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Background: Accumulating evidence implicates the transcription factor NF-kB as a positive mediator of tumor metastasis,
but the molecular mechanism(s) involved in this process remains largely unknown. In this study, we investi-
gated the role of NF-xB signaling pathway in the regulation of CXC chemokine receptor-4 (CXCR4) in neuro-
blastoma metastasis.

Material/Methods: NF-xB, CXCR4 mRNA and protein expression were measured by RT-PCR, and Western blot. Tumor necrosis fac-
tor-a (TNF-a) was used to induce the upregulation of NF-kB and CXCR4. The knockdown of NF-kB and CXCR4
was achieved by PDTC. Transwell assay was used to investigate the role of NF-kB (P65) in neuroblastoma cell
migration and invasion. An in vitro co-culture system was established to investigate the role of tumor micro-
environment in regulation of the NF-xB signaling pathway.

Results: Over-expression of NF-kB (p65) promoted tumor migration and invasion through the upregulation of CXCR4;
however, knockdown of NF-kB(P65) inhibited tumor migration and invasion through blocking the expression
of CXCR4. Consistently, in the co-culture system, the expression of CXCR4 was partly dependent on the expres-
sion of NF-kB (p65).

Conclusions: Our studies reveal critical roles for the NF-xB signaling pathway in neuroblastoma migration and invasion. The
mechanism may be through up-regulation of CXCR4, mediated by the NF-kB signaling pathways. Targeting
NF-xB signalling pathways and ultimately CXCR4 could be a strategy in neuroblastoma therapy.
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Material and Methods

Neuroblastoma, the most common extracranial solid tumor
in children, is a heterogeneous tumor that arises from the
neural crest [1]. Neuroblastomas account for approximately
15% of childhood deaths from cancer. At the time of diagno-
sis, more than 70% of patients have metastatic disease [2].
The disease displays a remarkable clinical diversity, ranging
from spontaneous regression to fatal progression and dis-
semination to privileged sites, such as bone-marrow and liv-
er [3]. However, the molecular mechanisms and/or intrinsic
factors controlling neuroblastoma cancer metastasis are not
well understood.

Chemokines and their receptors were originally described as es-
sential mediators of leukocyte directional migration, and have
further emerged as crucial players in all stages of tumor devel-
opment. The binding of chemokines to their cognate receptors
elicits typical cellular responses, such as directional migration.
CXCR4 is the most frequently expressed chemokine receptor
on tumor cells [4-6]. CXCR4’s ligand is the small chemokine
SDF-1a, also known as CXCL12. In addition to its critical role in
tumor cell growth, survival, and angiogenesis in multiple can-
cers, the CXCR4/ SDF-1a. pair has been shown to mediate hom-
ing and metastatic secondary growth in SDF-1a-producing or-
gans, such as liver and bone marrow [7,8]. Research suggests
that neuroblastoma cells are equipped with a bone marrow
homing system that may mediate the establishment of bone
marrow metastasis by neuroblastoma cells [9].

Numerous in vitro and in vivo studies have suggested that
NF-kB plays an important role in regulating cell proliferation,
angiogenesis, adhesion, invasion, and metastasis [10]. The
NF-kB pathway can be activated by a large variety of factors,
including cytokines and stress stimuli. NF-kB dimers function
as a transcription factor in the nucleus and are sequestered
in an inactive form in the cytoplasm, bound to inhibitors of
kappa B proteins (IxB), most often IkxBo. Upon stimulation by
pro-inflammatory cytokines, such as TNF-a and IL-1, | kappa
B kinase (IKK) is activated. IKK phosphorylates lkBa, which is
then degraded by the proteasome, allowing translocation of
the NF-xB dimers to the nucleus [11]. NF-xB was also shown
to induce the expression of CXCR4 [12].

To elaborate the role of CXCR4 in neuroblastoma cell patho-
biology, we examined NF-xB signalling activation as a po-
tential mechanism by which cell metastasis is fostered. We
provided evidence that activated NF-kB signaling pathway
underlies the molecular basis of the upregulation of CXCR4
in neuroblastoma cells and contributes to enhanced migra-
tion and invasion.

Cell culture and reagents

The human malignant neuroblastoma SK-N-BE(2), SH-SY5Y cell
lines, and human monocytic cell line THP-1 were obtained from
the Cell Bank of Type Culture Collection of Chinese Academy
of Science (CBTCCCAS), Shanghai, China. The cell lines were
maintained in Dulbecco’s Modified Eagle’s Medium (DMEM)
(Hyclone, Logan, USA) supplemented with 10% fetal bovine se-
rum (FBS) (Hyclone, Logan, USA). Cells were cultured at 37°C
with 5% CO, in a humidified atmosphere. Recombinant hu-
man TNF-o (Sigma-Aldrich, St. Louis, MO, USA) was dissolved
in 0.1% bovine serum albumin (BSA) in PBS and stock solu-
tion (10 pg/ml) was stored at —20°C. Recombinant human
SDF-1a. (Life Technologies, Carlsbad, CA, USA) was prepared
in 0.1% BSA in PBS and stock solution (100 pg/ml) was stored
at 4°C. PMA (phorbol myristate acetate), a THP-1 cells inducer
(Sigma-Aldrich, St. Louis, MO, USA), was prepared in PBS (320
nM) and kept at 4°C until used. PDTC (pyrrolidinedithiocarba-
mic acid ammonium salt), a NF-xB(p65)inhibitor [13] (Sigma-
Aldrich, St. Louis, MO, USA) was prepared in PBS (50uM) and
kept at 4°C until used.

In-vitro system of inflammatory microenvironment

THP-1 cells (1x10° per well) were seeded into the upper insert
of a 6-well transwell apparatus with 0.4-pm pore size (Corning
Costar, Rochester, NY, USA) and treated with PMA at a concen-
tration of 320 nM for 48 h to generate macrophages. After thor-
ough washing to remove all PMA, PMA-treated THP-1 macro-
phages were co-cultured with SK-N-BE(2) or SH-SY5Y cells (in
a 6-well plate, 1x10° cells per well) grown in the bottom com-
partment of the plate. The THP-1 macrophages were never in
direct contact with the co-cultured neuroblastoma cell lines.
The cultures were exposed to either vehicle control or PDTC
treatments. Cultured SK-N-BE(2) or SH-SY5Y cells without the
addition of THP-1 macrophages was used as an experimen-
tal control. In the co-culture system, the neuroblastoma cell
lines were cultured with THP-1-differentiated macrophages for
24 h and then harvested for use in subsequent experiments.

Semi-quantitative reverse transcription-polymerase chain
reaction

Total RNA was isolated from cell lines by Trizol (Takara, Dalian,
China) according to the protocol supplied by the manufactur-
ers. The purity of the dissolved RNA was assessed by the A260/
A280 nm ratio. The RNA integrity was determined by denatur-
ing agarose gel-electrophoresis. Total RNA was extracted fol-
lowing a conventional protocol and was dissolved with 20 pL
RNase-free water. The cDNA was synthesized in a 20 pL reaction
containing 2 pg total RNA, oligo (dT), and Reverse Transcription
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Premix (Takara, Dalian, China). PCR amplification of the cDNA
products (3 pL) was performed with PCR premix (Takara,
Dalian, China) and the following primer pairs (Sango, Shanghai,
China): NF-kB(p65) forward 5’-TCAATGGCTACACAGGACCA-3’ and
NF-xB(p65) reverse 5’-CACTGTCACCTGGAAGCAGA-3’ (308bp);
CXCR4 forward 5’-TGGCTGAAAAGGTGGTCTAG-3’ an-d CXCR4
reverse 5’-CGATGCTGATCCCAATGTAGT-3’ (333bp); GAPDH for-
ward, 5’-TCATGGGTGAACCATGAGAATG-3’ and GAPDH reverse
5’-GGCATGGACTGTGGTCATGAG-3’ (146 bp). GAPDH was used
as the internal control. Amplification consisted of 28 cycles:
denaturation at 94°C for 30 s, annealing at 56°C for 1 min,
and extension at 72°C for 1 min, followed by a final 5-min ex-
tension at 72°C. PCR was performed using a Ge-ne Amp PCR
System 2700 (Applied Biosystems, Foster City, CA, USA). PCR
products were separated by 2% agarose gel electrophoresis
and visualized with ethidium bromide.

Western blot analysis

Cells were washed twice with cold phosphate-buffered saline
(PBS, pH=7.0), and lysed in RIPA buffer (150 mM NaCl, 1%Nonidet
P-40, 1% deoxycholate, 0.1% SDS, 10 mM Tris-HCl, pH 8.0) sup-
plemented with protease inhibitors. The protein concentration
of each sample was assayed using the bicinchoninic acid meth-
od (BCA kit) (Pierce, Rockford, IL, USA). Equal amounts of protein
(50 pg) were subjected to SDS-PAGE on 10% gel. Then the pro-
tein was blotted onto a polyvinylidene fluoride (PVDF) membrane.
After blocking with 5% non-fat milk in 20 mM of TBS with 0.1%
Tween for 1 h at room temperature with shaking, they were in-
cubated with the indicated primary antibodies at 4°C overnight
followed by incubation in mouse anti-rabbit secondary antibody
conjugated with horseradish peroxidase (1:6000; Santa Cruz
Biotechnology) for 1 h. Proteins were detected using Pierce ECL
Western Blotting Substrate (Santa Cruz Biotechnology, Inc.) with
15-min exposure after washing the membrane, then imaged
with LAS-3000 (Life Science-Fujifilm Global). Primary antibod-
ies employed in this study included anti-B-actin (1:2000, Santa
Cruz, CA, USA), anti-NF-xB (p65), (1:1000, Abcam, Cambridge,
MA), anti-CXCR4 (1:2000, Abcam, Cambridge, MA).

Transwell migration assay

Assays were performed using a transwell (Corning Costar,
Rochester, NY, USA) containing a polycarbonate membrane filter
(8-pm pore size) for 24-well plates according to the manufactur-
er’s instructions. SK-N-BE(2) or SH-SY5Y cells (5x10°) either un-
treated or pretreated for 24 h with TNF-a (20 ng/ml) were seed-
ed onto the upper surface of a filter that had been coated with
50 pl of Matrigel with a volume of 200 pl DMEM medium con-
taining 2% FBS in the presence or absence of PDTC (50 uM) and
placed into the lower wells containing 500 pl of complete me-
dium with SDF-1c (100 ng/ml) to induce cell migration. The mi-
gration transwell chambers were incubated for 24 h at 37°Cin a
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humidified atmosphere containing 5% CO,. Following incubation,
cells on the upper side of the membrane were removed by cotton
swabs, and cells on the bottom surface of the membrane were
fixed in 95% ethanol for 10 min at room temperature, stained
with 0.1% crystal violet for 30 min, then washed 3 times with
PBS. The number of migration cells in 10 randomly selected micro-
scopic fields (x200 magnifications) per membrane was counted.

Statistical analysis

Statistical analysis was done using SPSS software 17.0. The
data are expressed as the mean +SD. The Student’s t-test and
one-way analysis of variance test were used to compare data
between the different groups. P-values<0.05 were considered
statistically significant.

Results

NF-xB contributes to CXCR4 upregulation in
neuroblastoma cells

The CXCR4 promoter region has been shown to contain NF-xB
response elements [14]; therefore we wanted to determine
whether the NF-xB pathway plays a role in the induction of
CXCR4 in response to TNF-o in neuroblastoma cells. SK-N-BE(2)
or SH-SY5Y neuroblastoma cells were treated with TNF-a. for
24 h. Reverse transcription-PCR and Western blotting detec-
tion revealed that the expression of NF-kB and CXCR4 was
upregulated significantly. However, when pretreating SK-N-
BE(2) or SH-SY5Y cells with pyrrolidine dithiocarbamate (PDTC),
which is a potent anti-oxidant inhibitor of NF-kB, the expres-
sion CXCR4 in either SK-N-BE(2) or SH-SY5Y cells were inhib-
ited (P<0.05; Figures 1 and 2).

Upregulation of CXCR4 in neuroblastoma cells were
mediated by NF-«xB signaling pathway in co-culture system

In the present study, PDTC, a specific inhibitor of the NF-xB
pathway, was added to macrophages/ SK-N-BE(2) or SH-SY5Y
co-culture system for 24 h at a concentration of 50 pM. This
treatment resulted in significant reduction in CXCR4 mRNA and
protein levels in co-cultured SK-N-BE(2) or SH-SY5Y cells. Nuclear
factor-kB P65 protein was also significantly decreased in SK-N-
BE(2) or SH-SY5Y cells in the presence of PDTC (P<0.05; Figure 3).

NF-xB mediates migration towards SDF-1c in
neuroblastoma cells

To evaluate the role of NF-kB in regulating the migration of
neuroblastoma cells towards SDF-1q, the transwell migration
assay was performed. As shown in Figure 4, TNF-a. pre-treat-
ed cells showed a significant increase in migration towards
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Figure 1. NF-xB activation contributes to the regulation of CXCR4 in neuroblastoma cells (A1, A2, A3), (B1, B2, B3). Cells were treated
with TNF-a (20 ng/ml) or NF-xB inhibitor PDTC (50 pM) for 24 h. NF-xB(p65) and CXCR4 expression were analyzed by RT-
PCR. NF-kB(p65) and CXCR4 mRNA expression were upregulated in SK-N-BE(2) or SH-SY5Y cells after being pre-treated with
TNF-o. and were downregulated when pre-treated with PDTC. GAPDH was used as the internal control. M: marker. * P<0.05

vs. untreated group. Data are expressed as mean +SD.

SDF-1at as compared to cells exposed to SDF-1a alone (P<0.05;
Figure 4). Knock-down of NF-kB expression with PDTC and mi-
gration of the SK-N-BE(2) or SH-SY5Y cells towards SDF-1a was
significantly decreased (P<0.05; Figure 4).

Discussion

Neuroblastoma is the most common tumor in children less
than 1 year of age worldwide. Metastasis is present in 70%
of neuroblastoma patients and is responsible for many neuro-
blastoma deaths [15]. Although aggressive and intensive multi-
modality therapies (e.g., surgery, cytotoxic chemotherapy, and
radio-metabolic treatment) have produced some improvements

in the overall cure rate of neuroblastoma patients, the progno-
sis of patients with metastatic neuroblastoma remains poor.

The expression of CXCR4 on malignant epithelial cells and on
cells from several hematopoietic malignancies implies that the
SDF-10/CXCR4 pathway may influence the biology of cancer
and play a pivotal role in directing the metastasis of CXCR4*
tumor cells to organs that express SDF-1a [16,17]. Although
a great deal of work has contributed to our understanding
of the basic pathophysiology of SDF-1a-CXCR4, the signaling
properties of CXCR4 and SDF-1a in the proposed regulation
of organ-specific metastasis have not been well characterized,
but studies point to genetic and microenvironmental factors
[18]. The role of the microenvironment in the establishment
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Figure 2. NF-xB activation contributes to the regulation of CXCR4 in neuroblastoma cells (A1, A2, A3), (B1, B2, B3). Cells were
treated with TNF-a (20 ng/ml) or NF-xB inhibitor PDTC (50 pM) for 24 h. NF-xB(p65) and CXCR4 expression were analyzed
by Western blot analysis. NF-xB (p65) and CXCR4 protein expression were upregulated in SK-N-BE(2) or SH-SY5Y cells after
being pre-treated with TNF-o. and were downregulated when pre-treated with PDTC. -actin was used as the loading control.
* P<0.05 vs. untreated group. Data are expressed as mean +SD.
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Figure 3. The macrophages-increased upregulation of CXCR4 expression was dependent on the NF-kB signaling pathway in the co-
culture system (A1, A2), (B1, B2). The SK-N-BE(2) or SH-SY5Y cells expressed more CXCR4 after co-culture with THP-1-
derived macrophage cells. The upregulation of CXCR4 expression was inhibited after treatment with PDTC. NF-xB(p65) and
CXCR4 expression was measured by Western Blot. B-actin was used as the loading control. CO: co-culture. *P<0.05 vs. co-

culture group. Data are expressed as mean +SD.
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Figure 4. NF-xB mediates migration and
invasion towards SDF-1a in
neuroblastoma cells (A, B). SK-N-
BE(2) or SH-SY5Y cells pretreated or
untreated with TNF-o (20 ng/ml) for
24 h were seeded in the migration
chambers in the presence or absence
of PDTC (50 uM) and placed into wells
in the presence of SDF-1a (100 ng/ml).
They were allowed to migrate for 24 h.
Representative figures indicate the
average number of migrated cells per
field. The results are shown as the
mean +SD from triplicate cultures.

* P<0.05 vs. untreated group.

of a metastatic lesion has become increasingly important be-
cause we now know that several factors secreted by stromal
cells regulate metastatic pattern in a variety of tumor types.
Hypoxia in the tumor microenvironment and NF-xB have both
been implicated in CXCR4 overexpression.

The role of the NF-kB signaling system in bridging inflammation
and cancer is currently well established. Furthermore, NF-kB is in-
creasingly recognized as a crucial player in many steps of cancer
initiation and progression. Elevated NF-kB activity is observed in
various cancers, including neuroblastoma. The activation of NF-
kB induces the expression of various molecules, including cy-
clooxygenase-2, matrix metallopeptidase-9, and adhesion mol-
ecules such as intracellular adhesion molecule 1, vascular cell
adhesion molecule 1, and endothelial-leukocyte adhesion mol-
ecule 1, all of which have been linked with cancer cell invasion
and metastasis [19,20], We speculate that inhibition of NF-kB ac-
tivity may suppress neuroblastoma cell migration and invasion.

Inflammatory cytokines produced by tumor cells or inflamma-
tory cells in the tumor microenvironment can promote tumor
progression through the induction of genes dependent on the
NF-xB signaling pathway [21]. The NF-xB complex is normally
confined to cytosol through its interaction with the IxB pro-
tein. Upon stimulation, 1xB is degraded and NF-kB is activat-
ed. In this study, we presented evidence that TNF-o can induce
CXCR4 expression in neuroblastoma cells. Furthermore, block-
ing the NF-kB pathway with PDTC suppressed CXCR4 expres-
sion. There was another obvious upregulation of CXCR4 expres-
sion in SK-N-BE(2) or SH-SY5Y cells after they were cocultured

with macrophage, an alternative source of TNF-a. in the neu-
roblastoma microenvironment [22]. Importantly, this upregu-
lation could be inhibited by NF-xB inhibitor PDTC.

Overexpression of CXCR4, whose involvement in various human
tumors is well known, has frequently been observed in neuro-
blastoma tissues to increase metastasis. In our study, we ob-
served a marked increase in migration towards SDF-1o in TNF-o.
— pre-treated SK-N-BE(2) or SH-SY5Y cells, and the treatment
with a NF-xB inhibitor PDTC resulted in a significant suppres-
sion of SK-N-BE(2) or SH-SY5Y cells migration towards SDF-1q.
The expression of CXCR4 on malignant epithelial cells and on
cells from several hematopoietic malignancies implies that the
SDF-10/CXCR4 pathway may influence the biology of cancer and
play a pivotal role in directing the metastasis of CXCR4* tumor
cells to organs that express SDF-1a [23]. A previous study in-
dicated that an SDF-10/CXCR4 axis may be involved in attract-
ing neuroblastoma cells to bone marrow, which was one of the
favorable site of metastasis formation by neuroblastoma [9].

It is now recognized that metastasis of solid tumors requires
collaborative interactions between malignant cells and a di-
verse assortment of “activated” stromal cells at both primary
and secondary tumor locations. Macrophage involvement in
carcinogenesis, tumor invasion, and metastasis [24,25] is gen-
erally blamed for stimulating TAMs (Tumor-associated macro-
phages), a major source of TNF-a. in the tumor microenviron-
ment [26-28], to release a variety of growth factors, cytokines,
and inflammatory mediators. Inflammatory factors in the tu-
mor microenvironment activated NF-xB, and constitutive NF-xB
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activation further upregulates CXCR4 and major inflammatory
factors such as TNF-q, IL-6, IL-1, and IL-8, which are potent acti-
vators of NF-xB. Thus, it is believed that NF-xB and Inflammation
constitute a positive feedback loop that promotes neuroblas-
toma tumor cell survival and progression. However, the pos-
sibility of other transcription factors besides NF-kB contribut-
ing to the upregulation of CXCR4 should not be ignored. For
instance, Ets-1, another HGF and hypoxia-inducible transcrip-
tion factor, is able to activate the transcription of CXCR4 [29].

In summary, we found that the inflammatory factor TNF-a pro-
moted human SK-N-BE(2) or SH-SY5Y cells migration and inva-
sion through activation of NF-kB and up-regulation of CXCR4
expression. Inhibition of the NF-xB pathway suppressed cell
migration in SK-N-BE(2) or SH-SY5Y cells [30].
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Conclusions

The overall findings of this study lead to our conclusion that
neuroblastoma cells functions in part, through the NF-kB signal-
ing pathway to upregulate CXCR4 expression to foster migration
and invasion. Our data suggest that the NF-kB/CXCR4/SDF-1a
pathway may be a potential regulator of neuroblastoma cell
metastasis. Targeting NF-kB signalling pathways and ultimate-
ly CXCR4 could be a therapeutic strategy in neuroblastoma.
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