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Abstract. Glioblastoma is one of the most malignant tumors 
with very poor prognosis. Glioma stem cells (GSCs) occupy 
a small proportion in glioma, but they are closely associated 
with radiotherapy and chemotherapy resistance, promoting 
tumor angiogenesis, hypoxia response, invasion and recur-
rence. Therefore, GSCs have become a new target for tumor 
treatment and are used in drug screening. Rupesin E is a 
natural compound obtained from Valeriana jatamansi, and 
its antitumor activity has not been reported. In the present 
study, the antitumor activity of rupesin E was investigated, and 
the results demonstrated that it inhibited the proliferation of 
GSCs (GSC-3#, GSC-12#, GSC-18#) with the IC50 values of 
7.13±1.41, 13.51±1.46 and 4.44±0.22 µg/ml, respectively. In 
addition, immunofluorescence cell staining and flow cytom-
etry techniques demonstrated that rupesin E inhibited GSC 
proliferation and induced apoptosis. Furthermore, rupesin E 
inhibited the ability of GSC colony formation, indicating its 
antitumor activity against GSCs in vitro.

Introduction

Glioblastoma multiforme (GBM) is the most common and 
lethal malignant primary brain tumor in the world, accounting 

for 14% of primary brain and other central nervous system 
tumors (1). The degree of malignancy is reflected by the 
uncontrollable cell proliferation, high invasiveness, lack of 
apoptosis and increased angiogenesis (2). The tumor is located 
under the cortex and most of it occurs throughout the upper 
cerebral hemisphere; the frontal lobe is the most common site 
of occurrence (2). According to World Health Organization 
classification in 2007, GBM was subcategorized as a grade IV 
tumor (1), which is the highest level in brain tumors. The 
median survival of patients with GBM is 14 months and only 
10% of patients survive >5 years, which suggests that the 
prognosis is poor (3). In Europe, glioblastoma accounts for 
49% of gliomas, and almost 3,000 new cases are diagnosed 
every year (4). Patients with glioblastoma are mostly elderly, 
and ~30% of them are ≥70 years old. Currently, the treat-
ment for glioblastoma is surgery combined with radiotherapy 
and chemotherapy or adjuvant therapy (chemotherapy) with 
temozolomide. Although surgical resection can effectively 
reduce intracranial pressure, it can also cause postoperative 
cerebral edema and the incidence of neurological complica-
tions (5). However, as glioblastoma has a diffuse infiltration 
and growth pattern, if a portion of the tumor is located in 
important functional areas, such as language or motor centers, 
in order not to aggravate the dysfunction of brain function, 
the majority of tumors can only be partially resected and 
cannot be completely separated from normal brain tissue (5). 
Although radiotherapy can work against tumor cells of great 
quantity, radiation also causes damage to normal brain tissue, 
and multiple treatments can lead to glioblastoma developing 
tolerance (6). It has previously been reported that the radioresis-
tance of glioblastoma is mainly associated with DNA damage 
repair mechanisms in GSCs (6). Although chemotherapy can 
effectively treat the tumor, after long-term use, tumor cells also 
develop resistance (7-9); solving drug resistance of the tumor 
is a difficult problem in glioblastoma treatment, and a large 
number of studies have been performed to identify potential 
solutions.

Since cancer stem cells, known as tumor-initiating 
cells (TICs), were first identified in acute myelogenous 
leukemia (10), tumor stem cells have become a hotspot of 
research. In numerous types of tumor tissues, such as myeloma, 
lung cancer and ovarian cancer, a small number of cells 
have the ability of self-renewal, infinite proliferation and 
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multidirectional differentiation, with the basic characteris-
tics of stem cells, known as tumor stem cells (11-13). They 
maintain the growth and proliferation of the tumor (14-16). 
In 2002, a type of cell with stem cell properties was identi-
fied in glioma, which was subsequently termed cancer stem 
cell (17). The discovery of the cancer stem cell provided a new 
idea for the treatment of tumors (18-20). Therefore, multiple 
studies have been performed using GSCs and demonstrated 
that they were closely associated with chemotherapy and 
radiotherapy resistance (6-9,15,21,22). In addition, GSCs 
were associated with promoting tumor angiogenesis (23,24), 
hypoxia response (25,26), tumor invasion and recurrence (27); 
thus, GSCs serve an important role in tumor growth and 
development. Therefore, GSCs may be a good target for the 
treatment of glioblastoma. Natural products have always been 
an important source of antitumor drugs (28,29), and isolated 
compounds have provided an important value for the devel-
opment of antitumor drugs, such as, taxol and irinotecan. 
Valeriana jatamansi can relieve pain and diarrhea, reduce 
temperature and anxiety (30). It is mainly distributed in the 
southwest of China and used for the treatment of epigastric 
distension pain, dysuria, diarrhea, dysentery, rheumatalgia, 
lower back and knee tenderness and insomnia (31,32). 
Rupesin E is an iridoid isolated from the roots and rhizomes 
of Valeriana jatamansi. In a preliminary study, the screening 
results indicated that rupesin E may be selectively sensitive 
to GSCs. In order to confirm the activity and mechanism of 
rupesin E against GSCs, further experiments were performed 
to determine the proliferation, apoptotic, clone formation 
ability of GSCs after the treatment of rupesin E.

Materials and methods

Materials. Rupesin E was provided by Dr Rongtao Li from 
Kunming University of Science and Technology (Yunnan, 
China). Laminin (cat. no. 23017-015; Gibco; Thermo Fisher 
Scientific, Inc.), B27 supplement (cat. no. 12587‑010; Gibco; 
Thermo Fisher Scientific, Inc.), Dulbecco's modified Eagle's 
Medium (DMEM; cat. no. 12800-017; Gibco, Thermo Fisher 
Scientific, Inc.), DMEM/F12 (cat. no. 11330-032; Gibco; 
Thermo Fisher Scientific, Inc.), PBS (cat. no. 18912-014; 
Gibco; Thermo Fisher Scientific, Inc.), fetal bovine serum (cat. 
no. 10099‑141; Gibco; Thermo Fisher Scientific, Inc.), TryplE 
express (cat. no. 12604‑021; Gibco) and 5‑ethynyl‑2'‑deoxy-
uridine (EdU; Click-iT EdU Alexa Fluor 488 imaging kit; 
cat. no. C10337; Invitrogen) were purchased from Thermo 
Fisher Scientific, Inc. BSA (cat. no. FC0077) was purchased 
from MP Biomedicals, LLC. Goat serum (cat. no. C-0005) 
was purchased from Shanghai Haoran Biotechnology Co., 
Ltd. MTS[3- (4,5-dimethylthiazol-2-yl)- 5-(3-carboxymethox
yphenyl)-2-(4-sulfophenyl)-2H-tetrazolium; cat. no. G3581] 
was purchased from Promega Corporation. Tween-20 (cat. 
no. SLBX6047) was purchased from Sigma-Aldrich; Merck 
KGaA. Low-gelling temperature agarose (cat. no. A9045) was 
purchased from was purchased from Sigma-Aldrich; Merck 
KGaA. The Annexin V‑FITC Apoptosis Assays kit (cat. 
no. A005‑4) was purchased from 7sea biotech. The basic fibro-
blast growth factor (bFGF; cat. no. AF-100-18B) and epidermal 
growth factor (EGF; cat. no. AF-100-15) were purchased from 
PeproTech, Inc. Primary anti-cleaved caspase-3 antibody (rabbit 

anti-cleaved caspase-3; cat. no. 9661) was obtained from Cell 
Signaling Technology, Inc. Anti-caspase-3 secondary antibody 
(Goat anti-rabbit IgG Fc Dylight-488; ab98462) was obtained 
from Abcam. Primary nestin antibody (cat. no. sc-23927) was 
purchased from Santa Cruz Biotechnology, Inc. Primary glial 
fibrillary acidic protein antibody (GFAP; cat. no. 20334) was 
purchased from Dako (Agilent Technologies, Inc). Primary 
GAPDH antibody (cat. no. ab9484) was obtained from Abcam. 
Goat anti-mouse IgG secondary antibody (cat. no. cw0102) 
was obtained from CWBio. Goat anti-rabbit IgG secondary 
antibody (cat. no. A6154) was obtained from Sigma-Aldrich 
(Merck KGaA). Flow cytometry (LSR Fortessa) was obtained 
from Becton, Dickinson and Company. The software used for 
the flow cytometry was the BD FACS Diva Software v8.0.1 
(Becton, Dickinson and Company). Automatic chemilumi-
nescence imaging analysis system (cat. no. Tanon-5200) was 
purchased from Shanghai Tianneng Technology Co. Ltd. The 
digital camera (Canon-1500D) was obtained from Canon, Inc.

Isolation and purification of Rupesin E. Rupesin E was 
isolated from the roots and rhizomes of Valeriana jatamansi 
by Dr Rongtao Li from Kunming University of Science 
and Technology (Yunnan, China). Firstly, the air-dried and 
powdered Valeriana jatamansi (25 kg) were extracted with 
95% ethanol (3x37 l, 24 h each time) at room temperature and 
concentrated under vacuum to obtain a crude extract (2.7 kg), 
which was suspended in water and extracted successively with 
petroleum ether, ethyl acetate and n-butanol. The ethyl acetate 
extract (340 g) was subjected to silica gel column chroma-
tography (CC; polyethylene/acetone; gradient, 1:0 to 0:1) to 
yield the eluted fractions E1 - E7. E4 (40.2 g) was isolated by 
CC over MCI gel (MCI gel is a highly porous styrene-divi-
nylbenzene polymer resin used as column packing material; 
methanol/water; gradient, 30, 60, 70, 90 and 100%), silica gel 
(petroleum ether/acetone 30:1 to 5:1), Sephadex LH-20 (chlo-
roform/methanol 1:1) and semi-preparative high performance 
liquid chromatography [HPLC; at 40˚C; sample quantity, 
50 µl; using a Zorbax SB-C18 column (5 µm; 4.6x150 mm; 
Agilent Technologies, Inc.); 20% methanol/water; flow rate, 
3 ml/min)] to yield rupesin E [181 mg, with a retention time (tR; 
the time elapsed between sample introduction at the beginning 
of the chromatogram and the maximum signal of the given 
compound at the detector) of 14.3 min and purity of 98.1%]. 
A total of 10 mg rupesin E was dissolved in 1 ml DMSO to 
make a 10 mg/ml stock solution and stored at ‑20˚C, protected 
from light. The purity of the compound was analyzed using 
an Agilent 1260 HPLC system (at 40˚C; sample quantity, 
50 µl) with a Zorbax SB-C18 (5 µm; 4.6 x 150 mm; Agilent 
Technologies, Inc.) column. The solvent system was meth-
anol/water, gradient at the flow rate of 3 ml/min for 15 min. 
The structure of rupesin E was identified by comparison of the 
spectroscopic data with previously published values (33-36).

Cells and culture. The HAC (Human Astrocytes-cerebellar; 
cat. no. 1810) cell line was purchased from ScienCell Research 
Laboratories, Inc. and cultured in DMEM with 10% FBS. The 
three human GSC lines (GSC-3#, GSC-12# and GSC-18#) 
used were established from three different human glioblas-
toma samples by Kunming Institute of Zoology (Yunnan, 
China) that was obtained from Yunnan Cancer Hospital 
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(Kunming, China) (37,38). Tumor stem cells were cultured in 
GSC medium that consisted of DMEM/F12, 1 x B27, 50 ng/ml 
bFGF and 50 ng/ml EGF supplemented with 100 U/ml peni-
cillin and 100 µg/ml streptomycin. In addition, the three 
human GSC lines were cultured in pre-coated culture dishes 
with laminin, and the cells could attach and grow normally 
without differentiation. Culture dishes were pre-coated with 
10 µg/ml laminin for 6‑9 h at 37˚C in a humidified incubator, 
dissociated with TryplE express for 5 min at 37˚C in a humidi-
fied incubator and centrifuged at 800 x g, at 25˚C for 5 min. 
The cells were suspended, and 1x106 cells/ml were seeded into 
the pre‑coated dishes and maintained at 37˚C in a humidified 
incubator with 5% CO2. Human patient-derived GSCs, termed 
GSC-3#, GSC-12# and GSC-18#, were established as described 
before (39-42).

Morphological observation. The morphology of 10 µg/ml 
rupesin E-treated GSCs (GSC-3#, GSC-12# and GSC-18#) at 
72 h after treatment was examined using an Olympus-IX71 
light microscope (Olympus Corporation) and images were 
captured using an Olympus-DP72 (Olympus Corporation; 
magnification, x40).

MTS assay. A total of 2x104 HAC and 2x104 GSCs (GSC-3#, 
GSC-12# and GSC-18#) in 150 µl per well were seeded into 
96-well plates and treated with 50 µl rupesin E at 80, 40, 20, 
10, 5 and 2.5 µg/ml or 40, 20, 10, 5, 2.5 and 1.25 µg/ml, respec-
tively. In a screening experiment, the effect of rupesin E on 
proliferation was stronger in glioma stem cells compared with 
that in HAC cells for 72 h. Therefore, the four cell lines were 
treated with different concentrations of rupesin E to obtain the 
IC50 values. HAC and GSCs that were treated with the same 
volume of DMSO (0.2%) were used as a normal control. All 
groups of cells were incubated for 72 h at 37˚C with 5% CO2 
after treatment with rupesin E. MTS reagent was diluted 1:10 
with fresh complete medium and mixed thoroughly (43). The 
old medium was removed and 100 µl/well fresh medium was 
added. Compared with GSCs, HAC has higher metabolism 
and dehydrogenase activity, and can completely react with 
substrate in a shorter time and thus, GSCs were incubated for 
1.5 h, whereas the HAC cells were incubated for 30 min, and the 
absorbance was measured using a BioTek synergy H1 micro-
plate Hybrid Reader (BioTek Instruments, Inc.) at 490 nm. 
The viability of cells treated with rupesin E was compared 
with the control group treated with DMSO and expressed as a 
percentage. The half-maximal inhibitory concentration (IC50) 
was calculated using Graph Pad Prism v5 software (GraphPad 
Software, Inc).

Cell proliferation assay. Cell proliferation assay was 
performed using 5‑ethynyl‑2'‑deoxyuridine (EdU) immuno-
fluorescence staining, as previously reported (44). The results 
were consistent in all three cell lines (GSC-3#, GSC-12# and 
GSC-18#) and the two of these cell lines were randomly 
selected. GSC-3# and GSC-18# were digested with TryplE 
express and seeded onto a 24-well plate with 1x105 cells/per 
well. Rupesin E 10 µg/ml was added and the control wells 
were treated with the same volume of DMSO (0.2%). The 
GSC-3# cells were treated for 14 h and the GSC-18# cells were 
treated for 12 h at 37˚C in a humidified incubator. The GSCs 

were treated with EdU (10 µM) for 1 h at 37˚C in a humidified 
incubator with 5% CO2. Following incubation, the media was 
removed and 500 µl 4% paraformaldehyde (PFA) was added 
to each well containing coverslips. The plate was incubated 
for 15 min at room temperature, following which the fixative 
was removed and the cells were washed twice with 1 ml 3% 
BSA in PBS. Once the wash solution was removed, 500 µl 
0.5% Triton X-100 in PBS was added to each well, incubated 
at room temperature for 20 min and subsequently washed 
twice with 3% BSA. A total of 200 µl 1X Click-iT reaction 
mixture was added to each well, the plate was briefly agitated 
to ensure that the reaction mixture is distributed evenly over 
the coverslip and incubated for 30 min at room temperature 
protected from light. The reaction mixture was removed, and 
each well was washed twice with 1 ml 3% BSA in PBS and 
incubated with DAPI (10 mM; diluted 1:1,000 in PBS) for 
10 min in the dark. The cells were washed twice with PBS and 
mounted onto a glass slide. Images were obtained using an 
Olympus IX71 (Olympus Corporation) fluorescent microscope 
at the magnifications x20 and x40.

Apoptosis assay. Apoptosis assay was performed using 
cleaved caspase‑3 immunofluorescence staining. GSC‑3# and 
GSC-18# cells (1x105 cells/well) were plated in 24-well culture 
dishes. The GSC-3# cells were treated with 10 µg/ml rupesin 
E for 39 h and the GSC-18# cells were treated with 10 µg/ml 
rupesin E for 14 h. A total of 500 µl 4% PFA was added to 
each well containing the coverslips and incubated for 20 min, 
followed by washing with 0.3% Triton X-100 three times. The 
cells were blocked with 10% goat serum (diluted in PBS) for 
1 h at room temperature. Each well was incubated with primary 
anti-cleaved caspase-3 antibody (rabbit anti-cleaved caspase3; 
diluted 1:400 in PBS with 1% BSA and 0.25% Tween-20) for 
1 h at room temperature and washed with 0.2% Tween-20 four 
times. The wells were incubated with anti-caspase3 secondary 
antibody (goat anti-rabbit IgG Fc Dylight-488; diluted 1:500 
in PBS buffer with 1% BSA and 0.5% Tween-20) for 1 h away 
from light at room temperature. Each coverslip was washed 
with 0.2% Tween-20 4 times and incubated with DAPI (1:5,000 
at 1 mg/ml) for 10 min in the dark, and the slides were washed 
with PBS three times and mounted onto glass slide. Images 
were obtained using an Olympus IX71 (Olympus Corporation) 
fluorescent microscope at the magnification of x20 and x40.

To further confirm these results, apoptosis assay was also 
performed using Annexin V/propidium iodide (PI) staining 
and analyzed using flow cytometry. GSC-3# cells (8x105) 
were plated in 6-well culture dishes. The cells were treated 
with either 10 µg/ml rupesin E or the same volume of DMSO 
(0.2%) as a control for 2, 4 and 8 h. Cells were digested using 
trypsin, collected and centrifugated at 500 x g for 5 min at 
25˚C, following which the supernatant was discarded, and the 
pellet was gently resuspended with 1 ml PBS and centrifuged 
again at 500 x g for 5 min at 25˚C. A total of 400 µl 1X binding 
buffer was added to resuspend the cells, incubated with 5 µl 
Annexin V‑FITC for 15 min in the dark at 4˚C, and 10 µl 
PI was added, placed on ice and protected from light. Flow 
cytometry analysis was performed within 30 min.

Western blot analysis. GSC-3# cells were treated with or 
without 10 µg/ml rupesin E (10 h), collected and lysed in 
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RIPA buffer (cat. no. R0010; Beijing Solarbio Science and 
Technology Co., Ltd.) with 0.1 mg/ml phenylmethylsulfonyl 
fluoride and phosphatase inhibitor. This was followed by 
centrifugation at 20,000 x g for 30 min at 4˚C. The protein 
precipitate was removed and the protein in the supernatant was 
quantified using the BCA assay kit (cat. no. P0010; Beyotime 
Institute of Biotechnology), denatured at 95˚C for 5 min and 
loaded onto 10% SDS-PAGE (50 µg per lane). Following 
electrophoresis, proteins were transferred to polyvinylidene 
fluoride membranes (EMD Millipore). The membranes were 
blocked for 1.5 h at room temperature in blocking buffer (5% 
skimmed milk in PBS with 0.2% Tween-20) and incubated 
with the primary antibodies [Nestin and glial fibrillary acidic 
protein (GFAP) were diluted to 1:500, GAPDH to 1:1,000] 
overnight at 4˚C. Following washing with 0.1% Tween‑20 in 
PBS three times, the membranes were incubated with either 
goat anti-rabbit IgG secondary antibody (1:10,000 dilution), 
or goat anti-mouse IgG secondary antibodies (1:10,000 dilu-
tions) for 2 h at room temperature. Finally, the membranes 
were treated with Automatic chemiluminescence imaging 
analysis system (Tanon-5200) and exposed to ECL. Results 
were analyzed using Image J Software (National Institutes of 
Health). GAPDH was used as a reference gene.

Soft agar colony formation assay. The soft agar colony 
formation assay was performed as previously described (45,46). 
The low gelling agar (0.4 g) was mixed with 13 ml double 
distilled water and sterilized by high-pressure steam steriliza-
tion (121˚C, 15 min) to make 3.2% soft agar. To prepare the 
0.8% bottom layer of agar, 3.2% soft agar was diluted 1:4 in 
GSC medium and plated in a 6-well-plate at 1 ml/well. The 
plates were left at room temperature to cool. To prepare the 
0.4% upper layer of agar, GSC-3# and GSC-18# were digested 
with TryplE express and 2x104 cells/well were mixed with 
0.8% agar to 0.4% concentration and plated in a 6-well-plate 
at 1 ml/well, cooled and supplemented with 1 ml GSC 
medium. The plates were cultured in a cell incubator (at 37˚C 
in a humidified incubator with 5% CO2) and fresh medium 
was added every 3-4 days. After two weeks, once the clonal 
spheres had reached a certain size (20 µm), they were treated 
with 20 µg/ml rupesin E every 3 days. The control groups 
were treated with the same volume of 0.2% DMSO and fresh 
medium was added every 3 days. After two weeks, the GSC 
medium was removed and washed once with PBS. The clonal 
spheres were fixed with 1 ml 4% PFA at room temperature 
containing 0.005% crystal violet for 2 h. Images were obtained 
using a digital camera and the clonal spheres were counted.

Statistical analysis. All data were expressed as the 
means ± standard error of the mean of three separate experi-
ments. GraphPad Prism v5.0 software (GraphPad Software, 
Inc.) was used for statistical analysis. One-way analysis of 
variance followed by the least significant difference post hoc 
test was used to determine statistical significance. P<0.05 was 
considered to indicate a statistically significant difference.

Results

Structure identification of rupesin E. 1H-NMR spectrum 
(deuterated acetone; 600 MHz) of rupesin E is presented in 

Fig. S1 and 13C-NMR spectrum (deuterated acetone; 150 MHz) 
of compound rupesin E is presented in Fig. S2. The 1H-NMR 
and 13C-NMR data of Rupesin E are as follows and consistent 
to those of the references (33-36).

Rupesin E, colorless oil, C15H22O5, 1H-NMR (CD3COCD3; 
600 MHz): δH 6.28 (1H, d, J=3.2 Hz, Ha-1), 5.03 (1H, s, H-3), 
3.12-3.10 (1H, m, H-5), 2.08-2.00 (1H, overlap, Ha-6), 1.90-1.86 
(1H, m, Hb-6), 3.85-3.80 (1H, m, H-7), 4.20 (1H, br s, OH- 
C-7), 2.41-2.39 (1H, m, H-9), 1.36 (3H, s, H-10), 4.87 (1H, s, 
Ha-11), 4.80 (1H, s, Hb‑11), 2.19‑2.11 (2H, m, H‑2'), 2.08‑2.00 
(1H, overlap, H‑3'), 0.92 (3H, d, J=4.5 Hz, H‑4'), 0.91 (3H, d, 
J=4.5 Hz, H‑5'). 13C-NMR (CD3COCD3; 150 MHz): δC 90.7 
(CH, C-1), 94.3 (CH, C-3), 150.4 (C, C-4), 37.5 (CH, C-5), 43.8 
(CH2, C-6), 79.0 (CH, C-7), 83.0 (C, C-8), 42.5 (CH, C-9), 19.2 
(CH3, C-10), 107.2 (CH2, C‑11), 171.9 (C, C‑1'), 43.5 (CH2, C‑2'), 
26.1 (CH, C‑3'), 22.5 (C, C‑4'), 22.4 (CH, C‑5').

Rupesin E selectively inhibits the viability of GSCs. In a 
screening experiment, the proliferation‑inhibiting efficacy of 
rupesin E (Fig. 1) against three human GSC lines (GSC-3#, 
GSC-12# and GSC-18#) was evaluated. At 10 µg/ml, rupesin 
E inhibited the proliferation of all GSCs effectively, based 
on morphological observation (Fig. 2). In addition, the 
inhibitory effect of rupesin E on the viability of GSCs and 
normal human HAC cells was investigated using an MTS 
assay at varying concentrations of rupesin E (40, 20, 10, 5, 

Figure 1. Structural formula of rupesin E.

Figure 2. Morphology of rupesin E treatment on GSC-3#; GSC-12# and 
GSC‑18# viability at 10 µg/ml (magnification, x40), the cell plasma membrane 
was blebbing and cells were detached. GSC, glioma stem cell.
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2.5 and 1.25 µg/ml in GSCs; 80, 40, 20, 10, 5 and 2.5 µg/ml 
in HAC cells) after treatment for 72 h. As shown in Fig. 3, 
rupesin E inhibited the viability of human GSCs and HAC 
cells in a concentration-dependent manner. The half maximal 

inhibitory concentration (IC50) values of rupesin E in human 
GSCs (GSC-3#, GSC-12# and GSC-18#) were 7.13±1.41, 
13.51±1.46 and 4.44±0.22 µg/ml at 72 h, respectively. For the 
HAC cells, the IC50 value was 31.69±2.82 µg/ml for 72 h. These 

Figure 5. Rupesin E suppresses GSC‑18# proliferation. (A) Cell proliferation was measured using the EdU assay (magnification, x40). (B) The quantitative data 
of panel A. ***P<0.001. GSC, glioma stem cells.

Figure 4. Rupesin E suppresses GSC‑3# proliferation. (A) Cell proliferation was measured using the EdU assay (magnification, x40). (B) The quantitative data 
of panel A. ***P<0.001. EdU, 5‑ethynyl‑2'‑deoxyuridine. GSC, glioma stem cells.

Figure 3. Cell viability and IC50 value for GSCs and HAC cell line. (A) The cell viability and IC50 value was measured using the MTS assay. (B) The quantitative 
data of IC50. ***P<0.001. GSCs, glioma stem cells; HAC, human astrocytes‑cerebellar.
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Figure 7. Rupesin E induces GSC‑18# apoptosis via cleaved caspase‑3. (A) Cell apoptosis was measured using cleaved‑caspase‑3 immunofluorescence staining 
(magnification, x40). (B) The quantitative data of panel A. ***P<0.001. GSC, glioma stem cells.

Figure 6. Rupesin E induces GSC‑3# apoptosis via cleaved caspase‑3. (A) Cell apoptosis was measured using cleaved‑caspase‑3 immunofluorescence staining 
(magnification, x40). (B) The quantitative data of panel A. ***P<0.001. GSC, glioma stem cells.

Figure 8. Rupesin E induces GSC‑3# apoptosis. (A) GSC‑3# were treated with rupesin E (2, 4 or 8 h), stained with Annexin V‑FITC/PI and analyzed using flow 
cytometry. (B) The quantitative data of panel A. Percentages of Annexin‑V positive apoptotic cells vs. total cells are shown. **P<0.01. PI, propidium iodide; 
GSC, glioma stem cells.
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results indicated that GSCs were more sensitive to rupesin E 
compared with HAC cells.

Rupesin E suppresses the proliferation of GSCs. In the 
preliminary experiment, rupesin E was identified to inhibit 
the proliferation of GSCs; however, its mechanism of action 
is unknown. To determine whether rupesin E suppressed cell 
proliferation by suppressing DNA synthesis, GSC-3# and 
GSC-18# were subjected to EdU incorporation assay and 
treated with rupesin E (10 µg/ml) for 14 and 12 h, respectively 
(Figs. 4 and 5). The results demonstrated that the percentage 
of Edu‑positive proliferative cells significantly decreased in 
cells treated with rupesin E compared with that in the control 
group. This indicated that rupesin E notably inhibited cell 
proliferation through the suppression of DNA synthesis in the 
two GSC lines.

Rupesin E induces apoptosis of GSCs. The treatment of rupesin 
E resulted in the decline of cell viability in both GSC-3# and 
GSC-18#, and the cells became spherical and detached, which 

Figure 9. Rupesin E damages GSC colony formation. (A) GSC-3# and GSC-18# clonal sphere morphology was damaged following treatment with rupesin E 
(magnification, x40). (B) GSC‑3# and GSC‑18# clonal spheres were stained with 4% paraformaldehyde and 0.005% crystal violet for 2 h. (C) The quantitative 
data of GSC-3# and GSC-18# in panel B. The numbers of clonal spheres are shown. ***P<0.001. GSC, glioma stem cell.

Figure 10. Differentiation-related protein expression following treatment 
with Rupesin E. (A) The protein expression level of nestin and GFAP in 
GSC-3# treated with DMSO was similar to that in GSC-3# treated with 
10 µg/ml rupesin E (10 h). Quantitative analysis of (B) nestin and (C) GFAP 
protein expression levels in GSC-3#. GSC, glioma stem cells.
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suggested that rupesin E may induce apoptosis in GSCs. 
To determine whether GSCs underwent apoptosis after the 
treatment of rupesin E, the level of apoptosis in GSC-3# and 
GSC‑18# was measured using immunofluorescent staining. 
The activation of caspase-3 occurs in the early stage of 
apoptosis, which was significantly increased in both GSC‑3# 
(Fig. 6) and GSC-18# (Fig. 7) treated with rupesin E (10 µg/ml) 
for 39 and 14 h, respectively. In addition, the level of apoptosis 
was further measured using Annexin V/PI assay and flow 
cytometry in GSC-3#. The result demonstrated that the propor-
tions of Annexin V‑positive apoptotic cells were increased 
significantly in GSC‑3# compared with the control after 4 and 
8 h treatment with rupesin E (Fig. 8). These results revealed 
that rupesin E induced apoptosis of GSC-3# and GSC-18#.

Rupesin E inhibits the colony formation ability of GSCs. 
To examine whether rupesin E inhibited the proliferative 
ability of GSCs, the colony formation assay was performed to 
determine the ability of the single cell to divide unlimitedly 
following the treatment of a cytotoxic agent in vitro. GSC-3# 
and GSC-18# were seeded in the soft agar and once the clonal 
spheres achieved a certain size (20 µm), rupesin E (20 µg/ml) 
was used to treat GSCs. The results demonstrated that rupesin 
E significantly reduced the number of clonal spheres (Fig. 9), 
thus reducing the ability of GSCs to divide unlimitedly.

Rupesin E does not induce the differentiation of GSCs. Nestin 
is a well-established marker of GSC stemness, and GFAP 
is widely used as the differentiation marker of GSCs (47). 
GSC-3# cells were treated with 10 µg/ml rupesin E for 10 h, 
following which the protein expression of nestin and GFAP 
were detected using western blot analysis. The results demon-
strated that after rupesin E treatment, the expression of nestin 
did not significantly decline and the expression of GFAP did 
not significantly increase (Fig. 10); these results indicated that 
rupesin E could not induce GSC differentiation.

Discussion

The limitations of surgical treatment make it impossible to 
completely remove tumors (5), and chemotherapy and radio-
therapy are only effective on rapidly dividing tumor cells. As the 
cancer stem cells are tolerant to chemotherapy and radiotherapy, 
chemotherapy and radiotherapy are ineffective against it (39). 
GSCs and normal stem cells exhibit the same features, such 
as infinite proliferation, self‑renewal and the cloning expan-
sion ability to form tumors, which may be important reasons 
for tumor recurrence (17), which was also demonstrated in 
the current study. This also provides the theoretical basis for 
this study. Therefore, a large number of studies aim to identify 
compounds that specifically target glioma stem cells from small 
molecular compounds (48‑50). However, no drugs specifically 
targeting cancer stem cells have been marketed to date. In the 
present study, a high-throughput screening of 3,000 small-mole-
cule compounds was conducted, and it was found that rupesin 
E could selectively inhibit glioma stem cells. Using the same 
concentration, rupesin E reduced proliferation and induced 
apotosis of GSCs and had no effect on the proliferation of HAC 
cells. In addition, rupesin E not only induced GSC apoptosis, but 
also inhibited GSC ability of infinite proliferation. Thus, rupesin 

E has the potential to be developed as an antitumor agent, and 
combined with radiotherapy, chemotherapy and surgical treat-
ment, to completely remove the tumor.
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