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Glioblastoma multiforme (GBM) is the most common and
malignant type of primary brain tumor, exhibiting poor
response to therapy and seemingly inevitable recurrence.
$e current standard of care for treating newly diagnosed
GBM is maximal safe resection followed by radiation with
concurrent and adjuvant temozolomide, a regimen which
has been shown to improve median overall survival (12.1
months vs. 14.6 months) and 2-year (27.2% vs. 10.9%) and 5-
year (10.9% vs. 1.9%) survival rates when compared with
radiation alone.

$is special issue was aimed at updating researchers on
current topics and progress made in basic, preclinical, and
clinical glioblastoma research. It also provided a platform for
pharmaceutical and translational scientists to submit orig-
inal research articles, review articles, and clinical studies,
focusing on the evaluation of new molecular pathways as
pharmacological targets for treatment strategies which may
improve the management of aggressive, drug-resistant
GBM, in the hope that a deeper knowledge of GBM biology
may eventually lead to effective targeted therapeutic ap-
proaches based on the inhibition of tumor-specific proteins
or molecular pathways.

Unfortunately, this neoplasia contains an elevated per-
centage of transformed, self-maintaining, multipotent, tu-
mour-initiating cancer stem cells, mainly present in highly
hypoxic areas of the tumor in conjunction with palisading
necrosis. Despite multimodal therapies, prognosis for GBM
is still dismal. Many features contribute to this therapeutic
challenge, including high intratumoral and intertumoral

heterogeneity, resistance to therapy, migration and invasion,
and immunosuppression. Nevertheless, with the advent of
novel high-throughput drug screening technologies, to-
gether with a growing body of genetic and transcriptomic
information, significant progress has been made to under-
stand the molecular and immunological signatures under-
lying the pathology of glioblastoma.

We received 11 reports for publication, accepting 7 after
peer review. A brief summary of all accepted papers is
provided below.

Elevated invasive capacity is one of the key tumoral
features associated with treatment resistance, recurrence,
and poor overall survival in GBM. $e research group of
Akira Ara at the Gifu University Graduate School of
Medicine (Gifu, Japan) reviewed treatment strategies based
on histological targets against invasive and resistant GBM
using the classification of the “secondary structures of
Scherer.” One of the main reasons that gliomas are not cured
by surgery is the topographically diffuse nature of the dis-
ease. In addition to the high degree of intratumor variability
mentioned previously, the extensive spreading of malignant
tumor cells within the brain parenchyma results in an in-
ability to completely resect this tumor. Hans-Joachim
Scherer was a pioneer in the study of glioma growth patterns.
In 1940, Scherer described the appearance and behavior of
glioma cells migrating away from the main tumor mass
through the brain parenchyma. $e patterns of glioma cell
infiltration have since been referred to as the “secondary
structures of Scherer.” Infiltrating glioma cells migrate
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through the normal parenchyma, collect just below the pial
margin (subpial spread), surround neurons and vessels
(perineuronal and perivascular satellitosis), and migrate
through the white matter tracts (intrafascicular spread).
Examples of observed secondary structures include peri-
neuronal growth (perineuronal satellitosis), surface/subpial
growth, perivascular growth, and intrafascicular growth. In
order to develop therapeutic interventions to mitigate gli-
oma cell migration, it is important to understand the bio-
logical mechanisms underlying the formation of these
secondary structures. $e review examined new molecular
pathways based on the histopathological evidence of GBM
invasion as a major prognostic factor in the high recurrence
rate for GBMs. Specific molecular parameters, in addition to
traditional histopathological analysis, have been used to
define tumor classification in the revised 4th edition of the
WHO Classification of CNS tumors, published in 2016.
Detailed histopathological analysis based on the combina-
tion of molecular parameters with traditional analytical
methods can now be used to evaluate efficacy of targeted
therapies against cellular and genetic heterogeneity within
both invasive and drug-resistant glioblastoma.

$e molecular machinery underlying GBM invasiveness
involves an intricate network of signaling pathways and in-
teractions with the extracellular matrix and neighboring host
cells. In this special issue, a collaboration amongst researchers
from the Department of Neurological Surgery and Spine Unit
and Genetics Unit (Hospital Universitario and Instituto de
Investigación Marqués de Valdecilla in Santander, Spain), the
Division of Neurosurgery (University of Toronto, Canada),
and the MacFeeters-Hamilton Center for Neuro-Oncology
Research (Princess Margaret Cancer Center in Toronto,
Canada) is reported, reviewing and highlighting the molec-
ular and clinical hallmarks of invasion in GBM. In this paper,
C. Velásquez et al. review data on adhesion molecules, ex-
tracellular matrix (ECM) components, epithelial-to-mesen-
chymal transition (EMT), cytoskeleton-remodeling proteins,
cross-talk with host cells and immune modulation, as well as
the signaling pathways associated with GBM invasion (in-
cluding those involving receptor tyrosine kinases, Wnt (both
canonical and β-catenin-independent pathways), hedgehog-
GLI1, and nuclear factor-κB. $e authors analyze the clinical
implications of GBM invasiveness and assess GBM invasion
in the clinical setting, by imaging GBM invasion intra-
operatively to guide surgical resection and radiation therapy
of the infiltrative tumor.

G. Steponaitis et al., Laboratory of Molecular Neuro-
Oncology, Lithuanian University of Health Sciences (Kau-
nas, Lithuania), elucidated the oncosuppressive role of runt-
related transcription factor 3 (RUNX3) in human astrocy-
tomas. RUNX3 is a tumor suppressor gene whose inacti-
vation was shown to be related to carcinogenesis in several
cancers. Methylation status and protein expression levels of
RUNX3 were measured by methylation-specific PCR and
Western blotting in tissues harvested from normal tissues
and glioma of different grades. $ese researchers demon-
strate that RUNX3 gene methylation and protein expression
downregulation are glioma malignancy-dependent and
contribute to tumor progression. Importantly, these authors

also demonstrated that re-expression of RUNX3 in the
glioblastoma U87-MG cell line decreased cell viability in
vitro. However, it remains to be demonstrated whether
transfection of RUNX3 can reduce tumor progression and
increase survival in vivo after injection of cells in nude mice.

E. Berney et al., Departments of Physiology/Anatomy
and Pediatrics, University of North Texas Health Science
Center (Fort Worth, Texas, USA), reported data on the
scavenger receptor class B type 1 (SR-B1) as a potential target
for treating glioblastoma. $ese studies involved the eval-
uation of reconstituted high-density lipoprotein (rHDL)
nanoparticles (NPs) as delivery agents for the drug mam-
malian target of rapamycin (mTOR) inhibitor everolimus
(EVR) to GBM cells. Cytotoxicity studies and assessment of
downstream effects, including apoptosis, migration, and cell
cycle events, were probed, in relation to the expression of
SR-B1 by GBM cells. $e authors revealed that rHDL/EVR
formulation was 185 times more potent than free EVR
against the high SR-B1 expressing GBM cell line LN 229. In
addition, cell cycle analysis revealed that rHDL/EVR-treated
LN229 cells had a 5.8 times higher apoptotic cell population
than those treated with EVR. $e sensitivity of GBM cells to
EVR treatment was also strongly correlated with SR-B1
expression. So, delivering EVR and likely other agents, via a
biocompatible transport system targeted to the SR-B1 re-
ceptor, could lead to effective personalized therapy of GBM.

C. Cilibrasi et al., School of Medicine and Surgery
(University of Milano-Bicocca), in collaboration with the
NeuroMI, Milan Center of Neuroscience, the Departments
of Neurology and Neuroscience, San Gerardo Hospital, the
Department of Neurology and Neurosurgery, Montreal
Neurological Institute and Hospital (McGill University,
Montreal, Quebec, Canada), the International Center for
Digestive Health (ICDH), University ofMilano-Bicocca, and
the Genome Damage and Stability Center, School of Life
Sciences, University of Sussex, UK, showed that a ploidy
increase promotes sensitivity of glioma stem cells to Aurora
kinase inhibition, investigating the effect of Aurora kinase
inhibition in five glioma stem cell lines isolated from glio-
blastoma patients. As expected, cell lines responded to the
loss of Aurora kinase with cytokinesis failure andmitotic exit
without cell division. Surprisingly, this resulted in a pro-
liferative arrest in only two of the five cell lines. Sensitive cell
lines entered a senescent/autophagic state following aberrant
mitotic exit, while the nonsensitive cell lines continued to
proliferate. $is senescence response did not correlate with
TP53 mutation status but only occurred in the cell lines with
the highest chromosome content. Repeated rounds of Au-
rora kinase inhibition caused a gradual increase in chro-
mosome content in the resistant cell lines, eventually leading
to a similar senescence response and proliferative arrest. $e
results suggest that a ploidy threshold is the main deter-
minant of Aurora kinase sensitivity in TP53 mutant glioma
stem cells. $us, ploidy could be used as a biomarker for
treating glioma patients with Aurora kinase inhibitors in
TP53 mutant glioma stem cells. Further research will be
necessary to explore the mechanism of ploidy-induced se-
nescence and the precise reason why a particular ploidy
threshold appears to trigger this response.
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A. Menezes et al. investigated the impact of HDAC
activity on GBM cell behavior and plasticity by live cell
imaging. $ese researchers knocked down HDAC activity
pharmacologically using two different inhibitors (TSA and
SAHA) in two different tumor cell types: a commercial GBM
cell line (U87-MG) and a primary tumor (GBM011). Upon
72 hours of in vitro HDAC inhibitor treatment, GBM cells
presented a very unusual elongated cell shape due to the
formation of tunneling tubes which appeared independent
of TGFβ-induced EMT. Live cell imaging revealed that
voltage-sensitive Ca++ signaling was disrupted upon HDAC
activity blockade. $is behavior was coupled to down-
regulation of vimentin and connexin gene expression,
suggesting that HDAC activity blockade downgrades GBM
aggressiveness due to tumor cell competence and plasticity
modulation in vitro. To investigate these effects, GBM
oncospheres were xenografted into the chick developing
neural tube. Remarkably, when placed within the developing
neural tube, HDAC inhibitor-treated GBM cells ectopically
expressed HNK-1, a tumor suppressor marker tightly cor-
related to increased survival of patients. $ese results de-
scribe, for the first time in the literature, the relevance of
HDAC inhibition to in vivo tumor cell morphology and
competence in an appropriate response to environmental
cues. Ultimately, the results highlight the relevance of
chromatin remodeling for tumor cell plasticity and shed
light on the clinical targeting of the epigenome in GBM
therapy.

$e blood-brain barrier (BBB) is an anatomical functional
unit created by characteristic endothelial cells forming blood
vessels within the central nervous system. $e main function
of the BBB is protecting brain tissue from harmful elements
present in the blood while still allowing the passage of sub-
stances necessary for metabolic functions. BBB endothelial
cells form a continuous and nonfenestrated endothelium,
sealed by occluding cellular junctions (tight junctions), whose
compactness prevents the passage of hydrophilic and high-
molecular weight substances from the blood to the brain
parenchyma, performing filtration which is much more se-
lective than that of endothelial cells in the capillaries of other
parts of the body. Further structural features of the BBB
include projections of astrocytic cells, called astrocytic pe-
duncles (also known as the “glial limiting” membrane), which
surround the endothelial cells of the BBB, providing an ad-
ditional “barrier.” Although the structure of the BBB is often
impaired in GBM, it is thought that BBB penetrance still
represents a serious barrier to drug delivery to the tumor.
Different methods have been exploited to bypass the BBB and
increase the tumor uptake of therapeutic agents. In this issue,
M. Shi and L. Sanche of the Department of Radiation On-
cology, School of Medicine, Hangzhou, China and the De-
partment of Nuclear Medicine and Radiobiology, Université
de Sherbrooke, Canada, evaluated the efficacy of convection-
enhanced delivery (CED), using multiple drugs with different
antitumor mechanisms, concomitant with radiation and
chemotherapy. Importantly, the simultaneous use of these
procedures demonstrated supra-additive effects over standard
drug treatments, representing a promising modality for brain
tumor therapy. $e authors also evaluated the efficacy of

different CED-based strategies as part of Phase II and III
clinical trials. CED bypasses the BBB, increases drug uptake
by the tumor, and reduces systemic toxicity.
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Glioma stem cells account for glioblastoma relapse and resistance to conventional therapies, and protein kinases, involved in the
regulation of the mitotic machinery (i.e., Aurora kinases), have recently emerged as attractive therapeutic targets. In this study, we
investigated the effect of Aurora kinases inhibition in five glioma stem cell lines isolated fromglioblastomapatients. As expected, cell
lines responded to the loss of Aurora kinases with cytokinesis failure andmitotic exit without cell division. Surprisingly, this resulted
in a proliferative arrest in only two of the five cell lines. These sensitive cell lines entered a senescent/autophagic state following
aberrant mitotic exit, while the non-sensitive cell lines continued to proliferate. This senescence response did not correlate with
TP53 mutation status but only occurred in the cell lines with the highest chromosome content. Repeated rounds of Aurora kinases
inhibition caused a gradual increase in chromosome content in the resistant cell lines and eventually caused a similar senescence
response and proliferative arrest. Our results suggest that a ploidy threshold is the main determinant of Aurora kinases sensitivity
in TP53 mutant glioma stem cells. Thus, ploidy could be used as a biomarker for treating glioma patients with Aurora kinases
inhibitors.

1. Introduction

Glioblastoma (GBM) is the most common primary malig-
nant brain tumor in adults [1]. Despite multimodality treat-
ments, including surgery, radio- and chemotherapy, out-
comes are very poor, with less than 15% of patients alive after
two years [2]. A likely cause for recurrence is the presence of a
subpopulation of cancer cellswith stem-like properties, called
glioma stem cells (GSCs) that are resistant to therapies and
rapidly repopulate the tumor following the initial treatment
[3–5].

GSCs are characterized by their ability to give rise to a
differentiated progeny, by their potential to induce glioma-
like tumors in mouse xenografts, and by the expression of

stem cell markers, such as CD133 and Nestin [6]. A com-
mon yet poorly understood feature of GSCs is the elevated
chromosomal instability (CIN) [7]. Increases in CIN elicit a
p53 dependent response in nontransformed cells [8] but is a
common feature of cancer [9].

A variety of mechanisms have been proposed as respon-
sible for CIN, including defects in genes involved in the regu-
lation of the mitotic machinery, such as the Aurora kinases
(AurKs) [9]. AurKs are a family of three serine/threonine
kinases (AurKs A, B, and C), which play an essential role in
controlling mitotic spindle regulation and sister chromatid
segregation [10]. AurKs deregulation has been found in a
wide range of cancers, including GBM, and is associated
with genetic instability and poor prognosis [11–14].Therefore,
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they have emerged as attractive therapeutic targets for cancer
treatment [15] and several AurKs inhibitors with clinical
efficacy in phases I and II of clinical trials have been
developed [16].

One of the most clinically advanced compounds is
Danusertib (formerly PHA-739358) [17–21], a potent small-
molecule 3-aminopyrazole inhibiting the ATP binding site
of Aurora kinases. Danusertib has shown considerable ther-
apeutic potential in a wide range of cancers, including
advanced solid tumors and leukemias [22–24]. However, to
our knowledge, to date there are no reports on the use of
Danusertib for the treatment of GBM and its effect on GSCs.

In the present study, we investigated the efficacy of
Danusertib on five established GSC lines isolated from GBM
patients [7].The immediate response to Danusertib exposure
was uniform among GSC lines and resulted in cytokine-
sis failure and mitotic exit without division. Surprisingly,
only three cell lines responded to this aberrant mitosis by
proliferative arrest due to a senescence/autophagy response,
while the other cell lines continued to proliferate. Our results
suggest that sensitivity to Danusertib in GSCs is determined
by a ploidy threshold, beyond which resistant cells enter a p53
independent senescence program.

2. Materials and Methods

�.�. Cell Lines and Cell Culture Conditions. All the GSC
lines (GBM2, G144, G179, G166, GliNS2) were isolated from
patients affected by GBM and previously characterized for
their stemness properties [25, 26]. GSCs and human foetal
neural stem cells (NSCs) (CB660) expansion was carried out
as described in [7].

�.�. Drug and Treatments. Danusertib (PHA-739358, Sell-
eckem, Houston, Texas, USA) was dissolved in dimethyl
sulfoxide (DMSO) to a stock concentration of 10 mM and
stored at -80∘C. Dilutions to the required concentrations
were made using complete medium. Single or two rounds of
treatments were performed as reported in Figure 7.

EgV inhibitor STLC (S-Trityl-L-Cysteine, Tocris, Bristol,
UK) was dissolved in DMSO at a stock concentration of 50
mM and stored at -20∘C. It was used at a final concentration
of 5 𝜇M.

DMSO had no effect on the cell survival.

�.�. TaqMan Gene Expression Assay. RNA was extracted
from GSCs and NSCs using the Direct-zol RNA MiniPrep
(Zymo Research, Irvine, California, USA) according to the
manufacturer’s protocol. RNA quantity and quality were
analyzed using a Nanodrop ND-1000 spectrophotometer
(Thermo Scientific, Waltham, Massachusetts, USA).

RNA samples were converted into first-strand cDNA
using the M-MLV reverse transcriptase (Invitrogen). cDNA
was quantified using a Nanodrop ND-1000 spectrophotome-
ter (Thermo Scientific).

TaqMan gene expression assays (Applied Biosystems,
Foster City, California, USA) were performed in order to
evaluate the expression levels of AurKs A, B, and C in GSCs.
GAPDH was used as a housekeeping gene, while CB660

cells were used as normal controls. All the probes used were
purchased from Applied Biosystems. Quantitative PCR was
carried out using the ABI StepOne (Applied Biosystems),
according to the manufacturer’s instructions. The cycle con-
ditions were as follows: 2 min 50∘C; 10min 95∘C; 40 cycles: 15
s 95∘C, 1 min 60∘C. Relative gene expression was determined
using data from the real-time cycler and the ��Ct method.
The cut-off values for gene expression fold changes were
established at +/- 1,5.The gene expression data were obtained
as mean values derived from two independent experiments.

�.�. Western Blotting. AurKs protein levels were investigated
in cells synchronized by treatment with 5 𝜇M STLC for
24 h and collected by mitotic shake off. Western blotting
was performed as already described in [27]. Primary rab-
bit anti-AurKA (1:500, Abcam, Cambridge, UK) and anti-
AurKB (1:500, Abcam) antibodies were used. Mouse anti-
𝛼-tubulin (1:10000, Abcam) was used as a loading control.
Anti-rabbit (1:5000, DAKO by Agilent technologies, Santa
Clara, California, USA) or anti-mouse (1:5000, DAKO)HRP-
conjugated antibodieswere used as secondary antibodies for 1
hour at room temperature. Chemiluminescent detection was
performed using an ECL Solution. Emission was captured
with radiograph films (Amersham Hyperfilm, GE Health-
care) using an automatic Ecomax X-ray Film Processor.

Beclin and LC3 were detected in GBM2 and G166 cells
after one or two rounds of 500 nM Danusertib exposure.
Western blotting was performed as already described in [28].
Primary rabbit anti-Beclin (1:1000, Cell signaling technol-
ogy, Danvers, Massachusetts, USA) and anti-LC3-I and II
(1:1000, Cell signaling technology) were used. Mouse anti-
GAPDH (1:10000, Santa Cruz Biotechnologies, Dallas, Texas,
USA) was used as a loading control. Secondary anti-rabbit
(1:2000, Bio-Rad) or anti-mouse (1:2000, Merck, Billerica,
Massachusetts, USA) antibodies were used. Proteins were
visualized using SuperSignal West Pico or Dura chemilumi-
nescent substrate (Thermo Scientific) with a G-BOX station
(Syngene, Bommsandra Bangalore, India).

AurKs, Beclin, and LC3-I and LC3-II bands were quan-
tified with ImageJ (https://imagej.nih.gov/ij/). The experi-
ments were performed at least in triplicate.

�.�. MTT Assay. Cell viability was assessed in all the
GSC lines byMTT (3-[4,5dimethylthiazol-2-yl]-2,5-diphenyl
tetrazolium bromide, Sigma, Saint Louis, Missouri, USA)
assay, as already described in [29], after 24, 48, and 72 h
exposure to increasing doses of Danusertib (5-50-200-500-
1000-5000 nM). MTT was also performed on GBM2 and
G166 cell lines after two rounds of treatment with 500 nM
Danusertib. The percentage of inhibition was determined as
follows: [(treated-cell absorbance/untreated cell absorbance)
× 100]. The results reported are the mean values of three
different experiments performed at least in triplicate.

�.	. Conventional Cytogenetics. Conventional cytogenetics
techniques were performed as described in [7] in order to
determine the effect of 48 h of treatment with 500 nM
Danusertib on the mitotic index and cell ploidy. Briefly, cells
were treated with 0,2 𝜇g/ml of Colcemid (Roche) and then
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harvested and incubated with a hypotonic solution of 0,56%
w/v of KCl for 15minutes at room temperature. Subsequently,
cells were fixed with a fixative solution composed of 3:1
methanol:acetic acid. ChromosomeswereQFQbanded using
quinacrine mustard (Roche) and slides were mounted in
McIlvaine buffer. Slides were analysed using Nikon Eclipse
80i fluorescence microscope (Nikon) equipped with a COHU
High Performance CCD camera. The mitotic index was
evaluated counting the percentage of mitosis scoring at least
1000 nuclei, while ploidy was investigated by evaluating the
number of chromosomes/metaphase on 30/50 metaphases.
Chromosomes spreads were analysed using the Genikon
software. Data were obtained as mean values derived from
two independent experiments.

�.
. Neurosphere Formation Assay. Cells treated with Danus-
ertib 50 nM and 500 nM for 48 h were retrieved from flasks
to obtain a single cell suspension and counted by trypan blue
assay. 4x103 cells for each condition were plated in a well of a
six-well plate and let to grow for aweek. Spheres were counted
through the observation at a phase contrast microscopy. Data
were obtained as mean values derived from two independent
experiments.

�.�. Morphological Analysis. Morphological analysis was
assessed as already described in [29]. Cells were treated with
Danusertib (5-50-200-500-1000 nM) for different times of
exposure (24-48-72 h).

�.�. Giemsa Staining. Cells grown on coverslips and treated
with Danusertib 500 nM for 48 h were fixed with 70%
methanol, stained with 10% Giemsa solution (Gibco by
Thermo Scientific) in distilled water for 15 minutes, and
rinsed off in tapwater. Coverslipswere let to dry andmounted
using Polyvinyl alcohol mounting medium (Merck). Nuclei
morphology was evaluated through the observation at phase
contrast microscopy. Based on nuclei morphology, cells were
divided into four classes: normal nuclei, polymorphic nuclei,
multinucleated cells, and micronucleated cells. Representa-
tive images were taken for each cell line using 100x oil
lens.

�.��.DNA Integrity Evaluation. Genomic DNAwas extracted
from untreated and 48 hs 500 nM Danusertib treated GSCs
using the DNeasy Blood & Tissue Kit (Qiagen, Hilden,
Germany) according to the manufacturer’s protocol.

DNA integrity analysis was performed using an auto-
mated tape-based electrophoresis (2200 TapeStation, Agilent
technologies) according to the manufacturer’s instructions.
It automatically calculated the DNA concentration and pro-
vided the DNA integrity number (DIN). This numerical
assessment of the genomic DNA integrity can range from
1 to 10. DIN>7 indicates highly intact genomic DNA, while
DIN<7 indicates a degraded genomic DNA.

�.��. Immunofluorescence. Phosphorylated Aurora kinases
levels were evaluated after Danusertib 500 nM exposure for
48 h.

Cells were grown on coverslips, synchronized using STLC
5 𝜇M, and fixed with 3.7% paraformaldehyde (Merck) and
70%methanol, for 10 minutes and 1 minute, respectively.

Cells were permeabilized in PBS 0.1% NP40 for 15
minutes, blocked in 3% BSA (Sigma) for 30 minutes, and
incubated with mouse anti-𝛾tubulin (1:100, Abcam), rabbit
anti-phospho-Aurora A/B/C (1:100, Cell signalling technol-
ogy), and human anti-Crest (1:100, Antibodies incorporated)
primary antibodies for one hour at 37∘C. Slides were washed
and probed with 488-donkey-anti-mouse (1:2000, Life tech-
nologies byThermo Scientific), 594-goat-anti-rabbit (1:2000,
Life technologies by Thermo Scientific), or 670-goat-anti-
human (1:2000, Abcam) secondary antibodies for one hour
at room temperature. Coverslips were incubated with DAPI
for 10 minutes and mounted using the ProLong Diamond
mounting solution (Life technologies byThermo Scientific).

Images were acquired through a 60x oil immersion lens
on a Delta Vision Olympus IX70 microscope equipped with
a CCD camera using Micromanager software. Images decon-
volution was performed using SVI Huygens Professional
Deconvolution Software (version 3.5) (Scientific Volume
Imaging). For quantitative analysis of phosphorylated Aurora
kinases levels, images were imported into Omero software
and analyzed with ImageJ software (https://imagej.nih.gov/
ij/). Data were obtained as mean values derived from two
independent experiments.

�.��. Live Cell Imaging. Live cell imaging analysis was per-
formed on GBM2 and G166 cell lines in order to evaluate cell
fate when Danusertib 500 nM was added into cell culture.

GSCs were plated in 4 wells chambered slides (Ibidi,
Martinsried, Germany) coated with Matrigel and incubated
on the Olympus IX71 or IX73 microscopes, equipped with a
CCD camera, temperature controller (37∘C), and CO

2
(5%)

incubation chamber, soon after the addiction of Danusertib
500 nM.

Images of multiple fields per well were collected every 5
min overnight using a dry 20x objective lens. Images were
acquired using the MicroManager software and analyzed by
means of ImageJ software.

�.��. TP�� Sanger Sequencing. Genomic DNA was extracted
from GSCs using the DNeasy Blood & Tissue Kit (Qiagen)
according to the manufacturer’s protocol. DNA quantity and
quality were analyzed using a Nanodrop ND-1000 spec-
trophotometer (Thermo Scientific).

TP53 exons 5, 6, 7, and 8, representing the mutational
hot spot region, were sequenced. The set of primers used
to amplify the target DNA and to sequence the DNA was
purchased from Life technologies (Supplementary Table S5).

An end-point PCR was performed to amplify the TP53
target loci. DNA quality was examined using an agarose gel
electrophoresis. PCR products were purified by means of
the EuroSap enzymatic Kit (Euroclone, Pero, Italy). Next,
the sequencing reaction was performed using the BigDye
terminator v.3.1 kit (Applied Biosystem) according to the
manufacturer’s protocol. The following thermal cycling con-
ditions were used: 96∘C for 40 seconds; 25 cycles composed
of 96∘C for 10 seconds, 50∘C for 5 seconds, and 60∘C for

https://imagej.nih.gov/ij/
https://imagej.nih.gov/ij/
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4 minutes; 4∘C ∞. The reaction products were purified
using EDTA 125 mM pH8 and EtOH. DNA sequencing was
performed through a capillary electrophoresis using an ABI-
3130 sequencer (Applied Biosystems), with 4 capillaries of 36
cm of length each, loaded with POP-7 polymer. Samples were
allowed to run for about 1 h. Data were analysed using the
FinchTV software.

�.��. Microsatellites Analysis. Loss of heterozygosity (LOH)
analysis of chromosome 17 was assessed by means of PCR-
based assays, as described in [7]. STR markers used are listed
in Supplementary Table S6.

�.��. 𝛽 Galactosidase Staining. GBM2 and G166 were grown
on coverslips in 6-well plates and treated with 500 nM
Danusertib. After one and two rounds of 48 h drug exposure,
they were stained using the Cellular Senescence Assay Kit
(Cell biolabs, San Diego, California, USA) according to the
manufacturer’s protocol. Stained cells were mounted using
the ProLong Diamond mounting solution (Life technolo-
gies).

Random images were acquired on Axio Lb A1 (Zeiss)
microscope equipped with an AxioCam ERc 5s (Zeiss,
Oberkochen, Germany) and a 40x objective. At least 500 𝛽
galactosidase positive and negative cells were counted on a
computer monitor for each condition and percentages of 𝛽
galactosidase positive cells were calculated. The results are
expressed as mean of two independent experiments.

�.�	. Fluorescence In Situ Hybridization (FISH). Cells in
exponential growth phase were treated with 500 nM
Danusertib for one or two rounds of 48 h each. Cell sus-
pension was retrieved from flask and dropped onto glass
slides. Cells were fixed with fixative solution composed of
3:1 methanol:acetic acid and FISH analysis on interphase
nuclei or metaphase chromosomes was performed using a
commercial probe set targeting chromosomes X, Y, 13, 18,
and 21 (FAST FISH Prenatal Enumeration Probe kit, CytoCell
by Oxford Gene Technology, Begbroke, UK). Signals were
counted in at least 50 cells per sample and the number
of signals was used in order to predict the cell ploidy.
All digital images were captured using a Leitz microscope
(Leica DM 5000B) equipped with a CCD camera (Leica
Microsystems, Wetzlar, Germany) and analyzed by means
of Chromowin software (Tesi Imaging, Milano, Italy). The
results are expressed as mean of two independent experi-
ments.

�.�
. Statistics. Statistical analyses were carried out perform-
ing Yates’ chi-square test or t-test on raw data, by means of
Excel spreadsheet (Microsoft Corporation). p value<0,05 was
considered statistically significant.

3. Results

�.�. Assessment of Sensitivity and Resistance to Danusertib.
To investigate the potential of Aurora kinases as therapeutic
targets in GSCs, we initially verified the transcriptional and
protein levels of Aurora kinases in a previously characterized

GSCs panel [7]. We found that AURKA and AURKB are
upregulated in all the cell lines of the panel and that AurKs are
expressed in mitotic GSCs (Supplementary Figures S1A and
S1B). Afterwards, we determined the effect of six increasing
concentrations of Danusertib on the GSCs viability by MTT
assay, after three time points of treatment. Dose-response
curves, shown in Figure 1(a), suggest that the Danusertib
inhibitory effect was heterogeneous among the cell lines
(Figure 1(a), SupplementaryTable S1). After 24 h of treatment,
we observed a slight decrease of the cell viability in all the
GSCs, which was mainly dose-dependent. After 48 and 72 h,
this reduction was more evident in GBM2, G179, and G144
cell lines, showing a decrease of around 50% at the highest
doses of Danusertib. The reduction values seemed not to
be affected by the prolongation of the treatment, remaining
almost the same after 48 h and 72 h of exposure. We also
assessed the proliferation rates of the cells by mitotic index
measurements (Figure 1(b)) and neurospheres formation
assays (Figure 1(c)). These data revealed that Danusertib
induced a significant dose-dependent reduction of cell viabil-
ity and self-renewal potential only in some cell lines (Figures
1(b) and 1(c)). Based on the reduction of at least two of the
parameters taken into consideration, we classified the cell
lines in sensitive (GBM2, G179, andG144) and resistant (G166
and GliNS2).

�.�. Danusertib Induces Strong Changes in Cell and Nuclei
Morphology in Sensitive GSCs. In the resistant cell lines,
Danusertib did not induce any relevant modification in
the cellular shape (Figure S2). On the contrary, Danusertib
treatment caused morphological changes in the sensitive cell
lines as shown in Figure 2(a). GBM2, G179, and G144 cells
showed a dramatic increase in their size starting from 48
h of exposure to Danusertib 500 nM. Hence, we selected
48h and 500 nM, the earliest time point and the lowest
concentration atwhich cells presented evidentmorphological
changes reflecting the Aurora kinase inhibition, for the
further experiments.

Additional analysis of nuclei morphology allowed us
to distinguish between normally shaped and polymorphic
nuclei and multinucleated and micronucleated cells (Fig-
ure 2(b), Table S2). A percentage of atypical nuclei, which
are a hallmark of cancer, were already present in all the
untreated GSCs. In the sensitive cell lines, there was a signif-
icant increase in the percentages of polymorphic nuclei and
multinucleated cells after the treatment. Moreover, in GBM2,
G179, and G144, Danusertib induced also the appearance
of micronucleated cells. All these features could mirror the
increased cell size previously reported. In the resistant G166,
the nuclei morphology was already strongly altered in the
control, while in GliNS2 there was only a slight increase in the
percentages of polymorphic nuclei and multinucleated cells,
but no micronuclei were observed.

�.�. Danusertib Inhibits Aurora Kinases and Causes Cytoki-
nesis Failure in Both Sensitive and Resistant Cell Lines. A
simple explanation for the difference in sensitivity within
the GSCs panel could be the different levels of inhibition to
AurKs in response to Danusertib, or difference in mitotic
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Figure 1: Different sensitivity of GSCs to Danusertib exposure. (a) Cell viability was analyzed in five GSC lines by MTT assay after exposure to
escalating doses of Danusertib for 24, 48, and 72 h. Results represent the means from three different experiments performed in quadruplicate.
Error bars represent SEM. For statistical analysis, see Supplementary Table S1. (b) Cell proliferation was evaluated through the determination
of the mitotic index after exposure to Danusertib 500 nM for 48 h. Results are reported as percentages from the means of three independent
experiments. Error bars represent SEM. Chi-square test on raw data was performed: ∗∗ p<0,01; ∗ ∗ ∗ p<0,001. (c) Clonogenic potential was
evaluated after treatment for 48 h with Danusertib 50 nM and 500 nM. Results are reported in a bar graph as percentages of cell forming
colonies in the treated samples over matching controls. Results are the means of three independent experiments. Error bars represent SEM.
t-test was performed on raw data: ∗ p<0,05; ∗ ∗ ∗ p<0,001.

aberration following inhibition. In order to ascertain which
type of mechanism determines the different behavior, we
initially measured these responses to inhibitor treatment by
quantitative fluorescence in mitotic cells and by live cell
imaging. To assess AurKs activity, we used a phospho-specific
antibody that cross-reacts with the T-loop autophosphory-
lation site in both Aurora-A, B, and C (residues: Thr288,
Thr232, Thr198) [30]. We observed a significant reduction
of the level of phosphorylated AurKs in all the cell lines

suggesting that Danusertib inhibited these kinases in both
sensitive and resistant cell lines (Figure 3, Supplementary
Figure S3).

In order to better characterize the cell fate induced by
Danusertib, we performed live cell imaging analyses in a
sensitive (GBM2) and resistant (G166) cell lines (Supplemen-
tary Videos S1, S2, S3, and S4). Both cell lines responded to
Danusertib with delayed mitotic exit and cytokinesis failure,
both hallmarks of Aurora-B inhibition (Figures 4(a), 4(b),
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Figure 2: Danusertib induces evident changes in cell and nuclei morphologies in sensitive GSCs. (a) Representative images taken by phase
contrast microscopy of GBM2, G179, and G144 cell lines treated with 500 nM Danusertib for 24, 48, and 72 h are reported. Drug treatment
induced a significant increase in cell size starting from 48 h drug exposure. Scale bar = 100 𝜇m. (b) Representative images of different nuclei
shapes detected after 500 nM Danusertib treatment for 48 h and Giemsa staining. Sensitive cell lines highlighted the presence of a huge
number of large multinucleated (A) and micronucleated (B) cells and polymorphic nuclei, such as ring-shaped nuclei (C). Scale bar = 100
𝜇m. Quantitative data are reported in the graph. For statistical analysis, see Supplementary Table S2.

and 4(c), Table S3). Thus, the striking difference in cellular
survival in response to AurKs inhibition in resistant and
sensitive cells is not due to a different level of Auroras
inhibition but must be due to a differential response to the
failed cell division program in the different cell lines.

�.�. Danusertib Induces Ploidy Increase in GSC Lines. Given
the highly penetrant cytokinesis defect following Danusertib
treatment in both sensitive and resistant cell lines, we
expected to observe an increase in ploidy following drug
exposure. Measurement of chromosome content identified
classes of ploidy and results were grouped according to
this classification (Table 1). These data revealed that, even
in untreated cells, Danusertib sensitive cell lines have a
significantly higher chromosome content compared to the

resistant ones. As expected, Danusertib induced an increase
in the number of chromosomes in both sensitive and resistant
cell lines. Only in GliNS2 cell line, the ploidy remained
almost stable. Moreover, this increased DNA content was not
fragmented, as demonstrated by the determination of the
DNA integrity number (DIN) (Supplementary Figure S4A).

�.�. GSCs Response to Danusertib Is Not Dependent on TP��
Mutational Status. An obvious candidate to explain this
differential response to polyploidisation is the mutational
status of the TP53 gene, which has been shown to trigger
cell cycle arrest following increases in ploidy [8]. However,
sequencing of the TP53 mutational hot spot regions [31, 32]
revealed that both sensitive and resistant cell lines, except
for GliNS2, carried missense mutations in the DNA-binding
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Figure 3: Danusertib induces a reduction of phosphorylated Aurora kinases in all the GSCs. Representative images (up) of untreated or 48
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Figure 4: Danusertib induces a cytokinesis failure and delayed mitotic exit in sensitive and resistant GSCs, independently of the T�� mutational
status. (a) Representative images of dividing cells (indicated by white arrows) detected by means of live cell imaging analysis (see also
Supplementary Videos S1, S2, S3, and S4) show that GSCs were able to enter intomitosis after Danusertib exposure but not to divide through
cytokinesis. (b) Quantitative data concerning the cells fate after treatment confirm that Danusertib 500 nM inhibited cytokinesis in sensitive
and resistant GSCs. The other parameters evaluated, such as the cell death, did not show any relevant variations. Results represent the means
from three different experiments. At least 100 cells were analyzed. For statistical analysis, see Supplementary Table S3. (c) Danusertib induced
a significant increase in the mitotic length, determined analyzing the live cell movie by means of Image J. Results represent the means from
three different experiments. At least 100 cells were analyzed. t-test was performed on raw data: ∗∗∗p<0,001. (d) Electropherograms of TP53
mutational hot spot regions highlighted that all the GSC lines carried missense mutations in the DNA-binding region of the protein, except
for GliNS2 line, which was not affected by any mutation.

region of the protein (Figure 4(d) and Supplementary Table
S4). This strongly suggests that GSCs sensitivity to Auroras
inhibition is not TP53 mutational status-dependent. Inter-
estingly, in all cell lines, except for G144, TP53 mutations
were in homozygous state, suggesting a loss of heterozygosity
(LOH) of whole or part of chromosome 17, as shown in
Supplementary Figure S4B.

�.	. Danusertib Exposure Induces an Increase in Senescent/
Autophagic Cells in Sensitive GSCs. Based on previous studies
reporting the ability of Aurora inhibitors to induce senes-
cence [33–35] and the association between senescence and
autophagy in polyploid cells [36], we evaluated the levels of
𝛽-galactosidase and Beclin and the LC3-I/LC3-II ratio in two
GSC lines with different sensitivity to Danusertib (GBM2

and G166). Beclin and LC3 have previously been used as
markers of autophagy [37]. In particular, Beclin regulates the
localization of specific proteins in the early autophagy stages
[38], while LC3-I is converted to LC3-II during the activation
of this process through lipidation by a ubiquitin-like system,
allowing its association with autophagic vesicles [39]. After
48 h of exposure, Danusertib induced a significant increase in
the percentage of senescent cells (79%), in the level of Beclin,
and in the ratio of LC3-I and II in GBM2. G166 also showed
an increase in the 𝛽-galactosidase positive cells (42%), but
there was no variation in Beclin level or in the LC3-I/II ratio
(Figures 5(a) and 5(b)).

�.
. Cell Ploidy Influences the Different GSCs Response to
Danusertib. As described above, sensitive and resistant cell
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Figure 5: Danusertib induces senescence/autophagy in sensitive cell line. (a) GBM2 (sensitive) and G166 (resistant) cell lines were treated with
500 nM Danusertib for 48 h. After the incubation, they were fixed and stained for 𝛽-galactosidase to evaluate induction of senescence.
Representative images showing 𝛽-galactosidase staining at baseline and after Danusertib treatment are reported. The graph shows the
percentages of senescent cells in the two cell lines. Danusertib induced a significant and more relevant increase in the percentage of 𝛽-gal
positive cells only in the sensitive cell line (GBM2). An average of 100 cells/condition/experiment were randomly imaged and scored. Results
are representative of three independent experiments. Error bars represent SEM. t-test was performed on raw data: ∗ p<0,05; ∗∗ p<0,01. (b)
Beclin level and LC3-I and LC3-II ratio were determined in untreated and 48 h 500 nM treated GBM2 (sensitive) and G166 (resistant) cell
lines in order to evaluate the activation of an autophagic process. Representative images of Western blot analysis and quantitative data are
reported. Beclin, LCR-I and II levels were determined and normalized on GAPDH. All the values are expressed in Arbitrary Unit (AU).
Danusertib induced a non-statistically significant increase of Beclin level and LC3-I and LC3-II ratio only in the sensitive cell line (GBM2).
Results are representative of three independent experiments. Error bars represent SEM.

lines are characterized by different ploidy, even in the
untreated cells. This difference in chromosomes content
could be an intrinsic feature of GSCs explaining their distinct
fate after Danusertib exposure and suggesting a tolerable
threshold in ploidy even in TP53 mutated cells. A direct
consequence of this would be that resistant cell lines should
also show a sensitization to Danusertib and undergo senes-
cence/autophagy once reaching this threshold. This could
be achieved by administering repeated rounds of Aurora
inhibition, leading to a steady ploidy increase (Figure 6(a)).

We tested this hypothesis and found that the resistant
cell line showed sensitization to Danusertib after the 2nd
round of treatment, as demonstrated by the reduction of the
cell viability and the self-renewal potential (Figures 6(b) and
6(c)). They underwent a similar senescent and autophagic
response, which resulted in a significant increase in the
percentage of 𝛽-galactosidase positive cells (Figure 6(d)), in

the Beclin level, and in LC3-I and II ratio (Figure 6(e)).
Finally, FISH analyses, performed with a diagnostic kit that
detect, among the others, chromosome 21, which is not
frequently altered in terms of number of copies in GBM
[7, 40], highlighted that, after the 2nd round of Danusertib,
the number of chromosomes per cell of the resistant cell
line reached the same number observed in the sensitive one,
already after 48 h of Danusertib exposure (Figure 6(f)).These
data suggest that GBM2 cells reached the ploidy threshold
already after 48 h of treatment, while G166 cells only after the
2nd round of Danusertib treatment.

4. Discussion

In this study, we analyzed the effects of Danusertib, a pan-
Aurora kinases inhibitor with therapeutic potential against
a variety of solid cancers [41], on five established GSC lines
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Figure 6: Continued.
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Figure 6: Multiple rounds of exposure to Danusertib can sensitize the resistant cell line, inducing senescence/autophagy. (a) Cell lines were
subjected tomultiple rounds of 48h treatment with Danusertib 500 nM.The sensitization of the resistant cell line (G166) to Aurora inhibition
was reached already after two rounds of treatment with Danusertib 500 nM.This was confirmed by MTT assay (b) and the clonogenic assay
(c). There was a significant decrease of the cell viability and the clonogenic potential in G166, which was similar to the one observed in
GBM2, already after 48 h. Results are the means of three independent experiments. Error bars represent SEM. t- test was performed on raw
data: ∗ ∗ ∗ p<0,001. (d) GBM2 (sensitive) and G166 (resistant) cell lines were treated with 500 nM Danusertib for two rounds of 48 h each.
After the incubation, they were fixed and stained for 𝛽-galactosidase, to evaluate induction of senescence. Representative images showing
𝛽-galactosidase staining at baseline and after Danusertib treatment are reported. The graph shows the percentages of senescent cells in the
two cell lines. An average of 100 cells/condition/experiment were randomly imaged and scored. After two rounds of exposure to Danusertib,
there was a significant increase in the percentages of 𝛽–gal positive cells also in the resistant cell line (G166). Results are representative of
three independent experiments. Error bars represent SEM. t- test was performed on raw data: ∗∗ p<0,01; ∗ ∗ ∗ p<0,001. (e) Beclin level and
LC3-I and LC3-II ratio were determined in untreated and two rounds treated GBM2 and G166 cell lines in order to evaluate the activation
of an autophagic process. Representative images of Western blot analysis and quantitative data are reported. Beclin, LCR-I, and II levels were
determined and normalized on GAPDH. All the values are expressed in Arbitrary Unit (AU). After two rounds of Danusertib exposure,
an increase of Beclin level and LC3-I and LC3-II ratio was detected also in G166 cell line. Results are representative of three independent
experiments. t- test was performed on raw data: ∗ p<0,05. (f) Representative images of FISH analysis performed on GBM2 (sensitive) and
G166 (resistant) cell lines after one and two rounds of 48 h treatment with Danusertib 500 nM are reported. Red signals correspond to
chromosome 21, while green signals indicate chromosome 13. Scale bar = 100 𝜇m. Quantitative analysis shows that Danusertib exposure
induced a steady increase of the number of signals detected in both cell lines. The chromosome content detected in G166 after two rounds
of Danusertib exposure is comparable to the one observed in GBM2 cell line already after one round of treatment. Results are expressed as
mean of two independent experiments. At least 50 cells were analyzed in each experiment. t- test was performed on raw data: ∗ ∗ ∗ p<0,001.
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derived from GBM patients [7]. We discovered a strikingly
heterogeneous response among GSC lines, even though
Danusertib inhibited Aurora kinases to a similar extent in
all the GSCs. Cell viability was significantly reduced only
in three cell lines out of five (GBM2, G179, and G144),
indicated as sensitive to Danusertib. In these cell lines,
Danusertib induced a decrease of the proliferation and
clonogenic potential and, above all, evident alterations in the
cell and nuclei morphologies, with the appearance of bigger
cells and multi- or micronucleated cells with an increased
chromosome content. Interestingly, these ploidy alterations
were also detected in the resistant cell lines even if they were
not linked to relevant morphological alterations, probably
because the level of ploidy they reached was not as high
as the one detected in the sensitive ones. Live cell imaging

analysis shed light on the mechanism underlying the increase
in the chromosome number: in both sensitive and resistant
cell lines, Danusertib allowed the cells to enter into mitosis
but induced a block of the cytokinesis, leading to an increase
in ploidy. All these findings confirm previously published
data, which demonstrated that Danusertib is able to induce a
cell cycle inhibition and endoreduplication in different cancer
cells, causing a substantial increase in DNA content with 4N
or even >4N cells subpopulations [41].

However, even if a failure of the cytokinesis and an alter-
ation of the cell ploidy was observed in all the GSC lines after
48 h of treatment, sensitive and resistant cells were character-
ized by a different fate, with only the first ones undergoing
a significant activation of a senescent/autophagic process.
The senescent phenotype is intriguing and reminiscent of
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published results [42]. Several studies showed that, after
treatment with AurKs inhibition, cancer cells displayed a
serial of senescent morphological and functional changes
such as enlarged and flattened morphology, increased levels
of p21 protein, and enhanced 𝛽-galactosidase staining, sug-
gesting that, instead of apoptosis, senescence might be the
mainly terminal outcome of Aurks inhibition in some tumor
types [43]. Interestingly, recent studies also indicated that
autophagy, a genetically regulated program responsible for
the turnover of cellular proteins and damaged or superfluous
organelles, can be a new effector mechanism of senescence,
important for the rapid protein remodeling required to make
the efficient transition from a proliferative to a senescent state
[36]. In our case, the increase in misfolded proteins, caused
by a polyploidy-induced proteomic strain, could be at the
origin of proteotoxic stress, leading to the activation of an
autophagic process, as demonstrated by the increased Beclin
level and LC3-I/LC3-II ratio in the sensitive cell line.

A first explanation for cells responding differentially to an
AurKs inhibitor has been recently suggested to be depend-
ing on the integrity of the p53-p21–dependent postmitotic
checkpoint [44], even if several studies yielded conflicting
results [45].The analysis of the TP53 mutational status of our
cells showed that both sensitive and resistant cell lines carried
missensemutations, supporting the hypothesis that p53 status
does not play a key role in determining the differential
sensitivity of GSCs to AurKs inhibition.

However, an interesting cell feature that emerged to really
differentiate between sensitive and resistant cell lines was
the chromosome number observed in the untreated cells.
We could group the GSC lines by their level of ploidy and
correlate this with sensitivity to AurKs inhibition. A straight-
forward explanation for this result could be the presence of
a ploidy threshold, that is intolerable even for p53 negative
cell lines. This hypothesis is supported by our experiments
with repeated rounds of Danusertib treatment in the resistant
cell line (Figure 7). This leads to a further increase in
ploidy and ultimately also triggered senescence/autophagy.
These results are supported by previously published data,
which showed that high amount of chromosome imbal-
ances and alterations are associated with cell growth arrest.
Cells with complex karyotype exhibit features of senes-
cence and are even able to produce proinflammatory signals
[46].

5. Conclusions

Our results suggest that a ploidy threshold is the main deter-
minant of AurKs inhibition sensitivity inTP53mutant glioma
stem cells. Interestingly, previous cytogenetic screenings of
GBM specimens have already highlighted that GBMs are
characterized by a different chromosomes content [47], sup-
porting the idea that cell ploidy could, indeed, be a promis-
ing prognostic factor to predict sensitivity to Danusertib
treatment. Further research will be necessary to explore the
mechanism of ploidy induced senescence and the precise
reason why a particular ploidy threshold appears to trigger
this response.
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Glioblastoma (GBM) is themost aggressive tumor of the central nervous system, and the identification of themechanisms underlying
the biological basis of GBM aggressiveness is essential to develop new therapies. Due to the low prognosis of GBM treatment,
different clinical studies are in course to test the use of histone deacetylase inhibitors (iHDACs) in anticancer cocktails. Here, we seek
to investigate the impact of HDAC activity on GBM cell behavior and plasticity by live cell imaging. We pharmacologically knock
down HDAC activity using two different inhibitors (TSA and SAHA) in two different tumor cell types: a commercial GBM cell line
(U87-MG) and primary tumor (GBM011). Upon 72 hours of in vitro iHDAC treatment, GBM cells presented a very unusual
elongated cell shape due to tunneling tube formation and independent on TGF-β signaling epithelial tomesenchymal transition. Live
cell imaging revealed that voltage-sensitive Ca++ signaling was disrupted uponHDAC activity blockade.0is behavior was coupled to
vimentin and connexin 43 gene expression downregulation, suggesting that HDAC activity blockade downgrades GBM aggres-
siveness mostly due to tumor cell competence and plasticity modulation in vitro. To test this hypothesis and access whether iHDACs
would modulate tumor cell behavior and plasticity to properly respond to environmental cues in vivo, we xenografted GBM
oncospheres in the chick developing the neural tube. Remarkably, upon 5 days in the developing neural tube, iHDAC-treated GBM
cells ectopically expressed HNK-1, a tumor-suppressor marker tightly correlated to increased survivor of patients. 0ese results
describe, for the first time in the literature, the relevance of iHDACs for in vivo tumor cell morphology and competence to properly
respond to environmental cues. Ultimately, our results highlight the relevance of chromatin remodeling for tumor cell plasticity and
shed light on clinical perspectives aiming the epigenome as a relevant therapeutic target for GBM therapy.

1. Introduction

Glioblastoma (GBM) is the most aggressive tumor of the
central nervous system (CNS). 0is tumor arises from glial
cells and is classified as a grade IV glioma, causing focal or
scattered anaplasia and presenting accelerated growth with

histological diagnosis based on nuclear atypia and mitotic
activity [1]. Despite many advances in research into the
treatment of this type of cancer in the last decades, the
prognosis is of 25months after the first medical intervention
and there has been an improvement in survival of only 2% in
5 years. GBM has been shown to be resistant to radiotherapy
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and chemotherapy and invariably occurring following
surgical resection followed by chemo/radiotherapy [2]. One
of the reasons for GBM resistance to therapeutic in-
tervention is the complexity of the tumor itself, which
presents regions of pseudopalisade necrosis, hemorrhage,
pleomorphic nuclei/cells, and microvascular proliferation.
Indeed, following this line of reasoning, growing evidence
indicates that rare populations of tumor cells, called tumor
stem cells, play a significant role in GBM resistance mainly
contributing to the high degree of phenotypic, cellular,
genetic, and epigenetic heterogeneity. Cancer stem cells
(CSCs) are crucial to boost invasive tumor growth and
subsequent relapse [3].

GBM genetics is characterized by several deletions,
amplifications, and point mutations that lead to the acti-
vation of different signal transduction pathways [4]. More
deeply, epigenetic processes add layers of complexity on
cancer biology, increasing heterogeneity, and complexity of
tumors and, consequently, decreasing efficacy of treatment
[5, 6]. Indeed, due to the low prognosis of GBM treatment,
different clinical studies are in course to test the use of
inhibitors of histone deacetylase (HDAC) activity in anti-
cancer cocktails [7]. HDAC inhibitors (iHDACs) are among
the most successful examples of epigenetic therapy for
different types of malignancies, including GBM. In fact,
preclinical studies have demonstrated the efficacy of dif-
ferent inhibitors of HDAC activity as antitumor agents,
especially when associated with other therapies, including
chemotherapy and radiation [8, 9]. Numerous studies have
shown that there is a wide variety of iHDACs such as
valproic acid (VPA), sodium butyrate, vorinostat, tricostatin
A (TSA), panobinostat, and entinostat currently used in
medical practice [10, 11]. In addition, several iHDACs are
Food and Drug Administration (FDA) approved [12], in-
cluding Vorinostat [13–16] and VPA [17], which are cur-
rently being tested in clinical trials on GBM as either
monotherapies or combination therapies.

HDAC enzymes catalyze the removal of the acetyl
radicals from the lysine residues of the N-terminal tail of the
nucleosomal histones [18], resulting in electrostatic changes
favoring chromatin compaction [7]. Due to this fact, the
HDAC activity is mainly related to transcriptional re-
pression [19]. In humans, 18 proteins with deacetylase
domain are coded in the genome and are highly conserved
among eukaryotes. Human HDACs are classified into four
different classes: class I (HDACs 1, 2, 3, and 8), class IIa
(HDACs 4, 5, 7, and 9), class IIb (HDACs 6 and 10), III
(SIRT1–7), and IV (HDAC 11), according to structure
similarity, enzymatic function, cell location, and expression
pattern. Interestingly, HDACs have been inversely corre-
lated to overall survival rates, also presenting a tight cor-
relation with a poor prognosis in GBM patients [20]. In
addition, it is very well documented that iHDACs also in-
hibit DNA damage repair response and influence the re-
sponse of tumor cells to radiation, inducing cell cycle arrest,
senescence, and autophagy [21]. For these reasons, iHDACs
have emerged as excellent therapeutic targets for GBM
therapy and, regardless all advances described above, the
exact mechanisms for iHDACs are still poorly understood.

In this work, we uncovered a new aspect of iHDAC
action at the cellular level in real time by time-lapse video
microscopy and xenografts in the chick developing neural
tube. We found that, after iHDAC treatment, GBM cells
presented a very unusual elongated cell shape due to for-
mation of actin- and/or tubulin-rich tunneling tubes in an
independent epithelial to mesenchymal transition (EMT)
fashion. HDAC activity was also necessary for GBM cell
cycle progression, viability, and migration. 0is iHDAC-
induced switch in tumor cell shape due to tunneling tube
formation was followed by vimentin and connexin 43 gene
expression downregulation, an increase in radio sensitiza-
tion, and intracellular Ca2+ signaling disruption. When
GBM oncospheres were placed in the developing neural
tube, iHDAC-treated GBM cells expressed HNK-1, a mo-
lecular marker tightly correlated to tumor suppression and
increased survival of patients. To date, this is the first report
on HDAC-dependent HNK-1 expression in GBM cells. Our
results describe the relevance of iHDACs for tumor cell
morphology and competence highlighting the relevance of
chromatin remodeling for tumor cell plasticity. 0ese results
shed light on clinical perspectives aiming the epigenome as a
relevant therapeutic target for GBM therapy.

2. Materials and Methods

2.1. Cell Culture. GBM11 cells were isolated from a surgical
biopsy of a 57-year-old male diagnosed with glioblastoma.
0e procedure was performed at the University Hospital of
Clementino Fraga Filho (HUCFF) and was approved under
the code Conselho Nacional de Saúde (CONEP) No. 2340 as
previously described [22]. 0e GBM cell line U87-MG was
obtained from the American tissue culture collection
(ATCC) and properly genotyped and certified by the Lab-
oratory of Macromolecular Metabolism Firmino Torres de
Castro at UFRJ. GBM cells were cultured in 24-well plates at
2.5×105 cells with DMEM (low glucose), supplemented with
10% fetal bovine serum (FBS) and penicillin/streptomycin
(PS). Cultures were maintained at 37°C and with 5% CO2.

2.2. Drug Treatments. At 24 hours after seeding, U87-MG
cells were treated with 100 nM TSA (Sigma T1952) or
500 nM SAHA (Sigma SML0061) or SB-431542 (Sigma
S4317, diluted in DMSO) or DMSO, as the control group, for
72 h. GBM011 cells were treated with 200 nM TSA or 1 μM
SAHA.

2.3. 3D Cell Culture. For the generation of oncospheres for
morphometric analysis, sterile 96-well round bottom plates
were pretreated with 1% agarose and the cells were cultured
as described above for 72 or 144 hours. 0e wells containing
oncospheres were photographed every 24 hours under an
Olympus CKX41 inverted microscope. For the generation of
oncospheres for xenografts, we used 1× 106 U87-MG cells in
suspension in 1ml of culture medium on nonadherent
sterile Petri dishes (60mm) in the presence of 100 nM TSA
or DMSO as control.
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2.4. Morphometric Analysis of Oncospheres. 0e analyses
were performed using the free AnaSP® software as pre-
viously described [23]. 0e area of each oncosphere was
segmented to acquire an image in black and white binary
mask format so that the morphological parameters were
automatically extracted from each analyzed oncosphere.
0ree oncospheres of each condition were analyzed in the
respective treatment times. 0e cultures were photographed
after 72 hours of treatment to measure the diameter of the
oncospheres. ImageJ software (https://imagej.nih.gov/ij/
index.html) was used for image processing.

2.5. Xenograft in Chicken Embryo. Upon 72 hours, control
and iHDAC (100 nM TSA) treated oncospheres were
grafted into the neural tube lumen or on the neuro-
epithelium wall in the prosencephalic region of the de-
veloping chicken embryo at different embryonic stages
ranging from 7 to 12 somites as previously described by
our group [24]. 0e window opened on the egg was sealed
with adhesive tape and incubated at 37°C for 5 days. At the
end of this period, the eggs were opened and the embryos
were removed and washed in 1x PBS. Embryonic mem-
branes were removed, and the embryos were fixed in
Fornoy (10% glacial acetic acid, 60% absolute ethanol, and
30% formol) for at least 24 hours. During the dehydration
for histological processing, the embryos were photo-
graphed. 0e in situ hybridization and HNK-1 immu-
nostaining were performed as previously described by our
group [24].

2.6. Transwell Migration Assay. Comparative migration
experiments were conducted using a conventional 24-well
Transwell system (6.5 mm Transwell® (#3422), Corning,
NY, USA) with each well separated by a microporous
polycarbonate membrane (10 µm thickness; 8 µm pores)
into an upper (“insert”) and a lower chamber (“well”).
U87-MG and GBM011 cells were plated as described
above. Nutritional deprivation of the cells was induced by
removing the medium with FBS and introducing the
supplemental medium of 0.1% BSA and drugs. After 48 h
under treatment, the cells were trypsinized, counted, and
plated at the density of 105 cells/insert with medium
supplemented with 0.1% BSA. In the lower bottom of the
transwell, 600 µl of medium supplemented with 10% FBS
was added. As a negative control was used SFB-free
medium in the lower bottom of the well. In this way, cells
completed 72 h of the treatment in the transwell. After
72 h, cells were fixed using 4% paraformaldehyde and
stained with 1% of crystal violet for 10minutes. Cells on
the top surface of the insert were removed with a cotton
swab. To quantify the cells that migrated and adhered to
the underside of the membrane, five random fields per
condition were photographed under an inverted optical
microscope using a 10x magnification. A method of
quantitation was performed as described by [25]. Mi-
gration was determined by calculating the average pixel/
area of the five fields in triplicate.

2.7. VideoMicroscopy and FibrilTool Analysis. U87-MG cells
were plated and treated as described above and transferred to a
culture chamber under controlled conditions of CO2 and
temperature (5% and 37°C, respectively). 0e culture chamber
was adapted to a Nikon Eclipse TE300 inverted microscope
(Nikon, USA). Upon 72hours, phase contrast images, from
the same field of each experimental condition, were captured
every minute by using a Hamamatsu C2400 CCD camera
(Hamamatsu, Japan). After assembly of the frames, cell mo-
tility was quantified. Cells under the same video microscopy
conditions were also cultured in coverslips for F-actin im-
munostaining, and the images were acquired in a confocal
microscope at a 60x magnification and analyzed using the
FibrilTool Plugin (ImageJ/National Institutes of Health, USA)
[26]. For proliferation analyses, each cell performing mitosis
was marked with a black dot using the ImageJ program.0en,
the total number of dots for each image in the movie was
counted and recorded in a table. 0us, it was possible to
determine the number of dividing cells as a function of time,
for each experimental situation. For cell motility analyses, dots
were also marked to follow the position of a chosen cell over
time. 0e trajectory of each marked cell was then tracked.
Knowing the total time of the film (72h) and the cell dis-
placement in that period, it was possible to determine the cell
velocity. At least 12 cells were followed, and a mean velocity
value was determined for each experimental condition. 0e
results were plotted using GraphPad Prism 6.0 software.

2.8. Conventional PCR. U87-MG and GBM011 cells were
harvested, and their mRNAs were extracted with TRIzol
(Life Technologies), precipitated in ethanol, and reverse
transcribed using random hexamers. Qualitative conven-
tional reverse-transcription polymerase chain reaction
(PCR) with GoTaq DNA Polymerase was performed fol-
lowing the manufacturer’s instructions (Promega). mRNA
levels were standardized by parallel PCR using primers to the
housekeeping gene, GAPDH (IDT).

2.9. Primers
GAPDH

F: ACCACAGTCCATGCCATCAC; R: TCCACCA-
CCCTGTTGCTGTA

HDAC 1:

F: ACCGGGCAACGTTACGAAT; R: CTATCAAA-
GGACACGCCAAGTG

HDAC 2:

F: TCATTGGAAAATTGACAGCATAGT; R: CAT-
GGTGATGGTGGTGAAGAAG

HDAC 3:

F: TTGAGTTCTGCTCGCGTTACA; R: CCCAGTT-
AATGGCAATATCACAGAT

HDAC 4:

F: ATTCTGAACCACTGCATTTCCA; R: GGTGG-
TTATAGGAGGTCGACACT
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HDAC 5:

F: TTGGAGACGTGGAGTACCTTACAG; R: GAC-
TAGGACCACATCAGGTGAGAAC

HDAC 6:

F: TGGCTATTGCATGTTCAACCA; R: GTCGAAG-
GTGAACTGTGTTCCT

HDAC 7:

F: CTGCATTGGAGGAATGAAGCT; R: CTGGCA-
CAGCGGATGTTTG

HDAC 8:

F: TCCCGAGTATGTCAGTATATATGA; R: GCT-
TCAATCAAAGAATGCACCAT

Vimentin:

F: GCACATTCGAGCAAAGACAG; R: GAGGGC-
TCCTAGCGGTTTAG

E-cadherin:

F: TGCCCAGAAAATGAAAAAGG; R: GTGTAT-
GTGGCAATGCGTTC;

Actin smooth muscle:

F: AATGGCTCTGGGCTCTGTAA; R: TGGTGAT-
GATGCCATGTTCT;

Connexin 43:

F: TGGATTCAGCTTGAGTGCTG; R: TCTTTCCC-
TTAACCCGATCC;

P2X7:

F: GCAGCTGCAGTGATGTTTTC; R: CACCTCTG-
CTATCCCCTTCA;

CACNA1H T-type calcium:

F: CTGTCACTCATGGGCATCAC; R: ATGAAA-
AGAAGGCCCAGGTT

2.10. Flow Cytometry. U87-MG and GBM011 glioblastoma
cells were treated as described above, and after 72 hours in
culture, cells were harvested by trypsinization and col-
lected for flow cytometry analysis. For the detection of
intracellular antibodies, cells were fixed with 2% para-
formaldehyde for 30min, permeabilized with PBS + 1%
BSA + 0.2% saponin for 15min, stained with primary
antibody, anti-Nodal (Santa Cruz Antibodies, polyclonal,
sc-28913, 1 : 200) or anti-H4K16ac (Millipore, polyclonal,
07–329; 1 : 200), for 30min, and diluted in PBS + 0.2%
saponin solution. Cells were then washed once with
PBS + 0.2% saponin and incubated with secondary anti-
body Alexa conjugated with fluorochrome 647 (0ermo
Fisher Scientific, A-21443, 1 : 1000) or conjugated with
fluorochrome 488 (Abcam, ab150077, 1 : 1000) and diluted
in PBS + 0.2% saponin solution for 30min. Cells were then
washed twice with PBS + 0.2% saponin, resuspended in
PBS, and transferred to FACS reading tubes. All samples

were kept in ice and protected from the light. A total of
200.000 cells were acquired on a FACSCanto flow
cytometer (BD Biosciences) and analyzed using FACSDiva
software (version 8.0.1). Cell death was measured with
annexin V-FITC apoptosis detection kit (BD Biosciences)
according to the manufacturer. Cell cycle analysis by
quantitation of DNA content was performed according to
Vindelov’s protocol (Vindelov, 1985). Briefly, GBM cells
were resuspended in 400 μl propidium iodide solution
(PBS, 0.1% Triton X-100, 0.1% RNAse, and 50 μg/ml
propidium iodide) and incubated on ice for 15min.
Subsequently, cells were analyzed by flow cytometry, using
a FACSCanto (BD Biosciences) operated by FACSDiva
software, and at least 20,000 events were collected per
sample. Cell doublets were gated out using FSC-A vs FSC-
H profiles. All data were analyzed using FACSDiva soft-
ware (Version 8.0.1).

2.11. Ionizing Radiation and Cell Proliferation Assay.
U87-MG and GBM011 cells were treated for 72 h as de-
scribed above and irradiated with 10Gy in a single dose
using a linear 6MV accelerator with 25× 25 cm2 equivalent
field adjusted to a window size and surface distance of 70 cm.
After irradiation, MTT assays and flow cytometry were
performed at 24 h, 48 h, and 72 h points, and MTT absor-
bance was read at 570 nm. Cell morphology was evaluated by
bright-field and fluorescence microscopy with Falloidin 546
plus DAPI.0e images were obtained under a Leica TCS SP5
AOBS confocal microscope.

2.12. Fluorimetry Assay. We have used Fluo-4 AM and Fura-
2 AM (Molecular Probes F14201) to measure the intracellular
increase in Ca2+ in U87-MG and GBM011 cells. U87-MG and
GBM011 cells were plated as described above in round 15mm
coverslips (Fisher-545-102) coated with poly-L-lysine (Sigma
P-2636) and treated with DMSO and iHDACs as described
above for 72 hours. 0e culture medium was replaced by 1ml
of culture medium (DMEM) containing 1mM probenecid,
0.04% pluoronic, 2 μM Fluo-4 AM (Molecular Probes), or
4 μM Fura 2-AM (to analyze the basal level of intracellular
calcium by fluorescence intensity). Cells were incubated at
37°C for 45minutes, washed with fluorimetry solution
(145mM NaCl, 5mM KCl, 1.2mM Na2HPO4, 4 mM CaCl2,
1mM MgCl2, 5mM HEPES, and 10mMd-glucose) and
transferred to a chamber (P-5 Platform, Warner Instruments,
Hamden, CT) with perfusion and a capacity of 200 μl. 0e
fluorescence of 100 cells was continuously monitored for
approximately 300 seconds in a fluorescence microscope
(Eclipse Ti-U; Nikon). Cells were continuously perfused with
fluorimetry solution and stimulated with different solutions
(20mM potassium chloride and 1mM ATP for Fluo-4 AM).
0e solutions were added to the cells by using a gravity in-
fusion system, and the variation of intracellular Ca++([Ca2+]
I), was evaluated by the fluorescence emitted at 488 nm using
a lambda DG4 illumination system (Sutter Instrument,
Novato, CA, on a 40x objective and 510 nm band-pass filter
(Semrock, Rochester, NY). 0e data were acquired using the
software MetaFluor (Molecular Devices, Sunnyvale, CA). 0e
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Fluo-4 AM data were processed by the software ClampFit
(version 10.7.0.3, Molecular Devices). 0e Fura-2 AM data
were processed by the software ImageJ, and the basal levels of
intracellular calcium were assessed by fluorescence intensity
(Integrated Density).

2.13. Statistical Analysis. GraphPad Prism (v6.0, La Jolla,
CA) was used for ordinary one-way or two-way ANOVA
analysis. If the ANOVA produced a significant result, post
hoc pairwise comparisons were tested for significance in
which the P value was adjusted (Padj < 0.05) by Tukey’s
method for multiple comparisons inside each group and
by Sidak’s method for multiple comparisons among
the individual groups. Results are presented as mean ± SD
or mean ± SE, and statistical relevance was defined as
P< 0.05.

3. Results

3.1. SAHATreatmentLeads toGBMCellCycleArrest inG0/G1
and Decreased Cell Viability. Since HDACs have been re-
ported to be expressed in GBM cells [28], we first performed
a conventional PCR to detect the expression pattern of
HDACs in commercial U87-MG and GBM011 primary
tumor cells in culture. We found that HDACs 1–7 were
constitutively expressed by U87-MG cells and HDACs 1–5
and 7 were constitutively expressed by GBM011 (Supple-
mentary Figure S1(A, A’)). We also performed flow
cytometry to detect histone hyperacetylation upon iHDAC
treatment. Indeed, upon 72 h of iHDAC treatment, there was
an increase in the frequency of H4K16ac +U87-MG cells
followed by a significant increase in fluorescence intensity
per cell (Supplementary Figure S1(B-E)). 0ese first results
show that GBM cells express HDACs from classes I, IIa, and
IIb, whose activity blockade leads to a hyperacetylated
chromatin status.

Next, we monitored the effects of iHDAC treatment
along the 72 hours of treatment. Here, we will be comparing
the effects of two different iHDCAs, TSA and SAHA. While
TSA is one of the most used iHDACs in experimental ap-
proaches, SAHA (Varinostat) has already been approved for
clinical use [29]. Both U87-MG and GBM011 cells presented
a similar behavior during cell cycle progression with respect
to TSA treatment. 0e percentage of cells observed in the
G0/G1 phase was similar to that of control groups along the
time in TSA-treated cells (Supplementary Figure S2(A-E)).
In contrast, HDAC activity was differentially necessary for
cell progression when SAHA was added to the medium.
While the percentage of U87-MG cells in the G0/G1 phase
drastically decreased after 72 h of SAHA treatment, only a
discrete decrease was observed in GBM011 cells (Supple-
mentary Figure S2(B-F)). In agreement, cell viability was
mostly similar between U87-MG and GBM011 upon TSA
treatment (Supplementary Figure S3). Moreover, both U87-
MG and GBM011 presented significant decrease in cell
viability upon SAHA treatment (Supplementary Figure S3).
We conclude that U87-MG and GBM011 present a similar
response to TSA during cell cycle progression and cell

viability maintenance. In contrast, cell cycle and viability
were drastically affected by SAHA treatment in U87-MG
while GBM011 was less affected.

Live cell imaging supports a key role for HDAC blockade
during tunneling tube formation through F-actin cyto-
skeleton stabilization in glioblastoma cells.

However, upon 72 h hours of iHDAC treatment, we
noticed an atypical elongated cell shape only in iHDAC-
treated GBM cells. 0ese changes in tumor cell shape were
evidenced by time-lapse video microscopy and corroborated
by morphometric analysis. Using time-lapse video micros-
copy, we observed in TSA-treated U87-MG cells that the
membrane extensions of one cell touch the cell body of
neighboring cells, interconnecting tumor cells (Supplemen-
tary Video S1, DMSO; Supplementary Video S2, iHDACs;
Figure 1(D-G), white head arrow). As the cell body migrates,
the established focal contact is stabilized causing a stretching
of the cell membrane, resembling an elastic (Figure 1(A, B,
D–H, M–O)). It is also possible to notice two active lateral
membrane projections from the central (longer) one that are
not stabilized and retract (Figure 1(C–E)). After losing
contact with the neighboring cell, the membrane filament
completely retracts (Figure 1(I–L)). It was possible to estimate
that the membrane filament remained stretched for about
6 hours after loss of contact with the neighboring cell
(Figure 1(E-H). In fact, morphometric analysis showed that
iHDACs evoked a cell shape transition in both U87-MG
(Figure 1(P)) and GBM011 tumor cells (Supplementary
Figure S4). 0e elongation index was significantly higher in
TSA-treated U87-MG cells than in the control group
(Figure 1(R)). In addition, the anisotropy of TSA-treated
U87-MG (Figure 1(S)) and GBM cells (Supplementary
Figure S4) was higher than in the control group showing that
HDAC activity is relevant to maintain cytoskeletal organi-
zation. Due to the similarity between themorphology of GBM
cells upon iHDAC treatment and the morphological aspects
conferred by epithelial to mesenchymal transition (ETM), we
decided to test whether iHDACwould be modulating ETM in
GBM cells. It has been shown that TGF-β1 signaling pathway
plays an essential role in the EMT processes, leading to
morphological changes closely related to the mesenchymal
morphology [30]. In this sense, we decided to test whether the
blockade of HDAC activity could regulate EMT by blocking
the TGF-β signaling pathwaywith 25 μMSB-431542 (TGF-βi)
in the presence of iHDAC. U87-MG cells were monitored for
cell shape changes upon 72 h of TSA treatment. Interestingly,
we noticed that the elongation index of iHDAC+ iTGF-β
treated cells did not present significant difference when
compared to iHDACs (Figure 2(A-E)). 0ese results indicate
that HDAC activity is not at downstream to TGF-β signaling
during tumor cell elongation. In addition, TSA treatment led
to a suppression in the expression of vimentin, while smooth
muscle actin (SMA) and E-cadherin were still constitutively
expressed by U87-MG cells even upon TSA treatment
(Figure 2(F)). In addition, TSA treatment led to suppression
of connexin 43 expression, suggesting that cell coupling by
gap junctions was also disrupted by HDAC activity blockade.
0us, this data set excludes the hypothesis that EMT is being
modulated by the blockade of HDAC activity and strongly
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Figure 1: HDAC blockade leads to tunneling tube formation through F-actin cytoskeleton stabilization. (A–L) Time-lapse video mi-
croscopy of iHDAC-treated U87-MG cells during 72 h identified the formation of tunneling tubes starting at 20 h after treatment (A, white
arrow; red asterisks evidence cell body). Membrane extensions of one cell touch the cell body of neighboring cells, interconnecting tumor
cells starting at 35 h after treatment (D). At this time point, transitory membrane protrusions can be noticed (D, white head arrows). As the
cell body migrates, it elongates (D, red asterisk) and the transitory membrane protrusion is retracted (E, black head arrow) at the same time
that it is possible to note the formation of gondolas along the tunneling tube (E′, black head arrow). 0e tunneling tube now reaches a
neighboring cell (E–G). After losing contact with the neighboring cell, the membrane filament completely retracts (H–L, white head arrow).
It was possible to estimate that the membrane filament remained stretched for about 6 hours after loss of contact with the neighboring cell
(I–L). iHDAC-treated cells presented type I (actin rich) and type II nanotubes (actin and tubulin rich) which also harbor gondolas (M–O,
white head arrows). 0e elongation index was measured and iHDAC-treated cells (Q, R) were more elongated than DMSO group (P, R).
Nanotubes formed in iHDAC-treated cells were more stable and organized than in the control group as found upon F-actin fibrillar
structure and anisotropy analysis (S).
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suggests that the observed morphological differences between
the groups are due to the structuring of tunneling tubes.
Taking into account the features described above, we char-
acterized type I and type II nanotubes in TSA-treated U87-
MG cells. Type II nanotubes started growing as cells moved
apart; they were enriched in actin and tubulin and harbored
dilatations of the tube forming a gondola (Figure 1(M-O)). In
fact, as observed by live cell imaging, nanotubes formed in
iHDAC-treated GBM cells were more stable and organized
than in the control group as found upon F-actin fibrillar
structure and anisotropy analysis.

Next, we examined the effects of iHDAC treatment on
GBM cell motility by time-lapse video microscopy and
transwell migration assay. Upon 72 h of iHDAC treatment,
U87-MG GBM cells presented a decrease in the velocity of
migration that was corroborated by transwell assay. We
detected a higher number of tumor cells retained in the
transwell matrix after 72 hours when compared to the
control group (Figure 3). 0is behavior was enhanced in the
SAHA-treated group when compared to either the TSA or
control group (Figure 3). In contrast, GBM011 cells did not

present significative differences in cell velocity and migra-
tion to the control group when treated with TSA or SAHA
(Supplementary Figure S5).

0us, we conclude that HDAC activity blockade led to
tumor cell shape changes through tunneling tube formation.
We also conclude that tumor malignancy was downgraded
because migration velocity was decreased, what may impact
on tumor dissemination and infiltration.

3.2. HDAC Activity Is Necessary for GBM Radioresistance.
According to the literature, GBM has been shown to be
resistant to radiotherapy and invariably reoccurring after
surgical resection. Previous work from the literature has also
clearly demonstrated the relevance of iHDACs to increase
GBM radiosensitization [11]. 0us, we compared the re-
sponse of GBM cells to radiotherapy upon iHDAC treat-
ment. U87-MG treated with TSA for 72 h showed a
significant difference in the number of viable cells between
control and TSA-treated cells (Figure 4(D, E)). In fact, we
observed that the TSA-treated group showed no significant
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increase in absorbance at 24 h and 48 h after irradiation,
indicating that the treatment radiosensitized tumor cells
(Figure 4(D, E)). In contrast to U87-MG cells, GBM011 cells
still constitutively expressed SMA, vimentin, connexin 43,
and E-cadherin when treated with TSA or SAHA (Sup-
plementary Figure S6(A)). In fact, GBM011 cells treated with
TSA did not present consistent differences in cell viability
when compared to the control group 72 hours after irra-
diation (Supplementary Figure S6(C, E, G)). SAHA-treated
GBM011, however, presented significative decrease in cell
viability 72 h after irradiation (Supplementary Figure S6).
We propose that HDAC-mediated radiosensitization of
GBM cells is due to vimentin and connexin 43 expression
downregulation.

3.3. Live Imaging of HDAC Blockade Uncovers Voltage-Sen-
sitive Ca++ Signaling Disruption in GBM Cells. To test the
functional status of GBM cells under iHDAC treatment, we
investigated the efficiency of tumor cells in transducing Ca2+
signal through the cell membrane. Several studies have
shown that intracellular calcium ([Ca2+]I) concentration can
significantly contribute to cell biochemical mitotic signaling,
migration, apoptosis, cell cycle control, and cell volume
regulation, all of them critical for cell survival and pro-
liferation [31]. 0e main types of Ca2+ channels described in
the literature and expressed by gliomas are voltage-de-
pendent channels (Cav1�Type L; Cav2�Type P/Q, R, N;
Cav3�Type T) and purinergic receptors [32, 33]. Several
studies suggest that the P2X7 receptor, the purinergic
ionotropic receptor (P2X7R), and Type T low voltage play an
important role in GBM behavior including glioma pro-
gression [34, 35]. 0us, we sought to better understand the
biological significance of iHDACs in the context of Ca2+
signaling transduction. After 72 hours, the basal levels of
intracellular Ca2+ were assessed by confocal microscopy in
U87-MG and GBM011 cells under TSA and SAHA

treatment. While significative differences in basal levels of
intracellular Ca2+ were not detected in U87-MG cells
(Figure 5(A)), GBM011 treated with SAHA presented a
significative decrease (Supplementary Figure S7). Our re-
sults showed that control cells were responsive to both
stimuli applied, KCl (20mM and 50mM), a depolarizing
agent that acts on low-voltage channels, and ATP, an agonist
that binds to that receptor and leads to cell depolarization.
Quantitative analyses of [Ca2+]I showed that the control
group presented a higher response to the stimuli than U87-
MG cells treated with TSA (Figure 5(E-J)). In addition,
control and TSA-treated U87-MG cells constitutively ex-
press P2X7 but do not express the alpha subunit 1H of the
T-type calcium channel (Figure 5(K)). We conclude that
iHDAC treatment disrupts intracellular Ca2+ upon stimulus
even in the presence of similar basal levels of intracellular
Ca2+ when compared to the control group.

3.4. HDAC Activity Blockade Downgrades GBM Malignance
and Makes Tumor Cells Competent to Properly Respond to
Environmental Cues In Vivo. Taken together, our results
show that iHDAC treatment leads to tunneling tube for-
mation and tumor malignance downgrade in vitro. Our
interpretation relies on the fact that iHDAC-treated cells
decrease the velocity of migration and downregulate
vimentin and connexin 43 expression, and to test whether
TSA-treated U87-MG cells in fact harbor the competence to
properly respond to environmental cues and downregulate
their malignant behavior, we used GBM oncospheres xen-
ografted in the developing neural tube of the chick embryo.
Oncospheres containing 1.5×103 cells were generated for
the study of the morphometric properties after iHDAC
treatment. Such oncospheres did not exceed 150 μm in di-
ameter at the end of 4 days in culture (Supplementary
Figure S8(A–C)), and iHDAC-treated oncospheres pre-
sented decreased diameter and volume when compared to
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control oncospheres (Supplementary Figure S8(D)). When
cell viability was assessed by MTT assay, we did not notice
significant differences between control and TSA-treated
oncospheres upon 72 hours (Supplementary Figure S8(F)).
However, we were able to observe a significant decrease in
cell viability at 96, 120, and 144 hours of prolonged treat-
ment (Supplementary Figure S8(E)). 0is characterization is
very relevant as upon xenograft, oncospheres will not be in
contact with TSA anymore. For this reason, we monitored
the morphometric properties upon TSA removal up to
72 hours after TSA had been removed. Despite the differ-
ences observed in the diameter and volume between control
and TSA-treated oncospheres along the procedure (Sup-
plementary Figure S8(G, H)), we did not notice significative
changes in the morphometric parameters of iHDAC-treated
oncospheres (Supplementary Figure S8(I, J)). So, we con-
clude that TSA treatment has a long-term effect even after
inhibitor withdrawal. 0en, we performed the xenograft of
the control and TSA-treated oncospheres in the anterior

prosencephalic region on the right wall of the neural tube
shortly after its closure and the onset of neurogenesis
(Figure 6(A)). Oncospheres were also placed in the neural
tube lumen (Figure 6(B)). After 5 days of development
(HH25; Figure 6(C)), the embryos were processed for his-
tological analysis and paraffin sections were developed for in
situ hybridization using the Alu probe for identification of
the human cells and immune staining for HNK-1. First, in
both groups, we observed that tumor cells successfully in-
tegrated into the embryonic mesenchyme and migrated over
long distances (Figure 6(D)). By examining serial paraffin
sections, we observed that TSA-treated cells migrated longer
distances than control cells (Figure 6(D)). In fact, TSA-
treated cells were found over a larger area than control cells
since we found Alu+ nuclei at 196 μm beyond the xenograft
point. In the control group, we were able to find Alu+ nuclei
at 168 μm beyond the xenograft point (Figure 6(D)). 0is
result bypasses the behavior observed in vitro since we found
that iHDAC-treated cells presented a decrease in cell velocity
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when compared to the control group in the time-lapse video
microscopy and transwell assay. 0e quantification of mi-
totic figures (Figure 6(E, F)) indicates that TSA-treated cells
proliferated more than the cells in the control group
(Figure 6(L)). We also observed that the association with
embryonic vessels was greater in the TSA group than in the
control group (Figure 6(K)), suggesting that human tumor
cells maybe using the embryonic vessels as migratory routes
to disperse in the mesenchyme. Interestingly, we also ob-
served the formation of membrane protrusions similar to the
ones observed in vitro only in the TSA group. 0ese
membrane protrusions were observed in the tumor cell-cell
contact in migratory routes on the neuroepithelium
(Figure 6(G, I)) and also in the contact between tumor cells
and embryonic vessels (Figure 6(H, J)). We conclude that
TSA-treated cells mostly recapitulated the behavior observed
in vitro with respect to tunneling tube formation. However,
the effects of TSA treatment on the migratory and pro-
liferative behavior of tumor cells were reversed by the
embryonic microenvironment.

We then hypothesized that TSA-treated cells harbor
the competence to properly respond to environmental cues
and downregulate their malignant behavior as we have
mostly observed in vitro. To properly approach this
question, we performed in situ hybridization followed by
immune staining in serial sections for the HNK-1 marker,
which is widely expressed by neuroepithelial cells and
migratory neural crest cells during embryonic neuro-
genesis. In fact, we were able to detect HNK-1+ cells only in
the outermost layer of TSA-treated oncospheres placed in
the neural tube lumen 5 days after the xenograft
(Figure 7(A and B) (control); 7(C and D), TSA). In ad-
dition, we found HNK-1+ cells dispersed into the em-
bryonic mesenchyme but which were Alu−, of embryonic
origin therefore (Figure 7(E, F, I, J, M, N)). Surprisingly,
only in the TSA group, we detected a colocalization of Alu+
and HNK-1+ cells (Figure 7(G, H, K, L, O, P)). Since we
observed that oncospheres placed in the lumen of the
neural tube and fixed immediately after the xenograft did
not express HNK-1 (Figure 7(G, H, K, L, O, P) (control);
7(S and T) (TSA)), we concluded that the blockade of
HDAC activity confers the competence to the tumor cell to
properly respond to environmental cues and downregulate
its malignant behavior in vivo.

4. Discussion

Several studies have reported the pattern of HDAC ex-
pression in both health and pathological brain tissue,
showing that aberrant expression of HDACs correlates with
a poor prognosis in different types of cancer [20]. It has been
characterized that there is an increase in the mRNA ex-
pression levels of HDAC1, 3, and 6 in both GBM cells and
primary GBM tissues [36]. Particularly, several HDAC
classes have been reported to be correlated with GBM
malignancy and radioresistance [28, 37, 38]. In this scenario,
we have identified the HDACs from classes I, IIa, and IIb are
expressed by U87-MG cells and primary GBM011 cells
whose activity, when inhibited by TSA or SAHA, led to

tumor cell shape changes associated with tunneling tube
formation which correlated to disruption in the cell cycle
and viability, Ca2+ responsiveness, and radiosensitization.
We also successfully linked this behavior modulated by
HDAC activity blockade to the downregulation of vimentin
and connexin 43. Interestingly, it was recently reported the
correlation among HDACs 4 and 6 and the DNA double-
strand break repair machinery towards the maintenance of
stemlike phenotype coupled to radioresistance in GBM cells
[37]. In this paper, the authors studied samples from 31
GBM patients who underwent temozolomide and radio-
therapy, which leads to an enrichment of more un-
differentiated, stemlike GBM cells and, therefore, to a poor
prognosis. Interestingly, the expression levels of HDAC 4
and HDAC 6 were upregulated in most of the cases and were
directly related to a poor clinical prognosis. In addition,
molecular ablation of HDACs 4 and 6 radiosensitized U87-
MG cells predisposing GBM cells to radiation therapy-in-
duced apoptosis [37]. Following this reasoning, the quan-
tification of HDACs mRNA levels in the normal brain,
astrocytoma grades I, II, and III, and GBM did not show
significant differences in expression levels of HDACs 6 and 7
[39]. When the comparison was made among low- and high-
grade gliomas and normal brain, only HDAC 4 mRNA was
upregulated in high-grade gliomas. Comparisons made
between GBM and grade III astrocytoma showed that
HDACs 4, 6, and 7 were expressed at lower levels in GBM
samples. 0ese results suggest that HDACs 4, 6, and 7 ex-
pression patterns are restricted to a rare population of GBM
cells and may be associated with a more-resistant GBM cell
population which may be, at least in part, positively selected
by usual radiotherapy and chemotherapy. 0is in-
terpretation is corroborated by the fact that patients that
underwent radiotherapy and chemotherapy presented an
enrichment in mRNA levels of HDACs 4 and 6 associated
with a stemlike phenotype [37]. 0ese results from the lit-
erature corroborate our findings since we have shown that
both U87-MG and GBM011 cells express HDACs 4 and 7
(Supplementary Figure S1) whose activity blockade leads to
G2/M cell cycle arrest [40] and radiosensitization [37] as we
have reported here.

However, our major finding is the report of HDAC-
dependent tumor cell shape changes and tunneling tube
formation never deeply explored in the literature before by
live cell imaging. Plasma membrane protrusions can carry
organelles and functionally couple tumor cells establishing a
resistant population to radiation-induced cell death also
presenting an invasive phenotype [41]. In this paper, the
authors showed that tunneling tube formation was connexin
43-dependent and drove cell invasion, proliferation, and
radioresistance. However, in contrast, our findings did not
corroborate a role for connexin 43 during iHDAC-de-
pendent tunneling tube formation. In fact, connexin 43 was
downregulated after TSA treatment and was correlated to
radiosensitization of U87-MG cells as previously reported
[42]. In contrast, GBM011 cells still express connexin 43
what may contribute to radioresistance observed in TSA-
treated GBM011 cells. In addition, we reported a GBM cell
shape transition to mesenchymal morphology independent
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of TGF-β signaling and not related to EMT (Figure 2). 0us,
once the regulation of EMT by blocking HDAC activity was
excluded as a mechanism to promote the elongated mor-
phology, we propose to morphologically characterize the
cellular extensions observed in iHDAC-treated cells. To
approach this issue, we started analyzing the F-actin fibrillar
structure of control and iHDAC-treated cells by live imaging
and anisotropy, an index that evaluates the cellular fibrillar
organization. In fact, iHDAC-treated U87-MG and
GBM011 cells presented a significant higher anisotropy in-
dex, indicating a more-organized fibrillar actin structure
when compared to the control group (Figure 1). Such or-
ganization of the cytoskeleton in iHDAC-treated cells may
respond, at least in part, by the elongated and stable mor-
phology observed in the absence of HDAC activity

(Figure 1). Dynamic protrusions of cell surfaces are well
documented among different cell types and small membrane
projections, such as filopodia and microvilli, as well as larger
structures, such as lamellipodia, are largely documented in
the literature. More recently, thin surface membrane pro-
jections have been described as key long-range mediators
and named “membrane nanotubes or tunneling tubes” [43].
One interesting function described for nanotubes is focused
on their ability to deliver proteins and organelles from one
cell to a neighboring cell. Rustom [44] described, for the first
time, the transfer of vesicles through nanotubes using
neuronal and renal cells. In the context of tumor cell biology,
it has been demonstrated that membrane nanotubes form a
functional and resistant network to avoid damage caused by
radiotherapy [41]. Our results showed that control cells
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Figure 7: HDAC activity blockade downgrades GBM aggressiveness in synergy with the developing microenvironment. U87-MG
oncopheres were cultured in the presence or absence of iHDACs (100 nM TSA) for 72 hours. After the xenograft, the embryos were allowed
to develop until stage E5. In situ hybridization and immunostaining for HNK-1 revealed that when the oncospheres remained placed in the
lumen of the developing neural tube, the outermost layer of cells expressed HNK-1 only in the iHDAC group: control oncospheres: (A) Alu
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HNK-1. 0e cells that were integrated into the embryonic mesenchyme were able to migrate and to associate with developing embryonic
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developing neural tube lumen, followed immediately by fixation did not reveal HNK-1 staining in the oncospheres. Positive control for
HNK-1 staining was done with migrating neural crest cells (Q–T, asterisks).
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presented an elongated morphology upon radiotherapy,
such as those observed in iHDAC-treated cells, suggesting
that ionizing radiation modifies the morphology of GBM
cells, which are known radioresistant. We also observed that
after irradiation, there was an increase in mitochondrial
activity, as demonstrated by the MTT, associated with de-
creased cell viability and total cell number (Figure 4). In fact,
although there was a significant difference in the total
number of viable and nonviable cells, 24 h after irradiation in
the iHDAC group, at 48 h and 72 h after irradiation, it was
not possible to observe significant differences.

Another parameter investigated by Osswald et al. [41],
also evoked as a resistance mechanism in astrocytomas, was
the maintenance of calcium homeostasis through the net-
work communication formed by nanotubes. 0e authors
then suggest that nanotubes are involved in Ca2+ signaling
spreading from a single cell to neighboring cells. In our
study, we aimed to characterize the relevance of Ca2+

channels in iHDAC-treated cells. We found that iHDAC
cells presented a lower responsiveness to Ca2+ stimuli than
control cells. Despite the similarities in the basal levels of
intracellular Ca2+ between control and iHDAC-treated cells,
control cells, however, responded to both T-type calcium
channels and purinergic receptors (Figure 4). In fact, it has
been shown that purinergic receptors (P2X7R) silencing
reduces radiotherapy-induced GBM cell cytotoxicity in
addition to a less-efficient radiotherapy-induced cell death,
demonstrating that high P2X7 expression levels and func-
tion are a good prognostic factor for GBM radiosensitivity
[34, 35]. In addition, Cav3 (Type T low) voltage-sensitive
calcium-channel overexpression was already detected in
GBM and pharmacological inhibition resulted in a decrease
in cell viability, clonogenic potential, and induction of ap-
optosis [33].

0us, our results argue in favor for HDAC blockade as an
important hallmark for tumor malignancy downgrade. In
fact, when placed in the developing neural tube U87-MG
cells successfully integrated into the embryonic mesen-
chyme, proliferated, and migrated, establishing a close re-
lationship with the embryonic vasculature (Figure 6). 0e
identification of U87-MG cells in nonsequential caudal
sections in the iHDAC group suggests the adoption of a
possible migratory route. Detachment and the transition to
the mesenchymal phenotype contribute to the migratory
mechanism [45] and, in this sense, the mesenchymal
morphology conferred by HDAC activity blockade may
contribute to this kind of behavior. In fact, a recent work
using the xenograft model showed that the embryonic
microenvironment can orchestrate the cohesion and the
detachment of neuroblastoma tumor cells from primary
tumors formed in the adrenal medulla after the xenograft
was performed in the region corresponding to adrenal
sympathetic neural crest. It was possible to infer that there
was a recapitulation of the metastatic behavior of these
tumor cells both along peripheral nerves and also through
the aorta artery during development [46]. In our study, the
blockade of HDAC activity led to the formation of a primary
aggregate between the telencephalic vesicles, where some
cells were also observed, and the migratory process was

initiated (Figure 6). In contrast, control U87-MG cells
remained adjacent to the neuroepithelium in association
with host cells (Figure 6). Finally, the immunostaining for
HNK-1 showed that TSA-treated U87-MG cells were pos-
itives for this molecular marker. Interestingly, the levels of
HNK-1 were found to be inversely proportional to patient
survival. In addition, this same work also showed that HNK-
1 is an important tumor suppressor for astrocytic tumors
[47].

5. Conclusions

0us, our results describe, for the first time in the literature,
the relevance of iHDACs for tumor cell morphology,
competence, and plasticity through an original approach
using live cell imaging coupled to xenografts in the de-
veloping chick embryo. Indeed, regardless of our data
corroborating with previous work from the literature
showing the effects of iHDACs on proliferation, migration,
and cell viability, we first connect the biological effects of
iHDACs at the cellular level correlating morphological cell
changes with functional outcomes, leading GBM cells to
decrease the responsiveness to voltage-sensitive Ca2+
channels. In addition, we provided evidences that HDAC
activity blockade made GBM cells competent to properly
interact with the developing microenvironment and
downgrade tumor malignancy. Taking into account that
GBM stem cells still represent a therapeutic challenge due
to the fact that they are resistant to radio and quimio-
therapy, the use of iHDACs may represent an interesting
strategy to promote GBM stem cell differentiation and
consequently sensitization to current strategies used in the
clinic. As a consequence, epigenetic mechanism HDAC-
mediated may emerge as a tractable approach in GBM
therapy and shed light on new clinical strategies for this
malignancy.
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Supplementary Materials

Supplementary material contains experimental evaluation of
HDACs mRNA expression pattern, flow cytometry, im-
munocytochemistry, conventional PCR, and morphometric
analysis of iHDAC-treated oncospheres as follows: Sup-
plementary Figure S1: U87-MG cells and GBM011 primary
cells tumor constitutively express HDACs. Supplementary
Figure S2: HDAC activity is necessary for cell cycle pro-
gression in GBM cells. Supplementary Figure S3: HDAC
activity is necessary for GBM cell viability Supplementary
Figure S4: HDAC blockade leads to F-actin cytoskeleton
stabilization and tunneling tube formation in GBM011 cells.
Supplementary Figure S5: HDAC blockade does not disrupt
GBM011 migration pattern. Supplementary Figure S6:
qualitative RT-PCR showed that GBM011 cells expressed
smooth muscle actin (SMA), vimentin, connexin 43, and
E-cadherin upon 72 hours of either TSA and SAHA treat-
ment (A) Supplementary Figure S7: HDAC activity blockade
disrupts basal levels of intracellular Ca2+ in GBM011 cells.
Supplementary Figure S8: HDAC activity is necessary for
U87-MG morphometric properties. (Supplementary
Materials)
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Background. Gliomas are the most common and aggressive among primary malignant brain tumours with significant inter- and
intratumour heterogeneity in histology, molecular profile, and patient outcome. However, molecular targets that could provide
reliable diagnostic and prognostic information on this type of cancer are currently unknown. Recent studies show that certain
phenotypes of gliomas such as malignancy, resistance to therapy, and relapses are associated with the epigenetic alterations of
tumour-specific genes. Runt-related transcription factor 3 (RUNX�) is feasible tumour suppressor gene since its inactivation was
shown to be related to carcinogenesis. Aim. The aim of the study was to elucidate RUNX3 changes in different regulation levels of
molecular biology starting from epigenetics to function in particular cases of astrocytic origin tumours of different grade evaluating
significance of molecular changes of RUNX3 for patient clinical characteristics as well as evaluate RUNX3 reexpression effect to
GBM cells.Methods. The methylation status and protein expression levels of RUNX3 were measured by methylation-specific PCR
and Western blot in 136 and 72 different malignancy grade glioma tissues, respectively. Lipotransfection and MTT were applied
for proliferation assessment in U87-MG cells. Results. We found that RUNX� was highly methylated and downregulated in GBM.
RUNX� promotermethylation was detected in 69.4% of GBM (n=49) as compared to 0 to 17.2% in I-III grade astrocytomas (n=87).
Weighty lower RUNX3 protein level was observed in GMB specimens compared to grade II-III astrocytomas. Correlation test
revealed a weak but significant link among Runx3 methylation and protein level. Kaplan-Meier analysis showed that increased
RUNX3 methylation and low protein level were both associated with shorter patient survival (p<0.05). Reexpression of RUNX3
in U87-MG cells significantly reduced glioma cell viability compared to control transfection. Conclusions. The results demonstrate
that RUNX� genemethylation and protein expression downregulation are gliomamalignancy dependent and contribute to tumour
progression.

1. Introduction

Glial brain tumours originating from glial cells are intracra-
nial solid neoplasms. According to classification system of
theWorld Health Organisation (WHO) based on histological
evaluation, brain tumour grade is determined by necrotic
cells in the centre of the tumour, increasedmitotic activity, the
presence of nuclear pleomorphism, and angiogenesis. Brain
tumour malignancy is associated with tumour heterogene-
ity, recurrence, patient survival, and therapy response [1].
For instance, grade I tumours, like pilocytic astrocytomas
(according to the 4th edition of WHO classification), are
curable glial tumours, while grade IV astrocytic tumours,
glioblastomas, are rapidly progressive and lethal [2]. In the

last years evidences indicating evolvement of epigenetic alter-
ations in cancer development and in the response to therapy
steadily accumulated. Although histology in neurooncol-
ogy represents gold standard in diagnostics, the recently
described identification ofmolecularly different glioblastoma
oncotypes and its correlation with clinical characteristics is
important step in patient stratification into clinically distinct
subgroups that could eventually benefit from personalized
therapeutic strategy [3–5].

RUNX3 protein is a transcription factor, containing a
highly conserved DNA binding domain which binds to
a DNA core motif of 5�耠 pyGpyGGT 3�耠 designated as a
“runt domain, RD” which shares a sequence similarity
with D. melanogaster RUNX. Three different mammalian
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RUNXprotein family members have been identified: RUNX1
(also called PEBP2AB, CBFA2/AML1), RUNX2 (PEBP2aA,
CBFA1, AML3), and RUNX3 (PEBP2aC, CBFA3/AML2).
All three family proteins physically associate with SMAD
proteins, downstream targets of TGF-beta/BMP signalling,
and play roles in mammalian development [7]. RUNX3 is
the least studied and the least characterized of all RUNX
members. During normal development, RUNX3 is found to
be expressed in the hematopoietic system, in osteoblasts and
chondrocytes and in neurotrophin-positive neurons of the
dorsal root ganglia [8] indicating its role in neuronal devel-
opment [9]. In adult organism RUNX3 expression persists in
the hematopoietic system [8]; however, its biological function
is largely unexplored. RUNX3was also noticed to be involved
into oncological events. RUNX3 has been variously described
as a tumour suppressor or promoter, occasionally with a
conflicting result in the same cancer and possible reflecting
a complex role of RUNX3 in oncogenesis [10]. The study
of loss of RUNX3 expression during progression to invasive
gastric cancer compared to the normal gastric epitheliumwas
the first suggesting tumour suppressive function for RUNX3
[11]. Later on, a number of studies meet the same results
suggesting gene suppressor role for RUNX3 in other solid
tumours such as colon [12], lung [13], breast [14], glioblas-
toma [15], renal cell [16], hepatocellular carcinomas [17],
chondrosarcoma [18], etc. Many other cancer studies based
on epigenetics have suggested that RUNX3 downregulation
in cancers could be the result of hypermethylation of the
promoter of RUNX3 [19–21]. Hypermethylation of RUNX3
promoter was also observed in glioblastoma cell lines and
primary tumour tissue compared to normal human brain
tissue [15, 22].Moreover, RUNX3methylationwas considered
as a potential biomarker of aggressiveness of gliomas [23].

Nevertheless, other studies showed opposite data and
suggested tumour promoting or oncogenic role for RUNX3.
High expression of RUNX3 was associated with ovarian
cancer [24] as well as with poor histologic differentiation,
metastasis, and invasion in head and neck squamous cell
carcinoma [25], with pancreatic ductal adenocarcinoma [26]
and basal cell carcinoma [27], with childhood acute myeloid
leukaemia [28], and with inflammatory breast [29] and
gastric cancers [30, 31].

In current study we aimed to evaluate RUNX� gene
methylation and protein expression in only astrocytic origin
tumours of different grade to estimate association between
methylation frequency and protein expression, as well as
evaluate the RUNX3 alteration effect on patient survival.
In the present study for the first time RUNX3 promoter
methylation and protein expression was analysed in the same
specimens of brain tumour to reveal if the link of RUNX3
methylation and silencing which was shown in glioma cell
lines meet the similar processes in astrocytoma specimens.

2. Material and Methods

�.�. Patients and Tissue Samples. In total 136 postoperative
grade I-IV astrocytoma specimens were used for the anal-
ysis: 14 (10.3%) grade I pilocytic astrocytomas, 44 (32.4%)
grade II diffuse astrocytomas, 29 (21.3%) grade III anaplastic

astrocytomas, and 49 (36%) glioblastomas grade IV. All
the specimens of astrocytoma were surgically resected from
patients without prior treatment (no patients had received
chemo- or radiotherapy before surgery) in Neurosurgery
Clinics of Hospital (NCH) of Lithuanian University of Health
Sciences Kaunas, Lithuania, during the period from 2003 to
2017. Brain tumour tissue specimens after dissection were
snap-frozen in liquid nitrogen and stored until analysis.
Written informed patient consent was obtained for every
patient under the approval of Kaunas Regional Biomedical
Research Bioethics Committee. The study was accomplished
under the principles of Declaration of Helsinki. The clinical
patient data such as age at the time of the tumour resection,
gender, time of the last follow-up, were collected for each
patient. The survival of the patients was calculated from the
date of tumour resection to the date of death of the patient or
database closure (September 2018) date if the patient was still
alive.

Overall study sample of 136 glioma patients consisted
of 44.8% (n=61) males and 55.1% (n=75) females, patient
median age was 48 years (range 18-89 years), and median
overall survival time after diagnosis was 30.9 months (range
0.2 to 154 months). Patient age does not differ between
astrocytoma grade I to III (median age 37.6 years), but
patients in those groups were significantly younger compared
to glioblastoma group (median age 65 years, Kruskal-Wallis
test, p<0.001).

�.�. Methylation-Specific PCR. DNA extraction from human
brain tumour tissue applying modified salting-out method,
DNA bisulfite modification using EpiJET Bisulfite Con-
version Kit (Cat No: K1461, Thermo Scientific, Inc.),
methylation-specific amplification using hot start polymerase
(Cat No: K1052, Thermo Scientific Inc.), and methylation
detection procedureswere performed as previously described
[32]. MSP primers designed and verified by Mueller, 2007,
were applied for RUNX3 methylation analysis. MSP primers
for methylated allele were 5’-TTACGAGGGGCGGTCGTA-
CGCGGG-3’ (sense) and 5’-AAAACGACCGACGCGAAC-
GCCTCC-3’ (antisense) and for unmethylated allele: 5’-
TTATGAGGGGTGGTTGTATGTGGG-3’ (sense) and 5’-
AAAACAACCAACACAAACACCTCC-3’ (antisense). 10
pmol of each primer in a total volume of 12 𝜇l was used for
MSP. MSP was carried out for 38 cycles applying at 95∘C
for 15 sec. for denaturation, 67∘C for 30 sec. for annealing,
and 72∘C for 15 sec for the extension. The signals of the
correct molecular weight of amplified DNA with primers
for methylated or unmethylated sequence were registered
as a methylated or unmethylated promoter of the gene
(Figure 1(a)). In a case of amplification of both variants
(methylated and unmethylated), gene promoter of the sample
was considered as being methylated.

�.�. Whole-Tissue Protein Extract Preparation and Immun-
oblot Analysis. Preparation of whole-tissue extracts of the
tumour specimens, SDS-PAGE, and protein transfer to
nitrocellulose membrane procedures was done as previously
described [32]. Primary rabbit antibody against RUNX3
(Antibodies-Online, cat no. ABIN739370) diluted 1:500 in
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Figure 1: (a) Representative results formethylation-specific PCRof RUNX3 gene in differentmalignancy grade gliomas.M: PCRwith primers
for methylated RUNX3. U: PCR with primers for unmethylated RUNX3. Positive control: bisulfite converted universal methylated human
DNA standard (Zymo Research, USA). Negative control: bisulfite converted normal lymphocyte DNA. Normal: “normal human brain DNA”
(Zymo Research, cat. no. D5018). Arrows indicate methylated allele. (b) RUNX3 promoter methylation frequency in different astrocytoma
grade. GBM revealed significant increase in RUNX3 gene promoter methylation frequency compared to I-III WHO grade astrocytomas
(p<0.001, chi-square test). (c) Kaplan-Meier curves for survival (months) of all glioma patients (n=136) stratified by RUNX3 genemethylation
status revealed significantly shorter survival of patients with RUNX3 methylated tumours (Log-rank test, 𝜒2=44.68, df=1, p<0.001).
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5% nonfat milk in PBS was used for RUNX3 protein
detection applying 2-hour incubation on a platform shaker
at room temperature. After washing in PBS buffer supple-
mented with 0.5% of Tween-20, membranes were incubated
with the anti-rabbit secondary antibody conjugated with
horseradish peroxidase (Life Technologies, cat no. 656120,
dilution 1:2000) for 1-hour at room temperature. Signals
were visualized using enhanced chemiluminescence reagent
Ampliflu� Red (Sigma-Aldrich, cat no. 90101) and recorded
using gel visualization system GelDoc-It�2 imager (Analytik
Jena AG). Detection assay of input control, ACTB, on the
same membranes after mild stripping and reprobing was
performed as previously described [32]. Values of RUNX3
and ACTB signals were calculated applying image analysis
program ImageJ version 1.47 (National Institutes of Health,
USA).

�.�. Cell Culturing and Proliferation Assay. Human glioblas-
toma cell line U87-MGwas used for functional assessment of
RUNX3. The U87-MG cell line was purchased from Sigma-
Aldrich (source: European Collection of Authenticated Cell
Culture, ECACC, cat. no: 89081402). Cells were cultivated in
high glucose Dulbecco's Modified Eagle Medium (DMEM)
with Phenol Red, “GlutaMAX� ” (Gibco, cat. no 10566016)
supplemented with 10% (v/v) fetal bovine serum (FBS)
(Gibco, cat. no 10566016) and 1% (v/v) Penicillin and
Streptomycin (P/S). Cells were maintained at 37∘C in a
humidified incubator containing 5% (v/v) CO2. Cells visual-
ization was accomplished under Etaluma LS620 microscope
(Lumascope) applying standard phase contrast microscopy
for routine cell visualization and exited microscopy with
a green filter (Excitation 473-491 nm, Emission 502-561
nm) for green fluorescent protein (GFP) detection. GFP
plasmid (pcDNA4TO-GFP) transfected cell was applied to
evaluate transfection efficiency. Expression vector pcDNA3
with RUNX3 gene (pcDNA3-RUNX3) was gifted from PhD
Dominic Chih-Cheng Voon, Cancer Science Institute of
Singapore, National University of Singapore. Cell viability
was monitored applying the MTT assay (Invitrogen, cat.
no M6494) in 96-well flat-bottomed microplates after 24-
hours after transfection. Approximately 12.500 U87 cells per
well were used for transfection with “Lipofectamine� 3000
Transfection Reagent” (Invitrogen, cat. no. L3000015) and
100 ng of plasmid DNA according to the manufacturer’s
protocol. Microplates were analysed by the Multiskan� GO
Microplate Spectrophotometer measuring absorption at 550
nm (Formazan absorption) and at 620 nm (background
normalization).

�.�. Statistical Analysis. Differences across two independent
groups were analysed applying Mann-Whitney U test, and
Kruskal-Wallis test was used for differences estimation across
more than two independent groups. For categorical data sets
analysis (such MSP data) chi-square test was applied. The
Kaplan-Meier curvesmethodwas applied to estimate survival
functions and the log-rank test used to compare the difference
of survival between groups. Patient survival was calculated
from the data of tumour resection to the date of patient death,
or database closure date (September 2018). Cox regression

model was applied to assess the independence of prognostic
factors such as gender, age, and molecular factors such as
RUNX3 methylation and protein expression which were first
examined individually applying univariate Cox regression
analysis, and all factors that had a strong impact on survival
were then evaluated jointly in multivariate Cox regression
analysis applying Backward Conditional method.

Statistical calculations were performed using GraphPad
Prism for Windows (v. 6.0, GraphPad Software, Inc.) and
SPSS statistics forWindows (v. 22.0, IBM) software packages.
The value of p<0.05 was considered significant.

3. Results

�.�. RUNX� Promoter Methylation Frequency Is Gradually
Increasing along Astrocytoma Grade. MSP analysis revealed
positive RUNX� promoter methylation (below in the text:
RUNX�methylation) in 44 (32.4%) out 136 of glioma patient
tumour specimens (Table 1). Should be noted that RUNX�
gene promoter was unmethylated in normal brain tissue
sample (Zymo Research, cat. no. D5018), Figure 1(a). RUNX�
promoter methylation analysis showed gradually increasing
RUNX3 methylation frequency along astrocytoma grade. No
methylation signals in any tumour samples of astrocytoma
grade I (0 from 14) was detected (Figure 1(b); Table 1).
RUNX� methylation frequency increased to 11.4% and 17.2%
in astrocytoma grade II and astrocytoma grade III tumours,
respectively. The highest RUNX� methylation frequency was
observed in glioblastoma tissue specimens and even 34 out of
49 samples were methylated (69.4%). Data analysis revealed
significant increase in RUNX� methylation frequency in
glioblastoma tumours as compared to grade I-III astrocy-
tomas (Chi-square test, p<0.001), Figure 1(c).

�.�. RUNX� Protein Expression Is Reduced in Glioblastomas.
RUNX3 expression evaluation at protein level was performed
on the same glioma samples applying Western blot (WB)
analysis, and in a total 72 glioma specimens, among which
6 were astrocytoma grade I, 27 grade II, 17 grade III, and
22 grade IV (glioblastoma) were used (Table 1). In tumour
specimens RUNX3 protein level showed variable pattern; the
expression varied between highly expressed to very weak or
not detectable at all, Figure 2(a). RUNX3 revealed signifi-
cantly lower protein level in glioblastomas compared to grade
II tumours (Kruskal-Wallis test, p=0.005) and a tendency
of lower GBM RUNX3 protein level compared to grade
III astrocytomas (Kruskal-Wallis test, p=0.124), Figure 2(b).
RUNX3 protein expression reduction was observed in the
majority of studied glioblastoma specimens as compared to
lower-grade gliomas.

Significant association between RUNX3 gene methyla-
tion and protein expression was found (Kruskal-Wallis test,
p=0.026) Figure 2(c). Correlation analysis revealed aweak but
significant link among Runx3 methylation and protein level.
(Spearman correlation coefficient -0.269, p=0.024, n=72).

�.�. Molecular RUNX� Variations in Tumours Are Associated
with Patient Clinicopathological Variables. Promoter methy-
lation of RUNX� was closely associated with patient age
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Table 1: Associations between grade I-IV astrocytoma patients’ clinical data and RUNX3 gene molecular properties.

Methylation Protein expression

Variable Unmethylated %
(n)

Methylated
% (n)

𝑃
(𝜒�; df)†

Low
% (n)

High
% (n) 𝑃

Overall 67.6 (92) 32.4 (44) 48.6 (35) 51.4 (37)
Grade

I 100 (14) 0 (0)
<0.001
(�
.�; �)

66.7 (4) 33.3 (2)

0.007§II 88.6 (39) 11.4 (5) 25.9 (7) 74.1 (20)
III 82.8 (24) 17.2 (5) 35.3 (6) 64.7 (11)
IV (GBM) 30.6 (15) 69.4 (34) 81.8 (18) 18.2 (4)

Gender
Male 65.6 (40) 34.4 (21) 0.641

(�.��; �)
48.8 (20) 51.2 (21) 0.707♯

Female 69.3 (52) 30.7 (23) 48.4 (15) 51.6 (16)
Age, years
<50 88.7 (63) 11.3 (8) <0.001

(��.�; �))
32.5 (13) 67.5 (27) 0.037♯

≥50 44.6 (29) 55.4 (36) 68.8 (22) 31.2 (10)
Survival, months
<24 40 (22) 60 (33) <0.001

(��.�; �)
80 (20) 20 (5) 0.001♯

≥24 86.4 (70) 13.6 (11) 31.9 (15) 68.1 (32)
Methylation

Unmethylated 39.2 (20) 60.8 (31) 0.026♯
Methylated 68.4 (13) 31.6 (6)

†P-value estimated by Pearson Chi-square (�휒2) test.
§Kruskal-Wallis test.
♯Mann-Whitney U test.

(Mann-Whitney test, p<0.001), tumour malignancy grade
(𝜒2 test, p<0.001), and total patient survival (Mann-Whitney
test, p<0.001) as well as patient 2-year patient survival after
tumour resection (≤24 and >24 months; 𝜒2 test, p=0.001).
Patient gender did not show any importance for RUNX3
methylation in tumours (𝜒2 test, p>0.05), Table 1. RUNX�
methylated gliomas were more likely to be high grade
than low grade and gene methylation was associated with
older patient age. Patients surviving more than 24 months
were more likely having tumours without RUNX� gene
methylation than patients surviving less than 24 months
period. The clinicopathological significance of RUNX3 gene
expression at protein level was evaluated by analysing its
expression link with clinical parameters. Kruskal-Walis test
revealed significant RUNX3 protein level associations with
astrocytoma pathological grade (p=0.007), patient 2-year
survival after tumour resection (≤24 and >24 months,
p=0.001), and patient disease appearance age (≤50 and >50
years; p=0.037), but not gender (p=0.707), Table 1. Glioma
patients who survived longer than 2-years more likely have
highly RUNX3 expressed tumours than shorter surviving
patients. Associations between RUNX3 methylation as well
as protein level and patient clinicopathological characteristics
are summarized in Table 1.

�.�. Astrocytoma Patient Survival Is Associated with RUNX�
Molecular Aberrations. The survival analysis encompassed
all the analysed samples irrespective of tumour grade, thus

eliminating obscure boundary when separating between
grade II and III as well as grade III and IV astrocytomas. All
astrocytoma patients were stratified (n=136) in two groups:
having tumours with methylated RUNX� gene promoter and
with unmethylated promoter. Among 136 patients 37 were
alive at the end of the study (September 2018) and in statistical
analysis were censored.The log-rank test showed thatRUNX�
genemethylation was strongly related to patient survival time
(Log-rank test, 𝜒2=44.68, df=1, p<0.001; Figure 1). Similar
results were obtained when analysing high grade tumours
(grades III-IV) only (Log-rank test, 𝜒2=8.74, df=1, p=0.003,
n=78; data not shown. More specifically, the patient median
survival time in the group with unmethylated gene promoter
was 66.17 months [95% CI 34.76-97.58], whereas the median
survival time of those with methylated promoter was only
12.35months [95%CI 8.69-16.02], Figure 1(b).The cumulative
3-year survival rate was 61.95% in RUNX3 unmethylated
group, whereas in methylated gene group survival rate was
only 11.62%.

Next, we analysed RUNX3 protein expression effect on
glioma patient survival. For the purpose we stratified RUNX3
protein expression data into two expression groups based on
ROCcurve analysis (selecting 2-year overall survival as a state
variable). The value of 0.54 of Relative Runx3/ACTB protein
expressionwas selected as cut-off point. Among the 72 glioma
specimen, low RUNX3 protein level was assigned for 48.6%
(35 of 72), and 51.4% (37 of 72) of samples was assigned for
high RUNX3 protein level group, Table 1. Among 72 patients
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Figure 2: (a) Representative Western blot result of RUNX3 protein expression in astrocytomas. AI-AIII: astrocytoma malignancy grades
I-III, respectively; GBM: glioblastoma. Two isoforms of RUNX3 were identified in all the specimens that is consistent with what has been
described in the literature [6]. (b) RUNX3 protein expression levels in different astrocytoma grade. Protein expression was significantly
downregulated in glioblastomas (GBM) as compared to grade II astrocytomas (p<0.005, Kruskal-Wallis test) and a tendency as compared
to grade III astrocytomas (p=0.124, Kruskal-Wallis test). (c) Relative RUNX3 protein expression stratified by promoter methylation groups.
Significant association between RUNX3 genemethylation and protein expression was found (p=0.026, Kruskal-Wallis test). (d) Kaplan-Meier
curves for survival of all astrocytoma patients (n=72) stratified in two groups (low; high) according to protein expression revealed significant
better survival rates for patient with high RUNX3 protein level (Log-rank test, 𝜒2=6.11, df=1, p=0.013). (e) Kaplan-Meier survival curves of
high malignancy grade (III-IV) astrocytoma patients only (n=39) (Log-rank test, 𝜒2=13.74, df=1, p<0.001).
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21 were alive at the end of the study and were censored in
the analysis. Survival analysis showed significantly higher
survival rates of astrocytoma patients having tumours with
high RUNX3 protein level when analysing whole sample set
(Log-rank test, 𝜒2=6.11, df=1, p=0.013, Figure 2(d)) and even
stronger connection when analysing malignant astrocytomas
(grades III-IV) only (Log-rank test, 𝜒2=13.74, df=1, p<0.001,
Figure 2(e)). The median survival of patients with high
RUNX3 protein expression reached 56.77 months [95% CI
41.81-71.74] while patient median survival with low RUNX3
levels reached only 15.37 months [95% CI 6.24-24.52], Fig-
ure 2(d).

To evaluate the independence of analysed molecular
prognostic factors such as RUNX3 methylation and RUNX3
protein expression, the multivariate Cox regression analy-
sis applying Backward Conditional method was performed
combining patient age as a clinical covariate (patient gender
was not associated with death risk, p>0.05). Multivariate
analysis revealed that RUNX3 protein level and patient age
but not RUNX3 methylation (p>0.05) were an independent
indicators increasing the risk of patient death. Low RUNX3
protein level increases event risk by 1,33-fold (95%CI 1.61-
1.08; p=0.004) while older patient age at disease appearance
increases event risk by 1.07-fold (95%CI 1.04-1.09; p<0.001),
Table 2.

�.�. Reexpression of RUNX� in Glioblastoma U��-MG Cell
Line Decreased Cell Viability. Since protein expression of
RUNX3 is decreased in glioblastomas compared to lower-
grade astrocytoma tumours we performed U87-MG cells
proliferation analysis after RUNX3 reexpression. U87-MG
cells were transfected with pcDNA3-RUNX3, pcDNA4TO-
GFP, and empty pcDNA3 (control) plasmids. Transfection
efficiency varied between 60 and 75%. 24-hours after trans-
fection cells were subjected to cell proliferation, MTT assay.
WB analysis showed that native U87-MG RUNX3 protein
expression is barely detectablewhile RUNX3promoter is fully
methylated, Figures 3(a) and 3(b). Reexpression of RUNX3
in U87-MG cells significantly decreased cells viability as
compared to control cells transfected with empty plasmid
or plasmid with GFP (p<0.001, when 100 ng of plasmid
used), Figure 3(c). Cell viability decreased to 40.2% using
100 ng of RUNX3 construct for transfection compared to
nontransfected cell control (NTC), Figure 3(c).

4. Discussion

In present analysis we demonstrated that RUNX3 is starting
to be deregulated from very onset of gliomagenesis at both
epigenetic (methylation) and functional (protein expression)
levels and these changes are tightly associated with patient
age and survival as well as tumour pathological grade.
Functional assessment revealed putative-oncosupressive act-
ing of RUNX3 in astrocytomas since gene is methylated
and silenced in GBM cell lines and restoration of RUNX3
expression weighty reduced tumour cell viability.

RUNX3 was first suggested to be a tumour suppressor
in gastric cancer. The gastric mucosa of RUNX3 knock-out
mouse exhibited hyperplasia due to stimulated proliferation

and suppressed apoptosis of epithelial cells which showed
resistance to the growth-inhibitory and apoptosis inducing
action of TGF-𝛽 [11]. Since the discovery of the potential
role of RUNX3 in gastric cancer, RUNX� has been found
to be inactivated in various cancers, including colorectal,
liver, lung, prostate, and breast as well as gliomas [12–
15, 17, 18, 21, 33–35]. Few cancer epigenetic studies have
suggested that RUNX3 downregulation could be the result
of hypermethylation of the promoter of RUNX3 [15, 19, 20].
Mueller with colleagues were first to show that RUNX3
is hypermethylated in glioblastoma cell lines and primary
glioma tumour tissue cells compared to normal human brain
tissue. Moreover, they suggested that RUNX3 expression is
regulated by promoter methylation since increased mRNA
levels of RUNX3 following 5-aza-dC treatment were found in
glioma U87 cells [15]. Nevertheless, low sample numbers and
the lack of information about RUNX3 alterations in lower-
grade gliomas decided the appearance of wider RUNX3
analysis in sample number-rich glioma studies. Mei and col-
leagues showed that RUNX3 protein expression is decreased
in benign and malignant brain tumours as compared to
normal or adjacent tissue. Nevertheless they did not found
any associations between RUNX3 protein level and patient
clinicopathological data [35]. In present study we found tight
RUNX3 association with astrocytoma tumour grade as well
as patient age and survival. We found that RUNX3 protein
expression is reduced in glioblastomas as compared to grade
II-III tumours and this reduction is associated with patient
overall survival. Since Mei and colleagues combined very
diverse origin brain tumours encompassing astrocytomas,
ependymomas, and oligodendrogliomas in one analysis, they
might have vanished very specific features of tumours of a
particular origin. Current analysis revealed that grade I pilo-
cytic astrocytomas (PA) showed different RUNX3 expression
profile from other low grade tumours indicating possible
distinct molecular features that operate at the onset of PA,
since these tumours are the most common benign neoplasms
in children or young adults [36]. Nevertheless, the result from
both studies indicates that RUNX3 is important player from
very beginning of tumorigenesis. Majchrzak-Celińska and
colleagues showed RUNX3 promoter methylation changes
in different grade gliomas where methylation frequency was
consistently increasing along with glioma grade, 0%; 22%;
52%; 62.5%, grades I; II; III; IV, respectively.They also showed
significant association between RUNX3 methylation and
patients age as well as tumour grade [23]. Very similar data
was showed in present study. Besides RUNX3 methylation
association with tumour grade and patient age we found very
strong association between RUNX3 methylation and patient
survival what indicates prognostic importance of RUNX3.
Similarly to our results, Saraiva-Esperon and colleagues
showed that RUNX3 promoter methylation was associated
with poorer patient survival [22]. Another study of RUNX3
methylation encompassing relatively small numbers of speci-
mens (grades II-III-IV, 3-3-12 samples, respectively) failed to
find any weighty tumour grade and methylation association;
nevertheless they showed significant link between RUNX3
methylation and mRNA expression [37]. Functional study
of RUNX3 revealed that reexpression of RUNX3 weighty
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Table 2: Multivariate Cox regression analysis applying Backward Conditional method.

Step Factor Multivariate analysis
HR 95% CI P-value

1 Patient Age 1.058 1.034-1.083 <0.001
Runx3 methylation 1.579 0.755-3.3 0.225
Runx3 protein level 0.777 0.633-0.953 0.015

2 Patient Age 1.065 1.044-1.087 <0.001
Runx3 protein level 0.752 0.62-0.913 0.004
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Figure 3: (a)WB of RUNX3 protein expression after U87-MG cells transfection with pcDNA3-RUNX3 construct. NTC: nontransfected cells
lysate; 1: cells transfected with 100 ng of pcDNA3-RUNX3 vector; 2: cells transfected with 50 ng of pcDNA3-RUNX3 vector. Equal amount
of total protein extract (60 𝜇g) was loaded per each gel lane. The same amount of cell (b) RUNX3 promoter methylation status in U87-MG
cells. (c) Results from glioblastomaU87-MG cells viability assay applyingMTT test after 24 h of 100 ng of DNA transfection. RUNX3: RUNX3
gene in pcDNA3 expression vector (pcDNA3-RUNX3); GFP: green fluorescing protein in pcDNA4TO expression vector (pcDNA4TO-GFP);
pcDNA3: empty (control) vector; NTC: nontransfected cell control. Overexpression of RUNX3 significantly decreased U87-MG cell viability
starting from 50 ng of vector used as compared to the cells transfected with GFP vector.Moreover even bigger effect of decreased cell viability
was obtained when 100 ng of RUNX3 was transfected.

reduces U87-MG glioblastoma cell viability indicating onco-
supressive features of RUNX3. Similar data was shown by
Mei et al. when restoration of RUNX3 significantly inhib-
ited U87 and U251 cell invasion and migration abilities
[35].

In conclusion, our study revealed that RUNX3 gene
methylation frequency is increasing during gliomagenesis,
while RUNX3 protein expression is significantly decreasing
along with astrocytic origin tumours of different grade
and such alterations are tightly associated with patient
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clinicopathological features. Functional assessment revealed
putative-oncosupressive acting of RUNX3 in astrocytomas
what is in the line with expression data from astrocytoma
specimen’s analysis. Significant impact of RUNX3 on patient
survival as well as other clinicopathological features indicates
gene as potential prognostic marker in astrocytomas.
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The invasive capacity of GBM is one of the key tumoral features associated with treatment resistance, recurrence, and poor
overall survival. The molecular machinery underlying GBM invasiveness comprises an intricate network of signaling pathways
and interactions with the extracellular matrix and host cells. Among them, PI3k/Akt, Wnt, Hedgehog, and NFkB play a crucial
role in the cellular processes related to invasion. A better understanding of these pathways could potentially help in developing
new therapeutic approaches with better outcomes. Nevertheless, despite significant advances made over the last decade on these
molecular and cellular mechanisms, they have not been translated into the clinical practice. Moreover, targeting the infiltrative
tumor and its significance regarding outcome is still a major clinical challenge. For instance, the pre- and intraoperative methods
used to identify the infiltrative tumor are limited when trying to accurately define the tumor boundaries and the burden of tumor
cells in the infiltrated parenchyma. Besides, the impact of treating the infiltrative tumor remains unclear. Here we aim to highlight
the molecular and clinical hallmarks of invasion in GBM.

1. Introduction

In adults, glioblastoma (GBM) is the most common primary
tumor in the central nervous system, with an incidence of 4.5
cases per 100,000 inhabitants. The median survival remains
14 months despite highly aggressive standard treatment
protocols [1]. One of the key hallmarks of GBM hindering
effective therapy is the diffuse invasiveness of the tumor cells
through the normal parenchyma, causing tumor recurrence
in close proximity or distant from the original tumor site.
This feature appears to be independent of tumor grade,
as both higher and lower grade gliomas tend to recur as
a result of invasion of tumor cells into surrounding brain
tissue [2]. The mechanism of glioma cell invasion involves

both biochemical and biophysical processes that regulate
cell shape and its movement across the intercellular space,
concurrent with rearrangement of the extracellular matrix
(ECM). In the recent years several molecular pathways have
been associated with glioma invasion and represent potential
therapeutic targets and biomarkers for prognosis. Taking this
into account, it is mandatory for oncologists, neurosurgeons,
neurologists and neuroscientists to be familiar with the most
important signaling processes underlying glioma invasion
and understand the clinical manifestations of GBM invasion
for appropriate treatment planning. Herein, we review key
cellular pathways and processes that regulate glioma cell
invasion and describe their relevance as potential therapeutic
targets for management of gliomas.
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2. The Molecular Hallmarks of
Invasion in GBM

2.1. AdhesionMolecules. Thefirst stage of glioma cell invasion
is detachment from the surrounding tumor tissue, a process
that involves cell surface adhesionmolecules such as neuronal
cell adhesion molecule (NCAM) and cadherins as key players
in this process. It had been demonstrated that cadherin
instability leads to glioma cell migration [3] and NCAMs
modify the ECM by downregulating the expression of matrix
metalloproteinases that degrade cadherins and, thereby, hin-
der tumor cell motility [4]. Furthermore, the expression
of NCAMs is inversely related to glioma grade, which is
in agreement with data showing that loss of this molecule
enhances tumor cell migration [5]. Recent transcriptomic
and proteomic analyses have reproduced these findings and
have identified a new splice variant of NCAM1 with potential
implications in cell signaling [6].

In addition to NCAMs, intercellular adhesion molecule-1
(ICAM1), a member of the immunoglobulin family of genes
and expressed in several cell types, has recently been shown
to contribute to glioma cell invasion [7]. ICAM1 is involved
in several processes, including inflammatory cell movement,
effector leukocyte activity, antigen-presenting cells adhesion
to T lymphocytes, and signal transduction pathways through
outside-in signaling processes. Upon induction of inflamma-
tion, leukocytes interact with ICAM1 on the endothelial cells,
which allows them to cross the barrier vessel wall [8]. It has
been shown that thalidomide can suppress ICAM1 expression
and inhibit invasion mediated by ICAM1 in lung cancer [9].
In glioma, it was shown that radiation increased ICAM1
expression, thereby, promoting migration and invasion of the
tumor cells [10]. Lin et al. reported that ICAM1 enhances the
invasiveness of GBM cells into the healthy brain tissue and
may, therefore, serve as a marker of invasion in GBM [11].

Integrins (ITGs) are another key component of the inter-
face between tumor cells and other cells in the microenviron-
ment and function as receptors that regulate cell adhesion
to ECM proteins or cell surface proteins on other stromal
cells [12]. They also play a central role in linking extracellular
contacts with the intracellular cytoskeleton through two dif-
ferent signaling mechanisms; ITGs cluster in the membrane
upon extracellular ligands binding and transduce intracellu-
lar signals through their cytoplasmic domain (𝛽 subunit) by
activation of kinases such as Focal Adhesion Kinase (FAK),
Integrin-Linked Kinase (ILK) and Rho-GTPases. Through
this mechanism, ITGs then activate pathways leading expres-
sion of genes that modulate cell proliferation, survival,
differentiation, and migration (outside-in signaling)[12]. It
is also possible for cytoplasmic proteins to modulate the
extracellular affinity of ITGs for their ligands (inside-out
signaling) and contribute to cell migration and invasion [13].

ITGs are expressed by various cell types in the tumor
microenvironment including endothelial cells, immune cells,
and pericytes and promote tumorigenesis. In particular, ITGs
regulate invasion and metastasis by providing the traction
necessary for cell migration [14]. They also modulate the
expression of proteases that play a role in remodelling
the ECM. Involvement of several ITGs in epithelial to

mesenchymal transition (EMT) has been described. For
example, 𝛼v𝛽1 ITG was shown to mediate an EMT-like pro-
gram in GBM cells [15]. In addition, 𝛼v𝛽3/𝛼v𝛽5 was shown
to promote GBM cell migration and invasion by enhancing
the adhesion of tumor cells to components of the ECM via
fibronectin, vitronectin, osteopontin, or periostin [16–18] and
activation of intracellular signaling pathways such as FAK,
Rho-GTPases, Shc/MAP-Kinases, and Src Family Kinases
[14, 19, 20]. 𝛼v𝛽3 also enhances GBM invasion through
the activation of matrix metalloproteinase 2 (MMP2) at the
plasma membrane, which is thought to degrade components
of the ECM and enhance cell motility [14]. Finally, inhibition
of 𝛼v𝛽3/𝛼v𝛽5 in mouse models reduces GBM cell migration
and invasion [21]. Another study by Delamarre et al. has
also shown that 𝛼6𝛽1 is associated with invasive phenotype
in U87 GBM cell line in vitro and in vivo [22]. Therefore,
targeting specific ITGs in GBM could inhibit tumor invasion
and aggressive features.

2.2. ECM Composition and Invasion. ECM composition
plays a critical role in the invasion process and the tumor-
associated ECM is intrinsically different from the ECM
within the normal parenchyma [23, 24]. For instance,
hyaluronic acid (HA) enrichment in tumor microenviron-
ment promotes cell invasion through positive feedback reg-
ulation of NF𝜅B that may result from ionizing radiation or
hypoxia [25–27]. On the other hand, it has been shown that
a glycosylated chondroitin sulfate proteoglycans- (CSPGs-
) enriched ECM is associated with non-invasive lesions.
Upregulation of LAR-CSPG binding complexes results in
strong binding of the tumor cells to the ECM, preventing
cell invasion, and high levels of CSPGs elicit an astrocyte/
microglia-mediated anti-invasion response. On the con-
trary, diffusely infiltrating tumor ECM lacks glycosylated
CSPGs [28]. Interestingly, recent animal models suggest that
temozolomide/dexamethasone combination therapy affects
proteoglycan levels in the parenchymal ECM, potentially
resulting in a proinvasive microenvironment [29].

Glioma cells also degrade the surrounding ECM to favor
their migration. Proteases, among others, are the enzymes
that tumor cells use to perform this activity. Matrix met-
alloproteinases, such as MMP-2 and MMP-9, are related to
the tumor grade and the invasive capacity of glioma [30].
Other molecules involved in the degradation of the ECM
are cysteine proteases, A disintegrin and metalloproteinases
(ADAMs), and urokinase-type plasminogen activator (uPA).
However, since low-grade gliomas with normal proteases
levels are capable of invading the surrounding tissue, the role
of proteases in the invasion of gliomas remains uncertain
[31]. Nevertheless, in vitro assays show that a high migration
capacity is associated with expression of MMP-2, MMP-9,
uPA, and tissue plasminogen activator (tPA)[32].

2.3. Epithelial to Mesenchymal Transition. Epithelial to mes-
enchymal transition (EMT) is a biochemical process through
which the cytoskeleton of polarized epithelial cells is remod-
elled, and they shift to a nonpolarized mesenchymal pheno-
type. Extensive evidence suggests that EMT is an essential
process for tissue remodelling, wound repair and cancer
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metastasis. While in an epithelial state cells are held tightly
and are anchored to the basement membrane, mesenchymal
cells are mainly spindle-shaped and are loosely attached to
the ECM through interaction with focal adhesion molecules.
Specific transcription factors such as Snail and Slug, the
zinc-finger E-box-binding homeobox (ZEB)1/2, and Twist1/2
are considered the main regulators of the EMT process, as
they regulate transcription of genes, including N-cadherin,
vimentin, and fibronectin that are typically expressed in
mesenchymal cells [33]. These factors simultaneously sup-
press the expression of epithelial markers such as E-cadherin,
claudins, occludins, and cytokeratins. Loss of E-cadherin, in
turn, results inWnt signaling and accumulation of 𝛽-catenin,
which leads to increased transcription of genes that promote
cell proliferation and invasion [34]. In GBM cell lines, it
was shown that silencing SNAIL reduced invasion, migration
and proliferation [35], and expression level of Slug correlated
with tumor grade [36]. Additionally, ZEB1/ZEB2 expression
correlated with invasiveness and decreased survival of GBM
patients [37]. Furthermore, Twist1 and Twist 2, which typ-
ically regulate stemness, were found to be associated with
the invasive properties of GBM cell lines as they regulate the
expression of key EMT-regulating genes such asMMP2, Slug,
and HGF [38].

It is important to note that the role of cadherin switch
as a hallmark of EMT in carcinomas is not well established
in GBM, as these tumors are not epithelial in nature. E-
cadherin is expressed at very low levels in neural tissues and
is found only in a small proportion of aggressive GBM cells.
On the other hand, N-cadherin is absent in epithelial tumors
before the initiation of EMT, while it is highly expressed in
astrocytes and regulates cell polarity and migration, resulting
in a less regulated cell movement [37]. It was also shown
that expression of N-cadherin negatively correlated with
GBM tumor cell invasiveness, and its overexpression in vitro
reduced cell migration and restored cell polarity [3, 39]. In
addition, several studies showed that radiation treatment
or anti-angiogenic therapy of primary GBMs resulted in
transition to a mesenchymal phenotype in the recurrent
tumors [40, 41]. In fact, radio-resistant glioma cells display
upregulated expression of genes involved in the EMT path-
way [40, 42]. This is further supported by an in vivo study
in xenograft mouse models of GBM, demonstrating that the
gene expression profile of proneural GBM shifted towards a
mesenchymal signature upon radiation treatment [41].

In addition to the master regulators, several cytokines
play a role in EMT. In particular, Tumor Necrosis Factor-𝛼
(TNF𝛼) activation through NF𝜅B is essential for EMT induc-
tion [43]. In addition, interleukins such as IL6 contribute to
stimulation of EMT. Other signals that regulate the EMT and
originate from the tumor include growth factors including
HGF, EGF, and PDGF and these are thought to activate EMT-
related transcription factors [44–46].

2.4. Cytoskeletal Remodelling and Cell Motility. Cytoskeletal
remodelling is a key process in the formation of invadopodia
and lamellipodia that are necessary for tumor cell motility
[47]. Glioma cells typically show a mesenchymal pattern
of migration and passage through extracellular spaces that

are smaller than their own nuclei. Mechanistically, glioma
cells become polarized and fibroblast-like, with character-
istic leading and trailing edges on the opposite ends of
the cell. This leads to the outward extension of the cell
membrane at the leading edge (pseudopod), which is in
contact with the ECM through ITGs localized on the cell
membrane. ITGs interact with adaptor molecules and sig-
naling proteins, activating signals inside the cell (phospho-
rylation/dephosphorylation via focal adhesion kinase, FAK)
[48]. Subsequently, membrane-type MMPs are recruited at
the focal contacts to degrade and restructure the ECM via
the production of soluble matrix metalloproteases, including
MMP-2 and MMP-9. Finally, the cells contract by the acto-
myosin complex engagement, resulting in focal contact dis-
assembly, integrin recycling, detachment of the trailing edge,
and, ultimately, cell invasion [49, 50].

Other important factors that regulate acto-myosin com-
plex engagement during EMT include RHOGTPases, among
whichRHOApromotes formation of actin stress fibres. RAC1
and CDC42, on the other hand, regulate the formation
of lamellipodia and filopodia. Following the activation of
GTPases, the RHO-associated kinase (ROCK) cooperates
with the formin diaphanous 1 (DIA1) to enhance actin poly-
merization and also induces the phosphorylation of myosin
light chain to promote acto-myosin contraction and activa-
tion of LIM kinase (LIMK)[51]. Once activated by RAC1 or
CDC42, the p21-activated kinase 1 (PAK1) activates target
proteins that are involved in cell spreading and motility [52].
In glioma cells, RHO GTPases including RHOA and RAC
regulate cytoskeletal rearrangements resulting in ameboid
and mesenchymal cell motility and have been shown to
promote migration and growth of glioma cells in vitro and ex
vivo [53]. Furthermore, it has been described that transmem-
brane ion cotransporters induce cell migration and EMT
through downstream activation of RHOAand RACpathways
[54]. Besides, several pathways including Wnt, PI3K/Akt,
and ODZ1 have been shown to be associated with RhoA to
regulate cytoskeletal changes that allows migration [55–57].

It is important to note that glioma cell motility is not only
influenced by the biochemical processes associated with the
ECM but also by biophysical properties such as cell density
and the rigidity and geometry of the ECM [58]. Ulrich et al.
demonstrated that increased rigidity of the ECM in gliomas
results in formation of stress fibres and focal adhesions
that enable more rapid migration of the cells [59]. Another
component of the tumor microenvironment that plays a role
in cell invasion is blood vessels. Notably, glioma cells do not
intravasate the vessels but instead associate with the vascular
walls and migrate along the vessels. It has been shown that
bradykinin is secreted by the brain endothelial cells and
functions as a chemotactic signal for glioma cells through
binding to its receptor (BR-2) on the glioma cell surface
resulting in subsequent intracellular Ca2+ oscillations [60].
Changes in Ca2+ levels in turn, regulate cell motility through
acto-myosin-mediated contraction, regulation of tubulin
dynamics, and controlling the activation of focal adhesion
kinases that mediate cell adhesion to substrates in the ECM
[61]. Movement of glioma cells along the vascular walls in
turn alters the organization of the brain vasculature where
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astrocyte endfeet are closely associated with endothelial cells
through anchoragewith basementmembrane [62].Migration
of glioma cells leads to displacement of astrocytes endfeet via
degradation of the basement membrane around the blood
vessel environment.This results in disruption and breakdown
of the blood-brain barrier (BBB) and alterations in blood
vessel diameter [62]. This enables glioma cells to gain access
to oxygen and nutrients from the bloodstream. In addition
to the cytoskeletal rearrangement, regulation of cell volume
by voltage-gated chloride and potassium channels is another
mechanism that regulates glioma cell migration [63].

2.5. Cross-Talk with Host Cells and Immune Modulation.
Tumor cells integrate with supportive stromal cells that are
components of the tumor microenvironment. Stromal cells
secrete growth factors and molecules that have the capacity
to alter the milieu in which neoplastic cells proliferate.
In fact, the microenvironment has been demonstrated to
play key regulatory roles in response to therapy and tumor
progression [64]. It has recently been shown that astrocytic
and oligodendrogliotic gliomas share similar glial lineages
and that difference in bulk expression profiles between these
glial tumors is primarily driven by composition of the
tumor microenvironment [65]. Alterations in local immune
and vascular networks have been shown to facilitate tumor
growth inGBM thereby highlighting the exciting opportunity
for immunomodulatory therapies.

Nearly a third of GBM mass is composed of glioma-
associated macrophages (GAMs). Due to the breakdown of
the blood-brain barrier, these GAMs are derived primarily
from bone-marrow derived cells and, to a lesser extent,
from local resident inflammatory cells [66]. Macrophages
either adopt a proinflammatory M1 phenotype or anti-
inflammatory M2 phenotype. Glioma cells release chemo-
attractans, such as monocyte chemo-attractant protein-
1 (MCP-1), fractalkine (CX3CL1), glial cell–derived neu-
rotrophic factor (GDNF), and colony stimulating factor-1
(CSF)-1) that recruit GAMs to tumor tissue [67]. CSF-1 plays
a key role as it also promotes recruited macrophages to
adopt M2 phenotype that contributes to tumor invasion. In
fact, immunomodulation of CSF-1 signaling using a CSF-
1R inhibitor has demonstrated to shift macrophages back to
M1 phenotype with promising preclinical utility that requires
further assessment [68].

Extensive body of literature suggests that GAMs are
not simple passenger cells in the tumor microenvironment
as they play a key role in regulating tumor growth and
invasion with complex interactions with many other cell
types [69, 70]. Importantly, GAMs secrete several factors with
primary effects on tumor cells. For example, when exposed
to glioma cells, GAMs upregulate expression of membrane
type 1–matrix metalloproteinase (MT1-MMP) that cleaves
pro-MMP2 to facilitate degradation of the extracellular
matrix and GBM invasion. Moreover, GAMs secrete several
oncogenic factors such as transforming growth factor beta
(TGFß), which enhances glioma cell migration by upregu-
lating integrin expression and contributes to the degradation
of extra-cellular matrix components by inducing MMP2
expression and suppressing the expression of tissue inhibitor

of metalloproteinases (TIMP)-2 [71, 72]. Although the inter-
action between neoplastic and stromal cells is complex,
more thorough understanding of this crosstalk facilitates
exploration of immune-modulatory compounds for GBM
treatment.

2.6. Molecular Pathways in GBM Invasion. Large-scale
genetic analyses have demonstrated that multiple signaling
networks are employed by GBM cells to promote tumor
growth and invasion. The most comprehensively studied
pathways involved in GBM invasion include PI3K/Akt,
Wnt/ß-catenin, Hedegehog, TGFß, and Tyrosine kinase
receptors, which are involved in the activation of EMT-related
cellular processes to promote tumor cell dissemination and
invasion [73, 74]. Furthermore, as the structure of function
of the ECM is critical for tumor cell invasion, dysfunction of
ECM and its cognate receptor integrins may lead to aberrant
activation of signaling pathways including Ras/Raf/MAPK,
Raf/JNK, Rho/Rac/PAK, and PI3K/Akt/mTOR, which shape
the tumor microenvironment and regulating tumor growth,
angiogenesis, and invasion [75].

2.6.1. Receptor Tyrosine Kinases. Many of the signal trans-
duction pathways that regulate the tumor microenviron-
ment, including Ras/Raf/MAPK, Raf/JNK, Rho/Rac/PAK,
and PI3K/Akt/mTOR, are convergent downstream signaling
pathways of RTKs, implicating their role inGBM invasiveness
and aggressiveness [76]. Furthermore, as ECM serves as a
reservoir for several growth factors including VEGF, EGF,
PDGF, and TGF-𝛽, secretion of these factors and their
interaction with their receptors may lead to the activation
of these signaling pathways, resulting in uncontrolled cell
behaviors in tumor growth, angiogenesis, and invasion [77].

The Phosphoinositide-3-kinase (PI3K) signaling cascade
is one of the main canonical pathways that have been impli-
cated in GBM pathogenesis. This pathway transduces extra-
cellular signals via receptor tyrosine kinases (RTKs) to
regulate a series of biological processes such as cellular
metabolism, growth, survival, and invasion. The PI3K path-
way can be activated through interaction of ligands such
as the epidermal growth factor (EGF) and TGFß with their
respective RTKs. Induction of PI3K leads to activation of Akt
family of kinases that regulate cell growth and survival. Regu-
lation of the PI3K-Akt signaling pathway occurs through the
tumor suppressor phosphatase and tensin homolog (PTEN)
protein that dephosphorylates and, thereby, inactivates Akt
[78].

Constitutional activation of the PI3K-Akt pathway is
implicated in many cancers. In GBM, this pathway is acti-
vated by two frequent alterations, an in-frame deletion of
amino acids 6–273 in EGFRvIII resulting in a mutant EGFR
protein which is present in more than 50% of high grade
gliomas and its activation is ligand-independent [79] and
oncogenic mutations in PTEN detected in up to 40% of adult
gliomas [80]. Both alterations result in increased expression
of matrix metalloproteinases including MMP-2 and MMP9
that facilitate degradation of ECM and lead to tumor inva-
siveness [79]. The PI3K pathway is also activated by gain-
of-function mutations in the PI3K catalytic subunit gene
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(PIK3CA). These mutations occur in up to 10% of GBMs
and result in constitutive activation of the pathway with
downstream effects similar to those promoted by EGFRvIII
and PTEN mutations [81]. The key role of PI3K-Akt pathway
in oncogenesis has sparked increasing interest in using small
molecular inhibitors to target this pathway.

Additionally, the RTK c-Met and its ligand hepatocyte
growth factor (HGF)/Scatter factor are overexpressed in
gliomas and they have been shown to play a role in cell
proliferation, invasion, angiogenesis and survival in several
cancers [82]. EGFR and c-Met are known to trigger similar
signal transduction pathways and their crosstalk in solid
tumors affects the duration and strength of the response
[83] and overall tumor malignancy. Notably, coexpression
of EGFR and c-Met in GBM leads to deregulated EGFR
signaling and increasedHGFbinding to c-Met, which in turn,
promotes cell invasion [84].

In addition to EGFR and cMET,Wang et al. have demon-
strated that the RTK Mer (MerTK) is overexpressed in GBM
and this is accompanied with increased invasiveness [85].
Their results indicate that MerTK expression is maintained
in primary GBM-derived tumour cells grown in stem cell
cultures but is reduced significantly in serum-containing
culture conditions, accompanied with downregulation of
Nestin and Sox2. Furthermore, depletion of MerTK disrupts
the round morphology of glioma cells and decreases their
invasiveness. Additionally, the expression and phosphoryla-
tion of myosin light chain strongly correlated with activation
of MerTK, suggesting that the effect of MerTK on glioma
cell invasion is mediated by the ability of acto-myosin to
contract. Importantly, DNA damage resulted in upregulation
and phosphorylation of MerTK, protecting the cells from
apoptosis. Collectively, RTKs appear as attractive therapeutic
targets for the treatment of the malignant gliomas.

2.6.2.Wnt (Canonical and ß-Catenin-Independent Pathways).
WNTsignaling pathway is a crucial regulator of proliferation,
migration and cell fate in the central nervous system during
embryogenesis [86]. However, deregulation of this pathway
also has oncogenic properties in mature cells. Abnormal
WNT pathway activation is implicated in various cancers,
including GBMs [87, 88]. Proteins of the WNT family bind
to transmembrane Frizzled receptors [86] and downstream
events can be divided into canonical ß-catenin-dependent
and ß-catenin-independent pathways.

Activation of the canonical WNT pathway leads to
disassembly of the transmembrane receptors of the ß-catenin
destruction complex, consisting of the GSK3B, AXIN and
adenomatous polyposis coli (APC) [86]. As a result, ß-
catenin accumulates in the cytoplasm and translocates into
the nucleuswhere it regulates TCF-LEF-dependent transcrip-
tion. The classical targets of the canonical WNT pathway
include cyclinD1 (CCND1), c-myc, COX2, and SOX2. Studies
have demonstrated that the canonical pathway is important
for glioma stem cell maintenance [89, 90]. In contrast, the ß-
catenin independent pathway mainly regulates cell motility
and polarity. This pathway is activated through WNT2,
WNT4, WNT5A, WNT6, and WNT11 factors and leads to

upregulation of the planar cell polarity (PCP) and calcium
pathways [86].

In addition,WNT signaling is amajor factor in epithelial-
mesenchymal transition (EMT) and tumor invasion. Several
studies have demonstrated that WNT pathway activation
enhances the motility of cancer cells [87, 91]. Specifically, in
GBMs constitutive activation of ß-catenin leads to increased
tumor invasion, while inhibition of ß-catenin suppressed cell
proliferation and invasion [87]. Furthermore, knockdown
of WNT5A downregulated expression of MMP and sup-
pressed glioma cell migration and invasion [91].The building
evidence of WNT pathway in GBM invasion provides a
therapeutic rationale for targeting this pathway. Kahlert et
al. found that the Wnt/𝛽-catenin pathway is mainly activated
within cells located at the invasive edge of the mesenchymal
tumors. Furthermore, they found that this pathway mainly
promotes tumor cell migration in vitro by inducing the
expression of Zeb1, Twist1, and Slug [87].

2.6.3. Hedegehog-GLI1. Similar toWNTpathway, the Hedge-
hog pathway plays a crucial role in the development of
the central nervous system. Hedgehog pathway dysfunc-
tion during embryogenesis leads to congenital defects such
as microcephaly or cyclopia. In many cancers including
glioma, the Hedgehog pathway is upregulated and plays
a role in tumorigenesis and tumor progression. Generally,
Sonic hedgehog (SHH), Indian hedgehog (IHH), and Desert
hedgehog (DHH) ligands can activate the Hedgehog pathway
by binding to the transmembrane protein Patched (PTCH1).
Hedgehog pathway activation leads to upregulation of GLI1,
PTCH1, cyclin D2 (CCND2), Bcl-2, and VEGF. In addition,
Hedgehog pathway modulates the expression of stemness
genes, such as NANOG, OCT4, and SOX [92].

Although GLI1 amplification is relatively rare in GBMs, a
novel truncated isoform, tGLI1, has been linked to increased
cell motility and tumor invasion in GBM and breast cancer
[93, 94]. This isoform is the result of alternative splicing
and lacks exon 3 and part of exon 4. The tGLI1 isoform is
undetectable in normal cells but expressed in GBM [93]. Fur-
thermore, tGLI1 upregulates heparanase expression, which
remodels the ECM and releases angiogenic factors [95]. The
inhibition of hedgehog pathway with cyclopamine and RNA
interference techniques inhibited glioma cell migration and
tumor invasion [96, 97].

Epigenetic modulators may also play a role in hedge-
hog pathway activation. Bromodomain-containing protein 4
(BRD4) is a critical regulator of GLI1 transcription through
direct occupancy of the gene promoter [98, 99]. In addition,
lysine acetyltransferase 2B (KAT2B) is a positive cofactor
in the Hedgehog pathway and depletion of KAT2B led to
reduced expression of Hedgehog target genes [100]. There-
fore, therapeutic strategies targeting the epigenetic modula-
tors, such as BET-inhibitors and acetyltransferase inhibitors,
are promising therapeutic options.

2.6.4. Nuclear Factor-𝜅B. NF-𝜅B is a designation used for
a family of highly regulated dimer transcription factors.
They are usually elevated in GBM and contribute to the
survival of migratory tumor cells [101]. Signaling pathways
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Table 1: Pre- and intraoperative methods to assess GBM’s invasive capacity.

Preoperative methods Intraoperative methods
MRI-based Fluorescence-guidance

T2/FLAIR hyperintensity 5-aminolevulinic acid (5-ALA)
DTI Fluorescein sodium (Fl-Na)
DWI (ADC and FA) iMRI-based T2/FLAIR
Perfusion Intraoperative Ultrasound
Spectroscopy Contrast enhanced US
Quantitative MR Elastosonography
Radiomics radiophenotype Intraoperative confocal microscopy

PET-based Fluorescein
Fluorothymidine Indocyanine green
Fluoroethylthyrosine Acriflavine hydrochloride
Tryptophan Optical coherence tomography
Methionine

MRI= Magnetic Resonance Imaging, FLAIR= fluid attenuated inversion recovery, DTI= Diffusion tensor imaging, PET= Positron emission tomography, and
iMRI= intraoperative MRI.

triggered by growth factor receptors, including EGFR and
PDGFR, contribute to tumor development in GBM and NF-
𝜅B plays key roles in these pathways [102, 103]. Among
GBM subtypes, the mesenchymal phenotype is the most
aggressive because it is highly invasive and radio-resistant
[104] and associates with poor patient outcome. A transition
of GBMcells from less aggressive phenotypes (i.e., proneural)
to cells with mesenchymal features can be promoted by
activation of NF𝜅B signaling [105]. Moreover, NF𝜅B acti-
vation in mesenchymal GBM cells mediates cell migration
and tumor invasion through upregulation of NF𝜅B target
genes, including cell chemoattractants (IL-8, MCP-1) and
matrix metalloproteinases (MMP-9) [106]. This signaling
pathway can be activated by a number of stimuli, including
ECM components such as hyaluronic acid, through binding
to TLR4, differentiation of GBM stem-like cells [27, 107],
and cytokines that may be released by infiltrating mono-
cytes/macrophages or surrounding parenchymal cells. To
this end, when RANKL, a member of the TNF family, is
upregulated in GBM cells, it activates neighbouring astro-
cytes through NF𝜅B signaling which leads to secretion of
cytokines, such as TGFß, and promotes GBM cell invasion
[108]. Thus, NF𝜅B-mediated invasiveness may occur when
this signaling pathway is activated either in GBM cells or in
cells in the tumor microenvironment.

3. The Clinical Implications of
GBM Invasiveness

Invasiveness is one of the key features that allowGBMtoover-
come the current treatment strategies [109]. GBM initiating
cells with enhanced invasive capacity have been identified in
the peritumoral parenchyma. This cell subpopulation has a
distinctive molecular profile [110, 111] and they are considered
to be responsible for tumor recurrence, progression, and
resistance to treatment [112, 113]. Furthermore, they could be
involved in the gliomagenesis process [114].

Targeting tumor invasion and infiltration is a major
clinical challenge. Novel pre- and intraoperative imaging
techniques are being developed to accurately assess the extent
of parenchymal infiltration in the clinical setting. Besides,
new insights into potential therapeutic approaches have been
recently reported.

3.1. Assessment of GBM Invasion in the Clinical Setting

3.1.1. Imaging GBM Invasion. The radiological definition
of infiltrated parenchyma remains unclear and the current
imaging techniques, summarized in Table 1, are limited to
accurately recognize the extent of tumor invasion. This
is particularly relevant in focal therapies, such as surgical
resection, radiotherapy, or local chemotherapeutic agents, to
precisely define the peritumoral area that requires treatment
in order to obtain significant responses.

GBM-induced T2/FLAIR hyperintensity in the MRI rep-
resents the area of peritumoral oedema and tumor-induced
alterations in the parenchyma. It is a result of changes in
the composition of the ECM and impairment of the blood-
brain barrier in a process associated with the expression of
endogenous tenascin-C [115].

It has been widely demonstrated that glioma cells infil-
trate the peritumoral T2/FLAIR high signal region beyond
the contrast enhancement on the preoperative MRI [116, 117].
The peritumoral invasion results in a gradient of the apparent
diffusion coefficient (ADC) and in a higher relative Cere-
bral Blood Volume (rCBV), due to the peritumoral hyper-
cellularity and the consequent increase in perfusion [118].

Nevertheless, the distinction of the diffuse nonenhancing
tumor invasion from the peritumoral vasogenic oedema can
be challenging in the clinical practice [119, 120]. Several alter-
native MRI-based methods have been described to overcome
this limitation, includingmulti-parametricmachine-learning
[121] and DTI-based imaging analyses [122]. For instance, the
distinction between oedema and tumor invasion is feasible
by using quantitative MR methods [119] or by combining
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changes in the ADC value and the signal intensity on FLAIR
images [120].

Moreover, considering GBM’s diffuse infiltration, the
burden of tumor cell invasion in the “normal” brain is not yet
possible by using imaging techniques [123]. It is well known
that invading tumor cell can be found as far as the con-
tralateral hemisphere [124] and current imaging techniques
are limited in fully assessing, at the microscopic level, the
tumor cells invading the parenchyma beyond the limits of the
T2/FLAIR abnormalities [125]. Besides, it has been suggested
that GBM invasive margin can be identified by using a
combination of DTI, perfusion, and spectroscopy [122, 126].

Radiomic analyses have focused on the invasion-related
radio-phenotype applying quantitative volumetric to assess
the correlation between specific radiological invasion features
and IDH mutation status, outcome, or response to surgery
[127, 128]. Besides, MRI-based mathematical models incor-
porating invasion features are capable to classify nodular
and diffuse GBMs, two groups with different outcome and
response to treatment [129]. Alternatively, MRI DWI-based
models use the ADC value as a measure of cellular density
predicting the spatial microscopic tumor growth dynamics
and generating maps of cell diffusion and proliferation rates
[130].

Other imaging methods, as Positron Emission Tomog-
raphy (PET), have been used to assess the parenchymal
response to tumor invasion [131] and, more recently, to assess
the infiltrative tumor volume [132–134]. For instance, [18] flu-
orothymidine (FLT)-PET-CT, a proliferation marker, shows
that the tumor infiltration can extend up to 24 mm beyond
the MRI-based T2 abnormality volume and it was useful
to distinguish between infiltrative tumor and peritumoral
oedema [132]. Similar results have been described by using
other PET amino acid markers as Fluoroethylthyrosine [133],
Tryptophan [134], and methionine [135].

3.1.2. Intraoperative Identification of GBM Invasion. Intra-
operatively, the tumor infiltrating the adjacent parenchyma
maintains the macroscopic aspect of normal or oedematous
brain parenchyma. Therefore, it is critical to develop and
validate methods to accurately define the boundaries of the
infiltrative tumor.

In the last two decades, the 5-aminolevulinic acid (5-
ALA), an intermediate metabolite in the porphyrin intracel-
lular pathway that results in the accumulation of fluorescent
protoporphyrin IXmolecule inside tumor cells, has beenused
to intraoperatively define the infiltrative tumor [136, 137].
Although 5-ALA fluorescence represents contrast-enhanced
tumor in the MRI, an accurate correlation with T2/FLAIR
changes remains unclear. It is widely accepted that 5-ALA
fluorescence depicts more accurately the tumor burden than
gadolinium; however its capacity to identify the infiltrative
tumor is not fully understood due to a low negative predictive
value [138, 139].

Moreover, the concordance between 5-ALA fluorescence
and intraoperative MRI (iMRI) findings is still poorly under-
stood. For instance, residual contrast enhancement in the
iMRI after 5-ALAfluorescence-guided resection can be found
in the majority of cases. Histopathological analysis of these

regions revealed tumor core or tumor infiltration in 39 and
25% of cases, respectively [140, 141]. In other histopathologi-
cal correlation studies, 5-ALA predicted tumor in strong and
weak fluorescence regions. However, tumor tissue was still
observed in fluorescence-negative regions in approximately
half of the cases [142]. Besides, although the use of iMRI and
5-ALA fluorescence-guided surgery may increase the extent
of resection, a significant impact in survival has not been
established [143].

On the other hand, preoperative 18F-fluoroethyl-L-
tyrosine (FET)-PET can predict 5-ALA fluorescence [144].
However, more recent analyses have shown contradictory
results. Roessler at al. described that 5-ALA had higher
sensitivity than 18F-FET-PET to detect the infiltrative tumor
surrounding the contrast-enhanced region [145]. On the
contrary, Floeth et al. concluded that 18F-FET PET is more
sensitive to detect glioma tissue than 5-ALA fluorescence
[146]. Further research is needed to fully understand the
correlation between both techniques.

Fluorescein sodium (Fl-Na) is another marker used in
fluorescence-guided surgery. Despite a good correlation of
Fl-Na and histopathological [147], 5-ALA has demonstrated
to be superior in identifying tumor cells in the peri-tumoral
area beyond the contrast-enhanced tumor when compared to
Fl-Na. While Fl-NA accumulation is associated with blood-
brain barrier disruption, 5-ALA is mainly dependent on the
protoporphyrin tumor cell pathway [148].

Intraoperative ultrasound (US) is another intraopera-
tive resource used to assess tumor extension [149, 150]. In
brightness mode (B-Mode) GBM appears as a heterogeneous
echogenic mass with hyperechogenic boundaries and, in the
majority of LGG, the B-mode hyperechogenicity overlaps
with the preoperative T2/FLAIR MRI hyper-intensity [150–
152]. Nevertheless, in both cases, the distinction between
infiltrative tumor and associated oedema can be challenging,
especially in advanced stages of the resection when surgery-
related oedema and other artefacts may interfere with the
US imaging [153]. Although intraoperative US is a promising
tool to assess the infiltrative tumor, a better understand-
ing of the underlying mechanisms is needed along with
the development of multimodal intraoperative US imaging
approaches integrating contrast-enhanced ultrasound [152,
154] and elastosonography [151].

Among other techniques described to identify the bound-
aries of the infiltrative GBM during the surgical resection,
intraoperative confocal microscopy is an emerging approach
capable of identifying fluorescein-, indocyanine green-, or
acriflavine hydrochloride-enhanced differences in cell den-
sity and cellular morphology corresponding with the T2
hyper-intensity on MR imaging [117, 155–157]. Furthermore,
this technique can potentially identify the tumor margins at
a microscopic level and distinguish them from perilesional
parenchyma [155].

Finally, optical coherence tomography, a real-time tissue
microstructure imaging technique based on low-coherence
interferometry in the near infra-red range of wavelengths, is
another promising tool for assessing the tumor infiltrative
margin in gliomas. It provides comprehensive qualitative
and quantitative analysis of the tumor and the peritumoral
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tissue, generating color-coded maps that correlate with the
histological findings and help to accurately identify the tumor
boundaries [158–161].

3.2. Therapeutic Approaches Targeting GBM Invasion. The
current standard of care for patients with GBM involves sur-
gical resection and adjuvant chemo-radiation with temozolo-
mide [1]. It is widely accepted that the infiltrated parenchyma
is associated with recurrence and resistance to treatment,
thereby playing a central role in each step of the treatment
[162].

3.2.1. Surgical Resection of the Infiltrative Tumor. In GBM,
tumor cell invasiveness can lead to the infiltration or destruc-
tion of surrounding parenchyma resulting in neurological
deficits [63, 163]. It has been proven that gross total resection
of the contrast-enhanced tumor improves overall outcome
[164, 165]. However, this approach might disregard the tumor
burden invading the surrounding parenchyma, which could
be potentially resected if eloquent areas are not compromised
[166].

Thus far, several studies have shown that resection of the
infiltrative portion of the tumor, based on DTI, ADC, or
T2/FLAIR abnormalities is associated with longer progres-
sion-free survival (PFS) and overall survival (OS) [166–170].
However, a recent analysis of 245 primary GBMs did not find
a significant difference in recurrence and survival associated
with the postoperative FLAIR volume [171].

Although there is evidence supporting that resection of
the infiltrative tumor can result in better outcomes, opposite
results highlight the need for further research, as it remains
unclear the more appropriate method to identify the areas of
the surrounding parenchyma with greater tumor cell density
and to distinguish them from the oedematous brain [120].

3.2.2. Radiation Therapy Targeting GBM Invasiveness. Accu-
rate tumor volume definition is critical in conformal or
intensity-modulated radiotherapy (IMRT) planning. Anal-
ogously to surgical approaches, a subtherapeutic radiation
dose within the tumor may result in treatment failure and
recurrence, whereas whole-brain dose increments may lead
to radiation-induced toxicity [133]. Moreover, a sublethal
irradiation dose may enhance invasion in GBM [172, 173].
Another suggested mechanism of tumor recurrence is the
proinvasive ECM remodelling in the tumor microenviron-
ment in response to ionizing radiation [25].

Despite the infiltrative nature of GBM, radiation plan-
ning protocols have evolved from whole brain radiotherapy
towards more tailored tumor volume targets, partially based
on that the great majority of recurrences arise within 2 cm
from the primary site [174, 175]. In this context, it remains
unclear if targeting theMRI-defined infiltrative tumor results
in better PFS and OS. Moreover, in clinical practice there is
a considerable variation in target volume definition without
significant differences in outcome, from using a 2-3 cm
margin on the T1 contrast-enhanced tumor to a 2 cmmargin
on the T2/FLAIR hyper-intensity, as recommended by the
European Organization for Research and Treatment of Can-
cer or the Radiation Therapy Oncology Group, respectively

[176, 177]. In fact, by targeting the tumor area with a margin
of 2 cm and without using the peritumoral oedema as tumor
volume, Chang et al. achieved similar recurrence pattern
results [175]. Further research is needed to assess whether this
is a result of the overall lack of benefit from radiation therapy
or if targeting the infiltrative tumor burden with radiation
does not significantly impact the outcome [177].

On the other hand, the use of DTI-based clinical target
volumes (CTV) has been proposed, as they are smaller than
the ones based on the T2-hyperintensity, sparing the peri-
tumoral oedema. Besides, this reduction in the CTVs could
allow dose escalation [178, 179]. Furthermore, approaches
taking into account tumor growth dynamics have been
developed, by defining the CTVs based on DTI-derived
mathematical growth models. Although this approach could
be more effective at targeting cancer cells and preserving
healthy tissue, further research is warranted to assess its
outcome and tumor recurrence [123, 180]

Other approaches for CTV definition are based on PET
findings. For instance, a higher dose coverage of 18F-FET-
PET tumor regions is positively correlated with time to
progression and PET-based CTVs better-predicted failure
sites when compared toMRI-based CTVs [133, 181], although
current ongoing protocols are trying to better define the
impact of PET-based tumor delineation in outcome [182].

3.2.3. Therapeutic Targets in GBM Invasion. Overall, current
commonly used therapies for GBM, including alkylating
agents as Temozolomide (TMZ) and the anti-VEGF com-
pound Bevacizumab, failed in targeting glioma cell invasion.
Although TMZ can potentially inhibit invasion in vitro
[183], this effect is not significant in the clinical practice
and several resistance mechanisms to alkylating agents have
been proposed [184]. Among them, the lack of blood-brain
permeability in T2/FLAIR hyperintensity areas [185, 186] and
the resistance mechanisms intrinsic to GSC in the infiltrative
tumor are intimately associated with the GBM invasive
capacity [112, 187]. On the other hand, Bevacizumab could
lead to a hypoxic environment resulting in enhanced glioma
cell invasion of the normal parenchyma [188, 189].

Considering the lack of an effective therapeutic approach
against GBM invasiveness, further research is warranted to
better understand the invasion pathways contributing to
glioma cell infiltration and, consequently, to develop new
therapeutic agents. An effective therapeutic strategy should
target both infiltrative GBM cells and the tumor cell-stroma
interaction [190].

Up to now, no clinically transferable results have been
achieved after trying to target some of the mechanisms
involved in GBM invasion, including cytoskeleton reorga-
nization and cell motility, cell adhesion, and degradation of
ECM [57, 162]

Current areas of research include several potential tar-
gets in glioma cell invasion pathways. Glutamate-mediated
infiltration inhibition has been assessed in several Phases I-
II trials with promising results. Besides, the role of different
tumor cell ion channels and transporters, microtubule-based
tumor cell network, microRNA-related invasion, and the
mechanisms involved in the interaction between the tumor
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Figure 1: Cellular processes involved in GBM cell invasion. Schematic summary of the processes involved in the invasive capacity of GBM cells
including cell-to-cell and cell-to-ECM adhesion, ECM remodelling, EMT, cytoskeletal remodelling, and cross-talk with host cells. See text
for details (created with Biorender.com).

and the host openpotential opportunities for targeted therapy
approaches [109, 162, 190]

4. Conclusion

The GBM invasiveness capacity is one of the main features
contributing to tumor recurrence, treatment resistance, and
low survival rates. It results from an intricate combination
of several signalling routes, mainly receptor tyrosine kinases
and transcriptional pathways and also cellular processes that
include cytoskeletal remodelling and interactions with ECM
components and host cells (Figure 1). Although significant
advances have beenmade in the last decade, the complexity of
this protein interaction network and the lack of understand-
ing about the contribution of each one of these mechanisms
to glioma cell invasiveness have hampered the translation of
novel therapeutic strategies into the clinic. Further research
integrating key elements in the process of invasion will be
needed to unravel efficient combination therapies to avoid
tumor progression. Novel preoperative and intraoperative

imaging techniques have been recently developed to help the
clinician to recognize and treat the infiltrative portion of the
GBM.Nevertheless, this portion of the tumor remains elusive
to these methods. Therefore, improvement in revealing the
presence of invasive tumor cells would be needed in the
clinical practice to significantly impact the prognosis of
patients with GBM.
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Malignant gliomas are undifferentiated or anaplastic gliomas. They remain incurable with a multitude of modalities, including
surgery, radiation, chemotherapy, and alternating electric field therapy. Convection-enhanced delivery (CED) is a local treatment
that can bypass the blood-brain barrier and increase the tumor uptake of therapeutic agents, while decreasing exposure to healthy
tissues. Considering the multiple choices of drugs with different antitumor mechanisms, the supra-additive effect of concomitant
radiation and chemotherapy, CED appears as a promising modality for the treatment of brain tumors. In this review, the CED-
related toxicities are summarized and classified into immediate, early, and late side effects based on the time of onset, and local and
systemic toxicities based on the location of toxicity.The efficacies of CED of various therapeutic agents including targeted antitumor
agents, chemotherapeutic agents, radioisotopes, and immunomodulators are covered. The phase III trial PRECISE compares CED
of IL13-PE38QQR, an interleukin-13 conjugated to Pseudomonas aeruginosa exotoxin A, to Gliadel�Wafer, a polymer loaded with
carmustine. However, in this case, CED had no significant median survival improvement (11.3 months vs. 10 months) in patients
with recurrent glioblastomas. In phase II studies, CED of recombinant poliovirus (PVSRIPO) had an overall survival of 21% vs.
14% for the control group at 24 months, and 21% vs. 4% at 36 months. CED of Tf-diphtheria toxin had a response rate of 35% in
recurrentmalignant gliomas patients. On the other hand, the TGF-𝛽2 inhibitor Trabedersen,HSV-1-tk ganciclovir, and radioisotope
131I-chTNT-1/B mAb had a limited response rate. With this treatment, patients who received CED of the chemotherapeutic agent
paclitaxel and immunomodulator, oligodeoxynucleotides containing CpG motifs (CpG-ODN), experienced intolerable toxicity.
Toward the end of this article, an ideal CED treatment procedure is proposed and the methods for quality assurance of the CED
procedure are discussed.

1. Introduction

Despite the fast development of several modalities for can-
cer treatment, such as chemotherapy, immunotherapy, and
targeted therapy, pharmaceutical agents available for brain
tumor treatment remain rare. The failure of the application
of these agents in brain tumor is partially due to the existence
of the blood-brain barrier (BBB), which prevents them from
entering the tumor site.This problem led to the development
of strategies to open temporarily the BBB, including osmotic
and ultrasonic BBBdisruption [1–4].During the osmotic BBB
disruption procedure, hyperosmotic agents such as mannitol
are infused and a temporary cell membrane retraction is

induced, creating a physical opening between the endothe-
lium cells [1–3]. In the case of ultrasonic BBB disruption,
pulsed ultrasound is applied in combination with infusion
of microbubbles to disrupt the BBB, thus increasing the
intratumoral concentration of the therapeutic agents [4].
Rather than disrupting the BBB, another strategy consists
of bypassing the BBB. In the early 1990s, Oldfield and his
research team proposed a new technique to traverse the
BBB, convection-enhanced delivery (CED) [5], by which
interstitial infusion of the agent by a syringe pump creates
a pressure gradient, permitting enhanced distribution of the
brain. The technical parameters of the CED procedure have
been reviewed by Allard E. et al. [6].
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With the emergence of novel radiation therapy
techniques, such as intensity-modulated radiation therapy
(IMRT), volumetric-modulated arc therapy (VMAT), and
4𝜋 radiation therapy (RT) [7], the precision of target volume
delineation has largely improved, which in some aspects
could make CED of therapeutic agents less attractive.
However, the rationale behind CED remains a potentially
useful way to enhance drug delivery to the brain. Besides
increased tumor uptake of antitumor agents, by penetration
of the BBB [8], the localization of the drug provides an
effective condition for concomitant chemoradiation therapy
and the benefits of its supra-additive effect [8, 9].

2. Preclinical Studies

In animal studies, two delivery systems were commonly
employed for safety and efficiency evaluation. (1) A micro
infusion syringe connected to a micro infusion pump: Our
group optimized this technique by using flat tip 33 Ga needle
gas-tight Hamilton syringe, to inject 10 𝜇L of therapeutic
agent at an infusion rate of 0.5 𝜇l/min, for a duration of
20mins [8]. These parameters prevented reflux from the
injection site, permitting a large distribution volume in the
tumor site of a rat brain. (2) An ALZET� osmotic pump,
a device embedded subcutaneously: It provides an infusion
time of up to a week [10, 11] and hence has the advantage
of long-term infusion without recurrent operations. The
longer infusion time means less reflux and a larger diffusion
volume, which is a key parameter for brain tumor CED in
humans. Since the brain volume of a rat at 8 weeks is only
∼600mm3 [12], the difference in the distribution volume,
after 20mins infusion, with a syringe or an osmotic pump
can be indistinguishable. Yang et al. compared survival after
CED injection of carboplatin in F98 glioma bearing rats
with a syringe, to that obtained with an ALZET� osmotic
pump. The median survival time (MeST) for controls was
23 days after cell implantation. CED of carboplatin with
the syringe extended the MeST to 46 days, whereas the
ALZET� osmotic pump further increased it to 59 days.
However, the osmotic pump delivered 84𝜇g of carboplatin,
as opposed to 20𝜇g by the CED with the syringe [13],
suggesting that prolonged administration is therapeutically
more effective.

In experimental studies, catheter design plays an impor-
tant role in reducing the reflux of the infusate and increasing
the convection volume [14].Themost common is the one port
catheter, which consists of a cannula with one port at the tip.
This catheter has been well studied in gels and is widely used
in animal studies [15–17].The computational and experimen-
tal studies in gels and rats showed that reflux decreases as the
diameter of the needle decreases [15, 18, 19]. Thus, to prevent
reflux within the catheter, a diameter smaller than 30 Ga was
usually chosen, which limited the flow rate to 0.5𝜇L/min
[20, 21]. To further reduce reflux, Krauze and his colleagues
designed a stepped cannula [22]. Compared to a simple 32
gauge needle, the step-design cannula was able to increase the
reflux-free flow rate from 5 𝜇L/min to 50 𝜇L/min in agarose
gel and from 0.5 𝜇L/min to <50𝜇L/min in the rat brain

[15, 17, 19]. To increase the distribution volume,multiple-pore
catheter was designed. It has five pores of 0.2mm diameter
on opposite sides of the tip [23]. Computational analysis
predicted that the drug distribution from the multiple pores
design in the caudate nucleus increased the distribution
volume by 26%. However, an experimental study with this
type of catheter in gels has shown that the infusate can only
be released from the proximal pores leaving the rest of the
pores useless [24]. Another design increased the distribution
volume by using a hollow fiber catheter, with millions of
nanoscale pores (450 nm) [25]. Seunguk and his colleagues
found that the distribution volume of a dye injected in a gel
by such a hollow fiber catheter was 2.7 times larger than that
obtained with a one port catheter. However, further studies
are required for clinical applications, because longer catheters
would be required in humans, and the physical characteristics
of the drug distribution may change. In clinical settings,
before the administration of chemotherapy, a cavity is left
by tumor resection, which makes the administration of a
chemotherapeutic agent by CED complicated. To alleviate
the problem, a balloon-tipped catheter with an inflatable
balloon attached to the tip of the catheter was designed. The
inflatable balloon fills the resection cavity and thus reduces
reflux [26, 27].

Halle et al. systemically reviewed preclinical CED studies
and found that methodological parameters such as catheter
design, infusion rate, and infusion duration varied among
different studies. Data on endpoint measurements of drug
diffusion and adverse effects are often missing in many
preclinical studies [28]. These parameters are crucial for
carrying out preclinical investigations and further clinical
studies based on promising results from animal experiments.
The authors also suggested that in vivo studies with larger
animal brains should be carried out before undertaking
clinical trials.

Besides the different techniques employed in CED, dif-
ferent types of medications have been tested: chemothera-
peutic drugs, antibodies, toxins, vaccines, etc. The standard
treatment of glioblastomas (GBM), the most common and
aggressive glioma in adults, is composed of several com-
bined modalities, which may include surgery, RT, concomi-
tant and adjuvant temozolomide (TMZ) chemotherapy, and
more recently alternating electric field therapy. The current
standard treatment includes concurrent and adjuvant TMZ
chemotherapy and it is therefore reasonable to compare
CED with this agent in preclinical studies. Saito et al. in
2004 studied CED delivery of tumor necrosis factor-related
apoptosis-inducing ligand (TRAIL) and systemic delivery
of TMZ in a U87MG intracranial xenograft rat model
[29]. Both CED of TRAIL and systemic delivery of TMZ
increased survival. More importantly, the synergistic effect
of the chemotherapeutic agent cisplatin and TRAIL has
been demonstrated in a glioma model. In this study, a
combination of CED of TRAIL with systemic delivery of
TMZ further increased the survival (P = 0.032) [30]. Barth
and his research team in 2011 studied RT plus oral delivery
of TMZ in daily doses of 80mg/ kg body weight for 5 d or
CED of 1.5mg TMZ in 15 𝜇L at a flow rate of 0.5 𝜇L/min
for 30min in F98 glioma bearing Fischer rats [13]. Radiation
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was performed at 6, 7, and 8 days after implantation with
a daily dose of 5 Gy. They obtained an MeST of 23 days
for oral TMZ plus radiation and 27 days for CED of TMZ
plus radiation, compared to 21 days for radiation alone.
Although a modest increase of MeST in the CED group
was observed, no significant difference was found. Indeed,
due to its inherent ability for crossing the BBB, TMZ may
not be a good candidate for CED and the study of Barth
and his research group confirmed this hypothesis. Other
studies focused on a nanocarrier for the delivery of TMZ
by CED, i.e., the polymeric nanoparticle vector [31], TMZ-
loaded photopolymerizable PEG-DMA-based hydrogel [32],
and liposomes [33].They all demonstrated various degrees of
antitumor efficacy compared to free TMZ or reduced toxicity
to normal brain, but failed to demonstrate the advantage of
CEDof TMZover oral delivery of TMZ,which is the standard
method of administration in the clinic.

The well-studied chemotherapeutic agents by CED are
platinum-based drugs, such as cisplatin, carboplatin, and
oxaliplatin, delivered in glioma bearing rats which were
largely investigated by the groups of Barth and Elleaume
[11, 13, 20, 21, 34–36], Lonser [17], Tomita [37], and ours
[8, 38, 39]. These authors measured the combined effect of
radiation and platinum drugs. However, due to differences
in tumor model, doses of infusion, and protocol design, the
effectiveness of these drugs cannot be determined from a
comparison of the results of the different groups. Moreover,
CED of these drugs was not compared to other routes
of delivery such as intra-arterial injection and intravenous
infusion. For this reason, in our laboratory, we performed
a series of studies comparing intravenous (iv), intra-arterial
(ia), and CED of different platinum drugs, as well as their
combinational effect with radiation [8, 39–41]. It was further
observed that carboplatin was the most effective platinum
drug compared to cisplatin and oxaliplatin. When encapsu-
lated within a liposome, carboplatin still had the advantage
over the others; however, the other platinum drugs were not
encapsulated nor designed for CED.

There are four main theories regarding the mechanisms
of the synergistic action of platinum drugs and radiation:
radiation sensitization of the hypoxic cells by platinum
drugs [42–45]; fixing by platinum drugs of the radiation-
induced sublethal DNA damage [46, 47]; radiation-induced
formation of toxic platinum adducts [48, 49]; and direct
radiation sensitization by platinum drugs [50–54].

Tippayamontri et al. studied the amount of DNA-
platinum adducts formed in the nucleus of cancer cells
over time, both in vitro and in vivo. The efficiency of RT
was found to be proportional to the amount of the Pt
drug bound to the DNA of the cancer cells. When mice
bearing a human colorectal HCT116 tumor were irradiated
at the time of highest yields of DNA-platinum adducts, the
synergy between radiation and cisplatin or oxaliplatin and
their liposomal formulation was the largest [55, 56]. Based
on their findings, CED of these agents was carried out to
further increase tumor uptake. However, survival increase of
F98 glioma bearing Fisher rats was not significant. This may
reflect the ceiling of radiation enhancement based on DNA-
platinum yield [8].

3. Clinical Studies

3.1. Clinical Protocols. Before carrying out clinical trials
with CED, a carefully designed clinical protocol is surely
a prerequisite to achieve significant results, especially for
new treatment techniques, where many parameters need to
be adjusted from animal to human protocols. The catheter
designs and placement, flow rate, choice of therapeutic agent,
infusion volume, and visualization of the infusion volume
are all key parameters that need to be accurately assessed.
Considering the problems encountered in the setting of these
parameters, but not limited to them, the PRECISE phase III
clinical trial failed to demonstrate an advantage of CED over
standard-of-care treatment [57].

Ren et al. in 2003 designed and published a phase I/II
protocol of CED of a liposomally encapsulated replication-
disabled Semliki Forest virus vector, carrying the human
interleukin 12 gene (LSFV-IL12). This protocol involved
treatment of recurrent or progressive GBM to evaluate
the safety, maximum tolerated dose (MTD), and antitumor
efficacy [58]. They designed an infusion volume of 11mL at
a maximum infusion rate of 0.5mL/h for a total of 24 h.
However, the results of this study were not further analyzed
and disseminated.

Another phase I clinical trial protocol was proposed by
White et al. in 2012, after a series of successful animal studies
of CED of carboplatin [59]. The principal research objectives
were to determine the safety, tolerability, and MTD, via dose
escalation and further facilitate the safe application of a phase
II protocol. In addition, the efficacy, carboplatin distribution,
and visualization of infusate will also be evaluated with a
carboplatin delivery of 8 h/d for 3 consecutive days at a
maximum infusion rate of 0.6mL/h for no more than 20mL
of infusate per day.

3.2. Toxicity Studies in Clinical Trials. The safety and tolera-
bility of various therapeutic agents, including antibodies, tar-
geted toxins, interleukins, chemotherapeutic drugs, targeted
radioisotopes, and vaccines (Table 1), have been studied in
clinical trials in the last two decades.

Based on their results of intratumoral injection of mon-
oclonal antibodies in patients with advanced malignant
glioma, Wersall et al. classified side effects as immediate
(<2 h) or late (5-48 h) and we believe that CED could have
a similar evolution [60]. On the other hand, Kunwar S. et al.
defined three phases of toxicity based on the time of onset:
pre-CED, peri-CED, and post-CED [61]. Here, based on their
classifications and the review of all published CED clinical
trials, we reclassifyCED-related toxicities as immediate, early,
and late side effects.

(a) Immediate side effects occur within hours of the
placement of catheters. Physical damage to the brain tissue
and cerebral hemorrhage by the catheter are possible causes
related to symptoms such as headache, seizure, and neurolog-
ical toxicities [61].

(b) Early side effects occur hours to days after CED.
Mechanical stress caused by the infusion of fluid leads to
common complaints such as headache, seizure, worsening of
neurological symptoms, shivering, and mild fever [62, 63].
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Pö
pp

er
le
ta
l.,

20
05

[6
9]

Ta
nn

er
et
al
.,

20
07

[7
2]

Pa
cl
ita

xe
l

II
Re

cu
rr
en
t

G
BM

(8
)

36
m
L

0.
3
m
L/
h

0/
8

42
.9
w
ks

Te
m
po

ra
ry

wo
rs
en
in
g
of

(p
re
-e
xi
sti
ng

)n
eu
ro
lo
gi
ca
l

sy
m
pt
om

s(
63
%
),
po

or
wo

un
d
he
al
in
g
(2
5%

),
ne
ur
ol
og
ic
al
de
te
rio

ra
tio

n
(2
5%

)

Pa
te
le
ta
l.,

20
05

[7
6]

1
3
1
I-
ch
TN

T-
1/B

m
Ab

(C
ot
ar
a)

I/I
I

Re
cu
rr
en
t

G
BM

(3
7)

pr
im

ar
y
G
BM

(8
)

A
A
(6
)

4.
5-
18

m
L

0.
18
-0
.7
2
m
L/
h

1/1
2

37
.9
w
ks

he
ad
ac
he

(14
%
),
co
nv
ul
sio

ns
(6
%
),
sim

pl
ep

ar
tia

l
se
iz
ur
es

(4
%
),
ap
ha
sia

(6
%
),
we

ak
ne
ss
(6
%
),

he
m
ip
ar
es
is
(14

%
),
fa
ci
al
pa
lsy

(4
%
),
sh
or
t-t
er
m

m
em

or
y
lo
ss
(2
%
),
fa
tig

ue
(6
%
),
na
us
ea

(4
%
)

Sa
m
ps
on

et
al
.,2

00
6
[9
3]

I13
1
-C

h8
1C

6
Re

cu
rr
en
t

G
BM

(1
0)

4.
5-
18

m
L

0.
18

m
L/
h

3/
10

30
.3
w
ks

Pa
nd

it-
Ta
sk
ar

et
al
.,
20
18

[7
7]

I12
4
-8
H
9

I
D
iff
us
e

in
tr
in
sic

po
nt
in
eg

lio
m
a

0.
25
-4

m
L

0.
05
-0
.4
5m

L/
h

-
-

H
ea
da
ch
e(
50
%
),
at
ax
ia
(2
9%

),
fa
ci
al
pa
lsy

(3
6%

),
di
pl
op

ia
(2
5%

),
m
us
cl
ew

ea
kn

es
s(
22
%
),
dy
sa
rt
hr
ia

(1
5%

),
an
ae
m
ia
(3
2%

),
pl
at
el
et
co
un

td
ec
re
as
ed

(2
5%

),
w
hi
te
bl
oo

d
ce
lls

de
cr
ea
se
d
(6
7%

),
A
LT

(3
2%

),
A
ST

(2
5%

),
hy
po

al
bu

m
in
ae
m
ia
(6
1%

),
ra
sh

(1
1%

),
sk
in

in
fe
ct
io
n
(8
%
),
vo
m
iti
ng

(1
8%

)
Bo

ia
rd
ie
ta
l.,

20
05

[7
3]

M
ito

xa
nt
ro
ne

0
Re

cu
rr
en
tM

G
(1
2)

-
-

Pr
oc
ed
ur
ep

ro
bl
em

(2
5%

),
in
fe
ct
io
n
(8
%
)

C
ar
pe
nt
ie
re
t

al
.,2

00
6
[6
3]

Cp
G
-O

D
N

I
Re

cu
rr
en
t

G
BM

(2
4)

1m
L/
ca
th
et
er

0.
2
m
L/
h/
ca
th
et
er

-
-

W
or
se
ni
ng

of
pr
ev
io
us

ne
ur
ol
og
ic
al
co
nd

iti
on

(2
1%

),
pa
rt
ia
ls
ei
zu
re
s(
21
%
),
so
m
no

le
nc
e(
8%

),
fe
ve
r(
21
%
),

fa
tig

ue
(2
5%

),
na
us
ea

(4
%
),
ly
m
ph

op
en
ia
(4
6%

),
A
LT

(2
5%

),
A
ST

(4
%
)



6 Journal of Oncology

Ta
bl
e
1:
C
on

tin
ue
d.

Re
fe
re
nc
e

Th
er
ap
eu
tic

ag
en
t

Tr
ia
l

ph
as
e

D
ia
gn

os
is
(n
)

In
fu
sio

n
vo
lu
m
e

In
fu
sio

n
ra
te

Tr
ea
tm

en
t

re
sp
on

de
rs

(n
/to

ta
lp
ts)

M
eS
T

D
ru
g-
re
la
te
d
ad
ve
rs
ee

ve
nt
s(
ra
te
)

C
ar
pe
nt
ie
re
t

al
.,2

01
0
[7
4]

Cp
G
-O

D
N

II
Re

cu
rr
en
t

G
BM

(3
1)

1m
L/
ca
th
et
er

2
ca
th
et
er
s

0.
2
m
L/
h/
ca
th
et
er

3/
31

28
w
ks

W
or
se
ni
ng

of
pr
ev
io
us

ne
ur
ol
og
ic
al
co
nd

iti
on

(6
5%

),
pa
rt
ia
ls
ei
zu
re
s(
42
%
),
ge
ne
ra
ls
ei
zu
re
s(
16
%
),
fe
ve
r

(g
ra
de

2)
(3
%
),
fa
tig

ue
(g
ra
de

2)
(6
%
),
he
m
or
rh
ag
e

le
ad
in
g
to

de
at
h
8
da
ys

aft
er

tre
at
m
en
t(
3%

),
ly
m
ph

op
en
ia
(g
ra
de

2)
(7
1%

),
ly
m
ph

op
en
ia
(g
ra
de

3)
(4
8%

),
A
LT

(1
0%

)

H
au

et
al
.,

20
07

[8
6]

TG
F-
𝛽
2

in
hi
bi
to
r

Tr
ab
ed
er
se
n

I/I
I

A
A
(5
)

G
BM

(19
)

23
-8
1

m
L/
cy
cl
eu

p
to

10
cy
cl
es

0.
24
-0
.32

m
L/
h

24
14
6.
6
w
ks

A
A

44
.0
w
ks

G
BM

Se
rio

us
ad
ve
rs
ee

ve
nt
sc
en
tr
al
an
d
pe
rip

he
ra
ln

er
vo
us

sy
ste

m
di
so
rd
er
s(
92
%
)

Bo
gd
ah
n
et

al
.,2

01
1[
75
]

TG
F-
𝛽
2

in
hi
bi
to
r

Tr
ab
ed
er
se
n

IIb

Re
cu
rr
en
t/

re
fr
ac
to
ry

G
BM

,A
A

(14
5)

40
m
L/
cy
cl
e

up
to

11
cy
cl
es

0.
24

m
L/
h

N
ot

re
po

rt
ed

A
A
:3
9.1

m
os

(1
0

𝜇
M
)v

s.
35
.2
m
os

(8
0
𝜇
M
)v

s.
21
.7

m
os

(T
M
Z
or

PC
V
)

G
BM

:7
.3
m
os

(1
0

𝜇
M
)v

s.
10
.9
m
os

(8
0
𝜇
M
)v

s.
10

m
os

(T
M
Z
or

PC
V
)

H
ea
da
ch
e(
10
%
),
ne
rv
ou

ss
ys
te
m

di
so
rd
er
s(
59
-6
6%

),
de
pr
es
se
d
le
ve
lo
fc
on

sc
io
us
ne
ss
(4
-1
2%

),
he
m
ip
ar
es
is

(2
2-
27
%
),
ap
ha
sia

(1
0-
15
%
),
ne
ur
ol
og
ic
al
sy
m
pt
om

(8
-1
7%

),
co
nv
ul
sio

n
(8
-1
2%

),
in
ju
ry

po
iso

ni
ng

,a
nd

pr
oc
ed
ur
al
co
m
pl
ic
at
io
ns

(1
6-
17
%
),
in
fe
ct
io
ns

an
d

in
fe
sta

tio
ns

br
ai
n
ab
sc
es
s(
7-
12
%
),
ps
yc
hi
at
ric

di
so
rd
er
s

(6
-1
2%

),
bl
oo

d
an
d
ly
m
ph

at
ic
sy
ste

m
di
so
rd
er
s(
5-
8%

)

Br
uc
ee

ta
l.,

20
11
[7
8]

To
po

te
ca
n

Ib

Re
cu
rr
en
t

G
BM

(1
0)
,A

A
(2
),
A
E
(2
),
AO

(2
)

40
m
L

0.
2
m
L/
h

-
-

H
ea
da
ch
e(
31
%
),
se
iz
ur
e(
31
%
),
wo

rs
en
ed

he
m
ip
ar
es
is

(3
1%

),
rig

ht
-h
an
d
dy
sc
oo

rd
in
at
io
n
(1
3%

),
up

pe
r-
ex
tre

m
ity

we
ak
ne
ss
(6
%
),
po

or
wo

un
d
he
al
in
g

(1
3%

),
in
tr
ac
er
eb
ra
lh
em

or
rh
ag
e(
6%

),
th
ro
m
bo

cy
to
pe
ni
a/
le
uk

op
en
ia
(1
3%

),
ga
str

oi
nt
es
tin

al
sy
m
pt
om

s(
25
%
)

D
es
ja
rd
in
se

t
al
.,2

01
8
[8
7]

Re
co
m
bi
na
nt

po
lio

vi
ru
s

II
Re

cu
rr
en
t

G
BM

(6
1)

3.
25

m
L

0.
5
m
L/
h

-

12
.5
m
os

(P
V
SR

IP
O
)v

s.
11.
3
m
os

(H
ist
or
ic
al

co
nt
ro
l)

H
ea
da
ch
e(
52
%
),
he
m
ip
ar
es
is
(5
0%

),
se
iz
ur
e(
45
%
),

dy
sp
ha
sia

(2
8%

),
co
gn

iti
ve

di
stu

rb
an
ce

(2
5%

),
he
m
ia
no

pi
a(

19
%
),
co
nf
us
io
n
(1
8%

),
pa
re
sth

es
ia
(1
3%

),
fa
tig

ue
(1
2%

),
na
us
ea

(1
0%

)

Ab
br
ev
ia
tio

ns
.A

A
:a
na
pl
as
tic

as
tro

gl
io
m
a;
A
E:

an
ap
la
sti
c
ep
en
dy
m
om

a;
A
LT

:a
la
ni
ne

am
in
ot
ra
ns
fe
ra
se
;A

ST
:a
sp
ar
ta
te

am
in
ot
ra
ns
fe
ra
se
;A

O
:a
na
pl
as
tic

ol
ig
od

en
dr
og
lio

m
a;
G
SC

:g
lio

sa
rc
om

a;
M
G
:m

al
ig
na
nt

gl
io
m
a;
n:
nu

m
be
ro

fp
at
ie
nt
s;
O
A
:o
lig
oa
str

oc
yt
om

a;
pt
s:
pa
tie
nt
s.



Journal of Oncology 7

(c) Late side effects include mainly neurological toxicity,
due to the toxicity from delivered drugs, occurring days to
weeks after infusion [64–67].

Depending on the location of the toxicities related to
CED, we summarized them into two categories.

(a) Local Toxicities (Common and Severe). These com-
prise neurological toxicities due to inflammatory reactions,
necrosis, and peritumor edema [64]. Depending on the
location of the tumor and site of infusion, patients could
manifest different types of neurological toxicity symptoms:
headache, seizure, nausea, pyrexia, sensory disturbance,
upper motor neuron lesion, aphasia/speech disorder, and
memory impairment [68]. The reaction can be severe and
cannot be satisfactorily controlled by steroids, and debulking
is needed to reduce the mass effect [65]. In the study by
Rand et al., nine patients received 30-185mL of IL-4(38-
37)-PE38KDEL and seven of them required craniotomy due
to uncontrollable cerebral edema. The reaction seems not
related to the infusion rate, infusion volume, total infused
dose, and number of catheters. The edema appeared 10-97
days after CED procedure; thus, it was not procedure-related.
However, edema could be well controlled by steroids [64,
69] in other trials. In the procedure of Weaver and Laske,
5-180mL of Tf-CRM107, a targeting toxin, was infused in
patients with anaplastic oligodendroglioma (AO)/anaplastic
astroglioma (AA)/GBM.The symptoms related to the edema
and mass effect were fewer (i.e., 3 in 44 treatments) and
well controlled by steroids and hyperosmolar therapy. Their
phase II clinical trial demonstrated a similar toxicity and
showed that cerebral edema can bewell controlled bymedical
treatment [70]. With a similar pretreatment and treatment
conditions, such large differences in the rate and severity
of local toxicity can only be explained by the infused
agent.

Local infection is related to the placement of the catheter
and infusion time. Klatzmann et al. identified the pathogens
to be gram negative and staphylococcus bacteria, due to the
catheter and CSF leak to the skin. These infections were
controllable with antibiotics [67, 69, 71–75]. Complications
such as subdural empyema and bacterial meningitis were
diagnosed in the study by Lidar et al. [67]. Chemical menin-
gitis happens when chemotherapeutic agents, such as Taxol,
reflux from the infusion site (i.e., 40% of patients experienced
chemical meningitis) [67].

(b) Systemic Toxicities (Rare and Transitory). Studies with TP-
38 or IL13, IL4, and Trabedersen did not show any systemic
toxicity. General toxicities expressed as fever, fatigue, and
erythema were observed [74, 76, 77], as well as gastrointesti-
nal symptoms (nausea, vomiting) [76–78]. Hematological
changes (decreased WBC, platelet, lymphopenia [63, 77,
78]) and liver enzyme perturbations (elevated AST, ALT,
LDH, CRP, hypoalbuminemia [63, 64, 74, 77]) were also
observed.

3.3. Efficacy Studies in Phase II and Phase III Clinical Trials.
The efficacy of CED clinical studies in GBM treatments was
reviewed by Jahangiri in 2017 [79]. Our section includes, in

addition to all clinical trials reviewed by this author, more
recent ones published after 2017 and those related to other
malignant gliomas.

3.3.1. Targeted Antitumor Agents

Tf-CRM107 (TransMID) (Tf-Diphtheria Toxin) [64, 70]. This
agent is a human transferrin, which targets receptors on the
surface of tumor cells fused to a diphtheria toxin. In the
phase I/II study of Laske group, out of 15 evaluated recurrent
malignant gliomas patients, seven had partial response (PR)
and two even had a complete response (CR) to Tf-CRM107
with a dose of 0.5-199𝜇g per treatment at a maximum
infusion rate of 0.24-0.6mL/h, giving a total volume of 5-
180mL.The tumor response appeared to be dose-dependent,
with two out of five of the evaluated patients having PR
at the dose of 0.5-12.8𝜇g, while in the higher dose groups,
seven patients out of 10 had PR or even CR. Thus, the
same group carried out the phase II study at a total dose of
26.8𝜇g per treatment, at an infusion rate of 0.4mL/h, for
a total of 40mL. In the 34 evaluated patients, five patients
had CR, seven had PR, which was a 35% response rate.
However, all patients enrolled had a progressive disease and
the progression of 9 of themwas halted due to the response to
treatment. Moreover, the magnetic resonance imaging (MRI)
response rate was correlated with the survival analysis, with
a median survival of 37 weeks. Due to these encouraging
results, a phase III clinical trial of recurrent GBM was
planned.

IL13- PE38QQR [57]. This agent is a human interleukin-
13 (IL13) conjugated to a modified form of Pseudomonas
aeruginosa exotoxin A (PE38QQR). The tolerable toxicity
profile and efficacy over control groups, demonstrated by
a series of phase I studies, led to the design of a phase
III trial, also known as the PRECISE trial [61, 68, 80,
81]. It compared survival of CED of IL13-PE38QQR with
tumor cavity placement of Gliadel�Wafer (GW).There were
296 recurrent GBM patients recruited; 192 were assigned
to the CED group and 104 to the GW group. Infusion
was performed at rate of 0.75mL/h for 96 hours with a
concentration of 0.5𝜇g/mL, which is the MTD assigned
from safety studies. Unfortunately, of the patients evalu-
able for efficacy, the median survival for the CED group
was 11.3 months compared to a median survival of 10
months in the GW group. No statistical significance was
found (P = 0.310; hazard ratio 0.81; 95% CI = 0.67-
1.18).

The underlying reason of the failure of this multicenter
study was further analyzed [82]. Catheter positioning data
were retrieved and the distribution volume of the infusate
was predicted through iPlan� Flow software from Brainlab.
The prediction showed that only 20.1% of peritumoral area
was covered by IL13- PE38QQR. However, the effect size of
the catheter score and the number of optimally positioned
catheters on PFS are small. Thus, before carrying out further
clinical protocols, the technical problems must be solved
and quality control must be first assured, especially the
optimization of parameters, such as geometry of the infusion
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catheter, flexibility of protocol, and determination of drug
distribution.

HSV-1-tk GCV [71, 83–85]. This regimen was a two-step
treatment modality. Herpes simplex virus thymidine kinase
(HSV-tk) gene was first transduced to the glioblastoma cells
by either intratumoral injection or CED, then ganciclovir
(GCV) was delivered systemically. Several investigations with
intracerebral infusion of HSV-1-tk failed to demonstrate
survival benefits due to limited diffusion volume ofHSV-1-tk.
Later in 2003, Voges et al. designed a liposome encapsulated
HSV-1-tk and delivered it through CED with the expectation
of an augmented distribution volume [62]. Unfortunately, it
was not the case: their large and positively charged liposomes
remained at the site of infusion, as observed in our recent
study [39]. As a result, only two patients out of eight had PR.

TGF-𝛽2 Inhibitor Trabedersen (AP 12009) [75, 86]. This com-
pound is a transforming growth factor 2 (TGF-𝛽2) inhibitor.
It was evaluated in 145 recurrent/refractory AA/GBM
patients byBogdahn et al. Patients were assigned to 2 different
dose groups, 2.48mg for 10 𝜇Mgroup and 19.81mg for 80 𝜇M
group at an infusion rate of 0.24mL/h for 7 days [75]. In the
subgroup analysis, compared to conventional chemotherapy
(TMZ or procarbazine/CCNU/vincristine (PCV)), Trabed-
ersen increased the MeST of the AA subgroup from 21.7
months with conventional chemotherapy to 39.1 months
(but not significant); similar MeST CED and conventional
chemotherapy were also obtained from the GBM subgroup.

Recombinant Poliovirus (PVSRIPO) [87]. This is an attenu-
ated poliovirus type 1 vaccine. Poliovirus receptor CD115 is
expressed in glioblastoma and the recombinant poliovirus
can recognize CD115 and infect the tumor cells creating
a cytotoxic effect. Sixty-one recurrent GBM patients were
recruited in this phase II trial, during which, PVSRIPO
was infused at a rate of 0.5mL/h for 6.5 hours. The results
were compared to a historical control group of 104 patients.
Although no significant improvement of the median survival
time was observed for CED of PVSRIPO (12.5 months)
compared to the control group (11.3 months), the survival of
the PVSRIPO group reached a plateau starting at 24 months.
The overall survival at 24months is 21% for CEDof PVSRIPO
vs. 14% for control group, and at 36 months it is 21% vs.
4%. Moreover, two of them had survived over 69 months
after infusion. Thus, further investigations on this vaccine are
warranted.

3.3.2. Chemotherapeutic Agent

Paclitaxel [67, 69, 72]. This agent is a conventional
chemotherapeutic drug that interferes with microtubules
during cell division. Its antitumor effects on brain tumors
have been reported in preclinical studies. Since it does not
pass the BBB, it was considered as an interesting compound
for treatment via CED. In the study by Lidar et al., 11 out of 15
patients had either PR or CR. The distribution volume after
CED was confirmed by diffusion-weighted MRI (DW-MRI).

They infused paclitaxel 3.6-7.2mg/day for 5 days at an
infusion rate of 0.3mL/h. However, 40% of patients had
chemical meningitis and 20% had neurological deterioration.
Another group performed a similar study but followed with
18F-fluoro-ethyl-tyrosine-positron emission tomography
(18F-FET-PET) [69, 72]. They employed similar parameters
as Lidar et al., i.e., a total dose of 18mg (0.5mg/mL) or 9mg
(0.25mg/mL) at an infusion rate of 0.3mL/h for 120 hours.
Six out of eight patients had a temporally stable disease.
They also demonstrated that FET-EPT is better than MRI to
follow-up patients and that an increase in FET uptake almost
always implies a recurrence of the tumor.

3.3.3. Radioisotopes
131
𝐼-chTNT-1/B mAb (Cotara) [76]. This compound is a

131I-labeled chimeric monoclonal antibody that targets the
intracellular antigen histone H1, which is exposed in the
necrotic core of gliomas. In a phase II clinical trial, 39 patients
were recruited, but only 12 recurrent glioblastoma patients
who had received a dose in the therapeutic range (1.25-2.5
mCi/m3) were evaluated. Among the 12 patients, only one
patient had PR and 6 patients had stable disease. Necrotic
tumors, which can be pathologically distinguished through
features such as fibrinoid necrosis of blood vessel wall, white
matter necrosis, and telangiectasis [88], were seen in several
reoperated patients, which proved that Cotara has radiation
effect on tumor, but its efficacy needs further evaluation.

3.3.4. Immunomodulators

Oligodeoxynucleotides Containing CpG Motifs (CpG-ODN)
[74]. CpG-ODN is a strong immunomodulator, which
activates both innate immunity (natural killing cells and
macrophages) and adaptive immunity with the expectation
of targeting tumor cells by the immune system. In the
studies carried out by Carpentier et al. [63], CpG-ODN was
infused at a rate of 0.2mL/h for 5 hours. The phase I study
demonstrated a tolerated dose of 20mg [63]. In the following
phase II trials, there was only one partial responder and
three minor responders in 31 patients. Even worse, 13 patients
out of 31 had treatment related seizure, among whom 3 had
generalized seizure.

Overall, few efficacy studies demonstrated superior sur-
vivals over standard treatment regimen. Future investigations
should adjust and standardize methodological parameters.
Distribution volume prediction and validation should be
implanted. Besides the above-mentioned reasons, another
possible contributing factor for the failure of the clinical
trials is related to the fact that CED augments the interstitial
pressure, which could enhance the invasion of glioma cells
[89].

4. Discussion

4.1. Choice of Agent. As we mentioned above, the advan-
tages of CED compared with modern RT depend on the
type of agents, i.e., those with different functions, such as



Journal of Oncology 9

targeted toxins, radiosensitizing chemotherapeutic agents,
radioisotopes, and so on. CED of these agents aims to
gain local control of tumor progression, as does RT, with
a different approach, which includes tumor cell targeting
and radiosensitization. A choice of a suitable agent can add
valuable antitumor efficacy to traditional RT. Such agents
should have the ability to selectively target the tumor cells
in infiltrative areas and thus spare normal brain cells. In
this case, higher local doses can be obtained in cancerous
tissue compared to conventional RT, where toxicity of normal
tissue is a major concern. In fact, the recurrent tumor usually
emerges from the peritumoral area. When compared to
recently developed immunotherapeutic methods, CED offers
a novel approach for the application of those therapeutic
agents to malignant gliomas [94, 95].

4.2. Treatment Planning. Under ideal conditions, the medical
team planning clinical studies employing CED should be
similar to that in charge of radiation treatments. In the
latter, radiation oncologists delineate the gross tumor volume
(GTV) based on CT scans and/or MRI, clinical targeting
volume (CTV) 1 and 2 for high and low risk area and organs,
respectively. They assign the treatment dose to each target
volume restricting, as much as possible, the dose to organs
at risk. Medical physicists or dosimetrists then calculate and
design a treatment plan tomeet the requirements of radiation
oncologists. The dose planning is based on the angle and
number of the radiation fields, CT value of the tissue, and
so on. While in the future treatment planning for CED will
first be based on MRI, many other parameters will have
to be considered. These should include GTV, peritumoral
area, organs at risk, such as brain stem, hippocampus, and
other areas related to functions that influence the quality of
life. Treatment would benefit from software, such as iPlan�
Flow, based on theDW-MRI, probablywith appropriate input
parameters such as placement of catheters, surface charge
and quantity of drug, viscosity of the infusate, and infusion
rate and volume, to simulate the dose assigned for each CTV
[96].

4.3. Monitoring the Distribution of the Infusate. After treat-
ment planning and simulation, monitoring and validation
of the placement of catheters and distribution of infusate
are equally important. This procedure is again similar to
RT; before each delivery we use cone beam computerized
tomography (CBCT) system to ensure that the targeted
tumor is positioned in the planned coordinates. For this
purpose, many techniques have been investigated. Coin-
fusion of gadolinium with therapeutic agents is an easy
approach to monitor the infusate distribution, assuming that
gadolinium diffuses in the tumor in the same manner as
the infusate [97–99]. Loading of gadolinium and drugs in
the same vector, such as a liposome, represents another
approach to monitoring the distribution [100, 101]. This
approach has the advantage of revealing the “true image”
of the drug distribution, as long as gadolinium does not
leak due to the convection pressure. Methods that do not
utilize additional gadolinium appear more attractive, but

they may compromise the drug efficacy. Multivoxel 1H-
MR Spectroscopy through analysis of metabolites ratio of
Cho/Cr and Cho/NAA is able to describe the tumor site
with and without CED infusion [102], but the resolution of
this technique needs to be increased for adequate analysis in
the future. DW-MRI is another noninvasive approach that
can monitor the response of CED delivery of Taxol [103].
The response can be detected within 24-48 hours with DW-
MRI, which is 1-2 days earlier than conventional imaging
methods. However, none of the CED clinical trials assessed
the distribution efficacy, which may be one of the factors that
caused the failure of phase III clinical trial.

5. Conclusion

Regardless of emergence of novel therapeutic agents, their
application in malignant gliomas remains rare, possibly
due to the existence of the BBB. CED bypasses the BBB,
increases the tumor uptake, and reduces the systemic toxicity.
It has made progress during the past 25 years, since its
invention, up to phase III clinical trial. It is a clinically
feasible procedure with mostly local and tolerable toxicity,
although grade III and IV adverse effects have been reported.
Phase II clinical trials of PVSRIPO, Tf-diphtheria toxin, hold
promise for future CED studies. Nevertheless, the phase III
clinical trial failed to demonstrate survival improvements
in the treatment of brain tumors. Analysis of the failure
of these clinical trials showed the importance of catheter
placement and distribution volume prediction and validation
in performing CED treatments. Thus, it appears imperative
to carefully analyze the methodological parameters to predict
and validate the distribution volume for future clinical studies
to be successful.
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Glioblastoma (GBM) is the most common and the mostmalignant primary brain tumor and is characterized by rapid proliferation,
invasion into surrounding normal brain tissues, and consequent aberrant vascularization. In these characteristics of GBM, invasive
properties are responsible for its recurrence after various therapies. The histomorphological patterns of glioma cell invasion have
often been referred to as the “secondary structures of Scherer.” The “secondary structures of Scherer” can be classified mainly into
four histological types as (i) perineuronal satellitosis, (ii) perivascular satellitosis, (iii) subpial spread, and (iv) invasion along the
white matter tracts. In order to develop therapeutic interventions to mitigate glioma cell migration, it is important to understand
the biological mechanism underlying the formation of these secondary structures. The main focus of this review is to examine
new molecular pathways based on the histopathological evidence of GBM invasion as major prognostic factors for the high
recurrence rate for GBMs. The histopathology-based pharmacological and biological targets for treatment strategies may improve
the management of invasive and resistant GBMs.

1. Introduction

Glioblastoma (GBM) is the most invasive, infiltrative, and
lethal brain tumor with high proliferative potential [1].
Malignant gliomas, also called as high-grade gliomas and
including GBM (WHO grade IV gliomas) and anaplastic
gliomas (WHO grade III gliomas), are currently incurable
despite aggressive surgery and are resistant to conventional
therapies. Patient outcome following standard therapies
including radiation and chemotherapy for GBM remains
poor, with a median overall survival of only 12–14 months
[2]. The highly invasive tumor cells predominantly migrate
out of the tumor mass into the surrounding normal central

nervous system. And they escape surgical resection and
resist conventional treatments such as radiation and temo-
zolomide, both of which are the first line of treatment for
GBM patients following surgery. The surviving glioma cells
after conventional therapies that target proliferating cells are
principally responsible for tumor recurrence. Therefore, the
effective treatment strategies which improve themanagement
of invasive and resistant GBM cells are urgently needed
to manage this malignancy. Histopathologically, infiltrated
GBM cells show some specific morphological patterns,
characterized as diffuse invasion. In general, glioma cells
migrate along existing brain structures such as the brain
parenchyma, blood vessels, white matter tracts, and subpial
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Figure 1: Illustration of “Go or Grow” theory in malignant gliomas. Malignant gliomas often consist of two subpopulations of cells, which
mutually interact and mutually change, that are characterized by uncontrolled-proliferation and by abnormal migration. One subpopulation
of cells is rapidly proliferating and forming a stationary tumor mass, while the other subpopulation is actively migrating and moves into
surrounding brain without cell division. Some of glioma cells in “Go” stage show characteristic morphological patterns of tumor cell
migration, referred to as “secondary structures of Scherer.” These “secondary structures of Scherer,” which are also shown in Figure 2, have
been classified into histological patterns: (i) perineuronal satellitosis, (ii) perivascular satellitosis, (iii) subpial spread, and (iv) invasion along
the white matter tracts.

spaces. These characteristic morphological patterns of tumor
cell migration from the growing tumormass into the adjacent
brain tissues have been described first by Hans Joachim
Scherer in 1938 [3] and referred to as “secondary structures
of Scherer.” These “secondary structures of Scherer” have
been classified into histological patterns: (i) perineuronal
satellitosis, (ii) perivascular satellitosis, (iii) subpial spread,
and (iv) invasion along the white matter tracts (Figures 1
and 2). Careful observations of these histomorphological
features have revealed the important contributions of the
microenvironment that influence glioma cell migration. It
is possible that invasive glioma cells showing “secondary
structures of Scherer” mimic key intracellular processes of
both proliferation and migration that occur in neural stem
cells or glial progenitor cells within the developing central
nervous system [4].

2. Similarities between Tumor Invasiveness
of GBMs and Migrating Characteristics of
Stem Cells

2.1. Stem Cells in Normal Brain. During neural develop-
ment, neurons and glia are generated from developmental
stage-specific and rapidly-dividing progenitor cells, and then
quiescent, multipotent stem cells remain stable throughout

adulthood [5]. During the formation of embryonic cerebral
cortex, newly formed neuronal and glial progenitor cells
migrate from the originating periventricular zone toward
their specified physiological locations throughout the central
nervous system [6–8]. Even in the adult mammalian brain,
the subventricular zone (SVZ) contains neural stem cells
(NSCs) or progenitor cells, which continue to produce neu-
rons or glia for themaintenance of the central nervous system
[7]. The SVZ of rodents, monkeys, and humans is a source
of NSCs during adult neurogenesis. Some pathophysiological
conditions, such as epilepsy [9], stimulate neurogenesis in
the rostral forebrain SVZ of adult rats. Following ischemic
insult, neural progenitors in caudal SVZ migrate to the hip-
pocampus and contribute to the pyramidal cell regeneration
in hippocampal CA1 [9]. Furthermore, some recent studies
[10] suggest that the SVZ may also provide a source of brain
tumor stem cells, which are morphologically and physiolog-
ically similar to NSCs producing neurons, astrocytes, and
oligodendrocytes.

2.2. Relationship between SVZ and Brain Tumors. Unlike in
normal brain development, tumor progenitor and quiescent
tumor stem cell populations have yet to be understood in
brain tumors [5]. A similarity between production of NSC
in SVZ and the generation of malignant gliomas has been
suggested [10]. While the underlying mechanisms remain
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Figure 2: Specific histomorphological patterns of diffuse invasion, so-called “secondary structures of Scherer” in glioblastoma. As a rule,
glioma cells migrate along existing brain structures such as brain parenchyma, blood vessels, white matter tracts, and subpial spaces. The
secondary structures of Scherer are referred to four criteria as (a) perineuronal satellitosis (indicated by arrows), (b) perivascular satellitosis
(indicated by arrow heads), (c) subpial spread (region above black dots), and (d) invasion along the white matter tracts (indicated by arrow
heads). Hematoxylin and eosin staining. Scale bars in (a), (b), and (d) are 50 𝜇m; scale bar in (c), 100 𝜇m.

unclear, it has been suggested that increased tumor inva-
siveness, early recurrence, and mortality are worse in those
patients whose malignant gliomas infiltrate or contact with
the SVZ [11, 12]. It is hypothesized the SVZ has a unique
role of contribution to GBM tumorigenesis in adult brain.
Thus, these findings strongly suggest that the invasiveness of
malignant glioma is derived from the migratory nature of
NSCs in the adult human brain and that the morphological
structures formed by invasive GBM, the “secondary struc-
tures of Scherer,” are based on the functional similarities of
invasive GBM to developing NSCs.

2.3. Glioma-Derived Cancer Stem Cells. Evidence suggests
that the invasiveness of malignant gliomas, which mimic
the migration attributes of NSCs, could be therapeutically
controlled by modifying the intracellular systems or molec-
ular pathways. Moreover, glioma-derived cancer stem cells
(CSCs), which are regarded to be a counterpart of primary
NSCs in normal brain, have subsequently been shown to
be resistant to chemotherapy [13] and radiotherapy [14].
Glioma CSCs are key players in tumor initiation, therapeutic
resistance, and tumor recurrence [4, 15–22] and are also

related to glioblastoma heterogeneity. GBM is genotypically
and phenotypically heterogeneous, which is a major factor in
its poor response to various therapies. It is reported that even
single cell-derived subclones from a patient can produce phe-
notypically heterogeneous self-renewing progenies in both in
vitro and in vivo settings [23]. Several therapeutic strategies
targeting glioma CSCs have been proposed to effectively
control the disease progression [24–30].

3. Gliomatosis Cerebri and GBM

3.1. Gliomatosis Cerebri. Gliomatosis cerebri (GC) is an
extremely rare neoplasm which shows diffuse infiltration of
glioma cells within central nervous system including brain as
well as spinal cord. Since clinical manifestations are various
and focal neurological signs are usually recognized late in the
course of the disease, the early recognition of this disease is
difficult [31, 32], and no standard of care is usually available
for the treatment of GC patients. Historically, histopathologic
diagnosis of GC has been determined using standard hema-
toxylin and eosin staining and immunohistochemistry, with
GC being defined as a distinct pathologic entity in “World
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Figure 3: Representative images showing histomorphological structures of GC. Many histological features are similar to invasive patterns of
GBM (secondary structures of Scherer in Figure 2). (a) Diffuse parenchymal infiltration of GC cells without the formation of a circumscribed
tumormass.The secondary structures of Scherer are seen also in GC as follows: (b) perineuronal satellitosis (indicated by arrows), (c) subpial
spread (region above black dots), and (d) invasion along the white matter tracts (indicated by arrow heads). Hematoxylin and eosin staining.
Scale bar in (a), 375 𝜇m; scale bars in (b) and (d), 50 𝜇m; scale bar in (c), 100 𝜇m.

Health Organization (WHO) Classification of Tumors of the
Central Nervous System” up to the 3rd edition. However,
the scientific consensus now is that there is no common
pathologic and radiographic consensus for its diagnosis, and
in 2016, GC was eliminated from current WHO classifi-
cation [33]. The reason of the elimination was based on
overlap of discretemolecular alterationswith othermalignant
gliomas and the absence of specific molecular markers [34,
35]. Many histomorphological features similar to infiltrative
gliomas support the contention that GC is one variety of
diffuse glioma including GBM. Therefore, GC is currently
considered to be an extremely infiltrative subtype of diffusely
growing malignant glioma, instead of a distinct histologic or
molecular subtype of glioma.

3.2. Histological Findings of Gliomatosis Cerebri. GC has
specific histological features, namely, tumor cells (i) that are
elongated with diffuse and irregular parenchymal infiltration
(without formation of a circumscribed tumor mass), (ii) with
perivascular or perineuronal satellitosis, (iii) with subpial
spread, and (iv) that infiltrate along myelinated tracts with
the preserved neuronal axons (Figure 3). Neoplastic cells with
elongated and fibrous cell processes were recognized easily
with glial fibrillary acidic protein (GFAP) immunohisto-
chemistry [31]. Since the anaplastic single cells infiltrate along
myelinated axons and the basement membranes of blood
vessels with distinct anatomic structures, typical features of
GBM (e.g., neovascularization, necrosis, andmitotic activity)
are usually absent in the lesions. The overall delineation
of the histological findings for GC is similar to “secondary

structures of Scherer” in the lesion of cell migration in
malignant glioma.

3.3. Gliomatosis Cerebri and “Go or Grow”. Usually, the
neoplastic cells in GC do not have much proliferative activity,
similar to that of low-grade gliomas [31, 36]. The fact that
the neoplastic cells of GC infiltrate with low proliferative
activity into brain tissues is very consistent with the following
hypothesis, “Go or Grow” dichotomy theory.

4. (Go or Grow) Theory in Malignant Gliomas

4.1. Two Subpopulations. Malignant gliomas often consist of
two subpopulations of cells, which mutually interact and
mutually change, that are characterized by uncontrolled-
proliferation and by abnormal migration. This has been
termed the “Go or Grow” theory of gliomas (Figure 1). One
subpopulation of cells is rapidly proliferating and forming
a stationary tumor mass, while the other subpopulation is
actively migrating andmoves into surrounding brain without
cell division (Figure 4). It has been hypothesized that cell
proliferation and cell migration in gliomas are distinct and
mutually exclusive, with a trade-off between them [37–43].
Tumor microenvironment and the metabolic stress (hypoxia;
glucose deprivation) may regulate the switching between Go
and Grow behaviors in GBM. It is possible that the surviving
and invasive glioma cells after conventional therapies, which
show “Go behavior,” may later switch to a proliferative “Grow
phenotype” at satellite lesions, forming rapid tumor mass.
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Figure 4: Representative histomorphological features of “Go or Grow” inGBM.The two subpopulations consist of uncontrolled-proliferating
and abnormally migrating cells which interactmutually, which is so-called “Go or Grow” in gliomas. One subpopulation, rapidly proliferating
cells, forms tumor mass being stationary (a, c, e). The other subpopulation, actively migrating cells, moves into surrounding brain without
cell division (b, d, f). (a, b) Hematoxylin and eosin staining. (c, d) Immunohistochemistry for Ki-67 antigen, a marker of proliferating cells.
The Ki-67 positive cells showing dark brown cell nuclei are detected as proliferating cells. (e, f) Immunohistochemistry for oligodendrocyte
transcription factor (OLIG2), which is expressed universally in GBM cell nuclei. Vascular cells in GBM (observed in (e)) and normal glia cells
(observed in (f)) are negative for OLIG2. Note that only one Ki-67 positive cell is detected in migrating GBM cells (arrow in (d)), whereas
many OLIG2 positive GBM cells are seen in the same area (f). Also note that the sizes of cell nuclei recognized in (f) are smaller than that in
(e). This means that migrating GBM cells into surrounding brain have smaller nuclei because they are actively moving. Scale bars, 100 𝜇m.

4.2. Mechanism. This highly complex phenomenon involv-
ing molecular and cellular processes has been exten-
sively studied. The mechanisms mediating uncontrolled-
proliferation and abnormal migration of glioma cells have
been investigated using glioma cell cultures. For example, the
population of nonmotile glioma cells in standard cell culture
conditions exhibits decreased intercellular space and high

proliferating activity, indicating that the population is under-
going cell growth and division. In contrast, cells cultured
on laminin exhibit activate migration, enlargement of the
intercellular space, and spreading away from the proliferating
growth site [44]. Glioma cells growing at the tumor core have
a high proliferative activity, whereas migrating/invading cells
around the tumor demonstrate a low proliferative activity,
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with NF-kB activated inmigration-stimulated GBM cells and
c-Myc activated in migration-restricted GBM cells [40].

4.3. Spheroid Analysis. Glioma invasion in vivo and in
vitro differs in several ways. Monolayer cell culture is typ-
ically employed for in vitro experiments for many kinds of
tumor cells, but employing tumor cell spheroids in a three-
dimensional culture is better model to mimic in vivo condi-
tions. A spatiotemporal spheroid analysis of U87 glioma cells
showing high invasiveness, using computational and experi-
mental approaches, implicates intrinsic cellular mechanisms
of glioma invasion: local cell density, radial oriented cell
motion away from the spheroid, and intercellular repulsion
dynamics are involved in glioma invasion [45].

4.4. Mathematical Model. Recently, a mathematical model
based on the proliferation/migration dichotomy of glioma
cells has been applied to investigate why modulatory inter-
ventions against glioma vascularization have not been suc-
cessful at controlling glioma invasion [46]. The study found
that cell proliferation/migration ratio was a critical determi-
nant of glioma responses to vasomodulatory interventions
against glioma vascularization [46].

4.5. Therapeutic Approach. The “Go or Grow” potential
of gliomas is related to metabolic stress which mediates
someneuropeptide-processing enzymes. Reduced expression
of carboxypeptidase E (CPE), a neuropeptide-processing
enzyme that is induced by environmental stressors such as
hypoxia and glucose deprivation, contributes to GBM cell
migration and invasion [47]. The study indicates that loss or
reduction of CPE expression correlated with poor prognosis
of GBMpatients. The control of metabolic stress based on the
“Go or Grow” hypothesis may be a potential target for future
antiglioma therapeutic approach mediating glioma biology.

The mitotic kinesin, KIF11, is a driver of glioblastoma
invasion, proliferation, and self-renewal [48]. Inhibition of
KIF11 with a highly specific small-molecule inhibitor regu-
lates GBM cell growth and motility, associated with intratu-
moral heterogeneity, suggesting that KIF11 is a therapeutic
target for glioblastoma treatment.

Further analysis of the cellular, molecular, and genetic
processes underlying the “Go or Grow” dichotomy is war-
ranted to elucidate novel therapeutic approaches for glioma
invasion.

5. Overview of Animal Model for Glioma

The invasiveness of human malignant brain tumors has been
reproduced in several animal models in order to investigate
detailed histopathological processes.

5.1. N-Ethyl-N-Nitrosourea-Induced Rat Glioma Model. One
useful animal model is N-ethyl-N-nitrosourea- (ENU-)
induced rat gliomas. A high incidence of CNS tumors includ-
ing GBMs has been consistently induced in the offspring of
rats treated with a single dose of transplacental ENU [49],

and many aspects of this model have been studied [50–
52]. A size-oriented classification for ENU-induced rat glial
tumors has been established: early neoplastic proliferation
(ENP), microtumors, and macrotumors [49, 52, 53]. ENP
represents a focus of glial population less than 300𝜇m in
diameter. Due to their small size, it is difficult to identify ENPs
histomorphologically by conventional hematoxylin and eosin
staining; therefore they are immunohistochemically using
galectin-3 antibody [52].Microtumors, exhibiting destructive
histopathological features, are distinguished from macro-
tumors by their size, being between 300 and 500𝜇m in
diameter.Themacrotumors are considered to be an advanced
stage of the neoplastic growth process, and when induced by
ENU, they are used as endogenously produced gliomas for
analyses of invasiveness [54].

5.2. Genetically Engineered Animal Models. Genetically engi-
neered animals, one of the powerful tools for studying
the biology of neoplasms and oncogene identification, have
also been employed as developing mouse glioma models.
Genetically engineered mice have been successfully used
to investigate tumorigenesis and its progression within an
intact living organ as animal models for human neoplasms.
Weissenberger et al. [55] generated a transgenic mouse
model showing the overexpression of v-src oncogene under
the control of GFAP regulatory promotor. The transgenic
mice produced low-grade astrocytomas in early phase and
high-grade astrocytomas in later phase of glioma tumori-
genesis. The morphological characteristics such as pseu-
dopalisading cells surrounding necrotic areas were induced
in GBM with high mitotic activity. Genetically engineered
histone H3 K27M mutations in neonatal mice cooperate
with activating platelet-derived growth factor receptor 𝛼
(PDGFR𝛼) mutant and Trp53 loss that may induce self-
renewal of neural stem cell and develop diffuse intrinsic
pontine glioma (DIPG) recapitulating human DIPG [56].
The histone H3 K27M mutation appears fundamental and
important event in diffuse infiltration of glioma cells in
DIPG.

5.3. Human Xenograft Glioma Models. Animal models of
humanGBMs have been established, including subcutaneous
or orthotopic xenograft implantation of GBM cells into
immunodeficient mice. Patient-derived orthotopic glioblas-
toma xenograft models using surgical samples of GBM from
patients reproduce the histopathology of human glioblas-
tomas. The advantage of the orthotopic GBM xenograft
model, compared to subcutaneous xenograft implantation
model, is that implanting GBM cells into their anatomical
origin equivalent within a host animal provides a biologically
suitable site for glioma-brain interactions and maintains
genomic characteristics of original human GBMs. Soeda et
al. [23] established patient-derived several subclones from
a single tumor of a patient as GBM xenograft model. Dif-
ferences of cell morphology, invasiveness, progression, and
proliferative activities, which represented the glioblastoma
heterogeneity, were revealed in a mouse model featuring
orthotopic xenografts of the subclones [23]. The subclones
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(c) (d)

(e) (f)

Figure 5: The human GBM orthotopic xenograft exhibiting invasive and extensive infiltration in NOD-scid mice. The nestin-expressing
NSC-like GBM cells are highly invasive, showing diffuse infiltration into the brain including the corpus callosum, hippocampus, and the
subependymal regions. (a, b) Photomicrographs of low-power field of human GBM orthotopic xenograft in NOD-scid mouse brain. (c, d)
Photomicrographs of high-power field of corpus callosum infiltrated by human GBM. (e, f) Photomicrographs of high-power field of mass
lesion of humanGBM. (a, c, e) Hematoxylin and eosin staining. (b, d, f) Immunohistochemistry for nestin. Scale bars in (a) and (b), 500 𝜇m;
scale bars in (c), (d), (e), and (f), 100 𝜇m.

exhibiting more invasive and extensive infiltration induced
higher mortality. The nestin-expressing cells are able to
differentiate into multiple cell types in CNS development,
acting like neuroepithelial stem cells. Thus, nestin is a marker
of NSCs or neural progenitor cell [57, 58]. Soeda et al. [23]
demonstrated that the nestin-expressing NSC-like human
GBM cells were highly invasive and showed diffuse infiltra-
tion into the brain, including to contralateral hemispheres via
the corpus callosum (Figure 5).

Recently, induced pluripotent stem (iPS) cells derived
from human fibroblasts have been used to reproduce glial

tumorigenesis. In vivo transplantation of transformed neu-
ral iPS cells produced highly invasive tumors containing
undifferentiated stem cells, and this model has been used
to screen the effectiveness of anticancer compounds and
revealed specific molecules targeting transformed neural iPS
cells [59].

6. Conclusion

Specific molecular parameters, in addition to traditional
histopathological analysis, have been used to define tumor
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classification in the revised 4th edition of the WHO Classi-
fication of CNS tumors, published in 2016. Indeed, a large
subset of glial tumors is now defined based on diagnostics
of isocitrate dehydrogenase (IDH) mutation and 1p/19q
codeletion, and histone H3 K27M mutation appears to be
a fundamental event in diffuse infiltration of glioma cells
in DIPG. As described in this review, currently GC is the
only subtype of malignant glioblastoma developing a specific
growth pattern. However, careful histomorphological exam-
ination is still important since, for example, the neoplastic
cells within the GC can provide valuable insight into the
mechanisms underlying glioma invasion. Furthermore, for
example, morphological features such as “secondary struc-
tures of Scherer” are still important as diverse phenotypes of
IDH(+) or IDH(-) glioma.

Detailed histopathological analysis based on the combi-
nation of molecular parameters with traditional analytical
methods should be used for evaluating efficacy of targeted
therapies against cellular and genetic heterogeneitywithin the
invasive and resistant glioblastoma.

Conflicts of Interest

The authors declare that there are no conflicts of interest
regarding the publication of this paper.

References

[1] T. A. Dolecek, J. M. Propp, N. E. Stroup, and C. Kruchko,
“CBTRUS statistical report: primary brain and central nervous
system tumors diagnosed in the United States in 2005-2009,”
Neuro-Oncology, vol. 14, no. 5, pp. v1–v49, 2012.

[2] T. F. Cloughesy, W. K. Cavenee, and P. S. Mischel, “Glioblas-
toma, frommolecular pathology to targeted treatment,”Annual
Review of Pathology, vol. 9, pp. 25-10, 2014.

[3] H. J. Scherer, “Structural development in gliomas,” American
Journal of Cancer, vol. 34, no. 3, pp. 333–351, 1938.

[4] S. Mehta and C. Lo Cascio, “Developmentally regulated signal-
ing pathways in glioma invasion,” Cellular and Molecular Life
Sciences, vol. 75, no. 3, pp. 385–402, 2018.

[5] D. H. Rowitch and A. R. Kriegstein, “Developmental genetics of
vertebrate glial-cell specification,”Nature, vol. 468, no. 7321, pp.
214–222, 2010.
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Purpose. The goal of these studies was to provide proof of concept for a novel targeted therapy for GlioblastomaMultiforme (GBM).
Methods. These studies involve the evaluation of reconstituted high density lipoprotein (rHDL) nanoparticles (NPs) as delivery
agents for the drug, mammalian Target of Rapamycin (mTOR) inhibitor Everolimus (EVR) to GBM cells. Cytotoxicity studies and
assessment of downstream effects, including apoptosis, migration, and cell cycle events, were probed, in relation to the expression
of scavenger receptor B type 1 (SR-B1) by GBM cells. Results. Findings from cytotoxicity studies indicate that the rHDL/EVR
formulation was 185 times more potent than free EVR against high SR-B1 expressing cell line (LN 229). Cell cycle analysis revealed
that rHDL/EVR treated LN229 cells had a 5.8 times higher apoptotic cell population than those treated with EVR. The sensitivity
of GBM cells to EVR treatment was strongly correlated with SR-B1 expression. Conclusions. These studies present strong proof of
concept regarding the efficacy of delivering EVR and likely other agents, via a biocompatible transport system, targeted to the SR-B1
receptor that is upregulated in most cancers, including GBM. Targeting the SR-B1 receptor could thus lead to effective personalized
therapy of GBM.

1. Introduction

Glioblastoma Multiforme (GBM) is a devastating disease
with a very poor prognosis, as the survival of patients with
GBM rarely extends beyond 3 years from the time of diag-
nosis [1–3]. Despite intensive research and new approaches
to treatment, only limited improvements in patient outcomes
have been achieved [4, 5]. New approaches, perhaps involving
nanotechnology, are thus urgently needed to improve the
survival and the quality of life for GBM patients.

GBM tumors undergo extensive metabolic reprogram-
ming during their development, with epigenetic modifica-
tions that are also impacted by the tumor environment
[6]. Postoperative hypoxia is likely to facilitate diffuse and
invasive tumor growth [7] in addition to enhancing the
expression of the scavenger receptor type B1 (SR-B1) [8].

Thus, targeting GBM with a high density lipoprotein (HDL)
type drug transporter may be effective against the inva-
sion of GBM tumors, facilitated by the SR-B1 receptor
[9].

While nearly 165,000 publications listed in PubMed
contain the keyword “nanoparticles” (NPs), the efficiency
of payload delivery to oncogenic tissues on the average is
only 0.7% [10]. This finding is still perceived as a major
impediment to the development of clinical brain barrier
application of nanotechnology. In addition, drug resistance
to chemotherapy and drug delivery across the blood brain
barrier (BBB) are major obstacles to the effective treatment
of GBM [1]. Several therapeutic nanocarriers have been for
the treatment of GBM including targeted nanoparticles to
study the tumor microenvironment [11–14]. These studies
demonstrated an enhanced permeability and retention (EPR)
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effect, via selective targeting that enables the accumulation of
therapeutic agents in tumor tissues.

In the last several years, research on lipoprotein-based
drug delivery carriers has shown a dramatic increase [15–
19]. Our laboratory and others have shown have emphasized
the favorable properties of synthetic/reconstituted HDL and
HDLmimicking nanomaterials due to their biocompatibility,
small size, nonimmunogenicity, long circulation time, and
selective uptake via SR-B1 receptors [20–25]. The rHDL NPs
also seem suitable to cross the blood brain barrier (BBB) [21]
and to subsequently deliver their therapeutic payload to the
brain. Fung et al. [26] demonstrated that HDL is able to cross
the BBB by transcytosis, a unique mechanism facilitated by
the scavenger receptor B-1 (SR-B1). Others have described
the ability of a major HDL component, Apolipoprotein A-
I (Apo A-I), to cross the BBB [27–29]. Kadiyala et al. [30]
studied the ability of synthetic HDL (sHDL) nanodiscs as
a chemoimmunotherapy for delivery of CpG, a Toll-like
receptor 9 (TLR9) agonist, together with docetaxel (DTX), to
theGBMmicroenvironment and elicit tumor regression.This
combination of DTX-sHDL-CpG treatment with radiation
(IR) resulted in tumor regression and long-term survival in
80% of GBM-bearing animals.

Our laboratory was one of the first groups to develop an
rHDL drug delivery platform that mimics the properties of
endogenous HDL, a cholesterol transport vehicle [31]. These
rHDL NPs also seem suitable to cross the blood brain barrier
(BBB) and subsequently deliver their therapeutic payload
to the brain. The purpose of this study was to obtain proof
of concept data to support more advanced preclinical studies
and to facilitate the eventual translation of these findings
toward clinical applications. To accomplish these goals, the
drug Everolimus (EVR) was chosen due to the recent clinical
interest in EVR and regarding the off-target effects associated
with mammalian Target of Rapamycin (mTOR) inhibitors
[32]. EVR is an FDA approved mTOR inhibitor that has been
used in combination with temozolomide (TMZ) in a recent
Phase II clinical study with GBM patients [33].

With a partition coefficient (XlogP) value of 5.9, EVR is
a suitable candidate to accumulate in the core regions of the
rHDL “magic bullet” drug carrier [34].The preferred payload
for rHDL NPs appears to be hydrophobic compounds as
their natural counterparts (HDL) transport primarily highly
lipophilic cholesteryl esters as their core components [35].
The tumor selectivity of this drug delivery system is based
on the overexpression of the SR-B1 receptor by cancer cells
and tumors [36], including aggressive GBM cell lines. This
feature provides enhanced targeting via the HDL type NPs
for the SR-B1 receptor, thus limiting the off-target effects of
chemotherapy [37].

2. Materials and Methods

Materials: Apolipoprotein A-I (Apo A-I) was purchased from
MC Labs, San Francisco, CA. EVR and TMZ were purchased
from Selleckchem, Houston, TX. Egg yolk phosphatidyl-
choline, free cholesterol and cholesterol oleate, and dimethyl-
sulfoxide were obtained from Sigma Aldrich, St. Louis, MO.

�.�. Methods

�.�.�. Preparation of the rHDL/EVR Nanoparticles. rHDL/
EVR nanoparticles were assembled via a modified cholate
dialysis procedure [38] as follows. Briefly, the lipid ingredi-
ents, 15mg egg yolk PC (EYPC), 0.035mg free cholesterol
(FC), and 0.15mg cholesteryl oleate (CE), were dissolved
in chloroform and combined with the drug (EVR). The
mixture of the lipids (PC, FC, and CE) and the drug (EVE)
were dried under N2 to a thin film and dispersed in 60 𝜇L
dimethyl sulphoxide (DMSO). To this mixture, 5mg of Apo
A-I and 140 𝜇L of 0.1M sodium cholate were added and the
volume was made up to 2mL with Tris-EDTA buffer (10mM
Tris, 0.1M KCl, and 1mM EDTA pH 8.0). The final molar
ratio of Apo A1: EYPC:FC:CE = 1:110:0.5:1.3. This procedure
was optimized for EVR via a thermocycling/sonication step
as follows. The EVR formulation was incubated at 50∘C
for 2 minutes and kept on ice for another 2 minutes.
The formulation was then sonicated for 5 minutes with
an Ultrasonic Processor� at amplitude 25. The thermocy-
cling/sonication procedure was repeated and the formulation
was subsequently incubated for 12 hours at 4∘C on a nutator
shaker. Next the sample was dialyzed against 2 L of PBS,
for 48 hours, with three buffer changes. The preparation was
then centrifuged at 1000 rpm for 2 minutes and sterilized by
passing it through a 0.2 𝜇m syringe filter and kept in the dark
at 4∘C until used.

�.�.�. Characterization of rHDL/EVR Nanoparticles. The
assembled, drug containing NPs were characterized with
regard to physical properties and chemical composition.
A bicinchoninic acid (BCA) assay (Thermo Fischer Scien-
tific, Waltham, MA) was used to determine the Apo A-I.
The Cholesterol E and Phospholipid C reagent kits (Wako
Chemicals USA, Inc., Richmond, VA, USA) were used to
determine the amount of cholesterol, cholesterol oleate, and
EYPC in the NPs.These assays were conducted on a Cytation
3 Imaging reader Instrument (Bio-Tek, Winooski, VT, USA).
The amount of EVR incorporated into the NPs was estimated
by spectrophotometry at 277 nm (at the �max of EVR). To
account for the interference by the Apo A1 protein (known
to also absorb in this wavelength range), the absorbance of
the empty rHDL NPs (containing the same amount of Apo
A-I as the drug containing NPs) was subtracted from the
rHDL/EVR absorbance.

The drug entrapment efficiency (DEE) was calculated
using the equation

DEE = [(drug incorporated into NPs)
(initial drug) ] × 100%. (1)

The percentage of individual components is calculated by a
formula

% Component

= ( Average mg/mL of the component
∑ total mg/mL of all the components

)
× 100

(2)
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�.�.�. Nanoparticle Size Measurements. To determine the
diameter of the rHDL NPs, dynamic light scattering (DLS)
was carried out using a DelsaNano HC Particle Analyzer
(BeckmanCoulter, Inc., Fullerton, CA).The data are reported
asmean diameter ± SD and poly-dispersity index (PDI) using
number distribution analysis.

�.�.�. Transmission Electron Microscopy. The rHDL NP solu-
tion was dialyzed against distilled water for 18-24hr. Car-
bon coated 200 mesh Formvar grids were used for sample
preparation. Diluted samples were drop coated on to dis-
charged grids, followed by staining with 1% uranyl acetate
for 1min. TEM images were taken using TecnaiTM Spirit
electron microscope (EMCF facility in University of Texas
Southwestern Medical Center, Dallas, TX).

�.�.�. Cell Culture. A172, LN229, and LN18 cells were pur-
chased from ATCC, Manassas, VA. Astrocytes and U87-MG
were provided by Dr. Meharvan Singh (UNTHSC). Cells
were cultured inDMEM, supplementedwith 10% fetal bovine
serum (FBS) and 1% (100 U/mL) Penicillin-Streptomycin. All
cultures were incubated at 37∘C in 5% CO2 in 75 cm2 flasks
and passaged with 0.25% trypsin upon 80-90% confluency.

�.�.�. Western Blot and Densitometry. Antibodies for SR-
B1 and beta actin were acquired from Abcam (Cambridge,
MA). Anti-rabbit secondary antibody was purchased from
Cell Signaling Technology, Inc. (Beverly, MA). Cells were
first pelleted and then disrupted using a lysis buffer (50mM
Tris-HCl (pH 8.0), 150mM NaCl, 0.02% Sodium Azide,
100 𝜇g/ml PMSF, 1 𝜇g/ml aprotinin, 1% NP-4D). The protein
concentration of each sample was determined using a BCA
assay. A sample containing 20 𝜇g of protein (from each cell
extract) was subjected to SDS electrophoresis. The isolated
protein band was then transferred to a nitrocellulose mem-
brane using the iBlot 2 system (Thermo Fisher Scientific,
Carlsbad, CA) and probed with primary and secondary
antibodies. Finally, the immune-complexes were visualized
via chemiluminescence and were quantified using Image J
software to yield the relative expression levels of SR-B1/Actin.

�.�.	. Cytotoxicity Assays and IC�
 Determination. Cell lines
were grown in DMEM medium and incubated at 37∘C
with 5% CO2. Upon achieving the needed density, the cells
were recovered, treated with trypan blue, and subsequently
counted with a Cellometer mini (Nexcelom Bioscience,
Lawrence, MA, USA). The cells were next seeded at a
density of 5 × 104 cells/well in 96 well microtiter plates in
DMEM+10%FBS+1% penicillin/streptomycin medium and
incubated for 24 hours. Once the cells were attached, the
medium was removed, and the cells were washed with
sterile PBS. Each cell line was subsequently incubated with
increasing amounts of the respective drug formulations in
DMEM+1% FBS for 72 hours. The drug containing NPs was
prepared fresh for each experiment and stored at −20∘C if
necessary. Drug formulations were diluted in DMEM+1%
FBS on the day of the experiment to 0.1-100 𝜇M. After
incubation, 10𝜇L of tetrazolium salt solution from the Cell

Counting Kit-8 (CCK-8, Dojindo Molecular Technologies,
Inc. Gaithersburg MD) was added to the respective wells
and incubated for 3 hours. The absorbance (for each well)
at 450 nm was obtained on a microplate reader (PowerWave,
Biotek Instruments Inc., Winooski, VT, USA). IC50 values
were calculated by plotting cell viability vs. drug concentra-
tion, where the molar concentration of the drug inducing a
50% reduction in viability was designated as the IC50 value
for each formulation.

�.�.�. Matrigel Invasion Assay. Corning BioCoat Matrigel
Invasion Chambers (Corning, Bedford, MA) were used
to assess the invasive limiting capabilities of the rHDL
NPs, according to manufacturer’s protocol. Typically, 25,000
cells/insert (0.5ml) were placed onto rehydrated matrigel
invasion chambers, which were then placed into a 24-well
plate containing 0.75ml of a chemoattractant (FBS). The
cells were treated, respectively, with 5 𝜇M rHDL/EVR or
free EVR (control).The cell suspensions were then incubated
for 22 hours (37∘C, 5% CO2). After incubation, noninvading
cells were removed from the upper surface of the membrane
by scrubbing with a cotton swab. The chambers were then
removed from the wells, containing the chemoattractant,
dipped in wells containing PBS for a quick wash, and
immediately fixed with 100% methanol for 10 minutes. After
drying the preparations were stained with crystal violet for
10 minutes. The membranes inside the chambers were then
removedwith a scalpel and placed onto an oil immersion slide
to be viewed for invasion quantification. Fields in triplicate
were randomly chosen for each treatment, and cells that
invaded through the membrane were counted to assess the
invasion.

�.�.�. Cell Cycle Analysis. The respective cell lines were
seeded (800,000 cells/dish) in 60mm dishes and grown to
confluency in DMEM+10% FBS+1% penicillin/streptomycin
medium. After 24 hours, the medium was removed, and the
cells were washed 3 times with PBS, pH 7.4. The cells were
then incubated in serum freeDMEMmediumwith free drug,
rHDL/EVR, or empty HDL, with a positive control (no drug
treatment). A control experiment was run by adding the same
amount of DMSO as used to dissolve the free drug. After 22
hours, the medium of each preparation was removed, and
the cells were washed twice with PBS. These suspensions
were isolated and added to the corresponding samples of
medium to ensure that all cells were covered. The cells were
then harvested using trypsin as described above, pelleted, and
resuspended in PBS+0.1%, bovine serum albumin (BSA).

To this suspension, 3ml of cold absolute ethanol was
added dropwise while vortexing. The cells were then fixed at
4∘C overnight and then were again centrifuged and washed
with PBS. Next, propidium iodide staining solution (Sigma,
P4170) was mixed with the cell pellet. RNaseA stock solution
(Worthington Biochemical, LS005649) was then added to
each suspension, and the respective preparations were incu-
bated at 37∘C for 30 minutes. Cell cycle analysis was then
performedwith an FC500Cytometer, with the data presented
under Results.
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�.�.�
. Stability Study. Aliquots of the rHDL/EVRNP formu-
lations were placed into plastic vials and stored at either -20
or 4∘C for 1, 15, and 30 days. At each time point, these aliquots
were dialyzed as before and the percentage drug retentionwas
determined.

3. Results

�.�. Physicochemical Properties of rHDL/EVRNPs. Thechem-
ical composition of the rHDL/EVR nanoparticles is shown
in Table 1. The EVR loading efficiency into the rHDL
NPs was similar to formulations described earlier [22]. The
entrapment efficiency (EE) of EVR into the rHDL NPs was
57±5.6% while the most abundant component was phospho-
lipid (60.7%) followed by protein (20.1%), cholesterol 10%,
and EVR (9.3%).

The particle diameter analyses obtained from DLS mea-
surements for the rHDL/ EVR NPs (Figure 1) show a mean
diameter of 20.6 nm ± 5.8 nm. The polydispersity index
(PDI) of the formulation was 0.253. The morphology and
size of the particles were confirmed via transmission electron
microscopy (see inset in Figure 1) wheremost of theNPswere
observed to be smaller than 40 nm.

�.�. Storage Stability. The storage stability of the rHDL/EVR
NPs was tested at two different temperatures 4∘C and −20∘C
at 3 different time points (Table 2). The % drug recovery is
calculated as % encapsulation efficiency (EE). At 4∘C, the
drug recovery dropped from 99% to 91% over a month. At−20∘C almost 96% of the drug was recovered after onemonth
(Table 2).

�.�. SR-B� Expression in GBM Cells. A panel of GBM cells as
well as primary astrocytes was probed for SR-B1 expression
(Figure 2(a)) via a Western blot and densitometric analysis
(Figure 2(b)).The LN229 cells, derived from an epithelial cell
line, were found to have a relatively high SR-B1 expression,
while U87-MG, a cerebellar cell line, was found to have
relatively low SR-B1 expression. These two cell lines were
chosen for subsequent cytotoxicity studies to determine their
respective sensitivity to the rHDL/EVR formulation.

�.�. SR-B� Expression as a Predictor of Sensitivity to
rHDL/EVR NPs. Cell viability assays revealed the relative
sensitivity of LN229, U87-MG, and astrocytes to rHDL/EVR
as 1:3.4:55.9, respectively. These data indicate that the
sensitivity of GBM cell lines to the drug containing rHDL
NPs may be dependent on their respective SR-B1 expression
and that the IC50 of EVR was substantially decreased against
GBM cells, when delivered in rHDL NPs. The rHDL/
EVR NPs also outperformed the free TMZ (the IC50 of
TMZ was greater than 50 𝜇M against both GBM cell lines{data not shown}). In addition, treatment with empty rHDL
NPs had amodest cytotoxic effect against GBM cells, perhaps
due to the interaction of Apo A1 with the rHDL receptor
[23].
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Figure 1: Estimation of rHDL/EVR nanoparticle size via dynamic
light scattering (DLS) and Transmission electron microscopy
(TEM).
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Figure 2: SR-B1 expression in GBM and nonmalignant cell lines via
(a) Western blot and (b) densitometry.

As shown in Table 3, the rHDL/EVR nanoparticles
markedly potentiated the cytotoxic effect of EVR. Subse-
quently, a combination of EVR and TMZ, against the highest
SR-B1-expressing GBM line (LN229), was also assessed. As
seen in Figure 3, free TMZ further enhanced the impact of
rHDL/EVR on the GMB (LN229) cells.

�.�. Estimation of Migration/ Invasion Tendencies of GBM
Cells. The GBM cell lines, U87-MG (low SR-B1 expressor)
and LN229 (a high SR-B1 expressor), were subjected to a
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Table 1: Chemical composition of rHDL/EVR nanoparticles.

Component mg/mL ± SD Component % of total ± SD
EVR 0.57 ± 0.09 9.3 ± 1.4
Protein 1.23 ± 0.04 20.1 ± 0.7
Phospholipid 3.72 ± 0.19 60.7 ± 3.2
Cholesterol 0.61 ± 0.04 10.0 ± 0.6

Table 2: Storage stability of the rHDL/EVR nanoparticles at different storage conditions.

STORAGE STORAGE duration (days)
Temperature 0 1 15 30
%EE∗at 4∘C 100±4 99±5 96±7 91±3
% EE at -20∘C 100±6 99±3 95±6 96±5
Note: ∗EE is percent encapsulation efficiency.
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Figure 3: Survival of the LN229 cell line against rHDL EVR+TMZ
combination treatment.

matrigel invasion assay in the presence of either free EVR
or rHDL/EVR. During rHDL/EVR treatment, invasion was
almost completely eliminated in the high SR-B1 expressing
cell line (LN229, Figure 4). In addition, the suppression of the
migration/invasion tendencies by rHDL/EVR between the
low expressor GBM cell lines (U87) and the high expressor
cell line (LN229) was significantly different (∗p<0.05). The
tendencies for migration/invasion of the LN229 cells were
13.87 times lower when treated with rHDL/EVR compared to
2.22 times lower tendencies when treated with free EVR (Fig-
ure 4) and as such indicate lower propensity for metastatic
growth.

�.�. Cell Cycle Analysis of GBMCells in Response to rHDL/EVR
NPs via Flow Cytometry. Next we performed cell cycle
analyses to assess the response of GBM cells to EVR and
rHDL/EVR with regard to their tendencies to become apop-
totic. As shown in Figure 5, treatment with 0.27 uM dose

equivalent EVR in rHDL formulation resulted in a marked
increase in apoptosis (not expected for a cytostatic agent)
while the cell cycle was observed to be arrested at S phase,
with less than 1% of the population reaching the G2/M phase,
following treatment. Treatment with rHDL/EVR resulted in
a 57.7% increase in the apoptotic population of LN229 cells
(5.8 times higher than apoptotic population in LN 229 cells
treated with EVR). rHDL/EVR also induced 4.3 times more
apoptosis in LN229 cells than in U87-MG cells (data not
shown). These apoptotic tendencies also correlate well with
their respective SR-B1 expression (4.88:1 in favor of the LN229
cells vs. U87-MG cells). To control for the possibility of rHDL
being cytotoxic itself, LN229 cells were subjected to empty
rHDL treatment.These studies resulted in only 9% of the cell
population being apoptotic following treatment (Figure 5).

4. Discussion

Traditional chemotherapy approaches generally produce off-
target effects, including toxicity to normal tissues. The rHDL
NPs are ideal candidates to protect against the off-target
toxicity of drugs, as their hydrophobic core shields the
therapeutic agent from release to nonmalignant tissues [6,
24].

Cholesterol transport is a highly conserved and regulated
process in the CNS. While only a fraction of the lipoproteins
found in the CNS is synthesized in situ by astrocytes and
oligodendrocytes, most cranial lipoproteins and their com-
ponents, including Apo A-I, originate from the blood and
subsequently cross into the BBB [39]. The SR-B1 receptor is
expressed in both astrocytes and neurons, perhaps facilitating
the receptor-mediated transport of cholesterol. The SR-B1
expression, however, is far lower than the expression of
low density lipoprotein receptor (LDL-R), the predominant
receptor for Apolipoprotein E (ApoE) containing lipopro-
teins [40, 41]. Due to its limited expression in normal
compared to much higher levels of expression seen in GBM
cells (Figure 2) the SR-B1 receptor is thus a potential novel



6 Journal of Oncology

Table 3: IC50 of everolimus (EVR) formulations against glioblastoma cells (LN 229 and U87) and astrocytes.

Cell line Free-EVR (𝜇M) rHDL-EVR (𝜇M)
LN229 >50 0.27±0.05
U87 2.91±0.3 0.92±0.17
Astrocytes 4.27±0.82 15.1±1.24
Note: a range of concentration of 10 nM to 50 𝜇M of each formulation was used for the cytotoxicity studies.
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Figure 4: Comparison of the tendency formigration/invasion betweenGBMcell lines LN229 (a) andU87 (b) with differing SR-B1 expression.∗Statistically significant (p<0.05). No significant difference was found among different groups for U87 cell line.

target for rHDL facilitated therapeutics that could mitigate
the off-target cytotoxicity seen in traditional approaches to
treat GBM.

We have also evaluated the SR-B1 expression in GBM
and survival of patients from an existing TCGA dataset.
Kaplan-Meier survival curves for SCARB1 were generated
by using R2 genomics and visualization platform. Database
(Tumor Glioblastoma-TCGA-540) with survival information
was chosen for analysis. The “Kaplan scan” of R2 genomics
generates a Kaplan-Meier Plot based on the most optimal
mRNA cut-off expression levels to discriminate between
a good and bad prognosis cohort. Five-year survival was
analyzed and plotted with event-free and overall survival
based on survivin expression. It is evident that high SCARB1
expression in GBM correlates well with worse outcome
(Figure 6).

The physicochemical characterization of the rHDL/EVR
NPs reveal that these particles had similar properties to those
rHDL formulations reported earlier in the literature [38, 42].
The EVR NPs examined in this study, contained 9.3% of the
drugwith the incorporation efficiency (EE) of about 60%.The

small size of these NPs (∼20 nm in diameter; Figure 1) should
allow them to penetrate the interfibrillar domains of tumors,
resulting in greater therapeutic efficacy and accumulation of
drugs in the tumor mass [43]. The long circulation time of
3-5 days and small size [15, 35, 43] are anticipated to provide
advantages for the rHDL “TrojanHorse” drug delivery system
[34] over liposomal and other nanocarriers [44].

The cytotoxicity studies (Table 3) indicated that
rHDL/EVR formulation was 185 times more potent than
free EVR against LN 229 cells, whereas the free EVR was
3.2 times more effective against U87 cells. This discrepancy
is likely to be due to the difference in the expression if the
SR-B1 receptors (much higher in LN 229 cells compared to
U87 cells).

This study highlights the capability of the rHDL NPs to
deliver a targeted payload with multimodal mechanisms of
action against GBM. It also provides proof of concept regard-
ing the efficacy of delivering a hydrophobic; FDA approved
mTOR inhibitor by utilizing transport system targeted to the
SR-B1 receptor that is upregulated in most cancers, including
GBM.
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