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Introduction
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Forkhead Box (FOX) Family Transcription Factors
The first member of what was to become the forkhead family (fork head, Fkh) was
identified in Drosophila melanogaster by a genetic screen which yielded flies
whose heads exhibited abnormal involution patterns early in development
(Jurgens 1988). Fkh was subsequently cloned and described as being a nuclear
protein with no identifiable sequence similarities to contemporary transcription
factors of the time (Weigel 1989).  The DNA binding domain now termed the
forkhead domain was identified when Fkh was aligned with the independently
discovered HNF-3A in rats (Lai 1990 & Weigel 1990).  Throughout the last 25 years
additional members of this superfamily which all contain the approximately 100
amino acid forkhead domain (the only criteria for inclusion) have been identified.
So far phylogenetic analyses have resulted in the identification of 19 different
subfamilies containing 50 members in humans and 44 in mice (Jackson 2010 & Fig.
1).  The members of these subfamilies typically have sequence features outside of
the forkhead domain common with each other but these features are not found
within other FOX subfamilies.  This familial tree structure was annotated using a
nomenclature where FOX describes the membership in the superfamily, a letter of
the alphabet describes membership in a subfamily and a number describes the
particular subfamily member; e.g. FOXA1, FOXA2, FOXA3 and FOXD1, FOXD2,
FOXD3 and FOXD4 (Hannenhalli 2009). Forkheads also exhibit extreme
conservation with orthologues identifiable in yeast (fkh1 & 2, Zhu 2000). The
following is an overview of select forkhead subfamilies that have exhibited
powerful roles in shaping mammalian biology.
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Figure 1 Evolutionary tree of mouse forkhead box (Fox) genes (adapted from Hannenhalli 2009).
A neighbor-joining tree is shown that is based on the protein sequence of the forkhead domain.
The relationships shown in the tree are based on multiple alignment with each branch annotated
with a bootstrap value that was based on 1000 permutations.  The branch lengths are proportional
to the mutation rate.  In red boxes the forkheads which are the primary subjects of this Thesis are
indicated.
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FOXA
The FOXA subfamily was first identified from rat liver extracts as a protein that
bound to the promoters of the transthyretin (Ttr), α1-antitrypsin (Serpina1) and
albumin (Alb1) genes that contained a hepatocyte nuclear factor 3 (HNF-3) DNA
binding element and were subsequently named HNF-3A, B & C (now FOXA1, 2 & 3
respectively) (Lai 1990).  Since their discovery they have been shown to be
involved in organ development and are thought to function as “pioneer”
chromatin modification factors (for review see Friedman 2006).  In addition to
being fundamental for liver development they have also been shown to be pivotal
for the maintenance of glucose homeostasis (for review see Le Lay 2010).  Despite
the expected and previously demonstrated redundancy of function, FOXA1
knockout mice exhibit severe hypoglycemia.  This may be at least in part due to a
deficiency of pancreatic glucagon production as well as an attenuated
transcriptional gluconeogenic response to glucagon by the liver.  Liver-specific
deletion of FOXA2 was euglycemic while FOXA3 knockouts only exhibit mild
hypoglycemia after prolonged fasting.  Surprisingly, the FOXA1 orthologue in c.
elegans, PHA-4, has been demonstrated to be robustly essential for dietary
restriction-induced longevity as well as longevity in response to the loss of
mTORC1 signaling (Panowski 2007 & Sheaffer 2008).

FOXD
The FOXD subfamily consists of four members (FOXD1-4) with 2 & 4 being poorly
characterized.  FOXD1 is pivotal in eye and kidney formation; playing an
organogenic role like that of the FOXA subfamily (Herrera 2004 & Fetting 2014).
FOXD3 is of particular interest due to its emerging roles as a maintenance factor
in embryonic stem cells, an important player in neural crest development and a
tumor suppressor. FOXD3 knockout mice were embryonic lethal with the epiblasts
depleted of their progenitor cells (Hanna 2002).  It was also impossible to derive
teratomas or culture embryonic stem cells from FOXD3 null embryos;
demonstrating that FOXD3 was essential for ES cell survival. Using a neural crest
targeted Cre knockout model FOXD3 loss caused severe defects in NC
development such as impaired formation of craniofacial features, abolishment of
the enteric nervous system and reduction of the peripheral nervous system (Teng
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2008).  A follow-up study demonstrated that the neural crest stem cell features of
multipotency, self-renewal capacity and ability to form neuronal lineages were
maintained by FOXD3 with its loss causing a strong mesenchymal differentiation
(Mundell 2011). In the neural crest derived tumor neuroblastoma FOXD3 was
shown to have tumor suppressive functions (Li 2013).  Overexpression of FOXD3
inhibited growth and invasion in cell lines and xenografts while knockdown
enhanced these tumor driving properties.  A similar role was discovered for FOXD3
in hepatocellular carcinoma and gastric cancer (Cheng 2013 & Liu 2014).

FOXM
FOXM1 is the only member of its subfamily and is an important factor for cell cycle
progression at the G2 checkpoint as well as for faithful chromosomal segregation;
although it is not completely essential (Laoukili 2005). Its expression pattern is
tightly linked to the cell cycle with an onset in S phase and loss of expression by
the end of mitosis (Korver 1997). Unsurprisingly, FOXM1 has also become a very
well documented tumor driver in numerous systems. It has been found amplified
in 5.6% of breast cancers, 42% of non-Hodgkin’s lymphomas and 58% of malignant
peripheral nerve sheath tumors (Katoh 2013). Its potency has been further
demonstrated in neuroblastoma and nearly every other tumor type (Wang 2011
& Wierstra 2013). FOXM1 has also been found to promote resistance to the
chemotherapeutic cisplatin in breast cancer (Kwok 2010).

FOXO
The FOXO subfamily (FOXO1, 3, 4 & 6) is the best studied and perhaps most famous
subfamily of forkheads to-date. Across mammalian tissues their expression
patterns differ with FOXO3 being the most ubiquitous and FOXO1, FOXO4 and
FOXO6 exhibiting more restrictive profiles (for review see Salih 2008). They
directly interact with DNA by binding the “DBE” (DNA Binding Element, TTGTTAC)
and the more degenerate thymidine-rich IRS (Insulin Responsive Sequence)
elements (Furuyama 2000 & Brent 2008). Although they have specific roles they
also have many redundant functions due to their sometimes overlapping
expression and DNA binding patterns.  This redundancy was especially relevant in
regard to their tumor suppressive capabilities.  In genetic mouse models of single
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FOXO knockouts their roles as tumor suppressors were heavily masked by this
redundancy and not revealed until a conditional triple knockout mouse for
FOXO1/3/4 was constructed which then developed leukemia (Paik 2007). Beyond
tumor suppression they have been implicated in many processes with some of the
most important being apoptosis, cell cycle regulation, metabolism, longevity,
response to oxidative stress, stem cell maintenance, cell-type specification,
differentiation and immune response modulation.

FOXO1 (previously FKHR) was first discovered as an aveolar rhabdomyosarcoma
fusion gene where the n-terminus of PAX3 and PAX7 (which contains the PAX DNA
binding domains) are found fused to the c-terminus of FOXO1; this portion of
FOXO1 contains the familial FOXO transactivation domain (Davis 1994 &
Fredericks 1995). This fusion product is oncogenic as demonstrated by its ability
to transform primary cells (Scheidler 1996). Physiologically, FOXO1 has been
described as being of central importance in the liver where it acts to maintain
whole-body glucose homeostasis. It is a potent activator of gluconeogenesis and
VLDL cholesterol biosynthesis that in turn is tightly inhibited by the Insulin/Irs1-
2/PI3K/Akt pathway (Nakae 2002, Dong 2008, Kamagate 2008 & Lu 2012).
Recently, knockout of FOXO1/3/4 in the liver has demonstrated that FOXO3 and
FOXO4 act redundantly with FOXO1 in both the activation of gluconeogenesis and
suppression of lipogenesis (Haeusler 2014).  Initially, the importance of FOXO1 in
whole-body glucose homeostasis could only be assessed in heterozygous and
conditional knockouts because the earlier FOXO1 whole-body knockouts were
embryonic lethal owing to defects in vascular formation (Hosaka 2004).  This
defect in vasculature remodeling was later found to be caused by defects in the
endothelial cells rather than defects in myocardium development when
conditional knockouts were performed in both lineages (Sengupta 2012). Another
important role recently emerged for FOXO1 as an essential factor in human
embryonic stem cell (hESC) maintenance where it was found to directly drive the
expression of Oct4 and Sox2 (Zhang 2011). Interestingly, this essential role was
not conserved in mouse ESCs. In the immune system FOXO1 knockout specifically
within TReg cells caused a debilitating inflammatory response similar to the scurfy
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phenotype of FOXP3 knockout mice (Ouyang 2012).  This was largely due to an
over-production of IFN-γ which was transcriptionally suppressed by FOXO1.

Mammalian FOXO3A (previously FKHRL1) was discovered and cloned using probes
derived from FOXO1 (Anderson 1998). By sequence homology FOXO3A is the
FOXO most closely related to the c. elegans orthologue, Daf-16, although Daf-16
was first recognized as an orthologue of FOXO1 and FOXO4 (Ogg 1997).

FOXO3A knockout mice exhibit surprisingly mild phenotypes under normal
conditions (Hosaka 2004). The only obvious defect was sterile females which was
traced to uncontrolled follicular activation (John 2008). However, closer analysis
has uncovered additional defects in these animals.  FOXO3A has been implicated
in the maintenance of lineage specific progenitor cells; although this function is
not exclusive to FOXO3A with FOXO1 and FOXO4 also contributing.  In the case of
hematopoietic stem cells FOXOs are essential for the repression of reactive oxygen
species and the establishment of quiescence via cell cycle repression (Tothova
2007). Following this finding a similar role was found for FOXOs in neural
progenitor cells where they were essential for cell cycle and ROS repression;
FOXO3A had the largest contribution in this lineage (Paik 2009 & Webb 2009).
Recently, FOXO3A knockout alone in muscle satellite cells was sufficient to reverse
quiescence and cause depletion of this progenitor pool as well (Gopinath 2014).
This recurrent stem cell defect of hyperproliferation caused by FOXO3A loss
supports the myriad of studies and observations demonstrating that FOXO3A has
tumor suppressive roles in many systems.

FOXO3A has been shown to form oncogenic fusions with the MLL gene in leukemia
creating products capable of cellular transformation (So 2003). Given the role of
FOXO3A in suppressing the HSC cell cycle it is also plausible that the fusion event
creates a haploinsufficiency of wild-type FOXO3A which may further contribute to
tumorigenesis.  Additional genetic evidence for FOXO3A acting as a tumor
suppressor comes from reports of genomic deletions in natural killer (NK) cell
neoplasms as well as in lung cancer (Mikse 2010 & Karube 2011).  In both systems
restoration of FOXO3A expression induced apoptosis.  The ability of FOXO3A in
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particular to induce apoptosis is thought to be central to its role as a tumor
suppressor (Zhang 2011).  The role of FOXO3A in oncogenesis was also probed by
the creation of compound p53/FOXO3A knockout mice (Renault 2011).  Here it
was observed that the p53 tumor spectrum was expanded by the loss of FOXO3A.
This demonstrated that the tumor suppressive pathways of FOXO3A and p53 are
somewhat overlapping.

FOXO3A also has an important role in the immune system that involves the
regulation of T cell and inflammation responses. In one seminal study it was
discovered that FOXO3A acts to suppress T cell expansion in response to viral
infection by suppressing the production of inflammatory cytokines by dendritic
cells (Dejean 2009).  This finding was shown to be of great importance in a
subsequent study where the intronic FOXO3A SNP rs12212067 was found to be
associated with the severity of the inflammatory Crohn’s disease and rheumatoid
arthritis (Lee 2013).  Minor allele carriers exhibited a decreased inflammatory
response in these conditions and this was due to an increased FOXO3A mRNA
expression from the minor allele in monocytes specifically following antigenic
stimulation.  This in turn suppressed inflammatory cytokine production via a TGFβ
dependent mechanism.

FOXO4 (previously AFX) was discovered as a fusion partner of MLL in leukemia and
of PAX3 in aveolar rhabdomyosarcoma (Borkhardt 1997 & Barr 2002). In addition
to the canonical product splice variants have also been described for FOXO4; some
of which may have dominant negative activity (Yang 2002 & Lee 2008). The FOXO4
knockout mouse has no detectable abnormalities (Hosaka 2004).  Despite this it
was recently reported that FOXO4 was necessary for the commitment of human
embryonic stem cells to the neural lineage (Vilchez 2013).  In light of the FOXO4
knockout mouse not having overt defects in neuronal lineages this seems to be a
human-specific role for FOXO4 in embryonic stem cell neural commitment.  This
suggests that like FOXO1, FOXO4 may also have evolved new roles in ESC biology.

FOXO6 is the most recently described member of the FOXO family (Jacobs 2003).
In some studies its expression pattern is described as being restricted to the brain



10

while in others it is described as more ubiquitously expressed.  One reason for the
discrepancy may be the existence of FOXO6 isoforms which may have confounded
detection on the mRNA and protein levels (Chung 2013).  Like FOXO1 is has been
described as an activator of gluconeogenesis and VLDL cholesterol biosynthesis in
the liver (Kim 2011 & Kim 2014). In another study whole-body FOXO6 knockout
mice were found to have defects in memory consolidation following learning tasks
(Salih 2012).  This study supported the original claims about FOXO6 having a brain
specific expression pattern and no metabolic phenotype was reported.  More work
is clearly needed to resolve the wide discrepancies between the existing studies.

FOXP
The FOXP subfamily contains four members (FOXP1-4) in humans who exhibit a
very high degree of conservation with their corresponding mouse homologues.
This has created a situation where mutations derived in mice and/or observed in
humans have been predictive and explanatory for a large spectrum of disorders
caused by those mutations in both mice and humans.  The FOXP subfamily is also
unique among forkheads in that they bind DNA by forming homo and
heterodimers with each other via a unique leucine zipper motif (Li 2004).  This
subfamily exhibits exceptionally diverse functionality across a wide swath of
critical biology from the development of speech to the regulation of
autoimmunity.

FOXP1 is demonstrated to be involved in naïve T cell development, establishment
of naïve T cell quiescence, the pro-B to pre-B cell transition, cardiomyocyte
proliferation and differentiation, motor neuron connectivity as well as mental and
verbal development (Hu 2006, Dasen 2008, Feng 2010, Zhang 2010, Feng 2011,
Fevre 2013). The defects in motor neuron connectivity observed in mouse models
may partly explain the haploinsufficient mutations observed in humans that result
in severe speech impairment and slow motor responses.  However, immunological
defects were not observed in these haploinsufficient humans indicating that
FOXP1 immunological functions may be sufficiently supported by one functional
allele. In cancer FOXP1 has been shown to act as both an oncogene and a tumor



11

suppressor (for review see Koon 2007).  Recently, FOXP1 has been shown to have
tumor suppressive properties in neuroblastoma (Ackermann 2014).

In a role somewhat overlapping FOXP1 but non-redundant with it FOXP2 is
intimately linked to the development of vocalization/speech and a driver behind
the evolution of language.  A mutation in the forkhead domain of FOXP2 was
initially discovered in a familial pedigree exhibiting a severe speech and language
disorder (Lai 2001). Subsequently, an evolutionary analysis demonstrated that
FOXP2 only exhibited two amino acid changes in humans compared to mice and
that these changes were not found in chimpanzees or other apes; indicating
human specificity and hence segregation with the unique phenotype of language
(Enard 2002).  Molecular confirmation of the relevance of these human-specific
FOXP2 mutations by generating mice with the humanized FOXP2 allele (Enard
2009).  These mice had different vocalizations and exhibited increased synaptic
plasticity and dendrite lengths in medium spiny neurons of the striatum;
suggesting FOXP2 functions were enhanced. In another seminal experiment
knockdown of FOXP2 by RNAi in the basal ganglia of songbirds greatly impaired
the ability to imitate songs which may have been due to disruption of
reinforcement learning mechanisms (Haesler 2007 & Murugan 2013).

FOXP3 was discovered in 1991 as the mutated gene responsible for the
immunologically defective scurfy mice whose X-linked phenotypic hallmark is the
hyperproliferation of CD4+CD8- T lymphocytes (Brunkow 2001). Shortly
thereafter this finding was translated to humans when people with the
autoimmune immunodysregulation, polyendocrinopathy, enteropathy, X-linked
(IPEX) syndrome were shown to all have FOXP3 mutations (Bennett 2001 & Wildin
2001).  This implicated FOXP3 as being essential in the development and
functionality of CD4+ TReg suppressor cells. Subsequently, FOXP3 expression was
shown to be specific for the CD25+ subset of CD4+ TReg cells and that these cells
could be created by the overexpression of FOXP3 in naïve T cells (Hori 2003).
These CD4+CD25+FOXP3+ TReg cells are now known to be absolutely essential in
the modulation of T cell responses to host and foreign antigens.  Without this
regulation T cell hyperproliferation and autoimmune disease can occur.
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FOXR
The FOXR subfamily consists of FOXR1 and FOXR2 (formerly FOXN5 and FOXN6,
respectively).  There is very little known about these transcription factors from a
fundamental perspective; although it is thought that their expression is highly
restricted to the early stages of embryogenesis (Katoh 2004a, Katoh 2004b &
Schuff 2006). The first functional work on FOXR was the characterization of FOXR1
fusion genes in neuroblastoma tumors (Santo 2010, this thesis).  Here it was shown
that FOXR1 expression is essentially undetectable in normal human tissues, most
neuroblastomas and only in isolated cases in other tumors.  However, a small
subset of neuroblastomas exhibit fusions between FOXR1 and the promoter
regions and first exons of MLL and PAFAH1B2 as a result of interstitial deletions at
11q23.  These fusion events cause FOXR1 to be aberrantly expressed and it was
demonstrated that this is an oncogenic event.  This first report of FOXR1 as an
oncogene has proven to be quite prescient as the same has been found for FOXR2.
FOXR2 was first discovered as an oncogene in a transposon mutagenesis screen
for tumor drivers of malignant peripheral nerve sheath tumors (MPNSTs)
(Rahrmann 2013).  FOXR2 expression was found to be associated with MPNSTs
and required for anchorage independent growth and tumorigenic capacity in vivo.

In another forward genetic screen FOXR2 was discovered as acting oncogenically
in the pediatric tumor medulloblastoma (Koso 2014).  FOXR2 was specifically
found to be expressed within the sonic the hedgehog subtype of medulloblastoma
and was implicated as having a direct role in SHH signaling. The findings to-date
unequivocally indicate that the FOXR subfamily can act as powerful oncogenes
when aberrantly expressed outside of their normal early embryonic context.
Given the ability of the FOXR subfamily to block normal differentiation and drive
the cell cycle it may be interesting to explore if these factors play a fundamental
role in embryonic stem cell maintenance.

Forkhead Interplay
Given the broad spectrum of biology that forkheads govern and the
complementary, overlapping and sometimes opposing functions these different
subfamilies represent it will be of interest to define the points of contact that must
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inevitably exist between them.  Some work has already been done in this area.
This has become increasingly interesting in the realm of cancer where FOXO3A
and FOXM1 are described as opposing each other on many functional levels (Zhao
2012). In one study FOXO3A was found to directly repress FOXM1 mRNA
transcription and in another FOXO3A was found to compete directly for binding to
FOXM1 target genes; counteracting FOXM1 oncogenic functions (McGovern 2009,
Karadedou 2012). Similarly, in the osteosarcoma cell line HOS it was found that
FOXR1 is capable of suppressing FOXO target genes (Santo 2010).  However, it
remains to be established if this was direct competition with FOXO for promoter
occupancy or a more indirect suppression of FOXO transcription factor activity.  In
another study involving multiple cancer cell lines FOXO3A was found to up-
regulate FOXP1 expression.  FOXP1 then bound to FOXO3A occupied enhancers to
suppress FOXO3A target gene induction and consequently FOXO3A induced
apoptosis (van Boxtel 2013). In the immune system FOXOs were found to be
essential for the establishment of the TReg cell lineage because they were
necessary for the expression of FOXP3 and other crucial genes (Ouyang 2010).
Undoubtedly these stories are only the “tip of the iceberg” and this area will prove
a fertile ground for further research.

The FOXO3A Post-Translational Regulatory Landscape
Over the last 15 years many post-translational modifications that impact the
functionality of FOXO3A have come to light.  The primary modifications identified
for FOXO3A so far are phosphorylation, acetylation and methylation while some
others with lesser understood consequences have also been described (for review
see Eijkelenboom 2013). Befitting the highly-conserved status of FOXO3A many
of the pathways that influence FOXO3A function are some of the most ancient and
therefore fundamental ones known. Despite the identification of individual
modifications and their effects very little is known about how they behave in
concert to establish the ultimate functional output of FOXO3A in any given
context. The following is a synopsis of the primary avenues for FOXO3A regulation
identified to-date and the general context in which they occur.



14

Figure 2 Domain map and post-translational modifications of FOXO3A. a. A domain and PTM map
of human FOXO3A.  FOXO domain information was compiled from Biggs 1999, Nasrin 2000,
Brownawell 2001, Rena 2001, Brunet 2002, So 2002 and Wang 2012.  Within the domain structure
the forkhead domain is colored blue, NLSs are red, NESs are green and the transactivation domain
is yellow.  Phosphorylation events are marked with green lines, acetylation with red lines and
methylation with purple lines. b. Protein secondary structure map of the FOXO3A forkhead
domain (left) and amino acids within the forkhead domain that contact DNA (right) adapted from
crystallographic study of Tsai 2007.  DNA contact residues highlighted with a red box are among
the residues known to be post-translationally modified.

The PI3K/Akt pathway provided the first and perhaps most important insights into
basic FOXO3A mechanics and functionality.  The first description of Akt
phosphorylating and inhibiting FOXO came from the c. elegans FOXO orthologue
Daf-16 (Paradis 1998). This finding cemented the centrality of FOXO in the
Insulin/PI3K/Akt pathway.  Shortly thereafter, the discoveries that mammalian
FOXO1, FOXO3A and FOXO4 were phosphorylated and inhibited by Akt were
reported nearly simultaneously demonstrating the extreme conservation of this
pathway (Brunet 1999, Kops 1999, Nakae 1999). These reports provided instant
insight into the orientation of FOXOs in regards to cell survival and their pleiotropic
roles in growth factor signaling.

a

b
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The PI3K/Akt pathway is activated in response to a wide array of growth factors,
cytokines, stressors and the critical regulator of metabolism insulin. When the
PI3K/Akt axis is active Akt phosphorylates both cytosolic and nuclear FOXO3A at
the sites Thr32, Ser253 and Ser315 (Fig. 2a).  These phosphorylations terminate
FOXO3A transcriptional activity by promoting the association of 14-3-3 proteins
with FOXO3A and the pooling of FOXO3A in the cytoplasm via CREM1-mediated
nuclear export (Brunet 2002).  Mutation of these three Akt sites to alanine
produced a constitutively active form of FOXO3A capable of directly inducing
apoptosis (Brunet 1999).  These Akt site-mutant constructs have since been widely
used to elucidate the functions of FOXO in many different systems without the
need for PI3K/Akt pathway inhibition.

Akt is not the only kinase downstream of PI3K known to phosphorylate FOXO3A.
It was reported that SGK1 could do so as well in response to growth factor
stimulation and that this occurred in parallel with Akt phosphorylation (Brunet
2001). This study suggested that Ser315 was primarily the target of SGK1 while
Akt optimally phosphorylated Thr32 and Ser253. Interestingly, other AGC kinases
were also tested to see if they were capable of phosphorylating FOXO3A.  Mainly
they were not capable of this; implying relative specificity for SGKs and Akts in
regard to FOXO3A phosphorylation. Very recently, the paradigm that SGK1 is an
inhibitor of FOXO3A function was challenged.  In c. elegans it was shown that sgk-
1 activity actually promoted stress resistance and longevity and did not influence
Daf-16 subcellular localization (Chen 2013).  However, the exact mechanism
underlying this new found relationship has yet to be described.

IKKβ was another kinase found to be capable of phosphorylating and inhibiting
FOXO3A (Hu 2004). In breast cancer cells IKKβ phosphorylation at Ser644 induced
the nuclear exclusion of FOXO3A as well as its ubiquitination and proteasomal
degradation. This was completely independent of Akt-mediated phosphorylation
demonstrating that it is a true parallel pathway.  This parallel pathway proved
important in myeloid leukemia where IKKβ could maintain FOXO3A inhibition in
the presence of PI3K inhibition (Chapuis 2010).
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The phosphorylation of FOXO3A is not only inhibitory, it can be activating as well.
AMPK is a multi-subunit kinase that is progressively activated as ATP/ADP levels
fall and AMP levels rise (for review see Hardie 2012).  Hence AMPK senses the
energetic state of a cell by directly measuring available ATP.  When energy stress
occurs and AMPK is activated it is capable of phosphorylating FOXO3A on six sites:
Thr179, Ser399, Ser413, Ser555, Ser588 and Ser626 (Greer 2007a).  These
phosphorylations mildly enhanced the transcriptional activity of FOXO3A under
energy stress conditions and altered the target gene set of FOXO3A.  Some of
these phosphorylations were also found to be conserved on Daf-16 and
AMPK/Daf-16 could be placed in a cascade mediating dietary-restriction induced
longevity in c. elegans (Greer 2007b). However, the exact consequences of these
phosphorylations were unclear in c. elegans.

Acetylation of FOXOs has been another running story in the field.  The study of this
modification in regards to FOXO function was initiated with the discovery that
p300 interacted with Daf16 and FOXO1 to regulate the IGFBP-1 promoter (Nasrin
2000).  Shortly following this p300/CBP (CREB Binding Protein) was found to
acetylate FOXO1 and FOXO3A when erythroid progenitor cells were growth factor
deprived (Mahmud 2002). Subsequently, PCAF (p300/CBP associated factor) was
found as an additional acetyltransferase while deacetylation was found to be
carried out by SIRT1 (Class III HDAC family) as well as other unspecified Class I & II
HDACs (Brunet 2004). In this study oxidative stress was found to induce FOXO3A
acetylation and concomitant cell death.  This could be counteracted by SIRT1-
mediated deacetylation causing a switch in the FOXO3A gene expression program
towards stress resistance genes. A more detailed view of the acetylation came
about with the identification of the conserved lysines K242 and K245 as the
primary sites for this modification (Daitoku 2004).  The location of these residues
in the c-terminal region of the DNA binding domain led to experiments
demonstrating that acetylation at these sites decreased the ability of FOXO1 to
bind DNA (Matsuzaki 2005).  Interestingly, it was also found that acetylation
promoted the phosphorylation of DNA-bound FOXO1 on Ser256 (FOXO3A Ser253)
specifically because the interaction between FOXO1 and the DNA was loosened by
the acetylation. Mutants that mimicked deacetylation were not phosphorylated
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by Akt when FOXO1 was pre-bound to DNA.  This raised the possibility of a model
where acetylation could reduce the overall DNA binding affinity of FOXO and also
promote its nuclear export in the presence of active Akt. Additional biochemical
studies with accompanying crystal structures of FOXO1 and FOXO3A bound to
DNA confirmed that acetylation was inhibitory of FOXO DNA binding (Fig. 2b, Tsai
2007 & Brent 2008). These studies also reinforced the point that FOXO1 and
FOXO3A bind most optimally to DBE elements and more loosely to IRS elements.
This observation may help explain how FOXO3A changed its set of target genes
when deacetylated by SIRT1 (Brunet 2004).  In theory, acetylation of nuclear
FOXO3A may preferentially cause its detachment from promoters that contain IRS
elements more readily; leaving DBE-containing promoters relatively more
occupied (although bound with less affinity). In support of this concept analysis of
promoter sequences from genes regulated by acetylated and deacetylated
FOXO3A revealed that promoters targeted by deacetylated FOXO3A were
enriched for IRS & IRS-like elements while acetylated FOXO3A regulated
promoters that were enriched for DBE elements (Santo 2006).

Although a relatively new arrival on the scene, the methylation of FOXO3A may
yet prove to be of relevance to its function. It was recently demonstrated that the
arginine methyltransferase PRMT1 could methylate FOXO1 on Arg248 and Arg250
(Yamagata 2008).  These methylations were capable of preventing FOXO1
phosphorylation by Akt on Ser256 (FOXO3A Ser253) which led to nuclear trapping
of FOXO1 and apoptosis under reactive oxygen species stress. It was also found
that PRMT1 could methylate all the FOXOs and that these particular arginines
were conserved in all family members and Daf-16. FOXO3A has also been shown
to be mono-methylated on lysine 271 by the methyltransferase Set9 (Calnan
2012).  Set9 was not capable of methylating the other FOXOs.  It caused an
increase in FOXO3A transcriptional activity and a decrease in the stability of the
protein that seemed to be due to proteasomal degradation.  However, phenotypic
consequences were not demonstrated and the condition under which this
occurred was not defined.
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Phosphoinositide-3-OH Kinase (PI3K) Signaling
PI3K signaling is centered upon the phosphorylation of the inositol ring of
phosphatidylinositol lipid substrates at the 3-hydroxyl group (for review see
Vanhaesebroeck 2010).  There are three classes of PI3K enzymes responsible for
these inositol ring phosphorylations; Class IA, II & III.  Class IA consists of the four
catalytic subunits p110α/β/δ/γ along with the two primary regulatory subunits
p85α/β.  Class IA converts PtdIns-4,5-biphosphate (PtdIns(4,5)P2) to PtdIns-3,4,5-
triphosphate (PtdIns(3,4,5)P3) which is the primary output of the PI3K pathway
responsible for much of its downstream signaling.  Class II includes the three
members PI3K-C2 α/β/γ which catalyze the conversion of PtdIns-4-phosphate
(PtdIns4P) to PtdIns(3,4)P2.  Class III only has one member, Vps34 which converts
PtdIns to PtdIns3P. The activity of Class IA PI3Ks can be counteracted by the
phosphatase PTEN (PtdIns(3,4,5)P3 PtdIns(4,5)P2) as well as the phosphatases
INPP5E and SHIP2 (PtdIns(3,4,5)P3  PtdIns(3,4)P2). These competing activities
maintain tight control over the size of the potent PtdIns(3,4,5)P3 and PtdIns(3,4)P2

pools which in turn limits the magnitude of the downstream signaling.

Class IA PI3K activity is primarily triggered by the activation of receptor tyrosine
kinases, GPCRs and RAS.  Some of the earliest identified examples of this were the
PDGF and insulin receptors (Auger 1989 & Ruderman 1990). It is now known that
the Class IA PI3K enzymes are recruited to target receptors by the binding of their
p85 regulatory subunits to adaptor molecules such as Irs1/2 and Grb2 (Myers 1992
& Besset 2000). The PtdIns(3,4,5)P3 and PtdIns(3,4)P2 products in turn bind to the
pleckstrin homology (PH) domains of target kinases (i.e. Akt and Pdk1) as well as
those of GEFs and GAPs (i.e. regulators of Rac/Rho signaling) which are the primary
effectors and signaling branch points in the pathway (for review see
Vanhaesebroeck 2012).

A particularly important subset of PI3K effectors fall under the category of AGC
kinases (for review see Pearce 2010).  These kinases are so named because their
catalytic domains resemble that of protein kinases A, G & C (PKA, PKG & PKC).  The
subset most important to the proper functioning of the PI3K pathway are
Akt1/2/3, SGK1/2/3, p70S6K and Phosphoinositide-dependent kinase 1 (PDK1). All
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of the AGC kinases typically have to be phosphorylated two times to be fully
activated, once in a domain referred to as the hydrophobic motif (sometimes
dispensable) and again at an absolutely required site in a region referred to as the
activation domain.  In this regard, PDK1 is a “master” member of the AGC kinase
family as it phosphorylates and activates at least 23 AGC members at their
activation domains.  Unlike most other AGC kinases PDK1 is catalytically
constitutively active due to its ability to trans-autophosphorylate itself on Ser241.
It is found throughout the cell and can be recruited to the plasma membrane upon
binding to PtdIns(3,4,5)P3. This recruitment can potentiate the phosphorylation
of Akt, a particularly crucial and well-studied mediator of PI3K signaling.  Akt binds
to PDK1 both in the cytosol and at the membrane independently of PtdIns(3,4,5)P3

(Calleja 2007).  Upon the binding of PtdIns(3,4,5)P3 to the PH domain of Akt, Akt
undergoes a conformational change that separates the PH domain from the
catalytic domain, exposing the activation loop. PDK1 can then phosphorylate Akt
at Thr308 which is an absolute requirement for Akt catalytic activity (Alessi 1996).
To achieve full kinase activity, Akt can be additionally phosphorylated at Ser473
within its hydrophobic motif by the mTORC2 complex (Sarbassov 2005). Like Akt,
both PDK1 and mTORC2 phosphorylate the SGKs on their activation loops and
hydrophobic motifs, respectively (Biondi 2001, Garcia-Martinez 2008). The
phosphorylation of SGKs on their hydrophobic motifs by mTORC2 potentiates their
interaction with PDK1 via the PDK1 PIF pocket.  Subsequently, they are
phosphorylated on their activation loops by PDK1. The SGKs parallel the Akts in
many ways and even share many of the same substrates.  However, SGKs do not
have a PH domain with which to interact with phosphoinositides. p70S6Kinase is
a critical regulator of 5’ cap-dependent mRNA translation which is also activated
by PDK1 phosphorylation on its activation loop (Pullen 1998). p70S6Kinase is also
an important substrate of the mTORC1 complex which phosphorylates it on its
hydrophobic motif (Ali 2005).  This phosphorylation on Thr389 potentiates
activation loop phosphorylation by PDK1.  These events place this critical mediator
of translation and its effector substrate S6 downstream of both PI3K and mTORC1
signaling.
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PI3K signaling is involved in many cellular and biological contexts as a promoter of
cell growth, survival, protein synthesis and metabolism (for review see Engelman
2006).  One of the most physiologically important roles of PI3K in mammals is the
maintenance of whole-body glucose homeostasis.  Indeed, discovery of PI3K as
the major activity associated with insulin and IGF-1 receptor signaling provided
crucial mechanistic insights into the regulation of glucose uptake, gluconeogenesis
and glycogen storage. One of the first reports in this area characterized the
repression of glycogen synthase kinase (GSKα/β) by Akt in rat adipocytes and
skeletal muscle in response to insulin (Cross 1997). In mice compound
heterozygous deletion of p110α/β, a heterozygous knockin of a catalytically dead
p110α or muscle-specific deletion of p85α/β all exhibited impaired insulin-
stimulated glucose clearance (Brachmann 2005, Foukas 2006 & Luo 2006).
Similarly, whole-body knockout of Akt2 but not Akt1 or Akt3 caused fasting
hyperglycemia, impaired insulin-stimulated glucose uptake and elevated
circulating insulin levels (for review see Gonzalez 2009). Additionally, liver-specific
Akt2 knockout mice exhibited decreased liver triglyceride levels of both normal
and high fat diets; demonstrating a positive role for Akt in triglyceride synthesis
(Leavens 2009). The greatly reduced glucose uptake caused by loss of Akt activity
is now known to result from the impairment of Glut4 glucose transporter
translocation to the membrane which is caused by the loss of Akt phosphorylation
of AS160 (Tanti 1997 & Bruss 2005). The centrality of this pathway has been
further highlighted in humans where a family with a severe form of type II diabetes
carries a point mutation disabling Akt2 (George 2004). Not only is glucose uptake
affected by loss of PI3K signaling, so is gluconeogenesis. In the liver, loss of
Insulin/PI3K/Akt signaling caused high levels of gluconeogenesis due to elevated
FOXO1 transcription factor activity (Dong 2008).

Mechanistic Target Of Rapamycin (mTOR) Signaling
TOR was originally discovered when a genetic screen was conducted to identify
genes involved in the sensitization and resistance of yeast to G1 growth arrest in
response to the immunosuppressive drug rapamycin (Heitman 1991). Rapamycin
was found to inhibit yeast proliferation by forming a complex with the FKBP12
protein.  This complex was later co-purified with its target proteins in rat cells; the



21

largest of which was named RAFT1 which was found to be homologous with the
genetically identified yeast TOR1 and TOR2 genes (Sabatini 1994). Simultaneously,
the human cDNA was cloned and named FRAP (Brown 1994).  Both RAFT1 and
FRAP are now simply referred to as MTOR.  At the time mTOR was also recognized
to contain a kinase domain that exhibited high homology with the PI3K class of
enzymes and was termed a PI3K Class IV enzyme.  Interestingly, mTOR was even
identified as a kinase phosphorylating the 4th position on the phosphatidylinositol
ring, making it a putative “PI4” kinase (Sabatini 1995).  This activity was found to
be independent of rapamycin. However, mTOR was soon discovered to be a
serine/threonine protein kinase phosphorylating its now well-known substrates
4E-BP1 and p70S6K which strongly implicated mTOR in the regulation of protein
translation (Burnett 1998). Gradually, it emerged that the protein kinase mTOR
was a participant in large, multi-subunit complexes that regulated its subcellular
localization, catalytic activity and substrate specificity.  These complexes now
referred to as mTORC1 and mTORC2 have since been the focus of intensive
investigation (for review see Laplante 2012).  These complexes have common and
unique members.  The common ones are mTOR, deptor, mLST8, tti1 and tel2.
Raptor and pras40 are specific to mTORC1 while Rictor, mSin1 and protor1/2 are
specific for mTORC2.  A single molecule of mTOR can only participate in one
complex at any given time making these complexes mutually exclusive. This
exclusivity extends to the cell signaling and biological roles of these complexes.

mTORC1
With the discovery of raptor, mTORC1 was the first mTOR complex to be described
which set the stage for it to be the best studied of the two complexes (Kim 2002).
mTORC1 responds to diverse inputs but the two primary points of control are
amino acid levels and growth factor signaling (for review see Huang 2014).  Very
recently the lysosome has been identified as a crucial site for the proper regulation
of mTORC1 activity.

Upon amino acid stimulation (especially leucine) mTORC1 and its essential
activating GTPase RHEBGTP are recruited to the outer lysosomal membrane by the
Ragulator complex (composed of LAMTOR1-5).  This recruitment is dependent
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upon the formation of active heterodimers between the RagA/B and RagC/D
GTPases.  This means that RagA can dimerize with either C or D as can RagB.  The
GDP/GTP bound state of each Rag in the heterodimer determines whether or not
mTORC1 will be activated.  An active combination would be RagA/BGTP-RagC/DGDP

while an inactive combination would be RagA/BGDP-RagC/DGTP. Importantly, the
Ragulator complex acts as a GEF for the RagA/B members (converting GDP GTP)
while the proteins FLCN and FNIP1/2 act as a GAP for the RagC/D members
(converting GTP  GDP).  The GEF activity of the Ragulator complex can be
counteracted by the GAP activity of the GATOR1 complex which can strongly
suppress mTORC1 activity in the absence of amino acids.  GATOR1 GAP activity can
in turn be repressed by the GATOR2 complex. Recently, a family of GDIs (guanine
nucleotide disassociation inhibitors) known as the sestrins have been shown to
play a central role in the suppression of mTORC1 signaling by prevention of RagA/B
GDP/GTP exchange (Peng 2014). Strikingly, TSC2 was shown to be non-essential
for sestrin-mediated mTORC1 suppression.  These lysosome/Ragulator-based
mechanisms demonstrate that amino acid stimulation and sensing is the dominant
mechanism of mTORC1 activation.  The “classical” but more subservient route to
activation runs via the inactivation of TSC2 by Akt phosphorylation in response to
growth factor stimulation. Akt phosphorylation of TSC2 has recently been found
to delocalize the TSC1/TSC2 complex from the lysosome (Menon 2014).  Thus
growth factor stimulation can modulate mTORC1 activity but cannot activate
mTORC1 in the absence of amino acids.

mTORC1 activates many anabolic processes for the synthesis of the basic building
blocks of life.  The synthesis of proteins, lipids and nucleotides have all been found
to be powerfully and quite directly activated by mTORC1 (for review see
Shimobayashi 2014).  This occurs while mTORC1 suppresses catabolic processes
such as autophagy. It does so by phosphorylating a number of substrates either
directly or via other serine/threonine protein kinases under its control such as
p70S6K. Specifically, mTORC1 can activate 5’ cap-dependent mRNA translation via
its phosphorylation and inhibition of 4E-BP1 and its activation of p70S6K which in
turn phosphorylates many other proteins involved in translation.  This effect on
translation seems to be limited to transcripts that contain a 5’ oligopyrimidine
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tract (5’ TOP). p70S6K also promotes pyrimidine biosynthesis by phosphorylating
and activating the multi-functional enzyme CAD. Additionally, p70S6K drives lipid
synthesis by phosphorylating and activating SREBPs.  Independently of p70S6K,
mTORC1 directly phosphorylates and suppresses LIPIN1 which further activates
SREBPs.

Mice where mTORC1 components and regulators have been manipulated yielded
a wealth of phenotypes and insight into the biological roles of mTORC1 in
mammals, especially in respect to metabolic control. TSC1 knockout in the liver
hyperactivated mTORC1 and this resulted in the suppression of Akt activity and
lipogenesis on both normal and high fat diets (Yecies 2011). Conversely, raptor
knockout in the liver increases lipogenesis (Sengupta 2010). Adipose-specific
knockout of raptor revealed that mTORC1 is necessary for adipogenesis as well as
fat formation (Polak 2008).  Although not fully explained, these mice were also
more tolerant of glucose with enhanced glucose clearance capacity.  Interestingly,
increased Akt activity was observed not in adipocytes but in the muscle which was
thought to be the cause. Whole-body p70S6kinase knockout recapitulated the
insulin sensitivity and greatly reduced adiposity observed in the adipose-specific
raptor KO mice; demonstrating the importance of p70S6kinase as an mTORC1
target (Um 2004). Raptor knockout in skeletal muscle does not affect whole-body
glucose homeostasis but it does cause muscle atrophy with progressive dystrophy
along with increased glycogen storage and hyperactive Akt (Bentzinger 2008).

mTORC2
This complex was only recently defined and is not as well understood in terms of
its regulation or functions. A probable complicating factor is the existence of at
least five isoforms of mSin1 that can form at least three different mTORC2
complexes which may have different activities and/or mechanisms of activation
(Frias 2006). Currently, mTORC2 is believed to be activated by growth factors but
the mechanism underlying this is completely unknown.  The best work so far on
its activation demonstrates that active mTORC2 is physically bound to ribosomes
and that this association is required for its activation by growth factors (Zinzalla
2011).
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As previously mentioned, mTORC2 is best known for phosphorylating the
hydrophobic motif of AGC kinases such as those of Akts, SGKs and PKCs. This gives
mTORC2 the potential to regulate a plethora of functions by modulating the
activity of the AGC family.  One paper using conditional whole-body knockout of
the essential mTORC2 component Rictor demonstrated marked glucose
intolerance and insulin insensitivity which was mapped to hepatic mTORC2 activity
by tissue-specific deletion (Lamming 2012). Specifically, hepatic insulin
insensitivity led to heightened gluconeogenesis which suggests the Akt/FOXO1
axis might have been disrupted, although this was not shown to be causative.
Another study did show the same increase in gluconeogenesis along with a defect
in lipid synthesis caused by liver-specific Rictor KO (Hagiwara 2012).  In this study
overexpression of an Akt2 Ser474 phosphomimetic (same site as Ser473 on Akt1)
construct was able to rescue the gluconeogenesis and lipogenesis defects.  The
defect in lipogenesis was SREBP1c-dependent, indicating a role for the
mTORC2/Akt axis in SREBP1c regulation.  This finding also demonstrated that
normally active mTORC1 is not sufficient to sustain lipogenesis if Akt signaling is
impaired.

Originally, mTORC2 was described as also being important for the maintenance of
cytoskeletal organization and integrity (Sarbassov 2004). The mechanism for this
was largely missing but the recent discovery that mTORC2 stabilizes and activates
PKCζ by phosphorylating it at its hydrophobic motif (Thr560) is enlightening (Li
2014). This report even demonstrated that a PKCζ phosphomimetic mutant of
Thr560 could greatly rescue the cytoskeletal defects of Rictor KO MEFs by
normalizing Rac/Rho signaling (increasing Rac/Cdc42 activity and suppressing
RhoA activity). Intriguingly, it was also noted that inhibition of PI3K with LY294002
had absolutely no effect on endogenous PKCζ Thr560 phosphorylation while
catalytic mTOR inhibitors could abolish it.  Additionally, insulin stimulation was
unable to drive the phosphorylation of PKCζ Thr560.  These data strongly challenge
the “dependency” of mTORC2 activity on PI3K signaling and its activation by
growth factor signaling. Could it be that the phosphorylation of Akts and SGKs by
mTORC2 in response to growth factors has more to do with substrate availability
under growth factor stimulating conditions rather than regulation of mTORC2
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catalytic activity? This cytoskeletal role for mTORC2 has even been extended to
memory formation where mTORC2 was found necessary for the formation of long-
term memory in flies and mice where again mTORC2 increased Rac activity (Huang
2013).

PI3K/mTOR/FOXO Crosstalk & Feedback Control
Although composed of distinct components the PI3K/mTOR/FOXO pathways
exhibit enormous levels of crosstalk and overlap (Fig. 3).  This tight integration is
necessary for the maintenance of cellular and organismal homeostasis under just
about all physiologic conditions. One of the inaugural findings in this area was the
discovery that Akt could directly activate mTORC1 by phosphorylating TSC2
thereby disrupting the TSC1/TSC2 complex (Inoki 2002).  More detailed analysis
revealed that Akt phosphorylation delocalizes TSC2 from RHEB, relieving RHEB of
TSC2 GAP activity (Cai 2006). Another point of contact was found to be Akt
phosphorylation of the mTORC1 component PRAS40 which relieves repression of
mTORC1 activity (Sancak 2007). In order to maintain balanced mTORC1 activity
mTORC1 suppresses PI3K/Akt signaling at the growth factor receptor level.  It is
now known to do so via two distinct mechanisms. The first discovered was the
phosphorylation and destabilization of the Irs1 adaptor molecule by p70S6kinase
(Um 2004). Recently, mTORC1 has been found to directly phosphorylate and
stabilize Grb10 which interacts with the insulin and IGF-1 receptors to suppress
receptor-mediated signaling (Hsu 2011 & Yu 2011). mTORC2 is also capable of
suppressing PI3K/Akt signaling from the receptor level.  mTORC2 can
phosphorylate and stabilize a subunit of the E3 ubiquitin ligase complex CUL7
(Fbw8); CUL7 is then targeted to ubiquitinate and degrade cytosolic pools of Irs1
(Kim 2012). PI3K and mTORC1 are also capable of repressing mTORC2 activation.
Akt and p70S6kinase can phosphorylate the mTORC2 component Sin1 causing its
disassociation from the complex and mTORC2 inactivation (Liu 2013). Being a key
downstream mediator of the PI3K/Akt pathway, FOXOs can also potently regulate
growth factor receptor, PI3K and mTORC1/2 activity.
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Figure 3 Diagram of the PI3K/mTOR pathway.  Kinases are colored blue, phosphatases are red,
GTPases are orange, transcription factors are purple and green circles are phosphorylation sites.
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When FOXOs are transcriptionally active they can act on the growth factor
receptor level by driving the expression of receptor tyrosine kinases such as the
insulin, IGF-1 and HER3 receptors (Chandarlapaty 2011).  FOXOs can also directly
bind to the promoter of p110α (PIK3CA) and upregulate its expression (Hui 2008).
Taken together, FOXOs can act as inducers of growth factor-stimulated PI3K
activity when they themselves are transcriptionally active.  Under physiologic
conditions, FOXO activity could be achieved through reduction of PI3K/Akt
signaling and/or the modulation of other regulatory pathways.  FOXOs can also
powerfully regulate the balance of mTOR activity.  In a seminal study both sestrin3
and Rictor were identified as direct targets of FOXOs (Chen 2010).  Upon FOXO
activation sestrin3 and Rictor were simultaneously upregulated.  Sestrin3 was
capable of repressing mTORC1 activity while the increased amount of free Rictor
drove mTORC2 complex assembly and activity.  Using FOXO3A null MEFs, FOXO3A
was activated using H2O2 (oxidative stress) which functions regardless of Akt
status.  Shortly after activation the wild-type MEFs demonstrated elevated Akt
activity along with repressed mTORC1 activity while the null MEFs showed
sustained mTORC1 activity and repressed Akt activity.  The authors hypothesized
that FOXO may act to suppress anabolic metabolism mediated by mTORC1 and
promote energy production via enhanced mTORC2/Akt activity during periods of
cellular stress.

PI3K/mTOR/FOXO In Neuroblastoma & Other Cancers

Clinical & Genetic Features Of Neuroblastoma
Neuroblastoma is a tumor arising from neural crest sympathoadrenal progenitor
cells within the adrenal medulla (for review see Mueller 2009, Cheung 2013 &
Huang 2013).  Although rare, it is the most common extra-cranial solid pediatric
tumor with an incidence of 10.2 per million children under 15 years of age. Tumors
are histologically classified based primarily on the degree of differentiation and
Schwannian cell stromal content. This yields the categories neuroblastoma
(primarily undifferentiated neuroblasts), ganglioneuroma (primarily Schwann
cells) and ganglioneuroblastomas (composite of neuroblasts and Schwann cells).
The most widely used staging system for neuroblastoma is the International
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Neuroblastoma Staging System (INSS). This system is primarily based on degree
of metastasis and surgical resection.  Stage 1 tumors are localized and fully
resectable while Stage 2 is either completely or partially resectable with only
minor lymph node involvement. Stage 3 includes unilateral or bilateral
unresectable tumors that exhibit considerable lymph node involvement while
Stage 4 is any primary tumor with sites of distal metastasis.  Stage 4S is a special
case of a primary tumor with a localization of Stage 1 or 2 in a child of less than 1
year old showing only one site of metastasis (either skin, liver or bone marrow)
that consists of < 10% malignant cells.  Stage 4S is unique in that these tumors may
spontaneously regress without treatment. Risk classification is based on histology,
INSS stage and age.  For unknown reasons age is an independent risk factor in
neuroblastoma with children ≤ 18 months of age having considerably better
prognosis then children beyond this cutoff. This phenomena even applies to Stage
3 & 4 neuroblastomas. Patients ≤ 18 months of age generally have a good
prognosis even with high stage disease while older patients with high stage disease
typically have a poor prognosis.  In high stage patients the most common sites of
metastasis are bone marrow (70%), bone (55%), lymph nodes (30%), liver (30%)
and skull/orbital (18%). In high risk patients treatment includes surgical resection,
intensive chemotherapy, radiotherapy and myeloablative therapy followed by
hematopoietic stem cell transplantation.  Despite this intensive multimodal
treatment high risk patients have an overall survival rate of less than 40%.

In contrast to other tumors, neuroblastoma is a cancer with a very limited
recurrent mutational spectrum (Molenaar 2012). The most common single-gene
mutations are MYCN amplification (22%) and ALK receptor activation (8 – 10%).
Full genome sequencing also suggested that Rac/Rho signaling along with other
genes involved in neuritogenesis may be perturbed in high stage neuroblastomas
and form a subgroup distinct from MYCN amplified tumors; although no single
player in these pathways was mutated at a high frequency.  More commonly, large
chromosome gains and losses are identified in high stage tumors.  Heterozygous
loss of 1p36 occurs in 20 – 35% of all neuroblastomas and in 70% of aggressive
ones (for review see Domingo-Fernandez 2012). Heterozygous loss of 11q occurs
in 40 – 45% of tumors and rarely co-occurs with MYCN amplification or 1p36 loss.
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Although candidate tumor suppressor genes have been identified on both 1p36
and 11q it is likely that haploinsufficiency of many genes from both these regions
contribute to neuroblastoma pathogenesis. Gain of 17q is a non-prognostic
widespread event in neuroblastoma of all stages (70%).  Although it is not
prognostic its common occurrence may indicate that 17q candidate genes are
more generally involved in transformation rather than aggressive tumor
properties or therapy resistance.

PI3K/mTOR/FOXO In Neuroblastoma
Previous work has repeatedly highlighted the centrality of the PI3K/mTOR
pathway in neuroblastoma pathogenesis.  The first indication of the importance of
PI3K signaling in neuroblastoma came from a study demonstrating the efficacy of
PI3K inhibition in a transgenic MYCN model (Chesler 2006).  Shortly thereafter,
immunohistochemical analysis of tumors for phosphorylated Akt demonstrated
the highly significant poor prognosis of increased Akt pThr308 and pSer473 (Opel
2007).  Interestingly, phosphorylation of the MAPK kinase Erk was not prognostic.
This indicated that PI3K/Akt signaling was specifically important and not general
RTK signaling. Subsequent work with PI3K-targeting compounds such as PI-103
(dual PI3K/mTOR inhibitor) and MK-2206 (Akt inhibitor) demonstrated that
PI3K/mTOR/Akt inhibition was capable of sensitizing neuroblastoma cells to
chemotherapeutic agents as well as having significant single-agent affects (Bender
2011 & Li 2012). Recently, a compound mouse model was constructed combining
overexpression of mutant ALK with MYCN (Berry 2012).  This yielded very
aggressive, high-penetrance tumors that exhibited enhanced Akt and mTOR
signaling.  Combining the ALK inhibitor Crizotinib with the mTOR inhibitor Torin2
caused full tumor regression and dramatically extended the lifespan of the mice.
These results strongly indicate that the primary mechanism of mutant ALK
oncogenicity in neuroblastoma is via the PI3K/mTOR pathway.

Although much has been shown generally about the importance of the PI3K/mTOR
pathway in neuroblastoma, comparatively little has been reported about FOXO in
this system. In an overexpression system it was demonstrated that FOXO3A could
activate cell death in SHEP cells via upregulation of the pro-apoptotic factors Bim
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and Noxa (Obexer 2007). Importantly, IGF-1 was shown to be capable of
inactivating endogenous FOXOs via PI3K signaling in neuroblastoma cells (Schwab
2005). FOXOs were also implicated in the TPA-induced differentiation of the SY5Y
cell line (Mei 2012).  These findings demonstrated that FOXOs had the potential to
act as tumor suppressors in neuroblastoma cells and hence counteract oncogenic
PI3K signaling.

PI3K/mTOR/FOXO In Other Cancers
The PI3K/mTOR pathway is a notorious force across the entire spectrum of cancers
and tumor predisposing syndromes.  The most frequently mutated component of
the pathway is the PtdIns(3,4,5)P3 phosphatase PTEN (for review see Hollander
2011).  Indeed, PTEN was discovered due to its location on 10q23 which was a
region widely lost in many cancers. It was also identified as the cause of Cowden
Syndrome where germline loss of PTEN causes a condition where sporadic tumors
occur with strong predispositions for breast, endometrium and thyroid
carcinomas.  PTEN is also known to be silenced by promoter methylation and
microRNAs. Also quite prevalent across cancer are activating mutations in the
PIK3CA (p110α) catalytic subunit (for review see Hafsi 2012).  The most common
activating mutations are E542K, E545K and H1047R.  E542K and E545K disrupt the
interaction between p110α and the p85 regulatory subunits, allowing for
enhanced membrane localization and signaling.  H1047R is located within the
catalytic domain and directly enhances p110α catalytic activity. PTEN and PIK3CA
mutations confer on cancer cells increased resistance to apoptosis, enhanced
metastatic capacity as well as an increased capacity for glycolysis and hence
promotion of the Warburg effect. Akt is much less frequently mutated but an Akt1
E17K mutation within the PH domain was uncovered in breast, colon and ovarian
cancer.  This mutation causes Akt1 to localize to the membrane independently of
PtdIns(3,4,5)P3, leading to constitutive signaling.  Strikingly, this Akt1 E17K
mutation seems to the cause of Proteus Syndrome (Lindhurst 2011).  This
syndrome is characterized by overgrowth of many tissues leading to severe
morphological deformations.  Genetic defects in the mTOR pathway itself are so
far much less common in cancer.  However, Tuberous Sclerosis Complex (TSC) is a
condition of sporadic tumors arising from inactivation of the mTOR suppressors
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TSC1/2 (for review see Orlova 2010).  Outside of PI3K/mTOR components
themselves, hyperactivation of receptor tyrosine kinases (RTKs) by either
mutation or overstimulation almost all commonly result in activation of
PI3K/mTOR signaling.  This simple fact puts PI3K/mTOR signaling high on the list of
drug targets across all cancers.

Due to the relatively strict inverse correlation between PI3K pathway activity and
FOXO activity FOXOs were largely expected and found to be tumor suppressive.
As previously mentioned, knockout of all FOXOs in the hematopoietic lineage
causes leukemia (Paik 2007). FOXOs act as tumor suppressors primarily by
promoting cell cycle arrest, differentiation and apoptosis. In various systems
FOXOs have been found to drive the expression of the cell cycle suppressors p16,
p21 and p27 which contributed significantly to their tumor suppressive capability
(Medema 2000, Stahl 2002, Seoane 2004 & de Keizer 2010). FOXOs have also been
found capable of upregulating Bim and driving mitochondrial apoptosis (Dijkers
2000, Essafi 2005 & Krol 2007). FOXOs have also proven to be a fundamental
check on the oncogenicity of Myc.  An initial indication of this came from work
showing that PI3K activity was essential for Myc-induced transformation and that
constitutively active FOXO3a could prevent transformation (Bouchard 2004). One
very direct mechanism by which FOXO could squelch Myc transcriptional activity
came with the finding that FOXO can drive the expression of the Max inhibitory
factor Mxi1-SRα (Delpuech 2007 & Gan 2010).  FOXOs are also capable of driving
p19Arf expression which can activate p53-dependent cell cycle arrest in response
to oncogenic Myc activity (Bouchard 2007).

PI3K/mTOR/FOXO In Longevity

C. elegans
A genetic screen for mutations that extended lifespan in c. elegans uncovered
some of the first mutations at a locus subsequently described as age-1 (Klass 1983
& Friedman 1988).  Mutants carrying the most potent allele had a mean lifespan
increase of 65% and a maximum lifespan increase of 110%. A few years later
another breakthrough story emerged in longevity.  The c. elegans dauer formation
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mutants daf-2 and daf-16 were found to regulate adult lifespan with daf-2
mutation doubling maximal lifespan and daf-16 mutation completely suppressing
this extension (Kenyon 1993).  These two separate discoveries were united when
age-1 was placed downstream of daf-2 and upstream of daf-16 (Dorman 1995).
These exciting genes were rapidly identified as orthologues of the then emerging
mammalian INSR (daf-2)/PI3K (age-1)/FOXO (daf-16) pathway (Morris 1996,
Kimura 1997, Ogg 1997 & Lin 1997).  Based on this parallel the c. elegans
orthologues of PTEN (daf-18), Akt1/2 (akt-1/2) and Pdk1 (pdk-1) were also cloned
and found to function as expected with regard to mammalian PI3K signaling (Ogg
1998, Paradis 1998 & Paradis 1999). Incredibly, even more dramatic lifespan
extensions were discovered in 2nd generation age-1 mutants that saw 10-fold
increases in median lifespan and large increases in tolerance for various stressors
(Ayyadevara 2008).  The lifespan extension was fully reversible by daf-16 mutation
as was some of the stress resistance. Despite these strong effects, daf-2/age-
1/daf-16 signaling is not required for caloric restriction induced longevity
(Lakowski 1998 & Kaeberlein 2006).  This highlights that caloric restriction
operates via a distinct pathway. A main question in the longevity field has been
how daf-16 mediates such a powerful and robust effect.  From multiple mRNA
profiling and ChIP studies daf-16 target genes have been identified. Major classes
of daf-16 targets include reactive oxygen species (ROS) suppressive genes, heat
shock proteins, genes involved in resistance to heavy metal toxicity, pathogens
and even hypertonic stress (for review see Murphy 2006). Another major class of
genes identified are involved in protein, carbohydrate and lipid metabolism.
Despite these lists, no complete mechanisms have yet been identified that can
recapitulate the entire effect of daf-16 on longevity.  Studying daf-16 is further
complicated by the existence of different daf-16 isoforms (daf-16a/b/d/f) that
have their own tissue-specific expression distributions, respond somewhat
differently to upstream pathways and may have different downstream targets
(Kwon 2010).  This highlights that tissue-specific studies may be necessary to
further delineate the exact roles of daf-16 in longevity.

Like the PI3K/FOXO pathway, mTOR in c. elegans (a.k.a. CeTOR) and raptor (daf-
15) were also shown to modulate both dauer formation and lifespan (Jia 2004).
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Reduction of mTORC1 signaling mainly by heterozygous mutation of daf-15
extended mean lifespan 30% and maximum lifespan 19% and also caused fat
accumulation. Together with daf-2 mutation, daf-15 heterozygous mutation
extended lifespan an additional 12%.  As with daf-2, daf-16 mutation could revert
the daf-15 lifespan extension but not the fat accumulation.  This suggested that
daf-16 was downstream of mTORC1 in lifespan regulation and that mTORC1 was
acting in parallel with the daf-2/age-1 pathway to modulate lifespan.  Unlike the
daf-2/age-1/daf-16 pathway, mTOR was found to be involved in the longevity
induced by dietary restriction (Hansen 2007).  Using RNAi directed against mTOR
itself no additional lifespan extension occurred in DR animals, although mTOR
RNAi could extend lifespan on its own.  This clearly separated aspects of mTOR
function from the PI3K/FOXO pathway in terms of longevity. This relationship was
further clarified when mTORC1 and mTORC2 were individually tested.  It was
confirmed that daf-16 was required for lifespan extension downstream of
mTORC1 inhibition, however mTORC2 inhibition resulted in lifespan extension
that was daf-16 independent (Robida-Stubbs 2012). This suggests that reduction
of mTORC2 and not mTORC1 activity is responsible for DR-based longevity,
although this remains to be tested.  It would also be informative to inhibit Raptor
and Rictor in an age-1 mutant background to see if lifespan can be further
extended.  This would help clarify the degree of dependence of mTORC1 and
mTORC2 signaling on PI3K signaling which is most likely not fully abrogated in daf-
2 mutants.

D. melanogaster
Due to the reproducible role of Insulin/PI3K/mTOR/FOXO signaling in modulating
c. elegans lifespan researchers set out to see if these findings were conserved.  For
this they turned to fruit flies which are a more complex yet genetically tractable
organism with a reasonably short lifespan. From the beginning it was clear that
these pathways had taken on more complex roles then those observed in c.
elegans.  Whereas it is possible to completely inactivate components of the
Insulin/PI3K pathway in c. elegans this was much less possible in drosophila.
Unlike c. elegans, inactivation of Dp110 (age-1/PIK3CA), InR (daf-2/INSR), dAkt1
(akt-1/2) and p60 (p85α/β) were either homozygous lethal, had an unaffected
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lifespan or were short-lived (Clancy 2001). However, CHICO (orthologue of
mammalian Irs1-4) homozygous mutant females had a median lifespan increase
of 48% while homozygous males were slightly shorter-lived.  Heterozygous
mutation was sufficient to achieve a 36% median lifespan increase in females and
13% increase in males. Additionally, an increase in female mean lifespan of 85%
was observed with a certain allele combination of InR mutations (Tatar 2001).  This
was not totally unexpected because previous work had shown that the
Insulin/PI3K pathway was vital for organ and cell growth in drosophila (Leevers
1996, Bohni 1999 and Gao 2000). FOXO was first shown to extend drosophila
lifespan when a constitutively active version of dFOXO (Akt phosphorylation sites
mutated) was overexpressed in the pericerebral fat body (Hwangbo 2004).  This
led to reduced insulin signaling in the brain and peripheral fat body.  Homozygous
null dFOXO animals had shorter lives then controls; however, like c. elegans,
homozygous dFOXO mutants completely ablated lifespan extension in CHICO
heterozygous mutants and other PI3K pathway mutant backgrounds (Yamamoto
2011 & Slack 2011).  Unlike c. elegans, dFOXO mutation was unable to completely
rescue all phenotypes caused by reduced Insulin/PI3K signaling; such as reduced
body size and increased stress resistance. This indicated that even as early in
evolution as drosophila the Insulin/PI3K pathway had acquired other effectors. In
agreement with c. elegans, dFOXO was not required for DR-induced lifespan
extension (Min 2008 & Giannakou 2008). One potential mechanism underlying
dFOXO lifespan extension downstream of Insulin/PI3K signaling may be direct
repression of the TGFβ Activin-related ligand dawdle (Bai 2013).  Repression of
dawdle by dFOXO caused repression of TGFβ signaling which resulted in
upregulation of the autophagy-inducing gene atg8a in muscle.  Muscle-specific
RNAi against atg8a or dawdle was sufficient to extend fly lifespan.

Like c. elegans CeTOR, homozygous inactivation of drosophila TOR (dTOR) resulted
in severely impaired development with obvious defects in cell size and number
and yielded early larval lethality (Oldham 2000). Overexpression of dTOR
inhibitors dTSC1, dTSC2, dominant-negative p70S6kinase or the rapamycin
binding domain of FKBP12 all extended mean lifespan 12 – 37% (Kapahi 2004).
This study also demonstrated that dTOR inhibition in fat was sufficient for lifespan
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extension and that dTOR inhibition could suppress lifespan reduction by over-
feeding.  Therefore like c. elegans CeTOR, dTOR is also involved in caloric/dietary
restriction mediated longevity. Rapamycin treatment was also found to extend fly
lifespan and this could be blocked by overexpression of constitutively active
mutants of the mTORC1 downstream effectors p70S6Kinase and 4E-BP1 (Bjedov
2010). Interestingly, very little work has been done on the individual mTOR
complexes in drosophila. Specific mTORC1 inhibition with raptor RNAi resulted in
flies with bent wings which could be rescued by overexpression of p70S6kinase
(Lee 2007).  In the same study Rictor null flies had a reduced body size which
corresponded to reduced Akt activity and increased dFOXO activity.
Unfortunately, epistasis between Rictor and Insulin/PI3K mutants was not tested
and lifespan results were not reported. However, epistasis between dTSC1/dTSC2
and Insulin/PI3K signaling has been evaluated. In one study co-overexpression of
dTSC1 and dTSC2 could suppress lethality caused by InR overexpression (Potter
2001).  Another study showed that dTSC1/dTSC2 were downstream of
InR/PI3K/Akt signaling but also parallel to it (Gao 2001).  On one hand
heterozygous loss of dTSC1/dTSC2 could rescue InR mutant lethality, placing these
genes directly downstream of Insulin/PI3K/Akt signaling.  On the other, double
mutation of dPTEN and dTSC1 gave a cell size increase much greater than either
mutation alone, strongly arguing for parallelism.  Hence mTOR signaling is
activated by Insulin/PI3K/Akt signaling but is also independently activated.  This
could again explain how mTOR functions in DR-induced longevity that is
Insulin/PI3K/FOXO-independent. Again, further work would be needed to
breakdown mTORC1/2 function in drosophila in regard to DR-induced longevity
and dFOXO function.

Mice
One of the first long-lived mouse models described was the Ames Dwarf (df/df)
mouse. These mice are much smaller in size then normal laboratory mice and are
deficient in growth hormone (GH) production; as a consequence they also have
low circulating levels of IGF-1 (Slabaugh 1981, Chandrashekar 1993 & Brown-Borg
1996). The role of GH in mouse lifespan was additionally confirmed when the GH
receptor was specifically ablated, recapitulating the Dwarf phenotype along with
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reduction of IGF-1 levels (Coschigano 2003). The same year heterozygous IGF1
receptor (IGF1R) knockout mice were reported showing significantly extended life
for females but not for males (Holzenberger 2003).  Interestingly, the dwarfism
phenotype did not occur suggesting additional roles for GH signaling in longevity
beyond those of IGF1 signaling. Recently, IGF1 signaling was specifically restored
in the GHRKO background and reversion of pro-longevity phenotypes was
observed but the effect on lifespan is yet to be determined (Arum 2014).
Strikingly, GHRKO can also completely block the pro-longevity effects of caloric
restriction; meaning CR cannot extend the GHRKO phenotype any further
(Bonkowski 2006).  This effect extended to the enhanced insulin sensitivity that
both CR and GHRKO provide with no further increase in the combination
(Bonkowski 2009).

Due to the findings in Dwarf mice, c. elegans and drosophila other models that
reduced IGF/Insulin/PI3K signaling were constructed.  Adipose-specific insulin
receptor knockout mice (FIRKO) exhibited decreased adiposity, increased insulin
sensitivity at older ages and extended lifespan (Bluher 2002 & Bluher 2003).  The
increased insulin sensitivity is somewhat shocking but may be due to endocrine
signaling from adipocytes to other insulin target organs such as muscle and liver.
Lifespan was also extended by whole-body homozygous deletion of Irs1 (Selman
2008 & Selman 2011).  Unlike the FIRKO mice, Irs1 nulls have life-long insulin
insensitivity.  However, they do have enhanced glucose clearance and preserved
Beta cell mass (leading to higher insulin production) at older ages.  Together with
the FIRKO mouse data one interpretation may be that insulin sensitivity itself may
not be a key parameter in longevity, but enhanced glucose clearance achieved by
any means may be. Interestingly, whole-body heterozygous inactivation of one
allele of PIK3CA resulted in lifespan extension as well as enhanced insulin
sensitivity and glucose clearance (Foukas 2013). These same effects were
observed in whole-body PTEN overexpressing mice (Ortega-Molina 2012). Both of
these studies suggested that the enhanced insulin sensitivity may have been
caused by reduction of mTORC1/p70S6kinase activity which led to decreased Irs1
phosphorylation and degradation. However, this hypothesis was untested.
Another model tested was whole-body heterozygous deletion of Akt1 (Nojima
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2013).  These mice lived longer but had normal insulin sensitivity and glucose
clearance.  They exhibited reduced mTORC1 activity but no change in FOXO
activity.

In accordance with other model organisms, treatment of mice with rapamycin
extended the lifespans of both males and females across heterogeneous genetic
backgrounds (Harrison 2009). Interestingly, rapamycin is known to induce loss of
insulin sensitivity and glucose intolerance in mice (Cunningham 2007).  However,
whole-body deletion of p70S6kinase was found to extend female but not male
lifespan with only females having increased insulin sensitivity and glucose
clearance (Selman 2009). Since rapamycin has been found to inhibit both mTORC1
and mTORC2 as well as induce glucose intolerance in vivo further genetic studies
were required to clarify the role of mTOR in mammalian longevity and glucose
homeostasis (Lamming 2012).  Hepatic deletion of raptor (mTORC1) yielded mice
with normal insulin sensitivity and glucose tolerance while hepatic deletion of
Rictor (mTORC2) caused glucose intolerance and insulin insensitivity.  No effect on
lifespan was observed in these mice and mTORC2 inhibition was implicated as the
cause of rapamycin-induced glucose intolerance and insulin insensitivity.  These
authors also constructed mice with whole-body compound heterozygous deletion
of mTOR/raptor and mTOR/mLST8; one to create a maximal reduction of mTORC1
activity and the other to reduce the activity of both complexes. Only the
mTOR/mLST8 model gave an increase in female but not male lifespan with no
changes in insulin sensitivity or glucose tolerance; leaving the rapamycin effect
unresolved.

Primates & Humans
Despite the existence of various FOXO knockout mouse models no role has yet
been described for any of the FOXOs in mouse longevity.  However, a connection
to human longevity may have been uncovered with various genetic studies linking
intronic polymorphisms of FOXO3A to centenarians (Willcox 2008, Flachsbart
2009, Anseimi 2009, Li 2009, Pawlikowska 2009 & Soerensen 2010). Another
genetic association study discovered exonic polymorphisms in IGF1R that were
associated with long-lived humans (Suh 2008).  These polymorphisms reduced the
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ability of IGF1R to activate Akt signaling. A study of individuals deficient in GHR
signaling (GHRD) has added more support for IGF/insulin signaling in human
healthspan (Guevera-Aguirre 2011). Compared to controls (including family
members), GHRD individuals had low circulating IGF1 and IGF2 levels, no instances
of cancer or diabetes and also exhibited very high insulin sensitivity.
Unfortunately, lifespan studies on these individuals were inconclusive due to a
relatively high number of deaths in the GHRD cohort attributable to alcoholism,
accidents and convulsive disorders. Furthermore, in two different cohorts of
controls and long-lived individuals increased insulin sensitivity was positively
associated with longevity (Paolisso 2001 & Wijsman 2011).  Exciting data has
recently been reported in monkeys showing that 30% caloric restriction can
extend their lifespan 3-fold; indicating that CR is also an operable mechanism for
lifespan extension in primates and perhaps humans (Colman 2014).  In a separate
study CR increased insulin-stimulated PI3K pathway activity in muscle, insulin
sensitivity and muscle-mediated glucose clearance (Wang 2009). Together, these
findings suggest that the IGF/Insulin/PI3K/FOXO axis may be of relevance for
primate and human longevity.
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Abstract
Neuroblastoma tumors frequently show loss of heterozygosity of chromosome
11q with a shortest region of overlap in the 11q23 region.  These deletions are
thought to cause inactivation of tumor suppressor genes leading to
haploinsufficiency.  Alternatively, micro-deletions could lead to gene fusion
products that are tumor-driving.  To identify such events we analyzed a series of
neuroblastomas by comparative genomic hybridization (CGH) and single
nucleotide polymorphism (SNP) arrays and integrated these data with Affymetrix
mRNA profiling data with the bioinformatic tool R2 (http://r2.amc.nl).  We
identified three neuroblastoma samples with small interstitial deletions at 11q23,
upstream of the forkhead-box transcription factor FOXR1. Genes at the proximal
side of the deletion were fused to FOXR1, resulting in fusion transcripts of MLL-
FOXR1 and PAFAH1B2-FOXR1.  FOXR1 expression has only been detected in early
embryogenesis.  Affymetrix microarray analysis showed high FOXR1 mRNA
expression exclusively in the neuroblastomas with micro-deletions and rare cases
of other tumor types, including osteosarcoma cell line HOS.  RNAi silencing of
FOXR1 strongly inhibited proliferation of HOS cells and triggered apoptosis.
Expression profiling of these cells and reporter assays suggested that FOXR1 is a
negative regulator of forkhead-box factor mediated transcription.  The neural
crest stem cell line JoMa1 proliferates in culture conditional to activity of a MYC-
ER transgene.  Over-expression of the wild-type FOXR1 could functionally replace
MYC and drive proliferation of JoMa1.  We conclude that FOXR1 is recurrently
activated in neuroblastoma by intrachromosomal deletion/fusion events,
resulting in over-expression of fusion transcripts.  Forkhead-box transcription
factors have not been previously implicated in neuroblastoma pathogenesis.
Furthermore, this is the first identification of intrachromosomal fusion genes in
neuroblastoma.

Keywords: FOXR1, FOXO, Forkhead-Box, Neuroblastoma, MLL, 11q23
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Introduction
Forkhead-box transcription factors are a large evolutionarily conserved family of
transcriptional regulators that share a highly conserved winged-helix DNA binding
domain.  Outside of this domain, forkheads have diverged into sub-families and
incorporated a variety of other domains conferring on them a plethora of
functions (Myatt 2007).  This divergence is especially relevant within the context
of cancer where forkhead-box genes have been found operating as both
oncogenes and tumor suppressors via a variety of mechanisms.  Among the tumor
suppressors, the FOXO family is the most intensely studied.  Chromosomal
translocations involving FOXO1/3/4 have been implicated in the genesis of
pediatric malignancies.  In alveolar rhabdomyosarcoma FOXO1 (FKHR) is
commonly fused to the PAX3 and PAX7 (Galili 1993 & Davis 1994).  In mixed lineage
leukemia FOXO3 and FOXO4 are fused to the MLL gene and these fusion products
are sufficient for transformation of murine myeloid progenitors (So 2002 & So
2003).  Recently, triple knockout of FOXO1/3/4 in mice has demonstrated that
FOXOs are bonafide tumor suppressors (Paik 2007).  Additionally, FOXOs are
commonly post-translationally inactivated in a wide range of cancers by the
activation of the PI3K/Akt pathway which generally results from loss of the tumor
suppressor PTEN or constitutive activation of receptor tyrosine kinase (RTK)
signaling (Yuan 2008 & Brunet 1999).  Forkheads are not always tumor suppressive
as FOXM1 and FOXP1 demonstrate.  FOXM1 is crucial for cell-cycle progression
and mitotic spindle integrity and has been found in various cancers to act
oncogenically (Schüller 2007 & Wierstra 2007).  FOXP1 has been identified in
diffuse large B-cell lymphoma to be over-expressed as the result of
intrachromosomal translocations and high expression has been linked to poor
prognosis (Hoeller 2010 & Wlodarska 2005).  This raises the possibility that other
forkheads may be of comparable importance in oncogenesis.  Forkhead box R1
(FOXR1, previously named FOXN5) located on 11q23.3, is another recently
described member of the forkhead family (Katoh 2004c).  Based on sequence
alignment, FOXR1 is most similar to the FOXP sub-family (Myatt 2007).  FOXR1
expression is restricted to the early stages of embryogenesis as is its ortholog
FOXR2 (FOXN6) which is located on the X chromosome (Katoh 2004a, Katoh 2004b
& Schuff 2006).
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Chromosomal deletions within the 11q23 region are a common abnormality found
in a wide range of cancers (Pulido 2000, Hampton 1994 & Lee 2000).  In addition
to deletions, translocations have also been identified.  The most frequent
translocations occur within leukemia’s which exhibit a multitude of MLL gene
fusion products generated by a variety of chromosomal translocations (Liu 2009).
Neuroblastomas are pediatric tumors that arise from neuroblasts of the
sympathetic nervous system.  Despite intense multi-modal therapy
neuroblastoma remains the second most common cause of cancer deaths among
children (van Noesel 2004).  Previously, deletion of the 11q23 region has been
described in neuroblastoma with the smallest region of overlap (SRO) mapping to
11q23.3.  LOH of 11q23 is associated with poor prognosis in neuroblastoma and
characteristics such as advanced stage disease and unfavorable histopathology
(Guo 1999).  Despite the clear link to prognosis in neuroblastoma tumors only two
candidate tumor suppressors at 11q23 have been proposed to date.  These are
cell adhesion molecule 1 (CADM1/TSLC1) and the microRNA mir34c (Nowacki
2008 & Cole 2008).

Here we describe that a subset of neuroblastomas have intrachromosomal 11q23
deletions that create PAFAH1B2-FOXR1 or MLL-FOXR1 fusion genes.  FOXR1 is
silent in all normal tissues studied, but the fusion gene is highly expressed in these
neuroblastoma samples.  Re-expression of FOXR1 is sufficient to drive the
proliferation of non-malignant mouse neural crest stem cells, while silencing of
FOXR1 expression in the osteosarcoma cell-line, HOS, results in growth inhibition
and increased cell death. Analysis of Affymetrix profiling data from this knockdown
experiment demonstrates significant de-repression of genes containing the
canonical forkhead-box DNA binding element (DBE) within their proximal
promoter regions, such as the cell-cycle inhibitor and validated FOXO target gene
p27Kip1.  Suppression of DBE-driven expression by FOXR1 was confirmed in
luciferase reporter assays with synthetic DBE-driven reporter constructs.  These
data strongly suggest that FOXR1 expression plays an oncogenic role in
neuroblastoma via the inhibition of the transcription of forkhead-box family target
genes.
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Materials & Methods
Patient material and cell lines
All samples were derived from primary tumors of untreated patients. Material was
obtained during surgery and immediately frozen in liquid nitrogen.  The mRNA
expression and DNA copy number analysis were performed using several different
platforms on samples derived through various collaborations as given in the
supplementary materials and methods table 1. The Affymetrix expression data
from adult tumors and normal tissues was derived from the Expression Project for
Oncology (EXPO) database from the International Genomics Consortium (IGC)
(http://www.intgen.org/expo/).  The HOS cell line was a kind gift from Prof M.
Serra.  The line was 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. Cells were maintained at 37˚C under 5% CO2.

PCR analysis fusion genes
cDNA from the tumors and cell line samples was isolated using Trizol (Invitrogen).
RT-PCR was performed using 1 ug total RNA, 125pM oligodT12 primers, 0.5mM
dNTPs, 2mM MgCl2, RT-buffer (Invitrogen) and 100U Superscript II (Invitrogen) in
a total volume of 25μl.  1ul of this cDNA was used for PCR analysis of the
breakpoints. The primers used for PCR amplification and sequencing of the MLL-
FOXR1 breakpoints were:
5’-CTCGTCTTCGTCTTCGTCATC-3’ (Fwd)
5’-CTTTCCAGGGGGATACACAAT-3’ (Rev)
The PAFAH1B2-FOXR1 breakpoint was amplified with:
5’-CGCACGGACCCTCTACTTC-3’ (Fwd)
5’-TAAGGGGAGGTGAGATGTGG-3’ (Rev)
For exons 1-5 of FOXR1 from NRC0051:
5’-AGCTCCAACACCTCGACTTCT-3’ (Fwd)
5’-GGCACTTTCTCAAAGCTGTCTC-3’ (Rev)
To capture the full-length ORF of the MLL fusion from NRC0129 cDNA:
5’- CTTCACGGGGCGAACATG-3’ (Fwd)
5’-GCATTAGCTGGCTGTTGCTTC-3’ (Rev)
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Expression and luciferase reporter constructs
For over-expression studies, the full-length FOXR1 ORF was sub-cloned into a
Clonase (Invitrogen) compatible pENTR/D-TOPO vector (Invitrogen) modified to
contain the MCS:
5’AAGCTTGGTACCGAGCTCGGATCCACTAGTCCAGTGTGGTGGAATTCTGCAGATATC
CAGCACAGTGGCGGCCGCTCGAGTCTAGA-3’ (creating pENTR-MCS).
The FOXR1 ORF was amplified with the following primers:
5’-TATATAAAGCTTGCTCCAACACCTCGACTTCT-3’ (Fwd)
5’-TATATAGAATTCGCATTAGCTGGCTGTTGCTTC-3’ (Rev)
from NRC0129 cDNA; the product was digested with HindIII (5’ end) and EcoRI (3’
end) and ligated into similarly digested pENTR-MCS. Using the LR Clonase II
enzyme (Invitrogen), the FOXR1 ORF was then introduced into the vector
pMSCVpuro (Clonetech) by recombination.  Previously, a gateway cassette was
introduced into the pMSCVpuro vector using the Gateway Conversion Kit
(Invitrogen), to make it compatible with the Invitrogen Gateway system and
Clonase mediated recombination.

JoMa1 cell experiments
JoMa1 cells were cultured in a modified neural crest culture medium (NCC-
medium) (Maurer et. al, 2007).  Dublecco´s modified Eagle´s medium (DMEM) (4,5
mg/ml Glucose, L-Glutamine, Pyruvate) and Ham´s F12 medium were mixed 1:1
and supplemented with 1% N2-Supplement (Invitrogen, Carlsbad, CA), 2% B27-
Supplement (Invitrogen), 10 ng/ml EGF (PromoKine, Heidelberg, Germany), 1
ng/ml FGF (Millipore, Billerica, MA), 100 U/ml Penicillin-Streptomycin (Invitrogen,
Carlsbad, CA) and 10% Chick-Embryo-Extract (Pajtler 2010).  To ensure nuclear
localization of c-MycERT and concomitant proliferation in JoMa1 cells, 200 nM 4-
OHT (Sigma, Deisenhofen, Germany) was added to NCC-medium.  JoMa1 were
transfected by electroporation and subsequent puromycin selection.  Cells were
seeded at a density of 1000 cells per well for MTT cultured in standard NCC-
medium.  MTT assays were performed as described previously (Schulte 2009).  Cell
viability was assessed 72h after withdrawal of 4-OHT.



66

Lentiviral shRNA silencing
The lentiviral shRNA expression vectors were obtained from Sigma (MISSION®
shRNA Lentiviral library).  Lentiviral particles were produced in HEK293T cells by
co-transfection of lentiviral vector containing the short hairpin RNA (shRNA) with
lentiviral packaging plasmids pMD2G, pRRE and pRSV/REV using FuGene HD.
Supernatant of the HEK293T cells was harvested at 48 and 72 hours after
transfection, which was purified by filtration and ultracentrifugation.  The
concentration was determined by a p24 ELISA.  HOS cells were counted and 12,500
cells were plated in 6-well plates in 2ml of culture medium.  The culture medium
was changed after 16 hours and the cells were infected with either the shFOXR1-
lentivirus (Sigma TRC FOXR1B4 and FOXR1B8) or the control lentivirus (Non-Target
shRNA Control SHC002).  An M.O.I (multiplicity of infection) of 3 was used for the
experiments.  Medium was refreshed 24-hours post-infection.

FACS analysis and 3T3 assays
For FACS (fluorescence-activated cell sorter) analysis HOS cells were grown for 24
hours in 6-well plates and transduced with shRNA as described above.  24 hours
after transduction the medium was refreshed.  At 144 hours after infection nuclei
were isolated and stained with propidium iodide (PI) by incubation in a hypotonic
solution of PBS, dH2O, PI and RNAse.  A total of 10,000 nuclei per sample were
counted.  For 3T3 assays all cell counting experiments were performed in triplo
using a Beckman Coulter™ counter.  HOS cells were seeded at a density of 50,000
cells per 6 cm dish.  24 hours later they were transduced with the shRNAs as above.
The next day 1 ug/ml puromycin was added with medium refresh.  At time points
3, 6, 10 and 13 days cells were counted and re-seeded.

QPCR analysis
1μg of Trizol isolated RNA was used for cDNA synthesis as described above.  1ul of
this cDNA was used for Q-PCR.  A fluorescence-based kinetic real-time PCR was
performed using the real-time iCycler PCR platform (Biorad) in combination with
the intercalating fluorescent dye SYBR Green I.  The IQ SYBR Green I Supermix
(BioRad) was used in accordance with the manufacturer’s instructions. The
primers used for the qPCR to measure FOXR1 knockdown were:
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5’-CCACATCTCACCTCCCCTTA-3’ (Fwd)
5’-CTTTCCAGGGGGATACACAA-3’ (Rev).
The control primers to beta-actin were:
5’-ACATCTGCTGGAAGGTGGAC-3’ (Fwd)
5’-GCAAAGACCTGTACGCCAAC-3’ (Rev).

FOXR1 gene expression in 362 neuroblastoma tumor samples was performed
according to a procedure described elsewhere (Vermeulen 2009).  In brief, a qPCR
assay was designed for FOXR1 and 5 reference sequences (HMBS, HPRT1, SDHA,
UBC, and Alu) and validated using our in silico analysis pipeline (Lefever 2009).
Real-time qPCR was performed in a 384-well plate instrument (LC480, Roche) and
data analysed using qbasePLUS 1.4 (http://www.qbaseplus.com) (Hellemans
2007).

Luciferase reporter assays
Single-copy luciferase reporter constructs were generated by cloning the
forkhead-box DNA binding element (DBEwt) ‘TTGTTTAC’ or a mutated version
(DBEmut) ‘TGTTCTAT’ into the pGL3-SV40 vector (Promega) double digested with
SmaI (5’ end) and BglII (3’ end) to create pGL3-1xDBEwt and pGL3-1xDBEmut.  The
DBEwt oligos were:
5’-CTGGATTTGTTTACGTCCCGGGTGCA-3’ (Fwd)
5’- GATCTGCACCCGGGACGTAAACAAATCCAG-3’ (Rev)
The DBEmut oligos were:
5’-CTGGATTGTTCTATGTCCCGGGTGCA-3’ (Fwd)
5’- GATCTGCACCCGGGACATAGAACAATCCAG-3’ (Rev).
The reporter assays were performed using the Dual-Luciferase Reporter Assay
System (Promega cat. #E1980).  Lysates were harvested in 100ul 1x passive lysis
buffer from 24-well plates.  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).
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CGH analysis
High molecular weight DNA was extracted from tumor tissue using standard
procedures (Caron 1993).  We used a custom 44K Agilent aCGH chip, enriched for
critical regions of loss/gain for neuroblastoma (10 kb resolution), miRNAs/T-UCRs
(5 oligos/gene) and cancer gene census genes (5 oligos/gene) (Agilent
Technologies).  A total of 150 ng of tumor and reference DNA was labeled with Cy3
and Cy5, respectively (BioPrime ArrayCGH Genomic Labeling System, Invitrogen).
Further processing was done according to the manufacturer’s guidelines.  Features
were extracted using the feature extraction v10.1.0.0.0 software program.  Data
were analyzed using the R2 web application (http://r2.amc.nl/).  Circular binary
segmentation was used for scoring the regions of gain, amplification and deletion.
The coordinates of the first probe sets outside of the gained, amplified or deleted
regions are given to indicate the borders of the genetic aberrations.

SNP-array analysis
Tumor DNA was extracted as previously described (Caron 1993), quantified with
NanoDrop, and the quality was determined by the Abs 260/280 and 230/260 ratio.
SNP arrays were processed according to the manufacturer's recommendations
with the Infinium II assay on Human370 / 660-quad arrays containing > 370.000/
> 660 000 markers and run on the Illumina Beadstation (Swegene Centre for
Integrative Biology, Lund University - SCIBLU, Sweden) according to the
manufacturer's recommendations. Raw data were processed using Illumina’s
BeadStudio software suite (Genotyping module 3.0), producing report files
containing normalized intensity data and SNP genotypes. Subsequently, log 2 Ratio
and B-allele frequency data were imported into the R2 web application for
detailed analysis and comparison with the CGH and expression data.

Affymetrix expression analysis
Total RNA of neuroblastoma tumors 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
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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/).  Identification of
aberrantly expressed genes at chromosomal breakpoints using the aCGH data of
84 neuroblastoma samples was segmented by DNACopy.  A high change in log-fold
between borders of consecutive segments was used as indicator of breakpoints of
interest.  For every breakpoint with a log-fold change higher than 0.75 we scanned
the upstream and downstream 1,000,000 bp for the presence of genes, whose
expression in the sample with the breakpoint was aberrant with respect to the
other 83 neuroblastoma samples (zscore higher than 3).

Time series microarray analysis & transcription factor binding site (TFBS) analysis
This dataset is available in the GEO database under ID GSE29634.  HOS cell RNA
was harvested at time point ‘0’ (no transduction) or at 16, 24, 48 and 72 hours
post-transduction with either SHC002, FOXR1 B4 or B8 shRNAs for a total of 13
arrays.  All Affymetrix U133plus2 array data were normalized with the MAS 5.0
algorithm and 2log transformed.  For differential expression analysis the R2
platform ANOVA test was used with a p-value cutoff of 0.05, no FDR correction
and requiring a minimum number of 1 present calls per pair-wise comparison for
a probe to be considered “expressed” relative to background.  The data was
analyzed by creating 5 groups.  The largest group contained all the control samples
(5 samples – ‘0’ and SHC002 transduced at 16, 24, 48 and 72 hours) and the other
4 groups being pairs of samples of B4 and B8 shRNAs at each time point.  Four pair-
wise comparisons were then performed between the control group and each of
the FOXR1 shRNA time points, resulting in four sets of differentially-expressed
genes.  A further requirement was imposed that each gene called as regulated by
FOXR1 KD be regulated in at least 3 of the 4 comparisons as well as directionally
consistent within all those comparisons (ex. the gene should be either consistently
up or down-regulated relative to SHC002 control in all comparisons where it was
scored as differentially expressed).  This resulted in a list of 180 up-regulated and
148 down-regulated (328 total) genes consistently and strongly regulated in time
following FOXR1 KD.
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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 0.0005 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
significantly over-represented in a particular set of genes (foreground), a
background set of genes (composed of any genes that have at least 13 present
calls in the HOS dataset 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
Intrachromosomal deletions create FOXR1 fusion genes in neuroblastoma
In an ongoing effort to characterize genomic aberrations and corresponding gene
expression patterns in neuroblastoma tumors we combine mRNA expression
profiling by Affymetrix microarrays and DNA copy number analysis by CGH and
SNP array profiling for a series of 225 tumor samples.  These data were analyzed
using the R2 web application (http://r2.amc.nl).  aCGH and SNP profiling identified
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three neuroblastomas with micro-deletions in the 11q23 region.  Large deletions
of the q arm of chromosome 11 are frequently found in neuroblastoma and are
reasoned to lead to inactivation or haploinsufficiency of tumor suppressor genes.
Alternatively, intrachromosomal aberrations could lead to the formation and over-
expression of fusion genes. The CGH and SNP array profiles of tumor sample
NRC0041 revealed that NRC0041 only contains an intrachromosomal deletion
within one copy of 11q23 of approximately 0.5 Mb and was otherwise free of
genomic copy number alterations (Fig. 1a).  This micro-deletion has a distal
breakpoint in front of the FOXR1 locus and a proximal breakpoint within the MLL
gene which creates a potential MLL-FOXR1 fusion gene. Overlaying the Z-scores of
Affymetrix expression data on the genomic map shows that the FOXR1 gene is
highly expressed in this sample (Fig. 1a).  In the second tumor with an 11q23
deletion, NRC0129, the micro-deletion also created a potential MLL-FOXR1 fusion
from a ~0.5 Mb deletion with breakpoints highly similar to NRC0041 as shown by
SNP array (Fig. S1).  Surprisingly, the third tumor with 11q23 deletion (NRC0051)
also exhibited a FOXR1 fusion resulting from a ~1.8 Mb deletion.  However, the
proximal breakpoint was located within the PAFAH1B2 gene (Fig. S1).

We hypothesized that the FOXR1 expression resulted from the formation of a
fusion gene with MLL or PAFAH1B2. As a consequence the expression of FOXR1
would no longer be regulated by the FOXR1 promoter but by the promoters of
MLL or PAFAH1B2.  Support for this idea was found by using the MegaSampler
program of R2 (http://r2.amc.nl).  R2 is a web-based collection of bioinformatic
applications designed for the analysis of gene expression and genomic data
derived from various microarray platforms.  R2 also contains an extensive
database of publicly available gene expression datasets.  Using the MegaSampler
application of R2 it is possible to view the expression of a gene across a user-
defined panel of datasets.  This showed that MLL and PAFAH1B2 are relatively
highly expressed in neuroblastoma cell-lines and tumors relative to other cancers
and normal tissues (Fig. S2).  This indicated that the promoters of these genes may
indeed be driving the observed FOXR1 expression.  We used MegaSampler to
analyze the expression of FOXR1 in 287 neuroblastomas and in a broad panel of
504 normal tissues, 1803 other cancers and a collection of 86 pediatric cancer cell-
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lines.  FOXR1 is highly expressed in only 4 neuroblastoma tumors (3 tumors with
the confirmed 11q23 micro-deletions and one additional tumor sample), 1
endometrial tumor and the osteosarcoma cell-line HOS.  For the additional
neuroblastoma with high FOXR1 expression, NBAF29, no genomic DNA was
available to analyze for micro-deletions.  Expression of FOXR1 is essentially silent
in all other samples, including those of normal tissue (Fig. 1b).  This is consistent
with previous findings that FOXR1 expression is only detectable in the early stages
of embryogenesis (Katoh 2004a, Katoh 2004b & Schuff 2006). To further explore
the extent of FOXR1 expression in neuroblastoma, we performed QPCR on an
additional 362 neuroblastoma tumor samples and identified three more tumors
exhibiting very high FOXR1 expression (Table 1).  A total of 7 neuroblastomas with
strong FOXR1 over-expression were therefore identified in 649 neuroblastomas,
which in all three analyzable cases were caused by micro-deletion and potential
fusion events.
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Figure 1 The MLL-FOXR1 fusion results in re-expression of FOXR1. a. The top panel of this figure
shows the aCGH overview of all chromosomes of patient NRC0041.  The aberration on
chromosome 6p is a known copy number variation in the control donor DNA.  The second panel is
a focus of the 11q23 region showing a combination of SNP array b allele frequencies (top), aCGH
log-fold copy number changes (middle) and Affymetrix mRNA z-score data (bottom) for NRC0041.
The MLL and FOXR1 genes are indicated by arrowheads.  The vertical dashed lines indicate the
boundaries of the 11q23 interstitial deletion.  The red circle indicates the FOXR1 probe that detects
the mRNA expression that results from the MLL-FOXR1 fusion. Z scores are based on our core panel
of 88 NB tumors. b. mRNA expression of FOXR1 across a large panel of neuroblastomas (red),
pediatric cancer-derived cell-lines (pink) as well as other tumor types (blue) and normal tissues
(green) visualized with the R2 MegaSampler program.

To confirm the existence of FOXR1 fusion genes, cDNA was generated and PCR
performed to sequence the products using forward primers within the first exons
of MLL and PAFAH1B2 and reverse primers within the FOXR1 coding sequence.  In
all three tumors with intrachromosomal 11q23 micro-deletions and high
expression of FOXR1 we could sequence verify cDNA fusion products (Fig. 2).  The
MLL-FOXR1 cDNA of NRC0129 contained the complete exon 1 of MLL (422 bp) in
addition to 87 bp of the FOXR1 promoter and 226 bp of the FOXR1 5’ UTR.  The
cDNA of NRC0041 also contained exon 1 of MLL (422 bp), 15 bp of intron 1 of MLL,
30 bp of the FOXR1 promoter and 226 bp of the FOXR1 5’ UTR.  The cDNA of

Table 1 Summary of neuroblastoma tumor samples that exhibit FOXR1 expression as measured by
either microarray or QPCR.

NRC0051 contained exons 1 and 2 of PAFAH1B2 (177 bp), 87 bp of the FOXR1
promoter and 226 bp of the FOXR1 5’ UTR.  For all fusion genes the FOXR1 coding
sequence was in-frame with the coding sequences of MLL or PAFAH1B2.  Fusion
cDNAs contained the full-length FOXR1 coding sequence.  In addition to the fusion
genes containing full length FOXR1 we could identify splice variants missing exon
5 or exon 4 and 5 of FOXR1.  Both FOXR1 splice variants have been reported in the
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Genbank database as ESTs.  The supplemental contains the actual cDNA sequences
for these fusion products.

Figure 2 Verification of the MLL-FOXR1 and PAFAH1B2-FOXR1 fusion transcripts. a. Schematic
diagrams of the sequence results of the FOXR1 fusion transcripts identified in three tumors.
Arrowheads indicate locations of primers used for RT-PCR and sequencing. b. RT-PCR products
generated from MLL-FOXR1 fusions. c. RT-PCR product generated from PAFAH1B2-FOXR1 fusion.

FOXR1 can substitute for MYC-driven proliferation in mouse neuroblasts
It is known that most oncogenic MLL fusion genes involve large and functionally
defined regions of MLL.  The MLL-FOXR1 fusion gene does not include such a
region.  The three different fusion genes all contained various parts of MLL or
PAFAH1B2 while all included full length FOXR1.  This suggests that the tumor
driving event is the over-expression of the FOXR1 gene product.  Therefore, we
sub-cloned the full-length FOXR1 ORF from the NRC0129 cDNA into the
pMSCVpuro expression vector for further characterization. To evaluate the
oncogenic potential of FOXR1 over-expression we used mouse JoMa1 neuroblasts
stably expressing a 4-hydroxytamoxifen (4-OHT) inducible ER-c-myc fusion gene
(Maurer 2007).  Normally, cultured mouse neuroblasts undergo apoptosis or
differentiate if cultured in vitro but JoMa1 cells maintain a MYC-dependent
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proliferative phenotype when treated with 4-OHT.  Withdrawal of 4-OHT results
in MYC exclusion from the nucleus and cell cycle arrest.  In order to explore the
role of FOXR1 in neuroblast proliferation we over-expressed either FOXR1 or GFP
in JoMa1 cells.  After withdrawal of 4-OHT FOXR1 was able to fully compensate for
MYC-driven proliferation in these neuroblasts (Fig. 3).  High FOXR1 expression
therefore maintains the proliferative capacity of primary neuroblasts.  This finding
strongly supports the genomic evidence and implicates aberrant FOXR1
expression in neuroblastoma oncogenesis.

Figure 3 Constitutive over-expression of FOXR1 maintains the proliferation of JoMa1 cells
following withdrawal of 4-hydroxytamoxifen (4-OHT). a. Light microscopy images of JoMa1
mother line, JoMa1-FOXR1 and JoMa1-GFP lines with and without 4-OHT. b. MTT assay
quantification of cell viability with and without 4-OHT addition.  Cells were seeded at 1000 cells
per well in 96-well plates and 4-OHT was withdrawn.  72 hours later cell viability was measured by
MTT assay.
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Silencing of FOXR1 in osteosarcoma HOS cells results in cell cycle arrest and cell
death
Since the JoMa1 results demonstrate that FOXR1 can drive proliferation we next
asked if knockdown of endogenously expressed FOXR1 could inhibit it.  From the
previous use of MegaSampler we had identified the osteosarcoma cell-line HOS as
expressing FOXR1 (Fig. 1c).  We transduced HOS cells with five lentiviral shRNAs
targeting FOXR1 from the Sigma lentiviral TRC library and a scrambled control
shRNA (SHC002) at equal multiplicity of infection (M.O.I.) for all shRNAs.  The
knockdown of FOXR1 was confirmed by QPCR which identified the best shRNAs as
B4 & B8 (Fig. 4a).  As expected, FOXR1 knockdown with both shRNAs resulted in a
very large reduction in growth as assessed in a 3T3 assay (Figs. 4b&c).  At 144 hours
post-transduction, HOS nuclei were isolated and analyzed by FACS.  Silencing of
FOXR1 resulted in a dramatic increase of the sub-G1 fraction, suggesting that the
reduced HOS growth was at least in part due to an increase in apoptosis (Fig. 4d).

Figure 4 Knockdown of FOXR1 expression by lentiviral shRNA reduces HOS cell proliferation and
induces apoptosis. a. Time-course qPCR analysis of FOXR1 knockdown in HOS cells.  HOS cells
were transduced with control shRNA SHC002, FOXR1 shRNA B4 or B8.  We also included a non-
transfected control sample.  Total RNA was harvested at the indicated time points (time point 0
being untransduced cells).  qPCR was performed to measure FOXR1 expression and the inverse dCT
is plotted in the figure. b. Images of control and FOXR1 shRNA-transduced HOS cells at 72 hours
post-transduction. c. 3T3 assay of SHC002 and FOXR1 shRNA transduced HOS cells.  Cells were
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transduced at an M.O.I. of 3 with the indicated shRNAs.  24 hours after infection 1 ug/ml puromycin
was added.  24 hours later the medium was refreshed again without puromycin.  Cells were then
counted and re-seeded at 3-day intervals over the course of 13 days.  All assays were done in
triplicate with the individual results plotted in matching colors for each shRNA. d. FACS analysis
of SHC002 and FOXR1 shRNA transduced HOS cells.  Cells were transduced or not with control and
FOXR1 shRNAs at an M.O.I. of 3.  Transduced cells were selected on puromycin for 24 hours and
then the medium was changed.  At 72 hours nuclei were harvested and stained with propidium
iodide.  The assay was carried out in triplicate for each shRNA.  30,000 nuclei were counted per
sample. All assays were performed in triplicate.

FOXR1 suppresses forkhead-box family target genes
To further delve into FOXR1 function, we performed Affymetrix profiling of the
FOXR1 knockdown in HOS.  We isolated a time series of RNAs at 0, 16, 24, 48 and
72 hours after lentiviral-mediated silencing of FOXR1 or transduction with the
SHC002 control virus.  A dataset was generated and analyzed using the built-in R2
time series module as well as identifying the strongly regulated genes by ANOVA
analysis.  This analysis provided further confirmation of our FOXR1 knockdown by
both shRNAs (Fig. 5a).  Additionally, we identified 180 genes up-regulated and 148
genes down-regulated following FOXR1 silencing (see materials and methods for
analytic method).  Among the strongly activated genes were the cell-cycle
inhibitors p21Cip1, p27Kip1 and the mTORC2 component Rictor (Fig. 5a).
Interestingly, these three genes are well-characterized FOXO family target genes
normally up-regulated by FOXO activity (Gomis 2006, Stahl 2002 & Chen 2010).
This finding raised the possibility that forkhead-box transcription factors and
particularly the FOXO family of transcription factors were inactivated by FOXR1
and re-activated upon FOXR1 silencing.  To assess the extent of this finding, we
carried out a statistical analysis to identify which transcription factor binding
motifs were enriched in the genes activated and repressed by FOXR1 knockdown.
This analysis was carried out using the proximal promoters (2500 bp upstream and
500 bp downstream of the TSS) of the regulated genes and a randomly chosen set
of promoters as background. We found the set of up-regulated genes to be highly
enriched for forkhead motifs, prevalent among these being FOXO1/FOXO and
FOXJ2 motifs (Fig. 5b).  The genes down-regulated following FOXR1 silencing
showed no enrichment for forkhead motifs.  This is probably because both FOXO
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and FOXJ2 are known transcriptional activators and generally not associated with
direct transcriptional repression of their target genes (Furuyama 2000 & Gómez-
Ferrería 2003).

Figure 5 Forkhead-box transcription factors are activated following shRNA knockdown of FOXR1
in HOS cells. a. R2 time series module plots of genes regulated by FOXR1 silencing.  HOS cells were
transduced at an M.O.I. of 3 with control SHC002 and FOXR1 shRNAs. Post-transduction total RNA
was harvested at 16, 24, 48 and 72 hour time p oints.  Time point 0 was without transduction. b.
Analysis of transcription factor binding site (TFBS) content of the promoters of regulated time
series genes.  From the genes defined as differentially regulated in the time series experiment 167
promoters were evaluated for the 180 genes (only 1 promoter per gene, some genes having no
reliable TSS information) up-regulated by FOXR1 silencing.  These promoters were compared to
463 randomly chosen promoters from a set of HOS cell-line expressed genes (background, BG),
excluding genes from among the 167 (foreground, FG) set (see materials & methods for microarray
& TFBS analysis). c. Luciferase reporter assay after FOXR1 knockdown in HOS cells.  Cells were first
transduced at an M.O.I. of 3 with the control and FOXR1 shRNA B4.  The following day, they were
selected on puromycin for 24hrs then counted and re-seeded at equal density in 24-well plates.
The cells were then co-transfected in triplicate with the following combinations of vectors: 1) CMV-
Renilla/pGL3-1xDBEmut and 2) CMV-Renilla/pGL3-1xDBEwt.  24 hours later the cells were
harvested and luciferase and renilla signals quantified.  For analysis, the luciferase/renilla ratio was
calculated for each well and the resultant values averaged within each triplicate.  For each shRNA
transduction, the pGL3-1xDBEwt reporter activity was then divided by the pGL3-1xDBEmut
reporter activity to calculate the fold-change of the 1x-DBEwt relative to the 1x-DBEmut reporter.
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These findings suggest that FOXR1 may act as a repressor of forkhead-box
mediated transcription by either directly or indirectly blocking the activity of other
forkheads that are transcriptional activators. To test the idea that forkhead-box
transcription factors can be modulated by FOXR1, we generated a pair of synthetic
luciferase reporter vectors each containing one copy of either a functional FOXO
binding element (1xDBEwt – ‘TTGTTTAC’) or mutant element (1xDBEmut -
‘TGTTCTAT’) (Furuyama 2000).  We then transduced HOS cells with FOXR1 shRNA
B4 or SHC002 control virus and subsequently co-transfected the cells with the
luciferase reporters and a renilla expression plasmid as an internal control.  24
hours after transfection, lysates were harvested and luciferase/renilla signals
quantified.  After normalization of luciferase to renilla values, the values of the
1xDBEwt reporter were normalized to the 1xDBEmut reporter values.  Relative to
the SHC002 control virus, we observed a two-fold increase in forkhead-box
mediated transcriptional activity after FOXR1 silencing (Fig. 5c).  These data
strongly suggests that FOXR1 either directly or indirectly inhibits the
transcriptional activation of forkhead-box target genes; some of which are well
proven FOXO target genes. This finding implies that FOXR1 may impair the
transcriptional activity of FOXO family members.

Clinical characteristics of FOXR1 over-expressing tumors
Neuroblastoma tumors with large deletions involving 11q23 are known to have a
poor prognosis (Guo 1999).  This is thought to be functionally related to reduced
expression of tumor suppressor genes that are located on the 11q deleted region
and which result in increased aggressiveness of the tumor and therapy resistance.
The group of 11q deleted tumors consists of a subset of tumors with terminal 11q
deletions and a subset with interstitial deletions.  We now hypothesize that in a
subset of the tumors with interstitial deletions of 11q, the tumor driving event is
not deletion of a tumor suppressor but over-expression of a fusion gene.  As a
consequence the clinical behavior of these tumors could be different.  Therefore
we correlated over-expression of FOXR1 to clinical characteristics.  We have a
series of 287 neuroblastoma tumors for which we have mRNA profiling data and a
series of 352 for which we have performed FOXR1 qPCR.  We selected samples
with an increased expression of FOXR1 (Affymetrix: MAS 5.0 corrected present
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calls above 100 / qPCR qbasePLUS determined CNRQ above 5).  Surprisingly 6 out of
7 are low stage tumors, and 5 are younger than 18 months.  For 6 tumors we have
follow up information.  Five patients were in complete remission for over 50
months and only one patient died from his disease (Table 1).  These findings are in
contrast with reports on 11q deleted tumors which are known to be high stage
tumors and have a very poor prognosis.

Discussion
Using an integrated array CGH and mRNA expression analysis approach of
neuroblastoma tumors we have discovered the oncogenic activation of a
forkhead-box transcription factor, FOXR1.  The over-expression of FOXR1 is
achieved by 11q23.3 intrachromosomal deletion and subsequent fusion of either
MLL or PAFAH1B2 first exons to the proximal promoter region of FOXR1.  This
shows that combining aCGH and mRNA expression data is a powerful method to
identify DNA aberrations that lead to over-expression of tumor driving genes.
Notably, this is the first ever fusion gene event identified in neuroblastoma.  In
support of the hypothesis that this is an oncogenic event in neuroblastoma we
provide evidence in primary mouse neuroblasts that over-expression of FOXR1 is
sufficient to maintain neuroblast proliferation after sustaining MYC activation is
withdrawn.  In order to further elucidate the function of FOXR1 in a tumorigenic
background we identified the HOS osteosarcoma cell-line as having high FOXR1
expression by R2-facilitated microarray analysis.  Using lentiviral shRNAs that
target FOXR1 we performed stable knockdowns in the HOS cell-line.  Two different
shRNAs caused acute down-regulation of FOXR1 as shown by both QPCR and
microarray analysis.  This FOXR1 knockdown resulted in an increase in the sub-G1
population as shown by FACS analysis as well as a dramatic decrease in
proliferation as measured by 3T3 growth assays.

Subsequent Affymetrix profiling of a time series of FOXR1 knockdown combined
with transcription factor binding site enrichment analysis revealed that many
putative and known forkhead-box target genes were up-regulated following
FOXR1 knockdown.  Among them were the well-known FOXO target genes
p27Kip1, p21Cip1 and Rictor (Gomis 2006; Stahl 2002; Chen 2010).  This strongly



82

indicated that FOXO transcription factors may have been activated following
FOXR1 knockdown.  This suggests the potential for FOXR1 to either directly or
indirectly blocks FOXO target gene expression.  To test this possibility we cloned a
FOXO reporter system containing one copy of the canonical forkhead-box/FOXO
target sequence DBE or a mutated element. The reporter assays revealed that
FOXR1 knockdown was indeed capable of activating forkhead-box/FOXO
transcriptional activity in HOS cells.  Given the identity of the target genes involved
FOXO appears to be the most likely sub-family of forkhead-box transcription
factors that were activated although other members such as FOXJ2 cannot be
definitively excluded.  Given the similarity of FOXR1 to the FOXP sub-family by
sequence alignment it seems reasonable that FOXR1 may also be a transcriptional
repressor much like FOXP (Myatt 2007).  This suggests that FOXR1 may have the
ability to directly repress genes usually activated by other forkhead-box
transcription factors.

Within the context of these aberrant over-expressions in neuroblastoma and the
osteosarcoma cell-line HOS this repression appears to be an oncogenic event.
11q23 deletion has long been considered a prognostic and tumor-driving event in
neuroblastoma (Guo 1999 & Buckley 2010).  Usually interstitial deletions lead to
the loss of tumor suppressors which potentiate oncogenesis.  Here we describe
the re-expression of a forkhead-box oncogene capable of inhibiting the activity of
tumor suppressive forkhead-box transcription factors such as FOXO in a subset of
11q23 deleted tumors.  Notably, these tumors with 11q23 micro-deletions do not
contain any other 11q aberrations.  This observation classifies a small subgroup of
neuroblastoma with intrachromosomal 11q deletions that lead to activation of an
oncogene, which is distinct from the majority of neuroblastoma where the 11q
deletions most likely lead to inactivation of a tumor suppressor or several tumor
suppressors.  This is of importance when determining the smallest region of
overlap of 11q deletions in search of important tumor suppressors.  In addition,
analysis of clinical characteristics shows that these patients have a remarkable
good prognosis compared to other neuroblastoma patients with 11q deletions.
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This is the first report on the involvement of forkhead-box transcription factors in
neuroblastoma tumors which highlights the central importance of forkhead-box
mediated transcriptional activity in the determination of cell fate and regulation
of tumorigenesis.  It is also the first to describe a bona fide fusion gene in
neuroblastoma.  These mechanisms may be especially relevant in pediatric
cancers given the various mutations identified to date involving this class of
transcription factors, especially within the FOXO family which is replete with gene
fusion events.  Therefore further elucidation of the mechanisms underlying
FOXR1-mediated tumorigenesis is warranted and may uncover additional nodes
of importance in the forkhead-box transcriptional networks.
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Supplemental Data

Figure S1 SNP array profiles of NRC0051 and NRC0129.  Vertical dashed lines indicate the
boundaries of the 11q23 micro-deletions.  Fused genes are indicated by arrows.
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Figure S2 MegaSampler view of MLL and PAFAH1B2 expression.  The vertical scale of both plots
are the raw MAS 5.0 normalized Affymetrix expression values for the respective genes.  The purple
and red boxplots are neuroblastoma cell-lines and tumors, respectively.  Blue boxplots are various
other tumors from the EXPO consortium datasets and the green boxplots are a range of normal
tissues.
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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
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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
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(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.
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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
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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.



106

a

c

b



107

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.
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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.
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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.
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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
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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



133

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



140

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.



144

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



146

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.

b
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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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Abstract
Longevity in vertebrates and invertebrates has been shown to be influenced by
the insulin/PI3K/Akt/FOXO signaling route.  In humans, polymorphisms in FOXO3A
are associated with extreme lifespan. Despite many studies reporting this
association it is unclear how these polymorphisms alter FOXO3A functionality and
influence lifespan.  Here, we identify a novel FOXO3A transcript starting from an
intronic promoter.  A major longevity-related polymorphism, SNP rs9400239 (C or
T), maps within the 5pUTR of this transcript, with the T-allele being positively
associated with increased lifespan.  The transcript encodes a truncated form of
FOXO3A which we call FOXO3A2.  FOXO3A2 mRNA is highly expressed in skeletal
muscle and has very limited expression in other tissues.  Like FOXO3A, the
FOXO3A2 protein functions downstream of insulin/PI3K/Akt signaling and exhibits
highly similar phosphorylation and cytoplasmic-nuclear shuttling dynamics.  When
overexpressed in cultured human myotubes, the non-longevity C-allele of
FOXO3A2 suppresses glycolytic flux while overexpression of the longevity T-allele
does not.  Overexpression studies also show a major regulatory function for the
5pUTR on FOXO3A2 protein levels.  Assessment of the relationship between the
FOXO3A2 polymorphism and peripheral glucose clearance during insulin infusion
(Rd clamp) in a cohort of Danish twins revealed that T-allele carriers have markedly
faster peripheral glucose clearance rates (p = 0.003).  Our data suggest that
FOXO3A2 functions in the insulin/PI3K/Akt pathway and that the longevity allele
of FOXO3A2 is associated with higher glycolytic flux both in vitro and in vivo.
FOXO3A2 regulation of glycolytic flux may therefore modulate the insulin-
stimulated peripheral glucose clearance rate which may in turn influence human
lifespan.

Introduction
The insulin/PI3K/Akt/FOXO signaling pathway is a powerful regulator of longevity
in model organisms and has also been implicated in the determination of human
lifespan.  Suppression of insulin signaling in C. elegans and drosophila causes FOXO
activation and robust FOXO-dependent lifespan extension (Kenyon 1993,
Yamamoto 2011 & Slack 2011).  In mice, suppression of IGF/insulin/PI3K signaling
has resulted in lifespan extension as well, confirming the evolutionarily-conserved
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importance of this pathway in longevity (Holzenberger 2003, Bluher 2003, Selman
2008, Ortega-Molina 2012 & Foukas 2013).  Although FOXOs have yet to be
demonstrated as effectors of longevity in mice, multiple genetic association
studies have linked SNPs at the FOXO3A locus to human longevity (Ziv 2011).  Thus
far no mechanisms have been discovered that link these variants to FOXO3A
function or longevity.

As a downstream mediator of insulin signaling, FOXOs are also of central
importance in the maintenance of whole-body glucose homeostasis.  FOXO1 acts
redundantly with FOXO3 and FOXO4 in the liver to activate gluconeogenesis when
insulin signaling is reduced, thereby maintaining blood glucose levels (Nakae 2002,
Lu 2012 & Haeusler 2014).  FOXOs may also act as activators of
IGF/insulin/PI3K/Akt signaling and hence glucose uptake by transcriptional
activation of upstream components such as RICTOR, PIK3CA, INSR and IGF1R (Hui
2008, Chen 2010 & Chandarlapaty 2011).  FOXO3A has been shown to both
activate and repress glycolysis.  Knockdown of FOXO3A in mouse hematopoietic
cells increased the glycolytic rate via an mTORC1-dependent mechanism (Khatri
2010).  Conversely, in murine neural progenitor cells FOXO3A knockout resulted
in reduced glycolysis (Yeo 2013). Here, we investigate the role of FOXO3A
longevity-associated SNPs.  We describe a novel transcript arising from the
FOXO3A locus, FOXO3A2, which encodes a truncated FOXO3A protein and
contains a longevity SNP within its 5pUTR.  Depending on the SNP variant,
FOXO3A2 can differentially regulate glycolysis in skeletal muscle.  Furthermore,
we find this SNP to be associated with peripheral glucose clearance in vivo.

Materials & Methods
Cell Lines, Culture Conditions & Reagents
HEK293T cells were cultured in high glucose Dulbecco Modified Eagle Medium
(DMEM) (Gibco cat. #11965) 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.  The immortalized human myoblast line LHCNM2 was previously
described (Zhu 2007).  These cells were cultured on collagen coated plates (plates
pre-incubated at 37˚C for at least 1 hour with a PBS solution of 10 µg/ml collagen
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from rat tail, Sigma) at 37˚C under 5% CO2.  The base of the growth medium was
a 4:1 mixture of high glucose DMEM (Gibco cat. #11965) and Medium 199 (Gibco
cat. #11150-059) buffered with bicarbonate.  Additional to this was 0.02 M HEPES,
15% fetal bovine serum, 0.03 µg/ml zinc sulfate (Sigma), 1.4 µg/ml vitamin B12
(Sigma), 0.055 µg/ml dexamethasone (Sigma), 2.5 ng/ml human HGF (Peprotech),
10 ng/ml human basic FGF (Peprotech), 10 U/ml penicillin and 10 µg/ml
streptomycin.  For differentiation the cells were grown to maximal confluency and
then the medium was changed to serum free differentiation medium after
washing 1x with PBS to remove residual growth medium.  This medium contained
4:1 DMEM:M199, 0.02 M HEPES, 0.03 µg/ml zinc sulfate, 1.4 µg/ml vitamin B12,
100 µg/ml apo-transferrin (Sigma), 10 µg/ml human insulin (Sigma), 10 U/ml
penicillin and 10 µg/ml streptomycin. Following the initial medium change the
medium was changed every two days with differentiation usually becoming
apparent on Day 5 with maturation being reached on Day 6 & 7.  The compounds
GDC-0941 and Bortezomib were purchased from Selleckchem and dissolved to 5
mM and 1 mM stocks respectively in Hybri-Max DMSO (Sigma).  Doxycycline was
from Sigma.  Blasticidin was from Invitrogen.

Modification of pInducer20 Lentiviral Destination Vector
The pInducer20 vector was modified to contain a blasticidin resistance gene In
place of the neomycin resistance cassette (ref).  This was done by first re-cloning
a portion of the TetR-IRES-NeoR cassette from the pInducer20 vector into our
pENTR-MCS vector (ref foxr1 paper).  The primers used were:
5’-gatcatactagtcatatgtggcctggagaaacag-3’ (fwd)

5’-gatcatctcgaggcatgctcgccttgagcctggc-3’ (rev)
The PCR product was digested with SpeI (5’) and XhoI (3’) and ligated into pENTR-
MCS.  The BlaR gene was amplified from the pLenti6.3 CMV/TO vector (Invitrogen)
with the primers:
5’-gatcataccggtatggccaagcctttgtctcaag-3’ (fwd)
5’-gatcatgcatgcttagccctcccacacataaccag-3’ (rev).
This product and the pENTR-TetR-IRES-NeoR were digested on AgeI (5’) and SphI
(3’) and ligated, destroying the NeoR cassette.  This new product and the
pInducer20 vector were then digested on NdeI (5’) and SphI (3’) and ligated
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creating pInducer-BlaR.  Subclones were sequence verified and screened for
unwanted recombination by digesting with ScaI and SphI.

5’ RACE Of FOXO3A2
To map the 5' end of FOXO3A2 performed 5' RACE with Invitrogen RACE kit (cat.
#15590-101 & 18374-041) using RNA from human LHCNM2 myotubes. The cDNA
was first synthesized with a reverse primer to exon #3 of FOXO3A 5'-
gctggcgttagaatt-3' Following RNA degradation this cDNA was then purified using
the provided S.N.A.P. columns and tailed as described in the kit. The initial PCR
was performed with the kit provided abridged anchor primer and the reverse
primer 5'-ctgccaggccacttggagag-3' (RACE2).  Nested PCR was then performed with
the AUAP kit primer and the reverse primer 5'-gcgcggccacggctctt-3' (RACE1).  The
results of this reaction were then TOPO cloned (Invitrogen cat. #45-0641) and the
products were sequenced with the kit provided M13 forward and reverse primers.

Generation Of FOXO3A & FOXO3A2 Overexpression Clones
FOXO3A was PCR amplified from our previous pENTR-MCS-HA-FOXO3A clone
(Santo 2013).  This was done to remove the HA tag and re-cloned into pENTR-MCS
on HindIII (5’) and BamHI (3’), creating a wild-type clone of FOXO3A. Using the
sequence information from the 5’ RACE the cloning primer 5’--
gatcataagcttaaaaacctctctgtgttccaggggaagcacatgcagctgg-3' (fwd) was used in
combination with the RACE2 primer (rev) to amplify the 5’ end of FOXO3A2.  The
RACE2 primer captures an NcoI site present within exon #3 of FOXO3A (exon #2 of
FOXO3A2).  This product and the pENTR-MCS-FOXO3A clone were digested on
HindIII (5’) and NcoI (3’) and ligated generating a wild-type clone of FOXO3A2.
Since the source material was LHCNM2 which is homozygous for the ‘C’ variant of
the rs9400239 SNP we subsequently used the QuikChange II Site Directed
Mutagenesis Kit (Stratagene) to generate a subclone with the ‘T’ variant.  These
two clones are referred to as A2-C-FL (C1) & A2-T-FL (C2).  To generate the A2-ATG
(C3) clone we used the primers:
5’-gatcataagcttgccaccatgcgggtccagaatgagggaac-3’ (fwd)
5’-ctattgtccatggagacagcc-3’ (rev)
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This fragment was cloned back into the pENTR-MCS-A2-C-FL clone by digestion on
HindIII (5’) and NcoI (3’); removing the 5pUTR.  These pENTR clones were then
used in Clonase LR II (Invitrogen) reactions with either the pCDNA-DEST40
(Invitrogen) vector or the pInducer-BlaR vector.  All clones were thoroughly
sequenced to ensure their integrity and identity in both the pENTR and destination
vector backbones.

Lentiviral Packaging & Inducible Line Construction
Virus was packaged as described previously (Santo 2013).  Viral titers were
quantified by p24 ELISA.  For the construction of stable inducible overexpression
lines LHCNM2 myoblasts 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 6 µg/ml blasticidin (pInducer-BlaR).  For blasticidin to have an effect these
cells required one passage.  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
could be established at an MOI of 3 with no discernable proliferation,
morphological or differentiation defects.  Lines were allowed to recover prior to
experiments.

Quantitative RT-PCR
Total RNA was harvested using Trizol (Life Technologies) and purified according to
standard protocols.  The RNA for the panel of human tissues was purchased from
Clontech (cat. #636643).  The RNA from the human muscle biopsies before and
after oral glucose challenge was previously isolated (ref). cDNA was synthesized
using 1 µg of RNA as input in a SuperScript III reaction using an oligo(dT) primer
(Life Technologies).  cDNA was diluted 1:10 from the original synthesis reaction
volume prior to qPCR.  qPCR was performed for each cDNA in quadruplo (1 µl cDNA
per reaction) using the Roche LightCycler 480 384-well platform with an annealing
temperature of 56ᵒC and a standard program of 40 cycles.  Absolute quantitation
was used in the analysis software to obtain the Ct values.  To measure FOXO3A
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and FOXO3A2 specifically the same reverse primer 5’-cattctggacccgcatgaatcg-3’
(FOXO3A exon #3) was used with specific forward primers for FOXO3A (5’-
gtgcgttgcgtgccctacttc-3’) and FOXO3A2 (5’-gttacttctgactggcacgg-3’).  The muscle
differentiation marker MYH8 was measured with 5’-tgcaacaggagatttctgac-3’ (fwd)
and 5’-cagcctgaatttcacatttc-3’ (rev).  In all cases 18S rRNA was used as a reference
5’-ccgataacgaacgagactctgg-3’ (fwd) and 5’-tagggtaggcacacgctgagcc-3’ (rev).  All
PCR products from all primer sets were gel purified and sequenced to ensure the
primers were specific and that no other products were being generated.

Allele-Specific Quantitative RT-PCR
The protocol, PCR program and machine were exactly the same for the allele-
specific qPCR as for the standard qPCR except that the annealing temperature was
62ᵒC.  We tested multiple annealing temperatures and optimized for selectivity
and sensitivity by looking for template cross-reactivity as well as gauging
sensitivity using the standard FOXO3A2 qPCR primers described above.  The ‘C’
allele forward was 5’-cggcacctctgaaatactctt-3’ and the ‘T’ allele forward was 5’-
cggcacctctgaaatactttt-3’ and both were used with the same FOXO3A2 reverse
primer described above.  The site of the rs9400239 polymorphism is in bold.  We
tested other forward primers for selectivity and sensitivity with the rs9400239 SNP
placed in various positions and found that selectivity was best maintained on the
3’ end.

HEK293T Transfections
For all pCDNA-DEST40 derived clones used in transfection the plasmid DNA was
carefully quantitated by Nanodrop in order to transfect equal amounts of all
clones.  HEK293T cells were seeded in 6 cm plates and grown to 90% confluency.
For each transfection either 10 or 20 µg of plasmid DNA was mixed with Fugene
HD (Promega) in 500 µl of optimum in a 5:2 ratio (5 µl of Fugene HD : 2 µg of DNA).
After a 15 minute incubation 5 ml of medium was added to the mix and the
medium of the cells was replaced with this transfection medium.  The next day
cells was harvested with or without Bortezomib treatment as described in the
Results section.
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In Vitro Transcription/Translation Assay
The pCDNA-DEST40 vector has a T7 promoter in addition to the CMV, making it
directly compatible with the rabbit reticulocyte-based TNT Quick Coupled
Transcription/Translation kit (Promega).  Reactions were carried out according to
the standard protocol.

Western Blotting
Lysates were harvested in Laemmli buffer supplemented with protease and
phosphatase inhibitors.  For HEK293T lysates of FOXO3A2 clone transfectants 10
– 15 µg of protein was loaded per well.  For lysates from LHCNM2 myoblasts 35 µg
of protein was used.  To achieve optimal separation of FOXO3A and FOXO3A2
proteins 7% polyacrylamide gels were run to the extent that the 37 KDa molecular
weight marker was usually run off but the 50 KDa was retained.  Gels were wet
transferred to Amersham Protran Premium nitrocellulose membrane (GE
Healthcare Life Sciences) overnight at 4ᵒC in blot buffer containing 20% methanol
at a constant amperage of 150 mA.  The following day blots were Ponceau stained
and then blocked in 1:1 PBS:OBB (Odyssey blocking buffer) at 4ᵒC for most of the
day.  Primary antibodies were then incubated overnight at 4ᵒC in 1:1 PBS:OBB +
0.1% Tween 20.  To detect both FOXO3A and FOXO3A2 a rabbit polyclonal
antibody raised against the far c-terminus was used (Novus Biologicals FOXO3
NB100-614, LotA2) at a 1:1000 dilution.  This was typically co-incubated with alpha
tubulin (Cell Signaling cat. #3873, mouse monoclonal) at a 1:50,000 dilution.
Antibodies against FOXO3 pSer253, Akt pSer473, PRAS40 pThr246, 4E-BP1
pThr37/46, Akt, PRAS40 and 4E-BP1 were all from Cell Signaling and used at 1:1000
dilutions.  After washing the blots were incubated with either IRDye 800CW Goat
anti-rabbit at 1:2500 and/or the IRDye 680LT Goat anti-mouse IgG at 1:5000
(Licor).  Dilutions were made in 1:1 PBS:OBB + 0.1% Tween 20 .  Blots were
incubated at room temperature washed and then scanned on the Odyssey
infrared imaging platform (Licor).

Immunofluorescence
Myoblasts were grown on collagen coated sterile coverslips in 12-well plates.
After treatments cells were fixed by the addition of formaldehyde to a final
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concentration of 3% in each well and allowed to fix for 30 minutes at RT in the
dark.  Coverslips were transferred to new plates containing pre-warmed PBS and
then permeabilized in a PBS solution of 0.1% Triton X-100 for 10 minutes at RT.
Coverslips were washed 2-3x in a PBS solution containing 0.5% BSA and 0.01%
Triton X-100.  Coverslips were then blocked in PBS containing 5% BSA and 0.01%
Triton X-100 for 1 hour at RT.  The FOXO3 NB100-614 (LotA2) antibody was
incubated at a 1:2500 dilution in PBS/1% BSA/0.01% Triton X-100 for 2-3 hours at
RT.  After washing 3x the coverslips were incubated with goat anti-rabbit Alexa
Fluor 488 secondary (stock solution 2 mg/ml) diluted at 1:200 in PBS/1%
BSA/0.01% Triton X-100 for 1 hour in the dark.  After washing 3x coverslips were
incubated with a 1:200 dilution of TRITC-Phalloidin 594 (stock 0.1 mg/ml) in
PBS/1% BSA/0.01% Triton X-100 for 10 minutes in the dark.  After washing 2x with
PBS the coverslips were incubated in a 1:2000 dilution of DAPI (stock 0.2 mg/ml)
in MilliQ dH2O for 5 minutes in the dark.  After washing 2x with MilliQ dH2O
coverslips were mounted on slides using a Mowiol 4-88 solution.  Imaging was
performed on a Leica SP8 Confocal microscope.

Lactate Dehydrogenase (LDH) Assay
Lactate dehydrogenase activity was measured using the “Lactate Dehydrogenase
(LDH) Activity Assay Kit” (cat. # K726-500) from BioVision according to
manufacturer instructions.

Seahorse Assay
All Seahorse assays were performed on the XF96 Extracellular Flux Analyzer.
LHCNM2 myoblasts were seeded at 16,000 cells/well in a 96-well Seahorse plate
(collagen coated) in 200 µl of growth medium.  One well in each corner of the plate
was left containing medium only to serve as a background control during
measurement.  Three days after seeding differentiation was started by aspirating
the growth medium, washing all wells 1x with 200 µl of PBS, aspirating and then
applying 200 µl of differentiation medium per well.  The medium was changed
every two days and differentiation was achieved on Day 6 or Day 7.  On the day of
the assay the medium was changed in all the wells to 150 µl of unbuffered
Seahorse assay medium and the plate was maintained in non-CO2 incubators from
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then on.  The Seahorse assay medium was made by dissolving 8.3 grams of DMEM
powder (Sigma D5030) in 900 ml MQ dH2O, adding 16 mg phenol red (Sigma
P5530), adding 1.85 g NaCl and adjusting the pH to 7.4 at 37 ˚C by the addition of
+/- 190 µl 2 M NaOH and then bringing the volume up to 1000 ml.  This medium
was then filter sterilized.  On the day of the assay this medium was supplemented
with glucose to a final concentration of 25 mM (4.5 mg/ml) using 45% glucose
solution (Sigma) and 2 mM glutamine.  Equal numbers of wells of -/+ DOX induced
myotubes were equally distributed across the plate (alternating columns).  For
each assay both mitochondrial and glycolytic stress tests were performed.  The
protocol used consisted of 3 minute measurements with 2 minute mixes in
between.  It also contained injection points of 25 µl each per well per point.  This
created a typical profile of 6 measurements at baseline (including pre-incubated
compounds) followed by the injection of 15 µM oligomycin, 6 measurements,
injection of 10 µM FCCP, 5 measurements and then half the wells of each condition
were either injected with a combination of 25 µM antimycin/12.5 µM rotenone or
1 M 2-deoxyglucose and this was followed by 3 or 5 final measurements.  All of
these compounds were purchased from Sigma and dissolved in DMSO, stored at -
20 ˚C and then diluted in Seahorse medium except for 2-DG which was directly
dissolved in Seahorse medium from powder on the day of the assay. Immediately
after the 2 – 2.5 hour run was completed all the wells were incubated with 100 µl
CyQuant Direct (Life Technologies) for 1 additional hour.  The plate was then
measured on a Biotek Synergy HT plate reader.  For data analysis the XFe software
(version 2.1.0.162) was used.  First the raw ECAR and OCR values were normalized
to the CyQuant assay data, this was done to correct for any differences in cell
number.  For each condition wells were selected to exclude outliers, maximize the
number of wells included in the average and minimize the error and this was done
for both the ECAR and OCR measurements.  This data was then exported from the
program for further analysis.  To analyze the ECAR we chose two representative
time points within each assay; usually the 5th (baseline) and the 10th

measurements (10th being 4 points after oligomycin injection).  To establish the
lower boundary of the ECAR measurement in each assay we averaged the values
of the last measurement in the 2-DG injected wells from all conditions.  This 2-DG
average value was then subtracted from the individual baseline and post-
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oligomycin (ECAR max) values for each condition.  Both the baseline and max ECAR
2-DG normalized values were then calculated as a percentage of the baseline of
the absolute experimental control in each assay (e.g. the +DOX condition is
normalized to the -DOX condition). The corresponding standard error of the mean
values for each measurement were also calculated as a percentage of this absolute
control.  Using the number of wells included in the analysis of each condition two-
tailed Student’s t-tests were then used to compare conditions and calculate p-
values.

Genotyping
The Danish twin cohort was genotyped for rs9400239 using the KASP method (LCG
Genomics, Herts, UK) with a success rate of 96%. Allele frequencies were in
accordance with HapMap (minor allele frequency 29%, CEU population) and
obeyed Hardy-Weinberg equilibrium (p = 0.2).

RNA Secondary Structure Prediction
The RNA structure of the full 5pUTR of FOXO3A2 (1-284; ATG start) was predicted
with the RNA Mfold program located at:
http://www.bioinfo.rpi.edu/applications/mfold.

Results
A new transcript of FOXO3A encodes a longevity SNP and is highly expressed in
skeletal muscle
Several independent studies have identified an association of extreme longevity
in humans with a series of single nucleotide polymorphisms (SNPs) within the
FOXO3A locus (Willcox 2008, Flachsbart 2009, Anseimi 2009, Li 2009, Pawlikowska
2009, Soerensen 2010, Broer 2015 & Sun 2015).  None of them map in protein-
coding regions.  Thus far no mechanism has been found to explain how any of
these SNPs relate to FOXO3A function.  We therefore studied the locus in more
detail.  Using the UCSC Genome Browser we visualized the mapping of ESTs and
mRNAs to the FOXO3A locus (Fig. 1).  The ESTs DC386892 and DC352310 suggested
the existence of a novel exon of FOXO3A.  These transcripts would start from an
internal promoter between exon 2 and 3 generating a messenger consisting of a
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putative exon 2A spliced to exon 3.  To validate the existence of this transcript, we
analyzed a human cDNA tissue library.  Quantitative PCR (qPCR) using primers
spanning exon 2A and exon 3 yielded a strong skeletal muscle-specific expression
and a much weaker expression in other tissues (Fig 2a).  We further tested
expression of the transcript in the immortalized human myoblast cell line
LHCNM2, which can be differentiated into myotubes in vitro (Fig. 2b, Zhu 2007 &
Vassilopoulos 2009).  qPCR of a differentiation time course of these cells for
FOXO3A, the differentiation marker MYH8 and the novel exon 2A transcript
showed robust FOXO3A expression in both myoblasts and myotubes, whereas
MYH8 and the novel exon 2A transcript were nearly absent in myoblasts but
became robustly expressed in myotubes (Fig. 2c).  The new transcript therefore
became expressed early in myoblast differentiation and remained high in mature
myotubes, corroborating the observed expression in primary human skeletal
muscle.  5’ RACE using the LHCNM2 myotube mRNA as a template confirmed that
the novel mRNA had a 5’ m7g cap and that exon 2A is 242 bp long with the entire
spliced product being 1643 bp, exclusive of the 3pUTR.  We conclude that the ESTs
represented a genuine transcript which we refer to as FOXO3A2.

Figure 1 The FOXO3A locus encodes a novel transcript which contains a longevity SNP.  A genomic
view of the FOXO3A locus rendered by the UCSC Genome Browser with ESTs and longevity SNPs
annotated (Hg19).  Below is a non-scaled cartoon representation with the known FOXO3A coding
exons and splice junction in blue, UTRs in red and the novel exon and splice junction in green.

Interestingly, the longevity SNP rs9400239 mapped within exon 2A, 164 bp from
the transcriptional start.  The minor T-allele of rs9400239 was strongly associated
with longevity in two Caucasian cohorts but had not been examined in the Asian
studies (Flachsbart 2009 & Soerensen 2010).  We therefore assessed linkage of
rs9400239 to the other known longevity SNPs in FOXO3A using data from the 1000
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Genomes Project (http://www.broadinstitute.org/mpg/snap).  The rs9400239
SNP was tightly linked to rs1935949 (Caucasian r2 = 0.85, Asian r2 = 0.78) which was
the lead SNP identified across three additional cohorts of mixed background
(Pawlikowska 2009).  To-date, the lead SNP identified in Asian studies is rs2802292
(Willcox 2008, Li 2009 & Sun 2015). We found that rs9400239 was strongly linked
to rs2802292 in Asians (r2 = 0.78).  From these analyses we conclude that FOXO3A2
encodes a SNP that is tightly linked to longevity.

a
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Figure 2 FOXO3A2 is predominantly expressed in skeletal muscle. a. qPCR for FOXO3A and
FOXO3A2 mRNA using specific forward primers and a common reverse primer across a panel of
RNAs from human tissues normalized to 18S rRNA and graphed relative to the expression in fetal
liver using the ∆∆Ct method.  The top chart is FOXO3A expression, the middle is FOXO3A2
expression and the bottom is a representation of the raw Ct values (not normalized to 18S) for
FOXO3A and FOXO3A2 from the tissue panels.  Errors bars are SD of four replicates. b.
Representative light microscopy images from a differentiation time series of the human myoblast
line LHCNM2.  Day 0 is under normal myoblast growth conditions and Day 6 is under differentiation
conditions. c. qPCR measurement of FOXO3A, FOXO3A2 and MYH8 expression from the LHCNM2
differentiation time course imaged in b represented as ∆Ct.  Error bars are SD.

b
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FOXO3A2 protein abundance is regulated on both the translational and post-
translation levels
We next investigated the protein coding potential of the FOXO3A2 transcript.
Inspection of FOXO3A2 identified the first ATG at 282 bp (corresponding to
Met221 of FOXO3A), which is in-frame with the canonical FOXO3A stop codon (Fig.
3a).

Figure 3 The FOXO3A2 transcript encodes a truncated form of FOXO3A. a. The complete sequence
of exon #1 of FOXO 3A2 (exon 2A relative to FOXO3A) and partial sequence of exon #2 (FOXO3A
exon #3).  Highlighted in red is the rs9400239 SNP (C/T), in green the start codon for FOXO3A2 and
in blue the splice junction between exon #1 and exon #2. b. Annotation of the FOXO3A2 protein
sequence relative to FOXO3A.  The forkhead domain is colored blue, nuclear localization signals
are red, nuclear export signals are green, the transactivation domain is yellow and the three Akt
phosphorylation sites are purple. c. A depiction of the FOXO3A2 constructs used in this study. d.
Western blot from HEK293T transfections of the clones in c treated for 6 hours with either DMSO
or 150 nM of the proteasome inhibitor Bortezomib (BTZ). e. Western blot of the in vitro
transcription/translation reactions performed with the FOXO3A2 clones.

a

e

d
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Translation from this ATG yields a predicted protein of 453 aa with a predicted
mW of 48 KDa. The predicted FOXO3A2 protein has a truncated forkhead domain
but still retains the nuclear localization and export signals as well as the
transactivation domain (Fig. 3b, Greer 2005).  The structure of DNA-bound
FOXO3A suggested that FOXO3A2 may have an ability to bind to DNA via the
retained forkhead domain c-terminal coil (amino acids 236 – 255 in FOXO3A, Tsai
2007).  However, due to the loss of helix 3 of the forkhead domain it has most
likely lost DNA sequence binding specificity.  From this analysis we concluded that
FOXO3A2 putatively encoded an N-terminally truncated form of FOXO3A and that
the rs9400239 polymorphism was located in the 5pUTR of the transcript.

We next asked if the FOXO3A2 protein could be expressed and if the 5pUTR
exerted regulatory functions.  To evaluate this we cloned full-length FOXO3A2
transcripts containing both rs9400239 variants (C1 and C2) as well as a clone
starting from the first ATG (C3) and transfected them into HEK293Ts (Fig. 3c).
Western blot analysis with an antibody raised against the far C-terminus of
FOXO3A revealed numerous bands ranging in size from 50 to 70 KDa for all three
constructs (Fig. 3d).  Strikingly, the C3 construct yielded a tremendous increase in
protein expression in comparison to either of the full-length constructs.  This
increase demonstrated that the 5pUTR (including the longevity SNP) strongly
repressed protein translation.  We also analyzed the stability of FOXO3A2.
Treatment with the proteasome inhibitor Bortezomib (BTZ) for 6 hours increased
the intensity of the FOXO3A bands considerably (Fig. 3d).  This BTZ-mediated
increase indicated that the FOXO3A2 protein was also suppressed at the post-
translational level by proteasome-mediated degradation.  To segregate the
translational and post-translational effects on protein expression we performed in
vitro transcription/translation reactions using a cell-free rabbit reticulocyte
system which yielded single bands for all clones and confirmed that the 5pUTR
was repressive of translation (Fig. 3e).  The single bands obtained in vitro
contrasted with the multi-band pattern in the transfections, confirming that the
FOXO3A2 protein was post-translationally modified in cells.  Collectively, these
results validated that the FOXO3A2 transcript encoded a heavily modified protein
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whose abundance was regulated on both the translational and post-translational
levels.

FOXO3A2 is regulated by PI3K signaling
FOXOs are central mediators of insulin/PI3K signaling and have demonstrated
roles in glucose metabolism (Brunet 1999, Lu 2012 & Haeusler 2014).  A key step
integrating both functions is the phosphorylation of FOXOs by Akt and their
subsequent nuclear exclusion.  If FOXO3A2 would play a role in insulin signaling
and glucose metabolism, regulation by Akt could also be expected.  We therefore
investigated whether the FOXO3A2 protein could be similarly regulated by Akt.
We assessed FOXO3A2 phosphorylation status and nuclear localization in
myoblasts.  An inducible version of the C3 construct, lacking the 5pUTR, was
introduced into LHCNM2.  As a control, we also generated a LHCNM2 line with an
inducible full-length FOXO3A cDNA construct.  We induced expression of the
FOXO3A2 and FOXO3A constructs in myoblasts and probed western blots for
phosphorylation of Ser253 of FOXO3A and the corresponding epitope in FOXO3A2
(Ser33).  FOXO3A was strongly expressed and a strong band phosphorylated at
Ser253 was detected under insulin stimulation (Fig. 4a).  This band disappeared
after treatment of the cells with the PI3K inhibitor GDC-0941.  However, FOXO3A2
levels were less pronounced and no phosphorylation of the corresponding serine
was detected.  To increase protein levels, we treated the myoblasts with BTZ prior
to insulin stimulation and PI3K inhibition.  This increased both FOXO3A and
FOXO3A2 levels and allowed detection of a phosphorylated FOXO3A2 band. This
band became more intense following insulin stimulation, while phosphorylation
was abolished by PI3K inhibition.  This showed that FOXO3A2 and FOXO3A are
similarly regulated by insulin/PI3K signaling.  We next probed the subcellular
localization of FOXO3A2 by immunofluorescence.  Immunofluorescence showed
that inhibition of PI3K signaling caused a strong increase in FOXO3A nuclear
localization, as could be expected (Fig. 4b).  The same result was found for
FOXO3A2.  These experiments demonstrated that FOXO3A2 was phosphorylated
by Akt and capable of cytoplasmic-nuclear shuttling.  These properties suggested
that FOXO3A2 could function within the insulin/PI3K/Akt signaling axis.
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Figure 4 FOXO3A2 is phosphorylated and excluded from the nucleus by PI3K/Akt activity. a.
Western blots from LHCNM2 myoblasts harboring doxycycline-inducible overexpression constructs
of FOXO3A (left) and C3 (right).  Myoblasts were either maintained on 0.1 µg/ml DOX for 48 hours
or not and then treated with either DMSO or 200 nM BTZ for 6 hours and then pulsed with either
DMSO, 200 nM insulin or 5 µM GDC-0941 (PI3Ki) for 0.5 hours then harvested. b.
Immunofluorescence of LHCNM2 myoblast lines FOXO3A (left) and C3 (right).  All cells were treated
with DOX, BTZ and PI3Ki as in a.  Cells were stained with the DAPI (blue), phalloidin (red) and the
FOXO3A antibody (green).  To ensure only the exogenous constructs were detected the sensitivity
of the confocal was set such that no endogenous signal was detectable in the -DOX conditions of
any of the lines.

FOXO3A2 suppresses glycolysis depending on the longevity SNP
To explore the role of FOXO3A2 in glucose metabolism and test if the longevity
SNP rs9400239 influenced this function, we evaluated the effect of FOXO3A2 on
glycolysis.  We constructed two inducible overexpression lines of LHCNM2

a

b
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myoblasts with the FOXO3A2 full-length C1 (C-allele) and C2 (T-allele) constructs.
These myoblasts were differentiated into myotubes and expression of the
constructs was induced by doxycycline treatment (Fig. 5a).  We first assessed
glycolytic activity by measuring lactate dehydrogenase (LDH) enzymatic activity in
myotube lysates.  Overexpression of the T-allele construct (longevity allele of
FOXO3A2) only caused a 7.5% reduction in LDH activity which was not significant
(p = 0.14, Fig. 5b).  However, the C-allele construct suppressed LDH activity by
24.7% (p = 0.0002).  To confirm that the change in LDH activity reflected a change
in glycolytic flux in our system, we measured the extracellular acidification rate
(ECAR) using the Seahorse platform.  The ECAR quantifies lactic acid accumulation
in the extracellular environment and provides a proxy for glycolytic flux.  The T-
allele construct did not change the ECAR significantly while the C-allele construct
reduced ECAR by approximately 42.7% (p < 0.0001, Figs. 5c-e).  We also assessed
the maximal glycolytic capacity of the myotubes under these conditions by
injection of oligomycin.  The A2-C-FL construct reduced the glycolytic capacity by
52.2% (p = 0.0002) while the A2-T-FL construct had no significant effect (Fig. 5f).
We concluded that the longevity-associated polymorphism of the FOXO3A2 mRNA
strongly influenced a key parameter of glucose metabolism.  The C-allele which
was not associated with longevity repressed glycolysis while the longevity-
associated T-allele was unable to reduce the glycolytic rate.

a b
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Figure 5 The C-allele of FOXO3A2 represses glycolysis while the T-allele does not. a. Western blot
of the inducible overexpression of C1 and C2 constructs in LHCNM2 myoblasts.  DOX was added
for 48 hours which was then followed by treatment of all samples with 200 nM BTZ for 6 hours. b.
LDH activity assay in myotube lysates where C1 and C2 were overexpressed.  DOX was applied on
Day 5 of differentiation and on Day 7 lysates were harvested and LDH activity measured.  Error
bars are SEM of 6 replicates per condition. c. Seahorse assay of inducible overexpression of C1 in
myotubes.  DOX was applied on Day 5 of differentiation and on Day 7 the plate was monitored on
the Seahorse.  Error bars are SEM. d. Seahorse assay of inducible overexpression of C2 in
myotubes (performed identically to c).  Error bars are SEM. e. Quantitation of the basal ECAR from
the assays in c&d.  Within each assay, all ECAR values were first scaled by subtraction of the average
ECAR value obtained following 2-deoxglucose injection at the end of the assay (the theoretic lowest
ECAR).  Next, the +DOX ECAR values were calculated as a percentage of their respective -DOX ECAR
values.  Error bars are SEM. f. Comparison of the maximal ECAR values upon oligomycin injection
attained from the same overexpression assays performed in c&d.  The +DOX max ECAR values were
calculated as a percentage of the -DOX basal ECAR value within each assay.  Error bars are SEM.

The FOXO3A2-encoded SNP rs9400239 is associated with fast glucose clearance in
vivo
A recent study showed that familial longevity was positively associated with the
rate of peripheral glucose clearance (Wijsman 2011).  In humans, peripheral
glucose clearance is primarily a function of skeletal muscle (Shulman 1990).  Given
the strong expression of FOXO3A2 in skeletal muscle and its regulation of
glycolysis, we hypothesized that FOXO3A2 may regulate peripheral glucose
clearance and that this function may be influenced by the rs9400239 longevity

e f
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SNP.  Recently, a study of a metabolically well-characterized cohort of Danish
twins found a moderate association (p = 0.04) between one of the FOXO3A
longevity SNPs, rs2802292, and peripheral glucose clearance as measured by Rd
clamp (Banasik 2011).  SNP rs9400239 was not included in this study and is only
weakly linked to rs2802292 in Caucasians (r2 = 0.59).  We therefore genotyped the
same study cohort of 186 individuals for rs9400239 and repeated the analysis.  The
rs9400239 polymorphism showed a much stronger association (p=0.003) with Rd
clamp, the T-allele being associated with faster clearance (Fig. 6a).  This association
suggested that our experimental findings may be operable in vivo: the reduced
glycolytic rate caused by the C-allele may result in slower peripheral glucose
clearance, while the unabridged glycolytic rate observed for the T allele would
conform with fast glucose clearance.

a b

c
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Figure 6 The FOXO3A2 T-allele is positively associated with peripheral glucose clearance in vivo.
a. Association of rs9400239 genotype with the Rd clamp peripheral glucose disposal parameter.
The association was calculated using a mixed ANOVA regression analysis correcting for age, sex,
BMI, twin pair and zygosity. b. qPCR for FOXO3A2 from muscle biopsy pairs harvested before
(Basal) and during insulin infusion (Insulin) in 139 healthy individuals.  Expression was calculated
relative to 18S rRNA using the ∆Ct method.  Error bars are SEM and the significance was calculated
using the two-tailed paired Student’s t-test. c. Allele-specific qPCR of FOXO3A2 mRNA under basal
and insulin-stimulated conditions correlated with Rd clamp.  The expression of each allele was
corrected to 18S rRNA using the ∆Ct method.  A mixed ANOVA regression was used to assess the
correlation between allele-specific values and Rd clamp correcting for age, sex and BMI.  Error bars
are 95% CI.

We further tested this model by analysis of muscle biopsies in the Danish cohort.
Paired muscle biopsies had been harvested from all individuals before and during
insulin infusion.  qPCR of mRNA isolated from these samples showed that FOXO3A
mRNA levels were down-regulated during insulin infusion, as reported previously
(p < 0.0001, Banasik 2011).  A similar down-regulation was observed for FOXO3A2
mRNA levels (p < 0.0001, Fig. 6b), further corroborating the shared regulatory
principles found for both isoforms.  There was no correlation between the
genotype of SNP rs9400239 and the levels of FOXO3A or FOXO3A2 mRNA, neither
before nor after insulin treatment.  Moreover, we performed allele-specific qPCR
to quantify the mRNA expression of the individual FOXO3A2 alleles (see materials
and methods).  There was no correlation between the genotype of SNP rs9400239
and the mRNA levels of the T- or C-alleles of FOXO3A2 (Fig. S1a-d).  This showed
that the polymorphism does not act via differential regulation of mRNA levels of
FOXO3A2.  However, FOXO3A2 levels did strongly vary among individual members
of the cohort.  We explored this observation to analyze whether the mRNA levels
of the individual FOXO3A2 C- or T-alleles correlated with glucose clearance rates.
Multivariate analysis correcting for age, sex and BMI showed that the mRNA levels
of the FOXO3A2 C-allele during insulin challenge were inversely correlated with
the rate of glucose clearance (β = -0.46, p = 0.005, Fig. 6c).  C-allele levels under
basal conditions did not correlate (Fig. 6c).  In contrast, the T-allele transcript levels
did not show any correlation to the rate of glucose clearance, nor before, nor after
insulin challenge.  An attractive interpretation of these data is that under insulin
stimulation and PI3K activation the product from the C-allele suppressed the rate
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of peripheral glucose clearance while T-allele transcripts had no effect.  This
interpretation is in line with our in vitro data showing that the C-allele of FOXO3A2
suppressed glycolysis, thus in principle reducing muscle glucose consumption.

Discussion
Here we identified a new isoform of FOXO3A with a muscle-specific expression
pattern.  It shares essential regulatory mechanisms with the full length FOXO3A
protein.  FOXO3A2 is also phosphorylated by insulin/PI3K signaling at the serine
corresponding to Ser253 of FOXO3A (Ser33).  Similarly to FOXO3A, FOXO3A2 is
excluded from the nucleus upon insulin/PI3K-mediated phosphorylation.  Here we
describe a role for FOXO3A2 in the regulation of muscle-mediated glycolytic flux.
This function exhibited a striking dependency on the rs9400239 polymorphism
that is present within the 5pUTR of the FOXO3A2 transcript.  The T-allele of this
polymorphism is positively associated with longevity and was unable to suppress
glycolysis in our in vitro myotube model.  In contrast, the C-allele which is
associated with normal lifespan, was in vitro a suppressor of glycolysis.  This was
measured under conditions of high insulin/PI3K activity.  Under these conditions,
the T-allele is therefore associated with a higher glycolytic rate than the C-allele.
Since FOXO3A2 has its highest expression in skeletal muscle, differences in
glycolytic flux in muscle cells under conditions of insulin stimulation could directly
influence the rate of peripheral glucose clearance.  The prediction that carriers of
the T-allele have, after insulin stimulation, a faster glucose clearance was tested
in a Danish cohort.  The T-allele was indeed associated with significant faster
glucose clearance than the C-allele.  In longevity studies, the same T-allele had
been associated with extreme long lifespan.  As a role for the insulin/PI3K/FOXO
axis in longevity has been well established in model organisms, our findings
suggest now for the first time a mechanism how the human FOXO3A-associated
polymorphisms can influence longevity via high glycolytic rates and concomitant
fast glucose clearance.

Our analyses have identified a few regulatory principles of FOXO3A2 that may
relate to the differential physiological effects of the alleles. The rs9400239
polymorphism is encoded in the first exon of FOXO3A2 as part of the 5pUTR.  This
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UTR has an extremely strong inhibitory effect on translation, as was shown by
introduction of different constructs into HEK293T cells. The rs9400239
polymorphism changes the energetically most favorable predicted RNA structure
of the FOXO3A2 messenger, causing a stabilization (2 extra basepairs in the stem-
loop structure) of the T-allele (Fig. S2).  This difference in RNA conformation may
under appropriate conditions effect the translational efficiency of FOXO3A2 and
thereby its activity.  Comparison of in vitro and in vivo translated FOXO3A2
constructs also established extensive in vivo modifications of the protein, and the
5pUTR polymorphism may in theory influence them as well.  These modifications
may play a role in tuning the observed short half-life of the protein as well as
controlling its subcellular localization.  Unraveling these mechanisms and their
relation to the polymorphism will therefore be important.

Our model assuming that enhanced peripheral glucose clearance is positively
associated with longevity in humans is supported by other human studies as well
as data from model organisms.  In humans, increased muscle mass is positively
correlated with insulin sensitivity and inversely correlated with all-cause mortality
(Srikanthan 2011 & Srikanthan 2014).  Recently, the Leiden Longevity Study found
that peripheral glucose clearance is positively associated with familial longevity
while hepatic glucose clearance was not (Wijsman 2011).  A low insulin resistance
index (HOMA-IR) among centenarians has been observed when compared to their
younger controls (Paolisso 2001).  Similarly, the offspring of centenarians have
been reported to have higher insulin sensitivity than the descendants of non-
centenarians; suggesting heritability (Vitale 2012).  In mouse models, both caloric
restriction as well as growth hormone receptor knockout (GHRKO) caused
increased lifespan and insulin sensitivity (Masternak 2009).  Recently, GHRKO mice
with genetically normalized insulin sensitivity exhibited reversion of GHRKO
benefits in various age-related parameters; demonstrating a causative role for
insulin sensitivity in the modulation of aging phenotypes (Arum 2014).  In monkeys
a causative association between caloric restriction, increased insulin-stimulated
PI3K activity in the muscle, increased insulin sensitivity and enhanced peripheral
glucose clearance has also been observed (Wang 2009).  In a separate cohort of
monkeys caloric restriction was shown to significantly increase lifespan (Colman
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2014).  The here described finding that the longevity SNP rs9400239 maps within
the 5pUTR of a novel FOXO3A isoform and that the longevity T-allele of this SNP is
associated with higher glycolytic flux and enhanced peripheral glucose clearance
is consistent with these other reports. Further study of FOXO3A2 may provide
new insights into the processes at the crossroads of metabolism and longevity.
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Supplemental Data

Figure S1 FOXO3A2 mRNA allele-specific qPCR. a. qPCR of serial dilutions of cDNA made from
muscle biopsy mRNA from an individual homozygous for the C-allele of FOXO3A2.  Three different
forward primers were used in three separate parallel reactions in combination with the same
reverse primer.  “A2 Total” uses the allele-insensitive standard FOXO3A2 qPCR forward primer
while ‘C’ is the forward specific for C-allele mRNA and ‘T’ is the forward specific for T-allele mRNA
(see materials and methods). b. The same dilutions and measurements as a but with cDNA from
an individual homozygous for the T-allele of FOXO3A2. c. qPCR of serial dilutions made from a mix
of the cDNAs used in a&b.  Prior to mixing the cDNAs each cDNA was individually adjusted to where
a target Ct of approximately 24 was achieved for FOXO3A2 with the “A2 Total” primer set.  These
cDNA dilutions were then mixed 1:1 to create a “mock heterozygote” where half the cDNA contains
C-allele FOXO3A2 and the other half T-allele FOXO3A2.  qPCR was performed with all three primer

a b

c

d
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sets on the dilution series made from this mix. d. Allelic expression of FOXO3A2 from all muscle
biopsy samples normalized to 18S rRNA.  Error bars are SEM.

Figure S2 The predicted RNA secondary structure of FOXO3A2 mRNAs.  The predicted RNA
structures (RNA Mfold program) of the full 5pUTR of the FOXO3A2 sequence.  The C-allele (left)
has a lower stability (ΔG = −62.81 kcal/mol) than the T-allele (ΔG = −64.75 kcal/mol) on the right.
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Chapter 6

General Discussion
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Forkheads, PI3K & mTOR In Neuroblastoma

Fundamental Insights
From this work it is clear that forkhead box family transcription factors have both
oncogenic and tumor suppressive capabilities in neuroblastoma.   The subset of
11q23 deletions resulting in FOXR1 re-expression described in Chapter 2 is the first
genetic proof that forkheads have a fundamental role to play in neuroblastoma
pathogenesis.  Although rare genetic events, we found the FOXR1 gene to be a
potent transformative agent in the neuroblastic lineage.  Supporting this finding,
we have recently found two high-stage neuroblastomas exhibiting normal diploid
CGH profiles and no other somatic mutations by whole-genome sequencing; with
the only genetic aberration being 11q23 deletions resulting in FOXR1 fusion genes
(unpublished).  This argues that FOXR1 overexpression may indeed be sufficient
for neuroblastoma tumor initiation.  In Chapter 2 we also found that FOXR1 may
be acting at least in-part through suppression of FOXO transcriptional activity
and/or target genes.  This led us to explore the status of FOXOs in neuroblastoma
in more detail.

From our work in Chapters 3 & 4 it is evident that Akt and mTORC1 inhibit
apoptosis in neuroblastoma in what seems to be a mechanistically-redundant
fashion.  This arose from our finding that the loss of mTORC1 or Akt activity alone
seemed to be insufficient to activate a robust apoptotic response.  In Chapter 3
we found FOXO3A to be a major effector of apoptosis downstream of dual
PI3K/mTOR inhibition in SKNBE(2c) and SY5Y cells and a correlate of apoptosis
driven by the Akt inhibitor MK-2206 across a panel of neuroblastoma cell lines.
However, in Chapter 4 we described the insufficiency of Akt inhibition to induce
robust apoptosis in SKNBE(2c) cells.  This inconsistency in the regulation of
FOXO3A activity raised the possibility that FOXO3A is redundantly inhibited by
both Akt and mTORC1.

In order to re-evaluate the relationship of FOXO3A activation to specific Akt and
mTORC1 inhibition we performed FireFOX luciferase reporter assays inhibiting
either component alone or together in SKNBE(2c) cells.  We achieved Akt inhibition



192

with the Akt inhibitor MK-2206 and mTORC1 inhibition by IPTG-inducible
knockdown of Raptor.  This experiment and its replicates revealed that the
FOXO3A transcriptional activity achieved by Akt inhibition is further increased by
mTORC1 inhibition and that this is more than an additive effect (Fig. 1a).  Strikingly,
mTORC1 inhibition alone gave a weak increase in FOXO3A activity; this is also
reproducibly observed.  This increase in FOXO3A activity under mTORC1 inhibition
alone is especially interesting because Raptor knockdown consistently
hyperactivates Akt and results in hyperphosphorylation of Thr32 on FOXO3A.  This
hyperphosphorylation would be expected to result in further cytosolic
sequestration of FOXO3A which would prevent FOXO3A from engaging targets in
the nucleus.  One possibility is that mTORC1 may regulate the nuclear import
and/or export of FOXO3A somewhat independently of Akt.  As an additional
means of evaluating FOXO3A transcriptional activity following mTORC1 inhibition
we developed a core gene expression signature for FOXO3A.  This signature was
constructed from the overlap of four mRNA expression datasets where
constitutively active FOXO3A was overexpressed in both primary and cancer cell
backgrounds (Czymai 2010, Gan 2010, Eijkelenboom 2013 & SY5Y unpublished).
This analysis identified 30 genes consistently upregulated by FOXO3A and 5 genes
consistently downregulated and included many well-known target genes such as
Rictor, IGF1R, PIK3CA, HBP1 and MXI1.  K-means clustering of this signature on
Raptor knockdowns profiled in SY5Y and SKNBE(2c) reveals that this signature is
consistently activated – meaning that the FOXO3A upregulated genes are
predominantly upregulated with Raptor knockdown while the FOXO3A
downregulated genes are mainly repressed (Fig. 1b).  In conjunction with the
FireFOX reporter assays this leads us to conclude that FOXO3A transcriptional
activity may be controlled by mTORC1 independently of Akt to a limited extent.
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Figure 1 Inhibition of mTORC1 both independently of and cooperatively with Akt inhibition
potentiates FOXO3A gene regulatory activity. a. A representative FireFOX reporter assay of
SKNBE(2c) cells with IPTG-inducible Raptor knockdown alone or combined with Akt inhibition.
Error bars are SD. b. K-means clustering of a core FOXO3A gene expression signature within gene
expression profiles of IPTG-inducible Raptor knockdown in both SY5Y and SKNBE(2c). * indicates
genes that are downregulated by overexpression of constitutively active FOXO3A.

To re-evaluate the involvement of FOXO3A downstream of Akt/mTORC1-
mediated apoptosis in SKNBE(2c) we performed a FOXO3A shRNA rescue
experiment following treatment with the dual PI3K/mTOR inhibitor GSK2126458
(Fig. 2a).  As in Chapter 3 with the dual inhibitor PI-103 FOXO3A knockdown could
significantly suppress the apoptotic response.  We next constructed an SKNBE(2c)
line containing a DOX-inducible overexpression construct of wild-type FOXO3A
and the IPTG-inducible shRaptor construct.  Alone or combined knockdown of
Raptor and/or overexpression of FOXO3A triggered no apoptosis (Fig. 2b).
However, apoptosis was observed under both Akt (MK-2206) and PI3K inhibition
(GDC-0941).

a b
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Figure 2 FOXO3A drives apoptosis under conditions of combined PI3K/Akt and mTORC1 inhibition.
a. Time course FACS analysis of sub-G1 fractions of SKNBE(2c) cells containing an IPTG-inducible
shRNA against FOXO3A treated with 500 nM GSK212.  Error bars are SD. b. FACS analysis of sub-
G1 fractions of SKNBE(2c) cells containing a DOX-inducible overexpression construct of wild-type
FOXO3A and an IPTG-inducible shRNA against Raptor treated MK-2206 (Akt) or GDC-0941 (PI3K)
inhibitor and harvested at 72 hours.

Furthermore, the combined knockdown of Raptor and overexpression of FOXO3A
gave the highest levels of apoptosis under each drug treatment.  It is also apparent
that PI3K inhibition potentiates the FOXO3A/mTORC1-mediated apoptosis more
efficiently than Akt inhibition.  This observation most likely reflects the fact that
our shRaptor construct gives a somewhat incomplete inhibition of mTORC1
signaling.  Given our description of PI3K having more control over mTORC1 than
Akt in Chapter 4 it may be that combined Raptor knockdown and GDC-0941
treatment is resulting in maximal mTORC1 inhibition and hence maximal FOXO3A-
potentiated apoptosis.  From this experiment it is clear that mTORC1 inhibition
alone is not sufficient to potentiate FOXO3A-induced apoptosis in SKNBE(2c) cells
while Akt inhibition is.  However, we cannot rule out that mTORC1 inhibition
wasn’t required since Akt does exert at least some control over mTORC1 (see
Chapter 4).  From these experiments we conclude that FOXO3A-induced apoptosis
requires Akt inhibition but can be greatly potentiated by mTORC1 inhibition.
These findings coincide with our FireFOX reporter assay results showing that
FOXO3A is maximally active when both Akt and mTORC1 are inhibited, weakly

a b
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activated when mTORC1 alone is inhibited and mildly activated when Akt alone is
inhibited.

FOXO3A is a driver of apoptosis in neuroblastoma.  Based on the very high FOXO3A
expression levels alone in neuroblastoma, this seems paradoxical.  In light of the
role played by Akt and mTORC1 in neuroblastoma, it becomes understandable.
From our analysis of PI3K/mTOR-regulated genesets it is evident that increased
Akt and mTORC1 activity is a hallmark of aggressive neuroblastoma.  This
increased activity directly translates into inhibition of FOXO3A apoptotic
functions; effectively overcoming its high expression level.  This apoptotic block
may in-part afford high-stage tumors aggressive characteristics such as therapy
resistance and increased metastatic potential.  This assertion is further supported
by the finding that gene expression signatures defining FOXO3A transcriptional
activity are prognostic within high-stage disease as well as across all stages (Fig. 3
& Chapter 3).  This demonstrates that even on the margins increased suppression
of FOXO3A correlates with a progressively worse outcome which is most likely
driven by quantitative increases in metastatic nodes and ever-shorter timelines to
therapy resistance.

Figure 3 Kaplan-Meier survival curves generated by k-means clustering of the FOXO3A gene
expression signature in the NBSEQ498 dataset (above).  K-means clustering (below).  Three anti-
correlating genes at bottom are all genes repressed by FOXO3A activation (HK2, UBE2T and
CDCA7).
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Is mTORC1 upstream of FOXO3A?  While our work in Chapter 4 and the results
presented here cannot exclude that mTORC1 may be acting downstream of
FOXO3A to attenuate apoptosis, gene expression data and reporter assays argue
that mTORC1 can suppress FOXO3A transcriptional activity even in the absence of
Akt.  When these findings are matched to our findings regarding PI3K/mTORC1
decoupling as described in Chapter 4 we arrive at the extended model in Figure 4.
Recent work in c. elegans suggests that mTORC1 may indeed suppress Daf-
16/FOXO3A gene regulatory activity independently of Akt – strongly suggesting
this interaction may be as evolutionarily-conserved as that between Akt and
FOXO3A (Robida-Stubbs 2012).  If this proves to be a robust relationship then the
implications are indeed far-reaching.

Figure 4 Model describing known and potentially novel relationships between PI3K, Akt, mTORC1
and FOXO3A.  Solid lines indicate known relationships while dashed lines indicate putatively new
ones.
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Practical Applications
A robust understanding of the biology of FOXO3A in neuroblastoma may yield
translational opportunities.  FOXO3A expression levels (mRNA and/or protein)
may serve as a biomarker for patient prognosis in neuroblastoma.  However,
measuring actual FOXO3A transcriptional activity and/or assessing its
phosphorylation or subcellular localization may be even more useful as this could
work even within high-stage disease.  Most likely, FOXO3A status would then be
useful as a biomarker predictive of dual PI3K/mTOR inhibitor therapeutic response
and even a target that could be monitored during treatment for compound
efficacy.  Recently, Genentech received a patent for exactly this purpose that
spanned a range of cancers (USPTO #20130059859).  This strongly indicates that
our findings in neuroblastoma readily extend to many other cancers.  Particularly
in neuroblastoma, dual PI3K/mTOR inhibitors may have a wider therapeutic
window due to the high FOXO3A levels; this may allow for treatment response at
doses that are non-toxic to other organ systems and tissues.  One potential
implementation would be to develop an mRNA profiling chip of reliable FOXO3A
target genes to use as a readout of FOXO3A activity for the purposes stated above.

It may also be a goal to further enhance FOXO3A-driven apoptosis by identifying
and targeting additional obstructions on the FOXO3A pro-apoptotic road.  The
BCL2 inhibitor ABT-263 exhibits efficacy against neuroblastoma cell lines and
xenografts (Lamers 2012).  It has also been found that the dual PI3K/mTOR
inhibitor PI-103 alters the ratio of anti- and pro-apoptotic BCL2 molecules in
neuroblastoma cells to favor apoptosis (Bender 2011).  Preliminary data indicates
that dual PI3K/mTOR inhibitor / FOXO3A-driven apoptosis is largely BCL2-
dependent (unpublished).  This paves the way for the testing of next generation,
clinically-viable BCL2 inhibitors in combination with molecules like the clinically-
available dual PI3K/mTOR inhibitor GSK2126458.

Open Questions
One of the most pressing questions raised by our study of the PI3K/mTOR pathway
in neuroblastoma is also the simplest: what are the mechanisms that maintain
pathway activity in neuroblastoma cell lines and tumors?  From our exhaustive
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complete genome sequencing efforts we have failed to identify any instances of
PTEN loss or activating mutations in PIK3CA; two of the most common pathway
activators in other cancers (Hollander 2011, Hafsi 2012 & Molenaar 2012).  A
partial explanation for the seemingly general phenomena of PI3K/mTOR activation
in neuroblastoma is the occurrence of ALK receptor mutations (7 – 10% of tumors).
These mutations have been found to reliably stimulate Akt activity (Berry 2012 &
unpublished data).  ALK is not the first reported receptor to activate PI3K signaling
in neuroblastoma.  The ALK receptor is very similar to the IGF-1R and insulin
receptors (for review see Ogawa 2011).  In other studies, compounds and
antibodies that specifically inhibited the IGF-1R receptor strongly suppressed
PI3K/Akt signaling and showed excellent efficacy in a subset of neuroblastoma cell
lines and xenografts (Tanno 2006 & Wojtalla 2012).  This indicates that
neuroblastoma cells may maintain autocrine IGF signaling to enforce PI3K pathway
activity.  In vivo, autocrine signaling may not be essential because during normal
childhood development at the age of about 12 months circulating IGF-2 levels
begin to increase dramatically and remain high throughout life (Yu 1999).
Strikingly, this correlates closely with the mysterious 18 month age cutoff that
dramatically alters patient prognosis.  The BDNF/TrkB pathway is another well-
known oncogenic pathway in neuroblastoma that executes primarily through PI3K
signaling (for review see Thiele 2009).  Surprisingly, the MYCN amplicon has
recently been found to encode a novel protein from the antisense MYCNOS
transcript (Suenaga 2014).  This protein, NCYM, was co-expressed with MYCN in
mice.  Highly penetrant, metastatic tumors formed with this combination.  These
tumors exhibited enormously elevated mTORC1 but not mTORC2 pathway
activity.  This finding demonstrated that the MYCN amplicon is intrinsically
activating of mTORC1 as well as amplifying the MYCN oncogene.  Taken together
with the effects of the mutant ALK receptor on PI3K/Akt pathway activity a model
arises where the MYCN amplicon enforces mTORC1 activity while hyperactive
RTKs such as ALK, IGF-1R and/or TrkB enforce Akt activity.  This combination may
be a driving force behind the worst neuroblastoma tumors.

Since mTOR signaling seems to be such a strong determinant of how
neuroblastoma cells response to PI3K/Akt inhibition it will be of great interest to
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elaborate its exact modes of action.  We do not yet know if the effect of mTORC1
on FOXO3A function is direct or not.  Whether it is post-translational
modifications, interaction with other mTORC1-regulated players and/or
regulation of FOXO3A protein stability is yet to be determined.  Another enigma is
the exact role (if any) of mTORC2 in neuroblastoma.  Our knockdowns of the
essential mTORC2 component Rictor produced no clear phenotypes on their own.
However, we did have some indication that Rictor knockdown could partially
rescue apoptosis induced by PI3K/Akt inhibition and attenuate FOXO3A
transcriptional activity (unpublished).  This raises the appealing model that
mTORC2 actually opposes mTORC1 in regards to FOXO3A function and cell
survival; meaning that outside of Akt activation mTORC2 may actually potentiate
FOXO3A function.  Indeed, more work will be needed to evaluate this potential
relationship.

Another important question is again one of the most obvious: why are high
FOXO3A levels maintained in neuroblastoma?  Why wouldn’t FOXO3A be targeted
for removal by chromosomal deletions?  One potential answer may be that
heightened PI3K/mTOR signaling is easily achieved by neuroblastomas in a myriad
of different ways; removing the selective pressure for FOXO3A deletion.  An
alternative hypothesis is that FOXO3A is required for neuroblastoma cell survival
and/or proliferation.  This might be due to a requirement for FOXO3A in the
maintenance of basic metabolic processes or cell cycle progression.  Recently, such
roles have been reported for FOXOs (van der Vos 2012, Yeo 2013, Charitou 2015).
This also leads to related questions about other pathways beyond PI3K/mTOR
acting in neuroblastoma that may restrict or promote subsets of FOXO3A
functions.  Direct evidence that FOXO3A is required for neuroblastoma cell survival
was uncovered during shRNA-mediated knockdown experiments.  Clones
containing stable knockdown of FOXO3A were impossible to obtain despite
numerous attempts with multiple shRNAs in multiple cell lines (unpublished).  It
remains elusive what functions of FOXO3A were required for cell survival.  It would
be interesting to attempt rescue of FOXO3A shRNAs by overexpression of other
FOXOs and/or FOXO3A mutant clones (constitutively nuclear, DNA binding null,
etc.) to gain further insight.
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Insulin Signaling & FOXO3A2 In Human Longevity

Fundamental Insights
In Chapter 5 we detail the discovery of FOXO3A2 which is a novel isoform encoded
by the FOXO3A locus.  The domain structure and highly-restricted expression
pattern of FOXO3A2 suggests it most likely performs markedly different functions
that are non-redundant with the canonical FOXOs.  FOXO3A2 only contains half of
the canonical forkhead domain, making it unlikely that it has any intrinsic DNA
binding specificity.  However, it does retain the entire FOXO3A transactivation
domain along with nuclear import and export signals.  This raises the possibility
that FOXO3A2 could function as a nuclear cofactor by interacting with other DNA-
binding proteins.  Its very tight translational and post-translational regulation
renders FOXO3A2 a de facto low-abundance molecule.  This presents serious
technical challenges in studying even overexpression constructs.  Nevertheless,
we were able to determine that FOXO3A2 can be regulated by PI3K signaling in
much the same way as FOXO3A with regard to its cytosolic/nuclear localization
pattern.

The regulation of FOXO3A2 by PI3K signaling ties it fundamentally to insulin
signaling.  This is where the meaning of the rs9400239 longevity SNP contained
with the FOXO3A2 5pUTR reveals itself.  From our rigorous comparison of the two
different full-length clones of FOXO3A2 it became apparent that the non-longevity
C-allele was capable of glycolytic repression in myotubes while the longevity-
associated T-allele was not.  Excitingly, this suggests the first direct function for a
key FOXO3A longevity SNP.  The consequences of this new biology were
detectable in a cohort of Danish twins who underwent a detailed metabolic
assessment (Banasik 2011).  In this cohort we found that the T-allele was positively
associated with increased peripheral glucose clearance.  Peripheral glucose
clearance is largely a function of skeletal muscle and is the primary means by which
circulating glucose levels are regulated in humans (Shulman 1990).  Thus, both the
FOXO3A2 expression pattern and effect on glucose metabolism in vitro are
consistent with the in vivo findings.  This strongly argues that enhanced insulin
sensitivity is beneficial and may be a causative factor in extending human lifespan.
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Furthermore, this finding implicates skeletal muscle as a generally important
tissue in the regulation of human longevity.

Open Questions
The discovery of FOXO3A2 has raised a myriad of questions that will probably not
be satisfactorily answered for many years to come.  One of the earliest
observations was that FOXO3A2 is probably not conserved in mice and may only
exist in higher mammals and primates (unpublished).  This was evident from
alignment of the first exon of FOXO3A2 with mouse and rat genomes as well as
PCR in mouse material.  Here, the important role of FOXO3A2 in muscle-mediated
glucose metabolism may provide a clue.  In mice, hepatic glucose clearance is
much more important for the maintenance of whole-body glucose homeostasis
than it is in humans where skeletal muscle is most important (for review see
Bunner 2014).  Perhaps as mammals became increasingly complex and glucose
clearance by skeletal muscle became more important to whole-body glucose
homeostasis additional molecular machinery evolved to regulate this process.  It
would be interesting to determine which of the earliest mammals began to
express FOXO3A2 and if this skeletal muscle specificity was maintained.

Another interesting question will be if FOXO3A2 is a modulating factor in diabetes.
It will be exciting to find out if FOXO3A2 expression and/or genotype is associated
with predisposition to diabetes (Type I or II), time of onset, disease severity and
other key parameters.  If so, further study of FOXO3A2 may lead to additional
mechanisms governing whole-body glucose homeostasis in humans and
eventually new roads to therapeutic intervention.

What else does FOXO3A2 do, how exactly does it do it and who are its partners?
Since FOXO3A2 may actually regulate human lifespan answering these questions
could be invaluable.  A number of approaches could be taken such as proteomics
to identify its interacting partners, microarray profiling to gauge its effects on gene
expression and metabolomic profiling to identify any other metabolic pathways it
may impact.  Such unbiased approaches will hopefully clarify its functional
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repertoire and offer a fresh perspective on what may be important to human
longevity.

Mechanistically, it is of course very important to elucidate how exactly the
rs9400239 polymorphism alters FOXO3A2 function.  Here, we have been exploring
many possibilities which include alterations of RNA secondary structure as well as
the production of non-conventional protein products.  Although we have yet to
answer this question we do have many enticing leads.

Finally, does the existence of FOXO3A2 help to resolve the insulin signaling
paradox?  The insulin signaling paradox refers to an ongoing debate in the
longevity field that attempts to reconcile seemingly contradictory findings
revolving around changes in insulin sensitivity and its relationship to lifespan (for
review see Barzilai 2012).  Basically, manipulations that reduce and/or eliminate
insulin sensitivity in c. elegans, drosophila and some mouse models increase
lifespan while other manipulations such as growth hormone and IGF receptor
knockouts that cause increased insulin sensitivity extend lifespan.  Here, it is also
notable that one of the most widely-applicable methods of longevity extension,
caloric restriction (CR), is always associated with increased insulin sensitivity and
that this is even the case in monkeys (Wang 2009 & Colman 2014).  One previously-
proposed hypothesis that attempts to resolve these contradictions is that there
are tissue-specific effects of changes in insulin signaling that ultimately impact on
lifespan.  In this paradigm FOXO3A2 may explain a lot.  The SNP-dependent
differences in FOXO3A2 functionality argues that increased insulin signaling in
skeletal muscle is specifically beneficial for longevity in humans.  This is perfectly
compatible with a model that increased insulin signaling in the brain or adipose
tissue is detrimental to longevity (Bluher 2002, Bluher 2003 & Taguchi 2007).
Ultimately, these conflicting data may also be the result of extreme physiological
differences between organisms in how glucose is processed and the importance
of this throughout the lifespan of the particular organism.  It will be of great
interest to see how this debate evolves and if FOXO3A2 may shape it.
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Summary
The forkhead box family of transcription factors includes 50 different transcription
factors classified into 19 subfamilies that all contain an approximately 100 amino
acid DNA binding domain referred to as the forkhead domain.  This Thesis
describes the roles of the forkheads FOXR1 and FOXO3A in the pediatric cancer
neuroblastoma and includes the importance of the PI3K/mTOR pathway in the
regulation of FOXO3A-mediated apoptosis.  Additionally, the characterization of
the novel FOXO3A-related gene product FOXO3A2 is described as well as its
fundamental links to insulin signaling and human longevity.

Neuroblastoma is a tumor arising from neural crest sympathoadrenal progenitor
cells within the adrenal medulla.  Although rare, it is the most common extra-
cranial solid tumor with an incidence of 10.2 per million children under 15 years
of age.  Neuroblastomas are genetically heterogeneous with the most common
single gene events being MYCN amplification (20% of cases) and ALK receptor
mutation (7-10% of cases).  Despite intense multi-modal therapy high-stage
tumors are often refractory to treatment.

Chapter 2 describes the cloning and characterization of FOXR1 fusion genes arising
from micro-deletions within 11q23 in three neuroblastoma tumors.  We
uncovered these fusion genes by an integrated analysis of mRNA microarray,
comparative genomic hybridization (CGH) array and single nucleotide
polymorphism (SNP) array data.  These deletions resulted in the fusion of FOXR1
to the first exon of either PAFAH1B2 (one event) or MLL (two events) which caused
re-expression of FOXR1 (normally expressed only in early embryogenesis) in all
cases.  Overexpression of FOXR1 in conditionally-immortalized mouse neuroblasts
(JoMa cells) demonstrated that FOXR1 could substitute for MYCN in maintaining
the immortalized state.  Knockdown of FOXR1 with two different shRNAs induced
cell cycle arrest and apoptosis in HOS (osteosarcoma) cells, further suggesting that
FOXR1 acts oncogenically to drive the cell cycle and suppress apoptosis.
Microarray profiling of these knockdowns revealed a significant up-regulation of
FOXO target genes and a significant enrichment for DBE motifs across the
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promoters of the upregulated genes.  FOXO reporter assays confirmed that FOXO
transcription factors were activated by FOXR1 knockdown in HOS.

Chapter 3 describes the importance of the PI3K/Akt/FOXO3A axis in
neuroblastoma.  We identified FOXO3A as strongly overexpressed in
neuroblastoma relative to many other normal tissues and cancers.  FOXO3A
expression was also prognostic with high expression being good prognosis.
FOXO3A cytoplasmic-nuclear shuttling was found to be dependent on Akt activity
with PI3K/Akt inhibition resulting in FOXO3A nuclear localization and
transcriptional activity.  Apoptosis induced by the dual PI3K/mTOR inhibitor PI-103
was rescued by FOXO3A knockdown in the cell line SKNBE(2c) while
overexpression of wild-type FOXO3A in SY5Y cells potentiated apoptosis induced
by PI-103 and the pan-Akt inhibitor MK-2206.  Microarray profiling of SY5Y cells
treated with PI-103 with and without induced FOXO3A overexpression allowed for
the generation of gene expression signatures, one defining PI3K/mTOR activity
and the other defining FOXO3A transcriptional activity.  These two signatures were
found to be inversely correlated and highly prognostic within the NB88 tumor
dataset.

Chapter 4 expands upon our findings from Chapter 3 and defines the redundancy
of Akt and mTORC1 signaling in inhibiting apoptosis in neuroblastoma.  We found
that mTORC1 signals somewhat independently of the PI3K/Akt axis and that this
mTORC1 activity is sufficient to strongly limit apoptosis induced by PI3K or Akt
inhibition.  Inhibition of both PI3K and mTOR with the dual PI3K/mTOR inhibitor
GSK2126458 induced apoptosis across a panel of neuroblastoma cell lines far
more efficiently than PI3K or Akt inhibition alone.  Microarray profiling of
inhibitors targeting PI3K, Akt or mTOR as well as specific inhibition of mTORC1 by
knockdown of Raptor identified gene-sets for each of these PI3K/mTOR pathway
components.  K-means clustering and Kaplan-Meier survival curve generation in
the NB122 dataset revealed that mTORC1 activity is much more prognostic than
Akt activity in high-stage neuroblastoma.  In the Discussion of this Thesis we offer
experimental support for a hypothesis that FOXO3A transcriptional and pro-
apoptotic activity is regulated by both Akt and mTORC1.
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The insulin/PI3K/Akt/FOXO signaling pathway is a powerful regulator of longevity
in model organisms which has also been implicated in the determination of human
lifespan.  Suppression of insulin signaling in c. elegans and drosophila causes FOXO
activation and robust FOXO-dependent lifespan extension.  In mice, both
suppression and activation of IGF/insulin/PI3K signaling has resulted in lifespan
extension; confirming the evolutionarily-conserved importance of this pathway in
longevity.  Although FOXOs have yet to be demonstrated as effectors of longevity
in mice, multiple genetic association studies have reproducibly linked SNPs at the
FOXO3A locus to human longevity. Thus far no mechanisms have been discovered
for the variants identified.

Chapter 5 details the cloning and characterization of a novel isoform of FOXO3A
which we call FOXO3A2.  We also suggest a role for FOXO3A2 in the regulation of
peripheral glucose clearance and human longevity.  The FOXO3A2 transcript is
derived from a novel exon transcribed from an internal promoter within intron #2
of the human FOXO3A gene.  This exon splices into exon #3 of FOXO3A, creating a
transcript that encodes an n-terminally truncated form of FOXO3A.  The 5pUTR of
this transcript contains the key human longevity SNP rs9400239 which is either a
C (non-longevity) or a T (longevity).  Evaluating FOXO3A2 expression across a panel
of human tissue cDNAs we found FOXO3A2 to be nearly absent, with high
expression only in skeletal muscle.  We found the translational initiation of the
FOXO3A2 protein to be strongly suppressed by the longevity SNP-containing
5pUTR.  Additionally, the FOXO3A2 protein was tightly regulated by the
proteasome as well as PI3K signaling.  Like FOXO3A, FOXO3A2 was phosphorylated
on Ser253 in response to insulin/PI3K signaling and excluded from the nucleus.
Inducible overexpression of the C- and T-alleles of FOXO3A2 in human myotubes
demonstrated that the non-longevity C-allele was capable of suppressing
glycolysis while the T-allele was not.  Evaluation of a metabolically well-
characterized cohort of Danish twins revealed that the rs9400239 longevity
genotype (T) was associated with increased peripheral glucose clearance (p =
0.003).  This established a positive association between increased insulin
sensitivity and human longevity.
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Nederlandse Samenvatting
De familie van forkhead box transcriptiefactoren telt 50 verschillende leden die
onderverdeeld worden in 19 subfamilies. Ze beschikken allemaal over een DNA
bindingsdomein van ongeveer 100 aminozuren dat bekend staat als het forkhead
domein. Dit proefschrift beschrijft de rol van 2 leden van de forkhead familie,
FOXR1 en FOXO3A, in de kindertumor neuroblastoom. De rol  van de PI3K/mTOR
signaleringsroute in de regulatie van FOXO3A-gemedieerde apoptose is een
belangrijk onderdeel van deze studie. Bovendien geven we een eerste
karakterisering van FOXO3A2, een nieuw FOXO3A-gerelateerd gen product dat
fundamenteel gelinkt kan worden aan insuline signalering en lange levensduur in
mensen.

Neuroblastoom is een tumor die meestal onstaat in het bijniermerg uit cellen die
afkomstig zijn uit de neurale lijst en die tot het sympathische zenuwstelsel
behoren. Hoewel Neuroblastoom een zeldzame tumor is, is het de meest
voorkomende extra-craniale solide tumor in kinderen onder de 15 jaar met een
incidentie van 10,2 per miljoen. Neuroblastoom tumoren zijn genetisch zeer
heterogeen. De meest voorkomende genetische veranderingen zijn MYCN
amplificatie (in 20% van de gevallen) en mutaties in de ALK receptor (7-10%).
Ondanks de zeer intensieve therapie die patiënten met een hoog risico ondergaan
(chemotherapie, operatie, radiotherapie en stamceltransplantatie), leven na 5 jaar
nog maar 30-40% van deze kinderen.

Hoofdstuk 2 beschrijft de klonering en karakterisering van FOXR1 fusie genen die
ontstaan door micro-deleties in chromosoom 11q23 in drie verschillende
neuroblastoom tumoren. We ontdekten deze fusie genen door geïntegreerde
analyse van mRNA microarray, comparative genomic hybridization (CGH) array
and single nucleotide polymorphism (SNP) array data. Deze deleties resulteerden
in de fusie van FOXR1 met het eerste exon van ofwel PAFAH1B2 (in één geval),
ofwel van MLL (twee gevallen). In alle gevallen leidde dit tot re-expressie van
FOXR1 dat normaal gesproken alleen tot expressie komt in de vroege
embryogenese. Overexpressie van FOXR1 in conditioneel-geïmmortaliseerde
neuroblasten uit muizen (JoMa cellen), liet zien dat FOXR1 de functie van MYCN in



212

deze cellen kon overnemen, namelijk het in stand houden van de
geïmmortaliseerde status. Het verminderen van de FOXR1 expressie d.m.v. twee
verschillende shRNAs leidde tot celcyclus arrest en apoptose in HOS cellen
(osteosarcoma). Tezamen wijzen deze resultaten erop dat FOXR1 als een oncogen
werkt om de celcyclus aan te jagen en apoptose te onderdrukken. De microarray
profielen van de cellen met een via shRNA verlaagde FOXR1 expressie wezen uit
dat er een significante verhoging was van FOXO target genen. Bovendien waren
de promotoren van deze verhoogde genen verrijkt voor DBE motieven. FOXO
activiteit proeven bevestigden de activatie van FOXO transcriptiefactoren na
verlaging van de FOXR1 expressie in HOS cellen.

In hoofdstuk 3 beschrijven we het belang van de PI3K/Akt/FOXO3A
signaleringsroute in neuroblastoom tumoren. We zagen dat FOXO3A in
verhouding tot normale weefsels en vele andere tumoren, zeer hoog tot expressie
komt in neuroblastoom tumoren. Een hoge expressie van FOXO3A is significant
gecorreleerd met een goede prognose. FOXO3A is transcriptioneel actief in de
nucleus van de cel, maar de lokalisatie is afhankelijk van de activiteit van Akt. Het
remmen van de PI3K/Akt signalering leidde tot pendeling van FOXO3A naar de
kern en daarmee inductie van apoptose. Over-expressie van FOXO3A in de
neuroblastoom cellijn SY5Y versterkte de mate van apoptose die geïnduceerd
werd door de Akt inhibitor MK-2206 of de tweeledige PI3K/mTOR inhibitor PI-103.
Vice versa leidde vermindering van FOXO3A expressie in de cellijn SKNBE(2c) tot
een sterke daling van de apoptose die geïnduceerd werd door behandeling met
PI-103. We hebben vervolgens microarray profielen gemaakt van SY5Y cellen, met
en zonder over-expressie van FOXO3A, en wel of geen PI-103 behandeling. Met
deze profielen hebben we 2 genexpressie signaturen vervaardigd; de ene geeft de
activiteit van de PI3K/mTOR signalering weer en de andere de FOXO3A
transcriptionele activiteit. Deze twee signaturen bleken invers gecorreleerd aan
elkaar en zeer prognostisch binnen de NB88 neuroblastoma tumor dataset. De
patiënten met een hoge PI3K/mTOR signalering hebben een lage FOXO3A
activiteit en de slechtste overlevingskansen.
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Hoofdstuk 4 gaat dieper in op onze bevindingen uit hoofdstuk 3 en maakt
onderscheid in Akt en mTORC1 activiteit en hun effect op het remmen van
apoptose in neuroblastoom. We ontdekten dat mTORC1 activiteit voor een deel
onafhankelijk van de PI3K/Akt signalering is en dat deze mTORC1 activiteit
voldoende is om de mate van apoptose veroorzaakt door remming van PI3K of Akt
sterk te beperken in neuroblastoom cellijnen. Het remmen van zowel PI3K als
mTOR met de tweeledige PI3K/mTOR inhibitor GSK2126458 was verreweg het
meest efficiënt in het induceren van celdood in een groot panel van
neuroblastoom cellijnen in vergelijking met de enkele inhibitie van PI3K, Akt of
mTOR. We hebben microarray profielen gemaakt van SY5Y cellen behandeld met
enkele remmers tegen PI3K, Akt of mTOR en van SY5Y cellen waarin specifiek de
activiteit van mTORC1 verminderd is door een shRNA-verlaagde Raptor expressie.
Hieruit konden we de genen identificeren die gereguleerd werden door het
remmen van de specifieke onderdelen van de PI3K/Akt/mTOR signaleringsroute.
K-means klustering van deze genen op de NB122 neuroblastoma dataset en de
bijbehorende Kaplan-Meier overlevingscurves lieten zien dat mTORC1 activiteit
veel prognostischer is dan de Akt activiteit in hoog stadium neuroblastoom
tumoren. In de discussie van dit manuscript dragen we experimentele
ondersteuning aan  voor de hypothese dat de transcriptionele en pro-
apoptotische activiteit van FOXO3A gereguleerd word door zowel Akt als mTORC1.

De insulin/PI3K/Akt/FOXO signaleringsroute is een sterke regulator van lange
levensduur in modelsystemen en lijkt ook betrokken bij het bepalen van de
menselijke levensduur. Het remmen van insuline signalering in c.elegans and
drosophila leidt tot de activatie van FOXO en een forse verlenging van de
levensduur. In muizen hebben zowel remming als activatie van de
IGF/insuline/PI3K signalering tot een verlengde levensduur geleid, waarmee het
evolutionair-geconserveerde belang van deze signaleringsroute in beïnvloeden
van de levensduur bevestigd wordt. Hoewel FOXOs nog niet geïdentificeerd zijn
als modulatoren van de levensduur van  muizen, hebben genetische associatie
studies herhaaldelijk SNPs (single nucleotide polymorphisms) in het FOXO3A locus
gelinkt aan levensduur in mensen. Tot nu toe is er geen achterliggende werking
ontdekt voor deze geïdentificeerde varianten.
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Hoofdstuk 5 beschrijft de klonering en karakterisering van een nieuwe isovorm
van FOXO3A die we FOXO3A2 genoemd hebben. We opperen een rol voor
FOXO3A2 in de regulatie van de perifere glucose verwerking en levensduur in
mensen. Het FOXO3A2 transcript wordt afgeschreven vanaf een interne promotor
gelegen in intron #2 van het humane FOXO3A gen waardoor er een nieuwe exon
ontstaat. Dit exon spliced in exon #3 van FOXO3A waardoor er een transcript
wordt afgeschreven dat een N-terminaal getrunceerde vorm van FOXO3A codeert.
De 5pUTR van dit transcript bevat de SNP rs9400239 waarvan de T-variant sterk
met een lange levensduur geassocieerd is. Het bestuderen van de expressie van
FOXO3A2 in een panel van cDNAs geïsoleerd uit diverse menselijke weefsels liet
zien dat FOXO3A2 nauwelijks tot expressie komt, behalve in spierweefsel waar de
expressie hoog is. De translatie initiatie van het FOXO3A2 eiwit bleek zwaar
onderdrukt te worden door de 5pUTR die de SNP bevatte. Het FOXO3A2 eiwit
werd sterk gereguleerd door het proteasoom en PI3K signalering. Net als FOXO3A
wordt FOXO3A2 gefosforyleerd op Ser253 als reactie op insulin/PI3K signalering
en verdwijnt hierdoor uit de kern. Induceerbare over-expressie van de C- of T-
allelen van FOXO3A2 in humane spiercellen liet zien dat het C-allel (niet
geassocieerd met lange levensduur) in staat was om glycolyse te onderdrukken
terwijl de het T-allel dit niet kon. Evaluatie van een metabolisch goed-
gekarakteriseerd cohort van Deense tweelingen toonde aan dat het rs9400239 T
genotype (geassocieerd met lange levensduur) correleerde met een verhoogde
perifere glucose verwerking (p=0.003). Hierdoor constateerden wij een positieve
link tussen verhoogde insuline sensitiviteit en menselijke levensduur.
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