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Abstract. The present study aimed to observe the effect of
the Notchl signaling inhibitor y-secretase inhibitor IT (GSI 1I)
on the growth and differentiation of tumor cells. The tumor
cell line U87 was grown in serum-free media, and cell
growth was evaluated using immunofluorescence. Single-cell
wall-adherent growing conditions were prepared, GSI II was
added, and the differentiation and growth of single tumor cells
was evaluated. Immunofluorescence demonstrated positive
results for the expression of Nestin and cluster of differentia-
tion 133. The cell proliferation rate was reduced following the
addition of GSI II (P<0.05). GSI II may significantly inhibit
the proliferation and differentiation of U87 tumor stem cells.

Introduction

A defining characteristic of malignant brain tumors is their
invasive growth and easy recurrence (1,2), and therefore
more effective treatment modalities are urgently required.
A previous study revealed the existence of tumor stem cells
(TSCs), which have the same functions as neural stem cells
inside tumor cells including the ability to self-proliferate (3).
There are a number of similarities between TSCs and neural
stem cells that suggest the origin of TSCs (4), a variety of
solid tumors, including brain tumors (5) and expression of
numerous similar proteins (6). The discovery of TSCs has
provided novel options for the treatment of brain tumors (7),
including therapies targeting specific signaling pathways and
transcription factors, and niche therapies targeting cancer stem
cells (8,9). TSCs serve major roles inside tumor tissues, acting
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as a source for the proliferation and differentiation of tumors.
Even in the presence of regulatory factors, TSCs continue to
proliferate and differentiate; additionally, the next generation
of cells retains the characteristics of the precursors. These
characteristics include an unlimited proliferation ability,
which promotes the rapid formation of tumor bodies as well
as rapid reoccurrence following surgery, radiotherapy, and
chemotherapy (10).

Nestin, a class VI intermediate filament protein, was
originally detected in neural stem cells during development,
and has been shown to be expressed in the transformed cells
of various human malignancies (11). It is hypothesized to
contribute to the aggressive behavior of these cells and facili-
tate tumor growth (12).

Cluster of differentiation (CD) 133 is one of the most
commonly used markers of cancer stem cells (CSCs), which
are characterized by their ability for self-renewal and tumori-
genicity (13). Over-expression of CD133 is associated with
solid cancers, many studies have correlated the overexpression
of CDI133 with survival, recurrence, metastasis or therapy
resistance (14).

TSCs can regulate the conduction pathways involved in
cell proliferation and differentiation; these pathways include,
Notch (15), Wnt, sonic hedgehog (SHH), and Bmi-1 (16),
which have important roles in regulating the growth of neural
stem cells. A previous study has demonstrated the important
roles of Wnt and the SHH signaling conduction pathways in
regulating the proliferation of neural stem cells (17). When
tissues are damaged, the self-protective roles of the Wnt and
SHH signaling conduction pathways are activated to repair
the damaged tissues, after which the corresponding pathways
are disrupted through strict regulation. However, when certain
genes, including casein kinase 1 epsilon (18) and sil (19), are
mutated, the Wnt and SHH pathways can become abnormally
activated, enabling cells to undergo unlimited proliferation
and differentiation. The blocking of differentiation and
maturation can induce tumors and abnormalities in the Wnt
and SHH pathways can lead to glioblastoma (20); however,
one study has identified that signal transduction pathway
inhibitors can shrink tumors in mice until they have disap-
peared and induce rapid cell apoptosis of medulloblastoma
in vitro (21).
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The Notch signaling pathway has been conserved
throughout evolution and is involved in cell growth, prolifera-
tion, and differentiation. It not only serves important roles in
cell fate during organ development, but also can be reactivated
in disease states, participating in cell apoptosis, regeneration,
and differentiation through cross-talk with other signaling
pathways, which can affect the occurrence and development of
various diseases (22,23). However, few studies have examined
these issues, and understanding the activities of these pathways
is important for the development of novel cancer therapeutics.

The Notch signaling pathway is associated with tumori-
genesis, and y-secretase inhibitor II (GSI II) factor inhibits the
activation of Notchl, which is a member of the Notch signaling
pathway (24). In the present study, TSCs from the human brain
tumor cell line U87 were identified, and then added GSI II to
the human brain glioma cell line U87 for co-culture to observe
the growth of TSCs.

Materials and methods

Materials. The cell culture medium contained Dulbecco's
modified Eagles medium combined with Ham's F-12 nutrient
mixture (DMEM/F12, Sigma Aldrich; Merck KGaA,
Darmstadt, Germany) and 10% fetal bovine serum (FBS;
Wuhan Boster Biological Technology, Ltd., Wuhan, China).
Additives included 2% B27, 2% N2, epidermal growth factor
20 mg/I", and basic fibroblast growth factor 20 mg/I" (Wuhan
Boster Biological Technology, Ltd.). Antibodies included
rabbit anti-human Nestin antibody (cat. no. n5413; 1:100;
Sigma-Aldrich; Merck KGaA), mouse anti-human CD133
antibody (cat. no. 043490; 1:500; Bioworld Technology, Inc., St.
Louis Park, MN, USA), Cy3-labeled goat anti-mouse antibody
(cat. no. BA103; 1:100; Wuhan Boster Biological Technology,
Ltd.), fluorescein isothiocyanate (FITC)-labeled goat anti-rabbit
antibody (cat. no. BA1105; 1:50; Wuhan Boster Biological
Technology, Ltd.), and rabbit anti-human glial fibrillary acidic
protein antibody (GFAP; cat. no. PAB18435; 1:500; Abnova,
Tapei, Taiwan). Other materials included the tumor cell line
U87 (U-87 MG ATCC® HTBI14™; cat. no. CBP60299; Nanjing
Ke Bai Biological Technology Co., Ltd., Nanjing, China), 0.01%
poly-lysine, 0.25% trypsin, GSI II (Sigma-Aldrich, Merck
KGaA), and Triton-X100 (Sigma-Aldrich, Merck KGaA).

Culture of TSCs. The tumor cell line U87 (2x10°) was added
to the culture media (DMEM/F12) of neural stem cells and
cultured in a humidified incubator at 37°C with 5% CO,. The
media was intermittently exchanged (2-3 days) for 2-week
culture period until spherical TSCs were observed, and immu-
nofluorescence was performed for identification.

Immunofluorescence. TSCs (1x10°) were seeded onto slides
with polylysine pretreatment, 1 ml of 10% acetone was added,
and the slides were placed at -20°C for 10 min. Next, the slices
were soaked with 0.1% Triton-X100 at room temperature for
1 h, gently rinsed and soaked in 5% goat serum (Wuhan Boster
Biological Technology, Ltd.) at 20°C for 1 h. The CDI133 and
Nestin antibodies were added to different groups of slides
labeled Group A (CD133) and B (Nestin), and then incubated
at 4°C for 24 h. Next, 1 ml 1% Cy3-labeled goat anti-mouse
antibody was added to group A and 1 ml 1% FITC-labeled
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goat anti-rabbit antibody was added to group B. Following
an incubation at room temperature overnight, the slices were
mounted with glycerol and cell staining was observed under a
fluorescence microscope (magnification, x200). To the control
group, neural stem cell culture medium was added to replace
the CDI133 and Nestin antibodies; the other steps were iden-
tical to those described previously.

Differentiation induction of TSCs. Cultured TSCs were trans-
ferred into 10% FBS-containing 24-well culture plates, and
cultured at 37°C for ~10 days to observe their growth. When
the TSCs clusters appeared as differentiated wall-adherent
cells after ~10 days, immunofluorescence was performed to
identify the cells; the primary antibody was changed to GFAP,
and the secondary antibody was FITC, and the remaining
steps were conducted as described previously.

Impact of GSI1I on TSC growth. Cultured U87 cells were gently
dispersed using a pipette and the concentration was adjusted
to 10° cells/ml with 10% FBS. Next, 2 ml cell suspension was
added to each well of 6-well culture plates (the bottom of each
plate had been evenly coated with 0.01% poly-lysine); culture
was conducted in a humidified incubator at 37°C with 5% CO,
for 2 days until the cells had completely adhered to the walls,
after which the culture solution was removed. Stem cell culture
medium (2 ml) was added and the four plates were labeled Al,
A2, Bl and B2. Next, 0.01 MPBS was added to A1 and A2 as
the control group, and GSI II (0.2 pg per well) was added to
Bl and B2 to observe changes in growth and the number of
cell clusters in each culture plate was recorded. After a 20-day
culture in the previously described culture conditions, the
culture plates were directly stained as previously described.

Statistical analysis. The number of Nestin-positive cell clus-
ters was recorded and SPSS 10.0 (SPSS, Inc., Chicago, IL,
USA) was used to perform an analysis of variance followed by
Fisher's least significant difference to compare the differences
between different groups.

Results

Cells differentiated from U87 cells. The U87 cells were
extracted and cultured in neural stem cell culture medium;
after 2 days, wall-adherent cells began to grow in a cluster
shape. After 4 days, the cell clusters gradually increased in
volume and began to appear spherical in shape (Fig. 1). The
spherical cells were re-dispersed and seeded into neural stem
cell culture medium. Several days later, spherical cell struc-
tures had reformed.

Positive staining under a fluorescence microscope.
Fluorescence microscopy revealed that the cell clusters in
groups A and B exhibited red (Fig. 2) and green fluorescence,
(Fig. 3), indicating that the CD133 and Nestin antigens were
located inside the cells. The cell clusters were then placed into
FBS medium for 10-day culture. Some cell clusters became
wall-adherent again and presented a spindle shape; the cells
also showed a high proliferation rate (Fig. 4). The wall-adherent
cells, which were differentiated near the adjacent cell clus-
ters, gradually exhibited cord-like connections (Fig. 5). The
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Figure 1. Cell ball after 10-day culture (magnification, x400).
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Figure 2. Cell ball with positive cluster of differentiation 133 staining via
fluorescence microscopy (magnification, x200).

20 pm

Figure 3. Performance of positive Nestin staining in fluorescence microscopy
(magnification, x200).

differentiated cells were positive for GFAP staining (Fig. 6)
and showed the same characteristics as glial cells.

Comparison of TSC growth rates between the 2 groups. The
proliferation rates of cells in groups Bl and B2, which were
incubated with GSI II, were significantly lower than those in
the control groups Al and A2 (P<0.01, Table I). Single stem
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Figure 5. The differentiated cells exhibited cord-like connection (magnifica-
tion, x200).
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Figure 6. The differentiated cells exhibited positive GFAP staining using
fluorescence microscopy (magnification, x400).

cell clusters were positive for Nestin staining (Fig. 7), which
confirmed the cells were tumor stem cells.

Discussion

Brain tumors have been suggested to originate from glial
cells containing gene mutations that undergo differentiation
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Table I. The numbers of Nestin-positive cell clusters of the 2 groups.

Numbers of Nestin-positive cell clusters

mean = SD t P-value

Group

Control group 13 12 13 10 14 12 16 9 14 12
(A1+A2)

Experimental group 11 10 9 10 12 10 7 11 13
(B1+B2)

6 14 16 8 11 10 15 7 11.78+296 283 <0.05

Ir 11 79 6 8 6 9 939+296

SD, standard deviation; t, the statistical value.

20 pm

Figure 7. Nestin-positive cell cluster form in single-well culture using fluores-
cence microscopy (magnification, x400).

and maturation (25). The study of Hu et al (26) suggested
that TSCs are present inside tumor tissues and that these
cells can proliferate and differentiate into tumor cells. The
study of Alamgeer et al (27) extracted and cultured tumor
cells from lung and breast cancer and found TSCs showed
differentiation ability. Fong et al (28) cultured spherical TSCs
from mouse TSCs and found that both TSC types could grow
in a suspension in culture media and retained the ability to
differentiate into tumor cells after several passages. In the
study of Lucarelli et al (29) tumor tissues were extracted
from high-degree malignant tumors and the cell clusters that
exhibited a similar growth state as stem cells were cultured.
These previous studies only indirectly revealed the existence
of TSCs, as no specific antigens were available for TSCs. At
present, there are two principal markers that can be used for
this purpose, including CD133, which is a transmembrane
protein specific to neural stem cells and the majority of
previous studies have used CD133 in order to identify glioma
stem cells (28,29). CD133 is highly expressed in glioma cells,
and the ratio of CD133+ cells in glioma was demonstrated to
be associated with the pathological type and prognosis (30).
The other antigen used is against Nestin, a cytoskeletal protein
that supports neural stem cells and is specific to neural stem
cells (31). The U87 cell line was used in the present study, after
several passages, neural stem cells were mixed with U87 cells,
and these cells were used for the immunofluorescent identifi-
cation of cell clusters as TSCs.

TSCs can proliferate and differentiate into tumor cells,
and if the intermediate link is blocked, tumor growth can be
inhibited (32). Notchl is highly expressed in glioma cells and
is closely associated with a tumor's pathological grade (33).
GSI II effectively inhibits Notchl signal activation (34). In the
present study, GSI II was demonstrated to effectively inhibit
TSC generation in U87 cells (P<0.05); additionally, a recent
study demonstrated that the resistance of TSCs towards the
tumor necrosis factor related apoptosis-inducing ligand could
be induced, and its activation may increase the effects of
chemotherapeutic drugs (35).

Although a previous study demonstrated that the U87 cell
line is not authentic to the tumor of the original cell established
in the University of Uppsala in 1968, it is also a glioblastoma
cell line (36). The purpose of the present study was to isolate
and cultivate TSCs, and examine the effect of GSI II on the
growth and differentiation of TSCs. Therefore, the U87 cell
line from ATCC or the U87 cell line from Uppsala University
could be used in the present study and without affecting the
results.

The present study provides a foundation for developing
therapeutics for the treatment of glioma. The selective killing
of TSCs in brain tumors may prevent tumor recurrence and
metastasis, providing a means for curing or preventing tumor
recurrence and metastasis.
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