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siRNA targeting Notch-1 decreases glioma stem cell proliferation

and tumor growth
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Abstract Glioblastoma multiforme (GBM), the most
common brain tumor in adults, is neurologically destruc-
tive and has a dismal response to virtually all therapeutic
modalities. One phenomenon that can contribute to this
complexity is the presence of a relatively small subset of
glioma stem cells (GSCs) within the tumor and the acti-
vation of pathways that control cellular differentiation. The
Notch signaling pathway, which is responsible for main-
taining a balance between cell proliferation and apoptosis,
is believed to be deregulated in cancer stem cells (CSCs),
leading to tumor growth through the generation or expan-
sion of CSCs. In this study, Notch-1 small interfering RNA
(siRNA) was used to silence Notch-I gene expression in
GSCs. An MTT assay demonstrated inhibitory effects on
the proliferation of GSCs in vitro. Real-time PCR showed
that Notch-1 expression levels were markedly decreased in
GSCs transfected with Notch-1 siRNA in vitro. Notch-1
silenced GSCs engrafted on Balb/c nude mice showed a
significantly greater reduction in oncogenicity than the
control group (P < 0.05). Furthermore, direct intratumoral
injections of Notch-1-siRNA/PEI significantly delayed the
growth of pre-established tumors in nude mice (P < 0.05).
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Introduction

Gliomas are the most common and primary malignant
brain tumors in humans [1, 2]. Glioblastoma multiforme
(GBM) is the highest grade glioma and is the most
aggressive form of astrocytoma with the poorest prognosis
in adults. Recent studies have shown that there are a group
of cancer stem cells (CSCs) that constitute a minor fraction
of the tumor mass, but may have an essential role in tumor
formation and maintenance [3]. Although the existence of
glioma stem cells (GSCs) remains controversial, accumu-
lating reports suggest that gliomas contain CSCs and that
these cells may contribute to therapeutic resistance and
tumor angiogenesis [4, 5]. It has recently been reported that
common chemotherapeutic drugs and traditional radiation
therapy, predominantly target the CD133-negative popu-
lation, sparring the CD133-positive population [6, 7]. Thus,
conventional therapies appear to effectively remove only
the better-differentiated cells, while leaving many GSCs,
which may be responsible for tumor recurrence. Significant
efforts have been undertaken to identify potential targets in
GSCs that promote tumor maintenance and might be
amenable to disruption [8].

These CD133 positive and side population cells possess
some intrinsic stem cell properties as they generate dif-
ferentiated tumor cells in vivo, can be further transplanted,
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and preferentially express some ‘‘stemness’’ genes,
including Notch-1 [9]. Notch signaling is involved in cell
proliferation and death which affects the development and
function of many organs. Recently, the Notch signaling
pathway has been shown to control stem cell self-renewal
and multi-potency. There is strong evidence that Notch-1 is
involved in the carcinogenesis of breast cancer [10]. In
addition, Notch-1 maintains the malignant phenotype of
transformed cells [11], and overexpression of Notch indu-
ces mammary tumors in mice [12].

The presence of Notch-1 in both glioma cell lines and
human gliomas is critical for glioma cell survival and
proliferation [13]. Although gliomas are thought to develop
from GSCs, the significance of Notch-1 in GSCs is scarcely
explored. In this article, we focus on the potential thera-
peutic role of Notch-1 in GSCs. First we cultured and
identified GSCs arising from human glioblastoma cell line
TJ905, and silenced the Notch-1 gene in these GSCs. An
MTT assay was used to evaluate the effects of Notch-1
siRNA-mediated interference on the proliferation of GSCs
in vitro. Then the oncogenicity of Notch-1-siRNA-trans-
fected and nontransfected GSCs on nude mice were com-
pared. Furthermore, with a polyethyleneimine (PEI) based
gene-delivery system, we attempted to deliver Notch-1-
siRNA directly into the GSCs engrafted tumors in order to
induce a therapeutic effect in nude mice.

Materials and methods
TJ905 GSC spheres culture

Human glioblastoma multiforme cell line TJ905 (Tianjin
Neurological Institute, CHN) was assayed for its ability to
form glioma stem spheres by using the same methods as
described previously [14]. Briefly, cells were cultured in an
incubator under 37°C, 5% CO, and saturated humidity.
Cells was digested and washed twice with serum-free
Dulbecco’s Modified Eagle’s Medium/Nutrient Mixture
F-12 Ham’s medium (DMEM/F12) (Grand Island, NY,
USA). Then cells were placed into serum-free medium,
which contained 20 ng/ml EGF, 20 ng/ml bFGF, 10 ng/ml
LIF (Rocky Hill, NJ, USA) and B-27 (x1) (Grand Island,
NY, USA).

Immunofluorescence staining for identification
of GSC spheres

TJ905-derived cell spheres were plated on poly-L-orni-
thine-coated glass coverslips. After drying at 37°C, the
slides were washed thrice with phosphate buffered saline
(PBS). Then the slides were fixed with paraformaldehyde
for 30 min, and washed with PBS. After blocking with 5%
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goat/rabbit serum at 37°C for 30 min, goat anti-human
CD133 (1:200) (SC-23797 Santa Cruz, CA, USA) was
added, and slides were incubated in a wet chamber at 4°C
overnight. Coverslips were then incubated with donkey
anti-goat IgG-TRITC (SC-2094) at 37°C for 30 min.
Nuclei were counterstained with DAPI (Sigma, UK). As a
negative control, PBS was added instead of primary anti-
body. Slides were visualized under a fluorescence micro-
scope (BX51 Olympus Co., Tokyo, Japan).

siRNA/polyethylenimine (PEI) preparation

The branched form of polyethylenimine (PEI, 25 kDa,
Sigma -Aldrich) was prepared at a concentration of 0.1 mg/ml
in 10 mM pH 7.2 sterile HEPES buffer. The siRNA was
added to the PEI solution slowly while stirring and incubated
at room temperature for 30 min to allow complex formation.

Cell transfection

Bioneer (Daejeon, Korea) synthesized the siRNA duplexes.
Notch-1 siRNA sequences were as follows: r(GCACGC
GGAUUAAUUUGCA)J(TT), r(UGCAAAUUAAUCCG
CGUGO)A(TT). AccuTalrgetTM Control siRNAs (nonspe-
cific siRNA) were also used in this study: r((CCUACGC-
CACCAAUUUCGU)A(TT), r(ACGAAAUUGGUGGCGU
AGG)d(TT). GSCs were collected, placed into serum-free
medium (containing EGF, bFGF, LIF, and B-27) and
gently resuspended. Cells were plated in 12-well tissue
culture plates at a density of 1 x 10° per well. Just prior to
transfection, the culture medium was removed and replaced
with OPTI-MEM 1 (Gibco, Carlsbad, CA). PEI/siRNA
complexes were used for transfection. Then OPTI-MEM I
was replaced with serum-free medium after 24 h. The final
siRNA transfection concentration was 200 nM and the N:P
ratio was 10:1 (the molar ratio of nitrogens from the PEI to
the ratio of phosphates from the siRNA).

RNA extraction and real-time RT-PCR

TJ905 GSCs were collected at 48 h after transfection, and
total RNA was isolated by the E.Z.N.A."" Total RNA kit
(Omega, Norcross, GA). 1 pg of total RNA from each
sample was subjected to first-strand cDNA synthesis using
PrirneScriptTM Ist Strand cDNA Synthesis Kit (Takara,
Dalian, CHN). Reverse transcription reactions were done at
42°C for 1 h, followed by 72°C for 5 min. Real-time PCR
was conducted using the ABI PRISM 7300 Sequence
Detection System (Applied Biosystems) according to the
following thermal cycle protocol: 94°C for 10 min, fol-
lowed by 40 cycles of 94°C for 15 s and 60°C for 1 min.
Bioneer provided the primers (P320437, Daejeon, Korea)
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used for the amplification of human Notch-1. The primers
for f-actin, used as positive control, were as follows:
Forward primer:5’CTGGAACGGTGAAGGTGACAY,
reverse primer:5’ AAGGGACTTCCTGTAACAATGCA 3.

Western blot analysis

TJ905 GSCs were collected at 72 h after transfection and
lysed in lysis buffer. Protein concentrations were deter-
mined with BCA Protein Assay reagent (Pierce, Rockford,
IL). Equal amounts of protein (40 mg per lane) were loa-
ded. Samples were separated onto denaturing sodium
dodecyl sulfate-10% polyacrylamide gels and transferred
electrophoretically onto a nitrocellulose membrane. Mem-
branes were blocked overnight at 4°C with blocking buffer
[0.1 M Tris (pH = 7.5), 0.9% NaCl and 0.05% Tween-20
(TBST) containing 5% nonfat milk powder], and then
incubated with rabbit anti-human Notch-1 antibody
(SRP00382a, Saierbio, Tianjing, China) at a 1:500 dilution
for 1 h at room temperature. After washing of the mem-
branes, Notch-1 was detected by using Amersham ECL"™
Western Blotting Detection Reagents (GE Healthcare Life
Sciences).

MTT assay

Notch-1 siRNA-transfected, nonspecific siRNAs-transfec-
ted and non-transfected GCS suspensions were planted at a
density of 2,000 cells/well in 96-well plates. 25 pl MTT
(5 mg/ml, Omega) was added to each well at 24, 48, 72,
and 96 h after transfection. After an additional 4 h incu-
bation, the media was removed, 150 pl of DMSO (Sigma-
Aldrich) was added per well for color development, the
plate was mixed thoroughly for 10 min and then measured
on a microplate reader at 490 nm.

Animal model

For the oncogenicity experiment, 33 four-week-old male
Balb/c nude mice (Slaccas, Shanghai, China) weighing
18-22 g were randomly divided into three groups and
injected subcutaneously with 1 x 10® GSCs, nonspecific
siRNA-transfected GCSs or Notch-1 siRNA-transfected
GSCs per mouse. One mouse from each group was sacri-
ficed 2 weeks after transplant for histological examination.

For the tumor challenge experiment, 30 four-week-old
male Balb/c nude mice were injected subcutaneously with
2 x 10° GSCs. A week after transplant, when the tumors
were palpable, the mice were randomly divided into three
groups. Group 1 mice were used as untreated controls that
received twice weekly intratumoral injections of PEI;
Group 2 mice received intratumoral injections of nonspe-
cific siRNA/PEI; Group 3 mice received intratumoral

injections of Notch-1 siRNA/PEI. Each mouse was treated
with intratumoral injections of 50 pl. The final siRNA
concentration was 10 uM and the N:P ratio was 10:1.

Animal observations and tumor measurements

Animals were observed daily for evaluation of tumor
growth. Tumor size was measured by a caliper in two
dimensions, and the volume was calculated by the formula
“a x b2/2”, where ‘a’ is the length and ‘b’ is the width of
the tumor diameter. Experiments were carried out under
specific pathogen-free conditions. All animals were main-
tained and treated in accordance with the guidelines pro-
vided by the local Experimental Ethics Committee. Mice
were sacrificed at 5 weeks after inoculation for ethics
reason. Tumor masses were removed within 10 min and
fixed with 4% w/v formaldehyde for 24 h, dehydrated in an
ascending series of ethanol solutions, cleared with toluene,
and embedded in paraffin wax.

Hematoxylin and eosin staining

Paraffin-embedded specimens were cut into 4 um sections,
fixed for 24 h, and immersed in 100% ethanol for 2 min,
95% ethanol for 1 min, and 70% ethanol for 1 min, fol-
lowed by a 1 min rinse in deionized water. Specimens were
then placed in Harris acidified hematoxylin (Anatech, Ltd.)
for 2 min, followed by a brief rinse in water, immersion in
acidic alcohol for 1 min, and a final rinse in water. Slides
were placed in 70% ethanol for 1 min and in eosin solution
(Anatech, Ltd.) for 1.5 min, followed by serial rinsing with
95% ethanol (1 min) and 100% ethanol (3 min). Slides
were mounted with Permount (BIOS, Beijing, China), and
coverslips were applied.

Immunochemistry

4 um sections were baked at 65°C for 30 min, and then
deparaffinized with xylene and rehydrated. Sections were
submerged into EDTA (PH = 8.0), autoclaved for antigen
retrieval, and treated with 3% hydrogen peroxide, followed
by incubation with 1% FBS. Notch-1 antibody (1:100
dilutions) was added and incubated overnight at 4°C. For
negative controls, PBS replaced the primary antibody.
Horseradish peroxidase (HRP) labeled secondary antibody
in the MaxVision HRP-Polymer anti-mouse/rabbit ITHC
kit (KIT-5930 Maixin Biol, Fu Zhou, China) was applied
and incubated for 30 min, followed by 5 min incubation
with DAB, provided in the kit for color development. The
sections were finally counterstained with hematoxylin and
mounted. Results were visualized and photographed under
a light microscope.
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Statistical analysis

All data are presented as means +SD. The statistical sig-
nificance of differences was determined by Student’s two-
tailed r-test in two groups and one-way ANOVA in mul-
tiple groups. P < 0.05 was considered statistically signifi-
cant. All data were analyzed with SPSS statistical software
for Windows 13.0 (SPSS Inc., Chicago, IL, USA).

Results
Tumor spheres derived from TJ905 cells in vitro

TJ905 cells were first cultured as monolayers attached to
the bottom of flasks. Small spheres comprised of about four
to ten cells were observed 3 days after the medium was
switched to stem cell medium. After 5 days of culture,
large numbers of spherical tumor spheres were found
(Fig. 1a, b). The diameter of the tumor sphere increased
5-10-fold within 2 weeks because of continuing prolifer-
ation. Tumor neurospheres could be passaged multiple
times by mechanical dissociation or digestion and resee-
ding in fresh medium every 1-2 weeks and could be
maintained for 25 weeks or more.

Tumor sphere cells are CD133 positive

Immunofluorescent staining was performed to verify
whether the tumor spheres could express the tumor stem
cell markers. As shown in Fig. lc, the cells of the tumor
spheres were positive for CD133 as viewed under a fluo-
rescent microscope.

Tumor spheres show ability of oncogenicity

TJ905 derived glioma spheres could form a tumor mass
when xenografted onto nude mice (Fig. 1d) and showed
identical pathological characteristics to TJ905 transplanted
tumors (Fig. le).

Fig. 1 Neurosphere-like tumor spheroids derived from TJ-905
expressing CD133 and have ability of oncogenicity. TI905 cells
switched into SFM supplemented with EGF, bFGF and LIF, a large
numbers of tumor spheres were found after 7 days x40 (a) and x400
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siRNA could effectively down-regulate Notch-1
expression in GSCs

We examined the transfection efficiency of the siRNA
constructs by real-time RT-PCR. The nonspecific siRNA-
transfected and non-transfected cells were used as negative
and blank controls, respectively. In our experiment, the
mRNA level of Notch-1 in Notch-1 siRNA-transfected,
nonspecific siRNAs-transfected and non-transfected GSCs
were 0.25 £ 0.05, 1.00 £ 0.05, and 1.03 £ 0.08, respec-
tively (Fig. 2a). The Notch-1 siRNA was able to induce
Notch-1 gene silencing when transiently transfected in
GSCs. The levels of Notch-1 mRNA expression showed a
remarkable decrease in the Notch-1 siRNA-transfected
group (P < 0.05). Western blot analysis verified that pro-
tein levels of Notch-1 were also greatly reduced in the
Notch-1 siRNA-transfected group as compared to the
nonspecific siRNA-transfected and the non-transfected
groups (P < 0.05; Fig. 2b, c).

siRNA targeting Notch-1 inhibits GSCs proliferation

We evaluated the effects of the Notch-1 siRNA on GSC
proliferation in vitro using the MTT assay. The Notch-1
siRNA-transfected group cell viability was significantly
reduced as compared to the nonspecific siRNA-transfected
and no siRNA-transfected groups (P < 0.05). PEI alone is
nontoxic to cell proliferation versus PBS control (online
resource 1). As such, the effects of Notch-1 siRNA on GSCs
proliferation were specifically due to Notch-1 inhibition.

Notch-1 siRNA down-regulate GSCs oncogenicity

We next wanted to determine whether the results obtained
above could be translated into effects in vivo. Results show
that nude mice xenografted with GSC suspensions devel-
oped tumors with a significantly increased volume (approx-
imate from the second week) as compared to mice that
received the Notch-1 siRNA-transfected GSC (P < 0.05)
(online resource 2).
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(b). Tumor spheres were CD133 positive (¢). Tumor spheres could
form tumor mass when xenograft on nude mice (d) and show identical
pathological characteristics to Tj905 transplanted tumor (e)
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Fig. 2 Effect of Notch-1 siRNA on the expression of the Notch-1.
a Expression of Notch-1 mRNA detected by real-time PCR. Total
RNA was extracted from GSCs and subjected to quantitative real-
time PCR as described in methods. The amount of Notch-1 mRNA
relative to f-actin is shown. Results were expressed relative to non-
transfected GSCs that were arbitrarily assigned a value of 1.0. Results
are an average of four independent experiments. C Non-transfected
control group, NS Nonspecific siRNA-transfected group, S Notch-1
siRNA-transfected groups. *P < 0.001. b Immunoblots for Notch-1
and f-actin are shown. Each band was scanned and subjected to
densitometry. ¢ Intensities of Notch-1 protein relative to fS-actin are
shown, *P < 0.001. Each column consists of means £SD

Notch-1 siRNA/PEI inhibits the tumor growth

Taking advantage of the facilitation of cellular uptake by
the PEI, we then explored whether the pre-established
xenografts would respond to direct exposure of Notch-1

siRNA/PEI complex in vivo. 3 weeks after tumor cell
inoculation four intratumoral injections of the Notch-I1
siRNA/PEI complex were given to mice. Our results
showed that the tumor growth was significantly inhibited
following these injections (Fig. 3a). Immunochemistry
showed a comparable suppression of Notch-1 protein
expression in the Notch-1 siRNA/PEI group (Fig. 3b).

Discussion

Glioblastoma multiforme, the most common primary brain
tumor in adults, is neurologically destructive and has dis-
mal responses to virtually all therapeutic modalities. It is
thought that 18.5% of all CNS tumor cases and 81% of all
malignant tumors are GBMs [1]. Standard therapies have
had limited success in treating GBM patients. The median
survival is approximately 14 months and less than 10% of
these patients can survive over 5 years [15]. Since the
prognosis of glioma does not meet expectations, many new
therapies such as immune treatment, gene treatment and
photodynamic therapy [16] have been proposed succes-
sively and a certain measure of progress has been made.

It remains a puzzle as to how the glioma cells can escape
surgical removal and invade into distant brain tissues,
causing patients to relapse [17]. One phenomenon that can
contribute to this complexity is the presence of GSCs
within the tumor. Several groups have identified unique
populations within GBMs with CSC properties [18]. In this
study, we isolated glioma spheres from glioblastoma cell
line TJ905. These spheres exhibit stem cell properties, such
as expression of CD133 and the capability of self-renewal.
The spheres could induce tumor mass, which was mor-
phologically identical to the parental tumor, but Jin et al.
failed to demonstrate this point [14].

The cancer stem cell theory may alter the current par-
adigm in drug development. Eradication of gliomas may
require the targeting and elimination of GSCs. Thus, we
must devise strategies that can selectively kill these GSCs
while sparing normal stem cells, such as those in the hip-
pocampus. This represents a challenge because many
pathways involved in self-renewal are shared by normal
stem cells and CSCs. However, a variety of recent studies
using animal models, which have targeted these pathways,
including Notch-1 [11], indicate the feasibility of this
approach. Human Nofch genes encode transmembrane
receptors that play a key role in a variety of cellular pro-
cesses, including proliferation, differentiation, survival and
apoptosis [19]. Notch ligands, receptors, and targets have
been found in a wide range of neoplasms, including lung,
breast, cervix, head/neck, renal, and pancreas carcinoma,
neuroblastoma, myeloma, melanoma, choroid plexus
tumor, medulloblastoma and glioma [20]. In many of these
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Fig. 3 Notch-1 siRNA/PEI inhibits the tumor growth in vivo.
a Notch-1 siRNA/PEI causes a significant reduction in tumor volume
as compared to PEI control groups (*P < 0.05). b siRNA-targeting

tumor types, it was shown that increased Notch activity
promotes tumor growth, and blocking the Notch pathway
inhibits proliferation and survival. Notch activation is ini-
tiated by its cleavage by y- secretase to generate the Notch
intracellular domain (NICD). The NICD translocates to the
nucleus and binds C promoter Binding Factor 1, converting
it from a transcriptional repressor to a transcriptional
activator [21]. y- secretase inhibitors (GSIs) were recently
shown to have activity against breast cancers that over
express Notch-1 [11, 22]. GSIs reduced neurosphere
growth and clonogenicity in vitro, effectively blocking
tumor growth and significantly prolonging survival in vivo
[23]. Inhibition of Notch signaling is therefore a promising
therapeutic avenue for a wide range of cancers. Notch
activation contributes to glial cells transformation and to
glioma growth, survival or both. Notch-1 was over
expressed in a majority of the GBM cell lines and primary
GBM samples. Furthermore inhibition of Notch-1 signal-
ing leads to suppression of the growth of glioma cells [24].
Notch-1 may also play a role in GSC biology. In our study,
silencing of Notch-1 expression could dramatically inhib-
ited the proliferation of GSCs in vitro. Furthermore, Notch-
1-silenced GSCs, which were engrafted onto Balb/c nude
mice showed a significant reduction in oncogenicity as
compared to the control group. This indicates that Notch-1
may contribute to GSC proliferation and oncogenicity.
Gastrointestinal toxicity has been a major concern when
using GSIs, with the inhibition of Notch inducing goblet
cell differentiation in intestinal transit amplifying cells,
leading to severe diarrhea [25]. The use of siRNA as a
therapeutic intervention for cancer is an active area of
research [26]. With the aid of various delivery systems,
siRNAs were intratumorally or intravenously administered
to treat various cancers. Important research has been
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Notch-1 leads to a decrease in Notch-1 protein by immunohistology.
Representative pictures with nuclear staining are shown

moving toward the development of polycation-based gene-
delivery systems, such as PEI conjugates designed to
minimize nuclease degradation, protected RNA and
decrease endosomal swelling and rupture before RNA
breakdown. PEI complexed with siRNA has been used in
the systemic delivery to glioblastoma xenografts without
generating any measurable siRNA-mediated immune
response [27]. In this article, direct intratumoral injections
of a Notch-1-siRNA/PEI significantly diminished pre-
established tumors in nude mice. The method of direct
intratumoral injections of Notch-1-siRNA/PEI not only
avoids the danger from other adopted virus, but also can
obtain the same appreciable results. To the best of our
knowledge, our study is the first trial of not only injecting
Notch-1-siRNA intra-glioma in vivo, but also using PEI to
transfect Notch-1 siRNA, providing another available
transfection agent for introducing siRNA into glioma cells.

Cancer therapies frequently fail because they are directed
toward the wrong cellular targets [28]. CD133-positive cells
represent the cellular population that confers glioma radio
resistance and could be the source of tumor recurrence after
radiation. Fractionated irradiation may activate the Notch-1
developmental pathway, which may cause the numbers of
breast cancer initiating cells to increase [29], offering a
mechanism for accelerated repopulation during radiation
therapy treatment gaps. This suggests that radiation acti-
vates the Notch-1 developmental pathway. Eradication of
the stem cell component of a glioma also may be essential to
achieve long-lasting remission and even a cure for glioma.
Advances in our knowledge of the properties of stem cells
have made specific targeting and eradication of GSCs a
topic of considerable interest. In this article, we discuss the
properties of GSCs, outline initial therapeutic strategies
against them, and present challenges for the future.
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In sum, siRNA-mediated Nofch-I inhibition can be

applied to the understanding of glioma progression as well
as the development of experimental therapeutic strategies.
To maximize the efficacy of anti-GSCs siRNA agents, it
will likely be necessary to give them in combination with
traditional modalities. Glioblastoma patients would benefit
from aggressive multimodality therapy.
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