
LABORATORY INVESTIGATION
J Neurosurg 129:598–610, 2018

Malignant gliomas account for approximately 
2.3% of all cancer-related deaths in the US, 
with more than 22,000 new patients expected 

annually.17 Glioblastoma (GBM, WHO Grade IV) is rec-
ognized as the most prevalent form of glioma,28 with 
a median survival of about 15 months, despite standard 
treatment with surgery, fractionated radiotherapy, and the 
DNA-alkylating agent temozolomide (TMZ).34 Despite 

this multidisciplinary approach resulting in a modest in-
crease in survival, only 26.5% of individuals remain alive 
at 2 years.35 A critical characteristic of all gliomas is their 
ability to migrate away from the primary point of tumor 
origin and extensively infiltrate the surrounding normal 
brain parenchyma, which hinders the surgical aspect of 
treatment when removing or ablating all malignant cells is 
attempted.14,35 In addition, resistance to radiotherapy and 
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OBJECTIVE  Glioblastoma is the most common primary central nervous system tumor in adults. These tumors are 
highly invasive and infiltrative and result in tumor recurrence as well as an extremely poor patient prognosis. The current 
standard of care involves surgery, radiotherapy, and chemotherapy. However, previous studies have suggested that glio-
blastoma cells that survive treatment are potentially more invasive. The goal of this study was to investigate whether this 
increased phenotype in surviving cells is facilitated by actin-rich, membrane-based structures known as invadopodia.
METHODS  A number of commercially available cell lines and glioblastoma cell lines obtained from patients were initially 
screened for the protein expression levels of invadopodia regulators. Gelatin-based zymography was also used to estab-
lish their secretory protease profile. The effects of radiation and temozolomide treatment on the glioblastoma cells were 
then investigated with cell viability, Western blotting, gelatin-based zymography, and invadopodia matrix degradation 
assays.
RESULTS  The authors’ results show that the glioma cells used in this study express a number of invadopodia regula-
tors, secrete MMP-2, and form functional matrix-degrading invadopodia. Cells that were treated with radiotherapy and 
temozolomide were observed to show an increase primarily in the activation of MMP-2. Importantly, this also resulted in 
a significant enhancement in the invadopodia-facilitated matrix-degrading ability of the cells, along with an increase in 
the percentage of cells with invadopodia after radiation and temozolomide treatment.
CONCLUSIONS  The data from this study suggest that the increased invasive phenotype that has been previously ob-
served in glioma cells posttreatment is mediated by invadopodia. The authors propose that if the formation or activity of 
these structures can be disrupted, they could potentially serve as a viable target for developing novel adjuvant therapeu-
tic strategies that can be used in conjunction with the current treatment protocols in combatting the invasive phenotype 
of this deadly disease.
https://thejns.org/doi/abs/10.3171/2017.5.JNS17845
KEY WORDS  glioma; invadopodia; invasion; radiotherapy; temozolomide; oncology

J Neurosurg  Volume 129 • September 2018598 ©AANS 2018, except where prohibited by US copyright law

Unauthenticated | Downloaded 03/09/22 12:44 AM UTC



Enhancement of invadopodia activity by radiotherapy and TMZ

J Neurosurg  Volume 129 • September 2018 599

TMZ has been well documented, contributing to the poor 
survival outcome.18

It is known that a property shared by many types of tu-
mor cells that possess high invasive or metastatic potential 
is the ability to form membrane-located structures known 
as invadopodia.7,26,36,37 These are dynamic actin-dependent 
protrusions that can adhere to and subsequently proteolyt-
ically degrade extracellular matrix (ECM) substrates via 
the action of various transmembrane and secreted extracel-
lular proteases.7,26,37 There is a potential role for invadopo-
dia-mediated invasion in glioma, as these structures have 
been detected in both glioma cell lines and primary tumor 
cells isolated from ex vivo–cultured GBM specimens.10,37 
It has also been reported that matrix metalloproteinases 
(MMPs) that facilitate invadopodia-mediated tumor cell 
invasion are also upregulated in cancers, including GBM, 
compared with their normal cell counterparts.42,44,48

As radiotherapy has been the main form of treatment 
prior to TMZ, studies have revealed that this treatment 
can influence tumor invasion through the induced secre-
tion of a number of factors, including MMPs and vascular 
endothelial growth factor.21,49 Importantly, there is evi-
dence that sublethal doses of radiation can promote glio-
ma invasion, which is associated with enhanced MMP-2 
levels in the treated areas30,46 and has similarly been ob-
served in a number of different cancers.9,15 This is a criti-
cal observation, as the majority of GBMs inevitably recur 
close to either the resection cavity or the target volume 
of radiotherapy.19 In addition, an increase in expression of 
various proteases, including MMPs, has been shown af-
ter TMZ treatment.12 As MMPs facilitate the ECM deg-
radation ability of invadopodia, it is conceivable that the 
increased MMP expression and invasiveness of glioma 
cells observed after radiotherapy, TMZ treatment, or a 
combination of both might be mediated by invadopodia. 
Here, we examine the effects of treatment on invadopodia 
activity in glioma cells after treatment, with the hope that 
new therapeutic strategies can be developed in the future 
by targeting invadopodia-mediated glioma cell invasion.

Methods
Oncomine Data Mining

Oncomine (version 4.5, www.oncomine.org; Compen-
dia Bioscience, part of Life Technologies) was used to 
perform differential analyses on the mRNA expression 
levels of invadopodia-related regulators in glioma tissue. 
Oncomine is an online cancer and normal tissue micro-
array database containing 729 data sets (91,866 samples). 
These data sets are compiled from publically available 
cancer microarray data, which are then processed using 
the same criteria before being made available.32 Glioma 
data sets that were deposited into the Oncomine database 
were used to examine the mRNA expression levels of 
various invadopodia regulators in GBM compared with 
normal brain tissue.

Cell Lines and Cell Culture
U118, U138, U87MG, LN18, and LN229 human GBM 

cell lines were purchased from ATCC (American Type 
Culture Collection). Cell lines #4, #15, #28, #35, #39, 

and #41 were generated from biopsy samples obtained in 
GBM patients at the time of surgery at The Royal Mel-
bourne Hospital. The Melbourne Health Research Ethics 
Committee provided approval for generating the in-house 
GBM cell lines. The cells were cultured in DMEM (Life 
Technologies) supplemented with 10% (vol/vol) heat-inac-
tivated fetal bovine serum (HyClone), penicillin (100 U/
ml), and streptomycin (10 mg/ml). They were maintained 
in a humidified atmosphere of 10% CO2 at 37°C and used 
within the first 20 cell passages.

Cell Viability
Cells were plated in 96-well plates (5 × 103/100 ml) and 

allowed to adhere overnight. Triplicate plates were treated 
with different doses of radiotherapy (0, 2.5, or 5 Gy) or 
treated with TMZ (0, 100, and 1000 μM) in triplicate. The 
combinatorial approach involved treatment first with the 
relevant dose of radiotherapy followed by a 6-hour incuba-
tion of the cells at 37°C/10% CO2 in a humidified environ-
ment prior to the subsequent addition of TMZ. The cells 
were incubated for an additional 72 hours at 37°C/10% 
CO2 in a humidified environment and then lysed, and the 
cell viability relative to a vehicle control was determined 
on a bioluminometer using a commercially available Cell 
Titer-Glo kit (Promega) following the manufacturer’s in-
structions.

Invadopodia Matrix Degradation and Colocalization 
Assays

Coverslips coated with fluorescein isothiocyanate 
(FITC)–conjugated gelatin were prepared as described 
previously.39 For the invadopodia profile screen, 5 × 104 
cells were seeded per coverslip and incubated at 37°C/10% 
CO2 in a humidified environment for 24 hours. To detect 
the actin puncta of the invadopodium core, TRITC-phal-
loidin (dilution 1:75, Sigma-Aldrich) was used, and the to-
tal number of cells per image was determined via DAPI 
nuclear staining (5 mg/ml, Sigma-Aldrich). Confocal mi-
croscopy images were acquired using a Nikon A1+ confo-
cal microscope system equipped with a Plan Apo VC 60x 
DIC N2 oil immersion objective. Degraded FITC-labeled 
gelatin was defined as a black area depleted of fluorescent 
gelatin within each acquired image. A total of 10–15 ran-
dom image fields were captured for every cell line/experi-
mental condition. Images were saved in both the Nikon-
native format and as an uncompressed TIFF file and ana-
lyzed using ImageJ (version 1.51f; NIH). Threshold and 
region tools were used to define total regions of matrix 
degradation in a given image field, and the area of degra-
dation was computed using the particle counter function 
and normalized with respect to the number of cells (DAPI-
positive nuclei). Examination of the effect of radiotherapy 
and TMZ on the invadopodia activity of GBM cells was 
investigated as follows: subconfluent cells were treated 
with a single radiotherapy dose of 5 Gy and then incubated 
for 8 hours at 37°C/10% CO2 in a humidified environment, 
and TMZ was added at a final concentration of 1000 mM. 
The cells were then incubated for an additional 24 hours 
at 37°C/10% CO2 in a humidified environment, at which 
point the cells were washed with phosphate-buffered sa-
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line (PBS), trypsinized, and then seeded 5 × 104 cells per 
well on FITC-conjugated gelatin-coated coverslips and in-
cubated at 37°C/10% CO2 in a humidified environment for 
24 hours. 

Gelatinase Zymography
For gelatinase zymographic analyses, cells were al-

lowed to adhere overnight and were then washed twice 
with sterile PBS (pH 7.4) and subsequently incubated in 
serum-free OptiMEM (ThermoFisher Scientific) for 24 
hours for the various experimental conditions as outlined 
in the relevant figures. A 100-ml aliquot was isolated and 
centrifuged for 10 minutes at 1000g, and the supernatants 
were stored at -20°C for subsequent analyses. Gelatinase 
zymography assaying was performed using Novex 10% 
Zymogram (gelatin) protein gels (Life Technologies) to 
determine the MMP proteolytic activity of the GBM cell 
lines. Conditioned serum-free OptiMEM media (100 ml/
sample) was isolated from each treatment and prepared 
for electrophoresis under nonreducing conditions. Sample 
loading was normalized against the concentration of the 
corresponding cell protein lysates, which were determined 
by the BCA protein assay (Pierce, ThermoFisher Scien-
tific). The gels were separated by electrophoresis at 125 V 
for 1.5 hours in 1× Novex tris-glycine sodium dodecyl sul-
fate running buffer and were subsequently incubated in a 
1× Novex zymogram renaturing buffer for 30 minutes (all 
ThermoFisher Scientific). This was followed by a 30-min-
ute incubation in a 1× Novex zymogram developing buffer 
that was replaced with new developing buffer and incu-
bated overnight at 37°C. The gels were then washed in 
distilled water before being stained for 1 hour in Simply-
Blue Stain (Life Technologies) before further washing in 
distilled water until clear gelatinolytic bands were vis-
ible and their molecular weight was identified against the 
loaded Precision Blue (BioRad) protein markers. The gels 
were then scanned on a flatbed scanner for densitomet-
ric analysis using ImageJ. The effect of a single treatment 
of radiotherapy (0, 2.5, and 5 Gy) or TMZ (0, 200, and 
2000 mM) on the MMP profile of the GBM cell lines was 
carried out 48 hours posttreatment (at 24 hours posttreat-
ment, serum containing medium was removed and cells 
were washed with PBS, which was replaced with serum-
free OptiMEM). The combined treatment of radiotherapy 
(0, 2.5, and 5 Gy) and TMZ (1000 mM) was carried out 
as follows: cells were treated with radiotherapy and then 
incubated at 37°C/10% CO2 in a humidified environment 
for 8 hours, and then 1000 mM TMZ was added to the 
serum-free OptiMEM for an additional 24 hours, at which 
time an aliquot of conditioned medium was taken.

Western Blot
Protein lysates (15 mg) were subjected to electrophore-

sis on NuPage 4%–12% bis-tris precast gels (Invitrogen) 
and blotted on nitrocellulose membrane (GE Healthcare). 
The normalized protein amounts were analyzed by im-
munoblotting with the following antibodies: cortactin 
(diluted 1:1000, Santa Cruz Biotechnology), phospho-cor-
tactin (diluted 1:1000, Cell Signaling Technologies), GAP-
DH (diluted 1:1000, Cell Signaling Technologies), Nck1 
(diluted 1:1000, Cell Signaling Technologies), N-WASP 

(diluted 1:1000, Santa Cruz Biotechnology), MMP-2 (di-
luted 1:1000, Santa Cruz Biotechnology), MMP-9 (diluted 
1:1000, Santa Cruz Biotechnology), and Tks5 (diluted 
1:1000, Santa Cruz Biotechnology). Prior to overnight in-
cubation with primary antibodies, the membranes were 
blocked with 3% bovine serum albumin in 1% TBST for 1 
hour at room temperature. Immunoblots were subsequent-
ly probed with the appropriate secondary horseradish 
peroxidase–conjugated antibody (BioRad) and developed 
with the use of the enhanced chemiluminescence reagent 
(GE Healthcare) and Super RX x-ray film (Fujifilm).

Results
Invadopodia Regulator mRNA Expression Is Elevated in 
GBM Relative to Normal Brain Tissue

We systematically examined the mRNA gene expres-
sion levels of a number of invadopodia-related regulators 
in GBM tissue and compared the expression levels with 
those of normal brain tissue using brain tumor data sets; 
both data sets were obtained from the Oncomine database 
(Table 1). The p values were determined using the Student 
t-test; p < 0.05 was considered to indicate a statistically 
significant result. We observed that various invadopodia 
regulators were overexpressed in GBM tissue compared 
with normal brain. Of the 9 regulators listed in Table 1, 
the overexpression of multiple regulators within 1 data set 
were observed in a number of the 9 studies (Sun et al.,40 
n = 5 regulators; Bredel et al.,6 n = 4; Murat et al.,25 n = 4; 
Liang et al.,22 n = 3; The Cancer Genome Atlas [TCGA; 
https://cancergenome.nih.gov, n = 3; and Shai et al.,33 n = 
2). Furthermore, examination of the overexpression preva-
lence of the regulators showed that Nck1 and MMP-2 were 
overexpressed in 7 and 5 studies, respectively, followed by 
Tks4 (4 studies) and Tks5, Grb2, and Src (2 studies each). 
The increased mRNA expression of invadopodia regula-
tors in GBM tissue relative to normal brain in these data 
sets supports our previous evidence associating invadopo-
dia presence with glioma cells.36,37

GBM Cell Lines Express Invadopodia 
Regulators, Secrete MMP-2, and Form Functional 
FITC-Labeled Gelatin–Degrading Invadopodia

In an analogy to our previous study,36 in which we had 
demonstrated that an invadopodia regulator (Tks5) had 
shown prognostic potential in GBM patients, data min-
ing of the Oncomine glioma data sets in the current study 
showed increased mRNA expression of a number of regu-
lators in GBM tissue (Table 1). We also examined the pro-
tein expression levels of a number of these invadopodia 
regulators in our GBM cell lines. As outlined in Fig. 1, 
a number of key proteins were selected for screening by 
Western blot analyses, including Tks5, cortactin, phos-
pho-cortactin, Nck, N-WASP, and MMP-2. These proteins 
have been shown to play a role in the initiation, formation, 
and activity of invadopodia.7,26,37 The protein expression 
levels were varied across the different cell lines. Total cor-
tactin was present at high levels across the majority of the 
cell lines, as were Nck, N-WASP, and MMP-2.

Tumor cell invasion mediated by invadopodia activity 
encompasses several processes, including the recruitment 

Unauthenticated | Downloaded 03/09/22 12:44 AM UTC



Enhancement of invadopodia activity by radiotherapy and TMZ

J Neurosurg  Volume 129 • September 2018 601

of inactive proenzymes (pro-MMPs) to the invadopodial 
tip followed by the subsequent secretion and activation (ac-
tive MMPs), leading to MMP-mediated degradation of the 
surrounding ECM. This enzymatic activity can be ana-

lyzed by gelatin-based zymography, as can be seen in Fig. 
2. Our zymographic analyses of conditioned serum-free 
medium from the glioma cells at 24 hours revealed that 
the prominent MMP forms identified were pro-MMP-2 

TABLE 1. Invadopodia regulator mRNA is overexpressed in GBM relative to normal brain tissue

Invadopodia 
Marker

Cancer 
Tissue 
Sample

No. of 
Samples

Corresponding 
Tissue Sample

No. of 
Samples

Total 
Measured 

Genes

Mean Fold 
Change 
(Log2) p Value

Sample 
Type Platform Study

Cortactin GBM 542 Normal brain 10 12,624 1.353 0.003 mRNA Human Genome 
Y133A Array

TCGA

Grb2 GBM 22 Normal brain 3 19,574 1.348 4.20e−02 mRNA Human Genome U133 
Plus 2.0 Array

Lee et al., 2006

Grb2 GBM 27 Normal brain 7 8,603 1.701 2.75e−04 mRNA Human Genome 
U95A-Av2 Array

Shai et al., 2003

MMP-2 GBM 27 Normal brain 4 14,836 6.426 5.41e−04 mRNA ND Bredel et al., 2005
MMP-2 GBM 30 Normal brain 3 9,957 4.537 3.00e−03 mRNA ND Liang et al., 2005
MMP-2 GBM 80 Normal brain 4 19,574 2.92 2.98e−04 mRNA Human Genome U133 

Plus 2.0 Array
Murat et al., 2008

MMP-2 GBM 81 Normal brain 23 19,574 3.548 7.99e−16 mRNA Human Genome U133 
Plus 2.0 Array

Sun et al., 2006

MMP-2 GBM 542 Normal brain 10 12,624 4.818 4.06e−10 mRNA Human Genome 
U133A Array

TCGA

Nck1 GBM 30 Normal brain 2 9,957 1.626 1.90e−02 mRNA ND Beroukhim et al., 
2007

Nck1 GBM 27 Normal brain 4 14,836 1.717 1.00e−02 mRNA ND Bredel et al., 2005
Nck1 GBM 30 Normal brain 3 9,957 1.626 1.90e−02 mRNA ND Liang et al., 2005
Nck1 GBM 80 Normal brain 4 19,574 1.885 5.00e−03 mRNA Human Genome U133 

Plus 2.0 Array
Murat et al., 2008

Nck1 GBM 27 Normal brain 7 8,603 1.377 3.40e−07 mRNA Human Genome 
U95A-Av2 Array

Shai et al., 2003

Nck1 GBM 81 Normal brain 23 19,574 1.305 5.41e−07 mRNA Human Genome U133 
Plus 2.0 Array

Sun et al., 2006

Nck1 GBM 542 Normal brain 10 12,624 2.056 4.06e−09 mRNA Human Genome 
U133A Array

TCGA

Nck2 GBM 80 Normal brain 4 19,574 1.135 2.00e−03 mRNA Human Genome U133 
Plus 2.0 Array

Murat et al., 2008

N-WASP GBM 81 Normal brain 23 19,574 1.338 1.10e−02 mRNA Human Genome U133 
Plus 2.0 Array

Sun et al., 2006

Src GBM 80 Normal brain 4 19,574 1.035 4.50e−02 mRNA Human Genome U133 
Plus 2.0 Array

Murat et al., 2008

Src GBM 81 Normal brain 23 19,574 1.601 2.00e-03 mRNA Human Genome U133 
Plus 2.0 Array

Sun et al., 2006

Tks4 GBM 27 Normal brain 4 14,836 3.257 1.12e−04 mRNA ND Bredel et al., 2005
Tks4 GBM 30 Normal brain 3 9,957 1.492 1.40e−02 mRNA ND Liang et al., 2005
Tks4 GBM 80 Normal brain 4 19,574 2.241 1.32e−06 mRNA Human Genome U133 

Plus 2.0 Array
Murat et al., 2008

Tks4 GBM 81 Normal brain 23 19,574 2.194 2.50e−04 mRNA Human Genome U133 
Plus 2.0 Array

Sun et al., 2006

Tks5 GBM 27 Normal brain 4 14,836 1.399 0.048 mRNA ND Bredel et al., 2005
Tks5 GBM 22 Normal brain 7 7,689 1.263 0.005 mRNA ND Yamanaka et al., 

2006

ND = not defined.
mRNA expression levels of invadopodia regulators were 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 data set. Gene expression data are log transformed and normalized as previously 
described.39
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(72 kD) and active MMP-2 (65 kD). Also, as observed on 
Western blotting (Fig. 1) with MMP-specific antibodies, 
total MMP-2 protein was detectable in the GBM cell pro-
tein lysates, while MMP-9 expression was extremely low 
or absent. The presence of invadopodia regulator proteins 
in the Western blot analysis coupled with the detection of 
secreted MMP-2 activity (Fig. 2) in the culture medium 
indicates the potential for invadopodia matrix-degrading 
potential in these glioma cells.

For the remainder of the study, we focused on 3 of the 
commercially available GBM cell lines (U118, U87MG, 
and LN229). While these cell lines possess similar intra-
cellular MMP-2 protein levels, as determined by Western 
blotting, they were observed to express different levels of 
invadopodia-related regulators, such as Tks5, cortactin, 
phospho-cortactin, and N-WASP (Fig. 1). In addition, the 

most frequent genetic alteration associated with GBM is 
amplification of the EGFR gene, which results in overex-
pression of epidermal growth factor receptor (EGFR)23 and 
has also been observed to facilitate invadopodia activity 
through the downstream phosphorylation of invadopodia 
regulators.16 EGFR expression levels of the different GBM 
cell lines are also indicated in Fig. 1. Importantly, the pres-
ence of a number of the invadopodia regulator proteins 
coupled with MMP-2 zymographic activity can further be 
associated with the ability of these GBM cell lines to form 
functional matrix-degrading invadopodia (Fig. 3). These 
cells exhibit differing degrees of FITC-labeled gelatin–
degrading invadopodia as depicted by the presence of 
actin puncta labeled with rhodamine phalloidin that colo-
calize within areas of the degraded gelatin. The presence 
of cells with actin puncta and no corresponding area of 
gelatin degradation potentially signify the early stages of 
actin recruitment for invadopodia initiation and formation 
(Stages I and II) prior to the recruitment of MMPs during 
the mature and late invadopodia stages (Stages III and IV) 
that result in matrix degradation at the invadopodial tip.1 
Furthermore, we were also able to demonstrate colocal-
ization of the invadopodia regulators cortactin and Tks5 
with actin puncta, confirming the presence of functional 
gelatin-degrading invadopodia as seen in the representa-
tive images of the LN229 cells (Fig. 4).

GBM Cell Lines Exhibit Varying Cell Viability in Response 
to Radiotherapy or TMZ Treatment

Prior to examining the effect of radiotherapy or TMZ 
on invadopodia, we used the 3 GBM cell lines (U118, 
U87MG, and LN229), to establish a cell viability profile 
in response to treatment with radiotherapy or TMZ. To 
examine their sensitivity to radiotherapy, we irradiated 
the cells at different doses (0, 2.5, and 5 Gy). As can be 
seen in Fig. 5A, a differential response is evident, with the 
U118 and LN229 cells showing increased sensitivity in a 
dose-dependent manner compared with the U87MG GBM 
cells. The sensitivity of the 3 glioma cell lines to TMZ was 
next examined at 3 concentrations: 0, 100, and 1000 mM 
(Fig. 5B). The U118 and U87MG glioma cell lines dis-
played a similar response to the increasing TMZ concen-
trations, whereas the LN229 cells exhibited an increased 
level of resistance. Collectively, these results demonstrate 
that the TMZ and radiotherapy doses used in this study 
are sublethal doses and do not result in complete loss of 
viable cells.

FIG. 1. GBM cells express invadopodia regulator proteins. Immunoblot 
analysis of various regulator proteins of invadopodia formation or activity 
(Tks5, cortactin, p-cortactin, Nck, N-WASP, MMP-2, EGFR, and GAP-
DH) in our screen of 11 GBM cell lines. The experiment was repeated 
twice, and representative images are shown.

FIG. 2. GBM cells secrete MMP-2. Gelatin zymogram analysis showing MMP-2 activity at 24 hours after incubation of GBM cells 
in serum-free OptiMEM medium. The experiment was repeated twice, and a representative image is shown. Figure is available in 
color online only.
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Radiation and TMZ Treatment Can Enhance MMP-2 
Secretion and Activation

Models of invadopodia formation and activity have been 
proposed by a number of groups1,26 and involve a number 
of stages (Stage I, early precursor or initiation stage; Stage 
II, late precursor or pre-invadopodia; Stage III, early ma-
ture invadopodia; and Stage IV, late mature invadopodia), 

which encompass the invadopodia core structure forma-
tion, maintenance of actin polymerization, and recruitment 
of proteins including the MMPs coupled with their subse-
quent secretion, leading to ECM degradation at the inva-
dopodial tip. As we determined above that MMP-2 was 
the main secreted MMP (Fig. 2), we initially examined the 
effect of sublethal doses of radiation (Fig. 6). Representa-

FIG. 3. GBM cells form functional matrix-degrading invadopodia. LN18, U87MG, and LN229 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) and DAPI as a nuclear stain. 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. The experiment was repeated twice and representa-
tive images are shown. Scale bar = 20 μm.

FIG. 4. Endogenous cortactin and Tks5 colocalize to invadopodia actin puncta in LN229 GBM cells. LN229 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 (A) or Tks5 (B) primary antibodies and an Alexa 405 secondary antibody. The 
white arrows indicate colocalization 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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tive zymograms for analysis of culture medium taken from 
irradiated GBM cells 24 hours posttreatment are shown in 
Fig. 6A. We observed an increase in MMP-2 secretion and 
activation for U118 and U87MG GBM cells, in particular at 
2.5 Gy, with a slight increase in activated MMP-2 at 5 Gy. 
LN229 cells did not display a significant change. These re-
sults indicate that, overall, the doses of radiotherapy alone 
that were used in this study did not have a universal ef-
fect on MMP-2 secretion and activation for all cell lines. 
TMZ treatment (0, 200, and 2000 mM) resulted in slight 
increases of secreted and activated MMP-2, especially at 
a concentration of 2000 mM for the U118 glioma cell line 
(Fig. 7). As observed with radiotherapy alone, TMZ treat-
ment alone did not result in a universal increase in MMP-2 
secretion or activation. However, a combination of radio-
therapy and TMZ treatment (Fig. 8) resulted in increased 
activation of MMP-2 for both U118 and LN229 glioma 
cells (2.5 Gy/1000 mM TMZ and 5 Gy/1000 mM TMZ). A 
slight decrease in activation of MMP-2 was observed at a 
combinatorial dose of 2.5 Gy/1000 mM TMZ; however, a 
recovery in secretion levels was then noted at a dose of 5 
Gy/1000 mM TMZ.

Invadopodia Activity Is Augmented by Sublethal Doses of 
Radiotherapy and TMZ

As we had observed in the previous section that radia-
tion or TMZ treatment could alter the MMP activity of the 
3 GBM cell lines, we next examined whether it would ul-
timately also result in a functional change in invadopodia 
activity. The combined treatment of radiotherapy (5 Gy) 
and TMZ (1000 mM) was observed to result in an increase 
in the invadopodia-mediated FITC-labeled gelatin degra-
dation at 24 hours posttreatment in all 3 cell lines (Fig. 
9A and B). While all 3 cell lines displayed this trend (5- 
to 7-fold over the corresponding untreated controls), the 
U87MG and LN229 cell lines showed significant differ-
ences (p < 0.05) in their ability to degrade the FITC-labeled 
gelatin posttreatment. Importantly, while we observed an 
increase in the degree of degradation posttreatment of the 
GBM cells, we also detected a corresponding increase in 
the percentage of cells possessing FITC-labeled gelatin–
degrading invadopodia (20%–25% increases over the cor-
responding untreated controls). Again, while this trend was 
present for all 3 cell lines, the U118 GBM cell line showed 
a significant difference (p < 0.05) in the percentage of cells 
that formed invadopodia posttreatment. Even though the 
single-treatment doses employed in this study are higher 
than the daily doses used in the protocol of Stupp et al.,35 
but lower than the total cumulative doses, these 2 results 
highlight important observations, suggesting that radiation 
and TMZ might induce both invadopodia activity (matrix 
degradation) and formation (percentage of cells forming 
invadopodia) in cells that survive treatment.

Discussion
Radiotherapy has remained one of the mainstays of 

GBM treatment for more than 30 years,5 and various thera-
peutics have been trialed in conjunction with radiotherapy. 
However, the landmark study by Stupp et al. observed that, 
since 2005, TMZ treatment was being used in conjunction 

with surgery and radiotherapy.35 Despite an incremental in-
crease in median survival to 15 months with this gold-stan-
dard protocol (2 Gy radiotherapy given 5 days per week 

FIG. 5. GBM cell lines exhibit varying cell viability in response to radio-
therapy or TMZ treatment. U118, U87MG, and LN229 GBM cell lines 
were plated in 96-well plates and treated with varying doses of radiation 
(0, 2.5, or 5 Gy) (A), TMZ (0, 100, or 1000 μM) (B), or a combination 
of radiation (0, 2.5, or 5 Gy) and TMZ (1000 μM) (C). Cell viability was 
determined at 72 hours after treatment. The experiment was repeated 
3 times and the mean survival (± standard error) relative to the control 
is shown in each panel. *p < 0.05 versus control. Figure is available in 
color online only.
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for 6 weeks—total of 60 Gy—and concomitant daily TMZ 
of 75 mg/m2) being used worldwide, there remains a con-
tinuing overall poor prognostic outcome for GBM patients, 
with only 26.5% of patients alive after 2 years.35 Therefore, 
there is a pressing need to understand the influence of this 
therapeutic approach on the cells that survive treatment.

It is known that tumor recurrence can be linked to the 
invasive tumor cell phenotype, allowing for the formation 
of tumor satellites at distant sites following clinical inter-
vention, and ultimately thwarting the possibility of achiev-

ing significant increases in patient survival. This is critical, 
as the combination of a radio- and chemotherapy approach 
is expected to primarily exert an antiproliferative effect by 
inhibiting DNA replication, with potentially only a mini-
mal effect on the invasion process of any surviving cells. 
Importantly, it has been observed that the enhanced inva-
siveness of sublethally irradiated glioma cells is associat-
ed with increased MMP activity posttreatment.30,46 These 
observations, coupled with our previous research showing 
the relevance of invadopodia and their regulators in glio-

FIG. 6. Radiation treatment may alter MMP-2 secretion/activation in GBM cell lines. U118, U87MG, and LN229 GBM cell lines 
seeded in 6-well plates were treated with radiation at the following doses: 0, 2.5, or 5 Gy and subsequently placed in serum-free 
OptiMEM. At 24 hours, aliquots of the medium were taken and analyzed by gelatin-based zymography (A). The experiment was 
repeated 3 times, and the mean MMP activity relative to the control (analyzed via densitometry) is shown in each corresponding 
graph: U118 (B), U87MG (C), and LN229 (D). *p < 0.05 versus control. arb. = arbitrary. Figure is available in color online only.
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ma,36,37 lead into our current study, in which we show that 
GBM cells that survive sublethal doses of radiation and 
TMZ, exhibit enhanced MMP-2 secretion and activation, 
combined with an increase in the formation and activity of 
invadopodia. While the complete mechanism leading to 
enhanced invadopodia activity remains unknown, the data 
presented suggest that there may be a rationale for explor-

ing anti-invadopodia strategies for reducing the invasive 
potential of cells that are resistant to the current therapeu-
tic protocols.

Cancer cells, including glioma, rely on a number of 
various invadopodia-related mechanisms to facilitate the 
dissemination of cells away from the primary tumor mass. 
These include cell adhesion to the ECM, degradation of 

FIG. 7. TMZ treatment does not have a significant impact on MMP-2 secretion/activation in GBM cell lines. U118, U87MG, and 
LN229 GBM cell lines seeded in 6-well plates were treated with TMZ for 24 hours at the following concentrations: 0, 200, or 2000 
μM. They were then incubated for an additional 24 hours in serum-free OptiMEM, after which aliquots of the medium were taken 
and analyzed by gelatin-based zymography (A). The experiment was repeated 3 times, and the mean MMP activity relative to the 
control (analyzed via densitometry) is shown in each corresponding graph: U118 (B), U87MG (C), and LN229 (D). *p < 0.05 versus 
control. Figure is available in color online only.
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the ECM, and rearrangement of the cytoskeleton.24 Due to 
the emergence of invadopodia as facilitators of tumor cell 
invasion, studies are being carried out in laboratories in 
an attempt to uncover the relevant pathways involved in 
their biogenesis and how to combat the activity of invado-
podia with compounds that target these relevant mecha-

nisms.24 MMPs, as a class of zinc-dependent proteases, 
are known to degrade various membrane-related proteins, 
of which gelatin and collagen have been the most widely 
studied with respect to gliomas,4,31 especially as MMP-2 
and MMP-9 are frequently overexpressed in the tumor tis-
sue.4,31,42,44,48 Notably, the expression of MMPs, as regula-

FIG. 8. Radiation and TMZ treatment can enhance MMP-2 secretion/activation in GBM cell lines. U118, U87MG, and LN229 GBM 
cell lines seeded in 6-well plates were treated with radiation at the following doses: 0, 2.5, or 5 Gy and 24 hours postirradiation 
incubated with TMZ at a concentration of 1000 μM in serum-free OptiMEM. At 24 hours, aliquots of the medium were taken and 
analyzed by gelatin-based zymography (A). The experiment was repeated 3 times, and the mean MMP activity relative to the 
control (analyzed via densitometry) is shown in each corresponding graph: U118 (B), U87MG (C), and LN229 (D). *p < 0.05 versus 
control. Figure is available in color online only.
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tors of invadopodia-mediated ECM degradation, can be up-
regulated upstream by numerous signaling molecules, such 
as Src and EGFR. There is evidence for the presence of 
an Src/EGFR-mediated phosphoinositide 3-kinase (PI3K)/
AKT pathway facilitating glioma cell invasion mediated 
via amplified MMP-2 secretion.29 This is significant, as the 
deregulation of EGFR-related pathways occurs frequently 
in many GBMs, which is also linked with EGFR amplifi-
cation/overexpression and a poor patient prognosis.43 Im-
portantly, studies have demonstrated that EGFR-triggered 
pathway activation can also confer resistance to radiation 
and chemotherapy,3,8,11 and this treatment resistance, lead-
ing to surviving cells, may also facilitate an increased 
invasive phenotype through the action of invadopodia in 
modifying and degrading the surrounding ECM.

Furthermore, EGF via binding to its receptor is known 
to be an inducer of invadopodia,16 and it is also recognized 

that downstream of this pathway, the common signaling 
hubs converge and involve Src and PI3Ks that can contrib-
ute to the formation and activity of invadopodia.7,26,37 Via its 
links to many signaling pathways, Src kinase phosphory-
lates a number of different invadopodia regulators, includ-
ing Tks5.39 As there is evidence indicating that glioma cells 
can form invadopodia,10,37 our previous observations of the 
potential prognostic ability of Tks5 in glioma patient biop-
sies36 and that the Src-mediated phosphorylation of Tks5 
boosts the activation of MMP-238 imply that a link exists 
in the data obtained during our current study involving in-
creased MMP-2 secretion/activation, FITC-labeled gelatin 
degradation, and the percentage of invadopodia-forming 
glioma cells in response to treatment. Of note, the infor-
mation extracted from the independent Oncomine GBM 
data sets further highlights the relevance of invadopodia 
in GBM, where the overexpression of MMP-2 mRNA and 

FIG. 9. Invadopodia activity in GBM cells is augmented at sublethal doses of radiation and TMZ. U118, U87MG, and LN229 GBM 
cell lines seeded in 6-well plates were treated with radiation at a dose of 5 Gy and after 8 hours were incubated with TMZ at a dose 
of 1000 μM. After an additional 24 hours, the cells were trypsinized and 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) and DAPI 
as a nuclear stain. 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. The experiment was repeated 3 times, and representative images (A), mean FITC-labeled 
gelatin degrading activity (B), and percentage of cells with FITC-labeled gelatin–degrading invadopodia (C) relative to the controls 
are shown. *p < 0.05 versus control.
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other invadopodia regulators, such as Nck1, Src, Tks4, and 
Tks5, was detected in a number of the studies (Table 1). In-
trinsic or acquired chemoresistance to TMZ is also an im-
portant factor hindering the successful treatment of glioma 
patients, with acquired resistance accounting for approxi-
mately 90% of recurrent diseases.27 Alterations to MGMT 
levels or mismatch repair status have been proposed as the 
main drivers for the development of this resistance,13 but 
activation of the Akt pathway has also been proposed and 
linked with Src levels.45 A study by Sun et al.41 showed that 
TMZ-resistant glioma cells were associated with changes 
in actin cytoskeleton–related proteins and increased adhe-
sion and migration properties that are known to be func-
tionally linked to invadopodia-associated mechanisms. 
Therefore, the involvement of the EGFR-Src-(PI3)/AKT 
pathway in glioma invasion, invadopodia formation/activi-
ty, and treatment resistance (radiotherapy/TMZ) highlights 
the potential importance of this signaling axis as a thera-
peutic avenue in targeting glioma invasion through invado-
podia after radiotherapy and TMZ treatment.

Conclusions
This current study has extended our previous findings, 

outlining the significance of invadopodia and their abil-
ity to mediate the invasive phenotype of GBM. We have 
now demonstrated that GBM cells that can survive sub-
lethal single doses of radiotherapy and TMZ (which are 
higher than the daily protocol of Stupp et al.35 of 2 Gy 
radiotherapy and concomitant daily 75 mg/m2 TMZ) dis-
play enhanced MMP-2 secretion and activation, which is 
critically also linked to an increase in the percentage of in-
vadopodia forming glioma cells and FITC-labeled gelatin 
degradation. In summary, further research is required with 
respect to glioma invasion being therapeutically targeted 
through invadopodia-related mechanisms as an adjuvant 
to the current treatment approach of surgery, radiotherapy, 
and TMZ.
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