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Abstract
Objectives Resveratrol (RV), a natural polyphenol derived
from red wine, recently showed the potential of anticancer
and radiosensitizing effects. A recent study has suggested
that the cancer stem cells (CSCs) may reflect the clinical
refractory malignancy of brain tumors, including medullo-
blastoma (MB). The aim of the present study is to
investigate the possible role of RV in radiosensitivity of
MB cells and MB-associated CSCs.
Materials and methods MB-associated CSCs were isolated
and cultured by serum-free medium with basic fibroblast
growth factor (bFGF) and epidermal growth factor (EGF).
The parental MB cells and MB-CSCs were treated with RV
in different concentrations and assessed for cell viability.
The treatment includes RV alone, radiation alone, or
radiation combined with RV.

Results MB-CSCs selected by serum-free medium with
bFGF and EGF can form 3D spheroid formation and
display enhanced self-renewal and highly co-expressed
“stem cell” genes (Oct-4, Nanog, Nestin, and Musashi-1)
as well as antiapoptotic genes (Bcl-2 and Bcl-xL). These
MB-CSCs showed significant resistance to radiotherapy as
compared to the parental MB cells. Importantly, 100 μM
RV could effectively inhibit the proliferation of MB-CSCs
and significantly enhance the radiosensitivity in RV-treated
MB-CSCs.
Conclusions Our data suggest that RV can effectively
inhibit the proliferation and tumorigenicity of MB-CSCs
and significantly synergistically enhance radiosensitivity in
RV-treated MB-CSCs.
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Introduction

Medulloblastoma (MB) is a malignant cerebellum tumor
predominantly found in children, accounting for 13–20% of
all pediatric central nervous system tumors [7, 19, 33]. As
for remedy of MB, surgical excision alone is not curative
[21, 33]. Virtually all tumors recur and patients die within
3 years without adjuvant treatment [21]. Local or dissem-
inated whole neuroaxis relapse can be seen even after
standard radiation treatment, including craniospinal axis
irradiation and focal boost [7, 19, 21, 33]. Besides,
radiotherapy has its own side effects and may cause
pituitary hormone dysfunction and behavior problems [16,
21]. Thus, to improve the therapeutic outcome and promote
the life quality of the survivors, novel therapeutic agents
and radiosensitizers are urgently needed.

Resveratrol (RV; 3,4′,5-tri-hydroxy-trans-stilbene), a nat-
ural polyphenol, is mostly found in grapes, red wine, and
peanuts [14]. RV possesses many pharmacological effects
that are closely related to health therapies including
antioxidant stress, anti-inflammatory, antiviral, cardiac pro-
tection, neuroprotection, antiaging activities, and life span
extension [6, 14, 15]. Importantly, recent researches demon-
strated that RV has an anticancer effect and inhibits
tumorigenesis by inducing apoptosis via Fas-, P53-, and
P21WAF/CIP1-mediated pathways [1, 26, 30]. Furthermore,
some reports indicated that RV can also increase radiosen-
sitivity in several cancer cell lines including melanoma,
cervix carcinoma, chronic myeloid leukemia (K-562), and
multiple myeloma (IM-9) [2, 23]. However, the RV-mediated
radiosensitizing effects in the treatment of MB and MB-
associated cancer stem cells were still undetermined.

In the previous study, we used serum-free medium that
contained basic fibroblast growth factor (bFGF) and
epidermal growth factor (EGF) growth factors to enrich
the subpopulation of normal neural stem cell from
hippocampal region of rodent brain [9] and cancer stem-
like cells (CSCs) derived from brain tumors [10]. In this
present study, the specific aim is to investigate the possible
role of RV in antiproliferative and radiosensitizing effects in
MB cells and MB-CSCs and further clarify the mechanism.

Materials and methods

Isolation of the subsets of cancer stem-like cells
from medulloblastoma tissues

This research followed the tenets of the Declaration of
Helsinki and all samples were obtained after patients had
given informed consent. Dissociated cells from the
samples of medulloblastoma patients were cultured in
serum-free Dulbecco’s modified Eagle’s medium

(DMEM)/F12 (GIBCO) medium supplemented with N2
supplement (R&D), 10 ng/ml human recombinant bFGF
(R&D), and 10 ng/ml EGF [10]. Gamma radiation was
delivered by a Theratronic cobalt unit T-1000 (Theratronic
International, Inc., Ottawa, Canada) at a dose rate of
1.1 Gy/min (SSD=57.5 cm). For evaluation of cell
proliferation, cells were seeded on 24-well plates at a
density of 2×104 cells per well in medium, followed by
the methyl thiazole tetrazolium assay (MTT assay; Sigma-
Aldrich Co.) [10].

Immunophenotypic analysis

For cell surface antigen phenotyping, the different passage
cells were detached and stained with anti-CD133 with
secondary phycoerythrin-coupled antibodies (Miltenyi Bio-
tec). Bone-marrow-derived stromal cells were fixed with
2% paraformaldehyde until they were ready for analysis
using FACSCalibur apparatus (Becton-Dickinson).

Real-time RT-PCR

Real-time reverse-transcription polymerase chain reaction
(RT-PCR) was performed as previously described [25].
Briefly, total RNA (1 μg) of each sample was reverse-
transcribed in a 20 μl volume using 0.5 μg oligo dT and
200 U Superscript II RT (Invitrogen, Carlsbad, CA, USA).
The primer sequences used for real-time RT-PCR are shown
in Table 1. The amplification was carried out in a total
volume of 20 μl containing 0.5 μM in each primer, 4 mM
MgCl2, 2 μl LightCycler™-FastStart DNA Master SYBR
green I (Roche Molecular Systems, Alameda, CA, USA),
and 2 μl of 1:10 diluted complementary DNA. PCR
reactions were prepared in duplicate and heated to 95°C
for 10 min followed by 40 cycles of denaturation at 95°C for
10 s, annealing at 55°C for 5 s, and extension at 72°C for
20 s. Standard curves (cycle threshold values versus template
concentration) were prepared for each target gene and for the
endogenous reference (GAPDH) in each sample. Quantifi-
cation of unknown samples was performed using Light-
Cycler Relative Quantification Software version 3.3 (Roche
Molecular Systems, Alameda, CA, USA).

In vitro cell invasion analysis and soft agar assay

The 24-well plate Transwell® system with a polycarbonate
filter membrane (8-μm pore size; Corning, UK) was used.
Cell suspensions were seeded in the upper compartment
of the Transwell chamber at a density of 1×105 cells in
100-μl serum-free medium. The opposite surface of the
filter membrane, which faced the lower chamber, was
stained with Hoechst 33342 for 3 min and migrating cells
were visualized under an inverted microscope. The soft
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agar assay was performed as follows. The bottom of each
well (35 mm) of a six-well culture dish was coated with 2-
ml agar mixture (DMEM, 10% (v/v) fetal calf serum (FCS),
0.6% (w/v) agar). After the bottom layer solidified, 2-ml top
agar–medium mixture (DMEM, 10% (v/v) FCS, 0.3% (w/v)
agar) containing 2×104 cells was added and incubated at
37°C for 4 weeks. The plates were stained with 0.5 ml
0.005% Crystal Violet and then the number of colonies was
counted using a dissecting microscope.

Statistical analysis

The results are reported as mean±SD. Statistical analysis
was performed using Student’s t test or a one-way or two-
way analysis of variance test followed by Turkey’s test, as
appropriate. p<0.05 was considered to be statistically
significant.

Results

Isolation and characterization of cancer stem-like cells
from medulloblastoma

It has been reported that cancer stem cells and glioma stem
cells can be cultured and enriched in suspension to generate
floating spheroid-like bodies (SB) and maintain the self-
renewal capabilities in serum-free media with bFGF and
EGF [20, 29, 31]. For 1 month under DF-12 serum-free
medium with bFGF and EGF [9, 10], the suspended SB
CSCs were successfully isolated from medulloblastoma
samples (Fig. 1a, b). These CSCs derived from MB could
stably proliferate to form SB in serum-free medium with
bFGF and EGF. The result of a FACSscan showed that
MB-CSCs derived from SB under serum-free/bFGF/EGF
medium could be stained positively for the marker of brain

tumor stem cell—CD133. In contrast, the parental tumor
cells derived from MB were primarily cultured and attached
on the dish under serum-contained medium (traditional
formula; Fig. 1c). It only presented the very low level of
CD133 antigen in these parental MB cells (Fig. 1d).
Importantly, the percentage of CD133-positive cells in
MB-CSC was gradually and significantly increased under
serum-free media with bFGF and EGF for a 3-month
culture (Fig. 2a; p<0.01) but not detected in primary
parental cancer cells even after a 3-month serum-condition
culture (Fig. 2a). Furthermore, quantitative real-time RT-
PCR showed that the messenger RNA expression levels of
stem-cell-related genes (Oct-4, Nanog, Nestin, and
Musashi-1) and antiapoptotic (Bcl-2 and Bcl-xL) were
upregulated in MB-CSC as compared to the parental MB
cells (Fig. 2b; p<0.01). In sum, our data indicated that the
spheroid-like MB cells (MB-CSCs) selected by serum-free
media with bFGF and EGF present the characteristics of
cancer stem-like cells.

Evaluation of cytotoxic effects of resveratrol in MB-CSC
and parental tumors

RV has been recently suggested to inhibit tumor growth [2,
23, 26, 30]. However, it remains undetermined whether RV
can inhibit the CSC properties of MB-CSC. To answer this
question, MB-CSCs were treated with different doses of RV
and cell viability was analyzed using the MTT assay. As
shown in Fig. 3, MB-CSCs (Fig. 3a) were treated with RV
at different concentrations (0, 10, 50, 100, and 150 μM) for
48 h. Cell viability of MB-CSC was not significantly
affected if the concentration of RV was lower than 50 μM
(p>0.05; Fig. 3c). After 48-h treatment with 100 μM RV,
the spheroid-like MB-CSCs detached and became a single
suspension (Fig. 3b). The total cell number and growth
rates of MB-CSCs after being treated with 150 μM RV for

Gene (accession no.) Primer sequence (5′ to 3′) Product size (bp) Tm (°C)

Oct-4 (NM_002701) F: ACCGAGTGAGAGGCAACC 133 55
R: TGAGAAAGGAGACCCAGCAG

Nanog (NM_024865) F: ATTCAGGACAGCCCTGATTCTTC 76 60
R: TTTTTGCGACACTCTTCTCTGC

Nestin (NM_006617) F: AGGAGGAGTTGGGTTCTG 112 50
R: GGAGTGGAGTCTGGAAGG

Musashi-1 (NM_002442) F: TCCCTCGGCGAGCACA 64 60
R: GACAGCCCCCCCACAAA

Bcl-2 (NM_000633.2) F: AGAGTGCTGAAGATTGATGGGATC 200 60
R: CTGCCTGGAAATTAAATTTACTCGA

Bcl-xL (NM_001191.2) F: GAGGCAGGCGACGAGTTTGA 192 60
R: TACGCTTTCCACGCACAGTG

Bax (NM_000146.3) F: CGCCCTTTTCTACTTTGCCAG 233 60
R: TCCAGATGGTGAGTGAGGCG

Table 1 The sequences for the
primers of quantitative RT-PCR
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48 h were significantly decreased (p<0.01; Fig. 3c). In
contrast, the cell viability of parental MB cells (serum-
condition culture) could be moderately affected by 50 μM
RV and significantly decreased by the treatment of 50 μM
RV (p<0.01; Fig. 3c)

Enhanced radiosensitivity of MB-CSCs after treatment
with resveratrol

Recent studies supported that RV plays a key role in
the synergetic treatment for anticancer [2, 23]. In Fig. 3, the
viability of MB-CSCs was reduced by 40–45% when the
concentration of RV was 100 μM, and these data suggested
that 100 μM RV leads to a significant cytotoxic effect in
treated MB-CSCs. To further investigate the role of RV in
synergetic treatment for clinical use of MB and MB-CSCs,
the optimal concentration of RV as a radiosensitizer for
radiotherapy against MB-CSCs was further tested. By
applying ionizing radiation (IR) doses from 0 to 10 Gy to
the two groups of cells, the results further confirmed that
MB-CSCs showed greater radioresistance than the parental
MB cells (p<0.01; Fig. 4). Furthermore, the treatment
effect of IR-2 Gy on MB-CSCs was also significantly

improved with the addition of 100 μM RV (p<0.01;
Fig. 4). We further evaluated the in vitro tumorigenic
ability of MB-CSCs before and after the RV treatment.
Compared with the IR (2 Gy) treatment alone, migration/
invasion (Fig. 5a) and tumor colony formation (Fig. 5b)
were significantly inhibited in MB-CSCs treated with
100 μM RV alone or 100 μM RV combined with 2-Gy
IR. These data provide evidence that the effectiveness and
radiosensitivity of radiation treatment for MB-CSCs can be
improved with RV treatment.

Discussion

The clinicopathological observations have found that
perhaps only a few subsets of cancer cells were able to
proliferate extensively, whereas most cancer cells had only
a limited ability to proliferate [13, 32]. Recent studies
demonstrated that tumors contain a small subpopulation of
cells, i.e., cancer stem cells or cancer-initiating cells, which
exhibit a self-renewing capacity and are responsible for
tumor heterogeneity, maintenance, and metastasis [32].
CD133 (prominin-1: PROM1), a five-transmembrane gly-

Fig. 1 Isolation cancer stem-
like cells from medulloblasto-
ma. a Under DF-12 serum-free
medium with bFGF and EGF,
MB-derived cancer stem-like
cells were isolated in suspension
to generate floating spheroid-
like bodies and maintain the
self-renewal capabilities in
serum-free media with bFGF
and EGF (bar 100 mm). b The
result of flow cytometry showed
that the high percentage of
CD133-positive cells was
detected in MB-CSCs. c The
parental tumor cells derived
from MB were primarily cul-
tured and attached on the dish
under serum-contained medium
(traditional formula: DMEM
containing 10% heat-inactivated
fetal bovine serum, 2 mM glu-
tamine, 100 units per milliliter
penicillin and 100 μg/ml strep-
tomycin; bar 60 μm). d In
contrast to MB-CSCs, only the
very low level of CD133 antigen
was detected in these parental
MB cells
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coprotein, was identified as an important marker for a
subset of CSCs in leukemia, retinoblastoma, colon cancer,
prostate carcinoma, brain tumor, and hepatoma [20, 28, 29,
31]. Recent reports suggested that expression of CD133
antigen in gliomas, medulloblastoma, and other brain
tumors could serve as a prognostic indicator for tumor
regrowth, malignant progression, and patient survival [4,
20, 31, 35].

In this study, we reported that the MB-CSCs can form
the 3D spheroid bodies and exhibit the high percentage of
CD133 surface antigen under the serum-free conditional
media culture (Figs. 1 and 2). These cells showed strong

capabilities of migration and tumor formation in vitro and
displayed significant resistance to radiotherapy (Figs. 3 and
5). The expression of embryonic stem cell genes such as
Oct-4 and Nanog has been correlated with tumorigenesis
and self-renewing activity and can affect some aspects of
tumor behavior such as recurrence and resistance to therapy
[5, 24, 28]. Recently, the expression of Oct-4 and Nanog
was shown in CSC derived from human oral, breast, and
brain tumors, suggesting that their expression may be
implicated in self-renewal and tumorigenesis via activating
downstream target genes [5, 11, 17]. Furthermore, Nestin
and Musashi-1 constitutively express in the neural crest,
embryonic brain tissues, and hippocampal progenitors [18].
Indeed, Nestin, Musashi-1, and CD133 have been sug-
gested to be the markers for neural stem cells or neural
progenitors [18, 32]. Using real-time quantitative RT-PCR
method, we showed that enriched MB-CSCs highly
expressed embryonic stem cell markers (Oct-4 and Nanog)
and neural stem cell markers (Nestin, Musashi-1, and
CD133) as well as antiapoptotic genes (Bcl-2 and Bcl-xL;

Fig. 2 Detection of the expression levels of stem cell markers in MB-
CSCs and parental MB cell. a The result of a FACSscan showed that
the percentage of CD133-positive cells in MB-CSC was gradually and
significantly increased under serum-free conditional media for a 3-
month culture. It only presented the very low level of CD133 antigen
in these parental MB cells even after a 3-month serum-condition
culture. b Real-time RT-PCR analyses revealed the amounts of Oct-4,
Nanog, Nestin, Musashi, Bcl-2, Bcl-xL, and Bax transcripts in MB-
CSCs and parental MB cells. The internal control is housekeeping
gene-GAPDH and every stemness gene expression of MB-CSCs was
normalized with parental MB cells. Data shown are the mean±SD of
three experiments

Fig. 3 Evaluation of cytotoxic effects of resveratrol in MB-CSCs and
parental MB cells. a The morphology of MB-CSCs without any
treatment (control). b The morphology of MB-CSCs treated with
100 mM RV for 48 h. c The cell viability of MB-CSCs and parental
MB cells treated with 0, 10, 50, 100, and 150 μM RV for 48 h was
analyzed by MTT assay. Data shown are the mean±SD of three
experiments
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Fig. 2). This finding suggested that the spheroid-like MB
cells selected by serum-free conditional media present CSC
properties, self-renewal capability, and the high expression
of embryonic stem cell genes as well as neural stem cell
genes.

The property of resistance to radiation therapy or
chemotherapy is the major clinical criteria to characterize
“CSCs” [24]. The existence of CSCs may explain why the
conventional anticancer therapies only can suppress a tumor
but often cannot completely eradicate it resulting in tumor
relapse [12, 13, 24]. Thus, the characteristics of CSCs are
their resistance to therapy and are suggested to be
responsible for disease recurrence and possibly even
metastasis [32]. Consistent with this CSC hypothesis, our
data showed that spheroid-body-like MB-CSCs were
significantly resistant to radiotherapy as compared to the
parental MB cells. Recently, Bao et al. [3] demonstrated
that the fraction of tumor cells expressing CD133, a marker
for both neural stem cells and brain cancer stem cells, was
enriched after radiation in gliomas. These CD133-positive
cells (CD133+) play a critical role not only in the
restoration of tumor cells and CSCs but also in their
resistance to radiotherapy [3]. In order to improve the
therapeutic outcome of MB by targeting MB-CSCs or
CD133+, novel effective agents and radiosensitizers are
needed. Previous studies suggested that RV could increase
radiosensitivity via several mechanisms, including inacti-
vation of nuclear factor κB and increased S-phase cell cycle
arrest [27]. Yu et al. [34] has suggested that RV could

inhibit the activation of STAT3 signaling of MB cells and
may further commit MB cells to growth arrest and
apoptosis. Furthermore, the recent studies showed that
RV-induced apoptosis not only inhibits tumor growth but
also acts as a radiochemosensitizer for anticancer therapy
[2, 8, 22, 23]. To further explore and establish RV as a
possible future treatment for brain-tumor-associated CSCs,
we demonstrated that RV can inhibit the growth of MB-
CSCs and that pretreatment with 150 μM RV markedly
decreased the viability of MB-CSCs (Fig. 2). Importantly,
the treatment of 100 μM RV effectively enhanced radio-
sensitivity in RV-treated MB-CSCs (Fig. 4) and further
significantly inhibited the in vitro tumorigenic capabilities
in RV-treated MB-CSCs. These findings support the
antiproliferative, radiosensitizing, and anticancer stem cell
effects of RV on MB-CSCs and RV’s potential use to
improve the clinical treatment of malignant MB as well as
cancer stem cells.

Fig. 4 Determination of radiotherapy effect in MB-CSCs and parental
MB cells with or without RV. a To determine the effect of radiation on
tumor growth rate, an ionizing radiation dose from 0 to 10 Gy was
used to treat MB-CSCs and parental MB cells. *p<0.01: MB-CSCs
vs. parental MB cells. Survival fraction of MB-CSCs treated with RV
(100 μM) and exposed to 0–10-Gy radiation. Data were compared
with IR-treated parental MB cells. Data shown are the mean±SD of
three experiments

Fig. 5 RV increased radiosensitivity and inhibited cell growth of MB-
CSCs. a Migration/invasion as determined by in vitro Matrigel
Transwell invasion assay and b soft agar tumor colony formation
assay were performed in MB-CSCs. *p<0.01. Data shown here are
the mean±SD of three experiments
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Conclusion

In summary, we demonstrated that the spheroid-like MB
cells selected by serum-free condition medium exhibit CSC
properties and are refractory to IR treatment. These MB-
CSCs also present the higher self-renewal ability that might
represent a reservoir with unlimited proliferative potential for
generating brain tumors. This CSC property in MB and other
tumors should not be neglected in future translational
oncology studies. Indeed, our results indicate that RV
treatment plays crucial roles in both anticancer and radio-
sensitizing effects on treated MB-CSCs. RV may therefore
improve the clinical radiation therapy for patients with
pediatric brain tumors.
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