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Abstract

The evolutionarily-conserved FOXO family of transcription factors has emerged as a significant
arbiter of neural cell fate and function. From the neural stem cell state through mature neurons
under both physiological and pathological conditions they have been found to modulate neural cell
survival, stress responses, lineage commitment and neuronal signaling. Lineage-specific FOXO
knockout mice have provided an invaluable tool for the dissection of FOXO biology in the nervous
system. Within the neural stem cell compartments of the brain FOXOs are required for the
maintenance of NSC quiescence and for the clearance of reactive oxygen species. Within mature
neurons FOXO transcriptional activity is essential for the prevention of age-dependent axonal
degeneration. Acutely, FOXO3 has been found to cause axonal degeneration upon withdrawal of
neurotrophic factors. In more active neural signaling, FOXO6 promotes increased dendritic spine
density of hippocampal neurons and is required for the consolidation of memories. In addition to
the central nervous system (CNS) FOXOs also influence the functionality of the peripheral
nervous system (PNS). FOXO1 knockout within the PNS results in a reduction of sympathetic
tone and decreased levels of brain-derived norepinephrine and lower energy expenditure. FOXO3
knockout mice have impaired hearing which may be due to defects in synapse localization within
the ear. Given the scope of FOXO activities in both the CNS and PNS it will be of interest to study
FOXOs within the context of neurodegenerative diseases such as Alzheimer’s, Parkinson’s,
Huntington’s and Amyotrophic Lateral Sclerosis. From within the nervous system FOXOs may
also regulate important parameters such as whole-body metabolism, motor function and
catecholamine production; making FOXOs key players in physiologic homeostasis.

1. INTRODUCTION

In recent years mammalian FOXO transcription factors have arisen as crucial regulators of
cell fate and function in the nervous system. Of the four mammalian homologs FOXO1, 3
and 6 are the ones most implicated in neuronal function (Hoekman et al., 2006). FOXOs
have roles ranging from neural progenitor cell maintenance, reactive oxygen species (ROS)
suppression, induction of apoptosis, promotion of survival by engagement of autophagy and
regulation of catecholamine biosynthesis (Paik et al., 2009; Renault et al., 2009; Gilley,
Coffer & Ham, 2003; Xu, Das, Reilly & Davis, 2011; Kajimura, Paone, Mann & Karsenty,
2014; Doan et al., 2016). The response of FOXOs to a given input (i.e. growth factor
withdrawal or oxidative stress) is typically governed by post-translational modifications of
the proteins which in-turn control FOXO subcellular localization and/or transcriptional
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activity. Due to their diversity of function gain or loss of FOXO activity in the mammalian
nervous system can have a number of consequences under both physiologic and
pathophysiologic conditions. In this review we will explore these context-dependent roles of
FOXO in the mammalian nervous system and the phenotypic consequences they elicit.

2. NEURAL DEVELOPMENT & STEM CELL MAINTENANCE

The neural stem cells (NSCs) of the subventricular zone (SVZ) and the subgranular zone
(SGZ) are a pool of brain stem cells capable of giving rise to new neurons throughout the
lifespan of a mammal (Zhao, Deng & Gage, 2008). In order to accomplish this task without
premature depletion (they have a limited replicative lifespan) their cell cycle and lineage
commitment must be tightly regulated. Knockout of FOX01/3/4 or even FOXO3 alone is
sufficient to reduce the quiescence of NSCs causing them to hyperproliferate and therefore
strongly deplete this stem cell pool early in life (Paik et al., 2009; Renault et al., 2009). In
addition to hyperproliferation FOXO knockout NSCs also exhibit decreased self-renewal,
increased apoptosis, decreased glycolytic flux, decreased glutathione, increased oxidative
metabolism and high ROS levels (Paik et al., 2009; Yeo et al., 2013). Increased oxidative
metabolism in conjunction with the decrease in glutathione are the likely causes of the
increased ROS. Treatment with the ROS scavenging antioxidant N-acetylcysteine (NAC) can
rescue the apoptosis and self-renewal defects but it cannot rescue the hyperproliferation.
FOXO3 knockout NSCs from adult mice also have a bias in lineage commitment towards
the astrocyte and away from the oligodendrocyte and neuronal lineages (Renault et al.,
2009). In normal neural progenitors, FOXO3 inhibits ASCL1-dependent neurogenesis and
also restrains neurogenesis in vivo (Webb et al., 2013). Similarly, constitutively active
FOXO1 inhibits while its knockdown increases neurogenic differentiation of neural
progenitors (Kim, Hwang, Muller & Paik, 2015). These findings together raise the
possibility that FOXOs suppress lineage commitment and such activity may help
maintaining the NSC reserves throughout the lifetime.

A phenotypic consequence of the above described NSC dysregulation is that FOX01/3/4
and FOXO3 knockout mice have enlarged brains due to increased cell number and a limited
ability to generate new neurons later in life (Paik et al., 2009; Renault et al., 2009). Although
FOX01/3/4 knockout mice have enlarged brains they are developmentally and
histopathologically normal otherwise (Paik et al., 2009). The same is mainly true of the
FOXO06 knockout mouse although FOXO6 knockout neurons do have a somewhat decreased
dendritic spine density (Salih et al., 2012). They also have defects in the radial migration of
cortical neurons (Paap et al., 2016). Interestingly, combined knockdown of FOX01/3/6 by
shRNA in vitro and in vivo results in Pakl loss and severe defects in the establishment of
neural polarity (de la Torre-Ubieta et al., 2010). This phenotype was only observed upon
targeting FOX01/3/6 simultaneously and not caused by knockdown of any FOXO alone;
consistent with the normal brain architecture and development seen in other brain FOXO
knockout mouse models. However, the polarity defect was best rescued by overexpression of
FOXOG6 rather than FOXO1 or FOXO3 which could not rescue as well. It may be that
FOXO6 has a specialized role in the establishment of neuronal polarity although its loss is
compensated by FOXO1 or FOXO3 to a certain extent.
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3. NEURONAL SURVIVAL & STRESS RESPONSES

The FOXO family is well-known for its responsiveness to extracellular cues and execution
of stress resistance or apoptotic programs; in the nervous system this is no exception. One of
the prime regulators of FOXO activity is the PI3K/AKT pathway (Brunet et al., 1999; Kops
etal., 1999; Nakae, Park & Accili, 1999). In response to a wide swath of growth factors that
include insulin and neurotrophic factors (i.e. NGF and BDNF) AKT is activated which then
phosphorylates FOXOs at three different sites (Fig. 1A & 1B). This phosphorylation results
in their nuclear exclusion and cytoplasmic sequestration; rendering them unable to regulate
gene expression. The relevance of this signaling pathway was first shown in PC12-derived
and primary cultured sympathetic spinal cord neurons where overexpression of a dominant-
negative FOXO3 construct could rescue BIM-induced cell death triggered by NGF
withdrawal (Gilley, Coffer & Ham, 2003). Shortly thereafter this pathway was also
described in motor neurons and it was suggested that FasL and JNK signaling might be
partially responsible for FOXO3-induced death (Barthelemy, Henderson & Pettmann, 2004).
Most recently AKT/FOXO3 signaling has been shown to be of central importance in
neuronal cell death triggered from the axon that signals back to the cell body to commence
apoptosis following NGF withdrawal (Simon et al., 2016). FOXO1 has also been shown to
regulate apoptosis downstream of AKT in neurons. Synapse activity-dependent NMDA
receptor (NMDAR) signaling activates PI3K/AKT which was shown to be neuroprotective
under conditions of reactive oxygen species (ROS) accumulation (Papadia et al., 2008).
Mechanistically, AKT-mediated inhibition of FOXO1 reduced TXNIP levels which resulted
in increased thioredoxin activity and enhanced ROS detoxification.

FOXOs also regulate apoptosis in neurons in response to activity deprivation and ROS via
the activation of alternative signaling routes. FOXO3 and FOXO1 have been found to be
phosphorylated by the MST1 kinase in response to either ROS or neuronal activity
deprivation (depolarization), respectively (Lehtinen et al., 2006; Yuan et al., 2009; Fig. 1A &
1B). MST1/MST2 are core components of the so-called Hippo pathway which regulates
organ size by coordinating differentiation, proliferation and apoptosis (Qin, Tian, Zhou &
Chen, 2013). In cerebellar granular neurons (CGNs) ROS triggers MST1 to phosphorylate
FOXO3 on Ser209 (mislabeled as Ser207 in Lehtinen et al., 2006; Fig. 1B) which causes it
to translocate to the nucleus and induce cell death (Lehtinen et al., 2006). In a related study
FOXO1 was found to be phosphorylated by MST1 on Ser212 (equivalent of FOXO3
Ser209) in response to depolarization or growth factor withdrawal which also caused
apoptosis (Yuan et al., 2009; Fig. 1A). Surprisingly, the cell cycle regulatory kinase CDK1 is
activated in post-mitotic CGNs by depolarization and phosphorylates FOXO1 on Ser249
causing its nuclear translocation and apoptosis (Yuan et al., 2008; Fig. 1A). In cortical
neurons under oxidative stress CDK5 was also found to phosphorylate Ser249 on FOXO1
(Zhou et al., 2015). In contrast to the CDKZ1 report this event resulted in the cytosolic
sequestration of FOXO1 and attenuation of apoptosis. Interestingly, it was also found that
Ser249 phosphorylation was dominant to AKT-mediated phosphorylation in that Ser249
phosphorylation could localize FOXO1 to the cytoplasm even when all three AKT sites were
mutated to alanine. Increased CDK activity and Ser249 phosphorylation of FOXO1 have
also been associated with the promotion of autophagy and neuronal survival. JNK triple
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knockout CGNs exhibited increased autophagic flux that is CDK and FOXO1-dependent
(Xu, Das, Reilly & Davis, 2011). In this INK-deficient background knockdown of FOXO1
by shRNA or pharmacological CDK inhibition resulted in inhibition of autophagy and
increased CGN death. Additional studies will be needed to resolve the discrepant actions of
FOXOL1 in these distinct contexts.

In addition to phosphorylation methylation was another modification recently identified as
modulating FOXQO’s apoptotic activity. In response to ROS the methyltransferase SET9 was
found to methylate FOXO3 on Lys270 which impaired its transcriptional activity resulting in
reduced apoptosis in CGNs (Xie et al., 2012; Fig. 1B). It has also been shown that SIRT1-
mediated deacetylation of FOXO3 at Lys242 and Lys245 by the class 111 histone deacetylase
SIRT1 (this deacetylation also occurs on FOXO1 at the same sites) can attenuate FOXO3
apoptotic activity in CGNs (Brunet et al., 2004; Daitoku et al., 2004; Fig. 1B). SIRT1 is
known to be activated by ROS as well as other stress stimuli such as DNA damage
(Houtkooper, Pirinen & Auwerx, 2012). It will be of interest to further explore the interplay
of these modifications and how they undoubtedly collaborate to regulate FOXO function and
neuronal survival.

4. PHENOTYPIC CONSEQUENCES OF FOXO LOSS

Although it is clear that FOXOs can induce death in neurons in response to a variety of
stressors they are also essential for the long-term maintenance of established neurons under
physiologic conditions. Deletion of FOXO in neurons results in an age-dependent
degeneration (Hwang and Paik, unpublished data).

Whole-body FOXO3 null mice have adult onset auditory neuropathy rendering them
partially deaf (Gilels, Paquette, Zhang, Rahman & White, 2013). This was traced to the
synapses being not correctly positioned within the cochlea. In this study it was also found
that FOXO3 may function cell autonomously within spiral ganglion neurons where auditory
stimulation could actually induce its nuclear localization. This activity-dependent response
has also been seen with FOXO6 in the process of memory consolidation (Salih et al., 2012).
FOXO6 knockout mice are capable of learning but have a reduced ability to form long-term
contextual and object recognition memories. Furthermore, specific inhibition of FOXO6 in
the hippocampus of wild-type mice by a dominant negative construct is sufficient to
recapitulate this phenotype. Molecularly, learning tasks actually activate FOXO6 which then
binds and activates the promoters of genes involved in synapse formation.

More restricted deletions of FOXOs have also provided insight into their nervous system
function. FOXO1 brain-specific deletion increased the anxiety of mice in a forced swim test
while deletion of FOXO3 decreased their anxiety (Polter et al., 2009). Strikingly, FOXO03
knockout anxiety was decreased similarly to the level of the antidepressant imipramine and
the combination of FOXO3 knockout and imipramine gave the least anxiety; suggesting that
imipramine may actually function in-part through FOXO3. In agreement imipramine
treatment was found to inactivate FOXO3 in the cerebral cortex by cytosolic sequestration.
Together with the FOXO1 results this study suggests that FOXOs may have distinct effects
on depressive behavior,
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FOXO1 has also been investigated by specific deletion in the sympathetic nervous system.
Deletion of FOXO1 in the sympathetic nervous system by crossing FOXO1Fl% mice with
dopamine-p-hydroxylase (DBH) Cre mice resulted in reduced catecholamine (adrenaline)
biosynthesis, reduced sympathetic nervous system activity (sympathetic tone), reduced
energy expenditure, improved glucose clearance and increased bone mass (Kajimura, Paone,
Mann & Karsenty, 2014). Notably, catecholamine production was reduced in the brain but
was normal in the adrenaline-producing chromaffin cells of the adrenal medulla (adrenal
gland); in these cells FOXOL1 is not expressed so deletion had no direct effect. This effect on
catecholamine biosynthesis was attributed to reduced levels of DBH expression due to loss
of FOXO1 binding to the DBH promoter. When challenged with glucose FOXO1
sympathetic knockout mice exhibited enhanced insulin secretion which may explain their
enhanced glucose clearance. FOXO1 has also been specifically knocked out in dopaminergic
neurons using DAT-IRES-Cre (Doan et al., 2016). These mice demonstrated resistance to
weight gain, improved glucose clearance, increased serum levels of norepinephring,
increased midbrain levels of dopamine and increased interscapular brown adipose tissue
thermogenesis. The effect on dopamine biosynthesis was attributed to direct suppression of
the tyrosine hydroxylase promoter by FOXOL1 binding. These results are additionally
supported by the finding that FOXO1 deletion using synapsin Cre has a similar metabolic
profile including resistance to weight gain on a high fat diet (Ren et al., 2013). From these
studies it is clear that FOXO1 is capable of regulating whole-body metabolism from its
actions within the nervous system. However, it remains to be explained what role if any
catecholamine metabolism actually plays in the common increased glucose clearance
phenotype given the point that catecholamine biosynthesis is decreased in the DBH-Cre
model while it is increased in the DAT-IRES-Cre model.

5. NEURODEGENERATIVE DISEASE

Huntington’s, Parkinson’s and Alzheimer’s Disease are all caused by the accumulation of
insoluble protein aggregates (mHtt, a-synuclein/Lewy Bodies and amyloid beta plaques,
respectively) that generate considerable oxidative and proteotoxic stress within neurons.
This chronic stress eventually leads to axonal degeneration and/or apoptosis of the affected
neurons (Montie & Durcan, 2013). Given the pivotal role FOXOs can play in triggering
either neuronal apoptosis or survival in response to stress they are potentially very relevant
players in the pathologies of these afflictions.

In Huntington’s disease (HD) mutant huntingtin protein (mHtt) was found to specifically
activate the XBP1 transcription factor (Vidal et al., 2012). XBP1 knockout in the
background of the mHtt mouse model reduced mHtt levels, enhanced neuronal survival and
improved motor performance. These improvements were attributed to an increase in
autophagy. Loss of XBP1 caused FOXO1 to accumulate on the protein level in the nucleus
and co-expression of wild-type FOXO1 with mHtt in a cell line model was also able to
increase autophagy and clearance of mHtt. Increased expression and nuclear localization has
also been observed for FOXO3 in HD but the functional meaning of it has not yet been
determined (Kannike, Sepp, Zuccato, Cattaneo & Timmusk, 2014).
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FOXO3’s pro-apoptotic and survival activities have been evaluated in a Parkinson’s disease
(PD) model by overexpression of wild-type, constitutively active and dominant-negative
constructs in dopaminergic neurons of the substantia nigra (Pino et al., 2014). In agreement
with many findings in other neuronal types overexpression of constitutively active FOXO3
induced acute apoptosis in DA neurons. However, high-level overexpression of dominant-
negative FOXO3 was also toxic in DA neurons and this was accompanied by signs of
oxidative damage; indicating the necessity of FOXO3 for basic neuronal survival and
resistance to oxidative stress. When co-injected with a-synuclein constitutively active
FOXO3 was still acutely toxic while dominant-negative FOXO3 was completely protective
of DA neurons. There was no explanation offered for this striking level of protection
provided by dominant-negative FOXO3 in light of the fact that a-synuclein levels and
autophagic vacuole formation were largely unchanged by dominant-negative FOXO3 in DA
neurons. FOXO1 and putative FOXO1 target genes (i.e. SMOX) are increased in the frontal
cortex of PD patients which is a region of the brain also pathologically affected in PD but
not as degenerated by the time of autopsy (Dumitriu et al., 2012). Whether this is also true in
the DA neurons of the substantia nigra and the implications of this are unclear.

So far only FOXO3 has been studied in Alzheimer’s disease (AD) models and seems to
largely be an inducer of cell death in response to amyloid beta (AB) plagues. Injection of
AP1.42 into the hippocampus and cortex of adult rats resulted in a series of post-translational
modifications to FOXO3 followed by its nuclear translocation and induction of cell death by
BIM which could be rescued by FOXO3-directed ShRNA (Sanphui & Biswas, 2013). AB1.42
induced a decrease in AKT-mediated phosphorylation, increased MST1 phosphorylation at
Ser209 and increased methylation by PRMT1; the methylation at Arg248 and Arg250 being
known to promote the nuclear retention and activation of FOXQOs (Yamagata et al., 2008;
Fig. 1B). Additional modifications of FOXO3 have been uncovered that are particularly
relevant in the pathogenesis of Alzheimer’s. CDKS5 can phosphorylate FOXO3 at Ser43,
Ser173, Ser294 and Ser325 in response to glutamate-induced excitotoxicity in immortalized
mouse hippocampal (HT22) cells or primary cortical neurons (Shi, Viccaro, Lee & Shah,
2016; Fig. 1B). These phosphorylations can induce FOXO3 nuclear translocation and
initially promote stress resistance through upregulation of MnSOD. At later time points
FOXO3 drives BIM expression and cell death and also promotes neurotoxic cleavage and
excretion of Ap1.4. Knockdown of CDKS5 or FOXO3 is sufficient to prevent these events. In
a p25-induced mouse model of Alzheimer’s early activation of both CDK5 and FOXO3
were observed, preceding Ap plaque formation and cell death. Further support for FOXO3
as a pivotal player in early AD pathogenesis comes from the discovery that the miR-132/212
microRNAs are strongly suppressed in early and late stage AD neurons and that this
corresponds with upregulation of PTEN and FOXO3 (Wong et al., 2013). These microRNAs
were found to directly bind to the 3pUTRs of PTEN and FOXO3 inhibiting their expression.
Experimentally, inhibition of miR-132/212 increased baseline apoptosis in hippocampal
neurons and also enhances apoptosis in response to oxidative stress. These effects could be
rescued by knockdown of PTEN and FOXO3.
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6. FUTURE DIRECTIONS

Although much has been revealed about the role of FOXOs in the mammalian nervous
system much remains to be understood. Physiologically, FOXO1 and FOXO3 seem to be
necessary for the maintenance of neuronal integrity from mid-life on. They may work to
counteract and/or prevent the cumulative damage caused by proteotoxic stress and reactive
oxygen species. It will be of interest to study the neuron-specific FOXO knockout model
further to identify additional signaling and metabolic pathways FOXO may regulate that
offer neuronal protection. This will increase our understanding of exactly how neurons age
and what may be done to maintain their functionality. A mammalian genetic model that
could enhance FOXO activity throughout the nervous system would be most welcome in
order to assess whether or not FOXO can slow or prevent the onset of age-related
neuropathies and accompanying motor and cognitive decline. From a developmental
perspective further exploration of FOXO6 loss in conjunction with the deletion of other
FOXO isoforms will be necessary to establish the full meaning of FOXO in neural
development. This may lead to new understandings about the pathways and signaling cues
that drive mammalian neurogenesis and neural circuit construction. The extensive post-
translational modifications that regulate FOXO activity indicate that FOXOs act as hubs for
the integration of signaling outputs from diverse pathways. A deeper understanding of the
interplay of these modifications and how they influence FOXO-mediated gene regulation
will be a necessary step towards understanding the full range of their contextual functions.

Further study of the roles of FOXOs within the full spectrum of neurodegenerative diseases
is warranted. It may prove fruitful to delete FOXQOs within the backgrounds of established
PD, HD and AD models to clarify their functions in these pathologies. Studies should also
be extended to the role of FOXOs in Amyotrophic Lateral Sclerosis (ALS) given the
progressive degeneration observed in the FOX01/3/4 knockout model. Finally, efforts
should be made to evaluate pharmacological interventions to restore or inhibit FOXO
functionality as appropriate. This could be accomplished by targeting known or novel FOXO
regulatory enzymes as this may lead to potent treatments for these destructive conditions.
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Figure 1.
Domain map and post-translaional modifications that influence FOXO1 & FOXO3 apoptotic

activity within neurons. (A) Annotated FOXO1 protein numbered vs. the human sequence.
Within the domain structure the forkhead domain is colored blue, nuclear localization
signals are red, nuclear export signals are green and the transactivation domain is yellow.
Modifications that promote cell death are marked with red lines, green lines mark
modifications that promote survival and blue lines mark modifications with conflicting
reports on survival. (B) Annotated FOXO3 protein numbered vs. the human sequence. Same
color scheme as A.
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