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Abstract
Glioblastoma multiforme (GBM) is the most common primary brain tumor and among the

most difficult to treat malignancies per se. In almost 90% of all GBM alterations in the PI3K/

Akt/mTOR have been found, making this survival cascade a promising therapeutic target,

particular for combination therapy that combines an apoptosis sensitizer, such as a pharma-

cological inhibitor of PI3K, with an apoptosis inducer, such as radio- or chemotherapy. How-

ever, while in vitro data focusing mainly on established cell lines has appeared rather

promising, this has not translated well to a clinical setting. In this study, we analyze the

effects of the dual kinase inhibitor PI-103, which blocks PI3K and mTOR activity, on three

matched pairs of GBM stem cells/differentiated cells. While blocking PI3K-mediated signal-

ing has a profound effect on cellular proliferation, in contrast to data presented on two GBM

cell lines (A172 and U87) PI-103 actually counteracts the effect of chemotherapy. While we

found no indications for a potential role of the PI3K signaling cascade in differentiation, we

saw a clear and strong contribution to cellular motility and, by extension, invasion. While

blocking PI3K-mediated signaling concurrently with application of chemotherapy does not

appear to be a valid treatment option, pharmacological inhibitors, such as PI-103, neverthe-

less have an important place in future therapeutic approaches.

Introduction
Glioblastoma multiforme (GBM) is a common primary brain tumor and one of the most lethal
cancer, with an average patient's life expectancy of ~12 month post-diagnosis [1]. Despite an
intensive multi-modular treatment regime, consisting of surgical resection, radiation and sev-
eral courses of the chemotherapeutic agent temozolomide (TMZ) [2], therapeutic successes are
only rarely achieved. Two key features of GBM are frequently cited as reasons for treatment
failure: The malignancies highly invasive nature and it's intrinsic resistance to apoptosis.
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While GBM virtually never metastasizes to distant sites, it grows diffusely and highly inva-
sive, infiltrating the surrounding brain tissue and thus making localized treatment, e.g. surgery,
particularly ineffective [3]. Crucially, the presence of these invasive GBM cells is sufficient to
cause progressive neurological dysfunctions and even death in the absence of a distinct tumor
mass [4]. Indeed, it has been repeatedly suggested that GBM should not be viewed as a tumor
within the brain, but as a systemic, i.e., whole brain disorder (for example, [5, 6]).

Induction of apoptosis, the dominant mechanism by which most radio- and chemothera-
pies eliminate cancerous cells, requires induction of cell death pathways which may be counter-
acted by increased activity of survival signaling cascades [7]. Therefore in recent years the
addition of small molecule inhibitors, targeting aberrantly activated survival signaling cascades,
to traditional therapeutic regiments was investigated as a promising new approach. This is of
particular interest to Glioblastoma, as in 88% of all glioma genetic alterations have been found
in the PI3-Kinase/Akt/mTOR network [8, 9], a signaling cascade for which a multitude of
pharmacological inhibitors are currently on the market [10]. However, the modulation of the
PI3K/Akt/mTOR signaling cascade in an in vivo or even clinical setting has been less than
promising [11–13].

Interestingly, we and others previously showed that inhibition of PI3K/Akt/mTOR-medi-
ated signaling in Glioblastoma cell lines strongly amplifies cell death induced by radiotherapy
and a wide range of chemotherapeutics (for example, [14–20]), suggesting that it should be an
ideal candidate for targeted combination therapy, i.e. the pairing of a pharmacological inhibi-
tors of cell signaling (sensitizers)–such as the PI3K/mTOR inhibitor PI-103 –with conventional
radio- or chemotherapy (inducers). To address this discrepancy found in the literature, the fail-
ure of inhibitors of PI3K signaling in a clinical setting versus promising experimental results,
we used a different cellular system to investigate the effects of PI3K inhibition on GBM cells.
Instead of using established cell lines we used three matched pairs of cells derived directly from
patient material, either cultured under cell culture conditions optimized for stem cells (SC), or
short-term differentiated into primary cells (DC).

Material and Methods

Primary cultures of GBM
Primary GBM cells were isolated by mechanical disaggregation from surgical specimens
obtained from three patients with WHO IV glioma (G35, G38 and G40) as described previ-
ously [21]. The stem cell-like phenotype was maintained by culturing cells as free-flowing
spheres in DMEM/F-12 (HAM) medium (Gibco, Life Technologies, Darmstadt, Germany),
supplemented with EGF (Biomol GmbH, Hamburg, Germany), bFGF (Miltenyi Biotec GmbH,
Bergisch Gladbach, Germany) and B27 (Gibco, Life Technologies). Cells were differentiated by
allowing them to adhere in the presence of DMEM (Gibco Life Technologies), supplemented
with 10% FCS (Biochrom, Berlin, Germany) and penicillin/streptomycin (Biochrom). Differ-
entiated cell populations were maintained for less than 10 weeks [22].

The study was approved by the Ethics Committee, Medical Faculty, Ulm University.

Cell lines
U87 and A172 cell lines were obtained from ATCC (Manassas, VA, USA) and maintained in
DMEM (Gibco Life Technologies), supplemented with 10% FCS (Biochrom), glutamine (Bio-
chrom) and penicillin/streptomycin (Biochrom).
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Inhibitors and drugs
Temozolomide (Sigma-Aldrich, Hamburg, Germany)

Irinotecan (Tocris, Wiesbaden, Germany)
PI-103 (Cayman Chemical, Mi, USA)

Viability assay
The readout for viability was metabolic activity, which was assessed by an MTT assay as previ-
ously described [23]. Briefly, the terazolium dye 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenylte-
trazolium bromide (MTT) is reduced by viable cells to a colored, water-insoluble formazan.
Therefore, for the final phase of incubation (approximately three hours) growth medium was
replaced by Phenol red-free medium containing 1mg/ml MTT salt (Carl Roth, Karlsruhe, Ger-
many). The reaction was stopped by addition of isopopanol for 0.5 hour. This was followed by
analysis with a microplate reader at λ: 550;630 (EL800 BioTek, Bad Friedrichshall, Germany).

Changes in cell number
Cells were seeded and allowed to proliferate for indicated times. This was followed by either
prolonged treatment with a trypsin/EDTA solution (Biochrom) until all cells were in suspen-
sion (DCs), or prolonged mechanical dissociation until cell spheres were dispersed (SCs). The
cell suspension was diluted 1:100 in CASYton solution (Innovatis, Reutlingen, Germany) and
cell numbers were determined using CASY1 DT (Innovatis).

Apoptosis measurement
The apoptosis readout was DNA fragmentation as assessed by fluorescence-activated cell-sort-
ing (FACScan, Becton Dickinson, Heidelberg, Germany) analysis of propidium iodide-stained
nuclei as previously described [24].

Protein immunoblotting
Western blot analysis was performed as previously described [25]. Briefly, after lysis and deter-
mination of protein concentration, samples were separated on a 12% SDS-polyacrylamide elec-
trophoresis gel and transferred onto a Hybond ECL nitrocellulose membrane (Amersham
Biosciences, Freiburg, Germany). Proteins were visualized by ECL western blotting detection
reagents (Amersham Biosciences), according to manufacturer's instruction, and following anti-
bodies were used: rabbit anti–phospho-Akt (Ser473) antibody (Cell Signaling), rabbit anti-
phosph-Akt (Thr308) antibody (Cell Signaling), mouse anti-Akt antibody (Bioscience, Heidel-
berg, Germany), rabbit anti–phospho-S6 ribosomal protein (Ser235/236) antibody (Cell Sig-
naling), rabbit anti–S6 ribosomal protein antibody (Cell Signaling), or mouse anti-GAPDH
antibody (Cell Signaling) followed by goat-anti-mouse IgG or goat-anti-rabbit IgG conjugated
to horseradish peroxidase (Santa Cruz Biotechnology, Heidelberg, Germany).

Fluorescence microscopy
Cells were prepared according to a previously published protocol [25]. Briefly after fixing the
cells in 3.7% para-formaldehyde, cells were permeabilized using 0.5% Triton-X and stained
with Nestin (Cell Signaling) and GFAP (Santa Cruz Biotechnology) antibodies, which in turn
were visualized using an FITC-labelled secondary antibody (Santa Cruz Biotechnology).

Pictures were taken with an AX70 'Provis' microscope (Olympus, Hamburg, Germany).
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Wound-healing/Scratch assay
The semi-directional movement of cells was assessed by observing their migration from a con-
fluent environment into unoccupied space, as previously described [24]. Briefly, cells were
grown to ~70% confluence, followed by scarring the monolayer with a sterile micropipette tip.
Cells were either stained 1 hr after incubation with the inhibitor (i.e. directly after scarring), or
after 19 hrs incubation with the inhibitor (i.e. 18 hrs after scarring), fixed in 4% PFA and
stained with Giemsa.

Randommotility
Random movement of cells was analyzed via time-lapse photography, as previously described
[24], by taking a picture every 20 min over a time course of 24 hrs. Relative speed of cells was
quantified using ImageJ software (Rasband, W.S., ImageJ, U. S. National Institutes of Health,
Bethesda, Maryland, USA, http://imagej.nih.gov/ij/, 1997–2011).

Population Doubling Time (PDT)
Population Doubling Time was calculated using online freeware (Roth V. 2006<http://www.
doubling-time.com/compute.php>).

Statistical analysis
Statistical significance was assessed by two-sided Student’s t-test.

The expected response to combination treatment was calculated as fractional response to
drug A (Fa) + fractional response to drug B (Fb)–(Fa x Fb). Bliss analysis was conducted to
detect synergistic (ratio of the actual total response and the expected total response> 1.1),
additive (this quotient equaled 0.9 to 1.1), or antagonistic effects (quotient< 0.9).

Results

Characterizing the effect of PI-103 on GBM cells
First, we characterized the effect of the dual kinase inhibitor PI-103, which blocks PI3K and
mTOR activity, on three paired sets of SCs and DCs. G35, G38 and G40 stem cells were chosen
from our collection of brain tumor stem cells and allowed to differentiate short term (see Mate-
rials and Methods section). These three cell populations were obtained, from a 44-year old
male, a 75-year old male and a 57-year old female respectively and have been previously char-
acterized [21]. Briefly, all three do not express detectable PTEN or O6-alkylguanine DNA alkyl-
transferase (MGMT) protein and exhibit high activity of the PI3K signaling cascade, as
assessed by AKT and S6 phosphorylation [21]. To find an effective concentration of the inhibi-
tor we monitored metabolic activity for 24 and 72 hrs (Fig 1A and 1B). In SCs the maximal
effect of the inhibitor was achieved at a concentration of ~0.6 μg/ml, after which the metabolic
activity either increased again or plateaued (Fig 1A), in contrast in DCs metabolic activity did
not increase again at higher concentrations and generally slightly higher concentrations were
needed to elicit the maximal effect (Fig 1B). As 0.6 μg/ml PI-103 corresponds to 1.8 μM, a con-
centration in the upper range of commonly used concentrations of this pharmacological inhib-
itor [26–28], we decided to further concentrate on this concentration, as well as 0.3 μg/ml
(0.9 μM) and 0.15 μg/ml (0.45 μM), the latter being the minimum concentration suggested by
the manufacturer (Cayman Chemical). Investigating the effect of PI-103 at the level of protein
signaling we used phosphorylation of Akt and S6 as surrogate read-outs for the activity of
PI3K-mediated signaling 24 hrs after addition of inhibitor. Both, 0.9 and 1.8 μM of PI-103,
block S6 phosphorylation almost completely, while the higher concentration has a more potent
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Fig 1. The effects of the PI3K/mTOR inhibitor PI-103 on glioblastoma cells. (A) Different glioblastoma stem cells were either left untreated (i.e. exposed
to DMSO solvent alone) or treated for 24 hrs and 72 hrs with indicated concentrations of PI-103, after which the cell population's viability was assessed.
Untreated controls were defined as 100%. (B) Distinct differentiated glioblastoma cells (derived from stem cells used in A) were either left untreated (exposed
to solvent alone) or treated for 24 hrs and 72 hrs with indicated concentrations of PI-103, after which the cell population's viability was assessed. Untreated
controls were defined as 100%. (C) Different glioblastoma stem cells were either left untreated (exposed to solvent alone) or treated for 24 hrs with indicated
concentrations of PI-103. Protein expression levels and phosphorylation status of Akt and S6 ribosomal protein served as surrogate read-outs for PI3K and
mTOR activity, respectively, and were analyzed byWestern blotting, GAPDH served as loading control. (D) Distinct differentiated glioblastoma cells were
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effect on Akt phosphorylation after 24 hrs (Fig 1C and 1D). The two major phosphorylation
sites on Akt, Thr308 and Ser473, appear to be differently affected by the inhibitor, depending
on whether SCs or DCs are treated. In SCs phosphorylation of Ser473 seems primarily affected
by PI-103 (Fig 1C), while in DCs Thr308 phosphorylation is more sensitive to the inhibitor
(Fig 1D). 1.8 μM of PI-103 lead to a rapid and prolonged inhibition of the PI3K/Akt signaling
cascade (Fig 2A) that lasts for at least 72 hrs, however the maximal inhibition (as judged by Akt
phosphorylation) in SCs lasts for less than 4 hrs (Fig 2A left), while in PCs it is clearly more
than 4 hrs (Fig 2A, right). Interestingly, the time kinetic shows a similar bi-phasic effect in the
SCs as the dose response kinetic (compare Figs 1A and 2A).

Taken together this data suggest that the regulation of PI3K-mediated signaling, and there-
fore by extension the role of this signaling cascade, might differ considerably between SCs and
DCs. Next we investigated the effects of PI-103 on cellular behavior; 1.8 μM PI-103 profoundly
affected the cell number of treated cells, almost completely blocking any increase of cell num-
bers over a time span of 72 hrs and severely retarding it for at least 120 hrs (Fig 2B). This effect
is not due to cytotoxicity, as indicated by the absence of strong, prolonged DNA fragmentation
(Fig 2C), but most likely mediated by a block in proliferation, which in PI-103-treated GBM
does not seem to be caused by a block in the G1/G0 phase of the cell cycle (Fig 2D). Interest-
ingly, while 0.9 μM PI-103 also inhibits PI-103 signaling over over a time span of 72 hrs, it has
a less striking effect on cell numbers (S1A and S1B Fig). This effect is also not mediated by apo-
ptotic cell death (S1C Fig).

Assessing the potential of PI3K inhibition in combination with
chemotherapy
While we have previously shown that pharmacological inhibitors of the PI3K signaling cascade
in general, and PI-103 specifically, can be used with chemotherapy to sensitize GBM cells for
apoptosis [14–17], this work was mainly done with established cell lines. Therefore, we wanted
to verify our results in a more relevant cellular system and investigate potential differences
between SCs and DCs, and initially chose TMZ for this set of experiments. Although the syner-
gistic effects of TMZ and PI-103 are relatively weak even in cell lines [15], this chemotherapeu-
tic agent remains the treatment of choice for GBM patients [2]. After establishing a
concentration of TMZ and irinotecan which as single treatment did not affect cells fitness
more than 50% (S2A and S2B Fig, respectively), we combined 100 μMTMZ with 1.8 μM PI-
103 (Fig 3). Interestingly, while the slower proliferating (compare Fig 2B upper row versus
lower row) SCs are more sensitive to TMZ treatment alone than DCs (S2A Fig), TMZ with
1.8 μM PI-103 was an antagonistic combination in both, SCs and DCs (Fig 3). As it has been
suggested that TMZ is an alkylating agent that damages DNA by generating O6-alkylguanine
[29], a process which requires cell proliferation, we therefore repeated the experiments with a
second chemotherapeutic agent, irinotecan, which causes cell death by topoisomerase inhibi-
tion [30] and has shown some promise in GBM treatment [21]. Intriguingly, the use of a sec-
ond chemotherapeutic agent, combined with 1.8 μM PI-103, did not lead to strong positive
effects (i.e. no additive or synergistic effect was observed) in SC cells, but did cause synergism
in DC cells (Fig 4), as summarized in Tables 1 and 2. This is stark contrast to cell lines treated
under the same conditions, where all observed effects are at least additive (Fig 5, Tables 1 and

either left untreated (exposed to solvent alone) or treated for 24 hrs with indicated concentrations of PI-103. Protein expression levels and phosphorylation
status of Akt and S6 ribosomal protein served as surrogate read-outs for PI3K and mTOR activity, respectively, and were analyzed byWestern blotting,
GAPDH served as loading control. Shown in A and B is the mean+SD of at least three independent experiments carried out in triplicate, while in C and D a
representative result of two independent experiments is depicted. Red numbers indicate the p-value derived from a two-sided Student's t-test.

doi:10.1371/journal.pone.0131670.g001
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2). While the experiments described in Figs 3 to 5 assess the cell viability of the whole cell pop-
ulation over time, i.e. the combination of cell death, proliferation and metabolic activity, we
also looked at the induction of apoptosis, the primary mode of cell death by which most che-
motherapeutic agents kill cancer cells, to ascertain whether a combination of PI-103 and che-
motherapy increases the percentage of cells killed compared to expose to TMZ or irinotecan
alone (S3 Fig). While we found striking differences in the apoptosis sensitivity of the various
cell populations when exposed to TMZ–as previously suggested SC cells are more resistant
than DC cells [31]–we found no statistical significant increase in cell death when comparing
combination therapy with chemotherapy alone (S3 Fig). Importantly, the lack of synergism
observed is not due to the growth inhibitory effects of PI-103, as no cooperation between drugs
and inhibitor could be observed at a concentration of 0.9 μM PI-103, which has a much
reduced effect on cell number changes (S2 and S4 Figs). Intrigued, we used a second inhibitor,
U0126, which blocks MEK, as the MEK/ERK signaling cascade also plays an important role in
GBM [32], where its activity is often intrinsically linked to PI3K-mediated signaling (e.g. [33–
36]). We selected the commonly accepted concentration of 50 μM [37–39] which we ourselves
have utilized in the past [40]. Here also the inhibitor had a pronounced effect on cell numbers
(S5A Fig), while exhibiting little toxicity (S5B Fig), but combination treatment with either
TMZ or irinotecan had very little therapeutically positive effect on cell viability (S5C and S5D
Fig).

Taken together this data set suggests that combining inhibitors of key 'survival' signaling
cascades in GBM does not necessarily lead to a therapeutic benefit.

Investigating the role of PI3K signaling during differentiation
It has previously been suggested that the PI3K signaling cascade may play a role in GBM differ-
entiation (e.g. [41, 42]). To investigate this claim, we allowed SCs to differentiate into DCs, as
described in Fig 6A, in the presence or absence of PI-103. Adhesion, a prerequisite for differen-
tiation, occurs within the first 24 hrs, after which cells proliferate rapidly, while the percentage
of cells still in suspension (i.e. either dead or undifferentiated) remains at a constant low (Fig
6B). The addition of PI-103 does not prevent adhesion of cells during differentiation, but leads
to markedly reduced numbers of DCs after 72 hrs (Fig 6C), however this can easily be
explained by the potent effect PI-103 has on cell proliferation (Fig 6D, Table 3). Indeed the
reduction in differentiation is almost equal in the reduction of total cell numbers (compare Fig
6C and 6D), suggesting that under the experimental conditions investigated, no effect on differ-
entiation can be observed. Similarly, inhibition of MEK leads to a reduced number of differen-
tiated cells, which parallels the reduction in proliferation (S5A and S5E Fig). This is an
important finding as it clearly indicates that the antiproliferative effect of PI3K inhibition must
be taken into account when investigating GBM cell differentiation.

Fig 2. The effects of prolonged exposure to 1.8 μMPI-103 on glioblastoma cells. (A) Different glioblastoma cells, either stem cells (left) or differentiated
cells (right) were left untreated (i.e. exposed to DMSO solvent alone) or treated for indicated times with 1.8 μMPI-103. Protein expression levels and
phosphorylation status of Akt and S6 ribosomal protein served as surrogate read-outs for PI3K and mTOR activity, respectively, and were analyzed by
Western blotting, GAPDH served as loading control. (B) After seeding cells, either untreated (exposed to solvent alone)or treated with 1.8 μMPI-103 were
counted every 24 hrs for a total of 120 hrs. (C) Cells were cultured either in the presence or absence of 1.8 μMPI-103 for indicated times, while controls were
exposed to the solvent only (DMSO). This was followed by FACS analysis of the DNA fragmentation of propidium iodide-stained nuclei. Treatment induced
DNA fragmentation, a surrogate for apoptosis induction, is shown relative to spontaneous cell death of untreated cells. (D) Cells were cultured either in the
presence or absence of 1.8 μMPI-103 for 24 hrs, while controls were exposed to the solvent only (DMSO), and the percentage of cells within the live
population that reside in the G0/1 phase of the cell cycle were determined by FACS analysis of propidium iodide-stained nuclei. Shown in A is a representative
result of two independent experiments, while B, C and D depict the mean+SD of three independent experiments carried out in triplicate. Red numbers
indicate the p-value derived from a two-sided Student's t-test.

doi:10.1371/journal.pone.0131670.g002
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Fig 3. The effects of combination therapy with PI-103 and temozolomide on glioblastoma cell viability. Shown is the relative cell viability of G35 (A),
G38 (B) or G40 (C) glioblastoma stem (left) and differentiated (right) cells after treatment with a combination of 1.8 μMPI-103 and 100 μM temozolomide
(TMZ) for the indicated times. Shown are the mean+SD of three independent experiments, each the average of six values. The red bar indicates the
statistical value that defines the mean of an additive effect.

doi:10.1371/journal.pone.0131670.g003
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Fig 4. The effects of combination therapy on differentiated glioblastoma cell viability. Shown is the relative cell viability of G35 (A), G38 (B) or G40 (C)
glioblastoma stem (left) and differentiated (right) cells after treatment with a combination of 1.8 μMPI-103 and 10nM irinotecan for the indicated times. Shown
are the mean+SD of three independent experiments, each the average of six values. The red bar indicates the statistical value that defines the mean of an
additive effect.

doi:10.1371/journal.pone.0131670.g004
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Ascertaining the contribution of PI3K signaling to GBM cell motility
Finally, we investigated a potential role of PI3K-mediated signaling to GBM cell motility and,
therefore, to the highly motile, invasive phenotype which should be considered a defining fea-
ture of GBM and contributes greatly to its resistance to treatment [3]. After pretreatment of a
DC monolayer for 1 hr with PI-103, we set a scar and followed its closure for 18 hrs (Fig 7A).
The presence of PI-103 clearly led to a retardation, but not a block, in wound healing, in both
primary differentiated cells (Fig 6A, upper panel) and established cell lines (Fig 6A, lower
panel), this might be due to less cell spreading, as suggested by the example shown in the box-
out (Fig 6A). To better quantify this effect, we performed a time lapse analysis, whereby we fol-
lowed the random motility of cells for 6 hrs (Fig 6B). Although not statistically significant in
one comparison, all cells investigated exhibit reduced motility in the presence of PI-103.

This set of experiments clearly indicates a potential role for PI3k-mediated signaling in
GBM cell motility and, by extension, invasion. As the invasive nature of GBMmakes it one of
the hardest to treat tumors, these findings are of great therapeutic relevance.

Discussion
In this study we have used three previously described [21] primary patient-derived GBM stem
cells (SCs) and compared the effect of PI3K inhibition via the pharmacological inhibitor PI-
103 to that on cells differentiated out of those stem cells (DCs). While the field of cancer stem
cells is not without controversy [43], we relied on the currently most accepted approximation
of GBM stem cell, i.e. grown as spheres in the absence of serum and positive for Nestin, while
negative for GFAP expression [44, 45], as shown in Fig 7. We also observed two additional pre-
viously described differences between SC and DC populations which further increase our con-
fidence in the chosen model: 1. As previously described by others [46], we also found the SCs
to proliferate significantly slower than their differentiated counterparts (Table 4). 2. In accor-
dance with previously published findings [31], SCs are more resistant to TMZ-induced

Table 1. The effects of combination therapy on cell viability of glioblastoma cells.

SC DC

G35 G38 G40 G35 G38 G40

PI-103 + TMZ 72 h -* - - - o -

120 h - - - - - -

PI-103 + irinotecan 48 h - - - + o +

72 h - - - + - +

*) the effects on cell viability, as shown in Figs 3 and 4, classified as (-) antagonistic, (o) additive or (+) synergistic.

doi:10.1371/journal.pone.0131670.t001

Table 2. The effects of combination therapy on cell viability of established glioblastoma cell lines.

U87 A172

PI-103 + TMZl 96 h +* +

PI-103 + irinotecan 48 h o o

72 h - o

*) the effects on cell viability, as shown in Fig 5, classified as (-) antagonistic, (o) additive or (+) synergistic.

doi:10.1371/journal.pone.0131670.t002
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Fig 5. The effects of combination therapy on established glioblastoma cell lines. Shown is the relative
cell viability of established glioblastoma cell lines U87MG (upper panel) and A172 (lower pannel) after
treatment with a combination of 1.8 μMPI-103 and either 100 μM temozolomide (TMZ) (left) or 10nM
irinotecan (right) for the indicated times. Shown are the mean+SD of three independent experiments carried
out in triplicate. The red bar indicates the statistical value that defines the mean of an additive effect.

doi:10.1371/journal.pone.0131670.g005
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apoptosis than DCs (S3 Fig), which has been suggested to be a direct consequence of the
reduced SC proliferation [46]. Interestingly, we did not see this reflected in apoptosis rates
upon exposure to irinotecan, further supporting Mitchison's contention that proliferation and
apoptosis indexes do not exist in a mere linear relationship [47].

Upon exposure to 1.8 μM PI-103 both sets of cell population exhibited a markedly reduced
proliferation (Fig 2B, Table 4), without exhibiting an increase in apoptosis (Fig 2C). This find-
ing distinguishes GBM from other tumour entities that show an increased PI3K activity. For
example, inhibition of PI3K signalling in Hodgkin lymphoma leads to increased apoptosis
induction, even in the absence of additional stress factors [48]. It appears that strong PI3K-
mediated signalling is not essential for GBM survival, but rapid proliferation. The addition of
external stress, here in the form of two chemotherapeutic agents TMZ and irinotecan (Figs 3
and 4, respectively), did not alter this perception. While inhibitor and drugs individually had a
clear effect on the viability (i.e. the combination of cell death, proliferation and metabolic activ-
ity) of the investigated cell populations, the combination of both (potential) sensitizer and
inducer of apoptosis only occasionally achieved an additive or synergistic effect (Tables 1 and
2). These findings are also reflected when looking at apoptosis directly (S3 Fig), suggesting that
using the experimental set-up described here, inhibition of PI3K is not a promising sensitizer
for cell death. While the data presented here is in contrast to several per-clinical studies, includ-
ing our own [15], which have often been performed with established cell lines [14–17], that
only poorly mimic gene and protein expression profiles of GBM tumors [49, 50], it is in line
with clinical data [11–13] and suggests that simply combining an inhibitor of the PI3K signal-
ing cascade with chemotherapy to treat GBM is not a recommendable strategy.

However, our previous data mainly focusing on a different tumor entity strongly indicates
that the sequential timing of a treatment combination can significantly affect the potential effi-
cacy of that combination, altering it from antagonistic to synergistic [16]. This aspect remains
to be clarified in future work. Furthermore, we recently showed that a potent complex combi-
nation therapy used in the clinic, loses its in vivo potency when rapamycine, a relatively down-
stream inhibitor of the PI3K signaling cascade, is replaced with GDC-0941, a more upstream

Fig 6. The effects of PI-103 on differentiation. (A) Scheme of the experimental set-up used to collect data presented in B-D, showing Nestin expression in
the G 35, G 38 and G 40 stem cells (left) and GFAP expression in the G 35, G 38 and G 40 differentiated cells (right). (B) 24 and 72 hrs after seeding stem
cells onto cell culture-treated plastic in the presence of differentiation medium, the total amount of cell, adherent (a surrogate for differentiation) and in
suspension (a surrogate for 'stemness' or non-viability) was counted. (C) The relative amounts of differentiated cells (as defined by adhesion) was
determined 72 hrs after initiation of differentiation, either in the presence or absence of 1.8 μMPI-103, i.e. controls were exposed to the solvent only (DMSO).
(D) The relative amounts of cells, either stem cells (left) or differentiated cells (right) was determined 72 hrs culturing under appropriate conditions, either in
the presence or absence of 1.8 μMPI-103, i.e. controls were exposed to the solvent only (DMSO). Shown are the mean+SD of three independent
experiments carried out in triplicate. Red numbers indicate the p-value derived from a two-sided Student's t-test.

doi:10.1371/journal.pone.0131670.g006

Table 3. The relative effects of PI-103 on proliferation and differentiation.

G35 G38 G40

proliferation differentiation proliferation differentiation proliferation differentiation

SC DC SC! DC SC DC SC! DC SC DC SC! DC

PI-103 70.55* 42.07 59.48 72.39 50.69 52.4 74.35 50.86 58.95

*) shown in [%] is the effect a 72 hrs treatment with 1.8 μM PI-103 has on either proliferation or differentiation, e.g. 70.55 indicates that after 72 hrs in the

presence of PI-103 the amount of G35 SC is reduced to 70.55% compared to 100% untreated control.

Of note: The presumed effect on differentiation never exceeds the effect on proliferation, i.e. can be explained by this effect alone.

doi:10.1371/journal.pone.0131670.t003
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inhibitor, clearly indicating that carefully applied inhibition of certain aspects of the PI3K sig-
naling cascade can and will have a crucial place in future GBM treatment strategies [21].

Furthermore, while the focus of therapies generally lies on tumor-specific cytotoxicity, it
should be pointed out that the cytostasis induced by this monotreatment with PI-103 can be
considered a valuable contribution to GBM therapy [51]. Further experiments should deter-
mine whether long term cytostasis induced by PI3K/mTOR inhibition finally leads to cell
death [51], or can be used to chronify the malignancy [7], both potentially interesting thera-
peutic avenues to explore in GBM treatment, in particular considering the anti-invasive effect
of PI-103 discussed further below.

This cytostatic effect of PI3K/mTOR inhibition has been previously described for both
GBM and other tumor entities [28, 48, 52, 53] and is often cited as caveat for the use of PI3K
inhibitors in combination therapy with classical chemotherapy. While it has been suggested
that anti-mitotic drugs exert a more potent effect on highly proliferating cells, this is almost
certainly an over-generalization [47]. It should be pointed out that although in both viability
and cell death assay the addition of PI-103 frequently failed to synergize with the effects of the
chemotherapeutic agents, the addition of PI-103 to either drug did not significantly reduce the
effect of the latter compared to drug treatment alone. In experiments with GBM cell lines the
anti-proliferative effect of PI3K inhibition did not prevent PI3K inhibition to sensitize the cells
for several chemotherapeutic drugs, as well as radiotherapy [14–20]. We also saw this, when
exposing the established cell lines A172 and U87, which are among the panel of GBM cell lines
characterized by Ishii and co-workers and also express no wild-type PTEN [54], to either irino-
tecan or TMZ. Therefore, it does not seem unreasonable to consider PI3K inhibition as part of
a GBM treatment protocol, not in terms of increasing the efficacy of chemo- and/or radiother-
apy, but in order to keep the disease more stable. This is of particular interest, if one considers
additional roles that the PI3K signaling cascade might have in GBM, for example in differentia-
tion and invasion.

Over a decade ago differentiation therapy, i.e. the reduction of SCs in solid tumors by treat-
ment with agents that induce differentiation [55], has been proposed as a novel therapeutic
approach. In GBM PTEN has been putatively identified to contribute to differentiation [56,
42], however, in contrast to some recent publications [41, 42, 57, 58], several of which focus on
established cell lines [57, 58], we find no evidence of PI3K signaling contributing to the

Fig 7. The effects of PI-103 on cellular motility. (A) Differentiated glioblastoma cells (upper panel) or established cell lines (lower panel) were allowed to
grow ~70% confluent, upon which they were either left untreated or pretreated with 1.8 μMPI-103 for 1 hr (see box-out for morphological example of 1 hr
treatment). Cellular monolayers when then scared with a micropipette tip and the wound was allowed to close for 18 hrs, in the presence or absence of PI-
103, i.e. controls were exposed to the solvent only (DMSO). (B) The randommotility of glioblastoma cells, both cell lines and freshly differentiated cells, was
tracked via timelapse microscopy for 6 hrs in the presence or absence of 1.8 μMPI-103, i.e. controls were exposed to the solvent only (DMSO). Shown in A is
a representative result of three independent experiments performed in triplicate, while B depicts the summary of two independent experiments, in each 10
cells were tracked and their average travel distance assessed. Red numbers indicate the p-value derived from a two-sided Student's t-test.

doi:10.1371/journal.pone.0131670.g007

Table 4. The effect of 1.8 μMPI-103 on the population doubling times (PDT).

G 35 G 38 G 40

SC DC SC DC SC DC

untreated treated untreated treated untreated treated untreated treated untreated treated untreated treated

PDT 84.68* 197.38 39.93 114.82 67.72 108.08 41.1 99.26 71.63 97.07 38.57 83.22

*) the population doubling time was calculated based on the data shown in Fig 2B, under consideration that the concentration of PI-103 used does not

induce apoptosis (Fig 2C).

doi:10.1371/journal.pone.0131670.t004
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differentiation from SC to DC, except in a trivial sense. Alterations in the number of DCs
(defined morphologically and by GFAP expression) that can be induced from SCs in the pres-
ence of absence of PI-103 are most likely due to the sharp decrease in proliferation upon PI3K
inhibition and not a direct effect of an altered differentiation potential. Several of the aforemen-
tioned publications do not address this possibility.

Finally, we do see a strong contribution of PI3K signaling to cellular motility and therefore
GBM invasion. As the spread of GBM throughout the brain is one of the defining features of
this malignancy [5, 6] and makes full surgical resection and effective localized radiotherapy
almost impossible to achieve, these findings are of particular importance. A recent review
which discusses the role of PI3K inhibition in GBM and neuroblastoma therapy, highlights the
possibility that PI3K/Akt facilitate the invasive phenotype of GBM, both in terms of motility
and survival under stress [59]. As standard therapy has been shown to increase invasion in the
surviving fraction of GBM cells [60], this finding suggests a potential key role for PI3K inhibi-
tion in GBM therapy by increasing the therapeutic window via two distinct routes inhibition of
rapid proliferation and blockage of cell migration.

In summary, inhibition of PI3K signaling in GBM can have a potent anti-proliferative and
anti-invasive effect and should therefore be considered a promising addition to our therapeutic
arsenal. The remaining challenge is having to combine pharmacological inhibitors with current
treatment schedules as to avoid antagonistic interactions. Importantly, the use of established
cell lines to answer this questions is not advisable, as they poorly mimic the effects of combina-
tion therapy observed in SCs and DCs.

Supporting Information
S1 Fig. The effects of prolonged exposure to 0.9 μMPI-103 on GBM cells. (A) Different
GBM cells, either stem cells (left) or differentiated cells (right) were left untreated (i.e. exposed
to DMSO solvent only) or treated for indicated times with 0.9 μM PI-103. Protein expression
levels and phosphorylation status of Akt and S6 ribosomal protein served as surrogate read-
outs for PI3K and mTOR activity, respectively, and were analyzed by Western blotting,
GAPDH served as loading control. (B) After seeding cells, either untreated (exposed to solvent
only) or treated with 0.9 μM PI-103 were counted every 24 hrs for a total of 120 hrs. (C) Cells
were cultured either in the presence or absence of 0.9 μM PI-103 for indicated times, followed
by FACS analysis of the DNA fragmentation of propidium iodide-stained nuclei. Treatment
induced DNA fragmentation, a surrogate for apoptosis induction, is shown relative to sponta-
neous cell death of untreated cells. Shown in A is a representative result of two independent
experiments, while B and C depict the mean+SD of three independent experiments carried out
in triplicate. Red numbers indicate the p-value derived from a two-sided Student's t-test.
(TIF)

S2 Fig. The effects of chemotherapeutic agents on GBM cell viability. (A) Shown is the rela-
tive cell viability of G35, G38 and G40 GBM cells, stem cells on the left, differentiated cells
right, after 72 hrs of treatment with indicated concentrations of temozolomide (TMZ). (B)
Shown is the relative cell viability of G35, G38 and G40 GBM cells, stem cells on the left, differ-
entiated cells right, after 48 hrs of treatment with indicated concentrations of irinotecan.
Shown are the mean+SD of three independent experiments carried out in triplicate.
(TIF)

S3 Fig. Apoptosis induction by combination therapy in GBM cells. G35, G38 and G40 GBM
stem cells (A), G35, G38 and G40 GBM differentiated cells (B) as well as U87 and A172 GBM
cell lines (C) were treated for 120 hrs with 100 μM temozolomide, 1.8 μM PI-103 and a
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combination thereof (upper panels) or for 72 hrs with 10nM irinotecan, 1.8 μM PI-103 and a
combination thereof (lower panels) followed by FACS analysis of the DNA fragmentation of
propidium iodide-stained nuclei. Treatment induced DNA fragmentation, a surrogate for apo-
ptosis induction, is shown relative to spontaneous cell death of untreated cells. Shown are the
mean+SD of three independent experiments carried out in triplicate.
(TIF)

S4 Fig. The effects of combination therapy on GBM cell viability. Shown is the relative cell
viability of G35, G38 or G40 stem (A) or differentiated (B) GBM cells after treatment with a
combination of 0.9 μM PI-103 and either 100 μM temozolomide (TMZ) (upper panels) or
10nM irinotecan (lower panels) for the indicated times. Shown are the mean+SD of three inde-
pendent experiments, each the average of six values. The red bar indicates the statistical value
that defines the mean of an additive effect.
(TIF)

S5 Fig. A potential role for the inhibition of MEK signaling in GBM therapy. (A) GBM
stem cells (SC) or differentiated cells (DC) were either left untreated (i.e. exposed to DMSO sol-
vent only) or treated for 72 hrs with 50μMU0126 (Cell Signaling, Frankfurt, Germany), after
which the cell numbers was assessed. Untreated controls were defined as 100%. (B) GBM stem
cells (SC) or differentiated cells (DC) were cultured for 72 hrs either in the presence or absence
of 50μMU0126, followed by FACS analysis of the DNA fragmentation of propidium iodide-
stained nuclei. Treatment induced DNA fragmentation, a surrogate for apoptosis induction, is
shown relative to spontaneous cell death of untreated cells. (C) Shown is the relative cell viabil-
ity of G35, G38 or G40 GBM stem cells after treatment with a combination of 50μMU0126
and either 100 μM temozolomide (TMZ) for 120 hrs (left) or 10nM irinotecan for 72 hrs
(right). (D) Shown is the relative cell viability of G35, G38 or G40 differentiated GBM cells
after treatment with a combination of 50μMU0126 and either 100 μM temozolomide (TMZ)
for 120 hrs (left) or 10nM irinotecan for 72 hrs (right). (E) The relative amounts of differenti-
ated cells (as defined by adhesion) was determined 72 hrs after initiation of differentiation,
either in the presence or absence of 50μMU0126. Shown are the mean+SD of at least three
independent experiment performed at least in triplicate. Red numbers in A, B and E indicate
the p-value derived from a two-sided Student's t-test, the red bar in C and D indicates the sta-
tistical value that defines the mean of an additive effect.
(TIF)

Acknowledgments
We are grateful to A. Dwucet, A. Vollmer, A. Dittrich and C. Payer for providing expert techni-
cal assistance, as well as Klaudia Buljovcic, a very talented student. We thank Angelika Vollmer
for reading an early version of our manuscript and would also like to acknowledge the contri-
bution of Professor Max Bachem, collaborator and friend for many years, who unfortunately
died before completion of this project.

Author Contributions
Conceived and designed the experiments: MAW KMDMEH. Performed the experiments: SS
MS LS SZ. Analyzed the data: SS MS LS LN GKMMAWKMDMEH. Wrote the paper: MDS
MEHMAWKMD SS GKM.

PI3K Signaling in Glioblastoma

PLOSONE | DOI:10.1371/journal.pone.0131670 June 29, 2015 18 / 21

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0131670.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0131670.s005


References
1. Johnson DR, O'Neill BP (2011) Glioblastoma survival in the United States before and during the temo-

zolomide era. J Neurooncol 107: 359–364. doi: 10.1007/s11060-011-0749-4 PMID: 22045118

2. Stupp R, MasonWP, van den Bent MJ, Weller M, Fisher B, Taphoorn MJ, et al. (2005) Radiotherapy
plus concomitant and adjuvant temozolomide for glioblastoma. N Engl J Med 352: 987–996. PMID:
15758009

3. Huse JT, Holland EC (2010) Targeting brain cancer: advances in the molecular pathology of malignant
glioma and medulloblastoma. Nat Rev Cancer 10: 319–331. doi: 10.1038/nrc2818 PMID: 20414201

4. Giese A (2003) Glioma invasion—pattern of dissemination by mechanisms of invasion and surgical
intervention, pattern of gene expression and its regulatory control by tumorsuppressor p53 and proto-
oncogene ETS-1. Acta Neurochir Suppl 88: 153–162. PMID: 14531573

5. Snuderl M, Fazlollahi L, Le LP, Nitta M, Zhelyazkova BH, Davidson CJ, et al. (2011) Mosaic amplifica-
tion of multiple receptor tyrosine kinase genes in glioblastoma. Cancer Cell 20: 810–817. doi: 10.1016/
j.ccr.2011.11.005 PMID: 22137795

6. Ene CI, Fine HA (2011) Many tumors in one: a daunting therapeutic prospect. Cancer Cell 20: 695–
697. doi: 10.1016/j.ccr.2011.11.018 PMID: 22172718

7. Westhoff MA, Bruhl O, Nonnenmacher L, Karpel-Massler G, Debatin KM (2014) Killing me softly-future
challenges in apoptosis research. Int J Mol Sci 15: 3746–3767. doi: 10.3390/ijms15033746 PMID:
24595238

8. Network TCGAR (2008) Comprehensive genomic characterization defines human glioblastoma genes
and core pathways. Nature 455: 1061–1068. doi: 10.1038/nature07385 PMID: 18772890

9. Fan QW,WeissWA (2010) Targeting the RTK-PI3K-mTOR axis in malignant glioma: overcoming resis-
tance. Curr Top Microbiol Immunol 347: 279–296. doi: 10.1007/82_2010_67 PMID: 20535652

10. Burris HA 3rd (2013) Overcoming acquired resistance to anticancer therapy: focus on the PI3K/AKT/
mTOR pathway. Cancer Chemother Pharmacol 71: 829–842. doi: 10.1007/s00280-012-2043-3 PMID:
23377372

11. Cloughesy TF, CaveneeWK, Mischel PS (2013) Glioblastoma: frommolecular pathology to targeted
treatment. Annu Rev Pathol 9: 1–25. doi: 10.1146/annurev-pathol-011110-130324 PMID: 23937436

12. Mendiburu-Elicabe M, Gil-Ranedo J, Izquierdo M (2014) Efficacy of rapamycin against glioblastoma
cancer stem cells. Clin Transl Oncol 16: 495–502. doi: 10.1007/s12094-013-1109-y PMID: 24043497

13. Akhavan D, Cloughesy TF, Mischel PS (2010) mTOR signaling in glioblastoma: lessons learned from
bench to bedside. Neuro Oncol 12: 882–889. doi: 10.1093/neuonc/noq052 PMID: 20472883

14. Opel D, Westhoff MA, Bender A, Braun V, Debatin KM, Fulda S (2008) Phosphatidylinositol 3-kinase
inhibition broadly sensitizes glioblastoma cells to death receptor- and drug-induced apoptosis. Cancer
Res 68: 6271–6280. doi: 10.1158/0008-5472.CAN-07-6769 PMID: 18676851

15. Westhoff MA, Kandenwein JA, Karl S, Vellanki SH, Braun V, Eramo A, et al. (2009) The pyridinylfurano-
pyrimidine inhibitor, PI-103, chemosensitizes glioblastoma cells for apoptosis by inhibiting DNA repair.
Oncogene 28: 3586–3596. doi: 10.1038/onc.2009.215 PMID: 19633683

16. Westhoff MA, Faham N, Marx D, Nonnenmacher L, Jennewein C, Enzenmuller S, et al. (2013) Sequen-
tial Dosing in Chemosensitization: Targeting the PI3K/Akt/mTOR Pathway in Neuroblastoma. PLoS
One 8: e83128. doi: 10.1371/journal.pone.0083128 PMID: 24391739

17. Enzenmuller S, Gonzalez P, Karpel-Massler G, Debatin KM, Fulda S (2012) GDC-0941 enhances the
lysosomal compartment via TFEB and primes glioblastoma cells to lysosomal membrane permeabiliza-
tion and cell death. Cancer Lett.

18. Kuger S, Graus D, Brendtke R, Gunther N, Katzer A, Lutyj P, et al. (2013) Radiosensitization of Glio-
blastoma Cell Lines by the Dual PI3K and mTOR Inhibitor NVP-BEZ235 Depends on Drug-Irradiation
Schedule. Transl Oncol 6: 169–179. PMID: 23544169

19. Gil del Alcazar CR, Hardebeck MC, Mukherjee B, Tomimatsu N, Gao X, Yan J, et al. (2014) Inhibition of
DNA double-strand break repair by the dual PI3K/mTOR inhibitor NVP-BEZ235 as a strategy for radio-
sensitization of glioblastoma. Clin Cancer Res 20: 1235–1248. doi: 10.1158/1078-0432.CCR-13-1607
PMID: 24366691

20. Choi EJ, Cho BJ, Lee DJ, Hwang YH, Chun SH, Kim HH, et al. (2014) Enhanced cytotoxic effect of radi-
ation and temozolomide in malignant glioma cells: targeting PI3K-AKT-mTOR signaling, HSP90 and
histone deacetylases. BMC Cancer 14: 17. doi: 10.1186/1471-2407-14-17 PMID: 24418474

21. Nonnenmacher L, Westhoff MA, Fulda S, Karpel-Massler G, Halatsch ME, Engelke J, et al. (2015)
RIST: A potent new combination therapy for glioblastoma. Int J Cancer 136: E173–187. doi: 10.1002/
ijc.29138 PMID: 25123598

PI3K Signaling in Glioblastoma

PLOSONE | DOI:10.1371/journal.pone.0131670 June 29, 2015 19 / 21

http://dx.doi.org/10.1007/s11060-011-0749-4
http://www.ncbi.nlm.nih.gov/pubmed/22045118
http://www.ncbi.nlm.nih.gov/pubmed/15758009
http://dx.doi.org/10.1038/nrc2818
http://www.ncbi.nlm.nih.gov/pubmed/20414201
http://www.ncbi.nlm.nih.gov/pubmed/14531573
http://dx.doi.org/10.1016/j.ccr.2011.11.005
http://dx.doi.org/10.1016/j.ccr.2011.11.005
http://www.ncbi.nlm.nih.gov/pubmed/22137795
http://dx.doi.org/10.1016/j.ccr.2011.11.018
http://www.ncbi.nlm.nih.gov/pubmed/22172718
http://dx.doi.org/10.3390/ijms15033746
http://www.ncbi.nlm.nih.gov/pubmed/24595238
http://dx.doi.org/10.1038/nature07385
http://www.ncbi.nlm.nih.gov/pubmed/18772890
http://dx.doi.org/10.1007/82_2010_67
http://www.ncbi.nlm.nih.gov/pubmed/20535652
http://dx.doi.org/10.1007/s00280-012-2043-3
http://www.ncbi.nlm.nih.gov/pubmed/23377372
http://dx.doi.org/10.1146/annurev-pathol-011110-130324
http://www.ncbi.nlm.nih.gov/pubmed/23937436
http://dx.doi.org/10.1007/s12094-013-1109-y
http://www.ncbi.nlm.nih.gov/pubmed/24043497
http://dx.doi.org/10.1093/neuonc/noq052
http://www.ncbi.nlm.nih.gov/pubmed/20472883
http://dx.doi.org/10.1158/0008-5472.CAN-07-6769
http://www.ncbi.nlm.nih.gov/pubmed/18676851
http://dx.doi.org/10.1038/onc.2009.215
http://www.ncbi.nlm.nih.gov/pubmed/19633683
http://dx.doi.org/10.1371/journal.pone.0083128
http://www.ncbi.nlm.nih.gov/pubmed/24391739
http://www.ncbi.nlm.nih.gov/pubmed/23544169
http://dx.doi.org/10.1158/1078-0432.CCR-13-1607
http://www.ncbi.nlm.nih.gov/pubmed/24366691
http://dx.doi.org/10.1186/1471-2407-14-17
http://www.ncbi.nlm.nih.gov/pubmed/24418474
http://dx.doi.org/10.1002/ijc.29138
http://dx.doi.org/10.1002/ijc.29138
http://www.ncbi.nlm.nih.gov/pubmed/25123598


22. DeWitt Hamer PC, Van Tilborg AA, Eijk PP, Sminia P, Troost D, Van Noorden CJ, et al. (2008) The
genomic profile of humanmalignant glioma is altered early in primary cell culture and preserved in
spheroids. Oncogene 27: 2091–2096. PMID: 17934519

23. Karpel-Massler G, Westhoff MA, Kast RE, Dwucet A, Nonnenmacher L, Wirtz CR, et al. (2014) Artesu-
nate Enhances the Antiproliferative Effect of Temozolomide on U87MG and A172 Glioblastoma Cell
Lines. Anticancer Agents Med Chem 14: 313–318. PMID: 24506460

24. Westhoff MA, Zhou S, BachemMG, Debatin KM, Fulda S (2008) Identification of a novel switch in the
dominant forms of cell adhesion-mediated drug resistance in glioblastoma cells. Oncogene 27: 5169–
5181. doi: 10.1038/onc.2008.148 PMID: 18469856

25. Westhoff MA, Serrels B, Fincham VJ, FrameMC, Carragher NO (2004) SRC-mediated phosphorylation
of focal adhesion kinase couples actin and adhesion dynamics to survival signaling. Mol Cell Biol 24:
8113–8133. PMID: 15340073

26. Park S, Chapuis N, Bardet V, Tamburini J, Gallay N, Willems L, et al. (2008) PI-103, a dual inhibitor of
Class IA phosphatidylinositide 3-kinase and mTOR, has antileukemic activity in AML.Leukemia 22:
1698–1706. doi: 10.1038/leu.2008.144 PMID: 18548104

27. Zou ZQ, Zhang XH, Wang F, Shen QJ, Xu J, Zhang LN, et al. (2009) A novel dual PI3Kalpha/mTOR
inhibitor PI-103 with high antitumor activity in non-small cell lung cancer cells. Int J Mol Med 24: 97–
101. PMID: 19513541

28. Bagci-Onder T, Wakimoto H, Anderegg M, Cameron C, Shah K (2011) A dual PI3K/mTOR inhibitor, PI-
103, cooperates with stem cell-delivered TRAIL in experimental glioma models. Cancer Res 71: 154–
163. doi: 10.1158/0008-5472.CAN-10-1601 PMID: 21084267

29. Tisdale MJ (1985) Antitumour imidazotetrazines—XI: Effect of 8-carbamoyl-3-methylimidazo[5,1-d]-
1,2,3,5-tetrazin-4(3H)-one [CCRG 81045; M and B 39831 NSC 362856] on poly(ADP-ribose) metabo-
lism. Br J Cancer 52: 789–792. PMID: 3864485

30. Chabot GG (1997) Clinical pharmacokinetics of irinotecan. Clin Pharmacokinet 33: 245–259. PMID:
9342501

31. Johannessen TC, Bjerkvig R, Tysnes BB (2008) DNA repair and cancer stem-like cells—potential part-
ners in glioma drug resistance? Cancer Treat Rev 34: 558–567. doi: 10.1016/j.ctrv.2008.03.125 PMID:
18501520

32. Lefranc F, Rynkowski M, DeWitte O, Kiss R (2009) Present and potential future adjuvant issues in high-
grade astrocytic glioma treatment. Adv Tech Stand Neurosurg 34: 3–35. PMID: 19368079

33. SeeWL, Tan IL, Mukherjee J, Nicolaides T, Pieper RO (2012) Sensitivity of glioblastomas to clinically
available MEK inhibitors is defined by neurofibromin 1 deficiency. Cancer Res 72: 3350–3359. doi: 10.
1158/0008-5472.CAN-12-0334 PMID: 22573716

34. Cong ZX, Wang HD, Wang JW, Zhou Y, Pan H, Zhang DD, et al. (2013) ERK and PI3K signaling cas-
cades induce Nrf2 activation and regulate cell viability partly through Nrf2 in human glioblastoma cells.
Oncol Rep 30: 715–722. doi: 10.3892/or.2013.2485 PMID: 23708697

35. Liu Z, Jiang Z, Huang J, Huang S, Li Y, Yu S, et al. (2014) miR-7 inhibits glioblastoma growth by simul-
taneously interfering with the PI3K/ATK and Raf/MEK/ERK pathways. Int J Oncol 44: 1571–1580. doi:
10.3892/ijo.2014.2322 PMID: 24603851

36. Yao Y, Xue Y, Ma J, Shang C, Wang P, Liu L, et al. (2014) MiR-330-mediated regulation of SH3GL2
expression enhances malignant behaviors of glioblastoma stem cells by activating ERK and PI3K/AKT
signaling pathways. PLoS One 9: e95060. doi: 10.1371/journal.pone.0095060 PMID: 24736727

37. Edwards LA, Verreault M, Thiessen B, DragowskaWH, Hu Y, Yeung JH, et al. (2006) Combined inhibi-
tion of the phosphatidylinositol 3-kinase/Akt and Ras/mitogen-activated protein kinase pathways
results in synergistic effects in glioblastoma cells. Mol Cancer Ther 5: 645–654. PMID: 16546979

38. Evans C, Cook SJ, Coleman MP, Gilley J (2013) MEK inhibitor U0126 reverses protection of axons
fromWallerian degeneration independently of MEK-ERK signaling. PLoS One 8: e76505. doi: 10.
1371/journal.pone.0076505 PMID: 24124570

39. Chen D, Zuo D, Luan C, Liu M, Na M, Ran L, et al. (2014) Glioma cell proliferation controlled by ERK
activity-dependent surface expression of PDGFRA. PLoS One 9: e87281. doi: 10.1371/journal.pone.
0087281 PMID: 24489888

40. Carragher NO, Westhoff MA, Fincham VJ, Schaller MD, FrameMC (2003) A novel role for FAK as a
protease-targeting adaptor protein: regulation by p42 ERK and Src. Curr Biol 13: 1442–1450. PMID:
12932330

41. Sunayama J, Sato A, Matsuda K, Tachibana K, Watanabe E, Seino S, et al. (2011) FoxO3a functions
as a key integrator of cellular signals that control glioblastoma stem-like cell differentiation and tumori-
genicity. Stem Cells 29: 1327–1337. doi: 10.1002/stem.696 PMID: 21793107

PI3K Signaling in Glioblastoma

PLOSONE | DOI:10.1371/journal.pone.0131670 June 29, 2015 20 / 21

http://www.ncbi.nlm.nih.gov/pubmed/17934519
http://www.ncbi.nlm.nih.gov/pubmed/24506460
http://dx.doi.org/10.1038/onc.2008.148
http://www.ncbi.nlm.nih.gov/pubmed/18469856
http://www.ncbi.nlm.nih.gov/pubmed/15340073
http://dx.doi.org/10.1038/leu.2008.144
http://www.ncbi.nlm.nih.gov/pubmed/18548104
http://www.ncbi.nlm.nih.gov/pubmed/19513541
http://dx.doi.org/10.1158/0008-5472.CAN-10-1601
http://www.ncbi.nlm.nih.gov/pubmed/21084267
http://www.ncbi.nlm.nih.gov/pubmed/3864485
http://www.ncbi.nlm.nih.gov/pubmed/9342501
http://dx.doi.org/10.1016/j.ctrv.2008.03.125
http://www.ncbi.nlm.nih.gov/pubmed/18501520
http://www.ncbi.nlm.nih.gov/pubmed/19368079
http://dx.doi.org/10.1158/0008-5472.CAN-12-0334
http://dx.doi.org/10.1158/0008-5472.CAN-12-0334
http://www.ncbi.nlm.nih.gov/pubmed/22573716
http://dx.doi.org/10.3892/or.2013.2485
http://www.ncbi.nlm.nih.gov/pubmed/23708697
http://dx.doi.org/10.3892/ijo.2014.2322
http://www.ncbi.nlm.nih.gov/pubmed/24603851
http://dx.doi.org/10.1371/journal.pone.0095060
http://www.ncbi.nlm.nih.gov/pubmed/24736727
http://www.ncbi.nlm.nih.gov/pubmed/16546979
http://dx.doi.org/10.1371/journal.pone.0076505
http://dx.doi.org/10.1371/journal.pone.0076505
http://www.ncbi.nlm.nih.gov/pubmed/24124570
http://dx.doi.org/10.1371/journal.pone.0087281
http://dx.doi.org/10.1371/journal.pone.0087281
http://www.ncbi.nlm.nih.gov/pubmed/24489888
http://www.ncbi.nlm.nih.gov/pubmed/12932330
http://dx.doi.org/10.1002/stem.696
http://www.ncbi.nlm.nih.gov/pubmed/21793107


42. Gont A, Hanson JE, Lavictoire SJ, Parolin DA, Daneshmand M, Restall IJ, et al. (2013) PTEN loss
represses glioblastoma tumor initiating cell differentiation via inactivation of Lgl1. Oncotarget 4: 1266–
1279. PMID: 23907540

43. Magee JA, Piskounova E, Morrison SJ (2012) Cancer stem cells: impact, heterogeneity, and uncer-
tainty. Cancer Cell 21: 283–296. doi: 10.1016/j.ccr.2012.03.003 PMID: 22439924

44. Kyurkchiev D, Naydenov E, Tumangelova-Yuzeir K, Ivanova-Todorova E, Belemezova K, Bochev I,
et al. (2014) Cells isolated from human glioblastoma multiforme express progesterone-induced block-
ing factor (PIBF). Cell Mol Neurobiol 34: 479–489. doi: 10.1007/s10571-014-0031-3 PMID: 24474429

45. Gilbert CA, Ross AH (2009) Cancer stem cells: cell culture, markers, and targets for new therapies. J
Cell Biochem 108: 1031–1038. doi: 10.1002/jcb.22350 PMID: 19760641

46. Stupp R, Hegi ME (2007) Targeting brain-tumor stem cells. Nat Biotechnol 25: 193–194. PMID:
17287755

47. Mitchison TJ (2012) The proliferation rate paradox in antimitotic chemotherapy. Mol Biol Cell 23: 1–6.
doi: 10.1091/mbc.E10-04-0335 PMID: 22210845

48. Georgakis GV, Li Y, Rassidakis GZ, Medeiros LJ, Mills GB, Younes A (2006) Inhibition of the phospha-
tidylinositol-3 kinase/Akt promotes G1 cell cycle arrest and apoptosis in Hodgkin lymphoma. Br J Hae-
matol 132: 503–511 PMID: 16412023

49. Li A, Walling J, Kotliarov Y, Center A, Steed ME, Ahn SJ, et al. (2008) Genomic changes and gene
expression profiles reveal that established glioma cell lines are poorly representative of primary human
gliomas. Mol Cancer Res 6: 21–30. doi: 10.1158/1541-7786.MCR-07-0280 PMID: 18184972

50. Vogel TW, Zhuang Z, Li J, Okamoto H, Furuta M, Lee YS, et al. (2005) Proteins and protein pattern dif-
ferences between glioma cell lines and glioblastoma multiforme. Clin Cancer Res 11: 3624–3632
PMID: 15897557

51. Rixe O, Fojo T (2007) Is cell death a critical end point for anticancer therapies or is cytostasis sufficient?
Clin Cancer Res 13: 7280–7287. PMID: 18094408

52. Chesler L, Schlieve C, Goldenberg DD, Kenney A, Kim G, McMillan A, et al. (2006) Inhibition of phos-
phatidylinositol 3-kinase destabilizes Mycn protein and blocks malignant progression in neuroblastoma.
Cancer Res 66: 8139–8146. PMID: 16912192

53. Zhu Y, Shah K (2014) Multiple lesions in receptor tyrosine kinase pathway determine glioblastoma
response to pan-ERBB inhibitor PF-00299804 and PI3K/mTOR dual inhibitor PF-05212384. Cancer
Biol Ther 15: 815–822. doi: 10.4161/cbt.28585 PMID: 24658109

54. Ishii N, Maier D, Merlo A, Tada M, Sawamura Y, Diserens AC, et al. (1999) Frequent co-alterations of
TP53, p16/CDKN2A, p14ARF, PTEN tumor suppressor genes in human glioma cell lines. Brain Pathol
9: 469–479. PMID: 10416987

55. Leszczyniecka M, Roberts T, Dent P, Grant S, Fisher PB (2001) Differentiation therapy of human can-
cer: basic science and clinical applications. Pharmacol Ther 90: 105–156. PMID: 11578655

56. WangMH, Lin CL, Zhang JJ, Weng ZP, Hu T, Xie Q, et al. (2013) Role of PTEN in cholera toxin-induced
SWO38 glioma cell differentiation. Mol Med Rep 7: 1912–1918. doi: 10.3892/mmr.2013.1434 PMID:
23595342

57. Li Y, Lu HM, Li G, Yan GM (2010) Glycogen synthase kinase-3beta regulates astrocytic differentiation
of U87-MG human glioblastoma cells. Acta Pharmacol Sin 31: 355–360. doi: 10.1038/aps.2010.10
PMID: 20154711

58. Sunayama J, Sato A, Matsuda K, Tachibana K, Suzuki K, Narita Y, et al. (2010) Dual blocking of mTor
and PI3K elicits a prodifferentiation effect on glioblastoma stem-like cells. Neuro Oncol 12: 1205–1219.
doi: 10.1093/neuonc/noq103 PMID: 20861085

59. Westhoff M-A, Karpel-Massler G, Bruhl O, Enzenmuller S, La Ferla-Bruhl K, Siegelin M, et al. (2014) A
critical evaluation of PI3K inhibition in Glioblastoma and Neuroblastoma therapy. Molecular and Cellu-
lar Therapies 2: 32. doi: 10.1186/2052-8426-2-32 PMID: 26056598

60. Kil WJ, Tofilon PJ, Camphausen K (2012) Post-radiation increase in VEGF enhances glioma cell motil-
ity in vitro. Radiat Oncol 7: 25. doi: 10.1186/1748-717X-7-25 PMID: 22356893

PI3K Signaling in Glioblastoma

PLOSONE | DOI:10.1371/journal.pone.0131670 June 29, 2015 21 / 21

http://www.ncbi.nlm.nih.gov/pubmed/23907540
http://dx.doi.org/10.1016/j.ccr.2012.03.003
http://www.ncbi.nlm.nih.gov/pubmed/22439924
http://dx.doi.org/10.1007/s10571-014-0031-3
http://www.ncbi.nlm.nih.gov/pubmed/24474429
http://dx.doi.org/10.1002/jcb.22350
http://www.ncbi.nlm.nih.gov/pubmed/19760641
http://www.ncbi.nlm.nih.gov/pubmed/17287755
http://dx.doi.org/10.1091/mbc.E10-04-0335
http://www.ncbi.nlm.nih.gov/pubmed/22210845
http://www.ncbi.nlm.nih.gov/pubmed/16412023
http://dx.doi.org/10.1158/1541-7786.MCR-07-0280
http://www.ncbi.nlm.nih.gov/pubmed/18184972
http://www.ncbi.nlm.nih.gov/pubmed/15897557
http://www.ncbi.nlm.nih.gov/pubmed/18094408
http://www.ncbi.nlm.nih.gov/pubmed/16912192
http://dx.doi.org/10.4161/cbt.28585
http://www.ncbi.nlm.nih.gov/pubmed/24658109
http://www.ncbi.nlm.nih.gov/pubmed/10416987
http://www.ncbi.nlm.nih.gov/pubmed/11578655
http://dx.doi.org/10.3892/mmr.2013.1434
http://www.ncbi.nlm.nih.gov/pubmed/23595342
http://dx.doi.org/10.1038/aps.2010.10
http://www.ncbi.nlm.nih.gov/pubmed/20154711
http://dx.doi.org/10.1093/neuonc/noq103
http://www.ncbi.nlm.nih.gov/pubmed/20861085
http://dx.doi.org/10.1186/2052-8426-2-32
http://www.ncbi.nlm.nih.gov/pubmed/26056598
http://dx.doi.org/10.1186/1748-717X-7-25
http://www.ncbi.nlm.nih.gov/pubmed/22356893

