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Aberrant Notch signaling in glioblastoma stem cells
contributes to tumor recurrence and invasion
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Abstract. Upregulation of the Notch signaling pathway in
cancer stem cells and side population (SP) cells has a major
role in maintenance, self-renewal and chemoresistance. The
present study isolated a cancer stem cell-like SP accounting for
4.1% of a glioblastoma cell population using a Hoechst 33342
dye exclusion assay. In this glioblastoma SP, the expression of
of Notchl signaling proteins Notchl intracellular domain and
Hes-1 was markedly upregulated. Furthermore, knockdown
of Notchl by RNA interference significantly diminished
the neurosphere formation ability, self-renewal and chemo-
resistance of the SP cells. In addition, the expression of the
stem-cell surface genes Oct-4, Sox2 and Nanog in SP cells
was significantly reduced and the sensitivity to the SP cells
to chemotherapeutics was enhanced following Notchl knock-
down. In conclusion, the results of the present study suggested
that upregulation of Notchl is involved in the chemotherapy
resistance and tumor recurrence of glioblastoma. Hence, the
development of novel anti-cancer drugs targeting the Notchl
signaling pathway may be a promising strategy for curing
glioblastoma.

Introduction

Glioblasoma multiforme (GBM) is one of the most aggressive
types of malignant brain tumor and has a poor prognosis, with
a median survival time of ~14.6 months and a World Health
Organization (WHO) grade IV (1-3). According to the cancer
stem cell theory, cancer stem cells (CSCs) and stem-like side
populations (SPs) are responsible for therapy failure and
tumor recurrence. These CSCs resist current conventional
treatment strategies and re-initiate cancer growth; they are
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thus responsible for minimal residual disease (4-6). Several
studies reported the existence of brain cancer stem cells
(BCSCs), which have marked self-renewing properties owing
to their elevated expression of stem-cell surface markers, high
differentiation capacity, evasion of apoptosis and resistance
to chemotherapeutics (7,8). Therefore, understanding the
molecular mechanism of BCSC-mediated tumor recurrence
may aid in the development of novel cancer therapeutic drugs.
Brain cancer stem cells can be isolated using a fluores-
cence-activated cells sorting (FACs)-based Hoechst 33342 dye
exclusion assay. The purified BCSCs are termed as SP cells, as
they appear as distinct populations on the side of the main cell
population in the flow cytometry dot plot (9,10). Brain cancer
SP cells possess the distinct features of BCSCs, including resis-
tance to chemotherapeutics, enhanced neurosphere formation,
overexpression of stem-cell surface genes, including Nanog,
Oct-4, CD133, CD44, CD34, CD29 and CD24, as well as
adenosine triphosphate-binding cassette (ABC) transporter
genes, including ABCB1 (MDRI1), ABCC1 and ABCG2, and
genes associated with resistance to apoptosis (11). In addition,
Notchl signaling was shown to be aberrantly regulated in SP
cells and Notchl inactivation enhanced their sensitivity to
chemotherapeutic drug treatments (12,13). Hence, elucidating
the mechanism underlying Notchl signaling-mediated drug
resistance and tumor relapse will aid in the development of
novel treatments targeting BCSCs and may allow the complete
eradication of brain tumors. For this purpose, the present
study evaluated the expression of Notchl signaling proteins
in glioblastoma SP cells isolated by FACS. Furthermore,
Notchl-specific RNA interference (RNA1) technology was
used to silence Notchl in SP cells and the effects on the neuro-
sphere formation ability and chemotherapeutic resistance
of SP cells were assessed. The present study suggested that
Notchl inhibition may represent a promising strategy for the
eradication of glioblastoma by targeting their SP cells.

Materials and methods

Patient samples and establishment of glioblastoma cell
culture. The present study was approved by the Ethics
Committee of the College of Medicine at Zhejiang University
(Hangzhou, China). Written consent was obtained from all
patients. Glioblastoma samples (stage, malignant glioblas-
toma) were collected from 10 cancer patients (age, 18-39 years;
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6 male and 4 female) undergoing surgery at the Department
of Neurosurgery of the First Affiliated Hospital of Zhejiang
University between January 2012 and December 2014.
The samples were cut and fixed in 4% formalin solution
(Merck-Millipore, Darmstadt, Germany). Fixed tissues were
dehydrated in ethanol (Merck-Millipore), cleared using xylene
(Merck-Millipore) and embedded in paraffin (Thermo Fisher
Scientific, Inc., Waltham, MA, USA). Tissue paraffin blocks
were sectioned into 5-um slices using a microtome. A histo-
logical analysis confirmed that the patients had WHO grade IV
glioblastoma.

The glioblastoma tissues harvested from the patients
were mechanically disaggregated using a scalpel in
Dulbecco's modified Eagle's medium: Nutrient mixture F-12
(DMEM/F-12; Mediatech, Manassas, VA, USA) and passed
through 100-ym nylon mesh cell strainers (Falcon; BD
Biosciences, Franklin Lakes, NJ, USA). The resulting cell
suspensions were washed two times using DMEM/F-12,
followed by culture in complete media (DMEM/F-12)
containing B27 (Invitrogen; Thermo Fisher Scientific, Inc.)
plus 20 ng/ml basic fibroblast growth factor (Sigma-Aldrich,
St. Louis, MO, USA), 20 ng/ml epidermal growth factor
(Sigma-Aldrich), 50 U/ml penicillin and 50 mg/ml strepto-
mycin (both Thermo Fisher Scientific, Inc.).

Isolation of SP cells. Hoechst 33342 staining and FACS
were used to purify SP cells. Cultured glioblastoma cells
were suspended at 10° cells/ml in DMEM containing 10%
fetal bovine serum (FBS; Sigma-Aldrich) and labeled with
Hoechst 33342-bis-benzimide (5 ul/ml; Sigma-Aldrich)
alone (n=7) or in combination with verapamil (0.8 ul/ml;
Sigma-Aldrich) (n=7). Following mixing, the cell suspen-
sions were incubated in a water bath at 37°C for 90 min. Cells
were then centrifuged at 65 x g for 10 min at 4°C, and then
re-suspended in 500 x1 Hank's balanced salt solution containing
10 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
(Sigma-Aldrich). Finally, cells were counterstained with
2 ug/ml propidium iodide (Sigma-Aldrich) at 4°C. The cells
were filtered through a 50-ym nylon mesh (BD Biosciences)
to remove any cell clumps and were then subjected to FACS
(FACS Aria II; BD Biosciences) with excitation of the
Hoechst 33342 dye at 355 nm and analysis of its dual-wave-
length fluorescence at 450 nm (blue) and 675 nm (red). SP and
non-SP cells were isolated under sterile conditions and kept in
DMEM containing 10% FBS.

Glioma sphere formation assay. The gliosphere formation
assay was performed according to the procedure of a previous
study (14). After seven days of culture, the numbers of spheres
generated from SP and non-Sp cells were counted. Three inde-
pendent experiments were performed.

Reverse transcription-quantitative polymerase chain
reaction (RT-qPCR). Total RNA was extracted and
reverse-transcribed into cDNA using a Reverse Transcriptase
kit (Fermentas; Thermo Fisher Scientific, Inc.). An iCycler
IQ real-time detection system (Bio-Rad Laboratories, Inc.,
Hercules, CA, USA) using IQ Supermix with SYBR-Green
(Bio-Rad Laboratories, Inc.) was used for qPCR analysis. The
primer sequences for Notchl and Hes-1, as well as the reaction
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conditions, were designed based on a previous study (13) and
were as follows: Notchl forward, 5'-GCGAGGTCAACA
CAGACGAG-3' and reverse, 5'-CAGGCACTTGGCACC
ATTC-3"; and Hes-1 forward, 5"TGGAGAGGCGGCTAA
GGTGT-3' and reverse, 5'-GCTGGTGTAGACGGGGAT
GAC-3'". The primer sequences for the other genes were as
follows, according to a previous study (15): ABCG2 forward,
5-GGATGAGCCTACAACTGGCTT-3' and reverse, 5'-CTT
CCTGAGGCCAATAAGGTG-3"; Oct4 forward, 5"TCGAGA
ACCGAGTGAGAGGC-3' and reverse, 5'-CACACTCGG
ACCACATCCTTC-3'; Sox2 forward, 5'-CACACTGCCCCT
CTCACACAT-3' and reverse, 5S'-CATTTCCCTCGTTTTTCT
TTGAA-3'; Nanog forward, 5'-CCAACATCCTGAACCTCA
GCTAC-3' and reverse, 5'-GCCTTCTGCGTCACACCATT-3,
and GAPDH forward, 5"TCTGCTCCTCCTGTTCGACA-3'
and reverse, 5-"AAAAGCAGCCCTGGTGACC-3". The ther-
mocycling conditions were as follows: Initial denaturation at
94°C for 2 min, followed by 35 cycles of denaturation at -95°C
for 15 sec, annealing at -58°C for 45 sec and extension at -60°C
for 30-45 sec. The final extension step occurred at 72°C for
5 min. The mRNA expression levels were normalized to the
GAPDH internal reference gene and the relative expression
levels were calculated using the 2244 method (16). Reactions
were performed in triplicate.

Transfection of small interfering (si)RNAs. siRNAs specific
to Notchl were purchased from Dharmacon (Lafayette, CO,
USA), and had the following sequences: Notchl#1, 5'-GCC
UGGACAAGAUCAAUGACLt-3"; and Notchl1#2, 5'-GCCUGU
CUGAGGUCAAUGALt-3". Scrambled siRNAs (Dharmacon)
containing the same nucleotide content as the Notchl siRNAs,
butin arandom sequence, were used as the control. SP cells were
transfected with 1 ug/ul siRNAs using Lipofectamine® 2000
(Invitrogen; Thermo Fisher Scientific, Inc.), according to the
manufacturer's instructions. The siRNA-transfected SP cells
were subjected to the assays after 48 h of incubation.

Western blot analysis. Total protein was extracted from
the SP and non-SP cells, and the protein concentration was
determined using the Bradford Protein assay (Sigma-Aldrich).
Equal quantities of protein (20 ug/lane) were subjected to 10%
SDS-PAGE and transferred onto nitrocellulose membranes.
The membranes were then blocked using Tris-buffered saline
supplemented with 0.1% Tween-20 (TBST; 50 mM Tris-HCI,
pH 8.2, 150 mM NaCl) containing 5% w/v non-fat dry milk
and subsequently incubated with the rabbit anti-Notch]l mono-
clonal antibody (1:5,000; ab52627; Abcam, Cambridge, UK),
rabbit anti-ABCG?2 polyclonal antibody (1:10,000; ab63907;
Abcam), rabbit anti-Hes-1 polyclonal antibody (1:500;
ab71559; Abcam) and rabbit anti-GAPDH polyclonal antibody
(1:10,000; ab37168; Abcam) for 3 h at room temperature.
GAPDH was used as a loading control. Following washing
three times for 10 min each with 1X TBST, the cells were
treated with alkaline phosphatase-conjugated goat anti-rabbit
immunoglobulin G heavy&light chains (1:5,000; ab97048;
Abcam) for 3 h at room temperature. Antibodies were visu-
alized using the Pierce™ ECL Western Blotting Substrate
(Thermo Fisher Scientific, Inc.). Subsequently, blots were
scanned and quantitative analysis was performed using a
densitometer (Bio-Rad GS-710; Bio-Rad Laboratories, Inc.).
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Figure 1. Purification of cancer stem-like SP cells by fluorescence-assisted
cell sorting using a Hoechst 33342 dye exclusion assay. (A) Untreated human
glioblastoma samples with a SP of 4.1% (gated region). (B) Treatment with
adenosine triphosphate-binding cassette transporter inhibitor verapamil
reduced the SP to 0.7% (gated region). Cells were counter-stained with prop-
idium iodide. SP, side population.
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Figure 2. Evaluation of Notch signaling proteins in SP and non-SP cells.
(A) Reverse-transcription quantitative polymerase chain reaction analysis
showed that the expression of Notchl and Hes-1 was significantly upregu-
lated in SP cells compared with that in non-SP cells. Values are expressed
as the mean = standard deviation. “P<0.01 vs. the non-SP cells. (B) Western
blot analysis indicated increased protein expression of NCID and Hes-1 in
SP cells compared with that in non-SP cells. GAPDH was used as a loading
control. SP, side population; NCID, Notchl intracellular domain.

Cell resistance assay. Cells were seeded into 96-well plates
at 1x10° cells/well and incubated at 37°C for 24 h, prior to
treatment with the following chemotherapeutic drugs for 48 h:
5-Fluorouracil (5-FU; 10 ug/ml), oxaliplatin (100 mM) and
cisplatin (5 mg/ml; all Sigma-Aldrich). Cell resistance was
determined by calculating the mean optical density (OD) at
450 nm (OD,s,) for three independent experiments for each
group. The resistance of the groups to the chemotherapeutic
drugs was calculated using the following formula: Resistance
rate (%) = [OD.soexperimentat group/ ODPasoccontrol group] X100.
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Figure 3. Notchl depletion reduces the neurosphere formation efficiency of
SP cells. The total number of tumor spheres generated from glioblastoma
SP cells purified by fluorescence-activated cell sorting was significantly
higher than that generated from non-SP cells. After Notchl-specific RNA
interference, the generation of neurospheres by SP cells and non-SP cells was
significantly reduced. Values are expressed as the mean + standard deviation
of three independent experiments. “"P<0.01. SP, side population.

Statistical analysis. Data are expressed as the mean + stan-
dard deviation. Statistical analyses were performed using
GraphPad Prism 5.0 software (GraphPad Software, Inc., La
Jolla, CA, USA). One-way analysis of variance and Student's
t-test were performed to assess significant differences between
experimental and control groups. P<0.05 was considered to
indicate a statistically significant difference between values.

Results

Notch signaling is upregulatedin glioblastoma SP cells. Staining
with the cell-permeable DNA-binding dye Hoechst 33342
and FACS analysis showed that untreated glioblastoma cells
contained a SP of ~4.1% (Fig. 1A). Furthermore, following treat-
ment with the ABS transporter inhibitor verapamil, the SP was
diminished to 0.7% (Fig. 1B). Subsequently, the SP cells isolated
by FACS were subjected western blot and RT-qPCR analysis
of proteins and mRNA involved in Notch signaling pathways,
including NICD and Hes-1. NICD and Hes-1 expression was
significantly upregulated in the SP cells when compared to that
in the non-SP cells (Fig. 2A and B). These results confirmed
the presence of SP cells in glioblastoma and indicate that Notch
signaling is upregulated in SP cells.

Elevated Notch signaling enhances the self-renewal capacity
of glioblastoma SP cells. In order to investigate the role of
Notch signaling in the self-renewal of SP cells, the effects of
Notchl RNAI on their sphere forming ability were analyzed.
As shown in Fig. 3, the ability of native SP cells to form tumor
spheres was significantly enhanced, as compared with non-SP
cells (P<0.01). However, the sphere forming capacity of SP cells
was significantly compromised following RNAi of Notchl
(P<0.05; Fig. 3). In addition, the expression levels of the stem
cell-surface proteins Oct-4, Nanog and Sox2 were assessed. As
shown in Fig. 4, the relative mRNA expression levels of these
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Figure 4. Depletion of Notchl led to the downregulation of stemness genes in SP cells. Reverse-transcription polymerase chain reaction analysis showed
that the relative mRNA expression levels of Oct-4, Sox2 and Nanog were significantly higher in SP cells than that in non-SP cells. Notchl-specific RNA
interference markedly reduced the mRNA expression levels of Oct-4, Sox2 and Nanog. Values are expressed as the mean + standard deviation. “P<0.01. SP,

side population.
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Figure 5. Depletion of Notchl enhances the sensitivity of SP cells to DNA-targeting drugs. SP cells showed an enhanced cell survival rate compared with that
of non-SP cells following treatment with 5-FU, cisplatin and oxaliplatin. Silencing of Notchl in SP cells enhanced the susceptibility of SP cells to the drugs and
significantly reduced the cell viability of SP cells. Values are expressed as the mean + standard deviation. “P<0.01. SP, side population; 5-FU, 5-fluorouracil.

genes were significantly upregulated in SP cells, as compared  regulated in SP cells (P<0.05; Fig. 4). These results suggest
with non-SP cells (P<0.05). However, following knockdown of ~ that activation of Notchl in glioblastoma SP cells may have a
Notchl, the expression of these genes was significantly down-  crucial role in the maintenance and self-renewal of SP cells.



Overexpression of Notchl is associated with resistance of
SP cells to chemotherapy. Next, the present study performed
a chemotherapy resistance assay in order to determine the
survival rates of SP and non-SP cells following treatment with
the DNA-targeting drugs 5-FU, cisplatin and oxaliplatin. The
cell survival rate of SP cells treated with the chemothera-
peutics was significantly higher than that of non-SP cells
following treatment (P<0.05) (Fig. 5). However, knockdown
of Notchl in SP cells significantly reduced the survival rate
of SP cells following incubation with the drugs (Fig. 5).
These results indicated that elevated Notchl signaling may
be associated with chemoresistance and evasion of apoptosis
of glioblastoma SP cells.

Discussion

According to the CSCs theory, the resistance of small popula-
tions of CSCs or CSC-like SPs to existing chemotherapeutics,
and their ability to re-initiate tumors following chemotherapy,
are the main reasons for tumor recurrence and metastasis
following treatment (4-6). Therefore, the targeting of CSCs is
required in order to provide effective cancer treatments and
to improve the overall survival rate of patients with cancer.

The present study aimed to characterize a CSC-like SP of
glioblastoma and to evaluate the role of Notchl signaling in
their tumorigenic and chemoresistant phenotypes. Previous
studies on a glioblastoma cell line detected the existence
of 1-2.5% CSC-like SP cells, which possessed all of the
characteristic features of CSCs. (3,17). In the present study,
FACS was used to identify and isolate a CSC-like SP of
~4.1% from patient-derived glioma cells. Upon treatment
with the ABC transporter inhibitor verapamil, the SP was
markedly reduced to 0.7%. At high concentrations, verapamil
specifically inhibits ABCG?2 transporter proteins (18); thus
suggesting that the upregulation of ABCG?2 transporter
proteins may be involved in the resistance of glioblastoma
SP cells to therapeutic drugs.

A previous study reported that elevated expression of
ABCG?2 was involved in downstream targeting of Notchl
signaling, which promoted the expression of stem cell-asso-
ciated proteins such as Nestin in glioma cells (19). Notchl
signaling was shown to efficiently promote the proliferation
and self-renewal of SP cells (20,21). Therefore, the present
study analyzed Notchl signaling in patient-derived glio-
blastoma SP cells isolated by FACS. In the SP cells, the
expression of Notchl signaling genes NICD and Hes-1 at
the protein and mRNA levels were markedly upregulated, as
compared with that in non-SP cells. Furthermore, the SP cells
showed enhanced drug resistance and elevated expression of
stem-cell surface genes Oct-4, Sox-2 and Nanog, which may
be major factors in the maintenance and self-renewal, which
was also shown to be enhanced in SP cells compared with
that of non-SP cells. Of note, silencing of Notchl signaling
reduced the self-renewal capacity, enhanced the sensitivity of
SP cells to DNA-targeting chemotherapeutic drugs and the
expression of stemness genes was also significantly down-
regulated. Consistent with these findings, previous studies on
different cancer types demonstrated that Notch-depleted SP
cells were more sensitive to chemotherapy and apoptosis, and
that their self-renewal ability and high proliferation rate were
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also compromised (22-25). All of these results suggested that
Notchl signaling has a crucial role in drug resistance and
maintenance of self-renewal of SP cells.

In conclusion, the present study suggested that elevated
Notchl signaling in glioblastoma SP cells is responsible for
drug resistance and recurrence of glioblastoma. However, the
link between Notchl signaling and cell division/cell death
signaling mechanisms requires to be further elucidated in
order to facilitate the development of novel anti-cancer drugs
to target CSCs and possibly cure glioblastoma.
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