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Abstract. Neuroblastomas are common pediatric solid tumors 
with a variable clinical course; approximately 50% of patients 
present with metastatic disease at diagnosis. The development 
of metastatic lesions often causes a fatal outcome. Therefore, 
the prevention of metastases during the early stage of tumor 
development is critical for the improvement of the prognosis of 
neuroblastoma patients. We previously observed the suppres-
sion of neuroblastoma growth in response to overexpression 
of interleukin-24 (IL-24) in vitro and in vivo. IL-24 exerts its 
tumor-suppressive effects by multiple mechanisms, including 
the balance of Bcl-2 family proteins toward the pro-apoptotic 
pathway and the activation of the caspase cascade. In this study, 
we used adenovirus-mediated IL-24 (Ad-IL24) to examine the 
effect of the ectopic production of IL-24 on cell migration and 
invasion in human neuroblastoma cells. We found that IL-24 
effectively inhibits SH-SY5Y neuroblastoma cell migration 
and invasion by changing subcellular localization and cellular 
levels of β-catenin and regulating the levels of proteins associ-
ated with cell migration and invasion. Thus, IL-24 should be 
considered a therapeutic agent that can inhibit primary neuro-
blastoma growth and that may prevent metastasis.

Introduction

Neuroblastoma is a neuroendocrine tumor, arising from any 
neural crest element of the sympathetic nervous system (1). 
Neuroblastoma disease is very heterogeneous and consists of 
high and low risk disease (2). Low-risk disease, infants aged 
18 months and younger with favorable disease characteristics, 
which is common with observation only or surgery and have 
a high likelihood of long-term, has disease-free survival. 
Treating high-risk patients, children aged 18 months and older 
with stage 4 neuroblastoma and unfavorable disease character-
istics, is a bigger challenge due to the presence of widespread 

metastatic disease at presentation and a high degree of relapse 
despite multi-modality treatment (3,4).

In neuroblastoma, ~50% of patients have metastatic disease 
at diagnosis, thus creating major challenges for treatment and 
cure (5,6). Moreover, high-risk patients of neuroblastoma often 
metastasize and relapse despite initial response to therapies. 
Frequently, recurrent and metastatic tumors acquire drug 
resistance or aggressive phenotypes through the selection of 
rare resistant clones from heterogeneous tumor environment, 
which can result in major clinical obstacles in the treatment 
of neuroblastoma (2). Thus, it is imperative to identify novel 
therapeutic measures to enhance the therapeutic effect and 
improve the survival of patients with metastatic and recurrent 
high-risk neuroblastoma disease.

IL-24 is also known as melanoma differentiation-associ-
ated 7 (mda-7) due to its first discovery from human melanoma 
cells by combined treatment with IFN-β and MEZ (7). Studies 
have shown that the overproduction of IL-24 selectively 
inhibited cancer cell growth of diverse origins by inducing 
apoptosis with minimal toxicity to normal cells both in vitro 
and in vivo  (8-14). This broad-spectrum antitumor activity 
of IL-24 is distinct from that of other extensively studied 
tumor-suppressor genes, and its growth-inhibition properties 
are independent of the status of p53, pRb, p21 or additional 
tumor-suppressor genes in cancer cells (15-17).

We previously found the suppression of neuroblastoma 
growth in response to overexpression of IL-24 in vitro and 
in vivo. IL-24 exerts its tumor-suppressive effects by multiple 
mechanisms, including the balance of Bcl-2 family proteins 
toward the pro-apoptotic pathway and the activation of the 
caspase cascade (18). Ramesh et al (19) showed that IL-24 
inhibited the migration and invasion of human lung cancer 
cells in  vitro. A phase  I clinical trial was conducted by 
Fisher et al (20), who showed IL-24 was safe and promoted 
significant clinical activity, particularly in the context of 
patients with metastatic melanoma. We therefore investigated 
the effects of the IL-24 on migration and invasion in neuro-
blastoma cells in vitro and attempted to identify the underlying 
mechanisms of metastasis suppression.

Materials and methods

Cell culture. As previously described, the human neuroblastoma 
cell line SH-SY5Y was purchased from Shanghai Cell Bank 
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of the Chinese Academic of Sciences (Shanghai, China) (18). 
The SH-SY5Y cells were grown in EMEM and Ham's F12 
(1:1 mixture) + 10% fetal bovine serum (FBS). Human embryo 
kidney 293  cells were purchased from Canada Microbix 
Biosystems Ltd. (Mississauga, Canada). The HEK293 cells 
were cultured in DMEM medium + 10% FBS. All cells were 
maintained in a humidified 37˚C incubator with 5% CO2.

Virus production. The construction of replication-defective 
adenovirus 5 (Ad5) encoding IL-24 gene (Ad-IL24) was previ-
ously described (18). The Ad-IL24 and Ad5 carrying reporter 
gene Green Fluorescent Protein (Ad-GFP) were amplified in 
HEK293 cells, purified by cesium chloride centrifugation, and 
stored at -80˚C prior to use.

Cell migration assay. The SH-SY5Y cells were seeded at a 
density of 6x105  cells/well in 6-well tissue culture plates. 
The next day, cells were infected with Ad-IL24 and Ad-GFP 
[multiplicity of infection (MOI)=10]. At 6 h after infection, 
the cells were trypsinized, washed in PBS and resuspended 
in serum-free RPMI-1640 medium. A cell migration assay 
was performed in a 24-well Transwell unit (cat no. CLS3398; 
Sigma-Aldrich, St. Louis, MO, USA). The lower chambers 
of the Transwell units were filled with serum-free medium, 
and the upper chambers were seeded with 1x104 cells from 
each treatment group in triplicate wells. After 24- and 48-h 
incubations, the cells that had passed through the filter into the 
lower wells were counted, and the number was expressed as a 
percentage of the sum of the cells in the upper and lower wells. 
The experiments were performed 5 times and the results were 
recorded as the means of these experiments.

In a parallel set of experiments, tumor cells subjected 
to various treatments as described above were subjected to 
cell viability assays at 24 and 48 h by MTT, as previously 
described (18). These experiments were performed to exclude 
the possibility that the inhibition of cell migration by IL-24 
was a result of cytotoxicity.

Cell invasion assay. The SH-SY5Y cells were seeded at a density 
of 6x105 cells/well in 6-well tissue culture plates. The next day, 
cells were infected with Ad-IL24 and Ad-GFP (MOI=10) or 
treated with 10 µM LY294002 (cat no. 9901; Cell Signaling 
Technology, Inc., Danvers, MA, USA) or 1 µg/ml MMP-II 
inhibitor (cat no. 203915-59-7; Santa Cruz Biotechnology, Inc., 
Santa Cruz, CA, USA). After treatment, cultures were replen-
ished with complete medium. At 6 h after treatment, cells were 
trypsinized, washed in PBS, and resuspended in serum-free 
RPMI-1640 medium. A cell invasion assay was performed in 
a 24-well Transwell unit coated with Matrigel (cat no. 354578; 
Becton-Dickinson, Franklin Lakes, NJ, USA). The lower 
chambers of the Matrigel-coated Transwell units were filled 
with serum-free medium, and the upper chambers were seeded 
with 1x104 cells from each treatment in triplicate wells. After 
24- and 48-h incubations, the cells that had passed through 
the Matrigel-coated filter membrane into the lower well were 
counted as a measure of invasion. The invading cells were 
counted for each treatment and expressed as a percentage of 
the sum of the cells in the upper and lower wells. Experiments 
were performed at least 4 times and the results were recorded 
as the mean of these experiments.

Immunofluorescence staining. The SH-SY5Y cells were 
seeded at a density of 6x105 cells/well in 6-well tissue culture 
plates. The next day, the cells were infected with Ad-IL24 and 
Ad-GFP (MOI 10) or treated with PBS. Following treatment, 
cultures were replenished with complete medium. After 24 h 
treatment, cells were fixed in 2% paraformaldehyde for 10 min, 
and blocked with 0.5% Tween-20 for 5 min. Thereafter, cells 
were incubated with a rabbit monoclonal antibody to β-catenin 
(cat no. 9582S; Cell Signaling Technology, Inc.) overnight at 
4˚C, followed by 1 h incubation with a Cy3-conjugated goat 
anti-rabbit IgG (cat no. AP132C; Millipore, Billerica, MA, 
USA) in the dark. An epifluorescence Leica microscope was 
used to observe the samples and a digital camera (Q-imaging) 
was used to capture the images.

Western blotting. Cells were harvested and lysed, and the 
cleared lysates (30-50  µg/well) were separated on 10% 
Tris‑glycine polyacrylamide gel electrophoresis (PAGE) gels 
under standard conditions. Proteins were then transferred 
to a nitrocellulose membrane and incubated overnight at 
4˚C with the following primary antibodies: anti-IL-24 
(cat no. SAB1407085; Sigma-Aldrich), anti-p85 PI3K (cat 
no. 4257S), anti-pJNK (cat no. 4668S), anti-p38MAPK (cat 
no. 4631P, ), anti-pFAK (cat no. 8556S; all reagents were 
from Cell Signaling Technology, Inc.) or anti-β-actin (cat 
no. ab8229; Abcam, Cambridge, MA, USA). The membranes 
were then washed and incubated with alkaline phosphatase-
conjugated secondary antibodies in Tris-buffered saline 
Tween-20 (TBST) for 2 h and developed using the nitro-blue 
tetrazolium chloride/5-bromo-4-chloro-3'-indolyphosphate 
p-toluidine salt (NBT/BCIP) color substrate (Promega 
Corporation, Madison, WI, USA). The density of the bands 
on the membrane was scanned and analyzed using an image 
analyzer.

Gelatin zymography analysis. To determine the effect of 
Ad-IL24 treatment on MMP production, a gelatin zymog-
raphy assay was performed. The SH-SY5Y cells were grown 
in low‑serum (1% FBS) medium and seeded at 6x105 cells/well 
in 6-well tissue culture plates and were infected with Ad-IL24 
and Ad-GFP (MOI=10). Cells treated with PBS served as a 
negative control in these experiments. At 6 h after infection, 
the culture medium was removed and replaced with fresh 
medium containing 1% FBS. At 24 and 48 h after infec-
tion, cell culture supernatants were collected, clarified by 
centrifugation, and subjected to electrophoresis in sodium 
dodecyl sulfate (SDS)‑PAGE. The gels were then washed and 
incubated with reaction buffer [50 mM Tris-HCl (pH 7.4), 
0.02% NaN3, and 10 mM CaCl2] with constant shaking for 
16 h at 37˚C, stained and destained. The protein concentra-
tion in the culture supernatant was measured to confirm that 
equal amounts were used for the assays. Relative activities of 
MMP-2 and MMP-9 were quantified and analyzed using an 
image analyzer.

Statistical analysis. Values are expressed as the means ± stan-
dard deviation (SD). The statistical analysis of the results was 
performed using a one-way analysis of the variance (ANOVA) 
or Student's t-test. P-values <0.05 were considered to indicate 
statistically significant differences.
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Results

IL-24 inhibits neuroblastoma SH-SY5Y cell migration. In the 
present study we tested the ability of Ad-IL24 to inhibit cell 
migration in the neuroblastoma cell line SH-SY5Y. Tumor cells 
treated with Ad-IL24 were significantly less able to migrate 
than were cells treated with Ad-GFP or PBS (Fig. 1A). The 
inhibitory effect on cell migration occurred as early as 24 h in 
SH-SY5Y cells. To show that the inhibition of cell migration 
was not due to IL-24-mediated cell death, in a parallel set of 
experiments, we subjected cells treated with PBS, Ad-GFP 
and Ad-IL24 to a cell viability assay at 24 and 48 h after infec-
tion. We observed no significant difference in cell viability 
at 24 and 48 h after infection, indicating that the inhibition 
of migration by IL-24 was not due to cell death (Fig. 1B). 
Note that at 24 h post-infection, all 3 experimental groups 
were superimposable, indicating no significant cell death; 
by 48 h, some cell death occurred; however, with this vector 
dose, significant Ad-IL24-mediated death was observed only 
at 72 and 96 h post-infection; the results are consistent with 
previous data  (18). These results show that IL-24 inhibits 
tumor cell migration and that the inhibitory effect is not due 
to cytotoxicity.

IL-24 inhibits neuroblastoma SH-SY5Y cell invasion. 
SH-SY5Y cells treated with Ad-IL24 were much less inva-
sive, as indicated by the small number of cells on the outer 
membrane of the Matrigel invasion assay filter, than cells 
treated with PBS or Ad-GFP (Fig. 2). The number of invading 
cells was significantly lower after treatment with Ad-IL24 
than with PBS or Ad-GFP. We observed the inhibitory effect 
exerted by IL-24 as early as 24 h after Ad-IL24 treatment. 
Furthermore, IL-24-mediated inhibitory effect was similar to 
the inhibitory effect observed in cells treated with LY294002, 
a PI3K inhibitor, or with MMP-II inhibitor. A cell viability 
assay showed that the inhibition was not a result of IL-24-
mediated cell death. These results show that IL-24 effectively 
inhibits cell invasion.

IL-24 affects subcellular localization and upregulates cellular 
level of β-catenin. The subcellular localization of β-catenin was 
examined by immunofluorescence. In the PBS- or Ad-GFP-
treated cells, positive β-catenin immunofluorescence staining 
was observed in the cytoplasm and/or nucleus and was not 
observed at the plasma membrane (Fig. 3A). In the Ad-IL24-
treated cells, positive β-catenin immunofluorescence staining 
shifted in localization near the plasma membrane and was not 
observed in the nucleus (Fig. 3A). The cellular level of β-catenin 
was examined by western blotting. The intensity of the band 
corresponding to β-catenin was stronger in the Ad-IL24-treated 
cells than in the PBS or Ad-GFP cells (Fig. 3B), indicating that 
Ad-IL24 increased the cellular level of β-catenin.

Figure 1. IL-24 inhibits tumor cell migration. The neuroblastoma SH-SY5Y cells were treated with Ad-IL24, Ad-GFP or PBS and analyzed for cell migration 
and cell viability at 24 and 48 h after treatment. (A) Cells treated with Ad-IL24 were significantly less able to migrate than cells treated with Ad-GFP or PBS. 
(B) The inhibition of cell migration was not due to cytotoxicity, as determined by detecting the cell viability using MTT assay. No significant inhibition of 
tumor cell proliferation was observed in Ad-IL24-treated cells compared to Ad-GFP- or PBS- treated cells. Data are means ± SD from 5 independent experi-
ments (n=5); *P<0.05 vs. Ad-GFP and PBS treatment group. IL-24, interleukin-24; PBS, phosphate-buffered saline.

Figure 2. IL-24 inhibits tumor cell invasion. The neuroblastoma SH-SY5Y 
cells were treated with Ad-IL24, Ad-GFP, PBS, 10 µM LY294002 or 1 µg/ml 
MMP-II inhibitor. After 6 h, cells were harvested, counted and added into 
the upper wells of Matrigel-coated wells. Cells were allowed to invade by 
incubation at 37˚C. At 24 and 48 h after treatment, cells were fixed and 
stained with crystal violet. Cells that migrated to the lower side of the well 
were observed and counted under a light microscope at a magnification of 
x200. The number of invading cells per treatment was counted in a blind 
fashion and recorded as the average of 4 separate experiments. Cells treated 
with Ad-IL24 showed less invasion than cells treated with PBS or Ad-GFP. 
The inhibitory effect mediated by IL-24 was similar to the inhibitory effect 
observed with LY294002 and MMP-II inhibitor. IL-24, interleukin-24; 
PBS, phosphate-buffered saline.
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IL-24 regulates the proteins associated with cell migration 
and invasion. We next examined the regulation of proteins 
that are associated with cell migration and invasion signaling 
pathways by western blot analysis. We did not observe IL-24 
production in Ad-GFP-, PBS- or LY294002-treated tumor 
cells, but high levels of IL-24 production were found in 
Ad-IL24-treated cells (Fig. 4). Overproduction of the IL-24 
protein in tumor cells resulted in decreased production of 
p85 PI3K and pFAK and increased production of pJNK, and 
p38MAPK compared to PBS- or Ad-GFP-treated cells. We 
also observed the inhibition of p85 PI3K and pFAK in cells 
treated with LY294002. The decrease in p85 PI3K expression 
in cells overproducing IL-24 was greater than that observed 
with LY294002. Furthermore, LY294002 treatment resulted in 
increased production of p38MAPK and pJNK. These results 
indicate that IL-24, such as LY294002, effectively inhibits 
PI3K and pFAK while increasing the expression of other 
signaling proteins.

IL-24 inhibits matrix metalloproteinase production in 
neuroblastoma SH-SY5Y cells. We next examined tumor cells 
overproducing IL-24 for MMP regulation by zymography 
and western blot analysis. Zymography analysis showed 
that the production of the MMP-2 and MMP-9 proteins was 
decreased in tumor cells treated with Ad-IL24, compared 
with cells that were treated with PBS or Ad-GFP (Fig. 5A). 
The results of zymography analysis correlated with the 
results of the western blot analysis (Fig. 5B). Thus, Ad-IL24 
modulates MMP expression and activity in neuroblastoma 
SH-SY5Y cells.

Figure 3. IL-24 changes subcellular localization and upregulates cellular level of β-catenin. The neuroblastoma SH-SY5Y cells were treated with Ad-IL24, 
Ad-GFP or PBS and analyzed for cell migration and cell viability at 24 and 48 h after treatment. (A) Cells were treated for 24 h and immunofluorescence 
staining of β-catenin was performed. In the Ad-IL24-treated cells, positive β-catenin immunofluorescence staining shifted in localization near the plasma 
membrane and was not observed in the nucleus. (B) Cells were treated for 24 h and the expression of β-catenin and β-actin was analyzed by western blotting. 
The intensity of the band corresponding to β-catenin was stronger in the Ad-IL24-treated cells than in the PBS or Ad-GFP cells. IL-24, interleukin-24; 
PBS, phosphate-buffered saline.

Figure 4. IL-24 downregulates production of proteins associated with migra-
tion and invasion. The neuroblastoma SH-SY5Y cells were treated with 
Ad-IL24, Ad-GFP, PBS or LY294002. Cells were harvested at 48 h, total cell 
lysates were prepared, and proteins were separated by SDS-PAGE. Proteins 
were blotted using antibodies against IL-24, p85 PI3K, pJNK, p38MAPK and 
pFAK. β-actin was used as a loading control. The relative change in the pro-
tein expression was expressed as a ratio with the value for PBS treated cells 
arbitrarily set to 1. IL-24, interleukin-24; PBS, phosphate-buffered saline.
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Discussion

In the present study, we showed that IL-24 can inhibit the 
migration and invasion of human neuroblastoma cells. It could 
be argued that the observed inhibition of cell migration was due 
to the cytotoxicity of Ad-IL24; however, that was ruled out by 
a cell proliferation assay. Our results of immunofluorescence 
showed that IL-24 increases the expression of membranous 
β-catenin to enhance cell-cell adhesiveness. Protein produc-
tion, associated with cell migration and invasion, analysis 
showed that the inhibition of cell migration and invasion 
was due to IL-24. The ability of IL-24 to inhibit neuroblas-
toma cell migration and invasion supports the findings of 
Ramesh et al (19), who previously reported the inhibition of 
lung tumor cell migration and invasion by Ad-mda7.

Approximately 50% of neuroblastoma patients have meta-
static disease at diagnosis. The initial step of metastasis is 
cell detachment from the primary tumor. β-catenin is essen-
tial for cadherin-mediated cell-cell adhesion; the reducing 
expression of β-catenin and cadherins at the cell surface is 
associated with tumor metastasis (21). Loss of membranous 
β-catenin occurs commonly in primary colorectal cancer 
with metastatic potential and in the corresponding colorectal 
liver metastases (22). Therefore, we examined whether IL-24 
affects the subcellular localization and cellular level of 
β-catenin in neuroblastoma SH-SY5Y cells. In IL-24-treated 
cells, immunofluorescence staining of β-catenin was observed 
near the plasma membrane. The results of western blotting 
showed that IL-24-treated cells contained higher levels of 
β-catenin than cells that were treated with PBS or Ad-GFP. 
These findings suggest that IL-24 may promote intracellular 
adhesion of SH-SY5Y cells. This is the first report to focus 
on the subcellular localization and cellular level of β-catenin 
following IL-24 treatment in tumor cells.

The next step of metastasis is migration of tumor cells 
to a distant site. Cell migration has previously been shown 
to be regulated by numerous molecules, including PI3K, 
p38MAPK, pJNK and FAK (23-27). Inhibition of PI3K and 
MAPK activity using specific inhibitors impaired epidermal 
growth factor (EGF)-stimulated cell migration of ovarian 
tumor cells (28). In our study, we found that IL-24 inhibited 

cell migration by downregulating the production of the p85 
PI3K and FAK proteins. The inhibitory effect exerted by 
IL-24 was equivalent to that observed with the PI3K inhibitor 
LY294002. Furthermore, we examined the regulation of 
additional signaling molecules p38MAPK and JNK, that have 
previously been shown to participate in cell migration, and 
demonstrated increased production of these proteins upon 
IL-24 expression. Increased expression of these molecules was 
also observed when cells were treated with LY294002. Thus, 
IL-24, similar to LY294002, selectively inhibits the PI3K 
pathway without affecting other signaling pathways, resulting 
in reduced migration.

In addition to migration, tumor cells need to invade into 
basement membranes to establish metastasis successfully at 
a distant site. Tumor cell invasion involves the degradation 
of the extracellular matrix, and this destruction has been 
attributed to the activity of proteolytic enzymes (29). MMPs 
play an important role among the proteases implicated in 
tumor cells  (30). However, the production of MMPs has 
been observed in many invasive tumor cell lines and during 
tumor growth (31-33). Evidence that MMPs are involved in 
invasion and angiogenesis in neuroblastoma comes from the 
observation that MMP-2 and MMP-9 have been found in 
several neuroblastoma cell lines and surgical specimens and 
that the extent of MMP overproduction correlates with prog-
nosis (34-36). In the present study, we found that IL-24-treated 
cells were less able to migrate and invade, exhibited lower 
expression and secretion of MMP-2 and MMP-9 compared 
with PBS- or Ad-GFP-treated cells.

In conclusion, we have shown for the first time that IL-24 
inhibits neuroblastoma cell migration and invasion in vitro. 
Thus, IL-24 gene-based drugs may provide a novel therapeutic 
strategy for neuroblastoma that can inhibit tumor growth 
directly via induction of apoptosis and may also prevent tumor 
invasion and metastasis.
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Figure 5. IL-24 inhibits MMP-2 and MMP-9 productions. The neuroblastoma SH-SY5Y cells were treated with Ad-IL24, Ad-GFP or PBS. At 24 and 48 h 
after treatment, cell supernatant and cell lysate were collected and analyzed for MMP-2 and MMP-9 by zymography and western blot analysis. Inhibition of 
MMP-2 and MMP-9 was observed in SH-SY5Y cells treated with Ad-IL24. No change in MMP-2 and MMP-9 was observed in cells treated with Ad-GFP 
or PBS. (A) Inhibition was shown by zymography. (B) Inhibition was shown by western blot analyses. IL-24, interleukin-24; PBS, phosphate-buffered saline.
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