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Abstract. Neuroblastoma is a solid tumor often diagnosed in
childhood. While there have been intense efforts to develop
a treatment for neuroblastoma, current therapies remain
unsuccessful due to high rate of resistance and metastasis.
Most cancers originate from a subset of self-renewing cells,
primarily cancer stem cells (CSCs), which establish a tumor
through continuous self-renewal and differentiation. The
successful elimination of CSCs is an important goal in the
development of effective strategies to achieve complete remis-
sion for cancers. Although (-carotene has been associated
with several anticancer mechanisms, the efficacy of f-carotene
against CSCs remains unclear. In the present study, $-carotene
was shown to reduce cell growth and induce neuronal cell
differentiation, concomitant with a marked increase in the
phosphorylation of extracellular signal-regulated kinases
(ERK) (p42/p44). More importantly, f-carotene inhibited
self-renewal characteristics of CSCs and decreased expression
of several stem cell markers. Levels of mRNA and protein of
Drosophila delta-like 1 homolog (Drosophila) (DLK1) were
downregulated following treatment with [3-carotene. In addi-
tion, knockdown of DLK] by siRNA enhanced the inhibitory
effect of 3-carotene on colony formation of neuroblastoma
cells. pB-carotene also potentiated the effect of cisplatin on
the self-renewal characteristics of CSCs in neuroblastoma,
revealing that -carotene has the capacity to resensitize
cells to cisplatin cytotoxicity by directly targeting CSCs. In
conclusion, B-carotene was shown to strongly increase the
anticancer efficacy against neuroblastoma cancer stem-like
cells. Moreover, these results suggest that the targeting of
CSCs is a novel mechanism of 3-carotene. Thus, [3-carotene is
a potential chemotherapeutic reagent for this cancer.
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Introduction

Neuroblastoma (NB) is the most common solid tumor diag-
nosed in children, and it originates from immature neuronal
cells of the sympathetic nervous system. NBs are also
comprised of multiple cell phenotypes, including neuroblasts,
non-neuronal cells and melanocytes (1). In NB cell lines,
as well as in primary NB tumors, three distinct cell types
have been identified: Schwannian/melanoblastic precursors
(S-type), neuroblastic/neuroendocrine precursors (N-type),
and morphologically intermediate stem cells (I-type). I-type
stem cells represent precursors of both N- and S-type cells,
and also represent the most immature and highly malignant
population of NB cells (2). Based on significant similarities
in the gene expression profiles of normal neuroblasts and
malignant NB, as well as the morphological and functional
differentiation that can be achieved with NB cells in culture,
the differentiation process of NB can be studied in vitro.

A growing body of evidence has demonstrated that many
types of cancers are driven by a small population of cancer
cells, termed cancer stem cells (CSCs), or cancer-initiation
cells (3). CSCs have the capacity to undergo differentiation,
self-renewal and tumor generation. Moreover, CSCs have the
potential to induce tumor growth, metastasis and resistance to
radiation and chemotherapy (4). Understanding the signaling
pathways that mediate functional characteristics is important
in preclinical models, including animal models or in vitro
cell lines. Drosophila delta-like 1 homologue (DLKI) is a
member of the epidermal growth factor-like homeotic protein
family. DLK1 has been known to modulate differentiation
signaling in adipocytes and hematopoietic stem cells and has
been characterized as a bona fide stem cell gene in neuronal
tumors (5,6). Mitogen activated protein kinase (MAPK)
signaling pathways have been shown to play pivotal roles in
growth, differentiation and stress responses (7,8). It has been
reported that MAPK signaling is affected by the expression
of DLK1 (9). Correspondingly, extracellular signal-regulated
kinases (ERK)(p42/44) are phosphorylated during neuronal
differentiation and the activation of MEK/ERK signaling was
found to decrease the self-renewal capacity of embryonal stem
cells (8,10).

During tumor treatment, most cancer cells, including a
majority of differentiated tumor cells and actively replicating
cells, respond to cytotoxic treatments. However, acquired
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multidrug resistance to conventional therapies can develop in
CSCs. Therefore, the successful elimination of both actively
replicating tumor cells, and slowly dividing CSCs, may repre-
sent a more effective strategy for the complete treatment of
various types of cancer.

[-carotene (BC) is a provitamin A carotenoid, and a source
of retinoids in dark green and orange fruits and vegetables.
Observational studies have reported that an increase in the
intake of dietary BC with increased BC plasma concentrations
is associated with a decreased risk of several types of cancers
(11,12). Accumulating evidence also suggests that mechanisms
involving antioxidant potential, alterations in intracellular
signaling pathways, and regulation of cell proliferation and
apoptosis, contribute to the anticarcinogenic effects associated
with BC (13,14). Retinoic acid (RA) has also been shown to
promote the differentiation of embryonic stem cells and CSCs
(15), and is used as a chemotherapeutic drug for various types
of cancers (16). Moreover, direct, or indirect effects of several
dietary compounds, including sulforaphane and curcumin on
self-renewal pathways, have been identified (17,18).

Currently, little is known about the role of BC in the differ-
entiation and self-renewal characteristics of CSCs. Therefore,
in the present study, the chemopreventive effects of BC on
the induction of differentiation and attenuation of cancer cell
stemness were investigated. Moreover, based on the potential
for CSCs to contribute to chemoresistance, the chemothera-
peutic effect of administering BC and cisplatin in combination
was investigated, as well as the hypothesis that the effects of
BC are mediated through the targeting of NB cancer stem cell-
like cells.

Materials and methods

Reagents and cell culture. BC, all-trans-retinoic acid (RA),
tetrahydrofuran (THF) and cis-diamminedichloroplatinum(IT)
(cisplatin) were purchased from Sigma Chemical Co.
(St. Louis, MO, USA). U0126 and PD98059 were obtained
from Cell Signaling Technology Inc. (Danvers, MA, USA).
Two human NB cell lines, SK-N-BE(2)C [BE(2)C] and
SH-SYS5Y (SYS5Y), were obtained from the American Type
Culture Collection (ATCC, Rockville, MD, USA) and main-
tained in a 1:1 mixture of Minimum Essential Medium (MEM)
and Ham's F-12 medium supplemented with 10% fetal bovine
serum (FBS) and antibiotics. BC was freshly prepared in THF
containing 0.01% butylated hyroxytoluene (BHT), then added
to the culture medium to a final concentration of 5-20 uM. The
concentration of THF in culture medium was adjusted to be
the same in all experiments, and the final concentration did
not exceed 0.4% (v/v). The various concentrations of BC (5, 10
and 20 M) used in the present study were not associated with
any significant cytotoxicity, and cell culture involving BC was
performed under minimal light to minimize the breakdown of
BC. Cisplatin was dissolved in 0.9% NaCl.

Cell viability assay. Cell viability was evaluated using
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT; Sigma) (19). Briefly, cells were seeded in 96-well
plates and incubated overnight at 37°C with 5% CO,. Varying
concentrations of BC were added to the wells and incubated
for 48-96 h. MTT was then added to each well at a final
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concentration of 500 pg/ml. After 4 h at 37°C, the supernatant
from each well was removed. Cells were lysed with DMSO,
and the absorbance values at 560 nm were measured using a
microplate reader (Molecular Devices, Sunnyvale, CA, USA).

Measurement of neurite outgrowth. BE(2)C cells were plated
in triplicate in 6-well plates (4x10* cells/well) and treated with
varying doses of BC for 5 days. A process having at least
twice the diameter of the associated cell body, and possessing
a terminal growth edge, was considered as a neurite. The
percentage of cells with outgrowing neurites in ~50 cells/per
well was counted. The mean and standard error of the mean
(SEM) are reported. Three independent experiments for each
treatment were performed.

Clonogenic assays. To determine the self-renewal characteris-
tics of cells, clonogenic assays were performed as previously
described (20). Briefly, BE(2)C cells were plated in 6-well plates
(500 cells/well) and treated with varying concentrations of BC
for 10 days. After fixing the cells with 0.9% NaCl, colonies
were stained with crystal violet (Sigma). Colonies containing
at least 50 stained cells were counted. Plating efficiency (PE)
was calculated as follows: PE = (colony number/total cell
number) x 100%.

Sphere formation assays. To facilitate sphere formation,
poly-(2-hydroxyethyl methacrylate) (polyHEMA; Sigma-
Aldrich)-coated plates were prepared by applying 500 pl of
10% polyHEMA stock solution [12% polyHEMA solution in
95% ethanol (w/v)] into each well of a 6-well plate (21). Sphere
medium was prepared with DMEM-F12 (3:1; Invitrogen,
Carlsbad, CA, USA) containing 2% B27 (Invitrogen), 20 ng/ml
recombinant human epidermal growth factor and 40 ng/ml
recombinant human fibroblast growth factor basic (PeproTech,
Rocky Hill, NJ, USA). After 6 days, the number of tumor
spheres containing >50 cells was counted.

Antibodies and western blot assay. Western blot assays were
performed as previously described (22). Briefly, cell lysates
were separated by SDS-PAGE and transferred onto polyvinyli-
dene fluoride (PVDF) membranes (Millipore, Billerica, MA,
USA). The membranes were incubated with 5% non-fat dried
milk, followed by antibodies against DLK1, SOX2 (Millipore),
Notchl (Novus Biologicals, Littleton, CO, USA), -tubulin III
(Sigma), phospho-ERK (p42/p44), total ERK (Cell Signaling),
or [-actin (Santa Cruz Biotechnology, Santa Cruz, CA, USA).
Bound antibodies were detected using enhanced chemilumi-
nescence reagents (Animal Genetics Inc., Suwon, Kyonggi-do,
Korea).

RNA isolation and real-time PCR. Cells were treated with
various doses of BC for 4 days and total RNA extraction was
performed on each sample using TRIzol reagent (Invitrogen).
cDNA of 1 ug total RNA was synthesized by reverse transcrip-
tion with RevertAid First Strand cDNA synthesis kit (Thermo
Fisher Scientific, Waltham, MA, USA), and real-time PCR was
performed with StepOnePlus™ (Applied Biosystems, Foster
City, CA, USA) to examine the relative DLK1 mRNA levels
among the samples according to the manufacturer's instruc-
tions. PCR primers were as follows: human DLK1, 5'-CTG
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Figure 1. BC inhibits NB cell growth. Cell viability of (A) BE(2)C and (B) SY5Y cells was analyzed using MTT assay following treatment with various doses
of BC for 48 or 96 h. Values shown are the means + SEM derived from >6 replicate wells. The different letters at the top of the given bars of the histogram
indicate that those values are significantly different from each other (P<0.05). BC, 3-carotene.

AAGGTGTCCATGAAAGAG-3' (forward); 5-GCTGAAGG
TGGTCATGTCGAT-3' (reverse) and (-actin, 5'-ATTGGCA
ATGAGCGGTTC-3' (forward); 5-GGATGCCACAGGACT
CCAT-3' (reverse). B-actin, a housekeeping gene, was used for
equal RNA loading.

RNA interference. Small interfering RNA (siRNA) for human
DLK1 (nM_003836) was purchased from Dharmacon
(Lafayette, CO, USA), and the 5'-GCACCUGCGUGGAUGU
GAUU-3' oligonucleotides were used to target nucleotides
578-596 of the DLK1 gene. Non-targeting siRNA (5'-UAACA
AUGAGAGCACGGCUUU-3") was used as a transfection
control. siRNA transfection was performed using
DharmaFECT (Dharmacon) according to the manufacturer's
instructions.

Statistical analysis. All results are expressed as the
means + SEM. Comparisons between groups were performed
using one-way analysis of variance (ANOVA) followed by the
Newman-Keuls post-hoc test. All experiments were repeated
at least three times to generate statistically relevant data. Data
were considered significant when the P-value was <0.05.

Results

Effects of BC on NB cell growth. Cell growth of BE(2)C
and SY5Y cells following 48 or 96 h of treatment with BC
was evaluated using the MTT assay. Treatment with BC
significantly decreased the viability of both cell types when
compared to the controls at both time-points (Fig. 1A and 1B).
For example, the viability of the BE(2)C cells was decreased
by 60% after treatment with 20 uM of BC for 96 h, while the
same treatment decreased the viability of SYSY cells by 46%.
Furthermore, these inhibitory effects were not due to toxicity
since cell viability for each treatment was found to be >90%
(data not shown). Compared to the N-type cells, SYSY, the
I-type cells, BE(2)C, are more aggressive and less differen-
tiated. As a result, BE(2)C cells exhibit more stem cell-like
characteristics than SYSY cells (2) and accordingly, were
preferentially used in the following experiments to examine
the effect of BC on NB cell stemness.

Effects of BC on cell differentiation. BE(2)C cells are I-type
NB cells that possess cancer cell stemness and undergo
morphological and functional differentiation in vitro (20). To

examine the effect of BC on NB cell differentiation, cells were
treated with various concentrations of BC. Following treat-
ment, BE(2)C cells underwent morphological differentiation
in a dose-dependent manner manifested by an increase in
neurite growth, which is a hallmark of neuronal differentiation
(Fig. 2A and B). In these assays, RA was used as a positive
control to induce neuronal differentiation. The observed
increase in neuronal differentiation following treatment with
BC was confirmed with an upregulation of B-tubulin III that
was detected by western blotting (Fig. 2C). Neurite elonga-
tion and protein expression profiles determined following BC
treatment were also very similar to those obtained following
RA treatment.

BC-induced neuronal cell differentiation involves ERK phos-
phorylation. It has been reported that ERK1/2 (p42/p44) is
phosphorylated during the differentiation of neuronal progen-
itor cells (8). Similarly, when phosphorylation of ERK1/2 was
assessed following treatment with BC, a marked increase was
observed, whereas the expression of total ERK was unchanged
(Fig. 3A). To examine whether MAPK pathways are involved
in BC-induced NB cell differentiation, the MAPK-specific
inhibitors, U0126 and PD98059, were used. In these studies,
phosphorylation of ERK1/2 was completely blocked following
treatment with U0126 and 10 or 20 M BC, while phosphoryla-
tion of ERK1/2 was only partially blocked by PD98059 at both
concentrations of BC (Fig. 3B). Consistent with these results,
BC-induced neurite elongation was also completely blocked
by U0126 treatment, and only partially blocked by PD98059
(Fig. 3C). In combination, these data clearly demonstrate
that BC induces neuronal differentiation of NB, and plays an
important role in the MAPK phosphorylation that is involved
in this process.

BC suppresses the self-renewal characteristics of NB. One of
the more notable characteristics of CSCs is the capacity for
self-renewal. Clonogenic assay measures the ability to form a
colony from a single cell and represent the self-renewal poten-
tial of CSCs. Folowing the treatment of NB cells with 10 or
20 uM BC, clonogenic formation was significantly suppressed
when compared to the controls (Fig. 4A and B). Another
widely used assay to analyze the self-renewal capacity of CSCs
is sphere formation assay, which assesses the ability to grow
as non-adherent spheroids in a specific serum-free medium.
The NB cells grown in serum-free medium were able to form
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Figure 2. BC induces neuronal cell differentiation. (A) Phase contrast microscopy was used to examine the morphological features of differentiated BE(2)C cells
following treatment with BC for 5 days. RA (1 #M) was used as a positive control. Neuronal differentiation was evaluated based on the number of lengthened
neurites (indicated with arrows) that were counted. Magnification, x100. (B) The percentage of neurite-bearing cells was calculated from samples plated in
triplicate. At least three independent experiments were performed, and the means + SEM are presented. Different letters at the top of the given bars of the
histogram indicate that those values are significantly different from each other (P<0.05). (C) Expression of neuron-specific 3-tubulin III was analyzed by
western blotting with detection of f-actin used as a loading control. BC, -carotene; RA, all-trans-retinoic acid.
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Figure 3. BC-induced neuronal differentiation involves ERK phosphorylation. BE(2)C cells were treated with BC for 5 days and (A) ERK phosphorylation
was analyzed by western blotting with detection of total-ERK used as a loading control. (B and C) Cells were treated with various doses of BC, then with each
MEK/ERK inhibitor (U0126 and PD98059) on the next day. After 3 days of incubation, immunoblots (B) and cell morphology (C) were analyzed. 3-actin was
used as a loading control, and arrows indicate lengthened neurites representative of neuronal differentiation. BC, 3-carotene.
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Figure 4. BC attenuates the self-renewal capacity of NB. (A) BE(2)C cells in 6-well plates were treated with 0, 5, 10 or 20 uM BC. After 7-10 days, colonies
were stained and imaged. (B) The number of colonies with =50 cells were counted, and plating efficiency (PE) was calculated: PE = percentage of colonies per
input + SEM; (n=6, P<0.05 vs. control). (C and D) BE(2)C cells were also cultured in polyHEM A-coated tissue culture dishes and treated with various doses
of BC in serum-free sphere media. After 6 days, sphere formation was imaged and the number of spheres was counted. Magnification, x100. Experiments were
independently performed at least three times. Different letters at the top of the given bars of the histogram indicate that those values are significantly different
from each other (P<0.05). (E) Representative immunoblot assay of Notchl and Sox2 expression in BE(2)C cells following 4 days of treatment with various
concentrations of BC or RA. BC, 3-carotene; NB, neuroblastoma; RA, all-frans-retinoic acid.

a clonosphere and following treatment with BC exhibited a
marked decrease in clonosphere formation compared to the
controls (P<0.05), and this decrease was dose-dependent
(Fig. 4C and D). To further verify the effect of BC on neuronal
stem cell markers, BE(2)C cells were treated with BC for 4
days and the protein expression of several well-known stem
cell markers, including Sox2 and Notchl was assessed. The
expression of these stem cell markers was found to be down-
regulated (Fig. 4E). Taken together, these results suggest that
BC is highly effective in decreasing the self-renewal capacity
of NB cells, and in eliminating most NB stem cells.

BC downregulates DLKI expression. DLKI1 is recognized
as a neuronal stem cell marker and has been hypothesized to
play an important role in the growth of stem/progenitor cells
and cancer cells (20). Here, in cells treated with BC, mRNA
and protein levels of DLK1 were found to be downregulated
(Fig. 5A and B). To determine whether a combination of
BC treatment and knockdown of DLKI1 inhibits cancer cell
stemness, BE(2)C cells were transfected with siRNA oligonu-
cleotides designed to target DLK1. Subsequently, endogenous
expression of DLK1 was found to be completely abrogated

(Fig. 5C). Moreover, in the clonogenicity assay, treatment with
BC or knockdown of DLK1 significantly inhibited colony
formation (22 and 49%, respectively, P<0.05). Furthermore, the
combination of BC treatment and DLK1 knockdown resulted
in a 65% inhibition in clonogenicity compared to the control
(Fig. 5D). Collectively, inhibition of DLK1 by siRNA was
found to potentiate BC-mediated inhibition of the self-renewal
capacity of NB cells. Consequently, BC treatment with DLK1
knockdown may provide a more effective chemotherapeutic
effect by regulating CSCs.

BC potentiates the anticancer effect of cisplatin by inhibiting
the self-renewal capacity of NB cells. CSCs resist conventional
chemotherapeutic drugs and are likely to play an important
role in cancer relapse. Therefore, it is important to develop
cancer therapeutic agents targeting CSCs. Furthermore,
most chemotherapeutic agents have undesirable side-effects.
Therefore, various agents are administered in combination to
increase their therapeutic efficacy while decreasing associated
toxicity. Cell growth was examined using MTT assays to assess
whether BC treatment in the presence of cisplatin has an addi-
tive effect on BE(2)C cells (Fig. 6A and B). For these assay,
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Figure 5. DLK1 expression is downregulated by BC. (A) Protein expression of DLK1 was assessed by western blotting 4 days after BE(2)C cells were treated
with BC or RA. (B) Real-time PCR was performed to analyze levels of DLK1 mRNA following the treatment of BE(2)C cells with BC or RA for 3 days. 3-actin
was used as an internal control. Different letters at the top of the given bars of the histogram indicate that those values are significantly different from each
other (P<0.05). (C) BE(2)C cells were transfected with DLK1-specific or non-targeting control siRNA. After 48 h, cell lysates were prepared, and expression
of DLK1 was analyzed by western blotting using -actin as a loading control. (D) Clonogenic assays were performed to examine the self-renewal capacity of
the cells described in Fig. 4. BC, $-carotene; RA, all-trans-retinoic acid
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Figure 6. Combination treatment with BC and cisplatin decreases stem cell characteristics. (A) Cell growth inhibition by cisplatin was determined using MTT
assays. BE(2)C cells were treated with various doses of cisplatin for 4 days. (B) Cell growth inhibition in response to treatment with BC and cisplatin was
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described in Fig. 4. Spheres were imaged and counted. Magnification, x100. BC, 3-carotene; cis, cisplatin.
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cells were treated with increasing doses of BC and cisplatin
over 4 days. IC;, values calculated from the dose-response data
obtained were ~0.59 uM for cisplatin (Fig. 6A) and ~10.8 yM
for BC (Fig. 1A). To evaluate the antitumor effects of BC in
combination with cisplatin, NB cells were treated with 0.5 yM
cisplatin, 10 uM BC, or both. After 4 days, cell growth was
analyzed using MTT assay. Whereas treatment with BC
or cisplatin alone significantly decreased cell viability, the
combination of BC with cisplatin further suppressed NB cell
growth (Fig. 6B). Furthermore, to evaluate the effects of BC
and cisplatin on the self-renewal characteristics of CSCs, a
sphere formation assay was also conducted. The combination
treatment had an additive effect on reducing sphere formation
although either BC or cisplatin showed inhibition of sphere
formation (Fig. 6C and D). These results suggest that BC has
the potential to suppress the growth of CSCs, and the combi-
nation of BC with conventional chemotherapeutic agents could
represent a more effective regimen for the treatment of this
deadly childhood cancer.

Discussion

Neuroblastoma is the most common malignant tumor of the
neural crest and arises within the sympathetic nervous system.
In addition, the non-differentiated stem cell phenotype associ-
ated with NB has been identified as a potential independent
risk factor for NB malignancy. Therefore, NB cells represent a
model system applicable to the study of cancer stem cell-like
cells. In the present study, treatment with BC was observed to
induce the differentiation of NB cells and to decrease the self-
renewal characteristics of CSCs. Therefore, BC may represent
a novel therapeutic strategy for the targeting of CSCs associ-
ated with NB, thereby preventing recurrence and metastasis.
RA is a widely used chemotherapeutic drug that induces
cell differentiation. Similarly, carotenoids have also been
shown to induce cell differentiation (23,24). For example, in
a study by Gross et al (23), both BC and lutein were shown
to induce the differentiation of HL-60 cells. f-cryptoxanthin,
one of the major carotenoids present in blood, has also been
shown to induce the morphological differentiation of mouse
Neuro2a cells, in vitro (24). Prasad et al (25) also successfully
differentiated the murine NB cell line, NBA2, by treating
cells with BC for 3 days, followed by irradiation with X-rays
at a dose of 20 Gy and higher. However, evidence regarding
the differentiation signaling induced by BC, and the efficacy
of BC in regard to CSCs, remains unclear. In this present
study, phosphorylation of ERK (p42/p44) was observed to
markedly increase following treatment with BC. Moreover,
the use of specific ERK inhibitors, PD98059 and U0126,
confirmed the involvement of the ERK/MEK1/2 pathway
in BC-induced neuronal differentiation. It has previously
been proposed that U0126 directly inhibits MEK1/2 activity,
whereas PD98059 is an inefficient inhibitor of MEK?2 (26).
The differential effects of these inhibitors on osteogen-
esis and adipogenesis have also been characterized (27).
Similarly, in a previous study of RA-induced neurite growth,
growth was completely blocked by U0126, yet only partially
blocked by PD98059 (28). Collectively, these data suggest
that BC-induced neuronal differentiation requires the inhibi-
tion of both MEK1 and MEK2. Furthermore, BC-induced
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neuronal differentiation appears to be partly mediated via a
pathway also used for RA-induced neuronal differentiation.
Therefore, the mechanistic details of the regulation of BC on
ERK phosphorylation, as well as on the phosphorylation of
other MAPKSs require further analysis. However, our results
suggest that ERK is an important mediator of BC-mediated
neuronal differentiation.

In the present study, BC induced the neuronal differentia-
tion of human NB cells, and several mechanisms could account
for this observation. Folowing are examples proposed for NB
differentiation induced by BC: i) BC could be converted to RA
since BC is a precursor of RA and then cleaved via a central
cleavage pathway (29); ii) differentiation may be induced by
nuclear receptor-binding activities, subsequently leading to the
induction of several transcription factors and signaling path-
ways involved in differentiation; or iii) RA signaling could be
promoted by metabolites of BC. Further studies are needed
to investigate these possibilities, as well as to determine the
contributions of BC to the differentiation of CSCs and RA
precursor function.

The self-renewal capacity of CSCs is associated with their
tumorigenic potential (4). For example, the ability of CSCs
to form colonies as well as anchorage-independent spheres is
directly proportional to the proportion of self-renewing cells
present. Correspondingly, an evaluation of these two charac-
teristics can determine the effect of a particular treatment on
CSCs. In the present study, NB cells were observed to form
colonies and spheroids in the absence of BC, yet in the present
of BC, the formation of colonies and spheres was reduced. A
decrease in the levels of stem cell markers, DLK1, Notchl and
Sox2 was also noted in BC-treated cells.

DLK1 is a transmembrane protein that is expressed exten-
sively in immature cells with regenerative potential (30,31).
It has previously been reported that various tumors express
higher levels of DLK1 (32,33), and exogenous expression of
DLKI1 increases the self-renewal capacity of NB cells. In
contrast, knockdown of DLKI has been shown to enhance
neuronal differentiation (20). In the present study, the combi-
nation of BC treatment with knockdown of DLK] resulted in a
significantly higher inhibition of colony formation than treat-
ment with either agent alone. Since DLK1 is involved in MAPK
signaling, it is hypothesized that BC and DLK1 also have roles
in the same ERK pathway. Taken together, these results suggest
that BC inhibits the self-renewal capacity of CSCs. Moreover,
poorly differentiated tumors have recently been shown to have
similar gene expression profiles as normal embryonic stem
cells or progenitor cells (34,35). However, studies are ongoing
to further elucidate the mechanisms by which stem cell genes
regulate tumor progression and metastasis, as well as the role
of nutrients and tumor microenvironments.

Although initially responsive to cytotoxic treatment, most
tumors acquire a multidrug-resistant (MDR) phenotype and
relapse. CSCs are likely to play a major role in chemotherapy
resistance and cancer relapse. Therefore, it is important to
develop therapies that bypass the drug resistance of CSCs.
Currently, the most promising strategy for the treatment
of cancer is the administration of two or more drugs with
different mechanisms of action to produce synergistic, or
at least additive anticancer effects. Cisplatin was the first
platinum-derived drug produced, and is still used as a first-line
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therapeutic agent against several types of cancers, including
NB (36). While the chemotherapeutic effects of cisplatin are
based on the formation of an adduct with DNA and proteins,
as well as the disruption of several signaling pathways (37,38),
the administration of cisplatin is also associated with serious
side-effects, including nephrotoxicity and peripheral neurop-
athy due to immune suppression (39). Due to these toxicities
and undesirable side-effects, equally effective and safer treat-
ments are needed. It has been reported that a combination
treatment of minocycline with BC or 13-cis-retinoic acid,
along with cisplatin, can result in decreased cytotoxicity (40).
Furthermore, a mixture of three or four vitamins containing
BC showed the potential to enhance the growth-inhibitory
effects of cisplatin on melanoma cells (41). In the present study,
we demonstrated for the first time that BC can potentiate the
cytotoxic effects of cisplatin against NB CSCs. In detail, BC
increased the self-renewal activity of NB cells in vitro and
mediated a reduction in sphere formation. In the latter case, we
hypothesize that this role for BC contributed to the resensitiza-
tion of CSCs to the chemotherapeutic agent, cisplatin. Further
study of the molecular mechanisms of BC in relation to the
effects of chemotherapeutic agents are needed to confirm this
hypothesis, and are warranted to develop more potent and less
toxic combination therapies. However, our results are based
on in vitro cell culture rather than in vivo. Therefore, further
in vivo studies using animals should be performed to support
and confirm the present results.

In conclusion, the present study revealed that BC exhibits
excellent anti-CSC qualities, and can induce neuronal cell
differentiation via phosphorylation of MAPK and downregu-
lation of DLKI1. For example, treatment with BC decreased
the expression of stem cell markers and suppressed the self-
renewal characteristics of the NB cells assayed, including
their colony and spheroid formation potential. Furthermore,
our results suggest that BC may represent a potent medical
adjunct for the treatment of NB in combination with cisplatin.
However, additional studies are warranted to elucidate the
mechanisms of action of BC in regard to both neuronal cell
differentiation and inhibition of CSCs, thereby facilitating the
application of BC as a therapeutic treatment.
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