
Abstract. The Notch signaling pathway takes part in
coordinated regulation of cell growth, survival and
differentiation. Previous findings have shown that Notch1
and Δ-like-1 (DLL1) are overexpressed in many glioma cell
lines and primary human gliomas. Down-regulation of DLL1
by RNA interference inhibits proliferation and induces apoptosis
in multiple glioma cell lines. Our studies showed that Notch1
expression plasmid induced more expression of DLL1 in the
U251MG glioma cell line. Adversely, blocking Notch1 receptors
down-regulated the expression of DLL1. Both down-regulating
DLL1 and blocking Notch1 receptors induced U251MG cell
apoptosis and proliferation inhibition, and combining the two
treatments produced stronger effects than the sum of a single
treatment. These findings suggest a positive feedback loop
between Notch1 and DLL1, which may become an effective
combined therapeutic target. 

Introduction

Glioma is one of the most common primary brain tumors that
has a grave prognosis. Standard therapies, such as surgery,
chemotherapy and radiation, have been only modestly
successful in treating patients with high-grade gliomas. It is
hoped to explore more effective therapy targets through greater

knowledge of molecular signaling pathways involved in glioma
cell proliferation and apoptosis.

The Notch signaling pathway determines cell fate by
regulating cell differentiation, survival and apoptosis (1-3).
For example, Notch signaling takes part in corneal epithelial
differentiation and inversely correlates with a proliferative status
(4). The role of Notch signaling in regulating differentiation
and cell apoptosis indicates its potential effect on cancer cells.
Dysregulation of Notch signaling leads to dramatic effects for
the genesis and development of cancer (5). In human primary
glioblastoma (GBM) samples and human GBM cell lines,
Notch signaling is dysregulated. Additionally, inhibition of
Notch signaling leads to differentiation and growth arrest of
GBM cells (6).

In the Notch family, four Notch receptors and five ligands
have been identified in mammals, including Notch1-4, Jagged1
and 2, Δ-like (DLL) -1, -3 and -4 respectively, which are all
single transmembrane proteins (7). Activation of the Notch
signaling pathway needs direct cell-cell contact (8). When
the Notch ligand expressed on an adjacent cell binds to the
extracellular domain (NECD) of the Notch receptor, the
receptor is exposed to proteolytic activation. Notch receptors
cleave into the Notch intracellular domain (NICD) and NECD
when the Notch ligand binds to membrane receptors. The
NICD dissociates from NECD, translocates into the nucleus
and binds to members of the CSL transcription factor family
(CBF-1/Suppressor-of-hairless/Lag-1) which becomes a tran-
scriptional activator and activates the large family of ß helix
loop helix (bHLH) transcription factors, such as Hes and Hey
genes (9), which regulate differentiation and cell survival. So
the expression of the Notch ligand as the first beginning of
the Notch signaling pathway is crucial for its activation. 

Purow et al (10) found that Notch1 and its ligand, DLL1,
were overexpressed in many glioma cell lines and primary
human gliomas. Additionally, down-regulating DLL1 increased
the apoptosis ratio of multiple glioma cell lines and inhibited
proliferation. These findings showed, for the first time, the
dependence of cancer cells on a single Notch ligand, DLL1,
and suggested a potential juxtacrine loop between DLL1 and
Notch1 in gliomas. On the other hand, previous studies found
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that Notch1 inhibited the Δ ligand expressed in neighbors in the
development of the nervous system of Drosophila and
vertebrates (11). To date, there is no data to show whether the
expression of DLL1 is effected by Notch1 in glioma in the
potential loop between Notch1 and DLL1. In this regard, we
examined the role of Notch1 on DLL1 and found that Notch1
induces more expression of DLL1. Our findings implicate a
positive feedback loop between Notch1 and DLL1 in the
U251MG cell line and the feedback loop is more effective
joint therapeutic target.

Materials and methods

Cell culture. Human glioma cell line, U251MG, were purchased
from the Chinese Academy of Sciences Cell Bank. U251MG
cells were cultured in DMEM (Invitrogen) supplemented
with 10% bovine serum albumin and maintained at 37˚C in an
atmosphere of 5% CO2 and routinely passaged at 2- to 3-day
intervals.

Notch1 plasmid transfection. Notch1 plasmid, which contains
the active signaling portion of the Notch1 molecule (5476-
7836 bp), was gifted by Xiasi Bio (Nanjing, China). We plated
U251MG cells in six-well plates at a density of 4.5x104 per
well and divided them into three groups, including a blank
group, negative control group and Notch1 expression plasmid
group with three replicate wells. After 24 h, Notch1 expression
plasmid and control plasmid were transfected respectively.
We verified the effect of Notch1 plasmid by Western blot
analysis 48 h after transfection. 

Notch1 receptors blocking. U251MG cells were plated in
twelve-well plates at a density of 2.5x104. Cells were divided
into five groups from A to E with three wells in each group.
Anti-Notch1 goat polyclonal IgG (Santa Cruz Biotechnology,
USA) was added at different dilutions 0, 1:20, 1:100, 1:250
and 1:500. After 2 h cultured in incubator, culture media was
replaced and new media was added with donkey anti-goat
IgG (Santa Cruz Biotechnology, USA) in corresponding
double dilutions at 0, 1:250, 1:125, 1:50 and 1:10. After 72 h
total protein and RNA were extracted after trypsinization
(12).

Immunofluorescence. Human glioma U251MG cells were
cultured on coverslips at density 4.5x104 per well. After anti-
Notch1 goat polyclonal IgG (1:100, Santa Cruz Biotechnology,
USA) was added and cultured in incubator for 2 h as described
above, cells were fixed with 75% alcohol for 30 min at 4˚C.
This was followed by three washes in PBS and 30 min
incubation in FITC-labeled secondary antibodies (1:50, Santa
Cruz Biotechnology, USA). After three more washes with
PBS, images were captured digitally in five random micro-
scope fields from each sample with the appropriate software
(AxioVision Rel. 4.5) under a fluorescence microscope (Zeiss
Imager AI). 

Western blot analysis. Cell lysate samples (30 μg) from
cultured cells were prepared using, subjected to 10 or 12%
sodium dodecyl sulfate-polyacrylamide gel electrophoresis,
and transferred to a polyvinylidene difluoride membrane
(Millipore Corporation, USA). The membrane was blocked

in 5% nonfat milk and incubated with diluted antibodies
against C-terminal Notch1 (1:100, Santa Cruz Biotechnology,
USA) and DLL1 antibody (1:200, Santa Cruz Biotechnology,
USA) overnight at 4˚C. Bound antibody was detected with
horseradish peroxidase-conjugated secondary antibodies to
goat IgG and rabbit IgG (1:2,000 and 1:1,500, respectively,
Santa Cruz Biotechnology, USA) or GAPDH (1:2,000,
Kangchen Biotechnology, China) using ultra enhanced chemo-
luminescence Western blotting detection reagents (Multi
Science Biotech, China). All antibodies were diluted in
blocking buffer (3% w/v nonfat dry milk, 20 mol/l Tris-base,
100 mmol/l NaCl). Other buffers used during Western blotting
were made following the Shinegene protocol. All Western
bands were quantified by densitometry and are presented in
the form of a bar graph.

Real-time PCR. RNA was extracted from human U251MG
cells using Trizol reagent (Invitrogen, Carlsbad, USA).
DLL1 expression levels in U251MG cells were measured by
TaqMan-based real-time (RT)-PCR using SYBR PrimeScript
RT-PCR Kit (Takara Biotec) on the ABI Prism 7300 HT
Sequence Detection system (Applied Biosystem, Foster City,
CA), according to the manufacturer's instructions. The relative
gene expression was calculated via a 2-ΔΔCt method (13). All
samples were measured in triplicate. Primers were as follows
(14), DLL1, forward primer 5'-TGTGTGACGAACACTACT
ACGGAG-3', reverse primer 5'-GTGAAGTGGCCGAAG
GCA-3'; ß-actin forward primer 5'-CCACACTGTGCCCA
TCTACG-3', reverse primer 5'-AGGATATTCATGAGGTA
GTCAGTCAG-3'.

DLL1 siRNA transfection. DLL1 small interfering RNA
(siRNA) duplexes were constructed by GenePharma Company
(Shanghai, China). Sequences were as follows (10), DLL1,
forward primer 5'-GCCGACAAGAAUGGCUUCAUU-3',
reverse primer 5'-UGAAGCCAUUCUUGUCGGCGC-3';
control, forward primer 5'-(UUCUCCGAACGUGUCA
CGU)d(TT)-3', reverse primer 5'-(ACGUGACACGUUCGG
AGAA) d (TT)-3'. U251MG cells were plated in six-well
plates at a density of 4.5x104 per well and divided into three
groups with three wells, respectively. Cells were transfected
using Lipofectamine 2000 reagent (Invitrogen, Carlsbad,
USA) at 70-80% confluency. Transfection complexes were
prepared according to the manufacturer's instructions and
added directly to glioma cells to a final siRNA concentration
of 10 nmol/l. Transfection medium was replaced 8 h post-
transfection. 

Apoptosis assays. U251MG cells were seeded onto twelve-
well plates at a density of 2.5x104 per well, transfected with
DLL1 siRNA or preincubated with Notch1 antibody in 1:100
dilution, or two joint measures. Blank and negative control
groups were set respectively. The apoptosis ratio was analyzed
72 h post-treatment using ApoScreen™ AnnexinV-RPE Kit
(Southern Biotech, Birmingham, USA) in accordance with the
manufacturer's instructions. Annexin V-RPE and 7-Amino-
actinomycin D (7-AAD) double stain was used to evaluate the
percentages of apoptosis. Annexin V- and 7-AAD- cells were
used as controls. Annexin V+ and 7-AAD- cells were designated
as apoptotic and Annexin V+ and 7-AAD+ cells as necrotic
(15). 
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Cell growth assay. The WST-1 cell proliferation assays were
used to determine relative cell growth as follows. U251MG
cells were plated at 104 cells per well in 96-well plates with
six replicate wells for each condition, transfected with DLL1
siRNA or preincubated with Notch1 antibody, or two joint

measures. Cell proliferation assays were performed 72 h later
using WST-1 as described previously (16). The cell viability
was determined at 450 nm absorbance using an enzyme-
linked immunosorbent assay plate reader. All data points
represent the mean of six wells.
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Figure 1. Western blot analysis of Notch1 and DLL1 expression. U251MG cells were transfected with Notch1 expression plasmid, negative control plasmid and no
plasmid. In 48 h, extracted total proteins were subjected to Western blot analysis with anti-Notch1 C-terminal portion IgG (A) and anti-DLL1 IgG (C) respectively.
(B, D) Columns, mean percents of special protein over GAPDH for triplicate wells; bars, ±SE. Statistically significant differences from negative control were
observed. *P<0.05.

Figure 2. The binding effect of Notch1 antibody. U251MG cells were plated in twelve-well plates at a density of 2.5x104. Anti-Notch1 goat polyclonal IgG
was added into culture media with 1:100 dilution, with PBS instead Notch1 antibody in control group. After 2 h cultured in incubator, the cells were fixed
with 75% alcohol for 30 min at 4˚C. This was followed by three washes in PBS and 30 min incubation in FITC-labeled secondary antibodies (1:50). After
three more washes with PBS, images were captured digitally in five random microscope fields from each sample with the appropriate software under a
fluorescence microscope using blue light and white light as excitation light respectively. Under blue light, green fluorescence was seen on cell membrane in
Notch1 antibody group while nonspecific fluorescence in control group, which illustrate Notch1 receptors were bound in Notch1 group indirectly.
(Magnification, x100).
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Statistical analysis. All data were analyzed using SPSS
Graduate Pack 11.0 statistical software (SPSS, Chicago, IL).
Descriptive statistics including mean and ±SE along with
independent-sample t-test were used to determine significant
differences. P<0.05 was considered significant.

Results

Effects of transfection with Notch1 plasmid on DLL1. Our
aim was to investigate whether Notch1 has the same effect
on the expression of DLL1 in glioma as it does in the
formation of the nervous system of Drosophila and vertebrates
(11). Notch1 expression plasmid was transfected to U251MG
cells and the expression of Notch1 and DLL1 was tested via
Western blot analysis. As shown in Fig. 1A and B, 48 h after
transfecting Notch1 expression plasmid, Notch1 was up-
regulated more than two times. Corresponding to Notch1, the
expression of DLL1 was up-regulated in the Notch1
expression plasmid group nearly two times compared with
negative control groups (Fig. 1C and D). So Notch1 plasmid
induced enhanced expression of DLL1 while up-regulating
Notch1.

Effects of blocking Notch1 receptors on DLL1. Notch1
expression plasmid induced more expression of DLL1 as
described above. To further verify the effect of Notch1 on
DLL1, we blocked Notch1 receptors by using anti-Notch1
goat polyclonal IgG and donkey anti-goat IgG consecutively
(12). As shown in Fig. 2, in the Notch1 antibody group, epi-
fluorescence is seen on the surface of most U251 cells while
only nonspecific fluorescence appears in control group. This
result shows that most Notch1 receptors are bound when the
dilution of Notch1 antibody in culture media is up to 1:100.
We performed RT-PCR and Western blot analysis after
obstructing the site of Notch1 receptors with the antibody at
different dilution levels. The expression of DLL1 was
strongly down-regulated compared with the blank group. In
addition, the expression level of DLL1 negatively correlated
with the downward trend of the dilution of Notch1 antibody
from low to high until 1:20 (Fig. 3). Notch1 antibody with
1:100 and 1:20 dilutions have similar effects, which demonstrates
that the sites of Notch1 receptor are saturated when the dilution
is up to 1:100. So we set 1:100 as the default dilution of
Notch1 antibody in following experiments. 

Transfection efficiency of DLL1 siRNA and effect on DLL1.
Comparing random field of fluorescent microscope and
corresponding light-phase microscope, >80% U251 cells were
seen by green fluorescent protein (GFP) reporter protein
fluorescence 72 h after transfection (Fig. 4A and B),
illustrating the transfection ratio of >80%. As shown in Fig.
5A and B, the level of DLL1 protein, normalized by GAPDH
at the same membrane, was much lower in DLL1 siRNA group
compared with blank and control groups, p<0.05. Based on
these results, DLL1 in U251 cells is knocked down
successfully by transfecting DLL1 siRNA.

Effects of down-regulating DLL1, blocking Notch1 receptors
and combined treatments on apoptosis and proliferation in
U251MG glioma cells. Notch signaling pathway plays an

integral role in determining cell fates, such as proliferation,
differentiation and apoptosis. To investigate the effect of the
juxtacrine loop between Notch1 and DLL1 on apoptosis in
U251MG cells, we performed an apoptosis assay on U251MG
cells using Annexin V-RPE and 7-AAD double staining after
knocking down DLL1 by DLL1 siRNA, blocking Notch1
receptors and combined the two measures. The apoptosis ratio
was compared with the blank group, the apoptosis induced
by blocking Notch1 receptors was 13.52±1.27%; compared
with control siRNA group, knocking down DLL1 and the
joint measure increased the proportion of apoptosis
15.15±1.38% and 41.32±1.97%, respectively (Fig. 6A). The
joint measure had a higher apoptosis ratio than either the
treatment or the sum of the single treatment. These data
show an important role of DLL1-Notch1 juxtacrine loop in
apoptosis of U251MG cells. There is no statistical difference
of apoptosis levels between knocking down DLL1 and
blocking Notch1 receptors, which demonstrates that DLL1
and Notch1 were equally important in the juxtacrine loop.
But combined  blocking of Notch1 receptors and DLL1
siRNA caused much more apoptosis, which shows a
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Figure 3. The effect of blocking Notch1 receptors on DLL1 expression level.
U251MG cells preincubated with Notch1 antibody at different dilutions (0,
1:500, 1:250, 1:100 and 1:20). After 2 h culture media was replaced and new
media was added with donkey anti-goat IgG in corresponding double
dilutions at 0, 1:250, 1:125, 1:50 and 1:10. U251MG cells were harvested
for 72 h. Western blot analysis (A) and RT-PCR (C) were done using total
cell lysates and RNA respectively. Columns, mean percents of special
protein over GAPDH for triplicate wells (B) and relative expression of
DLL1 over ß-actin (C) bars, ±SE. Statistically significant differences from
negative control were observed; *P<0.05.
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potential synergistic reaction of blocking Notch1 receptors
and down-regulating DLL1.

To investigate the importance of DLL1-Notch1 juxtacrine
loop in U251MG glioma cell proliferation, we performed
WST-1 cell proliferation and cytotoxicity assays after
blocking Notch1 receptors, transfecting DLL1 siRNA and
combining the two measures. Similarly to their effects on
apoptosis, blocking Notch1 receptors and knocking down
DLL1 resulted in inhibition of U251MG cell proliferation.
The joint two measures produced a much stronger inhibition
(Fig. 6B).

Discussion

Previous studies have shown that many glioma cell lines and
primary human gliomas overexpress Notch1 and its ligand,

DLL1, which were demonstrated to be correlative on apoptosis
and proliferation in multiple glioma cell lines (1). These
findings suggest that glioma depends on a single Notch ligand
and the existence of a potential Notch juxtacrine loop in
gliomas. Additionally, previous studies have found that in the
juxtacrine loop between the Notch receptor and Δ ligand,
expression of Notch receptor inhibited Δ ligand of neighbors
in the formation of the nervous system of Drosophila and
vertebrates (11). To investigate whether Notch1 has the same
effect on the expression of DLL1 in glioma, Notch1 plasmid
was used to improve the expression level of Notch1. The effect
of transfection was tested by Western blot analysis. The
obvious up-regulation of Notch1 verified the result of Notch1
plasmid transfection. DLL1 was analyzed by Western blot
analysis and RT-PCR after transfecting Notch1 plasmid. Here
we firstly showed that the expression of DLL1 was up-
regulated after transfecting Notch1 plasmid in the U251MG
glioma cell line, which shows a potential role of Notch1 in
inducing more expression of DLL1. 

To further verify the effect of Notch1 on DLL1, the sites of
Notch1 receptors were obstructed using Notch1 and secondary
antibodies with different dilutions. Our immunofluorescence
result showed that most sites of Notch1 receptors were bound.
The results of RT-PCR and Western blot analysis showed
that DLL1 was strongly down-regulated when Notch1 receptors
were blocked and correlated with the dilution of added anti-
body until 1:100. Blocking Notch1 receptors by Notch1 anti-
body prevented the activation of Notch1 receptors, and then
weakened the role of Notch1 on DLL1 which indirectly down-
regulated the expression of DLL1. Notch1 enhanced the
expression of DLL1, while DLL1 could bind to Notch1
receptors and induced Notch1 cleavage. In conclusion, there
may be a positive feedback juxtacrine loop between Notch1
and DLL1 which plays an important role in the genesis and
progression of glioma.

To testify the role of feedback loop between Notch1 and
DLL1 in glioma, we down-regulated DLL1, blocked Notch1
receptors and combined the two measures, respectively.
Further research showed that both down-regulation of DLL1
and blocking Notch1 induced apoptosis and growth inhibition
in U251MG cells, which suggested that the juxtacrine loop
between Notch1 and DLL1 played an important role in
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Figure 4. Image of green fluorescent protein (GFP) reporter protein fluorescence in U251MG cells to assess the percentage of positively transfected cells at 72 h
post transfection. Phase-contrast images of cells are shown in the corresponding right-hand column. (Magnification, x100).

Figure 5. Western blot analysis of DLL1 after transfecting DLL1 siRNA. (A)
U251MG cells cultured in twelve-well plates were divided into three groups.
Besides one group as blank control, other two groups were pretreated with
DLL1 siRNA and control siRNA. After 72 h total proteins extracted were
subjected to Western blot analysis with anti-DLL1 IgG. (B) Columns, mean
percents of DLL1 protein over GAPDH for triplicate wells; bars, ±SE.
Statistically significant differences from negative control were observed;
*P<0.05.
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glioma. We found there was no apoptosis or proliferation
difference between down-regulation of DLL1 and blocking
Notch1 receptors in U251MG cells. In the loop between Notch1
and DLL1, Notch1 and DLL1 interact with each other. Down-
regulation of DLL1 would affect the activation of Notch1
although Notch1 may be affected by other ligands (17).
Adversely, down-regulation of Notch1 would induce less
expression of DLL1. Both down-regulation of Notch1 and
DLL1 would break the positive feedback loop. That may be
the reason there was no difference between down-regulation

of Notch1 and DLL1. It implies that DLL1 is an important
target point for glioma treatment, not only because DLL1 was
one of the ligands of Notch1, but also DLL1 was included in the
juxtacrine loop. In addition, the joint knocking down of DLL1
and blocking Notch1 receptors induced much more apoptosis
and growth inhibition than the sum of a single factor, which
shows that the two measures cooperate with each other and
have a synergistic role. So Notch1 and DLL1, as two ends of
the feedback loop, could become a combined therapeutic
target.
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Figure 6. Knocking down of DLL1 and blocking of Notch1 receptors induced U251MG cell apoptosis and growth inhibition. U251MG cells cultured in 12-
and 96-well plates, were divided into five groups with three and six replicate wells respectively. Besides two groups as blank control and control siRNA groups,
three groups were pretreated with DLL1 siRNA, Notch1 antibody and two joint measures respectively. (A) After 72 h flow Cytometry assay was performed with
three replicate wells cells in 12-well plate using Annexin V-RPE and 7-AAD double staining. Annexin V- and 7-AAD- cells were used as controls. Annexin V+

and 7-AAD- cells displayed apoptotic and Annexin V+ and 7-AAD+ cells were necrotic. (B) Columns indicate percents of apoptosis ratio improved by three kinds of
treatment, which were worked out by minus blank or control siRNA groups. Compared with blank group, blocking Notch1 receptors improved apoptosis ratio
13.52±1.27%, compared with control siRNA group, knocking down DLL1 and joint measure induced the proportion of apoptosis 15.15±1.38% and
41.32±1.97%, respectively. Bars, ±SE. Statistically significant differences from blank or control group were observed; *P<0.05. (C) WST-1 cell proliferation
assay with cells in six replicate wells in a 96-well plate. Columns, mean of 450-nm absorbance; bars, ±SE. Statistically significant differences from blank or
negative control groups were observed; *P<0.05.
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Previous studies have found a juxtacrine loop between
Notch receptor and Δ ligand in the formation of the nervous
system in Drosophila and vertebrates, which worked as lateral
inhibition (11). The lateral inhibition works as a negative
feedback loop. Neural precursor cells express Δ strongly and
the Δ ligand activates Notch in the neighbors, then the
activation of Notch in these cells inhibits not only their
differentiation, but also their expression of Δ (18). However
in this study, what we found in glioma cells was opposite to the
previous findings described above. U251MG expresses DLL1
which activates Notch1 in its neighbor, and then Notch1
induces more expression of DLL1 as a positive feedback.
Despite the different phenomenon of DLL1-Notch1 feedback
loop between tumor genesis and neural development, the
difference of the mechanisms still needs further research.

In conclusion, Notch1 induced enhanced expression of
DLL1 in U251MG glioma cells and there may be a positive
feedback loop between Notch1 and DLL1. Inhibiting either
member of the feedback loop induces U251MG cell apoptosis
and inhibits proliferation. Down-regulating both members of
the loop would produce of a stronger effect on apoptosis and
proliferation which shows potential as a joint therapeutic
target.
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