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Abstract: The NOTCH pathway regulates neural stem cells and glioma initiating cells (GICs).
However, blocking NOTCH activity with γ-secretase inhibitors (GSIs) fails to alter the growth
of GICs, as GSIs seem to be active in only a fraction of GICs lines with constitutive NOTCH activity.
Here we report loss of PTEN function as a critical event leading to resistance to NOTCH inhibition,
which causes the transfer of oncogene addiction from the NOTCH pathway to the PI3K pathway.
Drug cytotoxicity testing of eight GICs showed a differential growth response to GSI, and the GICs
were thus stratified into two groups: sensitive and resistant. In the sensitive group, GICs with loss
of PTEN function appeared less sensitive to GSI treatment. Here we show that NOTCH regulates
PTEN expression and the activity of the PI3K pathway in GICs, as treatment with GSI attenuated the
NOTCH pathway and increased PTEN expression. NOTCH regulates PTEN expression via Hes-1,
as knockdown of Notch or Hes1 increased expression of PTEN. This novel observation suggests that
both pathways must be simultaneously inhibited in order to improve therapeutic efficacy in human
glioblastomas (GBMs).
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1. Introduction

Glioblastoma (GBM), the most common adult glioma, has a poor prognosis. Genetic heterogeneity
between patients and even within tumors is high, and GBM is characterized by evolving genetic
aberration resulting from dynamic genetic instability. The genes most commonly affected are CDKN2A,
TP53, EGFR, PTEN and RB [1]. By combining sequencing data with other types of genomic information,
the Cancer Genome Atlas team produced a tentative overview of the main biological pathways
involved in GBM. Each of the three pathways (namely, the CDK/RB, p53 and RTK/RAS/PI3K
pathways) was disrupted in more than three-quarters of GBM tumors. Signal transduction pathways
are complex and exhibit overlap and crosstalk [2]. The complexity of these pathways may allow
for compensatory effects in alternative pathways, which could lead to resistance to single agents
that regulate only one target. Successful novel therapeutic strategies for GBMs may thus require
simultaneous targeting of multiple dysregulated molecules.

The NOTCH signaling pathway is an evolutionarily conserved system that is important in
most multicellular processes such as neural differentiation, proliferation, survival, angiogenesis and
stemness [3–5]. About 45% of proneural GBMs exhibit a high expression of representative NOTCH
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pathway genes, which has been implicated in the pathogenesis of solid tumors [6]. When the NOTCH
receptor is triggered by a ligand, it promotes two proteolytic cleavage events at the NOTCH receptor:
by means of an ADAM metalloprotease and γ-secretase complex. The cleavage can release the NOTCH
intracellular domain (NICD), which translocates to the nucleus and interacts with the CSL-binding
protein to activate expressions of NOTCH targeting genes [3,4].

Recent studies suggest that PTEN is regulated through the NOTCH pathway in a variety of
settings, such as fibroblasts [7,8], T-cell acute lymphoblastic leukemia cells [9] and prostate tumor
cells [10]. NOTCH interaction with PTEN has been well characterized in T-cell leukemia, in which
NOTCH and PTEN induce resistance to γ-secretase inhibition. Here we report that PTEN regulates
GBM sensitivity to γ-secretase inhibitors (GSIs), thereby highlighting the need for simultaneous
inhibition of the PI3K/AKT and NOTCH pathways in PTEN-mutant GBMs. Thus, PTEN may be
an important factor of GSI-induced attenuation of cell growth through a regulatory circuit linking
NOTCH signaling with PTEN expression. This finding supports a need for combination therapeutic
strategies in the treatment of GBM.

2. Results

2.1. GICs Show Differential Growth in Response to GSIs

We quantified sensitivity to three GSIs, as seen in Figure S1, in a panel of eight glioma initiating cell
lines (GICs) and four glioma cell lines by measuring the IC50 or half-maximal inhibitory concentration
after 72 h of continuous exposure. GSIs showed a dose-dependent growth inhibition of GICs and
glioma cell lines (Figure 1a,b). Expression of the Notch signaling, PTEN and AKT are shown in
Figure 1c [11]. NICD and Hes1—a NOTCH-1 pathway component—were expressed in U87, A172
and LN18. PTEN expression was absent in U87 and U251, suggesting that loss of PTEN function
(Figure 1c). Figure 1d shows representative waterfall plots of the differential responses to GSIs, which
were used to classify GICs as sensitive and resistant. Sensitive cell lines were those with IC50 values of
3–18 µmol/L for N-[N-(3,5-difluorophenacetyl)-L-alanyl]-S-phenylglycine t-butyl ester (DAPT) and
0.5–2 µmol/L for BMS-708163 and RO4929097. Resistant cell lines were those with IC50 values greater
than 20 µmol/L for DAPT and greater than 3 µmol/L for BMS-708163 and RO4929097 (Figure 1d).
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Figure 1. γ-Secretase inhibitors (GSIs) showed dose-dependent growth inhibition of glioma
tumor-initiating cells (GICs). (a) A panel of GIC lines was treated with various concentrations of
the GSIs. Cells were treated with increasing concentrations of GSIs in triplicate wells for 72 h, and cell
viability was assessed with the CellTiter-Blue assay. Cell viability in the vehicle control was considered
to be 100%; (b) GSIs showed dose-dependent growth inhibition of glioma cells. A panel of glioma
cell lines was treated with various concentrations of the GSIs. Cells were treated with increasing
concentrations of GSIs in triplicate wells for 72 h, and cell viability was assessed with the CellTiter-Blue
assay. Cell viability in the vehicle control was considered to be 100%; (c) Western blotting of the Notch
signaling, AKT and PTEN in glioma cell lines. β-Actin was used as loading control; (d) Waterfall plot of
IC50 values for eight GICs. These figures show that GSIs have a particular growth inhibition signature:
some cell lines are very sensitive and others are relatively resistant.

2.2. Expression of the NOTCH Signaling Pathway and PTEN Status in GICs

To identify associations between the activation of the NOTCH signaling pathway, PTEN status
and the sensitivity of GSIs, Western blot analysis was used to evaluate gene expression in the NOTCH
signaling pathway in eight GIC lines, as seen in Figure 2. NICD and Hes1—a NOTCH-1 pathway
component—were all expressed in sensitive and resistant GICs. PTEN expression was absent, or very
low, in resistant GICs, which suggests that the response may be related to PTEN status in GICs.
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Figure 2. Western blotting of the NOTCH signaling pathway in eight GICs. Activated Notch-1 (NICD)
and Hes1 were expressed in sensitive GICs. β-Actin was used as the loading control.

2.3. NOTCH Regulates Activity of the PI3K/AKT Pathway via Hes1 in PTEN–Wild-Type GICs

The close association between the presence of PTEN mutations and GSI resistance in GICs
prompted us to ask whether PTEN might be functionally linked to NOTCH-1 signaling. Real-time
PCR analysis of PTEN transcript levels upon NOTCH-1 inhibition by GSI showed PTEN relative
expression levels were increased by GSI treatment in GICT25, i.e., GSI-sensitive/PTEN–wild-type cells
(Figure 3a). In GICT25, NICD and HES1 expressions decreased and PTEN expression increased after
treatment with GSIs, as seen in Figure 3b. In NOTCH knockdown experiments, NOTCH-1, NICD and
HES1 expressions were decreased and PTEN expression was increased. siRNA knockdown of Hes1
decreased HES1 expression and increased PTEN expression, thus suggesting that Hes1 caused the
down-regulation of PTEN expression by transcriptional repression of the PTEN promoter (Figure 3c).
In GICT18—a PTEN-mutant GIC—Western blotting was used to investigate the expression of NICD,
HES1, PTEN, p-AKT and total AKT proteins. Transfection with PTEN resulted in the up-regulation
of PTEN expression and down-regulation of p-AKT expression in GICT18. After transfection with
PTEN, PTEN expression increased after GSI treatment, as seen in Figure 3d. These results indicate that
GSI might affect the PTEN and AKT pathway and that PTEN is a downstream target of the NOTCH
pathway via HES1 in PTEN–wild-type GICs.
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Figure 3. (a) Real-time PCR analysis of PTEN transcript levels upon NOTCH-1 inhibition by GSI in
GICT25 and GICT14 relative to (DMSO) controls. GAPDH levels were used as the reference control;
(b) A GICT25 panel was treated with the indicated doses of DAPT, BMS-708163 and RO4929097
for the indicated time intervals. All GSIs inhibited the expression of NICD, Hes1 and p-AKT in
a time-dependent manner. The decrease in NICD was followed by a decrease in Hes1 expression,
whereas Notch-1 expression did not change; (c) Western blotting confirmed the knockdown effect
of Notch shRNA lentivirus on GICT25. siRNA knockdown of Hes1 decreased HES1 expression and
increased PTEN expression; (d) After transfection with the PTEN gene, PTEN expression increased
with GSI treatment.

2.4. The Combination of GSI and PI3K Inhibitor had a Synergistic Effect in PTEN Mutant GICs

We performed drug sensitivity testing and compared the control with PTEN knockdown in
GICT25. The IC50 of GICT25 increased from 7.69 to 19.8 µM in DAPT, from 0.55 to 2.00 µM in
BMS-708163 and from 0.96 to 4.67 µM in RO4929097, indicating a decrease in sensitivity to GSI
treatment, as seen in Table 1a and Figure 4a. We also performed drug sensitivity testing and compared
the control with PTEN-transfected GICT18. The IC50 of GICT18 decreased from 13.50 to 5.78 µM
in DAPT, from 1.82 to 0.84 µM in BMS-708163 and from 2.21 to 1.11 µM in RO4929097, indicating
an increase of sensitivity to GSI treatment, as seen in Table 1b and Figure 4b. We tested the efficacy
of combining RO4929097 with two inhibitors of the PI3K/AKT/mTOR pathway, namely BEZ235
and BKM120. For BKM120 and RO4929097, the maximum concentration was 2 µM for BKM120 and
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1 µM for RO4929097, which were diluted to a 2:1 ratio. For BEZ235 and RO4929097, the maximum
concentration was 200 nM for BEZ235 and 1 µM for RO4929097, which were diluted to a 1:5 ratio.
We calculated the Combination Index by using the Calcusyn software package and observed the
synergistic inhibition of cell proliferation in GICT18, as seen in Figure 5 and Table 2.

Table 1. PTEN expression is required for the GSI response in cell growth inhibition. (a) PTEN
knockdown decreased the response to GSI in PTEN–wild-type GIC. (b) PTEN expression increased the
response to GSI in PTEN-mutant GIC.

IC50 GICT25 shPTEN

(a)

DAPT (µM) 7.69 19.8
BMS-708163 (µM) 0.55 2.00
RO4929097 (µM) 0.96 4.67

(b)

DAPT (µM) 13.50 5.78
BMS-708163 (µM) 1.82 0.84
RO4929097 (µM) 2.21 1.11
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Table 2. Combination Index of GSI and PI3K inhibitor in GICs cells in vitro.

Reagents CI Values at ED50

BKM120/GSI (2:1) 0.47
BEZ235/GSI (1:5) 0.58

2.5. The Combination of GSI and PI3K Inhibitor Regulated Survival in an Orthotropic Mouse Model

To assess the anti-glioma efficacy of the combination of GSI and PI3K inhibitor in vivo, we used
a GICT25 orthotopic model of human glioma intracranial xenografts in nude mice. On day 4 after
tumor cell implantation, the animals were treated with vehicle or with 10 mg/kg RO4929097 in
methyl cellulose alone, 20 mg/kg BKM120 in methyl cellulose alone, a combination of RO4929097
and BKM120 in methyl cellulose or methyl cellulose alone (control) once a week for a total of 5 weeks,
as described in the Materials and Methods section. The median survival duration for animals treated
with methylcellulose (control) was 64 days, as seen in Figure 6. Treatment with 10 mg/kg RO4929097
and 20 mg/kg BKM120 alone extended survival to a median of 109.5 and 117.5 days, respectively
(p < 0.05, log-rank test for both experiments). Combination treatment with RO4929097 and BKM120
significantly increased the survival of mice, as compared with either agent alone (median 168.5 days,
p < 0.05). These results show that the combination of RO4929097 and BKM120 can inhibit tumor
growth and prolong the survival of mice with xenograft tumors, which suggests that the combination
of RO4929097 with BKM120 has potential therapeutic efficacy in vivo.
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Figure 6. The combination of a GSI and PI3K inhibitor had a synergistic effect in PTEN-mutant GIC.
Kaplan–Meier survival probability plots of tumor-bearing mice in vehicle or RO4929097, BKM120 and
combined RO4929097 and BKM120 treatment groups were graphed, and the log-rank test was used to
compare groups. All treatments (different colored lines) showed a statistically significant improvement
versus control (p < 0.05).
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3. Discussion

The NOTCH signaling pathway is involved in cell-fate decisions during normal development
and in multicellular processes and has been implicated in the maintenance of neural progenitors
during brain development [12,13]. In gliomas, NOTCH signaling seems to confer radioresistance to
glioma initiating cells [14] and the inhibition of NOTCH through GSIs [15] or Delta-4 monoclonal
antibodies [16] decreased the numbers of glioma initiating cells and/or their tumorigenicity in some
preclinical models. This suggests that a therapeutic strategy that includes NOTCH inhibitors might
be used clinically to target glioma initiating cells and overcome chemoresistance and radioresistance.
We previously reported that proneural GICs with high NOTCH pathway activation responded to GSIs
and that PTEN status was an important factor in the sensitivity to GSI treatment [6]. Amplifying or
activating mutations of PIK3CA were found in about 15% of patients with GBM [17–19]. Similarly,
loss-of-function mutations, chromosomal deletions or epigenetic gene silencing of PTEN, which are
associated with poor survival [19], were found in approximately 40% of GBM cases [1].

The close association between PTEN mutation and GSI resistance in GICs suggests that PTEN
might be linked to NOTCH signaling functionally. Analysis of the transcriptional responses of
GSI-sensitive GICs with PTEN wildtype to NOTCH inhibition showed significant upregulation of
the PTEN expression level. However, the mechanism responsible for PI3K-AKT upregulation via
NOTCH activation in GICs remains unknown. The inhibitory effect of NOTCH signaling on PTEN
expression is inconsistent with the established role of NOTCH as a transcriptional activator [20–23].
Thus, we hypothesized that the inhibition of PTEN by NOTCH could be mediated by HES1 regulated
by NOTCH1.

“Oncogene addiction” refers to the need that tumor cells have for sustained abundant oncogene
signaling, which maintains their viability [24–26], and explains the requirement for continuous NOTCH
signaling in GICs with mutations in NOTCH [27,28]. Our data indicate that loss of function with
PTEN in GICs may result in resistance to NOTCH inhibition by GSI treatment. Thus, we hypothesized
that GSI resistance results from a change in oncogene addiction, from NOTCH to constitutive AKT
signaling. Our preliminary data reveal a synergistic attenuation of cell growth by the combination of
GSIs and PI3K inhibitors in PTEN mutant GICs. Thus, a future study should evaluate the efficacy of
combined NOTCH and PI3K/AKT inhibition therapies in glioma.

4. Materials and Methods

4.1. Cell Lines and Reagents

The four glioma cell lines used in this study were obtained from the JCRB cell bank. The eight
glioma initiating cell lines were maintained in neurosphere medium by using a previously described
method [29] to isolate neurosphere-forming cells from surgical specimens of human GBM. The study
was approved by the Institutional Review Board of Toho University (H22-62). These GIC lines were
cultured as GBM neurospheres in DMEM/F12 medium supplemented with B27 (Invitrogen, Grand
Island, NY, USA), L-glutamine (GIBCO), penicillin/streptomycin and growth factors (20 ng/mL EGF
and 20 ng/mL FGF-2; Invitrogen). DAPT, BMS-708163, RO4929097 and NVP-BKM120 were purchased
from Selleck Chemicals. For in vitro use, all inhibitors were dissolved in dimethyl sulfoxide (DMSO;
Sigma-Aldrich, St. Louis, MO, USA) to a concentration of 10 mmol/L, stored at −20 ◦C and further
diluted to an appropriate final concentration in DMEM/F12 medium at the time of use. The DMSO in
the final solution did not exceed 0.1% (v/v).

4.2. Cell Proliferation Assay

Cells were seeded in 96-well plates (2000 cells/well) and incubated at 37 ◦C for 24 h before addition
of serial dilutions of GSIs DAPT, BMS-708163 and RO4929097. Growth inhibition was estimated using
the CellTiter-Blue (Promega, Madison, WI, USA) viability assay. The IC50 value was calculated as the
mean drug concentration required in order to inhibit cell proliferation by 50% compared with vehicle
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controls. The data are expressed as percentages of the vehicle-treated controls, and IC50 values were
calculated with CalcuSyn 2.0 software (BIOSOFT, Great Shelford, Cambridge, UK).

4.3. Western Blot Analysis

Cells were harvested in lysis solution, as previously described [30], and subjected to Western
blotting. Membranes were probed with the following primary antibodies: NOTCH-1, PTEN,
phospho-specific AKT, total AKT (Cell Signaling, Boston, MA, USA) and Hes-1 (Millipore, Burlington,
MA, USA). Anti–β-actin antibody was purchased from Sigma and used as a loading control.

4.4. RNA Extraction and cDNA Synthesis

Total RNAs were extracted from each sample and placed in 350 µL of RLT buffer (Qiagen,
Hilden, Germany) supplemented with 1% β-mercaptoethanol. Next, the total RNAs were purified
with an RNeasy Micro Kit (Qiagen, Valencia, CA, USA) according to the manufacturer’s protocol.
After RNA extraction, we synthesized first-strand cDNA by using random primers and TaqMan
reverse-transcription reagents (Applied Biosystems, Foster City, CA, USA).

4.5. Quantitative Real-Time PCR Analysis

Quantitative real-time PCR was performed with an ABI PRISM 7000 sequence detection system
(Applied Biosystems) according to the manufacturer’s instructions. The relative expressions of PTEN
mRNAs were normalized to the amount of GAPDH in the same cDNA by using the delta Ct method,
as described by the manufacturer. Each sample was assayed in triplicate and analyzed with SDS
software (Applied Biosystems).

4.6. Knockdown of Notch-1 by Lentiviral shRNA

Lentiviral vector encoding shRNA for PTEN was purchased from GeneCopoeia Inc. Lentiviral
vector with pLKO.1-mediated expression of shRNA for targeting human PTEN was performed
according to the manufacturer’s instructions. Lentiviral particles, which expressed targeting and
control scramble, were produced in HEK293 cells with the mixed set of packing plasmids, and the
viruses were concentrated and titered as previously described [31]. GICT25 cells were infected with
the PTEN shRNA. The produced lentiviruses were concentrated with a Centricon Plus-20 centrifugal
filter device (Millipore). To ensure that the same number of lentiviral particles was used in each
experiment, the produced lentiviral stock was stored at −80 ◦C. For the in vitro infection of GICs with
the lentivirus, we disaggregated cultured tumorspheres before infection, to increase infection efficiency
and uniformity. To infect target cells with lentiviruses, we exposed GICT25 for 24 h. Cells were
washed and then cultured with regular complete medium for two additional days in the 2.5 µg/µL
puromycin. Lastly, the cells were washed and analyzed for protein expression with the Western
blotting protein assay.

4.7. Transient RNA Interference

Small interfering RNA (siRNA) duplexes targeting human Hes1 sequences and a scrambled
siRNA were purchased from Sigma-Aldrich. Transfection of the siRNA duplexes was
performed by TransIT-TKO Transfection Reagent (Takara, Kusatsu, Shiga, Japan) according to the
manufacturer’s instructions.

4.8. Combination Studies

In the in vitro combination studies, cells were seeded in 96-well plates (2000 cells/well) and
incubated at 37 ◦C for 24 h before addition. Then cells were treated with RO4929097, BKM120 and
BEZ235. Cell viability was quantified with the CellTiter-Blue assay. Drug synergy was analyzed
by calculating the combination index (CI) as a measure of the interaction between two drugs.
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The Combination Index (CI) was calculated according to the median-effect principle of the Chou
and Talalay method, using the CalcuSyn software, version 2.1 (BioSoft, Great Shelford, Cambridge,
UK). CI values are generated over a range of Fa levels, from 0.05–0.90 (5–90% growth inhibition). A CI
of 1 indicates an additive effect between two agents, whereas a CI of <1 or >1 indicates synergism or
antagonism, respectively [32].

4.9. Animal Studies

The mice were housed and cared for at the animal care facility of Toho University School of
Medicine in accordance with the institution’s guidelines for the care and use of laboratory animals.
The experimental protocol was approved by the Animal Research Committee, Toho University School
of Medicine (ARC/TUSM-R16-14). We examined the antitumor efficacy of RO4929097 and BKM120 in
intracranial xenografts, using GICs. Nude (nu/nu) 6–8 week-old mice (n = 24) were purchased from
Charles River Co. (Japan). In this study, we used a guide-screw system to implant 5 × 105 GICT25
cells in DMEM/F-12 serum-free media (5 mL), as described previously [6], and then randomly divided
the mice into four groups of six mice each. Starting on day 4 after the tumor cells were implanted, mice
were treated by oral gavage with 10 mg/kg RO4929097 in methyl cellulose alone, 20 mg/kg BKM120
in methyl cellulose alone, a combination of RO4929097 and BKM120 in methyl cellulose or methyl
cellulose alone (control) once a week for a total of 5 weeks. Mice were monitored daily and euthanized
when they became moribund. At necropsy, all organs were analyzed grossly and microscopically to
assess toxicity.

4.10. Statistical Analysis

The data were analyzed with the Student unpaired t–test. The results are presented as the mean
of at least three independent experiments. Differences were considered significant at a p value of <0.05,
in all comparisons.

5. Conclusions

Our data show that PTEN is an important mediator of GSI-induced attenuation of cell growth
and suggest the presence of a regulatory circuit linking NOTCH signaling with the PI3K/PTEN/AKT
pathway. This finding may yield new therapeutic strategies and indicates that both pathways should
be simultaneously inhibited in order to improve therapeutic efficacy in human GBMs.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6694/11/1/121/s1,
Figure S1: γ-Secretase inhibitors. DAPT, BMS-708163 and RO4929097 were purchased from Selleck Chemicals.

Author Contributions: N.S. designed and performed experiments, collected, analyzed, and interpreted data, and
wrote the manuscript; N.H., K.A., R.S., S.F., H.N., M.H., K.I. and T.S. performed experiments and interpreted data;
S.I. supervised the study.

Funding: This work was supported by JSPS KAKENHI Grant Number 15K19980.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. The Cancer Genome Atlas Research Network. Comprehensive genomic characterization defines human
glioblastoma genes and core pathways. Nature 2008, 23, 1061–1068.

2. Brennan, C.; Momota, H.; Hambardzumyan, D.; Ozawa, T.; Tandon, A.; Pedraza, A.; Holland, E. Glioblastoma
subclasses can be defined by activity among signal transduction pathways and associated genomic alterations.
PLoS ONE 2009, 4, e7752. [CrossRef] [PubMed]

3. Kopan, R.; Ilagan, M.X. The canonical Notch signaling pathway: Unfolding the activation mechanism. Cell
2009, 137, 216–233. [CrossRef] [PubMed]

4. Fortini, M.E. Notch signaling: The core pathway and its posttranslational regulation. Dev. Cell 2009, 16,
633–647. [CrossRef] [PubMed]

http://www.mdpi.com/2072-6694/11/1/121/s1
http://dx.doi.org/10.1371/journal.pone.0007752
http://www.ncbi.nlm.nih.gov/pubmed/19915670
http://dx.doi.org/10.1016/j.cell.2009.03.045
http://www.ncbi.nlm.nih.gov/pubmed/19379690
http://dx.doi.org/10.1016/j.devcel.2009.03.010
http://www.ncbi.nlm.nih.gov/pubmed/19460341


Cancers 2019, 11, 121 11 of 12

5. Kageyama, R.; Ohtsuka, T. The Notch-Hes pathway in mammalian neural development. Cell Res. 1999, 9,
179–188. [CrossRef] [PubMed]

6. Saito, N.; Fu, J.; Zheng, S.; Yao, J.; Wang, S.; Liu, D.D.; Yuan, Y.; Sulman, E.P.; Lang, F.F.; Colman, H.; et al.
A high Notch pathway activation predicts response to γ secretase inhibitors in proneural subtype of glioma
tumor-initiating cells. Stem Cells 2014, 32, 301–312. [CrossRef]

7. Chappell, W.H.; Green, T.D.; Spengeman, J.D.; McCubrey, J.A.; Akula, S.M.; Bertrand, F.E. Increased protein
expression of the PTEN tumor suppressor in the presence of constitutively active Notch-1. Cell Cycle 2005, 4,
1389–1395. [CrossRef]

8. Wu, X.; Xu, K.; Zhang, L.; Deng, Y.; Lee, P.; Shapiro, E.; Monaco, M.; Makarenkova, H.P.; Li, J.; Lepor, H.;
et al. Differentiation of the ductal epithelium and smooth muscle in the prostate gland are regulated by the
Notch/PTEN-dependent mechanism. Dev. Biol. 2011, 356, 337–349. [CrossRef]

9. Palomero, T.; Sulis, M.L.; Cortina, M.; Real, P.J.; Barnes, K.; Ciofani, M.; Caparros, E.; Buteau, J.; Brown, K.;
Perkins, S.L.; et al. Mutational loss of PTEN induces resistance to NOTCH1 inhibition in T-cell leukemia.
Nat. Med. 2007, 13, 1203–1210. [CrossRef]

10. Bertrand, F.E.; McCubrey, J.A.; Angus, C.W.; Nutter, J.M.; Sigounas, G. NOTCH and PTEN in prostate cancer.
Adv. Biol. Regul. 2014, 56, 51–65. [CrossRef]

11. Barretina, J.; Caponigro, G.; Stransky, N.; Venkatesan, K.; Margolin, A.A.; Kim, S.; Wilson, C.J.; Lehár, J.;
Kryukov, G.V.; Sonkin, D.; et al. The Cancer Cell Line Encyclopedia enables predictive modelling of
anticancer drug sensitivity. Nature 2012, 483, 603–607. [CrossRef] [PubMed]

12. Kageyama, R.; Ohtsuka, T.; Hatakeyama, J.; Ohsawa, R. Roles of bHLH genes in neural stem cell
differentiation. Exp. Cell Res. 2005, 306, 343–348. [CrossRef] [PubMed]

13. Hatakeyama, J.; Sakamoto, S.; Kageyama, R. Hes1 and Hes5 regulate the development of the cranial and
spinal nerve systems. Dev. Neurosci. 2006, 28, 92–101. [CrossRef] [PubMed]

14. Wang, R.F. Regulatory T cells and innate immune regulation in tumor immunity. Springer Semin.
Immunopathol. 2006, 28, 17–23. [CrossRef] [PubMed]

15. Fan, X.; Khaki, L.; Zhu, T.S.; Soules, M.E.; Talsma, C.E.; Gul, N.; Koh, C.; Zhang, J.; Li, Y.M.; Maciaczyk, J.;
et al. NOTCH pathway blockade depletes CD133-positive glioblastoma cells and inhibits growth of tumor
neurospheres and xenografts. Stem Cells 2010, 28, 5–16. [CrossRef] [PubMed]

16. Hoey, T.; Yen, W.C.; Axelrod, F.; Basi, J.; Donigian, L.; Dylla, S.; Fitch-Bruhns, M.; Lazetic, S.; Park, I.K.;
Sato, A.; et al. DLL4 blockade inhibits tumor growth and reduces tumor-initiating cell frequency. Cell Stem
Cell 2009, 5, 168–177. [CrossRef] [PubMed]

17. Holland, E.C.; Celestino, J.; Dai, C.; Schaefer, L.; Sawaya, R.E.; Fuller, G.N. Combined activation of Ras and
Akt in neural progenitors induces glioblastoma formation in mice. Nat. Genet. 2000, 25, 55–57. [CrossRef]

18. Koul, D.; Fu, J.; Shen, R.; LaFortune, T.A.; Wang, S.; Tiao, N.; Kim, Y.W.; Liu, J.L.; Ramnarian, D.; Yuan, Y.;
et al. Antitumor activity of NVP-BKM120–a selective pan class I PI3 kinase inhibitor showed differential
forms of cell death based on p53 status of glioma cells. Clin. Cancer Res. 2012, 18, 184–195. [CrossRef]

19. Masica, D.L.; Karchin, R. Correlation of somatic mutation and expression identifies genes important in
human glioblastoma progression and survival. Cancer Res. 2011, 71, 4550–4561. [CrossRef]

20. Palomero, T.; Lim, W.K.; Odom, D.T.; Sulis, M.L.; Real, P.J.; Margolin, A.; Barnes, K.C.; O’Neil, J.; Neuberg, D.;
Weng, A.P.; et al. NOTCH1 directly regulates c-MYC and activates a feed-forward-loop transcriptional
network promoting leukemic cell growth. Proc. Natl. Acad. Sci. USA 2006, 103, 18261–18266. [CrossRef]

21. Jarriault, S.; Brou, C.; Logeat, F.; Schroeter, E.H.; Kopan, R.; Israel, A. Signalling downstream of activated
mammalian Notch. Nature 1995, 377, 355–358. [CrossRef] [PubMed]

22. Satoh, Y.; Matsumura, I.; Tanaka, H.; Ezoe, S.; Sugahara, H.; Mizuki, M.; Shibayama, H.; Ishiko, E.; Ishiko, J.;
Nakajima, K.; et al. Roles for c-Myc in self-renewal of hematopoietic stem cells. J. Biol. Chem. 2004, 279,
24986–24993. [CrossRef] [PubMed]

23. Weng, A.P.; Millholland, J.M.; Yashiro-Ohtani, Y.; Arcangeli, M.L.; Lau, A.; Wai, C.; DelBianco, C.;
Rodriguez, C.G.; Sai, H.; Tobias, J.; et al. c-Myc is an important direct target of Notch1 in T-cell acute
lymphoblastic leukemia/lymphoma. Genes Dev. 2006, 20, 2096–2109. [CrossRef] [PubMed]

24. Pagliarini, R.; Shao, W.; Sellers, W.R. Oncogene addiction: Pathways of therapeutic response.; resistance.;
and road maps toward a cure. EMBO Rep. 2015, 16, 280–296. [CrossRef] [PubMed]

25. Yan, W.; Zhang, W.; Jiang, T. Oncogene addiction in gliomas: Implications for molecular targeted therapy.
J. Exp. Clin. Cancer Res. 2011, 17, 30–58. [CrossRef] [PubMed]

http://dx.doi.org/10.1038/sj.cr.7290016
http://www.ncbi.nlm.nih.gov/pubmed/10520600
http://dx.doi.org/10.1002/stem.1528
http://dx.doi.org/10.4161/cc.4.10.2028
http://dx.doi.org/10.1016/j.ydbio.2011.05.659
http://dx.doi.org/10.1038/nm1636
http://dx.doi.org/10.1016/j.jbior.2014.05.002
http://dx.doi.org/10.1038/nature11003
http://www.ncbi.nlm.nih.gov/pubmed/22460905
http://dx.doi.org/10.1016/j.yexcr.2005.03.015
http://www.ncbi.nlm.nih.gov/pubmed/15925590
http://dx.doi.org/10.1159/000090756
http://www.ncbi.nlm.nih.gov/pubmed/16508307
http://dx.doi.org/10.1007/s00281-006-0022-7
http://www.ncbi.nlm.nih.gov/pubmed/16838179
http://dx.doi.org/10.1002/stem.254
http://www.ncbi.nlm.nih.gov/pubmed/19904829
http://dx.doi.org/10.1016/j.stem.2009.05.019
http://www.ncbi.nlm.nih.gov/pubmed/19664991
http://dx.doi.org/10.1038/75596
http://dx.doi.org/10.1158/1078-0432.CCR-11-1558
http://dx.doi.org/10.1158/0008-5472.CAN-11-0180
http://dx.doi.org/10.1073/pnas.0606108103
http://dx.doi.org/10.1038/377355a0
http://www.ncbi.nlm.nih.gov/pubmed/7566092
http://dx.doi.org/10.1074/jbc.M400407200
http://www.ncbi.nlm.nih.gov/pubmed/15067010
http://dx.doi.org/10.1101/gad.1450406
http://www.ncbi.nlm.nih.gov/pubmed/16847353
http://dx.doi.org/10.15252/embr.201439949
http://www.ncbi.nlm.nih.gov/pubmed/25680965
http://dx.doi.org/10.1186/1756-9966-30-58
http://www.ncbi.nlm.nih.gov/pubmed/21575270


Cancers 2019, 11, 121 12 of 12

26. Aravindan, N.; Aravindan, S.; Manickam, K.; Natarajan, M. High Energy Particle Radiation-associated
Oncogenic Transformation in Normal Mice: Insight into the Connection between Activation of Oncotargets
and Oncogene Addiction. Sci. Rep. 2016, 6, 37623. [CrossRef] [PubMed]

27. DeGraffenried, L.A.; Fulcher, L.; Friedrichs, W.E.; Grünwald, V.; Ray, R.B.; Hidalgo, M. Reduced PTEN
expression in breast cancer cells confers susceptibility to inhibitors of the PI3 kinase/Akt pathway. Ann. Oncol.
2004, 15, 1510–1516. [CrossRef]

28. She, Q.B.; Solit, D.; Basso, A.; Moasser, M.M. Resistance to gefitinib in PTEN-null HER-overexpressing tumor
cells can be overcome through restoration of PTEN function or pharmacologic modulation of constitutive
phosphatidylinositol 3′-kinase/Akt pathway signaling. Clin. Cancer Res. 2003, 9, 4340–4346.

29. Bhat, K.P.; Salazar, K.L.; Balasubramaniyan, V.; Wani, K.; Heathcock, L.; Hollingsworth, F.; James, J.D.;
Gumin, J.; Diefes, K.L.; Kim, S.H.; et al. The transcriptional coactivator TAZ regulates mesenchymal
differentiation in malignant glioma. Genes Dev. 2011, 25, 2594–2609. [CrossRef]

30. Koul, D.; Jasser, S.A.; Lu, Y.; Davies, M.A.; Shen, R.; Shi, Y.; Mills, G.B.; Yung, W.K. Motif analysis of the tumor
suppressor gene MMAC/PTEN identifies tyrosines critical for tumor suppression and lipid phosphatase
activity. Oncogene 2002, 21, 57–64. [CrossRef]

31. Bao, S.; Wu, Q.; Li, Z.; Sathornsumetee, S.; Wang, H.; McLendon, R.E.; Hjelmeland, A.B.; Rich, J.N. Targeting
cancer stem cells through L1CAM suppresses glioma growth. Cancer Res. 2008, 68, 6043–6048. [CrossRef]
[PubMed]

32. Damaraju, V.L.; Bouffard, D.Y.; Wong, C.K.; Clarke, M.L.; Mackey, J.R.; Leblond, L.; Cass, C.E.; Grey, M.;
Gourdeau, H. Synergistic activity of troxacitabine (Troxatyl) and gemcitabine in pancreatic cancer.
BMC Cancer. 2007, 7, 121. [CrossRef] [PubMed]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1038/srep37623
http://www.ncbi.nlm.nih.gov/pubmed/27876887
http://dx.doi.org/10.1093/annonc/mdh388
http://dx.doi.org/10.1101/gad.176800.111
http://dx.doi.org/10.1038/sj.onc.1205296
http://dx.doi.org/10.1158/0008-5472.CAN-08-1079
http://www.ncbi.nlm.nih.gov/pubmed/18676824
http://dx.doi.org/10.1186/1471-2407-7-121
http://www.ncbi.nlm.nih.gov/pubmed/17608948
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	GICs Show Differential Growth in Response to GSIs 
	Expression of the NOTCH Signaling Pathway and PTEN Status in GICs 
	NOTCH Regulates Activity of the PI3K/AKT Pathway via Hes1 in PTEN–Wild-Type GICs 
	The Combination of GSI and PI3K Inhibitor had a Synergistic Effect in PTEN Mutant GICs 
	The Combination of GSI and PI3K Inhibitor Regulated Survival in an Orthotropic Mouse Model 

	Discussion 
	Materials and Methods 
	Cell Lines and Reagents 
	Cell Proliferation Assay 
	Western Blot Analysis 
	RNA Extraction and cDNA Synthesis 
	Quantitative Real-Time PCR Analysis 
	Knockdown of Notch-1 by Lentiviral shRNA 
	Transient RNA Interference 
	Combination Studies 
	Animal Studies 
	Statistical Analysis 

	Conclusions 
	References

