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Cancer stem cells (CSCs) are plastic in nature, a characteristic that
hampers cancer therapeutics. Neuroblastoma (NB) is a pediatric
tumor of neural crest origin, and half of the cases are highly
aggressive. By treating NB cell lines [SKNAS, SKNBE(2)C, CHP134,
and SY5Y] with epigenetic modifiers for a short time, followed by
sphere-forming culture conditions,wehaveestablished stem cell–like
NB cells that are phenotypically stable for more than a year. These
cells are characterized by their high expression of stemness factors,
stem cell markers, and open chromatin structure. We referred to
these cells as induced CSCs (iCSCs). SKNAS iCSC and SKNBE(2)C
iCSC clones (as few as 100 cells) injected s.c. into SCID/Beige mice
formed tumors, and in one case, SKNBE(2)C iCSCs metastasized to
the adrenal gland, suggesting their increased metastatic potential.
SKNAS iCSC xenografts showed the histologic appearance of to-
tally undifferentiated large-cell NBs (LCNs), the most aggressive
and deadly form of NB in humans. Immunohistochemical analyses
showed that SKNAS iCSC xenografts expressed high levels of the
stem cell marker CXCR4, whereas the SKNAS monolayer cell xeno-
grafts did not. The patterns of CXCR4 and MYC expression in SKNAS
iCSC xenografts resembled those in the LCNs. The xenografts estab-
lished from the NB iCSCs shared two common features: the LCN
phenotype and high-level MYC/MYCN expression. These observa-
tions suggest both that NB cells with large and vesicular nuclei,
representing their open chromatin structure, are indicative of stem
cell–like tumor cells and that epigenetic changes may have contrib-
uted to the development of these most malignant NB cells.
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Neuroblastoma (NB) is the most common extracranial pedi-
atric malignancy. Although some NBs are easily treatable,

nearly 50% of the tumors exhibit aggressive behavior. The In-
ternational Neuroblastoma Risk Group Classification is used to
classify NB at diagnosis (1). High-risk NBs are associated with
older age, advanced stages, unfavorable histologic features, wide-
spread tumor dissemination, and poor long-term survival (1).
Current treatment for these NBs includes high-dose chemother-
apy or myeloablative cytotoxic therapy with autologous hemato-
poietic stem cell transplantation (2). However, late relapse is often
seen despite achieving complete clinical remission. A subset of
high-risk NBs, which is refractory to current frontline therapy
designed for high-risk NB, is termed ultra-high-risk NB (3, 4).
NB is histopathologically defined as neuroblastic tumors with

less than 50% Schwannian stromal components. On the basis of
the degree of neuronal differentiation, NB is further divided into
undifferentiated (UD), poorly differentiated, and differentiating
subtypes (5, 6). A unique histological subset of NBs within the
UD and poorly differentiated subtypes has also been identified
(7, 8). These tumors are uniformly composed of large cells with
sharply outlined nuclear membranes and one to four prominent
nucleoli and are referred to as large-cell neuroblastomas, or
LCNs. Patients with the UD neuroblastoma characterized by
the LCN appearance had a very poor prognosis regardless of

age at diagnosis, clinical stage, and DNA index. In addition,
non–MYCN-amplified UDs behaved significantly worse than
MYCN-amplified UDs (9).
In this study, we established phenotypically stabilized stem

cell–like NB cells (referred to as induced cancer stem cells, or
iCSCs) by short-term treatments of conventional NB cell lines
with epigenetic modifiers. Our approach was analogous to in-
duced pluripotent stem cell studies (10, 11), in which a few
stemness/reprogramming factors (SOX2, OCT4, NANOG, LIN28,
KLF4, and MYC/MYCN) were shown to initiate reverse differ-
entiation or reprogramming of somatic cells. Once the reprog-
ramming process is initiated by the ectopic expression of stemness
factors, it becomes a self-driven process: Demethylation of en-
dogenous stemness-factor gene promoters takes place and induces
endogenous stemness factors, which replace the exogenous coun-
terparts. Subsequently, the cell can sustain the stemness state
under ES cell culture conditions (12). Our in vitro and in vivo
studies show that the NB iCSCs are characterized by their high
expression of stemness factors and stem cell markers, their open
chromatin structure, a high tumor-initiating ability, a high met-
astatic potential, and the histological appearance of the totally
undifferentiated LCN, having large vesicular nuclei with one or
more prominent nucleoli. In addition to the LCN phenotype, the
high-level MYC/MYCN protein expression is the consistent fea-
ture of the iCSC xenografts. Our data suggest that cancer cells
with large and vesicular nuclei, representing their open chromatin
structure, are indicative of stem cell–like tumor cells and that
epigenetic changes may have contributed to the development of
these most malignant cancer cells.

Results
Short-Term Treatments with Epigenetic Modifiers Enhance the
Expression of Stemness Factor and Stem Cell Marker Genes in NB
Cells. To examine whether epigenetic modifiers could augment
the expression of stemness factor genes and thus enhance the
stemness of NB cells, we first treated SKNAS in monolayer
culture with an inhibitor of DNA methylation (5-aza-2′-deoxy-
cytidine, or 5AdC) for 5 d. SKNAS is a non–MYCN amplified
cell line and expresses high levels of MYC. As shown in Fig. S1A,
the expression of stemness factors (SOX2, POU5F1 encoding
OCT4, KLF4) was augmented in the 5AdC-treated SKNAS
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cells. In addition, the expression of stem cell markers (CXCR4,
PROM1 encoding CD133, and ABCG2) and neural crest stem
cell marker (NGFR encoding p75NTR) was elevated in these
5AdC- treated cells.
Conventional adherent monolayer NB cells can be adapted to

grow as spheres in a sphere-forming medium, and these spheres
expressed elevated levels of a limited number of stemness factors
(Fig. S1B). The treatment of SKNAS spheres with inhibitors
of DNA methylation (5AdC) and/or histone deacetylase (4-
phenylbutyrate, or 4PB) significantly augmented the expression
of SOX2, POU5F1, KLF4, NANOG, LIN28, CXCR4, PROM1,
NGFR, and ABCG2. MYC expression remained high in SKNAS
spheres with or without drug treatments (Fig. S1B). These data
indicate that short-term treatments with epigenetic modifiers
could augment the stemness phenotype of NB cells. Similar
observations were also made in MYCN-amplified SKNBE(2)C
(Fig. S1C) and CHP134 (Fig. S2A), as well as non–MYCN-
amplified SY5Y cells (Fig. S2B).

Establishment of Induced Stable Stem Cell–Like NB Cells. The com-
bination of 5AdC and 4PB was the most effective in inducing
stemness genes, but it was also the most cytocidal to the NB cells
(13). Among the treatments, 5AdC had the least cytocidal effect,
and consequently more viable cells were obtained. We thus first
used the 5AdC-treated SKNAS cells to establish phenotypically
stabilized stem cell–like NB cells. SKNAS monolayer cells were
treated with 5AdC (2.5 μM) for 5 d and then transferred to
RPMI 1640 supplemented with 0.5% FBS in nonadherent cul-
ture plates without 5AdC. These cells formed spheres but did not
grow. When transferred to the sphere-forming medium without
5AdC, the spheres started to proliferate (see SI Materials and
Methods for rationale for this procedure). Stemness phenotypes
of these spheres were examined periodically for more than 1.5 y
while they were maintained in culture.
As shown in Fig. 1A, without further exposure to epigenetic

modifiers for 149 d, the expression of stemness factor and stem
cell marker proteins (MYC, SOX2, NANOG, and CD133)
remained high in the short-term 5AdC-treated SKNAS (or
5AdC-induced) sphere culture compared with the monolayer

cells or non-drug-treated spheres. Similar observations were also
made for the expression of the POU5F1, LIN28, CXCR4, and
ABCG2 genes (Fig. 1A). The stable stemness phenotypes were
also observed in the 5AdC-induced SKNAS sphere at day 175
and day 200 (Fig. 1B). Furthermore, the 5AdC-induced SKNAS
sphere culture grown in the sphere-forming condition without
5AdC for 1.5 y (day 592) expressed higher levels of SOX2,
CD133, and neural crest stem cell markers (p75NTR, SOX9,
SOX10, SLUG, Musashi-1) compared with the non-drug-treated
sphere culture and the monolayer counterpart (Fig. 1C), sug-
gesting that these SKNAS spheres express a phenotype more
similar to neural crest stem cells (14–18). Immunocytochemical
assay further showed that the 5AdC-induced SKNAS spheres at

Fig. 1. The expression of stemness factor and stem
cell marker genes and proteins in SKNAS iCSCs at day
149, day 175, day 200, day 592, and day 609. The
SKNAS sphere culture has never been treated with
epigenetic modifiers, whereas the SKNAS iCSCs were
initially treated with 5AdC (2.5 μM) for 5 d and then
cultured in the sphere-forming condition without
5AdC for the period indicated (day 149, day 175, day
200, day 592, and day 609). The expression of pro-
teins of interest was examined by Western blot
analysis, as previously described (25). Fold change in
protein expression based on the densitometry anal-
ysis of the protein examined against β-actin was
shown. The expression of genes indicated was ex-
amined in duplicate by TaqMan qPCR, using gene-
specific TaqMan Gene Expression Assays (Applied
Biosystems). (A and B) Expression levels of the genes
examined were presented as fold change in the
SKNAS sphere culture or iCSCs over the monolayer
cells at day 149 and day 175. The expression of the
proteins indicated was also examined in the SKNAS
monolayer cells, non-drug-treated spheres, and
iCSCs at day 149, day 175, and day 200. (C) Proteins of
interest were examined in SKNAS monolayer cells,
non-drug-treated spheres, and iCSCs at day 592.
(D) Immunocytochemical assay was performed on
cell block preparations of SKNAS monolayer cells,
non-drug-treated spheres, and iCSCs at day 609 to
investigate expression levels of MYC, MYCN, SOX2,
CXCR4, and p75NTR (see SI Materials andMethods for
description of procedures).

Fig. 2. Tumorigenicity of SKNAS iCSCs and monolayer cells in SCID/Beige
mice. SKNAS iCSC and monolayer cells were injected s.c. into mice using dif-
ferent cell dosages (106, 104, and 102). Tumor growthwasmonitored up to 109
d after cell injection. Each datapoint represented the averagedays that tumors
took to reach 0.5 cm3 in size. Seven of sevenmice injectedwith 106 SKNAS iCSC
and six of six mice injected with 106 SKNASmonolayer cells developed tumors.
Similarly, nine of nine mice injected with 104 SKNAS iCSCs and six of six mice
injectedwith 104 SKNASmonolayer cells developed tumors. In contrast, nineof
nine mice injected with 102 iCSCs developed tumors, whereas only seven of 10
mice injected with 102 monolayer cells had tumor growth.
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day 609 expressed MYC, SOX2, CXCR4, and p75NTR (Fig. 1D).
Subsequently, we generated similar sphere cultures from three
additional NB cell lines [SKNBE(2)C, CHP134, and SY5Y],
using a similar procedure described for SKNAS (SI Materials and
Methods). SKNBE(2)C and CHP134 are MYCN-amplified lines
and expressed high levels of MYCN, whereas SY5Y is a non–
MYCN-amplified cell line and expressed high levels of MYC. As
shown in Fig. S3, stemness phenotypes were augmented in the
sphere cultures derived from SKNBE(2)C, CHP134, and SY5Y
initially treated with epigenetic modifiers for 5 d.
If the method delineated in this study worked as intended and

these epigenetic modifier–pretreated NB sphere cells were indeed
converted to stem cell–like cells, then these epigenetic modifier–
induced spheres would have a more open chromatin than their
monolayer cell counterparts. To test this idea, we examined the
expression of acetylated histone H3 in the spheres, as histone
acetylation is generally considered to be a marker of open chro-
matin (19). As shown in Fig. S4A, in all cases, acetylation of histone
H3 was higher in the spheres than in the monolayer cell counter-
parts. Because open chromatin is a hallmark of stem cells, we
referred to the NB spheres created by short-term treatment of
epigenetic modifiers as iCSCs.

Gene Expression Profiling Analysis of SKNAS iCSCs. To gain further
insight into molecular characteristics of stem cell–like NB cells,
gene expression profiling analysis was performed using SKNAS
iCSCs. SKNAS iCSCs expressed elevated levels of genes in-
volved in stem cell pathways (NOTCH/DELTA, BMPR/BMP,
and FZD/WNT) and genes highly expressed in other CSC types.
These include ALDH1B1 (colon carcinoma (20); BIN1, COL1A1,
COL1A2, ENPP2, and THY1 (breast CSC-like cells (21); and

PDPN (glioblastoma sphere cultures) (22). TaqMan quantitative
PCR (qPCR) assays (Applied Biosystems) confirmed the micro-
array data (Fig. S5 A and B). Ingenuity pathway analysis indicated
that the STAT3 network was activated in SKNAS iCSC, further
confirming the stemness status of SKNAS iCSCs (Fig. S5C). This
could explain the high expression of MYC and POU5F1 in the
iCSC, as STAT3 is known to activate MYC and POU5F1.

Heat Shock Protein 90 (Hsp90) Inhibition Shows Preferential Efficacy
Against SKNAS iCSCs over Monolayer Cells. It has been shown that
Hsp90 inhibition could sensitize chemoresistant CSC-like cells to
DNA-damaging agents (23, 24). We also reported that Hsp90
inhibition resulted in destabilizing MYCN and MYC in NB cells
(25). These observations prompted us to examine whether or not
an Hsp90 inhibitor had a differential effect on the growth of
SKNAS iCSCs and SKNAS monolayer cells. As shown in Fig.
S4B, SKNAS iCSCs were ∼15 times more susceptible to growth
suppression by 17-(dimethylaminoethylamino)-17-demethox-
ygeldanamycin, an Hsp90 inhibitor, at day 2 of drug treatment.
Western blot analysis also showed that treatments with this in-
hibitor resulted in a more than 50% reduction of MYC in
a single day of drug treatments in both cell types (Fig. S4C).

High Tumor-Initiating Ability of SKNAS iCSCs.We next evaluated the
tumor-seeding ability of SKNAS iCSCs and SKNAS monolayer
cells. SKNAS iCSCs and monolayer cells were injected s.c. into
SCID/Beige mice using different cell dosages (106, 104, and 102).
As shown in Fig. 2, although 100% of the mice injected with
either iCSCs or monolayer cells (106 and 104) developed tumors,
mice injected with SKNAS iCSCs formed tumors significantly
faster than those receiving the monolayer cell counterpart.
A more striking observation was made in the mice injected

with 102 SKNAS iCSCs: As shown in Fig. 2, all of the nine mice
injected with 102 iCSCs had tumors (100% tumor take). In ad-
dition, these iCSC tumors reached 0.5 cm3 in size after between
31 and 68 d of the cell injections. In contrast, among 10 mice
injected with 102 monolayer cells, seven mice developed tumors
(70% tumor take). Growth rates of these monolayer cell xeno-
grafts were much slower than those of the iCSC xenografts. Mice
injected with 102 monolayer cells developed tumors that reached
0.5 cm3 in size after 68 to 109 d of the cell injections. The tu-
morigenicity of SKNAS iCSCs was therefore more potent than

Fig. 3. Differential expression of CXCR4 in SKNAS iCSC and monolayer cell
xenografts. (A) The expression of CXCR4 and MYC was examined by TaqMan
qPCR in SKNAS monolayer cell and iCSC xenografts, as described in Fig. 1.
SKNAS monolayer cells and the in vitro culture of SKNAS iCSCs (day 175)
were included as controls. Expression levels of the genes were presented as
fold change over SKNAS monolayer cells in SKNAS iCSCs at day 175, SKNAS
monolayer cell xenografts, and SKNAS iCSC xenografts. (B) Immunohisto-
chemical analysis showed that SKNAS iCSC xenografts were uniformly posi-
tive for CXCR4. In contrast, SKNAS monolayer cell xenografts were negative
for CXCR4, with the exception of some rare cases in which a few cells were
focally positive for CXCR4 staining.

Fig. 4. Histopathological examinations of SKNAS monolayer cell and iCSC
xenografts. The monolayer cell xenografts were composed of two distinct com-
ponents having different cellular morphologies. Tumor cells in the first compo-
nent were larger cells, and tumor cells in the other component were smaller in
both cellular and nuclear size and had smaller nucleoli. These small tumor cells
often produced neurites or neuropils (Arrows). The monolayer cell xenografts
were thus classified as poorly differentiatedNB. In contrast, iCSC xenograftswere
composed of uniformly large cells with vesicular nuclei and one or more prom-
inent nucleoli, and thus were classified as totally undifferentiated LCNs.
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that of SKNAS monolayer cells. Together, these data suggest
that the iCSCs function as stem cell–like tumor-initiating cells.

Differential Expression of CXCR4 in the SKNAS iCSC Xenografts over
Monolayer Cell Counterparts. To investigate whether the SKNAS
iCSC xenografts retained their high expression of stemness fac-
tor and stem cell marker genes, we examined the expression of
these genes in nine SKNAS iCSC xenografts and eight SKNAS
monolayer cell xenografts. Among the stemness factor genes
examined (Fig. S6), the expression of MYC (Fig. 3A) and
NANOG (Fig. S6) was high in both iCSC and monolayer cell
xenografts. In contrast, the SKNAS iCSC xenografts preferen-
tially expressed high levels of CXCR4, and there was little or no
CXCR4 expression in the monolayer cell xenografts (Fig. 3A).
Immunohistochemical analysis further showed the preferential
expression of CXCR4 in SKNAS iCSCs over monolayer cell
xenografts (Fig. 3B).

SKNBE(2)C iCSC Clones also Show a High Tumor-Initiating Ability.
Two SKNBE(2)C iCSC clones were generated from the bulk
SKNBE(2)C iCSC sphere culture by limiting dilution (Fig. S3
A–C). SCID/Beige mice were s.c. injected with 102 or 103 cells of
SKNBE(2)C iCSC clone 1 or clone 2. The tumor-initiating ability
of clone 2 was higher than those of clone 1 and the monolayer
cells. Six (86%) of seven injections of 102 SKNBE(2)C iCSC
clone 2 cells gave rise to tumors, and all five injections (100%) of
103 SKNBE(2)C iCSC clone 2 cells gave rise to tumors. In
contrast, four (80%) of five injections of 103 SKNBE(2)C iCSC
clone 1 gave rise to tumors. No tumor was observed in mice in-
jected with 102 cells of clone 1. However, one of the tumor-bearing
mice injected with clone 1 cells had metastasis in the left adrenal
gland (see Fig. 6), suggesting an increase in its metastatic poten-
tial. The tumor take of SKNBE(2)C monolayer cells at 102 and
103 cells/injection was 6/8 (75%) and 8/8 (100%), respectively.

NB iCSC Xenografts Resemble Human Totally Undifferentiated LCNs,
the Most Aggressive and Deadly Form of NB. We next examined
histopathological characteristics of SKNAS iCSC xenografts

(n = 17) and monolayer cell xenografts (n = 8). The monolayer
cell xenografts presented a mosaic pattern and were composed of
at least two distinct components having different cellular mor-
phologies. Tumor cells in the first component were larger cells,
and tumor cells in the other component were smaller in both
cellular and nuclear size and had smaller nucleoli (Fig. 4, Upper
Left). Furthermore, the small tumor cells in the second compo-
nent had reduced activities of mitosis and karyorrhexis (either
intermediate Mitosis-Karyorrhexis Index (MKI) of 100∼200/
5,000 cells or low MKI of <100/5,000 cells) and often produced
neurites or neuropils (Fig. 4, Lower Left). The monolayer cell
xenografts were thus classified as poorly differentiated NB.
In contrast, the iCSC xenografts were composed of a diffuse

and solid growth of medium-sized, rather uniform cells with
a large vesicular nucleus and one or a few prominent nucleoli
(Fig. 4, Right). Mitotic and karyorrhectic activities were fre-
quently encountered (either intermediate MKI of 100∼200/5,000
cells or high MKI of >200/5,000 cells). The iCSC xenografts were
thus classified as totally undifferentiated LCNs (Fig. 5), according
to the International Neuroblastoma Pathology Classification (5–8).
In addition, immunohistochemical analysis showed that the pat-
terns of CXCR4 and MYC expression in SKNAS iCSC xenografts
were similar to those in human LCNs (Fig. 5). It should be men-
tioned that both the larger and smaller cells of the monolayer cell
xenografts were negative for CXCR4 staining, except in some rare
cases where a few cells were focally positive for CXCR4 staining
(Fig. 3B). These observations suggest that the large cells in SKNAS
iCSC xenografts had different molecular and biological charac-
teristics from the larger cells in the monolayer cell xenografts.
Histopathological examinations were also performed on the

other iCSCs and their monolayer cell xenograft counterparts. As
shown in Fig. S7A, although SKNBE(2)C, CHP134, and SY5Y
monolayer cell xenografts were classified as poorly differentiated
NB with neuropils and rosette formation [SKNBE(2)C, CHP134,
and SY5Y] and a condensed nuclear appearance (SY5Y), xen-
ografts of SKNBE(2)C iCSC, CHP134 iCSC, and SY5Y iCSC all
had the LCN phenotype. In addition, the adrenal gland metas-
tasis of SKNBE(2)C iCSC clone 1 retained the LCN phenotype
(Fig. 6).

High-Level MYC/MYCN Protein Expression and the LCN Phenotype Are
Unique Features of NB iCSC Xenografts. To identify a common
immunohistochemical feature of the iCSC xenografts, we ex-
amined the expression of MYC and MYCN proteins and stem
cell markers (CXCR4, p75NTR) in the iCSC and monolayer cell
xenografts. Our choice of the stem cell markers examined was
based on their expression in iCSC in vitro and the availability of
qualified antibodies for the analysis.
As previously shown in Fig. 5, MYC expression was uniformly

high in the SKNAS iCSC xenografts. Interestingly, SY5Y iCSC
xenografts showed a mosaic pattern consisting of the majority of
high-MYC expressing cells and small islands of low-MYCN
expressing cells (Fig. 7A). In contrast, in the SY5Y monolayer
cell xenografts, the majority of high-MYC expressing cells were
evenly intermingled with low-MYCN expressing cells (Fig. 7A).
Our observations were in fact consistent with a previous study

Fig. 5. Histopathological examinations of SKNAS iCSC xenografts and the
human LCNs. H&E stained sections showed that the SKNAS iCSC xenografts
resembled human undifferentiated LCNs histologically. The patterns of CXCR4
and MYC expression in SKNAS iCSC xenografts also resembled those in un-
differentiated LCNs. Microscopic magnification of 400×was used for all pictures.

Fig. 6. The adrenal gland metastasis of SKNBE(2)C iCSC clone 1 shows the
LCN phenotype and expresses high levels of MYCN. The procedures used are
described in Fig. 5.
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(26), which reported that the monolayer SY5Y line expressed
low but detectable levels of MYCN protein in addition to the
high MYC expression. The iCSC and monolayer cell xenografts
of both SKNBE(2)C (Fig. 7B) and CHP134 (Fig. 7C), as well as
the adrenal gland metastasis of SKNBE(2)C iCSC clone 1 (Fig.
6), expressed uniformly high levels of MYCN protein.
As shown in Fig. 3B, CXCR4 was consistently expressed in the

SKNAS iCSC xenografts. In addition, CXCR4 was preferentially
expressed in SKNAS iCSCs over the monolayer cell counterpart.
However, this was not always the case for the other iCSCs.
Xenografts from both iCSC and monolayer cells of SKNBE(2)C,
CHP134, SY5Y were all positive for CXCR4, but the staining in
these cases was not intense and uniform (Fig. S7B).
We also examined in vivo expression of the neural crest stem

cell marker p75NTR in the xenografts. In both SKNAS iCSC and
monolayer cell xenografts, varying numbers of cells were posi-
tive for p75NTR. However, in the SKNAS monolayer cell xen-
ografts, the cells with active neuropil formation were negative
for p75NTR staining (Fig. 8), suggesting that p75NTR expression
is not related to neuronal differentiation of NB cells. As shown
in Fig. S8A, SKNBE(2)C monolayer cell xenografts were
almost negative for p75NTR, whereas p75NTR expression was
positive, although not consistently, in the SKNBE(2)C iCSC
clone 2 s.c. xenografts. SKNBE(2)C iCSC clone 1 s.c. xeno-
grafts expressed p75NTR in a large area (Fig. S8A). Interest-
ingly, the expression of p75NTR became very low in the adrenal
metastasis of clone 1 (Fig. S8A). Similarly, although the ma-
jority of the cells in the SY5Y iCSCs expressed p75NTR, only
a few cells in the SY5Y monolayer cell xenografts expressed
p75NTR (Fig. S8B). p75NTR expression also was minimal in both
CHP134 iCSC and monolayer cell xenografts (Fig. S8D). Col-
lectively, our data show that the LCN phenotype and the high
MYC/MYCN protein expression are the two common and
consistent features of the NB iCSC xenografts.

Discussion
In this study, we have created phenotypically stabilized stem cell–
like tumor-initiating NB cells that resemble histopathologically very
aggressive NBs in patients (also known as totally undifferentiated
LCNs). Our approach includes a short-term treatment of NB cell
lines with epigenetic modifiers followed by culturing of the cells in
sphere-forming medium without epigenetic modifiers. This strategy
not only significantly augments the stemness of NB cells but also

captures the cells in a “totally undifferentiated status” during a long
period in vitro and in vivo. We refer to these NB cells as iCSCs. As
described, we have found two common and consistent features
among the NB iCSC xenografts examined, the LCN phenotype and
high MYC/MYCN protein expression, which in turn have signifi-
cant clinical implications.

Fig. 7. MYC and MYCN expression in NB mono-
layer cell and iCSC xenografts. (A) In the SY5Y
monolayer cell xenografts, the majority of MYC-
expressing cells were intermingled with the mi-
nority of MYCN-expressing cells. In the SY5Y iCSC
xenografts, MYC-negative cells were, in fact, MYCN-
expressing cells, which formed small islands in the
majority of MYC-expressing cells. (B and C) SKNBE
(2)C and CHP134 were MYCN-amplified cells and
uniformly expressed high levels of MYCN in both
monolayer cell and iCSC xenografts. The procedures
used are described in Fig. 5. Microscopic magnifi-
cation of 400× was used for all pictures.

Fig. 8. The expression of p75NTR in SKNAS iCSC and monolayer cell xeno-
grafts. Varying numbers of cells were positive for p75NTR in both SKNAS iCSC
and monolayer cell xenografts. However, in the SKNAS monolayer cell
xenografts, the cells with active neuropil formations were negative for
p75NTR staining (Arrows). Microscopic magnification of 400× was used for
four pictures in the upper and middle rows, and 100× was used for two
pictures in the lower row.
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Ultra-high-risk NBs and totally undifferentiated LCNs exhibit
a similar clinical aggressiveness, although these two groups of
tumors have been distinguished by two different criteria: un-
responsiveness to the current high-risk therapy and histopath-
ological totally undifferentiated large-cell characteristics,
respectively (3, 4, 7, 8). It remains to be determined whether
ultra-high-risk NBs share the same identity with the totally
undifferentiated LCNs and thus are NB stem cell disease. Our
results suggest that tumor-targeted Hsp90 inhibition could be
an effective strategy to control highly malignant NB driven
by the CSC compartment. Nonetheless, an unbiased high-
throughput screening of small molecules would eventually
be required to develop effective therapeutics against such
tumors. These compounds should be preferentially efficacious
against CSC, as opposed to normal stem cells, progenitor
cells, and differentiating cells. A successful screening of such
lead compounds would rely on the availability of phenotypi-
cally stable robust CSC preparations. The iCSCs described in
this study would well serve this future research direction.
The most intriguing implication in this study is perhaps the

relationship between the large vesicular nuclei of the cancer
cells, the stem cell–like status of the cancer cells, and the poor
prognosis of the patients. Neuroblastomas in general have small
round nuclei with stippled (“salt and pepper”) chromatin, which
is suggestive of high heterochromatin content. However, totally
undifferentiated LCNs and xenografts of the iCSCs generated
have the histological appearance of large and vesicular nuclei,
which is indicative of having high euchromatin or open chro-
matin contents. In fact, this characteristic is one of the histo-
logical and ultrastructural hallmarks of stem cells (19, 27, 28). A
highly malignant pediatric tumor, large-cell medulloblastoma,
also shows this nuclear feature (29). In addition, various malig-
nancies with a rhabdoid phenotype share the same nuclear ap-
pearance (30–32). The presence of prominent nucleoli is another
specific morphological feature of those cells. This nucleolar

appearance has been linked to high rDNA transcriptional ac-
tivity because of an increased MYC/MYCN production and its
accumulation into nucleoli in the cell (33).
Tumors with a rhabdoid phenotype have characteristic eosin-

ophilic cytoplasmic inclusions made of vimentin, regardless of
their developmental origin (34). These tumors often carry a loss-
of-function mutation in the SNF5/INI1 gene (35), which encodes
a subunit of the SWI/SNF chromatin-remodeling complex. These
facts suggest that the rhabdoid phenotype is a manifestation of
an epigenetic disorder that has led to reverse differentiation of
the original cells into some lineage-uncommitted primitive cells.
This process is, in fact, very similar to the somatic cell reprog-
ramming induced by ectopic expression of stemness factors (10,
36). Taken together, these observations and our study suggest
that tumor cells with the histological appearance of large and
vesicular nuclei, representing their open chromatin structure, are
indicative of stem cell–like tumor cells and that epigenetic
changes may have contributed to the development of these most
malignant cancer cells.

Materials and Methods
Routine NB monolayer cell cultures were performed as described in ref. 25.
MTS assay was done as described in ref. 25. SI Materials and Methods
includes detailed descriptions of NB sphere cultures, Western blot assay,
gene expression profiling and pathway analyses, reverse-transcription and
TaqMan real-time PCR, and additional information on MTS assay. Descrip-
tions of cell-block preparation, mouse xenograft studies, human un-
differentiated LCN specimens, and histological and immunohistochemical
analyses are also found in SI Materials and Methods.
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