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Abstract
Purpose Although EGFR activation is a hallmark of glioblastoma (GBM), anti-EGFR therapy has so far not yielded
the desired effects. Targeting PI3K/Akt has been proposed as a strategy to increase the cellular sensitivity to EGFR
inhibitors. Here we evaluated the contribution of FOXO3a, a key Akt target, in the response of GBM cells to EGFR
inhibition.
Methods FOXO3a activation was assessed by immunofluorescence and gene reporter assays, and by evaluating target
gene expression using Western blotting and qRT-PCR. Cellular effects were evaluated using cell viability and apoptosis
assays, i.e., Annexin V/PI staining and caspase 3/7 activity measurements. Drug synergism was evaluated by performing
isobolographic analyses. Gene silencing experiments were performed using stable shRNA transfections.
Results We found that EGFR inhibition in GBM cells led to FOXO3a activation and to transcriptional modulation of its
key targets, including repression of the oncogene FOXM1. In addition, we found that specific FOXO3a activation
recapitulated the molecular effects of EGFR inhibition, and that the FOXO3a activator trifluoperazine, a FDA-
approved antipsychotic agent, reduced GBM cell growth. Subsequent isobolographic analyses of combination experi-
ments indicated that trifluoperazine and erlotinib cooperated synergistically and that their concomitant treatment induced
a robust activation of FOXO3a, leading to apoptosis in GBM cells. Using gene silencing, we found that FOXO3a is
essential for the response of GBM cells to EGFR inhibition.
Conclusions Our data indicate that FOXO3a activation is a crucial event in the response of GBM cells to EGFR inhibition,
suggesting that FOXO3a may serve as an actionable therapeutic target that can be modulated using FDA-approved drugs.
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1 Introduction

Malignant gliomas are the most common primary brain tu-
mors and represent one of the most lethal human cancers. In
their most aggressive manifestation, i.e., grade IV gliomas or
glioblastomas (GBMs), patient survival is only 12–15months.
The clinical aggressiveness of GBMs and their dismal prog-
nosis is a consequence of several biological traits, including a
highly infiltrative nature, which impairs complete surgical re-
section, and an increased resistance to radio- and chemother-
apy [1–3]. These key biological features, which critically chal-
lenge the success of therapeutic intervention, are a conse-
quence of an array of genetic and epigenetic alterations.
Recent genomic and transcriptomic analyses have revealed
that most of these alterations affect three major signaling path-
ways: the RTK/Ras/PI3K pathway, the p53-dependent DNA
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damage checkpoint response pathway and the pRB-dependent
cell cycle restriction point pathway [1, 4]. Within the RTK/
Ras/PI3K signaling pathway, the most frequently encountered
alterations include hyperactivation of the epidermal growth
factor receptor (EGFR) and loss of function of the phospha-
tase and tensin homolog (PTEN), both contributing to activa-
tion of the PI3K/Akt pathway [5]. In 40–50% of GBMs acti-
vation of EGFR is achieved through gene amplification,
resulting in overexpression [6]. Moreover, almost half of the
GBM cases with amplified EGFR also harbor an activating
mutation, leading to the expression of a truncated receptor,
termed EGFRvIII, which lacks the extracellular domain and
is constitutively active [7]. According to its central role in
GBM cell biology, EGFR is widely considered as a key ther-
apeutic target, and small molecule EGFR inhibitors such as
erlotinib (Tarceva) and gefitinib (Iressa) have been shown to
reduce GBM cell proliferation, motility and invasion in vitro
[8–10]. However, despite these preclinical data, the clinical
benefits achieved so far with EGFR inhibitors as single agents
have been very limited and in some cases even controversial
due to contradictory data obtained in clinical trials (reviewed
in [11]). Consequently, combinatorial therapies with other
compounds aimed at increasing GBM sensitivity to EGFR
inhibitors, or overcoming resistance, have been proposed
[12]. Among these strategies, several efforts have focused on
targeting the survival PI3K/Akt/mTOR pathway. In this vein,
it has been found that inhibition of EGFR concomitant with
PI3K and/or mTOR enhances the efficacy of EGFR inhibition
alone [13, 14], and that a dual PI3K/mTOR inhibitor further
increases the responsiveness of GBM cells to EGFR inhibitors
[15]. As yet, the therapeutic potential of targeting the Akt
downstream target FOXO3a has not been explored in malig-
nant gliomas. FOXO3a is one of the best-characterized mem-
bers of the FOXO subclass of FOX (Forkhead Box) transcrip-
tion factors that also comprises FOXO1, FOXO4 and
FOXO6. FOXO transcription factors share a very similar
DNA-binding motif and bind to the same consensus sequence
and, as such, are considered to be functionally redundant,
although they differ in their tissue distribution [16]. Upon
Akt activation, FOXO3a becomes phosphorylated and
exported from the nucleus to the cytosol, leading to its func-
tional inactivation as a transcription factor and impairing its
function as cell cycle arrest and apoptosis inducer [17]. In
agreement with this, FOXO3a has been found to be inactivated
by aberrant PI3K/Akt signaling in several human tumors in-
cludingGBMs, and FOXO3a inactivation has been found to be
associated with a poor clinical outcome [18]. Interestingly,
several research groups have identified FOXO3a as an attrac-
tive therapeutic target in different tumors, and have shown that
its functional reactivation may serve a promising therapeutic
strategy [19]. Here, we investigated the functional contribution
of FOXO3a in the response of GBM cells to EGFR inhibition.
Using GBM cell lines and patient-derived primary GBM cells,

we show that EGFR inhibition leads to FOXO3a dephosphor-
ylation, followed by its nuclear translocation and increase in
transcriptional activity. Selective activation of FOXO3a using
different approaches confirm that FOXO3a reactivation readily
elicits in vitro and ex vivo anticancer effects in GBM.
Interestingly, we show that pharmacological combination of
the FOXO3a activator trifluoperazine with erlotinib induces
synergistic effects both in GBM-derived cell lines and in
ex vivo primary cultures. In agreement with this observation,
we show that trifluoperazine in combination with erlotinib is
able to promote apoptosis induction in primary GBM cells, in
contrast to the cytostatic effects induced by either compound
alone. Finally, we show that FOXO3a silencing in GBM cells
dramatically reduces the cellular effects of erlotinib, both alone
or in combination with trifluoperazine, indicating that
FOXO3a activation is required for mediating EGFR-
dependent responses in these cells.

2 Materials and methods

2.1 Cell culture

LN229, U87MG, HS683, T98G, U251 and U373 GBM cells
were a gift from Joan Seoane (Institut de Recerca Hospital
Universitari Vall d’Hebron, Barcelona, Spain). The U87MG
derivative cell line U87ΔEGFR (a stable transfectant express-
ing EGFRvIII) was a gift from Isabel Martínez-Lacaci
(Hospital Universitario Virgen de la Arrixaca, Murcia,
Spain). SKMG-3 GBM cells were a gift from Hans
Skovgaard (Rikshospitalet, Oslo, Norway). All cell lines were
subconfluently grown and passaged, routinely tested for my-
coplasma contamination and subjected to frequent morpho-
logical tests and growth curve analyses as quality controls.
All cell lines were treated with a prophylactic concentration
of 5 μg/ml Plasmocin™ (InvivoGen, San Diego, CA). Cells
were grown in DMEM (Life Technologies, Carlsbad, CA,
USA) supplemented with 10% foetal calf serum (FCS,
Sigma-Aldrich, St. Louis, MO, USA) in a humidified incuba-
tor at 37 °C with 5% CO2. For primary GBM cell cultures,
samples were obtained from patients undergoing surgical
treatment at the Department of Neurosurgery of the Hospital
Universitari Son Espases (Palma, Spain). The primary cells
used in this study were derived from two patients diagnosed
with GBM IDH1-wt (W.H.O grade IV). Written informed
consent was obtained from all patients by the Hospital’s
biobank and the study was approved by the local ethical com-
mittee (Comitè d’Ètica de la Investigació-Illes Balears, CEI-
IB, Ref. N° 3198/16). Tumor fragments were rinsed with
Hank’s Balanced Salt Solution (HBSS) and mechanically dis-
sociated into ∼1–5 mm3 pieces. These pieces were incubated
with collagenase I (200 U/ml) in HBSS for 1 h at 37 °C with
constant vigorous agitation. The resulting cell suspensions
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were washed in complete DMEM culture medium. After cen-
trifugation, the top thin layer of erythrocytes was discarded
and pellets were resuspended in culture medium. Cellular sus-
pensions were seeded in 60-mm tissue culture plates and
maintained in a humidified incubator at 37 °C with 5% CO2.
Subsequently, confluent cell cultures were split 1∶2. All ex-
periments were performed before passage 5. For drug treat-
ments, erlotinib (Roche, Basel, Switzerland), psammaplysene
A (a gift of Prof. Jon Clardy, HarvardMedical School, Boston,
USA) and trifluoperazine (Sigma-Aldrich, St. Louis, MO,
USA) were added directly to the media at the indicated con-
centrations after which the cells were harvested and analysed
at the indicated time points.

2.2 Expression vectors, transfection
and shRNA-mediated gene silencing

Cells were transfected using Lipofectamine2000 (Life
Technologies, Carlsbad, CA, USA) according to the manu-
facturer’s instructions with the following expression plas-
mids: active FOXO3a (pLPC-FOXO3a-A3, a gift from Eric
Lam, Imperial College London, UK), p27kip1 promoter vec-
tor (pGL3-p27, a gift from Eric Lam, Imperial College
London, UK) and FOXO3a-responsive luciferase reporters
(pGL3-3xDBE and pGL3-6xDBE, a gift from Wolfgang
Link, CNIO, Madrid, Spain). For the generation of
FOXO3a-depleted cells, cells were transfected with a
FOXO3a shRNA expression vector (pSUPER-FOXO3a, a
gift from Eric Lam, Imperial College London, UK), which
contains two complementary sequences of 19 nucleotides,
TCACTGCATAGTCGATTCA, cloned into the Invivogen
psiRNA plasmid (Autogen Bioclear, Wiltshire, UK).
LN229, T98G and U373 cells were reversely transfected
i n 6 - w e l l p l a t e s w i t h 2 μ g c o n s t r u c t u s i n g
Lipofectamine2000 (Life Technologies, Carlsbad, CA,
USA) following the manufacturer’s instructions. The
transfected cells were left to adhere overnight after which
they were carefully washed. After another 24 h selection
was started by addition of 0.5 mg/ml zeocin to the growth
medium, followed by single cell cloning and expansion for
another 2 weeks. The cells were tested for the efficiency of
shRNA-mediated silencing using Western blotting.

2.3 Cell viability measurement and IC50 determination

The number of viable cells was determined based on quanti-
fication of ATP, which signals the presence of metabolically
active cells, using a Cell Titer-Glo luminiscent assay kit
(Promega, Madison,WI, USA). Following the manufacturer’s
instructions, 5 × 103 cells were seeded in 96-well plates, treat-
ed 24 h later as indicated, followed by the addition of Cell
Titer-Glo reagent. Luminiscence was detected using a multi-
well Synergy Mx scanning spectrophotometer (Biotek,

Winooski, VT, USA). For IC50 determination, data obtained
from cell viability experiments after dose-response treatments
with the indicated drugs were subjected to curve fitting anal-
ysis using the GraphPad Prism software (La Jolla, CA, USA).

2.4 Isobolographic analysis

Drug synergy was determined using the isobologram and
combination-index (CI) methods, derived from the
median-effect principle of Chou and Talalay [20].
Combinations with CI > 1 are considered as antagonistic,
those with CI =1 as additive, and those with CI < 1 as
synergistic. Data obtained from cell viability experiments
with the indicated fixed-dose drug combinations were sub-
jected to curve fitting analysis using GraphPad Prism soft-
ware (La Jolla, CA, USA) to determine the IC50 values of
each combination represented on the isobologram.

2.5 Caspase activity assay

Enzymatic activity of effector caspases was determined by
measurement of caspases-3 and -7 activities using a
luminometric Caspase-Glo 3/7 assay (Promega, Madison,
WI, USA) according to the manufacturer’s protocol in con-
junction with a Synergy HT multi-detection microplate reader
(Bio-Tek, Winooski, VT, USA).

2.6 Luciferase reporter assay

For reporter assays, the activity of both Firefly and Renilla
luciferase in cell lysates was measured using a Dual-
luciferase reporter assay system (Promega, Madison, WI,
USA). The assays were performed according to the manu-
facturer’s recommendations. For FOXO3a responsive pro-
moter (pGL3-p27, pGL3-3xDBE and pGL-6xDBE) as-
says, 1 × 105 LN229 and T98G cells were reversely
transfected in 12-well plates with 0.75 μg of the indicated
constructs and 0.25 μg of the control Renilla reporter vec-
tor. 24 h after transfection cells were either left untreated or
treated with 10 μM erlotinib for 24 h. Control and treated
cells were harvested 48 h after transfection using a passive-
lysis buffer (Promega, Madison, WI, USA) after which
luciferase activities were measured. Levels of reporter gene
induction were obtained by normalizing Firefly luciferase
levels to control Renilla luciferase levels. The results are
presented as the mean ± SD of data from three independent
experiments, each of which was conducted in duplicate.

2.7 Gene expression analysis

Total RNA was isola ted using Tr izol® Reagent
(ThermoFisher Scientific, Waltham, MA). One μg RNAwas
reverse-transcribed into cDNA using a High Capacity RNA-

The tumor suppressor FOXO3a mediates the response to EGFR inhibition in glioblastoma cells 523



to-cDNA kit (Applied Biosystems, Los Angeles, CA, USA).
Subsequent real-time PCR reactions were performed in 96-
well plates in a Light Cycler 480® System (Roche
Diagnostics, Basel, Switzerland) using the SYBR® Green
detection methodology. FOXO3a mRNA levels were mea-
sured using the following primers: FOXO3a forward 5’-
GGGGAACTTCACTGGTGCTA, reverse 5’-TGTCCACT
TGCTGAGAGCAG. FOXO1mRNA levels were measured
using the following primers: FOXO1 forward 5’-
GCTTCCCACACAGTGTCAAGAC, reve r se 5 ’ -
CCTGCTGTCAGACAATCTGAAGTAC. p27kip1 mRNA
levels were measured using the following primers: CDKN1B
forward 5’-TCCGGCTAACTCTGAGGACA, reverse 5’-
GAAGAATCGTCGGTTGCAGG. Cyclin D1 mRNA levels
were measured using the following primers: CCND1 forward
5 ’ -TGTCCTACTACCGCCTCACA, r eve r s e 5 ’ -
CAGGGCTTCGATCTGCTC. FOXM1 mRNA levels were
measured using the following primers: FOXM1 forward 5’-
ACTTTAAGCACATTGCCAAGC, reverse 5’-CGTGCAGG
GAAAGGTTGT.GAPDHwas included as an internal control
for normalization and measured using the following primers:
GAPDH forward 5’-TGCACCACCAACTGCTTAGC, re-
verse 5’-GGCATGGACTGTGGTCATGAG. Threshold cy-
cle data were analysed using the following formula: normal-
ized gene expression level = ( Etarget

� �CPtarget sampleð Þ
) /

( Eref
� �CPref sampleð Þ

) (adapted from [21]) to quantify the levels
of gene expression.

2.8 Annexin V/Propidium iodide staining

Phosphatidyl serine externalization in apoptotic cells was de-
termined using an ApoTarget Annexin-V-FITC Apoptosis kit
(Life Technologies, Carlsbad, CA, USA), according to the
manufacturer’s instructions. To this end, 2 × 105 cells were
seeded in 6-well plates and treated as indicated. Next, the cells
were collected and suspended in 100 μl Annexin V-binding
buffer, after which 5 μl Annexin-V-FITC and 10μl propidium
iodide were added and the cells were incubated for 15 min at
room temperature in the dark. Finally, flow cytometry was
carried out using a FACScan cytometer (Coulter Epics XL-
MSL, Beckman Coulter, Fullerton, CA) and analysed using
winMDI software.

2.9 Immunofluorescence

Cells grown on coverslips were fixed in 3.7% (v/v) parafor-
maldehyde for 20 min and permeabilized in 0.1% (v/v) Triton
X-100 for 5 min. Cells were blocked in PBS containing 3%
bovine serum albumin, after which an antibody directed
against FOXO3a (07–702; Millipore, Billerica, MA, USA)
was added (1:30 dilution). Specific staining was visualized
using a secondary antibody conjugated to Alexa Fluor 488.
Coverslips were mounted using mounting medium containing

4′,6-diamidino-2-phenylindole (DAPI; Sigma-Aldrich, St.
Louis, MO, USA) and analyzed using a Leica TCS SPE con-
focal microscope (Leica Microsystems, Wetzlar, Germany).

2.10 Subcellular fractionation

Nuclear/cytoplasmic subcellular fractionation was per-
formed using a Nuclear Extract kit (Active Motif,
Carlsbad, CA, USA) according to the manufacturer’s in-
structions. Briefly, cells were washed in ice-cold PBS
with phosphatase inhibitors, collected by gentle scraping
and centrifuged. For fractionation, cell pellets were re-
suspended in hypotonic buffer and incubated for
15 min at 4 °C prior to the addition of detergent to lyse
the cells. Next, the cytoplasmic fraction was collected by
centrifugation (supernatant) and stored at −80 °C. The
remaining pellet was subsequently lysed with complete
lysis buffer with protease inhibitors, incubated for
30 min at 4 °C and centrifuged to obtain the nuclear
fraction (supernatant). Nuclear/cytoplasmic separation
was verified through PARP and Tubulin expression anal-
ysis using immunoblotting.

2.11 Gel electrophoresis and immunoblotting

For immunoblotting, cells were harvested in a buffer contain-
ing 50mMTris-HCl pH 7.4, 150 mMNaCl, 1 mMEDTA and
1% (v/v) Triton X-100 plus protease and phosphatase inhibi-
tors. For the detection of nuclear and cytoplasmic FOXO3a
levels, cell extracts were collected using a nuclear extract kit
(Active Motif, Carlsbad, CA, USA) after which protein con-
tent was measured using the Bradford procedure [22]. Cell
lysates were electrophoresed using SDS-polyacrylamide gels.
After electrophoresis the proteins were transferred to
Immobilon-P strips (Millipore, Billerica, MA. USA) for 2 h
at 60 V. The resulting blots were preincubated in TBS (20 mM
Tris-HCl pH 7.5, 150 mM NaCl), 0.05% Tween 20 and 5%
defatted milk powder for 1 h at room temperature and then
incubated for 1 h at room temperature in TBS, 0.05% Tween
20, 1% BSA and 0.5% defatted milk powder containing the
appropriate antibodies: anti-Akt (sc-1618) and anti-p27kip1 (sc-
525) from Santa Cruz (Santa Cruz, CA, USA), anti-cyclin D1
(MS-210P, Neomarkers, Fremont, CA), anti-β-tubulin
(T0198, Sigma-Aldrich, St. Louis, MO) and anti-p-S473-Akt
(#9271), anti-FOXO3a (#9467), anti-p-S253-FOXO3a
(#9466), anti-FOXO1 (#2880), anti-PARP (#9542) and anti-
p-S6 (#4858) from Cell Signaling Technology (Beverly, MA,
USA). After washing in TBS, 0.05% Tween 20, the blots were
incubated with a peroxidase-coupled secondary antibody
(Dako, Glostrup, Denmark) for 1 h at room temperature.
After incubation, the blots were washed twice in TBS, 0.05%
Tween 20 and once in TBS. The peroxidase reaction was
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visualized using an enhanced chemiluminiscence detection
system (Millipore, Billerica, MA, USA).

2.12 Statistical analysis

The statistical significance of differences was assessed by
Student’s t test using GraphPad Prism (GraphPad Software
Inc. La Jolla, CA). Statistically significant differences are in-
dicated by ***p < 0.001, ** p < 0.01 and * p < 0.05.

3 Results

3.1 EGFR inhibition reduces GBM cell growth
and induces FOXO3a dephosphorylation

We have previously shown that EGFR inhibition with
erlotinib inhibits glioma cell proliferation by inducing cell
cycle arrest in G1 [10]. In order to better understand the
mechanisms underlying sensitivity (and resistance) to
EGFR-based therapy in GBM, we set out to investigate
molecular mediators responsible for the effects of EGFR
inhibition in GBM cells. In agreement with the response
to erlotinib in a panel of human GBM cell lines, including
cells with mutant EGFR (U87ΔEGFR) or EGFR overex-
pression (SKMG-3 cells), primary glioma cells derived
from patient samples were also found to be sensitive to
EGFR inhibition with erlotinib in a dose-dependent man-
ner (Fig. 1a, b). In order to investigate the molecular ef-
fects of EGFR inhibition, we used LN229, T98G and
U373 cells, which showed high, intermediate and low
sensitivities to erlotinib, respectively (Fig. 1a) [10].
Exposure to 10 μM erlotinib induced a time-dependent
reduction in p-Akt levels in both LN229 and T98G cells,
but not in U373 cells (Fig. 1c). A parallel decrease, ob-
served in all cell lines, was found for p-S6, a target of the
mTOR/S6K pathway which acts downstream of PI3K/Akt
(Fig. 1c). Interestingly, the reductions in p-Akt and p-S6
were followed, in LN229 and T98G cells, by a time-
dependent dephosphorylation of FOXO3a at Ser253, a
residue that is phosphorylated by Akt (Fig. 1c).

3.2 EGFR inhibition induces FOXO3a nuclear
accumulation and transcriptional activation
in glioblastoma cells

Akt-dependent FOXO3a phosphorylation induces its nuclear
export and hence sequesters FOXO3a in an inactive state in
the cytoplasm [17]. In order to assess whether FOXO3a de-
phosphorylation induced by EGFR inhibition leads to
FOXO3a nuclear accumulation, we analysed the subcellular
localization of FOXO3a in control and erlotinib-treated GBM
cells. Whereas in untreated cells FOXO3a was mostly

localized in the cytoplasm, EGFR inhibition in LN229,
T98G and U373 cells led to its accumulation in the nucleus,
especially in the highly-sensitive LN229 cells (Fig. 2a).
Importantly, erlotinib treatment also led to FOXO3a nuclear
accumulation in primary GBM cells (Fig. 2a). In agreement
with these observations, subcellular fractionation experiments
also indicated that erlotinib treatment induced a substantial
increase in FOXO3a levels in the nuclear fraction (Fig. 2b).
Taken together, these results indicate that EGFR inhibition in
GBM cells leads to FOXO3a dephosphorylation and its nu-
clear accumulation.

Since FOXO3a dephosphorylation and nuclear accumula-
tion are required for its transcriptional activity, we next inves-
tigated whether erlotinib treatment was able to induce
FOXO3a activation in GBM cells. To this end, we first
analysed the transcriptional activity of FOXO3a using three
different luciferase reporter constructs: one containing the pro-
moter of the FOXO3a transcriptional target p27kip1, and two
containing three and six repetitions of the consensus FOXO-
binding motif, the DAF-16-binding element (DBE), respec-
tively [23, 24]. We found that erlotinib treatment significantly
increased the luciferase activities of the indicated reporters,
with the highest values corresponding to a 2–3 fold induction
for the 6xDBE reporter (Fig. 2c). We also performed qRT-
PCR to measure the mRNA expression levels of the
FOXO3a transcriptional targets p27kip1 and cyclin D1 (a target
of FOXO3a-mediated repression [25]), together with the
mRNA levels of FOXO3a and FOXO1, since FOXO tran-
scription factors have been shown to promote their own tran-
scription [26]. In correlation with the data from FOXO3 re-
porter assays, erlotinib treatment led to an increase in the
expression of p27kip1 mRNA and a decrease in the expression
of cyclin D1 mRNA in both LN229 and T98G cells. U373
cells showed a modest increase in p27kip1mRNA expression
levels (Fig. 2d). Interestingly, both FOXO3a and FOXO1
mRNA expression levels were clearly increased upon erloti-
nib treatment in all cell lines tested, although the effects were
more robust in the highly-sensitive LN229 cell line (Fig. 2d).
Finally, we confirmed the regulation of FOXO3a target gene
expression at the protein level. In agreement with the qRT-
PCR data, immunoblot analysis revealed that EGFR inhibition
resulted in a strong induction of p27kip1 protein expression
and a concomitant downregulation of cyclin D1 protein ex-
pression (Fig. 2e). Interestingly, FOXO1 expression in re-
sponse to erlotinib almost mirrored the sensitivity of each cell
line, i.e., FOXO1 levels were dramatically increased in
LN229 cells, whereas they showed a lower increase in T98G
cells. In U373 cells FOXO1 expression remained almost un-
altered (Fig. 2e). We also investigated the expression of
FOXM1, since this oncogene is also a direct target of
FOXO3a-mediated transcriptional repression [27, 28].
Interestingly, in LN229 and T98G cells EGFR inhibition in-
duced a dramatic downregulation of FOXM1, whereas this
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effect was more modest in the less sensitive U373 cell line
(Fig. 2e). Collectively, these observations indicate that EGFR
inhibition in GBM cells leads to activation of FOXO3a and
modulation of its transcriptional targets.

3.3 Activation of FOXO3a inhibits glioblastoma cell
growth

In order to better understand the contribution of FOXO3a
activation in response to EGFR inhibition, we investigated
the effects of selective activation of FOXO3a in GBM cells.
For this purpose,we treatedGBMcellswith Psammaplysene
A, a compound originally identified as an inhibitor of the

nuclear export of FOXO transcription factors [29] that has
been shown to exert in vitro anticancer effects in colon can-
cer [30], non-Hodgkin lymphoma [31], endometrial cancer
[32] and leiomyoma cells [33] through activation of either
FOXO3a or FOXO1. We found that treatment of LN229,
T98G and U373 cells with 2.5 μM Psammaplysene A pro-
moted the nuclear accumulation of FOXO3a (Fig. 3a). A
time-course treatment with Psammaplysene A confirmed
FOXO3a activation as indicated by its dephosphorylation
at S253 (Fig. 3b). Interestingly, PsammaplyseneA treatment
also induced an increase in total FOXO3a expression levels,
and modulation of FOXO3a target genes p27kip1, cyclin D1,
FOXO1 and FOXM1 (Fig. 3b). Of note, p-Akt levels were

Fig. 1 Erlotinib inhibits glioblastoma cell proliferation and induces
FOXO3a dephosphorylation. a The indicated glioblastoma cell lines
were left untreated (Untreated) or treated with 10 μM erlotinib
(Erlotinib) and cell viability was assessed 48 h after treatment. The
mean ± SD values from three independent experiments, each conducted
in duplicate, are shown in the graph, representing the percentage of viable
cells relative to untreated conditions. The differences between control and
erlotinib treatment are statistically significant (Student’s t test: *p < 0.05,
** p < 0.01 and *** p < 0.001, respectively). b Patient-derived primary
glioblastoma cells were treated for 48 h with the indicated concentrations

of erlotinib after which cell viabilities were measured. The mean ± SD
values from three independent experiments, each conducted in duplicate,
are shown in the graph, representing the percentage of viable cells relative
to untreated conditions. The differences between control and erlotinib
treatment are statistically significant (Student’s t test: * p < 0.05, **
p < 0.01 and *** p < 0.001, respectively). c LN229, T98G and U373
cells were treated with 10 μM erlotinib and harvested at the indicated
time points. The expression levels of the indicated proteins were analysed
by Western blotting using specific antibodies
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not altered by Psammaplysene A treatment, confirming pre-
vious reports showing that FOXO3a activation induced by
this compound does not alter the activity of its upstream
kinase Akt [29]. Importantly, in agreement with its ability
to promote FOXO3a nuclear accumulation and activation,
we found that Psammaplysene A exerted significant in vitro
antitumoral effects in human GBM cells (Fig. 3c).

In order to further test the effects of FOXO3a activation in
GBM, we transfected LN229, T98G and U373 cells with a
triple-alanine FOXO3a mutant that cannot be phosphorylated
by Akt (FOXO3a-A3) and is, hence, considered to be an ac-
tive mutant. In agreement with the data obtained using
Psammaplysene A, we found that transfection of a
FOXO3a-A3 plasmid significantly reduced cell viability com-
pared to that of control transfectants (Fig. 3d). Finally, we also
tested the efficacy of trifluoperazine in GBM cell lines and
patient-derived cells, since this agent was also identified as a
nuclear export inhibitor of FOXO [29] and has been shown to
promote FOXO1 activation in human lung adenocarcinoma
cells [34]. In agreement with these reports and our previous
observations, treatment with trifluoperazine dramatically re-
duced the viability of both GBM cell lines and primary
patient-derived cells, with IC50 values in the low micromolar
range (Fig. 3e–g), in correlation with its ability to promote
FOXO1 and FOXO3a nuclear localization and dephosphory-
lation in GBM cells (data not shown).

3.4 FOXO3a activation cooperates synergistically
with EGFR inhibition in glioblastoma cells

In order to test the therapeutic potential of FOXO3a modu-
lation in combination with EGFR inhibition, we first
assessed the effects of erlotinib in control versus FOXO3a-
A3 transfected cells. Whereas erlotinib treatment or
FOXO3a-A3 transfection alone clearly reduced GBM cell
growth, the combination of erlotinib treatment and
FOXO3a-A3 expression totally suppressed GBM cell
growth and even resulted in a net decrease in cell number,
suggestive of cell death (Fig. 4a). We next used trifluopera-
zine to test whether pharmacological activation of FOXO3a
could similarly cooperate with erlotinib to reduce GBM cell
growth. We chose trifluoperazine instead of Psammaplysene
A because it is a FDA-approved drug with a well-
established clinical use, and because it has been recently
reported to sensitize lung adenocarcinoma cells to erlotinib
[34]. Treatment of GBM cell lines and primary patient-
derived cells with erlotinib alone or in combination with a
fixed dose of trifluoperazine (5 μM, 7.5 μM or 10 μM)
indicated that trifluoperazine cooperated in a dose-
dependent manner with EGFR inhibition in reducing GBM
cell viability (Fig. 4b). Accordingly, we found that addition
of 10 μM trifluoperazine resulted in a clear improvement in
the IC50 of erlotinib, with an average 6-fold reduction, both

in cell lines and primary cells (Fig. 4c). Noteworthy, we
found that addition of trifluoperazine dramatically improved
the effects of erlotinib on the low sensitive U373 cell line
(Fig. 4b), as indicated by the 15-fold decrease observed in
IC50 value of erlotinib in the presence of 10 μM trifluoper-
azine (Fig. 4c). Since these results support a positive phar-
macological cooperation between trifluoperazine and EGFR
inhibition, in line with data reported in lung adenocarcinoma
[34], we next performed isobolographic analyses upon fixed
dose-ratio combination treatments with erlotinib and trifluo-
perazine. To this end, LN229, T98G, U373 and primary
patient-derived cells were treated with a number of erlotinib/
trifluoperazine combinations (ranging from 1:1 to 1:10) after
which the resulting IC50 values were plotted on isobolograms
indicating the isoeffective line of pure additivity (Fig. 4d).
Importantly, virtually all tested combinations resulted in
a supra-additive, synergistic interaction between erlotinib
and trifluoperazine (Fig. 4d), as indicated also by the
determined values of the respective combination indexes
(CI, Table 1). Taken together, these results indicate that
the FOXO modulator trifluoperazine cooperates synergis-
tically with the EGFR inhibitor erlotinib in reducing
GBM cell growth.

3.5 FOXO3a activation with trifluoperazine enhances
the cellular and molecular effects of EGFR inhibition

In order to better understand the molecular basis of the syn-
ergistic cooperation between EGFR inhibition and FOXO3a
activation, we next assessed the effects of the combined
treatment with erlotinib and trifluoperazine in patient-
derived primary glioma cells. To this end, we first measured
the induction of apoptosis through double Annexin V/
Propidium Iodide staining in primary glioblastoma cells de-
rived from 2 patients upon treatment with either 10 μM er-
lotinib, 10 μM trifluoperazine or their combination.
Interestingly, we found that whereas treatment with erlotinib
or trifluoperazine alone did not induce any significant chang-
es in the basal levels of apoptosis detected in untreated cells,
the combination of erlotinib and trifluoperazine was able to
promote a significant 2-fold increase in the Annexin V-
positive population (Fig. 5a). In correlation with this, the
combination of erlotinib and trifluoperazine, in contrast to
either treatment alone, was also able to significantly induce
activation of the effector caspases 3/7 in patient-derived cells
(Fig. 5b). Importantly, the combination of erlotinib and tri-
fluoperazine treatment induced a clear dephosphorylation of
FOXO3a at Ser253, in contrast to a more modest effect elic-
ited by either treatment alone (Fig.5c). In agreement with its
dephosphorylation and functional activation, we found that
total FOXO3a levels were increased after the combination
treatment, and that the expression of the FOXO3a targets
FOXM1, cyclin D1 and p27kip1 was modulated accordingly
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in response to the combination of EGFR inhibition and tri-
fluoperazine treatment (Fig. 5c). Taken together, these data

indicate that FOXO3a activation with trifluoperazine en-
hances the response to EGFR inhibition in GBM cells.
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3.6 FOXO3a is a crucial mediator of the effects of EGFR
inhibition in glioblastoma cells

We finally investigated the functional contribution of
FOXO3a to the effects of EGFR inhibition by silencing
FOXO3a in GBM cells. For this purpose, cells were
transfected with either scramble (shCONT) or FOXO3a-
specific (shFOXO3a) shRNA constructs in order to generate
control and FOXO3a-depleted LN229, T98G and U373 cells,
respectively (Fig. 6a). We next analysed the cellular effects of
EGFR inhibition by treating both control and FOXO3a-
depleted cells for 48 h with increasing concentrations of erlo-
tinib. As expected, erlotinib treatment resulted in a clear dose-
dependent reduction in cell viability in shCONT-transfected
cells (Fig. 6b). This response was, however, strongly dimin-
ished in shFOXO3a-transfected cells, which only showed a
marginal effect upon erlotinib treatment (Fig. 6b). In confor-
mity with these results, we found that the IC50 values of erlo-
tinib in FOXO3a-depleted cells were clearly higher than those
obtained in control cells (Fig. 6c). We also assessed the impact
of FOXO3a silencing on the highly effective combination
treatment with erlotinib and trifluoperazine. In agreement with
our previous results in patient-derived primary cells (Fig. 5b),
we found that treatment of shCONT-transfected LN229, T98G
and U373 cells with the combination of 10 μM erlotinib and
10 μM trifluoperazine induced a clear upregulation of caspase
3/7 activity, whereas either treatment alone had negligible ef-
fects (Fig. 6d). Remarkably, FOXO3a silencing in LN229,
T98G and U373 cells led to a complete suppression of caspase
3/7 activation in response to the combination treatment with
erlotinib plus trifluoperazine (Fig. 6d). Finally, we investigated

the molecular responses elicited by treatment with erlotinib,
trifluoperazine or their combination in control and FOXO3a-
depleted LN229 cells. We found that in shCONT-transfected
LN229 cells, both erlotinib and trifluoperazine treatments
alone induced increases in FOXO3a and p27kip1 levels and
a decrease in cyclin D1 levels, and that these effects were more
robust when the cells were treated with the combination of
erlotinib and trifluoperazine (Fig. 6e). In contrast, treatment
of shFOXO3a-transfected LN229 cells with erlotinib, trifluo-
perazine or their combination failed to produce such effects on
p27kip1 and cyclin D1 expression levels (Fig. 6e).

4 Discussion

Here, we have investigated the functional role of the tumor
suppressor FOXO3a in the response to EGFR inhibition in ma-
lignant GBM cells. Emerging evidence has highlighted a crucial
role of the PI3K/Akt signaling flux as a key determinant in the
response to EGFR inhibitors in glioma [5], and a number of
studies has employed various strategies to target the PI3K/Akt/
mTOR pathway in GBM cells with the aim to increase their
sensitivity to EGFR inhibitors [13–15]. However, the specific
role of the transcription factor FOXO3a, a major Akt target that
has been reported to be crucially involved in the cellular re-
sponse to a growing number of anticancer agents [19], has not
been explored yet in this context. In agreement with our previ-
ously reported data [10], we found that both established GBM
cell lines and patient-derived primary cells responded in a dose-
dependent manner to the EGFR inhibitor erlotinib, in correlation
with the observed inhibition of PI3K/Akt/mTOR signaling, as
indicated by the inhibition of p-Akt and p-S6 levels.
Interestingly, we found that a reduction in FOXO3a phosphor-
ylation at S253, indicative of its functional activation, also oc-
curred in response to erlotinib treatment. Accordingly, EGFR
inhibition promoted the nuclear translocation of FOXO3a and
the modulation of established FOXO3a transcriptional targets,
including FOXM1, p27kip1 and cyclin D1, together with in-
creases in FOXO3a transcriptional activity in gene reporter as-
says. The observation that EGFR inhibition leads to FOXM1
downregulation is relevant, since this member of the Forkhead
family of transcription factors is emerging as an oncogene in
GBM. FOXM1, a well-established regulator of cell cycle pro-
gression [35], has been shown to be overexpressed in GBMs
[36] and to promote invasion [37], angiogenesis [38], stemness
[39–41] and resistance to radio- [39] and chemotherapy [42].
Despite its well-established role in gliomagenesis, partially
through the regulation of Wnt/β-catenin signaling [43], the pre-
cise regulation of FOXM1 expression and activity in GBM cells
is less well defined. Here, we present the first evidence linking
the response to EGFR inhibition in GBM cells to FOXO3a-
mediated FOXM1 downregulation. Interestingly, stimulation
of GBM cells with EGF has been reported to promote COX-2
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�Fig. 2 EGFR inhibition induces FOXO3a nuclear accumulation and
its transcriptional activation. a The indicated glioblastoma cells were
grown on coverslips and were left untreated (control) or were treated for
24 h with 10 μM erlotinib (erlotinib), fixed and stained with anti-
FOXO3a antibodies (FOXO3a) and DAPI (Nuclei). Bar: 5 μm. b The
indicated glioblastoma cells were left untreated (control) or were treated
for 16 h with 10 μM erlotinib (erlotinib), harvested and subjected to
subcellular fractionation as indicated in Materials and methods. The
expression levels of the indicated proteins in cytoplasmic (C) and
nuclear (N) cellular extracts were analysed by Western blotting using
specific antibodies. The graph represents the mean ± SD values of
quantified nuclear/cytoplasmic FOXO3a ratio, relative to untreated
cells. c Representation of the mean ± SD values of luciferase activity
from three different FOXO3a reporter constructs (p27, 3xDBE and
6xDBE) in control and erlotinib-treated LN229 and T98G cells,
measured as indicated in Materials and methods, from three
independent experiments each conducted in duplicate. d The levels of
the indicated FOXO3a transcriptional targets were measured by qRT-
PCR in control and erlotinib-treated (10 μM, 16 h) LN229, T98G and
U373 cells. The graph represents the mean ± SD Log2 ratio values of
normalized mRNA levels in erlotinib-treated LN229, T98G and U373
cells (control value for each cell line is 0). e LN229, T98G and U373
cells were treated with 10μMerlotinib and harvested at the indicated time
points. The expression levels of the indicated proteins were analysed by
Western blotting using specific antibodies



expression through FOXM1 [44], thus indicating that FOXM1
may be regulated downstream of EGFR in GBM. In agreement
with our data, FOXO3a dephosphorylation and its nuclear trans-
location have similarly been shown to mediate the effects of the

EGFR inhibitor gefitinib in breast cancer cells [45].
Furthermore, in breast cancer cells FOXO3a has been reported
to mediate direct transcriptional repression of FOXM1 in re-
sponse to EGFR inhibition [27]. These results are in agreement

Fig. 3 FOXO3a re-activation inhibits glioblastoma cell growth. a
LN229, T98G and U373 cells were grown on coverslips and were left
untreated (control) or were treated for 24 h with 2.5 μM Psammaplysene
A (PsA), fixed and stained with anti-FOXO3a antibodies (FOXO3a) and
DAPI (Nuclei). Bar: 5 μm. b LN229, T98G and U373 cells were treated
with 2.5 μMPsammaplysene A (PsA) and harvested at the indicated time
points. The expression levels of the indicated proteins were analysed by
Western blotting using specific antibodies. c LN229, T98G and U373
cells were treated with increasing concentrations of Psammaplysene A
after which cell viabilities were measured. The mean ± SD values from
three independent experiments, each conducted in duplicate, are shown in
the graph, representing the percentage of viable cells relative to untreated
conditions for each tested concentration (expressed as Log [M]). d
LN229, T98G and U373 cells were transfected with an activated
FOXO3a expression plasmid (FOXO3a-A3) or the corresponding

empty vector (vector) after which cell viabilities were measured 48 h
upon transfection. The mean ± SD values from three independent
experiments, each conducted in duplicate, are shown in the graph,
representing the percentage of viable cells for each cell line relative to
empty vector-transfected cells. The differences between empty vector and
FOXO3a-A3 transfections are statistically significant (Student’s t test:
**p < 0.01). e and f LN229, T98G and U373 cells (e) or patient-derived
primary glioma cells (f) were treated with increasing concentrations of
trifluoperazine and cell viability was measured. The mean ± SD values
from three independent experiments, each conducted in duplicate, are
shown in the graph, representing the percentage of viable cells relative
to untreated conditions for each tested concentration (expressed as Log
[M]). g Mean ± SD IC50 values for trifluoperazine in the indicated
glioblastoma cell lines and patient-derived cells, obtained from the
viability data shown in (e) and (f) through non-linear regression analysis
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Fig. 4 Activation of FOXO3a
cooperates synergistically with
EGFR inhibition in
glioblastoma cells. a LN229 cells
were transfected with an empty
vector (control) or an activated
FOXO3a construct (FOXO3a-
A3) and left either untreated or
treated for 48 h with 10 μM
erlotinib (Erlotinib), (FOXO3a-
A3 + Erlotinib) after which cell
viability was measured. The
mean ± SD values from three
independent experiments, each
conducted in duplicate, are shown
in the graph, representing the fold
increases in cell number relative
to time zero. b LN229, T98G,
U373 and patient-derived primary
glioblastoma cells were treated
with increasing concentrations of
erlotinib alone or in the presence
of a fixed dose of trifluoperazine
(TFP) after which cell viability
was measured. The mean ± SD
values from three independent
experiments, each conducted in
duplicate, are shown in the graph,
representing the percentage of
viable cells relative to untreated
conditions for each tested
concentration of erlotinib
(expressed as Log [M]). cMean ±
SD IC50 values for erlotinib alone
or in combination with a fixed
dose of trifluoperazine (TFP) in
the indicated GBM cell lines and
patient-derived cells, obtained
from the viability data shown in
(b) through non-linear regression
analysis. d LN229, T98G, U373
and patient-derived primary
glioblastoma cells were treated
with fixed dose ratio
combinations (a = 1:1, b = 1:2,
c = 1:3, d = 3:1, e = 2:1, f = 1:4,
g = 1:5, h = 1:10) of erlotinib and
trifluoperazine. Isobolographic
analyses were performed as
described in the Materials and
methods section. Data shown in
the isobolograms are means ± SD
from three independent
determinations performed in
duplicate. Each isobologram
shows the IC50 value of
trifluoperazine on the Y-axis and
the IC50 of erlotinib on the X-axis,
connected by the iso-effective line
of theoretical additivity
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with several other studies reporting that FOXO3a activation
mediates the cellular responses to established chemotherapeutic
agents including imatinib, paclitaxel and cisplatin in chronic
myeloid leukemia (CML), breast cancer and colorectal cancer,
respectively [30, 46, 47]. In some cases, FOXM1

downregulation downstream of FOXO3a has been shown to
participate in these responses, fueling the concept that the
FOXO3a-FOXM1 axis may serve as a promising therapeutic
target [48]. In this vein, TIC10, an orally-available activator of
TRAIL has recently been shown to induce antitumor effects in

Fig. 5 FOXO3a activation with trifluoperazine enhances the cellular
and molecular effects of EGFR inhibition. a Patient-derived primary
glioblastoma cells were left untreated (Untreated) or treated with 10 μM
erlotinib (Erlotinib), 10 μM trifluoperazine (TFP) or the combination of
both (Erlotinib + TFP). Cells were harvested at 48 h, stained with
Annexin V-FITC/Propidium Iodide and analysed by flow cytometry as
described in Materials and methods. The dot plot (top) is a representative
example of Patient #04-derived cells, showing Annexin V-FITC staining
(X-axis) and Propidium iodide staining (Y-axis). The graph (bottom)
represents the mean ± SD percentage values of the Annexin V-positive

cell population in the indicated patient-derived cells. b Patient-derived
primary glioblastoma cells were treated as in (a) after which Caspase 3/
7 activity was measured as indicated in Materials and methods. The data
show the mean ± SD values from three independent experiments, each
conducted in triplicate, representing the fold induction in caspase activity
relative to untreated cells. c Patient-derived primary glioblastoma cells
were treated as in (a) and (b) and harvested at 24 h. The expression levels
of the indicated proteins were analysed byWestern blotting using specific
antibodies

Table 1 Combination Indexes of
erlotinib and trifluoperazine
combinations

Combination Erlotinib:TFP

proportion

LN229 T98G U373 Patient #01 Patient #04

a (1:1) 0.80 0.76 0.86 n.d. 0.38

b (1:2) 0.40 0.38 0.48 0.75 0.54

c (1:3) 0.20 0.56 0.12 0.72 0.80

d (3:1) 0.81 0.84 1.04 n.d. 0.74

e (2:1) 0.65 0.89 0.76 n.d. 0.70

f (1:4) 0.29 0.14 0.25 n.d. 0.51

g (1:5) 0.29 0.22 0.17 n.d. 0.54

h (1:10) 0.17 0.12 0.58 n.d. 0.55

The table shows all tested erlotinib and trifluoperazine (TFP) combinations in each cell line or patient-derived cell
culture, indicating the proportion of each drug in all combinations and the resulting Combination Indexes (CI).
Combinations with CI > 1 are considered as antagonistic, those with CI = 1 as additive, and those with CI < 1 as
synergistic
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GBM cells through nuclear translocation of FOXO3a [49], fur-
ther suggesting that pharmacological activation of FOXO3a
may constitute an attractive therapeutic strategy.

Our results clearly support other reports indicating that
FOXO3a exerts a tumor suppressor role in GBM, since
low FOXO3a levels have been linked to a poor prognosis
[18], and FOXO3a activation has been shown to induce
differentiation of glioma stem cells (GSCs) and to reduce
tumorigenicity [50]. In contrast, however, a recent report

has suggested that FOXO3a overexpression may be linked
to GBM progression and a poor prognosis [51], possibly
reflecting methodological differences such as the selection
of antibodies used for immunohistochemistry.

Interestingly, activation of FOXO3a in GBM cells using
Psammaplysene A, a FOXO nuclear export inhibitor [30, 31,
52], clearly decreased cell viabilities and promoted molecular
responses similar to those of erlotinib, i.e., dephosphorylation
and nuclear translocation of FOXO3a followed by modulation

Fig. 6 FOXO3a is a crucial mediator of the effects of EGFR
inhibition in glioblastoma cells. a LN229, T98G and U373 cells were
transfected with a control shRNA (shCONT) or a shRNA targeting
human FOXO3a (shFOXO3a) after which stable transfectants were
generated as indicated in Materials and methods. Control and FOXO3a-
depleted cells were harvested and the expression levels of FOXO3a and
β-Tubulin (loading control) were analysed by Western blotting using
specific antibodies. b Control (shCONT) and FOXO3a-depleted
(shFOXO3a) LN229, T98G and U373 cells were treated for 48 h with
the indicated concentrations of erlotinib and cell viability was measured.
The mean ± SD values from three independent experiments, each
conducted in duplicate, are shown in the graph, representing the
percentage of viable cells relative to untreated conditions. The
differences between shCONT and shFOXO3a cells are statistically
significant (Student’s t test: *p < 0.05, **p < 0.01 and ***p < 0.001,
respectively). c Control (shCONT) and FOXO3a-depleted (shFOXO3a)
LN229, T98G and U373 cells were treated for 48 h with increasing

concentrations of erlotinib after which cell viability was measured. Data
were processed through non-linear regression analysis to obtain the
indicated mean ± SD IC50 values for erlotinib in each of the transfected
cell lines. d Control (shCONT) and FOXO3a-depleted (shFOXO3a)
LN229, T98G and U373 cells were left untreated (control) or treated
with 10 μM erlotinib alone (Erlotinib), 10 μM trifluoperazine alone
(TFP) or the combination of both (Erlotinib + TFP) and Caspase 3/7
activity was measured at 48 h. The data show the mean ± SD values
from three independent experiments, each conducted in triplicate,
representing the fold induction in caspase activity relative to untreated
cells. The differences between shCONT and shFOXO3a cells are
statistically significant (Student’s t test: *p < 0.05 and **p < 0.01,
respectively). e Control (shCONT) and FOXO3a-depleted (shFOXO3a)
LN229 cells were treated as in (d) and harvested at 24 h. The expression
levels of the indicated proteins were analysed by western blotting using
specific antibodies

The tumor suppressor FOXO3a mediates the response to EGFR inhibition in glioblastoma cells 533



of its transcriptional targets FOXO1, FOXM1, cyclin D1 and
p27kip1. It should be noted, however, that direct activation of
FOXO1 may also contribute to the observed effects of
Psammaplysene A in GBM cells, since this compound is a
general FOXO nuclear export inhibitor. Furthermore, treatment
with trifluoperazine, another compound that has also been re-
ported to promote FOXO nuclear export inhibition [29], and
transfection of a triple-alanine active FOXO3a mutant similarly
led to decreased GBM cell viability. The efficacy of trifluoper-
azine in GBM cells is noteworthy, since this FDA-approved
dopamine receptor antagonist traverses the blood-brain barrier
and is a clinically-established antipsychotic agent. However, it
should be noted that the plasma levels of trifluoperazine in
psychotic patients are in the nanomolar range [53], indicating
that this drug is not the best candidate for the treatment of GBM
patients. In contrast, related phenothiazine drugs suh as thiorid-
azine, with plasma levels in the micromolar range [54], may be
better suited as co-adjuvants for the treatment of GBM.

We found that trifluoperazine was similarly effective
against GBM cell lines and primary GBM cell cultures,
with an IC50 in the low micromolar range. These results
are in agreement with others describing in vitro anticancer
activities of related phenotiazine compounds in GBM
cells [55–57] (reviewed in [58]). These results suggest
that dopamine receptor signaling in GBM cells may mod-
ulate FOXO3a activity, since the primary cellular targets
of phenotiazines are dopamine receptors. It should be not-
ed, however, that trifluoperazine is also a well-established
Calmodulin (CaM) inhibitor [59]. In this vein, CaM inhi-
bition has been shown to induce FOXO1 and FOXO3a
nuclear localization in 786-O renal cell adenocarcinoma
[29] and U2OS osteosarcoma [60] cells, respectively. This
suggests that a CaM-dependent mechanism may be re-
sponsible for FOXO nuclear relocation induced by trifluo-
perazine, although this hypothesis still needs to be tested
in GBM cells, together with the precise molecular mech-
anism linking CaM to FOXO3a nuclear localization.

Interestingly, addition of trifluoperazine was able to in-
crease the sensitivity of GBM cell lines and primary cells to
erlotinib, in correlation with its ability to restore the sensitivity
to erlotinib through FOXO1 modulation in erlotinib-resistant
lung adenocarc inoma cel ls [34] . Moreover, our
isobolographic analyses after fixed-dose ratio combinations
confirmed the synergistic cooperation between erlotinib and
trifluoperazine in GBM cell lines and primary cells, similarly
to that reported in lung adenocarcinoma [34]. Importantly, our
results from GBM patient-derived primary cells suggest that
the erlotinib/trifluoperazine combination, in contrast to either
treatment alone, is able to promote apoptosis rather than cell
cycle arrest. This cytostatic to cytotoxic switch likely reflects
enhanced activation of FOXO3a, as indicated by the dramatic
dephosphorylation of FOXO3a and the robust modulation of
its transcriptional targets cyclin D1 and p27kip1 observed upon

treatment with the erlotinib/trifluoperazine combination. Our
results are in agreement with a recent report indicating that
inhibition of dopamine receptor 2 with the antipsychotic hal-
operidol exerts synergistic antitumor activity with EGFR in-
hibitors in glioblastoma models [61].

Importantly, we found that FOXO3a silencing strongly
inhibited the cellular effects of erlotinib, clearly indicating that
FOXO3a is an essential mediator of the cellular response to
EGFR inhibition, which is in agreement with the crucial role
of FOXO3a activation in mediating the response to a growing
number of antitumor agents [19]. Remarkably, the induction
of apoptosis observed upon treatment of GBM cells with the
erlotinib/trifluoperazine combination was completely sup-
pressed upon FOXO3a depletion, in correlation with the im-
paired ability of FOXO3a-depleted cells to modulate the ex-
pression of FOXO3a transcriptional targets. These results sug-
gest that FOXO3a nuclear relocation is also responsible for
the antitumor activity of trifluoperazine in GBM cells.

Altogether, the major conclusions of our work are that: 1)
FOXO3a activation is essential for the response of GBM cells
to EGFR inhibition, and 2) FOXO3amay serve as a promising
actionable therapeutic target in GBM.

These observations are important for a number of reasons.
Firstly, because they highlight for the first time a central role of
the PI3K/Akt downstream target FOXO3a in the anti-EGFR
therapy response, which is a major therapeutic challenge in
GBM. Secondly, because they may have therapeutic implica-
tions, since FDA-approved antipsychotic phenotiazines may
sensitize otherwise resistant cells to EGFR inhibitors, thereby
improving their clinical efficacy, or may cooperate with other
anti-GBM agents, including the standard chemotherapeutic
agent temozolomide (TMZ). Our data pave the way for inves-
tigating the potential of FOXO modulators, such as
phenotiazines, as co-adjuvants for the treatment of GBM.
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