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Abstract
The most common primary central nervous system tumor in adults is the glioblastoma multiforme (GBM). The
highly invasive nature of GBM cells is a significant factor resulting in the inevitable tumor recurrence and poor
patient prognosis. Tumor cells utilize structures known as invadopodia to faciliate their invasive phenotype. In this
study, utilizing an array of techniques, including gelatin matrix degradation assays, we show that GBM cell lines
can form functional gelatin matrix degrading invadopodia and secrete matrix metalloproteinase 2 (MMP-2), a
known invadopodia-associated matrix-degrading enzyme. Furthermore, these cellular activities were augmented in
cells that survived radiotherapy and temozolomide treatment, indicating that surviving cells may possess a more
invasive phenotype posttherapy. We performed a screen of FDA-approved agents not previously used for treating
GBM patients with the aim of investigating their “anti-invadopodia” and cytotoxic effects in GBM cell lines and
identified a number that reduced cell viability, as well as agents which also reduced invadopodia activity.
Importantly, two of these, pacilitaxel and vinorelbine tartrate, reduced radiation/temozolomide-induced
invadopodia activity. Our data demonstrate the value of testing previously approved drugs (repurposing) as
potential adjuvant agents for the treatment of GBM patients to reduce invadopodia activity, inhibit GBM cell
invasion, and potentially improve patient outcome.
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alignant gliomas are among the deadliest and most invasive types of
ncer, resulting in serious impairment of quality of life in patients
d ultimately mortality. Gliomas account for approximately 80% of
l brain-related malignancies [1], with an incidence of 5.26 per
0,000 people in the United States [2], contributing to approxi-
ately 2.7% of all cancer-related deaths or over 23,000 new patients
pected annually [3]. The most prevalent and aggressive form of
ioma, known as glioblastoma multiforme (GBM,WHOGrade IV),
counts for 55% of all gliomas and 15% of all primary and central
rvous system tumors [4]. A vital characteristic of all gliomas, and in
rticular GBM, is that the cells are highly invasive, which allows
em to migrate away from the primary tumor and infiltrate the
rrounding normal-in-appearance brain parenchyma. This wide-
read invasion severely limits surgical resection of the tumor, and
nsequently, following surgical resection, tumor cells remain and the
mor inevitably relapses, with 90% of secondary tumors occurring
ithin 2-3 cm of the original tumor mass [5]. GBM is also considered
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Table 1. FDA-Approved Drugs Utilized for This Study

Drugs Targets

Dasatinib Src, Bcr-Abl, c-kit
Paclitaxel Microtubule
Lapatinib EGFR
Sunitinib malate VEGFR, PDGFR, C-kit, Flt
Ponatinib (AP24534) Src, Abl, VEGFR2, FGFR1
OSI-420 (desmethyl erlotinib) EGFR
Afatinib (BIBW2992) EGFR, HER2
Erlotinib HCl EGFR
Vincristine Microtubules
Vinorelbine tartrate Microtubules
Gefitinib (Iressa) EGFR, Akt
Oxaliplatin (Eloxatin) DNA/RNA synthesis
Zoledronic acid RAS, Rho GTPAses
Bosutinib (SKI-606) Src, Akt
Sorafenib (Nexavar) VEGFR, PDGFR, RAF/MEK/ERK
Masitinib (AB1010) FAK, c-kit, PDGFR, FGFR
Docetaxel (Taxotere) Microtubules
Fludarabine phosphate (Fludara) DNA/RNA synthesis
Ruxolitinib (INCB018424) JAK
PCI-32765 (Ibrutinib) Src
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curable, with 26.5% of GBM patients surviving 2 years
stdiagnosis [6], 5.5% surviving 5 years [2,7], and a median survival
te of just 15 months with the current standard treatment consisting
surgical resection followed by concomitant radiotherapy and
emotherapy with the DNA-alkylating drug temozolomide (TMZ)
]. Importantly, contributing to the poor outcome of GBM patients is
e development of resistance to radiotherapy and TMZ treatment [9].
Research has shown that a key mechanism of GBM cell invasion is
cilitated by the formation of dynamic, actin-rich protrusions known
invadopodia [10,11]. These specialized membrane structures are able
reach lengths greater than 2 μm, with diameters ranging from 0.1 to
8 μm [11], and function to degrade the surrounding matrix through
e action of transmembrane proteases, such as MT1-MMP, and
creted proteases, such as MMP-2 and MMP-9 [12], ultimately
cilitating malignant cell invasion through the modified surrounding
tracellular matrix (ECM). The presence of invadopodia in glioma
lls lines and cells harvested from GBM patient specimens has been
eviously documented [11,13,14], suggesting that they may
tentially play a role in glioma cell invasion. Importantly, we have
eviously shown that the expression levels of an invadopodia regulator,
ks5, in glioma patient biopsies may be of prognostic significance [15].
The clinical management of many cancers generally involves the
e of radiation therapy, with approximately 50% of cancer patients
ceiving radiation therapy during the course of their disease [16].
udies have previously reported that radiation therapy can induce an
hancement of MMP-2 secretion in a wide range of cancer cell
pes, including lung [17], pancreas [18], kidney [19], and glioma
0–22]. This increase in MMP-2 secretion may assist tumor survival
decreasing apoptosis, inducing proliferation and angiogenesis, as

ell as promoting invasion [23]. GBM cells that receive sublethal
ses and survive radiotherapy and/or TMZ treatment have also been
own to exhibit enhanced migratory and invasive potential [24–28],
dicating that the long-term inadequacy of treatment observed for
ost patients may be related to surviving cells exhibiting an increased
vasive capacity. This is a crucial aspect as the majority of GBM
mors frequently recur close to initial resection cavity or the target
lume of radiotherapy [29]. A previous report by our laboratory has
own that the enhanced invasive phenotype observed in glioma cells
sttreatment is possibly mediated by the action of invadopodia [30].
The poor prognosis for many cancers, including GBM, requires the
velopment for new therapies. However, the cost associated with the
scovery, development, and registration of a new drug is a significant
pediment [31]. As a result, in recent years, drug repurposing (or
ug repositioning) has been adopted as a means for identifying new
erapeutic applications or indications for already FDA-approved
ugs, thereby bypassing the hurdles involved in the discovery and
velopment of new drugs. Importantly, there will already be existing
owledge of toxicities, pharmacokinetics, and dosing for the
evious indications, which is not available for newly developed
ugs, thereby shortening the developmental time frame of research to
inical use. Also, as these drugs have already been through preclinical
armaceutical pipelines, the cost of repurposing a drug for a new
erapeutic application or indication is significantly reduced [32].
In view of the inherent invasive nature of GBM cells, it may be
ssible that specifically targeting invadopodia could serve as a novel
juvant therapeutic strategy in conjunction with the current
erapeutic approach. Serendipitously, several drugs have been
veloped which target factors, including Src, microtubules, and
idermal growth factor receptor (EGFR), which regulate invadopo-
a-related processes. Such drugs may be able to impair invadopodia
rmation and/or activity in GBM. Here, we investigate several FDA-
proved agents to examine their therapeutic efficacy and ability to
duce the invasiveness of GBM cell lines by targeting invadopodia
tivity.

ethods

DA-Approved Drugs
The FDA-approved drugs utilized in this study were supplied at a
ncentration of 10 mM in DMSO (Selleckchem) and were stored at
0°C (Table 1).

ell Lines and Culture
U87MG and LN229 cell lines were purchased from the American
ype Culture Collection, while U87MG-EGFRvIII was sourced
om the Ludwig Institute for Cancer Research. GBM cell lines
U41 and MU35 were generated from biopsy samples obtained
om GBM patients at the time of surgery at The Royal Melbourne
ospital (Melbourne Health Research Ethics Approval Number
REC 2009.116). The cells were cultured in DMEM (Life
echnologies) supplemented with 10% (vol/vol) heat-inactivated
tal bovine serum (HyClone), penicillin (100 U/ml), and streptomy-
n (10 μg/ml). All cells were maintained in a humidified atmosphere
10% CO2 at 37°C and used within the first 20 cell passages.

estern Blot Analysis
Western blot analysis of protein lysates (20 μg) was performed
ing NuPage 4%-12% bis-tris precast gels (Invitrogen) and
ansferred onto nitrocellulose blotting membrane (GE Healths-
ences). The membranes were blocked with 3% bovine serum
bumin in 1% TBST for 1 hour prior to overnight incubation with
imary antibodies at 4°C. The following antibodies were used:
rtactin (diluted 1:1000, Santa Cruz Biotechnology), phospho-
rtactin (diluted 1:1000, Cell Signaling Technologies), GAPDH
iluted 1:1000, Cell Signaling Technologies), N-WASP (diluted
1000, Santa Cruz Biotechnology), Nck1 (diluted 1:1000, Cell
gnaling Technologies), MMP-2 (diluted 1:1000, Santa Cruz
iotechnology), Tks5 (diluted 1:1000, Santa Cruz Biotechnology),
ospho-EGFR (diluted 1:1000, Cell Signaling Technologies), and
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Figure 1. GBM cell lines express invadopodia regulators, form functional invadopodia and secrete MMP-2.(A) LN229, U87MG, U87MG-
EGFRvIII, MU35 and MU41 GBM cells were plated on a thin film of cross-linked FITC-gelatin for 24 hours to detect the presence of
invadopodia-mediated FITC-gelatin degradation. White scale bars represent 20 μm. Mean FITC-labeled gelatin degrading activity of GBM
cells. Degraded areas of FITC-labeled gelatin are evident as black areas devoid of FITC-labeled gelatin (green). DAPI staining of the nucleus
is shown in blue, and rhodamine phalloidin (red) was used to stain for actin filaments and actin puncta (invadopodia). (B) Graph depicting
the basal invadopodia-mediated FITC-gelatin degradation activity of the GBM cell lines in (A). Experiment repeated two times. (C)
Immunoblot analysis of various regulators of invadopodia formation or activity in the listed GBM cell lines. The experiment was repeated
twice, and representative images are shown. (D) Gelatin zymogram analysis showing MMP-2 activity at 24 hours after incubation of GBM
cells in serum-free Optimem. The experiment was repeated twice, and a representative image is shown.
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GFR (diluted 1:1000, Cell Signaling Technologies). The mem-
anes were then washed three times in 1× TBST for 5 minutes each
ash and then incubated with the appropriate secondary antibody
:10,000) (BioRad) and subsequently developed using enhanced
emiluminescence reagent (GE Healthcare) and exposure onto
per RX x-ray film (Fujifilm).

elatinase Zymography
For zymography analyses, 2 × 105 cells were seeded per well in six-
ell plates (Corning) and were allowed to adhere overnight before
ashing with sterile PBS and subsequent incubation in serum-free
ptiMEM (Thermofisher Scientific) for 24 hours. One-hundred-
icroliter aliquots of the conditioned OptiMEM medium was then
mpled and centrifuged at 1000×g (4°C) for 10 minutes before
orage at −80°C. Gelatin zymography was performed using 10%
latin-substrate zymography NuPAGE precast gels (Invitrogen,
ustralia) and the conditioned OptiMEM media samples [which
ere normalized against the corresponding cell protein lysate
ncentrations, as determined using the BCA protein assay (Pierce,
hermofisher Scientific)]. The samples were then separated on the
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Figure 2. Endogenous cortactin and Tks5 colocalize to invadopodia actin puncta in LN229 and MU41 GBM cells.LN229 and MU41 GBM
cells were plated on coverslips coated with a thin film of cross-linked FITC-labeled gelatin. After 24 hours, the cells were fixed and stained
for actin filaments with rhodamine-phalloidin (red), cortactin, and Tks5 primary antibodies and an Alexa 405 secondary antibody (blue).
Respective images are shown as follows: LN229 (A-cortactin) and (B-Tks5) and MU41 (C-cortactin) and (D-Tks5) GBM cells. The white
arrows indicate co-localization of rhodamine phalloidin–stained actin puncta with cortactin or Tks5 within invadopodia. The experiment
was repeated twice, and representative images are shown. Scale bar=20 μm.
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mography precast gels by electrophoresis at 125 V for 1.5 hours in
Novex Tris-Glycine SDS Running Buffer. Gels were then

moved and incubated for 30 minutes (RT) in 1× Novex zymogram
naturing buffer (Thermofisher Scientific) followed by a further 30-
inute incubation (RT) in 1× Novex zymogram developing buffer
hermofisher Scientific), which was then replaced with new
veloping buffer for overnight incubation at 37°C. Gels were
bsequently washed in distilled water and stained for 1 hour in
mply-Blue Stain (Life Technologies) followed by further washing in
stilled water until clear gelatinolytic bands were visible. The
olecular weight was identified with the aid of loaded Precision Blue
otein markers (Bio-Rad). The gels were scanned using a flatbed
anner for further densitometric analysis using Image J (version
51f).

ell Viability Assays
Cells were seeded into 96-well plates (1 × 104 cells/100 μl) and
ere allowed to adhere overnight. Cells were treated with the FDA-
proved drugs at increasing concentrations (0, 0.01, 0.1, 1, and 10
M in triplicate) for 72 hours in a humidified environment (10%
O2 at 37°C). Cell viability after drug treatment was assessed on a
ate reader (at a wavelength of 570 nm) using a CellTiter 96 Non-
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Table 2. Invadopodia regulators Are Overexpressed in GBM Relative to Normal Brain Tissue

Invadopodia
Marker

Cancer Tissue
Sample

Number of
Samples

Corresponding
Tissue Sample

Number of
Samples

Total Measured
Genes

Mean Fold Change
(Log2)

P Value Sample
Type

Platform Study

Tks4 GBM 27 Normal brain 4 14,836 3.257 1.12E-04 mRNA ND Bredel Brain 2
MMP2 GBM 27 Normal brain 4 14,836 6.426 5.41E-04 mRNA ND Bredel Brain 2
Nck1 GBM 27 Normal brain 4 14,836 1.717 1.00E-02 mRNA ND Bredel Brain 2
Tks5 GBM 27 Normal brain 4 14,836 1.399 0.048 mRNA ND Bredel Brain 2
MMP2 GBM 30 Normal brain 3 9957 4.537 3.00E-03 mRNA ND Liang
Tks4 GBM 30 Normal brain 3 9957 1.492 1.40E-02 mRNA ND Liang
Nck1 GBM 30 Normal brain 3 9957 1.626 1.90E-02 mRNA ND Liang
Tks4 GBM 80 Normal brain 4 19,574 2.241 1.32E-06 mRNA Human Genome U133 Plus 2.0 Array Murat
MMP2 GBM 80 Normal brain 4 19,574 2.92 2.98E-04 mRNA Human Genome U133 Plus 2.0 Array Murat
Nck2 GBM 80 Normal brain 4 19,574 1.135 2.00E-03 mRNA Human Genome U133 Plus 2.0 Array Murat
Nck1 GBM 80 Normal brain 4 19,574 1.885 5.00E-03 mRNA Human Genome U133 Plus 2.0 Array Murat
Src GBM 80 Normal brain 4 19,574 1.035 4.50E-02 mRNA Human Genome U133 Plus 2.0 Array Murat
MMP2 GBM 81 Normal brain 23 19,574 3.548 7.99E-16 mRNA Human Genome U133 Plus 2.0 Array Sun
Tks4 GBM 81 Normal brain 23 19,574 2.194 2.50E-04 mRNA Human Genome U133 Plus 2.0 Array Sun
Nck1 GBM 81 Normal brain 23 19,574 1.305 5.41E-07 mRNA Human Genome U133 Plus 2.0 Array Sun
Src GBM 81 Normal brain 23 19,574 1.601 2.00E-03 mRNA Human Genome U133 Plus 2.0 Array Sun
NWASP GBM 81 Normal brain 23 19,574 1.338 1.10E-02 mRNA Human Genome U133 Plus 2.0 Array Sun
MMP2 GBM 542 Normal brain 10 12,624 4.818 4.06E-10 mRNA Human Genome U133A Array TCGA
Nck1 GBM 542 Normal brain 10 12,624 2.056 4.06E-09 mRNA Human Genome U133A Array TCGA
Cortactin GBM 542 Normal brain 10 12,624 1.353 0.003 mRNA Human Genome Y133A Array TCGA

mRNA expression levels of invadopodia regulators was examined in GBM and normal brain tissue within the Oncomine database. Displayed in this table are the mean fold changes versus normal brain in
each study and overall P value in that dataset. Gene expression data are log transformed and normalized as previously described [41]. ND, not defined.
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adioactive Cell Proliferation Assay (MTT) (Promega) as per the
anufacturer's instructions.

vadopodia Degradation and Colocalization Assays
FITC-gelatin invadopodia/matrix degradation assays were per-
rmed as previously described [33]. For basal invadopodia activity
reening of the GBM cell lines, 1 × 105 cells were seeded per
verslip and incubated for 24 hours in a humidified environment
0% CO2 at 37°C). The cells were then then washed with 1× PBS
d fixed in 4% paraformaldehyde for 15 minutes. The cells were
xt permeabilized with 0.2% Triton-X-100 and then stained with
odamine phalloidin (invadopodia actin puncta) and DAPI
ucleus), and the coverslips were mounted with Vectashield (Vector
aboratories). Images were then acquired using a Nikon A1+ confocal
icroscope system utilizing a Plan Apo VC 60x Oil DIC N2
mersion objective. Degraded gelatin was defined as black areas
pleted of fluorescent gelatin within each image. A total of 10-15
ndom image fields were acquired for each sample and saved in two
age formats: native Nikon ND2 and an uncompressed jpeg format.
ages were subsequently analyzed using ImageJ (version 1.51f,
IH), and threshold and region tools were utilized to define the total
gion of degradation present within each acquired image field. A
rticle counter macro was then employed to calculate the total area
FITC-conjugated gelatin degradation, and this was then

andardized relative to the number of DAPI-positive cells that were
esent within the image field. Experiments investigating the effect of
DA-approved agents on invadopodia activity were as follows: LN229
lls were irradiated at 2 Gy and treated with 200 μM of TMZ for 24
urs (10% CO2/37°C). The cells were then treated with 0.01 μM of
FDA-approved drug for an additional 72 hours (10% CO2/37°C).

he cells were then trypsinized and seeded at a density of 1 × 105 cells
r FITC-gelatin coated coverslip for 24 hours in the absence of drug
0% CO2/37°C) prior to fixing and staining as previously outlined.

Vitro Scratch Wound Assay
Cells were seeded into 6-well plates (3 × 105 cells/well) and left to
here overnight in a humidified environment (10% CO2 at 37°C).
hey were then treated for 72 hours with 0.01 μM of drug, after
hich 5 μg/ml of Mitomycin C (2 hours, 10% CO2/37°C) was then
ded to the cells to arrest proliferation, followed by the introduction
a scratch 2 hours later. The cells were then washed twice in PBS
fore fresh medium was added. Images were acquired at time points
6, and 24 hours using a 4× objective. Images were analyzed using
ageJ (Version 1.51f) in order to define the area of the wound.

esults

BM Cell Lines Are Able to Form Functional Invadopodia
Invadopodia are actin-rich membrane protrusions that served as
ediators of cell invasion due to their ability for concentrating and
creting metalloproteinases [8,33]. Therefore, initial investigations
volved whether the GBM cell line panel possessed the ability to
rm functional matrix-degrading invadopodia through the use of the
ITC-gelatin degradation assays. Figure 1A shows that the five GBM
ll lines are able to form functional FITC-gelatin degrading
vadopodia, as indicated by the presence of darkened areas devoid
FITC-labeled gelatin, colocalized with rhodamine phalloidin–

ained actin puncta. Furthermore, quantification of the level of
gradation varied, with the LN229 cell line exhibiting the greatest
ount of FITC-gelatin degradation and the in-house patient-
rived GBM cell line MU35 the least (Figure 1B).
Importantly, there are a range of different proteins that facilitate
e initiation, formation, and regulation of the activity of invadopodia
0,34]. This led us to investigate the expression levels of a number of
ese regulatory invadopodia-related proteins in our GBM cell lines,
cluding Tks5, cortactin, phospho-cortactin, Nck, N-WASP,
MP-2, EGFR, and phospho-EGFR (Figure 1C). The protein
pression profiles of the regulators varied across the cell lines;
wever, relatively uniform levels of MMP-2, Nck, and N-WASP
ere observed across the cell lines. The cell line which displayed the
ost invadopodia-mediated FITC-gelatin degradation, LN229,
pressed high levels of the invadopodia proteins phospho-cortactin,
rtactin, and Tks5. It has been shown that Tks5 can function as a
ther which mediates Rab40b-dependent MMP-2 transport vesicle
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Table 3. Shortlisted FDA-Approved Drugs Exhibiting Greatest Reduction in GBM Cell Viability

Target Drug Greatest Cell Viability Reduction Efficacy

10 μM FDA-approved drug group
Src Ponatinib 5 / 5 cell lines
VEGFR, PDGFR Sorafenib 5 / 5 cell lines
Src Bosutinib 5 / 5 cell lines
DNA/RNA synthesis Fludarabine phosphate 5 / 5 cell lines
EGFR Afatinib 2 / 5 cell lines
EGFR Lapatinib 1 / 5 cell lines
VEGFR, PDGFR Sunitinib Malate 1 / 5 cell lines

1 μM FDA-approved drug group
DNA/RNA synthesis Fludarabine phosphate 5 / 5 cell lines
Microtubules Paclitaxel 5 / 5 cell lines
Src Ponatinib 3 / 5 cell lines
Microtubules Vinorelbine tartrate 3 / 5 cell lines
Src Dasatinib 2 / 5 cell lines
Src Bosutinib 2 / 5 cell lines
Microtubules Docetaxel 1 / 5 cell lines
VEGFR, PDGFR Sunitinib malate 1 / 5 cell lines
Microtubules Vincristine 1 / 5 cell lines
VEGFR, PDGFR Sorafenib 1 / 5 cell lines

0.1 μM FDA-approved drug group
Microtubules Paclitaxel 5 / 5 cell lines
Microtubules Vinorelbine tartrate 5 / 5 cell lines
DNA/RNA synthesis Fludarabine phosphate 4 / 5 cell lines
Src Dasatinib 3 / 5 cell lines
Microtubules Docetaxel 2 / 5 cell lines
Src PCI-32765 1 / 5 cell lines
RAS, Rho GTPases Zoledronic acid 1 / 5 cell lines
Src Ponatinib 1 / 5 cell lines
EGFR Afatanib 1 / 5 cell lines
Src Bosutinib 1 / 5 cell lines
VEGFR, PDGFR Sorafenib 1 / 5 cell lines

0.01 μM FDA-approved drug group
Microtubules Vinorelbine tartrate 5 / 5 cell lines
Microtubules Docetaxel 4 / 5 cell lines
Src Dasatinib 4 / 5 cell lines
Microtubules Paclitaxel 4 / 5 cell lines
Microtubules Vincristine 3 / 5 cell lines
DNA/RNA synthesis Fludarabine phosphate 2 / 5 cell lines
EGFR Afatinib 1 / 5 cell lines
VEGFR, PDGFR Sorafenib 1 / 5 cell lines
JAK Ruxolitinib 1 / 5 cell lines
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rgeting to the invadopodia tip [35]. This is in addition to the
rrelation of cortactin levels in head and neck squamous carcinoma
ll lines and the degree of secretion/activation of MMPs at the
vadopodia tip, influencing the degree of ECM degradation [36].
his is in contrast to cell line MU35, which displayed lower levels of
ks5 and phospho-cortactin, as well decreased levels of FITC-gelatin
gradation. Free actin barbed generation combined with actin
lymerization that is involved in the stabilization and maturation of
vadopodia formation can also be facilitated by EGFR-mediated
gnaling [37], and a range of total and phospho-EGFR protein levels
n be observed in the GBM cell line panel.
Invadopodia-mediated invasion is aided by the recruitment of
oteases [matrix metalloproteinases (MMPs)] to the tip of the
vadopodium where they are subsequently secreted and activated in
der to proteolytically degrade the surrounding ECM. Using
mography, we are able to assess the extracellular enzymatic activity
these secreted proteases, as seen in Figure 1D. Analysis conducted
the conditioned media from GBM cell lines at 24 hours revealed
at the prominent MMP forms identified were pro–MMP-2 (72
a) and active MMP-2 (65 kDa). In addition to the increased levels
phospho-cortactin, cortactin, and TkS5 observed in the LN229
ll line, it can also be seen that the active form of MMP-2 was also
evated, indicating that this combination may have contributed to
e increased FITC-gelatin degradation activity. In contrast, the
U35 cell line displayed decreased levels of active MMP-2 coupled
ith lower protein expression levels of Tks5 and phospho-cortactin,
tentially contributing to the observed lower levels of FITC-gelatin
gradation (Figure 1A/B).
Through the utilization of confocal microscopy, invadopodia can
identified by the colocalization of regulatory proteins such as

rtactin or Tks5 with actin puncta and areas of degraded FITC-
latin [33,38]. Therefore, we confirmed the presence of active
vadopodia through the colocalization of the invadopodia-regulating
oteins cortactin and Tks5 with actin puncta with degraded areas of
TC-gelatin, as seen in the representative images of the LN229 cells
igure 2).

BM Tissue Can Exhibit Increased mRNA Expression of
ultiple Invadopodia Regulators
We examined the potential clinical significance of invadopodia in
BM by utilizing the online Oncomine platform for datasets that
ntained mRNA expression levels in GBM and normal brain for a
mber of genes that are involved in the regulation of invadopodia.
hese included Tks5, Tks4, cortactin, Nck1, NWASP, Src, and
MP-2. Oncomine (version 4.5, www.oncomine.org, Compendia
ioscience, Ann Arbor, MI, USA, Thermo Fisher) is an online tool
at contains 715 mRNA and copy number expression datasets from
,733 cancer and normal tissue samples [39]. Datasets were
amined from five independent GBM studies which showed a
gnificant increase in the mRNA expression levels of a number of
vadopodia regulators in GBM tissue samples compared to normal
ain samples (Table 2). It was observed that MMP-2 and Nck1 were
e most frequently overexpressed regulators across all five studies,
llowed by Tks4 and Src. We also carried out co-expression analyses
upplementary Figure 1) which revealed that more than one
vadopodia regulator may be overexpressed in a single GBM sample
lative to low mRNA expression levels in normal brain. The
creased mRNA expression of various invadopodia regulators in
BM tissue highlights the potential clinical significance of these
ructures in GBM patients. It also supports our previous evidence
sociating invadopodia with glioma cells [11,15].

DA-Approved Drugs Reduce GBM Cell Line Viability
Although the current therapeutic approach of radiotherapy and
ncomitant temozolomide postsurgery for GBM provides a modest
provement in survival, only 26.5% of individuals remain alive at 2
ars due to tumor recurrence and invasion [40]. Therefore, there is
urgent need to develop new therapies to complement the current

inical protocol in targeting cells that may survive radiotherapy and
MZ. As the activity of invadopodia is known to facilitate the
vasive ability of tumor cells [10,30], we examined a panel of 20
A-approved agents with known targets that would potentially have
impact on invadopodia-related regulatory pathways (Table 1). In
dition to screening for a drug that may possess an “anti-
vadopodia” property, we initially short-listed the drugs based on
eir potential to reduce glioma cell viability posttreatment. This
ould allow us to possibly uncover an FDA-approved drug, not
eviously used in the treatment of GBM patients, that had a dual
fect (cytotoxic and anti-invadopodia) on GBM cells that survived

https://www.oncomine.org
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Figure 3. Vinorelbine tartrate and paclitaxel can reduceMMP-2 secretion in GBM cells.(A) Gelatin-based zymogram analysis of serum-free
Optimem conditioned medium showing MMP-2 secretion activity of MU41 and LN229 GBM cells treated with 0.01 μM paclitaxel (PAC),
vinorelbine tartrate (VT), fludarabine phosphate (FP), or dasatinib (DAS) [untreated control (CON)] for 24 hours. The experiment was
repeated twice, and a representative image is shown. (B) Densitometric analysis of zymograms.
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T and TMZ. The chemotherapeutic sensitivity of the five GBM cell
es was assessed with the 20 FDA-approved drugs across a range of
ncentrations (0, 0.01, 0.1, 1, and 10 μM). A variable response to
e FDA-approved drugs over the concentration range was observed
ith the five GBM cell lines (Supplementary Figure 3). We then
nked the responses based on the level of reduction in cell viability
ross as many cell lines as possible for each drug concentration
able 3). For further analysis, the four most effective drugs at the
ncentration of 0.1 μM (paclitaxel, vinorelbine tartrate, dasatinib,
d fludarabine phosphate) were selected, which were also effective at
ducing cell viability at the other concentrations.

inorelbine Tartrate and Paclitaxel Can Reduce MMP-2
ecretion, Invadopodia-Mediated Degradation, and Migration
GBM Cells
As we had observed earlier that the GBM cell lines were able to
crete MMP-2 and form functional FITC-gelatin degrading
vadopodia, we investigated the impact of the four drugs (paclitaxel,
norelbine tartrate, dasatinib, and fludarabine phosphate) on these
ocesses at a lower concentration of 0.01 μM on two cell lines,
N229 and MU41. Vinorelbine- or paclitaxel-treated LN229 and
U41 cells showed a decrease in MMP-2 secretion relative to the
treated control cells (Figure 3). Interestingly, dasatinib treatment
sulted in a reduced secretion of MMP-2 in the MU41 cells and not
e LN229 cells. Subsequently, we examined the effect of these agents
the invadopodia-mediated FITC-gelatin degradation ability of the

BM cells. It was observed that vinorelbine tartrate was effective at
gnificantly reducing the invadopodia-mediated degradation activity
both cell lines (Figure 4). This was consistent with the reduction in
MP-2 secretion and was also observed with paclitaxel-treated cells
owever, the reduction in degradation was only significant in the
N229 cell line).
As a number of the invadopodia regulators such as cortactin are
own to also be involved in modulating cell movement, due to their
namic interactions with the actin cytoskeleton, we also examined
e effect of the short-listed drugs on cellular migration. This was only
vestigated with the LN229 cell line (not the MU41 cell line) due to
s ability to form a compact confluent monolayer suitable for the
ratch wound assay. As can be seen in Figure 5, both vinorelbine
rtrate and paclitaxel were effective in significantly reducing the
igratory capacity of the LN229 cell line relative to the untreated
ntrol. We also examined the effect of three additional drugs on
N229 cell migration including ponatinib, sorafenib, and bosutinib
s they exhibited efficient reductions in cell viability across the five
BM cell lines at the highest drug concentration of 10 μM but were
ss effective at the lower concentrations). These three drugs were not
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Figure 4. Vinorelbine tartrate and paclitaxel can reduce invadopodia activity in GBM cells.(A) MU41 and (B) LN229 GBM cells were plated
on coverslips coated with a thin film of cross-linked FITC-labeled gelatin 24 hours posttreatment with 0.01 μMdasatinib (DAS), fludarabine
phosphate (FP), paclitaxel (PAC), or vinorelbine tartrate (VT) [untreated control (CON)]. After an additional 24 hours, the cells were
subsequently fixed and stained for actin filaments with rhodamine-phalloidin (red) and DAPI nuclear staining (blue). Degraded areas of
FITC-labeled gelatin are evident as black areas devoid of FITC-labeled gelatin (green). The mean FITC-labeled gelatin degrading activity
(relative to the untreated control) was determined (C). *Pb.05 versus control. The experiment was repeated two times, and representative
images are shown. Scale bar=20 μm.
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fective at reducing the migratory capacity of the LN229 cell line
er 24 hours, as were dasatinib, paclitaxel, and vinorelbine tartrate.

MP-2 Secretion and Invadopodia-Mediated FITC-Gelatin
egradation Is Enhanced by Radiation and TMZ
It is known that there are a number of stages involved in the
rmation and activity of invadopodia [34] including the following:
age I, early precursor or initiation stage; Stage II, late precursor or
einvadopodia; Stage III, early mature invadopodia; and Stage IV,
te mature invadopodia. These stages comprise the various processes
invadopodium core structure formation, maintenance of actin
lymerization for structure stability, and recruitment of regulatory
d functional proteins including the MMPs, which are subsequently
creted from the invadopodial tip to promote degradation of the
rrounding ECM. As the LN229 cell line readily forms FITC-
latin degrading invadopodia and shows the highest level of activity
om our cell line panel, it was treated with 2 Gy RT and 200 μM of
MZ, and the effect on MMP-2 secretion via zymographic analysis
as examined. As can be seen in Supplementary Figure 2A, there is an
crease in MMP-2 secretion posttreatment with RT and TMZ. A
mber of studies have reported that GBM cells surviving RT and
MZ treatment can display enhanced migratory and invasive
tential [24,25,28], indicating that the long-term inadequacy of
eatment observed for most patients may be related to surviving cells
hibiting an increased invasive capacity. As there was an increase in
MP-2 secretion post-RT/TMZ treatment, we next investigated
hether RT/TMZ treatment would result in a functional change in
e level of invadopodia activity. FITC-conjugated gelatin degrada-
on assays utilizing RT/TMZ-treated LN229 cells revealed a
gnificant increase in the invadopodia-mediated degrading ability
the cells post-RT/TMZ treatment compared to the untreated
ntrol (Supplementary Figure 2B). This is in accordance with the
served increase in MMP-2 secretion and highlights that GBM cells
hich survive treatment may potentially possess a proinvasive
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Figure 5. Vinorelbine tartrate and paclitaxel can reduce GBM cell migration.LN229 GBM cells were treated with 0.01 μM bosutinib,
dasatinib, fludarabine phosphate, paclitaxel, ponatinib, sorafenib, or vinorelbine tartrate for 72 hours followed by 5 μg/ml mitomycin c for
2 hours. A scratch wound was introduced into the confluent monolayer, and images were acquired at 0, 6, and 24 hours. The wound area
for each time point was determined relative to t=0 hour. *Pb.05 versus control. The experiment was repeated two times, and
representative images are shown.
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enotype and that this may be mediated through the activity of
vadopodia.

inorelbine Tartrate and Paclitaxel Can Reduce Radio-
erapy- and Temozolomide-Induced Invadopodia-Mediated
ctivity in GBM Cells
The presence of invadopodia on tumor cells has been identified in
th in vitro and in vivo environments, contributing to the matrix
gradation process which ultimately can facilitate cellular invasion
0,34,36]. As we had identified that paclitaxel and vinorelbine
rtrate were both able to reduce invadopodia-mediated FITC-gelatin
gradation in GBM cells, we wanted to determine if their “anti-
vadopodia” effect could be reproduced in cells that had been
etreated with RT/TMZ (which show augmented invadopodia
tivity in the surviving cells). This is a critical point, as it identifies
e possibility that an “anti-invadopodia” or “anti-invasive” drug that
already FDA-approved could conceivably be adapted to the existing
inical treatment of GBM patients. As the LN229 cell line exhibited
e greatest level of invadopodia-mediated FITC-gelatin degradation
igure 1D), we examined the effect of paclitaxel and vinorelbine
rtrate on RT/TMZ-treated LN229 cells. In addition to these two
ents, we also investigated the “anti-invadopodia” effect on RT/
MZ-treated LN229 cells of a number of the other drugs which were
fective at reducing cell viability across multiple cell lines at
ncentrations of 0.1 or 10 μM, including bosutinib, sorafenib,
d ponatinib (10 μM group) and dasatinib and fludarabine
osphate (0.1 μM) (Table 3). As can be observed in Figure 6,
ere was a significant increase in invadopodia-mediated FITC-
latin degradation activity in RT/TMZ-treated LN229 cells relative
the untreated control. Treatment with vinorelbine tartrate or
clitaxel resulted in a reduction of RT/TMZ-induced invadopodia
tivity in the LN229 cells. This was also observed with the drug
sutinib; however, the greatest reduction in FITC-gelatin degrada-
on was observed with vinorelbine tartrate.

iscussion
espite advances in the treatment of GBM, the median survival time
14.6 months for GBM patients, with tumor recurrence
ntributing to the poor patient outcome [41]. The highly infiltrative
ture of GBM cells, limits complete surgical resection and exposure
chemotherapeutics due to reduced tissue penetrance. There is also
ited exposure to radiation treatment of these invasive cells in
rmal brain, due to the narrow therapeutic index of radiation
erapy to prevent radiation-induced toxicity in the surrounding
ormal brain. Ultimately, this allows for the formation of tumor
tellites at distant locations from the primary tumor following
erapy, resulting in treatment failure and facilitating tumor
lapse.
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Figure 6. Vinorelbine tartrate and paclitaxel can reduce radiotherapy- and temozolomide-induced invadopodia-mediated activity in LN229
GBM cells.LN229 GBM cells were treated with RT/TMZ (2 Gy/200 μM) 24 hours prior to the addition of 0.01 μMbosutinib (BOS), dasatinib
(DAS), fludarabine phosphate (FP), paclitaxel (PAC), ponatinib (PON), sorafenib (SOR), or vinorelbine tartrate (VT) and prior to being plated
on coverslips coated with a thin film of cross-linked FITC-gelatin. After an additional 24 hours, the cells were subsequently fixed and
stained for actin filaments with rhodamine-phalloidin (red) and DAPI nuclear staining (blue). Degraded areas of FITC-labeled gelatin are
evident as black areas devoid of FITC-labeled gelatin (green). The mean FITC-labeled gelatin degrading activity (relative to the RT + TMZ
treated cells) was determined (C). *Pb.05 versus control. The experiment was repeated three times, and representative images are
shown. Scale bar=20 μm.
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Augmented migratory and invasive abilities of cancer cells result in
tablishing satellite or secondary tumors distant from the primary
mor mass. Importantly, membrane structures known as invadopo-
a have been documented to assist in cancer cell invasion and have
so been observed in a number of cancers [36,37,42–50], including
ioma [15]. These membrane protrusions have emerged as important
cilitators of cancer cell invasion, serving to proteolytically degrade
e surrounding ECM, thereby creating paths in which invading
mor cells migrate away from the primary tumor mass. The invasive
pacity of cancer cells has been linked to their ability to form
nctional, matrix-degrading invadopodia; therefore, regulators of
vadopodia formation and activity have been proposed to possess
agnostic or prognostic potential [15,42]. In the present study, data
tracted from the Oncomine database revealed mRNA overexpres-
on of multiple invadopodia regulators in GBM tissue (Table 1),
ghlighting the significance of these structures.
Clinical treatments may aid or accelerate the invasive capabilities of
mor cells, and recent studies have revealed a link between the current
erapeutic approach, consisting of radiation and temozolomide, and
hanced migratory and invasive potential in GBM cells [22,23,26]. A
udy by Steinle et al. [51] demonstrated an increase in the extracellular
cretion of MMP-2 in glioma cell lines that were exposed to radiation,
hich correlated with an enhanced invasive capacity (and increased levels
MMP-2 protein expression) into surrounding normal brain tissue when
e irradiated cells were subsequently implanted into rat brains. MMP-2 is
member of the matrix metalloproteinase family belonging to a class of
nc-dependent proteases that can degrade different proteins, including
latin and collagen. Importantly, MMP-2 andMMP-9 are overexpressed
gliomas [52] and can be regulated by signaling via the EGFR and Src,
th of which are important in the phosphorylation of several invadopodia
gulators, thus leading to the localized matrix degradation of the ECM
ediated by the secretion of these MMPs from the invadopodial tip [10].
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rthermore, studies investigating the effect of both radiotherapy (2 Gy)
d TMZ (30 μM) on U87MG GBM cells showed that treated cells
hibited enhanced MMP-2 activity [26,27]. Similar findings were
ported in our previous study in which GBM cells that survived sublethal
ses of radiation (2 Gy) and TMZ (1000 μM) exhibited enhanced
MP-2 secretion and increased invadopodia formation and activity [28].
he data presented here showing that exposure of GBM cells to 2 Gy and
lower TMZ concentration (200 μM) support the previous findings,
ghlighting the urgent need for exploring novel therapeutic strategies to
rget invadopodia formation in resistant GBM cells after RT/TMZ
eatment.
Since there was increased invadopodia activity in GBM cells post-
T/TMZ, our aim was to target this RT/TMZ-induced invadopodia-
ediated matrix degradation by investigating a panel of 20 FDA-
proved agents with known targets that may impact on invadopodia-
lated pathways (Table 2). Importantly, the focus of our study was to
entify drugs that can act “dualistically” as both cytotoxic and “anti-
vadopodia” agents against GBM cells that survive radiotherapy and
MZ treatment that exhibit enhanced invadopodia activity, which
ould facilitate the establishment of tumor satellites distant from the
imary tumor resection site.
Our study identified two FDA-approved drugs, paclitaxel (currently
proved for a variety of solid cancers, particularly breast and ovarian [53])
d vinorelbine tartrate (approved for non–small cell lung cancer [54,55]),
possessing a number of characteristics that allow them to be categorized
“dualistic” agents. Firstly, they were effective at causing a reduction in
ll viability in all GBM cell lines at a lower drug concentration of 0.1 μM
t were also effective at 0.01 μM. This is a crucial key as administered
ugs can be metabolized/excreted and the blood-brain barrier can hinder
e penetration of a drug to the tumor, leading to low drug levels being
esent within the tumor [56]. Secondly, these two agents had an impact
reducing the secreted levels of MMP-2, which facilitate invadopodia-

ediated ECM degradation [10,11,34]. A decrease in the migration rate
the LN229 GBM cells was also observed, but importantly, in terms of a
ualistic” effect, these two agents were also able to reduce the RT/TMZ-
duced invadopodia-mediated FITC-gelatin degradation. Notably, both
norelbine tartrate and paclitaxel primarily target microtubules [48,57].
Microtubules play an important role in cell division and the
aintenance of cellular structure, as well as serving to form a network
ong which secretory vesicles may be trafficked to the cell surface,
ch as those containing MMPs to be transported to the tip of the
vadopodium for secretion and subsequent degradation of the
rrounding ECM. Furthermore, microtubules also assist in
abilizing the invadopodium core, which is used to generate a
otrusive force during elongation of invadopodia [10]. Vinorelbine
rtrate and paclitaxel target microtubules in opposing approaches;
norelbine prevents their assembly by binding to tubules and
hibiting their polymerization [58], while paclitaxel hyperstabilizes
icrotubules and hence prevents their disassembly [59]. In the case of
clitaxel, hyper-stabilization impedes the ability of microtubules to
orten and lengthen, which is necessary for their role as a molecule
ansport highway to the cell membrane [60], whereas vinorelbine
nders microtubule assembly and prevents a phenomenon known as
readmilling” that involves active dynamics and microtubule
ngthening through the addition of tubulin subunits at one end of
e microtubule [61]. Interestingly, vinorelbine tartrate selectively
nds to, and disrupts, mitotic microtubule proteins over axonal
icrotubules, making it less neurotoxic than other vinca alkaloids. It
possible that by targeting microtubules, these two drugs impede the
grading capabilities of invadopodia by hindering the formation of a
ature invadopodia core structure and also, potentially, the delivery
proteolytic enzymes such as MMP-2 to the tip of the

vadopodium where it may be secreted into the extracellular space,
cilitating degradation of the surrounding ECM.
Several studies have investigated the concomitant delivery of
clitaxel with radiation in patients with GBM. Ashamalla et al. [62]
served that the concomitant administration of paclitaxel with
diotherapy to GBM patients was well tolerated and resulted in an
erall survival of 14 months. Julka et al. [63] also reported on a
milar treatment approach in GBM patients and showed that the
erall survival rate at 1 year was 70% with a combined paclitaxel/
diotherapy treatment approach. The median survival was reported
be at least 13 months at the closure of the study. While the survival
tes for the combination of paclitaxel/radiotherapy are similar to
hat was achieved in the reported study by Stupp (radiotherapy/
mozolomide) [40], it must be noted that the Stupp protocol also
cludes 6 months of temozolomide treatment postradiotherapy/
ncomitant temozolomide. Furthermore, a Brown University Oncology
roup study used a paclitaxel-poly-L-glutamic acid conjugate to treat
BM patients in conjunction with radiotherapy and temozolomide [64].
he progression-free survival was 11.5 months, but importantly, the
edian overall survival was observed to be 18 months.
Vinorelbine tartrate has not been investigated clinically; however, a
ngle case study of a female GBM patient receiving intravenous
norelbine resulted in a progression-free interval extending beyond
months [65]. Encouragingly, it has been shown that vinorelbine

rtrate is able to cross the blood-brain barrier in a preclinical model of
ain metastases of breast cancer [57]. Pharmacokinetic analysis of
asma, blood, and tissue showed that, within 0.5 hour, the average
ncentration of vinorelbine in the brain metastases was 1.8 μM
anging up to 6.5 μM), and at 8 hours, the concentration was still at
52 μM (maximum at 5.8 μM). This is extremely promising as the
ood-brain barrier is compromised in GBM patients, and the
ncentrations of vinorelbine detected in the brain metastases from
e Samala study fall within the efficacious cell viability and “anti-
vadopodia” concentrations of vinorelbine in our current study.
In conclusion, the data from our current study investigating the role of
purposing FDA-approved agents indicate that a promising role exists for
e two shortlisted agents, paclitaxel and vinorelbine tartrate, as novel
ospective therapeutic agents that have the potential to be utilized as duel
hemotherapeutic” and “anti-invasive” (invadopodia) agents in targeting
vasive GBM cells that survive RT and TMZ.
Supplementary data to this article can be found online at https://
i.org/10.1016/j.tranon.2018.08.012.
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