hoc experiments designed to evaluate potential behavioural or movement alterations and their potential neurochemical and neuroanatomical basis. Remarkably,
mTORC1-induced plastic events are dependent on novel

protein synthesis. In fact, mTORC1 participates in early CNS
development by regulating maintenance of neural stem cells,
neuronal differentiation, migration, and axonal and dendritic
development [68–84] (Figure 3). Even adult neurogenesis,
which persists in adult mammals, has been shown to be an
mTOR-dependent cellular process. This occurs in specific
adult brain regions known as neurogenic niches which are
the source of adult neuronal stem cells [77, 85–89]. Thus, it
is not surprising that disruption or dysregulation of mTOR
signaling pathway results in abnormalities of neuronal development and brain malformations causing a wide spectrum
of brain disorders such as autism, seizures, and mental retardation syndromes [59, 78, 90–93]. The effects of mTORC1
disruption in the adult brain need consistent experimental
efforts. Among all the components which constitute mTOR
complexes, those which have been examined more in depth
in the nervous system are the mTOR catalytic subunit, Raptor,
Rictor, and mSIN1. Several reports have showed that mTOR
is essential for normal brain physiology and development
[17, 94–98]. In particular, the first evidence came from a
genetic screening which led to the isolation of selective
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mutations affecting the early telencephalon patterning [99].
One of the four isolated mutants, named flat-top, revealed a
specific lack of the telencephalon due to a disrupted signaling
pathway which regulates telencephalic primordia expansion
and regionalization. Noteworthy these flat-top mutant mice,
owning a single nucleotide intronic mutation which resulted
in aberrant splicing and decreased mTOR activity, showed a
failure of telencephalic vesicles progression [94]. Moreover,
it has been demonstrated that mTOR null mice die shortly
after implantation at early embryonic stages (E6.5–7.5), even
before the active proliferation of neural progenitors, which
start generating cortical neurons from embryonic day 10
to day 17 [17, 95, 96]. Whereas the complete deletion of
mTOR results in the lack of telencephalon and early death
of mice embryos, it has been recently demonstrated that
even overactivation of mTOR leads to pathological alterations
in brain development. For instance, mutant mice carrying mTOR gain-of-function mutations (CAG-mTORSL1+IT /+;
Emx1cre/+ ) at early embryonic stages showed an atrophic
cerebral cortex, while the mTOR overactivation in postmitotic neurons from late embryonic stages or postnatal period
leads to cortical hypertrophy and severe epileptic seizures [78,
100]. Thus, a fine spatiotemporal tuning of mTOR expression
in the forebrain is likely to be key for preserving CNS
development.
Again, the complete ablation of mTOR components other
than the catalytic subunit results in embryonic lethality in
mice [17, 101]. For instance, mice embryos deficient for Raptor
or mLST8 die at early developmental stages, around E6.5
and E10.5, respectively, suggesting that these components are
essential for mTOR proper function [17]. Consistent with
previous reports [17, 94–96], it has been demonstrated that
the disruption of the mTORC2 specific component Rictor
is lethal at early embryonic stages in mice. When compared
with their wild-type littermates, Rictor null embryos showed
growth arrest between E9.5 and E10.5 and then die by E11.5
[101]. Remarkably, a very recent study showed that silencing
Rictor gene expression by RNAi (RNA interference) does not
enable mouse one-cell stage embryo to enter into the twocell stage normally [102]. In particular, the lack of Rictor
expression dramatically decreased the egg cleavage of mouse
one-cell stage embryo, which was blocked at G2 phase.
Therefore, these data suggest that Rictor-mTORC2/Akt1
pathway is essential for early mitotic division in early embryos
[102].
Since knockout (KO) mice with a complete loss of mTOR
showed a severe phenotype with specific defect in telencephalon formation and death during early/mid gestation
[17, 78, 95, 96, 99, 101, 102], conditional knockout (CKO)
mice were fundamental to elucidate the functional role of
mTOR in the brain [77, 78, 87, 88]. Recent CKO mouse
studies have demonstrated that the disruption of mTOR
signaling in the brain causes alteration in the homeostasis
of neural progenitors due to unbalanced self-renewal and
differentiation processes [76–78, 94, 96]. Remarkably, Ka et
al. [77] showed that in conditional mTOR knockout mice
(mTORloxP/loxP ; Nestin-cre) the deletion of mTOR in neural
progenitors reduces neuronal layers within the developing
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cerebral cortex. Thus the cerebral cortex appeared to be
markedly reduced in both weight and thickness at pathological examination. Moreover, recent studies found that
mTOR activity was impaired in the NSCs of aged brain.
In particular, mTOR activity was decreased within NSC
niches in adult and aging forebrain [86, 103]. Accordingly,
ketamine-induced mTOR signaling activation increases adult
NSCs proliferation in aged mice thus reducing age-associated
decline in neurogenesis [103]. This evidence strongly suggests
that mTOR-mediated signaling is key in the maintenance of
NSCs and affects neuronal differentiation. Again, Zhang et
al. [81] showed that mTOR signaling amplifies adult NSCs
and progenitor cells which are crucial during hippocampal
neurogenesis, which is associated with spatial learning and
memory. In fact, within adult subgranular zone (SGZ) the
rate of neurogenesis is regulated by a gene silencer (enhancer
of zeste homolog 2, Ezh2), which promotes the amplification
of active NSCs and progenitor cells acting through the PtenAkt-mTOR pathway. In particular, Ezh2 suppresses Pten
expression and promotes the activation of Akt-mTOR [81].
In vivo Exh2 deletion decreases mTOR activity and reduces
proliferation of progenitors cells, which leads to impaired
learning and memory in Ezh2-null mice [81].
In keeping with the role of mTOR in proliferation
and migration of neural precursors, Lafourcade et al. [104]
showed that mTOR hyperactivation in neural progenitor
cells (NPCs) leads to migratory heterotopia, ectopic neuron
placement, and abnormal neuronal morphogenesis. Increases
in mTOR activity in neonatal NPCs of the subventricular
zone (SVZ) of wild-type mice by electroporating a constitutively active Rheb-encoding vector (RhebCA ), an mTOR
positive upstream regulator, cause migratory heterotopia in
the rostral migratory stream (RMS) and olfactory bulb (OB).
Notably, these effects were prevented by rapamycin administration, thus validating mTOR involvement in these neuronal
morphogenesis defects [104]. Migratory heterotopia at cortical level represents a major mechanism of epileptogenesis.
Remarkably, very recent manuscripts emphasized the role
of mTOR upregulation and reduced autophagy as causal
mechanisms in epileptogenesis and epilepsy-induce neuronal
damage [105].
Thus, mTOR plays a specific role within CNS for normal
development which encompasses neurite elongation and
branching, dendritic spine formation, synaptic consolidation
and plasticity, memory storage, and cognition.
Some findings regarding dendritic and axonal growth are
sometimes contradictory. This may be due to variability of
in vitro models with minor differences in culture conditions
[73, 74, 83, 106, 107]. Although further studies are needed in
vivo in order to confirm the role of mTOR in development and
neurogenesis the prevalent evidence indicates that mTOR
is crucial for synaptic plasticity [70–72, 75, 108–110]. For
instance, recent studies demonstrate than mTOR contributes
to hippocampal synaptic plasticity strengthening long-term
potentiation (L-LTP) [68, 70, 71, 75]. In Tsc2+/− mice the
overactivation of hippocampal mTOR leads to abnormal
hippocampal LTP in the CA1 region [72]. In particular, the
reduced threshold for hippocampal LTP produces abnormal
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learning. These effects were reversed by administering the
mTOR inhibitor rapamycin [72].

4. mTOR Related Neurological Disorders and
Brain Tumors
Over the past decades, Akt-mTOR signaling has increasingly
garnered a central role in regulating several molecular and
biochemical pathways which are known to be altered in
a variety of pathological conditions encompassing obesity,
cardiovascular diseases, hypertension, type II diabetes, neurodegeneration, and brain tumors [37, 38, 66, 67, 111]. In
the CNS a wide spectrum of psychiatric, neurological, and
neurodegenerative disorders has been related to deregulated
mTOR signaling pathway. Several mutations in mTOR regulatory genes (e.g., TSC1, TSC2, LYK5/STRADA, AKT3, and
DEPDC5) enhance activation of mTOR and lead to brain
malformation and neurodevelopmental disorders. This is
the case of Tuberous Sclerosis Complex (TSC), hemimegalencephaly (HME), focal cortical dysplasia (FCD), Pretzel
syndrome (Ps), and familial focal epilepsy with variable foci
(FFEVF) [112–117]. Noteworthy, administration of mTOR
inhibitors is frequently beneficial for treating some neurological alterations such as epilepsy, autism, and learning
disabilities [118–123].
Among primary brain tumors the most common are
gliomas which account for 80% of malignant CNS tumors.
The majority of gliomas (about 76%) are astrocytoma [124,
125]. Several human studies provided strong evidence on the
key role of an altered mTOR signaling pathway in low-grade
astrocytoma, such as subependymal giant cell astrocytoma
(SEGA), a rare, slow-growing benign tumor (WHO grade
I) which mainly occurs in young patients [126, 127]. Based
on this evidence, pharmacological inhibition of mTOR with
sirolimus and everolimus was provided [128, 129] and, in 2010,
everolimus was approved by FDA as an alternative to surgical
resection for TSC-associated SEGA patients [130–133]. Again,
several reports have found that mTOR pathway is frequently
activated in other low-grade astrocytomas such as pediatric
low-grade glioma (PLGG) and pilocytic astrocytoma (PA)
[134, 135], while to date there are only few morphological
studies regarding the role of mTOR in anaplastic astrocytoma
(WHO grade III glioma) [136–138]. In contrast, there is
increasing evidence of mTOR upregulation in both experimental and human Glioblastoma Multiforme (GBM). As
witnessed by multiple experimental and neuropathological
findings [139–141], mTOR upregulation is key in developing
GBM aggressive phenotype [142–145].

5. mTOR Upregulation as a Key to Understand
the Neurobiology of GBM
The biology of glioblastoma is characterized by prominent
proliferation, active invasiveness, and rich angiogenesis,
mainly due to highly mutated and/or deregulated signaling
pathways within the tumor [146, 147]. Growing knowledge of
these signaling pathways improved our understanding of the
biology and clinical behaviour of GBM. Remarkably, several
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reports show that glioblastoma is more resistant to apoptosisinducing therapies, rather than autophagy-inducing therapies [148, 149]. GBM resistance to conventional proapoptotic
chemotherapy and radiotherapy results from changes at the
genomic, transcriptional, and posttranscriptional level in key
molecules involved in mitogenic signaling, mostly in the
PI3K/PTEN/Akt axis, in tyrosine-kinases receptors (RTKs)
and their ligands, and in regulatory molecules and effectors
of the apoptotic cell death pathway [148, 150].
Several aberrant antiapoptotic signals conferring intrinsic
resistance to conventional and targeted anticancer therapies
have been described in GBM [149]. For instance, up to 70% of
GBM have an alteration of tumor suppressor gene PTEN [124,
148, 151]. This results in constitutive and increased activation
of several downstream effectors of the signaling pathways
controlled by PI3K, of which the most important identified to
date is PTEN/PI3K/Akt/mTOR, which plays a critical role in
the regulation of gene expression and prevention of apoptosis
[139, 150].
GBM consists of heterogeneous populations of poorly
differentiated tumor cells and it is characterized by a necrotic
area that can present foci of micronecrosis surrounded by
hypercellular zones, near to the normal tissue, of infiltrates
derived from parenchymal tissue. These cells surrounding
the necrotic foci are organized to form pseudopalisades with
a configuration that is typically exclusive of glial tumors
[152]. Intense microvascular proliferation and infiltration into
the surrounding tissues occur [153]. This is supported by
the presence of niches containing stem/progenitor cells of
GBM.
In the last decade, consistent evidence indicates that
within the tumors (mostly hematopoietic and solid tumors)
there is a fraction of cells, the cancer stem cells (CSCs),
which share characteristics with normal stem cells, such
as self-renewal potential and maintained proliferation, and
thus can initiate and sustain the tumor [154–156]. These
cells also have the ability to propagate the tumor in an
orthotopic xenograft transplantation model, when compared
with the nontumorigenic cells within the tumor bulk [157].
This theory, known as “The Cancer Stem Cell Hypothesis,”
has been proposed for the first time by Reya and colleagues in
2001. Nowadays, such fraction of cells has also been identified
in GBM, known as Glioma Stem/Progenitor Cells (GSPCs)
[158, 159]. In particular, these cells, which represent the
amplification of normal stem cell niches placed within the
subependymal ventricular zone of cornu temporalis nearby
the cornu ammonis and dentatus gyrus of hippocampus, have
been reported to support microvascular proliferation and to
promote infiltration into the surrounding tissues [160–162].
It is also very likely that GSPCs are responsible for GBM
progression, radio- and chemoresistance, and recurrence
[159, 163, 164]. Several pathways have been implicated in the
regulation and maintenance of GBM cancer stem cells pool.
Among them, the most important is the PI3K/Akt/mTOR
which, as aforementioned, needs to be properly and tightly
regulated in order to ensure a wide number of physiological
processes (i.e., proliferation, metabolism, survival, differentiation, and autophagy) [38]. In GSPCs the marked upregulation of mTOR has been related to increased proliferation,

BioMed Research International
invasiveness, and resistance to standard treatments (Figure 3). Thus, aberrant Akt/mTOR signaling pathway strongly
correlates with GBM malignancy and poor prognosis [142–
145]. Growing evidence shed the light on the involvement of
PTEN/Akt/PI3K/mTOR signaling in maintenance and viability of GSPCs population [141–145, 165, 166]. For instance,
Garros-Regulez et al. [145] have demonstrated that pharmacological inhibition of mTOR in glioma stem cells (GSCs)
causes a reduction in the expression of SOX2 and SOX9,
which are required for neural stem cell maintenance, thus
decreasing GSCs self-renewal potential and proliferation.
Moreover, it has been demonstrated that the lack of differentiation of GSPCs is related to mTOR-dependent autophagy
inhibition [142, 158, 167–171]. Among several pathways which
are modulated through mTOR signaling, this molecular
complex plays a major role as an endogenous autophagy
inhibitor [172]. Notably, autophagy depression represents a
hallmark of GBM, as confirmed by several pathological studies carried out on human high-grade astrocytoma samples
[140, 168, 173, 174]. Several biochemical findings demonstrate
the remarkable effects of autophagy activators as powerful
inducers of cell differentiation, with a strong prevalence
towards neuronal phenotypes [142, 171, 175–180]. Remarkably,
autophagy activation has demonstrated a beneficial effect in
a variety of gliomas [172–182]. Again, GSPCs cell migration
and infiltration, which represent key mechanism for GBM
progression and infiltration within the surrounding normal
brain tissue, rely on mTOR upregulation and autophagy
suppression [165, 171]. Experimental evidence was recently
provided by our group showing that the mTOR inhibitor
rapamycin produces a remarkable suppression of GBM cell
proliferation both in vitro and in vivo in xenografts. In detail,
rapamycin produces a time- and dose-dependent suppression
of GBM cell proliferation when tested both in GBM cell
lines and primary cell cultures from GBM patients [168]. This
effect is remarkably similar to U87MG cell lines and patientderived primary cell cultures and is not accompanied with
a cytotoxic effect. It is rather a suppression of cell growth,
as shown by cytofluorometry and Ki-67 immunostaining,
which is responsible for antiproliferative activity induced by
mTOR inhibition. The rapamycin-administered GBM cells
possess an increase in autophagy (ATG) vacuoles and develop
a progressive differentiation towards a neuron-like phenotype [168]. Remarkably, the mTOR suppression induced by
rapamycin is not accompanied by increased in pAkt/Akt ratio
ruling out the risk of a rebound Akt overactivation. It is
worth mentioning that the volume suppression induced by
rapamycin in vivo in xenografted GBM appears to surpass
the magnitude of antiproliferative activity. In fact, the tumor
volume which is measured following rapamycin administration is way reduced compared with tumor volume which
was already present before rapamycin was administered
[183]. Since such an effect occurs in the absence of any
apoptotic, necrotic, or gliotic area, what is the fate of the
previous volume filled with GBM since following rapamycin
this appears to be regularly shaped as specific CNS tissue
remains to be established [183]. Specific experiments aimed
at deciphering a potential phenotypic rescue of malignant
GBM cells back to differentiated neural tissue are currently
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in progress in our lab. In fact, a few months ago we found
that rapamycin while inhibiting cell proliferation produced a
massive stemness regression in vitro as measured by classic
antigens. This occurs in association with the expression of
early and late neural differentiation markers, such as NeuroD,
beta-III tubulin, and NeuN, respectively. Remarkably, this
phenotypic shift is concomitant with suppression of GBM
cell migration [171]. All these events are backed up by
specific epigenetic effects of rapamycin on stemness and
differentiation genes. Despite the innumerous cascades which
reside under the modulation of mTOR, the ATG machinery
appears to be the most likely to counteract GBM progression. In fact, the very same doses of rapamycin produce
a remarkable increase in ATG vacuoles and promote the
merging of the proteasome pathway within ATG vacuoles
to produce a fusion organelle named autophagoproteasome
[184]. The shuttling of proteasome within ATG vacuoles was
recently demonstrated to depend on the recognition of the
ATG protein p62 which translocate proteasome components
within LC3-positive ATG vacuoles [185]. While low doses of
mTOR inhibition increase the ATG compared with proteasome activity, high doses of rapamycin, way in excess to those
required to inhibit GBM proliferation, produce a prevalence
of proteasome over ATG activity. The ATG-inducing doses of
rapamycin range between 5 and 10 nM which correspond to
the amount of rapamycin considered to be in the therapeutic
range in humans as an immunosuppressant [3, 186]. The
very same range of doses fills the dose response curve
for the therapeutic effects of rapamycin we measured in
experimental GBM [168, 171]. It is noteworthy that, as it was
demonstrated in vivo [183], these doses of rapamycin are not
effective in producing apoptosis [168] and do not exert any
cytotoxic effects in GBM cells [171]. Altogether these data
pose the intriguing hypothesis that mTOR inhibition may
remodel the anaplastic GBM cell population stimulating “a
rebours,” a phenotypic differentiation shift. In other words,
inhibiting mTOR in glioblastoma may suppress an overactive
neural stem cell proliferation readdressing this exuberant
cell population towards the original phenotypes. Dedicated
experiments are needed to provide definite validation of these
early data and to establish the concomitant alterations which
may occur in the healthy areas of the CNS under the effects
of prolonged mTOR inhibition.
Nowadays a number of clinical trials are ongoing to
evaluate the effects of mTOR inhibition with rapamycin (or
rapalogs) based on the exciting results obtained both in
vitro in glioblastoma cell lines and in preclinical in vivo
models of GBM. Nonetheless, conflicting data still exist on
rapamycin and rapalogs treatments for high-grade astrocytomas [187, 188]. For instance, it has been reported that
rapamycin inhibition of mTORC1-mediated S6K phosphorylation causes the block of a negative feedback loop which in
turn promotes the activation of mitogenic pathways such as
PI3K/Akt and Ras/MEK/ERK [189]. The activation of these
latter pathways causes an mTORC2 and Akt hyperactivation
through other feedback loops, which may contribute to
GBM metabolic reprogramming and drug resistance [190–
192]. Since mTOR inhibition promotes hyperactivation of
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the PI3K/Akt pathway, which could limit the drug treatment
efficacy, most of current trials take advantage of combined
therapies by administering dual PI3K-mTOR inhibitor or
new generation compounds such as ATP-competitive mTOR
inhibitors, which inhibit both mTORC1 and mTORC2 [166,
191–198]. However, the extent of the crosstalk between these
molecular complexes is not fully understood, since to date
only few upstream effectors and downstream substrates of
mTORC2 have been identified. A careful analysis of these
report demonstrate that such a feedback activation of Akt
under the effects of mTOR inhibition is indeed very rare
in human patients and it is more frequent to observe the
opposite effect [168].

6. Summary
The mammalian Target of Rapamycin (mTOR) is a multiprotein complex equipped with kinase activity which
belongs to the serine/threonine protein kinase (PI3K-related
kinase, PIKK) family. The mTOR catalytic subunit, which
nucleates two functionally distinct complexes (mTORC1
and mTORC2), is a key mediator of the PI3K/Akt/mTOR
signaling which controls cell growth, proliferation, and
metabolism. mTOR signaling is essential for normal development and physiology of nervous system. In fact, several
physiological brain functions depend on mTOR activation.
Increasing evidence demonstrates that mTOR is critical for
maintaining the stemness of neural stem cells, neuronal
differentiation and migration, and axonal and dendritic
development. In addition, in adult brain synaptic plasticity,
learning and memory storage require a fine modulation
of mTOR activity. Therefore, dysregulation of this pathway
has been implicated in numerous pathological conditions
encompassing cancer, obesity, type II diabetes, neurological and psychiatric disorders, neurodegeneration and brain
tumors, and mostly astrocytomas.
As witnessed by multiple experimental and neuropathological findings, mTOR upregulation plays a major role in
the development of the aggressive phenotype of glioblastoma (GBM, WHO grade IV astrocytoma), thus influencing
prognosis and determining response to therapies. Although
standard treatment options for GBM patients provide maximal surgical resection, in combination with chemotherapy
(with temozolomide, TMZ) and radiotherapy, it becomes
increasingly clear that modulation of mTOR activity represents an important molecular target. It should be mentioned
that mTOR inhibitors have not demonstrated therapeutic
potential in clinical trials against glioblastoma so far. An
intense clinical investigation is going on with approximately
twenty current clinical studies using mTOR inhibitors for
the treatment of gliomas. However, phase II studies reported
no efficacy of temsirolimus in combination with temozolomide, sorafenib, bevacizumab, or erlotinib in recurrent
glioblastoma [199]. In any case, understanding the role of
mTOR in brain development and neurogenesis will contribute to elucidate the pathological mechanisms of several
neurological, neurodevelopmental, and neurodegenerative
disorders.
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Barnabé-Heider, and K. J. L. Fernandes, “Mammalian target of
rapamycin signaling is a key regulator of the transit-amplifying
progenitor pool in the adult and aging forebrain,” The Journal of
Neuroscience, vol. 32, no. 43, pp. 15012–15026, 2012.
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Glioblastoma multiforme (GBM) is the most hostile type of brain cancer. Its aggressiveness is due to increased invasion, migration,
proliferation, angiogenesis, and a decreased apoptosis. In this review, we discuss the role of key regulators of apoptosis in GBM and
glioblastoma stem cells. Given their importance in the etiology and pathogenesis of GBM, these signaling molecules may represent
potential therapeutic targets.

1. Introduction
The most frequent and aggressive human brain tumor is
glioblastoma multiforme (GBM), which is a glial cell-derived
tumor (glioma) with high malignant potential that has a
tendency to invade the surrounding tissue [1]. These tumors
arise either from glioma altered cells that facilitate tumor
initiation and progression or from glioblastoma stem cells
(GSCs) that possess the ability to self-renew and initiate
tumor formation [2].
GBM originates anywhere in the brain but is mainly
located in the cerebral cortex, appearing more frequently
in adults between 40 and 60 years old [1]. GBM represent
the maximal progression stage of astrocytomas, which are
classified according to their histopathological and molecular
features into four grades (I–IV). The survival of patients
is inversely related to tumor grade [1]. GBM patients have
a median survival of just 4.6 months. In optimally treated
patients, the median survival increases to 14 months with a

26% two-year survival rate [3, 4]. The classical chemotherapeutic drug used in the treatment of this kind of tumors is
Temozolomide, an agent that alkylates DNA at the N-7 or O6 positions of guanine residues; therefore, it triggers cell death
[5].
GBM can arise de novo (primary GBM) or transform
from a lower grade astrocytoma (secondary GBM); thus
each is characterized by distinct genetic events. GBM de
novo frequently has EGFR amplification (34%) and PTEN
loss/mutations (24%), while secondary GBM is characterized
by TP53 mutations (65%) and IDH1 mutations (70%). Despite
these differences, both tumors have the same histopathological features [6–8]. Nevertheless, primary GBM are more
aggressive and less responsive to treatment compared to
secondary ones.

2. GBM Intertumor Heterogeneity
A catalog of genomic abnormalities of GBM has been
reported through the Cancer Genome Atlas [9], which

2
allowed Verhaak’s group to classify GBM into four subtypes: classical, mesenchymal, proneural, and neural [10].
The classical subtype has EGFR amplification and loss of
TP53 and CDKN2A. It also harbors an EGFRvIII mutation
constitutively active due to the deletion of exons 2–7 of
the EGFR gene. This subtype presents Nestin overexpression
and has activated the Notch and SHH pathways [10]. The
mesenchymal subtype is associated with poor overall survival
and contains NF1 mutations and loss of IDH1, PIK3R1, and
PDGFRA. It presents overexpression of MET and CHI3L1 and
activation of the NF𝜅B pathway [10].
The proneural subgroup has augmented frequency of
mutations in IDH1 and TP53 and amplifications of PDGFRA
and PIK3CA/PIK3R1. This group has the highest percentage
of younger patients [10]. The neural subtype has elevated
levels of neural markers such as NEFL, but it has no unique
distinguishing alterations from other classes, although elevated rates of EGFR, TP53, and PTEN mutations are observed
[10].
To date, the differences on apoptotic pathways between
GBM subtypes have not been clarified. The identification
of the mechanisms leading to decreased apoptosis in each
subtype might lead to better therapies in the future. For
example, the proneural subtype could be dependent on the
PI3K/AKT pathway for survival, whereas the mesenchymal
subtype could be dependent on the TNF/NF𝜅B pathway.
Thus, epidemiological, molecular, and pharmacological studies are required to identify the best therapeutic strategies for
each GBM subtype.

3. Signals Regulating Apoptosis in GBM
Apoptosis is an essential mechanism by which the homeostatic balance between cell proliferation and cell death is
maintained [24, 25]. In apoptosis, cells activate a molecular
pathway that leads them to die in case they become damaged
and the cell mechanism fails to repair it. This process can be
achieved through the activation of two molecular pathways,
the extrinsic and the intrinsic pathway. Both pathways lead to
the proteolytic activation caspases [24, 25]. These proteases
induce cell changes that include chromatin condensation,
DNA fragmentation, membrane blebbing, and cell shrinkage
[24, 25]. The extrinsic pathway is triggered from outside
the cell by proapoptotic ligands that activate cell surface
death receptors. After binding to them, the formation of a
death-inducing signaling complex (DISC) is induced. This
protein complex activates procaspase-8 and procaspase-10
and, eventually, caspase-3 to execute apoptosis [24, 25]. The
intrinsic pathway is activated from inside the cell by severe
cell stress, such as DNA damage. The latter promotes mitochondrial outer membrane permeabilization and activation
of BH3-only proapoptotic B-cell lymphoma 2 (BCL-2) family
proteins. This allows the release of proapoptotic proteins, like
cytochrome c and second mitochondria-derived activator
of caspase (Smac) from the mitochondria into the cytosol.
Cytochrome c forms a complex with apoptotic proteaseactivating factor-1 (Apaf-1) known as the apoptosome to
activate caspase-9. This caspase, in turn, activates the effector
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caspase-3, caspase-6, and caspase-7, which in turn executes
apoptosis [24, 25].
GMB cells show intrinsic deregulation in apoptotic cell
death. Furthermore, antitumor drugs and radiotherapy affect
the pathways that control apoptosis in GBM cells, activating
prosurvival mechanisms that make the treatments ineffective.
Thus, research into the possible enhancement of apoptosis of
GBM is a primary goal in the development of new and more
effective treatments. In the present review, we summarize the
role of apoptosis-controlling intracellular pathways in GBM
cells (Figure 1) and discuss their importance as therapeutic
targets. Finally, we highlight the differences in apoptosis
signaling in the subpopulation of GSCs.
3.1. PI3K/AKT/mTOR Pathway Inhibits GBM Apoptosis. PI3K
is a kinase that plays a central role in signaling pathways controlling cell survival, proliferation, motility, angiogenesis, and
apoptosis [25–27]. The activation of PI3K through its cognate
cell surface receptors, such as growth factor receptors, phosphorylates the plasma membrane lipid phosphatidylinositol4,5-biphosphate (PIP2 ) producing the second messenger
phosphatidylinositol-3,4,5-triphosphate (PIP3 ). PIP3 induces
the accumulation of signaling proteins such as AKT and
the phosphoinositide-dependent kinase 1 (PDK1) by direct
binding. Association with PIP3 at the cell membrane results
in AKT phosphorylation by induced-proximity to PDK1 [26].
After its activation, AKT regulates downstream targets like
GSK-3𝛽, Bad, and mTOR complex to name a few [26, 28].
It has been reported that PI3K/AKT signaling is probably
deregulated in 80% of all GBM. The latter is estimated
because the majority of tumors have overexpression of
EGFRvIII variant and loss of PTEN (see Section 3.2) [10,
29]. Furthermore, there is a direct correlation between AKT
activation and the histopathological grade of glioma with
84% of GBM positive to phosphorylated AKT (pAKT),
whereas it is scarcely detected in healthy tissue [30]. AKT is
the intermediary of PI3K-dependent cell survival responses
since its absence abrogates these effects.
In GBM, pAKT induces overexpression of MDM2 protooncogene, which is an important negative regulator of p53
[31–33] and inhibits the apoptosis-inducing protein Bad that
is inactive when phosphorylated [34]. Moreover, AKT can
indirectly activate mTOR, which is a protein kinase critical
for cell proliferation deregulated in GBM [11, 35]. mTOR acts
as both a downstream effector and an upstream regulator and
its signaling is carried out by two protein complexes known
as mTORC1 and mTORC2. mTORC1 regulates cell growth,
while mTORC2 phosphorylates AKT at Ser-473 and then
further takes part in cell survival, metabolism, proliferation,
and cytoskeletal organization [11, 36].
The impact of PI3K/AKT/mTOR pathway in cell survival
suggests that its inhibition may lead to increase apoptosis
and to be of therapeutic value in GBM [35]. Additionally,
its inhibition could increase the cytotoxic potential of the
glioma-associated microglia because it polarizes microglial
cells towards the M1 phenotype, with cytotoxic activities, and
prevents the induction of the M2 that promotes tumor growth
[36].
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Several dual inhibitors targeting PI3K and mTOR have
been developed (Table 1). For example, PI-103 and NVPBEZ235 induce growth blockage and autophagy induction
better than does the mTORC1 inhibitor rapamycin, by blocking the phosphorylation of AKT and mTORC1 target 4EBP1
[11, 35]. However, temsirolimus, a small-molecule inhibitor of
mTOR, displays a limited clinical efficacy, since only a subset
of patients with high levels of phosphorylated p70s6 kinase
in tumor samples were more likely to benefit from treatment.
Temsirolimus increased 2.3 months the median survival of
GBM patients [14].
At the moment, targeted therapy towards PI3K/AKT/
mTOR pathway has not achieved satisfactory results. For

further studies, it is important to analyze the reason why
some treatments are more beneficial than others taking the
following into consideration as possible limiting factors: the
number of targets they have, the capacity to cross the blood
brain barrier and to reach an optimal concentration in the
tumor microenvironment, heterogeneity of GBM, and the
activation of alternative signaling pathways.
3.2. PTEN Loss in GBM Apoptosis. PTEN is a tumor suppressor gene that antagonizes the PI3K/AKT/mTOR pathway
by functioning as a lipid phosphatase. PTEN acts on the
lipid signaling intermediate PIP3 to convert it into PIP2 ,
thereby preventing the activation of AKT [37]. PTEN is a
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Table 1: Summary of drugs targeting apoptotic pathways in GBM.

Drug

Target

PI-103

AKT &
mTORC1

BKM120

PI3K

NVP-BEZ235

PI3K and mTOR

Temsirolimus

mTOR

Bortezomib

I𝜅B complex

BAY 11-7082

I𝜅K

DHMEQ

NF𝜅B

ABT-737

BCL-2

AT-101

BCL-2, BCL-XL,
MCL-1 &
BCL-W

ABT-263/GX15070

BCL-2 & MCL-1

LBW242/BV6
∗

XIAP,
c-IAP1, &
c-IAP2

Mechanism of action
Prevents
phosphorylation of
AKT and 4EBP1
Direct inhibition of
PI3K
ATP-competitive
inhibitor of PI3K and
mTOR
Direct inhibition of
mTOR
Proteasome inhibitor
that blocks I𝜅B
degradation
Inhibits I𝜅K and
prevents NF𝜅B
nuclear translocation
Inhibits NF𝜅B DNA
binding
Direct biding and
inhibition of BCL-2
BH3 mimetic and
BCL-2 family
inhibitor
Direct biding and
inhibition of BCL-2
and MCL-1
Smac mimetic

STAGE∗

ID
(https://clinicaltrials.gov)

PC

Reference
[11]

Ph I

NCT01339052

[12]

Ph II

NCT02430363

[13]

Ph II

NCT00016328

[14]

Ph II

NCT00998010

[15]

PC

[16]

PC

[17]

PC

[18]

Ph II

NCT00540722

[19]

PC

[20]

PC

[21–23]

PC: preclinical; Ph I: phase 1 clinical trial; Ph II: phase 2 clinical trial.

unique phosphatase; there are no PTEN-related proteins that
compensate for its loss of function. It has been reported
that PTEN is inactivated in GBM. Mutations in PTEN have
been associated with the malignant evolution of astrocytic
tumors since they are most frequently found in GBM and
rarely in lower grades [38, 39]. PTEN mRNA levels are
much lower in glioma tissue compared with benign brain
tumors and tumor-adjacent normal tissues [40]. The lack
of PTEN function is associated with poor survival rather
than with tumor initiation in anaplastic astrocytoma and
GBM [41]. There is extensive evidence suggesting that the
loss of PTEN by mutation, methylation, or deletion leads
to a decreased apoptosis [37, 42]. The loss of PTEN is
frequent in GBM, and therefore it is difficult to target it
for therapy. Recently, a correction of PTEN mutation in
GBM cell lines was reported [43]. Using adenoassociated
virus-mediated gene edition PTEN allele was corrected in
two GBM cell lines—42MGBA and T98G. In both cases,
the edition resulted in reduced cellular proliferation in an
AKT-dependent (42MGBA) and AKT-independent (T98G)
manner [43]. Thus, genome editing technologies can be
applied to correct genetic mutations in a gain-of-function
manner [44, 45]. Whether these strategies are useful for GBM

treatment in patients and whether tumor editing is possible in
the brain remain to be clarified.
3.3. Role of NF𝜅B in GBM Apoptosis. NF𝜅B [nuclear factor
kappa B] is a transcription factor for a large group of genes
which are involved in apoptosis, cell adhesion, proliferation,
and inflammation [46]. NF𝜅B has 5 subunits: p50, p52,
p65, RelB, and c-Rel. These subunits exist in homo- or
heterodimers, the most abundant dimer being p65/p50.
NF𝜅B is sequestered in the cytoplasm by I𝜅B. This association is rapidly interrupted by diverse signals like cytokines,
pathogens, stress signals, and radiation [47]. These signals
activate a kinase complex known as I𝜅K. I𝜅K complex is
formed of three subunits (𝛼, 𝛽, and 𝛾) which phosphorylates
and inactivates I𝜅B, which allows the nuclear translocation
of NF𝜅B and the subsequent regulation of its target genes
including those of Inhibitor of Apoptosis Proteins (IAPs) [47,
48]. Levels of activated NF𝜅B, measured by phosphorylation
of the subunits p65/p50, are much higher in GBM compared
with that of healthy tissue, and they present a positive
correlation with glioma grade [30]. Approximately 96% of
the tumors analyzed in two independent studies express
activated NF𝜅B [30, 49]. Similarly, it has been found that
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NF𝜅B is constitutively activated in several human-derived
glioblastoma cell lines like U251-MG, U87-MG, and U373
[30].
There are two mechanisms of NF𝜅B activation in GBM:
AKT phosphorylation of I𝜅B and TNF-𝛼/TNFR1 pathway
[30, 49–51]. Tumor necrosis factor-𝛼 (TNF-𝛼) induces the
main antiapoptotic activity of NF𝜅B through its death receptors TNFR1 by suppression of caspase-8 activation [50, 52,
53]. The expression of TNFR1 is elevated in GBM compared
with the lower grade and scarcely detectable in astrocytomas
and healthy brain tissue suggesting a vital role in these tumors
[54].
Enhancement of apoptosis by targeting NF𝜅B has had
several approaches (Table 1). Bortezomib is a proteasome
inhibitor that blocks I𝜅B proteins degradation, among others.
It has been evaluated in phase 1 clinical trial either alone
or in combination with Temozolomide and radiotherapy [15,
55]. The usage of bortezomib alone showed a partial clinical
efficacy although it was not reflected on the overall survival.
The combined therapy bortezomib with Temozolomide and
radiotherapy was reported to be well tolerated and safe. Currently, a phase 2 trial is active with an overall survival of two
years for newly diagnosed GBM undergoing this therapy [15,
55]. BAY 11-7082, an I𝜅K inhibitor, effectively inhibits NF𝜅B
which leads to lower chemoresistance, improves sensitivity
to photodynamic therapy, and induces senescence [16]. To
date, no clinical trials have been reported for this inhibitor.
Dehydroxymethylepoxyquinomicin (DHMEQ) is an NF𝜅B
inhibitor undergoing preclinical testing [17], where it has
shown that inhibition of NF𝜅B activation and its nuclear
translocation lead to increased apoptosis [17, 56].
NF𝜅B influences multiple cellular processes in normal
cells. Therefore, care must be taken when blocking the
NF𝜅B pathway to minimize off-target effects and unwanted
toxicities. Dual or multitarget therapies may prove more
beneficial by targeting several regulators of this pathway,
although no studies or drugs have been reported to date.
3.4. BCL-2 in GBM Apoptosis. The B-cell lymphoma-2 (BCL2) is a family of proteins ranging in size from 20 to 37 kDa:
BCL-2, BCL-xL , MCL-1, BCL-w, BFL-1/A1, BCL-B, BAX,
BAK, and BOK [57]. This family participates in cell death and
modulates different processes that include apoptosis (BAX,
BAK, and BID), necrosis (BAX), and autophagy inhibition
(BCL-2, BCL-xL , MCL-1, and BCL-w) [57]. The 26 kDa form
of BCL-2 protein is localized on the outer mitochondrial
membrane, nuclear envelope, and endoplasmic reticulum
[58, 59]. This protein is able to regulate the outer mitochondrial membrane permeability of transition pores by blocking
proapoptotic proteins like BAX and BAK. Thus, it inhibits the
release of cytochrome c from the mitochondria and prevents
the formation of the apoptosome, activation of caspases, and
eventually cell death [60]. BCL-2 protein is overexpressed
in GBM [61] and recurrent tumors [62]. In vitro studies
have shown that the use of antisense constructs or chemical
inhibitors, such as ABT-737, is capable of mitigating the
antiapoptotic effects of BCL-2 and renders the cells sensitive
to cytotoxic treatments (Table 1) [18, 63]. However, GBM has
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shown resistance to ABT-737 and a similar compound ABT263 by upregulating MCL-1, another antiapoptotic member of
the BCL-2 family. The combined use of ABT-263 and GX15070, an inhibitor of MCL-1, has shown to effectively reverse
this resistance [20]. Preclinical studies seem promising,
especially when inhibitors are in combination with additional
chemotherapy agents [64]. Once the benefit of using BCL2 family inhibitors has been established, an obstacle to
overcome will be to evaluate if these drugs are able to cross
the blood brain barrier, since in vivo studies have only been
done with subcutaneous tumors of GBM cell lines.
3.5. Inhibitor of Apoptosis Proteins (IAPs) Role in GBM.
IAPs comprise a family of proteins which have a common
domain of 70-amino-acid baculovirus repeats (BIR domains)
in their structure. This family of proteins consists of 8
members: NAIP, XIAP, cIAP1, cIAP2, ILP2, livin, survivin,
and BRUCE [65, 66]. These proteins can inhibit apoptosis
by neutralizing active caspases, through their degradation or
by blocking caspase-3, caspase-7, and caspase-9 by binding
to their catalytically active pockets [65]. Smac is a protein
that promotes cytochrome c release and TNF-𝛼 dependent
apoptosis by direct binding and inhibition of IAPs (XIAP,
c-IAP1, and c-IAP2), at the same time inhibiting the TNF𝛼/TNFR antiapoptotic pathway [66].
Within the genomic alterations commonly detected in
GBM is the amplification of chromosomal band 11q22, which
contains IAP1- and IAP2-encoding genes [67, 68]. Three types
of IAPs are widely expressed in glioma cell lines at both
mRNA and protein level [69]. They participate in cell survival
under apoptotic stimuli. This suggests that IAPs may play
a role in the resistance of gliomas to apoptosis induced by
radio- and chemotherapy [69]. In accordance, the inhibition
of IAPs, namely, XIAP and survivin, by antisense oligos
sensitizes tumor cells to death [70, 71]. Smac mimetics (e.g.,
LBW242 and BV6) can also sensitize cancer cells to chemoand radiotherapy and induce regression of malignant gliomas
in vivo (Table 1) [21–23, 66]. LBW242, in combination with
the PDGFR kinase inhibitor AMN107, triggered apoptosis
in human GBM cells in vitro and had synergistic effects
in mouse models of GBM and primary human GBM neurospheres [21]. In the same fashion, BV6 sensitizes GBM
to Temozolomide which induces caspase-8 activation and
apoptosis [22].
In vitro and in vivo data show IAPs as promising targets
in anticancer therapy, although the efficacy and tolerability
of adverse effects of these agents remain to be determined in
clinical trials.

4. Apoptosis Control in Glioblastoma
Stem Cells (GSCs)
GBM tumors present heterogeneous clonal subpopulations.
For example, up to three different molecular subtypes have
been found in the same patient, with a prevalence of mesenchymal subtype in males [4, 72, 73]. This clonal divergence
can be caused by the genetic instability intrinsic to cancer cells
combined with the selective pressure elicited by therapeutic

6
interventions [74]. Furthermore, intratumor heterogeneity is
increased by cell plasticity, which allows glioblastoma cells to
dedifferentiate to a stem cell-like state [75].
GSCs have functional properties distinct to the rest of
glioblastoma tumor cells. They can self-renew and generate
progenitor cells, creating a hierarchy consisting of subpopulations of tumorigenic and nontumorigenic cells [76]. GSCs
drive GBM growth and promote tumor recurrence and drug
resistance [77]. Thus, the presence of GSCs is associated with
aggressive tumors and higher mortality rates [77]. Accordingly, the monitoring of the intratumor heterogeneity using
GSCs molecular markers in the initial surgery and surgery
for recurrent GBM may be important for the most effective
management of GBM [78]. Furthermore, GSCs have been
pointed as targets for the development of better therapies for
this kind of tumors [79].
GCSs express different molecular markers associated
with their maintenance, including pluripotency factors such
as SOX2, Nanog, and OCT4 [80, 81]. However, GSCs are
commonly identified by CD133 or CD44 expression. CD133
is a membrane glycoprotein encoded by prominine-1 gene
(PROM1). CD133 is expressed in hematopoietic stem cells,
endothelial progenitor cells, and neural stem cells [82, 83],
and it is essential for the maintenance of GSCs [80]. CD133
silencing in GSCs reduces proliferation, self-renewal, and
tumorigenic capacity. Accordingly, GBM patients with high
CD133 levels show poor clinical prognosis [84].
CD44 is a surface receptor that preferentially binds to
hyaluronic acid (HA) [85]. In cancer cells, CD44 modulates
adhesion, migration, and cell division. CD44 is expressed
in GSCs and stem cells from other tumors such as breast
and colon carcinomas and leukemias [86–88]. In brain
tumors, CD44 expression is associated with increased tumor
initiation and progression. In a mouse model of glioma,
CD44+/+ animals developed significantly more high-grade
gliomas and had shorter survival times than did CD44+/−
or CD44−/− mice [89]. Accordingly, CD44 showed higher
expression in higher-grade brain tumors [90].
Recent evidence suggests that CD133+ and CD44+ cells
represent two different populations of GSCs with different
transcriptomic signatures and cell functions. GSCs expressing CD133 display a proneural phenotype, while CD44+ GSCs
are mesenchymal [91]. Patients with tumor CD44 expression
have more aggressive, angiogenic, and radiation-resistant
phenotypes but respond better to Temozolomide. In contrast,
patients with CD133 expression had a better response to
radiotherapy [92]. Moreover, CD133+ and CD44+ cells can
be found simultaneously in xenotransplants generated from
patients-derived glioma cells. Hypoxia induces a change from
CD44+ to CD133+ , but chemotherapy switches from CD133+
to CD44+ [78]. Thus, cell plasticity allows the bidirectional
conversion between the two phenotypes in response to
environmental factors.
4.1. PI3K/AKT/mTOR Pathway Also Controls Apoptosis in
GSCs. The PI3K/AKT/mTOR signaling cascade promotes
proliferation and survival in GSCs. The evidence supporting
this idea comes mainly from the effects of inhibitors of the

BioMed Research International
pathway in GSCs. For example, the use of FC85, a dual
AKT/mTOR inhibitor, induces apoptosis both in glioblastoma cell lines and in GSC-enriched cultures. Furthermore,
the reactivation of p53 with an MDM2 inhibitor enhances
the apoptotic effect of FC85 in GSCs [33]. NVP-BEZ235 is an
imidazoquinoline that acts as a dual inhibitor of PI3K/mTOR,
and it is currently in phase 1 and 2 clinical trials for advanced
solid tumors and metastatic cancer (Table 1). NVP-BEZ235
inhibits proliferation and enhances radiosensitivity in a cell
line derived from CD133+ GSCs. The combination of NVPBEZ235 and radiation blocks cell proliferation and increases
apoptosis. Such effects correlate with the increased expression
of the proapoptotic proteins BID, Bax, and caspase-3 as well
as with augmented radiation-induced DNA damage [13]. The
PI3K pathway is also active in cancer stem cells from prostate
[93] and breast [94] tumors, highlighting the role of this
pathway in the biology of cancer stem cells.
4.2. Apoptosis Signals Specific of GSCs. GSCs are phenotypically and biologically different to the GMB bulk cells.
Proteins that are differentially expressed in GSCs can regulate
their survival. The examples provided below show that this
is the case but also demonstrate that GSCs are sensitive to
apoptosis-induction when these molecules are targeted.
Signal Transducer and Activator of Transcription-3
(STAT3) is a transcription factor whose activation plays a crucial role in proliferation, apoptosis-induction, and differentiation of GSCs. STAT-3 knock-down reduces the percentage
of CD133+ cells and neurosphere-formation in GSC-enriched
cultures and decreases tumorigenicity in vivo [95, 96]. In
human GBM cells grown as neurospheres to increase GSC
content, pharmacological inhibition of STAT-3 dimerization
decreases the expression of pluripotency, proproliferative,
and antiapoptotic genes. The treatment reduces BCL-XL
and survivin expression, inducing caspase-3 activation and
apoptosis in GSCs [97]. Similarly, inhibition of STAT3
with the natural compound cardamonin (2 ,4 -dihydroxy6 -methoxychalcone) suppresses STAT3 downstream gene
expression including BCL-XL, survivin, BCL-2, Mcl-1, and
VEGF. Consequently, cardamonin inhibits proliferation and
induces apoptosis in CD133+ GSCs [98].
The Notch signaling pathway is overactivated in GBM,
particularly in those with EGFR amplification (reviewed in
[99]). The treatment of GBM neurosphere cultures with 𝛾secretase inhibitors to prevent Notch cleavage reduces the
number of CD133+ cells and in vitro clonogenicity, demonstrating that the Notch pathway is important for stemness
maintenance. Blockage of the Notch pathway induces both
decreased proliferation and increased apoptosis. The latter
effect is associated with an inhibition of AKT- and STAT3phosphorylation and an increase in the proapoptotic cleaved
form of caspase-3 [100]. These data suggest that Notch crosstalk with PI3K/AKT and STAT3 signaling promotes the
survival of GSCs.
Finally, the Hedgehog pathway has also been implicated
in the control of apoptosis of GSCs. Arsenic trioxide (AT)
can directly bind and inhibit GLI proteins [101, 102] which
are transcriptional effectors of the Hedgehog pathway. The
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treatment of glioblastoma neurosphere cells with AT induces
apoptosis by increasing caspase-3 cleavage. AT reduces the
expression of Hedgehog pathway target genes, such as
PTCH1, N-Myc, and GLI2, but also the expression of the
Notch pathway target genes HES1, HES5, and HEY1 and that
of the pluripotency factor SOX2 [103]. These data suggest that
apoptosis-induction by AT may be caused by impairment in
multiple pathways controlling stemness.
4.3. Role of microRNAs (miRNAs) in GSC Apoptosis. At
present, studies analyzing the cellular processes regulated by
miRNAs in GSCs are scarce. However, as for other CSC,
miRNAs seem to play key roles in apoptosis, differentiation,
proliferation, migration, and invasion, as well as resistance of
GSCs. In this section, we present the linkage of miRNAs to
the signaling controlling apoptosis in GSCs (summarized in
Figure 2). This information supports the idea that miRNAs
can be potential therapeutic targets for the eradication of
GSCs, as previously proposed [76, 77].

MiR-125b is overexpressed in CD133+ GSCs and its
expression correlates with increased resistance to Temozolomide [104, 105]. A reduction in the expression of miR-125b2 in combination with Temozolomide leads to apoptosis
in GSCs by decreasing BCL-2 expression and increasing
Bax, cytochrome c, Apaf-1, casapase-3, and poly-ADP-rybose
polymerase (PARP) proteins [104]. Furthermore, Bak1 is
a direct target of miR-125b in GSCs and its exogenous
forced expression restores Temozolomide sensitivity [105].
Similarly, in breast cancer cells, miR-125b confers resistance
to paclitaxel through suppression of Bak1 [106].
The expression of miR-21 is also increased in CD133+ enriched neurosphere cultures. In those cells, Fas ligand
(FASL) is downregulated by miR-21; consequently, they have
increased proliferation and reduced apoptosis. The inhibition
of miR-21 increases FASL expression and induces apoptosis
[107], probably due to the FAS-mediated activation of the
caspase cascade. Similarly, miR-582-5p and miR-363 are
overexpressed in CD133+ human GSCs in comparison to
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CD133+ normal neural stem cells. In GSCs, miR-582-5p and
miR-363 target caspase-3, caspase-9, and Bim. Accordingly,
the inhibition of the microRNAs restores the expression of
targets and leads to decreased cell growth and increased
apoptosis [108].
On the other hand, the expression of miR-34a is lower
in glioma compared to normal brain tissue and in CD44+ enriched glioma cell lines compared with nontumorigenic
neural stem cells. MiR-34a targets Rictor, a component of
the mTORC2 complex. Thus, ectopic overexpression of miR34a in GSCs downregulates Rictor, impairing AKT phosphorylation. Reduced activation of AKT, in turn, increases
the levels of glycogen synthase kinase-3𝛽 (GSK-3𝛽) and
the degradation of 𝛽-catenin. Consequently 𝛽-catenin target
genes, such as c-Myc and Cyclin D1, are downregulated
causing cell cycle arrest and apoptosis [109].
Recently, it has been reported that miR-29a expression
is reduced in CD133+ GSCs in comparison with that of
CD133− nonstem cells. MiR-29a negatively regulates the
expression of Quaking gene isoform 6 (QKI-6) by binding to
its 3 -UTR. QKI-6 promotes the expression of WTAP [110],
which in turn interacts with and inhibits the activity of the
transcriptional repressor Wilms Tumor protein 1 (WT1) [111].
Thus, a lower level of miR-29a in GSCs releases the WT1mediated repression of key prosurvival target genes, such as
EGFR [112], and promotes the activation of the PI3K pathway
[110]. Consequently, miR29a is a tumor suppressor in GMB
and its loss allows GSCs to have continuous activation of
pathways controlling both invasion and survival.

5. Conclusions
Induction of apoptosis in GBM has showed limited benefits to date. However, clarification of the precise apoptotic
mechanism altered in each GBM molecular subtype can
develop subtype-specific therapies in the future. Moreover,
the development of new therapeutic strategies should consider the presence of GSCs within GBM tumors. GSCs
and nonstem GBM cells show common characteristics but
also substantial differences. For example, PI3K/AKT/mTOR
pathway is deregulated in both subpopulations but the impact
of stemness-related pathways or miRNAs in GSCs apoptosis
is quite unique.
Thus, in order to increase overall survival of GMB
patients, we still require basic and clinical research that
focuses on the apoptosis signaling pathways. We foresee that
such investigations will uncover new targets for therapeutic
intervention.
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The application of accurate cancer predictive algorithms validated with experimental data is a field concerning both basic
researchers and clinicians, especially regarding a highly aggressive form of cancer, such as Glioblastoma. In an aim to enhance
prediction accuracy in realistic patient-specific environments, accounting for both inter- and intratumoral heterogeneity, we use
patient-derived Glioblastoma cells from different patients. We focus on cell proliferation using in vitro experiments to estimate cell
doubling times and sizes for established primary Glioblastoma cell lines. A preclinically driven mathematical model parametrization
is accomplished by taking into account the experimental measurements. As a control cell line we use the well-studied U87MG
cells. Both in vitro and in silico results presented support that the variance between tumor staging can be attributed to the
differential proliferative capacity of the different Glioblastoma cells. More specifically, the intratumoral heterogeneity together with
the overall proliferation reflected in both the proliferation rate and the mechanical cell contact inhibition can predict the in vitro
evolution of different Glioblastoma cell lines growing under the same conditions. Undoubtedly, additional imaging techniques
capable of providing spatial information of tumor cell physiology and microenvironment will enhance our understanding regarding
Glioblastoma nature and verify and further improve our predictability.

1. Introduction
Glioblastoma (GB), a grade IV glioma as categorized by the
World Health Organization (WHO) [1], is one of the most
aggressive brain cancer types [2] with a poor prognosis for
the patient [3], despite the rapid advances in technology and
novel therapeutics. One of the most characteristic features
of GB that limits therapeutic potential is heterogeneity
[4]; both different molecular GB subtypes [5, 6] and subclonal cell populations coexist within the same tumor [7–
9]. Hence, the importance of individualized GB treatment

and understanding of patient-specific GB pathophysiology
is evident and research plans towards this aim are of great
interest.
The use of the widely scientifically studied common
GB cell lines passaged in lab conditions for decades [10] is
nowadays questionable with respect to their clinical relevance
in therapeutic outcome prediction and to their ability of
representing the extensive heterogeneity observed among
patients [11]. To this front, a common GB trend is the use
of patient-derived GB cells to enable preclinical physiologic estimations and personalize therapeutic strategy. Basic
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researchers cooperate with clinicians in order to isolate GB
cells and promote the establishment of short-term primary
GB cell cultures [12–15], which provide additional results
back to the patient. Established methods for biological
research and early drug discovery utilize cell lines grown on
plastic culture flasks. Over the years, the ability of these in
vitro systems to provide biologically relevant answers and
describe drug effects is limited due to the fact that they
are too simplistic and do not include key players of the
phenomenon. Hence, researchers seem to mobilize more
realistic experimental approaches such as 3-dimensional (3D)
cell cultures [16–20] and/or ex/in vivo implantations [14, 21–
23] to better imitate cancer in a mechanistic and conditional
way. Biological 3D models comprise an important step to
describe the early phases of tumor progression before going
to the complexity of in vivo systems.
Biological experiments are strongly linked with computational and mathematical (in silico) models. In silico models
offer a systematic framework of understanding the underlying biological processes integrating knowledge and information from multiple biological experiments and/or clinical
examinations [24]. By predicting the behavior of the system,
new targeted experiments can be designed. In that way, the
process of mathematical modeling validation is an iterative
refinement procedure [25], which terminates when a valid
and biologically plausible and concrete description of the
system that reproduces the observed cellular behaviors and
growth patterns is found. Several mathematical approaches
have been proposed to describe the complex, multiscale
spatiotemporal tumor evolution. According to their mathematical perspective, these approaches can be classified into
continuum and discrete models. Continuous mathematical
models are commonly used to describe tumors at tissue
level focusing more on the collective, averaged behavior of
tumor cells [26–28]. On the other hand, individual-cellbased models using discrete and hybrid discrete-continuous
(HDC) mathematics can describe the behavior of each cancer
cell individually as it interacts with its microenvironment.
Individual-cell-based models are in general more suitable to
describe in vitro experiments, animal models, and small-sized
tumors [29–34].
In general, such mathematical models attempt to translate
tumor physiology hallmarks [35] into computational parameters and the predicted output is subsequently validated using
as ground truth either the experimental [36, 37] or the clinical
results [38, 39]. As it is well-understood, both cell division
and local spreading are responsible for cancer expansion
[40, 41] comprising the most important aspects for cancer
progress [30, 42]. Doubling time is defined as the average
duration of cell growth and division as reflected by the cell
cycle “clock” [43]. GB tumors have a remarkable rapid growth
that has a critical role regarding the space-occupation and
the development of intracranial pressure, usually the main
reason of the GB symptomatology [44]. In previous studies,
the significance of the proliferative rate has been shown. More
specifically, in [45], the proliferation rates of different breast
cancer patients are estimated from subsequent Magnetic
Resonance (MR) images in conjunction with a simple logistic
tumor growth model and show that the proliferation rate
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estimates could discriminate patient’s survival and response
to therapy. In another study [46], the role of experimental
and simulated diffusion gradients in 3D tumors affecting
nutrient, oxygen, and drug availability within the tumor
and subsequently controlling cell proliferative rate is examined. A mathematical model parameterized from monolayer
experiments is used to quantify the diffusion barrier in
3D experiments. In the recent study [40], acquisition of
physiologic parameters from multicellular tumor spheroids
including proliferation and death spatial profiles is used
to constrain and parametrize a mathematical agent-based
model that addresses several cell growth mechanisms necessary to explain the experimental observations and reductively
translates them to tumor progress over time.
This work utilizes primary tumor cells collected from GB
patients and subsequently cultivated in vitro as 3D tumor
spheroids. As an initial step towards understanding the GB
heterogeneity among patients, we focus on proliferation.
The aim of this work is first to mathematically study the
important components affecting the growth dynamics of
tumor spheroids when motility is inhibited, mainly including
the inter- and intratumoral heterogeneity with respect to cell
proliferation and, second, to parametrize the mathematical
model based on experimentally estimated parameter values of primary GB cell lines in order to increase clinical
relevance. Doubling times and the average cell sizes of inhouse-established primary GB cell lines from three different
patients are used. The well-known U87MG GB cell line is
also used as control in the experiments. All the biological
experiments are performed simultaneously under the same
initial and growth conditions. A hybrid, individual, cellbased mathematical model is used to predict the growth
curves of the tumor spheroids and parametrized based on the
experimental data. Variations in several mathematical model
parameters are explored in order to quantify their effect on
tumor growth expansion. The simulated results are compared
to the experimental data from the relevant 3D cell cultures
and show that, in combination with the proliferation rate,
additional factors like the mechanical cell contact inhibition
are necessary to predict the in vitro evolution of the different
GB cell lines under study.

2. Methods
2.1. Sampling Procedure. Brain tissue sample is collected from
the lesions during biopsy or gross resection of patients with
indications of GB based on symptoms and MR images, while
still naı̈ve from treatment and later histologically proved to
be GB cases. For the purposes of this study, we used the
primary cells of three different patients. The first is a 70year-old male patient with de novo GB close to the left
brain motor area, also called GBP03 cells. The second, called
GBP06 cell line, was collected from a 47-years-old female
patient with a tumor in the medulla proven to be a secondary
GB, which was gradually evolved to grade IV from lower
grades within a time period of approximately 20 years. The
third sample, called GBP08, was provided by a 53-year-old
male patient with also primary GB in the temporal-occipital
left hemisphere. All samples are anonymously provided with
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the informed patients’ consent by the Neurosurgical Clinic of
the General University Hospital of Heraklion, Crete, Greece,
while the protocol has been approved by the Institutional
Ethical Committees. Because of the relatively low success rate
of the primary cell culture establishment, we are limited to
these three GB cases for this work.
2.2. Primary Cell Cultures. Later to tissue sampling in saline
solution, the specimens are immediately transferred to the
lab where they are mechanically dissociated into smaller
parts and supplemented culture medium is added (Dulbecco’s
modified Eagle medium (DMEM) with 10% fetal bovine
serum (FBS) and 1% gentamycin). After gradually removing
all cell debris and dead tissue parts, cancer GB cells are
cultured as monolayers in standard lab conditions.
As explained before, there is much heterogeneity between
GB cases and the protocol of tissue handling is slightly
modified per case. An ectopic, subcutaneous implantation to
immunodeficient mice is a procedural step that takes place
whether the conditional stability cannot be preserved in vitro
so that it cannot be assured that the isolated GB cells will
survive and proliferate in flask. Therefore, lab animals serve
as “living incubators” and usually, after the first implantation,
the cells are collected and recultured until the cell culture
is successfully established. In this work, GBP03 cells are
passaged once, while GBP06 and GBP08 cells are directly
used. All possible steps are taken to avoid animal suffering
at each stage of the experiments.
2.3. Doubling Time Assay. We use the GBP03, GBP06, and
GBP08 primary cell lines as well as the U87MG cells (ATCC
HTB-14, USA) as control line. In order to measure the
doubling time intervals of the different cell types used we
apply a simple protocol in adherent cultures. In a 24-well
plate, 20000 cells/ml of supplemented DMEM are seeded per
cell type at day zero. The plate is incubated in standard lab
conditions for approximately a week. Whenever needed, cell
culture medium is carefully renewed avoiding the adherent
(active) cell population to be disturbed.
Every 24 hours after seeding, the culture medium of one
well per cell type is removed and trypsin-EDTA (SigmaAldrich, Germany) 1x solution is added for 1-2 minutes.
After another 1 minute of trituration in order to produce
a single cell solution, all the context is removed from the
well and is transferred to a 2 ml Eppendorf tube. As a final
step, 4% formaldehyde is added to permanently fix the cells
within the tube which is stored to the refrigerator for further
use. The procedure is repeated up to the point that 100%
cell confluence is achieved. The cell concentration for each
cell type is measured with a 24-hour interval by using a
hemocytometer.
2.4. Cell Size Estimation. A divided Petri dish is plated with
a single cell solution of ∼2000 cells/ml and is incubated in
standard lab conditions overnight to let the cells adhere
in the surface of the dish. Accordingly, brightfield images
of attached single cells are captured in 40x magnification
and known acquisition parameters to an inverted light
microscope (Leica, Germany). To check size and shape

3
homogeneity between each cell population so that to assure
that the estimated average cell size will be representative, we
capture a photograph of a single cell solution within the fixed
grid dimensions of the hemocytometer.
2.5. D Spheroid Generation. We use the hanging-drop technique in order to produce spheroids from each cell type,
as recommended in [16, 17, 47]. A single cell solution of
625 cells/50 ul of supplemented double-filtered DMEM is
initially seeded per well in a 96-well hanging-drop plate
(3D Biomatrix, USA). Two rows of wells per cell type are
plated so that approximately 24 spheroids are produced.
Agarose solution of 1% w/v is added to plate’s reservoirs to
prevent evaporation of the droplets. After 2–4 days of cells
aggregating at the bottom of each droplet, we can consider
that the spheroids are finally formed. The growth progress
of the spheroids is monitored over time via photographs
taken under set acquisition parameters to an inverted light
microscope (Leica, Germany) for predecided critical time
points (2-day interval).
2.6. Data Analysis. The average doubling time of each cell
line is estimated using exponential linear regression on the
doubling time data. The average cell size of each cell line is
estimated by segmenting the area of approximately 10 randomly selected cells in brightfield images to ImageJ [48] and
averaging. The tumor expansion of the 3D spheroids is again
estimated based on the area shown in their brightfield images.
The growth curve is estimated by the mean area value ±
standard deviation over time. All the above measurements are
evaluated per cell type and many experiments are performed
for each cell type.
2.7. Computational Model Implementation of Tumor Spheroids. A simplistic HDC mathematical model is used to
describe the observed tumor growth of the 3D in vitro experiments. In the context of the HDC model, each individual cell
is described by a discrete cellular automaton, while the local
microenvironment is approximated by partial differential
equations (PDE). In the following, a concise description of
the HDC model is provided, while more thorough description can be found in [49].
2.7.1. Computational Domain. To simulate a central slice of
the 3D in vitro tumor spheroids, we set up a 2D regular lattice
of size 𝐿 = 5 mm. We assume that each ℎ × ℎ square lattice
site fits a single cell; thus the lattice site defines the cell size
as well. The same lattice is used by both the discrete and the
continuous compartments.
2.7.2. Continuous Compartment. For simplicity, we assume
that oxygen is the only limiting molecule required by the
cells in order to proliferate. The spatiotemporal evolution
of oxygen is described by the partial differential equation
(PDE) shown in (1). Oxygen is assumed to diffuse through
the domain with diffusion coefficient 𝐷𝑜 , decays naturally at
a rate 𝑎𝑜 , and is consumed by the tumor cells at a rate 𝛾𝑜 . The
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(a)

(b)

(c)

Figure 1: Example of a cell (shown in black) attempting to proliferate. Firstly, the cell searches the 1-Moore neighborhood highlighted by the
gray squares in (a). Being unable to find an empty space, it searches the 2-Moore neighborhood indicated by the gray squares in (b) and (c).
As an empty space is found, the orange cell is pushed towards the empty space as shown in (b). The latter movement frees the empty space
on the 1-Moore neighborhood and allows the proliferating cell to place an identical cell (also shown in black) to the adjacent empty space (c).

term 𝑐(𝑖, 𝑗) is 1 if there is a tumor cell at the location 𝑖, 𝑗 or 0
otherwise.
𝜕𝑜 (𝑥, 𝑦, 𝑡)
= 𝐷𝑜 ∇2 𝑜 (𝑥, 𝑦, 𝑡) − 𝑐𝑖,𝑗 𝛾𝑜 − 𝛼𝑜 𝑜 (𝑥, 𝑦, 𝑡) .
𝜕𝑡

(1)

2.7.3. Discrete Compartment. Each tumor cell is an individual
entity with its own traits. Sets of these traits are assumed to
represent a cellular phenotype. A more detailed description
of the cell life cycle can be found in [49, 50].
In this work, two mechanisms of tumor cells are mainly
considered: proliferation and death. Cellular movement has
been neglected considering that the protocol of the in vitro
experiments does not conditionally allow cell motility. Cells
die if the local oxygen concentration drops below a defined
threshold 𝑜deadly . When a cell dies, its location is immediately
treated as empty space. On the other hand, the live cells
incrementally prepare for proliferation at every time step,
until the cell age reaches their doubling time. At that moment,
the cell searches for a nearby empty space at the 1-Moore
neighborhood. If no empty space is available, the search is
expanded to the 2-Moore neighborhood (see Figure 1) and
the process is repeated up to 𝑟-Moore neighborhood, where 𝑟
is defined as the proliferation depth and determines the maximum neighborhood size. Examples of Moore neighborhood
can be seen in Figure 1. If more than one empty space is found
in the same neighborhood, one of them is randomly chosen.
As shown in Figure 1, when an empty space is found
on a neighborhood other than the 1-Moore, cells are pushed
away from the location of the proliferating cell towards the
empty space in order to create an empty space to the 1Moore neighborhood. Then the cell resets its cell age and
places a copy of itself at the adjacent empty space. If no
empty space has been found, the cell enters a quiescent state
at which it constantly searches for empty space, without
further increasing its age. The extended proliferating rim
describes the maximum distance over which a cell is capable
of pushing other cells away in order to create space for its
proliferation and reflects the mechanical growth inhibition
processes observed in growing cell populations [40].

3. Results
In this work, the in vitro estimated doubling times and cell
sizes of three in-house-established primary GB cell lines,
as long as of the U87MG cells, are used to initialize the
individual-cell-based mathematical model in an attempt to
predict their different growth patterns. A sensitivity study is
performed where the effects of important factors affecting
tumor spheroid expansion such as the doubling time, the
cell size, and the depth of the proliferative rim and the
coexistence of multiple clones with different proliferative
capacities within the tumor are computationally explored.
We argue that, as expected, proliferation is one of the most
defining characteristics regarding tumor expansion and that
tumor predictive computational models should prioritize
these remarkable variances between individuals and not just
based on theoretically defined values.
3.1. In Vitro 2D Cultures
3.1.1. Cell Size Estimation. A usual answer of what a common human (cancer) cell diameter could be is about 10
to 100 microns [51, 52], and actually, most computational
approaches assume cell size within 10–30 microns [29]. In
2D cultures of low confluence, the cell size and shape are
in resting state and not crucially influenced by neighboring
cells. As depicted in Figure 2, there is much homogeneity in U87MG culture with the cells conforming a rather
prolonged typically observed shape, with a soma cell size
varying between 19 and 24 microns in diameter (see also
Table 1). On the contrast, all primary cells used in our
study are smaller and typically round with not many cellular
protrusions compared to U87MG cells, yet cells of the same
cell line appear to differ within the same population. In case
of U87MG cells, it is expected that after all these years in lab
conditions there is not much morphological diversity within
the cell population and that the cell soma size adequately
represents the cell line. On the other hand, regarding primary
cells, the cell size is only an average of all possible phenotypes
within each cell line. More specifically as denoted in Table 1,

BioMed Research International

5
Initial day

Final day

GBP08

GBP06

GBP03

U87MG

Adherent culture

100 m

50 m
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Figure 2: U87MG cells along with primary GB cells growing as monolayers ((a) 40x magnification) and as hanging-drop spheroids (initial
day in (b) and final day in (c), 4x magnification). Scale bars are 50 and 100 microns, respectively. The initial day is set to be the first day of cell
aggregation in spheroidal shape after seeding, meaning Days 2–4. Accordingly, the final day is the time point where spheroids start to deform
and decompose, usually approaching well’s borders. This day is Day 14 for most primary spheroids.

Table 1: Mean cell sizes and doubling times (±standard deviation) as estimated from the in vitro experiments for the respective cell lines (first
column). The in silico values used to initialize the HDC model regarding the doubling time are also shown.
Cell type
U87MG
GBP03
GBP06
GBP08

In vitro estimations
Cell diameter (𝜇m)
21.5
19
16
15

GBP03 cells have an average cell diameter of 19 microns,
while GBP06 are approximately 16 microns and GBP08 are
close to 15 microns in diameter. Also, U87MG cells, when
growing in adherent cultures, intrinsically form aggregates
when much confluent. On the contrary, the primary cells
studied here seem to continue as monolayers no matter the
level of confluence. Obviously, the average cell size of a certain
cell population, no matter how well represented in 2D, it is
not maintained when growing in 3D culturing since other
physiological parameters that will be discussed next also
affect the cell surface-to-volume ratio altering both size and
shape.

Doubling time (h)
30.8 ± 2.5
25.4 ± 0.5
23.5 ± 0.7
23.0 ± 1.5

In silico values
Doubling time (h)
33
25
23
22

3.1.2. Doubling Time Estimation. Based on literature, glioma
cells usual doubling time ranges from 24 h to a couple
of days [53], but more often established primary GB cell
lines are recorded to vary few days [12, 54, 55]. Particularly
for U87MG cells, they are supposed to have a population
doubling time approximating 34 hours, according to their
product sheet (ATCC HTB-14, USA). Our measurements
presented in Table 1 are in line with the bibliographic records.
Specifically, U87MG cells have a mean doubling time of 30.8
± 2.5 h, which is the slowest division between the cell types
we use. Among the primary cell lines, GBP03 cells divide
approximately every 25.4 ± 0.5 h, while GBP06 and GBP08
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Figure 3: Growth of the tumor spheroid area over time for the in vitro experiments of each cell line.

have similar doubling times estimated at 23.5 ± 0.7 h and 23.0
± 1.5 h, respectively.

leads to a multifactorial subclonal spheroid growth integrated
to average estimations.

3.2. In Vitro GB Spheroids. The hanging-drop technique used
here to generate the 3D spheroids is a method conditionally
approaching the real avascular tumoral state in vivo [17].
The spheroid size is determined with optical microscopy and
monitored over time. It should be noted that, the imaging
approach used here cannot give any quantitative estimate of
the compactness of the cells or any other spatial information
including the number of the cells, the cell size, shape, and
polarity, which are definitely different between 2D and 3D
structures.
In general, we observe that both primary and U87MG
cells need approximately 4 days from single cell solutions
to aggregate into spheroidal structures, while during this
starting period, they seem to suppress proliferation capacity.
However, most often, primary cells aggregate sooner than
U87MG ones after seeding.
Figure 2 illustrates the growth area of the in vitro
spheroidal domains as imaged in 2D brightfield images at the
initial and final day. The growth curves of each cell line are
shown in Figure 3. An apparent difference between patients,
but also between primary and conventional cell lines, can
be observed. To be more specific, all primary spheroids
grow larger than the U87MG cells. GBP06 and GBP08
primary spheroids follow an initial fast growing, exponential
phase that slows down after approximately 6 days. U87MG
spheroids have an almost linear growth pattern. It has to be
clarified that the spheroids reach the well’s borders before the
plateau and decay phases are observed. The patients GBP06
and GBP08 adopt a high growth pattern, while the patient
GBP03 follows an intermediate growth rate closer to the
U87MG cell line. As already mentioned, especially for the
primary cell lines, the initial distribution of the subclones,
when plating the cells (Day zero), is random. This eventually

3.3. Computational Parameter Study. Prior to parametrizing and predicting the growth pattern of the multicellular
spheroids, a simple parameter study is performed to determine the extent at which the doubling time and cell size
affect the 3D growth simulation, as well as explore the effect
of additional parameters that could play a significant role in
tumor expansion including the depth of the proliferative rim
and intratumoral heterogeneity.
The discrete and the continuous part of the computational
model are parametrized accordingly to meet the experimental setup as shown in Table 2. The length 𝐿 of the computational domain equals 5 mm to resemble approximately
the size of the hanging-drop plate. Both the oxygen decay
rate and the cell’s oxygen consumption rate were adopted
from [29]. To numerically solve the PDE (1), its parameters
have been nondimensionalized by using 𝑜max , 𝜏, and 𝐿,
which correspond to the maximum oxygen concentration,
the computational iteration time, and the domain length,
respectively. Dirichlet boundary conditions are used to lock
the boundaries to the maximum oxygen concentration to
simulate the so-assumed adequate and stable nutrients’ availability, since the culture medium during the experiment
is periodically refreshed. Also, the alternating directions
implicit method is used to numerically solve the PDE [56, 57].
At first, we explore the effect of doubling time on tumor
expansion keeping the rest modeling parameters constant.
Specifically, we assume a tumor cell of size equal to 18 𝜇m
and consider a depth of proliferative rim equal to 2 cells,
while varying the doubling time from 15.5 h to 35.5 h. Figure 4(a) shows the growth curves of the tumors with different
doubling times. As expected, increased proliferative capacity
results in increased tumor expansion. If a reference time
point is picked at 10 days, we can calculate the absolute
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Table 2: The computational parameters used to initialize the HDC model.
Parameter
Domain length, 𝐿
Cell (& lattice) size, ℎ
Iteration time, 𝜏
Oxygen consumption, 𝛾0
Maximum oxygen, 𝑜max
Oxygen decay rate, 𝛼0

Value
5 mm (methods-computational domain)
14–20 𝜇m (methods-computational domain)
8 h (methods-computational domain [49])
6.25 10−17 M cell−1 s−1 (methods-computational domain [29])
6.7 10−6 M O2 cm−3 (methods-continuous compartment [29])
0.0125 (ND) (methods-continuous compartment [29, 30, 58])
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Figure 4: Growth of the tumor spheroid area over time as predicted from the computational model related to altering doubling time from
15.5 h to 35.5 h (a), the cell size from 14 to 20 microns (b), and the proliferation depth from 1 to 5 (c).

increase of area yielded by the decrease of the doubling time.
When the doubling time is reduced from 35.5 h to 30.5 h,
the area increases by approximately 24.46%; while comparing
the respective areas between the doubling times 20.5 h and
15.5 h, the area is increased by 54.87%. We can thus conclude
that the expansion area is affected more, when the doubling
times are lower. As expected, the effect is accumulative; thus
if a later/earlier time point was picked the differences would
increase/decrease, respectively.
We also explore the effect of cell size on the observable
tumor expansion. It should be noted that if counting of the
tumor cell population was possible on the in vitro experiments, then this parameter would make no difference. We
vary the cell size from 14 to 20 𝜇m, while keeping the doubling
time constant and equal to 25.5 h and the proliferation depth
equal to 2 cells. Figure 4(b) shows that, by increasing the
cell size, the tumor expansion increases as well, as expected.
Indicatively, by comparing the values at simulation time 10
days, the area relatively increases by 21.5%, 29.8%, and 31.1% as
the cell size increases from 14 𝜇m, 16 𝜇m, and 18 𝜇m to 16 𝜇m,
18 𝜇m, and 20 𝜇m, respectively.
The depth of the proliferative rim significantly affects
the tumor expansion as it increases the number of proliferative cells. Figure 4(c) illustrates the effect that different

proliferation depths have on the tumor area over time. The
proliferation time was set to 25.5 h and the cell size to 18 𝜇m.
At the reference point of 10 days, as the proliferation depth
increases from 1 to 5 cells with a step of 1 cell, the area
increases relatively to its previous value by 94.7%, 58.4%,
38.9%, and 31.3%. In other words, a considerable higher
expansion of the tumor area (94.7%) is observed when the
proliferation depth is increased from 1 to 2, as compared to a
change from depth 4 to 5. As the proliferation depth increases,
less cells enter the quiescent state and proliferate instead; this
is why the growth area is increased.
To further investigate the role of heterogeneity between
our cases, we proceed by performing simulations which
contain multiple phenotypes identical in all traits except for
their respective doubling time. All phenotypes have their
cell size set to 18 𝜇m and proliferation depth (𝑟) equal to 2
cells. The proliferation time is randomly selected for each
phenotype at the beginning of the simulation from a uniform
distribution in the interval (15.5, 35.5) hours. As shown in
Figure 5, to illustrate the impact of the phenotypic multitude,
two scenarios are considered inspired by [29]: one at which
the number of phenotypes is 100 (shown in green line)
and another where 10 phenotypes are randomly selected
(shown in purple line). Additionally, given the randomness
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Figure 5: Monoclonal and polyclonal tumor area expansion. For the polyclonal case two scenarios are considered: one at which the number
of phenotypes is 100 (green line) and another where 10 phenotypes are randomly selected (purple line). Each experiment is repeated 50 times
and the corresponding standard deviation is also shown. The mean area of three monoclonal examples with doubling times 15.5 h (red dashed
line), 25.5 h (blue dashed line), and 35.5 h (yellow dashed line) is also illustrated.
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Figure 6: Doubling time of the populations that survive over time in a polyclonal tumor. Two scenarios are considered: one at which the
number of phenotypes is 100 and another where 10 phenotypes are randomly selected. Each experiment is repeated 50 times. The minimum,
maximum, and average doubling times for both scenarios are shown, as well as their corresponding standard deviations.

of the phenotypic initialization, each experimental scenario
is repeated 50 times. Figure 5 also shows the area expansion
over time for three monoclonal examples with doubling
times 15.5 h (red dashed line), 25.5 h (blue dashed line), and
35.5 h (yellow dashed line). Figure 6 illustrates the doubling
time of the populations that survive over time. As it can be
seen, the mean minimum and the mean maximum values

of the doubling time are constant for a long period of time
indicating the presence of both the fastest and the slowest
populations within the tumor, yet the frequency of these
populations becomes progressively unequal with the fastest
population to actually overpopulate within the tumor. Thus,
a decline to minimum values of the mean doubling time is
observed.
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Figure 7: In vitro spheroidal growth as opposed to in silico for all four cell types with the final chosen sets of doubling times as shown in
Table 1 and fixed proliferation depth equal to 2. Two additional simulated growth curves are depicted with different proliferation depth values
for the GBP06 (𝑟 = 4, yellow dash dotted line) and the GBP08 (𝑟 = 3, purple dash dotted line) spheroids.

3.4. Comparison of Biological and Computational Results. In
the following, we assume monoclonal populations and parametrize the mathematical model based on the estimated
experimental values for the doubling time and cell size for
the different GB cell lines. We also parameterize the model
without taking into account the in vitro estimates of cell sizes
and keep the cell size and all the other parameters constant
in all the experiments. Parameters within the range of the
experimental biological observations are chosen to achieve
the best-fitting growth curves. It has to be noted that both
the simulated and the biological experiments have an initial
seeding population of approximately 625 cells per spheroid
per cell type. The simulations show that the in vitro estimates
of cell sizes do not improve the model predictability and that
accounting only for differences in doubling time among GB
lines results in very similar growth curves.
Table 1 shows the parameters used by the in silico model
regarding the doubling time. Figure 7 shows the in vitro
growth curves and the in silico predicted ones for all the GB
cell lines. Based on the selected doubling time values and
keeping the proliferation depth equal to 2, the growth curves
of U87MG and GBP03 cell lines are closely approximated by
the in silico model. However, the GBP06 and GBP08 cell lines
diverge significantly from the in vitro results indicating that
proliferation alone is necessary, but not sufficient to explain
the tumor expansion of different GB cell lines growing under
the same initial conditions. Hence, additional phenomena
should be taken into account. For example, increasing the
proliferative depth and/or consider the possibility that multiple phenotypes with various proliferative capacities coexist
within such tumors, then the in vitro and in silico growth
curves would come in line as our parameter study analysis

previously revealed. Alternatively one could advocate that
GBP06 and GBP08 contain phenotypes with higher proliferation depth than U87MG (and GBP03) which are expected
to thrive in compact environments such as a solid spheroid.
It should be noted that the proliferative depth could also be
affected by the development of extracellular matrix (ECM)
substrate in 3D cultures, even in the conditional absence of
a relevant substrate [17], as in our biological experiments.
This, along with antagonistic and synergetic relationships
of subclones within the growing spheroid, could alter the
mechanical responses of dividing cells, reflected in terms of
proliferation depth to our mathematical model. However, our
biological approach did not take into account a priori this
parameter, but it was the computational approach that indicates such possible behavior suggesting that ECM production
and distribution might also be different in different cell lines.
Figure 7 also shows the simulated growth curves for the
GBP06 and GBP08 after changing their proliferation depth
values from 2 to 4 and 3, respectively. The in vitro data
better correlate the relevant in silico data. Also notice that
setting the proliferation depth of GBP06 higher than the
GBP08 is important to achieve their corresponding growth
patterns, where GBP06 grows faster than GBP08, given that
the doubling time of the former is higher than the latter and
that small differences in their cell sizes are not adequate to
reverse their growth patterns. Another point that should be
marked is that the subsequent decline observed after Day 8
in the in vitro growth curves of these two cell types cannot
be predicted by the computational model. This is because the
computational model we use does not account for inhibitory
stimuli that are probably developed in real growing tumors,
since this was beyond the scope of this study.
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4. Discussion
This work utilizes primary tumor cells collected from GB
patients and subsequently cultivated in vitro as 3D tumor
spheroids and computational approaches to study, experimentally parametrize, and predict the growth dynamics
of tumor spheroids focusing on proliferation. At first, a
parameter study is performed in order to evaluate the extent
to which important factors such as the doubling time, the
cell size, and the depth of the proliferative rim, as well as
the coexistence of multiple clones with different proliferative
capacities within the tumor, affect tumor spheroid expansion
when motility is inhibited. The experimentally estimated
doubling times and cell sizes of three in-house-established
primary GB cell lines, as long as of the U87MG cells, are then
used to parametrize the computational individual-cell-based
model.
Overall the parameter study verifies the significant effect
of proliferation (depicted in both the cellular doubling time
and the depth of the proliferative rim) on tumor expansion [40] and underlines additional factors that could play
an important role on tumor growth curves including the
intratumoral heterogeneity that has been widely observed in
GB. We also observe that a multiclonal population with the
same mean proliferation exhibits a greater tumor expansion
than the corresponding monoclonal population because fitter
clones survive over time driving tumor expansion at higher
rates. Furthermore, the clonal heterogeneity within the tumor
mass allows different clones to be selected every time an
experiment is performed. Thus, a variation is observed in
the growth curves. The variance is cumulative, increases over
time, and can reach a difference of 100 𝜇m in radius after
14 days of growth (Figure 5). Furthermore, the simulations
also show that although the mean growth curves are quite
similar, the variance highly depends on the initial number
of different clones coexisting within the tumor mass such
that fewer initial clones in the population produce higher
variability (Figure 6).
Comparing the in vitro experiments with the in silico
predictions, we observe that although the proliferation rate
is necessary, yet it is not sufficient, to describe the growth
curves we observe experimentally. The simulations show that
additional factors including the intratumoral heterogeneity
together with the overall proliferative capacity reflected in
both the proliferation rate and the mechanical cell contact
inhibition can predict the evolution of different GB cell
lines. Nevertheless, further investigation of the underlying
mechanisms is critical.
In general, compactness of the spheroids can be assigned
to two factors in mesoscopic terms: (a) the cellularity, in
means of cells’ size and shape given the space, and (b) the
levels of stress tolerance, reflecting their response against
internal forces within the spheroid which vary between
division and entering quiescence state, also known as “contact
inhibition.” As smaller in size and quicker regarding divisions,
GBP06 and GBP08 cells appear to grow larger in 3D over
time than the other two cell types mainly because of their
promoted proliferative capacity reflected by the higher proliferation depth in the respective simulated growth curves (see
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Figure 7). However, this is only an assumption for our in silico
trials since there is no indication of spheroids cell density and
proliferation depth to our experimental protocol and this is a
limitation of our method needed to be taken into account in
future work.
The migratory capability of our cells is conditionally
blocked to our experiments so that it can be assumed to play
a minor role in the proliferative characteristics studied here.
However, when the different cell populations grow in 3D,
both ECM can be produced, and the cell shape and polarity
could also be affected, such that cell-to-cell and cell-to-matrix
adhesion properties could be further explain the divergence
observed over time in growth patterns between the in vitro
and in silico experiments.
We suggest that, instead of using bibliographic values
usually referenced by common GB cell lines, cell doubling
time was found to critically enhance the in silico predictability
but is insufficient to holistically describe differences in tumor
growth over time among the different GB cell lines. The
mechanical cell responses to internal forces obtained during
the growth of a compact tumor should be further investigated
experimentally, as well as the important role of intratumoral
heterogeneity. The importance of quantitative methods to
provide spatial information of proliferative, quiescent, and
necrotic cells as well as additional features including the
remodeling of ECM and phenotypic distribution regarding intratumoral heterogeneity affecting tumor expansion
becomes evident.

5. Conclusions
The massive proliferation is a defining characteristic of the
tumor nature, essential for its progress. When focusing on
such a greed form of cancer, such as GB, constantly growing
intra-axially and aggressively disturbing brain functionality,
proliferation underlying processes become incompatible in
cancer progress. In GB, heterogeneity is another typical
hallmark, not only among patients with differences between
GB molecular subtypes, but more unexpectedly, between
different regions of the same tumor with the presence of
intratumoral subclonal dormancies. We claim that future
research should be based on primary cells directly collected
from patients and that common cell lines should only serve
as landmarks to unite studies of different groups. For every
primary established cell line, not only molecular but also
physiological parameters should be estimated to enable a
more precise future clustering of different GB cases. Estimations starting with the typical doubling time as shown here
and evolving to more delicate features such as delineation of
necrotic and hypoxic regions or invasive capability or others
are highly important. To this front, computational models
may serve as predictor tools not only for estimating cancer
progress [59], but also for designing targeted biological
experiments. Simulations of cancer progress, either in vitro or
in silico, should not anymore be based on theoretical values,
especially if clinical translation is of interest. If we target the
holistic description of tumor evolution, we should follow a
stepwise approach, where computational tools can definitely
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help in identifying the most important parameters affecting
the final outcome.
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Glioblastoma multiforme (GBM) is recognized as the most common and lethal form of central nervous system cancer. To cure
GBM patients, many target-specific chemotherapeutic agents have been developing. However, 2D monolayer cell-based toxicity
and efficacy tests did not efficiently screen agents due to the pool reflection of in vivo microenvironments (cell-to-cell and cellto-extracellular matrix interaction). In this study, we used a 3D cell-based, high-throughput screening method reflecting the
microenvironments using a micropillar and microwell chip platform to draw a high-dose heat map of the cytotoxicity and efficacy
of 70 compounds, with two DMSO controls. Moreover, the high-dose heat map model compared the responses of four 3D-cultured
patient-derived GBM cells and astrocytes to high dosages of compounds with respect to efficacy and cytotoxicity, respectively, to
discern the most efficacious drug for GBM. Among the 70 compounds tested, cediranib (a potent inhibitor of vascular endothelial
growth factor (VEGF) receptor tyrosine kinases) exhibited the lowest cytotoxicity to astrocytes and high efficacy to GBM cells in a
high-dose heat map model.

1. Introduction
Glioblastoma multiforme (GBM) is the most common,
aggressive, and lethal primary malignant brain tumor that
stems from astrocytes. These tumors are usually highly
malignant because the cells can metastasize from the primary
tumor without detection and invade the surrounding normal
brain tissue to form new tumor “satellites” that lead to tumor
recurrence [1]. The current standard of care is surgical resection coupled with ionizing radiation (IR) and the chemotherapeutic agent temozolomide (Temodar, Temodal, TMZ) [2,
3]. However, this treatment only provides patients with GBM
a 12–14-month survival period after diagnosis [2, 3]. Despite
aggressive surgical resection and chemotherapy, almost all
patients with GBM present with tumor recurrence. Thus,
many target-specific or general-chemotherapeutic agents
have been developed to cure patients with GBM. Although
some of the compounds exhibit good efficacy toward GBM,

the resulting cytotoxicity of normal glial cells in the central
nervous system has been an issue. To measure cytotoxicity
of compounds in normal glial cells, neural stem cells or
astrocytes are used [4, 5]. Astrocytes are the most abundant
member of the glial family and have a wide range of adaptive
functions in the central nervous system (CNS). They interact
with neurons, provide structural, metabolic, and trophic
support, participate in synaptic activity, mediate ionic and
transmitter homeostasis, and regulate blood flow [6, 7]. Since
astrocytes play an important role in the CNS, treatmentinduced toxicity of the CNS remains a major cause of morbidity in patients with cancer [8]. Thus, a high-dose heat map
model comparing the responses of high-dose compounds on
astrocytes and GBM cells is required to validate the most
efficacious drugs toward GBM. Previous high-dose heat map
models using 2D cell-based high-throughput screening are
well developed [9, 10]. However, because 2D cell-based assay
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does not fully reflect in vivo microenvironments (cell-to-cell
and cell-to-extracellular matrix interaction), a 3D cell-based
assay was used to screen compounds [11–15], including our
previously developed system [13–17]. Especially, 3D cultured
astrocyte and GBMs show more in vivo like model [18–
20]. Thus, assay based on 3D cultured astrocyte and GBMs
with high-throughput manner may give new potential to
screen GBM target agents. Our previous system [13–17]
shows successfully data of 3D cell-based assays with highthroughput manner by comparing their own data with 2D
cell-based assay [13], gene [14], and clinical data [17]. By
applying the abovementioned quantitative 3D-cultured cellassay platform, astrocytes and patient-derived GBM cells
were 3D-cultured and screened to select the most represented
compounds that were not cytotoxic to normal brain cells
and were particularly efficient for patient-derived GBM cells.
Figure 1 shows 3D cell-based high-throughput screening
chips culturing three-dimensionally four GBM cells and
astrocyte. Since TMZ is a representative drug used in the
treatment of patients with GBM, it was used as a control
compound to verify the high-dose heat map. By comparing
TMZ with 69 other compounds, compounds in the high-dose
heat map were tested for cytotoxicity and efficacy in GBM
cells.

2. Materials and Methods
2.1. Astrocyte and Patient-Derived Cell Culture. We purchased NHA-astrocyte AGM (LONZA, Cat. number cc2565). Astrocyte was cultured with ABM Basal media
(LONZA, Cat. number cc-3187) added with AGM SingleQuot Kit Suppl.&Growth Factors (LONZA, Cat. number cc4123). Patient-derived GBM cells were obtained from GBM
patients who underwent brain tumor removal surgery at
the Samsung Medical Center (Seoul, Korea). Informed consent was obtained from all patients. Following a previously
reported procedure [13], surgical samples were enzymatically
dissociated into single cells. Four patient-derived cells were
obtained from four GBM patients. Dissociated GBM cells
were cultured in cell culture flasks (from Eppendorf, T-75)
filled with Neurobasal A (NBA) conditioned media. The NBA
conditioned media comprised N2 and B27 supplements (0.53
each; Invitrogen) and human recombinant bFGF and EGF
(25 ng/ml each; R&D Systems), hereafter, referred to as NBE
condition media. Cell flasks were placed in a humidified 5%
CO2 incubator (Sheldon Mfg., Inc.) at 37∘ C. The cells were
routinely passed every 4 days at 70% confluence. For the
experiment, the cell suspensions were collected in a 50 ml
falcon tube from the culture flask. GBM cells were then suspended in 5 mL of NBE condition media. After centrifugation
at 2000 rpm for 3 min, the supernatant was removed, and
the cells were resuspended with NBA conditioned media to
a final concentration of 10 × 106 cells/mL. The number of
cells in the NBA conditioned media was calculated with the
AccuChip automatic cell counting kit (Digital Bio, Inc.). The
rest of the cells were seeded at a concentration of 2 × 106 cells
in a T-75 flask containing 15 mL of NBA conditioned media.
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2.2. Chip Layout and Experimental Procedure. The basic layout of the micropillar and microwell chip for a 12-compound
screening is shown in Figure 2. The microwell chip is divided
into 72 lines, and each line has 6 microwells for replicates. For
compound analysis, approximately 100 cells (patient-derived
GBM cells) in 50 nL with a 0.75% alginate concentration
by volume (0.75 w/w) were automatically dispensed onto
a micropillar chip by using ASFA Spotter ST (Medical
& Bio Device, South Korea). The ASFA Spotter ST uses
a solenoid valve (The Lee Company, USA) for dispensing
the 50 nL droplets of the cell-alginate mixture and 1 𝜇L of
media or compounds. After dispensing the cells, as shown in
Figure 1(b), the micropillar chip containing human cells in
alginate was sandwiched (or “stamped”) with the microwell
chip for 3D cell culture and compound efficacy tests. A
single chip can screen 72 compounds with 6 replicates
simultaneously. A micropillar chip with alginate dispensed
on each pillar spot and the microwell chip containing 72
compounds are shown in Figure 2. The micropillar chip with
cells dispensed is stamped together with its complementary
microwell chip comprising 532 wells that are 1.2 mm in
diameter. One microliter of growth media was dispensed
into each microwell. The micropillar and microwell chip in
the combined form are shown in Figure 1(b). After 1 day
of incubation at 37∘ C to stabilize the cells, the micropillar
chip containing the cells was moved to a new microwell chip
filled with various test compounds. Next, the combined chips
were incubated for 3 days, as shown in Figure 1(b). Cell
viability against the compounds was measured with Calcein
AM live cell staining dye (4 mM stock from Invitrogen),
which stains viable cells with green fluorescence. The staining
dye solution was prepared by adding 1.0 𝜇L of Calcein AM
(4 mM stock from Invitrogen) to 8 mL staining buffer (MBDSTA50, Medical & Bio Device, South Korea). To measure
cell viability quantitatively after staining the alginate spots,
cells on the micropillar chip were scanned. As shown in
Figure 1(a), scanned images were obtained with an automatic
optical fluorescence scanner (ASFA Scanner ST, Medical &
Bio Device, South Korea).
2.3. Workflow of High-Dose Compound Heat Map. The highdose compound heat map model for measuring cytotoxicity
and efficacy in GBM cells was quantified using a 3D cellbased screening using a micropillar and microwell chip.
The workflow of high-dose compound heat map is shown
in Figure 3. 72 compounds with high dosage, including
two DMSO controls, were screened against astrocytes and
GBM cells for measuring toxicity and efficacy, respectively.
Based on astrocyte cytotoxicity and efficacy of GBM cells,
compounds were divided into four groups. For this heat map,
we selected the most promising compounds that exhibited
less cytotoxicity toward astrocytes and high efficacy toward
GBM cells.

3. Results and Discussion
To determine the cytotoxicity against normal glial cells, we
treated astrocytes (represented as normal glial cells) to high
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Figure 1: 3D cell-based high-throughput screening chips. (a) Photo and schematic view of micropillar and microwell chip platform. Green
dots are 3D-cultured astrocytes and glioblastoma multiforme (GBM) cells in alginate spot on the micropillar. (b) Schematic view of the
experimental procedure. Cells are dispensed and immobilized in alginate onto the top of the micropillars and dipped in the microwells
containing growth media for 1-day culture by sandwiching the micropillar and microwell chips. Compounds are dispensed into the microwells
and cells are exposed to the compounds by moving the micropillar chip to a new microwell chip. 3D-cultured cells are stained with Calcein
AM, and the dried alginate spot on the micropillar chip is scanned for data analysis.

dosages (20 𝜇M) of 72 compounds. Among the 72 compounds tested, TMZ is one of most popular drugs for GBM.
The lipophilic nature of TMZ permits it to penetrate the
blood-brain barrier and, thereby, allows it to be administered
orally. It has also been approved by the US FDA for use in
the treatment of refractory anaplastic astrocytoma in adults
since 1999 and in newly diagnosed adult patients with GBM
since 2005. Thus, we used TMZ as a control compound for
comparing cytotoxicity of compounds toward astrocytes. We
evaluated cytotoxicity of other compounds in comparison to
TMZ and evaluated the efficacy of these compounds with
patient-derived GBM cells.
3.1. Toxicity of High-Dose Compounds in Astrocytes. The viability of astrocytes after exposure to 72 compounds (including
2 DMSO control) after the 3- and 7-day treatment is shown
in Figure 4. 16 compounds, including TMZ, exhibited high
astrocyte viability and increased to >50% after the 3-day
compound treatment. On the seventh day, only 7 compounds
exhibited >50% astrocyte viability: cediranib, INCB28060,

nilotinib, LDE225, sotrastaurin, vismodegib, and amoral
exhibited low toxicity (with astrocyte viability >50%). However, TMZ, which is widely known for its low cytotoxicity,
exhibited high toxicity (with astrocyte viability < 18%) after
the 7-day compound treatment. 20 uM of TMZ is high dose
and TMZ shows high toxicity for long-day culture (7 days).
Thus, based on the 3-day compound treatment, we evaluated
the cytotoxicity of the compounds by comparing the viability
of astrocyte after exposure with other compounds and with
TMZ (over 90%). Among 16 compounds, 7 exhibited similar
astrocyte viability to TMZ, cediranib, INCB28060, ABT-888,
dabrafenib, vismodegib, and amoral and therefore may be
good candidates to test the efficacy against patient-derived
GBM cells.
3.2. Efficacy Test of 70 Compounds for Patient-Derived GBM
Cells. The viabilities of astrocyte and four patient-derived
GBM cells after the 3-day compound treatment are shown in
Figure 5. Most of the targeted compounds exhibited high efficacy with 20 uM dosages. By comparing efficacy of GBM cells
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Figure 2: Chip layout for high-dose 72 (including 2 DMSO controls)-compound heat map. Each compound has seven replicates.

and cytotoxicity of astrocytes, most of the compounds exhibited nonspecific, high toxicity for both GBM cells and astrocytes. Among seven nontoxic compounds, INCB28060, ABT888, vismodegib, and amoral did not suppress the patientderived GBM cells. Thus, they may be ineffective compounds
in treating GBM. TMZ, cediranib, and dabrafenib exhibited
low GBM cell viability in more than one patient-derived GBM
cell. In particular, cediranib exhibited high efficacy in all
four patient-derived GBM cells and exhibited no cytotoxicity
toward astrocytes, while TMZ showed high efficacy in only

#1 GBM cell among the four patient-derived GBM cells.
Previous studies [21, 22] have shown that cediranib is a
potent oral inhibitor of vascular endothelial growth factor
(VEGF) receptors and demonstrates improved progressionfree survival in an uncontrolled phase II study of patients
with recurrent glioblastoma. The drug is administered orally
and once daily and has a manageable side-effect profile.
In addition, it has potent antiedema and steroid-sparing
effects that may improve the quality of life of patients with
GBM. Several clinical trials are ongoing testing cediranib
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in patients with gliomas. Through this 3D cell-based highdose heat map model, we could also identify cediranib as a
valid compound for proof-of-concept of heat map model. So,
this 3D cell-based high-dose heat map could narrow down
drug candidates for GMBs. As further study, we need to draw
dose response curve to measure IC50 in GBMs about agents
showing low toxicity and high efficacy.

4. Conclusion
We used a 3D cell-based, high-throughput screening technique using a micropillar and microwell chip platform to
determine the effects of high dosage compounds on the
cytotoxicity and efficacy on astrocytes and GBM cells, which
were graphically represented in a high-dose heat map model.
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Figure 5: High-dose compound heat map. Astrocytes and four patient-derived glioblastoma multiforme (GBM) cells were treated with 70
compounds for 3 days. In the high-dose heat map (table over graph), red solid filling denotes astrocytes with viability >90% and blue solid
filling denotes GBM cells with viability <50%.

Although some compounds exhibited good efficacy toward
GBM, cytotoxicity toward normal glial cells in the central
nervous system was an impending issue. Thus, we used
a high-dose heat map model and considered both cytotoxicity and efficacy by comparing the response of highdose compound on 3D-cultured GBM cells and astrocytes
to screen the most efficacious drugs for GBM. Seventy
compounds with dosage of 20 uM, including specific-target
general-chemotherapeutic agents, were used against four
patient-derived GBM cells and astrocytes to compare the
cytotoxicity and efficacy of the compounds. For simulating
an in vivo microenvironment, GBM cells and astrocytes were
encapsulated with alginate and 3D-cultured in a micropillar
and microwell chip platform. Among the 70 compounds
tested, cediranib exhibited the lowest cytotoxicity toward
astrocyte and showed high efficacy toward GBM. Thus, in
early stage of the drug development, the micropillar and
microwell chip platform could culture patient-derived GBMs
with 3D manner and be used for screening toxicity and
efficacy of many lead compounds targeted GBMs before
animal tests or clinical trials.
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Common care for glioblastoma multiforme (GBM) is a surgical resection followed by radiotherapy and temozolomide- (TMZ-)
based chemotherapy. Unfortunately, these therapies remain inadequate involving severe mortality and recurrence. Recently, new
approaches discovering combinations of multiple inhibitors have been proposed along with the identification of key driver
mutations that are specific to each patient. To date, this approach is still limited by the lack of effective therapy. Hopefully,
novel compounds derived from natural products are suggested as potential solutions. Inhibitory effects of natural products
on angiogenesis and metastasis and cancer suppressive effect of altering miRNA expression are provident discoveries. Angelica
sinensis accelerates apoptosis by their key substances influencing factors of apoptosis pathways. Brazilin displays antitumor
features by making influence on reactive oxygen species (ROS) intensity. Sargassum serratifolium, flavonoids, and so on have
antimetastasis effect. Ficus carica controls miRNA that inhibits translation of certain secretory pathway proteins during the UPR.
Serratia marcescens and patupilone (EPO 906) are physically assessed materials through clinical trials related to GBM progression.
Consequently, our review puts emphasis on the potential of natural products in GBM treatment by regulating multiple malignant
cancer-related pathway solving pending problem such as reducing toxicity and side effect.

1. Introduction
Glioblastoma (GBM) is the most common and malignant
CNS (central nervous system) tumor originating from glial
cells [1]. It is one of the most lethal types of brain tumor
[2]. During the past 30 years, the therapies for this dreadful
disease were researched [3]. The most standard care for
GBM is surgical resection followed by radiotherapy and
temozolomide- (TMZ-) based chemotherapy [4]. Although
the standard treatments for glioblastoma have been introduced, the mean survival period of GBM still remains
short, ranging from only 12 to 15 months, and the 5-year
survival rate is only 4-5%, indicating that contemporary

treatments are not as effective in treating glioblastoma
[2, 5].
There are mainly two reasons behind the limitations on
treating glioblastoma. Firstly, various factors in the pathology
of glioblastoma deter current chemotherapies from being
fully effective. For example, the highly vascularized network
of GBM leads to resistance from conventional chemotherapy.
Also, the blood-brain barrier (BBB) makes it difficult to
deliver the drug to the cancer, resulting in recurrence without
full recovery [6].
Secondly, the drugs used in current chemotherapy of
GBM have certain limitations. The limitations include side
effects and poor effectiveness. TMZ is observed to have severe
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side effects, such as myelosuppression [7] and cerebral edema
[8]. Also, TMZ showed poor improvement in survival periods
(increased survival only for about 2 months) in patients
who received treatment with TMZ combined with radiation
and tumor resection. Furthermore, since patients die from
recurrent tumors, chemoresistance is also a problem [9].
Bevacizumab, which was especially approved in United
States, also exhibits adverse events, such as interference
in normal blood flow and occurrence of coronary artery
disease and peripheral artery disease. Other severe side
effects include gastrointestinal perforation, bleeding, allergic
reactions, blood clots, and an increased risk of infection [10].
Moreover, some say that the addition of bevacizumab to
standard chemotherapy in patients with advanced ovarian
cancer is not cost effective [11].
The limitations of current chemotherapy necessitate the
need for novel drugs that can be more effectual, induce
less side effects, and bring a favorable prognosis. Already,
natural products express various potentials, such as enhanced
bioavailability and increased stability when forming interaction between active constituents [12]. Also, especially in
cancer treatment, traditional oriental herbal medicine is used
by patients to improve immunity, since natural killer (NK)
cells are activated when drugs are admitted. This leads to
inhibition of tumor development and progression, helping
the survival of cancer patients [13].
Consequently, we collected recent papers including efficacy for GBM treatment on the grounds of angiogenesis, metastasis, apoptosis, ER stress, ROS, MDR, and
miRNA through increased stability, protection from toxicity, enhanced pharmacological activity, improved tissue
macrophage distribution, and protection from physical and
chemical degradation.
The purpose of this review exhibits scientific accuracy and
quality compared to traditional data that is to summarize and
organize by standardization, efficacy mechanism, and justification of pharmacokinetic and pharmacological parameter
[14–18].

2. Apoptotic Effect of Natural Products
Apoptosis is a well-organized programmed cell death, which
is induced by various natural products (Table 1) [19]. The
methanol extract of Angelica sinensis (AS-M) is commonly
used in natural product to treat several diseases. AS-M
activates both p53-dependent and caspase-independent
pathways for apoptosis by inducing cell cycle arrest [20].
Hyperforin (HP), polyphenolic procyanidin B2 (PB-2), and
hypericin (HY) are extracts of Hypericum perforatum L. (H.
perforatum). HP causes cell death by apoptosis involving
a caspase-dependent pathway. PB-2 triggers cytostatic and
apoptotic activities in LN229 [21]. Angelica sinensis has been
observed to have biological activities in traditional Chinese
medicines. Cell cycle arrest and apoptosis of AS-C induce
anticancer effects in GBM. n-Butylidenephthalide (BP) is
isolated from the chloroform extract of Angelica sinensis. It is
a naturally occurring compound, triggering cell cycle arrest
and apoptosis in malignant brain cancer. BP has antitumoral
activity in GBM cells via mitochondria-dependent apoptosis
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and PKC signaling which associates upregulation Nur77
[22]. Flavonoid-rich fraction 6 (Fr6) and proanthocyanidins
(PAC) fraction are isolated from cranberry presscake and
whole cranberry. They have potent anticancer effects, such
as inducing cell cycle arrest and apoptosis [23]. TCE, which
is a methanol extract of Tinospora cordifolia, significantly
showed increase of GFAP expression and differentiation in
C6 glioma cells [24]. Thymoquinone (TQ), a compound
isolated from Nigella sativa seed oil, has autophagic activity
via mediating lysosomal membrane permeabilization, as
well as caspase-independent apoptotic cell death [25].
Niclosamide is one of the 160 synthetic and natural toxic
substances. It inhibits NOTCH-, mTOR-, and NF-kB
signaling cascades of pGBM cells [26]. Brazilin, one of the
compounds in Caesalpinia sappan, enhanced apoptosis in
glioma cells with an increase of the ratio of cleaved PARP and
a decrease of the expression of caspase-3 and caspase-7 [27].
Δ(9)-Tetrahydrocannabinol (THC) and cannabidiol (CBD)
are two main cannabinoids contained in marijuana. THCand CBD-loaded microparticles showed enhanced apoptosis
and reduction of cell proliferation and angiogenesis in mice
bearing glioma xenografts [28]. Two resveratrol oligomers,
hopeaphenol and r2-viniferin, showed antiproliferative effect
in D-GBM cells by inducing caspase-9 and caspase-3/7
activation [29]. wogonin is one of the main compounds
of Scutellaria baicalensis, which trigger growth arrest as
well as apoptosis by generating reactive oxygen species in
human glioma cells. It is also shown that wogonin affects
DNA damage, p53 regulation, and the suppression of protein
synthesis [30]. Both curcumin and chokeberry extract reduce
MMP gene expression in order to inhibit invasion and
induce apoptosis [31]. Zeng Sheng Ping (ZSP, also known as
ACAPHA and antitumor B) is a composition of 6 traditional
Chinese herb used in numerous cancers. It also has an effect
on medulloblastoma and glioblastoma, inhibiting Notch
signaling and reducing expression of stem cell markers [32].
Andrographolide, a compound isolated from Andrographis
paniculata, inhibits PI3K/AKT signaling pathway and arrests
the G2/M phase, to mediate cell proliferation [33]. 3-Deoxyschweinfurthin B (3dSB) and 3-deoxyschweinfurthin B-like
p-nitro-bis-stilbene (3dSB-PNBS) are two similar compound
which mimics schweinfurthin activity. They induce PARP
cleavage and eIF2 phosphorylation and show increase of
GRP78 and PDI expression [34]. Jaceosidin, which is isolated
from the Chinese herb Artemisia argyi, leads glioblastoma
cells to apoptosis in the G2/M phase via mitochondrialcaspase-3-dependent pathway [35]. Resveratrol, a natural
compound well-known for autophagic activity, develops U87
glioma cells into autophagosome and arrests the cell cycle in
S-G2/M phase, although not being related to its cytotoxicity
[36]. Tagitinin C, which is isolated from Tithonia diversifolia
methanolic extract, increases PARP, p-p38, ULK1, and
LC3-II expression to autophagy interplay with apoptosis in
glioblastoma [37]. 2 (Z)-N-(2-(Dimethylamino)ethyl)-2-(3((3-oxoisobenzofuran-1(3H)-ylidene)methyl)phenoxy) acetamide (PCH4) is a derivative of n-butylidenephthalide (BP).
It mediates the JNK pathway and decreases Nur77 expression
[38]. 𝛾-Mangostin, a compound of Garcinia mangostana,
showed apoptotic activity by ROS production, leading to

Nigella sativa

Ericaceae

Ranunculaceae

Vaccinium
macrocarpon
(cranberry)

Apiaceae

Tinospora cordifolia

Angelica sinensis

Hypericaceae

Menispermaceae

HP 20 𝜇M for 24 h
PB-2 80 𝜇M for 24 h
(Annexin V-binding
analysis)

Hyperforin (HP), polyphenolic
procyanidin B2 (PB-2), hypericin
(HY)

Hypericum
perforatum L. (H.
perforatum)
Annexin V positive cells

Target molecules and additional
efficacy
LN229

Cell lines

DBTRG-05MG, DBTRG 8401
(human)
↑p53, p16, Bax, AIF protein
induce Fas expression, caspase-8
(dose-dependent), procaspase-9,
75 𝜇g/mL for 6, 12, 24 h
procaspase-3
(cell cycle analysis)
DBTRG↓cdk2, cdk4, cdk6, cyclin D1,
75 𝜇g/mL for 24, 48, 72 h
05MG, GBM
cyclin E,
(Cell Death Detection Kit,
8401
n-Butylidenephthalide (BP)
RG2 (rat)
POD)
(human),
↑p27, Bax, AIF induce Fas
75 𝜇g/mL for 0, 1.5, 3, 6, 12,
RG2 (rat)
expression, caspase-8 (maximum
24, 48 h (Western blot
expression at 24 h), procaspase-9,
analysis)
procaspase-3
↓cdk2, cdk4, cdk6, cyclin D1,
cyclin E, p21
cell cycle arrest (G0-G1 phase)
Fr6 concentration: 0, 50,
100, 150, 200, 250, 300 mg/L
for 24 and 48 h (cell cycle
distribution analysis)
↑G1 phase
(Annexin V, PI)
Flavonoid-rich fraction 6 (Fr6),
↓S phase
U87MG
proanthocyanidins (PAC) fraction PAC concentration: 0, 20,
cell cycle arrest (G1 phase)
40, 60, 80, 100, 120, 140,
160 mg/L for 24, 48 h (cell
cycle distribution analysis)
(Annexin V, PI)
250 𝜇g/ml, 350 𝜇g/ml for
↑GFAP, NCAM,
Ethanol extract
C6, U87 MG
72 h
↓MMP-2,9, cyclin D1, Bcl-xl
T98G, U87
Thymoquinone
20 𝜇M, 40 𝜇M for 24 h
↑p62, cathepsin B
MG
LN229,
T98G,
↓WNT/CTNNB1-, NOTCH-,
Niclosamide
1.5 𝜇m/L for 48 h
U87MG,
mTOR-, NF-kB
U138, and
U373 MG

Dose/duration

Compounds/extracts

Medical plants

Family names

Table 1: Apoptotic effect of natural products.

[26]

[25]

[24]

[23]

[22]

[21]

References
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Artemisia argyi

Tithonia diversifolia

Asteraceae

Macaranga
schweinfurthii

Asteraceae

Acanthaceae

(1) Sophora
tonkinensis
(2) Polygonum
bistorta
(3) Prunella vulgaris
(4) Sonchus
brachyotus
(5) Dictamnus
dasycarpus
(6) Dioscorea bulbifera
Andrographis
paniculata

Aronia melanocarpa

Rosaceae

Caesalpinia sappan

Scutellaria baicalensis

(1) Fabaceae
(2) Polygonaceae
(3) Lamiaceae
(4) Asteraceae
(5) Rutaceae
(6) Dioscoreaceae

Compounds/extracts

Dose/duration

↓MMP-2, -14, -16, -17

0–100 𝜇M
for 24 h
10 𝜇g/ml (curcumin),
50 𝜇g/ml (polyphenolics
from Aronia melanocarpa)

10 𝜇g/mL for 12 h

30 𝜇M for 48 h
Resveratrol

Tagitinin C

100 𝜇M/L for 24 h

↑p53, Bax, cytochrome c,
caspase-3
G2/M phase arrest
↑ Atg5, beclin-1, LC3-II, PI3k
class III
↓CD133, OCT4,
mTor/AKT/p70S6K
S-G2/M phase arrest
↑PARP, p-p38, ULK1, LC3-II

↑PARP, GRP78, PDI
↓caspase-9

3dSB (500 nM),
3dSB-PNBS (500 nM),
DMP-PNBS (1 M), or
Y-27632 (10 M) for 48 h

3-Deoxyschweinfurthin B (3dSB),
3-deoxyschweinfurthin B-like
p-nitro-bis-stilbene (3dSB-PNBS)
Jaceosidin

↓PI3K/AKT, caspase-3
G2/M phase arrest
10 𝜇M

Andrographolide

[37]

[36]

U-87 MG,
U-251, U-138
MG
U373 MG

[35]

[34]

[33]

[32]

U87 MG

SF-295

U251, U87
MG

↓notch 2, Hes1, CD133

0, 50, 100 mg/kg/day

[31]

[30]

U87 MG,
U343 MG,
U373 MG,
T98G,
MCF-10A

↑ AMPK, p53
↓mTOR, 4E-BP1
G0/G1 phase arrest

U373 MG

[29]

D-GBM

↓caspase-9, caspase-3/7

[28]

[27]

References

U87 MG

U87 MG

Cell lines

↓KI67, CD31

Target molecules and additional
efficacy
↑PARP
↓caspase-3, caspase-7

U87 MG,
HSR-GBM1
JHH-GBM10,
JHH-GBM14

ZSP (Zeng Sheng Ping)

Chokeberry extract, curcumin

Wogonin

Brazilin

10 𝜇g/ml, 15 𝜇g/ml,
20 𝜇g/ml for 24 h
75 mg MPs (biodegradable
Δ(9)-Tetrahydrocannabinol (THC)
Marijuana (cannabis)
polymeric microparticles)
and cannabidiol (CBD)
every 5 days
20 𝜇g/ml (hopeaphenol),
Hopeaphenol, r2-viniferin
100 𝜇g/ml (r2-viniferin) for
120 h

Medical plants

Lamiaceae

Cannabaceae

Fabaceae

Family names

Table 1: Continued.
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Spondiaspinnata

Rutagraveolens L.

Rabdosiarubescens

Dysosmaversipellis

Ardisiapusilla A.DC

Curcumaamada Roxb.

Rutaceae

Lamiaceae

Berberidaceae

Primulaceae

Curcuma

↓Nur77, JNK

Target molecules and additional
efficacy

(20 𝜇L, 5 mg/mL) for 4 h

0–100 mg/mL for 48 h
7.5 𝜇M for 72 h

Supercritical CO2 extract of mango
ginger (CA)
Curcumin, temozolomide

30 nM for 72 h

U87MG
U87MG, C6,
U138
U87MG
U87MG,
SF126

T98G

U87 MG,
GBM 8401

DBTRG05MG, GBM
8401

Cell lines

↓vascular endothelial growth
factor, C-reactive protein, tumor rat C6 glioma
necrosis factor-𝛼, interleukin-6, cells (in vivo)
interleukin-2
↓STAT3, Bcl-2, mutant p53
expression
U87MG
↑ratio of Bax/Bcl-2
↓phosphorylation of cyclin B1,
C6, U251MG
cyclin D1
U87MG
G2/M arrest

↓Cdc2, cyclin B1, Cdc25c

↑NK cell, ROS
↓PGE2, COX-2, NO
↑Bax, Bax: Bcl-2 ratio, cytosolic
level of cytochrome c,
Smac/Diablo (in the cytosol),
0.5, 1 mM for 24 h
80 kD calpain, caspase-9, 85 kD
PARP fragment
↓cytochrome c, Smac/Diablo,
Bcl-2, BIRC-2, hTERT
1 to 30 𝜇g/ml for 48 h
ERK1/2 activation, apoptosis
ERK1/2, AKT activation,
1 mg/ml for 24, 48, 72 hours
apoptosis in A1 mes-c-myc cells
5 𝜇M for 12 h
↓RNA transferation, RanGTP
80 𝜇M for 8 h

Ardipusilloside I (ADS-I)

Deoxypodophyllotoxin (DPT)

Oridonin

R. graveolens a.e.

Methyl gallate

Inositol hexaphosphate (IP6)

High-fiber foods
(such as corns,
cereals, legumes, nuts,
oil seed, soybean)

Anacardiaceae

𝛾-Mangostin

Garcinia mangostana

Clusiaceae

50 𝜇g/ml for 24 h

Angelicasinensis

(Z)-N-(2-(Dimethylamino)ethyl)2-(3-((3-oxoisobenzofuran-1(3H)ylidene)methyl)phenoxy)acetamide
(PCH4)

Apiaceae

Dose/duration

Compounds/extracts

Medical plants

Family names

Table 1: Continued.

[47]

[46]

[45]

[44]

[43]

[42]

[41]

[40]

[39]

[38]
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Solanaceae

Berberidaceae

Primulaceae

Apocynaceae/Zingiberaceae

Magnoliaceae

Moraceae

Oleaceae

Berberidaceae

Rubiaceae

Family names

Medical plants

Compounds/extracts

Dose/duration

Target molecules and additional
Cell lines
efficacy
↓Bcl-2/Bax ratio, AKT
suppression ↑caspase-3, Bcl-2,
U87MG
Hedyotisdiffusa Willd
HDW extract
0, 4, 8 mg/ml for 24 h
Bax and ERK
S/G2-M phase arrest, MMP
collapse
↓NF-kB, piwil4, Rac1
Epimediiherba
Icariin
0, 5, 10, 20 𝜇M for 2 h
vasodilator-stimulated
U87MG
phosphoprotein (VASP)
↓Bcl2
Human GBM
Hispidulin
10 𝜇M for 2 h
↑AMPK
SHG44
G2 cell cycle arrest
T98G,
Oleaeuropaea
Olea europaea leaf extract (OLE) 1 mg/ml, 2 mg/ml for 24 h
↑ miR-153, miR-145, miR-137
U-138MG,
U-87MG
T98G,
↓HMGA2, VEGFA ↑HMGA2,
U-138 MG,
Ficuscarica Latex
FCL extract
0.125 mg/ml for 24 and 48 h
VEGFA
U-87 MG
U87MG,
↓STAT3 signaling, ERK1/2,
U251,
Magnoliaofficinalis
Honokiol
10, 20 𝜇g/ml for 12 or 24 h ↑p38 MAPK signaling pathway
T98G
G0/G1 phase cell cycle arrest
↓nuclear NF-kB, p65, survivin,
XIAP, cyclin-D1,
↑mitochondrial cytochrome c,
Rhazyastricta,
Crude alkaloid (CAERS), flavonoid
U251
10 𝜇g/mL/for 24, 48, 72 h
Bax : Bcl-2 ratio, activities of
Zingiberofficinale
(CFEZO)
caspase-3 and -9, and PARP-1
cleavage, p53, p21, Noxa
↑Beclin 1, LC3
Ardisiapusilla A.DC
Ardipusilloside I
20 𝜇g/mL for 24 h
U373, T98G
arrest at G2/M phase
Cancer
↑miRNA-4284, JNK/AP-1
stem-like
signaling, caspase-3 and cleavage
cells (CSCs)
of poly (ADP-ribose) polymerase
from four
(PARP) microRNA-4284
GBM patients
Berberisamurensis
Berbamine derivative, BBMD3
1 𝜇g/mL/24 h or 48 h
(miR-4284), phosphorylation of
(PBT003,
the cJun N-terminal kinase
PBT008,
(JNK)/stress-activated protein
PBT022, and
kinase (SAPK)
PBT030)
↓G2/M cell cycle arrest,
U87MG,
Withaferin A (WA)
0.025–3 𝜇M for 72 h
phosphorylation of AKT, mTOR,
U251, T98G
p70 S6K, c-Met, EGFR, Her2

Table 1: Continued.

[57]

[56]

[55]

[54]

[53]

[52]

[51]

[50]

[49]

[48]
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Thiazolo[5,4-d] pyrimidines

Isochaihulactone

Kukoamine A

4,6-Dichloro-5aminopyrimidine

Bupleurum
scorzonerifolium
(Nan-Chai-Hu)

Lycium chinense (Lycii
radicis [Cortex])

Apiaceae

Solanaceae

0, 5, 10, 20 𝜇M for 48 h (cell
cycle)
40, 60, 80 𝜇M for 48 h on
U251; 10, 20, 30 𝜇M for 48 h
on WJ1 (Annexin V-PI
double stain, cell activation
observed, Western)

No concentration (all cell
ER stress Western)
80 𝜇M for 0, 24, 48 h (cell
cycle)
20, 40, 80 𝜇M for 24 h
(Annexin V-PI double
stain)
50, 200 mg/kg daily for 30 d
(in vivo)

48 h

GBM cell
lines
8401, 8901,
↑DDIT3, NAG-1, PARP,
U87MG,
caspase-3/9/7
G2T,
↓pERK, Bcl-2
131TXM,
cell cycle arrest G2/M phase,
1XM, RG2,
subG1 population increase
GL261
(naturally pERK induce DDIT3.
But DDIT3 increased with low (each cell for
ER stress
pERK. There is new pathway to
Western, 2
increase DDIT3)
cells for cell
cycle)
↑Bax, caspase-3, E-cadherin
↓5-Lipoxygenase (5-LOX), Bcl-2,
CCAAT/enhancer binding
protein 𝛽 (C/EBP𝛽), N-cadherin, Human GBM
vimentin, twist and snail+slug cells U251 &
WJ1,
Proliferation, colony formation,
rat glioma
migration, invasion, growth of
cells (C6)
tumors all decreased, cell cycle
arrested G0/G1 phase, less cell
cycle S phase, less cytotoxic for
C6

T98G

[62]

[61]

[60]

[20]

DBTRG05MG,
BALB/3T3

↑p16 and p53, CDK inhibitors
cell cycle arrest at the G0-G1
phase

100 𝜇L for 72 h

Methanol extract of
Angelicasinensis

Angelica sinensis

Apiaceae

[59]

Perillyl alcohol: ↑TGF-𝛽
Limonene: ↓isoprenylation,
coenzyme Q synthesis

Perillyl alcohol (monoterpene
alcohol) //

Lavandin,
peppermint,
spearmint, sage,
cherries, cranberries,
Perilla
(Perillafrutescens),
lemongrass, wild
bergamot,
gingergrass, savin,
caraway, celery
seeds//lemon

[58]

B16F10
melanoma
(mice)

↓actin, CYP3A4 cytostatic effect

Lycorine

References

Cell lines

Target molecules and additional
efficacy

Sternbergialutea

Dose/duration

Amaryllidaceae

Compounds/extracts

Medical plants

Family names

Table 1: Continued.
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Lamiaceae

N/A

Valerianaceae

Family names

Compounds/extracts

Dose/duration

Target molecules and additional
efficacy
Cell lines

0, 20, 40, 60, 80 𝜇g/mL for
24, 48, 72 h (cell counting,
AO/EB Dual Fluorescence
↓caspase-3/9, PARP
Staining)
cell shrinkage, membrane
0, 20, 40, 60, 80 𝜇g/mL for
blebbing, echinoid processes,
U87M (every
24 h (cell cycle analyses)
pyknosis, myorrhexis, low
Nardostachys
experiment),
0, 20, 40, 60, 80 𝜇g/mL for 1
N/A
density (∼40 𝜇g/mL) early
jatamansi [Rhizome]
U373MG
week (clonogenic assay)
apoptosis, high density
10–70 𝜇g/mL for 24 h (DNA
(60 𝜇g/mL) late apoptosis, G0/G1
Fragmentation)
arrest [60, 80 𝜇g/mL]
No concentration measured
for 24 h (Western
immunoblotting)
DBTRG05MG, U251,
U87MG
200 𝜇M for continuous
(DBTRG↑Bax, cleaved caspase-3,
time (over 90 h) (real-time
05MG for
caspase-9, Bad
cell analyser instrument)
N/A
Myricetin
every
↓cytochrome c, Bcl-2, MDM2,
25, 50, 100, 200 𝜇M for 24 h
experiment, 3
K-Ras, Raf-1, ERK, pERK
(Western)
cells for
real-time cell
viability)
↑intracellular reactive species
(RS) (high density)
Rosmarinic acid (RA) //
0, 50, 100, 140, 170, 200,
↓intracellular reactive species
luteolin-7-glucoside, caffeic acid,
250, 300, 400 𝜇M for 24,
(RS) (low density)
rosmarinic acid, protocatechuic
48 h (RA cell viability)
cell proliferation decrease, at low
acid, caftaric acid, ferulic acid,
0, 50, 100, 140, 170, 200 𝜇M
density cell viability increase, at
cichoric acid, Dulbecco’s modified
for 24, 48 h (N1 cell
C6 rat
middle density apoptosis &
Eagle’s medium (DMEM), Ampliflu
viability)
Melissa officinalis
antioxidant effect, at high density glioblastoma
Red, 2 ,7 -Dichlorofluorescin
0, 10, 25, 40, 50, 75, 100 𝜇M
prooxidant effect & necrosis
diacetate (DCFH2-DA),
for 24, 48 h (N2, N3 cell
RA < Aqueous < Ethanolic
3-(4,5-dimethylthiazol2-yl)-2,5viability)
40% < Ethanolic 70% (effect)
diphenyl-tetrazolium bromide
(highest density is 0%
(pure RA, aqueous (N1),
(MTT), HPLC grade acetonitrile,
survive)
ethanolic 40% (N2), ethanolic
trifluoroacetic acid (TFA)
70% (N3), 4 kinds compared)

Medical plants

Table 1: Continued.
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Ginsenoside Rg3
[temozolomide (TMZ)]

Panax ginseng

Zataria multiflora

Araliaceae

Lamiaceae

Lithospermum

Curcuma longa

Boraginaceae

Zingiberaceae

Curcumin (diferuloylmethane)
[temozolomide (TMZ)]

Shikonin

Thymol, carvacrol

N/A

Acori graminei
[Rhizoma]

N/A

Araceae

Compounds/extracts

𝛽-Escin
[temozolomide (TMZ)]

Medical plants

N/A

Family names

Target molecules and additional
efficacy

Cell lines

0, 2, 4, 6, 8, 10 𝜇M for 48 h
(cell viability)
(Patient0, 2, 4, 6, 8, 10 𝜇M 𝛽-escin +
derived)
0, 2, 4, 6, 8, 10, 50, 100 𝜇M
glioblastomaTMZ for 48 h (𝛽-escin,
↑cleaved PARP-1
initiating cells
synergy with TMZ
TMZ combined cell
(GIC),
viability)
U87MG
No measurement of
concentration for 24 h
(Western only PARP-1)
↑Bax, cleaved caspase-3/8/9,
0, 50, 100 𝜇g/mL for 48 h on
A172,
A172; 0, 100, 200 𝜇g/mL for mTOR (A172 only), LC3II/I, atg5,
U87MG,
beclin-1, p-AMPK (both)
48 h on U251 (Annexin
U251, U118,
↓Bcl-2, p-p70S6K, p-mTOR
V-PI double stain)
4 cell MTT
(A172 only), p62 (both)
0, 25, 50, 100 𝜇g/mL for 48 h
(all
Etop inhibition pathway is
on A172; 0, 50, 100,
200 𝜇g/mL for 48 h on U251 contrasted with each experiments experiments)
dependent/independent confirm
(Western)
Primary
10, 20, 40, 80, 120,
human
180 𝜇g/mL TMZ or RG3 for
umbilical vein
24, 48, 72, 96, 120, 144 h; 10,
endothelial
↓VEGF
80, 180 𝜇g/mL TMZ&RG3
cells
Synergy with TMZ
1 : 1 for 24, 48, 72, 96, 120,
(HUVECs),
144 h (proliferation
rat C6 glioma
inhibition)
cell
0, 25, 50, 100, 150, 200 𝜇g/ml
for 2 h and 0, 3, 6 Gy
ZM treatment strengthen IR
A172
Ionizing radiation (IR).
antiproliferation
After IR incubated for 48 h
in fresh medium (MTT)
2.5, 5, 7.5 𝜇mol/L for 0, 12,
↑p-𝛽-catenin Y333 (U251 only)
24, 36, 48, 72 h (Cell
↓MMP-2, MMP-9, p-AKT,
proliferation)
p-PI3K (both), p-𝛽-catenin Y333
U87MG,
0, 2.5, 5, and 7.5 𝜇mol/L for
(U87 only)
U251
0, 24, 48 h (scratch
scratch wound-healing assay:
wound-healing assays)
higher density shikonin less
2.5, 5, 7.5 𝜇mol/L for 48 h
regrowth
(Western)
20, 50, 100 𝜇M curcumin
for 72 h
↑N/A
U87MG
100, 300, 500 𝜇M TMZ for
↓N/A
72 h (MTT)
Synergy with TMZ

Dose/duration

Table 1: Continued.
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[68]

[67]
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Ranunculaceae

Family names

Prenylflavanone (propolin G),
Taiwanese propolis (TP)

Taiwanese propolis
(Erhmei (in central
Taiwan), Fangliao (in
southern Taiwan))

Berberine

Three benzopyrans
(6-isobutyryl-5,7-dimethoxy-2,2dimethyl-benzopyran (1),
7-hydroxy-6-isobutyryl-5methoxy-2,2-dimethyl benzopyran
(2), 5-hydroxy-6-isobutyryl-7methoxy-2,2-dimethyl-benzopyran
(3))

Coptischinensis,
Hydrastiscanadensis

Hypericum
polyanthemum

Curcumin

Compounds/extracts

Medical plants

U-87MG

↑G1 phase, p21, Egr-1,
phosphorylated ERK1/2, JNK1/2,
p38, phosphorylated Elk-1, ↓S
phase, G2-M phase, cyclin
D1/cell cycle arrest (G1 phase),
ERK and JNK MAPK/Elk-1/Egr-1
signal cascade (p53-independent
transcriptional activation of
p21Waf1/Cip1)

10 𝜇g/ml/96 h (cell cycle
analysis)

↑% sub-G1/cell cycle arrest
(G2/M phase)

U-373MG

T98G

rat C6
glioma,
DBTRG05MG
(human)

Cell lines

↑sub-G1 cell population,
caspase-3, caspase-8, caspase-9,
cleavage form of PARP (85 kDa),
p21waf1, ↓ procaspase-3,
procaspase-8, procaspase-9, Bid,
cyclin B1, cyclin D1, EC50
(20.5 𝜇M)/caspase-dependent
signal pathway,
mitochondrial-dependent
pathway, modulation of cell cycle
regulators’ gene expression, ROS

Target molecules and additional
efficacy

↑G1 phase, p27, Bax, caspase-9,
caspase-3, PARP, ↓G2/M phase, S
50, 75, 100, 150 𝜇g/ml/48 h phase, CDK2, CDK4, cyclin D,
cyclin E, Bcl-2 family,
(cell cycle analysis). 0, 50,
100, 150, 200 𝜇g/ml/24 h procaspase-9/cell cycle arrest (G1
(Western blot, caspase-3 phase), apoptosis (disruption of
colorimetric protease assay) the mitochondrial membrane
potential, activation of caspase
pathways)

0, 2.5, 5, 10 𝜇g/mL/72 h (cell
cycle analysis).
7.5 𝜇g/mL/24 h
(morphological analysis of
apoptotic cells).
12.5 𝜇g/mL/0, 4, 5, 6, 7 h
(activity of caspase. Rat C6
glioma). 0, 2.5, 5, 7.5,
10 𝜇g/mL/48 h (Western
blotting assay). 2.5, 5, 10,
20, 40 𝜇M with 1.0 mL of
0.3 mM DPPH in methanol
(DPPH free radical
scavenging activity)
20 𝜇mol/L/12, 24 h (cell
cycle analysis). 0, 5, 10, 15,
20, 25 𝜇mol/L/2 h (Western
blot). 20 𝜇mol/L/0, 0.25,
0.5, 1, 2, 4, 6, 12, 24, 48 h
(Western blot).
20 𝜇mol/L/0, 15, 30, 60,
120 min (Western blot).
20 𝜇mol/L/0, 5, 15, 30,
60 min (Western blot)

Dose/duration

Table 1: Continued.
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cell damage and ROS-dependent mitochondrial dysfunction
[39]. Inositol hexaphosphate (IP6) is a phytochemical, found
in corns, cereals, nuts, and high-fiber content foods. IP6
has apoptotic effects that upregulates calpain and caspase-3
activities and downregulates the survival factors BIRC-2 and
telomerase in T98G cells [40]. Methyl gallate isolated from
Spondias pinnata activates ERK1/2 which results in apoptosis
[41]. Water extract of Ruta graveolens L., commonly known
as rue, induces death in different glioblastoma cell lines. Its
effects were mediated by ERK1/2 and AKT activation and
the inhibition of the pathways, PD98058 and wortmannin,
reverting its antiproliferative activity [42]. Oridonin, a natural diterpenoid compound isolated from the traditional Chinese medicine, Rabdosia rubescens, induced U87MG glioma
cell apoptosis and RNA accumulation in nucleus at 12 h-time
point. Before U87MG cell apoptosis, the RanGAP1 protein
amount decreased and RanGTP accumulated in nucleus
[43]. Deoxypodophyllotoxin (DPT) is a semisynthetic
compound derived from the extract of Dysosma versipellis
(Hance) M.Cheng. G2/M phase arrest by DPT results in cell
death. However, DPT failed to downregulate these cell cycle
regulatory molecules in SF126 glioblastoma cells and stopped
the cell cycle at M phase [44]. Ardipusilloside I (ADS-I) is
a natural compound that can be isolated from Ardisia pusilla
A.DC. It was incorporated into polymer microspheres. ADS-I
wafers’ biodegradable implants against glioblastoma are associated with a decrease in vascular endothelial growth factor,
C-reactive protein, tumor necrosis factor-𝛼 and interleukin6, and an increase in interleukin-2 expression [45]. Supercritical CO2 extract of mango ginger (Curcuma amada Roxb.)
demonstrates anticancer activity in the U-87MG human
glioblastoma cell line directly or in synergistic combination
with conventional chemotherapeutic drugs. This is related
to downregulating the mRNA expression of genes such as
STAT3, Bcl-2, and p53 and increases the Bax/Bcl-2 ratio
[46]. Curcumin, combined with temozolomide, showed
synergy in inhibiting growth of glioblastoma cell line [47].
Hedyotis diffusa Willd extract inhibits the growth of human
glioblastoma cells by inducing mitochondrial apoptosis
via AKT/ERK pathways [48]. Icariin and temozolomide
demonstrate synergistic anticancer effects in glioblastoma.
Icariin inhibited proliferation, induced apoptosis, prevented
migration and invasion in U87MG cells, demonstrating the
antitumor activities of icariin against GBM [49]. Hispidulin is
a naturally occurring flavonoid, which can be extracted from
Saussurea involucrata Kar. It enhances the antitumor effects
of temozolomide in glioblastoma by activating AMPK [50].
Olea europaea leaf extract improves the treatment response
of GBM stem cells by modulating miRNA expression. OLE
exhibited apoptosis and necrosis in the GBM cell lines and
significantly induced the expression of miR-153, miR-145,
and miR-137 and decreased the expression of the target genes
of these miRNAs in GSCs [51]. Ficus carica Latex extract
prevents invasion through induction of let-7d expression
in GBM cell lines. FCL causes cell death in GBM cells with
different responses to TMZ and this effect is synergistically
increased in combination with TMZ [52]. Honokiol, a natural
bioactive molecular compound isolated from the Magnolia
officinalis, downregulates STAT3 and activates MAPK, which
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are involved in the induction of apoptosis in glioblastoma cell
line U87. HNK increased expression of Bax and decreased
expression of Bcl-2, resulting in downregulation of Bcl-2/Bax
ratio and confirming that the intrinsic apoptotic pathway is
also involved in HNK-induced apoptosis in U87 cells [53].
Crude extracts from Rhazya stricta and Zingiber officinale
affect growth and proliferation of GBMs. Apoptosis induction
was mediated by release of mitochondrial cytochrome c,
increased Bax : Bcl-2 ratio, enhanced activities of caspase-3
and caspase-9, and PARP-1 cleavage [54]. Ardipusilloside I,
a triterpenoid saponin isolated from Ardisia pusilla A.DC,
significantly inhibited proliferation of both U373 and T98G
glioma cells. The cytotoxic activity of ADS-I is associated
with the induction of G2/M arrest and cell apoptosis
[55]. Berbamine derivative (BBMD3) inhibits cell viability
and induces apoptosis in cancer stem-like cells of human
glioblastoma, via upregulation of miRNA-4284 and JNK/AP1 signaling. BBMD3 also increased phosphorylation of the
cJun N-terminal kinase (JNK)/stress-activated protein kinase
(SAPK), resulting in increased expression of phosphorylated
cJun and total c-Fos [56]. Withaferin A, an oxidative cytotoxic
agent, resensitizes temozolomide-resistant glioblastomas
via MGMT depletion and induces apoptosis through
AKT/mTOR pathway inhibitory modulation [57]. Lycorine,
C1, C2-ether derivatives of Sternbergia lutea, downregulates
activity of highly lipophilic analogues against cancer cells.
The derivatization of C1- or C2-hydroxyls as methyl ethers
causes a complete loss of activity [58]. Perillyl alcohol
(monoterpene alcohol) and limonene, respectively, play an
important role in cancer therapy. Both can inhibit tumor
progression through downregulation of basal production of
VEGF in cancer cells. They also suppress the mevalonate
pathway and isoprenylation of small G proteins, leading to
tumor regression [59]. The methanol extract of Angelica
sinensis induces cell apoptosis and suppresses tumor
growth in human malignant brain tumors. The AS-M
mechanism was found to involve the cyclin/CDK/CKI cell
cycle regulatory system and the upregulation of p16 and
p53 expression [20]. Thiazolo (5,4-d) pyrimidines displayed
significant antiproliferative activity, particularly in leukemia
and lung adenocarcinoma cells [60]. Chinese traditional herb
Nan-Chai-Hu, the root of Bupleurum scorzonerifoliu, has
isochaihulactone. Isochaihulactone-induced DDIT3 caused
apoptosis by stimulating pERK-independent apoptosis. Used
with isochaihulactone in GBM cell lines, it can cause ER
homeostasis disruption by increasing inducing DNA damage
inducible transcript 3 (DDIT3) and NAG-1 expression. PARP
and caspase-3/9/7 are also increased, and Bcl-2 is decreased.
The cell cycle arrested at G2/M phase and showed increased
apoptosis. DDIT3 expression was independent of 78 kDa
glucose-regulated protein (GRP78) and protein kinase
RNA-like endoplasmic reticulum kinase (pERK) expression.
In in vivo studies, tumor growth was suppressed. Also, in the
xenograft model, DDIT3 and caspase-3 overexpression, not
pERK expression, were observed in the xenograft model [61].
Cortex lycii radicis is the dried root bark of Lycium chinense.
Growth inhibition effect on GBM cells was observed from
crude extract of Cortex lycii radicis. Kukoamine A (KuA) is a
spermine alkaloid derived from it. KuA treatment suppressed
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proliferation, colony formation, growth of tumors, migration,
and invasion of GBM cells. KuA increases apoptotic proteins,
Bax, and caspase-3 and decreases antiapoptotic protein Bcl-2.
In addition, E-cadherin was increased, and 5-lipoxygenase
(5-LOX), CCAAT/enhancer binding protein 𝛽 (C/EBP𝛽),
N-cadherin, vimentin, twist, and snail+slug were decreased.
Cell cycle was arrested in G0/G1 phase, and S phase was
reduced in a dose-dependent manner in both U251 and WJ1
cells. On human normal liver cells (LO2), KuA showed less
cytotoxicity [62]. Nardostachys jatamansi Rhizome extract
(NJRE) reduced caspase-3, caspase-9, and PARP. NJRE
at lower dose (20∼40 𝜇g/mL) caused excessive nucleation,
mitotic catastrophe, DNA fragmentation, and early apoptosis,
while higher dose (60∼80 𝜇g/mL) induced late apoptosis
and G0/G1 arrest [63]. Myricetin (MYR) is one of the
natural herbal flavonoids, which has noticeable anticancer
properties with nearly zero side effects. MYR-induced
cytotoxicity caused glioblastoma cell death by mitochondrial
apoptotic pathway. Treated with MYR, cytochrome c,
Bcl-2, MDM2, K-Ras, Raf-1, and ERKs (ERK and pERK)
are decreased, and Bax, cleaved caspase-3, caspase-9, and
Bad are increased. Pluronic-based micelle encapsulation
on MYR (MYR micelles (MYR-MCs)) strengthens the
effect of MYR itself [64]. Lemon balm (Melissa officinalis)
aqueous extract has a number of phenolic compounds,
protocatechuic, caftaric, caffeic, ferulic, and cichoric acids
and flavonoid luteolin-7-glucoside. At 50 𝜇M–200 𝜇M, it
showed cytotoxic effect and initiated apoptotic cell death.
The biggest amount of active compounds was extracted
when using 70% ethanol and has the highest cytotoxic
activity on glioblastoma cells. At lower concentrations,
intracellular reactive species was decreased. By contrast,
at higher concentration, intracellular reactive species was
increased. Rosmarinic acid (RA) can be also be found in
the dominant and predominant compound. RA showed
cytotoxicity on glioblastoma cells. Its LC50 is 290.5 𝜇M for
24 h and 171.3 𝜇M for 48 h. 80–130 𝜇M of RA caused an
antioxidant effect and suppression of the cell proliferation.
At higher than 200 𝜇M, RA have a prooxidant effect and
initiate necrotic cell death [65]. 𝛽-Escin is natural compound
that is a selective inhibitor of glioblastoma-initiating cells
(GIC) viability. 𝛽-Escin exhibited significant cytotoxicity
in nine patient-derived GIC, while no substantial effect
on the other human cancer or control cell lines is tested.
Furthermore 𝛽-escin had stronger effect than current
clinically used cytotoxic agents at reducing GIC growth.
It triggers caspase-dependent cell death and causes a loss
of stemness properties. But blocking apoptosis could not
reduce the 𝛽-escin-induced effect in sphere formation or
stemness marker activity. This result suggests that 𝛽-escin
directly changes the stem identity of GIC, independent of
inducing the cell death [66]. Acori Graminei Rhizoma is
used for traditional medicine, which has beneficial effects
on CNS disorders. Volatile oil of Acori Graminei Rhizoma
(VOA) was tried on human glioblastoma multiforme (GBM)
cells. VOA suppressed tumor cell growth greatly and showed
very low effect on fibroblasts and human glial HEB cells. By
VOA, caspase-dependent apoptosis, and p53/AMPK/mTOR
signaling pathway autophagy was observed in p53 wild-type
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A172 cells, and also caspase-independent apoptosis and
mTOR-independent pathway autophagy in p53 mutant U251
cells were examined [67]. Ginsenoside Rg3 significantly
inhibits proliferation, arrests the cell cycle, and induces
apoptosis in HUVEC through reducing VEGF and Bcl2 expression by combining temozolomide (TMZ) [68].
Zataria multiflora Boiss (Lamiaceae) (ZM) has antioxidant
and anti-inflammation activities. Several compounds like
thymol, carvacrol, zatrinal, oleanolic acid, betulic acid,
rosmarinic acid, monoterpenoids, sesquiterpenoids, pcymene, and y-terpinen are found in it; above all, thymol
and carvacrol are main compounds. After ZM extract
treatment, antiproliferation effect of Ionizing radiation (IR)
was strengthened only on human glioblastoma (A172) and
it showed insignificant change on human nonmalignant
fibroblast cell (HFFF2) [69]. Shikonin is an anthraquinone
found from the root of lithospermum. After shikonin
treatment on human glioblastoma cells, MMP-2, MMP-9,
p-AKT, and p-PI3K decreased. However p-𝛽-catenin Y333
against 𝛽-catenin was reduced significantly in the U87 cells,
while it was increased in the U251 cells [70]. Propolis is
a natural resinous product collected from various plant
sources by honeybees. Prenylflavanone (propolin G) is
isolated from Taiwanese propolis (TP). This compound
induces apoptosis in brain cancer. Propolin G and TP
extract protect cortical neurons against oxidative stress
in rat [71]. Curcumin (diferuloylmethane) is a natural
compound that can be found in turmeric (Curcuma
longa). It is a well-known agent that has anticarcinogenic
activity in tumor cells. Curcumin induces cell cycle arrest
(G1 phase) and it has ERK and JNK MAPK/Elk-1/Egr-1
signal that is required for p53-independent transcriptional
activation of p21Waf1/Cip1 in U-87MG glioblastoma cells
[47]. Berberine, an isoquinoline plant alkaloid, has been
used for the treatment of many diseases. It is isolated from
traditional Chinese herbal medicine, Coptis chinensis, and
Hydrastis canadensis [72]. Berberine induces G1 arrest
and apoptosis in T98G cells. It is mediated through the
disruption of the mitochondrial membrane potential and
activation of caspase pathways [73]. Three benzopyrans,
6-isobutyryl-5,7-dimethoxy-2,2-dimethyl-benzopyran, 7-hydroxy-6-isobutyryl-5-methoxy-2,2-dimethyl benzopyran, and
5-hydroxy-6-isobutyryl-7-methoxy-2,2-dimethyl-benzopyran,
are isolated from the chloroform extract of Hypericum
polyanthemum. They induce cell cycle arrest G2/M phase by
increasing sub-G1% in U-373MG [74].

3. ROS Generation of Natural Products
ROS generation is closely related to apoptosis [75]. Some
natural products activated ROS generation in GBM (Table 2).
Balanitin-6 (28%) and balanitin-7 (72%) are isolated Balanites
aegyptiaca which is an African plant of medicinal interest.
This compound has anticancer activities via depletion of
[ATP]i. It leads to disorganization of actin cytoskeleton [76].
Obtusaquinone (OBT) activate cellular stress pathways and
DNA damage via rapid increase in intracellular ROS levels
[77]. 𝛾-Mangostin in Garcinia mangostana induces ROS and
activates NK cells [39]. Propolis significantly suppressed

Garcinia mangostana

Clusiaceae

N/A

Balanites aegyptiaca

Zygophyllaceae

Brazilian propolis
(Pro) (not specific
plant)

Medical plants

Family names
830 nM for 24, 48, 72 h
(In vitro)
5 𝜇M for 24 h (in vivo)
7.5 mg/kg for 21 days
80 𝜇M for 8 h

Balanitin-6 (28%), balanitin-7
(72%)
Obtusaquinone
𝛾-Mangostin

Neuroblastoma
SH-SY5Y,
glioblastoma
U-251MG

U87 MG, GBM 8401

↑NK cell, ROS
↓PGE2, COX-2, NO,

[78]

[39]

[77]

Gli36, U87 MG, U251,
GBM8, GBM11/5,
VU147

↑ROS, p53, caspase 3/7
ERK pathway

References
[76]

Cell lines
U373

Target molecules and additional
efficacy
↓ATP (disorganization of actin
cytoskeleton)

100 𝜇M DL-Hcy + 0, 0.2,
0.4, 0.8, 1.6, 3.2 𝜇g/mL for
72 h (intracellular ROS
detection)
↑relative fluorescence intensity
(after age 12 weeks mice + 1
↓relative ROS intensity, in vivo
week adaption) 0% Pro +
Plasma Hcy concentrations, in
[Homocysteine (Hcy)] to provoke Hcy(x), 0% Pro + Hcy(o),
vitro amyloids formation
0.25% Pro + Hcy(o), 0.05%
cognitive dysfunction
Propolis intake made rats
Pro + Hcy(o) for 5, 14, 27
recovered from Hcy induced
week (animal experiment)
cognitive dysfunction
0, 100 𝜇M Hcy + 0, 0.27,
1.38 𝜇g/mL Pro (final
concentration each) for 0, 7,
11, 14, 17, 21, 24 days

Dose/duration

Compounds/extracts

Table 2: ROS generation of natural products.
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Ficus
carica
Curcuma
amada

or with a mixture of THC and CBD microparticles decreased
tumor vascularization as determined by immunostaining
with the endothelial cell marker CD31 [28].

Rg3

Vitis vinifera

Angelica
sinensis

VEGF

Angiogenesis

Figure 1: Antiangiogenesis effect of natural products.

cell death and reactive oxygen species production from
homocysteine (Hcy), in dose-dependent manner. In an in
vivo study, propolis ingestion improved cognitive function
from cognitive dysfunction of Hcy which caused hyperhomocysteinemia [78].

4. Antiangiogenesis Effect of Natural Products
A range of natural products exerted antiangiogenesis effect
(Table 3 and Figure 1). The antiangiogenesis drug ginsenoside
Rg3 (RG3) shows additive effects by combining with lowdose metronomic (LDM) temozolomide (TMZ). Combined
use of TMZ with RG3 inhibited proliferation of HUVEC and
decreased VEGFA and BCL-2 expression in HUVEC. Also
the antiangiogenesis effect was also evaluated in the rat model
of orthotopic glioma allograft, based upon markers including
relative cerebral blood volume (rCBV) by magnetic resonance imaging (MRI) and microvessel density (MVD)/CD34
staining [68]. Mango ginger (Curcuma amada Roxb.) is one
of the Curcuma species, the popular herbal medicine for
anticancer. But it is a less-investigated herb for anticancer
properties than other related Curcuma species. Supercritical
CO2 extract of mango ginger treatment showed antiangiogenesis effect by downregulating VEGF [79]. Red grape skin
polyphenolic extract has been issued from its antiangiogenic, anti-inflammatory, and anticancer activity. The extract
showed decrease of the tube network formation in HUVEC
by Matrigel model. It inhibited S1P- and the VEGF-induced
endothelial cell migration [80]. Cannabinoids, the active
components of marijuana and their derivatives, are currently
investigated due to their potential therapeutic application for
the management of many different diseases, including cancer.
Specifically, Δ9-tetrahydrocannabinol (THC) and cannabidiol (CBD)—the two major ingredients of marijuana—have
been shown to inhibit tumor growth in a number of animal
models of cancer, including glioma. Treatment of U87derived xenografts with THC- or CBD-loaded microparticles

5. Antimetastasis Effect of Natural Products
Metastasis is responsible for a majority of cancer-related
deaths. Tumor invasion of the surrounding tissue and subsequent metastasis results from a multistep process that
includes proteolytic degradation of the surrounding extracellular matrix (ECM), allowing malignant cells to move
into and through the ECM and basement membrane. The
epithelial-to-mesenchymal transition (EMT) is the crucial
step for cancer cells to initiate the metastasis and could be
induced by many growth factors. Glioblastoma multiforme
(GBM) is one of the most lethal types of tumors and is highly
metastatic and invasive. Type IV collagenase matrix metalloproteinases (MMPs), in particular, MMP-2 and MMP-9 and
gelatinase A and gelatinase B, respectively, have been found to
promote invasion and metastasis of malignant tumors. Various natural products showed antimetastatic effects (Table 4
and Figure 2). Epigallocatechin gallate (EGCG) is the main
polyphenol in green tea extract (GTE) [81]. At human
glioblastoma (T-98G) cells, MMP-2 and MMP-9 expression
decreased with increased concentration of treatment, with
the nutrient mixture being most effective, followed by green
tea extract and then EGCG [82]. Quercetin (QE), baicalein
(BE), and myricetin (ME) are widely used from flavonoids
extracted from plants, herbs, and fruits. They induce inhibition of DPPH radical production, PGE2, TPA-induced COX2 protein, MMP-9 enzyme activity, and peroxide production.
QE, BE, and ME can block migration/invasion by GBM cells
[83]. Sargassum (Sargassaceae, Fucales) is a genus of brown
seaweed that is found in the ocean. Previous research on Sargassum spp. extracts has been reported to exhibit anticancer,
antibacterial, antifungal, antiviral, anti-inflammatory, anticoagulant, antioxidant, hepatoprotective, and neuroprotective
activities. However, the pharmacological effect of extracts
from Sargassum serratifolium (S. serratifolium) has not been
thoroughly studied in glioblastoma. Western blot analysis,
Τranswell invasion, and wound-healing assays were performed to demonstrate the effects of HES on cell migration
and invasion of the U87MG cells. In Western blot analysis,
the expression levels of MMP-2 and MMP-9 were decreased
in the glioblastoma cells following treatment with HES in a
dose-dependent manner [84]. Osthole, a coumarin derivative
isolated from the fruit of Cnidium monnieri (L.) Cusson,
has been widely used for the treatment of skin diseases
and gynecopathy. Osthole suggested an anticaner strategy
that targets IGF-1 induced EMT. Osthole reversed IGF-1induced morphological changes, upregulated the expression
of epithelial markers, and downregulated the expression
of mesenchymal markers. Osthole significantly suppressed
the IGF-1-induced upregulation of MMP-2 and MMP-9 in
a dose- and time-dependent manner. Moreover, woundhealing assay also showed that osthole could inhibit IGF-1induced migration of GBM8401 cells [85]. Resveratrol (RES)
is a polyphenolic antioxidant found in peanuts, grapes, and
red wine, and although parent RES bioavailability might be

Curcuma amada

Zingiberaceae

Cannabaceae

Cannabis sativa

Vitis vinifera

Panax ginseng

Araliaceae

Vitaceae

Medical plants

Family names

0–25 𝜇g/ml
for 24 h
7.5 mg/kg/day
for 22 days

Δ9-Tetrahydrocannabinol,
cannabidiol

0–180 𝜇g/ml
for 72 h (in vitro)
10 mg/kg/day
for 8 days (in vivo)
0–100 𝜇g/ml
for 72 h
0–20 𝜇g/ml
for 24 h

Dose/duration

Red grape skin polyphenolic
extract

Supercritical CO2 extract

Ginsenoside Rg3

Compounds/extracts

Table 3: Antiangiogenesis effect of natural products.

↓tube network formation, VEGF,
S1P, ERK, p38/MAPK
phosphorylation, S1P-induced
PAF synthesis
↓tumor vascularization (CD31
immunostaining)

↓VEGF mRNA, VEGF

U87MG

U87MG

U87MG

Target molecules and additional
Cell lines
efficacy
↓VEGF, Bcl-2 (HUVEC mRNA),
Rat C6
VEGFA, MVD
glioma cells
Inhibit HUVEC proliferation,
less increase rCBV

[28]

[80]

[79]

[68]
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Sargassum

Camellia sinensis

Tinospora
cordifolia

Shikonin

QE, BE, ME
flavonoids

Chokeberry
Resveratrol

Curcumin

Hedyotis

MMP-2

MMP-9

MMP collapse

MMP-14, -16, -17

Metastasis

Figure 2: Antimetastasis effect of natural products.

insufficient to elicit systemic levels commensurate with cancer chemopreventive efficacy, the antioncogenic properties of
RES in cells in vitro and in rodent models have been amply
documented [86]. RES suppressed the adhesion, invasion,
and migration of glioblastoma-initiating cells (GICs) in vitro
and in vivo. It inhibited the invasion of GICs via the inhibition
of PI3K/Akt/NF-𝜅B signal transduction and the subsequent
suppression of MMP-2 expression [86].

6. MiRNA Regulation of Natural Products
MiRNA expression is one of important mechanisms in
development of cancer. Recently studies on natural compounds reported cancer suppressive effect of altering miRNA
expression, which is a new strategy for cancer treatment
(Table 5) [51].
Ficus carica Latex (FCL) induced the expression of let-7d,
targeting epithelial mesenchymal transition of HMGA2 gene,
in GBM cells [52].
Shikonin, a natural compound from Chinese medical
herb, showed enhanced apoptotic efficacy by overexpressing
miR-143 in GSC cells. The antitumor effects of miR-143 were
related to BAG3 expression in GSC cells [87]. Berbamine
is a natural alkaloid derived from the traditional Chinese
medicine, which showed inhibition of cell viability and apoptotic efficacy in GBM stem-like cells by increasing miR-4284
expression [56]. MiRNA modulating effect of Olea europaea
(OLE) regulates the expression of miRNA including miR181b, miR-153, miR-145, miR137, and let-7d. By upregulating

these miRNAs, OLE induced antiproliferative effects on
GBM cells. Furthermore, synergetic effect was shown in
combination treatment of OLE and TMZ [88]. Curcumin
enhanced cytotoxicity in GBM cells by upregulating miR-146.
The regulation of miR-146/NF𝜅B axis sensitized the TMZinduced cell death in GBM cells [89].

7. Multidrug Resistance and Natural Products
Multidrug resistance (MDR) is a major cause of failure in cancer chemotherapies which is presented by numerous cancer
cells by withstanding increasing dose of drugs. Consequently,
novel compounds derived from natural products are suggested as potential solutions of MDR (Table 6). Withaferin A
is a steroidal lactone derived from natural products, demonstrating oxidative mechanism related to AKT/mTOR pathway
modulation, MAPK survival, and proliferation pathway in
TMZ-resistant GBM cells [57]. Aframomum arundinaceum
extract [90], 8-hydroxycudraxanthone G, cudraxanthone I
[91], and sobavachalcone [90] were observed to have hypersensitivity, which means lower drug resistance, to GBM cells.

8. Clinical Trials of Natural
Production against GBM
Patients with GBM have short survival and most of them
develop recurrent or progressive disease after their initial
treatments [92]. Two clinical trials on glioblastoma patients
were examined (Table 7), but since the clinical trials were

Camellia sinensis

Theaceae

Apiaceae

Osthole
Resveratrol
Quercetin (QE), baicalein (BE),
myricetin (ME)

Peanuts, grapes, red
wine

Flavonoids (plants,
herbs, fruits)

Hexane, ethanol, ethyl extract

Vitamin C (as ascorbic acid and as
Mg, Ca, and palmitate ascorbate)
700 mg; L-lysine 1000 mg; L-proline
750 mg; L-arginine 500 mg;
N-acetyl cysteine 200 mg;
standardized green tea extract
(80% polyphenol) 1000 mg;
selenium 30 𝜇g; copper 2 mg;
manganese 1 mg
Epigallocatechin gallate (EGCG)

Compounds/extracts

Cnidium monnieri

Sargassum
serratifolium

Camelliasinensis
(green tea)

Theaceae

Sargassaceae

Medical plants

Family names

↓MMP-2, NF-𝜅B pathway,
PI3K/AKT signaling pathway
↓ ERK-activated COX-2/PGE2,
MMP-9

5–20 𝜇M
for 48 h
0–50 𝜇M
for 30 min

20–80 𝜇M
for 24 h

5–15 𝜇g/ml
for 12–24 h

↓-2, MMP-9
↓ MMP-2, MMP-9, C-Raf, MEK,
ERK, phospho-ERK, wound area,
invasive cells
↓MMP-2, MMP–9
Inhibit IGF-1-induced EMT

↑TIMP-2
↓MMP-2, MMP-9, uPA

Target molecules and additional
efficacy

50–500 𝜇g/ml

0–1000 𝜇g/ml

Dose/duration

Table 4: Antimetastasis effect of natural products.

[83]

[86]

Glioblastomainitiating cells
(GICs)
U87MG

[85]

[84]

[82]

[81]

References

GBM8401

U87MG

T-98G

LN-18, T-98G,
A-172

Cell lines
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Curcuma longa

Zingiberaceae

Berberis amurensis

Berberidaceae

Olea europaea

Shikonin

Lithospermum
erythrorhizon

Boraginaceae

Oleaceae

Protocatechuic acid

Ficus carica

Moraceae

Curcumin (diferuloylmethane)

Oleuropein

Berbamine

Oleuropein

Olea europaea

Oleaceae

Compounds/extracts

Medical plants

Family names

20 𝜇M for 72 h

1 mg/ml for 24 h, 48 h

5 mM for 24 h

2 mg/kg for 24 h

0.25 mg/ml for 24 h

1 mg/ml, 2 mg/ml for 24 h

Dose/duration

Table 5: miRNA regulation of natural products.

↑caspase-3, PARP, miR-4284,
JNK1, JNK 2, SAPK,
phosphorylated c- Jun, total
c-Fos
apoptosis, JNK-c-Jun/AP-1
signaling pathway
miR-181b, miR-153, miR-145,
miR-137, ↑let-7d
↑miR-146a
↓NF-𝜅B

↑miR-143, BAG3

↑let-7d, VEGF
↓neovascularization

↑miR-153, miR-145, miR-137

Target molecules and additional
efficacy

U-87 MG

T98G

PBT003,
PBT008,
PBT022,
PBT030

GSC

T98G,
U-138MG,
U-87MG
T98G,
U-138 MG,
U-87 MG

Cell lines

[89]

[88]

[56]

[87]

[52]

[51]
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Dorstenia barteri

Moraceae

23.78 𝜇M for 24 h

22.49 𝜇M for 24 h

8-Hydroxycudra-xanthone G,
cudraxanthone I

Garcinia nobilis

Clusiaceae
Isobavachalcone

40 𝜇g/mL for 72 h

Methanol extract

Aframomum
arundinaceum

2.5 𝜇M, 1 𝜇M for 24 h

Dose/duration

Zingiberaceae

Compounds/extracts

Withaferin A

Medical plants

Withania somnifera

Solanaceae

Family names

Target molecules and additional
efficacy
↑ERK1/2, HSP32, HSP70
AKT, mTOR, p70 S6K, c-Met,
EGFR, ↓Her2, HSF1
Oxidative stress, heat shock
response, AKT/mTOR pathway,
MGMT
Collateral sensitivity
(hypersensitivity)
Collateral sensitivity
(hypersensitivity)
Collateral sensitivity
(hypersensitivity)

Table 6: Multidrug resistance and natural products.

U87MG

U87MG

U87MG.ΔEGFR

U87, U251, T98G

Cell lines

[90]

[91]

[90]

[57]

References
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Current state

Completed

Completed

Title

Patupilone
(EPO 906) in
patients with
recurrent or
progressive
glioblastoma
multiforme
prior to and
after
secondary
resection: an
open-label
phase I/II trial

Clinical trial
of Serratia
marcescens
extract and
radiation
therapy in
patients with
malignant
astrocytoma

Phase

Phase 1,
Phase 2

Phase 2

Enterobacteriaceae

Myxobacterium

Family names

Serratia
marcescens

Sorangium
cellulosum

Medical plants

ImuVert

Patupilone

Compounds/extracts

Evaluation

Survival

Patients

Progressionfree survival
(PFS), overall
survival (OS) at
6 months,
patupilone
concentration
in tumor
tissue/toxicity,
patupilone
Salvage
concentration
treatment after
in plasma and
patupilone
translational
Median 85
consisted of
9 patients/age
analyses for
weeks/median
bevacizumab,
42–68 yrs
predictive
PFS 6 weeks
CCNU, a
biomarkers,
second RT
Aschen Aphasia
round or
Test, Rey
surgery
AuditoryVerbal Learning
Test, Rey Visual
Design
Learning Test,
Rey-Osterrieth
Complex
analyses for
predictive
biomarkers
Physical
examination,
KPS,
assessment of
11
Median
weight, CBC
patients/newly
survival 69
count with
diagnosed
weeks/median
differential,
Radiation
glioblastoma
time to
coagulation
therapy
multiforme
profile, serum progression 11
(GBM)/age
weeks
chemistries, CT,
42–69 yrs
MRI, thallium
SPECT, time to
progression of
tumor

Additional
therapy

Table 7: Clinical trial of natural products.

[93]

[92]
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progressed no more than phase II, further evaluation of the
clinical aspects of these drugs should be reconsidered.
ImuVert is a biologic response modifier derived from
S. marcescens bacteria. A study suggested that ImuVert
treatment has minimal toxicity and is well tolerated and
contributing to prolonged survival properties in patients
newly diagnosed as GBM. The patient survival was slightly
prolonged after the treatment with median survival 69 weeks
and median time to progression 11 weeks [93]. Another
clinical trial with patupilone, which is a natural microtubulestabilizing cytotoxic agent, showed prolonged survival in
GBM patients after their second surgeries. 2 out of 9 patients
were recurrence-free after the treatment for 9.75 and 22
months each. Moreover, median survival of all patients was
85 months after their first surgeries. The result suggests that
patupilone treatment can be given to recurrent GBM patients
before and after surgery safely [92].

9. Conclusion
In this review, we categorized precedent studies that encompass various mechanisms of natural products, such as
suppression toward apoptosis, angiogenesis, metastasis, ER
stress, and MDR, taking into view the standardization of
natural product-derived drugs and evaluation of drug doses
that display maximum effectiveness [94].
It is well known that GBM is far more difficult to treat
than other malignant cancers, mainly due to its pathological
properties [95]. Consequently our review puts emphasis on
shedding light on the potential of natural products for GBM
treatment by solving the impending problem regarding the
limitations of current glioblastoma therapy. Certain natural
products shown in our review have potent antiglioblastoma
properties that have been tested in in vitro and in vivo
laboratory situations. Clinical trials also exhibit compelling
effects, although they are still undergoing further evaluation,
and their cases are minor in number. More preclinical and
clinical studies should be conducted to elucidate the effects
and mechanisms of natural products.
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Glioblastoma (GBM) is the most aggressive and common malignant brain tumour in adults. A well-known hallmark of GMB
and many other tumours is aerobic glycolysis. MicroRNAs (miRNAs) are a class of short nonprotein coding sequences that
exert posttranscriptional controls on gene expression and represent critical regulators of aerobic glycolysis in GBM. In GBM,
miRNAs regulate the expression of glycolytic genes directly and via the regulation of metabolism-associated tumour suppressors
and oncogenic signalling pathways. This review aims to establish links between miRNAs expression levels, the expression of GBM
glycolytic regulatory genes, and the malignant progression and prognosis of GBM. In this review, the involvement of 25 miRNAs
in the regulation of glycolytic metabolism of GBM is discussed. Seven of these miRNAs have been shown to regulate glycolytic
metabolism in other tumour types. Further eight miRNAs, which are differentially expressed in GBM, have also been reported to
regulate glycolytic metabolism in other cancer types. Thus, these miRNAs could serve as potential glycolytic regulators in GBM but
will require functional validation. As such, the characterisation of these molecular and metabolic signatures in GBM can facilitate
a better understanding of the molecular pathogenesis of this disease.

1. Introduction
Glioblastoma (GBM) is the most common malignant primary brain tumour in adults, accounting for 12–15% of all
intracranial tumours [1]. GBM is also the most aggressive
form (World Health Organization (WHO) grade IV) of
glioma, an umbrella term for tumours thought to originate
from glial progenitors such as astrocytoma [2, 3]. GBM can
develop de novo or through the progression of preexisting
low WHO grade glioma (WHO grade II, diffuse astrocytoma)
that develop into high WHO grade glioma (WHO grade III,
anaplastic astrocytoma) and GBM [3]. In general, GBM
shows an increased incidence in Caucasian populations [4].
In the UK and the United States alone, the annual GBM
incidence rate ranges between 4.64 and 5.26 per 100,000
people [5, 6]. The current GBM treatment standards consist
of maximal surgical resection followed by radiotherapy with
concurrent temozolomide (TMZ) chemotherapy, followed
by six cycles of maintenance TMZ chemotherapy [7, 8].
However, GBM prognosis remains poor with a median
overall survival of 14 months and a 5-year survival rate of less
than 10% [9, 10].

Metabolic reprogramming is appreciated as important
hallmarks of cancer, including GBM, and it serves as a
valuable therapeutic target [11, 12]. Many cancers seem to
employ aerobic glycolysis as their metabolic programme of
choice to fulfil their bioenergetic and anabolic requirements
for rapid growth and enhance their survival in response
to microenvironmental stress [11–15]. GBM is characterised
by increased aerobic glycolysis compared to normal brain,
which may contribute to the malignant progression of GBM
[16, 17]. Aerobic glycolysis, also known as the Warburg
effect, is a catabolic process that, in the presence of oxygen,
converts one glucose molecule into two lactate molecules [18].
Aerobic glycolysis is controlled by tumour suppressors and
oncogenic signalling pathways in both tumour and normal
cell [19]. Aberrant expression of oncogenes and tumour suppressor genes in GBM alters the expression and activity of glycolytic transporters and metabolic enzymes. The expression
of these metabolic and regulatory genes is modulated by a
class of small nonprotein coding RNAs, called microRNAs
(miRNAs), that regulate gene expression at the posttranscriptional level [20]. To date, great advances have been made
to understand the role of miRNAs in the regulation of
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glycolytic metabolism in GBM. This review aims to establish
links between miRNAs expression levels, the expression of
GBM glycolytic regulators and the malignant progression and
prognosis of GBM. First, the review will discuss the role
of miRNAs in regulating GBM glycolytic metabolism by
directly targeting glycolytic genes and via the regulation
of tumour suppressors and oncogenic signalling pathways.
Some of these miRNAs have also been shown to regulate
glycolytic metabolism in other tumours. The review will then
present differentially expressed miRNAs in GBM which have
been reported to be involved in the regulation of glycolytic
metabolism in other tumours. Potentially, these miRNAs
could also have a glycolytic regulatory role in GBM, but
that is yet to be experimentally validated. As such, the
characterisation of these molecular and metabolic signatures
in GBM can facilitate a better understanding of the molecular
pathogenesis of this disease.

2. Regulation of Glycolytic Metabolism
by Tumour Suppressors and Oncogenic
Signalling Pathways in GBM
The dysregulation of tumour suppressors and oncogenic signalling pathways plays an important role in determining the
glycolytic phenotype of GBM. Comprehensive genomic characterisation [21] using 206 GBM samples performed by The
Cancer Genome Atlas (TCGA) Network showed that genetic
alterations are frequently found within the receptor tyrosine
kinases (RTKs) and their downstream effector pathways.
Using 91 GBM samples, it was shown that the RTKs, hepatocyte growth factor receptor (encoded by c-Met) and plateletderived growth factor receptor-𝛼 (PDGFRA), are aberrantly
activated in 4% and 13% of GBM cases, respectively [21].
However, gain-of-function mutations and/or amplification in
the epidermal growth factor receptor (EGFR) are the most
common in GBM (45% of GBM cases) [21]. Active EGFR
signals via multiple effector pathways including RAS and
phosphatidylinositol 3-kinase (PI3K) signalling cascades.
The cytoplasmic domain of EGFR recruits adaptor proteins to activate RAS [22]. Moreover, the activation of RAS
signalling can be achieved through losing the expression of
the RAS antagonist, neurofibromin 1 (NF1), which is observed
in about 14% of GBM cases [21]. RAS activates PI3K while
PI3K can independently be activated by the cytoplasmic
domain of EGFR [23, 24]. PI3K is aberrantly activated in 15%
of GBM cases [21]. Activated PI3K catalyses the phosphorylation of phosphatidylinositol (4,5)-bisphosphate (PIP2) into
phosphatidylinositol (3,4,5)-trisphosphate (PIP3) [25], which
can be reversed by the phosphatase tensin and homologue
[26] (PTEN; homozygous deletions and mutations are found
in 36% of GBM cases) [21]. Following its recruitment to
the plasma membrane by PIP3, protein kinase B (Akt) is
phosphorylated by 3-phosphoinositide-dependent protein
kinase 1 (PDK1) [27, 28]. Akt is found to be amplified in 2% of
GBM cases [21]. Activated Akt activates both the rapamycin
sensitive mTOR complex 1 (mTORC1) and the rapamycin
insensitive mTOR complex 2 (mTORC2). First, Akt phosphorylates the SIN1 subunit of mTORC2 and, thus, induces
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the activation of mTORC2. In a positive feedback loop,
mTORC2 phosphorylates and thereby fully activates Akt [29].
Second, Akt phosphorylates and inhibits TSC2 thereby relieving the inhibitory effects of the TSC1-TSC2 complex on
mTORC1 [30–32]. mTORC1 is also negatively regulated by the
energy-sensing AMP-activated protein kinase (AMPK). The
reduction in ATP causes an increase in the AMP : ATP ratio
leading to the activation of AMPK [33, 34]. AMPK mediates
an activating phosphorylation of TSC2 and an inhibitory
phosphorylation of the mTORC1 subunit Raptor [35, 36]. In
GBM, the activation of mTOR signalling cascade leads to the
upregulation of transcription factors such c-Myc [37] which
upregulate the expression of glycolytic genes [38, 39].
In addition, Akt promotes GBM glycolytic phenotype
by increasing the expression and membrane translocation of
glucose transporters 1 and 3 (GLUT1 and GLUT3) which are
upregulated in GBM [40, 41]. Akt also regulates glycolysis by
enhancing the activity and the cellular localisation of hexokinase II (HKII), which phosphorylates glucose in the first step
of glycolysis [42]. The role of Akt in GBM aerobic glycolysis
was supported by Elstrom et al. (2004) [43] who observed
differences in the glycolytic rates of various GBM cell lines
which were then attributed to the differences in Akt activity
levels in these cells. In their study, two GBM cell lines were
grown in normal glucose conditions; LN18 cells with constitutive Akt activity, as measured by Akt phosphorylation,
showed higher rates of aerobic glycolysis than LN229 cells
with low Akt activity. The inhibition of the upstream regulator, PI3K, abolished Akt phosphorylation and reduced the
glycolytic rate of LN18 cells while the overexpression of
Akt in LN299 cells was sufficient to stimulate high rate of
glycolysis [43]. This suggests that the PI3K/Akt pathway is a
key glycolytic regulator in GBM.

3. Clinical Stratification of GBM in relation to
the Expression of Glycolytic Genes
Recently, the presence of heterozygous gain-of-function
mutations within the active site of isocitrate dehydrogenase1 (IDH1), a Krebs cycle enzyme that reduces 𝛼-ketoglutarate
into 2-hydroxyglutarate (2-HG), has been associated with
improved clinical outcomes in GBM [44–46]. Mutant IDH1
produces increased levels of 2-HG which inhibit histone
demethylating enzymes, thereby, leading to extensive DNA
methylation of CpG islands within multiple promoter regions
across a large number of loci (CpG island methylator
phenotype) [46–49]. The promotor methylation of the
O6-Methylguanine-DNA Methyltransferase (MGMT) gene,
encoding a DNA repair protein that can confer resistance
to the alkylating chemotherapeutic agent TMZ by reversing
mutagenic O6-alkyl-guanine back to guanine [50, 51], causes
transcriptional silencing of the gene. Hence, patients with
MGMT methylation show improved response to TMZ [52–
56].
IDH1 status can also distinguish different glycolytic phenotypes of GBM, which may contribute to the different
clinical behaviour of tumours with and without the IDH1
mutations [57]. In IDH1 mutant GBMs, the expression of
3 glycolytic enzymes, glucose-1-dehydrogenase, enolase 1,
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Figure 1: Clinical classifications and glycolytic phenotype of GBMs. H6PD: glucose-1-dehydrogenase, ENO1: enolase 1, LDHA/B: lactate
dehydrogenase isoform A/B, ALDOC: fructose-bisphosphate C, and PDH: pyruvate dehydrogenase.

and lactate dehydrogenase isoform A (LDHA), is downregulated while the expression of 2 other glycolytic enzymes,
fructose-bisphosphate C and lactate dehydrogenase isoform
B (LDHB), is upregulated compared to IDH1 wild-type GBMs
[58, 59]. Both LDHA and LDHB can convert pyruvate to
lactate; however, LDHB is thought to be more sensitive to
substrate inhibition by pyruvate [60]. As such, intracellular
lactate levels are reduced in IDH1 mutant compared to IDH1
wild-type GBMs, suggesting that IDH1 mutation is associated
with mitigated aerobic glycolysis in IDH1 mutant GBMs [61].
In addition, the activity of pyruvate dehydrogenase
(PDH), which is involved in the conversion of pyruvate into
Acetyl-CoA, was found to be decreased in IDH1 mutant
compared to IDH1 wild-type GBMs [62]. In IDH1 mutant cell,
2-HG can induce high expression of pyruvate dehydrogenase
kinase-3 which mediates an inhibitory phosphorylation of
PDH that results in reduced PDH activity [62]. IDH1 mutant
GBMs also show decreased Akt phosphorylation and downregulation in the expression of genes that are regulated by
the PI3K/Akt pathway when compared with GBMs that lack
IDH1 mutation [63]. Thus, GBMs with IDH mutations show
a relatively reduced glycolytic phenotype compared to GBMs
with wild-type IDH (Figure 1).

4. miRNAs in GBM
Besides acting as biomarkers [64], miRNAs are involved in
the regulation of diverse cellular functions in GBM, including
cell death, migration, invasion, proliferation, drug resistance,
and angiogenesis (recently reviewed in [65]). Moreover,
miRNAs can also act as critical regulators of glycolytic
metabolism in GBM, which this review will focus on in
more detail. There are two ways by which miRNAs regulate
GBM glycolytic metabolism. Firstly, miRNAs can directly
regulate the expression of genes taking part in glucose uptake
and glucose metabolism in GBM, miR-106a regulates GLUT3

[66], miR-143 regulate HKII [67], and let-7-a and miR-326
regulate PKM2 [34, 68], which will be detailed in Section 5.
Secondly, miRNAs can also regulate glycolysis indirectly by
regulating the signal transduction of RTKs via PI3K/AKT
and RAS pathways which leads to the upregulation of cMyc expression and Akt activity, both of which enhance the
expression and the function of glycolytic transporters and
enzymes [37, 40–42]. Hence, the dysregulation of metabolic
regulatory signalling pathways by miRNAs can additionally
contribute to the upregulation of glycolysis in GBM. In
Section 6, the role of 21 miRNAs in the regulation of 14
components of the RTKs effector pathways will be discussed.
Furthermore, the expression of glycolytic regulatory miRNAs is sometimes associated with the malignancy grade
of glioma and the prognosis of GBM, as will be described
in the next two sections. Only studies that have validated
the direct mRNA-miRNA interaction via luciferase assay
were included in this review. However, the mRNA-miRNA
interactions were studied in unstratified GBM patient cohort,
where IDH1 status was not reported. Thus, it must be noted
that IDH1 status may confound many reported associations
between expression of particular miRNAs and their target
gene and the malignant progression and prognosis of GBM.
In addition, many prognostic associations for the specific
miRNAs discussed in this review are only based on retrospective analyses of patient cohorts of various sizes, in which the
treatment regime might not have been according to current
standard of care which may limit the generalisation of such
findings.

5. miRNA Regulation of Glycolytic
Transporters and Enzymes in GBM
To date, four miRNAs have been reported to directly modulate the expression of glycolytic transporters and enzymes in
GBM (Figure 2). The expression of GLUT3 is downregulated
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by miR-106a [66]. However, miR-106a is found to be downregulated in GBM compared to normal brain [66]. The low
miR-106a expression is associated with shorter-term survival
of GBM patients [66, 69, 70]. Moreover, the expression of
miR-106a in high WHO grade glioma is lower than that in low
WHO grade glioma, an expression pattern that is opposite
to GLUT3 [41, 66, 71]. Thus, miR-106a downregulation
promotes glycolysis and enhances glucose flux by releasing
the miRNA-mediated suppression on GLUT3.
Furthermore, the glycolytic enzyme HKII is targeted by
miR-143 [67] which is also found to be downregulated in
GBM compared to low WHO grade glioma and normal brain
[67, 72]. miR-143 expression is negatively correlated with
HKII levels [67], which is associated with poor prognosis
[73]. Another glycolytic enzyme, PKM2, is regulated by the
miRNA, let-7a [68]. PKM2 is the M2 isoform of pyruvate
kinase (PK), the terminal glycolytic enzyme which converts
phosphoenolpyruvate to pyruvate [74]. PKM2 has a relatively
decreased enzymatic activity which leads to the accumulation
of upstream glycolytic intermediates that can be channelled
into the biosynthetic pathways [75]. PKM2 is selectively
expressed at low levels in GBM but is completely absent
in normal brain [34]. c-Myc, which is also targeted by let7a, upregulates the expression of the heterogeneous nuclear
ribonucleoprotein A1 (hnRNPA1) splicing factor which, in
turn, downregulates let-7a in a positive feedback loop [68].

hnRNPA1 binds to the pri-let-7a and blocks its processing
by Drosha [76]. In addition, hnRNPA1 mediates the splicing
of PK into the PKM2 isoform as well as that of the Mycinteracting partner Max into the Delta Max isoform. Delta
Max forms a complex with c-Myc to drive the transcription of
the c-Myc target genes, including hnRNPA1 [77–80]. As such,
let-7a/c-Myc/hnRNPA1/PKM2 regulatory loop ensures the
downregulation of let-7a in order for PKM2 to be expressed
in GBM. Another miRNA which targets PKM2, miR-326,
is downregulated in GBM compared to normal brain as a
result of the decreased transcription of its host gene, 𝛽arrestin 1 [34, 81]. In GBM cells, the overexpression of miR326 or the knockdown of its target, PKM2, reduced cellular
proliferation, metabolic activity, and ATP levels [34]. Such
decrease in ATP levels was, however, rescued by transfecting
GBM cells with PKM2 mRNA lacking the 3 -UTR which
renders them insensitive to miR-326 [34]. Therefore, miR326 mediates its effects on tumour metabolism by repressing
PKM2 expression.

6. miRNA Regulation of RTKs and Their
Downstream Effector Pathways in GBM
Multiple components of the RTKs effector pathways are
tightly regulated by miRNAs (Figure 3, details of the
interactions between the different components have been
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described in Section 2). In the context of cancer, miRNAs that
downregulate tumour suppressors are called oncomiRs while
miRNAs that target and suppress oncogenes are called
tumour suppressor miRNAs. As such, oncomiRs and tumour
suppressor miRNAs are found to be overexpressed and
downregulated in cancer cells, respectively [82, 83]. As such,
miRNAs that suppress glycolytic metabolism by targeting
oncogenic components of the RTKs, which are the tumour
suppressor miRNAs, are downregulated while those that
promote glycolysis by targeting metabolic tumour suppressor
genes, which are the oncomiRs, are upregulated in GBM as
discussed below. Furthermore, the expression levels of these
miRNAs either (i) are invariant across the different glioma
WHO grades, suggesting that the expression change of a
particular miRNA might signify a key early event in gliomagenesis, or (ii) can distinguish different glioma WHO grades,
thereby serving as a potential biomarkers of glioma progression [84, 85].

6.1. miRNA Regulation of RTKs. Three RTKs (c-Met,
PDGFRA, and EGFR) have been reported to be targeted by
miRNAs which are found to be downregulated in GBM in
order to enable the upregulation of the downstream signalling
which may, in turn, promote glycolytic metabolism, although
it has not directly been shown. c-Met is a target of miR-410,
which is downregulated in GBM compared to low WHO
grade glioma and normal brain [86]. c-Met is also targeted
by miR-144-3p which is downregulated in GBM [87].
miR-144-3p expression is inversely correlated with glioma
WHO grade and overall patient survival [87]. The expression
of miR-34a, another negative regulator of c-Met, is also
inversely correlated with glioma WHO grade [88–91]. Moreover, miR-34a expression in GBM is suppressed by PDGFRA,
which is targeted by miR-34a in a negative feedback loop
[88]. The administration of imatinib, an inhibitor developed
for BCR-ABL which can also inhibit PDGFRA [92, 93],
reversed the negative effect of PDGFRA on miR-34a expression [88]. Furthermore, miR-128, which targets PDGFRA
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and EGFR [94], is downregulated in GBM relative to low
WHO grade glioma [95–99]. EGFR is also targeted by
miR-219-5p, which is downregulated in GBM [100, 101]. In
addition, EGFR is indirectly regulated by miR-21 which
targets the EGFR transcriptional activator STAT3 [102–105].
The expression of miR-21 is positively correlated with glioma
WHO grade and decreased patient survival [100, 105–118].
Further links between miRNA and RTKs expression in
GBM were suggested by Kefas et al. (2008) and Webster et
al. (2009) who proposed that EGFR is targeted by miR-7
[119, 120]. miR-7 shows a brain-specific expression; however,
miR-7 shows a relatively decreased expression in GBM [121].
Although, pri-miR-7 levels are similar in both GBM and
normal brain, pre-miR-7 levels are decreased in GBM. This
suggests that changes of regulatory mechanisms that control
the processing of pri-miR-7 to pre-miR-7 could be responsible for the decrease in miR-7 expression in GBM [119].
6.2. miRNA Regulation of RAS. One of the effectors of the
RTKs signalling is the RAS pathway. RAS is antagonised by
the tumour suppressor NF1 which is regulated by miR-9
[122]. miR-9 is upregulated in GBM, which releases the NF1mediated suppression on RAS. miR-9 upregulation is associated with poor prognosis in GBM [122, 123]. Furthermore,
RAS (specifically N-RAS) is regulated by miR-143 [72], which
also targets the glycolytic enzyme HKII [67], and by miR-340,
which is downregulated in GBM and is associated with poor
prognosis [124, 125]. The expression of another RAS gene (KRAS) is regulated by let-7a [126], which also regulates both
the glycolytic enzyme PKM2 and the glycolytic driver c-Myc
[68]. K-RAS is further regulated by miR-134, which is found
to be downregulated in GBM [127]. The regulation of RAS by
multiple miRNAs that directly target glycolytic enzymes
could indicate a strong link between RAS expression and
enhanced glycolysis in GBM, yet to be investigated.
6.3. miRNA Regulation of PI3K/Akt. Another downstream
effector of RTKs signalling, which is upregulated in GBM and
may thus be contributing to the enhanced GBM glycolytic
metabolism, is the PI3K/Akt pathway. PI3K is directly regulated by miR-7, which also regulates EGFR as mentioned
above [121]. The overexpression of miR-7 was shown to downregulate PI3K expression in a dose-dependent fashion [121].
Another EGFR regulator, miR-21, regulates the expression
of the tumour suppressor and the PI3K antagonist, PTEN
[105]. miR-21 in GBM targets and downregulates PTEN
while the knockdown of miR-21 leads to the upregulation of
PTEN [105]. In GBM, PTEN is also targeted by miR-26a,
which is upregulated by c-Myc [128]. However, copy number
amplification mainly underlies the upregulation of miR-26a
in GBM [95, 126, 129]. Another negative regulator of PTEN
is miR-1908 which is upregulated in GBM relative to normal
brain and low WHO grade glioma and is associated with poor
prognosis [130]. The expression of PTEN is also repressed
by miR-494-3p and miR-10a/10b, which are upregulated in
GBM [131, 132]. Moreover, the high miR-10b expression levels
correlate with poor prognosis in GBM patients [133]. Furthermore, PTEN is targeted by miR-221/222, clustered in Xp11.3,
which is found to be upregulated in high relative to low WHO

BioMed Research International
grade glioma [95, 134]. Additionally, the expression of the
PI3K downstream effector, Akt (specifically Akt1), is regulated
by miR-542-3p which is found to be downregulated in GBM
[135]. miR-542-3p is negatively correlated with glioma WHO
grade and is associated with poor prognosis [135].
6.4. miRNA Regulation of mTOR. Downstream of the PI3K/
Akt pathway is mTORC1; a positive regulator of the glycolytic
driver c-Myc is negatively regulated by the metabolic tumour
suppressor AMPK which in turn is negatively regulated
by miR-451 [136]. The expression of miR-451 is found to
be elevated in GBM patient samples which correlates with
poor prognosis [136]. miR-451 targets CAB39, the binding
partner for the protein kinase LKB1 which phosphorylates
and activates AMPK [136, 137]. The high expression levels of
miR-451 are maintained by the activity of the transcription
factor OCT1 [138]. This forms a positive feedback loop where
low AMPK activity caused by miR-451 upregulations allows
OCT1 to further drive miR-451 expression [138]. Furthermore, the expression of mTORC1 and mTORC2 is suppressed
by miR-199a-3p which is downregulated in GBM compared
to normal brain [139]. However, the expression of miR-199a3p was not significantly different between low and high WHO
grade glioma, suggesting that miR-199a-3p downregulation
might be a key event which is tumorigenic transformation
[139]. Furthermore, the mTORC2 binding partner Rictor is
targeted by miR-34a [89, 140]. miR-34a expression, which is
downregulated in GBM [88–91], is negatively correlated with
Rictor expression, which is associated with shorter patients’
survival [89].
6.5. miRNA Regulation of c-Myc. c-Myc is a key glycolytic
driver in GBM [141]. mTORC2 positively regulates c-Myc
expression by suppressing FoxO3a. FoxO3a enhances the
expression of miR-34c which directly targets c-Myc [37].
mTORC2 inhibits the phosphorylation of class IIa histone
deacetylases (HDACs) rendering them inactive. As such,
FoxO3a remains in its acetylated inactive form. Thus, the
inactivation of FoxO3a relieves the miR-34c-mediated suppression on c-Myc [37]. In addition to its suppression by
mTORC2, the expression of FoxO3a is suppressed by miRmediated mechanisms in GBM. FoxO3a is negatively regulated by miR-27a, which is highly expressed in GBM relative
to low WHO grade glioma and normal brain and is associated
with faster disease progression and shorter patient survival
[84]. miR-155 is another negative regulator of FoxO3a which
is upregulated in GBM compared to normal brain [142]. The
expression of miR-155 positively correlates with glioma WHO
grade and poor prognosis [143, 144].

7. miRNAs Regulating Aerobic Glycolysis in
GBM Also Regulate Glycolytic Metabolism
in Other Cancer Types
Here, we attempt to link several miRNAs that regulate
glycolytic metabolism in GBM, as mentioned above, to their
documented glycolytic regulatory role in different cancers;
these miRNAs are miR-144, miR-143/miR-155, miR-128, miR34a, miR-340, and miR-26a as discussed below (Figure 4).
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miR-144, which is downregulated in GBM [87], was found
to target GLUT1 in lung cancer [145]. The overexpression of
miR-144 in lung cancer cell lines resulted in the reduction of
glucose uptake and lactate production [145]. Furthermore,
miR-143, which is downregulated in GBM [67, 72], has been
identified as a direct regulator of HKII in head and neck squamous cell carcinoma (HNSCC) and in colon and lung cancer.
Like in GBM, miR-143 expression is downregulated in these
tumours [146–148]. Moreover, in breast cancer, miR-155
was shown to indirectly upregulate HKII by repressing the
miR-143 transcriptional activator, CCAAT/enhancer binding
protein (C/EBP) 𝛽 [149]. miR-155 was also shown to promote
HKII transcription by upregulating the expression of the
HKII transcriptional activator, STAT3 [149]. Similar to GBM,
miR-155 expression is elevated in breast cancer and correlated
with short survival and unfavourable clinical outcomes [144,
150]. miR-128, which is downregulated in GBM [95–99], was
reported to target PFK in lung cancer [151]. miR-128 expression is downregulated in lung cancer and is associated with
poor prognosis [151]. Another miRNA, miR-34a, which is
downregulated in GBM [88–91], is also expressed at low levels
in breast cancer [152, 153]. In breast cancer, miR-34a targets
LDHA [152, 153]. In addition, in colon cancer, the PK alternative splicing proteins, hnRNPI/hnRNAPA1/hnRNAPA2, are
targeted by miR-340, miR-124, and miR-137, which are
downregulated in GBM [124, 125, 154]. In GBM, miR-137
downregulation is associated with poor prognosis [154–158].
In colon cancer, these three miRNAs, miR-340, miR-124, and
miR-137, which target hnRNPI/hnRNAPA1/hnRNAPA2, are

downregulated in order to promote the mutually exclusive
alternative splicing of PK into the PKM2, which is a key
metabolic adaptation in cancer [159]. Finally, miR-26a, which
is upregulated in GBM [95, 126, 128, 129], is also upregulated
and can target pyruvate dehydrogenase protein X component
(PDHX) in colon cancer [160]. This would, therefore, promote
glycolysis and inhibit oxidative phosphorylation (OXPHOS)
by suppressing the expression of PDHX in order to block
the conversion of pyruvate into acetyl coenzyme A; thereby
preventing the entry of pyruvate into the citric acid cycle
[160].

8. miRNAs Regulating Aerobic Glycolysis in
Other Cancer Types Are Also Differentially
Expressed in GBM
miRNAs which were reported to regulate glycolytic metabolism in different tumours are found to be differentially
expressed in GBM (Figure 4). This could suggest a similar
metabolic regulatory role in GBM tumours; thus, these
miRNAs can serve as potential glycolytic regulators in GBM.
miR-1291, for example, targets GLUT1 in renal cell carcinoma
(RCC) and is found to be downregulated in RCC and GBM
[161]. In bladder cancer, miR-195-5p, which targets GLUT3, is
also downregulated [162]. Moreover, miR-195-5p overexpression was shown to decrease glucose uptake [162]. In GBM,
miR-195-5p is downregulated and its decreased expression is
associated with poor prognosis [106, 163]. In tongue squamous cell carcinoma (TSCC), the glycolytic enzyme, PKM2,
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is targeted by miR-133a/133b, which are downregulated in
TSCC and in GBM [164–166] Moreover, miR-122, which also
targets PKM2, is downregulated in hepatocellular carcinoma
(HCC) [167] and GBM, where it correlates with shorter
patients survival [168]. Moreover, the overexpression of miR122 was shown to switch HCC cell metabolism from aerobic
glycolysis to OXPHOS [167]. Furthermore, miR-124, which is
downregulated in GBM [159], has been found to also be
downregulated in medulloblastoma (MB) [169]. miR-124
was reported to regulate the transport of lactate into the
extracellular space by targeting the lactate monocarboxylate
transporter 1 (MCT1) in MB [169]. Of interest, miR-124 was
reported to target STAT3 in GBM [170]. Since STAT3 is a transcriptional activator for HKII in colorectal and esophageal
cancer [171, 172], miR-124 downregulation in GBM could
be speculated as another miR-mediated mechanism of HKII
upregulation. Another glycolytic enzyme, PFK, which is
targeted by miR-128 as mentioned above, is also targeted by
miRNA-320 in lung cancer [173]. miR-320 expression is
downregulated in both lung cancer [173] and GBM [174]. A
final example of differentially expressed miRNAs in GBM that
regulate glycolysis in other cancers is miR-375, which targets
LDHB in maxillary sinus squamous cell carcinoma (MSSCC)
[175–177]. miR-375 is downregulated in MSSCC and GBM,
and this associates with low survival rate [175–177]. It must
be noted, however, that despite their differential expression
in GBM, these miRNAs which regulate glucose metabolism
in different tumours have not yet been described in relation to
GBM glycolysis. Thus, carrying out functional validation
studies in GBM would be necessary in order to establish such
links between miRNA expression levels and their regulatory
role in glucose metabolism.

9. Conclusion
Aerobic glycolysis is a hallmark of GBM tumours. miRNAs
regulate glycolytic metabolism in GBM by directly targeting
the expression of glycolytic genes and/or via the regulation
of the expression of oncogenes and tumour suppressors
genes in the RTKs pathways and their downstream effector
pathways, such as the PI K/Akt pathway, which regulate
glycolysis. Nevertheless, one must appreciate the complicated
regulatory network that drives glycolytic metabolism and
how the various individual miRNA expression changes could
be interconnected with each other within the network.
For example, miR-7 and let-7a modulate the expression of
multiple glycolytic regulators in GBM. Furthermore, miRNAs, such as miR-34a and miR-143, which also regulate
multiple glycolytic regulators in GBM, have been found to
regulate glycolytic metabolism in other cancers, suggesting
that such miRNAs may be regarded as universal regulators
of glycolytic metabolism in cancer. On the other hand,
differentially expressed miRNAs in GBM, which have not yet
been linked to GBM glycolytic metabolism, were reported to
have glycolytic regulatory roles in other tumours. Although
the differential expression of these miRNAs in GBM could
suggest a similar metabolic regulatory role in GBM, functional validation studies would be necessary before such links
can be established.
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Glioblastomas are the most frequent and aggressive primary brain tumors which are expressing various evolutions, aggressiveness,
and prognosis. Thus, the 2007 World Health Organization classification based solely on the histological criteria is no longer
sufficient. It should be complemented by molecular analysis for a true histomolecular classification. The new 2016 WHO
classification of tumors of the central nervous system uses molecular parameters in addition to histology to reclassify these
tumors and reduce the interobserver variability. The aim of this study is to determine the prevalence of IDH mutations and EGFR
amplifications in the population of the northeast region of Morocco and then to compare the results with other studies. Methods.
IDH1 codon 132 and IDH2 codon 172 were directly sequenced and the amplification of exon 20 of EGFR gene was investigated
by qPCR in 65 glioblastoma tumors diagnosed at the University Hospital of Fez between 2010 and 2014. Results. The R132H IDH1
mutation was observed in 8 of 65 tumor samples (12.31%). No mutation of IDH2 was detected. EGFR amplification was identified
in 17 cases (26.15%). Conclusion. A systematic search of both histological and molecular markers should be requisite for a good
diagnosis and a better management of glioblastomas.
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1. Introduction
Gliomas consist of more than 80% of brain tumors. Consequently, the descriptive epidemiology of gliomas is often
treated in a wider context of brain tumors. The incidence
estimation of brain tumors is often difficult due to the incompleteness of the data collected and the lack of reproducibility
of the current classifications.
In United States, data collection is centralized by specialized register called Cerebral Brain Tumor Registry of the
United States (CBTRUS). In France, two major sources of
data are available: the specialized registry of central nervous
system tumors of the Gironde existing since 1999 and French
Brain Tumor DataBase (FBTDB) existing since 2005. The
incidence of central nervous system tumors is currently
around 18/100000 in France [1–3] and 21.42/100,000 in the
USA [4].
Currently in Morocco, there is a global register of
Casablanca region for data collection of brain tumors. The
estimated standardized incidence of central nervous system
cancers is 2.0 per 100,000 men/year and 1.1 cases per 100,000
women/year [5].
In Fez region, there is not any register of cancer. However,
a retrospective study tried to establish the epidemiological
profile of 5532 cancer cases collected at the University
Hospital of Fez between 2004 and 2010. 129 cases (2.3%) of
nervous system cancer representing 10 new cases per 100,000
were reported during the same period [6].
The classification reference of gliomas was established by
the World Health Organization (WHO). This classification
was based on the recognition of morphological features of
tumor cells compared to normal cells and malignancy grade
(from I to IV). This last parameter takes into account a
number of histological criteria of malignancy including cell
density, nuclear atypia, mitoses, microvascular proliferation,
and necrosis [7].
The 2007 WHO classification used by neuropathologists
is not satisfactory. Indeed, there is great variability in the
aggressiveness, prognosis, and disease progression [8]. Furthermore, there is a lack of interobserver and intraobserver
reproducibility which is varying between 20 and 30% [9,
10]. Advances in molecular biology allowed establishing a
histomolecular classification of gliomas and identifying more
specific genetic alterations [8, 11, 12].
Glioblastoma is the most common and devastating primary brain tumor. Despite aggressive therapeutic intervention, the recurrence rate remains high with a median survival
of 15 months [13, 14]. Therefore, developing new molecular
biomarkers was an urgent requirement. Indeed, the identification of these biomarkers is beneficial for managing and
monitoring glioblastoma patients.
The purpose of this work is to determine the prevalence
of IDH mutations and EGFR amplifications in the northeast
region of Morocco population. The results obtained will be
integrated as a molecular approach in the diagnostic process
and management of glioblastoma in Morocco. The combination of new markers with histological criteria allows establishing a histomolecular classification of these heterogeneous
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tumors, therefore overcoming the 2007 WHO classification
limitations.

2. Materials and Methods
2.1. Patients and Samples. This is a retrospective study of 65
glioblastomas diagnosed between January 2010 and December 2014 in the Department of Anatomicopathological and
Molecular Pathology, University Hospital of Fez (Morocco).
Research use of tissues and anonymization of data were
in accordance with local ethical approvals. The histological
classification was based on the criteria set by the World
Health Organization (WHO classification version 2007).
The magnetic resonance imaging (MRI) data of all
patients were reviewed by a senior radiologist to confirm the
diagnosis of glioblastoma.
The main criterion for inclusion of tumors in our study
was the confirmation of the diagnosis of glioblastoma by
neuropathologists and radiologists. Any discrepancies have
led to the exclusion of the case from the study.
2.2. Histological and Immunohistochemical Study. Histological analysis was based on the criteria set by the World Health
Organization (WHO classification version 2007). It was
performed in tumor tissues that have been previously fixed
in 10% formalin and embedded in paraffin. A slice thickness
of 4 𝜇m was achieved then a staining was performed with
hematoxylin and eosin (HE). To confirm the diagnosis and
delimit the tumor areas, two different neuropathologists
conducted the reading of HE slides of all patients included
in the study. Then, suspicious cases underwent immunohistochemistry study using two distinct antibodies alphainternexin (Clone RB13854 [ABGENT]) and OLIG2 (Clone
EP112 [EPITOMICS]). The IHC technique was performed on
a Ventana BenchMark automated according to guidelines of
the manufacturer.
The alpha-internexin (INA) is a class IV neurofilament
involved in neuronal morphogenesis. This is a predictive
marker for 1p/19q codeletion. It is a cytoplasmic immunostaining with a paranuclear expression. Immunohistochemistry expression of INA is predictive of 1p/19q codeletion if
more than 10% of tumor cells were positive with at least one
tumor cluster.
The OLIG-2 is an oligodendroglial transcription factor
expressed by the neural tube precursors during embryonic
development and mature oligodendrocytes. Immunostaining
is detected at the nuclear level.
Using these two antibodies allows for a differential diagnosis of glioblastomas and anaplastic oligodendrogliomas.
2.3. Molecular Study. DNA was extracted from the same
tumor zones delimited by neuropathologists. The extraction
was performed using QIAamp DNA FFPE Tissue kit (Qiagen) while following the protocol described by the manufacturer. Then, qPCR was performed to study amplification of
EGFR gene on Applied Biosystems instrument ABI 7500.
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For this study, we investigated the amplification of exon
20 of EGFR gene. Two pairs of primers were used: Afterward
Primer GTGCAGATCGCAAAGGTAATCAG and GCAGACCGCATGTGAGGAT Reverse Primer with the use of
TAQMAN probe CCCCTCCCCGTATCTC.
The reaction medium is prepared from a PCR Master Mix
ready for use (TaqMan Fast Universal PCR Master Mix (2x)
[Applied Biosystems]). It consists of 2x concentrated solution
containing both Taq polymerase and dNTPs and all necessary
components for PCR, except primers, probe, and DNA. The
EGRF gene was amplified as follows: 2 minutes at 50∘ C; 15
minutes at 95∘ C; 40 cycles of 95∘ C for 15 seconds; and 60∘ C
for 1 minute.
Besides, PCR, purification, and sequencing techniques
were used to detect punctual mutations in IDH1 and IDH2
genes. PCR primers were used as follows: IDH1 Forward
primer 5 -AGA AGA GGG TTG AGG AGT TCA A-3 with
reverse primer 5 -CAC ATA CAA GTT GGA AAT TTC
TGG-3 and for IDH2 5 -TTG GCA GAC TCC AGA GCC
CA-3 with reverse primer 5 -GCC CGG TCT GCC ACA
AAG TC-3 .
PCR was performed using Platinium Taq DNA polymerase (Invitrogen). PCR conditions were 94∘ C for 5 minutes; 40 cycles of 94∘ C for 30 seconds, 60∘ C for 45 seconds,
and 72∘ C for 1 minute; and extension at 72∘ C for 10 minutes.
PCR products were purified using illustra ExoProStar 1Step according to the manufacturer’s instructions. Finally,
the purified PCR products were subject of direct sequencing
using the previous primers and the BigDye Terminator V3.1
Sequencing Kit (Applied Biosystems) on a 3500Dx automated
sequencer (Applied Biosystems).
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Table 1: Clinical and molecular data.
Gender
Male
Female
Age (mean/median/range)
≤40 years
>40 years
KPS
>70
≤70
Tumor location
Frontal
Parietal
Temporal
Occipital
Two cerebral lobes affected
Other
Extent of surgery
Complete resection
Partial resection
Biopsy
IDH gene
Mutant
Wild type
EGFR gene
Amplified
Not amplified

39
26
45.89/50/(8–83)
36 (55.38%)
29 (44.62%)
60 (92.31%)
5 (7.69%)
26 (40%)
5 (7.69%)
8 (12.31%)
1 (1.54%)
23 (35.38%)
2 (3.08%)
43 (66.15%)
15 (23.08%)
7 (10.77%)
8 (12.31%)
57 (87.69%)
17 (26.15%)
48 (73.85%)

This table summarizes the clinicopathological features and molecular results
concerning our study population of 65 Moroccan patients with glioblastomas.

3. Results
3.1. Clinical Characteristics. The study included 65 cases of
glioblastomas while additional 10 cases were excluded since
they did not fit the inclusion criteria. The mean age of patients
with glioblastoma diagnosis was 45.89 years. Patient’s age
ranged from 8 to 83 years, with a median value of 50 years.
55.38% of patients (36/65) were more than 40 years old
while 44.62% (29/65) were young adults (≤40 years). There
was a male preponderance in the studied population with
male/female ratio of 1.5 (60% male and 40% female). The
tumoral localizations in studied cases were 33 cases revealed
in the frontal lobe, 20 in the temporal lobe, 9 in the parietal
lobe, 1 in the occipital lobe, and 2 in other localizations. Most
patients included in this study underwent complete tumor
resection (43/65, 66.15%), while 15 patients (23.08%) had
a partial resection and 7 cases (10.77%) underwent biopsy
(Table 1).
3.2. Imaging Characteristics. Typically, glioblastoma occurs
as a large hemispherical mass with heterogeneous density and
signal and important peritumoral edema. The heterogeneity
is associated with necrotic component that appears on T2 and
FLAIR. Intratumoral hemorrhage results in a spontaneously
hyperdense appearance on CT and hyperintense T1 weighted
MRI and commonly contributes to the heterogeneous

presentation. The contrast enhancement is almost constant,
intense, and irregular. MRI is presenting aspect of ring
around the necrotic areas. Its appearance from butterfly
wing side of the corpus callosum is particularly evocative
when the lesion is necrotic. In MR spectroscopy is generally
demonstrating a very important elevation of choline and
NAA reflecting a collapse of a marked proliferation. This
aspect is associated with intense signs of neoangiogenesis in
perfusion MRI (Figure 1).
3.3. Histological and Immunohistochemistry Results. Retroreading of histological cases of glioblastomas was performed
to confirm the clinical diagnosis. This allowed excluding
one case from the study. Additionally, discordance between
imaging and histological findings allowed ruling out three
patients from the study including the case excluded by the
histological study.
Histological study has identified 15 doubtful cases of
glioblastoma due to disagreement of diagnosis between neuropathologists. Therefore, an immunohistochemistry study
was conducted using alpha-internexin and OLIG-2 antibodies to define the histological type and to allow grading of
tumors. This technique allowed confirming the diagnosis of
8 cases of glioblastomas and reclassifying, within another
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Figure 1: Brain MRI, T2 sequence (a), T1 weighted sequence (b), short TE spectroscopy (c), and long TE spectroscopy (d). The figure shows
a voluminous brain tumor, part of our series of study, with right hemispherical localization (blue asterisk), heterogeneous and necrotic,
associated with significant peritumoral edema (yellow asterisk). Choline peak (red arrow) witnesses a significant cell proliferation with lipid
peak (yellow arrow) witness of necrosis. This spectroscopic and morphological appearance strongly suggests glioblastoma.

group, 7 remaining cases which showed a positive immunostaining of both INA and OLIG-2 antibodies. These tumors
passed from glioblastoma to anaplastic oligodendroglioma
group.
In total, 10 tumors were excluded; hence the final number
of studied cases of glioblastoma was 65.
3.4. Genetic Results. Genetic study focused on identifying
the status of EGFR, IDH1, and IDH2 genes in 65 cases of
glioblastoma described above.
qPCR allowed assessing amplification status of EGFR
gene. Indeed, EGFR amplification was identified in 17 cases
(26.15%) of glioblastomas. High-copy EGFR amplification
(ΔCt > 5) was detected in 15/17 cases (88.24%) with EGFR
amplification.
Exons 4 of IDH1 and IDH2 genes were screened in
all cases of glioblastoma targeting possible mutations. For
IDH1 gene, the punctual mutation localized at codon 132

(CGT → CAT) has been reported in 12.31% (8/65) of cases. No
case of glioblastoma was detected with IDH2 gene mutation.

4. Discussion
Our aim was to integrate molecular markers in glioblastoma
diagnostics for better therapeutic management of patients. In
fact, glioblastomas are heterogeneous tumors. Several studies
have shown that cells within an individual glioblastoma
are different in their morphology, genetics, and biological
behavior. This is what makes the diagnosis difficult; the design
of effective targeted therapy becomes challenging as well. The
intratumoral heterogeneity could contribute to poor response
to targeted therapy [15–17]. Histological classification based
on WHO criteria, which was until recently the current
classification for neuropathologists, does not explain this
heterogeneity. In our Anatomic Pathology Laboratory, we
noticed an interobserver discordance of 23% (15 cases).
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This percentage is consistent with data from the literature
(20–30%) [9].
The immunohistochemistry of the 15 suspicious cases
allowed confirming diagnosis of 8 glioblastomas and reclassifying 7 others as anaplastic oligodendrogliomas. Therefore,
the last 7 cases were excluded from the study.
Moreover, the imaging based criteria (CT and MRI)
are not sufficient to explain tumor heterogeneity as well as
variability of evolution [18, 19]. In our case, there was a
discrepancy between the histological and imaging analysis (3
cases). Finally, 10 cases (13.33%) were excluded from the study.
Hence, it is required to use a global approach incorporating the histological criteria and the protein expressing
and genetic abnormalities that are present in glioblastoma
tumors in order to decide in the diagnosis of these complex
tumors and subdivide them into molecular subgroups. It
would ensure a better response to treatment and a good
patient outcome [20]. Recently, the new WHO classification
of 2016 came to break with the old method of pathological
diagnosis totally based on the morphology of tumor cells
by the incorporation of certain molecular parameters in this
classification. The integrated use of phenotypic and genotypic
parameters in the 2016 WHO classification of brain tumors
adds objectivity to the diagnostic process in the hope that this
may lead to more accurate diagnosis, effective prediction of
treatment response, an accurate assessment of prognosis, and
therefore a good patient outcome [11, 20].
The hallmark genetic aberration in glioblastomas is mutations of IDH gene. This is a key tumor marker that was the
basis for the restructuring and the creation of new entities in
the new WHO classification version 2016.
IDH mutational status helps in predicting diagnosis and
prognosis of glial tumors. Several studies have demonstrated
that the presence of IDH mutations predicts significantly
longer survival and progression-free survival of patients with
glioblastoma [21, 22]. Consequently, IDH mutations constitute major alterations required to guide treatment decisions
for patients with glioblastoma [23].
IDH mutation associated with other gene alterations
impairs cellular differentiation and promotes tumor development. First-generation inhibitors of IDH mutant are in
clinical trials stage and have shown so far encouraging results.
Indeed, an IDH1 inhibitor (AGI-5198) has been demonstrated
to bind and inhibit IDH1 mutant. Several studies tried to
target protein function upstream or downstream of IDH
mutant. The results would yield promising novel therapeutic
strategies [24–26]. Furthermore, recent studies investigated
the possibility of immunotherapeutic targeting of IDH mutations and suggested that IDH-targeted mutant could elicit
potent antitumor immune response [27–29].
In our study, IDH1 mutations have been identified in 8
cases among 65 studied glioblastomas (12.31%). No IDH2
mutation was detected in the same study group. All IDH1
mutated tumors showed IDH1-R132H mutation. This result
is consistent with subsequent publications that have detected
the same mutation in 10% and 16.8% of glioblastomas [30–
32].
Univariate analysis was conducted to determine possible
correlation between different clinical variables and molecular
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results. One statistically significant correlation was found
between the mutation status of IDH1 gene and extent of
surgery (𝑝 = 0.03). Indeed, the majority of patients with IDH1
mutated gene underwent total tumor resection and therefore
could allow better prognosis. This result is consistent with
published literature that identified IDH1 mutation as an
independent factor of good prognosis [21, 22].
Another important genetic aberration associated with
glioblastoma and mentioned in the 2016 WHO classification
is the amplification of epidermal growth factor receptor
(EGFR) gene, also referred to as (ERBB1 or HER1). EGFR,
localized on 7p12, encodes a membrane receptor tyrosine
kinase which is bound by EGF ligand. This binding activates
dimerization and autophosphorylation receptor of cytoplasmic domain. The most common EGFR alteration associated
with glioblastoma is amplification. It was identified in up
to 40% of primary glioblastomas although rarely in secondary glioblastomas. All primary glioblastomas with EGFR
amplification showed EGFR overexpression. However, 70
to 90% of primary glioblastoma with EGFR overexpression
demonstrated EGFR amplification [33]. Recent study has
demonstrated that EGFR amplified/overexpressing glioblastomas strongly benefited from metronomic temozolomidebased therapies [34].
Besides, tumors with EGFR amplification might demonstrate additional alterations in the same gene. This includes
in-frame deletion of exons 2–7 (EGFRvIII), which is present
in 50 to 60% of glioblastomas with EGFR amplification.
However, a recent study has demonstrated that improved
survival of glioblastoma patients benefiting from metronomic temozolomide-based therapies and showing an EGFR
overexpression is associated with activated EGFR/PI3K/Akt
pathway independently of the presence of EGFRvIII [34].
It is therefore important to determine EGFR gene status
for a better stratification of patients included in clinical trials
but also in the case of personalized therapies [35].
In our study, 26.15% (17/65) of glioblastoma patients
showed EGFR amplification.
Of the samples, high-copy EGFR amplification, as defined
by ΔCt > 5 between controls and EGFR, was present in
15 of 17 (88.24%) samples with EGFR amplification. This
result is consistent with previous studies where EGFR gene
amplification frequency was, respectively, 24%, 38.3%, and
44% [36–38].
The analysis of EGFR and IDH1 genes status allowed
demonstrating that one case showed an amplification of the
EGFR gene among 8 cases of IDH1 mutated. This result is in
agreement with the suggestion that EGFR amplification is an
alteration characterizing mostly primary glioblastomas while
IDH1 gene mutations mainly concern secondary glioblastomas. Thus, 7 mutated cases were probably secondary
glioblastomas and 15 cases could be primary GBM with
EGFR amplified and nonmutated IDH. Moreover, a statistically significant correlation between (IDH, EGFR) genetic
alterations and age of patients was not acquired to help a
better distinction of both forms of glioblastomas. This is
probably due to the small sample size. Therefore, it would be
interesting to continue the study by including more cases and
integrating more genetic alterations such as TP53, YKL40,
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and NF-1 alterations; this should allow a better classification
of glioblastomas in molecular groups [20].
To date, glial tumors in Moroccan population have not
been investigated, except one study involving molecular analyses of TP53 and IDH1/2 genes in 34 primary glioblastoma
cases with no mutation identified in IDH1/2 genes [39].
This study is complementary to the first Moroccan study
and whose results are consistent with those of international
literature. We identified the prevalence of common molecular
markers of glioblastomas and made clinicopathological correlations with molecular data in order to identify molecular
groups with good prognosis from poor or intermediate
prognosis.
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5. Conclusion
The histological classification is required for the diagnosis of
glioblastoma. However, the identification of several molecular markers has become essential for refinement of glioma
classification and improves prediction of treatment response
and outcome. It will probably establish molecular groups with
specific therapeutic algorithm for the Moroccan population.
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Recombinant immunotoxins (RITs) refer to a group of recombinant protein-based therapeutics, which consists of two components:
an antibody variable fragment or a specific ligand that allows RITs to bind specifically to target cells and an engineered toxin
fragment that kills the target cells upon internalization. To date, over 1,000 RITs have been generated and significant success has
been achieved in the therapy of hematological malignancies. However, the immunogenicity and off-target toxicities of RITs remain
as significant barriers for their application to solid tumor therapy. A group of RITs have also been generated for the treatment of
glioblastoma multiforme, and some have demonstrated evidence of tumor response and an acceptable profile of toxicity and safety
in early clinical trials. Different from other solid tumors, how to efficiently deliver the RITs to intracranial tumors is more critical
and needs to be solved urgently. In this article, we first review the design and expression of RITs, then summarize the key findings
in the preclinical and clinical development of RIT therapy of glioblastoma multiforme, and lastly discuss the specific issues that still
remain to forward RIT therapy to clinical practice.

1. Introduction
Glioblastoma multiforme (GBM), also known as grade IV
astrocytoma, is the most aggressive type of brain tumor.
According to the American Brain Tumor Association, GBM
accounts for 14.9% of all primary brain tumors and 55.4%
of all gliomas in adults, and 12,390 new cases are predicted
in 2017 [1]. Despite aggressive and multimodal therapy, the
5-year survival rate is only about 4%. Furthermore, the
aggressive nature of current therapies often leads to severe,
long-term side effects such as cerebellar mutism, cognitive
and endocrine impairments, hearing loss, infertility, and
neuropathies. There is a strong need for developing therapies
that are more effective in treating GBM, but less toxic to
normal brain tissue [2–4].
Recombinant immunotoxins (RITs) represent a promising modality for GBM therapy because of its superior

features over monoclonal antibodies (mAbs) and traditional
chemotherapeutics [5–7]. First, RITs are much smaller in
molecular size, which makes it more efficient to penetrate into
solid tumors than mAbs. Second, RITs maintain the specificity of mAbs, but unlike mAbs they are extremely potent and
have no known mechanisms of drug resistance. Third, RITs
can effectively kill quiescent, nondividing cells, different from
traditional chemotherapeutics. Lastly, RITs have little crossresistance with other agents and are also effective in treating
chemorefractory cancer. Since the first report on generation
of variable domain fragments of mAbs in 1988, over 1,000
RITs have been generated and RIT development is becoming
one of the most fast-growing fields in recent years [8–10]. A
large group of RITs have also been generated for GBM therapy
and several RITs have entered clinical trials. However, several
issues persist as significant barriers to achieving effective
therapy.
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2. Smart Design and Expression of RITs
Immunotoxins have been designed by taking advantage of
mAbs or endogenous specific ligands and protein toxins.
MAbs and ligands are known to be the most specific agents to
an antigen or protein expressed on cancer cells, while toxins
are the most potent agent killing cancer cells. Development
of immunotoxins evolves over time and technology and can
be divided into three generations [11–13]. The first generation
was generated by coupling a native, glycosylated toxin with
a mAb or a ligand through a cross-linking reagent that
forms disulfide bonds between toxin and mAb or ligand.
A critical issue for the first generation is the nonspecific
binding of the toxin part to normal cells, which not only
compromises the specificity of immunotoxins but also causes
severe systemic side effects. Accordingly, the binding domain
of toxins was deleted when generating the second-generation
immunotoxins. This approach significantly reduced the side
effects of immunotoxins, but several issues limited their
usefulness, including (1) poor stability due to the chemical
cross-linking between mAb or ligand and toxin; (2) heterogeneous composition and reduced binding affinity by random
conjugation; (3) poor penetration capability because of the
large molecular size; (4) strong immunogenicity and offtarget toxicity; and (5) limited production [14, 15].
Development of RITs, also called third-generation
immunotoxins, is driven by the ability to genetically design
and express antibody and toxin fragments with recombinant
DNA and protein engineering techniques. As discussed
below, the engineered toxin components in the majority
of the RITs are from either Pseudomonas exotoxin A
(PE) or diphtheria toxin (DT) [16, 17]. To minimize the
immunogenicity induced by PE and DT components, human
endogenous cytotoxic enzymes such as RNase, granzyme
B, and death-associated protein kinase 2 have also been
used in some RITs [18, 19]. These RITs are also called
fourth-generation immunotoxins by some investigators.
However, the activity of these human endogenous enzymes
is much lower than that of PE and DT, resulting in a very low
antitumor efficacy.

2.1. Design of the Antibody Fragments (Figure 1). RITs are constructed using either a specific ligand or an antibody fragment
for specific binding to targets [20, 21]. Since most ligands such
as transforming growth factor 𝛼 (TGF𝛼), epidermal growth
factor (EGF), and transferrin are endogenous molecules, they
bind to the targets that are not only overexpressed on cancer
cells but also physiologically expressed on normal cells.
Genetic manipulation of these endogenous ligands often
extremely lowers their binding affinity. On the other hand, the
candidate targets for most mAbs are usually overexpressed
on cancer cells but are expressed much less on normal cells,
and some are tumor-specific [22, 23]. Furthermore, mAbs
share a relatively uniform and well-characterized protein
structure, which allows easy genetic manipulations [24].
Because of these facts, in recent years, mAbs are more
frequently engineered to construct RITs. Herein, we focus on
the engineering of mAbs (Figure 1).
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MAbs are typically composed of two large heavy chains
and two small light chains, presenting a “Y”-shape. The small
variable region at the two tips of “Y” allows millions of
mAbs to recognize different antigens specifically. Since the
binding capability of a mAb requires the heavy and light
variable regions (VH and VL ) to work together, the smallest
antibody fragment that retains the original binding specificity
is the single-chain variable fragment (scFv) (25–30 kDa) that
consists of a VH and a VL domain joined by a peptide linker
[25, 26]. This linker is usually 12 to 25 amino acids long
and rich in glycine for flexibility and serine or threonine
for solubility. Accordingly, the smallest RITs, usually called
monovalent RITs, are those containing one scFv. Due to
the small size (∼60 kDa), monovalent RITs exhibit a good
penetration capability into solid tumors but suffer from
a low binding affinity due to the monovalency. Monovalent RITs are also cleared quickly from the bloodstream
(𝑡1/2 = ∼20 min). More desirable pharmacokinetics has been
achieved by constructing RITs with a bivalent scFv or scFvfusion proteins (minibody, 80 kDa; scFv-Fc, 105 kDa) (29-30)
[27, 28]. Bivalent scFv refers to a structure with two scFvs that
are fused through a peptide linker, which can be designed in
two different formats: one is a bivalent tandem scFv (biscFv,
50–60 kDa) when the two scFvs form a single peptide chain,
and another is a diabody (50–60 kDa) that is generated by
preventing dimerization of the adjacent VH and VL domains
from one scFv through a short linker (about five amino acids),
while forcing the two scFvs to dimerize by using a long linker
(about 15 amino acids) [29, 30]. Bivalent RITs have a binding
affinity close to full mAbs. Under most conditions for bivalent
binding, two measurable equilibrium dissociation constants
(𝐾d ) exist: one for monovalent and the other for bivalent
binding. The overall binding affinity of a bivalent scFv is
determined by the fraction of bivalent binding. Increasing
the bivalent binding fraction is one approach to enhance the
binding affinity by optimizing the primary and secondary
structures. Kim et al. have compared the binding affinity
among different formats and demonstrated that the bivalent
fold-back format of RITs is 7-fold and the biscFv format is 2.5fold higher than the scFv format [28, 29]. Bivalent RITs also
have a longer circulation time (𝑡1/2 = ∼40 min) than monovalent RITs but are still much shorter than antibody-toxin
conjugates (𝑡1/2 ≥ 4–8 hours) [31–33]. Other formats such as
triabodies, tetrabodies, and scFv-Fc are used less frequently
to construct RITs because the benefit from increased binding
affinity could be compromised by the increased molecular
size. An alternative format is bispecific tandem scFv that is
generated by linking two scFvs from two different mAbs to
target different antigens [34–36]. The therapeutic benefit of
bispecific RITs is still unclear.
2.2. Engineering of Toxin Fragments. The toxin component
is typically from either a bacterial protein such as DT
and PE or a plant-derived ribosomal inactivating protein
like ricin, gelonin, and saporin [37, 38]. Engineered PE or
DT fragments are of choice because they are more easily
produced with eukaryotic cell systems and induce less side
effects than plant toxins [39, 40]. Studies on PE-based RITs
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Figure 1: Design of the antibody fragments for construction of recombinant immunotoxins. The left panel shows the “Y”-shape structure of
IgG monoclonal antibodies, and the middle and right panels demonstrate the linear and cartoon structures of various antibody fragments.
VH , the heavy variable region; VL , the light variable region.

are mainly carried out by Dr. Pastan’s group at NIH and
by several groups in Europe, while studies on DT-based
RITs are primarily conducted by Dr. Neville’s group at NIH
(currently the Angimmune LLC) and by groups in Japan and
China.
Both of PE and DT belong to the AB toxin family,
consisting of A and B polypeptide chains [41–43]. AB toxins
possess three functional domains: one is the receptor binding
domain (R domain) that enables toxin to be absorbed on
cell surface; one is the translocation domain (T domain)
that helps with translocation of A chain into cytosol; and
the other is the catalytic domain (C domain) that exerts
cytotoxic effects on cells upon translocation to cytosol. DT
and PE share a similar cell-killing mechanism and the
enzymatic nature allows for extremely high efficiency in
killing cells. It is estimated that one single toxin molecule
can inactivate over 200 ribosomes or elongation factor
2 molecules per minute and is potent enough to kill a

cancer cell, whereas, for a traditional chemotherapeutic
drug, it requires 104 –105 molecules to reach similar potency
[5, 44].
DT protein consists of 535 amino acids. To construct
RITs, the R domain has been deleted, which results in toxin
fragments with different numbers of amino acids such as
DT385, DT388, DT390, DAB389, and DAB486 [45, 46].
Another modification of DT involves the substitution of two
amino acids in the B chain, creating a molecule named crossreacting material 107 (CRM 107) [47, 48]. These modified
DT fragments are unable to enter a cell and exert cytotoxic
effect themselves. Placement of an antibody fragment or a
ligand to the C-terminal of a DT fragment has much less
adverse influence on the DT activity than placement to its
N-terminal. To reduce the immunogenicity of DT fragments,
Schmoh et al. have recently generated several mutated forms
of the DT390 by mutating the highly hydrophilic R, K, D,
E, and Q amino acids on the DT390 molecular surface
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[49]. Animal studies have demonstrated 90% reduction in
production of neutralizing antibodies in mice immunized
with the mutants. The RITs constructed with the mutant
DT390 exhibit only minimal loss of the activity in vitro and
in vivo.
PE toxin is a single-chain 66-kDa polypeptide. Proteolytic
cleavage of PE in endocytic vesicles occurs near arginine-279,
generating a 37 kDa fragment that is translocated to cytosol.
There are several other protease-sensitive sites that are considered to be not essential for PE activation. Deleting its cellbinding domain results in different sizes of fragments such
as PE35 (35 kDa), PE38 (38 kDa), and PE40 (kDa) [50–53].
In recent years, two modified PE38 fragments, PE38KDEL
and PE38QQR, are more frequently used in the generation
of PE-based RITs. PE38KDEL carries a C-terminal with the
last four amino acids of KDEL (lysine, aspartic acid, glutamic
acid, and leucine). For PE38QQR, the domain Ia (amino acids
1–252) and amino acids 365–380 of PE are deleted, and lysine
residues at positions 590 and 606 are replaced with glutamine
and at 613 replaced with arginine. The two fragments exhibit
improved intracellular retention and reduced hepatotoxicity.
To reduce the immunogenicity of PE fragments, Dr. Pastan’s
laboratory has mapped the T- and B-cell epitopes of PE38
fragments and eliminated these epitopes by mutagenesis [51–
53]. The resulting PE fragments have been shown to induce
much less immunogenicity but maintain their enzymatic
activity. PE is relatively resistant to genetic manipulation over
DT.
2.3. Expression Systems of RITs. RITs are expressed mainly
using yeast, bacteria, or cell expression systems [54, 55]. Each
system has its unique features, but, as an expression system,
two critical requirements must be met: (1) capability of properly folding complex proteins with multiple domains and (2)
resistance to the toxin moiety. Being inexpensive, being fast,
and being easy to produce and purify are other requirements.
Bacterial systems like E. coli are resistant to DT and PE toxins
and are easy to manipulate; thus they are widely used to
express RITs. A major disadvantage is that bacterial systems
lack the ability to efficiently fold complex proteins. RITs must
be denatured and refolded ex vivo to recover their binding
capability and bioactivity. Unfortunately, the recovery is
often incomplete. It is difficult to produce multidomain RITs
with high activity using bacterial systems. Toxin-resistant
mammalian cell lines such as CHO and HEK293T cells are
also used to produce RITs, but it is labor-intensive and timeconsuming to select and characterize toxin-resistant cell lines
[56]. Limited production yield and complicated purification
are among other issues for using mammalian cell lines. Yeasts
like Pichia pastoris (P. pastoris) could grow in a simple,
inexpensive medium with a high growth rate in either a shake
flask or a fermenter, making them suitable for both smalland large-scale production. Importantly, P. pastoris itself is
capable of properly folding RITs by producing disulfide bonds
(57–59). Similar to mammalian cell lines, yeasts are sensitive
to toxins and they are essential to select toxin-resistant
strains.
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3. Key Findings of Preclinical and
Clinical Studies on RIT Therapy of
GBM (Tables 1 and 2)
Both PE- and DT-based RITs are known to directly kill targeted cells by inhibiting cell protein synthesis through ADPribosylation of the elongation factor 2. Recent studies further
demonstrate that RIT induces delayed cytotoxic effects and
tumor regression [57, 58]. In some patients, tumor regression
occurs after a period of RIT withdrawal, following suboptimal
drug delivery, or when heterogeneous expression of the
targeted antigen exists within tumors. Immune responses
induced by released antigens following cell killing have
been hypothesized as the secondary antitumor mechanism
of RITs. Studies by Ochiai et al. have revealed that the
antitumor response is induced after intratumor injection of
an EGF receptor (EGFR) variant III- (EGFRvIII-) specific
RIT, but this response is reduced when CD4+ and CD8+
T-cells are depleted [57]. The investigators have further
observed that the tumor cells without EGFRvIII expression
are similarly eliminated [59]. The latter finding is explained
by cross-presentation of antigens subsequent to the killing
of EGFRvIII-expressing tumor cells. Below are some key
findings in the preclinical and clinical development of RITs
for GBM therapy.
3.1. RITs Targeting EGFR and EGFRvIII. EGFR is a transmembrane tyrosine kinase belonging to the HER/erbB family.
To date, at least seven peptide ligands have been documented
for EGFR including EGF and TGF𝛼. Binding with EGFR
leads to internalization of both ligands and receptor and
trafficking to early endosomal compartment of the cells [124–
126]. EGFRvIII is a tumor-specific mutation of EGFR, which
is expressed highly in various types of cancer [127–129].
EGFRvIII results from an in-frame deletion of exons 2–7 of
the EGFR gene. This deletion, together with insertion of a
glycine residue, produces a unique junctional peptide at the
deletion interface. Approximately 60–90% of GBM overexpress and 40–50% have amplified EGFR, and up to 60–70%
of the EGFR-amplified GBM possess EGFRvIII [3, 4]. The
high prevalence of EGFR/EGFRvIII overexpression as well
as the tumor specificity of EGFRvIII makes EGFR/EGFRvIII
attractive targets for generation of RITs [130, 131].
3.1.1. D2C7(scdsFv)-PE38KDEL (D2C7-IT). D2C7-IT is a
monovalent RIT generated by fusing a disulfide-stabilized
scFv from the D2C7 antibody with the PE38KDEL fragment
[60, 61]. The D2C7 antibody was generated by immunizing
mice with a peptide corresponding to the junction created by EGFRvIII. D2C7 recognizes both wild-type EGFR
and EGFRvIII proteins. In vitro, D2C7-IT demonstrates
high cytotoxicity to GBM cell lines. The half maximal
inhibitory concentration (IC50 ) of D2C7-IT was reported
to be 0.18 to 2.5 ng/mL against cells overexpressing wildtype EGFR (NR6W, A431, 43, and D08-0493MG cells), and
approximately 0.25 ng/mL against cells expressing EGFRvIII
(NR6M cells) or coexpressing EGFR/EGFRvIII (D2159MG
and D270MG cells). In the rat intracranial models of
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Table 1: Preclinical development of recombinant immunotoxins (RITs) for glioblastoma therapy.
Constructs of RITs
Targeting moiety
Toxin moiety
Target
EGFR/EGFRvIII-targeted RITs
D2C7-(scdsFv)-PE38KDEL (D2C7-IT)
D2C7 scFv
PE38KDEL
EGFR/EGFRvIII
MR1(Fv)-PE38 (MR1)
MR1 scFv
PE38
EGFR/EGFRvIII
MR1-1(Fv)-PE38 (MR1-1)
Mutated MR1 scFv
PE38
EGFR/EGFRvIII
TGF𝛼-PE38 (TP38)
Transforming growth factor 𝛼
PE38
EGFR
TGF𝛼-PE40 (TP40)
Transforming growth factor 𝛼
PE40
EGFR
DAB389EGF
EGF
DAB389
EGFR
DT390-BiscFv806
mAb806 biscFv
DT390
EGFR/EGFRvIII
ScFv(14E1)-ETA
mAb14E scFv
PE40
EGFR/EGFRvIII
Anti-EGFR/LP1
Anti-EGFR scFv
Plant Luffin P1
EFGR
IL-13R and IL-4-targeted RITs
IL-13PE38QQR (IL-13PE)
IL-13
PE38QQR
IL-13R
IL13E13K-PE38
Mutated IL-13
PE38QQR
IL-13R
Anti-IL-13Ra2(scFv)-PE38
Anti-IL-13Ra2 scFv
PE38
IL-13Ra2
DT390 IL13
IL-13
DT390
IL-13R
IL4(38-37)-PE38KDEL (cpIL4-PE)
IL-4
PE38KDEL
IL-4R
DT390-mIL4
11B11 scFv
DT390
IL-4R
Bispecific RITs
DT390-ATF (DTAT)
uPA ATF
DT390
uPAR
DT390-IL-13-ATF (DTAT13)
uPA ATF and IL-13
DT390
uPAR/IL-13R
EGFATFKDEL
uPA ATF and EGF
PE38KDEL
uPAR/EGFR
EGFATFKDEL7mut
uPA ATF and EGF
Mutated PE38KDEL
uPAR/EGFR
DTEGF13
IL-13 and EGF
DT390
IL-13R/EGFR
Others
8H9scFv-PE38
mAb 8H9 scFv
PE38
B7H3
EphrinA1-PE38QQR
EphrinA1
PE38QQR
EphA2 receptor
NZ-1-(scdsFv)-PE38KDEL
NZ-1 scFv
PE38KDEL
Podoplanin
DmAb14m-(scFv)-PE38KDEL (DmAb14m-IT) Mutated DmAb14 scFv
PE38KDEL
3 -isoLM1/3 ,6 -isoLD1
IT-87
VLCDR1–VHFR2–VHCDR3
DT388
BT32/A6

Ref.
[60–63]
[64–67]
[57, 66]
[68–71]
[72–74]
[75–80]
[81]
[82–85]
[86]
[87–89]
[88, 90, 91]
[91, 92]
[93, 94]
[95, 96]
[97]
[98–100]
[100, 101]
[102–104]
[102–104]
[105, 106]
[107, 108]
[109]
[110]
[111]
[112]

Table 2: Clinical development of RITs for glioblastoma therapy.
RITs
D2C7(scdsFv)-PE38
(D2C7-IT)
IL-4(38-37)-PE38KDEL
(cpIL4-PE)

Clinical trials

Status

Outcome and side effects

Ref.

Phase I/II

Ongoing

N/A

NCT02303678

IL13-PE38QQR (IL-13PE)

Phase I/II/III

TGF𝛼-PE38 (TP38)
DAB389EGF
MR1-1(Fv)-PE38 (MR1-1)
∗

MS, median survival.

Phase I/II

Phase I
Phase I/II
Phase I

[113–115]
MS∗ : 4.7 months; six-month survival: 36%
Headache, seizure, weakness, dysphasia, hydrocephalus NCT00014677
MS: 42.7 weeks in phase II and 36.4 weeks in phase III
Not active
[116–119]
Headache, dysphasia, seizure, weakness, pulmonary
embolism
MS: 28 weeks (95% CI, 4.1–45.1)
Grade 3 hemiparesis, grade 4 fatigue, headache,
Discontinued
[58, 59, 120, 121]
dysphasia
Less effective in >80% intracranial infusions
Discontinued
N/A
[122]
Discontinued
Low accrual
[123]
Ongoing
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43, NR6M, and D270MG tumor xenografts, convectionenhanced delivery (CED) of D2C7-IT has prolonged survival
of rats by 310%, 28%, and 166%, respectively, compared to
control rats. D2C7-IT exhibits minimal binding to nontumor
brain tissues [62]. Preclinical toxicity evaluation following
CED of D2C7-IT to Sprague-Dawley rats has revealed a
maximum tolerated dose (MTD) of 0.10–0.35 𝜇g and a noobserved-adverse-effect-level of 0.05 𝜇g [63].
D2C7-IT is currently in Phase I/II study to determine its
MTD and initial effectiveness in patients with advanced GBM
(NCT02303678). The final results are still pending.

3.1.2. MR1(Fv)-PE38 and MR1-1(Fv)-PE38. MR1(Fv)-PE38
is constructed by fusing MR1(Fv) with PE38 fragment for
treatment of GBM expressing EGFRvIII [64–67]. MR1(Fv) is
a scFv that was isolated from a library of phage displaying
murine scFv. MR1-1(Fv) is a mutated version of MR1(Fv),
which was generated through targeted mutagenesis of the
complementary determining region 3 (CDR3) of the heavy
and light chains of MR1(Fv). The sequence of MR1-1(Fv)
differs from MR1(Fv) by three amino acids in the VH and VL
CDR3 domains. Binding studies have shown that MR1-1(Fv)
has a 15-fold higher affinity with EGFRvIII than MR1(Fv).
𝐾d was measured to be 1.5 × 10−9 M for MR1-1(Fv) versus
2.3 × 10−8 M for MR1(Fv) [66]. In biodistribution studies
using athymic nude mice bearing subcutaneous EGFRvIIIexpressing U87 tumor xenografts, an up to 244 ± 77%
increase in tumor uptake for MR1-1(Fv)-PE38 was observed
compared with that for MR1(Fv)-PE38 [67]. In rat models
of GBM, MR1-1(Fv)-PE38, when delivered directly to tumor
tissue, displayed a 3.5-fold increased potency towards cells
expressing EGFRvIII, compared to MR1(Fv)-PE38. MR11(Fv)-PE38 extended animal median survival to more than 53
days, compared to control animal survival of seven days. All
animals survived the treatment with no signs of neurotoxicity
or other noticeable adverse effects.
Ochiai et al. have analyzed the antitumor efficacy
of MR1-1(Fv)-PE38 in the immunocompetent mice bearing subcutaneous SMA560msEGFRvIII tumor xenografts
[57]. SMA560 is a malignant astrocytoma cell line and
SMA560msEGFRvIII is the SMA560 cell line stably transfected with a mouse homologue of EGFRvIII. Intratumoral
administration of MR1-1(Fv)-PE38 eliminated the EGFRvIIIexpressing tumors. Interestingly, the antitumor activity was
observed to be dependent on the expression of EGFRvIII
on some, but not all tumor cells, and the activity could be
significantly inhibited in the absence of CD4+ and CD8+ Tcells [57]. The investigators conclude that MR1-1(Fv)-PE38
induces EGFRvIII-specific immunity and produces longlasting immunity against tumor cells expressing EGFRvIII as
well as those without expression of EGFRvIII.
MR1-1(Fv)-PE38 entered Phase I trial for safety profiling
in treatment of malignant brain tumors; however this trial has
been terminated due to low accrual [123].
3.1.3. TGF𝛼-PE38 (TP38) and TGF𝛼-PE40 (TP40). TGF𝛼 is a
mitogenic polypeptide that belongs to the EGF family. TGF𝛼
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acts as either a transmembrane-bound ligand or a soluble
ligand with similar biological functions to EGF. TGF𝛼 has
been fused with different PE fragments, resulting in several
RIT variants such as TP40, TP38, TP35, and TP31 [68–70]. Of
them, TP38 has been evaluated for its effects more extensively.
In an intracranial brain tumor model, epidermoid carcinoma
A431 cells were mixed with TP38 and implanted into the
caudate nuclei of athymic mice; mice receiving tumor cells
mixed with either 0.03 𝜇g or 0.1 𝜇g of TP38 displayed 90%
and 100% survival compared to mice injected with cells alone
(19 days) [71]. Toxicity assessment revealed a MTD of 0.66 𝜇g
when directly injected into the caudate nucleus of athymic
rats. The rats treated with high dose of TP38 exhibited
demyelination and necrosis. When TP38 was infused into the
brain of rhesus macaques, the MTD was determined to be
6 𝜇g [71].
Sampson et al. have reported the findings of Phase
I clinical trial of TP38 in 20 adult human patients with
recurrent brain tumors [58, 59]. By direct infusion of TP38
into the brain, the most toxicities encountered were solely
neurological and most likely unrelated to TP38, rather a
consequence of infusion volume, recurrent tumor, or stereotactic catheter placement. In this study, the dose escalation
of TP38 was stopped at 4 𝜇g without reaching its MTD due
to inconsistent drug delivery [120, 121]. The median time to
tumor progression was 14.9 weeks, and the median survival
was 28 weeks in these patients. The investigators noticed
that many patients experienced significant leaks of the drug
into the ventricles or subarachnoid space, resulting in failed
intraparenchymal distribution, although the treatment was
considered to be safe. In another dose escalation study, MTD
has also not been established. The overall median survival for
all patients was 23 weeks, and, for those without radiographic
evidence of residual disease at the time of therapy, the median
survival was 31.9 weeks [59]. Two dose-limiting neurologic
toxicities were observed, including grade 3 hemiparesis and
grade 4 fatigue. Again, more than 80% of infusions resulted
in drug leakage to other areas of brain.
TP40 has been analyzed for its cytotoxicity in cell lines
and in Phase I clinical trial as an intravesical therapy [72–
74, 132]. The trial showed that TP40 was well-tolerated in
patients with superficial bladder cancer with no dose-limiting
toxicities between 0.15 mg/week and 9.6 mg/week. Eight of
nine patients with carcinoma in situ demonstrated partial
or complete responses to treatment. Patients with invasive
disease showed no response to the treatment and no visible
changes were observed in tumors. In general, Phase I study
for early superficial bladder cancer is encouraging. Phase II
studies have not been initiated. No clinical studies on brain
tumors have been reported with TP40.
3.1.4. DAB389EGF. DAB389EGF is a fusion protein of EGF
and DT389 fragments [75, 76]. DAB389EGF demonstrates
potent cell-killing ability at pM concentrations against a
panel of human GBM cell lines [76, 77]. The efficacy of
DAB389EGF is strongly correlated with the EGFR density
on GBM target cell lines. In animal models, the MTD of
DAB389EGF by intratumoral injection of subcutaneous U87
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tumors every other day for three to six doses was measured
to be 3 𝜇g [78–80]. At this dosage, tumor regression was
observed in all animals; however 25% of the animals exhibited
a tumor relapse within one month. Relapsed tumors were
found to retain their EGFR and responded to a second
round of treatment. Animals receiving higher doses exhibited
weight loss, diminished activity, and dehydration. Altered
blood chemistry included urea nitrogen, creatinine, aspartate
transaminase, and alanine transaminase. Histopathological
analysis of kidney revealed renal tubular necrosis.
Phase I/II clinical trial has been conducted in 52
patients with metastatic diseases [122]. One patient with
non-small-cell lung carcinoma displayed a partial response,
and three others showed stable disease through the duration of the trial. However, all patients developed anti-DT
neutralizing antibodies. The adverse effects included fever,
malaise, nausea/vomiting, hypoalbuminemia, hypertension,
and anorexia. One patient experienced proximal renal tubular acidosis. Dose-limiting toxicity was determined to be
9 𝜇g/kg/day for five consecutive days and 15 𝜇g/kg/day in an
episodic dosing regimen on days 1, 8, 9, 15, and 16 every 28
days.

binds EGFRvIII, displaying 100-fold more potency towards
cells with EGFRvIII expression than cells with wild-type
EGFR expression only [82, 83]. Coadministration of cisplatin
and scFv (14E1)-ETA shows a synergistic effect on killing
the chemotherapy-resistant cells, more effective than either
treatment alone [84]. In immunocompetent mouse models,
scFv (14E1)-ETA also demonstrates antitumor capabilities;
however all mice developed anti-PE neutralizing antibodies,
resulting in neutralization of toxin activity [85].

3.1.5. DT390-BiscFv806. DT390-BiscFv806 is a bivalent RIT
generated in our laboratory [81]. This RIT is designed by
taking advantage of the unique specificity of mAb806 to
the EGFR and EGFRvIII overexpressed in cancer [81]. The
mAb806 was raised against mouse fibroblast cells expressing EGFRvIII. The mAb806 binds to an epitope exposed
only in the transitional untethered form of EGFR when
it is overexpressed in cancer [133–137]. We first generated
a bivalent RIT, designated as DT390-MuBiscFv, by fusing
DT390 with a biscFv from the murine mAb806 through
peptide linkers ((G4 S)3 ). Use of biscFv significantly improves
the binding affinity of RITs, ∼2.5-fold higher than that of
monovalent version. Encouraged by the promising results
and leveraging the mAb806 humanization-derived benefits,
we further generated a humanized biscFv RIT, designated as
DT390-HuBiscFv. Both bivalent RITs were expressed using a
DT-resistant P. pastoris system invented by our collaborators
(Patent number US7892786). DT390-HuBiscFv maintains
the specificity of mAb806 and is extremely cytotoxic to
various cancer cell lines with EGFRvIII. DT390-HuBiscFv
shows two to three orders of magnitude more potent to the
EGFRvIII-transfected U87 (IC50 , 1 × 10−13 M) than to the
parental U87 cells (IC50 , 8 × 10−10 M). Systemic administration of DT390-HuBiscFv inhibited the growth of established
tumor xenografts produced by the U87 cancer cells with
and without EGFRvIII, showing an inhibition rate of 76.3%
(59.82–96.2%) and 59.4% (31.5%–76.0%), respectively [81].

3.2. RITs Targeting Interleukin- (IL-) 4 and IL-13 Receptors.
IL-4 and IL-13 are two cytokines related closely in both
structure and function [140, 141]. The IL-4 and IL-13 genes
are both mapped on chromosome 5q. The effect of IL-4
signaling is mediated through the IL-4 receptor 𝛼-chain
(IL-4R𝛼) [142]. Upon binding to IL-4, IL-4R𝛼 dimerizes
either with the common 𝛾-chain to produce the type 1
signaling complex or with the IL-13 receptor 𝛼-chain 1 (IL13R𝛼1) to produce the type 2 complex [143]. IL-13 has two
receptors: IL-13R𝛼1 and IL-13R𝛼2. IL-4R𝛼 and IL13R𝛼1 are
expressed ubiquitously in various tissues including normal
brain tissue [144, 145]. Under physiological conditions, they
regulate immune response and immune microenvironment.
In various types of cancer including GBM, IL-4R𝛼, and
IL-13R𝛼1, they have been shown to be overexpressed and
promote tumor proliferation, cell survival, and metastasis
[140, 141]. Different from IL-13R𝛼1, IL-13R𝛼2 has a very high
binding affinity with IL-13 but not with IL-4. IL-13R𝛼2 is
selectively expressed on glioma cells and associated with
increased malignant grade and poor patient prognosis [146,
147]. Because IL-13R𝛼2 does not express or express little in
normal brain tissue, IL-13R𝛼2 appears more attractive than
IL-4R𝛼 and IL-13R𝛼1 as a target for RIT generation.

3.1.6. ScFv (14E1)-ETA. ScFv (14E1)-ETA is generated by
fusing the scFv from the mAb 14E1 with PE40 [82, 83].
14E1 was isolated from mice immunized with A431 epidermoid carcinoma cells and recognizes both wild-type EGFR
and EGFRvIII. In vitro, scFv (14E1)-ETA exhibits similar
potency to TP38 against multiple cancer cell lines with
EGFR overexpression, but, unlike TP38, scFv (14E1)-ETA also

3.1.7. Anti-EGFR/LP1. Anti-EGFR/LP1 is a fusion protein of
a 5 kDa ribosome-inactivating polypeptide Luffin P1 (LP1)
and an anti-EGFR scFv connected via a (GGGGS)3 flexible
polypeptide [86]. LP1 is the smallest type III plant ribosomeinactivating proteins (RIPs) [138]. Similar to most RIPs, LP1
inhibits protein synthesis by depurinating the large ribosomal
RNA, thereby blocking ribosome binding to elongation factor
2 [139]. Anti-EGFR/LP1 was expressed in E. coli, refolded,
and purified on an immobilized Ni2+ -affinity chromatography column. Anti-EGFR/LP1 displays growth inhibition of
EGFR-expressing U251 cells [86]. Its efficacy and toxicity in
animal models of GBM are unclear.

3.2.1. IL-13PE38QQR (IL-13PE), IL13E13K-PE38, and AntiIL-13R𝛼2(scFv)-PE38. IL-13PE is made by fusing human IL13 and PE38QQR [87–89]. In vitro, IL-13PE demonstrates
high cytotoxicity to IL-13R-positive tumor cell lines including
GBM, AIDS-associated Kaposi’s sarcoma, and cancer arising
from kidney, head and neck, ovary, prostate, colon, and skin.
The cytotoxicity is correlated with the number of receptor
sites on tumor cell surface. Systemic administration is limited
by dose due to toxic side effects. Local administration
allows IL-13PE active for approximately six hours at the site
of injection. The antitumor efficacy following intratumoral

8
administration has been demonstrated in a number of tumor
xenograft models and shown evidence of activating the innate
immune response that mediates robust tumor response [148].
IL-13PE is more cytotoxic to the tumors that preferentially
express high level of IL-13R𝛼2.
For the IL13E13K-PE38, IL-13 is replaced with its mutated
form, IL-13E13K, in which glutamic acid (E) residue at
position 13 of IL-13 molecule is substituted by a lysine
(K) [88, 92]. IL-13E13K exhibits a higher affinity to IL-13R
than the wild-type IL-13 [90]. It has been shown that the
affinity of IL13E13K-PE38 to U251MG and IL-13Ra2 chaintransfected tumor cell lines is 3 to 10 times higher than
that of IL-13PE. However, they have similar cytotoxicity
[91, 92]. The antitumor activity of IL13E13K-PE38, when
administered intraperitoneally to nude mice bearing U251
tumors, is also similar to that of IL-13PE. Some improvement
in antitumor activity has been observed only when lower
doses of IL13E13K-PE38 are injected into tumors. In general,
IL13E13K-PE38 mediates similar cytotoxicity and antitumor
activity to IL-13PE, despite its improved binding affinity to
IL-13R.
In several studies, IL-13PE has been integrated into
adenoviral vectors to express IL-13PE along with the virus
replication [71, 149]. When injected into tumors, the adenoviral vectors encoding IL-13PE have been shown to provide
long-term and high local expression of IL-13PE and lead to
an effective cytotoxic response in IL-13R𝛼2-expressing GBM
cells with less side effects to the surrounding normal brain
tissue. A single intratumoral injection of such a therapeutic
vector into intracranial human GBM xenografts and murine
GL26 tumors in immunocompetent mice resulted in tumor
regression and long-term survival in 50–70% of the animals
[71].
Different from IL-13PE, anti-IL-13R𝛼2(scFv)-PE38 is generated with a high-affinity clone of scFv against IL-13R𝛼2
[91, 92]. This clone was isolated from a human scFv antibody phage library. The anti-IL-13R𝛼2(scFv)-PE38 is highly
cytotoxic to U251 glioma and other cancer cell lines in
vitro. Its cytotoxic activity can be neutralized by purified
extracellular domain of IL-13R𝛼2 but not by IL-13, indicating
that it is highly specific to IL-13R𝛼2. In immunodeficient mice
bearing subcutaneous glioma tumors, anti-IL-13R𝛼2(scFv)PE38 demonstrated significant antitumor activity with a
MTD of 200 mg/kg when given intraperitoneally twice daily
for 5 days. The high specificity of anti-IL-13R𝛼2(scFv)-PE38
suggests it has less toxic side effects than the RITs constructed
with human IL-13 [92].
Several Phase I/II clinical trials have been conducted in
a total of 120 GBM patients to evaluate intracerebral CED
of IL-13PE (trade name: Cintredekin Besudotox) [116, 117].
The patients underwent an initial tumor biopsy procedure,
followed by the placement of one intratumoral catheter, and
IL-13PE was then administered by CED over a period of 48
hours (dose escalation 0.25–2 mg/mL, 400 mL/hour) [117].
In another study, two or three catheters were inserted into
the region adjacent to the tumor resection cavity (peritumoral infusion) and IL-13PE (0.25 mg/mL, 750 mL/hour)
was then administered over 96 hours [118]. The maximum
tolerated intraparenchymal concentration was determined
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to be 0.5 mg/mL and tumor necrosis was observed at this
concentration. Infusion durations of up to 6 days were welltolerated. The overall median survival duration was 42.7
weeks (95% confidence interval 35.4–59.3) in 42 patients
receiving peritumoral infusion (0.25 and 0.5 mg/mL) [118].
The outcomes were found to be better when two or more
catheters were adequately positioned (0.25 and 0.5 mg/mL,
57.4 weeks, 95% confidence interval 35.6–75.3, 24 patients)
[118]. Intracranial administration led to dose-limiting toxicities in some patients, including neurological symptoms secondary to necrotic and inflammatory processes, irreversible
hemiparesis, and the death of one patient due to neurologic
decline.
Based on these results, a randomized controlled Phase
III clinical trial (PRECISE Trial) has been conducted [119].
This trial enrolled 296 patients; one arm received IL-13PE and
another received carmustine-releasing gliadel wafers (GW)
via catheters implanted in the walls of the resection cavity
after craniotomy. IL-13PE was well-tolerated but showed
similar efficacy (overall survival) to GW. Retroactive data
analysis of time-to-progression was significantly longer with
IL-13PE compared to GW (17.7 versus 11.4 weeks). A followup study noted that only 68% of catheter placements were
performed per protocol, suggesting that variability in catheter
positioning may have adversely impacted results.
3.2.2. IL4(38-37)-PE38KDEL (cpIL4-PE). cpIL4-PE is a protein comprised of circularly permuted human IL-4 and
PE38KDEL [95, 96]. cpIL4-PE has been shown to be highly
cytotoxic to glioma cell lines in vitro but not or less to
hematopoietic and normal brain cells. IC50 was measured
to be 1 ng/mL for three of five medulloblastoma cell lines
expressing >900 IL-4 binding sites/cell, 30 ng/mL for D341
cell line expressing ∼600 sites/cell, and no marked cytotoxicity at concentrations up to 1000 ng/mL for D283 cell
line expressing the lowest level of IL-4R [96]. The cytotoxic
activity of cpIL4-PE can be neutralized by either excess IL4 or IL-13, indicating that IL-4R are related to IL-13R on
medulloblastoma cell lines. This property of receptor sharing
for IL-4 and IL-13 has also been observed in other cancer
cell lines. Intratumoral injection of cpIL-4PE in human
tumor xenografts including GBM has all shown remarkable
antitumor effects.
In an open-label, dose escalation Phase I trial by Weber et
al., drug-related grade 3 and 4 central nervous system toxicities were observed in 39% and 22% of patients, respectively
[113]. The MTD was determined to be 6 𝜇g/mL in 40 mL. The
six-month survival was 48% and the overall median survival
was 5.8 months for the GBM patients. The patients with
recurrent GBM in the placebo arm of this trial had an overall
median survival of 4.7 months and a six-month survival rate
of 36%. In another trial, the safety and activity of cpIL4-PE
were investigated after directly infusing into gliomas of nine
patients over a 4–8-day period by one to three stereotactically
placed catheters [114]. Neither apparent systemic toxicity nor
histological evidence of neurotoxicity to normal brain was
identified in any patients. Local toxicity seemed attributable
mainly to tumor necrosis or occasionally to the volume of
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infusion. A multicenter, randomized, open-label Phase II
study is currently ongoing in patients with recurrent GBM to
evaluate efficacy of intratumoral administration of cpIL-4PE
after surgical resection, with a secondary objective to evaluate
safety and tolerability of this immunotoxin (NCT00014677).
Currently, there are no Phase III protocols involving cpIL4PE.
The safety and tolerability of cpIL-4PE have also been
demonstrated in an additional Phase I clinical trial for renal
cell carcinoma and non-small-cell lung carcinoma [115].
Cohorts of three to six patients were treated at dose levels
of 0.008, 0.016, and 0.027 mg/m2 daily × 5 days every 28
days. Fourteen patients received 1–6 cycles of cpIL-4PE. No
dose-limiting toxicities were noted at dose levels of 0.008
and 0.016 mg/m2 . At 0.027 mg/m2 , two patients developed
self-limiting, grade 3 or 4 transaminase elevation during
treatment cycle. However, no objective tumor responses were
noted. Low circulating level of cpIL-4PE, coupled with rising
neutralizing antibody titers, may contribute to the lack of
response.
3.2.3. DT390 IL13 and DT390-mIL4. DT390 IL13 is an IL-13Rtargeted RIT, which is composed of a DT390 fragment instead
of PE fragment [93, 94]. DT390 IL13 was found to inhibit the
U373MG GBM cell growth with IC50 of ∼12 pM. In nude
mice, small U373MG tumor xenografts completely regressed
in most animals after five intratumoral injections of 1 mg of
DT390 IL13 q.o.d. for five doses [93]. DT390 IL13 has also been
tested against primary explant GBM cells of a patient’s excised
tumor and IC50 is similar to that for U373MG. Toxicity
studies demonstrate that DT390 IL13 of 1–30 mg/injection
has little effect on kidney, liver, spleen, lung, and heart in
immunocompetent mice.
DT390-mIL4 is constructed with DT390 and murine IL4 [97]. This RIT exhibited a dose-dependent cytotoxic effect
with IC50 of 0.56 × 10−9 M against SMA-560, 1.28 × 10−9 M
against neuro-2a, and 0.95 × 10−10 M against NB41A3 cells.
The cytotoxicity of DT390-mIL4 was specifically blocked by
excess of anti-mouse IL-4 monoclonal antibody (11B11).
3.3. Bispecific RITs
3.3.1. DT390-ATF (DTAT) and DT390-IL-13-ATF (DTAT13).
DTAT is a fusion protein containing DT390 and the noninternalizing amino terminal fragment (ATF) portion of human
urokinase-type plasminogen activator (uPA) [98]. The ATF
portion lacks the catalytic domain of uPA but possesses
an EGF-like or growth factor domain that comprises the
receptor binding sequence of uPA. Different from DTAT,
DTAT13 is designed to target both the uPA receptor (uPAR)
and IL13R𝛼2 [99–101]. Accordingly, DTAT13 is generated by
adding the ATF of uPA to DT-IL13 with a linear sequence of
DT390-IL-13-ATF.
The uPAR is a glycosylphosphatidylinositol-anchored
receptor located on the cell surface. Functionally, uPAR
regulates extracellular matrix proteolysis, cell-extracellular
matrix interactions, and cell signaling [101, 150]. In several
types of cancers including GBM, uPAR expression has been
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reported to be elevated and its expression level is correlated
with tumor invasiveness and shorter survival of patients.
The endothelial cells of tumor neovasculature also express
uPAR. Therefore, uPAR serves a therapeutic target against
both tumor cells and neovasculature [150, 151].
In vitro, DTAT is highly potent and selective against
U118MG, U87MG, and U373MG GBM cell lines and human
umbilical vein endothelial cells (HUVEC) [99]. IC50 of DTAT
was measured to be 0.24 nM for U87MG cells and 2 nM
for HUVEC. DTAT13 has similar cytotoxicity to DTAT,
exhibiting IC50 of 0.2 nM for U87MG cells and 0.0007 nM
for U373MG cells. DTAT13 also inhibits HUVEC growth in
a dose-dependent manner. In vivo, both DTAT and DTAT13
resulted in significant regression of subcutaneous U87MG
tumors when administered every other day at 10 mg/day for
five doses [100]. Liver alanine aminotransferase levels were
found to be significantly increased, but not to life-threatening
levels. Mortality studies indicate that DTAT13 is less toxic
than DTAT, suggesting that it may allow treatment of a
broader subset of antigenically diverse tumors with reduced
exposure to toxins than if two separate agents were employed.
In the studies by Rustamzadeh et al., the MTD of DTIL13
was measured to be 1 mg/injection every other day for three
injections [101]. Doses that exceeded this amount resulted
in weight loss and liver damage. The same dose given to
nude mice with established intracranial U373MG tumors
resulted in prolonged survival and significant reduction in
tumor volume. The pharmacokinetic experiments following
intracranial injection of radiolabeled DTIL13 showed that
DTIL13 was mainly cleared by the kidneys.
3.3.2. EGFATFKDEL and EGFATFKDEL7mut. The two RITs
are designed to simultaneously target both the EGFR
that are overexpressed on cancer cells and the uPAR on
tumor neovasculature [102–104]. EGFATFKDEL consists of
human EGF, a fragment of uPA, and PE38KDEL. EGFATFKDEL7mut is a version with reduced immunogenicity
constructed by mutating seven immunodominant B-cell
epitopes on the PE38KDEL molecule. Both RITs are effective against glioblastoma cell lines as well as HUVEC.
In mice with subcutaneous GBM xenografts, intratumoral
injection of EGFATFKDEL7mut eradicated small tumors in
over half of the treated mice, which then survived with
tumor-free status for at least 100 days after tumor inoculation [103]. Immunization experiments in immunocompetent
mice revealed significant reduction of anti-toxin antibody
production in EGFATFKDEL7mut-treated mice, compared
to in EGFATFKDEL-treated mice. Oh et al. tested a similar
construct and showed that EGFATFKDEL7mut selectively
kills the glioblastoma cell line U87-luc as well as cultured
human endothelial cells in vitro [104]. In vivo, when rats
bearing brain tumors were treated via CED of the drug,
significant tumor reduction was observed and some rats
survived with a tumor-free status for 130 days after tumor
inoculation. The MTD of EGFATFKDEL7mut was established at 2 𝜇g/injection or 8.0 𝜇g/kg, and this dose was
nontoxic. Antitoxin antibodies were reduced by at least 90%
[104].
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3.3.3. DTEGF13. DTEGF13 is a bispecific RIT that is composed of IL-13, EGF, and DT390 [105, 106]. In vitro, DTEGF13
selectively kills the human glioblastoma cell lines, U87MG
(IC50 , 0.015 nM), and U118MG (IC50 , 0.02 nM). Interestingly, DTEGF13 exhibits a greater activity than either of
its monospecific counterparts or their mixture, proving it
necessary to have both ligands on the same single-chain
molecule [105]. The cytotoxicity could be blocked with antiEGFR and anti-IL-13 antibodies. In the subcutaneous tumor
xenograft model, intratumoral injection of DTEGF13, but not
monospecific DTEGF or DTIL13, significantly inhibited the
growth of established U87 tumors in nude mice [105]. In
aggressive intracranial tumors established in nude rats with
U87 cells, two injections of DTEGF13 via CED resulted in
tumor eradication in 50% of the rats, which survived with
tumor-free status for at least 110 days after tumor inoculation
[106]. The MTD was measured to be 2 mg/injection or
0.5 mg/kg. No anti-DT antibodies were detected in normal
immunocompetent rats when given identical intracranial
dosage of DTEGF13. Combination of monospecific DTEGF
and DTIL13 did not inhibit tumor growth.
3.4. RITs Targeting Other Antigens or Receptors
3.4.1. H9scFv-PE38 Targeting B7-H3 (CD276). 8H9scFv-PE38 is a fusion protein consisting of PE38 and a scFv from
mAb 8H9 [107, 108]. MAb 8H9 is a murine IgG1 hybridoma
derived from the fusion of mouse myeloma SP2/0 cells
and splenic lymphocytes of BALB/c mice immunized with
human neuroblastoma [152]. This antibody recognizes B7H3 (CD276) antigen, a type I transmembrane protein with
20–27% amino acid identity with other B7 family members.
Functionally, B7-H3 exhibits complex interactions with Tcells and natural killer cells, and its expression is induced
on these cells [153]. B7-H3 mRNA is broadly expressed in
normal tissues, but its protein expression is relatively rare.
Interestingly, B7-H3 protein is expressed in various types of
cancer [154]. Immunohistochemistry has shown that the B7H3 epitope recognized by 8H9 is not expressed by normal
neurons or glia but demonstrates immunoreactivity in a
vast majority of human GBM and anaplastic astrocytoma
samples [152]. In vitro, 8H9scFv-PE38 is cytotoxic against
GBM cell lines, having IC50 of 1265 ng/mL for U87 and
91 ng/mL for U251. When the 8H9scFv-PE38 was interstitially
infused to the striatum and brain stem of rats, its MTD
was determined to be 0.75 𝜇g and 1.8 𝜇g, respectively. In rats
harboring intracranial U87 xenografts, infusion of 8H9scFvPE38 has been demonstrated to increase the mean survival
(striatum: 43.4 days (treated) versus 24.6 days (placebo);
brain stem: 80.6 days (treated) versus 45.5 days (placebo))
[107, 108]. Tumors showed volumetric response to 8H9scFvPE38 by magnetic resonance imaging.
3.4.2. EphrinA1-PE38QQR Targeting EphA2 Receptor. EphrinA1-PE38QQR is generated by fusing the endogenous
EphA2 receptor ligand, Ephrin A1, to PE38QQR [109]. The
Eph receptor family is comprised of two subclasses, EphA
(EphA1-10) and EphB (EphB1-6) [155]. The first member,
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named EphA1, was cloned from an erythropoietin-producing
hepatocellular cancer cell line and the second member,
EphA2, was identified by screening the human epithelial
(Hela cells) cDNA library. The ligands for Eph receptor family
are also divided into two subclasses: EphrinA (EphrinA16) and EphrinB (EphrinB1-3). EphrinA1 was identified as a
cytokine-inducible gene product in human HUVEC cells and
is a ligand for EphA2 receptor. EphrinA1 is the most extensively studied ligand for EphA2 in cancer, although EphA2
can be activated by other EphrinA ligands in cancer cells and
tumor vasculature. EphA2 is found to be overexpressed in
several GBM cell lines and is predominantly localized on the
cell membrane [156, 157]. In human glioma tissues, EphA2
shows a heterogeneous staining pattern [158]. The normal
brain tissues have minimal staining. EphrinA1-PE38QQR
exhibits a potent and dose-dependent cytotoxicity to GBM
cells, with IC50 of approximately 10−11 M. No cytotoxicity is
observed to normal human endothelial cells and EphA2−
tumor cells [109].
3.4.3. NZ-1-(scdsFv)-PE38KDEL Targeting Podoplanin. NZ1-(scdsFv)-PE38KDEL is formed by fusing a scFv from the
NZ-1 antibody with PE38KDEL [110]. The scFv fragment
is stabilized by a disulfide bond between VH and VL . NZ1 is a rat IgG2a antibody, recognizing human podoplanin
[159]. Podoplanin is a 162-amino acid type I transmembrane
sialomucin-like glycoprotein, consisting of a serine- and
threonine-rich extracellular domain [160]. Podoplanin is
expressed in several types of tumors and the expression
level is associated with malignant progression [161]. In one
study, podoplanin expression was observed in 83% and 27%
of GBM and medulloblastoma cases, respectively [162]. The
surrounding brain parenchyma was not stained.
The binding affinity of NZ-1-(scdsFv)-PE38KDEL is lower
than that of NZ-1 antibody for podoplanin peptide, measuring 8.0 × 10−8 M and 3.9 × 10−10 M, respectively [110].
NZ-1-(scdsFv)-PE38KDEL retains 33–98% of its activity after
incubation at 37∘ C for 3 days. In vitro, NZ-1-(scdsFv)PE38KDEL is highly cytotoxic, with IC50 of 1.6–29 ng/mL for
GBM and medulloblastoma cell lines. Intratumoral injection
(0.3 mg/kg) every other day with a total of three injections resulted in tumor-growth delay in the subcutaneous
tumor models of D2159MG and D283MED cells, and no
toxicity-related deaths or adverse effects were observed in the
treated animals. When given (0.1–3.0 𝜇g/100 𝜇L) to NSG mice
through an Alzet pump over a three-day period, toxicityassociated mortality was also not observed and mouse survival increased by 41% compared to the controls.
3.4.4. DmAb14 m-(scFv)-PE38KDEL (DmAb14 m-IT) Targeting Gangliosides 3 -isoLM1 and 3 ,6 -isoLD1. DmAb14 m-IT
is generated by fusing the scFv from mutated antibody
DmAb14 (DmAb14-86184) to PE38KDEL [111]. DmAb14 is an
IgM antibody, specific for 3 -isoLM1 and 3 ,6 -isoLD1 [163].
The ganglioside 3 -isoLM1 is shown to be expressed in 48%
and 3 ,6 -isoLD1 in 68% of high-grade gliomas [164]. Their
expression is restricted to human adult brain tissue [164]. Piao
et al. have shown that 𝐾d of DmAb14 m-IT for 3 -isoLM1
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and 3 ,6 -isoLD1 is 2.6 × 10−9 M [111]. IC50 was determined
to be 80 ng/mL (1194 pM) for the D54MG cells, 5 ng/mL
(75 pM) for the D336MG cells, and 0.5 ng/mL (7.5 pM) for
the D2224MG cells. There was no cytotoxicity on gangliosidenegative HEK293 cells. No animal studies have been reported.
3.4.5. IT-87 Targeting BT32/A6. IT-87 is generated by fusing
two complementarity-determining regions (VLCDR1 and
VHCDR3) through a cognate framework region (VHFR2)
to DT388 [112]. The sequence of VLCDR1-VHFR2-VHCDR3
mimetic fragment is from a human mAb specific to the
cell cycle-independent glioma surface antigen BT32/A6 (US
Patent number 5639863) [165, 166]. The studies by Zhou et al.
demonstrated that IT-87 killed 90% of BT32/A6-expressing
U87 cells at concentrations ≥ 10−7 M, but not BT32/A6negative Raji cells with concentrations even up to 10−6 M
[112]. In SCID mice bearing both U87 and Raji tumors, a 20day treatment regimen (i.p., 300 𝜇g/day) beginning 6 days
after inoculation of tumor cells inhibited the U87 tumor
growth, but not the Raji tumor growth. Imaging studies
showed that IT-87 could penetrate into the U87 tumors
within 1-2 h, accumulate in the tumor core 3-4 h later, and
distribute within almost the entire tumor 6 h later after
intraperitoneal injection (150 𝜇g/mouse).

4. Specific Challenges for RIT Therapy of GBM
Reviewing various preclinical studies and clinical trials, there
is no doubt that RITs are one of the most promising modalities for GBM therapy. However, it is still challenging to move
RIT therapy to clinical practice, although a group of RITs
have completed their Phase I/II studies or are undergoing
clinical trials. Regarding RIT therapy for cancers arising from
peripheral organs, top challenges include vascular leak syndrome, hepatotoxicity, the RITs’ immunogenicity, and their
low penetration capabilities. Consequently, developing an
efficient drug delivery technique is more urgent and critical
for GBM therapy. Some other critical issues in achieving
effective treatment of GBM with RITs include neurological
toxicity due to their target expression in normal brain tissues,
the low surface expression and expression heterogeneity of
targeted antigens, and poor capability of RIT penetration.
4.1. Technical Issues of CED. Delivery of high-molecularweight therapeutic proteins such as RITs to intracranial
tumors is extremely challenging because of the blood-brain
barrier [167, 168]. CED is primarily designed to bypass the
blood-brain barrier, in which a drug is delivered directly to
the brain tumor through one or more catheters and circulated
throughout with the use of pressure gradients. The catheters
are placed either into the tumor, the tumor resection cavity,
or the cavity wall. A significant advantage of CED is its
potential to deliver high concentrations of RITs to the tumor
site, accompanied by reduced risk of systemic toxicity. This
potential has been clearly demonstrated in both preclinical
studies and clinical trials. However, several technical issues
have still limited its successful use in patients. Improper
catheter placement, insufficient infusion, and infusate reflux
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have been observed in a considerable number of patients.
Some clinical trials failed just due to these technical issues
of CED. The other factors influencing CED success come
from tumor itself. GBM tissue is characterized by high heterogeneity (pseudopalisading necrosis, cellular heterogeneity,
hemorrhage, fibrin clot formation, etc.), which makes consistent drug distribution difficult. The stromal stiffening, high
interstitial pressure, and heterogeneous pressure gradient
further affect the delivery and distribution of RITs. Because
there are many excellent reviews on CED, this review will not
discuss these issues.
4.2. Immunogenicity. The immunogenicity of a RIT can be
induced by either the scFv component or the toxin moiety.
Because the immunogenicity of a mAb mainly exists in its
Fc region and this region has been removed when constructing RITs, the scFv component possesses only a very weak
immunogenicity when it is derived from a murine mAb.
Therefore, the immunogenicity is mainly induced by the
toxin moiety in most patients, which presents neutralizing
antibody induction, leading to loss of the RIT’s efficacy, thus
limiting repeated use of RITs.
Several strategies have been attempted to minimize this
issue by either reducing the immunogenicity of the toxin moiety or suppressing the patients’ immune system. Immunosuppressive drugs concurrent with RIT therapy have been
demonstrated to be less effective in preventing, delaying, or
limiting the production of neutralizing antibodies in patients.
Pegylation is a common strategy to reduce the protein
immunogenicity but is found to significantly diminish the
efficacy of RITs, possibly due to the blockage of the RIT
scFv-antigen binding and/or improper conjugation between
polyethylene glycol polymer and RITs. Genetic elimination
of immunodominant T- and/or B-cell epitopes is a strategy
under studies and showed reduced production of neutralizing
antibodies to certain degree in animals, but this approach
seems to be decreasing the activity of the toxin moiety as
well, and its effectiveness in patients is still unknown. The
immunogenicity issue has also been addressed by developing
RITs with human endogenous cytotoxic enzymes such as
RNase, granzyme B, and death-associated protein kinase 2.
In general, studies are very limited and the activity of human
endogenous cytotoxic enzymes is far less efficient than that of
DT and PE.
4.3. Off-Target Neurological Toxicity. The neurological toxicity is induced by two reasons. One is that most targeted
antigens or receptors are expressed not only on the tumor
cells but also on normal tissues though at a much lower
level. Clinical trials have demonstrated that binding with the
antigens or receptors on normal brain cells could result in
dose-limiting neurological toxicity. It is highly preferable to
target an antigen that is tumor-specific. Another cause of
neurological toxicity is infusate reflux and its distribution to
normal brain tissue [169]. Reflux occurs when the pressure
gradient between cannula and tumor region equalizes and
results in the loss of drug flow into the target mass. Tissue
disruption at the tip of the cannula, infusion rate, and cannula
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diameter also contributes to the infusate reflux. Postprocedural imaging has been suggested to track the delivery, for
example, by mixing the RITs with an imaging agent [65, 170].
This approach may help confirm accurate cannula placement,
monitor whether the drug spreads through the tumor or leaks
to normal tissues, and allow real-time adjustments.
4.4. Factors Influencing the Inherent Activity of RITs. Several
cofactors determine the inherent activity of a RIT. As discussed above, the molecular weight, valency, and structure of
a RIT have the most important and direct effects on binding,
penetrating, targeting, and cell-killing efficiency. Similar to
mAbs, penetration of RITs into tumors is through a process
of diffusion, which is affected by their molecular size and
binding affinity as well as by the properties of antigens such
as density, distribution, and internalization rate. Decreased
penetration rate following binding with antigens is referred
to as “binding-site barrier” [171–173]. Smaller RITs and those
with higher binding affinity generally have better penetration
capabilities. Some studies have shown that the binding-site
barrier could be overcome by increasing the dose, but then
off-target toxicity will increase as well. In this respect, increasing the stability of a RIT by optimizing its structure offers
an approach to enhance the penetration and accumulation of
RITs in tumors.
One more important issue influencing the efficacy of RITs
is the antigen or receptor heterogeneity in cancer [174, 175].
Preclinical studies have established the high cytotoxic effects
of RITs on brain tumor cell lines and tumor xenografts, but
the antigens of the human primary and metastatic tumors
are not homogenous. They are always variable in density
or structure. An RIT may kill a population of GBM cells
with high expression of a specific antigen or receptor, but
it may subsequently has less or no killing effect on those
without expression. An interesting finding in some studies
in immunocompetent mice or rats is the involvement of
immune response to tumors following RIT therapy. For
example, treatment with an EGFRvIII-specific RIT can eliminate not only the cells with EGFRvIII but also those without
EGFRvIII [57–59]. The induced immune response following
RIT therapy is an exciting finding but requires more studies
for evaluation.

5. Conclusion
RITs possess various superior properties over mAbs and traditional chemotherapeutics. Their high specificity, extreme
potency, and nonoverlapping killing mechanisms and toxicity
profiles to other agents may also be beneficial for RITs
as part of a combined treatment with other agents. RITs
are also particularly appropriate for patients with recurrent
and widespread brain tumors that are resistant to surgery, chemotherapy, and radiotherapy. Reviewing various
preclinical data and clinical findings, some RITs such as
D2C7(scdsFc)-PE38, MR1-1(Fv)-PE38, and DT390-BiscFv806 are highly promising. To successfully translate RIT therapy for brain tumors, the technical issues of CED are urgent
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to solve, and the immunogenicity and off-target toxicity are
other challenges to face.
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PPAR𝛾 is a nuclear receptor that regulates differentiation and proliferation and is highly expressed in many cancer cells. Its synthetic
ligands, such as rosiglitazone and ciglitazone, and its inhibitor GW9662, were shown to induce cellular differentiation, inhibit
proliferation, and lead to apoptosis. Glioblastoma is a common brain tumor with poor survival prospects. Recently, glioblastoma
stem cells (GSCs) have been examined as a potential target for anticancer therapy; however, little is known about the combined
effect of various agents on GSCs. In this study, we found that cotreatment with PPAR𝛾 ligands and GW9662 inhibited stem-like
properties in GSC-like spheres, which significantly express SOX2. In addition, this treatment decreased the activation of STAT3
and AKT and decreased the amounts of 14-3-3 gamma and BIS proteins. Moreover, combined administration of small-interfering
RNA (siRNA) transfection with PPAR𝛾 ligands induced downregulation of SOX2 and MMP2 activity together with inhibition of
sphere-forming activity regardless of poly(ADP-ribose) polymerase (PARP) cleavage. Taken together, our findings suggest that a
combination therapy using PPAR𝛾 ligands and its inhibitor could be a potential therapeutic strategy targeting GSCs.

1. Introduction
Glioblastoma multiform (GBM, also known as glioblastoma)
is a common and lethal malignant brain tumor [1]. Glioblastoma stem cells (GSCs) are at the root of tumor recurrence
and are regarded as a potential target for anticancer therapy
[2, 3].
PPAR𝛾 belongs to a nuclear receptor family, along
with PPAR𝛼 and 𝛽/d, and is highly expressed not only
in adipocytes during differentiation [4] but also in various
cancer cells [5]. PPAR𝛾 ligands such as thiazolidinedione and
rosiglitazone induce differentiation and apoptosis in various
human glioblastoma cells [6–11]. For instance, Kato et al.
showed that 95% of glioma tissue expressed PPAR𝛾 mRNA
and that a PPAR𝛾 ligand, troglitazone, inhibited growth
in both SK-MG-1 and NB-1 cell lines [5]. Morosetti et al.
reported that human glioblastoma cell lines, such as A172 and
U87-MG, also express high levels of PPAR𝛾, which rosiglitazone inhibited proliferation of those cell lines by G2/M

arrest and apoptosis, and that the growth inhibitory effect
was partially reversed by the PPAR𝛾 antagonist GW9662 [9],
suggesting that it may work through PPAR𝛾-dependent and
PPAR𝛾-independent pathways. PPAR𝛾 antagonists, such as
GW9662, enhance PPAR𝛾 ligand-induced apoptosis [6, 12].
This suggests that both PPAR𝛾 ligands [13–16] and GW9662
may be potential agents for glioblastoma therapy specifically
targeting GSCs [17, 18].
14-3-3 is an adaptor protein that binds a variety of proteins
via a p-Ser/Thr-containing motif. Seven 14-3-3 isoforms
(beta, epsilon, zeta, eta, theta, gamma, and sigma) have been
identified in mammalian cells. These isoforms are broadly
and differentially expressed in almost all tissues and in
brain tumors, such as glioblastoma and astrocytoma [19–
21]. 14-3-3 beta and sigma are well described, suggesting
that these isoforms regulate proliferation in astrocytoma and
stem cells, respectively [22, 23]. Jin et al. demonstrated that
14-3-3 gamma interacts with diverse proteins and that this
interaction is strengthened by AKT [24], suggesting that AKT

2
may act upstream of 14-3-3 and that they are connected to
cancer progression [25]. The antiapoptotic actions of ligandactivated PPAR𝛾 are mediated through enhanced binding of
PPAR to the promoter of 14-3-3 epsilon and upregulation of
14-3-3 epsilon expression, suggesting that the PPAR to 14-33 transcriptional axis plays an important role protecting cell
and tissue integrity and may be a possible target for drug
discovery [26, 27].
Bcl2-interacting cell death suppressor (BIS) [28], also
known as BAG3 [29], has antiapoptotic functions and controls cellular protein quality [30, 31], and it is overexpressed in human glioblastoma tissue [32]. Our recent report
demonstrated that BIS is linked to glioblastoma stemness
by stabilization of the signal transducer and activator of
transcription 3 (STAT3) [33]. These findings provide reliable
evidence that BIS is a potential target for therapy. Although
PPAR𝛾 ligands and/or its antagonists induce apoptosis in
cancer cells, including glioblastoma cells [9, 10, 12], the link
between 14-3-3 gamma and BIS in GSC-like spheres is not
well defined.
Previously, we established a GSC-like sphere culture
system in which SOX2 was expressed at significant levels
[34] and hypothesized that PPAR𝛾 ligands may affect cancer
stemness and induce apoptosis in GBM [35]. In this study, we
describe the effect of a combination treatment with PPAR𝛾
ligands and its inhibitor GW9662 on spheres of glioblastoma
cells through downregulation of BIS and 14-3-3 gamma levels,
as well as inhibition of SOX2, MMP2 activity, and sphereforming activity without enhancing the levels of cleaved
poly(ADP-ribose) polymerase (PARP).
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on reduction of tetrazolium chloride to the water-soluble
formazan by succinate-tetrazolium reductase, which forms
part of the mitochondrial respiratory chain. After treatment
with 20 𝜇L per well, cells were incubated for 2 hours at 37∘ C
in a 5% CO2 atmosphere. Absorbance was measured on
a microplate reader (Bio-Rad 680; Bio-Rad, Hercules, CA,
USA) at 450 nm. After subtraction of the background, the
viability was determined as the ratio relative to the control
and reported as the mean ± standard error (SE).
2.4. Western Blot. Cells were lysed with RIPA buffer (150 mM
NaCl, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS,
50 mM Tris–HCl pH 8.0) with protease inhibitor (Roche
Diagnostics, Mannheim, Germany) on ice for 30 m. Equal
amounts of protein were separated on 10% sodium dodecyl
sulphate polyacrylamide gel electrophoresis (SDS-PAGE)
and transferred to nitrocellulose membranes (GE Healthcare Life Sciences, Buckinghamshire, UK). The membranes
were incubated for 1 h with 5% dry skim milk in TBST
(20 mM Tris, 137 mM NaCl, and 0.1% Tween 20) buffer and
then incubated with antibodies against BIS [28], p-STAT3
(Y705), p-AKT (S473), and PPAR𝛾 (Cell Signaling, Danvers, Massachusetts, USA), SOX2 (Santa Cruz Biotechnology), cleaved PARP (Abcam, Cambridge, UK), or beta-actin
(Sigma-Aldrich, St. Louis, MO, USA). After incubation with
horseradish peroxidase-conjugated anti-mouse or anti-rabbit
IgG (1 : 5,000; Santa Cruz Biotechnology), the immunoreactive bands were visualized by an enhanced chemiluminescence substrate (ThermoFisher Scientific). Quantification of
the intensities of each band was carried out using ImageJ
software (National Institutes of Health, Bethesda, MD, USA).

2. Materials and Methods
2.1. Cell Culture. A172 and U87-MG (U87) human glioblastoma cells were purchased from American Type Culture
Collection (ATCC, Manassas, VA, USA) and maintained in
DMEM (HyClone, Logan, UT, USA) contained with 10%
heat-inactivated fetal bovine serum (FBS), 100 units/mL
penicillin, and 100 mg/mL streptomycin at 37∘ C in 5% CO2
atmosphere. For sphere culture, cells (1 × 105 cells per well)
were cultured on ultralow attachment 6-well plate (Corning,
Tewksbury, MA) for 72 hours in serum-free glioblastoma
sphere medium containing epidermal growth factor (EGF,
20 ng/mL, R&D Systems, Minneapolis, MN) and basic fibroblast growth factor (bFGF, 20 ng/mL, R&D Systems). For
morphological examination, spheres per field were counted
and pictures were taken under the inverted microscope.
2.2. Sphere-Formation Assay. Spheres cultivated in serumfree glioblastoma sphere medium containing EGF and bFGF
were attached to standard culture plates in media containing 5% FBS stained with crystal violet solution (SigmaAldrich, St. Louis, MO, USA). For morphological examination, spheres per field were counted and pictures were taken
under the inverted microscope.
2.3. Cell Viability Assay. Cell proliferation was assessed as
a function of metabolic activity using an EZ-Cytox Cell
Viability Assay Kit (ItsBio, Seoul, Korea). The assay is based

2.5. Small-Interfering RNA (siRNA) Transfection. Knockdown was performed by transfection of specific siRNA
targeted with G-fectin (Genolution Pharmaceuticals, Seoul,
Korea) according to manufacturer’s instruction. siRNA for
control (5耠 -CCUACGCCACCAAUUUCGU-3耠 ) and BIS
(5耠 -AAGGUUCAGACCAUCUUGGAA-3耠 ) were purchased
from Bioneer (Daejeon, Korea). Si-14-3-3𝛾 (5耠 -GCGAGCAACUGGUGCAGAA-3耠 ) was purchased from Genolution
Pharmaceuticals (Seoul, Korea).
2.6. Gelatin Zymography. Gelatin zymography was performed using supernatants from sphere media cultivated
in sphere-forming media on ultralow attachment plate as
previously described [33]. Briefly, conditioned media was
separated by 10% SDS-PAGE containing 0.2% gelatin. The
gel was renatured with 2.5% Triton X-100 buffer for 1 h and
incubated with developing solution (50 mM Tris, pH 7.5, and
10 mM CaCl2 ) for 18–20 h at 37∘ C. The gel was then stained
with 0.5% Coomassie Brilliant Blue (Sigma-Aldrich) in 30%
methanol and 10% glacial acetic acid and destained with the
same solution without dye.
2.7. Statistics. The Student t-test was used to compare the differences between two groups. Each experiment was repeated
at least three times and 𝑝 values of <0.05 were considered as
statistically significant.
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Figure 1: Structures of chemicals. (a) Ciglitazone (CG), C18 H19 N3 O3 S, and MW 357.428. (b) Rosiglitazone (RS), C18 H23 NO3 S, and MW
333.44. (c) GW9662 (GW), C13 H9 ClN2 O3 , and MW 276.7. (d) Effects of CG and RS on protein levels of PPAR𝛾. (e) and (f) combined
treatments with PPAR𝛾 ligand and GW9662 decreased sphere-forming activity and viability in A172 and U87 spheres. After treatment
with PPAR𝛾 ligand (CG or RS) with or without GW at the indicated concentrations for 48 h, spheres were photographed under an inverted
microscope, cellular viability was measured using an assay kit and (g) spheres per field were counted as described in Materials and Methods.
Scale bars: 100 𝜇m. ∗ 𝑝 < 0.05, ∗∗ 𝑝 < 0.01, and ∗∗∗ 𝑝 < 0.005 versus control group without treatment. # 𝑝 < 0.05, ## 𝑝 < 0.01, and ### 𝑝 < 0.005
versus only GW treated group.

3. Results
3.1. Effects of Single or Cotreatment with PPAR𝛾 Ligand and
GW9662 on Glioblastoma Spheres. We verified that glioblastoma A172 and U87 cells express PPAR𝛾 and single treatment
with ciglitazone (CG) or rosiglitazone (RS) at a concentration
tested in this study did not affect protein levels of PPAR𝛾
as determined by western blotting (Figure 1(d)). To test our
hypothesis that combined treatment with PPAR𝛾 ligands and
the PPAR𝛾 inhibitor GW9662 (GW) yields a more favorable
antiproliferative effect in glioblastoma spheres compared to
single-agent treatments, we first examined its effects on
cellular viability. To address this question, we utilized an
in vitro sphere culture system [16] in which glioblastoma
cells exhibited increased levels of SOX2, a representative
stemness-related marker [34]. After treatment of a monolayer
or spheres cultivated for 48 h with these agents, a WST-1
assay was performed as described in Materials and Methods.
Combined treatment with PPAR𝛾 ligands and GW9662
(Figure 1(a)) for 48 h resulted in a moderate cooperative
antiproliferative effect on A172 and U87 spheres compared
with single treatment (Figures 1(e) and 1(f)). The morphology
of monolayers was not significantly altered (data not shown),
whereas sphere-forming ability was reduced upon combined
treatment with PPAR𝛾 ligand and GW9662 compared with
single-agent treatment (Figure 1(g)).
3.2. Cotreatment with PPAR𝛾 Ligand and GW9662 Decreased
BIS, 14-3-3 Gamma, and SOX2 Together with Reduced Phosphorylation of STAT3 and AKT. Since STAT3 and AKT are
well-known regulators of proliferation and stemness, we

analyzed their protein levels in a monolayer and in spheres
after single or combinatorial treatment via western blotting. Combined treatment decreased SOX2 protein levels
in spheres compared with a monolayer (Figures 2(a) and
2(b)). Similarly, both BIS and 14-3-3 gamma were moderately
reduced upon cotreatment with PPAR𝛾 ligand and GW9662.
Moreover, the combined treatment partially inhibited phosphorylation of both STAT and AKT in A172 and U87
spheres, indicating that the inhibitory effect on proliferation
is mediated through the cellular survival pathway.
3.3. Effect of BIS or 14-3-3𝛾 Knockdown on Cellular Viability,
MMP2, and SOX2. To address whether downregulation of
BIS and 14-3-3 gamma by combined treatment with PPAR𝛾
ligands and GW9662 sensitizes glioblastoma cells towards
inhibition of proliferation, we performed knockdown experiments silencing BIS and 14-3-3 gamma. Cells were treated
with a PPAR𝛾 ligand agent for 48 h and a WST-1 assay was
performed. Single treatment with si-BIS or si-14-3-3𝛾 siRNAs
induced morphological changes in spheres compared with
the si-CTL-treated control group (Figure 3(a)). Furthermore,
cotreatment with siRNA and PPAR𝛾 ligand significantly
enhanced the inhibitory effect of WST activity (Figure 3(b)).
Since cancer stem cells display a high potential for epithelial
mesenchymal transition (EMT), which is subsequently linked
to an invasive phenotype, we examined matrix metalloprotease (MMP) activity as a critical agent for EMT [36, 37].
Data from zymography showed that combined treatment
with 14-3-3 gamma depletion and CG or RS significantly
inhibited MMP2 activity, while combination treatment with
BIS depletion and RS did not (Figures 3(c) and 3(d)).
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Figure 2: Combined treatment with PPAR𝛾 ligand and GW9662 downregulated survival-related signaling molecules and stemness-related
marker protein SOX2. After treatment with PPAR𝛾 ligands (CG, 10 𝜇M ciglitazone; RS, 100 𝜇M rosiglitazone) with or without 20 𝜇M GW9662
(GW) for 48 h, monolayer cells or spheres of A172 (a) or U87 (b) were analyzed via western blotting with specific antibodies and the intensity
of each protein per 𝛽-actin was measured using ImageJ software (right panels) as described in Materials and Methods. ∗ 𝑝 < 0.05 and ∗∗∗ 𝑝 <
0.005 versus control group without treatment. # 𝑝 < 0.05 and ## 𝑝 < 0.01, versus only GW treated group.

To examine whether these combination treatments might
affect AKT, stemness, and apoptosis, we performed western
blotting assays using specific antibodies. Single treatment
with si-14-3-𝛾 or si-BIS decreased phosphorylation of AKT
and SOX2 levels without enhancing poly(ADP-ribose) polymerase (PARP) cleavage (Figure 3(e) and right panel). Finally,
we examined whether 14-3-3 gamma or BIS depletion using
siRNA affects sphere-forming activity. Single treatment with
si-14-3-3𝛾 or si-BIS decreased sphere-forming activity and
cotreatment with CG or RS moderately inhibited sphereforming activity (Figures 3(f) and 3(g)).

4. Discussion
In this study, we demonstrated that a combined treatment
with PPAR𝛾 ligand and its inhibitor GW9662 downregulated

BIS and 14-3-3 gamma expression and decreased phosphorylation of STAT3 and AKT, leading to inhibition of GSClike spheres and SOX2 expression (Figure 4). Combined
administration of PPAR𝛾 ligand and its antagonist targeted
14-3-3 gamma and BIS, inhibiting stem cell-like properties
in GSC-like spheres expressing SOX2. Our findings provide
additional evidence that BIS may be a potential target in
glioblastoma [38].
Emerging studies are focusing on combination therapy,
such as chemo- and radiotherapy, to manage resistance from
anticancer drug administration. We also found that A172 and
U87 glioblastoma cells express PPAR𝛾 using western blotting
analysis. Hence, its ligands have been suggested as potential
targets for glioblastoma stem cells [35]. Our findings provide
a BIS- and 14-3-3 gamma-mediated inhibitory mechanism
for the GSC-like sphere system suggesting the potential of
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Figure 3: Downregulation using siRNA-enhanced PPAR𝛾 ligand-induced cell death in A172 spheres together with inhibition of matrix
metalloprotease 2 (MMP2) activity. After transfection with 100 nM siRNA (si-CTL, si-14-3-3𝛾, or si-BIS), cells were transferred to sphereforming conditions with or without PPAR𝛾 ligands (CG, 5 𝜇M ciglitazone; RS, 50 𝜇M rosiglitazone) for 48 h. Morphological spheres (a) were
photographed under an inverted microscope and spheres per field (right panel) were counted, followed by viability (b), zymography (c and
d), and western blotting (e) and spheres per field were counted (g) after crystal violet staining (f) as described in Materials and Methods.
∗𝑝
< 0.05, ∗∗ 𝑝 < 0.01, and ∗∗∗ 𝑝 < 0.005 versus control group without treatment. # 𝑝 < 0.05 and ## 𝑝 < 0.01 versus only CG- or RS-treated
group. ‡ 𝑝 < 0.05 versus only si-BIS or si-14-3-3𝛾 treated group. ### 𝑝 < 0.005 versus only CG- or RS-treated group. ‡‡ 𝑝 < 0.01 and ‡‡‡ 𝑝 < 0.005
versus only si-BIS or si-14-3-3𝛾 treated group.

combination therapy targeting GSCs via the manipulation
of the BIS and/or 14-3-3 gamma/SOX2 axis in which STAT3
and AKT function upstream. It should be noted that 14-3-3𝛾
or BIS silencing itself resulted in the considerable decrease
in SOX2 levels as well as increase in PARP cleavage without
synergistic and additive effect of being combined with CG or
RS.
Since it has been reported that invasion is the hallmark
of malignant glioblastoma and MMP [37, 39] is considered
as an important player and a potential target, zymography
was performed using supernatant of spheres after respective
siRNA transfection to A172 cells. Single treatment with
PPAR𝛾 ligands did not significantly inhibit MMP2 activity
but cotreatment with si-BIS or si-14-3-3𝛾 inhibited MMP2
activity suggesting that these molecules might play a role
in regulating MMP2 activity. It was consistent with findings
from previous studies that BIS inhibits MMP2 activity [33,
40]. Meanwhile, Kim et al. [41] reported that CG increased
the expression of MMP-2, and GW9662 attenuated the CGinduced PPAR𝛾 activation but it did not affect the pro-MMP2
activation in a fibrosarcoma cell line HT1080. Although
there is difference in cellular context, significant inhibition of
MMP2 activity by CG or RG single treatment in this study
was not observed.
We tested whether si-14-3-3 beta and gamma affect
sphere-forming activity and found that single treatment
with si-14-3-3 gamma led to moderately reduced sphereforming activity compared to si-14-3-3 beta (data not shown),
meaning that 14-3-3 gamma may play a significant role in

glioblastoma stemness. Each isoform appears to differentially modulate cellular progression. 14-3-3 beta negatively
regulates senescence in glioblastoma cells through the ERK
pathway [42] and 14-3-3 gamma controls stem cell-like
properties, as described in this study. We observed that 14-3-3
gamma or BIS deletion downregulated the SOX2 expression
level without enhancing PARP cleavage, suggesting that
combined treatment with PPAR ligand and its inhibitor may
modulate the stemness-related pathway through AKT and
STAT3 rather than the apoptosis-related pathway. Frasson et
al. reported that the PI3K/AKT pathway is closely related
to the stemness of medulloblastoma cancer stem cells [43],
supporting our findings of combined administration in the
downregulation of SOX2 in glioblastoma cells. We previously
reported that BIS depletion degrades STAT3 protein leading
to inhibition of sphere-forming activity [33].
As an important survival signaling kinase, AKT phosphorylates BAD at Ser136 promoting binding of BAD to
14-3-3 proteins, preventing an association between BAD
and BCL-2 and BCL-xL [44]. 14-3-3 sequesters BAD in the
cytoplasm under physiologically normal conditions. When
cells are stressed, BAD is phosphorylated and this phosphorylated BAD (p-BAD) translocates from the cytoplasm into
mitochondria leading to apoptosis. Although BIS forms an
immunoreactive complex with 14-3-3 zeta [45], suggesting
that BIS may affect BAD directly or indirectly through 14-3-3,
we did not find that BIS or 14-3-3 gamma depletion enhanced
PPAR𝛾 ligand-induced PARP cleavage. Rather, single treatment significantly downregulated SOX2 expression levels.
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Figure 4: A scheme of the combined effects of PPAR𝛾 ligand and GW9662 on human glioblastoma cells under sphere-forming conditions. The
schematic diagram demonstrates that combination treatment with PPAR𝛾 ligand (ciglitazone or rosiglitazone) and GW9662 downregulates
BIS, 14-3-3 gamma, and activation of survival signaling molecules (p-AKT, p-STAT3) together with suppression of SOX2 and MMP2 activity,
inhibiting stem cell-like properties and leading to apoptosis.

Hence, they may act directly or indirectly upon SOX2. The
underlying mechanism by which BIS or 14-3-3 beta regulates
SOX2 expression requires further investigation.

5. Conclusions
Combination treatment of GCSs with PPAR𝛾 ligand and
its inhibitor GW9662 inhibited stem-like properties via
downregulation of BIS and 14-3-3 gamma levels together
with decreased SOX2 and MMP2 activity without enhancing
PARP cleavage.
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Literature data support evidences that glioblastoma (GBM) patients experience prolonged survival due to sodium valproate (NaVP)
treatment. The study assessed the human GBM cell U87 xenograft studied in the chicken embryo chorioallantoic membrane (CAM)
model evaluating NaVP effect on tumor. Three groups of tumors (each n = 10) were studied: nontreated, treated with 4 mM,
and treated with 8 mM of NaVP. The majority of tumors without NaVP treatment during tumor growth destroyed the chorionic
epithelium, invaded the mesenchyme, and induced angiogenesis. Incidence of tumor formation on CAM without invasion into
the mesenchyme was higher when U87 cells were treated with NaVP; the effect significantly increased with NaVP concentration.
Treatment with 8 mM of NaVP did not show clear dynamics of tumor growth during 5 days; at the same time, the angiogenesis failed.
With a strong staining of EZH2, p53 in tumors without NaVP treatment was found, and NaVP significantly decreased the expression
of EZH2- and p53-positive cells; the effect was significantly higher at its 8 mM concentration. NaVP has a function in blocking the
growth, invasion, and angiogenesis of tumor in the CAM model; tumor growth interferes with EZH2 and p53 molecular pathways,
supporting the NaVP potential in GBM therapy.

1. Introduction
Glioblastoma multiforme (GBM) is the most frequent, highly
recurrent, and rapidly progressing type of astrocytic brain
tumor in adults [1]. Epileptic seizures occur in approximately
50% of GBM patients [2, 3]. Sodium valproate (NaVP)
is an authorized medicinal product for the treatment of
epileptic seizure, migraine, neuralgia, and bipolar disorder
[4, 5]. Glioma patients with a history of seizures have a
better prognosis than patients without seizures and it has
been reported that this phenomenon could be related to
the NaVP used for seizure prophylaxis or treatment. The

meta-analysis of studies data also supports the evidence that
glioblastoma patients experience prolonged survival due to
NaVP treatment [6, 7].
The mechanisms of NaVP without an antiepileptic activity are the known inhibitor of histone deacetylase [4]. It has
an anticancer effect in several human GBM cell lines [8].
Preclinical studies have suggested that NaVP could affect
tumor cells by inhibiting DNA methyltransferase [9], cellular
kinases, modulating the MAPK signaling pathway [10]. NaVP
shows antineoplastic activity based on its gene-regulation
functions [11–13]; it has an effect on chloride, sodium ions
transport in vivo [14], induces cell cycle arrest, and enhances
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the efficiency of glioma radiotherapy in clinical trials [15].
NaVP has been reported to have an anticancer effect on
U87 cells at low dosages of the drug [8]. NaVP is able to
induce apoptosis in glioma U87 cells in a dose-dependent
manner through the activation of the mitochondria apoptosis
pathway [16].
Further studies of GBM markers are needed to know
how NaVP regulates tumor growth in experimental models.
Polycomb group proteins (PRC1 and PRC2) regulate the
chromatin structure and have an important regulatory role
in human malignancies and catalyze histone (H2A and H3)
modifications. Studies show the role of the PRC2 catalytic
component enhancer of the zeste homolog 2 (EZH2) in
neoplastic development [17]. EZH2 is actively involved in
cell cycle progression, cell proliferation, differentiation, and
apoptosis which are associated with human malignancy
progression [17, 18]. EZH2 in glioblastoma leads to cell cycle
arrest at the G0 /G1 phase [19]. The EZH2 protein was found
to be well expressed in U87 cell lines and its increased
expression in human glioma tissue correlates with the glioma
grade and a decreased GBM patient survival [20]. The EZH2
protein participates in mice embryo development [21]. EZH2
promotes the epithelial to mesenchymal transition program
[22, 23]. EZH2 inhibitors have been an area of intense
preclinical and clinical investigations and show a significant
antitumor effect in various malignancies in animal models
[24, 25].
The tumor suppressor gene p53 is a cell cycle regulator
protein associated with the suspension of cell growth and
apoptosis induction [26]. Recently the p53 protein has been
found to regulate cellular metabolism, stem cell function,
invasion, metastases, and cell-cell communication within the
tumor microenvironment [27]. Studies of Trp53−/− Pten−/−
mice showed that p53 promotes glioblastoma cells differentiation and inhibits the tumor development [28]. The
tumor p53 has a potential noncell autonomous function by
modulating the expression of secreted proteins influencing
the neighbor cells [29]. The loss of normal p53 function
and the acquisition of oncogenic functions by mutant p53
proteins may contribute to tumorigenesis. The role of p53
in glioma progression is under ongoing discussion as the
overexpression of mutated p53 may mark more aggressive
tumor biology [30]. The expression of the protein p53 had
a significant impact on the survival time: patients who did
not have immunohistochemical expression of p53 had a
significantly longer median survival time than those with
its positive expression [31], but other researchers did not
found opposite relationship [32]. The expression of p53
in the human glioma U87 cell line nuclei was found to
depend on the used animal model: the percentage of human
glioblastoma p53-positive nuclei of the same xenograft
was higher in the tumors grown on the chick chorioallantoic membrane than in the brain of nude rat model
[33].
The first-line treatment drug Temozolomide for GBM
may only increase the survival of patients on average by a
few months, and NaVP treatment sensitizes temozolomideresistant glioma cells [8, 34]. Thus, it is urgently needed
to develop novel strategies to increase the efficacy of the
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GBM treatment. The present study was designed to assess
the human glioma cell U87 xenograft studied in the chicken
embryo chorioallantoic membrane (CAM) model. CAM is
widely used as an in vivo model for the investigation of
tumor invasion, metastasis, and neoangiogenesis [35, 36];
also it is valuable model to study drug delivery systems [37].
CAM is a highly vascularized membrane located beneath
egg shell and serves for metabolic exchange between air and
chick embryo [38]. Chick embryo develops in 21 days until
hatching and immune system matures completely only at the
18th embryo day development (EDD) [39]. The macroscopic
tumor appearance, histopathology, and the immunohistochemistry of U87 cells untreated and treated with different
NaVP concentrations as well as the expression of the selected
p53 and EZH2 markers in xenograft tumor were tested.
The main objectives which indicate the novel and original
aspects of the current study were to compare the evaluated
characteristics of the tumor growth, penetration to the CAM
mesenchyme, and correlation of these phenomena with the
EZH2 and p53 expression in the tumor as a response to the
treatment with different NaVP concentrations in the CAM
model.

2. Materials and Methods
2.1. Egg Preparation for the Inoculation of Tumor Cells and
the Study Groups. Fertilized chicken eggs (Cobb 500) were
purchased from a local hatchery and incubated (Maino
incubators, Oltrona S.M. (Co), Italy) for 7 days after breeding
at 37∘ C and 60% humidity. For three consecutive days the
eggs were rolled in an incubator once per hour. Then the
eggs were cleaned with prewarmed 70% ethanol and a small
hole was drilled in the location of an air sac. Approximately
2 ml of albumin was aspirated to create a false air sac directly
over the CAM, allowing its dissociation from the egg shell
membrane. Then a square window of approximately 1 cm2
was carefully drilled, opened, and sealed with sterile parafilm
for the further inoculation of tumor cells. The eggs were then
sealed with a transparent tape and returned back into the
incubator until tumor cell grafting [40]. The cells were grafted
on the 7th day of embryogenesis. Three fertilized chicken egg
groups were studied: (1) nontreated (control) (n = 10), (2)
treated with a 4 mM of NaVP (n = 10), and (3) treated with
8 mM of NaVP (n = 10).
2.2. U87 Cell Placement on the CAM. Commercial human
glioblastoma U87 cells line was obtained from the Institute
of Neuroscience (Kaunas, Lithuania) and kept in Dulbecco’s
modified Eagles medium (DMEM) (Gibco, USA) supplemented with 10% fetal bovine serum (Gibco, USA) and with
100 IU/mL of penicillin and 100 𝜇g/mL streptomycin (Gibco,
USA). The amount of 1 × 106 U87 cells was resuspended in
10 𝜇l of the DMEN (1x) + GlutaMAX (GIBCO, USA). These
cells (in 10 𝜇l of the medium) were mixed with 10 𝜇l type I
rat tail collagen (Gibco, USA) commonly used to form visible
tumors on the chicken embryo chorioallantoic membrane.
The total amount of 20 𝜇l of the mixture was then dropped
onto an absorbable surgical sponge (Surgispon) which was
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cut by hand with a blade into equal pieces of 9 mm3 (3 × 3 ×
1 mm). Each piece of the sponge (one per embryo) was later
gently placed on the top of the growing CAM on the day 7
(EDD7) of embryo development (n = 30).
The NaVP-treated and control specimens were collected
after 5 days of incubation on the 12 days of embryo development (EDD12), fixed in a buffered 10% formalin solution for
24 h and then paraffin-embedded.
2.3. Haematoxylin and Eosin (H–E) Staining. Each embryo of
different experimental groups was sacrificed and a CAM was
removed, fixed in 10% neutral-buffered formalin, dehydrated,
and embedded in paraffin. Serial sections of 3 𝜇m were
cut and stained using the standard H–E technique. After
overnight incubation at 37∘ C the sections were deparaffinized
in xylene, dehydrated in graded series of ethanol (70%, 90%,
and 96%), stained with H–E, and then cleared with xylene
and mounted using a mounting medium (Roti-Histokitt II,
Germany).
2.4. Biomicroscopy In Vivo and Light Microscopy for the Visualization of Formed Tumors In Vivo. CAMs with grafted U87
cells were registered in vivo daily under a stereomicroscope
(SZX2-RFA16, Japan) equipped with an Olympus DP72
camera for both video recordings and acquiring still images.
CAMs were investigated from day 2 (EDD9) after grafting to
day 5 (EDD12). Histological slides were investigated under
a light microscope Olympus BX40F4 (Olympus Optical Co.
Ltd., Japan) and photographed with an Olympus digital
camera (XC30, Japan) using CellSens Dimension 1.9 Digital
Imaging Software.
2.5. Immunohistochemistry and Cell Count. Paraffin blocks of
CAM with grafted tumors were cut into 3 𝜇m slices and then
processed using standard deparaffinization and rehydration
techniques. The polyclonal anti-KMT6/EZH2 (phospho S21,
ab84989, Abcam) and monoclonal anti-p53 (aa 211-220,
clone240, CBL404, Millipore) antibodies were used as the
primary antibodies to detect positively stained U87 cells.
The primary antibody was detected using biotinylated secondary antibody (DAKO EnVision Flex + Mouse) followed
by horseradish peroxidase-conjugated streptavidin (DAKO
EnVision Flex/HRP) used as recommended by the manufacturer. Finally, positive reactions were visualized using a
3,3 -diaminobenzidine chromogen (DAB, DAKO, Glostrup,
Denmark). After incubation in chromogen, the slides were
counterstained with haematoxylin, dehydrated, cleared in
xylene, and mounted with a mounting medium. In every
formed tumor, EZH2 and p53 positive cells were counted. In
every tumor, two equal fields were randomly selected (size
of the field 10000 𝜇m2 ). In every field, all cells were counted,
positively stained cells and calculated percentage of EZH2
and p53 cells. Data were presented as % of positively stained
cells in every group.
2.6. Investigation of Tumor Invasion into Chorionic Epithelium
and Mesenchyme. Serial histological sections of the experimental tumors and CAM were performed to evaluate tumor
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invasion. According to tumor behavior on the membrane
they were distributed into three groups: (1) tumor was formed
on the surface of the CAM, chorionic epithelium was not
destroyed, and there was no invasion into the mesenchyme;
(2) chorionic epithelium was destroyed and cells invaded
the mesenchyme, but part of the tumor remained on the
membrane surface; (3) tumor cells destroyed the chorionic
epithelium, invaded the mesenchyme, and were completely
surrounded by the mesenchyme.
2.7. Statistical Analysis. Data presented as mean and standard deviation. Data were compared using Tukey’s test
applying one-way ANOVA. Statistical package SPSS 20.0
was used. Difference was considered as significant when
p < 0.05. For visualization of the data, Sigma Plot 11.0
program was used. Data on cells positively stained for the
EZH2 and p53 count were tested for normality distribution using two tests: the Kolmogorov–Smirnov and the
Shapiro–Wilk (the Shapiro–Wilk test is more suitable for
small-size samples). Both tests showed the normality of data
distribution, and one-way ANOVA was applied for the data
analysis.

3. Results
3.1. Biomicroscopy Data In Vivo. The U87 cells tumor xenografts inoculated on egg CAM and photographed daily
via the shell window on days 9–12 of embryo development (EDD9–12) are shown in Figure 1. Figure 1(a) shows
the development dynamics of nontreated U87 cell tumors
during EDD9–12. In this group, the in vivo biomicroscopy
highlighted the penetration of tumors into the underlying
mesenchyme starting from day 2 after inoculation (at EDD9).
Nontreated tumors are seen surrounded by formed new
blood vessels and a clearly expressed spoked-wheel pattern
which was observed on days 4 and 5 after grafting (Figure 1;
EDD11-12). When cells were treated with 4 mM of NaVP, they
formed condensed tumors on CAM without invagination
into the chorionic mesenchyme (Figure 1(b), EDD10–12). The
tumors that developed from 8 mM of NaVP-treated U87 cells
did not show clear dynamics during 5 days of development:
the in vivo biomicroscopy tumor images are very similar
during days 2–5 (Figure 1(c), EDD9–12), and tumors failed
to attract blood vessels. The 8 mM NaVP-treated tumor cells
were found distributed on CAM without penetrating the
membrane. Such distribution of cells on the surface of CAM
produces the misleading impression that the tumors have
increased in size (Figures 1(c) and 2).
3.2. Histological Investigation of CAM with Implanted Tumors.
Images of H–E-stained slides of control CAM, the CAM
with nontreated U87 cell tumors, and CAM with tumors of
U87 cells treated with 4 mM and 8 mM NaVP are presented
in Figure 2. The control CAM is a thin membrane with
the developed chorionic epithelium, allantoic epithelium,
and a mesenchyme between these two epithelial layers and
blood vessels (Figure 2(a)). The U87 cells form tumors
on the CAM, which are related to the clearly thickened
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Figure 1: Tumor xenograft on CAM of nontreated and NaVP-treated U87 cells during days 9–12 of embryo development. Figure 1 represents
the U87 cell tumor xenografts on CAM growth dynamics, which was photographed daily on days 9–12 of embryo development (EDD9–12):
(a) represents nontreated tumors, (b) NaVP-treated (with 4 mM of NaVP) tumors, and (c) NaVP-treated (with 8 mM of NaVP) tumors. The
clearness of expression of nontreated tumor edges from the EDD10 gradually diminishes. This is related to tumor cell penetration into the
mesenchyme since the EDD10 and with a clear and fast U87 cell invagination in the mesenchyme (a). Around nontreated tumors, the spokedwheel pattern is clearly expressed in the CAM on day EDD12 (a), while on the same day in the 4 mM and 8 mM NaVP-treated grafted tumors
they failed to attract new blood vessels ((b) and (c), resp.). In the pictures of (c), the size of tumors treated with 8 mM of NaVP in EDD9–12
is more pronounced as compared with tumors in (b), which is related to tumor cell penetration into the mesenchyme after treatment with
4 mM of NaVP. In the pictures of (c), the spoked-wheel patterns are practically absent around the tumors. Scale bar: 1 mm.

CAM mesenchyme under the onplant of nontreated tumors
(Figures 2(b) and 2(c)) or the tumor is encapsulated in the
thickened CAM mesenchyme (Figure 2(d)). The nontreated
tumors are vascularized; blood vessels with chicken blood
are clearly visible in them. The chorionic epithelium under
the onplant is destroyed in most cases, and the invasion
of glioblastoma cells into the CAM mesenchyme is obvious
(Figures 2(b) and 2(c)). Tumors developed from U87 cells

treated with 4 mM and 8 mM of NaVP are not vascularized,
the chorionic epithelium is intact, glioblastoma cells are
distributed on the CAM surface, and such distribution is
more pronounced in tumors treated with 8 mM of NaVP
(Figures 2(e) and 2(f), resp.). The nontreated tumor causes
mesenchyme hyperplasia which is reduced by the treatment with NaVP, and this depends on the NaVP dose
(Figure 2).
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Figure 2: The CAM with U87 cell tumor at day 12 of embryo development. CE: chorionic epithelium, AE: allantoic epithelium, BV: blood
vessels, and T: tumor. (a) Control membrane without tumor. (b) Membrane with tumor of U87 cells without treatment. Arrowheads show the
growth of chicken blood vessels into the tumor, and a dotted arrow shows the chorionic epithelium destroyed by tumor cells. (c) Membrane
with tumor developed from U87 cells treated with 4 mM NaVP. The dotted arrow shows the destroyed chorionic epithelium and partial
tumor invasion into the mesenchyme. (d) Membrane with a tumor developed from U87 cells without treatment. The tumor is completely
encapsulated into the CAM mesenchyme. (e) Membrane with tumor developed from cells treated with 4 mM of NaVP, with the intact
chorionic epithelium; the tumor is not vascularized and located on the surface of the CAM. (f) Tumor developed from cells treated with
8 mM of NaVP, located on the surface of the membrane, not vascularized. Scale bar: 200 𝜇m.

3.3. Tumor Invasion into Chorionic Epithelium and Chorioallantoic Membrane Mesenchyme. Of the tumors developed
from nontreated U87 cells, 50% destroyed the chorionic
epithelium, invaded the chorioallantoic membrane mesenchyme, and had been completely formed in the mesenchyme; 40% of the tumors destroyed the chorionic epithelium and invaded the mesenchyme but partly remained on
the CAM surface, and only 10% of tumors were formed on
the surface of the CAM without invading the mesenchyme.
When U87 cells were treated with 4 mM of NaVP, 60%
of tumors were formed on the surface of the CAM and
30% destroyed the chorionic epithelium and invaded the
mesenchyme, but part of the tumor remained on the surface
of the CAM. In this group, 10% of tumors were observed
only in the mesenchymal layer of the CAM. When U87 cells
were treated with 8 mM of NaVP, 90% of the tumors were
formed on the surface of the CAM without invading the
mesenchymal layer, the chorionic epithelium was also not
destroyed, and only 10% of cases showed a complete invasion
into the mesenchyme. Compared with nontreated tumors,
the incidence of tumor formation on the CAM surface without invading the mesenchyme was significantly higher when
U87 cells were treated with 4 mM and 8 mM of NaVP (10%,
40%, and 90%, resp.; p < 0.05). Comparing the incidence of
the nontreated tumors and tumors whose U87 cells had been

treated with 4 mM and 8 mM of NaVP, tumors invading the
CAM mesenchyme (the common group of tumors of which
part invaded the mesenchyme and those localized only in
the mesenchyme) were found significantly less frequently in
the NaVP-treated tumor groups as compared with nontreated
tumors (10%, 40%, and 90%, resp.; p < 0.05). Tumors on
the CAM were found more frequently in the 4 mM NaVPtreated group as compared with the nontreated tumor group
(p < 0.05), and comparing nontreated and the 4 mM NaVPtreated groups, the tumors which invaded the mesenchyme
were significantly more frequent in the nontreated groups of
tumor (p < 0.05; Figure 3).
3.4. Immunohistochemical Investigation
3.4.1. The EZH2 Protein Expression. In tumors formed by
the U87 cells without treatment a high expression of the
EZH2 protein was found, and positively stained cells were
distributed in all tumor (Figure 4(a)). The EZH2 protein
was expressed exclusively in the nuclei of the tumor cells.
In tumors treated with 4 mM of NaVP, cells with a positive
staining for the EZH2 protein were located mostly in the
upper part of a tumor (Figure 4(b)). In tumors treated with
8 mM of NaVP, a weak staining for the EZH2 protein was
observed (Figure 4(c)). The positive expression of the EZH2
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100

p < 0.05

p < 0.05

90

treated with 4 mM and 8 mM of NaVP as compared with the
cell count of nontreated tumors (p < 0.001), and treatment
with 8 mM of NaVP significantly diminished the expression
of p53 as compared with 4 mM of NaVP-treated tumors (p <
0.007; Figure 4(h)). Scale bar: 20 𝜇m.

p < 0.05

80
70

4. Discussion

60
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Nontreated

NaVP-treated
(4 mM)

NaVP-treated
(8 mM)

Tumor on the CAM
Tumor which invaded the mesenchyme

Figure 3: Frequency of U87 cell tumor groups with invasion into the
CAM mesenchyme and localized only on the CAM. The investigated
groups were U87 cell tumors nontreated with NaVP (n = 10), treated
with 4 mM of NaVP (n = 10), and treated with 8 mM of NaVP (n
= 10). Tumors invading the CAM mesenchyme are presented as the
common group containing tumors of which part of tumor invaded
the mesenchyme and those localized only in the mesenchyme.

protein was observed also in the chorionic and allantoic
epithelium and CAM mesenchyme in all investigated experimental groups. The EZH2-positive cell count in tumors
formed by the nontreated U87 cells was 65 ± 13% of all tumor
cells. The EZH2-positive cells made 32 ± 12% of all cells in
tumors formed by cells treated with 4 mM of NaVP. In tumors
treated with 8 mM of NaVP, only 6.3 ± 5% of all tumor cells
were positively stained for the EZH2 protein. The number
of EZH2-positive cells was significantly lower in cells treated
with 4 mM and 8 mM of NaVP as compared with the cell
count in tumors formed by cells without treatment (p < 0.001;
Figure 4(g)), and the expression of the EZH2 protein was
significantly higher in 4 mM NaVP-treated group tumors as
compared with the 8 mM of NaVP-treated ones (p < 0.001;
Figure 4(g)). Scale bar: 20 𝜇m.
3.4.2. The p53 Protein Expression. In tumors formed by
nontreated U87 cells, a high expression of the mutant p53
protein was found (Figure 4(d)). In tumors treated with 4 mM
of NaVP, the number of p53-positive cells diminished, and in
tumors treated with 8 mM of NaVP only a small number of
positively stained cells were observed (Figures 4(e) and 4(f)).
The p53-positive cell count in tumors without treatment was
47.3 ± 13% of all tumor cells. In tumors treated with 4 mM
of NaVP, the p53-positive cells made 18 ± 8% of all cells, and
in tumors treated with 8 mM of NaVP only 6.4 ± 5% of all
tumor cells were positively stained for the p53 protein. The
number of p53-positive cells was significantly lower in cells

GBM is the most lethal form of cancer with a median survival
of up to 12 months [1]. Seizures occur in up to 90% of
patients with low-grade gliomas and in up to 60% with highgrade gliomas [41, 42]. Tumor growth stimulates seizures,
and seizures activate tumor growth [43]. The antiepileptic
drug NaVP has the promising anticancer effects: it stimulates
histone acetylation, leading to an unfolding of the chromatin
structure that leaves DNA more susceptible to the effects of
chemotherapy and radiation therapy [44]. In vitro and in
vivo combined NaVP and temozolomide treatment induces
apoptosis and autophagy of cancer cells [45, 46]. The EORTC
trial of temozolomide and chemoradiation showed that the
median survival of glioblastoma patients who received NaVP
was significantly longer than of patients treated by chemoradiation alone [47, 48].
In vivo experimental studies demonstrate that the CAM
model allows a successful testing of investigational medicinal
products. The CAM model has been used to implant several
malignant cell lines to investigate tumor growth and the
metastatic process, angiogenic potential, identifying therapeutic targets, and evaluating antitumor drugs, as these
transplanted cells on CAM keep producing human antigens
[33, 34, 49]. CAM is formed on days 4 to 5 of embryo development. The CAM is a thin, highly vascularized membrane
located beneath the egg shell and consisting of the chorionic
epithelium, mesenchyme, and allantoic epithelium [36]. A
chick embryo until day 18 of EDD may serve as a naturally
immunodeficient host for the investigation of transplanted
cells [38, 50]. Investigators suggest that experimental glioma
growth on the CAM exhibits a sufficient similarity with
fundamental aspects of the human disease: defined tumor
growth with key features of human glioblastoma at cellular
and molecular levels occurs in a reproducible manner after
human GBM cell grafting [51]. GBM is characterized by a fast
cell proliferation, infiltrative migration, and the angiogenesis
induction [20, 52].
The study biomicroscopy follow-up of control-nontreated
and NaVP-treated U87 cell tumors on CAM shows a progressive growth and vascularization. The majority of tumors
which developed from U87 cells without NaVP treatment
during tumor growth destroyed the chorionic epithelium
and invaded the mesenchyme. Biomicroscopy showed that
the nontreated xenograft of U87 cells on CAM invaginated
into the underlying mesenchyme starting from day 2 after
inoculation. The study shows that increasing the NaVP
concentration diminished the U87 cell capability to destroy
the chorionic epithelium and significantly increased the
number of tumors formed only on the surface of the CAM
without invading the mesenchyme. The incidence of tumor
formation on CAM without invasion into the mesenchyme
was significantly higher when U87 cells have been treated

BioMed Research International

7

EZH2

(a)

(b)

(c)

(d)

(e)

(f)

100

100

80

p < 0.001
p < 0.001

60
p < 0.001

40

20

0

The p53-positive cell part in tumors (%)

The EZH2-positive cell part in tumors (%)

p53

80
p < 0.001
60

40
p = 0.007
20

0
Nontreated

NaVP-treated
(4 mM)

NaVP-treated
(8 mM)

(g)

p < 0.001

Nontreated

NaVP-treated
(4 mM)

NaVP-treated
(8 mM)

(h)

Figure 4: Expression of EZH2 and p53 proteins in tumors formed by U87 cells treated with 4 mM and 8 mM of NaVP and by nontreated
cells. (a) EZH2 expression in nontreated tumors, (b) EZH2 expression in tumors treated with 4 mM of NaVP, (c) EZH2 protein expression
in tumors treated with 8 mM of NaVP. (d) p53 protein expression in tumors formed by nontreated U87 cells, (e) p53 expression in tumors
treated with 4 mM of NaVP, and (f) p53 protein expression in tumors treated with 8 mM of NaVP. (g) EZH2-positive cells and (h) p53-positive
cell tumors developed from U87 cells in tumor groups without treatment and from cells treated with 4 mM and 8 mM of NaVP, respectively.
Arrows indicate EZH2- and p53-positive cells.

with NaVP, and this effect significantly increased with the
NaVP concentration. NaVP is a histone-deacetylase (HDCE)
inhibitor and specifically inhibits HDAC classes I and IIa
[53]. NaVP is able to induce apoptosis in glioma U87 cells
in a dose-dependent manner [16], and the U87 cells may
be more sensitive to NaVP than the other GBM lines [8].
Other researchers investigation of NaVP effects on tumor
cells in vitro demonstrated that it inhibited cell proliferation
by causing cell cycle arrest in the G1 and/or G2 phase and that

it induced differentiation and/or apoptosis in various cancer
cells [54, 55], reduced the proliferation of glioblastomaderived stem cells [56], and decreased the viability of primary
human glioblastoma cells [57].
The U87 tumors on CAM in relationship with tumor progression concomitantly induced blood vessel angiogenesis,
and a clearly expressed spoked-wheel pattern was observed
on days 4 and 5 after grafting in nontreated tumors. The
treatment of U87 cells with 8 mM of NaVP did not show clear
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dynamics of tumor growth during 5 days of development at
EDD9–12; at the same time, the blood vessel angiogenesis
failed. Other researchers reported that the progression of the
U78 tumor was related to angiogenesis which indicates a
glioma development relationship with growth factor receptors [58], and platelet-derived growth factor receptors [59]
are important for angiogenesis and glioma progression, and
their inhibition could result in the inhibition of experimental
glioma growth [51].
The studied GBM U87 cell tumor samples showed a
strong nuclear staining of EZH2 in U87 cell tumors without
NaVP treatment, and a high expression of the EZH2 protein
in the tumor cell nuclei was found. It is known that increased
EZH2 expression correlates with glioma grade and its recurrence, suggesting that EZH2 could be a marker of glioma
aggressiveness and correlate with a decreased GBM patient
survival, and the EZH2 protein was found to be strongly
expressed in U87 cell lines. EZH2 is present only in dividing
cells [20].
In our study, the expression of EZH2 protein was
observed also in the chorionic and allantoic epithelium
and CAM mesenchyme in nontreated with NaVP tumors.
This positive staining may be associated with the fact that
the EZH2 protein participates in embryo development: the
EZH2 knockdown was shown to be embryo-lethal in mice
[21]; the knockdown of EZH2 in cancer cells resulted in
diminished tumor growth and reduced metastases in vivo
[53, 60, 61]. EZH2 in glioblastoma leads to cell cycle arrest
at the G0 /G1 phase, further leading to the uncontrolled cell
cycle progression in glioblastoma cells [19]. EZH2 is actively
involved in cell cycle progression, cell proliferation, cell differentiation, and apoptosis [62]. EZH2 promotes the epithelial to mesenchymal transition program which is a known
mechanism inducing tumor aggressiveness and metastases
[22, 23].
We found that the number of EZH2-positive cells was
significantly lower in tumors treated with 4 mM and 8 mM
of NaVP as compared with the cell count in nontreated
tumors, and the NaVP effect was higher as its concentration increased to 8 mM. It was reported that the inhibition of EZH2 may be a potential therapeutic strategy
to target GBM proliferation, migration, and angiogenesis
as the inhibition of EZH2 in vitro by pre-miR-101, EZH2
siRNA, or small molecule DZNep attenuated GBM cell
growth, migration/invasion, and GBM-induced endothelial
tubule formation in a U87-Fluc-mCherry GBM xenograft
mouse imaging model resulted in a reduced tumor growth
and migration/invasion. A significant correlation between
the expression of 28 out of 279 genes associated with cell
migration and EZH2 expression was observed [20]. The
effectiveness of NaVP on EZH2 in U87 tumors indicates that
NaVP has a potential therapeutic strategy to target GBM
proliferation, invasiveness, and differentiation. Furthermore,
several studies have reported that EZH2 inhibition increases
the sensitivity of different cancer cells to radiation and
chemotherapy [63–65]. The inhibition of EZH2 in B cell lymphomas induces p53-mediated apoptosis under DNA damage
accumulation, resensitizing lymphomas cells to chemotherapy [66].
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In the nontreated U87 cell tumors, the EZH2 expression
in cells has been very strongly expressed in tumor areas which
invaded across the chorionic membrane to the mesenchyme
and were surrounded by the thickened mesenchyme. In
this respect, of significance could be the results of other
studies indicating that tumor infiltrating front, molecular
heterogeneity in GBM can improve the rationale of potential
molecular targets. The key genes involved in gliomas tumor
cell proliferation, invasion, migration, response to immune
system, and stemness markers are highly enriched in the
peritumoral brain zone, and these genes probably contribute
to the resistance of cells to standard therapy, resulting in a
tumor recurrence [67].
The study shows that, in tumors formed by the U87 cells
without NaVP treatment, a high expression of the p53 protein
was found. The p53 is a tumor suppressor gene implicated in
the genesis of malignancies. The overexpression of the p53
protein is often used as a surrogate indicator of mutations
in the p53 gene [68]. The role of p53 in glioma progression
is under ongoing discussion, because the overexpression of
mutated p53 may mark the biology of a higher tumor progression [30]. The p53 protein is a transcription factor important
in tumor growth, cell apoptosis [69, 70], activating the cell
cycle [70], differentiation [71], and being involved in DNA
repair [72]. The p53 gene encodes a 393-amino acid protein;
p53 is a phosphoprotein that resides in the nucleus. The p53
gene mutations are one of the distinct features seen in GBM
[73]. The nuclear overexpression of p53 in secondary GBM
reflects the presence of mutant p53, and these mutations are
involved in GBM progression [74]. However, the incidence
of p53 protein accumulation in glioma is more frequently
seen than p53 mutations [75–77] and the percentage of
glioma cells, in which p53 protein accumulation is found
to increase from the first biopsy to recurrent tumors [76].
Furthermore, p53 expression in GBM may accumulate in the
cytoplasm. The role of p53 in cytoplasmic location is not clear.
Some researchers indicate that it could be inactive [30, 75].
The expression of p53 in the human glioma U87 cell line
nuclei was found to depend on the used animal model: the
percentage of human glioblastoma p53-positive nuclei of the
same xenograft was higher in the tumors grown on the chick
chorioallantoic membrane than in the brain of a nude rat
model [33]. Furthermore, the historical focus on p53 in the
nucleus is broadened with its localization in mitochondria
[78].
The p53 abnormalities are common in the progression
from a low-grade lesion to a high-grade lesion of GBM in
patients [73, 79], and the association between p53 mutations
and GBM progression remains unclear [30]. The status of p53
had a little effect on the survival of GBM patients [74, 80].
Some reported that p53 expression was more common in the
long-term survival irrespective of the specific types of p53
mutation [32], while others, on the contrary, indicated that
patients who did not have immunohistochemical expression
of p53 had a significantly longer median survival time than
those with its positive expression [31]. No relation of the
p53 status and time with tumor progression was found [81].
Several studies have indicated that p53 was significantly
altered in patients with malignant transformation rather than
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in those with no apparent progression [82, 83]. Also, wt
p53 failed to sensitize glioma cells to cytotoxic drugs and,
therefore, contributed to chemoresistance [84].
Our study revealed a high expression of p53 in U87
cell tumors which were not treated with NaVP, and this
expression was accompanied with pronounced angiogenesis
in tumors in the CAM model. The p53 distribution in the
tumor was not related to tumor periphery or vascularization
areas. Other investigators also found that the pattern of p53
expression was not related to a particular region, such as the
infiltrating edges or vascularization areas in GBM of patients
[85]. Others reported that the cytoplasmic p53 expression was
exclusively seen in the perivascular areas in 57% of de novo
cases of GBM, and the expression of cytoplasmic p53 around
the perivascular area may represent its role in angiogenesis
[30]. Immunoreactivity of the vascular endothelial growth
factor (VEGF) in GBM cells was associated with vascularity
and positively correlated with p53 expression, suggesting an
association between mutant p53 and VEGF [86].
In our U78 tumors on CAM treated with NaVP, the
number of p53-positive cells significantly diminished, and
only a significantly decreased number of p53-positive cells
in tumors treated with 8 mM of NaVP were observed.
By others, the mechanistic insight shows that p53 directly
interacts with the antiapoptotic proteins bcl-xL and bcl-2,
and mutant p53 proteins could be related to this binding
[87]. It was reported that NaVP induced by p53-dependent
mitochondrial localization of Bax and Bcl-xL, as well as
the mitochondrial membrane potential and cytochrome c
release, are important for the p53 role in NaVP-mediated
radiosensitization of cancer cells [88].

5. Conclusion
The study results demonstrate that the CAM model allows a
successful testing of anticancer drugs designed to interfere
with the p53 and EZH2 molecular pathways important
for glioma progression. The experimental findings of the
study indicate that NaVP has a function in blocking the
proliferation, migration, and angiogenesis of human U87
glioma cells in the CAM tumor model, thereby supporting the
NaVP potential in glioblastoma therapy. However, the U87
cell model system used in the study has limitations due to the
known high cell line mutability and variability, but the study
results are important for further studies to evaluate the NaVP
effect on the p53 and EZH2 expression of different (pediatric
and adult) cell and brain tumor stem cell lines as well as the
primary GMB tumor cell cultures.
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Glioblastoma is the most aggressive cancer of the brain. The dismal prognosis is largely attributed to the heterogeneous nature of the
tumor, which in addition to intrinsic molecular and genetic changes is also influenced by the microenvironmental niche in which
the glioma cells reside. The cancer stem cells (CSCs) hypothesis suggests that all cancers arise from CSCs that possess the ability to
self-renew and initiate tumor formation. CSCs reside in specialized niches where interaction with the microenvironment regulates
their stem cell behavior. The reciprocal interaction between glioma stem cells (GSCs) and cells from the microenvironment, such as
endothelial cells, immune cells, and other parenchymal cells, may also promote angiogenesis, invasion, proliferation, and stemness
of the GSCs and be likely to have an underappreciated role in their responsiveness to therapy. This crosstalk may also promote
molecular transition of GSCs. Hence the inherent plasticity of GSCs can be seen as an adaptive response, changing according to
the signaling cue from the niche. Given the association of GSCs with tumor recurrence and treatment sensitivity, understanding
this bidirectional crosstalk between GSCs and its niche may provide a framework to identify more effective therapeutic targets and
improve treatment outcome.

1. Introduction
Glioblastoma (GBM), World Health Organization (WHO)
grade IV glioma, is the most aggressive primary brain tumor
in adults and accounts for over 50% of the tumors of the
brain [1]. Current standard therapy after initial diagnosis
includes maximal surgical debulking followed by adjuvant
temozolomide (TMZ) administration and radiation therapy
[2, 3]. Unfortunately, recurrent cases of GBM that are highly
resistant to radiation and chemotherapy are common and
relapsed patients have a dismal survival of less than 15 months
[1]. These recurring malignant gliomas are highly infiltrative
and may stem from a subpopulation of glioma stem cells
(GSCs) that shares some characteristics with neural stem and
precursor cells [4–10], such as self-renewal capability.

Two hypotheses have been proposed on the origin of such
tumor heterogeneity. Clonal evolution hypothesis suggests
that most cancers arise from a single altered cell which
facilitates tumor initiation and progression. As the tumor
progresses, accumulated genomic instability results in the
appearance of new genetic variants. Those variants with
selective growth advantage expand to become the predominant subpopulation in the tumor. The presence of multiple
subpopulations in a tumor thus supports the theory of tumor
heterogeneity. On the other hand, cancer stem cells (CSCs)
hypothesis suggests that intratumor heterogeneity arises from
CSCs that possess the ability to self-renew and initiate tumor
formation. CSCs give rise to phenotypically diverse cancer
cells and reside in specialized niches where interaction with
the microenvironment regulates their stem cell behavior.
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This behavior suggests a possible linkage between therapy
outcome and genomic composition of the tumor. Recent
experimental evidence supports the concept of CSCs plasticity and the ability of non-CSCs to dedifferentiate into CSCs
[11]. This concept is further supported by lineage tracing and
clonal analysis experiments that demonstrate the hierarchical
organization of tumor in vivo [12–14].

2. Molecular Heterogeneity of GBM
Advances in genomic sequencing and transcriptomic profiling reveal the existence of multiple molecular subtypes,
namely, proneural, neural, classical, and mesenchymal,
within a tumor, highlighting the heterogeneous nature of
GBM [15, 16]. Each subtype is characterized by different
transcriptional profile [15–17] and varied response to radiotherapy and chemotherapy [18–25]. The proneural GBM
subtype can be further characterized as either isocitrate
dehydrogenase-1 (IDH-1) wildtype or mutant. Mutation in
IDH-1 results in remodeling of the glioma methylome, thus
resulting in activation of gene expression characteristics
of glioma CpG island methylator phenotype- (G-CIMP-)
positive low grade tumor. Mutant IDH-1, which is G-CIMPpositive, has better prognosis and treatment response that is
commonly seen in grade 2 and 3 tumor, thus representing
secondary GBM [26, 27]. On the other hand, wildtype IDH1, which is G-CIMP-negative, is characteristic of primary
GBM that is more aggressive and less responsive to treatment than mutant IDH-1 [28]. The G-CIMP-negative GBM
(IDH wildtype proneural, neural, classical, and mesenchymal) responds differently to standard therapeutic modality
of temozolomide and radiation. IDH-1 wildtype proneural
tumor is more amenable to standard treatment regimen than
those presented with mesenchymal tumor subtype [18, 21, 29].
The existence of different molecular subtypes within a
tumor [30] and at single cell level [31, 32] was demonstrated using genome wide gene expression analysis. Using
fluorescence-guided multiple sampling approach, Sottoriva
and colleagues showed that GBM tumor fragments harvested
from spatially distinct location within the tumor can be
classified into different molecular subtypes based on their
gene expression profile [30]. Patel and colleagues revealed
that all GBM contain heterogeneous mixtures of tumor
cells using single cell transcriptomic analysis on 430 cells
harvested from five GBM patients. They demonstrated that,
regardless of the dominant subtype of the tumor, all tumors
contain some cells having molecular characteristics that
conform to the proneural subtype according to the Cancer
Genome Atlas (TCGA) classification scheme [31], supporting
the notion that all GBM subclasses evolve from the proneural
subclasses [33]. Importantly, the group demonstrated that
increased heterogeneity of the tumor correlates with poorer
survival [31]. Using large-scale clonal analysis of gliomainitiating cells harvested from primary GBM, Segerman et al.
further revealed the widespread and extensive heterogeneity
that correspond to response to radiation and chemotherapy
[32]. Resistant clones were associated with the mesenchymal
cell state, which is consistent with previous reports in GBM
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and other carcinomas in which mesenchymal phenotype
is associated with increased therapeutic resistance [34–36].
Given that all tumors contain a portion of proneural cells
regardless of their dominant subclasses [31], it is conceivable
that the clinical outcome of GBM tumor is greatly influenced
by subtype of cells that coexist within that tumor environment.
It is now established that an epithelial-mesenchymal-like
transition (EMT), termed as proneural-mesenchymal transition (PMT), exists in GBM [16, 35, 37]. Analysis performed
on paired GBM specimens prior to radiotherapy and at the
time of recurrence suggested that there is a shift of the glioma
cells from the proneural to the mesenchymal phenotype
[16]. In addition, transcription factors that play important
role in EMT, such as twist family BHLH transcription
factor-1 (TWIST-1), zinc finger E-box binding homeobox-1
(ZEB-1)/ZEB-2, and snail family transcriptional repressor1 (SNAIL-1)/SNAIL-2, were found to be altered in GBM
[38, 39] as the proneural cells undergo transformation to
mesenchymal subtype. Downregulation of proneural-specific
markers and upregulation of mesenchymal-specific markers
were also observed in irradiated proneural glioma cells
[35]. Furthermore, elevated levels of mesenchymal markers
expression were observed in mouse xenograft model treated
with bevacizumab, a monoclonal antibody against vascular endothelial growth factor (VEGF) [37]. The shift from
proneural to mesenchymal phenotype may account for the
enhanced aggressiveness observed in patients with recurrent
glioma that have acquired resistance to bevacizumab [37].
This evidence collectively points to an intimate involvement of microenvironmental flow of signals in contributing
to PMT, suggesting that targeting the microenvironmental
niche is critical for controlling GBM.

3. Microenvironment and
Tumor Heterogeneity
Heterogeneity among tumor cells not only arises within a
single tumor as a result of molecular and genetic changes
but also is affected by different microenvironments within
different regions of the tumor [40–42]. GBM are highly
vascularized, and often GSCs that are in the perivascular
niches are observed to interact with endothelial cells (ECs)
[43, 44]. Interactions between GSCs and their environment
through autocrine or paracrine factors promote invasion and
growth of GSCs and likely affect their response to therapy
[45]. Likewise, GSCs exist in a particular niche will crossinfluence the stemness of other GSCs. Understanding this
bidirectional crosstalk between GSCs and its niches is critical
to deciphering the regulatory role of the microenvironment
on GSCs tumor initiation, invasion, therapeutic resistance,
and heterogeneity.
3.1. Perivascular Environment. The perivascular niche of
brain tumor is critical to the maintenance of CSC state of the
tumor. GSCs are often found to adhere to vascular structures
where physical interaction with ECs occurs [44, 46, 47]. The
physical proximity of GSCs to ECs is a key driver of tumor
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progression [44] and interaction between tumor cells and
ECs/pericytes has been reported to influence GBM malignancy [46]. ECs promote GSCs survival through secretion of
soluble factors such as transforming growth factor-𝛽 (TGF𝛽) and platelet derived growth factor (PDGF), which in turn
increase expression of stemness-related genes such as SRYbox-2 (Sox-2), oligodendrocyte lineage transcription factor2 (Olig-2), Bmi-1, and CD133 in GSCs [4]. On the other
hand, GSCs promote ECs angiogenesis through expression of
proangiogenic factors such as VEGF.
Direct interaction between ECs and GSCs also activates
key stemness pathways such as nitric oxide- (NO-) cyclic
GMP pathway [48] and Notch signaling [49]. In the brain
tumor microenvironment, NO is synthesized by nitric oxide
synthase (NOS). There are three isoforms of NOS, neuronal
NOS (NOS-1 or nNOS), inducible NOS (NOS-2 or iNOS),
and endothelial NOS (NOS-3 or eNOS). nNOS and eNOS,
which are constitutive and calcium-dependent, produce
small amount of NO for very short period of time when
activated. By contrast, iNOS is calcium-independent and generates high concentration of NO that last for longer intervals
when activated. All three NOS isoforms are highly expressed
in high grade glioma in comparison to the lower grade tumors
[50–54], with the exception of iNOS, which is also highly
expressed in GSCs [55]. The cell autonomous increase in
iNOS expression in GSCs results in enhanced neurosphere
formation and tumorigenic potential and correlates with
poor patient survival [55]. Interestingly, NO production in
the tumor microenvironment may also be regulated by interaction between the glioma cells and ECs. This reciprocal production of NO by the glioma cells (nNOS) and ECs (eNOS)
may represent another way of direct crosstalk between cells
in the microenvironment that facilitate tumorigenesis [56,
57]. iNOS-induced tumorigenesis can be abrogated by the
expression of the NO consuming enzyme flavohemoglobin
[55]. Indeed, when iNOS was targeted using either small
molecular inhibitor or shRNA, there was a significant loss
in tumorigenesis in both human and murine glioma cells
[55], demonstrating that GSCs-derived iNOS may be a
potential therapeutic target. In addition to NO signaling,
Notch signaling between cells of the microenvironment
also promotes GSCs-mediated tumorigenesis. Notch-1 and
Notch-2 are expressed on GSCs, while their ligands, Deltalike-4 (DL-4) and Jagged-1, are expressed on the ECs [49].
Abrogating Notch signaling through targeted knockdown of
DL-4 or Jagged-1 in brain microvascular endothelial cells
has been shown to reduce tumor angiogenesis and tumor
growth [49]. On the other hand, using a PDGF-driven
glioma model, Charles and colleagues found that eNOS
maintain GSCs phenotype and enhanced tumorigenesis via
activation of Notch signaling [56]. However, Notch signaling
was suppressed when eNOS expression was blocked and
thus reduced tumor growth and prolonged survival of tumor
bearing mice [56]. In addition to Notch and NO, PDGF
also induces stemness associated genes in patient-derived
neurosphere lines via inhibitor of differentiation (ID) [58],
which functions to maintain GBM mesenchymal subclass
and promote adherence of GSCs to the perivascular niche
[59]. Inactivation of ID protein resulted in loss of GSCs
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contact with the ECs and loss of self-renewal [60]. Thus, it
appears that ID, NO, PDGF, and Notch individually enhance
the self-renewal capacity of GSCs. But together, the PDGFID-NO-Notch signaling axes not only maintain and promote
GSCs phenotype but also enhance tumor angiogenesis [61].
GSCs are not passive recipient in the microenvironment;
in fact, they play active participatory role such as stimulating
angiogenesis through expression of angiogenic factors such
as VEGF [43, 62]. Recent studies have suggested that GSCs
may differentiate into ECs [63, 64] and pericytes [14]. RicciVitiani and coworkers found that a percentage of ECs within
GBM contain somatic mutations identical to the tumor cells,
suggesting neoplastic origin of the vascular endothelium
[63, 64]. However, large-scale analysis of patient-derived
brain tumors suggested that tumor-derived endothelial cells
are rare events [65]. By contrast, GSCs differentiation into
pericytes was shown to promote vessel maturation. Using
lineage tracing of GSCs from 21 GBM xenografts, Cheng
and colleagues demonstrated that GSCs give rise to pericytes in vivo in part through EC-derived TGF-𝛽 signaling
[14]. Importantly, tumor vessels with few pericytes coverage
appeared to be more sensitive to radiation and chemotherapy
treatment [66, 67]. On the other hand, high pericyte coverage
stabilizes vessels and promotes perfusion and thus promotes
tumor growth [68]. The results from Cheng et al.’s studies
further demonstrated that depletion of GSCs-derived pericytes results in inhibition of tumor growth, thus suggesting
a possible utility of targeting GSCs-derived pericytes for
treating GBM.
GSCs not only interact with ECs in the perivascular
niche but also interact with the extracellular matrix (ECM).
Abnormal ECM remodeling affects ECs, immune cells, and
tumor angiogenesis, which influences GBM progression
and invasion. ECM components, such as laminin, integrin,
vitronectin, and fibronectin, have been shown to associate
with tumor grade and patient survival. The laminin family
of proteins consists of five laminin 𝛼 chains, four laminins 𝛽
chains, and three laminins 𝛾 chains. These 𝛼, 𝛽, and 𝛾 subunits
form heterotrimers to promote downstream signaling including promotion of cell adhesion and migration, regulation
of cell proliferation, differentiation, and survival [69, 70].
Among them, 𝛼2 and 𝛼4 laminins are primarily expressed
in mesenchymal cells. Specifically, laminin 𝛼2 expression is
higher in classical and mesenchymal subtypes than neural
and proneural subtypes and correlates with poorer survival.
Lathia et al. demonstrated that laminin 𝛼2, which is expressed
in non-GSCs and ECs, plays a role in GSCs maintenance.
Targeted knockdown of laminin 𝛼2 using shRNAs decreased
the clonogenic and proliferative capacity of GSCs. Further,
depletion of laminin 𝛼2 results in increased tumor latency in
mice [71]. Laminin 𝛼4 is also expressed in glioma and other
tumor cells, especially after EMT, and contributes to tumor
invasion and recurrence [72–78]. The laminin receptor, integrin 𝛼6𝛽1, regulates tumor cells survival and promotes EC
growth in GBM [79] and is required for GSCs maintenance
[80, 81]. In the perivascular niche, integrins mediate the
interaction between tumor cells and ECs, thus maintaining
the function of the niche. Similar to laminin, alteration in
integrin expression is associated with tumor malignancy [82].
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In fact, prosurvival integrin-mediated signaling following
radiation and chemotherapy occurs at the ECM. Integrins are
heterodimeric cell adhesion molecules formed by dimerization of 18 𝛼-subunits and 8 𝛽-subunits. Integrins 𝛼v𝛽3, 𝛼v𝛽5,
𝛼5𝛽1, 𝛼3, and 𝛼6 are expressed in GBM [83–86]. In particular,
𝛼v𝛽3 and 𝛼v𝛽5 are enriched in highly vascularized GBM; as a
result, targeting these integrins with cilengitide was evaluated
in clinical trials. Unfortunately, results from recent CENTRIC
trial did not demonstrate improved outcomes for patient
treated with cilengitide in combination with temozolomide
and chemoradiotherapy [83]. Despite the setback, integrin
remains a potential target because GSCs also express high
levels of 𝛼3 and 𝛼6 [85]. Overexpression of integrin 𝛼3
has been shown to promote GBM invasion via the ERK1/2
signaling in human astrocytoma and GBM patient-derived
xenograft mouse model [84]. On the other hand, integrin
𝛼5𝛽1, which is expressed in mesenchymal GBM and is
associated with increased invasion, negatively regulates the
p53 pathway to modulate prosurvival molecule survivin in
GSCs and mouse xenograft model [86].
Another molecule that is highly expressed in the ECM at
the perivascular niche is cadherins, which mediate cell-cell
interactions in multiple processes including tumor invasion
[87–89]. Cadherins mediate cell adhesion through interaction with 𝛽-catenin, protein kinase C, cdc42, and Numb.
N-cadherin is expressed in normal stem cell niche and is
required for maintenance of progenitor state [90]. On the
other hand, E-cadherin is downregulated in GBM and is
associated with poor prognosis [91]. Alteration in cadherin
expression is found to associate with a change in tumor phenotype and growth. For example, inhibiting VEGF pathway
induces a switch from angiogenic to invasive phenotype,
which is followed by a switch in cadherin subtype. Specifically, cadherin 11 is highly expressed in mesenchymal GBM
subclasses and is associated with enhanced GBM migration
and tumor growth in vivo [92].
In summary, bidirectional crosstalk between GSCs and
the microenvironment in the perivascular niche enhances
stem cells phenotype of GSCs and promotes glioma cell invasion, proliferation, and resistance to therapy. GSCs promote
ECs recruitment and induced expression of angiogenic factors to support angiogenesis. Thus, deciphering the molecular
mechanisms involved in the interaction between GSCs and
the perivascular environment could well reveal insights into
the complicated nature of glioma tumorigenesis.
3.2. Hypoxic Environment. Hypoxia is a hallmark of GBM
[45, 93–96]. Hypoxia stimulates the expression of the
transcription factor hypoxia-inducible factors (HIF), which
results in downstream activation of proangiogenesis factors such as angiopoietins, TGF-𝛽, PDGF/PDGF-R, and
VEGF/VEGF-R [97]. In addition to triggering multiple signaling pathways that affect GSCs self-renewal, proliferation,
cell invasion, and survival [98], hypoxia also influences
therapeutic resistance of GBM and enhances genetic instability of tumor cells. The low oxygen content in the tumor
tissues not only attenuates expression of DNA mismatch
repair genes but also inhibits free radicals generated from
radiation treatment and thus impedes therapeutic efficacy
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and encourages rapid development of drug resistance phenomenon [99]. Furthermore, HIF-1 activates the multidrug
resistance-1 (MDR-1) gene, which encodes P-glycoprotein
(P-gp) ATP binding cassette transporters, in response to
hypoxia. Activated P-gp acts as a drug efflux pump to remove
intracellular concentration of chemotherapeutic drug and
hence renders treatment ineffective.
GSCs are enriched in the hypoxic regions of GBM tumor
and are characterized by reduced oxygen tension and activation of HIF-1 and HIF-2 [100]. HIF-1𝛼 is highly expressed in
GBM in particular in hypoxic cells forming pseudopalisades
around regions of necrosis and invading cells [101]. However,
the degree of hypoxia differentially influences the expression
of HIF-1𝛼 and HIF-2𝛼. Severe hypoxic conditions result in
upregulation of both HIFs in GSCs, while HIF-1𝛼 expression
is also observed in nonstem cells and neural stem cells in
addition to GSCs in mild hypoxia [99]. Both HIF-1𝛼 and
HIF-2𝛼 are required for GSCs maintenance because targeted
knockdown of either HIFs impaired GSCs self-renewal [47,
102]. Whereas HIF-2𝛼 promotes GSCs phenotype, HIF1𝛼 is required for GSCs maintenance. HIF-2𝛼 upregulates
a number of GSCs genes responsible for induction of a
pluripotent state such as Kruppel-like factor-4 (Klf-4) [103],
Sox-2, and Oct-4 [47, 104, 105]. Furthermore, HIF-2𝛼 also
activates c-Myc [97, 98], a stem cells regulator, suggesting
its role in regulating undifferentiated phenotype of CSCs in
the hypoxic niche. Exposure to long-term hypoxia induced
a phenotypic shift towards a stem-like state [106] that is
accompanied by upregulation of Oct-4, Nanog, Sox-2, c-Myc,
and nestin, all of which play roles in reprogramming [106–
108]. In fact, this phenotype shift is observed in GBM patients
who underwent bevacizumab treatment. Bevacizumab treatment, which targets VEGF, initially normalizes the vessels
integrity and permeability [109]. However, prolong treatment
of bevacizumab beyond the normalization phase induces
hypoxia which recruits bone marrow-derived myeloid cells
to glioma tissues [110, 111]. Furthermore, comparison of GBM
patient tumor samples obtained before and after bevacizumab
treatment showed increased intratumoral hypoxia [112] and
upregulated level of c-Met expression [113]. Hypoxia has been
shown to induce c-Met expression [114]. Along the same line,
c-Met transcription is activated by HIF-1𝛼, which results in
enhanced cell invasion upon activation by hepatocyte growth
factor (HGF) [115]. Thus, the upregulated level of c-Met
observed in bevacizumab-treated tumor may be a response
to hypoxia as a result of prolong anti-VEGF therapy. In
contrast to this study, Bergers and team observed elevated
concentration of phosphorylated c-Met expression at the
invasive edge of mouse tumors that are not hypoxic, rather
than at the tumor core which is hypoxic [116], suggesting
that invasive phenotype is not solely driven by higher oxygen
tension. Together, these findings illustrate the plasticity of the
microenvironment in shaping tumor invasiveness through
the same signaling pathway.
Hypoxic regions in GBM are spatially heterogeneous,
with some regions having higher degree of severity than
others, indicating that individual tumor cells may respond
to a range of oxygen tension in the microenvironment.
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These localized hypoxic regions promote a malignant phenotype clinically and may contribute to the heterogeneity
of the tumor [100]. The heterogeneous hypoxic zone also
contributes to heterogeneity in metabolic reprogramming.
Indeed, glycolytic enzymes and glucose transporters such
as Glut-1 and Glut-3 as well as lactate exporters and pH
regulators such as monocarboxylate transporters (MCTs)
and carbonic anhydrases are induced by hypoxia [117–119].
HIFs also promote the expression of metabolites such as
hexokinase, aldolase, and carbonic anhydrase which could
in turn stimulate glycolytic flux and increase lactate buildup
in the extracellular space [117, 118, 120]. Importantly, these
metabolic enzymes and transcriptional regulators converge
into multiple pathways that encourage tumor growth. The
heterogeneous nature of the metabolic microenvironment
can be driven by activation of phosphoinositide 3-kinase
(PI3K)/Akt, Myc, or p53, which orchestrate glycolysis [121–
123], glutaminolysis, and lipid synthesis [124, 125] pathways
[126, 127].
GBM displays the Warburg effect, which is a preference
to utilize aerobic glycolysis for energy instead of oxidative
phosphorylation. Overexpression of metabolic enzymes such
as hexokinase 2 (HK2) that is required for metabolic reprogramming has been shown in GBM, but not in low grade
brain tumor [128]. In addition to pyruvate dehydrogenase
kinase 1 or Glut1/4 [128–130], GBM also expresses UDP-Glc
and UDP-glucuronic acid (UDP-GlcA) and crucial substrates
of glycosaminoglycan (GAG) synthesis, during hypoxia [131].
Upregulation of UDP-GlcA suggests reshaping of the tumor
microenvironment through altered GAG synthesis [132] during hypoxia. Notwithstanding, metabolic needs of tumor cells
are dynamic and may depend on the severity of hypoxia
[133–135], exposure to cytokines, or extracellular matrix
proteins [136]. Metabolic symbiosis between hypoxic and
aerobic tumor cells was recently reported in which metabolic
substrates such as lactate produced in hypoxic cells are taken
up by normoxic cancer cells and used as fuel [137–139].
This symbiotic microenvironment may promote subtype
switching.
In GBM, IDH-1 wildtype proneural subclasses are characterized by having high glutamate level [140]. On the
other hand, aldehyde dehydrogenase-1A3 (ALDH-1A3), an
isozyme of ALDH-1 in the glycolysis and gluconeogenesis
pathway, is elevated in mesenchymal subclasses [35] through
the activation of the transcription factor FoxD1 [141]. Blocking ALDH-1 activity with inhibitor diethylaminobenzaldehyde (DEAB) or a novel class of imidazo [1, 2-𝑎] pyridine
derivatives reduced mesenchymal tumor cells growth and
inhibited xenograft growth in glioma bearing mouse brains
[35, 141]. Using a collection of seventeen patient-derived
GSCs, Marziali and colleagues found that the proneural-like
GSCs express metabolites such as N-acetylaspartate (NAA)
and 𝛾-aminobutyric acid (GABA), which is involved in the
production of neurotransmitters. Conversely, mesenchymallike GSCs lack NAA and GABA but have high levels of
high mobile lipids indicative of an astroglial-like metabolism
[142], thus demonstrating the differential metabolic programming in different molecular subclasses. Interestingly,
Marin-Valencia and team suggested that GBM can utilize
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both glycolysis and mitochondrial glucose oxidation as their
energy source as revealed by carbon-13 nuclear magnetic resonance spectroscopy of GBM xenograft in vivo [143]. Along
the same vein, Janiszewska et al. found that the oncofetal
insulin-like growth factor 2 mRNA-binding protein 2 (IMP2,
IGFBP2), which plays a role in oxidative phosphorylation,
is a key regulator in proneural GSCs and correlates with
poor prognosis [144]. Unlike mesenchymal GSCs, inhibition
of oxidative phosphorylation, but not glycolysis, abolishes
GBM cells clonogenicity in proneural GSCs, suggesting
that mesenchymal and proneural GSCs preferentially utilize
different pathways for fuel [143]. How the metabolic pattern
differs between different molecular subtypes remains unclear,
but it is highly probable that intricate crosstalk between
the microenvironment and the tumor may influence the
metabolic profile of the tumor.
Several oncogene driven pathways converge to drive
changes in metabolic programming. A key to understanding
the therapeutic significance of metabolic changes in the
tumor is to integrate information obtained through omics
profiling via genomics, epigenetics, and transcriptomics as
well as metabolomics of different stages of tumor, so as to
decipher critical enzymatic players at a systems level for
possible therapeutic targets.
3.3. Inflammatory Environment. Vascular abnormalities in
GBM can result in disruption of the blood-brain barrier
(BBB). BBB is composed of astrocytes, endothelial cells,
and pericytes that tightly regulate the transfer of molecules
between the blood and the brain. Intact BBB ensures that
the brain is immune-privilege [145]. Disruption of the BBB,
arising from either loss of vessels integrity or displacement
of astrocytes by glioma cells, allows the influx of circulating immune cells. Monocytes [146], neutrophils [147],
and myeloid-derived suppressor cells (MDSC) [148, 149] are
commonly found within the tumor microenvironment [150–
153]. These cells form another component of the heterogeneous tumor microenvironment, where crosstalk among the
various members promote angiogenesis, convey immunesuppressive functions, and promote tumor growth and progression.
In the tumor microenvironment, tumor associated
macrophages (TAMs) are commonly found in the vicinity
of GSCs and correlate with the density of GSCs perhaps
owing to the higher level of chemoattractants such as VEGF
[146, 154]. The percentage of TAMs infiltration into a tumor
is positively correlated with the tumor grade [155]. TAMs can
be defined into either type 1 macrophages (M1)/Th1 (type 1
T helper cells) or type 2 macrophages (M)/Th2. Classically
activated M1 macrophages stimulate antitumor response
by production of proinflammatory cytokines, presenting
antigens to adaptive immune cells and phagocytosing
tumor cells. On the other hand, the alternatively activated
M2 macrophages express immunosuppressive cytokines,
intracellular signal transducer, and activator of transcription
3 (STAT3) and scavenger receptors such as CD163, CD204,
and CD206 and promote tumor supportive CD4+ regulatory
T cells [156–159]. GSCs secrete soluble factors, such as
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periostin, that recruit and support the growth of macrophages
through integrin 𝛼v𝛽3 [160]. Conversely, molecules produced
by TAMs, such as TGF-𝛽, stromal-derived factor-1 (SDF-1),
and NO, maintain and promote GSCs [161–164]. TGF-𝛽
plays dual role in the tumor microenvironment. On the
one hand, TGF-𝛽 released from TAMs induces matrixmetalloproteinase-2 (MMP-2) and MMP-9 expression from
GBM to augment GC invasion [111, 165–167]. On the other
hand, TGF-𝛽 released from GSCs actively suppresses M1
macrophages, inhibits phagocytosis, and induces polarization
of microglial and macrophages into the immunosuppressive
M2 phenotype and thus enhances the capacity of TAMs
to inhibit T cell proliferation, thereby promoting tumor
progression [164, 168].
MDSCs are a heterogeneous population of immature
myeloid progenitors that mediate immune suppression and
support glioma growth, invasion, vascularization, and expansion of regulatory T cells via various molecules. It is believed
that MDSCs interact with gliomas and GSCs [169]; however, the exact mechanisms of crosstalk remain undefined.
Using CD133 and Sox2, Otvos and colleagues found significant amount of MDSCs located directly adjacent to
GSCs [149], suggesting possible interaction between GSCs
and MDSCs in the tumor microenvironment. Although the
mechanism of crosstalk is not clear, what we do know is
that glioma cells recruit immature myeloid cells to promote
their differentiation into MDSCs either through direct cellcell contact or the release of soluble factors or exosomes.
MDSCs primed with GSCs conditioned media were found
to have elevated ratio of CD4-positive to CD8-positive T
cells and decreased interferon-𝛾 (IFN-𝛾) production, suggesting that soluble factors secreted by GSCs exerted an
immunosuppressive phenotype in MDSCs [149]. Using a
cytokine screen performed on GSCs and nonstem tumor cells
conditioned media, Otvos et al. found significantly higher
level of migratory inhibitory factor (MIF) in GSCs conditioned media. MIF regulate arginase-1 production through a
C-X-C-chemokine receptor-2 (CXCR-2)-dependent manner
[149]. Arginase-1 plays a role in MDSCs-induced immunosuppression by depleting L-arginine essential for growth and
differentiation of T cells, resulting in T cell dysfunction
[170]. The group further demonstrated that blocking MIF
using shRNA reduced arginase-1 production. Furthermore,
depleting MIF in immunocompetent mouse glioma using
shRNAs increased tumor latency and proportion of cytotoxic
T cells but decreased TRegs [170]. Similarly, Domenis et al.
also demonstrated that exosomes released by GSCs promoted
immunosuppressive phenotype in monocytes and stimulated production of arginase-1 and interleukin-10 (IL-10) by
monocytic-MDSCs [169]. Together, these studies demonstrated that MDSCs interact with GSCs to modulate glioma
aggressiveness by immunosuppressing monocytes and other
T cell populations.
It is interesting to note that each molecular subtype
has different frequency and types of immune infiltrates.
Higher frequency of TAMs was detected in mesenchymal
subtypes in comparison to other GBM subtypes [171]. In
fact mesenchymal subtype GBM is mainly infiltrated with
microglia, whereas proneural and neural subtypes contain
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similar frequency of MDSCs, microglia, and macrophages,
while classical subtype has a higher percentage of MDSCs
[152]. However, implications of the different percentage and
type of immune cells in response to therapy remain unknown.
Interestingly, PMT signaling pathways are found to be upregulated in TAMs, indicating a role of the immune cells in
influencing GBM heterogeneity [152, 172] and modulating
mesenchymal differentiation [34].
Triggering PMT in tumor cells in the perivascular niche
not only induces stem cells phenotypes but also maintains
the stemness of cancer cells. One of the molecules that
is crucial in PMT is osteopontin, which is secreted by
immune cells under inflammatory conditions and promotes
GSCs phenotype by activating CD44 [173]. Higher level of
osteopontin expression is found in mesenchymal GBM when
compared with other GBM subtypes. This finding is consistent with the preclinical finding that osteopontin expression
is higher in murine microglia than in macrophages in
GL261 mouse glioma model [174]. Whereas mesenchymal
GBM also express CD44 at high level, CD44 expression
in proneural tumors is confined to the perivascular niche
[173]. Moreover, CD44 expression correlates with hypoxiainduced gene signatures and poor survival [173]. An elegant study by Bhat et al. showed that subtype switching
from proneural to mesenchymal can be driven by paracrine
factors such as tumor necrosis factor-𝛼 (TNF-𝛼), which in
turn activates transcription factor nuclear factor-𝜅B (NF𝜅B) to drive mesenchymal transition [34]. Another study
identified the transcriptional coactivator with PDZ-binding
motif (TAZ) as a key mediator of mesenchymal phenotype
in GBM [175]. Silencing of TAZ in mesenchymal GBM
decreased expression of mesenchymal markers; on the other
hand, overexpression of TAZ in proneural GSCs induced
mesenchymal markers expression [175]. Together with STAT3
and CCAAT-enhancer-binding proteins-𝛽 (CEBP-𝛽), CD44
and NF-𝜅B activation portends poor survival in GBM
patients [34]. Importantly, these transcription factors also
play important role in inflammatory response, further reinforcing the concept that crosstalk between paracrine factors and inflammation-associated transcription factors drives
mesenchymal transition [34, 35, 176].
It remains unclear what factors are responsible for mediating the interaction between GSCs, ECs, and TAMs. Given
the complexity of the glioma inflammatory niche, elucidating
the molecular mechanism involved in various interactions is
critical to address several key questions: do TAMs acquire
dissimilar function when interacting with different microenvironment generated by the various molecular subclasses?
Does combining TAMs targeted therapy with standard treatment regimen give better treatment response than GSCstargeted therapy, irrespective of the molecular subclasses?
More importantly, is subtype-specific therapy essential for
personalized medicine? These are some of the questions that
remain to be addressed; TAMs remain a promising target for
the design of therapeutic intervention.

4. Concluding Remarks
The inherent plasticity of GSCs thus suggests that its response
to environmental cue is an adaptive response. Given the
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Figure 1: Tumor microenvironment and its effect on GSCs. Dialogues between tumor cells and other cell types in the microenvironment
create vascular niches that regulate tumor growth. The perivascular niche contains cells such as ECs, pericytes, astrocytes, macrophages,
and microglial. Each component of the perivascular niche interacts with GSCs to promote glioma cells growth and proliferation, maintain
GSCs stemness, and control vascular integrity. GBM contains areas of pseudopalisading necrosis that is the core of the hypoxic niche.
Hypoxia upregulates HIFs that induce the expression of oncogenes and transcription factors such as c-Myc and STAT3 involved in stem cells
maintenance and expansion. Hypoxia also contributes to metabolic programming and recruitment of macrophages and microglial. These
cells form the inflammatory niche, where TAMs secrete soluble factors such as TGF-𝛽 and IL-6 that expand GSCs population and promote
glioma invasion. Interaction between GSCs and the various players in the microenvironment orchestrate tumor cells responds to therapeutic
interventions, thus contributing to the heterogeneity of the tumor.

correlation of GSCs with tumor recurrence and response
to treatment, further understating of GSCs biology and its
surrounding niche may provide a framework to identify more
effective treatment interventions (Figure 1).
Targeting the tumor microenvironment represents a
promising approach to prevent tumor progression. However,
several key questions remain unanswered. Although different
molecular subtypes exhibit varying degree of hypoxia and
immune cell infiltration, it is still not clear whether there
are differences in the composition of the distinct tumor
niches. Patient stratification for molecular therapies using
tissues obtained from single surgical site may not present
accurate information, as evidenced by the significant differences between samples obtained from different regions
from the same tumor mass. Given that the tumor cells are
genetically and epigenetically diverse, it is conceivable that

the interaction between the tumor cells and the microenvironment is niche type specific to better accommodate the
needs of the GSC. This heterogeneity in the niche will affect
tumor cells response to therapies. Furthermore, the tumor
microenvironment is dynamic. Changes in oxygenation,
which in turn affects hypoxic conditions and metabolic
states, neovascularization, and tumor invasiveness, will alter
receptivity of the niches to accommodate more aggressive
GBM growth. On the other hand, therapies may convert
a tumor niche into a benign type or even eliminate it.
For example, radiation therapy may convert the perivascular niche into hypoxic niche that promotes mesenchymal
tumor growth. Conversely, short-term anti-VEGF therapy
may convert a hypoxic niche into the perivascular niche
that normalizes the vasculature and hence facilitates drug
delivery. However, it is difficult to target specific niches for
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therapy; hence deciphering common shared pathways among
various niches is the most efficient approach in designing
therapeutic strategies. Thus, a more structured modulation of
the glioma microenvironmental niche may complement the
conventional treatments to achieve more effective control of
the malignancy of GSC-driven GBM.
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