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Abstract
Neuroblastoma is a pediatric tumor of the peripheral sympathetic nervous system
with a highly variable prognosis.  Activation of the PI3K/AKT pathway in
neuroblastoma is correlated with poor patient prognosis, but the precise
downstream effectors mediating this effect have not been determined. Here we
identify the forkhead transcription factor FOXO3a as a key target of the PI3K/AKT
pathway in neuroblastoma.  FOXO3a expression was elevated in low stage
neuroblastoma tumors and normal embryonal neuroblasts, but reduced in late
stage neuroblastoma.  Inactivation of FOXO3a by AKT was essential for
neuroblastoma cell survival.  Treatment of neuroblastoma cells with the dual
PI3K/mTOR inhibitor PI-103 activated FOXO3a and triggered apoptosis.  This effect
was rescued by FOXO3a silencing.  Conversely, apoptosis induced by PI-103 or the
AKT inhibitor MK-2206 was potentiated by FOXO3a over-expression.  Further,
levels of total or phosphorylated FOXO3a correlated closely with apoptotic
sensitivity to MK-2206.  In clinical specimens, there was an inverse relationship
between gene expression signatures regulated by PI3K signaling and FOXO3a
transcriptional activity.  Moreover, high PI3K activity and low FOXO3a activity were
each associated with an extremely poor prognosis.  Our work indicates that
expression of FOXO3a and its targets offer useful prognostic markers as well as
biomarkers for PI3K/AKT inhibitor efficacy in neuroblastoma.

Introduction
Neuroblastoma is a pediatric tumor derived from the peripheral sympathetic
neural lineage with a highly variable prognosis.  Low stage tumors have an
excellent prognosis, but high stage tumors often are refractory to treatment.  The
genetic basis underlying the development of this tumor is poorly understood; the
most common single gene events being MYCN amplification (~20% of cases) and
ALK mutation (~8% of cases), but whole genome sequencing efforts recently
identified many more mutated genes (Molenaar 2012).  Activation of the PI3K/AKT
pathway has been implicated in neuroblastoma disease pathogenesis.
Immunohistochemical analysis of neuroblastoma revealed an association
between high-stage tumors and activation of AKT; additionally PI3K/AKT pathway
activation could confer chemotherapeutic resistance to neuroblastoma cell lines
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(Opel 2007 & Izycka-Swieszewska 2010).  AKT activity via GSK3β inhibition has also
been directly implicated in the post-translational stability of MYCN which is
supportive of cell proliferation in vitro and tumor growth in vivo (Chesler 2006 &
Chanthery 2012).  Other than MYCN stabilization, few mechanisms downstream
of PI3K/AKT that are essential for the proliferation and survival of neuroblastoma
cells have been identified.

The forkhead-box type O (FOXO) subfamily of forkhead domain-containing
transcription factors are important downstream effectors of the PI3K/AKT
pathway (Brunet 1999).  This family consists of four members in humans, FOXO1,
3, 4 and 6.  FOXO1/3/4 have been identified as bona fide tumor suppressors when
simultaneously knocked out in mice (Paik 2007).  Recently, FOXO3a KO has been
found to expand the tumor spectrum of p53 KO mice (Renault 2011).  Human
alveolar rhabdomyosarcoma have frequent translocations of FOXO1 to PAX3 or
PAX7, while FOXO3a and FOXO4 are commonly fused to MLL in mixed lineage
leukemia, creating oncogenes in both cases (Galili 1993, Davis 1994, Parry 1994 &
Hillion 1997). Recently, heterozygous FOXO3a deletions were described in NK cell
neoplasms (Karube 2011).  Functional studies suggest a tumor suppressive role for
FOXOs, as FOXO proteins were found to be inactivated by constitutively active
PI3K/AKT or RAS/MAPK/ERK signaling (Brunet 1999, Yang 2008 & Yuan 2008).
Activation of these pathways can directly result in phosphorylation of FOXOs and
their subsequent cytoplasmic sequestration and/or degradation via the ubiquitin-
proteasome pathway.  In neuroblastoma, AKT-mediated phosphorylation of FOXO
has previously been correlated with neuroblastoma cell survival in response to
growth factor stimulation (Schwab 2005 & Li 2007).  When FOXO is activated by
inhibition of the PI3K/AKT pathway, FOXOs can promote a wide range of effects
including cell cycle arrest, cell differentiation, autophagy and apoptosis via various
mechanisms (Greer 2005 & Zhang 2011).  However, the case for FOXOs as tumor
suppressors has become more complicated due to their alternative roles as stress
response factors (Gomes 2008).  In breast cancer, prolonged FOXO3a activity can
cause resistance to the chemotherapeutic doxorubicin (Chen 2010).  Similar
effects were also found in chronic myelogenous leukemia cells (Hui 2008).  All of
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these findings emphasize that the context within which FOXOs are activated is
crucial to the cellular response attained.

Here we use an experimental and computational approach that identified FOXO3a
as a key downstream player in the PI3K/AKT signaling pathway in neuroblastoma.
FOXO3a has an exceptionally high expression in normal embryonal neuroblasts
and in neuroblastoma tumors. However, in aggressive neuroblastoma, FOXO3a
expression is significantly reduced, suggesting a tumor suppressor role.  On the
protein level FOXO3a is phosphorylated and inhibited by AKT signaling in
neuroblastoma cell lines.  We show that reactivation of FOXO3a after AKT
inhibition triggers apoptosis, which is further increased by combined FOXO3a
over-expression and AKT inhibition.  From microarray profiling of FOXO3a
manipulation we identified a gene expression signature for FOXO3a activation
which predicts good prognosis in neuroblastoma.

Materials & Methods
Cell lines & compounds
All cell lines were cultured in Dulbecco Modified Eagle Medium (DMEM)
supplemented with 10% fetal bovine serum, 20mM L-glutamine, 10 U/ml penicillin
and 10 µg/ml streptomycin and maintained at 37˚C under 5% CO2.  Cell line
identities were confirmed by short tandem repeat (STR) profiling using the
PowerPlex16 system and GeneMapper software (Promega).  During the month of
November 2012 the STR profiles were validated by comparison to those from
three public databases storing the cell lines (Leibniz-Institut DSMZ, American Type
Culture Collection and the Children’s Oncology Group Cell Culture and Xenograft
Repository).  PI-103 was purchased from Tocris Bioscience and MK-2206 from
Selleckchem.  Doxycycline, isopropyl-β-D-1-thiogalactopyranoside (IPTG) and
puromycin were from Sigma.  Blasticidin was from Invitrogen.

FACS analysis
Cells were seeded in 6-well plates and each condition was performed in triplo.
After harvesting and washing cells in PBS + 4mM EDTA, the cells were fixed in 70%
ice-cold ethanol.  The cells were then collected and incubated in a hypotonic



94

solution of PBS, dH2O, propidium iodide (PI) and RNAse.  A total of 20,000 nuclei
per sample were counted and the cell cycle distribution determined.

Lentiviral constructs & stable cell lines
Lentivirus was packaged by co-transfection of constructs with the 3rd generation
packaging plasmids pMD2.G, pRRE and pRSV/REV with Fugene HD (Roche) into 14
cm plates HEK293T cells.  Medium was changed every 24 hours, the 48 and 72
hour supernatents were pooled, filtered through a 0.45 µm filter and ultra-
centrifuged at 32,000 rpm 4°C for 1 hour.  Pellets were re-suspended in Optimem
(Gibco) and titers were determined by p24 assay in addition to functional titration
to determine an MOI of 1 for each batch of virus.  The SY5Y-TetR line was
constructed with the pLenti6/TR vector (Invitrogen) by lentiviral transduction and
selection with 2.5 µg/ml blasticidin.  For lentiviral-delivered inducible HA-FOXO3a
over-expression, HA-FOXO3a was digested from pECE HA-FOXO3a with HindIII and
XbaI and sub-cloned into pENTR-MCS.  A Gateway LR Clonase II (Invitrogen)
reaction was then performed with a modified pLenti4/TO/V5-DEST vector where
the SV40-EM7-ZeocinR cassette was replaced with the PGK-PuroR cassette from
the pLKO.1 vector of the MISSION® shRNA TRC library (Sigma) by digestion and
sub-cloning on KpnI and XhoI.  In this new pDEST vector (pLenti4TOpuro), the V5
epitope tag and stop codon were destroyed in the cloning.  SY5Y-TetR cells were
then transduced with this construct and selected on 3.5 µg/ml puromycin to
create SY5Y-TetR-FOXO3a.  For the inducible shRNA knockdown of FOXO3a, we
purchased a custom shRNA clone from Sigma in the all-in-one vector pLKO-puro-
IPTG-3xLacO containing the sequence:
5’-CGGACAAACGGCTCACTCTGTCTCGAGACAGAGTGAGCCGTTTGTCCGTTTTT-3’
(loop & stop in bold) which targets exon 2 of FOXO3a.  SKNBE(2c) cells were
subsequently transduced and selected on 4 µg/ml puromycin to create the stable
inducible shRNA line.
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Western blotting & cell fractionation
Whole cell protein extracts were made using 1x Laemmli lysis buffer
supplemented with Complete Protease Inhibitor Cocktail (Roche) and NaV & NaF
for phosphatase inhibition. Cell fractionation was performed with the
ProteoExtract® Subcellular Proteome Extract Kit (Cat. # 539790) from EMD
Chemicals.  Protein lysates were quantified using the DC™ Protein Assay Kit (Bio-
rad) against BSA standards diluted in appropriate lysis and fractionation buffers.
Lysates were boiled in 5x sample loading buffer containing β-mercaptoethanol for
10 minutes. 35 µg of lysate was run per well on denaturing SDS 10%
polyacrylamide gels and transferred to Immobilon-FL (PVDF) membranes
(Millipore) in buffer containing 20% MeOH.  Antibodies AKT pSer473 (#4060), AKT
pThr308 (#4056), pan-AKT (#4691), FOXO1/3 pThr24/Thr32 (#9464), FOXO3
pSer253 (#9466), FOXO3 (#2497), PRAS40 pThr246 (#2997), PRAS40 (#2691), α-
Tubulin (#3873), Lamin A/C (#2032), PARP and ERK were purchased from Cell
Signaling Technology.  The monoclonal HA antibody (Cat. # MMS-101P) was from
Covance (Princeton, NJ).  The Odyssey® Imager system from LI-COR Biosciences
(Lincoln, Nebraska, USA) was used to elucidate all blots, except Akt pThr308.
Membranes were blocked in 1:1 PBS:OBB (Odyssey Blocking Buffer).  Primary
antibodies and membranes were then incubated in 1:1 PBS:OBB + 0.1%T (Tween-
20) at 4°C overnight.  After washing in PBS + 0.1%T, membranes were incubated
with IRDye-conjugated secondary antibodies from LI-COR (800 channel for rabbit,
680 channel for mouse) at 1:2500 (rabbit) or 1:5000 (mouse) dilutions in 1:1
PBS:OBB + 0.1%T at room temperature in opaque 50 ml Falcon tubes.  Membranes
were then washed in PBS + 0.1%T and scanned on the Odyssey® Imager.  Bands
were quantified using the Odyssey software.  The Akt pThr308 membrane was
exposed using a Fujifilm LAS-3000 Imager in combination with the Amersham
ECL™ Advanced Western Blotting Detection Kit (GE Healthcare) and an anti-rabbit
HRP-conjugated secondary antibody at a 1:5000 dilution (GE Healthcare).  Blocking
and antibody incubation was performed in a 2% PBS solution of kit provided
blocking reagent + 0.1%T.
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Luciferase constructs & reporter assay
The 6xDBEmut and 6xDBEwt luciferase reporters were constructed by hybridizing
the following oligos:
6xDBEmut-1
5’CTAGTCGTGTACGCATCGTGTACGCATCGTGTACGCATCGTGTACGCATCGTGTACGC
ATCGTGTAC-3’
6xDBEmut-2
5’GATCGTACACGATGCGTACACGATGCGTACACGATGCGTACACGATGCGTACACGAT
GCGTACACGA-3’
6xDBEwt-1
5’CTAGTTGTTTACGCATTGTTTACGCATTGTTTACGCATTGTTTACGCATTGTTTACGCA
TTGTTTAC-3’
6xDBEwt-2
5’GATCGTAAACAATGCGTAAACAATGCGTAAACAATGCGTAAACAATGCGTAAACAAT
GCGTAAACAA-3’
then performing a ligation with pGL4.28 (Promega) digested on NheI and BglII
which contains a minimal promoter and destabilized luciferase (Luc2CP).  For the
renilla control, we sub-cloned the thymidine kinase (TK) promoter from pGL4.74
into pGL4.84 (Promega) by digestion and ligation on KpnI and HindIII sites.
pGL4.84 contains a destabilized renilla, creating TK-RenCP. The reporter assays
were performed using the Dual-Luciferase Reporter Assay System (Promega Cat.
# E1980).  Cells were seeded in 12-well plates and transfected with Fugene HD and
reporters overnight; each condition was performed in triplo.  Each experiment was
performed in parallel on both 6xDBEwt and 6xDBEmut reporter transfected cells
(6 wells per condition in total).  After drug and/or doxycycline treatments, lysates
were harvested in 100ul 1x passive lysis buffer.  50ul of each lysate was loaded
into 96-well opaque plates for injection with 50ul of each substrate; signal
detection was performed on a Synergy HT Multi-Mode Microplate Reader (Biotek).
The data were analyzed by first averaging the luciferase and renilla triplos for each
condition then dividing the luciferase by renilla values.  Next, the renilla-
normalized luciferase values of the 6xDBEwt reporter were divided by the renilla-
normalized luciferase values of the 6xDBEmut reporter from the corresponding
condition, creating a corrected value that normalizes for background luciferase
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reporter activity under each condition.  These values were used to make
normalized comparisons between conditions (e.g. DMSO vs. PI-103, -dox vs. +dox
etc.) in these experiments.

Cell Viability (MTT) Assay
Cells were seeded in 96-well plates in 50ul of medium at a density of 10,000 cells
per well.  Each condition and drug concentration was performed in triplo.
Treatment with drugs was performed in an additional volume of 50ul medium
making the final volume 100ul.  10ul of MTT reagent dissolved at 5mg/ml was
added to each well for 4 hours which was then stopped by the addition of 50ul of
a 10% SDS / 0.1M HCl solution and incubated at 37°C overnight.  The absorbance
was measured on a Synergy HT Multi-Mode Microplate Reader (Biotek) at 570nm
and 720nm wavelengths.  The background (720nm) was subtracted from the
570nm measurements for each well.  In order to compute the significance of the
IC50 values under each condition individual IC50s were calculated for each series
of replicate wells within each triplo.  A two-tailed t-test was then performed to
test if the mean IC50s were significantly different.

Microarray profiling & analysis
Total RNA of SY5Y was extracted using Trizol reagent (Invitrogen) according to the
manufacturer's protocol.  RNA concentration and quality were determined using
the RNA 6000 nano assay on the Agilent 2100 Bioanalyzer (Agilent Technologies).
Fragmentation of cRNA, hybridization to HG-U133 plus 2.0 microarrays and
scanning were carried out according to the manufacturers protocol (Affymetrix
Inc. Santa Clara, USA). The expression data were normalized with the MAS5.0
algorithm using the GCOS program of Affymetrix.  Target intensity was set to 100.
All data were analyzed using the R2 web application, which is freely available at
(http://r2.amc.nl/).  The data was also deposited in the GEO database under
accession GSE42762.  For differential expression analysis, the R2 platform ANOVA
test was used on 2Log transformed expression values with a p-value cutoff of 0.01
and no multiple testing correction due to relatively small set size.  A minimum of
1 present call was necessary for a gene to be considered expressed.
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K-means clustering was performed with the built-in R2 function using z-score
transformation of the NB88 dataset, minimum number of present calls of 9, a floor
MAS5.0 Affymetrix value of 16, minimum expression range of 48 and a minimum
maximum expression of 64 with 10 rounds of 10 draws each round to determine
the optimal patient clusters.

Kaplan Meier “scanning” of the NB88 dataset was accomplished using the
following method.  For each gene, R2 calculates the optimal cut-off expression
level dividing the patients in a good and bad prognosis cohort. Samples within a
dataset are sorted according to the expression of the investigated gene and
divided into 2 groups based on a cut-off expression value. All cut-off expression
levels and their resulting groups are analyzed for survival, with the provision that
minimal group number is 8 samples. For each cut-off level and grouping, the
logrank (as described in Bewick 2004) significance of the projected survival is
calculated. The best p-value and corresponding cut-off value is selected. This cut-
off level is reported and used to generate a Kaplan Meier graph. The graph depicts
the logrank significance (‘raw p’), as well as a p-value corrected for the multiple
testing (Bonferoni correction) of cut-off levels for each gene (‘bonf p’).

Transcription factor binding site (TFBS) enrichment analysis
Promoter regions for Transcription Factor Binding Site (TFBS) enrichment analysis
were defined as 2500 bp upstream and 500 bp downstream of the Transcriptional
Start Site (TSS) for each gene.  TSS information was extracted from DBTSS for the
human Hg18 assembly (Wakaguri 2008).  The DNA sequence was extracted with
repetitive sequence masked to ‘N’s using the twoBitToFa program from the
hg18.2bit file provided by the UCSC Genome Browser (Kent 2002). TRANSFAC
version 11.1 was used as the source of transcription factor motifs for all analyses
(Matys 2006).  The CREAD package and particularly the Storm program were used
to search for occurrences of TFBSs within the promoter sequences (Schones 2007
& Martinez 2007).  For Storm searches, a p-value of 0.0001 was used as a match
threshold against whole-genome intergenic sequence hit-tables constructed for
the Hg18 genome assembly using the formattable program (CREAD) with
parameters –gapsize=6 and –wordsize=8.  In order to determine if a motif was
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significantly over-represented in a particular set of genes (foreground), a
background set of genes (composed of any genes that have at least 12 present
calls in the SY5Y-TetR-FOXO3a dataset – present in all conditions, but are not
found in the foreground set) was built that contained at least 3x the number of
sequences and drawn at random from the background set.  Both sets of genes
were then searched using identical Storm criteria and input motifs.  Each motif
was scored by tabulating the number of promoters in each set that contained at
least one match to the searched motif.  After this counting of motif occurrence in
each set, a proportion test was performed using the statistical computing language
R (version 2.6.1) prop.test function.  All PERL scripts written to implement these
procedures and work with the data are available upon request.  Sequence LOGOs
were generated using the STAMP program (Mahony 2007).

Results
FOXO3a expression is high in normal neuroblasts and low stage neuroblastoma,
and reduced in high stage tumors
As PI3K/AKT signaling is associated with a poor prognosis in neuroblastoma, we
investigated downstream targets of this pleiotropic pathway for a role in this
tumor.  FOXO transcription factors are inactivated by AKT signaling.  We therefore
investigated expression of FOXO family genes (FOXO1, 3, 4 & 6) in a large collection
of microarray data, including our series of 88 neuroblastoma of all stages (NB88)
with the R2 MegaSampler application in the bioinformatic program R2
(http://r2.amc.nl).  Most strikingly, FOXO3a mRNA expression was found to be
very high in neuroblastoma relative to all other tumor types and to normal tissues
and this was not the case for FOXO1, 4 & 6 (Fig. 1a; data not shown). We also
analyzed FOXO3a expression in a panel of 24 neuroblastoma cell lines and a series
of cell lines from other tumors.  FOXO3a expression was highest in the
neuroblastoma cell lines, confirming the neuroblastoma-specific expression
pattern of FOXO3a (Fig. 1b).  We then analyzed whether FOXO3a is also highly
expressed in the normal tissue from which neuroblastoma can arise.  We therefore
checked a dataset with three micro-dissected samples of normal human fetal
adrenal neuroblasts that were profiled with neuroblastoma tumors of different
stages (De Preter 2006).  FOXO3a expression levels were nearly two times higher
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in normal human fetal adrenal neuroblasts and stage 1 tumors than in high stage
neuroblastoma tumors (Fig. 1c).  The high expression in normal neuroblasts and
relatively reduced expression in high stage tumors indicates that FOXO3a is
lineage-specific expressed in neuroblasts of the sympathetic nervous system and
down-regulated in high stage tumors. We therefore inquired whether FOXO3a
expression carries a prognostic value among stage 3 & 4 tumors.  Indeed, Kaplan-
Meier survival analysis of the 53 stage 3 & 4 tumors in our NB88 series showed
that low FOXO3a expression was significantly associated with a poor prognosis (p
= 6.8e-03, Fig. 1d).

Figure 1 FOXO3a is highly expressed in neuroblastoma and is correlated with good prognosis. a.
A R2 MegaSampler view of FOXO3a expression in 110 neuroblastoma tumors (red), other cancers

a b

c d



101

(blue) and normal tissues (green). b. A MegaSampler view of FOXO3a expression in neuroblastoma
cell lines (red) and collections of cell lines from other systems (blue). c. A MegaSampler view of
FOXO3a expression in micro-dissected normal adrenal neuroblasts and neuroblastoma. d. Kaplan-
Meier survival analysis of FOXO3a expression in 53 stage 3 & 4 neuroblastomas.

PI3K/AKT signaling regulates FOXO3a phosphorylation, nuclear localization and
transcriptional activation in neuroblastoma
We first asked whether the extremely high FOXO3a expression in neuroblastoma
was functionally related to the PI3K/AKT signaling route.  We investigated
regulation of FOXO3a by AKT in two neuroblastoma cell lines, one with and one
without MYCN amplification (SKNBE(2c) and SY5Y, respectively).  Both cell lines
were treated with the potent dual-specificity inhibitor of PI3K and mTOR kinases
PI-103 (Knight 2006).  PI-103 induced G1 cell cycle arrest and apoptosis in both
lines within 24 hours as demonstrated by propidium iodide staining and FACS
analysis (Fig. 2a).  Western blot analysis showed robust steady state
phosphorylation of AKT and FOXO3a in both cell lines and complete
dephosphorylation of these proteins within two hours following PI-103 treatment
(Fig. 2b).  This dephosphorylation coincided with a depletion of the cytoplasmic
FOXO3a pool and its accumulation in the nucleus (Fig. 2c).  To investigate whether
FOXO3a was transcriptionally active following PI-103 treatment we cloned
synthetic FOXO reporters (FireFOX reporters) containing either six copies of a wild-
type FOXO DNA binding element (TTGTTTAC) or a mutated element (TCGTGTAC).
Using these vectors we observed a 2-3 fold increase in endogenous FOXO
transcriptional activity at 24 hours post PI-103 treatment in SY5Y and SKNBE(2c)
(Fig. 2d).  Therefore, the apoptosis induced by PI-103 treatment in these two cell
lines coincided with FOXO3a re-activation.
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Figure 2 FOXO3a is activated by PI3K pathway inhibition. a. SY5Y and SKNBE(2c) cells were seeded
in 6-well plates at high confluency and treated with increasing concentrations of PI-103 beginning
the following day.  After 24 hours of treatment cell nuclei were harvested and stained with
propidium iodide for cell cycle analysis by FACS with each treatment performed in triplo.  The
differences between the cell cycle distributions of the control (DMSO) treated and PI-103 treated
are displayed; upper panel SY5Y lower panel SKNBE(2c). b&c. SY5Y and SKNBE(2c) cells were
treated with PI-103 for two hours followed by lysis in 1x Laemmli lysis buffer for WCE and parallel
subcellular fractionation using the Calbiochem S-PEK kit.  Lysates were then western blotted and
probed with the indicated antibodies.  α-Tubulin is used as a loading control as well as a control
for nuclear fraction purity (cytosolic marker).  Nuclear lamin A/C is used as a loading control and
nuclear marker. d. FireFOX reporter assay of SKNBE(2c) and SY5Y cells treated with PI-103 for 24
hours.  The assay and data normalization was done as described in the materials & methods; then
the values after drug treatment were divided by the DMSO treated control values.

c

d
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Inducible silencing of endogenous FOXO3a expression rescues SKNBE(2c) cells from
PI-103 induced apoptosis
We next asked whether the apoptosis induced by PI103 was mediated by the
reactivation of FOXO3a.  We constructed a stable SKNBE(2c) line containing an
IPTG-inducible FOXO3a-specific shRNA.  Addition of 0.5 mM IPTG to this line
induces efficient FOXO3a knockdown within 48 hours and no change in AKT
activity as indicated by phosphorylation of the AKT substrate PRAS40 (Fig. 3a,
Kovacina 2003).  After 48 hours of IPTG treatment, 2.5 µM and 5 µM PI-103 was
added to the cells for an additional 24 hours.  The IPTG-induced silencing of
FOXO3a by shRNA rescued the cells from PI-103-induced apoptosis, as evident
from a reduction of the sub-G1 fraction by 76% – 82% (Figs. 3b & S1).  Additionally,
the IPTG treated cells showed an increase in G1 arrest after PI-103 treatment of
6.2% – 6.9% of the total population when compared to the -IPTG PI-103 treated
cells.  This suggests that the FOXO3a knockdown cells arrested in G1 instead of
dying after PI3K/AKT inhibition; indicating that FOXO3a primarily drives apoptosis
at the expense of G1 arrest.  This data demonstrates that FOXO3a is a key mediator
of apoptosis following PI3K/AKT pathway inhibition.

Figure 3 Apoptosis induced by PI3K inhibition can be rescued by FOXO3a knockdown. a. Western
blot showing inducible shRNA knockdown of endogenous FOXO3a in SKNBE(2c) cells.  Cells were
treated for 48 hours with 0.5 mM isopropyl-β-D-1-thiogalactopyranoside (IPTG) then harvested for
western blot and probed with antibodies indicated; α-Tubulin is the loading control. b. SKNBE(2c)-
shFOXO3a line was seeded at 400,000 cells per well in 6-well plates and treated with 0.5 mM IPTG
for 48 hours.  For each -/+IPTG condition DMSO, 2.5 µM or 5 µM PI-103 was added for an additional
24 hours.  Following this treatment, cell nuclei were harvested and stained with propidium iodide
for cell cycle analysis by FACS.  Displayed are the differences between values for no drug and drug

a b
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(PI-103 - DMSO) for both the -IPTG and +IPTG conditions.  Figure S1 displays the effect of +IPTG
alone vs. -IPTG.  All combinations were performed in triplo.

Inducible over-expression of FOXO3a increases PI-103 induced apoptosis in SY5Y
To further corroborate that FOXO3a activity drives apoptosis in neuroblastoma
cells, we also tested whether increased FOXO3a expression enhances apoptosis.
To probe this we constructed a polyclonal SY5Y cell line co ntaining an inducible
HA-tagged FOXO3a expression construct.  Doxycycline addition induced FOXO3a
over-expression which became maximal between 24 and 48 hours (Fig. 4a).
Western blot analysis showed a strong increase of total FOXO3a protein after 24
hours of dox treatment, reflecting the contribution of the transgene to the
endogenous pool (Fig. 4b, compare lanes 1 and 3).  A subsequent 6 hour treatment
with 1 µM PI-103 blocked phosphorylation of AKT and FOXO3a in these cells,
regardless of dox treatment.  Propidium iodide staining and FACS analysis of this
experiment revealed an increase in the sub-G1 from 15.8% in the -dox condition
to 34.3% in the +dox; indicating strongly increased apoptosis (Fig. 4c).  Notably, a
strong decrease in G1 arrest was observed in the +dox/+PI-103 condition, again
showing FOXO3a drives apoptosis and not cell cycle arrest in neuroblastoma.  To
quantify the overall decrease in viability MTT assays were performed at 24 and 48
hour time points.  Increasing amounts of PI-103 or the highly specific pan-Akt
inhibitor MK-2206 (Akti) were used in conjunction with FOXO3a over-expression
by dox addition (Hirai 2010 & Liu 2011).  Induction of FOXO3a expression resulted
in a consistent decrease in cell viability relative to the -dox condition with all IC50
differences highly significant (p-values < 0.01, Fig. 4d).  We conclude that high
FOXO3a expression strongly potentiates the apoptosis induced in neuroblastoma
cells by PI3K/AKT inhibitors.
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Figure 4 FOXO3a over-expression sensitizes SY5Y cells to PI3K/AKT pathway inhibition. a. Western
blot of exogenous FOXO3a after addition of 0.1 µg/ml doxycycline.  The western was probed with
an anti-HA tag antibody, α-Tubulin is the loading control. b. Western blot of dox & PI-103 treated
SY5Y-TetR-FOXO3a cells with the indicated antibodies.  0.1 µg/ml doxycycline was applied for 24
hours prior to the incubation with 1 µM PI-103 for six hours. c. Cell nuclei from b were harvested
and stained with propidium iodide (PI) for cell cycle analysis by FACS.  All combinations were
performed in triplo. d. SY5Y-TetR-FOXO3a cells were seeded at a density of 10,000 cells per well
in 96-well plates.  MTT assays performed at 24 and 48 hours to measure viability under -/+ 0.1
µg/ml dox when treated with a gradient of either PI-103 or MK-2206.  Each concentration was done
in triplo.

d
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Induction of apoptosis by AKT inhibition positively correlates with total and
phosphorylated FOXO3a protein levels across cell lines
As FOXO3a expression was identified as a major determinant of neuroblastoma
apoptosis in response to PI3K/AKT inhibition, we evaluated this relationship across
a neuroblastoma cell line panel.  From our Affymetrix array data we chose a panel
of 11 cell lines that exhibited a range of FOXO3a mRNA expression levels and we
tested their response to a 48 hour MK-2206 (Akti) treatment.  Since PI-103 is a
dual inhibitor of PI3Ks and mTOR we used MK-2206 (Akti) in order to more
specifically probe the contribution of the AKT/FOXO3a axis and eliminate the
influence of direct PI3K/mTOR inhibition.  The 8 µM MK-2206 treatments resulted
in effective pathway inhibition in all cell lines as shown by western blot for
phosphorylated FOXO3a and PRAS40 as well as AKT serine 473 phosphorylation
(Fig. 5).  Apoptosis was quantified by cell-cycle FACS analysis and was found to
correlate with total FOXO3a levels as quantified by Western blot (Spearman
correlation coefficient of r = 0.655; p = 0.034) and with phospho-FOXO3a protein
levels (r = 0.818; p = 0.004).  Strikingly, AKT activity as quantified by either
phospho-Ser473 AKT or normalization of phospho-Thr246 PRAS40 to total PRAS40
did not significantly correlate with apoptosis by the same test (r = 0.545; p = 0.087
and r = 0.518; p = 0.107, respectively).  All correlations are graphed in Figure S2.
Taken together with the other functional experiments, this result suggests that
FOXO3a is a pivotal factor that determines the apoptotic response upon PI3K/AKT
pathway inhibition in neuroblastoma.
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Figure 5 Induction of apoptosis positively correlates with FOXO3a protein levels and
phosphorylation.  Treatment of 11 cell lines seeded in 6-well plates with 8 µM MK-2206 or DMSO
for 48 hours.  Nuclei were harvested for PI staining and FACS analysis and the differences between
drug and no drug are displayed as in Figure 3b.  Both conditions were performed in triplo for each
cell line.  Below the FACS data is a western blot of cell lysates from this panel treated with 8 µM
MK-2206 or DMSO and harvested at 24 hours.  Each cell line name corresponds to the two western
lanes below it and the four cell cycle bars above it.
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PI3K and FOXO3a gene expression signatures are highly prognostic in
neuroblastoma
The cell line experiments showed that FOXO3a is a major mediator of the
apoptotic response of neuroblastoma cells upon PI3K/AKT inhibition.  This finding
led us to analyze whether PI3K/AKT signaling and FOXO3a transcriptional activity
are identifiable in neuroblastoma tumors.  We therefore used the mRNA profiles
of the NB88 neuroblastoma series and analyzed which samples showed PI3K/AKT
activity and FOXO3a transcriptional activation. To that end, we generated
signatures of the downstream genes regulated by PI3K/AKT or FOXO3a activity in
SY5Y cells.  For consistency with subsequent experiments (see below), we used the
SY5Y-TetR-FOXO3a cells without inducing the FOXO3a transgene. We first
identified the genes regulated by PI3K/AKT signaling in this line by treating the
cells with 1 µM PI-103 or vehicle for 6 hours and profiling mRNA expression on
Affymetrix U133 plus2.0 arrays.  This experiment was performed in triplicate
across different days.  The array data identified 464 significantly regulated genes
(p ≤ 0.01), which represented a signature for the PI3K/AKT pathway (Table S1a).
To probe the activity of the PI3K/AKT pathway in the series of 88 neuroblastoma
tumors, we performed a two-group k-means clustering of the 464 genes.  This
cluster analysis yielded a clear separation in the NB88 dataset into two groups,
one with 49 tumors and the other with 39 tumors (Fig. 6a).  Kaplan-Meier survival
analysis of these two groups revealed that PI3K/AKT-regulated genes have a very
strong prognostic significance in neuroblastoma.  High levels of PI3K/AKT signaling
are correlated with poor outcome (Fig. 6b; p = 1.3e-13).  Further support for this
interpretation was uncovered by checking the expression of PTEN within these
two patient groups.  PTEN was more highly expressed within the PI3K inactive
group which is consistent with its well established role as a suppressor of the
pathway (Fig. 6c; p = 6.9e-06).  Within stage 3 & 4 tumors The PI3K/AKT signature
is also highly prognostic (Fig. S3a; p = 1.0e-06).
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Figure 6 FOXO3a activation predicts good prognosis in neuroblastoma. a. A two group k-means
clustering of genes regulated by PI-103 in the SY5Y-TetR-FOXO3a line in the absence of doxycycline
(464 genes).  Highest  lowest expression is colored red  blue. b. The Kaplan-Meier survival
curves for the two PI3K k-means groups. c. The expression of PTEN within the two PI3K k-means
groups. d. Analysis of the promoter regions of genes regulated by PI-103 treatment alone and PI-
103 treatment in combinatio n with FOXO3a over-expression.  The FOXO DBE motif was searched
within the promoters of the regulated genes and in the promoters of random sets of genes that
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were not regulated.  Promoters for some genes were not identifiable due to poor annotation of
transcriptional start sites. e. A two group k-means clustering of FOXO3a activated genes that
contain the FOXO motif within their promoter regions (167 genes).  Green boxes denote tumors
classified as PI3K inactive and red boxes PI3K active from the PI3K clustering. f. The Kaplan-Meier
survival curves for the two FOXO3a k-means groups. g. The Kaplan-Meier survival curves for the
two FOXO3a k-means groups in stage 3 & 4 tumors.

We subsequently aimed to identify a signature for FOXO3a-regulated genes. We
used the same SY5Y-TetR-FOXO3a cells, but now we extended the analyses with
dox-induced FOXO3a expression, with or without PI-103 treatment.  Comparison
of expression profiles of cells with and without dox-induced FOXO3a expression,
but without PI3K/AKT inhibition by PI-103, yielded only 33 very weakly regulated
genes (data not shown).  In contrast, the comparison of cells with or without
PI3K/AKT inhibition by PI-103, but with FOXO3a transgene expression, identified
1060 regulated genes.  These genes include genes regulated by FOXO3a, but also
genes regulated by PI3K/AKT signaling.  The genes regulated by FOXO3a can be
found by removing those also identified in the 464 gene PI3K/AKT signature,
leaving a signature of 809 FOXO3a-regulated genes (Table S1b).  When a two-
group k-means clustering was performed with these 809 genes in the NB88
dataset groups of 52 and 36 tumors were generated (Fig. S3b).  As with the
PI3K/AKT signature, this division was also highly prognostic (p = 9.7e-15; Fig. S3c).

Transcription factor binding site analysis identifies putative direct FOXO3a target
genes
In order to more stringently model FOXO3a regulatory activity and identify likely
direct target genes of FOXO3a, we performed a search for the FOXO DNA binding
element (DBE) within the promoter regions of the 809 FOXO3a-regulated genes.
As a prerequisite to this, we first confirmed that FOXO3a was indeed activating the
DBE element following our brief 6 hour treatment of the cells with PI-103.  For this,
a FireFOX reporter assay was done in this line under conditions identical to those
of the mRNA profiling (Fig. S4a).  We observed negligible transcriptional activity of
FOXO3a with PI-103 treatment alone and a 3-fold increase in activity in the
+dox/+PI-103 condition relative to the -dox/-PI-103 control.  Unexpectedly, we
also observed a 1.5-fold increase in reporter activity with FOXO3a over-expression
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alone (+dox/-PI-103) which did not fit with the lack of FOXO3a target regulation
under this condition (33 weakly regulated genes when FOXO3a was over-
expressed without PI-103 treatment; data not shown).  Cell fractionation revealed
that over-expressed FOXO3a was indeed entering the nucleus without PI-103
treatment (data not shown).  Despite this, FOXO3a was apparently unable to
activate its targets but still able to activate a high-copy reporter.  This implies that
the larger context of PI3K/AKT pathway inhibition may be essential for FOXO3a to
regulate target genes in this cell line.

Having confirmed that FOXO3a is transcriptionally activating DBE elements under
these conditions we classified the FOXO3a-regulated genes into activated (n = 419)
and repressed (n = 284) groups.  Of the 419 promoters activated by FOXO3a, 167
contained the DBE element resulting in a highly significant FOXO motif enrichment
(p = 8.7e-06; Fig. 6d).  Strikingly, no DBE element enrichment was found within
284 repressed promoters (p = 0.99).  This analysis is in agreement with a role for
FOXO3a as an activator of gene transcription and suggests that repressed genes
are indirectly regulated by FOXO3a.  Of the 464 genes regulated by PI3K/AKT, the
promoters of 407 up-regulated genes only showed a marginally significant
enrichment for the FOXO motif (p = 0.05), while promoters of down-regulated
genes were not enriched (p = 0.69).

As a further validation of our FOXO3a activation system we investigated the
regulation of six established FOXO target genes; p27, BIM, MXI1, PIK3CA, RICTOR
and INSR (Fig. S4b, Nakamura 2000, Dijkers 2002, Delpuech 2007, Hui 2008, Chen
2010 & Chakrabarty 2012).  These genes were all strongly up-regulated with the
combination of FOXO3a over-expression and PI-103 treatment.  Taken together
with the reporter assay and FOXO binding site analysis these results demonstrate
that this system is appropriate for the discovery of FOXO3a target genes.
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PI3K/AKT and FOXO3a signatures give overlapping classifications of
neuroblastoma tumors
Using the 167 genes that were activated by FOXO3a and contained the FOXO motif
in their promoters, we performed a k-means clustering of the NB88 dataset (Table
S1c & Fig. 6e).  This identified a group of 49 tumors with higher expression of most
FOXO3a target genes relative to a group of 39 tumors with lower expression.
These groups exhibit a very strong inverse correlation with the PI3K signature
clustering with 80 tumors exhibiting the expected pattern of PI3K/AKT pathway
activation and FOXO3a inactivation (91% overlap).  The Kaplan Meier survival
curves show a much better prognosis for patients with tumors with an active
FOXO3a signature (Fig. 6f; p = 3.8e-11).  This was also true within stage 3 & 4 (Fig.
6g; p = 4.2e-05).  The interpretation of this clustering was further confirmed by the
individual Kaplan-Meier survival curves for the known FOXO target genes p27,
BIM, MXI1 and RICTOR (Fig. S5).  High expression of these genes was associated
with a good prognosis.  Being that three of these genes are well known tumor
suppressors this is an indication that FOXO3a may have a bias towards the
activation of other such genes in neuroblastoma.

Discussion
In this work we have demonstrated that FOXO3a is a highly expressed and
important mediator of cell death in neuroblastoma within the context of PI3K/AKT
pathway inactivation.  Silencing of FOXO3a expression was sufficient to rescue
SKNBE(2c) cells from the apoptosis induced by the PI3K inhibitor PI-103 and over-
expression potentiated this apoptotic effect in SY5Y cells.  Across a panel of
neuroblastoma cell lines FOXO3a protein levels positively correlated with the
induction of apoptosis by the AKT inhibitor MK-2206.  Microarray profiling of the
SY5Y experiment elucidated gene expression signatures for both the PI3K/AKT
pathway and FOXO3a transcriptional activity which were both powerfully
prognostic and inversely correlated within our NB88 tumor dataset.

It has been reported in other tumors that PI3K/AKT pathway inhibition can lead to
a wide spectrum of direct effects including cell-cycle arrest, induction of
autophagy, sensitization to chemotherapeutics, inhibition of metastasis as well as
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cell differentiation and death (Dansen 2008 & Zhang 2011).  As a result, activation
of PI3K/AKT signaling in tumors is largely regarded as an oncogenic event with the
implied corollary that FOXO inactivation is just as frequently an oncogenic event
due to its intimate connection with the pathway.  The notion that FOXO is a tumor
suppressor finds robust support in mouse models where FOXO genes have been
deleted (Paik 2007).  Moreover, numerous over-expression experiments of
constitutively nuclear-localized FOXO constructs resulted in the apoptosis and cell-
cycle arrest of various human tumor cell lines or blockade of transformation
(Bouchard 2004, Delpuech 2007 & Obexer 2007). However, these seemingly
straightforward results are complicated by the increasing number of pathways and
post-translational modifications that regulate FOXO activity and in turn the myriad
of outcomes FOXO activity can influence (Greer 2005 & Gomes 2008).  Recently, it
has even been described that FOXO3a can promote metastasis downstream of
PI3K/AKT inhibition in collusion with the WNT/β-catenin pathway in colon cancer
(Tenbaum 2012).  All of these findings highlight that the ultimate outcomes of
FOXO transcriptional activation or inactivation are greatly dependent on the
context within which they occur.  Here we have established that within the context
of PI3K/AKT signaling in neuroblastoma FOXO3a is indeed a tumor suppressor.

Our findings may have clinical implications for neuroblastoma therapy and
potentially many other tumor models where PI3K/AKT inhibitors are being
considered for use.  From our gene expression signature for FOXO3a activation
and functional work we conclude that the administration of PI3K/AKT inhibitors
may induce cell death via re-activation of FOXO3a.  Additionally, these drugs may
cause the restoration of a gene expression program within neuroblastomas
associated with very good prognosis and response to current therapy.  This makes
a case for the use of these drugs in combination with current therapies as they are
predicted to synergize with them.  Support for this hypothesis has come from in
vitro and in vivo studies using PI-103 and MK-2206 in neuroblastoma (Bender 2011
& Li 2012).  More directly, over-expression of constitutively active FOXO3a has also
yielded chemosensitization effects in neuroblastoma cells (Obexer 2009).
PI3K/AKT inhibitors may even be effective as single agents in neuroblastoma due
to the sensitivity of these cells to FOXO3a induced apoptosis, unlike glioma and
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acute or chronic myelogenous leukemia where these drugs are mainly cytostatic
and the primary effect is a G1/S block (Fan 2006, Park 2008 & Kharas 2008).
Another possibility is FOXO-induced terminal neuronal differentiation as recently
demonstrated in SY5Y cells (Mei 2012).  Interestingly, the rescue of SKNBE(2c)
from PI-103 showed an increased G1 arrest in the FOXO3a knockdown
background.  This suggests that G1 arrest may be the default outcome of PI3K/AKT
inhibition if FOXO is not abundantly present to drive apoptosis.  This is further
supported by the FOXO3a over-expression in SY5Y where despite increased p27
transcript levels following PI-103 treatment there was a decrease in G1 arrest as
apoptosis increased.  It is also notable that the SKNBE(2c) line used in this study is
from a relapse bone marrow metastasis and is MYCN amplified, radiation and
multi-drug resistant and contains inactive p53 (Tweddle 2001).  Despite these
properties, this line is still responsive to PI3K/AKT inhibition and FOXO3a
activation.  To our knowledge, this is also the first report to suggest that FOXO3a
expression levels may be a biomarker for the efficacy of PI3K/AKT inhibitors.
Further research will be needed to see if this finding can be extended to other
systems and if the other FOXO family members may also have this correlation.
Finally, the finding that FOXO3a may function as an important tumor suppressor
in neuroblastoma will lead us to examine many other pathways that are known to
regulate it.  Previously, we identified oncogenic activation of FOXR1 in
neuroblastoma as another potential inhibitor of FOXO function (Santo 2012).  In
conjunction with the current work, this finding suggests a broader role for
forkhead biology in the pathogenesis of neuroblastoma.  This perspective may
uncover additional prospects for targeted pharmacological intervention.
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Supplemental Data

Figure S1 Baseline FACS data to Figure 3b.  The cell cycle distribution of SKNBE(2c)-shFOXO3a cells
with and without 0.5 mM IPTG for 48 hours and DMSO for an additional 24 hours.

Figure S2 Total FOXO3a and phosphorylated FOXO3a levels correlate with apoptosis across a cell
line panel following MK-2206 treatment.  Spearman Rank Correlation Coefficient analyses of Figure
5 performed to examine the relationship between the induction of apoptosis by MK-2206
treatment (sub-G1 fraction on FACS) and the amount of the described proteins and
phosphorylations across a panel of 11 neuroblastoma cell lines as quantified under no treatment
(DMSO).  The difference in sub-G1 fractions between DMSO and MK-2206 treated samples as well
as total proteins and phosphorylations as quantified by western blot of the DMSO treated samples
were ranked for each cell line relative to all others; lowest (1)  highest (11).  The correlations
between these rankings were then calculated.



123

Figure S3 Genes regulated by PI3K/AKT signaling and FOXO3a are highly prognostic in the NB88
dataset. a. The stage 3 & 4 only Kaplan-Meier survival curves for the PI3K/AKT signature described
in Figure 6a. b. A two-group k-means cluster analysis of an 809 gene FOXO3a activity signature in
the NB88 dataset. c. The Kaplan-Meier survival curves for the FOXO3a activity clusters.
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Figure S4 Gene regulatory activity of FOXO3a. a. FireFOX reporter assay performed under the
same conditions as the mRNA profiling.  After the assay and analysis as described in materials and
methods, all conditions were divided by the -dox/DMSO condition. b. The expression of FOXO
target genes from the mRNA profiling experiment.  The conditions doxycycline (D) and PI-103 (P)
are indicated.
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Figure S5 Kaplan-Meier survival curves for individual FOXO target genes in the NB88 dataset.
Within the Kaplan-Meier plot blue lines denote good prognosis and red lines bad prognosis.  Next
to each Kaplan-Meier plot is an ordered plot of each tumor in the NB88 series in terms of its
expression level of the gene (y-axis).  Patient survival is denoted by the dot color (green dots are
survivors, red dots deceased patients).  Below the ordered plot is a bar plot of the p-value
significance of each cutoff for group construction.




