
Abstract. Neuroblastomas are the most common extra-cranial
tumors of childhood and well known for their heterogeneous
clinical behavior associated with certain genetic aberrations.
Radiation therapy is an important modality for the treatment
of high-risk neuroblastomas. In this study, we investigated
whether ionizing irradiation modulate the migration and
invasiveness of human neuroblastoma cells and expression
of proangiogenic molecules known to be involved in tumor
progression and metastasis. Irradiation of neuroblastoma cells
resulted in increased migration and invasion as measured by
spheroid migration and matrigel invasion assay respectively.
Zymographic analysis revealed an increase in enzyme activity
of MMP-9 and uPA in conditioned medium of irradiated
neuroblastoma cells compared with non-irradiated cells.
An increase in VEGF levels was also found in lysates of
irradiated neuroblastoma cells. The up-regulation of uPA,
MMP-9 and VEGF transcripts was also confirmed by RT-PCR
analysis. Next, we examined the irradiated tumor cell-mediated
modulation of endothelial cell behavior. Conditioned media
from irradiated neuroblastoma cells enhanced capillary-like
structure formation of microvascular endothelial cells. In a
coculture system, irradiation of neuroblastoma cells enhanced
endothelial cell invasiveness through Matrigel matrix. Endo-
thelial cells treated with irradiated tumor cell conditioned
medium were also analyzed for expression of uPA, MMP-9
and VEGF and compared to cells treated with non-irradiated
tumor cell conditioned medium. These findings suggest that
the irradiation effects of tumor cells could influence endothelial
angiogenesis present in non-irradiated fields.

Introduction

Neuroblastoma, the most common pediatric solid tumor, is
derived from neural crest cells and is remarkable for its
clinical heterogeneity (1,2). The prognosis of neuroblastoma
is multifactorial and depends on an assortment of clinical
and biological factors. Radiotherapy remains an important
form of local and regional cancer therapy (3,4). Typical
cellular changes resulting from radiation depend on the dose
level and time elapsed after exposure. Cancer cells acquire
resistance to radiation because they are genetically unstable.
Nonetheless, many tumors are poorly controlled by radiation
therapy due to radiation resistance. The invasive, metastatic
and hypervascular nature of stage IV neuroblastoma is
refractory to all conventional therapeutic modalities and is
associated with a dismal prognosis (5). Studies have reported
apparently improved local control rates with radiation therapy
or increasing radiation doses to primary sites of disease (6).
Unfortunately, the cure rate of children with high-risk neuro-
blastoma remains at <20%, providing a compelling reason to
better understand the molecular mechanisms that can be
targeted to treat this disease.

Radiation therapy, a mainstay of tumor treatment, can
stimulate multiple signal transduction pathways simultaneously
and, in turn, these pathways may alter the expression of pro-
angiogenic molecules in surviving cells. Since angiogenesis is
essential for tumor progression, we examined the effects of
irradiation on the expression of proangiogenic factors uPA,
MMP-9 and VEGF in human neuroblastoma cells and in vitro
angiogenic process.

Materials and methods

Cell culture. The human neuroblastoma SK-N-AS cell line was
obtained from American Type Culture Collection (Manassas,
VA) and were cultured in DMEM supplemented with 10%
fetal bovine serum, penicillin (100 units/ml), and streptomycin
(100 μg/ml) and maintained at 37˚C in a 95% air/5% CO2

humidified incubator. SK-N-AS cells were grown in complete
DMEM to subconfluent monolayers. Thereafter, culture
medium was replaced (after washing cells twice with sterile
PBS) by serum-free DMEM before irradiating them at 5, 10
and 20 Gy. Conditioned medium was collected 24 h after
irradiation, centrifuged, and used for in vitro angiogenesis and
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Matrigel invasion assays. Human microvascular endothelial
cells (HMECs) were maintained as described earlier (7).

RNA extraction and reverse transcription-polymerase chain
reaction (RT-PCR) analysis. Total RNA was extracted from
cultured cells using TRIzol reagent (Invitrogen, Carlsbad, CA).
RNA thus obtained was further purified by digesting with
DNase for 20 min at 37˚C and then reverse-transcribed
using the cDNA cycle kit (Invitrogen) with random primers
(8). To amplify the cDNA, the reverse-transcribed cDNA was
subjected to 30 cycles of PCR in 25 μl of PCR Master Mix
(Promega, Madison, WI) containing 100 pmol of sense and
antisense primers. The efficiency of cDNA synthesis was
estimated by PCR with GAPDH-specific primers. The
following sense (S) and antisense (AS) primers were used in
the RT-PCR reactions: uPA (S, 5'-TGCGTCCTGGTCGT
GAGCGA-3'; AS 5'-CAAGCGTGTCAGCGCTGTAG-3';
VEGF (S, 5'-ATGAACTTTCTGCTGTCTTGGGT-3'; AS,
5'-TCACCGCCTCGGCTTGTCAC-3'); MMP-9 (S, 5'-TGG
ACGATGCCTGCAACGTG-3'; AS, 5'-GTCGTGCGT
GTCCAAAGGCA-3'); GAPDH (S, 5'-CGGAGTCAA
CGGATTTGGTCGTAT-3'; AS, 5'-AGCCTTCTCCATGGT
GGTGAAGAC-3'). Samples were subjected to electro-
phoresis on a 1.5% agarose gel and photographed as ethidium
bromide fluorescent bands.

Zymographic assays. Human neuroblastoma cells SK-N-AS
were plated at equal numbers and irradiated with different
radiation doses under serum-free conditions. After 24 h, super-
natants were collected and then resolved under non-reducing
conditions on 10% SDS-PAGE gels embedded with fibrinogen/
plasminogen (9) or gelatin (10). Gels were rinsed three times
in 2.5% Triton X-100 for 30 min at room temperature and
then incubated in 100 mM glycine buffer pH 8.0 (for uPA
fibrin zymography) or 50 mM Tris-HCl, 10 mM CaCl2 buffer
pH 7.6 (for gelatin zymography) overnight at 37˚C. Gels were
stained with Amido Black and areas of lysis were visualized as
transparent bands. Bands of lysis representing gelatinase
activity were then visualized against a dark background.

SDS-PAGE and Western blot analysis. Cells were extracted in
a buffer solution containing 50 mM Tris, pH 7.4, 150 mM
NaCl, 1% Nonidet P-40, 1 mM sodium fluoride, 1 mM PMSF,
10 μg/ml aprotinin on ice for 20 min. Samples were subjected
to SDS-PAGE and separated proteins were transferred onto
membrane followed by blocking of membrane with 5% non-
fat milk powder (w/v) in Tris-buffered saline (10 mM Tris,
100 mM NaCl, 0.1% Tween-20) for 1 h at room temperature
or overnight at 4˚C. Membranes were probed for the VEGF
protein using specific primary antibodies followed by
peroxidase-conjugated appropriate secondary antibody, and
visualized by an enhanced chemiluminescence detection
system. Membranes were stripped and reprobed with ß-actin
antibody as a protein loading control.

Cell migration from spheroids. Migration from spheroids
was assayed as described previously (9). Single multicellular
spheroids were placed in the center of each well of a 96-
well microplate and were cultured for 24 h, after which the
spheroids were fixed and stained with Hema-3 and cellular

migration from the spheroids was assessed under light micro-
scopy.

Matrigel invasion assay. Cells were plated on Matrigel-
coated cell-culture inserts in Transwell chambers (Corning
Inc., Corning, NY) containing 6.5-mm filters (pore size 8 μm)
as described earlier (8). Cells were added to the Matrigel-
coated chamber, and after a 24-h incubation period, cells on
the Matrigel-coated side of the filter were removed with a
cotton swab and the migrating cells remaining on the bottom
part of the filters were fixed and stained with Hema-3. Cells
were counted and the percentage of cells that had migrated
through the matrigel was determined. A modified coculture
model of Matrigel invasion assay was performed to assess
the effects on endothelial cells after selective radiation of
tumor cells. Human neuroblastoma cells SK-N-AS were first
seeded in 24-well plates. After irradiation of the neuro-
blastoma cells, Matrigel-coated 8-μm pore size transwell
inserts with HMECs were added in the upper compartment
and allowed to migrate toward the lower neuroblastoma
compartment. After 24 h of incubation, HMECs that had
invaded into the underside of the membrane were fixed,
stained and photographed.

Capillary-like structure formation. Human microvascular
endothelial cells were seeded onto 48-well plates and grown
in the presence of serum-free conditioned medium collected
from human neuroblastoma SK-N-AS cells for 16 h. Cells
were stained with Hema-3 and photographed (9). The capillary
length was determined by computer-assisted image analysis
with the Image-pro Discovery program.

Statistical analyses. Student's t-test was carried out for
comparison of paired mean experimental values.

Results

Ionizing radiation enhances production of proangiogenic
molecules in neuroblastoma cells. We performed zymography
to examine the enzyme activities of uPA, MMP-2, MMP-9
on conditioned medium and immunoblot for protein levels of
VEGF on lysates of irradiated and non-irradiated SK-N-AS
neuroblastoma cells. Ionizing radiation enhanced enzyme
activities of uPA and MMP-9 released in a dose-dependent
manner and the maximal production of uPA and MMP-9
was observed at doses of 20 and 10 Gy in SK-N-AS cells
respectively (Fig. 1). The molecular mass of MMP-9 was
92 kDa corresponding to proform. The active forms were not
detected. MMP-2 was found as a 72-kDa band corresponding
to the proform, and this band was little affected by ionizing
radiation. Western blot analysis showed enhanced VEGF
protein levels after exposure to radiation doses of 5-10 Gy
(Fig. 1).

Transcription of angiogenic molecules is induced by irradiation
of neuroblastoma cells. In order to see if the above-mentioned
increases in proangiogenic factors secretion correlate with
changes in the expression of the corresponding genes, we
tested the effect of irradiation on their mRNAs levels by
sensitive semi-quantitative RT-PCR. The effect of ionizing
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radiation on uPA, MMP-9 and VEGF mRNA expression in
SK-N-AS cells is shown in Fig. 2. After ionizing radiation,
there was a dose-dependent increase in uPA, MMP-9 and
VEGF mRNA levels at 24 h. The maximal expression of
uPA mRNA was observed at dose of 20 Gy; the levels of
MMP-9 and VEGF mRNA peaked at 10 Gy after ionizing
radiation and the results were normalized to the levels of
the housekeeping gene GAPDH (Fig. 2).

Radiation promoted tumor cell migration and invasion. To
determine the effect of radiation on cell motility, we analyzed
the migration of human neuroblastoma cells before and after

irradiation using the spheroid migration assay. Single multi-
cellular spheroids of irradiated and non-irradiated neuro-
blastoma cells were cultured for 48 h and cellular migration
from the spheroids was assessed under light microscopy.
Compared with untreated controls, tumor cells irradiated at
dose of 10 Gy showed significantly higher numbers of
migrated cells (Fig. 3). In a further set of experiments, we
investigated whether irradiation enhanced invasion of neuro-
blastoma cells through Matrigel, a reconstituted basement
membrane. Control and irradiated tumor cells were examined
for their invasive ability in Matrigel transwell chambers.
Compared with non-irradiated controls, SK-N-AS cells
irradiated at dose of 10 Gy showed higher numbers of invading
cells (Fig. 4).

In vitro capillary-like structure formation. The sprouting of
endothelial cells and formation of capillary-like structures
are crucial steps in the angiogenic process. To study the
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Figure 1. Effect of radiation on enzyme activity of uPA and MMP-9 and VEGF protein level in human neuroblastoma cells. Human neuroblastoma cells
SK-N-AS were plated at equal numbers and irradiated with different radiation doses (10 and 20 Gy). Serum-free conditioned medium was collected after 24 h
and electrophoresed under non-reducing conditions on 10% SDS-PAGE gels embedded with fibrinogen/plasminogen or gelatin. Gels were rinsed in 2.5% Triton
X-100 for 30 min at room temperature and then incubated in 100 mM glycine buffer pH 8.0 (for uPA zymography) or 50 mM Tris-HCl, 10 mM CaCl2 buffer
pH 7.6 (gelatin zymography) overnight at 37 ˚C. Gels were stained with Amido Black and areas of lysis were visualized as transparent bands. Irradiated and non-
irradiated cells were extracted with lysis buffer containing protease inhibitors and electrophoresed on SDS-PAGE for analysis of VEGF and ß-actin levels by
immunoblotting.

Figure 2. Radiation induced changes in the transcripts of uPA, MMP-9 and
VEGF in human neuroblastoma cells. Total RNA was extracted from irradiated
and non-irradiated human neuroblastoma cells SK-N-AS and then reverse-
transcribed using the cDNA cycle kit. The cDNA was amplified with sense
and antisense primers specific to uPA, MMP-9, VEGF and GAPDH. The
amplified cDNA fragments were subjected to electrophoresis on a 1.5%
agarose gel and photographed as ethidium bromide fluorescent bands.
Densitometric values of uPA, MMP-9 and VEGF were normalized to GAPDH
measurements.

Figure 3. Spheroid migration assay. Single multicellular spheroids of human
neuroblastoma cells SK-N-AS were irradiated with different doses (5 and
10 Gy) and cultured for 48 h. Then, spheroids were fixed and stained with
Hema-3 and cellular migration from the spheroids was assessed using light
microscopy. Values are mean ± SD of four determinations. *p<0.05; **p<0.01,
significantly different from non-irradiated cells.
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influence of irradiation of SK-N-AS cells on angiogenic
process, conditioned medium from irradiated and non-
irradiated human neuroblastoma SK-N-AS was added to
HMECs and cells were monitored for capillary-like structure
formation. Conditioned medium from irradiated cells caused
increased capillary-like structure formation in HMECs
compared to non-irradiated conditioned medium (Fig. 5).

Endothelial Matrigel invasion assay. Here, we sought to
analyze the altered invasiveness in HMECs by radiation
induced soluble factors in SK-N-AS cells. In an effort to mimic
in vivo conditions, we used a coculture system utilizing trans-

well chambers in which SK-N-AS tumor cells were placed in
the bottom compartment and endothelial cells were placed in
the top compartment, both separated by a Matrigel matrix. It
is anticipated that enhanced release of angiogenic factors by
radiation in tumor cells may activate and attract endothelial
cells toward the tumor cell compartment. Compared with
non-irradiated controls, SK-N-AS cells irradiated at dose of
10 Gy caused higher numbers of invading HMECs (Fig. 6).

SK-N-AS conditioned medium increases production of pro-
angiogenic molecules in HMECs. In order to further support
our findings concerning a possible angiogenic activity of
irradiated neuroblastoma cells, we studied the effect of
conditioned medium of irradiated cultures of neuroblastoma
cells on the levels of proangiogenic factors in HMECs.
Endothelial cells were grown in conditioned medium from
irradiated and non-irradiated neuroblastoma cells for 24 h
and then analyzed for enzyme activities of uPA, MMP-9 and
protein levels of VEGF. As shown in Fig. 7 conditioned medium
from irradiated cells induced activities of uPA and MMP-9
and VEGF protein in HMECs.

Discussion

Neuroblastoma patients with advanced stage disease have
a poor outcome despite multimodality treatment with
aggressive therapeutic regimens including radiation treatment
(11,12) at least partially attributable to an early pattern of
dissemination. However, optimal administration of radiation,
specifically dosage, and timing, is still elusive. Local as well
as distant relapse are major components of treatment failure
in several published clinical studies (12-14). The effectiveness
of radiation is often limited by normal tissue tolerance and/or
by tumor cell resistance to therapy. In the present study, we
examined the effects of irradiation on proangiogenic molecules
that determine the malignant progression of neuroblastoma
tumors. The results have shown that ionizing radiation
enhances the release/production of uPA, MMP-9 and VEGF
in human neuroblastoma cells and these radiation-induced
alterations are associated with an increase in migration and
invasive potential of neuroblastoma cells. The results also
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Figure 4. Matrigel invasion assay. Irradiated and non-irradiated human neuro-
blastoma cells SK-N-AS were added to Matrigel-coated cell culture inserts
in transwell chambers. After 24 h incubation period, cells on the Matrigel-
coated side of the filter were removed with a cotton swab and the migrated
cells remaining on the bottom part of the filters were fixed, stained, counted,
photographed and the percentage of cells that had migrated through the
Matrigel was determined. The graphical representation (bottom right panel)
of invasion data as mean ± SD of two experiments done in duplicate. *p<0.05;
**p<0.01, significantly different from non-irradiated cells.

Figure 5. In vitro capillary-like structure formation. Capillary like structure formation in human microvascular endothelial cells (HMECs) was induced using
conditioned medium from neuroblastoma tumor cells SK-N-AS. HMECs were allowed to grow in the presence of conditioned media from irradiated and non-
irradiated SK-N-AS cells for 16 h to measure the induction of cellular alignment into the capillary-like structures. The graphical representative of three
experiments done in duplicate expressed as mean ± SD. *p<0.05; **p<0.01, significantly different from conditioned media of non-irradiated cells.
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showed that the angiogenesis, invasion and release/production
of VEGF, uPA and MMP-9 could be induced in unirradiated
HMECs by preincubation in conditioned medium from
irradiated neuroblastoma cells.

Overexpression of VEGF, an important growth factor
controlling angiogenesis, has been associated with tumor
progression, metastasis, and reduced survival in neuro-
blastoma and other tumors (15-18). The induction of VEGF
in tumor cells by irradiation has been previously reported
(19-21). In keeping with these reports, we found an up-
regulation of the VEGF mRNA transcript and protein after
irradiation in neuroblastoma cells analysed. The cancer cells
also showed a dose-dependent increase in VEGF levels after
radiation. The irradiated neuroblastoma cells receiving a
sublethal dose in clinical radiotherapy might induce VEGF
expression and increase VEGF secretion between fractions
until the accumulated radiotherapy doses reach the tumoricidal
level. The radiotherapy-induced VEGF could be a paracrine
proliferative stimulus to accelerate the growth of microtumors
not included in the radiotherapy field. Irradiation induced
VEGF might increase tumor cell survival and thereby lead to
a decreased response to irradiation in vivo in agreement with
inhibition of VEGF-signalling results in the reversal of tumor
resistance to radiotherapy (22).

The present study has also demonstrated that ionizing
radiation enhances the production of uPA and MMP-9 but
not of MMP-2 in human neuroblastoma cells. Plasminogen
activators (PAs) and MMPs are a family of extracellular
matrix-degrading enzymes associated with numerous physio-
logical and pathological events such as malignant tumor
cell migration and invasion (23-25). After irradiation, uPA
expression was increased in association with an increased
migration. uPA was overexpressed in high-risk, unfavorable
tumor of neuroblastoma and that overexpression was
associated with the ability of invasion, metastasis and a
prognosis for neuroblastoma (26). MMPs are important in
creating and maintaining an environment that initiates and
maintains growth of primary and metastatic tumors (27).
Among MMPs, neuroblastoma tumors secrete predo-
minantly MMP-2 and MMP-9 (28,29). MMP-9 is a rate-
limiting extracellular protease involved in cell migration
across basement membranes and triggers tumor angio-
genesis (30,31). In our study, we showed that irradiation
increases the expression and the secretion of MMP-9 by
neuroblastoma cells. Neuroblastomas have been reported
both by in vitro and in vivo studies to utilize MMPs for
invasive growth and spread (32-36). The increase in MMP-9
and uPA expression and secretion, after irradiation of
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Figure 6. Endothelial Matrigel invasion assay. A modified coculture model of Matrigel invasion assay was performed to assess the effects on endothelial cells
after selective radiation of tumor cells. Human neuroblastoma cells SK-N-AS were first seeded in 24-well plates. After irradiation of the neuroblastoma cells,
Matrigel-coated 8-μm pore size transwell inserts with HMECs were added in the upper compartment and allowed to migrate toward the lower neuroblastoma
compartment. After 24-incubation, HMECs that had invaded into the underside of the membrane, were fixed, stained and photographed. The graphical
representation of invasion data as mean ± SD of two experiments done in duplicate. *p<0.05; **p<0.01, significantly different from non-irradiated cells.

Figure 7. Effect of irradiated neuroblastoma tumor cell conditioned medium on the expression of proangiogenic molecules in human microvascular endothelial
cells. Human microvascular endothelial cells (HMECs) were grown in conditioned medium from irradiated and non-irradiated human neuroblastoma cells
SK-N-AS for 24 h. Serum-free conditioned medium of HMECs was collected and analyzed for uPA and MMP-9 activity by substrate gel zymography. Cells
were extracted in a lysis buffer containing protease inhibitors and analyzed by SDS-PAGE. VEGF protein levels were determined by immunoblotting with
VEGF monoclonal antibodies (Santa Cruz Biotechnology). For detection, the ECL detection system (Amersham Biosciences) was used according to the
manufacturer's instructions. Equal loading of the gels was confirmed by reincubation of the membrane with a monoclonal antibody for ß-actin (Abcam).
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neuroblastoma cells may be responsible for the induction of
migration and invasion. It seems that increased expression
of MMP-9 and VEGF by radiation can lead to increased
angiogenesis.

Radiotherapy increased tumor invasiveness at doses
used clinically as a fractionated irradiation, implying that
sublethal doses of irradiation could promote tumor migration
and distant metastasis. Earlier studies showed that sublethal
doses of irradiation enhanced the migration and invasiveness
of human glioblastoma cells in association with enhanced
expression/activity of MMPs (37,38). Radiotherapy induced
an increase in invasive potential of pancreatic cancer cells
via increased activity of MMPs (39). Consequently, pharma-
ceutical inhibitors of MMPs have successfully prevented
radiation-induced tumor cell invasion (39,40). Our results
support previous data that show that sublethal irradiation
enhances invasive capability of neuroblastoma cells via up-
regulated expression of c-met and increased activity ECM
degrading proteases (41). These results favor the concept
that irradiation might promote expression of invasion-related
genes and rationalizes the use of inhibitors that could
interrupt these molecules concomitantly with radiotherapy
in cancer treatment.

The increased invasiveness observed in the present study
may contribute to dissemination of neuroblastoma cells after
irradiation at sublethal doses. Rofstad et al (42) demonstrated
that melanoma tumors regrowing after subcurative irradiation
showed a higher frequency of lymph node metastasis than
unirradiated tumors. The use of radiation to eradicate a
primary Lewis lung carcinoma (LCC) has been found to
cause accelerated growth of lung metastasis (43,44). Further,
studies showed that radiotherapy to the transplanted C-1300
neuroblastoma in hind legs of syngenic mice caused liver
metastasis, whereas no liver metastasis was found in non-
irradiated mice (45). The mechanisms underlying the
enhancement of metastasis following local tumor irradiation
are still unknown.

We further studied the effect of irradiation of neuro-
blastoma cells on the invasion and angiogenesis of endo-
thelial cells in vitro. In our studies, tumor cell conditioned
medium from radiation promotes endothelial cell invasion, as
well as branching morphogenesis; these are all requisite steps
in new vessel formation. In a coculture invasion model,
endothelial invasion was enhanced by selectively irradiating
the tumor cell compartment, suggesting that ionizing
radiation has indirect angiogenic properties. This resulted, at
least in part, from ionizing radiation-induced up-regulation of
proangiogenic molecules in neuroblastoma cells. This model
of elevated paracrine release of proangiogenic molecules may
account for the in vivo observations that sublethal doses of
ionizing radiation promote migration and invasiveness of
tumor cells (37,46). These data suggest that subcurative
radiation doses may induce many of the requisite pheno-
types for angiogenesis. Likewise, the increase in pro-
angiogenic factors in unirradiated HMECs preincubated in
irradiated neuroblastoma conditioned medium could partially
explain enhanced endothelial cell invasiveness. These data
are supported by previous observations that suggest that the
tumor cell compartment might play a role in stimulating its
endothelial bed (47) and ionizing radiation-induced interplay

between the tumor cell compartment and its endothelial
environment may lead to increased tumor radioresistance
(47-49). Therefore, the inhibition of radiation-induced
secretion of proangiogenic factors might have strong clinical
impact on the success rate of radiotherapy.
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