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Differential effect of long-term drug selection with
doxorubicin and vorinostat on neuroblastoma cells
with cancer stem cell characteristics

X Zheng*,1,2, J Naiditch1,3, M Czurylo1, C Jie4, T Lautz1,3, S Clark1, N Jafari4, Y Qiu1, F Chu1,3 and MB Madonna*,1,3

Numerous studies have confirmed that cancer stem cells (CSCs) are more resistant to chemotherapy; however, there is a paucity
of data exploring the effect of long-term drug treatment on the CSC sub-population. The purpose of this study was to investigate
whether long-term doxorubicin treatment could expand the neuroblastoma cells with CSC characteristics and histone
acetylation could affect stemness gene expression during the development of drug resistance. Using n-myc amplified
SK-N-Be(2)C and non-n-myc amplified SK-N-SH human neuroblastoma cells, our laboratory generated doxorubicin-resistant cell
lines in parallel over 1 year; one cell line intermittently treated with the histone deacetylase inhibitor (HDACi) vorinostat and the
other without exposure to HDACi. Cells’ sensitivity to chemotherapeutic drugs, the ability to form tumorspheres, and capacity for
in vitro invasion were examined. Cell-surface markers and side populations (SPs) were analyzed using flow cytometry.
Differentially expressed stemness genes were identified through whole genome analysis and confirmed with real-time PCR.
Our results indicated that vorinostat increased the sensitivity of only SK-N-Be(2)C-resistant cells to chemotherapy, made cells
lose the ability to form tumorspheres, and reduced in vitro invasion and the SP percentage. CD133 was not enriched in
doxorubicin-resistant or vorinostat-treated doxorubicin-resistant cells. Nine stemness-linked genes (ABCB1, ABCC4, LMO2,
SOX2, ERCC5, S100A10, IGFBP3, TCF3, and VIM) were downregulated in vorinostat-treated doxorubicin-resistant SK-N-Be(2)C
cells relative to doxorubicin-resistant cells. A sub-population of cells with CSC characteristics is enriched during prolonged drug
selection of n-myc amplified SK-N-Be(2)C neuroblastoma cells. Vorinostat treatment affects the reversal of drug resistance in
SK-N-Be(2)C cells and may be associated with downregulation of stemness gene expression. This work may be valuable for
clinicians to design treatment protocols specific for different neuroblastoma patients.
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Neuroblastoma is a heterogeneous pediatric extra-cranial
solid tumor, which arises from the neural crest elements of the
sympathetic nervous system. It accounts for 15% of pediatric
cancer deaths.1 The high mortality associated with high-risk
neuroblastoma is partially attributable to therapy-resistant
relapse, due to either inherited or acquired drug resistance
allowing a subset of tumor cells to survive treatment. Cancer
stem cell (CSC) theory posits that there is a small therapy-
resistant sub-population of cells within a tumor that possess
the capacity to initiate a primary tumor, bear an inherit
resistance to chemotherapeutic drugs, and whose survival
through treatment leads to persistent and recurrent dis-
ease.2,3 The CSC hypothesis predicts that destruction of a
tumor’s CSC population is required for tumor elimination.4,5

Novel therapies targeting CSCs may lead to effective
treatment strategies that can overcome drug resistance.

Therefore, understanding the role of CSCs in drug resistance
and how to target CSCs may lead to critical therapeutic
advances in cancer treatment.

The origin of CSCs is uncertain. CSCs have been isolated
from bone marrow,6 primary tumor tissues,3,7–9 and cultured
cancer cell lines.10,11 They can be identified through detection
of specific cell-surface markers and measurement of stem
cell-specific metabolic activities.12 CSCs have been identified
in both hematopoietic cancers,13,14 and, more recently, solid
malignancies, including brain,15 breast,16 liver,17 prostate,18

lung,19 colon,8 and ovarian cancer.7 Numerous studies
have confirmed that CSCs are more resistant to chemotherapy
and radiotherapy.2,3,20,21 CD133þ lung cancer cells displayed
stem-like features and were spared by cisplatin treatment.21

CD133þ glioblastoma cells demonstrated resistance to
temozolomide, carboplatin, paclitaxel, and etoposide compared
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with CD133� glioblastoma cells.3 There is a paucity of data
exploring the effect of long-term drug treatment on the
CSC sub-population. A recent study reported that putative
breast CSCs were increased after prolonged continuous
selection in doxorubicin.22 Another study on colorectal cancer
demonstrated that drug resistance cells had a higher percen-
tage of cells expressing CSC-surface markers.23 These
data suggest that the CSC population may be expanded in
drug-resistant tumors and strategies that can affect stemness
gene expression may have an effect in reversing drug
resistance.

Histone deacetylase inhibitors (HDACi) have been devel-
oped as sensitizers for chemotherapy or radiation therapy.24

They interfere with HDAC activity, inhibiting deacetylation of
histone and non-histone proteins leading to varied modulation
of gene expression.25 The effect of HDACi on stemness gene
expression is varied. HDACi treatment of CD133� ovarian
cells leads to increased CD133 expression, a CSC marker of
ovarian cells, and promotes stem cell self-renewal.26 HDACi
has also been shown to decrease proliferation potential and
differentiation capability of human mesenchymal stem cells.27

In combination with imatinib mesylate, HDACi can induce
apoptosis in quiescent myelogenous leukemia stem cells and
inhibit CML progenitor proliferation.28

In the present study, we sought to determine whether
neuroblastoma cells with CSC characteristics are enriched
during long-term chemotherapeutic drug selection and
whether, during the development of drug resistance, histone
acetylation affects stemness gene expression and drug
resistance. We found that there was a sub-population of cells
with CSC characteristics that is enriched during prolonged
drug selection for resistant neuroblastoma cells in n-myc
amplified SK-N-Be(2)C cells but not in the non-n-myc
amplified SK-N-SH cell line. Treatment with the HDACi
vorinostat resulted in differential expression of stemness
genes in drug-resistant cells.

Results

Vorinostat cytotoxicity. The cytotoxicity of vorinostat was
measured using the MTT assay (Figure 1a). Experimental
vorinostat treatment concentrations were chosen to maximize
vorinostat treatment levels while minimizing cytotoxicity.
On the basis of these MTT results, vorinostat concentrations
of 0.5 and 1mM were used for the SK-N-Be(2)C and SK-N-SH
cell lines, respectively. Modulation of histone H3 acetylation

for each cell line at chosen vorinostat concentrations was
verified with western blot (data not shown).

Drug resistance. Wild-type (WT), vorinostat-treated wild-
type (WT-v), doxorubicin-resistant (DoxR), and vorinostat
treatment doxorubicin resistant (DoxR-v) cells were treated
with doxorubicin at 10� 6 M and 5� 10� 6 M for 96 h. MTT
was then used to assay doxorubicin cytotoxicity. These data
are presented in Figures 1b and c. SK-N-Be(2)C and
SK-N-SH DoxR and DoxR-v cell lines displayed resistance
to doxorubicin at 10� 6 M. When treated with doxorubicin at
5� 10� 6 M, the response of DoxR-v cells relative to DoxR
cells differed between the SK-N-Be(2)C and SK-N-SH cell
lines. The SK-N-Be(2)C-DoxR-v cell line was more sensitive
to doxorubicin at 5� 10� 6 M relative to DoxR. The inverse
was true in the SK-N-SH cell lines for which doxorubicin had
diminished cytotoxicity in the DoxR-v cell line relative to
DoxR at 5� 10� 6 M.

Tumorsphere formation. One of the important phenotypic
characteristics of CSCs is the ability to form non-adherent
spheres in culture medium. WT, WT-v, DoxR, and DoxR-v
cells were cultured in tumorsphere culture medium to
evaluate the capacity to form tumorspheres. After 4–5 days
in culture, SK-N-Be(2)C-DoxR cells were able to form
tumorspheres of varying sizes; the tumorspheres were tight
and difficult to separate into single-cell suspension. Instead
of forming tumorspheres, SK-N-Be(2)C WT, WT-v,
and DoxR-v cells adhered to the culture plate (Figure 2a).
All SK-N-SH cell lines remained suspended in stem-cell
culture medium. SK-N-SH WT, WT-v, and DoxR cells formed
loose, grape-like clusters; cells were separated easily. SK-N-
SH DoxR-v cells formed tumorspheres, but they were not as
tight as SK-N-Be(2)C-DoxR tumorspheres (Figure 2a).The
limited dilution assay was performed for SK-N-Be2C-DoxR
and SK-N-SH-DoxR-v cells to compare tumorsphere forma-
tion frequency. About 1 in 32 SK-N-Be2C-DoxR cells was
able to form tumorspheres (Figure 2b). SK-N-SH-DoxR-v
cells formed tumorspheres, however, they were difficult to
quantify as the tumorspheres were loose and ill defined.

Colony formation efficiency. Clonogenic ability was
evaluated using a colony formation assay (Figures 3a–d).
SK-N-Be(2)C-DoxR cells displayed the highest colony
formation efficiency among all four SK-N-Be(2)C groups.
SK-N-Be(2)C-DoxR-v cells demonstrated low colony formation

Figure 1 (a) Cytotoxicity of vorinostat was assessed in the wild-type SK-N-Be(2)C and SK-N-SH cell lines using the MTT cell proliferation assay. SK-N-Be(2)C (b) and
SK-N-SH (c) cells were treated with doxorubicin at 10� 6 M and 5� 10� 6 M for 96 h after which cell survival was assessed using MTT. Error bar¼ 95% confidence intervals.
*Po0.0001. Experiments were repeated at least three times
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Figure 2 (a) SK-N-Be(2)C and SK-N-SH WT, WT-v, DoxR, and DoxR-v cell lines were cultured in tumorsphere culture media. SK-N-Be(2)C-DoxR cells formed
tumorspheres of varying sizes after 4–5 days in culture. SK-N-Be(2)C WT, WT-v, and DoxR-v cells did not form tumorspheres, adhering to the plate. SK-N-SH-DoxR-v cells
formed loose tumorspheres. SK-N-SH-WT, WT-v, and DoxR cell lines failed to form tumorspheres instead forming loose grape-like clusters suspended in culture media.
Experiments were repeated at least three times. (b)The sphere formation efficiency experiment for SK-N-Be(2)C-DoxR was repeated four times and the average number of
tumorsphere was presented

Figure 3 One hundred fifty of WT, WT-v, DoxR, and DoxR-v SK-N-Be2C (a) and SK-N-SH (b) cells were seeded into each well of a six-well plate and grown for 10–12
days to assess clonogenic ability. The colonies were counted (only 50 cells or more were counted as a colony) under the microscope. The colony formation efficiency was
calculated as the number of colonies formed/the number of the cells seeded� 100. Experiments were repeated at least three times. The number of colonies per plate for the
SK-N-Be(2)C cell lines (c) and SK-N-SH cell lines (d) are displayed graphically. Error bar¼ 95% confidence interval. *P¼ 0.03, **P¼ 0.01, ***P¼ 0.005, ****P¼ 0.002,
*****Po0.001
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efficiency, lower than WT and WT-v cells. For SK-N-SH cell
lines, the DoxR line exhibited the highest clonogenic ability.
The SK-N-SH DoxR-v cell line displayed similar efficiency in
colony formation to the SK-N-SH WT cell line.

Invasive ability. Previous studies have established that
CSCs are not only associated with tumor initiation and
growth, but also have a crucial role in tumor metastasis.29 In
the present study, the invasive properties of all cell lines
were assessed using the Matrigel assay (Figures 4a and b).
Among the SK-N-Be(2)C cell lines, the DoxR line demon-
strated the greatest invasive ability. DoxR-v cells, in
contrast, had diminished invasiveness relative to DoxR
cells (Po0.001). Both SK-N-SH DoxR and DoxR-v cell lines
demonstrated greater invasiveness compared with WT and
WT-v cell lines. There was no significant difference between
SK-N-SH DoxR and DoxR-v or WT and WT-v cell lines.

Expression of the putative neuroblastoma CSC marker
CD133. CD133 has been identified as a CSC marker in
some solid tumors.30 In addition, drug-resistant colon
cancer and Ewing’s sarcoma manifest enriched CD133
expression.31,32 CD133 has been used as a putative stem
cell marker for neuroblastoma.33–35 Previous work has
shown that CD133þ neuroblastoma cells are more resistant
to chemotherapy drugs compared with CD133� cells.
These CD133þ cells also demonstrate increased tumor-
sphere formation and greater propensity to form tumors
in vivo.34 In contrast, CD133 was minimally detected in
neuroblastoma tumor-initiating cells (TIC) and in side
population (SP) cells.2,6 We wanted to determine whether
CD133 expression is enriched in drug-resistant neuroblas-
toma cells and whether vorinostat treatment leads to further
upregulation of CD133 as has previously been shown in
ovarian cancer.26

CD133 expression was quantified using both reverse
transcription-PCR (RT-PCR) and flow cytometry. As shown

in Figures 5a and b, CD133 expression, at both the mRNA and
protein level, was not increased in any of the SK-N-Be(2)C or
SK-N-SH cell lines. We also evaluated whether short-term
doxorubicin and/or vorinostat treatment upregulated CD133
expression. SK-N-SH and SK-N-Be(2)C WT cells were
treated with doxorubicin alone at 10� 9 M, 10� 8 M,
or 10� 7 M for 24 h, vorinostat alone at 0.5mM (SK-N-Be2C)
or 1 mM (SK-N-SH) for 24 h, or combination treatment with
doxorubicin and vorinostat (SK-N-Be2C with doxorubicin
10� 7 Mþ vorinostat 0.5 mM and SK-N-SH with doxorubicin
5� 10� 8 Mþ vorinostat 1 mM) for 24 h. CD133 expression did
not vary in any of these treatment groups (data not shown).

SP analysis. SP cells have been identified in 65% of
primary neuroblastoma tumors, and neuroblastoma SP cells
were reported to be less sensitive to mitoxantrone.2 In this
study, SK-N-Be(2)C-DoxR-v cells were found to be more
sensitive to doxorubicin relative to DoxR cells, and the
inverse was true in SK-N-SH DoxR-v and DoxR cells.
We therefore evaluated the percent SP in each cell line
to determine whether this variation in drug resistance
was associated with changes in the SP (Figure 6a).
Flow cytometry using Hoescht 33342 dye revealed that the
SP constituted 15.0% of SK-N-Be(2)C-WT cells, 65.6% of
DoxR cells, and 26.8% of DoxR-v cells. These data indicate
that long-term doxorubicin selection enriches the SP in
SK-N-Be(2)C cells, but less so when co-treated with
vorinostat. These data suggest that vorinostat treatment
may interfere with the expression of drug transporter genes,
such as MDR and ABCG2, or stemness-related genes, in this
cell line. In contrast to the SK-N-Be(2)C cell lines, the SP was
0.4% in the SK-N-SH-WT cell line, 53.7% in the SK-N-SH-DoxR
cell line, and 64.8% in the SK-N-SH-DoxR-v cell line (Figure 6b).
In contrast to the SK-N Be(2)C-DoxR-v cell lines, these data
suggest that vorinostat may not affect the expression of drug
transporter genes and/or stemness genes in SK-N-SH-DoxR-v
cells.

Figure 4 BD Biocoat Matrigel in vitro invasion assay was used to compare the WT, WT-v, DoxR, and DoxR-v (a) SK-N-Be(2)C and (b) SK-N-SH cell lines. Invasion was
calculated as the percentage of cells able to invade through a membrane coated with a defined matrix (collagen IV, laminin, and gelatin) during a 24-h period as a fraction of the
control inserts. Bars represent the normalized invasion indices. Error bar¼ 95% confidence interval. *P¼ 0.01, **P¼ 0.02, ***P¼ 0.004, ****Po0.001. Experiments were
repeated at least five times
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Whole genome expression in SK-N-Be(2)C lines. Whole
genome expression analysis was performed using a 47 231
probe genechip to identify differentially expressed genes
(DEGs) in the SK-N-Be(2)C DoxR and DoxR-v cell lines
relative to WT. There were 2197 DEGs in the DoxR versus
WT comparison and 1489 DEGs in the DoxR-v versus WT
comparison with 696 DEG common to both comparisons.
The DEGs in SK-N-Be(2)C DoxR and DoxR-v cells were

interrogated for a significant change in the expression of
stemness-related genes. The profile of DEGs was compared
with previous microarray-based profiling of so-called
‘stemness genes’, which are expressed in embryonic stem
cells (ESCs), hematopoietic stem cells (HSCs), and neural
stem cells (NSCs).36,37 IGFBP3, S100A10, TCF3, SOX2,
LMO2, ERCC5, and ABCB1 were concordant with the
expression profiling of stemness genes previously

Figure 5 CD133 was not enriched in any of the neuroblastoma cell lines, as confirmed with RT-PCR, the CD133 DNA fragment size is 534 bp (a) and flow cytometry (b),
using WERI-Rb-1 retinoblastoma cells as a positive control (c). Experiments were repeated at least four times

Figure 6 The side population of SK-N-Be(2)C (a) and SK-N-SH (b) cell lines was analyzed. A representative chart of a total of three experiments was shown. Left: Hoechst
33342 dye treatment only. Middle: 50 mM verapamil treatment. Right: 100 mM verapamil treatment. All cells were incubated with Hoechst 3342 dye, excited at 357 nm. Its
fluorescence was analyzed at two wavelengths (blue: 670–700 nm and violet: 450–500 nm), both in linear mode. Incubation with propidium iodide (1mg/ml) was performed to
exclude dead cells immediately before analysis. Singlets were gated for side-population analysis. Side-population cells are shown by the outlined area
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reported.36 Expression of ATP binding-cassette family genes
and the putative neuroblastoma stem cell markers used in
previous studies, including VIM, CD133, OCT4, CD117,
CD34, GD2, CD56, CD71, and CD271, were all evaluated.
A total of nine stemness-linked genes, IGFBP3 (4.55-fold),
S100A10 (13.10-fold), TCF3 (2.56-fold), SOX2 (2.75-fold),
LMO2 (4.07-fold), ERCC5 (2.12-fold), ABCB1 (4.23-fold),
VIM (24.3-fold), and ABCC4 (2.12-fold), were found to be
significantly upregulated in the SK-N-BE(2)C-DoxR cell line
(Table 1). These genes were variably upregulated, but to a
lesser fold, in the vorinostat-treated SK-N-Be(2)C-DoxR-v
cell line.

Stemness gene expression. Real-time PCR was used to
validate the microarray findings in the SK-N-Be(2)C cell lines
(Figure 7a). The results confirmed that the fold change of
S100A10, TCF3, Sox2, LMO2, ERCC5, ABCB1, IGFBP3,

VIM, and ABCC4 expression in DoxR versus WT comparison
was significantly higher than DoxR-v versus WT comparison
(P¼ 0.05). Real-time PCR for these same genes in the
SK-N-SH cell lines revealed that vorinostat treatment did not
have a significant effect on stemness gene expression in
SK-N-SH cells. The expression of ABCB1 and VIM in
SK-N-SH-DoxR was significantly higher than DoxR-v
(P¼ 0.05) and the expression of TCF3 and S100A10 was
significantly lower in DoxR than in DoxR-v (P¼ 0.05)
(Figure 7b).

Discussion

Only one previous study has found that the CSC population
may be expanded during the acquisition of drug resistance.22

The effect of HDACi on the CSCs sub-population is debated.
In the present study, we found that there was a sub-population
of cells with CSC characteristics which is enriched during
prolonged drug selection for resistant neuroblastoma cells in
n-myc amplified SK-N-Be(2)C cells but not in the non-n-myc
amplified SK-N-SH cell line. Treatment with the HDACi
vorinostat resulted in differential expression of stemness
genes in drug-resistant cells.

CSCs are known to have an innate resistance to
chemotherapy drugs.2,3,20 This innate resistance is attribu-
table to an enhanced capacity for DNA repair, decreased
apoptosis, and higher expression of ATP-binding cassette
transporters.38 Knowing if CSCs are enriched in drug-
resistant cell lines may allow for the development of new
treatment strategies targeted against CSCs with the goal of
reversing drug resistance. Putative CSCs have been
identified in neuroblastoma patients using three different
approaches: identifying the TICs through bone marrow
analysis, analyzing SPs, and sorting the cells based on
specific CSC-surface markers. Kaplan and colleagues
isolated putative TICs (also known as CSCs) from the bone
marrow of high-stage neuroblastoma patients on the basis of
their immature neuronal phenotype.6 These cells have been
widely used in neuroblastoma CSC studies. It was however
recently reported that the TIC cultures were contaminated by
EBV-infected B-lymphoblastoid cells.39 SP analysis is another
approach used to identify CSCs. SP is thought to harbor the

Table 1 Stemness-linked genes differentially expressed on whole genome
microarray analysis (fold change 42.0, adjusted Po0.1) in the SK-N-BE(2)C
DoxR and DoxR-v cell lines relative to their parental (WT) lines

Gene
symbol

Gene
Entrez

ID

Gene name DoxR/WT
fold

DoxR-v/WT
fold

ABCB1 5243 ATP-binding cassette,
sub-family B (MDR/TAP),
member 1

4.23 2.04

ABCC4 10257 ATP-binding cassette,
sub-family C (CFTR/MRP),
member 4

2.12 NS

LMO2 4005 LIM domain only 2
(rhombotin-like 1)

4.07 2.28

SOX2 6657 SRY (sex determining
region Y)-box 2

2.75 NS

ERCC5 2073 Excision repair cross-
complementing rodent
repair deficiency,
complementation group

2.12 NS

S100A10 6281 S100 calcium binding
protein A10

13.1 N.S.

IGFBP3 3486 Insulin-like growth factor
binding protein 3

4.55 1.84

TCF3 6929 Transcription factor 3 2.56 1.78
VIM 7431 Vimentin 24.3 5.19

NS, No significant fold change

Figure 7 Real-time quantitative reverse transcription-PCR was used to measure mRNA expression levels, confirming nine differentially expressed stemness genes in
SK-N-Be(2)C (a) and SK-N-SH (b) DoxR and DoxR-v cell lines relative to their parental (WT) cell lines. Data are the average fold change in DoxR or DoxR-v cells compared
with WT cells with error bars representing 95% confidence intervals. Each experiment was performed at least in triplicate
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CSC niche and has been identified in over half of neuro-
blastoma, breast cancer, lung cancer, and glioblastoma cell
lines.2 SP cells are capable of sustained expansion ex vivo
and are able to generate both SP and non-SP progeny. SP
cells have the capacity to expel cytotoxic drugs leading
to increased survival in the face of chemotherapeutics.
The proportion of SP in cancer cell lines derived from patients
in relapse was significantly higher relative to paired pretreat-
ment cell lines, and these SPs demonstrated high clonogenic
ability.40,41 In addition, other studies have shown that a large
fraction of tissue stem cells are of the SP fraction, and most of
the cells in the SP fraction are stem cells.42–44 The third
approach used for isolating CSCs is selection using putative
CSC markers. CD133 has been used as a putative stem cell
marker for neuroblastoma.33,35,45–47 However, CD133 has not
been detected within TIC populations or in SPs of neuro-
blastoma patients in relapse.2,6 In the present study, the
n-myc amplified SK-N-Be(2)C doxorubicin-resistant cells
were found to be more invasive, had higher colony formation
efficiency, possessed the unique ability to form tumorspheres,
had a higher SP percentage and overexpressed ATP binding
cassette transporter genes and stemness-related genes
(ABCB1, ABCC4, LMO2, SOX2, TCF3, S100A10, IGFBP3,
ERCC5, and VIM), relative to their parental wild-type (WT)
cells. Unlike breast cancer cells that have definitively identified
CSC markers, a marker for the neuroblastoma CSC has yet to
be defined, and, thus, neuroblastoma CSCs cannot be
separated from the remaining cell population using a marker.
The data presented here suggest that there is a CSC-like
sub-population in SK-N-Be(2)C drug-resistant cells. Although
drug-resistant SK-N-SH cells exhibited increased invasive-
ness and colony formation capability relative to the parental
WT cell, it was unable to form tumorspheres. Therefore,
whether the SK-N-SH cell lines harbors a CSC-like population
needs to be studied further.

Vorinostat is a broad-spectrum HDACi targeting both class I
and II HDACs and was the first HDACi approved by the Food
and Drug Administration for the treatment of cutaneous T cell
Lymphoma (http://www.cancer.gov/cancertopics/druginfo/
fda-vorinostat). Clinical trials studying the effects of vorinostat
on solid organ tumors, including neuroblastoma, are in
progress and have demonstrated promising early results.
There are over 60 clinical trials currently under way to explore
additional uses for vorinostat as an anticancer drug using
combination therapies. Previous work has shown that high
HDAC1 mRNA expression correlated with multidrug resis-
tance in neuroblastoma cell lines and inhibition of HDAC1
expression or activity enhanced the cytotoxicity of chemother-
apeutic agents.48 These data indicate that HDACi may have a
role in drug resistance and HDACs represent a potential
therapeutic target in multidrug-resistant neuroblastoma. In our
study, we intermittently treated neuroblastoma cells with low
doses of vorinostat during the development of drug resistance
to investigate whether vorinostat would interfere with the
development of drug resistance. Our results demonstrated
that vorinostat had a varied effect in different neuroblastoma
cell lines. Vorinostat increased the sensitivity of SK-N-Be(2)C-
resistant cells to chemotherapy, caused the loss of the ability
to form tumorspheres, reduced in vitro invasive capacity, and
reduced the percentage of SP cells. In contrast, vorinostat

decreased the sensitivity of SK-N-SH doxorubicin-resistant
cells to doxorubicin, enhanced the cells’ ability to form
tumorspheres, and had minimal effect on the cells’ invasion
and SP percentage. Previous studies have shown that
vorinostat, even at low effective doses, can alter the biology
of human mesenchymal stem cells.27 In vitro treatment of
high-risk ependymoma stem cells with vorinostat induced
neuronal differentiation associated with loss of stem cell-
specific properties.49 We further queried whether there was a
change in stemness gene expression associated with the
effect of vorinostat on neuroblastoma drug resistance.
Our microarray analysis for SK-N-Be(2)C WT, WT-v, DoxR,
and DoxR-v cells demonstrated that nine stemness-linked
genes (ABCB1, ABCC4, LMO2, SOX2, TCF3, S100A10,
IGFBP3, ERCC5, and VIM) were upregulated in both SK-N-
Be(2)C DoxR cells and SK-N-Be(2)C DoxR-v cells. However,
a greater fold increase in stemness gene expression was
seen for the DoxR versus WT comparison relative to the
DoxR-v versus WT comparison. Of these nine genes, ABCB1
and ABCC4 belong to ATP-binding cassette gene family and
are linked with drug resistance. The ABCB1 gene is enriched
in ESCs, HSC, and neuronal stem cell (NSC),36,37 ABCC4
with ABCC1,3 is associated with poor prognosis and affects
neuroblastoma biology independent of their role in drug
efflux.50 We did not see the overexpression of ABCG2, a gene
that is expressed in a wide variety of stem cells and is a
molecular determinant of the SP phenotype.44 Sox2, a marker
of ESCs, is an essential transcription factor for embryonic
development. A recent report showed that induced NSCs
(iNSCs) from mouse and human fibroblasts can be generated
by direct reprogramming with a single factor, Sox2.51TCF3 is
highly expressed in ESCs52 and HSC,53 and is a key
regulating factor in the OCT4-Sox2-Nanog self-renewal
circuit.54 Although Sox2 and TCF3 were overexpressed in
SK-N-Be(2)C-DoxR and DoxR-v cells, we did not see a
change in OCT4 and Nanog expression. LMO2, a cysteine-
rich protein, also known as Rhombotin-2 and T-cell transloca-
tion protein-2, is a transcriptional cofactor that is required for
hematopoietic and endothelial development and is implicated
in HSC maintenance.55,56 ERCC5 is a gene enriched in all
ESC, HSC, and NSC,36,37 like ABCB1, and is involved in DNA
repair. IGFBP3 and S100A10 are transcription factors that are
related to NSC.36 S100A10 is also associated with drug
resistance. VIM is a type III intermediate filament protein,57

and is expressed in non-epithelial cells, especially mesenchy-
mal stem cells. Besides these nine genes, we also checked for
the other stemness genes that have been studied in other
neuroblastoma CSC studies (e.g., CD 133, CD34, CD117,
and CD271); none of these genes were upregulated in either
SK-N-Be(2)C-DoxR cells or SK-N-Be(2)C-DoxR-v cells.
It appears, in this study, that vorinostat was able to reverse
drug resistance in N-MYC amplified neuroblastoma cells by
altering the expression of certain stemness genes. In contrast,
vorinostat did not have a similar effect on stemness gene
expression in non-N-MYC amplified SK-N-SH cells. ABCB1
and ABCC4 were downregulated in SK-N-SH-DoxR-v cells
relative to DoxR cells, and TCF3 was upregulated o1.5-fold
in SK-N-SH-DoxR cells.

There are a number of limitations inherent in this study.
Neuroblastoma is a heterogeneous tumor. Even though we
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used two cell types with different phenotypes (n-myc amplified
SK-N-Be(2)C versus non-n-myc amplified SK-N-SH), the
results we obtained may not fully represent all neuroblastoma
cell lines. In addition, we cannot isolate the pure neuroblas-
toma CSC population for further analysis because there are
no identified CSC markers available for neuroblastoma.

In conclusion, our data demonstrated that a CSC-like
sub-population may be enriched in n-myc amplified neuro-
blastoma cells after long-term drug selection with doxorubicin.
Intermittent, low dose treatment of neuroblastoma cells with
vorinostat can sensitize drug-resistant cells to chemotherapy,
and may be due to downregulation of stemness gene
expression. These data suggest that development of CSC
targeted therapies may be of particular value in patients with
n-myc amplified neuroblastoma tumors.

Materials and Methods
Cell lines and reagents. Human neuroblastoma SK-N-SH and
SK-N-Be(2)C cell lines were purchased from American Type Culture Collection
(Rockville, MA, USA). SK-N-SH cells were grown at 5% CO2 in Dulbecco’s
Modified Eagle’s Medium (DMEM) supplemented with 10% heat inactivated fetal
bovine serum, penicillin 100 units/ml, and streptomycin 100mg/ml. SK-N-Be(2)C
cells were cultured in DMEM/F12 1 : 1 with the same supplement as an
SK-N-SH culture medium. For each cell line, four groups were generated: (1)
parental or WT, (2) DoxR (DoxR cell lines were generated by continuous
incubation of parental cell lines with stepwise increases in doxorubicin
concentrations, ranging from 10� 9 to 10� 6 M, over a period of 6 months to 1
year.), (3) DoxR-v (A parallel group of cells were treated with intermittent doses of
vorinostat during the development of drug resistance. Cells were treated with
vorinostat (1 mM for SK-N-SH and 0.5mM for SK-N-Be(2)C) for 48 h at the time of
each logarithmic increase in the dose of doxorubicin.), and (4) WT-v (A control
group of parental cells received only vorinostat at the same time as the treatment
in the doxorubicin cells.).

The following culture media, drugs, and antibodies were obtained from the
companies cited: DMEM and FBS (Mediatech, Herndon, VA, USA); DMEM/F12,
Hank’s Balanced Salt Solution (HBSS) (Hyclone Laboratories, Logan, Utah, USA);
vorinostat, verapamil, Hoechst 33342, doxorubicin, heparin, b-mercaptoethanol and
antibody against human b-Actin (Sigma, St. Louis, MO, USA); 1% B27 and N2
supplements (Invitrogen, Grand Island, NY, USA); anti-human CD133
(CD133/2-293C3) conjugated with phycoerythrin and mouse IgG2b – phycoerythrin
(MiltenyiBiotec, Auburn, CA, USA); recombinant human EGF and recombinant
human FGF basic (R&D System, Minneapolis, MN, USA); GeneAmp RNA PCR kit
and Power SYBR Green RNA-to-CtTM 1-Step kit (Applied Biosystems, Foster City,
CA, USA). BD Biocoat growth factor reduced Matrigel invasion chamber
(BD Biosciences, Bedford, MA, USA).

Cytotoxicity assay. The cytotoxicity of drugs to the cells was assessed by
MTT assay. The cells were either treated with doxorubicin at 10� 6 or 5� 10� 6 M
or with vorinostat at concentrations varying between 0.5 and 10mM for 96 h.
Viable cells were quantitatively determined using an MTT colorimetric assay.
Briefly, MTT (10ml of 5 mg/ml solution) was added to each well of the 96-well plate
and incubated for 4 h at 371C. The cells were then solubilized by the addition of
100ml of 10% SDS/0.01 M HCl and incubated for 15 h at 371C. The optical density
of each well was determined in an ELISA plate reader using an activation
wavelength of 570 nm and reference wavelength of 650 nm. The percentage of
viable cells was determined by comparison with untreated control cells.

Invasion assay. BD Biocoat growth factor reduced Matrigel invasion
chambers were used to assess the invasive properties of the cells. An equal
number of Matrigel inserts and Control Inserts (no Matrigel coating) were
transferred into a 24-well plate and were rehydrated by adding 0.5 ml warm
serum-free culture medium onto the interior of the inserts and incubating in a
tissue culture incubator at 371C for 2 h. After rehydration, the medium was
carefully removed without disturbing the layer of Matrigel Matrix on the membrane.
The inserts were then transferred into the wells containing 0.75 ml culture medium
with 10% fetal calf serum. In all, 25 000 cells were added onto the apical side of

the insert. The plate was incubated at 371C, 5% CO2 atmosphere for 22 h.
Non-invasive cells were removed from the upper surface of the membrane with a
cotton swab before staining. The cells on the lower surface of the membrane were
stained following the procedure of Diff-Quick (Siemens Healthcare Diagnostics,
Tarrytown, NY, USA). After staining, the inserts were air dried at room
temperature. The stained membranes were peeled from the inserts and placed on
the slides with coverslips. For each slide, cells in 12 different fields were counted
at a magnification of � 20, and the values were averaged. The invasion
percentage was determined by the mean number of cells invading through GFR
Matrigel insert membrane/mean number of cells migrating through control insert
membrane� 100.

Colony formation assay. Cells were trypsinized to produce a single-cell
suspension. The cell suspension was diluted into the desired seeding
concentration and 150 cells were plated into each well of a six-well plate for
10–12 days. The cells were washed with cold phosphate-buffered saline (PBS)
twice on ice and fixed with ice-cold 100% methanol for 10 min. Colonies were
stained with 0.5% crystal violet for 10 min at room temperature and rinsed with tap
water. After the plate was air dried at room temperature, the colonies were
counted (only 50 cells or more were counted as a colony) under the microscope.
The colony formation efficiency was calculated by the number of colonies
formed/the number of the cells seeded� 100.

Tumorsphere formation. Cells were plated at clonal density (1� 104/ml)
and cultured in tumorsphere media as described by Mahller et al.34 The medium
consisted of DMEM/F12, supplemented with 20 ng/ml EGF, 40 ng/ml bFGF,
1% B27 and N2 supplements, 2mg/ml heparin, 0.1 mM b-mercaptoethanol and
1� antibiotic/antimycotic. The medium was changed every 3 days.

Limiting dilution assay. For determining the tumorsphere formation
frequency of each cell line, the cells were prepared as a single-cell suspension
in tumorsphere medium as described above and seeded in 96 ultra-low
attachment flat bottom plates (Costar, Corning, NY, USA) with different cell
numbers varying from 500 to 1 cell/per well. The number of tumorspheres was
counted after culturing the cells for 8–10 days.

Surface marker analysis by flow cytometry. CD133 expression on
the cell surface was detected by flow cytometry. Cells were trypsinized, pelleted
in a flow tube, washed with cold PBS twice and then resuspended in FcR
Blocking Reagent (MiltenyiBiotec) with 0.5% fetal calf serum in PBS. Mouse
anti-human CD133/2-PE monoclonal antibody was diluted at 1 : 11 and added
into the tube. The tube was incubated at 41C for 15 min in the dark.
After incubation, the labeled cells were washed with PBS (2� ) resuspended in
400ml and then analyzed by a FACSCaliber flow cytometer (Becton Dickinson,
Downers Grove, IL, USA). The cells were acquired using the CellQuest software
(Becton Dickinson) and 10 000 events were collected for analysis. Analysis
was done using the BD CellQuest (Becton Dickinson) software. Mouse
IgG2b-phycoerythrin was used as an isotype control and was set up for each
sample. Weri-Rb-1, a cell line with high CD133 expression, was used as a
positive control in each experiment.

Analysis of the SP cell fraction by flow cytometry. SP assay was
used for identifying stem cells with overexpression of ABC transporters. Cells were
cultured to 80–90% confluence and trypsinized. About 1� 106/ml cells were
resuspended in pre-warmed DMEM or DMEM/F12 media with 10% FBS and
10 mM HEPES buffer. In all, 1 ml of the cell suspension was aliquoted into 2 ml
tubes and Hoechst 33342 dye (final concentration 5 mg/ml) was added into each
tube, mixed well and then verapamil (final concentration at 0, 50, and 100mM) was
added to the tube. The tubes were incubated at 371C for 90 min. After incubation,
the cells were placed on ice and spun down in a centrifuge (41C) at 1500 r.p.m. for
5 min. The supernatant was removed and the pellet was resuspended in 1 ml of
cold HBSS containing 10% FBS and 10 mM HEPES buffer, 1 ml propidium iodide
(1 mg/ml, final concentration 1 mg/ml) was added to the tube. Hoechst 33342-
labeled cells were analyzed on a Becton Dickinson LSRFortessa (LSRII) flow
cytometer (BD Biosciences). Red cells stained by propidium iodide were excluded
from the analysis. Singlets were gated for SP analysis. SP cells were visualized by
using Indo-1 (Blue, wavelength 670/30 band pass) versus Indo-1 (Violet,
wavelength 450/50 band pass) off the UV laser (355 nm) and analyzed with BD
FACSDiva software.
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Reverse transcription-PCR. Total RNA was extracted from B1 million of
SK-N-SH and SK-N-Be(2)C cells using the RNeasy Mini Kit (Qiagen, Valencia,
CA, USA) according to the manufacturer’s protocol. The RNA concentration was
measured using the NanoDrop micro-volume spectrophotometer (Thermo
Scientific, Wilmington, DE, USA). One microgram of RNA was used for cDNA
synthesis and cDNA was amplified following the protocol from Applied
BiosystemsGeneAmp RNA PCR Kit (Applied Biosystems). The sequences for
the primers CD133 and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) are
listed in Supplementary Table 1. The cycling conditions for PCR were 951C for
105 s, followed by 35 cycles at 951C for 15 s, 601C for 30 s, and then 721C
for 7 min.

Real-time quantitative PCR (qPCR). Real-time quantitative RT-PCR was
used for validating the genes that showed statistically significant changes in the
microarray analysis below. Total RNA was extracted as described above.
Specific PCR primer sequences for all validated genes and the reference gene
were taken either from publications or Primer Bank (pga.mgh.harvard.edu/
primerbank). Expression of these genes was determined using Power SYBR
Green RNA-to-CtTM 1-Step Kit. Reverse transcription was performed using
100 ng of total RNA in a 20-ml reaction volume and assays were performed in
triplicate on an Applied Biosystems 7500 system. Expression of genes was
measured using threshold cycle values (CT). The DCT was calculated by
subtracting the CT of GAPDH mRNA from the CT of target gene mRNA. Fold
change in gene expression for DoxR and DoxR-v cell lines compared with parental
cells (WT) was determined from the same amount of total RNA by use of the delta,
delta threshold cycle (Ct) method. The thermal cycling conditions were as follows:
holding at 481C for 30 min and 951C for 10 min, 40 cycles at 951C for 15 s
followed by 601C for 1 min.

Whole genome expression. RNA was isolated from triplicate specimens
of each cell line using the RNeasy Mini Kit (Qiagen, Venlo, Netherlands).
Samples with RNA integrity numbers greater than 9.5 were used in subsequent
expression analyses. All RNA samples were stored at � 801C before labeling and
hybridization.

Amplification and labeling of the RNA was performed with the illumine
TotalPrep RNA Amplification Kit from Life Technologies (Ambion, Austin, TX)
using 150 ng of RNA per samples. In all, 750 ng of labeled cRNA was hybridized
to Human HT-12 v4 Expression BeadChips for 18 h and processed (Illumina, San
Diego, CA, USA) according to the manufacturer’s instruction. Slides were
scanned using IlluminaiScan System Human HT-12 v4 beadchip containing
47 231 probes.

Image and data analysis. Quality check and probe level processing of
the Illumina microarray data was further made with Rbioconductor package,
Lumi.58 The data processing includes a normalization method to reduce the
obscuring variation between microarrays, which might be introduced during the
processes of sample preparation, manufacturing, fluorescence labeling,
hybridization, and/or scanning.59 Hierarchical clustering and principal
component analysis was performed on the normalized signal data to assess
the sample relationship and variability. Probes that were expressed in none of
the samples as judged by the criteria of Illumina detection P-value 40.01 were
filtered out. Differential gene expression between the different conditions was
assessed by statistical linear model analysis using bioconductor package,
limma, in which an empirical Bayes method is used to moderate the standard
errors of the estimated log-fold changes of gene expression (http://
www.bioconductor.org/packages/release/bioc/html/limma.html). It results in a
more stable inference and improved power, especially for experiments with
small numbers of microarrays. The moderated T statistic P-value derived from
the limma analysis above was further adjusted for multiple testing by Benjamini
and Hochberg’s method to control false discovery rate (FDR). The list of DEGs
was obtained by the FDR criteria of o10% and fold change cutoff of 41.5, and
visualized by volcanoplots. The gene ontology analysis of the list of DEGs was
performed with Rbioconductor package, topG (http://www.bioconductor.org/
packages/release/bioc/html/topGO.html.). All bioconductor packages are avail-
able at http://bioconductor.org and all computation was performed under
Renvironment (http://www.r-project.org)

Statistical analysis. Statistical analyses were performed using SAS 9.3
(SAS institute Inc., Cary, NC, USA). Comparisons between two groups are made

either by Student’s t-test or by Wilcoxon Rank Sum test. If not otherwise stated,
then all tests are two-sided. P-values of r0.05 were considered as significant.
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