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Introduction

Glioblastoma (GBM) is one of the most aggressive and lethal 
neoplasms of the brain. In spite of the multidisciplinary approach 
with surgical resection and radiotherapy with or without adjuvant 
chemotherapy,1 the prognosis for patients with GBM remains 
poor.2 The high prevalence of intrinsic or acquired radioresis-
tance and the locally invasive growth of this tumor are two of the 
features that account for the high incidence of recurrences, even 
following maximal surgical resection.3 Although multiple factors 
may be responsible for the ultimate outcome of GBM treatment, 
an increased emphasis on local tumor control has been recom-
mended due to the fact that the majority of patients develop local 
recurrences, often within 2 cm of the initial tumor location.4 
Stereotactic radiosurgery (SRS) has been explored as an option 
for treating GBM patients especially in the context of glioblas-
toma relapse. Gamma Knife® and linear accelerator (LINAC)-
based systems are the first two systems used for delivering SRS 
without surgical implantation of radiation sources.

The new vanguard type of SRS is the CyberKnife® (CK), 
a LINAC-based system used also for the treatment of patients 
with GBM. CK may be an alternative to conventional LINAC in 
the treatment of recurrent glioma with the advantage of reduc-
ing irradiation to normal tissue. Provided of an image-guided 
frameless radiosurgery system, CK treatment is delivered by a 
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linear accelerator mounted on a flexible robotic arm. Since the 
total dose is delivered to the tumor usually through more than 
one hundred beams and some time is needed for the continuous 
alignment of the robotic arm to the target, in a typical CK treat-
ment session the dose is released in a longer time compared with 
conventional LINAC irradiation (CIR).

In a recently published multicenter study, SRS with CK treat-
ment was well tolerated although the median survival time did 
not exceed 7 mo (range, 1–34 mo) in patients with recurrent 
GBM.5

While the antiproliferative effects of irradiation on glioma 
cells have been extensively studied, little is known about the 
effects of ionizing radiation on migration/invasion of GBM 
cells and even less is known about potential differences in bio-
logical effects between different SRS irradiation modality. It 
has previously been reported that in vitro cultured GBM cells 
may increase their migration/invasion ability after irradiation.6 
However, other authors did not report differences after irradia-
tion with various schedules.7

It has been recently shown that blocking of β1 integrin signifi-
cantly impaired the adhesion and consequent migration of gli-
oma cells;8 as a matter of fact, the adhesion of tumor cells to the 
extracellular matrix is mediated by β1 integrin that was believed 
to link the growing actin filaments at the leading edge to the sub-
stratum and to initiate or coordinate signals.9 Other pathways, 
such as the PI3K/Akt have been described to be implicated in 
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in spheroids treated with CK-driven IIR at the fourth day of 
the invasion assay. Moreover, in IIR-treated spheroids, a 5-fold 
increase in TGFβ was also noticed while no significant variations 
in β1-integrin or TGFβ transcription were found after treatment 
with CIR (Fig. 2).

To detect a possible involvement of the anti-apoptotic Akt 
pathway in migration,10 total and phophorytated Akt were also 
analyzed by protein gel blot. The Akt pathway was activated 
in spheroids treated with CIR since phosphorylated-Akt was 
increased after a total dose of 8 Gy while no significant differ-
ences were found in total Akt levels (Fig. 3). On the other hand, 
although a moderate increase in total Akt was detected in cells 
treated with CK-driven IIR, a slight decrease in phosphoryted-
Akt was detected suggesting that this survival pathway was not 
upregulated by this irradiation modality.

Discussion

Malignant gliomas are pathophysiologically characterized by 
their insidious infiltration of the brain.11 Within the conventional 
LINAC treatment for brain tumors, the new vanguard type of 
stereotactic radiotherapy, the CyberKnife, is becoming more 
frequently used for the treatment of recurrences. Still, in vitro 
data about the effects of CyberKnife on glioma cells are lacking 
in literature, therefore a comparison of radiation-induced inva-
sion of glioma cells using these two treatment modalities seems 
reasonable.

migration/invasion, although the signaling events regulating cell 
motility are poorly defined.10

In the present study we analyzed the in vitro effects of irradia-
tion on the migration of glioma cells, using a three dimensional 
model. Spheroids of glioma cells were treated either by CIR or by 
CK-driven intermittent irradiation (IIR) and migration of glioma 
cells from the spheroids invading the matrix was assessed for the 
following days. The results suggest that, in our experimental 
model, CK-IIR increase migration of glioma cells through the 
upregulation of β1-integrin expression.

Results

Treatment with CK-driven IIR (8 Gy) significantly increased 
the migration ability of spheroid-derived glioblastoma cells, 
compared with untreated spheroids (Fig. 1A). Despite this 
effect was already detectable after 4 d from irradiation, the dif-
ference from the control was statistically significant after 7 d  
(p = 0.032). Treatment with CIR did not induce any signifi-
cant change in invasion ability compared with control. Western 
blot analysis showed that β1-integrin was downregulated in 
glioblastoma cells after treatment with CIR at all time tested, 
while the opposite was found after exposure to CK-driven IIR  
(Fig. 1B).

To further investigate these findings, real-time PCR analysis 
was performed on U87 spheroids at the same time points (Fig. 2). 
Indeed, a 3-fold increase in β1-integrin transcripts was detectable 

Figure 1. Invasion indexes of U87. Invasion indexes of U87 calculated as described in the methods section (mean ± se). (a) Data were obtained at dif-
ferent days after treatment with 8 Gy (control-○, CIR-■ and IIR-□). a significant increase in invasion ability was detected after IIR treatment  
(p = 0.032; Mann Whitney test), whereas no significant differences were detected after CIR treatment. all results are means of at least three indipen-
dent experiments. (B) β1-integrin expression in U87 spheroids. spheroids of U87 were exposed to 8 Gy (CIR or CK-driven IIR) and cultured in Matrigel 
for the following days. Treatment with CK-driven IIR induced an increase in β1-integrin expression, as detected by protein gel blot analysis.
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The central role of β1-integrin in cancer cell migration has 
been recently demonstrated by the identification of SCAI, a novel 
highly conserved protein that regulates β1-integrin transcription. 
Depletion of SCAI caused a drastic upregulation of β1-integrin 
gene expression levels which resulted in a strong increase in 
migration in three-dimensional matrices of different cancer cell 
types.17 Further study are needed to verify a role for SCAI in 
radiation-induced β1-integrin upregulation in glioma.

Material and Methods

Spheroid culture. Spheroids were obtained from U87 cells 
(ATCC, American Type Culture Collection) cultured in com-
plete medium (Dulbecco’s Modified Eagle’s supplemented with 
10% fetal bovine serum and 0.01% penicilline/streptamicine) at 
37°C in humidified atmosphere of 5% CO

2
 in air. 2.5 x 105 cells 

were seeded on an agarose (Biorad) layer in a 60 x 15 mm Petri 
and left for 2 d in incubator for spheroids formation with 3 ml of 
complete medium.

Irradiation. Cells cultured as monolayer or spheroids were 
irradiated in culture dish at room temperature. Conventional 
LINAC irradiation (CIR) was performed with a 6 MV X-rays 
uniform beam produced by a Philips SL 75/5 (Elekta) linear 
accelerator with a dose/rate of 2 Gy/min for field sizes of 20 cm x 
20 cm, gantry = 180° and source-to-surface distance was fixed at 
100 cm. The water-solid RW3 were used to assure the 100% of 
the dose in the build-up region on cells.

The CK-driven irradiation (IIR) (Accuray Inc.) was performed 
delivering a total dose of 8 Gy with a dose rate of 4 Gy/min. The 

In our experimental conditions, glioma cells treated with CK 
could be considered as submitted to a fractionation schedule 
composed to 161 fraction of 4.6 ± 3.4 cGy (median ± SD) each 
every 10.9 ± 0.51 sec (median ± SD).

Our data showed that, at a total dose of 8 Gy, in vitro treatment 
with CK-driven IIR resulted in a significantly increased invasion 
of glioma cells; moreover our data suggest that β1-integrin is a 
key regulator in invasion of these cells. In fact, in our experimen-
tal model, a direct relation between migration of glioma cells and 
β1-integrin expression was detected.

Even if both treatments decreased significantly the survival of 
U87 (data not shown), the invasion potential tends to increase 
after CK-driven IIR and decrease after CIR irradiation. As a mat-
ter of fact, β1 integrin has been implicated in mediating resis-
tance to IR;12 in a breast cancer model, the combination of anti 
β1-integrin antibody and IR has been reported to maximize the 
effects of the irradiation, suggesting that β1 integrin is a key reg-
ulator of post-irradiation tumor cell survival.13

Our observations are in agreement with a previous work 
showing enhanced migration and invasion of irradiated glioma 
cells 24 h after irradiation.6 On the other hand, in a previ-
ously published work where spheroids from the same glioma 
cell lines (U87) were irradiated with two types of fractionated 
radiotherapy, no differences in migration were detected nor if 
compared with untreated cells nor between the two irradiation 
modality.7 However, for the invasion studies they used a co-
culture system in which tumor spheroids were confronted with 
fetal rat brain aggregates, therefore differences in the experi-
mental model might explain the conflicting results. Indeed, 
β1-integrin upregulation has been described to occur after 
clinically relevant doses of ionizing radiation in melanoma and 
lung cancer cell lines, but the type of matrix used has been 
shown to have a role in β1-integrin modulation, being fibro-
nectin and laminin the most effective matrices.13,14 Since the 
major components of Matrigel is laminin, our experimental 
conditions possibly maximize differences between irradiation 
modality.

Moreover, we showed that the modulation of β1-integrin 
expression was secondary to an increase in TGFβ as detected 
by realtime PCR. This was not surprising since upregulation of 
TGFβ after multifraction irradiation in gliomas has been pre-
viously reported in reference 15, due to the well known immu-
nosuppressive properties of TGFβ, therefore this effect of IIR 
on glioma cells may be undesirable. Moreover, TGFβ has been 
shown to enhance motility and invasiveness of oral squamous 
carcinoma cell lines via modulation of a number of integrins, 
including β1-integrin.16 Our data suggest that the same mecha-
nism might be activated in glioma cell lines.

In contrast with previously reported data, in our migration 
model the Akt pathway did not correlate with the migration abil-
ity.10 In fact phospho-Akt was detectable after treatment with 
CIR, while no activation was detectable in cells treated with 
CK-driven IIR. The fact that CIR and CK-driven IIR differs in 
the activation of a pathway involved also in cell survival, suggests 
that the two irradiation modality might differ also in cell killing 
efficiency.

Figure 2. expression levels of TGFβ and β1-integrin in U87. expression 
levels of TGFβ and β1-integrin genes as detected by realtime-pCR in 
U87 spheroids 4 and 5 d after irradiation. GapDh was used as house-
keeping gene. Data are expressed as mean percentage variation of 
target expression from untreated cells at different time points (100% 
means no modulation). ■: CIR (conventional LINaC irradiation); □: IIR 
(CK-driven intermittent irradiation).
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was determined by Quant-iT pro-
tein fluorometric assay for QBIT 
fluorometer (Invitrogen-Molecular 
Probes).

Spheroids lysates were separated 
in a 10% SDS-polyacrylamide gel 
and then transferred to a Hybond-P 
PVDF membrane (GE Healthcare) 
at 350 mA for 1 h. Thereafter, the 
membranes were blocked for one 
hour at room temperature with 
5% non fat dry milk in TPBS (1x 
phosphate-buffered saline, 0.1% 
Tween 20), then incubated with  
1 μg/ml of the appropriate antibody, 
anti-Akt mouse IgG (Transduction 
Laboratories), anti-phopsho-Akt 
(Ser 473) rabbit IgG and anti-
β1-integrin rabbit policlonal IgG 

(Chemicon), overnight at 4°C. Following two washes with 
TPBS, membranes were incubated for one hour at room tem-
perature with 1:2,500-diluted horseradish-peroxidase-conju-
gated goat anti-mouse or anti-rabbit immunoglobulins (DAKO) 
respectively. PVDF membranes were washed three times with 
TPBS then evenly coated using the ECL protein gel blotting 
detection system (GE Healthcare) for 1 min. Membranes were 
immediately exposed to AGFA Curix Ortho X-Ray film (AGFA). 
To asses equal protein loading onto gel, membranes were rep-
robed, after removal of previous antibodies, with mouse anti-β 
actin IgG (SIGMA).

Realtime PCR. Spheroids of U87 were exposed to 8 Gy (CIR 
and CK-driven IIR) and cultured in Matrigel for the following 
days. Total RNA was isolated from spheroids using a commer-
cially available kit following the manufacturer’s instructions 
(Qiagen). Total RNA from each sample was reverse-transcribed 
by random priming and Moloney murine leukemia virus reverse 
transcriptase (Promega). Real time PCR was performed with 
commercially available reagents in an SDS-5700 instrument fol-
lowing the manufacturer’s protocol (Applied Biosystems). One 
hundred nanograms of retro-transcribed RNA was amplified for 
β1-integrin, TGFβ and Glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH) as control. All reactions were performed in dupli-
cate and the mean Ct (cycle threshold) value was used as index 
of expression.

Disclosure of Potential Conflicts of Interest

No potential conflicts of interest were disclosed. 

plan utilized a 60 mm diameter collimator that delivered any-
where from 0.30–17.96 cGy (median ± standard deviations (SD) 
= 4.6 ± 3.4 cGy) per beam from 161 distinct directions with a 
median interval between two beams of 10.9 ± 0.51 sec. The pre-
scription line isodose was 80% and the irradiation duration was 
about 40 min. The cells, in Petri dishes, were put in a human-
head-like phantom, so that the CK was able to align the target and 
perform the treatment.

Cells and spheroids not undergoing radiation treatment, were 
left at room temperature for the same period of time as controls.

Matrigel invasion assay. After exposure to 8 Gy, with CIR 
or CK-driven IIR, single spheroids with a maximum diameter 
of 200 μm (checked by an inverted microscope equipped with 
a eye-piece graticule) were pipetted and transferred into ice-cold 
96-multiwell plate wells (one spheroid/well) previously filled 
with 100 μl Matrigel® (BD Bioscience) diluted 1:3 with serum-
free medium. Plates were then left at 37°C for 30 min to allow 
Matrigel polymerization before 200 μl complete medium was 
added to each well.

Maximal cell migration (D) was determined daily for the fol-
lowing 10 d using an inverted microscope equipped with a eye-
piece graticule calibrated against a micrometer slide. The invasion 
area was calculated by the following formula: π·(D/2)2 in mm2 
and the initial spheroid area subtracted.18 At least five spheroids 
for each treatment group for each experiment were transferred.

Protein gel blot analysis. At different days after irradiation, 
spheroids left in matrigel were collected and homogenized in 
lysis buffer containing 62.5 mM TRIS-HCl pH 6.8, 10% glyc-
erol, 2% SDS, 5% β-mercaptoethanol. Protein concentration 

Figure 3. Radiation-induced activation of the aKT pathway in U87 spheroids. spheroids of U87 were 
exposed to 8 Gy (CIR or CK-driven IIR), cultured in Matrigel for the following days and harvested at 
different time-points. protein gel blot analysis showed that after treatment with CIR the expression of 
phospho-akt was upregulated while no differences were found in total akt levels. On the other hand, 
treatment with CK-driven IIR did not modify phospho-aKT levels although a slight increase in total aKT 
was observed.
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