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Abstract

Glioblastoma (GBM) is the most prevalent primary central nervous system tumour in adults. The lethality of GBM lies in its
highly invasive, infiltrative, and neurologically destructive nature resulting in treatment failure, tumour recurrence and death.
Even with current standard of care treatment with surgery, radiotherapy and chemotherapy, surviving tumour cells invade
throughout the brain. We have previously shown that this invasive phenotype is facilitated by actin-rich, membrane-based
structures known as invadopodia. The formation and matrix degrading activity of invadopodia is enhanced in GBM cells
that survive treatment. Drug repurposing provides a means of identifying new therapeutic applications for existing drugs
without the need for discovery or development and the associated time for clinical implementation. We investigate several
FDA-approved agents for their ability to act as both cytotoxic agents in reducing cell viability and as ‘anti-invadopodia’ agents
in GBM cell lines. Based on their cytotoxicity profile, three agents were selected, bortezomib, everolimus and fludarabine,
to test their effect on GBM cell invasion. All three drugs reduced radiation/temozolomide-induced invadopodia activity, in
addition to reducing GBM cell viability. These drugs demonstrate efficacious properties warranting further investigation
with the potential to be implemented as part of the treatment regime for GBM.
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Introduction

Gliomas are the most common primary central nervous sys-
tem (CNS) malignancy in adults, accounting for approxi-
mately 80% of all CNS malignancies [1], with an average
annual age-adjusted incidence of 6.0 per 100,000 population
and a 5 year survival rate of only 5% in the United States
between 2010 to 2014 [2]. The most common and aggressive
form of glioma, glioblastoma (GBM), accounts for 61% of
all gliomas [2]. Despite multimodal treatment with surgery,
fractionated radiotherapy (RT) and temozolomide (TMZ)
chemotherapy, the median survival for GBM patients is only
6—15 months [3, 4].

Gliomas exhibit several classic tumour cell characteris-
tics, including genomic instability, resistance to apoptosis,
proliferation, and invasion [5]. GBM is highly invasive, with
widespread infiltration of tumour cells into surrounding nor-
mal brain parenchyma. This inevitable spread prevents com-
plete surgical tumour resection, with residual post-operative
tumour cells contributing to recurrence. In addition, the
development of resistance to TMZ and RT in residual cells
contributes to tumour recurrence and patient death.

It has been previously shown that invadopodia, dynamic,
actin-rich membrane-localized structures, facilitate cancer
cell invasion, including in GBM [6, 7]. These specialized
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structures extend into and adhere to the surrounding extra-
cellular matrix (ECM) and proteolytically degrade ECM
substrates using various transmembrane proteases, including
membrane type 1-matrix metalloproteinase (MT1-MMP),
and secreted proteases such as matrix-metalloproteinase
(MMP)-2 and MMP-9 [8-10]. Importantly, the expres-
sion of MMP-2 and MMP-9 is upregulated in GBM [11,
12]. Invadopodia are found in glioma cell lines and tumour
cells isolated from human GBM tissue, suggesting a role
in glioma invasion [7, 13]. We have also previously shown
that the invadopodia regulator, Tks5, correlates with glioma
patient survival [14], further supporting the role of invado-
podia in glioma.

Ionizing radiation is an important modality in cancer
treatment, with a survival benefit for many cancers [15],
including glioma [16]. However, it has been proposed that
RT may exacerbate the invasive and migratory behaviour
of cancer cells [17, 18]. Studies have demonstrated that RT
may facilitate tumour invasion through treatment-induced
secretion of pro-invasive factors such as the MMP fam-
ily [19-23]. As well as promoting invasion, an increase in
MMP-2 secretion may also assist tumour survival by reduc-
ing apoptosis, proliferation and angiogenesis [24]. This is an
important consideration, as the majority of GBM inevitably
recur in the vicinity of the target volume of RT around the
surgical resection cavity [25]. This is supported by several
studies which report an increase in the migratory and inva-
sive potential of GBM cells that survive RT and TMZ treat-
ment [26-29].

The most recent advance in GBM treatment, in 2005, was
the discovery that complementing surgical resection and
RT with TMZ treatment marginally increased survival rates
[30]. With no major advances since this discovery, GBM
patients continue to face a poor prognosis, highlighting the
need for innovative and effective therapeutic strategies. Drug
repurposing, finding new uses, for existing drugs approved
for other indications, is gaining momentum, particularly as
the pipeline for drug discovery involves significant financial
investment, and a timeframe of 10 to 15 years [31]. Drug
repurposing benefits from the existing knowledge on dos-
age, safety, and side effects, negating the need for phase I
and II trials and ultimately reducing both lead time and cost.
Therefore, we examined several FDA-approved drugs for
their potential to impair invadopodia activity in GBM cells.

Materials and methods
FDA-approved drugs
The 20 FDA-approved drugs used in this study (Supp.

Table 1) were supplied by Selleckchem (Selleckchem, Hou-
ston, TX, USA) at a concentration of 10 mM in DMSO and
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were stored at — 80 °C. They were derived from a larger
commercial library (Catalogue Number: L1300) and were
chosen for potential impact on invadopodia activity, based
on involvement of drug gene targets in cancer cell invasion
and expression in GBM. The ideal drug would have a dual
effect in reducing both cell viability and invadopodia activity
in GBM cells surviving RT and TMZ treatment.

Cell lines and culture

U87MG and LN229 cell lines were purchased from the
ATCC (American Type Culture Collection). MU41 is a
patient-derived cell line obtained from an explant human
GBM biopsy at The Royal Melbourne Hospital (Melbourne
Health Research Ethics Approval Number 2009.116). The
cells were cultured in DMEM (Life Technologies) supple-
mented with 10% (vol/vol) heat-inactivated fetal bovine
serum (HyClone), penicillin (100 U/ml), and streptomy-
cin (10 pg/ml). All cells were maintained in a humidified
atmosphere of 10% CO, at 37 °C and used within the first
20 passages.

Western blot analysis

Western blot analysis of GBM cell protein lysates (20 pg)
was performed using NuPage 4%-12% bis—tris precast
gels (Invitrogen) and transferred onto nitrocellulose blot-
ting membrane (GE Healthsciences). The membranes were
blocked with 3% bovine serum albumin in 1% TBST for
1 h prior to overnight incubation with primary antibod-
ies at 4 °C. The following antibodies were utilized for
this study: GAPDH (diluted 1:1000, Cat No. 14C10, Cell
Signalling Technologies), N-WASP (diluted 1:1000, Cat.
No. SC271484, Santa Cruz Biotechnology); Nck1 (diluted
1:1000, Cat No. 15B9, Cell Signaling Technologies), Cort-
actin (diluted 1:1000, Cat No. SC555888, Santa Cruz Bio-
technology) and Tks5 (diluted 1:1000, Cat No. SC30122,
Santa Cruz Biotechnology). Subsequently, the membranes
underwent three 5 min washes in 1 X TBST and then incu-
bated with the secondary antibody (1:10,000; Cat. No.
1706515, anti-rabbit; Cat. No. 1706516, anti-mouse, Bio-
Rad) and developed using an enhanced chemiluminescence
reagent (GE Healthcare) and exposure onto SuperRX x-ray
film (Fujifilm).

Gelatin zymography

For zymographic analysis of cell culture medium, 1 x 10°
cells were seeded per well in six well plates (Corning) and
were allowed to adhere overnight before washing with sterile
phosphate buffered saline (PBS) and further incubation in
2 ml of serum-free OptiMem® (Thermofisher Scientific)
for 24 h. 200 pl aliquots of the conditioned OptiMem®

medium was then sampled and centrifuged at 1000xg (4 °C)
for 10 min before storage at — 80 °C. NuPAGE precast gels
(Invitrogen, Australia) were used for the gelatin based
zymography and the conditioned OptiMem® media sam-
ples were normalized against the corresponding cell protein
lysate concentration, as determined using the Bicinchonic
acid (BCA) protein assay (Pierce, Thermofisher Scientific).
Separation of the media samples was performed by elec-
trophoresis at 125 V for 1.5 h in 1 X Novex Tris—Glycine
SDS Running Buffer. Subsequently, the gels were then
removed and incubated for 30 min at room temperature in
1 X Novex zymogram renaturing buffer (Thermofisher Scien-
tific), followed by a 30 min incubation at room temperature
in 1 X Novex zymogram developing buffer. This was then
replaced with new developing buffer for an overnight incu-
bation at 37 °C. The gels were then washed in distilled water
and stained for 1 h in Simply Blue Stain (Life Technologies)
followed by additional washing in distilled water until clear
gelatinolytic bands were visible. Identification of the band
molecular weight was determined using loaded Precision
Blue protein markers (Bio-Rad) and the gels were scanned
using a flatbed scanner.

Cell viability assays

Cells were seeded (1 x 10* cells/well) into 96 well plates
and were allowed to adhere overnight. The cells were then
treated with the FDA-approved drugs listed in Supplemen-
tary Table 1 at increasing concentrations (0, 0.01, 0.1, 1
and 10 pM) in triplicate for 72 h in a humidified incubator
(10% CO, at 37 °C). Following the incubation, cell viabil-
ity was assessed with a plate reader (absorbance—570 nm
wavelength) using a CellTiter 96 Non-radioactive Cell Pro-
liferation Assay (MTT) (Promega), as per the manufacturer’s
instructions.

Invadopodia matrix degradation assay

FITC-gelatin invadopodia matrix assays were performed as
previously described [32]. The basal invadopodia activity
of the cell lines was determined by seeding 1 x 10° cells per
FITC-gelatin coated coverslip for 24 h in a humidified incu-
bator (10% CO, at 37 °C). The cells were then then washed
with 1 X PBS and fixed in 4% paraformaldehyde for 15 min.
The cells were permeabilized with 0.2% Triton-X-100
and then stained with rhodamine phalloidin (invadopodia
actin puncta) and DAPI (nucleus), and the coverslips were
mounted with Vectashield (Vector Laboratories). Images
were then acquired using a Nikon A1 + confocal microscope
system utilizing a Plan Apo VC 60 x Oil DIC N2 immer-
sion objective. Degraded gelatin was defined as black areas
depleted of fluorescent gelatin within each image. A total
of 10 random image fields were acquired for each sample.
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Images were subsequently analyzed using ImagelJ (version
1.51n), and threshold and region tools were utilized to define
the total region of degradation present within each acquired
image field. A particle counter macro was then employed to
calculate the total area of FITC-conjugated gelatin degrada-
tion, and this was then standardized relative to the number
of DAPI-positive cells that were present within the image
field. The LN229 cells were irradiated at 2 Gy and after 24 h
(10% CO, at 37 °C), the cells were treated with 50 pM of
TMZ for a further 24 h (10% CO, at 37 °C). The cells were
then incubated with 0.01 pM of the FDA-approved drugs
for an additional 72 h (10% CO, at 37 °C). The cells were
then trypsinized and seeded at a density of 1 x 10° cells per
FITC-gelatin coated coverslip for 24 h in the absence of drug
(10% CO, at 37 °C) prior to fixing and staining as previously
outlined.

In vitro scratch wound assay

LN229 cells were seeded into 6-well plates (3 x 10° cells/
well) and allowed to adhere overnight in a humidified envi-
ronment (10% CO, at 37 °C). The cells were then incubated
in the presence of drug (0.01 uM) for 72 h, after which 5 pg/
ml of Mitomycin C (2 h, 10% CO, at 37 °C) was then added
to the cells to arrest proliferation, followed by the intro-
duction of a scratch 2 h later. The cells were then washed
twice in PBS before fresh medium was added. Images were
acquired at 0, 6 and 24 h using a 4 X objective. Images were
analysed using Image J (Version 1.51n) to define the area
of the wound.

Cultrex BME invasion assay

Cells were seeded (2.5 x 10* cells/well) in 24 well plates,
allowed to adhere overnight before the addition of serum-
free Optimem (24 h). Membrane inserts were then coated
with a 100 pl volume of 0.5x BME as per the manufacturer’s
protocol. GBM cells were treated with RT/TMZ and the can-
didate drugs as outlined in the invadopodia assay, prior to
seeding in the top chamber of the BME coated membranes.

Datamining

Differential mRNA expression levels of invadopodia regula-
tors in glioma tissue were retrieved from the Oncomine™
v4.5 database (www.oncomine.org; Compendia Biosci-
ence™, Ann Arbor, MI, USA, part of Life Technologies).
Oncomine™ is an online cancer microarray database con-
taining 715 datasets (86,733 samples) compiled from vari-
ous cancer studies. The threshold for the inclusion of data
analysis was set to p <0.05 for significance and an mRNA
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expression fold difference of >2. All data are log trans-
formed, and the standard deviation is normalized to one per
array studied.

The mRNA expression levels of the FDA-approved candi-
date drugs target genes (bortezomib, fludarabine and everoli-
mus) in glioma samples of different grades from The Cancer
Genome Atlas (TCGA) and Chinese Glioma Genome Atlas
(CGGA) cohorts were analysed using the Gliovis glioma
data portal (http://gliovis.bioinfo.cnio.es/). A GBM patient
survival analysis was also conducted using the Glioblastoma
Bio Discovery Portal (GBM-BioDP; https://gbm-biodp.nci.
nih.gov/), which is an online resource (https://gbm-biodp.
nci.nih.gov) for examining The Cancer Genome Atlas
(TCGA) data associated with GBM [33]. GBM-BioDP ena-
bles the probing of gene expression profiles based on known
molecular subtypes and association with clinical outcomes
[34]. Data sourced from GBM-BioDP was used to demon-
strate that co-expression of invadopodia genes with the gene
targets of the candidate FDA-approved drugs portended a
poorer prognosis compared to the invadopodia genes or drug
target genes alone.

STRING database: protein-protein interaction
analysis

The Search Tool for the Retrieval of Interacting Genes/pro-
teins (STRING V11.5; www.string-db.org) [32], is a data-
base that searches for known protein interactions online. The
minimum required interaction score was set with a medium
confidence of (0.400) and a network interaction map of the
drug target genes and invadopodia genes was constructed
(Supp. Figure 2).

Statistical analysis

Statistical significance was determined using an unpaired,
unequal variance, two-tailed t-test with the use of GraphPad
Prism 7 (Prism 7.00 for Windows, GraphPad Software, La
Jolla, CA, USA). Values were considered statistically sig-
nificant if p <0.05.

Results

Functional matrix degrading invadopodia are
present in GBM cell lines

The three cell lines used in this study (MU41, US7MG
and LN229) form functional invadopodia that degrade the
FITC-labelled gelatin which can be seen to co-localize with
rhodamine phalloidin-stained actin puncta (Fig. 1a). The
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Fig.1 GBM cell lines form functional invadopodia and secrete
MMP-2. a MU41, US7MG and LN229 GBM cells were seeded on
cross-linked FITC-gelatin (24 h) to detect the presence of FITC-
gelatin degrading invadopodia. White scale bars represent 20 pM.
Degraded areas of FITC-labelled gelatin are evident as black areas
devoid of FITC-labelled gelatin (green). DAPI staining of the nucleus
is shown in blue, and rhodamine-conjugated phalloidin was used to
stain for actin filaments and actin puncta (invadopodia). b Graph
depicting the basal invadopodia-mediated FITC-gelatin degrada-
tion activity of the GBM cell lines in (a). Experiment was repeated
three times. ¢ Gelatin zymography analysis showing MMP-2 activ-
ity at 24 h after incubation of GBM cells in serum-free Optimem®.

presence of functional invadopodia is further supported with
the observed co-localization of cortactin with actin puncta
(Fig. 1e). Quantification revealed that LN229 cells exhib-
ited the highest level of invadopodia-mediated FITC-gela-
tin degrading activity (Fig. 1b). Importantly, zymographic
analysis of serum-free conditioned medium isolated from the
cell lines revealed that the prominent MMP forms detected
were pro-MMP-2 (72 kDa) and active MMP-2 (65 kDa)
(Fig. Ic).

To support the functional results indicating the presence
of invadopodia in our GBM cell lines, we determined the
expression levels of several known regulatory invadopodia-
related proteins including TksS5, cortactin, Nck, MMP-2
and N-WASP using western blotting (Fig. 1d). All three
cell lines showed expression of these invadopodia-related
proteins, although levels varied. LN229 cells displayed both

The experiment was repeated three times and a representative image
is shown. d Western immunoblot analysis of various regulators of
invadopodia formation/activity in the listed GBM cell lines. e Endog-
enous cortactin colocalizes with invadopodia actin puncta. GBM cells
were seeded on cross-linked FITC-labelled gelatin. After 24 h, the
cells were fixed and stained for actin filaments with rhodamine phal-
loidin (red), cortactin primary antibody and an Alexa 405 secondary
antibody (blue). The white arrows indicate co-localization of rhoda-
mine phalloidin-stained actin puncta with cortactin within invadopo-
dia. The experiment was repeated twice and representative images are
shown. Scale bar=20 pM

the highest invadopodia-mediated FITC-gelatin degradation
and highest expression of invadopodia-associated proteins.

Repurposed FDA-approved drugs can reduce GBM
cell line viability

The twenty FDA-approved drugs (Supp. Table 1) were first
examined for their ability to reduce GBM cell viability. A
variable response to the drugs over the concentration range
examined was observed (Figs. 2, 3). Drugs were then ranked
based on efficacy across multiple concentrations and the
number of cell lines affected (Supp. Table 2). Three candi-
date drugs were then selected for further analysis including
bortezomib, everolimus, and fludarabine. Bortezomib was
the most effective at reducing GBM cell viability across all
lines.
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Bortezomib reduces GBM cell migration, whereas
bortezomib, everolimus and fludarabine reduce
invadopodia-mediated FITC-gelatin degradation
in LN229 cells

As LN229 cells exhibited the highest level of invadopodia
activity, we investigated the impact of the three drugs on
this activity in LN229 cells. Invadopodia regulators such as
cortactin are known to exhibit dynamic interactions with the
actin cytoskeleton to regulate cell movement and therefore
we also examined the effect of the drugs on cell migration
(Fig. 4a, b). Only bortezomib was observed to reduce LN229
cell migration, however, all three drugs significantly reduced
the basal levels of invadopodia-mediated FITC-gelatin deg-
radation as seen in the untreated controls (Fig. 4c, d).

Bortezomib, everolimus and fludarabine can reduce
RT and TMZ treatment-induced invadopodia activity
in LN229 cells

As we had determined that bortezomib, everolimus and
fludarabine could reduce invadopodia-mediated FITC-gel-
atin degradation in LN229 cells, we also examined whether
this ‘anti-invadopodia’ effect could be replicated in GBM
cells pre-treated with RT and TMZ. LN229 cells treated
with RT/TMZ resulted in approximately a two-fold increase
in FITC-gelatin degradation, compared to untreated cells
(Fig. 4e, f). However, all three drugs reduced RT/TMZ-
induced invadopodia activity and the percentage of cells co-
localizing with degraded FITC-gelatin (Fig. 4g). Support-
ing the reduction in invadopodia activity was an observed
functional decrease in the invasive capacity of drug treated
LN229 cells through the ECM matrix of an invasion assay
(Fig. 4h). Furthermore, zymographic examination of condi-
tioned medium isolated from treated LN229 cells showed
that the three drugs also partially reduced MMP-2 secretion
(Fig. 41).

Invadopodia regulator mRNA expression
is increased in glioma

Gene expression datasets were examined from seven inde-
pendent glioma studies showing a significant increase in
mRNA levels of invadopodia regulators in GBM tissue com-
pared to normal brain (Table 1), which was also observed
for the candidate drug gene targets (Table 2). Analysis of
the TCGA and CGGA datasets revealed that gene targets
of the three drugs were generally more highly expressed in
grade IV glioma (GBM) (Fig. 5). We also utilized GBM-
BioDP to cross-examine survival data associated with the
TCGA dataset. Stratification of the patients into two groups
(low versus high co-expression of drug gene targets with
invadopodia genes) identified a significant impact on GBM
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survival compared to the individual groups (Supp. Figure 1;
Supp. Table 3).

STRING Protein—protein analysis indicates potential
interactions between invadopodia regulators
and drug targets

A protein—protein interaction (PPI) network was constructed
for the FDA-approved drug target genes and the invadopodia
regulator genes. As can be seen in Supp. Figure 2a, experi-
mental and curated database evidence suggest that there
are protein—protein interactions between a number of the
invadopodia regulators and the drug targets. The known
interactions with drug targets include NFKB1 and AKT1
(bortezomib) and MTOR (Everolimus). The correspond-
ing confidence PPI network map (Supp. Figure 2b) shows
prominent interactions between the drug target genes and the
invadopodia regulators Src and Grb2, which is supported by
the ‘combined score’ (Supp. Figure 2¢) as determined by the
STRING network pipeline.

Discussion

Despite advances in medical technology and decades of
research and numerous clinical trials [30], the prognosis for
GBM patients still remains poor [4, 30], with the highly
infiltrative phenotype of GBM cells contributing to tumour
recurrence [33]. We have previously demonstrated the pres-
ence of invadopodia in primary tumour cells isolated from
ex-vivo cultured GBM specimens [7] and that the forma-
tion and activity of invadopodia coupled with enhanced
MMP-2 secretion is observed in GBM cells surviving RT
and TMZ treatment [34]. The current standard of care for
GBM patients includes fractionated radiotherapy at 2 Gy
per day [30] and it has been previously determined that the
concentration of TMZ in the CSF of GBM patients can range
between 5 and 50 pM [35]. Therefore, in our current study,
we used a radiotherapy dose of 2 Gy and TMZ concentra-
tion of 50 pM and observed enhanced invadopodia-mediated
FITC-gelatin degrading activity in the LN229 GBM cells,
which supported our previous findings at higher doses of RT
and TMZ [34]. This highlights the urgent need for exploring
therapeutic strategies to combat invadopodia formation in
GBM cells that survive RT/TMZ treatment, which formed
the basis for evaluating the FDA-approved agents in our
study.

Importantly, previous studies have demonstrated that
these three drugs can reduce the invasive ability of other
cancer cell types, but these observations were not linked to
a decrease in the matrix degrading ability of invadopodia.
Bortezomib treatment reduces the migration and invasive
capacity of a cervical carcinoma HeLa cell line, which was
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Fig.2 FDA-approved drugs reduce GBM cell line viability. GBM
cell lines MU41 (Black), LN229 (Grey) and U88TMG (white) were
incubated at several concentrations (0, 0.01, 0.1, 1, and 10 pM) of
the FDA-approved drugs for 72 h before cell viability was deter-
mined using an MTT assay. Cell viability is represented as percent-
age survival relative to untreated control cells (=6 experiments;

associated with a decrease in the intracellular expression of
MMP2 and MMP9 [36], and this is also observed in bort-
ezomib treated chondrosarcoma cells [37]. Significant inhi-
bition of the invasive capacity of human breast cancer cells
[38] and ovarian cancer cells [39] in vitro, coupled with a
decrease in MMP9 expression has also been observed with
everolimus treatment. Notably, the in vitro based matrix
invasive capacity of colorectal cancer cells is also reduced
with fludarabine treatment [40]. These observations support
the findings from this current study demonstrating that these
FDA-approved agents can reduce the invasive capacity of
GBM cells by impacting invadopodia activity.

Fludarabine is a chemotherapeutic agent used for treating
haematological malignancies due to its ability in disrupting
DNA synthesis [41]. Early studies in the late 1980’s, evaluat-
ing the efficacy of fludarabine in glioma patients concluded
that it was not an effective therapeutic agent at the utilized
dosages (18 or 25 mg/m?/day) [42, 43] and recommended
that further study of the drug was not warranted. However,
these were small trials (23 patients [42] and 15 patients
[43], respectively) involving recurrent anaplastic astrocy-
toma or glioblastoma patients. However, one trial did report
positive responses in some patients (partial responder—1;
improved responder—?2; stable disease—2) [42]. Also, a
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P<0.05 when compared to the respective control). a Axitinib, b
Pazopanib HCl, ¢ Crizotinib, d 2-methoxyestradiol, e Dequalinium
Chloride, f Nilotinib, g Temsirolimus, h Rosiglitazone Maleate, i Vis-
modegib, j Irinotecan.

recent study has since demonstrated that fludarabine phos-
phate can inhibit inositol-requiring enzyme 1 (IRE1) activ-
ity, which in turn sensitizes GBM cells to TMZ treatment
[44] and therefore could potentially be integrated with the
current Stupp based protocol prior to TMZ administration,
to improve patient outcome.

Mammalian target of rapamycin (mTOR) signalling plays
a critical role in cellular functions for normal and cancer
cells. The mTOR multiprotein complex, mTORI is signifi-
cantly deregulated in cancer including GBM [45], which has
driven an increasing interest in rapamycin-based therapies
including everolimus (RADOO1). There have been varied
outcomes from everolimus trials for glioma patients, but a
phase II trial of recurrent low grade glioma patients resulted
in a high degree of disease stability [46]. The median sur-
vival of newly diagnosed GBM patients treated with a com-
bination of everolimus and conventional chemoradiation is
comparable to contemporary studies, but inferior to controls
in a randomized study [47]. However, Babak and Mason
[48] identified that 77.1% of patients in the control arm of
this study received adjuvant TMZ, whereas only 60.2% in
the everolimus arm received TMZ. This may have had an
unfavourable impact on survival, especially since the hyper-
methylation of O6-methylguanine-DNA methyltransferase

@ Springer
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Fig.3 FDA-approved drugs reduce GBM cell line viability. GBM mean =+ standard deviation. *(MU41), **(LN229), ***(U87TMG)

cell lines MU41 (Black), LN229 (Grey) and U88TMG (white) were
incubated at several concentrations (0,0.01, 0.1, 1, and 10 pM) of
the FDA-approved drugs for 72 h before cell viability was deter-
mined using an MTT assay. Cell viability is represented as percent-
age survival relative to untreated control cells (=6 experiments;

would have conferred a survival advantage in the control
arm. These contributing factors must be considered when
further examining mTOR inhibition-based therapy in future
trials, especially as mMTORCI, as a potential therapeutic tar-
get is overexpressed in GBM.

Bortezomib is a dipeptide boronic acid derivative and a
reversible inhibitor of the 26S proteasome. It has been par-
ticularly successful in the treatment of myeloma, as it induces
death in multiple myeloma cells at doses that are non-toxic to
normal blood peripheral cells with therapeutic efficacy [49].
Promising clinical results have been observed in the treatment
of solid cancers [50-56]. Phase I and II clinical trials evaluat-
ing bortezomib treatment of GBM patients have shown that
the combination with radiotherapy and TMZ is well tolerated
[57-59], and that stable clinical symptoms and radiological
response and improvements in survival compared to historical
controls appear promising [57, 59].

In a recent, phase II study [57], the addition of borte-
zomib to radiotherapy and TMZ resulted in a median overall
survival of 19.1 months and a pronounced median overall
survival of 61 months in MGMT-methylated GBM patients
versus 16.4 in unmethylated patients. Whilst this is only a
small study, the encouraging positive results warrant fur-
ther trials investigating the combination of radiotherapy,

@ Springer

P <0.05 when compared to the respective control). a Fludarabine, b
Rosiglitazone, ¢ Rosiglitazone HCI, d Everolimus, e Bortezomib, f
Vorinostat, g Tofacitinib citrate, h Imatinib mesylate, i Lapatinib, j
Pimecrolimus.

TMZ and bortezomib. Importantly, it has been observed to
cross the blood brain barrier (BBB) in humans and mice [59,
60]. However, some phase II clinical trials investigating the
efficacy of systemically administered bortezomib adminis-
tered with tamoxifen [61] or vorinostat [62] demonstrated
no therapeutic benefit, indicating potentially a low CNS
penetrance due to the BBB. But, it has been proposed that
efflux transporters such as P-glycoprotein (P-gp, ABCB1),
function to intercept drugs entering the CNS capillary cells
and transport them back into the blood [63]. By inhibiting
drug efflux with the use of ABC transporter inhibitors, the
CNS penetrance of drugs such as bortezomib can poten-
tially be improved [64]. The intratumoural administration
of bortezomib into the cranial cavity has also been proposed
as an effective therapy for GBM, based on osmotic pump
administration of the drug in a mouse glioma model [65].
The predicted BBB penetrance of the candidate drugs
based on physiochemical properties as determined by
ADMET (absorption, distribution, metabolism, excretion,
and toxicity) [66] is displayed in Supp. Table 4, indicating
that everolimus and fludarabine, are predicted to achieve
higher BBB penetrance than bortezomib. However, due to
the multiple physicochemical and biological factors that can
contribute to the permeability of the BBB, it is difficult to
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Fig.4 Bortezomib, Everolimus and Fludarabine can reduce inva-
dopodia activity and bortezomib reduces GBM cell migration. a, b
LN229 GBM cells were treated with 0.01 pM bortezomib, everolimus
or fludarabine for 72 h followed by 5 pg/ml mitomycin C for 2 h. A
wound was introduced into the confluent monolayer and images were
acquired at 0, 6 and 24 h. The wound area for each time point was
determined relative to the wound at t=0 h. *P <0.05 versus control.
The experiment was repeated three times and representative images
are shown. ¢, d LN229 GBM cells were treated with 0.01 pM bort-
ezomib, everolimus or fludarabine for 72 h and prior to being seeded
on cross-linked FITC-gelatin (24 h). The cells were subsequently
fixed and stained for actin filaments with rhodamine-conjugated
phalloidin (red) and DAPI nuclear staining (blue). Degraded areas
of FITC-labelled gelatin are evident as black areas devoid of FITC-
labelled gelatin (green). The mean FITC-labelled gelatin degrading
activity was determined. *P <0.05 versus control. The experiment
was repeated three times and representative images are shown. Scale
bar=20 pm. Bortezomib, Everolimus and Fludarabine can reduce
radiotherapy- and temozolomide-induced invadopodia-mediated
activity and MMP-2 secretion in LN229 GBM cells. e-g LN229
GBM cells were treated with RT/TMZ (2 Gy/50 pM), 24 h prior to

accurately predict BBB penetrance based on these factors
alone [67]. Exosomes which are secreted by cancer and
normal cells, facilitate intercellular communication through
the transfer of functional cargo (mRNA, miRNA, proteins).
They have been demonstrated to cross the BBB [68] and are

@ Springer

the addition of 0.01 uM bortezomib, everolimus or fludarabine for
72 h prior to being seeded on cross-linked FITC-gelatin. After an
additional 24 h, the cells were subsequently fixed and stained for actin
filaments with rhodamine phalloidin (red) and DAPI nuclear stain-
ing (blue). Degraded areas of FITC-labelled gelatin are evident as
black areas devoid of FITC-labelled gelatin (green). The mean FITC-
labelled gelatin degrading activity was determined. *P <0.05 versus
control. The experiment was repeated three times and representative
images are shown. Scale bar=20 pm. h Candidate drug treatment
reduces LN229 GBM cell invasion through a reconstituted basement
membrane. Cells prepared for e-g were also used to assess the impact
of treatment on invasion through a 3D matrix. The assay provides
a fluorescent output proportional to the number of cells that invade
through the BME coated membrane. The control group was assigned
a relative value of ‘1’ and treatment groups calculated relative to this
value. *P <0.05 versus control. Each group was prepared in triplicate
and the experiment repeated three times. i Gelatin zymography based
analysis shows that candidate drug (bortezomib, everolimus and
fludarabine) treatment (0.01 pM) of LN229 GBM cells results in a
partial reduction in MMP-2 secretion

being investigated as therapeutic vehicles for pharmaceuti-
cals or small interfering RNA (siRNA) in cancer treatment
and incorporation into the clinical setting [69].

As a drug delivery system, exosomes display a high
degree of biocompatibility and reduced clearance rate
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Fig.5 Candidate FDA-approved drug gene targets are generally more
highly expressed in GBM compared to lower grade gliomas. Glioma
patient samples from The Cancer Genome Atlas (TCGA) (a—c) and
the Chinese Glioma Genome Atlas (CGGA) (d—f) were analyzed
using the GlioVis glioma data portal to examine the gene targets for
the candidate FDA-approved drugs (Bortezomib—NFKB1, NOXAI,

compared to direct systemic administration of chemother-
apeutic agents, prompting investigation of the exosomal
encapsulation of drugs such as doxorubicin and paclitaxel
[68, 70]. This approach has been proposed for the delivery
of TMZ to GBM cells compared to a systemic approach to
reduce systemic metabolism as a ‘non-encapsulated drug’
and decreasing the observed off-target effects associated
with systemically administered chemotherapeutics [71].1f
the candidate drugs, bortezomib, everolimus and fludarabine
could be encapsulated within exosomes, BBB penetration
and local intratumoural concentration maybe increased.

Oifrencas in mesn levels

AKT1; Fludarabine—RRM1, POLA1, DCK; Everolimus—MTOR).
Glioma grades are shown on the x-axis (grades II, III, IV). Statisti-
cal significance (Tukey’s Honest Significant Difference) is indicated
based on differences in mean mRNA expression levels, *p <0.05,
*#p <0.005, ***p <0.0005, NS not significant

While inhibition of the 26S proteasome is the main mech-
anism of action for bortezomib, multiple mechanisms may
contribute to the therapeutic action of bortezomib. This may
include the upregulation of a proapoptotic protein, phorbol-
12-myristate-13-acetate-induced protein 1 (NOXA), which
may in turn interact with the anti-apoptotic proteins of the
Bcl-2 subfamily, Bcl-XL and Bcl-2, resulting in the apop-
totic death of the tumour cells. Also, amplification of the
epidermal growth factor (EGFR) and loss of phosphatase
and tensin homolog (PTEN) can contribute to the malig-
nant phenotype of glioma [72] and the downstream targets,
Akt and NF-kB, impact oncogenesis, cell proliferation and
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apoptosis [73]. A study by Bredel et al., identified that
NF«xBIA deletion in GBM is a negative prognostic marker
and that inhibition of NFxB by bortezomib may be benefi-
cial [74].

The data presented from our current study demonstrates
that FDA-approved drugs not initially designed for use
in the treatment of GBM patients have the potential to be
repurposed, as dual ‘chemotherapeutic’ and ‘anti-invasive’
(anti-invadopodia) agents targeting GBM cells that survive
RT and TMZ. The three candidate FDA-approved drugs,
bortezomib, everolimus and fludarabine all displayed a dual
cytotoxic and anti-invadopodia effect, especially reducing
RT/TMZ treatment-induced invadopodia activity. Further
research investigating the use of these three agents, as an
adjuvant treatment in targeting the invasive capacity of GBM
cells that survive RT/TMZ treatment of GBM patients is
warranted.
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