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Abstract
The pediatric tumor neuroblastoma has a highly variable outcome. Only few
recurrent gene mutations have been detected, and insight into activated
pathways is wanting. We recently described that high activity of the PI3K/mTOR
pathway was associated with a very poor outcome. Here we analyzed sub-
components of this pathway for their prognostic and therapeutic relevance.
Inhibition of PI3K, Akt and mTOR by specific drugs and mTORC1 by Raptor shRNA
in a neuroblastoma cell line identified downstream-controlled genes by their
changes in mRNA levels. We used these gene lists as signatures for the activity of
the four pathway components in a neuroblastoma series. All signatures were
significantly associated with outcome, but to a variable extend suggesting non-
identical contributions. We therefore tested inhibitors with different specificities
for PI3K/mTOR pathway components in 22 neuroblastoma cell lines. Concomitant
inhibition of mTOR and PI3K or Akt strongly induced apoptosis and was superior
to inhibition of the single components alone. Knockdown of Raptor and Rictor
showed that mTORC1, but not mTORC2 inhibition was synergistic with PI3K
inhibition. Western blot analysis of Akt and mTORC1 substrates revealed that PI3K
and Akt exerted incomplete control over mTORC1 activity. As mTORC1 inhibition
was highly synergistic with PI3K/Akt inhibition, we conclude that the PI3K/Akt-
independent mTORC1 activity is important in protecting neuroblastoma cells from
apoptosis. Concomitant targeting of the PI3K/Akt and mTORC1 pathways is
therefore a promising clinical option.

Introduction
The PI3K pathway is one of the core signal transduction routes in cancer (Thorpe
2015).  Akt and the mTORC1/2 complexes are key downstream mediators of PI3K
signaling, however the individual and overlapping contributions of these entities
in neuroblastoma pathogenesis are not fully established. Growth factor signaling
via the canonical PI3K/Akt axis results in activated PI3K converting PIP2 to PIP3.
PIP3 binds to PDK1 and Akt, resulting in the subsequent phosphorylation of Akt on
Thr308 by PDK1 (Pearce 2010).  Activated Akt may then phosphorylate TSC2
disrupting the TSC1/TSC2 complex and abrogating inhibition of mTORC1 (Inoki
2002). In parallel, Akt phosphorylates PRAS40, which further relieves repression
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of mTORC1 (Sancak 2007). In addition to growth factor stimulation, mTORC1
requires the presence of free amino acids for activation.  Free amino acids
stimulate the recruitment of mTORC1 and RHEB to lysosomal membranes via
activation of a Rag GTPase-containing complex (Huang 2014).

In order to maintain pathway homeostasis, high levels of crosstalk exist between
the individual components of the pathway. In a negative feedback loop, mTORC1
suppresses PI3K/Akt signaling at the growth factor receptor level through
destabilization of Irs1 and/or stabilization of Grb10, which are required for PI3K
activation (Um 2004, Hsu 2011 & Yu 2011). The mTORC2 complex can regulate
the PI3K/Akt axis positively and negatively. mTORC2 phosphorylates Akt on
Ser473, promoting its activity (Sarbassov 2005).  Recently, mTORC2 has also been
found to repress PI3K/Akt signaling at the receptor level (Kim 2012). Conversely,
PI3K/Akt and mTORC1 can repress mTORC2 activation by mediating dissociation
of Sin1 from the complex (Liu 2013).

We previously identified PI3K/Akt/FOXO3a signaling as important in the regulation
of apoptosis in neuroblastoma as well as being strongly associated with patient
prognosis (Santo 2013). Here we show that dual inhibition of PI3K and mTORC1 is
highly synergistic and efficiently kills neuroblastoma cell lines. Western blot
analysis explains this synergy by demonstrating that mTORC1 activity is partly
independent of PI3K and Akt signaling.

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
December 2014 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



131

Repository).  Isopropyl-β-D-1-thiogalactopyranoside (IPTG), DMSO (Hybri-Max)
and puromycin were from Sigma.  U0126, Rapamycin, PI-103, PIK-90, PP242, MK-
2206, ZSTK474, GDC-0941, AZD8055 and GSK2126458 were from Selleckchem.

Lentiviral constructs & stable cell lines
To create inducible shRNA knockdown clones of raptor and rictor we digested our
previous pLKO.1 3xLacO shFOXO3a construct vector on Asp718 (5’) and EcoRI (3’)
and ligated the annealed sequences (targeting sequence in bold with the loop and
terminator underlined):
shRaptor #1:
5’-GTACCGACAACGGCCACAAGTACTTCCTCGAGGAAGTACTTGTGGCCGTTGTCTTTTTG-3’ (fwd)
5’-AATTCAAAAAGACAACGGCCACAAGTACTTCCTCGAGGAAGTACTTGTGGCCGTTGTCG-3’ (rev)

shRaptor #5:
5’-GTACCGGCTAGTCTGTTTCGAAATTTCTCGAGAAATTTCGAAACAGACTAGCCTTTTTG-3’ (fwd)
5’-AATTCAAAAAGGCTAGTCTGTTTCGAAATTTCTCGAGAAATTTCGAAACAGACTAGCCG-3’ (rev)

shRictor #1:
5’-GTACCCCGCAGTTACTGGTACATGAACTCGAGTTCATGTACCAGTAACTGCGGTTTTTG-3’ (fwd)
5’-AATTCAAAAACCGCAGTTACTGGTACATGAACTCGAGTTCATGTACCAGTAACTGCGGG-3’ (rev)
shRictor #5:
5’-GTACCACTTGTGAAGAATCGTATCTTCTCGAGAAGATACGATTCTTCACAAGTTTTTTG-3’ (fwd)
5’-AATTCAAAAAACTTGTGAAGAATCGTATCTTCTCGAGAAGATACGATTCTTCACAAGTG-3’ (rev)

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 supernatants 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).  Viral titers were quantified by p24 ELISA.  For the construction of stable
inducible knockdown lines, cells were transduced for 48 hours with a titration of
each construct based on p24 values in a 6-well plate format.  This was calculated
as nanograms of virus per 100,000 cells for each construct.  Cells were then
selected with 5 µg/ml puromycin.  To estimate an MOI of 1 for each construct,
points in each titration were chosen where most cells exhibited near complete
drug resistance relative to unselected controls.  Higher MOIs were then calculated
based on the ng/100,000 cells where an MOI of 1 was observed.  Typically, lines
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could be established at an MOI of 3 with no discernable proliferation or
morphological defects.  After recovery a super-transduction was performed based
on the MOI estimates obtained from the initial transduction.  Lines were allowed
to recover prior to experiments.

FACS Analysis
Cells were seeded in 6-well plates and each condition was performed in triplicate.
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
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.

Cell Viability (MTT) Assay
Cells were seeded in 96-well plates in 50 µl of medium.  The number of cells per
well was determined for each line based on previously conducted titration
experiments.  Cells were seeded such that they would not reach growth saturation
within 72 hours (remain in log phase).  Each condition and drug concentration was
performed in triplicate or greater.  Treatment with drugs was performed in an
additional volume of 50 µl medium making the final volume 100 µl.  10 µl of MTT
reagent dissolved at 5 mg/ml was added to each well for 4 hours which was then
stopped by the addition of 50 µl of a 10% SDS / 0.1 M HCl solution and incubated
at 37°C overnight.  The absorbance was measured on a Synergy HT Multi-Mode
Microplate Reader (Biotek) at 570 nm.  IC50s and LC50s were calculated by
standard methods.

Western blotting
Whole cell protein extracts were made using 1x Laemmli lysis buffer
supplemented with Complete Protease Inhibitor Cocktail (Roche) and NaV & NaF
for phosphatase inhibition.  Protein lysates were quantified using the DC™ Protein
Assay Kit (Bio-rad) against BSA standards diluted in 1x Laemmli.  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 polyacrylamide gels (15-well,
usually 10 or 12%) and wet transferred to Amersham Protran Premium
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nitrocellulose membrane (GE Healthcare Life Sciences) overnight at 4°C in blot
buffer containing 20% methanol at a constant amperage of 150 mA.  The following
day, blots were Ponceau stained for loading and scanned.  They were then washed
with 1% glacial acetic acid then PBS + 0.1% Tween-20 to remove the Ponceau.
Membranes were then blocked in 2% PBA (PBS + GE ECL Blocking Agent) all day
rocking at 4°C.  Next, membranes were incubated in 5 ml 2% PBA + 0.1% Tween-
20 containing 1:1000 dilutions of the primary antibodies rolling overnight at 4°C.
Antibodies used were all from Cell Signaling: pSer473 Akt (#4060), pThr308 Akt
(#4056), pan-Akt (#4691), pThr24/Thr32 FOXO1/3 (#9464), FOXO3 (#2497),
pThr246 PRAS40 (#2997), PRAS40 (#2691), raptor (#2280), rictor (#9476),
pThr37/46 4E-BP1 (#2855), 4E-BP1 (#9644), pThr389 p70S6Kinase (#9234),
p70S6Kinase (#2708), pser235/236 S6 (#4856) and S6 (#2217).  The next day,
membranes were washed with PBS + 0.1% Tween-20 and incubated rolling at
room temperature for 1.5 hours with a 1:5000 5 ml dilution of horseradish
peroxidase-conjugated rabbit or mouse ECL secondary antibodies (GE Healthcare)
in a 2% PBA + 0.1% Tween-20 solution.  After washing, membranes were treated
with ECL Prime (GE Healthcare) according to standard protocols then exposed
using an ImageQuant LAS 4000 Mini (GE Healthcare).

Microarray profiling & analysis
Total RNA 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 using the GCOS
program of Affymetrix with MAS 5.0 normalization.  All data were analyzed using
the R2 web application, which is freely available at (http://r2.amc.nl/).  These data
were entered into the Time Series module of R2.  In the Time Series module pairs
were constructed between controls and treatments (i.e. SY5Y DMSO was T = 0 and
SY5Y PP242 as T = 6) within each individual experiment.  The Time Series module
was then used to mine for the required number of significant changes according
to the criteria described for each geneset construction and using the parameters:
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“Min # experiments”: (as required)
“Min highest expression in series”: 50
“Min # present calls in series”: 1
“Min # significant changes in series”: 1
“Min best logfold in series”: 0.7
“Fold orientation”: (up or down, as required)
“Min lowest change p-value in series”: 0.0025
“Force single reporter for hugo?”: yes
Direction of regulation was always enforced.  This means that if a gene had to
significantly change a minimum of 2 times across 2 pairs then all of these changes
had to be in the same direction.  HUGO being set to “yes” forces the strongest
reporter (probeset) for a gene to be used to represent that gene across a given set
of pairs, no other probesets are considered.  This helps to maintain consistency
across analyses.

K-means clustering was performed on the COMBAT-corrected NB122 dataset
using a z-score transformation with the default parameters:
“min # Present calls”: 1
“Floor data at value”: 16
“minimal expression range”: 48
“minimal maximum expression”: 64
“number of groups”: (as required)
“number of draws”: 10X10
Based on the “high/low” activity classifications assigned to each tumor sample for
each geneset Kaplan-Meier survival curves were generated using the
corresponding patient survival data.
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Results
PI3K and mTORC1 signatures are more strongly associated with prognosis than an
Akt signature
We recently described that high activity of the PI3K/mTOR pathway was
associated with a very poor outcome in a neuroblastoma series that had been
profiled for mRNA expression (Santo 2013). As the PI3K/mTOR pathway consists
of different routes and key-players, we now investigated which of the major
players of the PI3K pathway are important in neuroblastoma and associates with
outcome. We inhibited PI3K, Akt and mTOR with specific drugs and mTORC1 by
Raptor shRNA to identify four sets of downstream-controlled genes with
significant changes in mRNA levels. PI3K, Akt and mTOR were specifically inhibited
by the compounds PIK-90 (PI3K), MK-2206 (Akt) or PP242 (mTOR), respectively
(Fig. S1a, Knight 2006, Feldman 2009 & Hirai 2010). Neuroblastoma cell line SY5Y
was treated for 6 hours with or without each compound and mRNA profiling
identified the regulated genes (2logfold changes ≥ 0.7 and p < 0.0025). In addition,
we inhibited the mTORC1 complex in SY5Y by inducible shRNA-mediated silencing
of Raptor (Fig. S1b). mRNA profiling of cells with and without induced silencing
identified the differentially expressed genes (2logfold changes ≥ 0.7 and p <
0.0025). The resulting gene lists (Tables S1-S4) were used as signatures for the
activity of the four pathway components in a neuroblastoma series including all
clinical stages. K-means clustering of the signature genes in the mRNA profiles of
the 122 neuroblastoma tumors showed that all four signatures were significantly
associated with outcome (Figs. 1 & S1c). However, the PI3K and mTORC1
signatures were better discriminators of good and bad prognostic groups than the
Akt and mTOR signatures. This suggested that tumors with good or bad outcome
more strongly differed in PI3K and mTORC1 activity, than in Akt and mTOR activity.
PI3K signals via PIP3 to Akt, which results in activation of mTORC1 (Inoki 2002 &
Pearce 2010). According to this simplified view of the pathway, the PI3K, Akt,
mTOR and mTORC1 signatures should have comparable prognostic power. The
much stronger prognostic value of mTORC1 compared to Akt suggested that not
all mTORC1 activity is controlled by Akt.
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Figure 1 Kaplan-Meier survival curves derived from the k-means clustering of PI3K/mTOR
regulated genesets in the NB122 dataset.  Clustering was performed on all tumor samples and
those classifications were also used to render the survival curves within the subset of stage 3+4
samples.

Dual inhibition of PI3K/Akt and mTOR induces cell death in neuroblastoma cells
In view of the different prognostic values of PI3K/mTOR pathway components, we
decided to test small molecule inhibitors of these proteins in a panel of
neuroblastoma cell lines. We selected small molecule compounds that are in
clinical development and target different levels of the PI3K/mTOR pathway.
ZSTK474 and GDC-0941 specifically inhibit PI3K, MK-2206 inhibits Akt, AZD8055 is
a catalytic inhibitor of mTORC1 and mTORC2 (targeting mTOR), rapamycin is a
classic mTORC1 inhibitor and GSK2126458 is a dual PI3K/mTOR inhibitor (Fig. 2a,
Yaguchi 2006, Folkes 2008, Thoreen 2009, Kong 2010, Hirai 2010, Chresta 2010 &
Knight 2010). We treated 22 neuroblastoma cell lines for 72 hours with these
compounds and measured their viability by MTT assays (Fig. 2b; left panels). All
inhibitors considerably attenuated the viability of the cell lines, except rapamycin
which reached >50% reduction in only 6 of the 22 cell lines (Fig. 2b; IC50 lower right
panel). We calculated the LC50 values for the remaining compounds (Fig. 2b; right
panels and Table S5-S8). Western blot analysis established the maximally
inhibitory concentrations (MIC shown in Fig. 2b in red) at which the molecular
targets of the compounds are maximally and sustainably inhibited during the 72
hours of treatment (data not shown). Cell lines with an LC50 below the maximally
inhibitory concentration are efficiently killed upon inhibition of the pathway. This
was the case for inhibitors targeting PI3K, Akt or mTOR in 7, 8 and 2 cell lines of
the panel, respectively (Fig.2b; red bars). Five of these lines were efficiently killed
by PI3K as well as Akt inhibition, as could be expected from Akt being a key
downstream mediator of PI3K signaling. The mTOR inhibitor achieved LC50 values
under the maximal inhibitory concentration in only two cell lines, indicating that
this drug mainly caused growth arrest, as supported by the IC50 values (Table S7).
None of the three drugs were therefore very efficient.
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Figure 2 The dual PI3K/mTOR inhibitor GSK2126458 efficiently induces apoptosis in
neuroblastoma cell lines. a. A schematic of PI3K/mTOR pathway interconnectivity and points of
inhibition by additional compounds. b. Cell viability curves for 22 NB cell lines treated with each
compound described for 72 hours (left panel).  Error bars are SD.  The right panel contains graphs
of the LC50s for each line under each compound.  Maximal pathway inhibitory concentrations are
indicated in red and cell lines with red bars fall under that cutoff indicating that the effect is most
likely on-target.  Due to the relatively weak effect of rapamycin the IC50s are provided instead of
LC50s which were not achieved.

While the individual PI3K and mTOR inhibitors had a limited effect, the dual
PI3K/mTOR inhibitor (GSK2126458) was surprisingly efficient and induced cell
death at low nanomolar concentrations (below the MIC of 500 nM) in 13 of the 22
cell lines. These data suggested that the inhibition of PI3K and mTOR together, as
achieved by GSK2126458, is necessary for induction of cell death and that
inhibition of PI3K or mTOR alone is inefficient.

Combined inhibition of PI3K/Akt and mTOR synergistically induces apoptosis
To directly test whether concomitant inhibition of PI3K and mTOR is synergistic in
neuroblastoma, we performed MTT assays on neuroblastoma cell line SKNBE(2c)
treated for 72 hours with the PI3K inhibitor alone or in combination with fixed
concentrations (5 and 15 nM) of the mTOR inhibitor. These amounts of mTOR
inhibitor only marginally affect cell viability as a single agent (<10%). However,
they considerably reduced the LC50 values of the PI3K inhibitor (Fig.3a). These
results confirm that cell death is enhanced by combined PI3K and mTOR inhibition
and clarify why the dual PI3K/mTOR inhibitor was the most effective in the cell line
panel. Similar analysis with the Akt inhibitor also showed a strong synergy with
mTOR inhibition (Fig.3b).

Parallel experiments were analyzed by FACS for sub-G1 fractions as a measure for
apoptosis. The single mTOR and PI3K inhibitors induced some apoptosis after 72
hours (Fig 3c; 12% and 14% sub-G1, respectively, as compared to the DMSO
control). Akt inhibition alone hardly induced apoptosis. Combining either the PI3K
inhibitor or the Akt inhibitor with the mTOR inhibitor strongly enhanced the
apoptotic fractions (34% and 39% sub-G1, respectively). Accordingly, the dual
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PI3K/Akt inhibitor GSK2126458 also resulted in a high apoptotic fraction (30%).
Inhibition of mTOR is therefore highly synergistic with inhibition of Akt or PI3K.
The mTOR inhibitor AZD8055 targets both the mTORC1 and mTORC2 complexes,
raising the question whether inhibition of mTORC1 or mTORC2 is responsible for
the synergy with PI3K and Akt inhibition.

Figure 3 Combined inhibition of PI3K and mTOR synergizes to induce apoptosis. a. LC50

calculations from MTT assays performed at 72 hours to measure the effect on SKNBE(2c) cells
treated with a concentration range of GDC-0941 and increasing amounts of AZD8055. b. MTT
assay performed at 72 hours on SKNBE(2c) cells treated with a concentration range of MK-2206
and increasing amounts of AZD8 055. c. FACS analysis of SKNBE(2c) cells seeded in 6-well plates
and treated for 72 hours with DMSO, 1 µM AZD8055, 4 µM MK-2206, 2.5 µM GDC-0941, 0.5 µM
GSK212 or described combinations.  Error bars are SD of triplicates.

Inhibition of mTORC1 but not mTORC2 synergizes with Akt inhibition to induce
apoptosis
To determine whether mTORC1 or mTORC2 inhibition was responsible for the
synergy between mTOR and PI3K or Akt inhibitors, we constructed neuroblastoma
cell line SKNBE(2c) with inducible shRNA constructs for silencing of Raptor and

c

a b
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Rictor. Raptor is an essential mTORC1-specific subunit while Rictor is necessary
for mTORC2 complex formation. Inducible silencing of both genes was confirmed
by Western blot analysis (Fig. S2). Raptor knockdown reduced phosphorylation of
the mTORC1 substrate 4E-BP1. Rictor knockdown by shRNA#5 reduced
phosphorylation of the mTORC2 substrate Akt Ser473. The two cell lines were
treated for 72 hours with the Akt inhibitor with or without induction of the
shRNAs. In MTT assays, the viability dropped substantially when Akt inhibition was
combined with Raptor knockdown (shRaptor +IPTG), but not with Rictor
knockdown (Fig. 4a). The synergy between Akt inhibition and Raptor knockdown
resulted in an approximate 20% decrease of the calculated LC50 value of the Akt
inhibitor (Fig.4b). We further validated this synergistic effect on cell death by FACS
analysis at 72 hours. The knockdown of Raptor or Rictor alone did not induce
apoptosis, nor did the Akt inhibitor alone (Fig.4c). However, combining Raptor
knockdown with Akt inhibition increased the sub-G1 fraction to 18%. We also
examined anchorage-independent growth using a soft agar assay and found that
Akt inhibition reduced colony formation, which was markedly enhanced by Raptor
knockdown (Fig.4d). mTORC1 inhibition is therefore responsible for the strong
synergy with Akt or PI3K inhibition.

a b

c d
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Figure 4 Knockdown of Raptor but not Rictor enhances the apoptosis induced by Akt inhibition. a.
MTT assays of SKNBE(2c) cells following inducible knockdown of Raptor (shRap #5) or Rictor (shRic
#5) and treatment with a concentration range of MK-2206.  Cells were maintained on 2 mM IPTG
for 72 hours, seeded in 96-well plates (maintained on 2 mM IPTG) and then 24 hours later treated
for an additional 72 hours with MK-2206.  Error bars are SD. b. IC50s and LC50s calculated from the
assays in a. c. FACS analysis of SKNBE(2c) cells following inducible knockdown of Raptor (shRap
#5) or Rictor (shRic #5) and treatment with MK-2206.  Cells were maintained on 2 mM IPTG for 72
hours and then passaged to 6-well plates and maintained on 2 mM IPTG.  24 hours later cells were
treated with DMSO or 4 µM MK-2206 for an additional 72 hours and then harvested for FACS.  Error
bars are SD of triplicates. d. Inducible knockdown of Raptor (shRap #5) with Akt inhibition for soft
agar assay.  Cells were maintained on 2 mM IPTG for 72 hours then seeded at 5000 cells/well into
6-well plates with agar.  They were maintained on 2 mM IPTG for an additional 4 days and then
treated with DMSO or the indicated concentrations of MK-2206 for 13 additional days.

PI3K and Akt signaling do not completely control mTORC1 activity
We further analyzed the effect of the different inhibitors on PI3K pathway
signaling at the protein level.  We did this to assess which pathway components
were inhibited by each of the single compounds and to what extent the inhibition
of one component affected others. We therefore performed Western blot
analysis of the neuroblastoma cell lines SY5Y, SHEP2 and SKNBE(2c) after
treatment with the different drugs (Fig. 5). Seven time points between 0 and 24
hours after treatment were analyzed. As a read-out for the efficiency of mTORC1
inhibition we used the mTORC1 substrates S6Kinase (S6K) and 4E-BP1. The mTOR
inhibitor (AZD8055) ablated all phosphorylation of these mTORC1 substrates as
well as the S6Kinase substrate S6 in all three cell lines, consistent with total
mTORC1 inhibition. As a read-out for Akt activity, we used phosphorylation of the
direct Akt substrates PRAS40 and FOXO3a. The Akt inhibitor (MK-2206)
completely inhibited phosphorylation of these targets in all three cell lines. We
also analyzed the effect of the Akt inhibitor on the mTORC1 substrates. There was
residual phosphorylation of S6 and S6K, and considerable phosphorylation of 4E-
BP1.  This showed that complete Akt inhibition did not result in complete mTORC1
inhibition. As a read-out for the PI3K inhibitor, we used phosphorylation of Thr308
and Ser473 on Akt and the Akt substrates FOXO3a and PRAS40. The PI3K inhibitor
(GDC-0941) completely inhibited phosphorylation of these targets in all three cell
lines. The PI3K inhibitor also completely inhibited phosphorylation of the mTORC1
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targets S6 and S6K. However, 4E-BP1 remained partly phosphorylated, indicating
that the PI3K inhibitor could not inhibit all mTORC1 activity.
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Figure 5 PI3K/Akt signaling does not fully control mTORC1 kinase activity.  Western blots of SHEP2,
SY5Y and SKNBE(2c) lysates harvested at multiple time points following treatment with DMSO (0
Hr.), 1 µM AZD8055, 8 µM MK-2206 or 5 µM GDC-0941.

These analyses at the protein level strikingly explain the results of the synergy
studies in the cell lines.  Neither Akt nor PI3K inhibition alone could completely
inactivate mTORC1. Inhibition of mTORC1 therefore complements Akt or PI3K
inhibition alone. We further validated this explanation of the synergy studies by
Western blot analysis of the pathway substrates after combined treatment of cell
line SKNBE(2c) with the PI3K and mTOR inhibitors, or the combination of Akt and
mTOR inhibition (Fig. S3a). Both combinations efficiently inhibited the entire
pathway.  The dual PI3K/mTOR inhibitor GSK2126458 gave similar results.

Further analyses of the Western blot data (Fig. 5) showed that mTORC1 inhibition
alone can lead to up-regulation of Akt activity, which is probably due to the
disappearance of the feed-back suppression of  PI3K by mTORC1 (Um 2004, Hsu
2011 & Yu 2011). This was seen in SKNBE(2c) by the increased phosphorylation of
Akt Thr308 and the Akt substrate FOXO3a during treatment with the mTOR
inhibitor (Fig. 5). mTORC1 inhibition by Raptor knockdown also resulted in the
activation of Akt, which could be completely abrogated when Raptor knockdown
was combined with the Akt inhibitor (Fig. S3b).
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We also included the mTORC1 inhibitor rapamycin in these analyses. Rapamycin
was inefficient in attenuating cell viability in the MTT assay (Fig. 2b; IC50 lower right
panel). However, also in combination with the Akt inhibitor, it did not potentiate
apoptosis (Figs. S4a & S4b). Western blot analysis of the effects of rapamycin
showed that it only inhibited S6 and S6K phosphorylation but not 4E-BP1
phosphorylation (Fig. S4c). We conclude that inhibition of rapamycin-
independent mTORC1 activity is responsible for potentiating apoptosis in
response to Akt inhibition in neuroblastoma.

Discussion
Here we showed that gene-sets controlled by different components of the
PI3K/mTOR pathway have diverging prognostic values in neuroblastoma, from
strong for mTORC1 to weak for Akt. Testing of drugs targeting the different levels
of the PI3K/mTOR pathway in a large panel of neuroblastoma cell lines gave an
unexpected result. PI3K and Akt inhibition caused mild apoptosis and mTOR
inhibition only caused growth arrest. However, the combined inhibition of mTOR
and PI3K or Akt efficiently induced cell death, as did a dual mTOR/PI3K inhibitor.
The synergy of mTOR inhibition with Akt or PI3K inhibition was found to be caused
by inhibition of mTORC1. This result is not in line with a simple canonical view of
the pathway where mTORC1 is fully under control of PI3K and Akt signaling.
Western blot analysis confirmed that this is indeed not the case in neuroblastoma.
Inhibition of mTOR completely prevented the phosphorylation of the well-studied
mTORC1 substrates S6K and 4E-BP1. However, Akt inhibition left the
phosphorylation of S6, S6K and 4E-BP1 largely intact, while PI3K inhibition only left
phosphorylation of 4E-BP1 partially intact. These findings suggest that there are
three routes to control mTORC1 activity. The first is the classical PI3K/Akt route.
The second is evidently a completely PI3K/Akt independent route. It is possible
that this PI3K/Akt-independent mTORC1 activation is driven by the amino acid
sensing route composed of the Ragulator complex, GATOR1, GATOR2 and sestrins
(Huang 2014, Peng 2014). The third route seems PI3K-driven, but Akt
independent. It is unknown how PI3K could circumvent Akt in the regulation of
mTORC1. A speculative model would be that PI3K could to some extend modulate
the Ragulator-driven mTORC1 activation. These routes would explain why
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inhibition of Akt is least effective in suppressing phosphorylation of S6K, S6 and
4E-BP1 while inhibition of PI3K is more effective. It is notable that the PI3K-
independent mTORC1 activity is not inhibited by rapamycin in neuroblastoma.  A
rapamycin-independent role of mTORC1 in survival has also been described in
thymic lymphomas (Hsieh 2010). This activity was driven by Akt, but PI3K
dependency was not assessed. This is in marked contrast to a recent study in
breast cancer that uncovered PI3K-independent mTORC1 activity that was
essential for survival following PI3K inhibition, but was inhibited by rapamycin
(Elkabets 2013). Furthermore, inhibiting mTORC1 or mTOR alone was evidently
not sufficient for induction of apoptosis. Concomitant inhibition of PI3K or Akt
was necessary, illustrating a major role for anti-apoptotic targets downstream of
Akt, like FOXO3a (Santo 2013).

The detection of the synergy between mTOR and PI3K or Akt inhibitors and the
elucidation of the molecular basis described here suggest that dual PI3K/mTOR
inhibitors might be clinically useful in neuroblastoma. Tumors with activation of
this pathway have a very poor prognosis (Santo 2013 and this study). Only a
limited number of recurrent oncogenic mutations have been identified in
neuroblastoma (Molenaar 2012). MYCN is amplified in 20% of tumors and ALK
mutations are detected in 7-10% of tumors. In MYCN-driven neuroblastoma
mouse models, increased mTORC1 activity has been observed (Chanthery 2012 &
Schramm 2012). In a compound ALK-F1174L/MYCN transgenic model, the
combination of these oncogenic hits created highly-penetrant tumors.  The ALK-
F1174L mutation greatly potentiated Akt signaling and prevented apoptosis,
enhancing MYCN-driven tumorigenesis (Berry 2012 & Moore 2014). Combined
treatment of this model with a catalytic mTOR inhibitor and the ALK inhibitor
Crizotinib was necessary to suppress mTOR and Akt signaling and prolong animal
survival. Our analyses suggest that the PI3K/mTOR pathway is activated in a high
proportion of stage 4 neuroblastomas (Fig. 1). Therefore, treatment of these
patients with a dual PI3K/mTOR inhibitor might provide a useful therapeutic
option.
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Figure S1 Generation of PI3K/mTOR regulated genesets. a. Western blot of lysates harvested
from SY5Y cells treated for 6 hours with DMSO, 10 µM U0126, 10 nM rapamycin, 2 µM PP242, 5
µM MK-2206, 2 µM PIK-90 and 1 µM PI-103. b. Western blots of inducible knockdown of Raptor
in SY5Y cells.  Cells were maintained on 2 mM IPTG for 72 hours and then passaged and maintained
on IPTG for an additional 24 hours at which point lysates were harvested. c. K-means clustering
of PI3K/mTOR regulated genesets in NB122 tumor panel.  “Low and “High” designations are
assigned based on the orientation of the up and down-regulated genes within each geneset within
the clustering.

c
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Figure S2 Inducible knockdown of Raptor and Rictor. Western blots of inducible knockdown of
Raptor and Rictor in SKNBE(2c) cells.  Cells were maintained on 2 mM IPTG for 72 hours and then
passaged and maintained on IPTG for an additional 24 hours at which point lysates were harvested.
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Figure S3 PI3K or Akt inhibitor-induced apoptosis can be potentiated by treatment with the mTOR
inhibitor AZD8055. a. Western blots of SKNBE(2c) lysates harvested at multiple time points
following treatment with DMSO, 0.5 μM GSK212 or the combinations of 1 μM AZD8055 + 4 μM
MK-2206 or 1 μM AZD8055 + 2.5 μM GDC-0941. b. Western blots of SKNBE(2c) lysates harvested
at multiple time points following induction of Raptor knockdown (72 hours 2 mM IPTG, split and
maintained on IPTG for additional 24 hours – this point T = 0) and treatment with either DMSO or
8 µM MK-2206.
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Figure S4 PI3K or Akt inhibitor-induced apoptosis cannot be potentiated by treatment with
rapamycin. a. FACS analysis of SKNBE(2c) cells seeded in 6-well plates and treated for 72 hours
with DMSO, 4 μM MK-2206, 100 nM rapamycin or the combination.  Error bars are SD of triplicates.
b. LC50 calculations from MTT assays performed at 72 hours to measure the effect on SKNBE(2c)
cells treated a concentration range of MK-2206 and increasing amounts of rapamycin. c. Western
blots of SKNBE(2c) lysates harvested at multiple time points following treatment with 100 nM
rapamycin.
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