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Akt-mTOR signaling is involved in Notch-1-mediated
glioma cell survival and proliferation
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Abstract. Both Notch signaling and Akt-mTOR signaling
pathway are involved in glioma cell proliferation and survival.
Previous studies have shown that Notch-1 is overexpressed in
many glioma cell lines and primary human gliomas. Blocking
of Notch signaling pathway can induces glioma cell apoptosis
and growth suppression. However, the underlying molecular
mechanism is not clear. We report that activation of the
Notch pathway by intracellular domain of human Notch-1
(NIC-1) strongly activates Akt and promotes U251 glioma
cell proliferation. Knockdown of Notch-1 by RNA interference
suppresses Akt activation, reduces glioma cell growth rate
and induce cell apoptosis. Following Notch-1 suppression,
phosphorylated Akt and its downstream effector mTOR
were reduced. Knockdown of Notch-1 also involves down-
regulation of anti-apoptotic protein MCL-1, in parallel with
activation of apoptotic associate proteins PARP, caspase-9
and caspase-3. Our data demonstrate that Notch-1 can
positively regulate Akt-mTOR pathways, which is associated
with glioma cell proliferation and apoptosis. This also
suggests a molecular mechanism for the inhibitory effect of
Notch-1 RNA interference on glioma cell proliferation through
Akt-mTOR signaling pathway.

Introduction

Glioma represents the most common primary brain tumors
in adults. It is a major cause of morbidity and mortality in
neurosurgical patients. Although great therapeutic efforts
have been made, overall survival is still poor. Much research
has focused on the understanding of the development of
glioma, little is known about the cellular and molecular
mechanisms that underlie glioma formation and progression.
A number of signal transduction routes, such as the Notch
signaling (1-3) and Akt-mTOR (4,5) pathways, seem to play
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an important role in the formation and growth of glioma.
However, it is still unknown if Akt-mTOR activation has a
role in the Notch-signaling pathway in glioma.

The Notch signaling pathway, a conserved cell-cell
communication pathway, has been implicated in different
developmental processes (6). Notch receptors on the surface
of one cell bind to their ligands on the adjacent cell, leading
to the proteolytic cleavage of the Notch intracellular domain
(NICD). The NICD subsequently translocates to the nucleus,
where it can associate with the DNA-binding protein Su(H)/
RBP-Jk/cbfl and activates transcription of Notch target genes
(7). Cell communication and cell fate are controlled by Notch
signaling (8). Notch-1 signaling dysfunction will results in a
variety of developmental defects and adult pathologies (6,9).
Previous research demonstrated that Notch-1 is overexpressed
in many glioma cell lines and primary human gliomas (1),
block of Notch-1 could suppress proliferation in multiple
glioma cell lines by arresting cell cycle and inducing apoptosis
(3). However, the underlying molecular mechanisms remain
to be fully understood.

The Akt-mTOR pathway has emerged as a crucial regulator
of widely divergent cellular processes including proliferation,
differentiation and apoptosis. Akt is a serine/threonine kinase,
containing an amino terminal pleckstrin homology (PH)
domain, a central kinase domain and a carboxyl-terminal
regulatory domain (10). Studies have shown that Akt can
influence cell proliferation and cell cycle regulatory path-
ways by different signaling cascades. Downstream signaling
of the PI3K/Akt pathway including p21/p27, nuclear factor-xB,
caspase-9, caspase-3 and mTOR. mTOR plays a key role in
downstream signaling of the Akt pathway through the regu-
lation of cellular catabolism, proliferation, cell cycle, auto-
phagy and apoptosis.

The precise mechanisms how Notch signaling regulates
glioma survival remain poorly understood. Considering that
Notch-1 signaling regulates EGFR and the blocking of
Notch-1 induces glioma cell apoptosis (11), we hypothezised
that Notch signaling affects glioma cell proliferation and
survival by controlling the Akt/mTOR signaling pathway,
because both pathways are widely known to govern cell
proliferation and survival. In this study, we demonstrate that
active Notch-1 increased p-Akt expression and blocking of
Notch-1 suppressed Akt/mTOR activation. Our results
suggest that Notch-1 signaling also regulate Akt pathway
down targets p27 and cyclin D1. Accordingly, Akt/mTOR
signaling was as a down target of Notch-1 signaling in glioma
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and Notch-1 block-induced apoptosis, at least in part, through
suppressed Akt/mTOR signaling.

Materials and methods

Cell culture. Human glioblastoma cell line U251 was
purchased from Cell Bank of Chinese Academic of Science
(Shanghai, China). The cells were cultured at 37°C in a 5%
humidified atmosphere in DMEM (Gibco) plus 10% fetal
calf serum.

Notch-1 RNA interference. The pENTRTM/U6 vector
including U6 promoter and pLenti6/BLOCK-iT™ -DEST
were purchased from Invitrogen Inc. To construct the short
hairpin RNA (shRNA) oligos, the Notch-1 (NM-017617)
specific oligo sequences (5'-CGACGATTGTCCAGGAAA
CAA-3") and scrambled control (5'-GTTCTCCGAACGTGT
CACGT-3') were used. The oligonucleotides containing hairpin
sequence were synthesized by Invitrogen Life Technologies
(Guangzhou, China). The oligonucleotides were annealed
and then cloned into pENTRTM/U6 plasmid to obtain an
entry construction. The positive clones were verified by
sequencing. A recombination reaction was performed between
the pPENTR/U6 entry construction and pLenti6/BLOCK-iT™ -
DEST vector and then the positive clones were confirmed by
sequencing. The recombined plasmid and packaging mix
were co-transfected with 293FT by Lipofectamine™ 2000.
Virus was harvested at 72 h after transfection and filtered
through 0.45 pm filters. Virus titers were calculated and
concentrated virus were used to infect U251 glioma cells.
Stably transfected cell clones were obtained from Blasticidin
(5 pg/ml), selected and the effect of Notch-1 knockdown was
confirmed by Western blot analysis.

NICD overexpression vector construction and cell trans-
fection. The plasmid pNL-IRES2-EGFP is a generous gift of
Dr Yanding Zhang and it originated from Dr Yiping Chen's
Laboratory (Tulane University, USA). The cDNA encoding
a constitutively active form of Notch-1 (NM-017617) intra-
cellular domain (base pairs 5308-7665) was amplified by
RT-PCR from U251 cells using forward primer: 5'-GCCACC
ATGGTGCTGCTGTCCCGCAAG-3' and reverse primer:
5'-GCACACAGACGCCCGAAGG-3'. Notch-1 intracellular
domain was cloned into pCR-XL-TOPO vector (Invitrogen,
USA) and then digested with EcoRI and subcloned into
lentiviral vector pNL-IRES,-EGFP. The recombined plasmid
was confirmed by sequencing and co-transfected with 293T,
VSVG and Help packaging Vectors. Lentiviruses were
produced and concentrated to infect the U251 cells. The
expression of Notch-1 intracellular domain was confirmed by
Western blot analysis.

MTT assay. The growth rate of U251 cells was measured by
MTT assay. Briefly, the Notchl1-shRNA or control-shRNA
lentivirus infected cells, expressing NICD or empty control
lentivirus infected cells were plated into 96-well plates at
2x103 cells per well, respectively. At d1, d2, d3, d4, d5 and
d6 after plating, 20 1 MTT (5 mg/ml) was added to each
well and the cells were incubated at 37°C for an additional 4
h. The reaction was then terminated by lysing the cells with
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200 u1 DMSO for 5 min. The absorbance at 550 nm was
measured using a Bio-Rad micro-plate reader. Each experi-
ment was performed in triplicate and repeated at least three
times.

Flow cytometric analysis of cell cycle kinetics and apoptosis.
Cells were collected and fixed with ice-cold 70% ethanol,
and stained with propidium iodide (PI) for 30 min. Cell cycle
was analyzed by EPICS-XL flow cytometer (Beckman-
Coulter, USA).

Cell apoptosis was quantified by flow cytometeric analysis.
In brief, cells were harvested and resuspended in the staining
buffer and examined with Annexin V-FITC Apoptosis
Detection kit (BioVision, USA) according to the manu-
facturer's instructions. The Annexin V-positive and PI-
negative cells were regarded as apoptotic cells.

Western blot analysis. Total proteins were extracted from
infected U251 cells and subjected to 10% sodium dodecyl
sulfate-polyacrylamide gel electrophoresis. Protein was trans-
ferred to PVDF membranes, which were blocked with TBST
containing 5% non-fat milk for 2 h, and then incubated with
anti-Notch-1-ICD (Chemicon, USA), anti-Akt, anti-p-Akt
(Ser 473), anti-p-mTOR (Ser 2448), anti-p27 (Kipl) (Cell
Signaling, USA); anti-caspase-9, anti-caspase-3, anti-MCL-1,
anti-PARP-1 and GAPDH (Santa Cruz, USA) at 4°C over-
night. After washing with TBST, the blots were incubated
with HRP-labeled secondary antibodies for 2 h at room
temperature. The blots were visualized by enhanced chemi-
luminescence (ECL) reagent kit (Beyotime, China) and
quantified by densitometry.

Statistical analysis. All data are presented as mean + SEM of
at least three independent experiments and analyzed using
SPSS statistical package (Version 11.0). P-values were
calculated using Student's t-test to compare results and P<0.05
was considered as statistically significant.

Results

Knockdown of Notch-1 inhibited cell growth, induced cell
cycle arrest and promoted apoptosis in U251 glioma cells.
To test the effects of Notch-1 on maintenance of glioma cell
proliferation and survival, we transfected U251 cells with
Notch-1-shRNA or control shRNA expressing lentiviruses.
Results showed that expression of Notch-1 protein in its
RNA interference cells was much lower as confirmed by
Western blot analysis (Fig. 1A).

The proliferation activity of U251 cells were examined by
MTT assay. After knockdown of Notch-1 expression by
RNA interference, as shown in Fig. 1C, the growth rate of
cells was inhibited significantly compared to control.

The results of flow cytometry showed that knockdown of
Notch-1 in U251 cells resulted in the decrease of the S phase
fraction and arrest of cells in the GO/G1 phase (Fig. 2A),
whereas the number of apoptotic cells evaluated by Annexin
V labeling was significantly increased (Fig. 1E).

Overexpression of active Notch-1 promotes cell proliferation
and increase cells in S phase. To further confirm the role of
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Figure 1. Effects of Notch-1 on glioma cell proliferation and apoptosis (CS,
infected with control shRNA lentivirus; NS, infected with Notch-1 shRNA
lentivirus; CP, infected with control lentivirus; NP, infected with expressing
NICD lentivirus). The expressions of NICD in U251 cells were analyzed by
Western blotting. (A) Notch-1 was down-regulated by Notch-1 RNA inter-
ference in U251 cells compared with control cells. (B) NICD as active
Notch-1 was overexpression in U251 cells infected with NICD lentivirus.
Effects on cells growth were examined by MTT assay. (C) Cell growth was
inhibited by Notch-1 knockdown. (D) Overexpression of NICD stimulated
cell growth. Cells apoptosis were examined by flow cytometry with
Annexin V and PI double staining. (E) Notchl knockdown cell apoptosis
ratio was increased compared with control.

Notch-1 in U251 cell proliferation and survive, the U251
cells were transfected with human NICD-expressing lenti-
virus or empty control lentivirus alone. We used Western
blot analysis to confirm the overexpression of Notch-1-ICD
in transfected cells and found they had higher level expres-
sion of Notch-1-ICD (Fig. 1B). Overexpression of active
Notch-1 led to the promotion of cell proliferation when
compared to control (Fig. 1D). Overexpression of active
Notch-1 also led to the promotion of cell cycles. The
percentage of cells in S phase was increased from 23.6% in
the control to 30.5% in overexpressing NICD cells (Fig. 2A).

Effects of Notch-1 on cell cycle associated protein expression.
We have demonstrated that knockdown of Notch-1 inhibited
cell transition from G1 phase to S phase and active Notch-1
promoted the U251 cell S phase entry. To further elucidate
how Notch-1 affected cell cycle distribution, p27 and cyclin
D1 which are important in controlling G1 to S phase were
detected by Western blot analysis. As shown in Fig. 2B, the
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Figure 2. The effect of Notch-1 on cell cycle and cell cycle associated protein
expression. (A) Cell cycle was analysed by flow cytometry. S phase cells
were decreased following Notch-1 knockdown (*P<0.05 vs. CS).
Overexpression of NICD promoted S phase entry (*P<0.05 vs. CP). (B) The
protein expressions were analysed by Western blotting. Notch-1 knockdown
decreased cyclin D1 and increased p27 expression. (C) Overexpression of
NICD increased cyclin D1 and decreased p27 expression.

protein levels of cyclin D1 decreased and the cell cycle
inhibitor p27 increased following Notch-1 knockdown.
Notch-1 activation increased cyclin D1 expression and
decreased p27 expression (Fig. 2C).

Effects of Notch-1 on cell apoptosis-associated protein
expression. We have demonstrated that knockdown of
Notch-1 induced U251 cell apoptosis. To further elucidate
how Notch-1 regulation affect apoptosis, MCL-1, PARP-1,
caspase-9 and caspase-3, which are associated with apoptosis,
were detected by Western blot analysis. As shown in Fig. 3,
the expression levels of PARP-1, caspase-9 and caspase-3
protein were decreased following Notch-1 knockdown and
increased after Notch-1 activation. The expression of anti-
apoptotic protein MCL-1 was decreased following Notch-1
knockdown.

Notch-1 regulation of Akt and downstream effector mTOR in
U251 glioma cells. Akt has emerged as a crucial regulator of
cellular processes including proliferation, differentiation and
apoptosis. Due to Notch-1 affected cell cycle, we predict that
Akt pathway may participate in this process. Akt target
proteins were detected after Notch-1 knockdown and
overexpression. The results showed that the levels of phosphor-
Akt, and phosphor-mTOR were down-regulated following
Notch-1 knockdown. However, the level of total Akt protein
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Figure 3. Western blot analysis of apoptosis-associated protein expression.
(A) In Notch-1 RNA interference cells, expression of MCL-1 was
decreased, PARP-1, caspase-9 and caspase-3 were increased; (B) In Notch-1
activated cells, expression of MCL-1 was increased; PARP-1, caspase-9 and
caspase-3 were decreased.
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Figure 4. Western blot analysis of Akt and its downstream protein expres-
sion. (A) In Notch-1 RNA interference cells, p-Akt and p-mTOR were
decreased; (B) In Notch-1 activated cells, p-Akt and p-mTOR were increased.

was not affected (Fig. 4). Thus, these results indicated that
silencing of Notch-1 inhibited Akt activation but not Akt
protein expression.

Discussion

Despite aggressive treatment strategies, patients with glioma
still have a dismal prognosis, which highlights the need to
understand the molecular mechanism responsible for glioma
formation and progression. Various signaling cascades are
involved in the process, including Notch and Akt-mTOR
signaling. It was found that there is cross-talk between Notch
and Akt signaling (12,13), but the relation in glioma cells is
not clear. To further explore the interactions between Notch
and Akt signaling in glioma cells proliferation and survival,
we investigated the overexpression and low-expression of
Notch-1 in U251 glioma cells and found Notch-1 could
regulate Akt activation which associated with glioma
proliferation and apoptosis.
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The Notch signaling pathway is an evolutionarily conserved
signaling system which has been shown to play important
roles in many different biological processes including proli-
feration, differentiation, survival and apoptosis. Previous
studies have provided that aberration of the Notch-signaling
pathway contributes to the formation, progression and
prognosis of glioma (2,14). Overexpression of Notch-1 and
its ligands Delta-like-1 and Jagged-1 are present in many
glioma cell lines and primary human gliomas and targeting
Notch signaling may provide novel therapeutic targets (15).
We found that Notch-1 activation could promote U251 cell
proliferation and survival and increase the percentage of cells
in S phase. Furthermore, knockdown of Notch-1 induced cell
cycle arrest and apoptosis through down-regulated expression
of cell cycle-associated proteins cyclin D1 and anti-apoptotic
proteins MCL-1, increased the expression of apoptotic
protein caspase-9, -3 and PARP-1. PARP-1 is a DNA-
binding enzyme involved in modulation of DNA-repair-
mediated resistance to cytotoxic therapy. PARP-1 inhibition
is associated with increased sensitivity to DNA-alkylating
agents, topoisomerase I poisons and ionising radiation (16).
Notch-1 may be involved in radio-chemotherapy resistance
through regulation of PARP-1. It was found that the Notch
ligand Delta-1 can inhibit apoptosis by reducing the cleavage
of PARP-1 (17). Selective ablation of Notch3 in hepato-
cellular carcinoma enhances the doxorubicin death promoting
effect (18). The inhibition of phosphatidylinositol-3-OH
kinase/Akt signaling impairs DNA repair in glioblastoma
cells following ionizing radiation (19). In this study, we first
suggested that block Notch-1 in glioma cells can repress Akt
and PARP-1. Our research also indicates that Notch-1 acts as
an oncogene in glioma and is probably associated with radio-
chemotherapy resistance.

The Akt is known as an important downstream mediator
of the PI3K signaling pathway in glioma. Akt is activated by
phosphorylation. Phosphor-Akt regulates the function of
many cells involved in metabolism, proliferation and apoptosis
(20). Recent evidence indicated that Akt as an oncogene is
frequently active in many types of human cancers (10,21). At
the same time, studies defined the importance of the Akt
pathway in G1/S cell cycle progression. Accumulating
evidence suggests that Akt can regulate cyclin D1 (22), its
overexpression results in shortened cell cycle progression
and thereby contributes directly to tumor progression. Akt
also regulated p27(Kipl), a major cyclin/CDK inhibitor,
activation. Akt can phosphorylate p27 and results in p27
degradation or cytoplasmic location, so that cyclin/CDK are
activated and promote cell cycle progression (23,24). Akt
pathway also has been shown to regulate apoptosis through
procaspases. Caspase-9 acts as an initiator and an effector of
apoptosis. Akt can phosphorylate procaspase-9 and inhibit
apoptosis induction (25). Akt has been shown to affect cell
cycle progression and proliferation, also to possess a
potential function in tumorigenesis and chemoresistance (26).
Our results showed that silencing of Notch-1 caused a
decrease of phospho-Akt but not total Akt. Reduced
phosphor-Akt led to a decrease of phosphor-mTOR, cyclin
D1, caspase-9 and caspase-3, and up-regulation of p27. These
results suggest that the mechanism of Notch-1 gene block-
induced growth inhibition was achieved with inhibition of
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Akt signaling and it down-modulates Akt-dependent survival
pathways in U251 glioma cells. However, how silencing of
Notch-1 inhibits Akt pathway remains to be elucidated.

The canonical EGFR signaling network has attracted
extensive studies recently due to its involvement in cancer
growth, tumor progression, and its potential as a target for
development of pharmaceutical inhibitors during cancer
treatment. Amplification of the EGFR gene represents the
important molecular genetic alteration identified in human
glioma. Previous research found that blocking Notch-1
suppressed the transcription of the epidermal growth factor
receptor (11). It should be noted that the transcriptional up-
regulation of EGFR by Notch activity is probably less potent
than that from EGFR amplification. EGFR amplification may
increase its expression by 10- to 40-fold, potentially over-
whelming any effects from Notch regulation of EGFR, so
blocking EGFR is not enough to block glioma growth. But
we found that Akt, the major component of EGFR down-
stream was depressed by Notch-1 RNA interference. Notch-1
knockdown also depressed mTOR and correlated down-
stream components. Akt is an important target of EGFR and
as a ‘molecular switch’ of cell proliferation and growth, but
Akt activation is both dependent and not dependet on EGFR.
In this study, our results indicate that mTOR and Akt were
identified as downstream targets of Notch-1 and that Notch-1
could be used in a treatment aimed at blocking both Akt and
mTOR driven glioma cell proliferation.

Accordingly, silencing of Notch-1 slows cell growth and
enhances apoptosis through inhibition of Akt signaling
pathway in glioma. We report for the first time that mTOR
signaling pathway was involved in the effects induced by
Notch-1 RNA interference in U251 cells. Our findings
confirm Notch-1 as a rational therapeutic target in glioma.
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