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Introduction 

 
When neurons were first recognized as independent functional units in the late 

nineteenth century, it was thought their number was fixed (Colucci-D’Amato et 

al., 2006). In 1913, Santiago Ramón y Cajal wrote “Once the development was 

ended, the founts of growth and regeneration of the axons and dendrites dried 

up irrevocably. In the adult centers, the nerve paths are something fixed, ended, 

and immutable. Everything may die, nothing may be regenerated. It is for the 

science of the future to change, if possible, this harsh decree.” In the 1960s, 

however, Altman and Das found evidence of the formation of new neurons (i.e. 

neurogenesis) in the brains of rats and other mammals (Altman and Das, 1965). 

This sparked the search for the source of these neurons.  

   

This source remained obscure until 1989 when Sally Temple identified a 

population of stem cells in the adult mouse brain (Temple, 1989). This was 

followed by Brent A. Reynolds and Samuel Weiss, who, in 1992, were the first 

to isolate these stem cells and grow them as spheres in culture, proving their 

ability to generate neurons (Reynolds and Weiss, 1992).  By ingeniously making 

use of thymidine analog BrdU, used to assess proliferation of tumour cells in 

cancer patients, Eriksson and colleagues demonstrated the existence of adult 

neurogenesis in human brains in 1998 (Eriksson et al., 1998). Finally, in 2000, 

Roy and colleagues managed to isolate stem cells from the human brain, which 

matured to neurons in vitro (Roy, 2000). These studies have consolidated the 

concept of brain-specific stem cells - neural stem cells - as the source of new 

astrocytes, oligodendrocytes and neurons in the adult brain. However, tapping 

this source comes at a cost: it consumes the neural stem cell and leads to a 

dwindling population shortly after birth. As a survival strategy, the majority of 

neural stem cells resides in a non-proliferative state known as quiescence 

where they can persist for a lifetime awaiting signals of activation.    

 

In this thesis, I focus on the molecular regulation of neural stem cell quiescence 

by transcription factors FoxO3 and FoxO6. Only finely tuned regulation of their 

cellular behaviour can ensure lifelong neurogenesis. Consumption of neural 

stem cells leads to an age-related exhaustion of their population but an inability 

to activate these stem cells renders them useless. Alternatively, neural stem 

cells are a critical cell-of-origin for brain tumours. Intrinsic regulation of cell 

cycle and differentiation is, therefore, key to healthy aging. Many of these 
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mechanisms are shared with various tissue-specific stem cells and help to 

understand the molecular regulation of neural stem cells.    

Stem cells 

Adult stem cells are multipotent undifferentiated cells with the ability to self-

renew (Weissman, 2000) and are present in most mammalian tissues where 

they help to maintain tissue homeostasis by replacing cells or as a source of 

highly specialized cell types that repair and regenerate tissues following injury 

(Li and Clevers, 2010). As the number and/or activity of adult stem cells 

declines during aging, which results in impaired tissue homeostasis (Goodell 

and Rando, 2015; Tümpel and Rudolph, 2019), many adult stem cells reside in 

a non-proliferative state known as quiescence. This allows stem cells to persist 

over the lifetime of an organism and is thought to protect their DNA from 

mutations acquired over multiple rounds of cell division (Walter al., 2015). 

Quiescence is essential for the long-term maintenance of stem cell populations 

and its loss can lead to stem cell depletion or tumour formation if paired with 

increased rates of self-renewal (Tümpel & Rudolph, 2019; Orford & Scadden, 

2008; Ito & Suda, 2014). In contrast, excessive quiescence can result in the 

generation of too few progenitor cells necessary to ensure tissue homeostasis 

(Cheung & Rando, 2013). As such, quiescence is no longer thought as an inactive 

state of stem cells, but an actively regulated condition dependent on both 

intrinsic and extrinsic signals (Cheung & Rando, 2013; Tümpel & Rudolph, 

2019; Urbán & Cheung, 2021).  

Neural stem cells and their niche 

Neural stem cells (NSCs) are the tissue-specific stem cells of the brain and the 

source of new neurons, astrocytes and oligodendrocytes (Kriegstein and 

Alvarez-Buylla, 2009). These cells originate from subsets of embryonic radial 

glia, which acquire a quiescent state at an early developmental stage and 

largely remain quiescent in the adult brain (Fuentealba et al., 2015; Obernier & 

Alvarez-Buylla, 2019; Urbán et al., 2019). NSCs reside in mainly two neurogenic 

niches within the adult brain: the ventricular-subventricular zone (V-SVZ) of 

the lateral ventricles and the subgranular zone of the dentate gyrus (DG) of the 

hippocampus (Altman and Das, 1965; Doetsch et al., 1999; Ming & Song, 2011; 

Zhao et al., 2008).  
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Figure 1. Neural stem cells in the adult neurogenic niches 

A) Cartoon showing the location of neurogenic niches in the adult mouse brain: the ventricular-

subventricular zone (V-SVZ) and dentate gyrus (DG).  
B) Cell types in the V-SVZ: astrocyte-like quiescent and active NSCs (type B cells, blue and red, 
respectively), transit amplifying cells (type C, yellow), neuroblasts (type A cells, orange) and 

ependymal cells (green). SVZ, subventricular zone; VZ, ventricular zone; LV, lateral ventricle  
C) Cell types in the DG: radial glia-like quiescent and active NSCs (type I cells, blue and red, 
respectively), intermediate progenitor cells (type IIa/b, yellow/orange), immature granule 

neurons (type III cells, light purple), mature granule neurons (deep purple), bushy and 
horizontal astrocytes (green) as well as hilar astrocytes (yellow) and interneurons (grey) in 
the hilus. ML, molecular layer; GCL, granule cell layer; SGZ, subgranular zone  
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The V-SVZ is a layer of dividing cells, which extends along the lateral wall of 

the lateral ventricle (Figure 1B). There are four main cell types in the V-SVZ: 

neuroblasts (type A cells), SVZ NSCs (type B cells), transit amplifying cells 

(TAP), immature neurons (type C cells) and ependymal cells (Figure 1B; 

Conover and Notti, 2008; Lim & Alvarez-Buylla, 2016). A single layer of 

multiciliated ependymal cells separates the SVZ from the lateral ventricle. 

Neuroblasts born in the SVZ migrate along the rostral migratory stream 

towards the olfactory bulbs, where they primarily differentiate into 

interneurons that integrate into the local circuits (Mirzadeh et al., 2008; Lim 

& Alvarez-Buylla, 2016). The adult dentate gyrus is composed of the molecular 

layer, granule cell layer and subgranular zone (SGZ), which is the layer of cells 

directly bordering the hilus (Figure 1C). Within the subgranular zone, radial 

glia-like NSCs (type 1 cells) give rise to intermediate progenitor cells (type 2a 

and type 2b cells), which progressively differentiate into immature granule 

neurons (type 3 cells) and mature granule neurons. The dentate gyrus also 

contains horizontal and bushy astrocytes (Seri et al., 2004; Bonaguidi et al., 

2011), which provide trophic and metabolic support to these new neurons and 

regulate synaptic transmission (Conover and Notti, 2007).  

 

Whereas these niches are both highly vascularized microenvironments, a key 

difference is the proximity of SVZ NSCs to cerebrospinal fluid (CSF) in the 

lateral ventricles (Doetsch, 2003; Obernier and Alvarez-Buylla, 2019). CSF 

contains ligands and growth factors implicated in the regulation of NSCs, 

including BMPs, Wnts, Shh, Slits, retinoic acid, IGFs, TGFs and PDGFs (Silva-

Vargas et al., 2013). Many of these are secreted by the choroid plexus, a 

structure mainly consisting of epithelial cells, which floats within the lateral 

ventricles (Falcão et al., 2012). Additionally, the CSF contains various systemic 

signals as well as factors produced by ependymal SVZ cells (Silva-Vargas et al., 

2013).  

Adult neurogenesis 

Following cell cycle entry, activated NSCs either self-renew or commit to more 

differentiated cell types (Obernier and Alvarez-Buylla, 2019). The transition 

from proliferative and multipotent NSCs to fully differentiated neurons and glia 

is called neurogenesis and gliogenesis, respectively. Single cell RNA-sequencing 

studies in recent years have demonstrated that NSCs transit between multiple 

states of quiescence and activation before progressively differentiating into 
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intermediate precursor cells, neuroblasts and neurons (Shin et al., 2015; 

Llorens-Bobadilla et al., 2015; Dulken et al., 2017; Artegiani et al., 2017; Basak 

et al., 2018). These transitions are characterized by rapid changes in gene 

expression that are regulated by sequential waves of transcriptional regulators 

and chromatin remodelling (Beckervordersandforth et al., 2015; Hsieh and 

Zhao, 2016).  

 

This neurogenic lineage is largely similar between the SVZ and the SGZ as both 

are characterized by a continuum from quiescence to activation and 

differentiation (Obernier and Alvarez-Buylla, 2019; Gonçalves et al., 2016). 

Whereas genes related to BMP, Notch and MAPK pathways are downregulated 

in the transition from quiescent to activated NSCs, genes related to cell cycle 

and protein synthesis are upregulated. Importantly, both SVZ and SGZ NSCs 

switch from glycolysis and lipid metabolism to oxidative phosphorylation 

during activation (Shin et al., 2015; Llorens-Bobadilla et al., 2015). However, 

there are some interesting differences between the SVZ and SGZ neural lineage. 

Neurons born in the SGZ, for example, are excitatory whereas SVZ NSCs give 

rise to inhibitory neurons (Obernier and Alvarez-Buylla, 2019). Additionally, 

SGZ NSCs generate differentiated astrocytes but do not seem to produce 

oligodendrocytes in vivo (Rolando et al., 2016).    

 

Studies in rodents demonstrate that adult neurogenesis contributes to olfactory 

perception, learning and memory, and mood regulation (Bond et al., 2015; 

Brann & Firestein 2014; Gonçalves et al., 2016; Snyder, 2019). Whereas adult 

neurogenesis has long been considered to be of similar importance in the 

human brain (Eriksson et al., 1998; Roy et al., 2000; Wang et al., 2011), a recent 

study challenged this view as Sorrells et al. (2018) found human hippocampal 

neurogenesis to drop sharply in children to undetectable levels in adults. 

However, as subsequent studies revealed human neurogenesis to exist 

throughout aging (Boldrini et al., 2018; Tobin et al., 2019), conclusions on adult 

neurogenesis appear to be highly dependent on the used methodological 

approaches such as brain tissue processing and the use of 

immunohistochemical markers to detect immature neurons (Paredes et al., 

2018; Tartt et al., 2018; Lucassen et al., 2019; Flor-García et al., 2020). 

Although the levels of neurogenesis in adult humans are very low, this is not 

unlike other mammals as neurogenesis drops sharply after birth across species 

(Snyder et al., 2019).  
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Nevertheless, this does not render adult neural stem cells insignificant in the 

human brain. Interestingly, patients with Alzheimer’s disease show reduced 

levels of hippocampal neurogenesis, which correlated with memory deficits 

(Tobin et al., 2019; Moreno-Jimenez et al., 2019). Conversely, whereas 

neurogenesis in the human SVZ rapidly declines after birth, quiescent NSCs 

persist (Van den Berge et al., 2010). Quiescent NSCs in the SVZ are considered 

the cellular origin of glioblastoma, the most aggressive type of brain tumour 

(Altmann et al., 2019; Matarredona and Pastor, 2019). For instance, SVZ NSCs 

have been found to acquire somatic mutations and to migrate to the brain 

parenchyma where they formed brain tumours (Lee et al., 2018).   

Neural stem cells in the aging brain 

Neurogenesis in the SGZ and SVZ peaks during early life but rapidly declines in 

adulthood (Kuhn et al., 1996; Maslov et al., 2004; Daynac et al., 2016; Ziebell 

et al., 2018). Following activation, NSCs undergo limited rounds of cell division 

before terminally differentiating which leads to a gradual depletion of the NSC 

population (Encinas et al., 2011; Calzolari et al., 2015; Pilz et al., 2018; Ibrayeva 

et al. 2021). However, during aging, NSCs become increasingly  quiescent, 

which slows down the rate of depletion (Bouab et al., 2011; Capilla-Gonzalez et 

al., 2014; Kalamakis et al., 2019; Harris et al., 2021). NSCs grow increasingly 

quiescent during aging due to changes in, amongst others, proteostasis, 

asymmetric segregation of proteins, cellular metabolism and mitochondrial 

function but also because of changes in the neurogenic niche (Audesse & Webb, 

2020).  

 

For instance, an age-related accumulation of protein aggregates in old NSCs 

impairs their ability to be activated and proliferate compared to young NSCs 

(Leeman et al., 2018). Whereas protein aggregates can be asymmetrically 

distributed over daughter cells during NSC division to preserve the neurogenic 

lineage, this relies on an ER membrane that acts as diffusion barrier (Audesse 

& Webb, 2020). During aging, however, this ER diffusion barrier weakens, 

which results in a more symmetric distribution of damaged and aggregating 

proteins following NSC division (Moore et al., 2015). In addition, age-

dependent changes in NSC metabolism promote quiescence (Audesse and 

Webb, 2020). Aged NSCs increasingly utilize glycolysis rather than 

mitochondrial oxidative phosphorylation, which favours a quiescent state (Stoll 

et al., 2011; Beckervordersandforth et al., 2017). Conversely, oxidative 
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phosphorylation generates reactive oxygen species (ROS), which can promote 

proliferation and self-renewal of NSCs (Le Belle et al., 2011).  

 

Whereas NSCs are able to return to quiescence following their activation, these 

cells reside in a shallow quiescence compared to cells that have remained 

dormant since birth (Urbán et al., 2016). Recently, research carried out by 

Guillemot’s group (Harris et al. (2021) revealed that a growing number of 

hippocampal NSCs return to shallow quiescence during aging and that this 

population increasingly contributes to neurogenesis while the dormant cells 

enter into deeper levels of quiescence with age. Harris et al. show that the 

balance between pro-activation transcription factor Ascl1 and E3 ubiquitin 

ligase Huwe1, which degrades Ascl1, shifts towards quiescence when 

expression of Huwe1 increases during aging. Alternatively, the Bonaguidi lab 

(Ibrayeva et al., 2021) identified two subpopulations of NSCs: one that is Ascl1-

positive and one that is Nestin-positive. Whereas Ascl1-positive NSCs rapidly 

divide and deplete in early adulthood, the Nestin-positive NSCs are more 

quiescent, have a higher capability for symmetrical self-renewal and persist 

throughout life. As such, the Ascl1+ NSC population rapidly declines in number 

during early adulthood, Nestin+ NSC population persists throughout life at 

approximately one fifth of the population in the young adult hippocampus. 

Ibrayeva et al. then show that tyrosine-protein kinase Abl1 is a pro-aging factor 

that increases with age. This is in line with an in vivo imaging study by 

Jessberger’s group (Bottes et al., 2021), which showed the existence of two 

Ascl1+NSC and Gli1+ NSC subpopulations. Similarly, Ascl1+ NSCs went through 

several rounds of cell division, depleted shortly after entering the cell cycle, 

and accounted for the majority of postnatal and young adult neurogenesis. Gli+ 

NSCs, however, remained quiescent, increased their self-renewal with age, and 

contributed most to neurogenesis in the long term.  

 

Apart from these intrinsic changes, aging of the neurogenic niche also affects 

NSC quiescence. Astrocytes, microglia, neurons, endothelial cells and 

surrounding NSCs secrete signalling molecules that regulate NSC quiescence. 

Whereas the levels of pro-neurogenic signalling molecules (e.g. IGFs, FGFs, 

EGFs and WNTs) in the niche decline during aging (Enwere et al., 2004; Shetty 

et al., 2005; Okamoto et al., 2011), the levels of quiescence-promoting BMP4 

and BMP6 increase in the NSC niche (Yousef et al., 2015). Additionally, the 

composition of the CSF changes during aging and promotes quiescence of SVZ 

NSCs (Silva-Vargas et al., 2016). During aging, a pro-inflammatory NSC niche 



Introduction  

15 

  

also promotes quiescence (Kalamakis et al., 2019; Dulken et al., 2019). For 

instance, neurogenic niches in old brains are infiltrated by T cells that secrete 

interferon-γ, which inhibits NSC proliferation (Dulken et al., 2019).  

Regulation of neural stem cell quiescence and self-renewal 

In line with the above, regulation of NSC quiescence and self-renewal is 

essential to prevent the early exhaustion of the NSC population and to sustain 

adult neurogenesis (Urbán et al., 2019; Obernier and Alvarez-Buylla, 2019). 

Numerous extracellular signalling molecules, including Wnt, BMP, Notch, Shh, 

GABA and various growth factors (e.g. insulin-like growth factors (IGFs), 

fibroblasts growth factors (FGFs), epidermal growth factors (EGFs) regulate 

NSC fates (Faigle and Song, 2013; Obernier and Alvarez-Buylla, 2019). These 

molecules activate signalling pathways, which differentially control NSC fates. 

Whereas Wnt signalling promotes NSC proliferation and neuronal 

differentiation (Gao et al., 2021; Muroyama et al., 2004) BMP signalling 

promotes quiescence and astrocytic fates (Mira et al. 2010; Bond et al., 2012).  

 

Several transcription factors regulate NSC fates, including ASCL1, p53, p57, 

REST, TLX, NFIX, OLIG2, and those belonging to the FoxO family (Andersen et 

al., 2014; Meletis et al., 2005; Furutachi et al., 2013; Mukherjee et al., 2016; 

Niu et al., 2011; Martynoga et al., 2013; Mateo et al., 2015; Renault et al., 2009; 

Paik et al., 2009). For instance, Ascl1 is a pro-neural basic helix-loop-helix 

transcription factor that promotes the activation of quiescent NSCs (Andersen 

et al., 2014). Transcriptional repressor Hes1, a downstream effector of Notch 

signalling, drives cyclical expression of Ascl1 to promote proliferation of NSCs 

whereas sustained expression of Ascl1 leads to differentiation (Imayoshi and 

Kageyama, 2014; Sueda et al., 2019). ASCL1 proteins, in turn, are negatively 

regulated by E3-ubiquiting ligase HUWE1 and ID4 (Urbán et al., 2016; Blomfield 

et al., 2019). Transcription factor FoxO3 promotes quiescence by activating 

transcriptional programs of cell cycle arrest (e.g. p21, p27), glucose metabolism 

(e.g. G6pase, Glud1), DNA repair (e.g. Gadd45) and apoptosis (e.g. Bim) 

(Renault et al., 2009; Paik et al., 2009; Yeo et al., 2013; Webb et al., 2013).  
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More recently, FoxO3 has been found to promote a network of autophagy-

related genes to control neuronal morphology and to regulate proteostasis in 

adult NSCs (Schäffner et al., 2018; Audesse et al., 2019). Interestingly, by 

competing for DNA-binding sites within shared target genes, FoxO3 and Ascl1 

regulate the balance between NSC quiescence and activation (Webb et al., 

2013).  

 

Additionally, epigenetic mechanisms control NSC fates by regulating chromatin 

remodelling, histone modifications, DNA methylation and non-coding RNAs 

(Ma et al., 2010; Hsieh and Zhao, 2016). For instance, Bmi1, a core component 

of the PRC1 chromatin-remodeling complex, is required for self-renewal of 

NSCs by repressing p16Ink4a expression (Molofsky et al., 2005). Similarly, 

EZH2, the catalytic subunit of PRC2, represses expression of genes involved in 

the PTEN-Akt-mTOR pathway through H3K27 methylation and promotes NSC 

proliferation (Zhang et al., 2014). In contrast, nucleosomal binding proteins 

Hmgn1 and Hmgn2 enhance active chromatin states to promote stem cell 

identity of NSCs (Garza-Manero et al., 2019). Hmgn2-deficient NSCs lose H3K9 

acetylation marks and spontaneously differentiate into neurons. However, 

differentiation into the oligodendrocyte lineage is impaired in the absence of 

Hmgn1 and Hmgn2 as this leads to increased EZH2 occupancy and elevated 

levels of repressive H3K27 tri-methylation at the Olig1 and Olig2 genes. 

 

Importantly, signalling pathway components, transcription factors and 

epigenetic regulators all oscillate in their expression and activity during the 

day (Zhang et al., 2014; Masri and Sassone-Corsi, 2010). This is the result of 

rhythmic transcription driven by a molecular circadian clock, present in 

virtually all cells. The circadian clock is an evolutionary conserved mechanism 

that orchestrates cellular metabolism and the cell cycle during night and day 

(Asher and Schibler, 2011; Gaucher et al., 2018). In recent years, the circadian 

clock has been identified as a regulator of stem cells in various tissues, 

including the brain (Janich et al., 2013; Weger et al., 2017; Draijer et al., 2019). 

Whereas NSCs exhibit circadian rhythms in their proliferation, loss of circadian 

clock components results in the activation and depletion of the NSC population. 

Interestingly, FoxO3 is a regulator of circadian rhythms in the liver (Chaves et 

al., 2014) but its circadian function in the brain remains unknown.  
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FoxO transcription factors  

FoxO transcription factors are critical regulators of various adult stem cells 

populations, including those found in testes (Goertz et al., 2011), bone marrow 

(Tothova et al., 2007; Miyamoto et al., 2007), muscles (Gopinath et al., 2014; 

García-Prat et al., 2020) and the brain (Renault et al., 2009; Paik et al., 2009; 

Webb et al., 2013; Kim et al., 2015, Schäffer et al., 2018; Audesse et al., 2019). 

Although FoxOs have cell type-specific targets (Webb et al., 2016), they 

generally promote quiescence and self-renewal in this wide range of tissue-

specific stem cells. As such, FoxOs are essential for tissue homeostasis 

throughout life and are strongly associated with organismal life span (Greer 

and Brunet, 2005; Martins et al., 2016). For instance, two single-nucleotide 

variants (SNVs) in the FoxO3 gene were significantly associated with human 

longevity and increased FoxO3 mRNA expression (Flachsbart et al., 2017). By 

promoting a variety of cellular outputs such as cell cycle arrest, apoptosis and 

glucose metabolism, FoxOs are at the interface of aging and cancer biology 

(Salih and Brunet, 2008; Ro et al., 2013; Hornsveld et al., 2018).  

FoxO1, FoxO3, FoxO4 and FoxO6 constitute the family of FoxO transcription 

factors in mammals. FoxO2 is identical to FoxO3 whereas FoxO5 is the fish 

ortholog of FoxO3 (Carter and Brunet, 2007). FoxOs, or Forkhead transcription 

factors belonging to the ‘O’ class, share the Forkhead box DNA-binding domain 

with the larger family of Forkhead transcription factors but are uniquely 

characterized as being regulated by the PI3K-Akt signalling pathway. Deriving 

their name from the gene mutation that caused ectopic head structures that 

resembled a fork in Drosophila flies, FoxOs are conserved in both invertebrates 

and vertebrates, albeit as a single ortholog in invertebrates: dFoxO in 

Drosophila and daf-16 in C. elegans (Kaestner et al., 2000). The latter gives it 

name to the DNA motif that is recognizes by the FoxO forkhead domain: the 

Daf-16-binding element or DBE with consensus sequence 5′-GTAAACA-3′ 

(Furuyama et al., 2000). All four isoforms recognize this motif, bind common 

target genes and appear to be functionally redundant (Biggs et al., 2001; Brunet 

et al., 1999; Furuyama et al., 2000; Jacobs et al., 2003; Paik et al., 2007).    
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Nevertheless, knockout studies in mice have revealed their functional 

diversification (Hosaka et al., 2004; Castrillon et al., 2003; Arden, 2008; Salih 

et al., 2012). Whereas FoxO1-knockout embryos die on embryonic day 10.5 as a 

consequence of incomplete vascular development, FoxO3, FoxO4 and FoxO6 

mice are viable and do not show striking phenotype, though FoxO3-kockout 

females exhibit age-dependent infertility.  

In addition, FoxO expression patterns differ. Whereas FoxO1 and FoxO3 are 

abundantly expressed in many different tissues, FoxO4 is minimally expressed 

in the brain but abundantly expressed in muscle tissue (Hoekman et al., 2006; 

Biggs et al., 2001). FoxO6 is highly expressed in the brain particularly in 

pyramidal neurons within the CA1 and CA3 regions of the hippocampus (Jacobs 

et al., 2003; Hoekman et al., 2006; Salih et al., 2012). FoxO6 expression in the 

cortex is clearly decreased between birth and adulthood but remains relatively 

constant through old age. Salih et al. (2012) also examined non-neuronal 

tissues but only detected FoxO6 protein in the adult testis. Nevertheless, recent 

studies have identified FoxO6 expression in the liver, gastric tissue, skeletal 

muscle, the kidney, lung tissue, breast tissue, skin, craniofacial tissue, the 

retina and adipose tissue (Kim et al., 2011; Qinyu et al., 2013; Chung et al., 

2013; Kim et al., 2014; Hu et al., 2015; Lallemand et al., 2018; Sun et al., 2018; 

Zhou et al., 2018; Abdalla et al., 2021).  

Post-translational regulation of FOXO transcription factors 

FoxO proteins consists of four domains (Obsil & Obsilova, 2008): a highly 

conserved forkhead DNA-binding domain, a nuclear localization signal (NLS), 

a nuclear export sequence (NES) and a C-terminal transactivation domain 

(Figure 2). Whereas FoxO1 and FoxO3 contain approximately 650 amino acids, 

FoxO4 and FoxO6 are smaller and have a protein size of about 500 amino acids. 

Importantly, FoxO6, lacks the C-terminal Akt-dependent site present in the 

other FoxO isoforms (Figure 2).  
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Insulin and growth factors activate receptor tyrosine kinases, including the 

insulin receptor and insulin-like growth factor receptor (IGFR), which triggers 

their autophosphorylation and subsequently activates the insulin-receptor 

substrate (IRS) (Ward and Lawrence, 2009). In turn, the IRS binds and 

activates phosphoinositide 3-kinase (PI3K), which consists of a regulatory 

subunit (p85) and a catalytic subunit (p110) (Leevers et al., 1999; Sarbassov et 

al., 2005). This catalyses the conversion of phosphatidylinositol 4,5-

bisphosphate (PIP2) into phosphatidylinositol 3,4,5-trisphosphate (PIP3), 

which, together with PDK1 and mTORC2, activates AKT by phosphorylating its 

serine-453 residue. Importantly, tumor suppressor protein PTEN antagonizes 

this conversion and therefore is a crucial inhibitor of AKT activity (Carracedo 

and Pandolfi, 2008). Akt is a serine/threonine-specific kinase that 

Figure 2. Structure of mouse FoxO1, FoxO3, FoxO4 and FoxO6 proteins 

The FoxO transcription factor family consists of four isoforms: FoxO1, FoxO3, FoxO4 and 

FoxO6. FoxO1, FoxO3 and FoxO4 have three AKT-dependent phosphorylation sites whereas the 
third AKT-dependent phosphorylation site at the C-terminal end, close to the nuclear export 
signal peptide, is missing in FoxO6. As a consequence, FoxO6 remains predominantly nuclear 

following AKT-dependent phosphorylation. T, threonine; S, serine; aa, amino acids 
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phosphorylates FoxO1, FoxO3, FoxO4 and FoxO6 (Brunet et al., 1999; Kops et 

al., 1999; van der Heide et al., 2005). Whereas FoxO1, FoxO3 and FoxO4 have 

three AKT-dependent phosphorylation site, FOXO6 is missing one (Jacobs et al., 

2003). As a consequence, AKT-dependent phosphorylation of FoxO1, FoxO3 and 

FoxO4 prompts their binding to the 14-3-3 adaptor protein, nuclear exclusion 

and protein degradation (Van der Heide et al., 2004; Tzivion et al., 2011).  

FoxO6, however, remains predominantly nuclear in the presence of serum-

containing medium and insulin when FoxO1, FoxO3 and FoxO4 are 

predominantly cytosolic (Jacobs et al., 2003). Nevertheless, AKT-dependent 

phosphorylation of Thr26 and Ser184 limits FoxO6 transcriptional activity, 

independent of nucleo-cytoplasmic shuttling (Van der Heide et al., 2005). The 

functional consequences of these impaired shuttling abilities, however, still 

need to be determined. Apart from this Akt phosphorylation motif, FoxO6 also 

lacks a stretch of three additional serine residues, which are present in the 

other FoxO isoforms (Figure 3). In FoxO1, Ser322 and Ser325 are 

phosphorylated by CK1 (Rena et al., 2002) whereas Ser329 is phosphorylated 

by DYRK1a (Woods et al., 2001). As such, FoxO6 likely differs in its regulation 

from FoxO1, FoxO3 and FoxO4, which could have important implications for 

aging, stem cell homeostasis and cancer. Additionally, FoxO transcriptional 

activity, protein stability and nuclear localization are regulated by many other 

factors, including SGK, CK1, DYRK, p300/CBP, CBP, Set9, SIRT1/2/3, HDAC3, 

CHIP, MDM2, SKP2, JNK, MST1, AMPK and EGLN2 (reviewed in Van der Heide 

et al., 2004; Yadav et al., 2018; Brown and Webb, 2018).   
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Figure 3. Insulin-PI3K-AKT-FOXO signalling 

Binding of insulin and IGF to insulin and IGF receptors results in the phosphorylation of the IRS. 
In turn, this activates PI3K, a heterodimer of a p85 regulatory and p110 catalytic subunit. Kinase 
PI3K catalyses the conversion of membrane phospholipids PIP2 into PIP3, which interacts with 

kinase PDPK1, and activates downstream signalling component AKT. PTEN, in contrast, 
dephosphorylates PIP3 generating PIP2, and, therefore, inhibits AKT activity. Additionally, AKT, 
positioned at the membrane by binding to PIP3, can then be activated by  mTORC2-dependent 

phosphorylation. Phosphorylated AKT then translocates to the nucleus where it phosphorylates 
transcription factors FOXO transcription factors at three sites in the case of FOXO1, FOXO3 and 
FOXO4 and at two sites in the case of FOXO6. This limits DNA-binding activity of FOXOs to target 

genes with a recognition motif (DBE) and prompts nuclear exit of FOXO1, FOXO3 and FOXO4 
mediated by 14-3-3 scaffolding proteins but only minimally of FOXO6.  
 

IGF, insulin-like growth factor; IRS, insulin response substrate; PI3K, phosphoinositide 3-kinase; 
PIP2, phosphatidylinositol 4,5-bisphosphate; PIP3, phosphatidylinositol 3,4,5-trisphosphate; 

PTEN, Phosphatase and Tensin Homolog deleted on Chromosome 10; PDK1, 3’-phosphoinositide-
dependent kinase-1; AKT, Ak strain transforming; mTORC2, mechanistic target of rapamycin 
complex 2; FOXO, forkhead box O, DBEs; Daf-16 binding element; P, phosphate group. 
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Aims of this thesis 

Quiescence of neural stem cells is key to help neural stem cell populations to 

persist during life but excessive quiescence impairs their ability to give rise to 

new neurons. Lifelong neurogenesis, therefore, depends on the balance of 

quiescence during aging. The necessity for regulation of neural stem cell 

homeostasis becomes even more apparent when considering brain tumours as 

neural stem cells are the main cell-of-origin. FoxO transcription factors are key 

regulators of neural stem cell dynamics but how FoxO6, as the most recently 

discovered isoform, controls neural stem cells remains unclear. Although 

FoxO3 is a known neural stem cell regulator, its mode of action is complex and 

likely involves regulation of circadian rhythms and epigenetic factors such as 

Hmgn2.  

In this thesis, I aim to elucidate the role of FoxO6 in neural stem cell quiescence 

(Chapter 2) as well as in the oncogenic transformation of neural stem cells 

(Chapter 3). Furthermore, I will try to unravel the dynamic regulation of 

Hmgn2 expression (Chapter 4) as well as circadian regulation of neural stem 

cells (Chapter 5) and to determine whether FoxO3 governs this circadian 

control (Chapter 6).  

Chapter contents 

In Chapter 2, we investigated the function of FoxO6 in neural stem cell (NSC) 

maintenance throughout life. FoxO1, FoxO3 and FoxO4 are required to preserve 

NSC populations in the aging brain by promoting quiescence and self-renewal. 

It remains unknown, however, whether FoxO6, an isoform with different 

nucleo-cytosolic shuttling properties, is a regulator of NSC fates. To this end, 

we compared the number of stem cells and proliferation in FoxO6 mutant mice 

with wild-type mice at different ages. Surprisingly, FoxO6 mutant mice do not 

show the increased cell cycle entry observed in FoxO3 and FoxO1/3/4 combined 

mutant mice but show a reduced fraction of cycling NSCs. When we crossed 

FoxO6 and FoxO3 mutant mice with Nestin-GFP mice, we found that lack of 

FoxO3 and lack of FoxO6 differentially affected NSC proliferation. 

Subsequently, we isolated NSCs from FoxO6 mutant mice and wild-type mice 

and found that FoxO6-deficient NSCs were more quiescent in vitro. This was 

accompanied by a transcriptomic signature strongly resembling that of 

quiescent NSCs.  When we cultured NSCs as neurospheres, we found that 

FoxO6-deficient NSCs formed a higher number of secondary neurospheres, 
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indicative of an increased ability for NSC self-renewal. This also coincided with 

a quiescent-like transcriptome with increased expression of FoxO3 target 

genes. This corresponds to a reduced fraction of phosphorylated FoxO3 in NSCs 

lacking FoxO6, indicating increased FoxO3 activity in these cells. Our study 

identifies FoxO6 as a novel regulator of NSCs and raises the possibility that 

FoxO6’s ability to restrain FoxO3-dependent quiescence may contribute to a 

healthy balance between NSC quiescence and activation.  

In Chapter 3, we examined whether FoxO6 is involved in the oncogenic 

transformation of neural stem cells (NSCs) by analysing its transcriptome and 

the relationship between FoxO6 expression and glioma progression. Gliomas 

are malignant and aggressive brain tumors that essentially remain incurable. 

A subpopulation of cancer stem cells drive tumor recurrence. This population 

is characterized by a relatively quiescent, sustained self-renewal ability and 

distinct metabolic profiles. As such, FoxO6-deficient NSCs exhibit 

transcriptomic signatures of glioma stem cells. We found that genes encoding 

for key enzymes in the glycolysis pathway were upregulated in NSCs lacking 

FoxO6. The increase in the rate of glucose uptake and preferential production 

of lactate, known as the “Warburg effect” is common in cancer cells. We also 

found the upregulation of isocitrate dehydrogenases Idh1 and Idh2. These genes 

are not only frequently mutated in glioma but also FoxO target genes that 

support the metabolic requirements of cancer cells. When we examined FOXO6 

expression in glioma patients, we found that low FOXO6 expression is 

associated with poor clinical outcome in lower grade glioma but not in 

glioblastoma. Since IDH1 and IDH2 are frequently mutated in lower grade 

glioma but rarely in primary glioblastoma, the mutational status of the tumor 

could indicate a context-specific role of FOXO6. We suggest that FOXO6 can act 

as a tumor suppressor, both as an effector protein and by limiting FOXO-

dependent expression of target genes promoting maintenance of cancer stem 

cells or target genes with oncogenic mutations such as IDH1.  

In Chapter 4, we studied the spatial expression and regulation of Hmgn2, a 

gene that was strongly down-regulated in FoxO6-deficient neural stem cells 

(NSCs). Hmgn2 encodes for a nucleosomal binding protein that epigenetically 

regulates stem cell identity. Its expression is highly enriched in intermediate 

neural progenitor cells but its role in the gene regulatory network remains 

unknown. We confirmed the expression dynamics of Hmgn2 in the NSC lineage 

in vivo and found the majority of proliferating neural stem/progenitor cells 



Chapter 1 

 
 

24 

 

(NSC/NPCs) expressing Hmgn2. During aging, the reduction of this population 

of HMGN2+ NSC/NPCs was mainly responsible for the reduction in total 

proliferating cells.  Interestingly, we found that NSC/NPCs in the postnatal 

dentate gyrus were HMGN2-positive. As such, Hmgn2 is an epigenetic regulator 

that bridges the adult and developing neurogenic niches. To determine how 

Hmgn2 expression is regulated in the NSC niches, we examined ChIP-seq 

datasets of FOXO3, ASCL1 and OLIG2 in NSCs. This showed occupancy of all 

three transcription factors at overlapping genomic locations within the Hmgn2 

intron. Therefore, we suggest that Hmgn2 has a central position within the NSC 

gene regulatory network in the developing, adult and aging brain.  

In Chapter 5, we reviewed literature on circadian rhythms in NSC fates. 

Circadian rhythms are the day/night oscillations present in the physiology and 

metabolism of most organisms. A cellular circadian clock that drives cyclic gene 

expression is present in most mammalian cell types, including tissue-specific 

stem cells. Recent studies have demonstrated that neural stem cells, the source 

of new astrocytes, oligodendrocytes and neurons in the adult brain, to 

proliferate according to a circadian rhythm. Here, we reviewed emerging 

evidence for an important role of the circadian clock in neural stem cell 

maintenance. Importantly, loss of the circadian clock resulted in a loss of 

quiescence and an accelerated exhaustion of neural stem cell populations, 

leading to age-related defects. We propose that the NAD+-dependent 

deacetylase SIRT1 limits NSC exhaustion by promotes the activity of the cellular 

circadian clock. As SIRT1 is a key sensor of energy metabolism, this is important 

for understanding the effects of metabolic challenges and circadian challenges, 

such as jet lags and shift work, on neural stem cell maintenance.   

In Chapter 6, we examined the circadian function of FoxO3 in neural stem cell 

fates. Many metabolic processes and cell cycle transitions show daily or 

circadian rhythms generated by a cellular circadian clock. FoxO3 is at the 

interface of metabolism and the cell cycle and therefore an essential regulator 

of neural stem cells (NSCs), the source of new cells in the adult brain. 

Interestingly, FoxO3 controls circadian rhythms in the liver via directly 

regulating Clock expression. Whether FoxO3 regulates circadian rhythms in 

NSCs, however, remains unknown. To this end, we cultured NSCs and examined 

circadian oscillations of clock gene Bmal1 expression following transfection 

with siRNA against FoxO3. This resulted in a clear loss of circadian rhythmicity, 

as well as a downregulation of Clock expression. Single cells transfected with 
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FoxO3 siRNA, however, did show circadian rhythmicity, indicating that FoxO3 

is required for circadian synchronization of individual cellular clocks. 

Interestingly, we found rhythmic binding of circadian clock components to the 

FoxO3 gene, indicating that FoxO3 itself is a clock-controlled gene and central 

to the circadian gene regulatory network. When we examined proliferation of 

hippocampal NSCs in FoxO3 mutant and wild type mice during the day, we 

observed a circadian oscillation in both genotypes. However, FoxO3 mutant 

mice showed a delayed peak in proliferation. Such a phase shift can result in 

misalignment between cell cycle dynamics and metabolism in NSCs. We suggest 

that FoxO3 preserves the NSC population by modulating the circadian clock and 

could be important in healthy aging despite metabolic or circadian challenges.   

REFERENCES 

Abdalla, B. A., Chen, X., Li, K., Chen, J., Yi, Z., Zhang, X., … Nie, Q. (2021). Control of preadipocyte proliferation, apoptosis and 

early adipogenesis by the forkhead transcription factor FoxO6. Life Sciences, 265, 118858.  

Altman, J., & Das, G. D. (1965). Autoradiographic and histological evidence of postnatal hippocampal neurogenesis in rats. Journal 

of Comparative Neurology, 124(3), 319–335.  

Altmann, C., Keller, S., & Schmidt, M. H. H. (2019). The role of SVZ stem cells in glioblastoma. Cancers, 11(4), 1–23.  

Andersen, J., Urbán, N., Achimastou, A., Ito, A., Simic, M., Ullom, K., … Guillemot, F. (2014). A Transcriptional Mechanism 

Integrating Inputs from Extracellular Signals to Activate Hippocampal Stem Cells.  

Arden, K. C. (2008). FOXO animal models reveal a variety of diverse roles for FOXO transcription factors. Oncogene, 27(16), 

2345–2350.  

Artegiani, B., Lyubimova, A., Muraro, M., van Es, J. H., van Oudenaarden, A., & Clevers, H. (2017). A Single-Cell RNA Sequencing 

Study Reveals Cellular and Molecular Dynamics of the Hippocampal Neurogenic Niche. Cell Reports, 21(11), 3271–3284.  

Asher, G., & Schibler, U. (2011). Crosstalk between components of circadian and metabolic cycles in mammals. Cell Metabolism, 

13(2), 125–137. 

Audesse, A. J., Dhakal, S., Hassell, L.-A., Gardell, Z., Nemtsova, Y., & Webb, A. E. (2019). FOXO3 directly regulates an autophagy 

network to functionally regulate proteostasis in adult neural stem cells. PLOS Genetics, 15(4), e1008097.  

Audesse, A. J., & Webb, A. E. (2020). Mechanisms of enhanced quiescence in neural stem cell aging. Mechanisms of Ageing and 

Development, 191, 111323.  

Barthel, A., Schmoll, D., & Unterman, T. G. (2005). FoxO proteins in insulin action and metabolism. Trends in Endocrinology and 

Metabolism, 16(4), 183–189.  

Basak, O., Krieger, T. G., Muraro, M. J., Wiebrands, K., Stange, D. E., Frias-Aldeguer, J., … Clevers, H. (2018). Troy+ brain stem 

cells cycle through quiescence and regulate their number by sensing niche occupancy. Proceedings of the National Academy 

of Sciences.  

Beckervordersandforth, R., Ebert, B., Schäffner, I., Moss, J., Fiebig, C., Shin, J., … Lie, D. C. (2017). Role of Mitochondrial 

Metabolism in the Control of Early Lineage Progression and Aging Phenotypes in Adult Hippocampal Neurogenesis. 

Neuron, 93(3), 560-573.e6.  

Biggs, W. H., Cavenee, W. K., & Arden, K. C. (2001). Identification and characterization of members of the FKHR (FOX O) 

subclass of winged-helix transcription factors in the mouse. Mammalian Genome, 12(6), 416–425.  

Blomfield, I. M., Rocamonde, B., del Mar Masdeu, M., Mulugeta, E., Vaga, S., van den Berg, D. L. C., … Urbán, N. (2019). Id4 

promotes the elimination of the pro-activation factor ascl1 to maintain quiescence of adult hippocampal stem cells. ELife, 

8, 1–26.  



Chapter 1 

 
 

26 

 

Boldrini, M., Fulmore, C. A., Tartt, A. N., Simeon, L. R., Pavlova, I., Poposka, V., … Mann, J. J. (2018). Human Hippocampal 

Neurogenesis Persists throughout Aging. Cell Stem Cell, 22(4), 589-599.e5.  

Bond, A. M., Bhalala, O. G., & Kessler, J. A. (2012). The dynamic role of bone morphogenetic proteins in neural stem cell fate and 

maturation. Developmental Neurobiology, 72(7), 1068–1084.  

Bond, A. M., Ming, G. L., & Song, H. (2015, October 1). Adult Mammalian Neural Stem Cells and Neurogenesis: Five Decades 

Later. Cell Stem Cell. Cell Press.  

Bottes, S., Jaeger, B. N., Pilz, G. A., Jörg, D. J., Cole, J. D., Kruse, M., … Jessberger, S. (2021). Long-term self-renewing stem cells 

in the adult mouse hippocampus identified by intravital imaging. Nature Neuroscience, 24(2), 225–233.  

Bouab, M., Paliouras, G. N., Aumont, A., Forest-Bérard, K., & Fernandes, K. J. L. (2011). Aging of the subventricular zone neural 

stem cell niche: evidence for quiescence-associated changes between early and mid-adulthood. Neuroscience, 173, 135–

149.  

Brann, J. H., & Firestein, S. J. (2014). A lifetime of neurogenesis in the olfactory system. Frontiers in Neuroscience, 8(8 JUN), 1–11. 

Brown, A. K., & Webb, A. E. (2018). Regulation of FOXO Factors in Mammalian Cells. In Current Topics in Developmental Biology 

(Vol. 127, pp. 165–192). Academic Press Inc.  

Brunet, A., Bonni, A., Zigmond, M. J., Lin, M. Z., Juo, P., Hu, L. S., … Greenberg, M. E. (1999). Akt Promotes Cell Survival by 

Phosphorylating and Inhibiting a Forkhead Transcription Factor. Cell, 96(6), 857–868.  

Calzolari, F., Michel, J., Baumgart, E. V., Theis, F., Götz, M., & Ninkovic, J. (2015). Fast clonal expansion and limited neural stem 

cell self-renewal in the adult subependymal zone. Nature Neuroscience, 18(4), 490–492.  

Capilla-Gonzalez, V., Cebrian-Silla, A., Guerrero-Cazares, H., Garcia-Verdugo, J. M., & Quiñones-Hinojosa, A. (2014). Age-related 

changes in astrocytic and ependymal cells of the subventricular zone. Glia, 62(5), 790–803. 

Carracedo, A., & Pandolfi, P. P. (2008). The PTEN-PI3K pathway: Of feedbacks and cross-talks. Oncogene, 27(41), 5527–5541.  

Carter, M. E., & Brunet, A. (2007). Quick guide FOXO transcription factors. Current Biology, 17(4), 113–114.  

Castrillon, D. H., Miao, L., Kollipara, R., Horner, J. W., & DePinho, R. A. (2003). Suppression of ovarian follicle activation in mice 

by the transcription factor Foxo3a. Science, 301(5630), 215–218.  

Chaves, I., van der Horst, G. T. J., Schellevis, R., Nijman, R. M., Koerkamp, M. G., Holstege, F. C. P., … Hoekman, M. F. M. 

(2014). Insulin-FOXO3 Signaling Modulates Circadian Rhythms via Regulation of Clock Transcription. Current Biology (Vol. 24).  

Cheung, T.H. and Rando, T. A. (2013). Molecular regulation of stem cell quiescence. Nature Reviews. Molecular Cell Biology, 14(6), 

329–340. https://doi.org/10.1038/nrm3591 

Chung, S. Y., Huang, W. C., Su, C. W., Lee, K. W., Chi, H. C., Lin, C. T., … Chen, S. L. (2013). FoxO6 and PGC-1α form a 

regulatory loop in myogenic cells. Bioscience Reports, 33(3), 485–497.  

Colucci-D’Amato, L., Bonavita, V., & Porzio, U. (2006). The end of the central dogma of neurobiology: Stem cells and 

neurogenesis in adult CNS. Neurological Sciences, 27(4), 266–270. https://doi.org/10.1007/s10072-006-0682-z 

Conover, J. C., & Notti, R. Q. (2008). The neural stem cell niche. Cell and Tissue Research, 331(1), 211–224.  

Daynac, M., Morizur, L., Chicheportiche, A., Mouthon, M. A., & Boussin, F. D. (2016). Age-related neurogenesis decline in the 

subventricular zone is associated with specific cell cycle regulation changes in activated neural stem cells. Scientific 

Reports, 6.  

Deng, T., Postnikov, Y., Zhang, S., Garrett, L., Becker, L., Rácz, I., … Bustin, M. (2017). Interplay between H1 and HMGN 

epigenetically regulates OLIG1&amp;2 expression and oligodendrocyte differentiation. Nucleic Acids Research, 45(6), 

3031–3045.  

Doetsch, F., Caille, I., Lim, D. A., Garcia-Verdugo, J. M., & Alvarez-Buylla, A. (1999). Subventricular zone astrocytes are neural 

stem cells in the adult mammalian brain. Cell, 97(6), 703–716.  

Doetsch, Fiona. (2003). A niche for adult neural stem cells. Current Opinion in Genetics & Development, 13(5), 543–550.  

  



Introduction  

27 

  

Draijer, S., Chaves, I., & Hoekman, M. F. M. (2018). The circadian clock in adult neural stem cell maintenance. Progress in 

Neurobiology. 

Dulken, B. W., Buckley, M. T., Navarro Negredo, P., Saligrama, N., Cayrol, R., Leeman, D. S., … Brunet, A. (2019). Single-cell 

analysis reveals T cell infiltration in old neurogenic niches. Nature.  

Dulken, B. W., Leeman, D. S., Boutet, S. C., Hebestreit, K., & Brunet, A. (2017). Single-Cell Transcriptomic Analysis Defines 

Heterogeneity and Transcriptional Dynamics in the Adult Neural Stem Cell Lineage. Cell Reports, 18(3), 777–790.  

Encinas, J. M., Michurina, T. V, Peunova, N., Park, J.-H., Tordo, J., Peterson, D. A., … Enikolopov, G. (2011). Division-coupled 

astrocytic differentiation and age-related depletion of neural stem cells in the adult hippocampus. Cell Stem Cell, 8(5), 

566–579.  

Enwere, E. (2004). Aging Results in Reduced Epidermal Growth Factor Receptor Signaling, Diminished Olfactory Neurogenesis, 

and Deficits in Fine Olfactory Discrimination. Journal of Neuroscience, 24(38), 8354–8365. 

Eriksson, P. S., Perrfilieva, E., BJörk-Eriksson, T., Alborn, A.-M., Nordborg, C., Peterson, D. A., & Cage, F. H. (1998). Erikkson Et 

Al (1998). Nature Medicine, 4(11), 1313–1317. 

Faigle, Roland, Song, H. (2013). Signaling mechanisms regulating adult neural stem cells and neurogenesis Roland. Biochim Biophys 

Acta, 1830(2), 2435–2448. https://doi.org/10.1016/j.bbagen.2012.09.002.Signaling 

Falcão, A. M., Marques, F., Novais, A., Sousa, N., Palha, J. A., & Sousa, J. C. (2012). The path from the choroid plexus to the 

subventricular zone: Go with the flow! Frontiers in Cellular Neuroscience, 6(AUG), 1–8.  

Flachsbart, F., Dose, J., Gentschew, L., Geismann, C., Caliebe, A., Knecht, C., … Nebel, A. (2017). Identification and 

characterization of two functional variants in the human longevity gene FOXO3. Nature Communications, 8(1), 1–12.  

Flor-García, M., Terreros-Roncal, J., Moreno-Jiménez, E. P., Ávila, J., Rábano, A., & Llorens-Martín, M. (2020). Unraveling human 

adult hippocampal neurogenesis. Nature Protocols, 15(2), 668–693.  

Francois Lallemand , Ambre Petitalot , Sophie Vacher , Leanne De Koning , Karim Taouis , Bernard S. Lopez, Sophie Zinn-Justin , 

Nicole Dalla Venezia , Walid Chemlali , Anne Schnitzler , Rosette Lidereau, I. B. and S. M. C. (2018). Involvement of the 

FOXO6 transcriptional factor in breast carcinogenesis. Oncotarget, in press(7), 7464–7475.  

Fuentealba, L. C., Rompani, S. B., Parraguez, J. I., Obernier, K., Romero, R., Cepko, C. L., & Alvarez-Buylla, A. (2015). Embryonic 

Origin of Postnatal Neural Stem Cells. Cell, 161(7), 1644–1655.  

Furutachi, S., Matsumoto, A., Nakayama, K. I., & Gotoh, Y. (2013). P57 Controls Adult Neural Stem Cell Quiescence and 

Modulates the Pace of Lifelong Neurogenesis. The EMBO Journal, 32(7), 970–981.  

Furuyama, T., Nakazawa, T., Nakano, I., & Mori, N. (2000). Identification of the differential distribution patterns of mRNAs and 

consensus binding sequences for mouse DAF-16 homologues. Biochemical Journal, 349(2), 629–634.  

Gao, J., Liao, Y., Qiu, M., & Shen, W. (2021). Wnt/β-Catenin Signaling in Neural Stem Cell Homeostasis and Neurological 

Diseases. Neuroscientist, 27(1), 58–72.  

García-Prat, L., Perdiguero, E., Alonso-Martín, S., Dell’Orso, S., Ravichandran, S., Brooks, S. R., … Muñoz-Cánoves, P. (2020). 

FoxO maintains a genuine muscle stem-cell quiescent state until geriatric age. Nature Cell Biology,  22, 1307–1318.  

Garza-Manero, S., Sindi, A. A. A., Mohan, G., Rehbini, O., Jeantet, V. H. M., Bailo, M., … West, K. L. (2019). Maintenance of active 

chromatin states by HMGN2 is required for stem cell identity in a pluripotent stem cell model. Epigenetics and Chromatin, 

12(1), 1–18.  

Gaucher, J., Montellier, E., & Sassone-Corsi, P. (2018). Molecular Cogs: Interplay between Circadian Clock and Cell Cycle. Trends 

in Cell Biology, 28(5), 368–379.  

Goertz, M. J., Wu, Z., Gallardo, T. D., Hamra, F. K., & Castrillon, D. H. (2011). Foxo1 is required in mouse spermatogonial stem 

cells for their maintenance and the initiation of spermatogenesis. Journal of Clinical Investigation. 

Gonçalves, J. T., Schafer, S. T., & Gage, F. H. (2016). Adult Neurogenesis in the Hippocampus: From Stem Cells to Behavior. Cell, 

167(4), 897–914. 

Goodell, M. A., & Rando, T. A. (2015). Stem cells and healthy aging. Science, 350(6265), 1199–1204.  

Gopinath, S. D., Webb, A. E., Brunet, A., & Rando, T. A. (2014). FOXO3 promotes quiescence in adult muscle stem cells during 

the process of self-renewal. Stem Cell Reports.  



Chapter 1 

 
 

28 

 

Greer, E. L., & Brunet, A. (2005). FOXO transcription factors at the interface between longevity and tumor suppression. 

Oncogene, 24(50), 7410–7425.  

Harris, L., Rigo, P., Stiehl, T., Gaber, Z. B., Austin, S. H. L., Masdeu, M. del M., … Guillemot, F. (2021). Coordinated changes in 

cellular behavior ensure the lifelong maintenance of the hippocampal stem cell population. Cell Stem Cell.  

Hoekman, M. F. M., Jacobs, F. M. J., Smidt, M. P., & Burbach, J. P. H. (2006). Spatial and temporal expression of FoxO 

transcription factors in the developing and adult murine brain. Gene Expression Patterns, 6(2), 134–140.  

Hornsveld, M., Dansen, T. B., Derksen, P. W., & Burgering, B. M. T. (2018). Re-evaluating the role of FOXOs in cancer. Seminars 

in Cancer Biology, 50(October 2017), 90–100.  

Hosaka, T., Biggs, W. H., Tieu, D., Boyer, A. D., Varki, N. M., Cavenee, W. K., & Arden, K. C. (2004). Disruption of forkhead 

transcription factor (FOXO) family members in mice reveals their functional diversification. Proceedings of the National 

Academy of Sciences of the United States of America, 101(9), 2975–2980.  

Hsieh, J., & Zhao, X. (2016). Genetics and epigenetics in adult neurogenesis. Cold Spring Harbor Perspectives in Biology, 8(6).  

Hu, H. J., Zhang, L. G., Wang, Z. H., & Guo, X. X. (2015). FoxO6 inhibits cell proliferation in lung carcinoma through up-

regulation of USP7. Molecular Medicine Reports.  

Ibrayeva, A., Bay, M., Pu, E., Jörg, D. J., Peng, L., Jun, H., … Bonaguidi, M. A. (2021). Early stem cell aging in the mature brain. Cell 

Stem Cell, 28(5), 955-966.e7.  

Imayoshi, I., & Kageyama, R. (2014). bHLH Factors in Self-Renewal, Multipotency, and Fate Choice of Neural Progenitor Cells. 

Neuron, 82(1), 9–23.  

Ito, K., & Suda, T. (2014). Metabolic requirements for the maintenance of self-renewing stem cells. Nature Reviews Molecular Cell 

Biology, 15(4), 243–256.  

Jacobs, F. M. J., Van der Heide, L. P., Wijchers, P. J. E. C., Burbach, J. P. H., Hoekman, M. F. M., & Smidt, M. P. (2003). FoxO6, a 

novel member of the FoxO class of transcription factors with distinct shuttling dynamics. Journal of Biological Chemistry.  

Janich, P., Toufighi, K., Solanas, G., Luis, N. M., Minkwitz, S., Serrano, L., … Benitah, S. A. (2013). Human Epidermal Stem Cell 

Function Is Regulated by Circadian Oscillations. Cell Stem Cell, 13(6), 745–753. 

Kaestner, K. H., Knöchel, W., & Martínez, D. E. (2000). Unified nomenclature for the winged helix/forkhead transcription factors. 

Genes and Development, 14(2), 142–146.  

Kalamakis, G., Brüne, D., Ravichandran, S., Bolz, J., Fan, W., Ziebell, F., … Martin-Villalba, A. (2019). Quiescence Modulates Stem 

Cell Maintenance and Regenerative Capacity in the Aging Brain. Cell.  

Kim, D.-Y., Hwang, I., Muller, F., & Paik, J.-H. (2015). Functional regulation of FoxO1 in neural stem cell differentiation. Cell Death 

and Differentiation, 22, 2034–2045.  

Kim, D. H., Perdomo, G., Zhang, T., Slusher, S., Lee, S., Phillips, B. E., … Dong, H. H. (2011). FoxO6 integrates insulin signaling 

with gluconeogenesis in the liver. Diabetes.  

Kim, D. H., Park, M. H., Chung, K. W., Kim, M. J., Jung, Y. R., Bae, H. R., … Chung, H. Y. (2014). The essential role of FoxO6 

phosphorylation in aging and calorie restriction. Age, 36(4).  

Kriegstein, A., & Alvarez-Buylla, A. (2009). The Glial Nature of Embryonic and Adult Neural Stem Cells. Annual Review of 

Neuroscience, 32(1), 149–184.  

Kuhn, H. G., Dickinson-Anson, H., & Gage, F. H. (1996). Neurogenesis in the dentate gyrus of the adult rat: age-related decrease 

of neuronal progenitor proliferation. J Neurosci, 16(6), 2027–2033.  

Le Belle, J. E., Orozco, N. M., Paucar, A. A., Saxe, J. P., Mottahedeh, J., Pyle, A. D., … Kornblum, H. I. (2011). Proliferat ive Neural 

Stem Cells Have High Endogenous ROS Levels that Regulate Self-Renewal and Neurogenesis in a PI3K/Akt-Dependant 

Manner. Cell Stem Cell, 8(1), 59–71.  

Lee, J. H., Lee, J. E., Kahng, J. Y., Kim, S. H., Park, J. S., Yoon, S. J., … Lee, J. H. (2018). Human glioblastoma arises from 

subventricular zone cells with low-level driver mutations. Nature, 560(7717), 243–247.  

Leeman, D. S., Hebestreit, K., Ruetz, T., Webb, A. E., McKay, A., Pollina, E. A., … Brunet, A. (2018). Lysosome activation clears 

aggregates and enhances quiescent neural stem cell activation during aging. Science, 359(6381), 1277–1283.  

Leevers, S. J., Vanhaesebroeck, B., & Waterfield, M. D. (1999). Signalling through phosphoinositide 3-kinases: The lipids take 



Introduction  

29 

  

centre stage. Current Opinion in Cell Biology, 11(2), 219–225.  

Li, N., & Clevers, H. (2010). Coexistence of quiescent and active adult stem cells in mammals. Science, 327(5965), 542–545. 

Lim, D., & Alvarez-Buylla, A. (2016). The Adult Ventricular – Subventricular Zone and Olfactory bulb Neurogenesis. Cold Spring 

Harbor Perspectives in Biology, 8(5), a018820. Retrieved from  

Llorens-Bobadilla, E., Zhao, S., Baser, A., Saiz-Castro, G., Zwadlo, K., & Martin-Villalba, A. (2015). Single-Cell Transcriptomics 

Reveals a Population of Dormant Neural Stem Cells that Become Activated upon Brain Injury. Cell Stem Cell, 17(3), 329–

340.  

Lucassen, P. J., Toni, N., Kempermann, G., Frisen, J., Gage, F. H., & Swaab, D. F. (2020). Limits to human neurogenesis—really? 

Molecular Psychiatry, 25(10), 2207–2209.  

Ma, D. K., Marchetto, M. C., Guo, J. U., Ming, G. L., Gage, F. H., & Song, H. (2010). Epigenetic choreographers of neurogenesis in 

the adult mammalian brain. Nature Neuroscience, 13(11), 1338–1344.  

Martins, R., Lithgow, G. J., & Link, W. (2016). Long live FOXO: Unraveling the role of FOXO proteins in aging and longevity. 

Aging Cell, 15(2), 196–207. 

Martynoga, B., Mateo, J. L., Zhou, B., Andersen, J., Achimastou, A., Urbán, N., … Guillemot, F. (2013). Epigenomic enhancer 

annotation reveals a key role for NFIX in neural stem cell quiescence. Genes and Development, 27(16), 1769–1786.  

Maslov, A. Y., Barone, T. A., Plunkett, R. J., & Pruitt, S. C. (2004). Neural Stem Cell Detection, Characterization, and Age-Related 

Changes in the Subventricular Zone of Mice. The Journal of Neuroscience, 24(7), 1726–1733. 

Masri, S., & Sassone-Corsi, P. (2010). Plasticity and specificity of the circadian epigenome. Nature Neuroscience, 13(11), 1324–

1329.  

Matarredona, E. R., & Pastor, A. M. (2019). Neural stem cells of the subventricular zone as the origin of human glioblastoma stem 

cells. Therapeutic implications. Frontiers in Oncology, 9(AUG).  

Mateo, J. L., Berg, D. L. C. Van Den, Haeussler, M., Drechsel, D., Gaber, Z. B., Castro, D. S., … Martynoga, B. (n.d.). 

Characterization of the neural stem cell gene regulatory network identifies OLIG2 as a multifunctional regulator of self-

renewal, 41–56.  

Meletis, K. (2005). P53 Suppresses the Self-Renewal of Adult Neural Stem Cells. Development, 133(2), 363–369.  

Ming, G. li, & Song, H. (2011, May 26). Adult Neurogenesis in the Mammalian Brain: Significant Answers and Significant Questions. 

Neuron. Cell Press.  

Mira, H., Andreu, Z., Suh, H., Lie, D. C., Jessberger, S., Consiglio, A., … Gage, F. H. (2010). Signaling through BMPR-IA Regulates 

Quiescence and Long-Term Activity of Neural Stem Cells in the Adult Hippocampus. Cell Stem Cell, 7(1), 78–89.  

Mirzadeh, Z., Merkle, F. T., Soriano-Navarro, M., Garcia-Verdugo, J. M., & Alvarez-Buylla, A. (2008). Neural Stem Cells Confer 

Unique Pinwheel Architecture to the Ventricular Surface in Neurogenic Regions of the Adult Brain. Cell Stem Cell, 3(3), 

265–278.  

Miyamoto, K., Araki, K. Y., Naka, K., Arai, F., Takubo, K., Yamazaki, S., … Hirao, A. (2007). Foxo3a Is Essential for Maintenance 

of the Hematopoietic Stem Cell Pool. Cell Stem Cell, 1(1), 101–112.  

Molofsky, A. V, He, S., Bydon, M., Morrison, S. J., & Pardal, R. (2005). Bmi-1 promotes neural stem cell self-renewal and neural 

development but not mouse growth and survival by repressing the p16 Ink4a and p19 Arf senescence pathways, 1432–

1437.  

Moore, D. L., Pilz, G. A., Araúzo-Bravo, M. J., Barral, Y., & Jessberger, S. (2015). A mechanism for the segregation of age in 

mammalian neural stem cells. Science, 349(6254), 1334–1338.  

Moreno-Jiménez, E. P., Flor-García, M., Terreros-Roncal, J., Rábano, A., Cafini, F., Pallas-Bazarra, N., … Llorens-Martín, M. (2019). 

Adult hippocampal neurogenesis is abundant in neurologically healthy subjects and drops sharply in patients with 

Alzheimer’s disease. Nature Medicine, 25(4), 554–560. 

Mukherjee, S., Brulet, R., Zhang, L., & Hsieh, J. (2016). REST regulation of gene networks in adult neural stem cells. Nature 

Communications, 7(May), 1–14.  

Muroyama, Y., Kondoh, H., & Takada, S. (2004). Wnt proteins promote neuronal differentiation in neural stem cell culture. 

Biochemical and Biophysical Research Communications, 313(4), 915–921.  



Chapter 1 

 
 

30 

 

Niu, W., Zou, Y., Shen, C., & Zhang, C. L. (2011). Activation of postnatal neural stem cells requires nuclear receptor TLX. Journal 

of Neuroscience, 31(39), 13816–13828.  

Obernier, K., & Alvarez-Buylla, A. (2019). Neural stem cells: Origin, heterogeneity and regulation in the adult mammalian brain. 

Development (Cambridge), 146(4).  

Obsil, T., & Obsilova, V. (2008). Structure/function relationships underlying regulation of FOXO transcription factors. Oncogene, 

27(16), 2263–2275.  

Okamoto, M., Inoue, K., Iwamura, H., Terashima, K., Soya, H., Asashima, M., & Kuwabara, T. (2011). Reduction in paracrine 

Wnt3 factors during aging causes impaired adult neurogenesis. The FASEB Journal, 25(10), 3570–3582.  

Orford, K. W., & Scadden, D. T. (2008). Deconstructing stem cell self-renewal: genetic insights into cell-cycle regulation. Nature 

Reviews Genetics, 9(2), 115–128.  

Paik, J.-H., Kollipara, R., Chu, G., Ji, H., Xiao, Y., Ding, Z., … DePinho, R. A. (2007). FoxOs Are Lineage-Restricted Redundant 

Tumor Suppressors and Regulate Endothelial Cell Homeostasis. Cell, 128(2), 309–323. 

Paik, J., Ding, Z., Narurkar, R., Ramkissoon, S., Muller, F., Kamoun, W. S., … DePinho, R. a. (2009). FoxOs cooperatively regulate 

diverse pathways governing neural stem cell homeostasis. Cell Stem Cell, 5(5), 540–553. 

Paredes, M. F., Sorrells, S. F., Cebrian-Silla, A., Sandoval, K., Qi, D., Kelley, K. W., … Alvarez-Buylla, A. (2018, December 6). 

Does Adult Neurogenesis Persist in the Human Hippocampus? Cell Stem Cell. Cell Press.  

Pilz, G.-A., Bottes, S., Betizeau, M., Jörg, D. J., Carta, S., Simons, B. D., … Jessberger, S. (2018). Live imaging of neurogenesis in the 

adult mouse hippocampus. Science, 359(6376), 658–662.  

Qinyu, L., Long, C., Zhen-dong, D., Min-min, S., Wei-ze, W., Wei-ping, Y., & Cheng-hong, P. (2013). FOXO6 promotes gastric 

cancer cell tumorigenicity via upregulation of C-myc. FEBS Letters (Vol. 587).  

Rando, T. A. C. T. H. (2013). Molecular regulation of stem cell quiescence. Nature Reviews. Molecular Cell Biology, 14(6), 329–340. 

https://doi.org/10.1038/nrm3591 

Rena, G., Woods, Y. L., Prescott, A. R., Peggie, M., Unterman, T. G., Williams, M. R., & Cohen, P. (2002). Two novel 

phosphorylation sites on FKHR that are critical for its nuclear exclusion. EMBO Journal, 21(9), 2263–2271.  

Renault, V. M., Rafalski, V. A., Morgan, A. A., Salih, D. A. M., Brett, J. O., Webb, A. E., … Brunet, A. (2009). FoxO3 regulates 

neural stem cell homeostasis. Cell Stem Cell, 5(5), 527–539.  

Reynolds, B. A., & Weiss, S. (1992). Generation of Neurons and Astrocytes from Isolated Cells of the Adult Mammalian Central 

Nervous System. Science, 255(5052), 1707–1710. 

Ro, S.-H., Liu, D., Yeo, H., & Paik, J. (2013). FoxOs in neural stem cell fate decision. Archives of Biochemistry and Biophysics, 534(1–

2), 55–63. 

Rolando, C., Erni, A., Grison, A., Beattie, R., Engler, A., Gokhale, P. J., … Taylor, V. (2016). Multipotency of Adult Hippocampal 

NSCs In Vivo Is Restricted by Drosha/NFIB. Cell Stem Cell, 19(5), 653–662.  

Roy, Neeta Singh, Wang, Su, Jiang, Li, Kang, Jian, B., Abdellatif, Harrison-Restelli1, C., & Fraser, Richard A. R., Couldwell, William 

T., Kawaguchi, Okano, Hideyuki, Nedergaard, Maiken, Goldman, S. A. (2000). In vitro neurogenesis by progenitor cells 

isolated from the adult human hippocampus, 4–10. 

Salih, D. A., & Brunet, A. FoxO transcription factors in the maintenance of cellular homeostasis during aging (2008). Current 

Opinion in Cell Biology, 20 (2), 126-136 

Salih, D. A. M., Rashid, A. J., Colas, D., de la Torre-Ubieta, L., Zhu, R. P., Morgan, A. A., … Brunet, A. (2012). FoxO6 regulates 

memory consolidation and synaptic function. Genes and Development.  

Sarbassov, D. D., Guertin, D. A., Ali, S. M., & Sabatini, D. M. (2005). Phosphorylation and regulation of Akt/PKB by the rictor-

mTOR complex. Science, 307(5712), 1098–1101.  

Schäffner, I., Minakaki, G., Khan, M. A., Balta, E. A., Schlötzer-Schrehardt, U., Schwarz, T. J., … Lie, D. C. (2018). FoxO Function 

Is Essential for Maintenance of Autophagic Flux and Neuronal Morphogenesis in Adult Neurogenesis. Neuron, 99(6), 

1188-1203.e6.  

Shetty, A. K., Hattiangady, B., & Shetty, G. A. (2005). Stem/progenitor cell proliferation factors FGF-2, IGF-1, and VEGF exhibit 

early decline during the course of aging in the hippocampus: Role of astrocytes. Glia, 51(3), 173–186. h 



Introduction  

31 

  

Shin, J., Berg, D. A., Zhu, Y., Shin, J. Y., Song, J., Bonaguidi, M. A., … Song, H. (2015). Single-Cell RNA-Seq with Waterfall Reveals 

Molecular Cascades underlying Adult Neurogenesis. Cell Stem Cell, 17(3), 360–372. 

Silva-Vargas, V., Crouch, E., & Doetsch, F. (2013). Adult neural stem cells and their niche: a dynamic duo during homeostasis, 

regeneration, and aging. Current Opinion in Neurobiology, 23(6), 935–942.  

Silva-Vargas, V., Maldonado-Soto, A. R., Mizrak, D., Codega, P., & Doetsch, F. (2016). Age-Dependent Niche Signals from the 

Choroid Plexus Regulate Adult Neural Stem Cells. Cell Stem Cell, 19(5), 643–652.  

Snyder, J. S. (2019). Recalibrating the Relevance of Adult Neurogenesis. Trends in Neurosciences, 42 (3), 164-178 

Sorrells, S. F., Paredes, M. F., Cebrian-Silla, A., Sandoval, K., Qi, D., Kelley, K. W., … Alvarez-Buylla, A. (2018). Human 

hippocampal neurogenesis drops sharply in children to undetectable levels in adults. Nature, 555(7696), 377–381.  

Stoll, E. A., Cheung, W., Mikheev, A. M., Sweet, I. R., Bielas, J. H., Zhang, J., … Horner, P. J. (2011). Aging neural progenitor cells 

have decreased mitochondrial content and lower oxidative metabolism. Journal of Biological Chemistry, 286(44), 38592–

38601.  

Sueda, R., Imayoshi, I., Harima, Y., & Kageyama, R. (2019). High Hes1 expression and resultant Ascl1 suppression regulate 

quiescent vs. active neural stem cells in the adult mouse brain. Genes and Development, 33(9–10), 511–523.  

Sun, Z., da Fontoura, C. S. G., Moreno, M., Holton, N. E., Sweat, M., Sweat, Y., … Amendt, B. A. (2018). FoxO6 regulates Hippo 

signaling and growth of the craniofacial complex. PLoS Genetics, 14 (10), 1-35.  

Tartt, A. N., Fulmore, C. A., Liu, Y., Rosoklija, G. B., Dwork, A. J., Arango, V., … Boldrini, M. (2018). Considerations for 

Assessing the Extent of Hippocampal Neurogenesis in the Adult and Aging Human Brain. Cell Stem Cell, 23(6), 782-783 

Temple, S. (1989). Division and differentiation of isolated CNS blast cells in microculture. Nature, 340(6233), 471–473. 

https://doi.org/10.1038/340471a0 

Tobin, M. K., Musaraca, K., Disouky, A., Shetti, A., Bheri, A., Honer, W. G., … Lazarov, O. (2019). Human Hippocampal 

Neurogenesis Persists in Aged Adults and Alzheimer’s Disease Patients. Cell Stem Cell, 24(6), 974-982.e3.  

Tothova, Z., Kollipara, R., Huntly, B. J., Lee, B. H., Castrillon, D. H., Cullen, D. E., … Gilliland, D. G. (2007). FoxOs Are Critical 

Mediators of Hematopoietic Stem Cell Resistance to Physiologic Oxidative Stress. Cell, 128(2), 325–339.  

Tümpel, S., & Rudolph, K. L. (2019). Quiescence: Good and Bad of Stem Cell Aging. Trends in Cell Biology, 29(8), 672-685 

Tzivion, G., Dobson, M., & Ramakrishnan, G. (2011). FoxO transcription factors; Regulation by AKT and 14-3-3 proteins. 

Biochimica et Biophysica Acta (BBA) - Molecular Cell Research, 1813(11), 1938–1945.  

Urbán, N., Blomfield, I. M., & Guillemot, F. (2019). Quiescence of Adult Mammalian Neural Stem Cells: A Highly Regulated Rest. 

Neuron, 104(5), 834-848. 

Urbán, N., & Cheung, T. H. (2021). Stem cell quiescence: the challenging path to activation. Development, 148(3), dev165084 

Urbán, N., van den Berg, D. L. C., Forget, A., Andersen, J., Demmers, J. A. A., Hunt, C., … Guillemot, F. (2016). Return to 

quiescence of mouse neural stem cells by degradation of a proactivation protein. Science, 353(6296), 292–295.  

van den Berge, S. A., Middeldorp, J., Eleana Zhang, C., Curtis, M. A., Leonard, B. W., Mastroeni, D., … Hol, E. M. (2010). 

Longterm quiescent cells in the aged human subventricular neurogenic system specifically express GFAP-δ. Aging Cell, 

9(3), 313–326.  

Van Der Heide, L. P., Hoekman, M. F. M., & Smidt, M. P. (2004). The ins and outs of FoxO shuttling: Mechanisms of FoxO 

translocation and transcriptional regulation. Biochemical Journal, 380(2), 297–309.  

Van Der Heide, L. P., Jacobs, F. M. J., Peter, J., Burbach, H., Hoekman, M. F. M., & Smidt, M. P. (2005). FoxO6 transcriptional 

activity is regulated by Thr 26 and Ser 184 , independent of nucleo-cytoplasmic shuttling. Biochem. J, 391, 623–629.  

Walter, D., Lier, A., Geiselhart, A., Thalheimer, F. B., Huntscha, S., Sobotta, M. C., … Milsom, M. D. (2015). Exit from dormancy 

provokes DNA-damage-induced attrition in haematopoietic stem cells. Nature, 520(7548), 549–552.  

Wang, C., Liu, F., Liu, Y. Y., Zhao, C. H., You, Y., Wang, L., … Yang, Z. (2011). Identification and characterization of neuroblasts 

in the subventricular zone and rostral migratory stream of the adult human brain. Cell Research, 21(11), 1534–1550.  

Ward, C. W., & Lawrence, M. C. (2009). Ligand-induced activation of the insulin receptor: A multi-step process involving 

structural changes in both the ligand and the receptor. BioEssays, 31(4), 422–434. 



Chapter 1 

 
 

32 

 

Webb, A. E., Kundaje, A., & Brunet, A. (2016). Characterization of the direct targets of FOXO transcription factors throughout 

evolution. Aging Cell, 15(4), 673–685.  

Webb, A. E., Pollina, E. A., Vierbuchen, T., Urbán, N., Ucar, D., Leeman, D. S., … Brunet, A. (2013). FOXO3 shares common 

targets with ASCL1 genome-wide and inhibits ASCL1-dependent neurogenesis. Cell Reports, 4(3), 477–491.  

Weger, M., Diotel, N., Dorsemans, A.-C., Dickmeis, T., & Weger, B. D. (2017). Stem cells and the circadian clock. Developmental 

Biology, 431(2), 111–123.  

Weissman, I. L. (2000). Translating stem and progenitor cell biology to the clinic: Barriers and opportunities. Science, 287(5457), 

1442–1446.  

Woods, Y. L., Rena, G., Morrice, N., Barthel, A., Becker, W., Shaodong, G., … Cohen, P. (2001). The kinase DYRK1A 

phosphorylates the transcription factor FKHR at Ser329 in vitro, a novel in vivo phosphorylation site. Biochemical Journal, 

355(3), 597–607.  

Yadav, R. K., Chauhan, A. S., Zhuang, L., & Gan, B. (2018). FoxO transcription factors in cancer metabolism. Seminars in Cancer 

Biology, 50, 65–76.  

Yeo, H., Lyssiotis, C. A., Zhang, Y., Ying, H., Asara, J. M., Cantley, L. C., & Paik, J.-H. (2013). FoxO3 coordinates metabolic 

pathways to maintain redox balance in neural stem cells. The EMBO Journal, 32, 2589–2602.  

Yousef, Hanadie, Morgenthaler, Adam, Schlesinger, Christina, Bugaj, Lukasz, Conboy, Irina M., Schaffer, D. V. (2015). Age-

Associated Increase in BMP Signaling Inhibits Hippocampal Neurogenesis. Stem Cell, 1577–1588. 

Zhang, J., Ji, F., Liu, Y., Lei, X., Li, H., Ji, G., … Jiao, J. (2014). Ezh2 regulates adult hippocampal neurogenesis and memory. Journal 

of Neuroscience, 34(15), 5184–5199.  

Zhang, R., Lahens, N. F., Ballance, H. I., Hughes, M. E., & Hogenesch, J. B. (2014). A circadian gene expression atlas in mammals: 

Implications for biology and medicine. Proceedings of the National Academy of Sciences of the United States of America, 

111(45), 16219–16224.  

Zhao, C., Deng, W., & Gage, F. H. (2008). Mechanisms and Functional Implications of Adult Neurogenesis. Cell, 132(4), 645–660.  

Zhou, Z., Liu, J., Bi, C., Chen, L., Jiao, Y., & Cui, L. (2019). Knockdown of FOXO6 inhibits high glucose–induced oxidative stress 

and apoptosis in retinal pigment epithelial cells. Journal of Cellular Biochemistry, 120(6), 9716–9723.  

Ziebell, F., Dehler, S., Martin-Villalba, A., & Marciniak-Czochra, A. (2018). Revealing age-related changes of adult hippocampal 

neurogenesis using mathematical models. Development, 145(1), 1–12.  

 

 

  



 

 
 

Chapter 2 

FoxO6 modulates neural stem cell 

maintenance by suppressing quiescence 

in the aging brain 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



Chapter 2 

 

34 

 

FoxO6 modulates neural stem cell maintenance by suppressing 

quiescence in the aging brain   

 
Swip Draijer1, Ricardo H. Paap1, Suci A. Pakpahan1, Fokion Spanos1, Joost Vos1, 

Amber Hof1, Igor Baars1, Gonzalo Congrains Sotomayor1, Marten P. Smidt1,  

Marco F.M. Hoekman1,2 
 

1 Swammerdam Institute for Life Sciences, University of Amsterdam, 

Amsterdam, The Netherlands  

2 Corresponding author 

Graphical abstract 

 

 

 

 

 

 

 

 

 

 

 

 

 

Highlights 

 FoxO6 regulates adult neural stem cell populations during aging 

 Loss of FoxO6 results in increased neural stem cell quiescence 

 Loss of FoxO6 results in increased self-renewal ability of neural stem 

cells 

 FoxO6 and FoxO3 differentially regulate expression of target genes 

 



FoxO6 modulates neural stem cell maintenance by suppressing quiescence in the aging brain 

  
 

35 

  

Summary 

The number and function of adult neural stem cells (NSCs) declines with age. 

Changes in quiescence modulate the long-term maintenance of adult NSC 

populations. The transcription factors FoxO1, FoxO3 and FoxO4 preserve adult 

NSC populations by promoting quiescence. In contrast, we find that FoxO6, a 

FoxO isoform with impaired nucleocytosolic shuttling properties, suppresses 

NSC quiescence in the aging brain. Loss of FoxO6 limits NSC proliferation and 

promotes quiescence-related signatures. We report that FoxO6 and FoxO3 

differentially regulate the expression of known FoxO target genes. Our study 

identifies FoxO6 as a novel regulator of NSCs, which ensures NSC function 

during aging by antagonizing FoxO3-dependent quiescence. 

Keywords 

FoxO6, neural stem cells, quiescence, aging, FoxO3, PI3K-AKT signaling 

Introduction 

Neural stem cells (NSCs) persist in the adult mammalian brain, mostly in the 

subgranular zone of the hippocampal dentate gyrus (DG) and the ventricular-

subventricular zone (V -SVZ) of the lateral ventricles (Bond et al., 2015). Adult 

NSCs largely exist in a highly regulated state outside the cell cycle, called 

quiescence (Urbán et al., 2019). Activated NSCs enter the cell cycle, self-renew 

and terminally differentiate after a few rounds of cell divisions resulting in 

their age-dependent depletion (Encinas et al., 2011; Obernier and Alvarez-

Buylla, 2019). However, recent studies have challenged this “division-coupled 

depletion” model and NSCs have been found to return to quiescence and become 

increasingly quiescent during aging (Obernier et al., 2018; Kalamakis et al., 

2019; Harris et al., 2021; Ibrayeva et al., 2021). Quiescence, therefore, is 

required to preserves NSC populations throughout life (Urbán et al., 2019). 

However, excessive retention of stem cells in a quiescent state would result in 

a lack of differentiated progeny (Tümpel and Rudolph, 2019). For instance, 

lysosomal defects in old NSCs result in protein aggregates and impaired stem 

cell activation (Leeman et al., 2018). A healthy balance in quiescence and 

activation is necessary for lifelong neurogenesis. In humans, adult 

neurogenesis drops sharply after birth (Sorrells et al., 2018). Nevertheless, 

adult neurogenesis persists in old brains while patients with Alzheimer’s 

disease show reduced levels of hippocampal neurogenesis, which correlated 
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with memory deficits (Tobin et al., 2019; Moreno-Jimenez et al., 2019). The 

molecular regulators of NSC quiescence in the aging brain are rapidly being 

elucidated. For instance, progressive degradation of pro-neurogenic 

transcription factor ASCL1 by the ubiquitin-ligase HUWE1 during aging results 

in increased quiescence in old brains (Harris et al., 2021). 

Among the promising candidates are FoxO transcription factors, which are 

essential regulators of stem cell quiescence and aging (Ro et al., 2013; Audesse 

and Webb, 2020). Mammals have four isoforms of the FoxO transcription factor 

family: FoxO1, FoxO3, FoxO4 and FoxO6. By promoting a variety of cellular 

outputs such as cell cycle arrest, apoptosis and glucose metabolism, FoxO1, 

FoxO3 and FoxO4 promote NSC quiescence and self-renewal (Renault et al., 

2009; Paik et al., 2009; Yeo et al., 2013). Loss of FoxO3 or a combined loss of 

FoxO1, FoxO3 and FoxO4 results in cell cycle entry, which leads to an initial 

increase in proliferation followed by an accelerated age-dependent decline in 

the number of NSCs. In addition, FoxO3 regulates an autophagy gene network 

in NSCs, which clears the protein aggregates that accumulate in aging NSCs 

(Schäffner et al., 2018; Audesse et al., 2019). Although FoxO6 is an important 

regulator of hippocampal synaptic plasticity (Salih et al., 2012) and cortical 

development (Paap et al., 2016), its function in NSC fates remains unknown.  

 

FoxO1, FoxO3 and FoxO4 act as sensors of energy metabolism and shuttle 

between cytosol and nucleus depending on the presence of growth factors (Ro 

et al., 2013).  Growth factor-induced activation of PI3K activity results in the 

Akt-dependent phosphorylation of FoxO1, FoxO3 and FoxO4, which prompts 

their nuclear exclusion and protein degradation (Brunet et al., 1999; Kops et 

al., 1999). FoxO6, however, lacks the C-terminal Akt-dependent site and is 

predominantly nuclear as a result (Jacobs et al., 2003), though phosphorylation 

of the two remaining Akt-dependent sites inhibits its transcriptional activity 

(Van der Heide et al., 2005).  

 

Here, we show that FoxO6 is a novel regulator of hippocampal NSCs by 

suppressing NSC quiescence during aging. Loss of FoxO6 accelerates age-

associated changes in quiescence and promotes a quiescent-like transcriptome 

in NSCs. NSCs lacking FoxO6 exhibit increased expression of FoxO target genes 

as well as reduced inhibitory FoxO3 phosphorylation. As such, our data 

indicates that FoxO6 limits FoxO3-dependent quiescence and contributes to a 

healthy balance in NSC fates in the adult and aging brain.  
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Results 

FoxO6 is required for the proper maintenance of adult NSC populations  

 

We wondered if FoxO6 regulates adult NSC populations in the DG and V-SVZ 

throughout life. Therefore, we used mice with a deletion in the FoxO6 gene 

(Salih et al., 2012) and interrogated the number of proliferating NSCs 

(Ki67+Sox2+) and total NSCs (Sox2+) in FoxO6+/+ and FoxO6-/- mice at 0-12 

months (Figure 1).  

 
 

  

Figure 1. FoxO6 is required for adult neural stem cell maintenance 

(A) Representative image of the dentate gyrus of 6-month old FoxO6+/+ and FoxO6-/- mice 

with immunolabeling for Sox2 and Ki67. Yellow arrows indicate Ki67+Sox2+ NSCs, white 
arrows indicate Ki67-Sox2+ NSCs. Scale bar, 100 μm. Dotted line demarcates hilus and 
subgranular zone of the dentate gyrus. DG, dentate gyrus.           

(A’) Magnification of area inside of the square in (A). Scale bar, 50 μm.      
(B) Quantification of proliferating SGZ NSC numbers from 0–12 months of age in FoxO6+/+ 
and                  FoxO6-/- mice.    

continued  
(C) Quantification of total SGZ NSC numbers from 0-12 of age in FoxO6+/+ and FoxO6-/- mice. 
(D) Quantification of the fraction of cycling SGZ NSCs from 6-months old and 12-months old   

FoxO6+/+ and FoxO6-/- mice.    Figure continues on next page. 
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During aging, the number of hippocampal NSCs declines and the remaining 

NSCs grow increasingly quiescent (Encinas et al., 2011; Harris et al., 2021). We 

observed these changes in both FoxO6+/+ and FoxO6-/- mice (Figure 1A-1C). 

Loss of FoxO6, however, resulted in a substantial reduction of proliferating 

NSCs in both 6-month (59.7 ± 1.8%) and 12-month-old (28.6 ± 2.2%) mice 

compared to wild-type controls (Figure 1B). As such, the number of 

proliferating NSCs in 6-months old FoxO6-/- mice is similar to that of 12-months 

old wild types, indicating that this is an ageing phenotype. We also observed 

this reduction of proliferating NSCs in old mice using other proliferation 

markers, such as PH3 (Figure S1A, S1B). 

Figure 1. FoxO6 is required for adult neural stem cell maintenance 

(D) Quantification of the fraction of cycling SGZ NSCs from 6-months old and 12-months old   

FoxO6+/+ and FoxO6-/- mice. 
(E) Representative image of the subventricular zone of 6-month old FoxO6+/+ and FoxO6-/- mice 
with immunolabeling for Sox2 and Ki67. Yellow arrows indicate Ki67+Sox2+ NSCs, white 

arrows indicate Ki67-Sox2+ NSCs. Scale bar, 100 μm. Dotted line demarcates lateral ventricle. 
LV, lateral ventricle. 
(F) Quantification of proliferating SVZ NSC numbers from 0–12 months of age in FoxO6+/+ and   

FoxO6-/- mice. 
(G) Quantification of total SVZ NSC numbers from 0–12 months of age in FoxO6+/+ and  FoxO6-

/- mice.      Figure continues on next page. 
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Surprisingly, FoxO6-/- mice exhibited a reduced fraction of cycling NSCs at both 

these ages (Figure 1D). This stands in contrast to mice lacking FoxO3 or with 

a combined loss of FoxO1, FoxO3 and FoxO4, which show an initial increased 

cell cycle entry of NSCs leading to accelerated exhaustion of NSC populations 

(Renault et al., 2009; Paik et al., 2009). The population of V-SVZ NSCs is also 

subject to an age-related decline and changes in quiescence (Kalamakis et al., 

2019). We observed these changes in both FoxO6+/+ and FoxO6-/- mice (Figure 

1F,1G). In contrast to the hippocampus, loss of FoxO6 did not change 

proliferation or total number of V-SVZ NSCs in young mice. Nevertheless, aged 

12-months old FoxO6-/- mice exhibited a clear loss of both proliferating NSCs 

(76.3 ± 2.5%) and total NSCs (75.9 ± 4.1%) but not a different fraction of 

cycling V-SVZ NSCs (Figure S1C).  

 
Since these results suggest that the consequences of a loss of FoxO6 are age-

dependent, we queried whether this is reflected by the ability of FoxO6-

deficient NSCs to form clonal spheres or primary neurospheres (Figure 1H, 1I; 

Figure S1D, S1E). Although not an exact read-out of in vivo NSC number, the 

frequency of primary neurospheres formed at low cell density reflects the stem 

cell potential of activated NSCs (Pastrana et al., 2011; Codega et al., 2014). We 

found that NSCs derived from old but not from young FoxO6-/- mice generated 

significantly fewer primary neurospheres (25.5 ± 1.7%) compared to NSCs 

derived from FoxO6+/+ littermates. Together, these results suggest that FoxO6 

Figure 1. FoxO6 is required for adult neural stem cell maintenance 

(H) Primary neurospheres isolated from forebrains of 3-months old and 12-months old 
FoxO6+/+ and  FoxO6-/- mice. Scale bar, 200 μm. 

(I) Quantification of data shown in (H).  
Graphs show mean ± SEM. Dots represent individual mice or independently derived 
neurospheres. Statistics: one-way ANOVA and Student’s t-test for comparisons of two 

groups. ∗p < 0.05, ∗∗p < 0.01, ***, p<0.001.  
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regulates age-dependent changes in NSC populations and NSC behaviour. Since 

these effects were most pronounced in the adult hippocampus, we focussed on 

SGZ NSCs from here onwards.    

Loss of FoxO6 and loss of FoxO3 differentially affect NSC quiescence 

Next, we compared the consequences of a loss of either FoxO3 or FoxO6 on NSC 

quiescence. We crossed FoxO3 mutant (Renault et al., 2009) and FoxO6 mutant 

mice with Nestin-GFP mice to label neural stem/progenitor cells (NSPCs) 

(Mignone et al., 2004). We then compared the numbers of total NSPCs (Nestin-

GFP+) and proliferating NSPCs (Ki67+Nestin-GFP+) in the dentate gyrus of 3-

month-old FoxO6 and FoxO3 mutant mice with their respective wild-type 

littermates (Figure 2).  

Figure 2. FoxO6 and FoxO3 differentially regulate NSC quiescence 

(A) Immunolabeling of Ki67 in the DG of Nestin-GFP mice with wild-type FoxO3 and FoxO6 (FoxO3/6+/+) 
and Nestin-GFP mice lacking either FoxO3 (FoxO3-/-) or FoxO6 (FoxO6-/-). DG, dentate gyrus. Yellow arrows 

indicate Ki67+Nestin-GFP+ NSCs, white arrows indicate Ki67-Nestin-GFP+ NSCs. Scale bar, 100 μm.  

(A’) Magnification of area in (A). Scale bar, 100 μm. 

(B) Quantification of neural stem/progenitor cells (Nestin-GFP+) and proliferating neural stem/progenitor 
cells (Ki67+Nestin-GFP+) in FoxO3-/-::Nestin-GFP, FoxO6-/-::Nestin-GFP mice and wild-type controls. Graph 

shows mean ± SEM. Dots represent individual mice. Cell number is normalized compared to respective 
littermate wild-types. Statistics: One-way ANOVA. n.s., not significant; *, p<0.05; **, p<0.01.    

(C) Quantification of the fraction of cycling NSCs (Ki67+ Nestin-GFP+ / total Nestin-GFP+) FoxO3-/-::Nestin-
GFP, FoxO6-/-::Nestin-GFP mice and wild-type controls. Graph shows mean ± SEM. Dots represent individual 
mice. Cell number is normalized compared to respective littermate wild-types. Statistics: One-way ANOVA. 

n.s., not significant; *, p<0.05; **, p<0.01.    
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Whereas FoxO3 mutant mice showed increased NSC proliferation at ~120% of 

wild-types, the number of proliferating NSCs was strikingly reduced in FoxO6 

mutant mice at ~57% of wild-types (Figure 2A,2B). As such, loss of FoxO3 

resulted in an increased fraction of cycling NSCs whereas this fraction was 

decreased in FoxO6-/- mice indicating increased cell cycle entry and increased 

quiescence, respectively (Figure 2C). 

 

Loss of FoxO6 results in increased quiescence of NSCs in vitro 

 

FoxO6 is expressed in a number of adult tissues other than the brain, which 

could affect NSC quiescence. To directly interrogate FoxO6-regulated NSC 

quiescence, we generated neural stem cell cultures from the adult hippocampus 

(AH-NSCs) of FoxO6+/+ and FoxO6-/- littermates (Figure 3A) using an 

established protocol (Blomfield et al., 2019).  

 

 

Figure 3. Loss of FoxO6 results in increased NSC quiescence  

(A) Cartoon showing the derivation of adult hippocampal neural stem cell (AH-NSC) cultures from the 
hippocampus of FoxO6+/+ and FoxO6-/- mice.    
(B) Immunolabeling for Ki67, EdU incorporation and Hoechst33342 staining of NSC cultures derived from 

FoxO6+/+ and FoxO6-/- mice. Scale bar, 200 μm. 

(C) Quantification of the fraction of proliferating NSCs in FoxO6+/+ and FoxO6-/- adult hippocampal (AH-
NSCs) cultures.       Figure continues on next page 
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We determined the proportion of cycling cells in FoxO6+/+ and FoxO6-/- AH-NSC 

cultures using Ki67 and by labelling NSCs with EdU during a 1-hour pulse 

(Figure 3B). Importantly, AH-NSCs derived from FoxO6-/- mice were relatively 

quiescent as both the proportion of Ki67-positive NSCs and that of EdU-positive 

NSCs were decreased compared to AH-NSCs derived from wild-type mice 

(Figure 3C).  

 

To extend these observations, we analysed the distribution of cell cycle phases 

in these FoxO6+/+ and FoxO6-/- AH-NSCs (Figure 3D-E). We first selected for 

live cells and subsequently analysed the propidium iodide content using flow 

cytometry. This revealed that a larger proportion of FoxO6-deficient cells 

resided in the G0/G1-phase compared to wild-type cells, at the expense of cells 

residing in the S- and G2/M-phases (Figure 3F). Together, these results indicate 

that FoxO6 suppresses quiescence of adult NSCs.  

 

  

Figure 3. Loss of FoxO6 results in increased NSC quiescence  

 (D, E) Cell cycle analysis of FoxO6+/+ and FoxO6-/- adult hippocampal neural stem cells (AHNSCs) 
by flow cytometry using propidium iodide. 
(F) Quantification of the cell cycle distribution of FoxO6+/+ and FoxO6-/- adult hippocampal neural 

stem cells (AHNSCs) over G0/G1, S and G2/M phases.  
Graphs show mean ± SEM. Dots represent independent biological replicates. Statistics: Student’s 
t-test. *, p<0.05; **, p<0.01.   
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Loss of FoxO6 promotes quiescent gene signature 

 

To investigate the regulatory circuits that 

promote quiescence in FoxO6-/- AH-NSCs, 

we profiled the transcriptome of 

FoxO6+/+ and FoxO6-/- AH-NSCs using 

RNA sequencing (RNA-seq). This revealed 

2796 genes that were differentially 

expressed in FoxO6-/- AH-NSCs (Figure 

4A-D). Importantly, astroglial markers 

Aqp4, Ald1lh1 and Slc1a2 were strongly 

up-regulated in FoxO6-deficient NSCs. 

Together with Clu, Id3, Hes1 and FoxO3, 

these genes are known markers of 

quiescent NSCs (Artegiani et al., 2017; 

Urbán et al., 2019). 

 

 

 

 

 Figure 4. FoxO6-deficient neural stem cells exhibit qNSC-like transcriptome 

(A) Volcano plot displaying gene expression changes between AH-NSCs derived from FoxO6+/+ 
and FoxO6-/- as analysed by RNA-seq. AH-NSCs: adult hippocampal neural stem cells. 

(B, C) Gene Ontology terms associated with genes up- or down-regulated in FoxO6-/- AH-NSCs 
compared to FoxO6+/+ AH-NSCs. Dots are coloured based on their ontology terms.  

      Figure continues on next page. 
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By contrast, many cell cycle-related genes (e.g. Cdk1, Mki67, Pcna and 

Mcm2/5/7/8) and markers of neural progenitor cells (e.g. Hmgn2) (Shin et al., 

2015; Artegiani et al., 2017) were down-regulated in FoxO6-deficient NSCs 

(Figure 4D).  

 

Moreover, loss of FoxO6 affected many genes related to neurogenesis, axon 

guidance and synaptic transmission (e.g. Ank3, Camk2a, Slit1, Plxna4, Stmn1, 

Syt1, Rab3b and Zic1). This is in line with the reported function of FoxO6 in 

neuronal polarity and synaptic plasticity (de la Torre-Ubieta et al., 2010; Salih 

Figure 4. FoxO6-deficient neural stem cells exhibit qNSC-like transcriptome 

 (D) Heatmap displaying expression profiles of a selection of genes related to NSC quiescence, 
neurogenesis and cell cycle across FoxO6+/+ and FoxO6-/- AH-NSCs.  
Data was generated from three biological replicates of independent FoxO6+/+ and FoxO6-/- AH-

NSC cultures. Color represents z-scores of gene expression across rows. 
(E) Gene set enrichment analysis (GSEA) shows enrichment of gene sets related to qNSCs (left 
panels) and cycling aNSC (right panels). The qNSC gene signatures are positively enriched, 

while signatures of aNSCs are negatively enriched in FoxO6-/- AHNSC cultures. qNSC, quiescent 
neural stem cell; aNSC, activated neural stem cell. 
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et al., 2012) as well as its function in Plxna4-mediated neuronal migration 

during cortical development (Paap et al., 2016). Importantly, genes 

differentisally expressed in FoxO6-/- AH-NSCs were enriched for signatures 

derived from quiescent NSCs (qNSCs) whereas signatures related to activated 

NSCs (aNSCs) showed negative enrichment (Shin et al., 2015; Llorens-Bobadilla 

et al., 2015; Codega et al., 2014; Mizrak et al., 2019) (Figure 4E). Together, 

these results suggest that loss of FoxO6 results in increased NSC quiescence. 

 

FoxO6-deficient NSC fully retain self-renewal ability 

 

Whereas NSC self-renewal is essential to sustain lifelong adult neurogenesis 

(Obernier et al., 2019), this ability is impaired in NSCs lacking FoxO3 (Renault 

et al., 2009; Yeo et al., 2013) and NSCs lacking FoxO1, FoxO3 and FoxO4 (Paik 

et al., 2009) as these mutant NSCs form neurospheres at a lower frequency 

than wild-type NSCs. Similarly, we used the neurosphere assay (Reynolds & 

Rietze, 2005; Pastrana et al., 2011) to test whether FoxO6 is necessary for NSC 

self-renewal. As each neurosphere derives from a single NSC, only those with 

a full capacity for self-renewal are able to do so. To this end, we dissociated 

primary neurospheres derived from 3-month-old and 12-month-old FoxO6+/+ 

and FoxO6-/- mice and assessed the number of secondary neurospheres formed 

(Figure 5, Figure S2A).  

Figure 5. Loss of FoxO6 results in increased neural stem cell self-renewal ability 
(A) Secondary neurospheres generated from 3-months and 12-months old FoxO6+/+ and FoxO6-

/-. Scale bar, 200 μm. 8000 cells / mL 

(B) Quantification of secondary neurospheres generated from 3-months and 12-months old 
FoxO6+/+ and FoxO6-/- mice at 8000 cells / mL. Graph shows mean ± SEM. Dots represent 
independently derived neurosphere cultures. Statistics: Student’s t-test. **, p<0.01.  

(C) Volcano plot displaying gene expression changes between secondary neurospheres derived 
from 12-months old FoxO6+/+ and FoxO6-/- mice as analysed by RNA-seq. 

      Figure continues on next page. 
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Interestingly, rather than an impaired self-renewal ability, young FoxO6-

deficient NSCs fully retained the ability to form new neurospheres whereas old 

FoxO6-deficient NSCs formed secondary neurospheres at a ~1.5-fold increase 

over wild-type NSCs (Figure 5A,5B). In addition, we found that FoxO6-/- NSCs 

retain the ability to generate different neural lineages when cultured under 

differentiation conditions (Figure S2B-E). 

 

Together, these results indicate that, unlike FoxO3-deficient NSCs (Renault et 

al., 2009), NSCs lacking FoxO6 exhibit increased stemness. To directly address, 

this, we performed RNA-seq on RNA isolated from secondary neurospheres 

derived from 12-month-old FoxO6-/- and FoxO6+/+ mice, each three independent 

biological replicates. Although in vitro neurosphere cells are different from in 

vivo cells, a study using single cell transcriptomic analysis revealed that 

neurosphere cells closely resemble a population of proliferative but 

undifferentiated and self-renewing NSCs (Dulken et al., 2017). Our analysis 

revealed that 1375 genes were differentially expressed between FoxO6+/+ and 

FoxO6-/- neurospheres (Figure 5C).  

Figure 5. Loss of FoxO6 results in increased neural stem cell self-renewal ability 

(D) Gene Ontology terms associated with genes up-regulated (green) or down-regulated 
(purple) in FoxO6-/- neurospheres compared to FoxO6+/+ secondary neurospheres. 
(E) Heatmap displaying expression profiles of a selection of genes related to glycolysis, NSC 

quiescence and cell cycle across FoxO6+/+ and FoxO6-/- AH-NSCs. Data was generated from three 
biological replicates of independent FoxO6+/+ and FoxO6-/- secondary neurospheres. Color 
represents z-scores of gene expression across rows. 

      Figure continues on next page.  
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 Among the genes that were up-regulated in FoxO6-/- neurospheres many were 

involved in quiescence-related glycolysis and glucose metabolism (e.g. Slc1a2, 

Slc1a3/GLAST, Aldoc, Fabp5) (Shin et al., 2015; Llorens-Bobadilla et al., 2015) 

(Figure 5D,5E). In contrast, many genes that were down-regulated in FoxO6-/- 

neurospheres were cell cycle-related (e.g. Mki67, Cdk1, Mcm2) or associated 

with neural progenitor cells (e.g. Nfib, Ccnd2, Hmgn2) (Figure 5D,5E). 

 

As such, loss of FoxO6 results in a similar quiescent-like phenotype in 

secondary neurospheres as in adult hippocampal NSCs (Figure S3). 

Surprisingly, loss of FoxO6 results in a striking down-regulation of Hmgn2, a 

gene encoding for a nucleosomal binding protein promoting stem cell identity 

(Garza-Manero et al., 2019) in both AH-NSCs and neurospheres (Figure S3D). 

Since Hmgn2 expression is enriched in hippocampal neural progenitor cells 

(Artegiani et al., 2017), we hypothesized that loss of FoxO6 favours self-

renewing divisions rather than divisions generating progeny. To this end, we 

examined HMGN2 expression in FoxO6-/-::Nestin-GFP mice using 

immunohistochemistry. This revealed a clear reduction in the number 

HMGN2+Nestin-GFP+ neural stem/progenitor cells of ~30% in FoxO6-/- mice 

compared to wild-type mice (Figure 5F,5G). Together, these results suggest 

that loss of FoxO6 promotes NSCs self-renewal at the expense of 

differentiation.  

Figure 5. Loss of FoxO6 results in increased neural stem cell self-renewal ability 

(F) Immunolabeling of Nestin-GFP and HMGN2 in the DG of 3-month old FoxO6+/+::Nestin-GFP 

and FoxO6-/-::Nestin-GFP mice. DG, dentate gyrus. Yellow arrows indicate HMGN2+Nestin-
GFP+ NSCs, white arrows indicate HMGN2-Nestin-GFP+ NSCs.  Scale bar, 100 μm.  
(G) Quantification of neural stem/progenitor cells expressing HMGN2 in FoxO6+/+::Nestin-GFP 

and FoxO6-/-::Nestin-GFP mice. Graph shows mean ± SEM. Dots represent individual mice. 
Statistics: Student’s t-test. *, p<0.05; **, p<0.01.  
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Loss of FoxO6 results in increased expression of FoxO target genes  

 

We observed an increased cellular quiescence and self-renewal ability in NSC 

lacking FoxO6. This stands in contrast to FoxO3-deficient and combined 

FoxO1/3/4-deficient NSCs that show an increased cell cycle entry and an 

impaired self-renewal ability (Renault et al., 2009; Paik et al., 2009; Yeo et al., 

2013). As FoxO6 and FoxO3 are both expressed in adult NSCs (Figure S4), we 

hypothesized that FoxO6 opposes FoxO3-dependent NSC fates.  

Figure 6. Loss of FoxO6 and loss of FoxO3 result in opposing gene regulation in NSCs 

(A) Overlap between differentially expressed genes in FoxO6-/- secondary neurospheres and in 

FoxO3-/- secondary neurospheres (Renault et al., 2009; Table S1). Statistics: Fisher’s exact test.  
(B) Analysis of the 77 genes that are shared between FoxO6-regulated and FoxO3-regulated 
NSC transcriptomes in (A). The majority of genes were differentially expressed (red) rather 

than down-regulated or up-regulated in both datasets (green).  
(C) Heatmap displaying expression profiles of selected genes in FoxO6-/- and FoxO3-/- NSCs 
involved in cell cycle, glucose metabolism, apoptosis, hypoxia, growth factor signalling. Data 

shows average log2 fold change. Color represents z-scores of gene expression across rows. 

     Figure continues on next page. 
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Among these were many known FoxO target genes involved in cell cycle 

regulation (e.g. Aspm, Ccng2), glucose metabolism (Slc2a1, Slc2a3, Eno2, Pdk1), 

apoptosis (e.g. Bnip3), oxidative stress resistance (e.g. Selenbp1, Ier3, Txnip) 

and hypoxia (Ero1l, Ddit4, Vegfa, Ndrg1). For example, expression of cell cycle 

regulator Aspm was increased in both FoxO3-deficient and FoxO1/3/4-deficient 

neurospheres (Renault et al., 2009; Paik et al., 2009) but decreased in 

neurospheres from FoxO6-/- NSCs. Conversely, FoxO target Pdk1, encoding for 

the glycolytic enzyme pyruvate dehydrogenase kinase, was downregulated in 

FoxO3-/- neurospheres but upregulated in FoxO6-/- neurospheres. This is 

interesting as impaired glucose metabolism in FoxO3-deficient NSCs 

contributes to their impaired NSC ability (Yeo et al., 2013). Moreover, the 

differential regulation of genes related to growth factor signalling (e.g. Fgf1, 

Fgf11, Igfbp5) implicated in NSC self-renewal (Hsu et al., 2009; Yun et al., 2010) 

may explain different abilities for self-renewal of FoxO6-deficient and FoxO3-

deficient NSCs. 

To this end, we compared our RNA-seq data of FoxO6-deficient secondary 

neurospheres to a publicly available signature of FoxO3-deficient secondary 

neurospheres (Renault et al., 2009). Surprisingly, many common targets were 

regulated in opposite directions in  FoxO6-/- and FoxO3-/- neurospheres (Figure 

6A-C). To extend our findings, we compared our RNA-seq data to publicly 

available data from secondary neurospheres derived from E13.5 mice with a 

combined loss of FoxO1, FoxO3 and FoxO4 (Paik et al., 2009). This revealed a 

similar pattern of opposing gene regulation between NSCs lacking FoxO6 or 

lacking FoxO1/3/4 (Figure S5). Shared among all three datasets are FoxO 

targets Ndrg1, Nrdg2, Ddit4, Id2, Pfkp, which are down-regulated in both 

FoxO3-/- neurospheres and FoxO1/3/4-/- neurospheres but up-regulated in 

FoxO6-/- neurospheres, and Aspm, which is up-regulated in FoxO3-/- NSCs and 

FoxO1/3/4-/- NSCs but down-regulated in FoxO6-/- neurospheres (Figure S5D). 

These results indicate that a FoxO-dependent transcriptional program is 

activated in NSCs lacking FoxO6, which may explain the increase of FoxO-

dependent NSC self-renewal and quiescence.  
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To this end, we plated FoxO6+/+ and FoxO6-/- AH-NSCs under proliferative 

culturing conditions and harvested proteins 24 hours later for western blot 

analysis. Importantly, this revealed a substantial reduction (59 ± 5.4%) in the 

proportion of inactive FoxO3 phosphorylated at serine-253 in NSCs lacking 

FoxO6 (Figure 6D-E). However, loss of FoxO6 did not affect phosphorylation 

of Akt at serine-473. Together, these results indicate that FoxO3 activity is 

increased in NSCs lacking FoxO6.  

 

 

Interestingly, the transcriptional program regulated by both FoxO6 and FoxO3 

was characterized by changes in hypoxia-related genes (Figure S6A). FoxO3 is 

activated in response to hypoxia and regulates transcriptional activity of the 

hypoxia inducible factor HIF-1 (Bakker et al., 2007; Emerling et al., 2008). 

Whereas the self-renewal of wild-type NSCs is increased under low oxygen 

conditions, this response to hypoxia is impaired in FoxO3-deficient NSCs 

(Renault et al., 2009). As we found increased self-renewal of FoxO6-deficient 

NSCs, we hypothesized that these cells, grown under atmospheric conditions 

(20% oxygen), may have aberrant activation of hypoxia-related pathways. To 

Figure 6. Loss of FoxO6 and loss of FoxO3 result in opposing gene regulation in NSCs 

 (D) Representative western blot images for p-FoxO3 (serine-253), FoxO3, p-Akt (serine-453), 

Akt and actin using specific antibodies in FoxO6+/+ and FoxO6-/- adult hippocampal neural stem 
cell (AH-NSC) cultures.  
(E) Quantification of data shown in (D). Densitometry analyses were performed from three 

independent experiments and data are represented as mean ± S.EM. *, p<0.05, **, p<0.01  
 
 
 



FoxO6 modulates neural stem cell maintenance by suppressing quiescence in the aging brain 

  
 

51 

  

test this, we used gene set enrichment analysis (GSEA) to characterize the 

transcriptome of FoxO6-/- neurospheres and found clear enrichment for a 

“hypoxia” meta-signature (Figure S6B) with increased expression of many 

hypoxia-associated genes (Figure S6C).  

 

Moreover, we found motifs for HIF-1α and HIF2α within the promoters of 

differentially expressed genes (Figure S7). This indicates that loss of FoxO6 

may potentiate a FoxO3-dependent hypoxia-response resulting in increased 

NSC self-renewal and quiescence.  

Discussion 

Molecular regulation of cellular quiescence and self-renewal is essential to 

maintain neural stem cell populations during aging. FoxO transcription factors 

regulate neural stem cell fates by controlling gene programs involved in, 

amongst others, energy metabolism and cell cycle regulation (Ro et al., 2013). 

FoxO3 is an essential regulator of NSC maintenance by promoting NSC 

quiescence and self-renewal (Renault et al., 2009; Paik et al., 2009; Webb et 

al., 2013). FoxO6 is a closely related transcription factor but with an impaired 

nucleo-cytoplasmic translocation ability and an unknown role in NSC fates 

(Jacobs et al., 2003).  

Here, we report a novel function of FoxO6 in regulating NSC quiescence during 

aging. Whereas loss of FoxO3 impairs cellular quiescence, we found that loss of 

FoxO6 results in increased quiescence of SGZ NSCs and promotes a quiescent-

like transcriptomic signature. During aging, NSCs in the hippocampus grow 

increasingly quiescent (Ziebell et al., 2018; Harris et al., 2021; Ibrayeva et al., 

2021). While quiescence can protect stem cell populations from depletion, an 

impaired ability to leave quiescence can result in stem cell dysfunction as is 

common in aged stem cells (Urbán et al., 2019; Tümpel & Rudolph, 2019). 

Importantly, these age-related changes occurred in both FoxO6-deficient and 

wild-type mice but with an ostensibly earlier onset in FoxO6-deficient mice. 

Harris et al. (2021) demonstrate the existence two subpopulations of quiescent 

NSCs: “resting” NSCs, which are NSCs that have returned to quiescence and 

“dormant” NSCs, which have never left quiescence in the adult brain. While 

dormant NSCs are predominantly responsible for NSC proliferation in young 

mice, these cells enter deeper levels of quiescence with age and, from the age 

of 6 months and onwards, resting NSCs become the main cell type contributing 

to NSC proliferating in the mouse hippocampus. This is the same age at which 



Chapter 2 

 

52 

 

FoxO6-deficient mice exhibited a reduced fraction of cycling NSCs. As such, 

FoxO6 is an important regulator of quiescence during aging. Whereas FoxO3 is 

necessary to prevent exhaustion of NSC populations, FoxO6 is necessary to 

sustain adult neurogenesis by promoting NSC activation. Interestingly, while 

hippocampal neurogenesis contributes to learning and memory functions 

(Bond et al., 2015), FoxO6 has been found to promote hippocampal synaptic 

plasticity involved in fear-conditioning (Salih et al., 2012). This raises the 

possibility that FoxO6 has a dual function in hippocampal learning and memory 

function by promoting adult neurogenesis as well as synaptic plasticity of 

mature neurons. 

Importantly, our findings suggest that FoxO6 regulates NSC homeostasis by 

repressing FoxO activity. Whereas FoxO3 inhibits transcriptional activity of 

pro-activation factor Ascl1 (Webb et al., 2013), Huwe1 and Id4 eliminate Ascl1 

protein to promote NSC quiescence (Urbán et al., 2016; Blomfield et al., 2019). 

Increased Huwe1 activity results in reduced age-associated changes in 

quiescence through the progressive degradation of Ascl1 (Harris et al., 2021). 

As FoxO1 and FoxO3 show increased expression in the aging human and mouse 

brain (Hwang et al., 2018), changes in the levels and activity of FoxOs would 

similarly modulate quiescence during aging.  

Interestingly, we observed a reduced number of hippocampal NSCs in young 

FoxO6-deficient mice whereas proliferation was ostensibly unaffected at this 

age. This suggests the early loss of a subpopulation of quiescent NSCs, which 

minimally contributes to the pool of proliferating NSCs at this age. This is in 

line with the recent discovery of a population of “long-term NSCs”, which 

mainly sustains adult neurogenesis in the adult and aging brain (Bottes et al., 

2021). Future research could reveal the identity and fates of this population 

using single cell RNA-sequencing and lineage tracing experiments.  

Loss of FoxO6 reduced the number of proliferating NSCs in both the V-SVZ and 

SGZ. In the V-SVZ, however, this was only true for 12-months old mice and the 

fraction of cycling cells did not differ between FoxO6-/- and wild-type mice. This 

is interesting as it shows both age-dependent and niche-specific effects. While 

both V-SVZ (Kalamakis et al., 2019) and SGZ (Harris et al., 2021) NSCs grow 

increasingly quiescent over time, NSC quiescence is affected by both intrinsic 

and extrinsic age-related changes, which differ between the V-SVZ and SGZ 

neurogenic niches (Audesse and Webb, 2020). For instance, non-canonical Wnt 



FoxO6 modulates neural stem cell maintenance by suppressing quiescence in the aging brain 

  
 

53 

  

signalling and increased inflammation result in increased NSC quiescence in 

the V-SVZ (Kalamakis et al., 2019; Dulken et al., 2019).   

Importantly, we found that phosphorylation of FoxO3 was reduced in NSCs 

lacking FoxO6. Activity of FoxO3 is regulated by PI3K-Akt signalling, which 

promotes both the phosphorylation and cytosolic localization of FoxO3, 

abrogating its transcriptional activity in a twofold manner (Tzivion et al., 

2011). Whereas FoxO1, FoxO3 and FoxO4 also transcriptionally regulate PI3K-

Akt signalling components (Hui et al., 2008; Santo et al., 2013; Yeo et al., 2013), 

FoxO6 might partially escape this auto-regulatory feedback loop. Although Akt-

dependent phosphorylation of its Thr-26 and Ser-184 residues limits FoxO6 

transcriptional activity, it only marginally prompts nuclear exclusion of FoxO6 

when other FoxOs have translocated to the cytosol (Van der Heide et al., 2005). 

As FoxOs are targeted for protein degradation in the cytosol (Tzivion et al., 

2011), a nuclear FoxO6 can rapidly be activated by a phosphatase or continue 

to interact with transcriptional regulators.  

In this light, it is interesting that phylogenetic analyses of FoxO6 demonstrate 

evolutionary positive selection on residues in its C-terminal domain, which is 

lacking the Akt-dependent phosphorylation site (Wang et al. 2009). These 

include Lys-264 and Pro-266, which are close to the AKT-dependent Ser-319, 

Ser-315 and Ser-258 residues in, respectively, FoxO1, FoxO3 and FoxO4. As such, 

it is an appealing thought that lacking a third AKT-dependent site provided 

FoxO6 with an evolutionary advantageous escape from AKT-dependent 

repression. Whereas FoxO1, FoxO3 and FoxO4 are important regulators of 

somatic stem cell maintenance, stem cell activity during adult reproductive 

years is subjected to evolutionary selection pressures while preservation of 

stem cells in old age is not (Goodell and Rando, 2015). Future research should 

determine if FoxO6 regulates stem cell activity in other tissues and if this is 

dependent on its nucleo-cytosolic shuttling abilities.   

In conclusion, our findings identify FoxO6 as a novel regulator of NSC 

quiescence during aging. By opposing FoxO3-dependent quiescence, FoxO6 

promotes NSC activation to sustain adult neurogenesis. This offers important 

insights in understanding the age-related changes in NSC fates that occur 

shortly after birth and are disturbed in disease.  
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Experimental procedures 

Mouse models 

All procedures involving animals and their care were performed in accordance 

with the guidelines of the University of Amsterdam, national guidelines and 

laws. This study was approved by the Dutch Animal Ethics Committee. Mice 

were housed in standard cages under a 12h light/dark cycle, with ad libitum 

access to food and water. The following experimental mouse strains were used 

in this study: FoxO6 mutant mice (Salih et al. (2012), FoxO3 mutant mice, 

(Hosaka et al., 2012), Nestin-GFP mice (Mignone et al., 2004), FoxO6-Nestin-

GFP mutant mice (generated in this study) and FoxO3-Nestin-GFP mutant mice 

(generated in this study). Experimental strains were backcrossed to the 

C57BL/6 line and used in heterozygous breeding generating wild-type (+/+) and 

mutant progeny (-/-). All experimental and control mice were littermates and 

matched to age. Both male and female mice were used for all in vivo genetic 

studies.  

Genotyping 

For genotyping FoxO6 null and wild-type sibling mice, three primers were used 

in the same PCR reaction: Forward primer 1: 5’-CCAGTTTGTCCAGCCTCCT-3’; 

Reverse primer 1: 5’-CAGAGGCCAGGTACACGAG-3’; Reverse primer 2: 5’-

CTAAAGCGCATGCTCCAGAC-3’ The FoxO6 wild-type allele produced a band of 

257 bp, and the FoxO6 mutant allele produced a band of 174 bp. 5% DMSO was 

added to the reaction mixture to ensure amplification. For genotyping FoxO3 

null and wild-type sibling mice, three primers were used in the same PCR 

reaction: Forward primer 1: 5’-ATTCCTTTGGAAATCAACAAAACT-3’; Reverse 

primer 1: 5’-TGCTTTGATACTATTCCACAAACCC-3’; Reverse 2: 5’-

AGATTTATGTTCCCACTTGCTTCCT-3’. FoxO3 wild type allele produced a band 

of 100 bp and the FoxO3 null allele produced a band of 186 bp in a Taq DNA 

polymerase PCR reaction.  

 

Genotyping for Nestin-GFP mutants was performed by PCR analysis using the 

following primers: Forward GFP 5’- ATAACATGGTCCTGCTGGAGTTC-3’ and 

Nestin Reverse:  5’- GGA GCT GCA CAC AAC CCA TTG CC-3’. The presence of a 

Nestin-GFP allele produced a band of 700 bp in a Taq DNA polymerase PCR 

reaction.  
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Tissue preparation and immunohistochemistry 

Mice were anesthetized and perfused transcardially with phosphate-buffered 

saline (PBS), followed by 4% paraformaldehyde (PFA) in PBS. Brains were fixed 

in 4% PFA for 8 hours at 4°C and then in 30% sucrose in PBS overnight at 4°C. 

Coronal sections (16 μm) were cut using a cryostat (Leica). For in situ samples, 

mice were perfused with cold oxygenated artificial CSF (NaCl 87 mM, KCl 2.5 

mM, NaH2PO4 1.25 mM, NaHCO3 26 mM, sucrose 75 mM, glucose 20 mM, CaCl2 

1 mM, MgSO4 7 mM).  

 

Antigen retrieval was performed for Sox2, Ki67 and S100b. Briefly, sections 

were incubated in 10 mM sodium citrate (pH 6.0) for 15 minutes at 90 °C. 

Sections were then blocked with 4% hiFBS (Gibco) or 10% donkey serum, for 

secondary antibodies from goat and donkey hosts respectively, in a Tris-

buffered saline solution pH 7.6 containing Triton X-100 and incubated with 

primary antibody overnight at 4°C. Immunohistochemistry with multiple 

primary antibodies was performed sequentially.  

Secondary antibody incubations were all performed in a 1:1000 concentration 

for 2 hours at room temperature (Molecular Probes: donkey anti-rabbit IgG 

Alexa Fluor 488 or 555; goat anti-mouse IgG Alexa Fluor 555; goat anti-rat IgG 

Alexa Fluor 555; donkey anti-sheep IgG Alexa Fluor 488). Sections were 

counterstained with DAPI and embed in FluorSave (Sigma).  

Isolation of mouse NSCs  

Isolation of mouse NSCs was done as described previously (Renault et al., 

2009). Briefly, mice were sacrificed, brains were dissected and the olfactory 

bulbs, cerebellum, and brainstem were removed. The forebrains were finely 

minced, digested for 30 minutes at 37°C in HBSS media containing 5 U/mL 

papain (Sigma). 

Primary and secondary neurosphere assays 

NSCs were plated at low density (4,000 to 20,000 cells/mL) in self-

renewal/proliferation media containing DMEM F-12 supplemented with 20 

ng/mL EGF (Sigma, E9644), 20 ng/mL bFGF (Sigma, F0291), 2% B27 (Gibco) 

and 1% Penicillin/Streptomycin (Gibco). Cells were incubated at 37°C in 5% 

CO2. Images were taken of primary neurospheres formed after 9 days, after 



Chapter 2 

 

56 

 

which the number of neurospheres was quantified by an observer blinded to 

experimental conditions. Primary neurospheres were subsequently dissocated 

with Accutase (STEMCELL, 07920) and plated at low density (4,000 to 12,000 

cells/mL) in self-renewal/proliferation media. The number of secondary 

neurospheres formed was assessed after 9 days in culture.   

NSC ability to generate different neural lineages 

Secondary neurospheres from self-renewal assays were dissociated and 

incubated in differentiation media (DMEM F-12 medium supplemented with 

B27 and 1% fetal bovine serum (Invitrogen). Differentiated neurospheres were 

fixed in 4% PFA in PBS for 1 hour followed by overnight incubation in 30% 

sucrose in PBS. Neurospheres were then embedded in Matrigel and stored at -

80 °C, and subsequently cryosectioned. Cryosectioned spheres were washed in 

PBS, blocked with donkey normal serum and incubated with primary antibody 

overnight at 4°C. Secondary antibodies were applied for 2 hours on room 

temperature. Sections were counterstained with DAPI (1ug/mL) and embed in 

FluorSave (Sigma). Fluorescent images were taken with a Leica microscope 

(DFC310FX). Primary and secondary antibodies and dilutions are listed in Table 

S1. 

Derivation of adult hippocampal neural stem cell lines  

Isolation of mouse NSCs was done as described previously (Blomfield et al., 

2019). For derivation of adult hippocampal neural stem cell lines, 7-8 week old 

FoxO6+/+ and FoxO6-/- mice were sacrificed and the dentate gyrus dissected. 

Tissue was dissociated using papain at 37°C for 30 minutes with a Neural 

Tissue Dissociation Kit (Miltenyi Biotech, 130-092-628). Cultures were 

amplified as neurospheres for two passages before dissociation to adherent 

cultures. Neurospheres were propagated in basal media (DMEM/F-12 + 

Glutamax (Invitrogen 31331-093) + KCl (Sigma) + 20 mg/mL BSA (Sigma, 

A2153) + Neurocult Supplement (Stem Cell Technologies, 05701) + 1x 

Penicillin-Streptomycin (Gibco) + 2 μg/mL Laminin (Sigma, L2020) + 10 ng/ml 

bFGF (Sigma, F0291) + 20 ng/mL EGF (Sigma, E9644) + 2 μg/mL Heparin 

(Sigma, H3393-50KU). Cells were incubated at 37°C, 5% CO2.  
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Cell culture, constructs and transfections 

Adult hippocampal neural stem cells propagated in basal media (DMEM/F-12 + 

Glutamax (Invitrogen 31331-093) + 1x N2 supplement (Gibco, 17502-048) + 1x 

Penicillin-Streptomycin (Gibco) + 2 μg/mL Laminin (Sigma, L2020) + 20 ng/ml 

bFGF (Sigma, F0921) + 5μg/mL Heparin (Sigma, H3393-50KU). To examine 

relative quiescence, cells were plated onto coverslips and allowed to adhere 

overnight before fixation. In order to visualise S-phase, EdU (Invitrogen, 

C10340) was added to the media of cells in culture 1 hr prior to fixation. 

Cell cycle analysis 

Adult hippocampal neural stem cells (AH-NSCs) were dissociated using 

Accutase (STEMCELL, 07920) and washed in PBS. Cells were then treated with 

RNAse A (100 μg/mL) for 15 minutes at 37 °C to remove RNA. Afterwards, cells 

were incubated with propidium iodide (PI, 100 μg/mL) for 30 minutes at 37 °C 

to evaluate cell viability. All flow cytometry was done on a Becton-

Dickinson  FACS Aria™ III Cell Sorter flow cytometer and analyzed by using BD 

FACSDiva and FLOWJO analysis software (Tree Star). First, live PI negative 

cells were sorted, collected in PBS and fixed overnight in 70% ethanol at -20 

°C. Next, fixed cells were incubated with PI (100 μg/mL) for 30 minutes at 37 

°C to assess DNA content. Gates in PI intensity were then used to divide cells in 

phases of the cell cycle that have 2N DNA content (G0, G1) from cells with 

greater than 2N DNA content (S, G2, and M). Flow cytometry experiments in 

FoxO6+/+ and FoxO6-/- AH-NSCs were performed in parallel.  

Immunocytochemistry 

Adult hippocampal neural stem cells were washed with PBS and fixed using 

4% PFA for 10 minutes. Fixed cells were blocked with 10% NDS in 0.1% 

Triton-PBS for 1 hour at room temperature. Primary antibodies were diluted 

in 10%NDS in 0.1%Triton-PBS, and incubated with cells overnight at 4°C with 

rocking. Following three washes with 0.1% Triton-PBS, cells were incubated 

with secondary antibodies diluted in 10%NDS in 0.1%Triton-PBS for 2hrs at 

room temperature with rocking. Following three washes with 0.1% Triton-

PBS, cells were incubated with 5 μg/mL Hoechst33342 (ThermoFisher) in PBS 

for 30 minutes at room temperature.  Primary and secondary antibodies and 

dilutions are listed in Table S1. EdU was detected following using a Click-iT ™ 
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EdU Alexa Fluor 594 Imaging Kit (ThermoFisher, C10339), following 

manufacturer’s instructions.  

Image acquisition and quantification 

All fluorescent images were taken with a Leica microscope (DFC310FX). Cell 

counts were then performed on the imaged sections using Fiji software (version 

1.52) (Schindelin et al., 2012). All cell counts were performed blind to the 

genotype being analysed. For in vivo analysis, images of multiple sections were 

quantified and averaged per animal. The sections spanned the lateral ventricles 

anterior to the crossing of the anterior commissure as well as the entire 

rostrocaudal length of the hippocampus. Quantifications were done in the 

ventricular-subventricular zone of the lateral ventricles and in the subgranular 

zone of the dentate gyrus only. For in vitro analysis, images of multiple cells or 

neurospheres were quantified and averaged per biological replicate. Only DAPI 

positive or Hoechst33342 positive cells were included.  

Western blotting  

Cells were washed with cold PBS (Lonza) and harvested in sample buffer 

(62.5 mM Tris-HCl pH 6.8, 2% SDS, 0.01% w/v bromophenol blue (Sigma-

Aldrich), 10% glycerol (Sigma-Aldrich) supplemented with 50 mM DTT (Merck 

Millipore). Samples were sonicated for 3 min in a Bioruptor sonicator 

(Diagenode) on HIGH settings and boiled at 95 °C for 5 min. Samples were 

separated on a 10% SDS-PAGE gel, followed by transfer to Amersham Protran 

0.2 µm nitrocellulose membranes (GE Healthcare Life Sciences). Membranes 

were then blocked in 5% ELK milk powder (Campina) in Tris-buffered saline 

with 0.1% Tween-20 (TBS-T). Blots were incubated with primary antibody 

(rabbit anti-FoxO3, ab12162, Abcam; rabbit anti-phospho-FoxO3 (Ser253), 

ab154786, Abcam; rabbit anti-Akt, #9272, CST; rabbit anti-phospho-Akt 

(Ser473), #4060; mouse anti-actin, #3700, CST) ) at 1:1000 in TBS-T overnight 

at 4 °C. Subsequently, blots were incubated with goat anti-rabbit or goat anti-

mouse HRP-conjugated secondary antibody (Invitrogen, 1:10,000) in TBS-T. 

Following TBS-T washes, blots were exposed to chemiluminescence reagent 

(250 mM luminol (Fluka Analytical), 90 mM p-coumaric acid (Sigma-Aldrich), 

1 M Tris-HCl pH 8.5 and 0.02% H2O2) and detected on an  Odyssey FC Imaging 

System (LI-COR Biosciences). Densitometric analyses were performed in 

ImageStudio Lite software (LI-COR Biosciences).  
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RNA extraction and quantitative RT-PCR 

Cells were lysed with TRIzol reagent and RNA was extracted according to 

manufacturer’s instructions. Relative expression levels were determined by 

quantitative real-time PCR (Lightcycler 480) using the QuantiTect SYBR Green 

RT PCR Kit (QIAGEN) according to the manufacturer’s instructions. Gene 

expression was calculated relative to endogenous controls 18S, and normalised 

to the expression of control samples in each group, to give a ΔΔCt value. A list 

of all primer sequences can be found in Table S1. 

RNA sequencing and analysis 

Samples of FoxO6+/+ and FoxO6-/- adult hippocampal neural stem cells (AH-

NSCs) and neurospheres were used for sequencing. Total RNA was isolated 

using TRIzol according to the manufacturer's instructions, followed by a DNase 

treatment and RNA purification using the RNA clean and concentrator kit 

(Zymo research). The NEBNext Ultra Directional RNA Library Prep Kit for 

Illumina was used to process RNA samples and performed according to 

manufacturer’s instructions. The quality, quantity and fragment size 

distribution of the purified libraries was assessed using a 2200 TapeStation 

System (Agilent Technologies, Santa Clara, CA, USA). Clustering and DNA 

sequencing using the Illumina NextSeq500 was performed according to 

manufacturer’s protocols. The quality of RNA sequence reads was evaluated 

using FastQC (version 0.11.2) (Andrews, 2010). Sequence adapters were 

removed using Cutadapt (version 1.10). (Martin, 2011). The reads were 

subsequently mapped to the mouse genome (mm10) using tophat2 (version 

2.0.15) (Kim et al., 2013) and count files were generated using HTSeq (version 

0.11.0) (Anders et al., 2015). Differential expression analysis of read counts was 

performed using the DESeq2 package (version 3.3.0.) (Love et al., 2014) 

Differentially expressed genes (FDR < 0.05, Benjamini-Hochberg multiple 

testing correction) were used for further analysis.  

Data analysis 

Functional gene clusters were examined using DAVID (Huang et al., 2009) and 

KEGG (Kanehisa & Goto, 2000) using a false discovery rate of 1%. Venn 

diagrams of gene sets were made using GeneVenn (Pirooznia et al., 2007). 

Statistical analysis of overlap between gene sets was performed by Fisher’s 

Exact Test. 
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DBE motif enrichment   

Genomic sequences 100 bp upstream and downstream of each FOXO6 binding 

site (1995) were downloaded from the UCSC Genome Browser 

(http://genome.ucsc.edu/cgi-bin/hgGateway). Motif enrichment analysis was 

performed using the perl script findMotifsGenome.pl from the HOMER (Heinz 

et al., 2010) package.  

Statistical analysis 

Statistical testing approaches were specified prior to data collection and 

implemented using R (3.6.1) and Graphpad Prism (version 8.0). Two-tailed 

unpaired Student’s t-tests were performed when comparing two groups. For 

experiments involving more than two groups, one-way ANOVA was performed, 

followed by multiple comparison tests using the Tukey method in Prism 8.0. All 

error bars represent the mean ± SEM. Significance is stated as follows: p>0.05 

(ns), p<0.05 (*), p<0.01 (**), p<0.001 (***), p<0.0001 (****). Statistical 

details of each experiment can be found in the figure legend. n represents 

number of animals in vivo or independent biological repeats in vitro. 
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Figure S1. FoxO6 regulates adult NSC maintenance 

(A) Immunolabeling for PH3 in the subgranular zone of the dentate gyrus of 12-month old FoxO6+/+ and     

FoxO6-/- mice. DG, dentate gyrus. Dotted line demarcates hilus. Scale bar, 100 μm. White arrows indicate 
PH3+ cells. 

(B) Quantification data shown in (A). Graph shows normalized mean ± SEM. Dots represent individual mice. 
Statistics: Student’s t-test. **, p<0.01. 
(C) Fraction of cycling SVZ NSCs shown in Figure 1F-G.  

(D,E) Primary neurospheres generated from 3-months (D) and 12-months (E) old FoxO6+/+ and FoxO6-/- 

mice at different cell densities. Graphs show mean ± SEM. Dots represent independently derived 

neurosphere cultures. Statistics: Student’s t-test. n.s., not significant; **, p<0.01. 
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Figure S2. Loss of FoxO6 does not impair ability to differentiate along multiple lineages 

(A) Quantification of data shown in Figure 4B. Secondary neurospheres generated from 

12-months old FoxO6+/+ and FoxO6-/- mice at different cell densities. Graph shows mean 
± SEM. Dots represent independently derived neurosphere cultures. Statistics: 
Student’s t-test. *, p<0.05; **, p<0.01.  

(B) Immunolabeling for GFAP and O4 in secondary neurospheres under differentiation 
conditions derived from 12-month old FoxO6+/+ and FoxO6-/- mice. Scale bar, 200 μm.  
(C) Quantification of the number of O4-positive secondary neurospheres under 

differentiation conditions derived from 12-month old FoxO6+/+ and FoxO6-/- mice. n=3 
independently derived secondary neurosphere cultures. Statistics: Student’s t-test, *: 
p<0.05. 

(D) Immunolabeling for GFAP and Tuj1 in secondary neurospheres under 
differentiation conditions derived from 12-month old FoxO6+/+ and FoxO6-/- mice. 
Scale bar, 200 μm.  

(E) Quantification of the number of Tuj1-positive secondary neurospheres under 
differentiation conditions derived from 12-month old FoxO6+/+ and FoxO6-/- mice. n=3 
independently derived secondary neurosphere cultures. Statistics: Student’s t-test. 

n.s., not significant.  
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Figure S3. Comparison of neurospheres derived from FoxO6-/- mice and adult 

hippocampal neural stem cells derived from FoxO6-/- mice 

(A) Overlap between transcriptomes of FoxO6-/- secondary neurospheres and 

FoxO6-/- adult hippocampal neural stem cells (AH-NSC).  

(B) Gene set enrichment analysis (GSEA) shows enrichment of FoxO6-/- AH-NSC gene 

set in FoxO6-/- secondary neurosphere transcriptome. 

(C) Gene Ontology terms associated with genes differentially expressed in both 
FoxO6-/- neurosphere and FoxO6-/- AH-NSC gene sets   

(D) Hmgn2 expression in FoxO6-/- adult hippocampal neural stem cells (AH-NSCs) 

and  FoxO6-/- neurospheres. 

(E) Heatmap displays gene expression profiles of genes differentially expressed in 
both FoxO6-/- neurospheres and FoxO6-/- AH-NSCs. Data generated from 

independent FoxO6-/- neurosphere and FoxO6-/- AH-NSC cultures. Color represents 

z-scores of gene expression across rows. 
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Figure S4. FoxO6 and FoxO3 are both expressed in adult NSCs 

A) FoxO isoform expression in adult hippocampal AH-NSCs derived from young adult FoxO6+/+ 

and FoxO6-/- mice. Graph shows mean ± SEM. Dots represent independent biological replicates. 
Statistics: DESeq2. **, p<0.01.  

B) FoxO isoform expression in secondary neurospheres derived from 12-month old FoxO6+/+ 
and FoxO6-/- mice. Graph shows mean ± SEM. Dots represent independent biological replicates. 
Statistics: DESeq2. **, p<0.01.  

C) FoxO isoform expression in SVZ cell types (data from Leeman et al., 2018). SVZ, 
subventricular zone; RGL, radial-glia like; nIPC, neuronal intermediate progenitor cell.  
D) FoxO isoform expression in DG cell types (data from Hochgerner et al., 2018). DG; dentate 

gyrus; qNSC, quiescent neural stem cell; aNSC, activated neural stem cell; NPC, neural 
progenitor cell.  
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Figure S5. Loss of FoxO6 and combined loss of FoxO1, FoxO3 and FoxO4 results in opposite 

gene regulation 

A) Overlap between differentially expressed genes in secondary neurospheres derived from 12-
month old FoxO6-/- mice and secondary neurospheres derived from E13.5 FoxO1/3/4-/- mice 

(Paik et al., 2009). Statistics: Fisher’s exact test.  
B) Analysis of the 304 genes that are shared between FoxO6-regulated and FoxO1/3/4-
regulated NSC transcriptomes in (A). The majority of genes were differentially expressed (red) 

rather than down-regulated or up-regulated in both datasets (green). 
C) Overlap between differentially expressed genes in neurospheres derived from 12-month old 
FoxO6-/- mice, neurospheres derived from E13.5 FoxO1/3/4-/- mice (Paik et al., 2009) and 

neurospheres derived from 3-month old FoxO3-/- neurospheres (Renault et al., 2009). 
Statistics: Fisher’s exact test.  
D) Heatmap displays gene expression profiles of genes differentially expressed in FoxO6-/-, 

FoxO1/3/4-/- and FoxO3-/- neurospheres. Color represents log2 fold changes of gene expression 
across rows. 
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Figure S6. Hypoxia-related signature present in FoxO6-/- NSCs 

A) Gene Ontology terms associated with genes (77) that were differentially expressed in both 

FoxO6-/- and FoxO3-/- neurospheres. 
B) Gene set enrichment analysis (GSEA) shows positive enrichment of a hypoxia meta-signature 
for the set of genes differentially expressed in both FoxO6-/- and FoxO3-/- secondary 

neurospheres.  
C) Heatmap displaying expression profiles of genes implicated in hypoxia (Bono & Hirota, 2020) 
for FoxO6+/+ and FoxO6-/- secondary neurospheres. Data was generated from three biological 

replicates of independent FoxO6+/+ and FoxO6-/- adult hippocampal neural stem cells (AH-NSC) 
cultures. Color represents z-scores of gene expression across rows. 
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Figure S7. HIF-1a and HIF2a motifs enriched in transcriptomes of FoxO6-/- and FoxO3-/- 

secondary neurospheres   

A) HIF-1a and HIF2a motifs that were enriched in the promoters of genes differentially 
expressed in FoxO6-/- neurospheres compared to wild-type controls. 
B) Tables showing statistics for de novo motif analyses of promoters of genes differentially 

expressed in the transcriptomes of FoxO6-/- neurospheres (top), of genes differentially 
expressed in both FoxO6-/- and FoxO3-/- neurospheres (middle) and of only genes that showed 
an opposite expression profile in FoxO6-/- and FoxO3-/- neurospheres (bottom). 

C) Fold enrichment of HIF-1a and HIF2a motifs in FoxO6-/- and FoxO3-/- neurospheres. Fold 
enrichment indicate percentage of target sequences with motif over the percentage of 
background sequences with motif.  
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SUPPLEMENTARY EXPERIMENTAL PROCEDURES 

Luciferase assays 

U2OS human osteosarcoma cell lines were cultured in DMEM GlutaMAX 

(Invitrogen) supplemented with 10% FBS (Gibco) and 1% 

penicillin/streptomycin (Gibco) at 37 °C in 5% CO2.  U20S cells were plated at 

a density of 100,000 cells / mL in 24-well plates. The next day, cells were 

transfected with 400 ng firefly luciferase reporter construct driven by six 

repeats of FoxO binding motifs (6xDBE, Kops et al., 1999) and 100 ng Renilla 

luciferase reporter in combination with either 200 ng FoxO3-GFP, 200 ng 

FoxO6-GFP (Jacobs et al., 2003) or 200 ng pEGFP-N1 empty vector (Clontech) 

constructs using Lipofectamine 2000 (Invitrogen). Forty-eight hours after 

transfection, cells were lysed and firefly luciferase and Renilla luciferase 

activities were measured using the Dual-Luciferase reporter assay system 

(Promega) according to the manufacturer's protocol. 

SUPPLEMENTAL TABLES  

Table S1. Key Resources Table 

REAGENT or RESOURCE SOURCE IDENTIFIER 

Antibodies 

Mouse monoclonal anti-Ki67 BD Pharmingen #550609 (1:400) 

Rabbit polyclonal anti-Sox2 Abcam ab97969 (1:500) 

Rabbit polyclonal anti-Ki67 Abcam ab15580 (1:500) 

Sheep polyclonal anti-GFP Bio-Rad 4745-1051 (1:500) 

Rabbit monoclonal anti-Hmgn2 CST #9437 (1:500) 

Rat polyclonal anti-phosphoH3 Abcam ab5176 (1:1000) 

Rabbit anti-Tuj1 Abcam ab18207 (1:1000) 

Rabbit anti-GFAP DAKO ZO33429 (1:500) 

Chicken anti-GFAP Abcam ab4674 (1:500) 

Mouse anti-O4 Sigma O7139 (1:100) 

Rabbit anti-Akt CST #9272 (1:1000) 

Rabbit anti-phospho-Akt (S473) CST #4060 (1:1000) 

Rabbit anti-FoxO3 Abcam ab12162 (1:1000) 

Rabbit anti-phospho-FoxO3 (S253) Abcam ab154786 (1:1000) 

Rabbit anti-GFP Abcam ab290 (1:1000) 

Mouse anti-β-actin CST #3700 (1:1000) 

Donkey anti-rabbit IgG Alexa Fluor 488 Invitrogen A-21206 (1:1000) 

Donkey anti-rabbit IgG Alexa Fluor 555 Invitrogen A-21428 (1:1000) 
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Donkey anti-rabbit IgG Alexa Fluor 647 Invitrogen A-31573 (1:1000) 

Goat anti-mouse IgG Alexa Fluor 555 Invitrogen A-21422 (1:1000) 

Goat anti-rat IgG Alexa Fluor 555 Invitrogen A-21434 (1:1000) 

Goat anti-chicken IgG Alexa Fluor 488 Invitrogen A-11039 (1:1000) 

Chemicals, peptides, and recombinant proteins 

EdU Invitrogen C10340 

Hoechst33342 Invitrogen C10340 

DMEM/F-12 + Glutamax ThermoFisher 

Scientific 

31331-093 

DMEM ThermoFisher 

Scientific 

11960-044 

KCl Sigma-Aldrich P5405 

BSA Sigma-Aldrich A2153 

Neurocult Supplement Stem Cell 

Technologies 

05701 

Penicillin-Streptomycin Gibco 15140122 

Laminin Sigma-Aldrich L2020 

bFGF Sigma-Aldrich F0291 

EGF Sigma-Aldrich E9644 

Heparin Sigma-Aldrich H3393-50KU 

N2 supplement Gibco 17502-048 

L-Glutamine Gibco 25030081 

FBS Biowest S1810-500 

Accutase Stem Cell 

Technologies 

07920 

RNAse A ThermoFisher 

Scientific 

EN0531 

Propidium iodide Sigma-Aldrich 25535-16-4 

Dynabeads protein A ThermoFisher 

Scientific 

1001D 

Bromophenol blue Sigma-Aldrich 115-39-9 

Glycerol Merck 1.04093.100  

DTT Merck Millipore 111474 

EDTA Sigma-Aldrich E5134-500 

SDS Sigma-Aldrich 8.22050.1000 

Luminol  Sigma-Aldrich A8511-5G 

P-coumaric acid  Sigma-Aldrich 501-98-4 

Amersham™ Protran® nitrocellulose 

Western blotting membranes 

GE Healthcare 

Life Sciences 

GE10600001 

Critical commercial assays 

Click-iT  EdU Alexa Fluor 594 Imaging Kit Invitrogen C10340 

TriZOL ThermoFisher 

Scientific 

15596018 

https://www.sigmaaldrich.com/NL/en/search/115-39-9?focus=products&page=1&perPage=30&sort=relevance&term=115-39-9&type=cas_number
https://www.sigmaaldrich.com/NL/en/search/56-81-5?focus=products&page=1&perPage=30&sort=relevance&term=56-81-5&type=cas_number
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TruSeq ChIP Library Preparation Kit Illumina IP-202-1012 

DNA clean and concentrator kit  Zymo R1016 

Neural Tissue Dissociation Kit Miltenyi Biotech 130-092-628 

QuantiTect SYBR Green RT PCR Kit  Qiagen 204243 

Dual-Luciferase   Reporter Assay System Promega E1910 

Deposited data 

RNA-sequencing data This paper  

ChIP-sequencing data This paper  

Experimental models: Cell lines 

Mouse: Primary adult hippocampal wild-

type neural stem cell line  

This paper  

Mouse: Primary adult hippocampal FoxO6-

null neural stem cell line  

This paper  

Human: U2OS cells ATCC HTB-96 

Experimental models: Organisms/strains 

FoxO6-null Salih et al., 2012  

FoxO3-null Hosaka et al., 

2004 

 

Nestin-GFP Mignone et al., 

2004 

 

FoxO6-wt;Nestin-GFP, FoxO6-null;Nestin-

GFP 

This paper  

FoxO3-wt;Nestin-GFP, FoxO3-null;Nestin-

GFP 

This paper  

Oligonucleotides 

FoxO6 siRNA (5’-3’) ThermoFisher 

Scientific  

NNACAUGCCAGUGACGACU

AC 

Non-targeting siRNA ThermoFisher 

Scientific 

D-001210-03-20 

FoxO6 forward primer  (5’-3’) Sigma-Aldrich CCAGTTTGTCCAGCCTCCT 

FoxO6 reverse primer 1 (5’-3’) Sigma-Aldrich CAGAGGCCAGGTACACGAG 

FoxO6 reverse primer 2 (5’-3’) Sigma-Aldrich CTAAAGCGCATGCTCCAGAC 

FoxO3 forward primer (5’-3’) Sigma-Aldrich ATTCCTTTGGAAATCAACAA

AACT 

FoxO3 reverse primer 1 (5’-3’) Sigma-Aldrich TGCTTTGATACTATTCCACA

AACCC 

FoxO3 reverse primer 2 (5’-3’) Sigma-Aldrich AGATTTATGTTCCCACTTGC

TTCCT 

GFP forward primer (5’-3’) Sigma-Aldrich ATAACATGGTCCTGCTGGAG

TTC 
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Nestin reverse primer (5’-3’) Sigma-Aldrich GGA GCT GCA CAC AAC CCA 

FoxO6 forward primer (qPCR, 5’-3’) Sigma-Aldrich AGAGCGCCCCGGACAAGAG

A 

FoxO6 reverse primer (qPCR, 5’-3’) Sigma-Aldrich GCCGAATGGAGTTCTTCCAG

CC 

Pik3ca forward primer (5’-3’) Sigma-Aldrich CCACGACCATCTTCGGGTG 

Pik3ca reverse primer (5’-3’) Sigma-Aldrich ACGGAGGCATTCTAAAGTCA

CTA 

18S forward primer (5’-3’) Sigma-Aldrich AAACGGCTACCACATCCAAG 

18S reverse primer (5’-3’) Sigma-Aldrich CCTCCAATGGATCCTCGTTA 

Software and algorithms 

FIJI v1.0 Schindelin et al., 

2012 

https://imagej.net/softwar

e/fiji/ 

GraphPad Prism 8 GraphPad 

Software 

https://www.graphpad.com

/scientific-software/prism/ 

DAVID Bioinformatics Resource  Huang et al., 

2009 

https://david.ncifcrf.gov 

KEGG Kanehisa & 

Goto,  2000 

https://www.genome.jp/ke

gg/ 

GSEA Subramanian et 

al., 2005 

https://www.gsea-

msigdb.org 

findMotifsGenome.pl (HOMER)  Heinz et al., 

2010 

http://homer.ucsd.edu/ho

mer/motif/ 

GeneVenn Pirooznia et al., 

2007 

http://genevenn.sourceforg

e.net 

FastQC  

 

Andrews, 2010 https://www.bioinformatic

s.babraham.ac.uk/projects/

fastqc/ 

Trimmomatic Bolger et al., 

2014 

https://github.com/timflutr

e/trimmomatic 

Cutadapt  Martin, 2011 https://github.com/marcel

m/cutadapt 

tophat2 Kim et al., 2013 https://ccb.jhu.edu/softwar

e/tophat 

bowtie2 Langmead and 

Salzberg, 2012 

http://bowtie-

bio.sourceforge.net/bowtie

2/index.shtml 

HTSeq Anders et al., 

2015 

http://www-

huber.embl.de/HTSeq  

DESeq2 Love et al., 2014 https://bioconductor.org/p

ackages/release/bioc/html/

DESeq2.html 

https://david.ncifcrf.gov/
https://www.gsea-msigdb.org/
https://www.gsea-msigdb.org/
http://genevenn.sourceforge.net/
http://genevenn.sourceforge.net/
https://www.bioinformatics.babraham.ac.uk/
https://www.bioinformatics.babraham.ac.uk/
https://github.com/timflutre/trimmomatic
https://github.com/timflutre/trimmomatic
https://ccb.jhu.edu/software/tophat
https://ccb.jhu.edu/software/tophat
http://bowtie-bio.sourceforge.net/bowtie2/index.shtml
http://bowtie-bio.sourceforge.net/bowtie2/index.shtml
http://bowtie-bio.sourceforge.net/bowtie2/index.shtml
http://www-huber.embl.de/HTSeq
http://www-huber.embl.de/HTSeq
https://bioconductor.org/packages/release/bioc/html/DESeq2.html
https://bioconductor.org/packages/release/bioc/html/DESeq2.html
https://bioconductor.org/packages/release/bioc/html/DESeq2.html
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Abstract 

Gliomas are malignant and aggressive brain tumors that essentially remain 

incurable. A subpopulation of cancer stem cells drive tumor recurrence. This 

population is characterized by a relative quiescent, sustained self-renewal 

ability and distinct metabolic profiles. This is reminiscent of neural stem cells 

(NSCs) lacking FoxO transcription factor FoxO6, which also show increased 

quiescence, self-renewal ability and distinct metabolic signatures. This stands 

in contrast to FoxO1, FoxO3 and FoxO4, indicating a unique role for FoxO6 as a 

novel regulator of neural stem cells, an origin of glioma cancer stem cells. 

Although FoxOs have long been known as tumor suppressors, they can also 

promote cancer stem cell maintenance and support metabolic requirements of 

cancer cells. Here, we show that FoxO6-deficient NSCs bear molecular 

signatures of transformed NSCs with increased expression of glycolytic 

enzymes and up-regulation of isocitrate dehydrogenases Idh1 and Idh2. 

Moreover, we found that low FOXO6 expression is associated with poor clinical 

outcome in glioblastoma but not in lower grade glioma. Since IDH1 and IDH2 

are frequently mutated in lower grade glioma but rarely in primary 

glioblastoma, the mutational status of the tumor could indicate a context-

specific role of FOXO6. We suggest that FOXO6 can act as a tumor suppressor, 

both as an effector protein and by limiting FOXO-dependent expression of 

target genes promoting maintenance of cancer stem cells or target genes with 

oncogenic mutations such as IDH1.  

 

Keywords: FoxO6, neural stem cell, glioma, glycolysis, Warburg effect, 
citric acid cycle, IDH1 
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Introduction 

Despite advances in radiation, surgery and chemotherapy, gliomas, the 

majority of brain tumors, remain essentially incurable (Carlsson et al., 2014; 

Von Neubeck et al., 2015). Glioblastoma multiforme (GBM), which accounts for 

more than half of all gliomas, is among the most aggressive cancers with a 

median prognosis of 12 months after diagnosis (Louis et al., 2007; McLendon & 

Halperin, 2003). Although better than the prognosis for GBM, which is 

classified as a grade IV astrocytoma, the prognosis for patients diagnosed with 

lower grade gliomas (LGG) remains very poor with a median survival time of 

three years (Jaeckle et al., 2010). Additionally, GBM can originate following 

transformation of LGGs (Jaeckle et al., 2010). This can be partially explained 

by the high rate of tumor recurrence (Carlsson et al., 2014; Von Neubeck et al., 

2015; Jaeckle et al., 2010).  

 

Following the discovery of cancer stem cells in glioblastoma, this subpopulation 

is now thought to drive tumor recurrence (Singh et al., 2004; Chen et al., 2012b; 

Tamura et al., 2013; Lathia et al., 2015; Vallette et al., 2019). Although 

dedifferentiation of neurons and astrocytes by oncogenes can induce gliomas 

(Friedmann-Morvinski et al., 2012), neural stem cells (NSCs) appear to be most 

susceptible to oncogenic transformation (Alcantara Llaguno et al., 2009, 2016, 

2019). This population of cancer stem cells is relatively quiescent (Chen et al., 

2012b; Lan et al., 2017; Liau et al., 2017) with an increased self-renewal ability  

(Zhu et al., 2014; Lathia et al., 2015).  

 

Moreover, glioma cells exhibit distinct metabolic profiles (Chen et al., 2012a; 

Rusu et al., 2019; Shi et al., 2019). Whereas this can occur following frequent 

mutations in or overexpression of citric acid cycle-related enzyme IDH1 

(Izquierdo-Garcia et al., 2015; Calvert et al., 2019), the hypoxic tumor 

microenvironment also promotes metabolic reprogramming (Heddleston et al., 

2009).   

 

In earlier work, we observed that FoxO6-deficient NSCs are relatively quiescent 

and show an increased self-renewal ability (Draijer et al., in prep.). Moreover, 

NSCs lacking FoxO6 have distinct signatures of increased glycolysis and 

hypoxia. This stands in contrast with FoxO3-deficient NSCs and NSCs lacking 

FoxO1, FoxO3 and FoxO4, which show increased cell cycle entry and reduced 

glucose metabolism (Renault et al., 2009; Paik et al., 2009; Yeo et al., 2013). 
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We propose a model in which FoxO6 negatively regulates FoxO activity by 

promoting PI3K-Akt signalling, leading to FoxO phosphorylation and nuclear 

exclusion (Draijer et al., in prep.) This is interesting as this pathway is 

frequently activated in glioblastoma following mutations in, amongst others, 

PIK3CA, EGFR or PTEN, resulting in FoxO inactivation (TCGA, 2008; Martinez 

et al., 2020; Greer & Brunet, 2008). For instance, FoxO3 reduces tumorigenicity 

of glioblastoma by inducing differentiation (Sunayama et al., 2011). Although 

FoxOs have long been known as bona fide tumor suppressor, recent discoveries 

changed this view as FoxOs can also support cancer stem cell maintenance 

(Hornsveld et al., 2018; Yadav et al., 2018). Indeed, FoxO1 and FoxO3 have been 

found to support stemness of glioblastoma stem cells (Firat & Niedermann, 

2015) whereas overexpression of FoxO3 or activated nuclear FoxO3 in 

glioblastoma is associated with poor clinical outcome (Qian et al., 2019). 

 

As such, FoxO6 could have a tumor suppressive role in limiting activity of other 

FoxOs in gliomas. However, a clear function of FoxO6 in glioma origin or 

progression has not yet been elucidated. To this end, we analysed previously 

generated transcriptional signatures of FoxO6-deficient NSCs, compared these 

with signatures of transformed NSCs and analysed whether FOXO6 expression 

is associated with tumor progression. Here, we present a model in which 

FOXO6 could act as a tumor suppressor, either as effector protein, or by 

limiting FOXO-dependent cancer supportive metabolism.    
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Figure 1. FoxO6-deficient NSCs are enrichment for brain cancer stem cell-associated 

molecular signatures 

A) Overlap in FoxO6-regulated transcriptomes of adult hippocampal stem cells (AH-NSCs) and 
neurospheres. Transcriptomes are from cells isolated from FoxO6-deficient mice (FoxO6-/-) 
compared to wild-types and differentially expressed genes were previously determined using 

RNA-seq (Draijer et al., in prep.).  
B) KEGG pathways associated with genes differentially expressed in both gene sets in A) 
(FoxO6-/- AH-NSCs and FoxO6-/- neurospheres) 

C) Gene set enrichment analysis (GSEA) shows enrichment of transformed NSC signature 
(Lawlor et al., 2020) in the transcriptome of FoxO6-/- AH-NSCs.   

Legend continues on next page. 
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Results 

FoxO6-deficient NSCs are enriched for glioma-like metabolic signatures  

To determine whether FoxO6-deficient NSCs share characteristics with brain 

cancer stem cells, we analysed the transcriptomes of FoxO6-/- adult 

hippocampal neural stem cells (AH-NSCs) and FoxO6-/- neurospheres that were 

previously generated by RNA-sequencing (Draijer et al., in prep.). This revealed 

a core group of genes differentially expressed in both FoxO6-/- AH-NSCs and 

FoxO6-/- neurospheres compared to wild type controls (Figure 1A). 

Importantly, this gene set was enriched for pathways associated with cancer 

(Figure 1B). These include genes involved in central carbon metabolism, 

proteoglycans and glioma as well as genes associated with the PI3K-Akt and 

HIF-1 signalling pathways, which are frequently dysregulated in human cancer, 

including brain cancer (Luo et al., 2003; Jiang et al., 2020; Kaur et al., 2005).  

 

Next, we analysed a dataset of NSCs isolated from the adult subventricular zone 

of wild-type mice and Ink4a/Arf−/− mice that were transduced with a retrovirus 

expressing the EGFRvIII mutation (Lawlor et al., 2020; Figure S1A). This is a 

combination of mutations frequently observed in human glioblastoma (Crespo 

et al., 2015) and in mice. The mutations induce malignant transformation of 

NSCs resulting in tumors that recapitulate many features of human GBM 

(Bruggeman et al., 2007). Interestingly, this revealed that the expression of 

FoxO1 and FoxO3 were down-regulated in transformed NSCs but changes in 

expression of FoxO4 and FoxO6 were not statistically significant (Figure S1B). 

We found that the transcriptome of FoxO6-/- AH-NSCs was positively enriched 

for the transformed NSC signature with a shared regulation of cancer-related 

pathways (Figure 1C, Figure S1C). When we compared the gene set of 

transformed NSCs with those of FoxO6-deficient NSCs, we found a distinct 

 

Legend continued from previous page. 

 
D) Overlap between differentially expressed genes in transformed NSCs (Lawlor et al., 2020) 
and transcriptomes of FoxO6-/- adult hippocampal stem cells (AH-NSCs) and FoxO6-/- 

neurospheres.  
E) Heatmap showing genes up-regulated in transformed NSCs (Lawlor et al., 2020) and 
differentially expressed in both FoxO6-/- adult hippocampal neural stem cells (AH-NSCs) and 

FoxO6-/- neurospheres. Color represents log2 fold changes in gene expression. 
F) Heatmap showing genes down-regulated in transformed NSCs (Lawlor et al., 2020) and 
differentially expressed in both FoxO6-/- adult hippocampal neural stem cells (AH-NSCs) and 

FoxO6-/- neurospheres. Color represents log2 fold changes in gene expression. 

. 



FoxO6 deficiency in neural stem cells promotes  

metabolic reprogramming towards a cancer stem cell-like phenotype 

 

 

85 

 

overlap in genes that were affected by loss of FoxO6 and NSC transformation 

(Figure 1D; Figure S1C). Among the genes that were up-regulated in 

transformed NSCs, we found various genes related to lipid metabolism, glucose 

and mitochondrial metabolism (e.g. Phyh, Slc1a2, Glud1, Atp1a2, Mt3) also up-

regulated in FoxO6-deficient NSCs (Figure 1E). 

 

However, key cell cycle-related genes (e.g. Mki67, Mcm5) were down-regulated 

in FoxO6-deficient NSCs. This suggests that FoxO6-deficient NSCs share 

metabolic characteristics with transformed NSCs but differ in cell cycle 

activity. Nevertheless, some genes encoding for enzymes related to glucose 

metabolism Hk2, Pdk1 and Gpi1 were down-regulated in transformed NSCs but 

up-regulated in FoxO6-deficient NSCs (Figure 1F). Interestingly, Rab3b, 

encoding for a hippocampal synaptic vesicle protein (Tsetsenis et al., 2011), 

was clearly down-regulated in both FoxO6-deficient NSCs and transformed 

NSCs. Together, these results show that FoxO6-deficient NSCs share molecular 

signatures with brain cancer stem cells, particularly molecular signatures 

related to metabolism.  

Loss of FoxO6 results in metabolic reprogramming of NSCs 

Since loss of FoxO6 affected the expression of many genes associated with 

cancer metabolism, we explored the related metabolic pathways in further 

detail (Figure 2). Interestingly, Pfkl, Pkm, Pfkm, Pgam1, Pdk1, Gpi1 and Tpi1, 

genes encoding for key enzymes involved in glycolysis, were up-regulated in 

both FoxO6-/- AH-NSCs and FoxO6-/- neurospheres (Figure 2A,2B). Glycolysis, 

the metabolic pathway that converts glucose into pyruvate while 

simultaneously generating ATP, can be summarized in ten enzymatic reactions 

(Boiteux & Hess, 1981, Figure 2C). 

  

First, the enzyme hexokinase (HK) phosphorylates glucose producing glucose 

6-phosphate (G6P). G6P is then either converted into fructose 6-phosphate 

(F6P) by the enzyme phosphoglucomutase or routed into the pentate phosphate 

pathway (PPP) following its conversion into ribose by glucose-6-phosphate 

dehydrogenase (6PDH). Phosphofructokinase (PFK), subsequently, transfers a 

phosphate group to F6P to form fructose 1,6-biphosphate (FBP). As a fourth 

step, aldolase splits FBP into a ketone, dihydroxyacetone phosphate (DHAP), 

and an aldehyde molecule, glyceraldehyde 3-phosphate (G3P). DHAP is then 

converted into G3P in a reversible reaction by triose-phosphate isomerase  
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(TPI). G3P is the substrate for glyceraldehyde 3-phosphate dehydrogenase 

(GAPDH), which adds a phosphate group to form 1,3-biphosphoglycerate (BPG). 

This phosphate group is then transferred to ADP to form ATP by 

phosphoglycerokinase (PGK), leaving 3-phosphoglycerate (3PG). 

Phosphoglyceromutase (PGM), subsequently, relocates a phosphate group from 

the third to the second carbon to form 2-phosphoglycerate (2PG). The enzyme 

enolase, then, converts 2PG to phosphoenolpyruvate (PEP) by removing a water 

molecule. Finally, pyruvate kinase (PK) transfers a phosphate group from PEP 

to ADP to form pyruvate and ATP. Pyruvate can then either be converted into 

lactate by lactate dehydrogenase (LDH) or into acetyl co-enzyme A (Acetyl-CoA) 

by pyruvate dehydrogenase (PDH), which is inhibited by pyruvate 

dehydrogenase kinase (PDK). Acetyl-CoA is then subsequently converted into 

citrate, isocitrate, α-ketoglutarate (α-KG), succinyl-CoA, succinate, fumurate, 

malate and oxaloacetate. These reactions are propagated by various  enzymes, 

including isocitrate hydrogenases, which catalyse the reversible conversion of 

isocitrate to α-KG. 

 

 

Figure 2. FoxO6-deficient NSCs exhibit metabolic reprogramming  

A) Heatmap showing expression of genes associated with KEGG pathway ‘central carbon 
metabolism in cancer’ in adult hippocampal neural stem cells (AH-NSCs) and neurospheres 

isolated from FoxO6-deficient (FoxO6-/-) and wild-type mice (FoxO6+/+). Color represents z-
score of gene expression across biological replicates.  

      Figure continues on next page. 
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Although glycolysis is an inefficient way to generate ATP compared to 

mitochondrial oxidative phosphortylation, most cancer cells rely on glycolysis, 

even in the presence of sufficient oxygen, a phenomenon known as the 

‘Warburg effect’ (Warburg, 1925; Vander Heiden et al., 2009). As such, many 

glycolytic enzymes are overexpressed in cancer cells (Altenberg & Greulich, 

2004). In cancer cells, most of the resulting pyruvate is converted into lactate 

rather than Acetyl-CoA, which is now thought to generate the building blocks 

for new cells (Vander Heiden et al., 2009).   

Figure 2. FoxO6-deficient NSCs exhibit metabolic reprogramming  

C) Cartoon depicting glycolysis and the citric acid cycle. The ten key enzymatic conversions in 
glycolysis are numbered. Enzymes and transporter proteins are highlighted in green when the 
encoding genes exhibit increased gene expression in FoxO6-/- neurospheres or in black when 

the encoding genes are not differentially expressed.  
D) Relative gene expression of genes encoding for enzymes and transporter proteins related to 
glycolysis and the citric acid cycle in FoxO6-/- neurospheres compared to FoxO6+/+ 

neurospheres. DESeq2. *, p<0.05; **, p<0.01; ***, ****, p<0.001; *****, p<0.0001; ******, 
p<0.00001. 
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Surprisingly, the genes encoding for each of these enzymes were up-regulated 

in FoxO6-/- neurospheres (Figure 2C,2D). This suggests a striking increase in 

glycolytic metabolism. Moreover, glucose transporters GLUT1 (Slc2a1) and 

GLUT3 (Slc2a3) were up-regulated in FoxO6-/- neurospheres. This indicates an 

increased uptake of glucose, possibly to compensate for the inefficient energy 

production of glycolysis and increased energy demands. While Phdb, encoding 

for PDH, expression is increased, so is expression of Pdk1, encoding for PDK, 

indicating that pyruvate is not increasingly converted into Acetyl-CoA. Indeed, 

increased expression of Ldha, suggests that pyruvate is increasingly converted 

into lactate. Interestingly, the up-regulation of lactate transporters MCT1 

(Slc16a1) and MCT4 (Slc16a3) indicates an increased uptake and export of 

lactate (Ippolito et al., 2009). Moreover, expression of Me1, encoding for 

malate dehydrogenase, which converts malate to pyruvate, was up-regulated 

in FoxO6-/- neurospheres (Figure 2C, 2D). 

 

Interestingly, whereas many cancer cells rely on glutamine (Wise & Thompson, 

2010), we observed increased expression of glutamine transporter LAT1 

(Slc7a5) in FoxO6-/- neurospheres (Figure 2A, 2D). Similarly, expression of 

glutamate transporters EAAT2 and EAAT3 (Slc1a2, Slc1a3) were upregulated in 

FoxO6-/- neurospheres (Figure 2B, 2D). Additionally, we observed increased 

expression of Glud1, encoding for a glutamate dehydrogenase that converts 

glutamate in α-KG (Yang et al., 2014), and Idh2 and Idh3, encoding for isocitrate 

dehydrogenases that catalyse the reversible conversion of α-KG to isocitrate, in 

FoxO6-/- neurospheres (Al-Khallaf, 2017) (Figure 2B-2D). Since the increased 

expression of Ldha and lactate transporters indicates an increased conversion 

of pyruvate to lactate at the expense of Acetyl-CoA generation, the increased 

expression of these citric acid cycle-related genes may reflect a glutamine 

dependency similar to cancer cells to compensate for reduced energy 

production from Acetyl-CoA. 

 

Together, these results suggest that loss of FoxO6 results in metabolic 

reprogramming of NSCs towards glycolysis. As these cells were cultured under 

atmospheric conditions, this indicates that these cells acquired a cancer-like 

aerobic glycolytic phenotype. This is interesting as we also observed increased 

expression of glycerol-3-phosphate dehydrogenase 1 (Gpd1), which reversibly 

converts DHAP to glycerol (Figure 2C) in FoxO6-/- AH-NSCs (Figure S2). 

Recently, Rusu et al. (2019) reported that normal NSCs do not express Gpd1 in 
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vivo but that brain tumor stem cells do. Interestingly, Gdp1 knockout brain 

tumor stem cells exhibit increased expression of FoxO3, FoxO4 and FoxO6 

compared to Gdp1 wild-type brain tumor stem cells (Rusu et al., 2019). 

 

Metabolic signature of FoxO6-deficient NSCs cannot be fully explained by 

quiescence  

 

Since quiescent NSCs exhibit increased glycolytic metabolism (Shin et al., 2015; 

Llorens-Bobadilla et al., 2015), we wondered whether the metabolic signature 

of FoxO6-/- neurospheres and FoxO6-/- AH-NSCs can be explained by their 

increased quiescence (Draijer et al., in prep.). To this end, we compared both 

gene sets of FoxO6-regulated genes in NSCs with two available gene sets of 

quiescent NSCs in vitro (Martynoga et al., 2013) and in vivo (Codega et al., 

2014). This revealed that a large number of FoxO6-regulated genes was not 

differentially expressed in quiescent NSCs (Figure 3A, 3B).  

 

Among these, “non-quiescence” genes we found 226 genes with altered 

expression in both FoxO6-/- neurospheres and FoxO6-/-       AH-NSCs (Figure 

3C). Interestingly, this set of genes was particularly enriched for KEGG 

pathways related to metabolic processes, including “carbon metabolism”, “TCA 

cycle”  and “glycolysis” (Figure 3D). Many of the genes closely related to 

carbon metabolism (e.g. Gpi1, Pfkl, Pfkm, Pgam1, Aldh9a1, Idh2, Tpi1 and Ldha) 

showed increased expression in FoxO6-deficient NSCs (Figure 3E). Together, 

these results suggest that FoxO6-deficient NSCs exhibit characteristics of a 

glioma-like metabolic phenotype that cannot be fully explained by quiescence.  

Low FoxO6 expression is associated with poor prognosis for lower grade glioma 

patients but not glioblastoma patients 

To determine whether expression of FOXO6 and other FOXO isoforms differs 

between glioma types, we analysed expression of FOXO1, FOXO3 and FOXO4 

and FOXO6 in samples of glioblastoma, lower grade glioma and normal tissues 

(Tang et al., 2017; Figure 4A). This revealed an up-regulation of FOXO1 

expression in both GBM and LGG samples compared to normal tissue but a 

down-regulation of FOXO4 expression in GBM but not in LGG samples. 
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Figure 3. Metabolic signature of FoxO6-deficient NSCs cannot fully explained by quiescence  

A) Overlap of FoxO6-/- neurosphere transcriptome and gene sets of quiescent neural stem cells 
in vitro (Martynoga et al., 2013) and in vivo (Codega et al., 2014). 

B) Overlap of FoxO6-/- adult hippocampal neural stem cells (AH-NSCs) transcriptome and gene 
sets of quiescent neural stem cells in vitro (Martynoga et al., 2013) and in vivo (Codega et al., 
2014).  

C) Genes differentially expressed in FoxO6-/- neurospheres and/or FoxO6-/- AH-NSCs but not in 
two gene sets of quiescent neural stem cells (Martynoga et al., 2013; Codega et al., 2014). 
D) KEGG pathways enriched in gene set of FoxO6-regulated genes (both FoxO6-/- neurospheres 

and FoxO6-/- AH-NSCs) that were not differentially in two gene sets of quiescent neural stem 
cells (Martynoga et al., 2013; Codega et al., 2014). 
E) Genes associated with KEGG pathway ‘carbon metabolism’ that were differentially 

expressed in both FoxO6-/- neurospheres and FoxO6-/- adult hippocampal neural stem cells (AH-
NSCs).  
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Conversely, FOXO3 and FOXO6 expression was not significantly different in 

either GBM or LGG samples compared to normal tissue. This indicates a 

differential relationship between FOXO isoforms in glioma. 

 

 

 

Figure 4. Low FoxO6 expression is associated with poor prognosis for lower grade glioma 

patients but not glioblastoma patients 

A) Survival plots showing overall survival in months after diagnosis with glioblastoma 

separated in low and high gene expression of FOXO1, FOXO3, FOXO4 or FOXO6. Gene 
expression cut-off is lowest quartile and highest quartile. TPM, transcripts per million. HR, 
hazard ratio. Data from GEPIA (Tang et al., 2017).  

B) Survival plots showing overall survival in months after diagnosis with glioma separated in 
low and high gene expression of FOXO1, FOXO3, FOXO4 or FOXO6. Gene expression cut-off is 
lowest quartile and highest quartile. TPM, transcripts per million. HR, hazard ratio. Data from 

GEPIA (Zhang et al., 2007). 
C) FOXO1, FOXO3, FOXO4 and FOXO6 expression in glioblastoma (GBM) and lower grade 
glioma (LGG) tumors vs normal tissue. Red = tumor; grey = TCGA normal tissue + GTEx data. 

Data from GEPIA. One-way ANOVA. *, p<0.05. TPM, transcripts per million. Data from GEPIA 
(Zhang et al., 2017). 
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To examine whether FOXO1, FOXO3, FOXO4 and FOXO6 expression is 

associated with clinical outcome for glioma patients, we analysed data from 

TCGA and GTEx tumor and normal tissue samples in a public server (Tang et 

al., 2017). First, we examined FOXO mRNA expression in patients diagnosed 

with glioblastoma (GBM), the most common and lethal brain tumor (Gimple et 

al., 2019) (Figure 4B). This did not reveal any significant associations of 

FOXO1, FOXO3, FOXO4 or FOXO6 expression with prognosis after diagnosis.  

 

 

Figure 5. Expression of Idh1/IDH1 and Idh2/IDH2 in FoxO6-deficient NSCs and gliomas  

A) Expression of Idh1, Idh2, Idh3a, Idh3b and Idh3g in FoxO6-/- neurospheres and FoxO6-/- 
adult hippocampal neural stem cells (AH-NSCs). DESeq2. *, p<0.05; ***, p<0.01. 

B) Survival plots showing overall survival in months after diagnosis with lower grade glioma 
in low and high gene expression of IDH1 and IDH2. TPM, transcripts per million. HR, hazard 
ratio. Data from GEPIA (Tang et al., 2017). 

      Figure continues on next page. 
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Figure 5. Expression of Idh1/IDH1 and Idh2/IDH2 in FoxO6-deficient mouse NSCs and human 

gliomas  

C) IDH1 and IDH2 expression in glioblastoma (GBM) and lower grade glioma (LGG) tumors vs 
normal tissue. Red = tumor; grey = TCGA normal tissue + GTEx data. Data from GEPIA. One-

way ANOVA. *, p<0.05. TPM, transcripts per million. Data from GEPIA (Zhang et al., 2007). 
D) Survival plots showing overall survival in months after diagnosis with glioblastoma 
separated in low and high gene expression of IDH1 and IDH2. TPM, transcripts per million. HR, 

hazard ratio. Data from GEPIA (Tang et al., 2017). 
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However, when we examined patients diagnosed with lower grade glioma 

(LGG), we found significant associations of FOXO1 (P = 0.0021), FOXO4 (P = 

0.003) and FOXO6 (P = 0.0084) expression with clinical outcome (Figure 4C). 

Whereas high FOXO1 expression was associated with a poor clinical outcome 

(HR=2.3, p(HR)=0.0026), high FOXO4 expression (HR=0.47, p(HR)=0.0037) 

and high FOXO6 expression (HR=0.54, p(HR)=0.0095) were associated with 

favourable clinical outcomes. Together, these data indicate that low FOXO6 

expression is associated with poor prognosis for LGG patients but not for GBM 

patients.  

Interestingly, mutations in IDH1 and IDH2 occur in the majority of lower grade 

gliomas but are rare in primary glioblastomas (Parsons et al., 2008; Yan et al., 

2009; Horbinski, 2013). These genes were up-regulated in FoxO6-deficient 

NSCs (Figure 5A) and are frequently overexpressed in gliomas (Figure 5B; 

Calvert et al., 2019). Whereas we found expression levels of IDH1 and IDH2 

increased in both GBM and LGG tumors (Figure 5B), this only correlated with 

unfavourable prognosis in LGG patients (Figure 5C, 5D). Isocitrate 

dehydrogenases are key metabolic enzymes catalysing the oxidative 

decarboxylation of isocitrate to alpha-ketoglutarate (α-KG) (Al-Khallaf, 2017). 

However, many patients with glioma carry a gain-of-function mutation in IDH1 

(IDH1R132H) in their tumors. Rather than converting isocitrate into α-KG, 

IDH1R132H converts isocitrate into D-2-hydroxyglutarate (2-HG), an 

oncometabolite that impairs cellular differentiation and promotes tumor 

development (Rakheja et al., 2013; Clark et al., 2016).  

 

Importantly, FOXOs were found to support cancer metabolism by promoting 

the expression of mutated IDH1 (Charitou et al., 2015). This results in increased 

levels of the oncometabolite 2-hydroxyglutarate (2-HG), which stimulates 

proliferation of cancer cells and tumor-promoting epigenetic changes.  

 

Discussion 

FOXO6 as a potential tumor suppressor in glioma 

We have previously shown that FoxO6 promotes PI3K-Akt-FoxO signalling 

(Draijer et al., in prep.). As such, FOXO6 could conceivably regulate activity of 

FOXO1, FOXO3 and FOXO4 in gliomas. Low expression of FOXO6 would then 

result in increased activity of FOXO1, FOXO3 and FOXO4. Although FoxOs have 

long been considered to be bona fide tumor suppressors, recent studies 
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demonstrate that FoxOs can also support tumor development (Hornsveld et al., 

2018; Yadav et al., 2018). Whereas FOXOs inhibit cancer cell growth and 

promote survival, FOXOs also enhance the maintenance of cancer stem cells, 

facilitate metastasis and induce drug resistance by, amongst others,                              

(re-)activating growth factor signalling. Likewise, FoxO6 could have a dual role 

in glioma tumor suppression. However, of particular interest is the potential 

FoxO6-dependent regulation of FoxO1, FoxO3 and FoxO4 through PI3K-Akt 

signalling.  

 

As such, FoxO6 could act as a tumor suppressor by directly promoting 

expression of FoxO targets but also by limiting FoxO-dependent induction of 

mutated forms of IDH1 and IDH2 (Figure 6). In this light, it is interesting that 

FOXO6 expression is not associated with glioblastoma prognosis but is 

favourable for the prognosis of patients with lower grade gliomas, of which the 

majority contains mutations in IDH1 and IDH2 (Yan et al., 2009).  

 

 

Figure 6. Model of FoxO6 as potential tumor suppressor in gliomas 

A) FOXO6 likely promotes the expression of target genes promoting tumor suppression but is 
presumably inactivated by signalling pathways that frequently become activated in glioma 
following mutations in EGFR, PDGFRα, ERBB2, MET, PIK3R1 (p85α), PIK3CA (p110α), NF1, 

PTEN and AKT  
B) FOXO6 likely activates the PI3K-Akt-FoxO signalling pathway by transcriptionally inducing 

signal transduction components including PIK3CA. This inhibits FOXO1/3/4-dependent 
induction of expression of a mutated form of IDH1 (IDH1R132H), which converts α-KG into the 
oncometabolite 2-HG. Low expression or activity of FOXO6 could, therefore, support abberant 

metabolism in glioma cells.  
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Therefore, the role of FoxO6 could be dependent on the mutational status of 

glioma patients. Receptor tyrosine kinases EGFR, PDGFRα and MET and key 

regulators of signal transduction pathways PIK3CA, PIK3R1, PTEN, AKT, TP53 

and NF1 are frequently mutated in both glioblastoma and lower grade glioma 

(Benjamin et al., 2003; Parsons et al., 2008; TCGA, 2008, 2015). These 

mutations all result in activation of PI3K-Akt signalling (Mizoguchi et al., 2006; 

Pearson & Regad, 2017), which would inactivate FOXO6 (Van der Heide et al., 

2005; Figure 6A). Additionally, mutations in tumor suppressor NF1 results in 

activation of RAS-RAF-MEK-ERK signalling (Samatar & Poulikakos, 2014).  ERK 

phosphorylates FOXO3 at Ser294, Ser344 and Ser425, which promotes its 

nuclear exclusion, ubiquitination and subsequent degradation (Yang et al., 

2008). It is unclear whether FOXO6 is regulated by ERK as it is missing a 

conserved stretch of serine residues (Jacobs et al., 2003) and might therefore 

prove to be an interesting therapeutic target to antagonize oncogenic RAS 

signalling. It also seems likely that FOXO6 is affected by mutations in TP53, 

which frequently occur in glioblastoma (Zhang et al., 2018). Although it 

remains unknown whether P53 directly interacts with FOXO6, as has been 

reported for FOXO3 (Miyaguchi et al., 2009) and FOXO4 (Baar et al., 2017), 

there is extensive crosstalk in FOXO-regulated and P53-regulated pathways, 

which are likely to affect FOXO6 transcriptional activity. For instance, P53 has 

been found to inhibit AKT signalling (Leszczynska et al., 2015; Song et al., 2015) 

and directly regulate expression of PTEN, which inhibits Akt signalling 

(Stambolic et al., 2011). As such, inactivation of P53 would result in increased 

Akt-dependent phosphorylation of FOXO6 signalling.   

 

Conversely, when mutations occur in IDH1 and IDH2, low FOXO6 expression 

could then result in increased expression of mutated isocitrate dehydrogenase 

and increased levels of the 2-HG oncometabolite (Figure 6B). Future research 

should investigate the relation between FOXO6 expression and survival 

prognosis based on the mutational status of IDH1 and IDH2. This can be 

experimentally interrogated by inducing patient-derived IDH1 and IDH2 

mutations in both wild-type NSCs and NSCs cells lacking FoxO6. These 

FoxO6/IDH1 and FoxO6/IDH2 NSCs can then be used to create a xenograft 

mouse model to determine the consequences on tumor formation, cancer 

metabolism and survival. This can be confounded by the stage of tumorigenesis, 

however. Whereas expression of IDH1R132H was shown to recapitulate the early 

features of gliomagenesis (Bardella et al., 2016), the IDH1R132H mutation was 

also shown to act as a tumor suppressor in glioma by epigenetically up-
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regulating the DNA damage response to maintain genomic stability (Núñez et 

al., 2019).  

 

A recent study by Calvert et al. (2019), however, showed that FOXO6 promoted 

drug resistance in glioma cells by transcriptionally inducing IDH1 expression 

in response to the EGFR inhibitor Erlotinib. This is similar to the FoxO6-

dependent induction of SOX2 expression in response to Erlotinib in lung cancer 

cells (Rothenberg et al., 2015). Nevertheless, FoxO6-dependent regulation of 

FoxO1, FoxO3 and FoxO4 activity (i.e. by activating PI3K-Akt signalling) may 

outweigh FoxO6-dependent regulation of FoxO targets, perhaps as a result of 

its low regulation or affinity for a specific subset of genes.  

 

An outstanding question is whether FoxO6 expression is causative in the origin 

of glioma or the consequence of subsequent selection and genomic instability. 

This is particularly difficult to assess in the context of a tumor that contains 

many cell types and only a fraction of cancer stem cells (Dirks, 2010). It is 

unlikely that FoxO6 could uniquely drive oncogenic transformation of neural 

stem cells. Since we observed increased cellular quiescence in NSCs lacking 

FoxO6 (Draijer et al., in prep.), a FoxO6 deficiency is not likely to result in rapid 

expansion and to give rise to a brain tumor. However, FoxO6-deficient NSCs do 

show an increased self-renewal ability (Draijer et al., in prep.), which is a 

hallmark of brain cancer stem cells (Lathia et al., 2015). Additionally, increased 

quiescence and stemness likely supports the maintenance of cancer stem cells 

and is associated with increased invasiveness and drug resistance (Atkins et 

al., 2019; Sachdeva et al., 2019). Therefore, low FOXO6 expression could 

worsen the clinical outcome for glioma patients when paired with other 

oncogenic mutations. Mutations in FOXO6 have not yet been described for 

glioma patients but appear to play a limited role in other types of cancers. For 

instance, FOXO6 was found to be amplified in breast cancer but only in 2% of 

all examined cases (Lallemand et al., 2018).  

 

Nevertheless, differences in FOXO6 expression levels have been demonstrated 

for a range of cancer types. For instance, its expression was up-regulated in 

breast cancer (Lallemand et al., 2018), gastric cancer (Wang et al., 2017) and 

hepatocellular cancer (Chen et al., 2016) but down-regulated in lung cancer (Hu 

et al., 2015). Additionally, by analysing expression data of 31 different human 

carcinomas (Tang et al., 2017), we identified FOXO6 expression to be 

significantly up-regulated in adrenocortical carcinoma, cholangiocarcinoma, 
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pheochromocytoma & paraganglioma, thymoma and down-regulated in uterine 

corpus endometrial carcinoma (Figure S3). Conversely, when we examined 

these 31 tumor types for significant correlations between FOXO6 expression 

and prognosis (Figure S4), we found expression of FOXO6 to be unfavourable 

for acute myeloid lymphoma (LAML) and skin cutaneous melanoma (SKCM) but 

favourable for pancreatic adenocarcinoma (PAAD). None of these tumors have, 

to the authors’ knowledge, been associated with aberant FOXO6 expression 

before and could be interesting avenues for future research.  

 

Interestingly, FOXO6 has been identified as a transcriptional target of FOXG1 

and SOX2, which are up-regulated in glioblastoma and promote neural stem 

cell identity (Bulstrode, 2015; Bulstrode et al., 2015) and its expression was 

increased following knockdown of SOX2 in glioblastoma cells (Berezovsky et 

al., 2014). In turn, FOXO6 was found to regulate SOX2 expression in lung cancer 

cells (Rothenberg et al., 2015). Since SOX2 is frequently amplified or 

hypomethylated in various cancers (Wuebben & Rizzino, 2017), it is conceivable 

that various transcriptional feedback loops affect FOXO6 expression levels as a 

consequence of oncogenic transformation. Alternatively, FOXO6 can be 

methylated in cancer cells, affecting its expression. Interestingly, loss of Rb1, 

which is frequently inactivated in glioblastoma (Goldhoff et al., 2012), results 

in increased DNMT1-dependent methylation of the mouse FoxO6 promoter 

(Shamma et al., 2013). Therefore, FOXO6 expression can conceivably be 

regulated by a myriad of oncogenes and tumor suppressors involved in the 

origin and progression of glioma and other cancers.  

 

FOXO6 as a potential therapeutic target in cancer 

 

FoxO6 has only been associated with cancer in recent years. FOXO6 reportedly 

inhibits tumor progression in lung cancer cells (Rothenberg et al., 2015; Hu et 

al., 2015) and hepatocellular cancer (Yu et al., 2020) but was found to promote 

tumor progression in breast cancer (Lallemand et al., 2018), in gastric cancer 

(Wang et al., 2017; Miao et al., 2019), in colorectal cancer (Li et al., 2019) and 

in esophageal cancer (Li et al., 2021). These studies are at times conflicting 

with others that suggest an opposing effect such as as a tumor suppressive role 

for FoxO6 in gastric cancer (Qinyu et al., 2013) and in breast cancer (Ye & Duan, 

2018). Apart from Erlotinib-induced regulation of IDH1, FoxO6 has not yet been 

implicated in glioma. However, as these studies often employ cancer cell lines, 

which likely do not faithfully reproduce the tumor microenvironment and 
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different tumor cell types, it is difficult to distil a clear role for FoxO6. 

Mechanistically, FoxO6 likely acts in a range of ways. Whereas it was found to 

transcriptionally regulate SIRT6 in breast cancer and USP7 in lung cancer by 

binding to regulatory regions (Ye & Duan, 2018; Hu et al., 2015), FoxO6 

activated c-MYC expression independently of its DNA-binding domain through 

association with HNF4 (Qinyu et al., 2013). Nevertheless, it is conceivable that 

FoxO6 has both tumor suppressive and tumor promoting roles in these cancers, 

similar to other FoxO isoforms (Hornsveld et al., 2018; Yadav et al., 2018).  

 

The effects of FoxO6 on cancer cell proliferation may also be dependent on the 

relative levels of FoxO1, FoxO3 and FoxO4. As we hypothesized that FoxO6 acts 

as a regulator of FoxO1, FoxO3 and FoxO4 activity, this could also be relevant 

to various cancers. In many cancer cells, FOXOs are inactivated due to 

inactivating mutation of PTEN or activating mutations in EGFR and PI3K-Akt 

signalling pathways (Greer & Brunet, 2008; Kloet & Burgering, 2011; Link & 

Fernandez-Marcos, 2017). Treatment with PIK3CA and EGFR inhibitors, 

however, commonly results in reactivation of these pathways as activated 

FOXOs subsequently induce expression of PI3K-AKT signalling components 

(Chandarlapaty et al., 2011; Santo et al., 2013; Lin et al., 2014). The resulting 

increase in PI3K-AKT activity, in turn, inactivates FOXO activity. As a result, 

cancer cell proliferation continues and leads to poor clinical outcome for these 

therapies.  

 

The regulation of FoxO6 activity appears to be functionally reminiscent. Due to 

its impaired translocation ability, FoxO6 activity is limited following its Akt-

dependent phosphorylation but not abolished as is the case for FoxO1, FoxO3 

and FoxO4 that translocate to the cytosol for degradation following 

phosphorylation. Therefore, FoxO6 is likely able to continuously activate 

negative feedback signalling, for instance by activating PIK3CA expression 

(Draijer et al., in prep.), when FoxO1, FoxO3 and FoxO4 are no longer 

transcriptionally active. Therefore, FoxO6 could be a potential therapeutic 

target to either suppress or augment FoxO activity depending on the mutational 

status of cancer patients as well as the levels of FoxO isoform expression. 

Future research could investigate whether EGFR inhibition by erlotinib would 

be more effective when FOXO6 activity is inhibited.  
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Concluding remarks 

Together, these results suggest that FoxO6 promotes metabolic programs that 

are characteristic of brain cancer stem cells but FoxO6-deficient NSCs are not 

likely to give rise to gliomas since they exhibit increased cellular quiescence. 

However, these results should be complemented with various metabolic assays 

(e.g. lactate export and uptake, glucose uptake, mitochondrial respirations) and 

brain cancer models (e.g. xenograft studies, glioblastoma organoids) as the 

transcriptomic signatures do not decidedly reveal metabolic changes and the 

used neural stem cell models may not fully recapitulate brain cancer stem cell 

dynamics.  

 

Nevertheless, low FoxO6 expression could be a risk factor in the prognosis for 

lower grade glioma patients, possibly by inducing FoxO-dependent expression 

of oncogenes. As such, FoxO6 is an interesting target in glioma, which remains 

very hard to treat. The possible interaction with other FoxO isoforms implies 

that FoxO6 has important therapeutic value in understanding FoxO-induced 

drug resistance.  
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Materials and methods 

Data analysis 

RNA-seq data from adult hippocampal neural stem cells was previously 

generated from neural stem cells isolated from P60 FoxO6-/- and FoxO6+/+ mice 

(Draijer et al., in prep.). RNA-seq data from neurospheres was previously 

generated from secondary neurospheres isolated from 1-year old FoxO6-/- and 

FoxO6+/+ mice (Draijer et al., in prep.). Raw RNA sequencing data of wild-type 

and transformed neural stem cells (Ink4a/Arf−/− mice + EGFRvIII) was 

generated by Lawlor et al. (2020) and obtained from the ArrayExpress database 

(E-MTAB-8580). Sequencing reads were aligned to the mm10 genome using 

Bowtie2 (Langmead & Salzberg, 2012). Differential gene expression was 

determined using DESeq2 (Love et al., 2014). An adjusted p-value of p<0.05 

was considered to be statistically significant.  

Gene ontology 

Functional gene clusters were examined using DAVID (Huang et al., 2009) and 

KEGG (Kanehisa et al., 2000) using a false discovery rate of 1%. Venn diagrams 

of gene sets were made using GeneVenn (Pirooznia et al., 2007). Statistical 

analysis of overlap between gene sets was performed by Fisher’s Exact Test.  

Survival analysis  

Survival data for lower grade glioma and glioblastoma patients was obtained 

and analysed using GEPIA (Zhang et al., 2007). Survival plots were made based 

on overall survival in months and lowest and highest quartiles were used as 

group cut-off for expression data.   

Differential gene expression in glioma samples 

Gene expression data of lower grade glioma and glioblastoma tumor samples 

with matched TCGA normal tissue samples and GTEx data was obtained and 

analysed using GEPIA (Zhang et al., 2007).  
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Figure S1. Transcriptional profiling of transformed NSCs and comparison with FoxO6-

deficient adult hippocampal neural stem cells 

A) Volcano plot of gene expression changes in transformed NSCs compared to wild-type NSCs 
(data from Lawlor et al., 2020). 

B) FoxO1, FoxO3, FoxO4 and FoxO6 expression in transformed NSCs. DESeq2. ***, p<0.001; 
****, p<0.0001; n.s., not significant. 
C) KEGG pathways enriched in genes shared between FoxO6-/- AH-NSCs (Draijer et al., in prep.) 

and transformed NSC (Lawlor et al., 2020) gene sets. 
D) Venn diagrams of transformed NSCs and FoxO6-/- AH-NSCs (left) and FoxO6-/- neurospheres 
(right) showing significant overlap in gene sets.  
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Figure S2. GPD1/Gpd1 expression is increased in both glioma and FoxO6-deficient adult 

hippocampal neural stem cells  

A) Gdp1 expression in mouse FoxO6-deficient adult hippocampal neural stem cells (AH-NSCs). 
FPKM, Fragments Per Kilobase of transcript, per Million mapped reads. DESeq2. ***, p<0.001.  
B) GPD1 expression in glioblastoma (GBM) and lower grade glioma (LGG) tumors vs normal 

tissue. Red = tumor; grey = TCGA normal tissue + GTEx data. Data from GEPIA (Tang et al., 
2017). One-way ANOVA. *, p<0.05. TPM, transcripts per million. 
 Red = tumor; grey = normal tissue. *, p<0.05 

C) FoxO1, FoxO3, FoxO4 and FoxO6 expression in Gpd1 knockout brain tumor stem cells vs 
Gpd1 wild-type brain tumor stem cells (Rusu et al., 2019). DeSeq2. n.s., not significant; **, 
p<0.01.  
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Figure S3. FOXO6 expression levels in 31 tumor types 

FOXO6 expression in tumor samples vs normal tissue. Red = tumor; grey = TCGA normal tissue 
+ GTEx data. Data from GEPIA. One-way ANOVA. *, p<0.05. TPM, transcripts per million. Data 

from GEPIA (Tang et al., 2017). ACC, Adrenocortical carcinoma; BLCA, Bladder Urothelial 
Carcinoma; BRCA; CESC, Cervical squamous cell carcinoma and endocervical adenocarcinoma; 
CHOL, Cholangio carcinoma; COAD, Colon adenocarcinoma; DLBC, Lymphoid Neoplasm Diffuse 

Large B-cell Lymphoma; ESCA, Esophageal carcinoma; GBM, Glioblastoma multiforme; HNSC, 
Head and Neck squamous cell carcinoma; KICH, Kidney Chromophobe; KIRC; Kidney renal clear 
cell carcinoma; KIRP, Kidney renal papillary cell carcinoma; LAML, Acute Myeloid Leukemia; 

LGG, Brain Lower Grade Glioma; LIHC, Liver hepatocellular carcinoma; LUAD, Lung 
adenocarcinoma; LUSC, Lung squamous cell carcinoma; MESO, Mesothelioma; OV, Ovarian 
serous cystadenocarcinoma; PAAD, Pancreatic adenocarcinoma; PCPG, Pheochromocytoma and 

Paraganglioma; PRAD, Prostate adenocarcinoma; READ, Rectum adenocarcinoma; SARC, 
Sarcoma, SKCM; Skin Cutaneous Melanoma; STAD, Stomach adenocarcinoma; TGCT, Testicular 
Germ Cell Tumors; THYM, Thymoma; UCEC, Uterine Corpus Endometrial Carcinoma; UCS, 

Uterine Carcinosarcoma;  
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Figure S4. FOXO6 expression and prognosis in 31 tumor types 

Survival plots showing overall survival in months after diagnosis separated per tumor type.  
TPM, transcripts per million. HR, hazard ratio. Data from GEPIA (Tang et al., 2017).  

 
ACC, Adrenocortical carcinoma; BLCA, Bladder Urothelial Carcinoma; BRCA; CESC, Cervical 
squamous cell carcinoma and endocervical adenocarcinoma; CHOL, Cholangio carcinoma; 

COAD, Colon adenocarcinoma; DLBC, Lymphoid Neoplasm Diffuse Large B-cell Lymphoma; 
ESCA, Esophageal carcinoma; GBM, Glioblastoma multiforme; HNSC, Head and Neck squamous 

cell carcinoma; KICH, Kidney Chromophobe; KIRC; Kidney renal clear cell carcinoma; KIRP, 
Kidney renal papillary cell carcinoma; LAML, Acute Myeloid Leukemia; LGG, Brain Lower Grade 
Glioma; LIHC, Liver hepatocellular carcinoma; LUAD, Lung adenocarcinoma; LUSC, Lung 

squamous cell carcinoma; MESO, Mesothelioma; OV, Ovarian serous cystadenocarcinoma; 
PAAD, Pancreatic adenocarcinoma; PCPG, Pheochromocytoma and Paraganglioma; PRAD, 
Prostate adenocarcinoma; READ, Rectum adenocarcinoma; SARC, Sarcoma, SKCM; Skin 

Cutaneous Melanoma; STAD, Stomach adenocarcinoma; TGCT, Testicular Germ Cell Tumors; 
THYM, Thymoma; UCEC, Uterine Corpus Endometrial Carcinoma; UCS, Uterine 
Carcinosarcoma 
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Abstract 

Adult neural stem cells are generated during embryonic development and 

remain largely quiescent until activation in adulthood. Once activated, neural 

stem cells transit through multiple cellular states before leaving the cell cycle 

and differentiating into neurons. These transitions are characterized by 

transcriptional and molecular signatures that are shared by embryonic and 

adult neural precursors. However, the gene regulatory network of transcription 

factors and chromatin modifiers coordinating these rapid and extensive 

transcriptional changes remains poorly defined. Here, we show that expression 

of nucleosomal binding protein Hmgn2 is highly enriched in intermediate 

neural progenitor cells. Interestingly, we observed a prominent decrease in the 

number of HMGN2+ neural stem cells/progenitors cells during aging, 

indicating that the age-related decline of neural stem/progenitors cells is 

attributable to the subpopulation of HMGN2+ cells. Moreover, we found that 

HMGN2+ neural stem cells/progenitors cells contribute to the postnatal 

development of the dentate gyrus. Importantly, FoxO3, a transcription factor 

promoting NSC quiescence, directly regulated expression of Hmgn2 and 

controlled the number of Hmgn2+ cells in vivo. We suggest that Hmgn2 is 

central to a gene regulatory network regulating NSC activation in the 

developing, adult and aging brain.  

 

Key words: Hmgn2, neural stem cell, neural progenitor, FoxO3, Ascl1, Olig2, 

aging 
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Introduction 

 
Neural stem cells (NSCs) are the source of new neurons, astrocytes and 

oligodendrocytes in the adult brain. Studies in rodents demonstrate that adult-

born neurons contribute to olfactory perception, learning and memory, and 

mood regulation (Bond et al., 2015; Brann & Firestein 2014; Gonçalves et al., 

2016; Snyder, 2019). Adult neural stem cells are located in the subventricular 

zone (SVZ) of the lateral ventricles and the subgranular zone of the dentate 

gyrus (DG) of the hippocampus in the adult brain (Fuentealba et al., 2012; Ming 

& Song, 2011). These cells originate from subsets of spatially and temporally 

restricted embryonic radial glial cells (Fuentealba et al., 2015; Obernier & 

Alvarez-Buylla, 2019). While other radial glia give rise to the various glial and 

neuronal cell types in the developing telencephalon, a subpopulation slows 

down its cell cycle between E13.5 and E15.5 to give rise to postnatal NSCs in 

the dentate gyrus (Furutachi et al., 2015). These cells constitute a population 

of NSCs that contributes to both developmental and adult neurogenesis with 

common molecular and epigenetic signatures (Berg et al., 2019). After 

development, these NSCs enter a reversible cell cycle-arrested state called 

quiescence (Fuentealba et al., 2012). 

 

Once activated, NSCs can produce neural progenitor cells (NPCs, or 

intermediate progenitor cells, transient amplifying progenitors or type C cells), 

a proliferative cell population that expresses markers of early neuronal 

differentiation (Hochgerner et al., 2018; Ponti et al., 2013). Finally, NPCs give 

rise to neuroblasts (NBs, or type A cells) producing neurons that can integrate 

into functional circuits (Doetsch et al., 1999; Zhao et al., 2008). Whereas 

neuroblasts generated in the SVZ travel through the rostral migratory stream 

(RMS) to the olfactory bulb (OB) where they differentiate primarily into 

interneurons (Garcia et al., 2004; Mirzadeh et al., 2008), neuroblasts in the 

dentate gyrus migrate to the granule cell layer where they further differentiate 

into hippocampal granule neurons (Gonçalves et al., 2016; Urbán & Guillemot, 

2014). NSC quiescence is tightly regulated and essential to sustain adult 

neurogenesis (Kalamakis et al., 2019; Harris et al., 2021). During aging, 

quiescent NSCs gradually enter the cell cycle and leave the NSC pool while also 

growing increasingly quiescent, both leading to an age-related decline in 

proliferating neural stem and progenitors cells.  
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NSCs undergo a transcriptional overhaul as they transit between states of 

quiescence and activation and differentiation into intermediate precursor cells, 

neuroblasts and neurons (Artegiani et al. 2017; Dulken et al. 2017; Llorens-

Bobadilla et al. 2015; Shin et al. 2015). These rapid changes in gene expression 

within the NSC lineage are accompanied and regulated by sequential waves of 

transcriptional regulators and chromatin remodelling (Doetsch 2003; Juliandi 

and Nakashima 2010). Although embryonic radial glia and adult NSCs differ, 

both in their transcriptional profiles and their response to various signalling 

pathways, the differentiation route towards neurons is remarkably similar and 

controlled by shared regulators (Hochgerner et al., 2018; Urbán & Guillemot, 

2014). However, the gene regulatory network underlying the rapid 

transcriptional reprogramming during NSC activation in developmental and 

adult neurogenesis remains poorly defined.   

 

We have previously found transcription factor FoxO6 to regulate NSC self-

renewal ability of both embryonic and adult NSCs (Draijer et al., in prep.). 

Surprisingly, we found expression of Hmgn2 (high mobility group nucleosomal 

binding domain 2) to be strongly diminished in neurospheres derived from both 

FoxO6-deficient embryos and adult mice. Hmgn2 encodes for a nucleosomal 

binding protein that modulates chromatin accessibility by, amongst others, 

competing with linker histone H1 for binding sites (Postnikov & Bustin, 2010). 

Recent studies demonstrate that Hmgn2 is required for stem cell identity by 

maintaining active chromatin states (Gao et al., 2020; Garza-Manero et al., 

2019; He et al., 2018). Loss of Hmgn2 resulted in spontaneous neuronal 

differentiation of neural progenitor cells and impaired oligodendrocyte 

development whereas overexpression leads to increased astrocytic 

differentiation (Deng et al., 2017; Garza-Manero et al., 2019; Nagao et al., 

2014). Moreover, Hmgn2 is highly expressed during mouse neocortical 

development and prevents microcephaly by promoting self-renewal of cortical 

radial glia (Vied et al., 2014; Gao et al. 2020). However, how Hmgn2 expression 

is regulated within the NSC lineage is poorly understood.    

 

Here, we show that Hmgn2 expression is highly enriched in activated neural 

stem cells and neural progenitor cells in both the postnatal and adult brain. 

Hmgn2-positive neural precursors contribute to the emergence of the adult 

hippocampal niche where they remain as proliferative population throughout 

life. This suggests that Hmgn2 has a central position within a gene regulatory 



Expression of nucleosomal binding protein Hmgn2 

is enriched in intermediate neural progenitor cells and is regulated by FoxO3  

117 

 

network that controls the neural stem cell lineage during developmental and 

adult neurogenesis. 

Results 

Hmgn2 expression is upregulated following neural stem cell activation 

Although Hmgn2 is an important modulator of stem cell identity (Gao et al., 

2020; Garza-Manero et al., 2019; He et al., 2018), it remains unknown how its 

expression is regulated within the neural stem cell lineage. To this end, we first 

analysed its expression in publicly available signatures of the neural stem cell 

lineage. Importantly, this showed a similar pattern of Hmgn2 expression in the 

NSC lineage in both the developing and adult hippocampus (Figure 1A). This 

showed strikingly enriched Hmgn2 expression in (neuronal) intermediate 

progenitor cells in the NSC lineage in the dentate gyrus (Figure 1B, 1C).  

 

Figure 1. Hmgn2 expression is upregulated following neural stem cell activation 

A) Hmgn2 mRNA expression in the NSC lineage in the dentate gyrus during embryonic 

development (E16.5), postnatal development (P0, P5, P18) and in the young adult (P23) and 
adult hippocampus (P132). Dataset C from Hochgerner et al. (2018).  
B) Hmgn2 expression in astrocytes, radial-glia like neural stem cells, neural intermediate 

progenitor cells (nIPC), neuroblasts, immature granule cell (GC) and mature granule cells (GC) 
in the hippocampus. Dataset B from Hochgerner et al., (2018).  

Figure continues on next page 
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We found that Hmgn2 expression patterns in the NSC lineage were similar 

across different neurogenic niches (Figure 1D). Increased Hmgn2 expression 

in activated NSCs (aNSCs) and intermediate progenitor cells (IPCs) was present 

in multiple datasets including an ESC-derived NSC model (NS-5 cells, 

Martynoga et al., 2013), cells isolated from the adult subventricular zone 

(Leeman et al., 2018) and cells isolated from the adult dentate gyrus (Artegiani 

et al., 2017). Other single cell RNA-seq datasets similarly show enrichment of 

Hmgn2 in intermediate progenitor cells in the SVZ (Llorens-Bobadilla et al., 

2015; Zywitza et al., 2018) and dentate gyrus (Basak et al., 2018). As such, it is 

one of the top upregulated genes following activation of quiescent neural stem 

cells (Shin et al., 2015).  

 

To independently confirm these datasets, we induced quiescence in neural stem 

cells using an established in vitro model of NS-5 neural stem cells (Martynoga 

et al., 2013; Figure 1E,F). Hmgn2 was clearly downregulated in quiescent 

neural stem cells whereas activation of these quiescent cells returned Hmgn2 

expression to its baseline. This followed the expression profiles of markers of 

neural stem cell activation (Nestin) and proliferation (Pcna) whereas 

Figure 1. Hmgn2 expression is upregulated following neural stem cell activation 

C) Hmgn2 expression in neural stem cells (NSCs) and early neural and late neural progenitor 
cells in the dentate gyrus of the adult hippocampus (Artegiani et al., 2017). 
D) Relative Hmgn2 expression in activated neural stem cells (aNSCs) and neural progenitor 

cells (NPCs) versus quiescent neural stem cells (qNSCs) in NS-5 cells (Martynoga et al., 2013), 
the SVZ (Leeman et al., 2018) and in the dentate gyrus (Artegiani et al., 2017). Details on 
statistical tests can be found in respective references. **: p<0.01; ****: p<0.0001     

      Figure continues on next page. 
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expression of Id2 and FoxO3, known promoters of neural stem cell quiescence, 

was reciprocal to Hmgn2. Together, these data demonstrate that Hmgn2 

expression increases following neural stem cell activation, peaks in 

intermediate neural progenitor cells and is downregulated during neuronal 

differentiation. 

 

  

Figure 1. Hmgn2 expression is upregulated following neural stem cell activation 

E) Experimental scheme of inducing quiescence in NS-5 cells in vitro using 50 ng/mL BMP4. 

F) Expression of Hmgn2 and markers of neural stem cell activation, proliferation and 
quiescence in activated neural stem cells (aNSCs), quiescent neural stem cells (qNSCs) and re-
activated neural stem cells (aNSCs). Data is average + SEM of three biological replicates. 

Student’s t-test. **, p<0.01; ***, p<0.001. 



 

Chapter 4 

 

120 

 

Proliferating neural stem/progenitor cells in the adult and aging brain express 

HMGN2 

 

To verify Hmgn2 expression data in vivo, we performed in situ hybridization 

with probes for Hmgn2 in the neurogenic niches of the adult brain (Figure 2A-

C). This revealed expression of Hmgn2 in the subgranular zone (SGZ) of the 

dentate gyrus and the subventricular zone (SVZ) of the lateral ventricles. Next, 

we examined co-localization of HMGN2 with proliferation marker Ki67 and 

found that virtually all proliferating cells in both the SGZ (Figure 2D,E) and 

SVZ (Figure 2F,2G) expressed HMGN2.  

Figure 2. Hmgn2 is expressed in proliferating cells in the adult neurogenic niches 

A) Hmgn2 in situ hybridization in the hippocampal dentate gyrus of young (P28) mice. 

Representative example of n=3. Scale bar; 100 μm  
B) Hmgn2 in situ hybridization in the subventricular zone of the lateral ventricles of young 
(P28) mice. Representative example of n=3. Scale bar; 100 μm  

C) Hmgn2 in situ hybdridization in the rostral migratory stream of young (P28) mice.  
Legend continues on next page. 
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Interestingly, we observed differences in HMGN2 immunoreactivity in the SGZ. 

As this population was located almost exclusively in the SGZ rather than the 

molecular layer of the dentate gyrus, this is in line with the enriched Hmgn2 

mRNA expression found in intermediate progenitor cells. 

 

As the number of proliferating NSCs in the dentate gyrus declines sharply 

during aging (Ziebell et al., 2018; Harris et al., 2021), we hypothesized that the 

number of HMGN2+ cells would be reduced in aged brains. To this end, we 

examined HMGN2 expression in dentate gyri of young (3 months) and old (12 

months) Nestin-GFP mice. Nestin is an intermediate filament expressed in 

NSCs and intermediate progenitor cells (Mignone et al., 2004; Nicola et al., 

2015). Expectedly, the number of Nestin-GFP+ cells was clearly reduced in 12-

month old mice compared to 3-month old mice (Figure 3A,B). Whereas the 

number of Nestin-GFP+ cells without immunoreactivity for HMGN2 was not 

significantly different(p=0.10), the number of Nestin-GFP+HMGN2+ cells was 

markedly reduced in 12-month old mice. Moreover, we found a reduction in the 

number of HMGN2+Nestin-GFP- cells, which is, considering the expression 

patterns of Hmgn2 and Nestin-GFP in the dentate gyrus (Artegiani et al., 2017; 

Nicola et al., 2015), likely to be a population of neuroblasts.  

 

Whereas we observed extensive co-localization of Nestin-GFP and HMGN2 in 

the SGZ of 3-month old Nestin-GFP mice, the proportion of Nestin-

GFP+HMGN2+ cells was clearly reduced in 12-month old Nestin-GFP mice 

(Figure 3C). This suggests that a loss of HMGN2+ neural stem/progenitor cells 

is mainly responsible for the overall reduction of Nestin-GFP+ neural 

stem/progenitor cells during aging. This is in line with recent studies 

demonstrating increased quiescence of dentate NSCs during aging (Ziebell et 

al., 2018; Harris et al., 2021). Interestingly, old mice showed an apparent loss 

of cells with particularly strong immunoreactivity for HMGN2 in the SGZ.  

 

Figure legend continued from previous page. 
 
D) Immunolabeling for HMGN2 and Ki67 in the subgranular zone of the dentate gyrus of 3-

month old mice. Scale bar; 100 μm  
D’) Magnification of D. Area is denoted by a yellow square. Scale bar; 100 μm  
E) Quantification of data shown in D). n=3 mice. Values are mean + SEM.   

F) Immunolabeling for HMGN2 and Ki67 in the subventricular zone of the lateral ventricles of 
3-month old mice. Scale bar; 100 μm  
G) Quantification of data shown in F). n=3 mice. Values are mean + SEM.   
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Figure 3. Number of Hmgn2+ NSCs in the dentate gyrus declines during aging 

A) Immunolabeling for HMGN2 and Nestin in the SGZ of the DG of 3-month old and 12-months 
old Nestin-GFP mice. Red arrowheads indicate cells positive for HMGN2 but negative for 
Nestin-GFP, white arrowheads denoted cells negative for HMGN2 but positive for Nestin-GFP, 

yellow arrowheads denote cells positive for both HMGN2 and Nestin-GFP. Dotted line 
demarcates the SGZ of the DG. Scale bar, 100 μm 

SGZ, subgranular zone; DG, dentate gyrus.  
B) Quantification of data shown in A). n=3-4 mice per age. Values are mean + SEM. Student’s 
t-test. *, p<0.05; **, p<0.01.    Legend continues on next page. 
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We also found a similar loss of cells with high levels of Hmgn2 mRNA 

expression when we performed Hmgn2 in situ hybridization in P28 and 12-

month old dentate gyri (Figure 3D). However, exploration of publicly available 

single cell RNA-seq data of NSCs in young and old mice (Leeman et al., 2018; 

Kalamakis et al., 2019) did not indicate a loss of Hmgn2 expression during aging 

(Figure S1A, S1B). Therefore, this suggests that intermediate progenitor cells, 

which exhibit the highest levels of Hmgn2 expression in the dentate gyrus 

(Artegiani et al., 2017), are the population most affected during aging. 

Postnatal Hmgn2+ precursors contribute to hippocampal development 

 

Next, we explored HMGN2 expression in the postnatal hippocampus (Figure 

4). During development of the hippocampus, dentate precursors migrate from 

the dorsal neuroepithelium to the pial side of the cortex to form the 

hippocampal fissure and later, at birth, the blades of the dentate gyrus (Urbán 

& Guillemot, 2014). At that age, proliferating dentate precursors in the 

secondary matrix also start forming the future hilus, which is diffuse and does 

not become spatially focused until adulthood when proliferation is almost 

exclusively limited to the future SGZ (Nicola et al., 2015). Importantly, 

HMGN2+ precursors cells exhibited the same developmental pattern.  

At birth, Nestin-GFP+ dentate precursors forming the blades of the dentate 

gyrus expressed HMGN2 (Figure 4B). These cells exhibited strong 

immunoreactivity for HMGN2 expression whereas we found the CA3, devoid of 

Nestin-GFP+ cells, densely populated by cells lowly expressing HMGN2, likely 

to be hippocampal neurons. During postnatal development, diffusely 

proliferating HMGN2+Nestin-GFP+ cells in the future hilus became spatially 

restricted to the SGZ in adulthood (Figure 4C). Interestingly, we identified 

HMGN2 as a common regulator in human neocortical development when we 

interrogated publicly available (single cell) RNA-seq data (Figure S3). 

Together, these results suggest that HMGN2+ cells are part of a continuous 

process spanning from developmental to adult neurogenesis.  

 

Figure legend continued from previous page. 
 

C) Proportion of Nestin-GFP+ cells in the SGZ that were HMGN2+ in 3-month (left) and 12-
month (right) old mice. 
D) Hmgn2 in situ hybridization in the hippocampal dentate gyrus of young (P28) and old (12 

months) mice. Representative example of n=3 mice per age.   
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FoxO3 and Ascl1 share binding sites at regulatory regions within the Hmgn2 

gene 

 

Together, these results demonstrate that HMGN2+ neural stem/progenitor cells 

are continuously present in the dentate gyrus of the developing, adult and aging 

brain. As such, we hypothesized that Hmgn2 expression is regulated by 

transcription factors with key roles in developing and adult neural stem cells. 

Analysis of publicly available ChIP-seq data in neural progenitor cells revealed 

DNA-binding sites for FoxO3, Ascl1 and Olig2 in the first intron of the Hmgn2 

gene (Webb et al., 2013; Mateo et al., 2015, Figure 5A). Importantly, the 

binding sites for these transcription factors overlapped extensively. The Hmgn2 

intron 1 was bound by Olig2, FoxO3 and Ascl1 at the same two locations: one 

close to the first exon and one close to the second exon.  
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Figure 4. Hmgn2-positive neural progenitor cells contribute to hippocampal development 
A) Cartoon of ongoing hippocampal development at birth. LV, lateral ventricles; HNE; hippocampal 
neuroepithelium; DNE, dorsal neuroepithelium; 1ry, primary matrix; 2ry, secondary matrix; CA1/3, 
cornu ammonis 1/3; DG, dentate gyrus. Adapted from Urbán & Guillemot (2014).   
B) Sagittal view of immunolabeling for HMGN2 and Nestin-GFP in the hippocampus at birth in Nestin-
GFP mice. Scale bar, 100 μm. 
C) Coronal view of immunolabeling for HMGN2 and Nestin-GFP in the developing dentate gyrus in 
P0, P7 and 3-months old Nestin-GFP mice. Scale bar, 200 μm. 
All images are representative for at least three mice. 
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Figure 5. FoxO3 and Ascl1 share binding sites within the Hmgn2 gene   

A) University of California Santa Cruz (UCSC) browser track view of the Hmgn2 gene showing 
ChIP-seq signal for transcription factors Olig2 (Matteo et al., 2015), FoxO3 and Ascl1 (Webb et 
al., 2013) in neural progenitor cells. Regions 1 and 2 denote summits of transcription factor 

binding in the first intron of Hmgn2 containing consensus DNA-binding motifs for Olig2 and 
Ascl1 (E-box) as well as for FoxO3 (DBE).    
B) Sequences of regions 1 and 2 in A) showing E-box and DBE motifs.  

C) Cartoon of the hippocampal neural stem cell lineage showing cell types and expression of 
FoxO3, Ascl1, Olig2 and Hmgn2. qNSC; quiescent neural stem cell, aNSC; activated neural stem 
cells, IPC; intermediate progenitor cell, NB; neuroblast 
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Moreover, we identified an E-box (CAGCTG) consensus sequence recognized by 

Ascl1 and Olig2 as well as DBE (GCAAACAA) and IRE (ATAAACA) sequences, 

which are the DNA binding motifs recognized by FoxO3 (Figure 5B). 

Interestingly, FoxO3 and Ascl1 share common targets in neural progenitor cells 

and have co-occurring binding sites (Webb et al., 2013). As such, FoxO3 can 

inhibit Ascl1-dependent transcriptional activity of pro-neurogenic target genes.  

Whereas FoxO3 activity is high in quiescent NSCs, activity of pro-neurogenic 

Ascl1 increases following NSC activation, possibly resulting in dynamic regulation of 

Hmgn2 expression (Figure 5C).  

FoxO3 regulates the number of adult dentate Hmgn2+ NSCs/NPCs  

FoxO3 is an essential regulator of neural stem cell maintenance and its loss results in 

the activation of quiescent NSCs and an initial increase in proliferation in young 

mice (Paik et al. 2009; Renault et al. 2009). As such, we hypothesized that the 

number of Hmgn2+ neural progenitor cells would be increased in young FoxO3-

deficient mice. To this end, we crossed FoxO3-/- mutant mice (Hosaka et al., 

2004) with Nestin-GFP mice in order to detect adult neural stem cells and 

neural progenitor cells (Mignone et al., 2004, Figure 6A).  Indeed, this revealed 

an increase in the number of Hmgn2+Nestin-GFP+ NSCs/NPCs in the adult SGZ 

of 3 months-old FoxO3-/- compared to wild-type littermates (Figure 6B,6C). 

Together, these results suggest that FoxO3 regulates the number of HMGN2+ 

NSCs in the adult dentate gyrus. 
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Figure 6. FoxO3 regulate the number of Hmgn2+ neural stem/progenitor cells in the adult 

dentate gyrus 

A) Immunolabeling for HMGN2 and Nestin-GFP in the SGZ/DG of 3-month old FoxO3-/- or 

FoxO6-/- mice or wild-type controls (FoxO3+/+ FoxO6+/+) crossed with Nestin-GFP mice. Scale 
bar; 100 μm. Dotted line demarcates the SGZ of the DG. Yellow square denotes area of 
magnification. DG, dentate gyrus; SGZ, subgranular zone.  

B) Magnification of A). Yellow arrowheads denote cells double positive for Nestin-GFP and 
HMGN2. White arrowheads denote cells that are only positive for Nestin-GFP. Scale bar; 100 
μm 

C) Quantification of data shown in A) and B). n=3. Values are mean + SEM. Student’s t-test. *, 
p<0.05; **, p<0.01.  
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Discussion 

 

The neural stem cell lineage is regulated by many intrinsic and extrinsic factors 

(Obernier et al., 2019; Urbán et al., 2019). Among these are the FoxO 

transcription factors which, until recently, were known to promote NSC 

maintenance (Renault et al., 2009; Paik et al., 2009). Whereas FoxO3, indeed, 

promotes NSC quiescence, we found that FoxO6 inhibits NSC quiescence 

(Draijer et al., in prep). To explore the underlying mechanisms, we interrogated 

the transcriptome of neurospheres derived from mice lacking FoxO6. This 

revealed Hmgn2 to be among the genes with the strongest change in its 

expression. As such, we set out to explore its exact place within the neural stem 

cell lineage gene regulatory network.   

We found Hmgn2 expression to be highly enriched in neural progenitor cells in 

many publicly available datasets (Martynoga et al., 2013; Shin et al., 2015; 

Llorens-Bobadilla et al., 2015; Dulken et al., 2017; Artegiani et al., 2017; 

Zywitza et al., 2018; Leeman et al., 2018; Hochgerner et al., 2018; Basak et al., 

2018; Mizrak et al., 2019; Su et al., 2019). This was corroborated by our 

observations in vivo where Hmgn2 is expressed, both mRNA and protein, in the 

predominant sites of adult neurogenesis: the subgranular zone of the dentate 

gyrus and the subventricular zone of the lateral ventricles. Moreover, 

progenitors migrating towards the olfactory bulbs via the rostral migratory 

stream also expressed Hmgn2. Whereas its mRNA levels are highly enriched in 

neural progenitor cells, its protein could be detected during the neural lineage 

ranging from neural stem cells to neurons. Nevertheless, HMGN2 protein levels 

appeared to be significantly higher in neural stem cells and neural progenitor 

cells.  

Its enriched expression in intermediate neural progenitor cells may also 

explain why we found a drastic reduction of Hmgn2 expression in neurospheres 

derived from FoxO6-/- mice (Draijer et al., in prep). Since loss of FoxO6 resulted 

in increased quiescence and self-renewal of neural stem cells at the expense of 

neural progenitor cells, FoxO6-deficient neurospheres most likely have a 

different composition than those derived from wild-types, containing fewer 

neural progenitor cells with high Hmgn2 expression.  

During aging, the NSC population in the dentate gyrus rapidly declines in the 

first months but is stabilized later by increased quiescence (Ziebell et al., 2018; 

Harris et al., 2021). This was reflected by the decrease of HMGN2+Nestin-GFP+ 
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cells in the hippocampus of aged mice. As the number of HMGN2+Nestin-GFP+ 

cells decreased to the same extent as the overall decline of Nestin-GFP+ cells, 

Hmgn2 expression levels in neural stem cells likely do not change during aging, 

which is in line with previous data from Leeman et al. (2018). Nevertheless, we 

observed that the subpopulation of cells with a particularly strong 

immunoreactivity for Hmgn2 expression sharply declined in the aged 

hippocampus. Indeed, the number of proliferating neural stem/progenitors 

cells rapidly decreases  whereas the quiescent NSC population is more stable 

(Ziebell et al., 2018; Harris et al., 2021). Importantly, we found that the 

expression pattern of Hmgn2 closely follows the distribution of neural stem 

cells/progenitors during hippocampal development. Embryonic cortical radial 

glia cells share transcriptional similarities with radial-glia like adult neural 

stem cells with their molecular profiles during the neural stem cell lineage 

following activation being particularly similar (Hochgerner et al., 2018; Borrett 

et al., 2020). We suggest that Hmgn2 is part of this gene regulatory network 

and drives both developmental and adult neurogenesis.  

Adult and developmental neurogenesis share an embryonic origin (Fuentealba 

et al., 2015; Furutachi et al., 2015). For instance, Hopx+ neural progenitor cells 

in the developing brain give rise to granule neurons and then transition into 

Hopx+ cells that become quiescent shortly after birth (Berg et al., 2019). Not 

only do Hopx+ progenitors express Hmgn2, its expression is sharply 

downregulated during this early postnatal period. As such, Hmgn2 may be 

involved in the transition of neural progenitor cells to a quiescent state. 

Moreover, Hmgn2 has been identified before as one of the candidate regulators 

of mouse cortical development (Vied et al., 2014) whereas a recent study 

showed that mice deficient of Hmgn2 expression manifested microcephaly with 

a reduced cortical surface area (Gao et al., 2019). Interestingly, Hmgn2 was 

among the genes consistently enriched in human cortical neural progenitor 

cells over five different datasets (Florio et al., 2015). As such, Hmgn2 is likely 

to have a conserved function in mouse and human neocortical development and 

could be targeted to recapitulate malformations in human brain development.  

An important aim of this study was to elucidate the position of Hmgn2 within 

the gene regulatory network that regulates the neural stem cell lineage. The 

data shown in this manuscript now indicate that FoxO3, which is most active 

in quiescent neural stem cells (Urbán et al., 2019), represses Hmgn2 

expression. Since FoxO3 and Ascl1 share binding sites within the first intron of 

the Hmgn2 gene, FoxO3 likely inhibits Ascl1-dependent transcription in a 
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similar genome-wide interaction to what has been described by Webb et al. 

(2013). Whereas FoxO3 activity is high in quiescent NSCs but low in activated 

NSCs (Urbán et al., 2019), Ascl1 activity is increased in activated NSCs and 

neural progenitor cells (Andersen et al., 2014; Blomfield et al., 2019). Although 

Ascl1mRNA levels are similar between quiescent NSCs and activated NSCs, 

Ascl1 is regulated post-transcriptionally by E3 ubiquitin ligase Huwe1 resulting 

in the rapid degradation of Ascl1 protein in quiescent NSCs (Urbán et al., 206; 

Blomfield et al., 2019). As such, Hmgn2 expression is likely to be dynamically 

regulated by Ascl1 and FoxO3. It is interesting that Olig2, an important 

regulator of NSC self-renewal, shares the same binding sites with FoxO3 and 

Ascl1 (Mateo et al., 2015). Conversely, Hmgn2 has been found to epigenetically 

regulate Olig2 expression (Deng et al., 2017). Loss of Hmgn2 increased 

chromatin binding of histone H1, recruiting histone methyltransferase Ezh2, 

which subsequently elevated levels of H3K27me3 around the Olig2 gene causing 

gene repression (Deng et al., 2017). This may act as an Hmgn2-Olig2-Hmgn2 

feedback loop, which could explain the sharp decrease of Hmgn2 expression 

during differentiation of neural progenitor cells.  

The function of Hmgn2 in neural stem cells has become increasingly clear in 

recent years. Hmgn2 expression sharply increases following NSC activation but 

its function appears to be the inhibition of differentiation of neural progenitor 

cells. For instance, loss of Hmgn2 (and Hmgn1) in embryonic stem cells resulted 

in both spontaneous and Ascl1-induced neuronal differentiation (Garza-Manero 

et al., 2019; He et al., 2018). This coincided with loss of pluripotency markers, 

self-renewal and epigenetic changes such as an altered profile of histone 

modifications at cell type-specific enhancers and promoters. As such, Hmgn2 is 

necessary to maintain cell identity of neural stem cells/progenitors and limit 

neuronal differentiation. Moreover, Hmgn2 was found to promote 

differentiation of neural progenitor cells towards astrocytes and 

oligodendrocytes rather than neurons (Nagao et al., 2014; Deng et al., 2017), 

which is in line with its reduced expression during neuronal differentiation.  

Together, these data suggest that Hmgn2 is a multi-functional regulator of the 

neural stem lineage that promotes self-renewal, stem cell identity and 

astroglial fates at the expense of neuronal differentiation. In coordination with 

key neural transcription factors FoxO3, Ascl1 and Olig2, Hmgn2 is likely 

necessary to promote a healthy balance between self-renewal and 

differentiation continuously from early brain development to the adult and 

aging brain.  
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Materials and methods 

Mouse models 

All procedures involving animals and their care were performed in accordance 

with the guidelines of the University of Amsterdam, national guidelines and 

laws. This study was approved by the Dutch Animal Ethics Committee. Mice 

were housed in standard cages under a 12h light/dark cycle, with ad libitum 

access to food and water. Wild type mice from strain C57BL6 were used. For 

timed matings, the day of vaginal plug discovery was considered embryonic day 

(E) 0.5. Mice were born at E19.5/P0. 

 

Experimental strains used: FoxO3 mutant mice, originally reported by (Hosaka 

et al. 2004) and Nestin-GFP mice, originally reported by (Mignone et al. 2004). 

Experimental strains were backcrossed to the C57BL/6 line and used in 

heterozygous breeding generating wild-type (+/+) and mutant progeny (-/-). All 

experimental and control mice were littermates. Both male and female mice 

were used for all in vivo genetic studies.  

Genotyping 

For genotyping FoxO3 null and wild-type sibling mice, three primers were used 

in the same PCR reaction: Forward primer 1: 5’-

ATTCCTTTGGAAATCAACAAAACT-3’; Reverse primer 1: 5’-

TGCTTTGATACTATTCCACAAACCC-3’; Reverse primer 2: 5’-

AGATTTATGTTCCCACTTGCTTCCT-3’. The FoxO3 wild type allele produced a 

band of 100 bp and the FoxO3 null allele produced a band of 186 bp in a Taq 

DNA polymerase PCR reaction. Genotyping for Nestin-GFP mutants was 

performed by PCR analysis using the following primers: Forward GFP 5’-

ATAACATGGTCCTGCTGGAGTTC-3’ and Nestin Reverse:  5’- GGA GCT GCA CAC 

AAC CCA TTG CC-3’. The presence of a Nestin-GFP allele produced a band of 

700 bp in a Taq DNA polymerase PCR reaction.  

Tissue preparation 

Mice were anesthetized and brains were flash frozen at -80 °C for in situ 

hybridization or fixed in 4% PFA for 4 hours (postnatal) or 8 hours (adult) at 

4°C and then in 30% sucrose in PBS overnight at 4°C for 
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immunohistochemistry. Coronal and sagittal sections (16 μm) were cut using a 

cryostat (Leica) and mounted on slides. 

DIG-labeled cRNA probes 

For the generation of specific Hmgn2 probes, we used a pBluescript II SK(+) 

plasmid (GenScript) containing the cDNA sequence used for Hmgn2 in the Allen 

Mouse Brain Atlas (RP_050926_01_D07). Hmgn2 probe cDNA was then 

generated by PCR with this plasmid as template using a T3 primer (5’-

AATTAACCCTCACTAAAGGG-3’) and a T7 primer (5’ -

GTAATACGACTACTATAGGGC-3’). Digoxygenin (DIG)-labeled RNA probes were 

synthesized using a DIG RNA Labeling Kit (Roche) with T3 polymerase 

(#1031171, Roche) for the antisense probe and T7 polymerase (#881775, Roche) 

for the sense probe according to the manufacturer’s instructions. Probe 

labelling efficiency was determined using a spot blot method and a control DIG-

RNA (Roche) according to manufacturer’s instructions. 

In situ hybridization 

In situ hybridization was performed as described by Hoekman et al. (2006). 

Briefly, sections were fixed in 4% PFA in PBS, 30 minutes for embryonic tissue, 

10 minutes for postnatal and adult tissue. The slides were then washed in PBS 

and subsequently acetylated for 10 minutes in a solution containing 250 mL 

H2O, 3.3 mL triethanolamine, 438 μL HCl (37%). Slides were then washed with 

PBS and prehybdrized in a solution containing 50% deionized formamide, 5x 

SSC, 5x Denhardt’s solution, baker’s yeast tRNA (250 μg/mL) and 500 μL/mL 

sonification salmon sperm.  

 

Hybridization was performed overnight at 68 °C with 400 ng/mL 

diogoxygenin-labeled RNA probe in 150 μL hybridization buffer, covered with 

Nescofilm. Slides were then washed in 68℃ 2x SSC to remove the cover and 

placed in 68℃ 0.2x SSC for 2 hours to remove unbound probe. Afterwards, 

slides were transferred to 0.2xSSC at room temperature and washed with 

buffer 1 (Tris-HCl 100 mM pH 7.4; NaCl 150 mM). Preincubation was performed 

with 10% heat inactivated fetal calf serum (hiFCS) for 1 hour at room 

temperature. Sections were then incubated overnight at 4°C with 1:5000 DIG-

fab-elements (Roche) in buffer 1 supplemented with 1% hiFCS. Following 

washes with buffer 1 and buffer 2 (100 mM Tris-HCl pH 9.5; 50 mM MgCl2; 100 

mM NaCl), slides were incubated in the dark at room temperature with 20 μL 
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NBT/BCIP solution (Roche) and 250 μg Levamisole (Sigma) in 880 uL buffer 2 

to start a color reaction. The incubation time was optimized for the intensity of 

the Hmgn2 signal and the age of the tissue: 45 minutes for embryonic and P0 

tissue, 2 hours for P7 and 3-months old mice and 4 hours for tissue of 1-year 

old mice. Afterwards, slides were washed with TE buffer and H2O and, 

subsequently, dehydrated using ethanol and washed in xylene before 

embedding the sections with Entellan (Millipore).  

Immunohistochemistry 

Immunohistochemistry was performed using primary antibodies rabbit anti-

HMGN2 (1:1000, Cell Signalling Technology #9437) and mouse anti-Ki67 

(1:400, BD Biosciences 550609). Additional antigen retrieval was performed 

for Ki67. Briefly, sections were incubated in 10 mM sodium citrate (pH 6.0) for 

15 minutes at 90 °C. Sections were then blocked with 4% hiFBS (Gibco) in a 

Tris-buffered saline solution pH 7.6 containing Triton X-100 and incubated 

with primary antibody overnight at 4°C. After three washes with a Tris-

buffered saline solution, sections were incubated with secondary antibodies 

donkey anti-rabbit IgG Alexa Fluor 488 or 594 or goat anti-mouse IgG Alexa 

Fluor 555 (Molecular Probes) at 1:1000 for 2 hours at room temperature. 

Sections were counterstained with DAPI and embed in FluorSave (Sigma). 

 Neural stem cell culture, quiescence and reactivation 

Mouse neural stem cells NS5 cells (Conti et al., 2005) were cultured in 

EUROMED-N medium (Euroclone) supplemented with 20 mg/mL BSA (Sigma, 

A2153), 1x Penicillin-Streptomycin (Gibco), 1x N2 supplement (Gibco, 17502-

048), 200 nM L-Glutamine (Gibco), 10 ng/mL bFGF and 10 ng/mL EGF. Cells 

were plated onto uncoated tissue culture plastic with the addition of 2 μg/mL 

laminin (Sigma) to the medium. Cells were incubated at 37 °C, 5% CO2.  

 

Quiescence was induced as previously described by Martynoga et al. (2013). 

Briefly, cells were plated at a density of 35,000–65,000 cells per cm2 in normal 

proliferation medium, which was replaced after 16 hours with fresh NSC 

medium without EGF and with 50 ng/mL BMP4 (R&D Systems) and 20 ng/mL 

FGF2. After three days in BMP4-containing medium, cells were either fixed 

immediately or reactivated. For reactivation, BMP4-containing medium was 

replaced with normal proliferation media and cells were fixed three days later. 

For fixation, cells were washed with PBS and incubated with 4% PFA for 10 
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minutes. EdU was detected following using a Click-iT™ EdU Alexa Fluorb 594 

Imaging Kit (ThermoFisher, C10339), following manufacturer’s instructions. 

Nuclei were stained using DAPI (1 mg/mL).   

RNA isolation and quantitative real-time PCR 

Cells were lysed with TRIzol reagent and RNA was extracted according to 

manufacturer’s instructions. Relative expression levels were determined by 

quantitative real-time PCR (Lightcycler 480) using the QuantiTect SYBR Green 

RT PCR Kit (QIAGEN) according to the manufacturer’s instructions. Gene 

expression was calculated relative to endogenous controls 18S, and normalised 

to the expression of control samples in each group, to give a ΔΔCt value. 

Primers used were: 18S forward: 5’-AAACGGCTACCACATCCAAG-3’, 18S 

reverse: 5’-CCTCCAATGGATCCTCGTTA-3’, Hmgn2 forward: 5’-

TGAAGGGGATGCTAAAGGAGA-3’, Hmgn2 reverse: 5’-

GTGCCTGGTCTGTTTTGGC-3’, Nestin forward: 5’-CCCTGAAGTCGAGGAGCTG-

3’, Nestin reverse: 5’-CTGCTGCACCTCTAAGCGA-3’, Pcna forward: 5’-

TTTGAGGGACGGCAGCCTGATCC-3’, Pcna reverse: 5’-

GGACGTGAGACGAGTCCAT-3’, Id2 forward: 5’-ATGAAAGCCTTCAGTCCGGTG-3’, 

Id2 reverse: 5’ AGCAGACTCATCGGGTCGT-3’, FoxO3 forward: 5’- 

CCTATGCCGACCTGATCACC-3’ and FoxO3 reverse: 5’- 

ATTCTGAACGCGCATGAAGC’-3’. 

Image acquisition and quantification 

All fluorescent images were taken with a Leica microscope (DFC310FX). All 

quantifications were done by an observer blinded to the experimental 

condition. For in vivo analysis, images of multiple sections were quantified and 

averaged per animal. The sections spanned the rostro caudal length of the 

hippocampus. For analysis of the subventricular zone, we used  sections 

spanning the lateral ventricle (LV) at the level of, and anterior to, the crossing 

of the anterior commissure. Quantifications were done in the lateral SVZ only, 

and the dorsolateral horn of the SVZ was excluded. Only DAPI+ cells were 

included. Quantifications were done in the subgranular zone of the dentate 

gyrus only. For in vitro analysis, images of multiple cells were quantified and 

averaged per biological replicate. Only DAPI positive cells were included. Cell 

quantifications in immunofluorescent images were performed digitally with 

ImageJ software on thresholded images using optimized parameters. 

Statistical analysis 
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All error bars represent the mean ± SEM. Significance is stated as follows: 

p>0.05 (ns), p<0.05 (*), p<0.01 (**), p<0.001 (***), p<0.0001 (****). 

Statistical details of each experiment can be found in the figure legend. n 

represents number of animals in vivo or independent biological repeats in vitro. 
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SUPPLEMENTAL FIGURES 

 

 

 

  

Figure S1. Hmgn2 expression in the NSC lineage during different stages of dentate gyrus 

development 

A) Hmgn2 mRNA expression in quiescent and activated neural stem cells (qNSC, 
aNSC) and neural progenitor cells in the SVZ of young and old mice. Data from 

Leeman et al. (2018). VST, variance stabilizing transformation.  

B) Relative changes in Hmgn2 mRNA expression in the neural stem cell lineage in 

old versus young mice. qNSC, quiescent neural stem cell; aNSC, activated neural 

stem cell; TAP, transient amplifying progenitor; NB, neuroblast. Data from 
Kalamakis et al. (2019). DEseq2, ***, p<0.001.  
 



 

Chapter 4 

 

138 

 

  

Figure S2. Hmgn2 expression in the developing human neocortex 

A) Normalized Hmgn2 expression in cell types of the developing human neocortex. 

aRG, apical radial glia; bRG, basal radial glia; N, neuron. Data from Florio et al. 

(2015) and Johnson et al. (2015). 

B) Hmgn2 mRNA expression in cortical layers of the developing human neocortex. 
VZ, ventricular zone; iSVZ, inner subventricular zone; oSVZ, outer subventricular 

zone; CP, cortical plate; FPKM, fragments per kilobase million. 
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Abstract 

Neural stem cells persist in the adult central nervous system as a continuing 

source of astrocytes, oligodendrocytes and neurons. Various signaling 

pathways and transcription factors actively maintain this population by 

regulating cell cycle entry and exit. Similarly, the circadian clock is 

interconnected with the cell cycle and actively maintains stem cell populations 

in various tissues. Here, we discuss emerging evidence for an important role of 

the circadian clock in neural stem cells maintenance. We propose that the 

NAD+-dependent deacetylase SIRT1 exerts control over the circadian clock in 

adult neural stem cell function to limit exhaustion of their population. 

Conversely, disruption of the circadian clock may compromise neural stem cell 

quiescence resulting in a premature decline of the neural stem cell population. 

As such, energy metabolism and the circadian clock converge in adult neural 

stem cell maintenance.  

Key words: circadian rhythms - neural stem cell – quiescence - SIRT1 – 

metabolism - aging 
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1. Introduction 

 
Circadian rhythms, driven by an internal oscillator with a near 24-hour 

periodicity, provide an excellent means to anticipate food processing and to 

sequestrate complex and often incompatible metabolic processes (Dibner et al., 

2010; Mohawk et al., 2012). Consequently, the circadian clock is vitally 

important for regulating metabolism, behavior, endocrine regulation and a 

large variety of cellular pathways, to the extent that it is estimated that about 

10 to 20% of genes in any given cell is cyclically expressed (Sahar and Sassone-

Corsi, 2012; Aguilar-Arnal and Sassone-Corsi 2013). Hence, various diseases 

are associated with disturbances of circadian rhythms, including cancer, type-

2 diabetes and neurodegenerative disorders (Bechtold et al., 2010; Hood and 

Amir, 2017a). Throughout life, mammalian stem cells allow for continuous cell 

division in order to replenish bone, blood, epithelia, muscle, gametes and the 

nervous system, amongst others, with new cells. These cells, which may lie 

dormant until activation following injury or physiological changes, are 

controlled within restricted niches. Due to the importance of stem cells for 

regeneration in both health and disease, it is vital to understand the underlying 

control mechanisms.  

The circadian clock modulates the function of adult stem cells in various 

tissues, including neural stem cells (NSCs) in the adult brain (Brown, 2014; 

Janich et al., 2014; Weger et al., 2017; Dierickx et al., 2017). NSCs have the 

ability to self-renew and give rise to neurons and glia via symmetric and 

asymmetric cell divisions in the embryonic, neonatal and adult brain (Merkle 

and Alvarez-Buylla 2006; Ponti et al., 2013). Whereas neurogenesis and 

gliogenesis are most extensive during embryonic development, a pool of 

quiescent neural stem cells continues to produce neurons and glia in the adult 

brain, predominantly in the subgranular zone (SGZ) of the dentate gyrus (DG) 

of the hippocampus and in the subventricular zone bordering the lateral 

ventricles (Taupin and Gage, 2002; Basak and Taylor, 2009). In recent years, a 

number of studies have reported a role of the circadian clock in adult NSC 

proliferation and differentiation. Here, we highlight and discuss the role of 

circadian rhythms in the maintenance of adult neural stem cells. The circadian 

clock and cell cycle are interconnected and converge on energy metabolism. By 

restricting entry of quiescent neural stem cells into the cell cycle when cellular 

energy levels are low, the circadian clock limits exhaustion of the stem cell 

population. Conversely, weakening of the circadian clock may remove these 
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restrains on neural stem cell activation resulting in a depleted stem cell 

population. As such, circadian dysfunction accelerates the age-dependent 

decline of neural stem cells associated with cognitive impairments.   

 

2. Circadian clock, cell cycle and stem cell homeostasis    

2.1 Molecular basis of the circadian clock 

Circadian rhythms are generated by a circadian oscillator based on feedback 

loops in transcription and translation of core clock genes (Buhr and Takahashi, 

2013; Takahashi, 2016). In the positive limb, transcriptional complexes of basic 

helix-loop-helix transcription factors BMAL1 and CLOCK, or BMAL1 and NPAS2, 

activate transcription of clock-controlled genes (CCGs) by binding to E-box 

elements within their promoters (Figure 1). 

  

 

 

 

Figure 1. Molecular basis of the circadian clock. 

Schematic representation of the molecular circadian oscillator. The primary negative feedback 
loop of the circadian oscillator involves Clock, Bmal1, Per1, Per2, Cry1, Cry2 genes. 
CLOCK/BMAL1 heterodimer activates E-box transcription of Per and Cry genes. Subsequently, 

PER and CRY proteins heterodimerize and translocate to the nucleus to inhibit CLOCK/BMAL1-
driven transcription. A secondary feedback loop is composed of REV-ERBα mediated repression 
of Bmal1 transcription. Adapted from van den Berg et al., 2017.  
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Among these target genes are Per1-3 and Cry1-2, the main components of the 

negative limb PER1-3 and CRY1-2, in turn, form heterodimers and translocate 

to the nucleus to inhibit CLOCK:BMAL1 transcriptional activity, repressing their 

own transcription  (Buhr and Takahashi, 2013; Takahashi, 2016). Following 

phosphorylation of PER and CRY and subsequent degradation, PER-CRY 

complexes can no longer inhibit CLOCK:BMAL1 activity, starting a new cycle of 

Per and Cry transcription. In addition, CLOCK:BMAL1 activates transcription of 

orphan nuclear receptor genes Rev-Erbα/β and RORα/β. These genes encode for 

transcriptional repressors and activators, respectively,  competing for RORE 

binding sites in the Bmal1 promoter (Preitner et al., 2002). Moreover, a number 

of posttranslational modifications (e.g. phosphorylation, histone acetylation, 

methylation and sumoylation) and posttranscriptional modifications (e.g. RNA 

polyadenylation and methylation) have been found to control circadian clock 

dynamics (Lee et al., 2001; Gallego and Virshup,  2007; Kojima et al., 2012; 

Fustin et al., 2013). 

These mechanisms are shared by virtually all mammalian cells and most tissues 

exhibit persistent circadian oscillations in gene expression and function 

(Dibner et al., 2010; Mohawk et al., 2012). Further tissue-specific regulation of 

clock-controlled genes can result from interactions of core clock components 

with chromatin remodelers and local transcription factors (Masri and Sassone-

Corsi, 2013). The period of the circadian clock, however, is not exactly 24 hours 

and needs daily resetting by light to prevent misalignment with the light-dark 

cycle (Dibner et al., 2010; Mohawk et al., 2012). To this end, neurons in the 

suprachiasmatic nucleus (SCN) of the hypothalamus are reset by incoming light 

signals via the retinohypothalamic tract. The SCN then synchronizes cells in the 

rest of the body and brain, the peripheral oscillators, via the autonomic nervous 

system, hormones such as glucocorticoids, body temperature and feeding 

behavior. Alternatively, metabolic signals deriving from food intake can 

overrule signals imposed by the SCN and synchronize peripheral oscillators to 

feeding time. As a result, there is a close reciprocal relationship between 

metabolism and circadian rhythms, allowing the circadian clock to temporally 

restrict metabolic processes. Circadian rhythmicity is, in other words, vital for 

metabolic homeostasis. This becomes apparent when light signals and 

metabolic signals are not in phase (e.g. during shift work or jet lag) causing 

peripheral oscillators to be uncoupled from the SCN (Damiola et al., 2000). 

Such a misalignment between circadian rhythms and metabolic cues poses an 
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increased risk for metabolic disease and cancer (Bechtold et al., 2010; Janich et 

al., 2014). 

The mechanisms coupling metabolism to the circadian clock are rapidly being 

uncovered and clearly show their extensive crosstalk (Bass and Takahashi, 

2010; Asher and Schibler, 2011; Sahar and Sassone-Corsi, 2012). Whereas the 

circadian clock controls a large range of metabolic processes, metabolic fluxes 

in glucose, oxygen levels, ATP, NAD+ and glucocorticoids regulate circadian 

function via AMPK and SIRT1 activity (Bass and Takahashi, 2010). In addition, 

we have demonstrated that insulin directly modulates circadian rhythms by 

controlling Clock expression in the liver (Chaves et al., 2014). Transcription 

factor FOXO3, inactivated by insulin-PI3K signalling, was found to be necessary 

for circadian rhythmicity by binding directly to the Clock promoter. In other 

words, FOXO3 directly links metabolism to the circadian clock.  

 

Moreover, the circadian clock and metabolism converge on epigenetic 

mechanisms (Bellet and Sassone-Corsi, 2010; Aguilar-Arnal and Sassone-Corsi, 

2013). Chromatin remodelling induced by cellular metabolites can result in 

transcriptional activation or silencing of promoters of clock-controlled genes 

(Aguilar-Arnal and Sassone-Corsi, 2013). Importantly, the post-translational 

modifications of histones driving this plasticity (Cheung et al., 2000) are 

dynamically present on CCG promoters following a circadian rhythm (Doi et 

al., 2006; Etchegaray et al., 2003). For instance, CLOCK:BMAL1 is rhythmically 

recruited to the rhythmically acetylated Dbp promoter (Ripperger and Schibler, 

2006). Importantly, CLOCK has intrinsic histone acetyl transferase (HAT) 

activity driving H3K14 acetylation at CCG promoters in a circadian manner (Doi 

et al., 2008). Therefore, the circadian clock regulates gene expression by 

controlling chromatin remodelling in response to metabolism (Aguilar-Arnal 

and Sassone-Corsi, 2013).   

2.2 Circadian rhythms and the cell cycle 

The cell cycle is divided into sequential stages known as G1, S, G2 and M phases. 

DNA is replicated in the S phase, mitosis occurs in the M phase and the G1 and 

G2 phases are intermediary growth periods terminating in cell cycle 

checkpoints. Cell cycle progression depends on the sequential and transient 

activation of cyclin-dependent kinase-cyclin complexes controlling these 

checkpoints (Satyanarayana and Kaldis, 2009). Since the activation and 

repression of these cell cycle regulators is periodic, the cell cycle can be 
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considered as a biological oscillator coexisting with the circadian oscillator 

(Hunt and Sassone-Corsi, 2007). Cyclin-dependent kinase inhibitors p16Ink4A, 

p21cip1/waf1 (p21) and p27Kip1, for instance, are critical in halting progression of 

the cell cycle (Satyanarayana and Kaldis, 2009). On the other hand, 

phosphatases of the Cdc25 family promote cell cycle transition by activating 

the cyclin-dependent kinase complexes. 

 

Interestingly, the circadian clock controls both transcription and direct protein-

protein interactions of cell cycle regulators. Circadian expression of cell cycle 

inhibitor p21, for instance, is regulated by REV-ERBα and RORα/γ (Gréchez-

Cassiau et al., 2008) whereas circadian transcription of p16-Ink4A depends on 

NONO, a partner of PER (Kowalska et al., 2013). Similarly, circadian 

transcription of Wee1, which encodes for the kinase controlling G2/M 

transition, is regulated by the CLOCK:BMAL1 dimer (Matsuo et al., 2003). Core 

clock components CRY, PER and TIM, moreover, control G1/S and G2/M 

transitions by interacting with the ATR-CHK1 and ATM-CHK2 DNA damage 

pathways (Kang and Leem, 2014; Yang et al., 2010). Among the clock-controlled 

cell cycle regulators are Sox9, Itga6, Wnt3, Smad7, Cdk4, LHx2, Tcf4, β-catenin 

as well as known oncogenes c-Myc and Mdm2, tumor suppressor p53 and 

cyclins Ccnd1 and Ccnd1b (Fu and Kettner, 2013). 

 

The circadian clock is, therefore, commonly understood to gate cell cycle 

progression (Matsuo et al., 2003; Kowalska et al., 2010; Karpowicz et al., 2013; 

Plikus et al., 2013). However, two recent studies using single live cell imaging 

found that the cell cycle modulates the circadian clock (Feillet et al., 2014; 

Bieler et al., 2014). As such, it has been argued to reject the concept of a 

circadian clock gating the cell cycle and to consider a bidirectional relationship 

in which the cell cycle affects the circadian clock and vice versa instead (Feillet 

et al., 2015). Tumor suppressor p53 could be key in linking the cell cycle and 

circadian clock in a bidirectional way, as it was found to repress Per2 

transcription, preventing binding of CLOCK:BMAL1 (Miki et al., 2013). 

Importantly, coupling of the circadian clock to the cell cycle minimizes DNA 

damage during replication (Chen and McKnight, 2007; Brown, 2014). As 

metabolic processes cause the formation of mutagenic free radicals, the 

circadian clock could segregate DNA replication away from periods when 

metabolic rates are highest. As such, circadian rhythms, the cell cycle and 

metabolic cycles are strongly interconnected.  
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2.3 Circadian rhythms in stem cell homeostasis 

The importance of circadian function in maintaining tissue homeostasis has 

emerged in recent years (Brown 2014; Janich et al., 2014; Weger et al., 2017; 

Dierickx et al., 2017). Circadian disruptions, for instance, have been found to 

cause tissue-specific pathologies in the liver, pancreas, adipose tissue, muscle, 

intestine, the hematopoietic system, the skin, cartilage and the brain (Janich et 

al., 2014). Amongst tissue-specific roles that promote homeostasis, the 

circadian clock has an important function in regulating stem cell homeostasis. 

Such a mechanism has been documented in stem cells within the skin, the 

regenerating intestine, hair follicle and adult hippocampus, amongst others 

(Geyfman et al., 2012; Janich et al., 2013; Plikus et al., 2013; Karpowicz et al., 

2013; Bouchard-Cannon et al., 2013).  

 

Another major role for the circadian clock could lie in the generation of 

heterogeneity within a stem cell population (Janich et al., 2011, 2013). Using a 

Per1-Venus mouse model as a circadian clock reporter, the hair follicle stem 

cell niche was shown to contain coexisting populations of dormant stem cells 

in different circadian phases. As a result, these stem cells express different 

receptors than their neighbours, making them either predisposed, or less 

prone, to activating signals. This circadian heterogeneity in epidermal stem cell 

function was further explored in a subsequent study (Janich et al., 2013). By 

determining clock gene expression in keratinocyte stem cells during the day, 

the authors were able to identify distinct stem cell populations. These 

populations also showed distinct transcriptional profiles related to 

proliferation and differentiation. Differentiation pathways were upregulated in 

the morning, whereas expression of genes involved in DNA replication was 

increased in the evening. As such, this heterogeneous stem cell population can 

be expected to have differential metabolic needs as well. Indeed, single 

epidermal stem cells differed in their metabolic activity during the day but also 

from their neighbours in a different circadian phase (Stringari et al., 2015).  

 

These are interesting findings as they suggest a pivotal role for the circadian 

clock in stem cell biology. A stem cell niche with a plethora of circadian phases 

would continuously be able to offer an adequate response to external cues while 

never exhausting the whole population at once. As such, the circadian clock 

might create a tremendous complexity within the stem cell niche. Not only do 

stem cells differ in the response to a differentiation signal during the day 
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(Janich et al., 2013), their activation depends on the circadian phase which 

might be different from their neighbours. In turn, neighbouring cells might 

reciprocally inhibit the activation of surrounding cells via juxtacrine signalling. 

In the developing nervous system, for example, a salt-and-pepper pattern of 

Notch signalling results in lateral inhibition of neural progenitors preventing 

them from differentiating (Kageyama et al., 2008).  

 

Conceptually, two stem cells in the same circadian phase might, therefore, still 

differ in their response to the same activating signal if these cells are 

surrounded by different neighbours. Similarly, stem cells in the same circadian 

phase could still function differently when their position towards incoming 

signals differs (i.e. next to a blood vessel or at opposing ends of a signalling 

gradient). Together, this would result in an extraordinary level of complexity 

within the stem cell population. However, this is speculative for now: it is 

unknown whether this mechanism of clock-mediated stem cell heterogeneity 

observed in the hair follicle is conserved in all adult stem cell niches.   

 

3. Circadian rhythms in adult neurogenesis  

3.1. Neural stem cells and their niches 

Neural stem cells are the multipotent source of neurons, astrocytes and 

oligodendrocytes in the central nervous system (Taupin and Gage, 2002; 

Merkle and Alvarez-Buylla, 2006). Having the ability to self-renew or remain 

in a quiescent state outside of the cell cycle (i.e. G0 phase), NSCs are capable of 

producing neurons and glia throughout life. In order to retain this ability, 

regulation of the cell cycle entry and exit dynamics of NSCs is vitally important. 

If NSCs lose the ability to remain quiescent and start to proliferate in an 

uncontrolled manner, their population could become exhausted leaving the 

adult and aging brain with diminished levels of neurogenesis (Encinas et al. 

2012; Ro et al. 2013). Coupling of the circadian clock to the cell cycle could, 

conceptually, maintain this balance by regulating cell cycle entry and exit of 

neural stem cells.   

 

In the adult brain, NSC reside in restricted niches, predominantly in the 

subgranular zone (SGZ) of the dentate gyrus (DG) of the hippocampus and in 

the subventricular zone bordering the lateral ventricles (Basak and Taylor, 

2009). These niches have their own microenvironment and are highly 
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vascularized (Scadden, 2014; Licht and Keshet, 2015). As a result, NSCs are well 

positioned to respond to external signals to remain quiescent or to re-enter the 

cell cycle (Scadden, 2014; Lugert et al., 2010). These signals largely derive from 

a variety of signalling pathways, notably Wnt, BMP, Notch and Shh, which 

control adult NSC fate and self-renewal in a context-dependent and often 

antagonistic manner (Seib et al., 2013; Mira et al., 2013; Ehm et al., 2010; 

Imayoshi et al., 2010; Ahn et al., 2005). WNT signalling, for example, promotes 

self-renewal and induces neuronal differentiation (Qu et al., 2010; Piccin and 

Morshead, 2011) whereas BMP signalling inhibits proliferation and promotes 

astrocytic fates in NSCs (Lim et al., 2000; Colak et al., 2008).  

 

These signalling pathways, importantly, are thought to be regulated by the 

circadian clock (Brown, 2014). Genes encoding members of the Notch, Wnt, 

TGFβ and BMP pathways have been found to be expressed in a circadian 

manner in human hair follicle stem cells (Janich et al., 2011, 2013). For 

instance, Wnt pathway components and cell cycle regulators Sox9, Wnt3a, Tcf4, 

beta-catenin, Lhx2 and c-Myc are directly clock-regulated (Fu and Kettner, 

2013) as well as Smad7, which is a BMP signalling inhibitor inhibiting NSC 

proliferation (Krampert et al., 2010). Interestingly, BMAL1 was found to 

rhythmically bind to the promoter of these genes (Janich et al., 2011; Rey et al., 

2011). In myoblasts, BMAL1 positively regulates transcription of Wnt genes, the 

accumulation of ß-catenin - the key transducer of canonical Wnt signalling – 

and the expression of Wnt target genes (Guo et al., 2012; Chatterjee et al., 

2013). As such, circadian activity of these signalling pathways could result in 

oscillatory NSC cell cycle entry and exit. A role for circadian rhythms in 

signalling pathways regulating NSC fates, however, has yet to be established.   

 

In addition to these canonical signal transduction pathways, metabolism and 

oxidative stress are increasingly found to control proliferation of NSCs (Le 

Belle et al., 2011; Rafalski and Brunet, 2011; Knobloch and Jessberger, 2017). 

Importantly, regulation of metabolic processes and oxidative stress responses 

are intimately connected to the circadian clock (Sahar and Sassone-Corsi, 2012; 

Peek et al., 2013). Moreover, clock-regulated p53, Mdm2 and Cdk4 (Fu and 

Kettner, 2013) also have an important role in NSC cell cycle dynamics. P53, for 

instance, suppresses adult NSC self-renewal (Meletis et al., 2006) but its 

ubiquitin-dependent degradation is promoted by MDM2 (Kruse & Gu, 2009). 

Cdk4, conversely, promotes neural stem cell expansion in the adult brain at the 

expense of neurogenesis (Artegiani et al., 2011). 
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As such, it is conceivable that the coupling between metabolic cycles, circadian 

rhythms and the cell cycle is important for neural stem cell maintenance. This 

would temporally allow NSCs to leave and enter the cell cycle, resulting in 

rhythmic neurogenesis, while maintaining the stem cell population.  

3.2. Circadian rhythms in adult neurogenesis 

A number of studies have examined daily rhythms in hippocampal neurogenesis 

with varying outcomes (Table 1). In one of these studies, adult rats were 

injected with thymidine analog 5-Bromo-2′–deoxyuridine (BrdU) at four 

different time points across the light-dark cycle and sacrificed two hours later 

(Guzman-Marin et al., 2007). This revealed a circadian rhythm in the number 

of dividing, BrdU-positive cells in the subgranular zone (SGZ) of the dentate 

gyrus, but not in the hilus. This suggests that the presence of circadian rhythms 

in hippocampal cell proliferation may differ between anatomical regions in the 

dentate gyrus. Indeed, another study reported a circadian rhythm in BrdU 

incorporation in the granule cell layer (GCL) and in the hilus but not in the SGZ 

(Kochman et al., 2006). This is in line with a study in rats showing a decrease 

in cell proliferation in the hilus but not in the SGZ following sleep deprivation 

(Roman et al., 2005). Yet another study in rats did not report circadian 

proliferation in the GCL nor in the hilus or in the dentate gyrus (Ambrogini et 

al., 2003). However, the authors of this study examined BrdU incorporation at 

only four time points rather than six and waited for 24 hours past BrdU 

injections instead of the 2-hour pulses used by Kochman and co-workers. As 

such, methodological differences likely account for the different outcomes.  

 

Nevertheless, circadian rhythms in mitotic cells have also been found in the 

SGZ of the dentate gyrus of adult Syrian hamsters, rats and mice (Tamai et al., 

2008; Smith et al., 2010; Gilhooley et al., 2011; Matsumoto et al., 2011; 

Bouchard-Cannon et al., 2013; Schnell et al., 2014). Importantly, the increase 

in dividing SOX2+ GFAP+ hippocampal progenitors was accompanied by an 

increase of DCX+ newborn neurons (Tamai et al., 2008; Bouchard-Cannon et 

al., 2013). 
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Interestingly, two studies report no circadian variation in the hippocampal cells 

positive for either BrdU (Holmes et al., 2004) or proliferation marker Ki67 (van 

der Borght et al., 2006). However, access to a running wheel in the middle of 

the dark period increased neurogenesis but not during other periods (Holmes 

et al., 2004). Similarly, mice housed with a running wheel for 9 days showed 

increased cell proliferation in the SGZ compared to sedentary controls (Van der 

Borght et al., 2004). This effect was most profound directly after the dark phase 

although the interaction was not statistically significant (Van der Borght et al., 

2004). This suggests that the circadian clock, possibly via circadian regulation 

of neurogenic factors (Holmes et al., 2004), may enhance exercise-induced 

neurogenesis. However, it is also conceivable that circadian oscillation are 

more easily detected when levels of neurogenesis are elevated following 

running activity.   

 

In summary, adult hippocampal neurogenesis likely exhibits a circadian rhythm 

but results differ between regions and seem to depend on the proliferation 

markers and number of time points used. Perhaps circadian control of 

proliferation is limited to subsets of neural stem cells. Moreover, the variability 

Table 1. Circadian rhythms in neural stem cell proliferation in the adult hippocampus and 
subventricular zone of the lateral ventricle. 

Region Circadian rhythm 

in proliferation 

Period of maximum 

proliferation 

Ref. 

dentate 

gyrus 

SGZ Present end of light phase – dark 

phase 

[1 – 7] 

Absent - [8 – 11] 

GCL Present end of light phase [8]  

 Absent - [11] 

hilus Present light phase [8] 

Absent - [1, 11] 

SVZ of lateral 

ventricle  

Absent - [4] 

 

1, Guzman-Marin et al., 2007; 2, Smith et al., 2010; 3, Gilhooley et al., 2011; 4, Tamai et al., 

2008; 5, Bouchard-Cannon et al., 2013; 6, Schnell et al., 2014; 7, Matsumoto et al., 2011; 8, 

Kochman et al., 2006; 9, van der Borght et al., 2006; 10, Holmes et al., 2004; 11, Ambrogini et 

al., 2006. SGZ, subgranular zone; GCL, granule cell layer; SVZ, subventricular zone; LV, lateral 

ventricle 
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in outcomes using different proliferation markers suggest a differential role of 

the circadian clock in the neural stem cell cycle. Hippocampal NSCs, for 

instance, have been found to lack daily variation in S-phase marker BrdU but 

did show a circadian rhythm in M-phase marker PH3 (Tamai et al., 2008; 

Matsumoto et al., 2011). This might also explain the absence of circadian 

rhythmicity in SGZ proliferation in some studies using BrdU (Kochman et al., 

2008). As such, the circadian clock may differentially regulate cell cycle entry 

or cell cycle progression in different neural stem cells.     

Alternatively, the effects of circadian disruptions on hippocampal proliferation 

have been examined. For instance, 6-hour phase advances every third day, 

mimicking jet lags, resulted in decreased neurogenesis in hamsters and 

impaired long-term learning and memory (Gibson et al., 2010). Similarly, 

weekly 6-hour phase shifts led to a reduced number of DCX+ immature neurons 

in the rat dentate gyrus (Kott et al., 2012). This effect was enhanced with more 

weeks of phase shifts and was only true for a phase advance and not for a phase 

delay (Kott et al., 2012). Disruption of circadian rhythms, however, results in 

sleep deprivation and stress, both of which are known to suppress hippocampal 

neurogenesis (Lucassen et al., 2010). Indeed, levels of stress hormone cortisol 

were increased in ‘jet-lagged’ hamsters (Gibson et al., 2010). In addition, mice 

kept in a constant light environment showed a clear decrease in the number of 

BrdU-labelled βIII-tubulin-positive newborn neurons and had impaired 

hippocampus-dependent memory formation (Fujioka et al., 2011). A similar 

study in rats, however, found no significant difference in total cell survival or 

new neurons following 3 weeks of constant light (Mueller et al., 2011). Since 

running is known to enhance neurogenesis (van Praag et al., 1999), however, 

reduced running activity in a constant light may directly result in impaired 

neurogenesis. 

3.3. Circadian clock in adult neural stem cell maintenance 

Various knockout mice with deletions in clock genes have been used to directly 

study the effect of the circadian clock on neural stem cell proliferation (Table 

2). Interestingly, mice exhibit a loss of a diurnal rhythm in hippocampal 

neurogenesis in the absence of either Bmal1, Rev-erbα or Per2 (Bouchard-

Cannon et al., 2013; Schnell et al., 2014; Borgs et al., 2009).  
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Whereas the number of BrdU-positive cells was clearly increased in young 

Bmal1-/- mice, doubling the number found in controls (Bouchard-Cannon et al., 

2013), adult Bmal1-/- mice exhibit striking decrease in proliferating cells, to half 

the number found in controls (Ali et al., 2015). No difference in hippocampal 

cell proliferation, however, was found in young adult Bmal1-/- mice of 60-days 

old (Rakai et al., 2014). Together, this suggests that the absence of Bmal1 

results in increased proliferation of NSCs, leading to a premature depletion of 

the stem cell population.  

 

Table 2. Role of clock genes in adult neurogenesis.  

Gene Phenotype of mouse mutant Ref. 

Bmal1 Arrhythmic 

Loss of circadian rhythm in hippocampal neurogenesis  

Increased hippocampal neurogenesis in young mice, no 

difference in adult mice, and decreased neurogenesis in old 

mice.   

Increased cell death in the dentate gyrus  

Impaired cognitive function 

[1-6] 

 

Per2 

 

Shorter circadian period, gradually arrhythmic  

Loss of circadian rhythm in hippocampal neurogenesis  

Increased hippocampal neurogenesis in young mice 

Impaired cognitive function 

 

[6,7,8] 

 

Rev-Erbα 

 

Rhythmic with shorter circadian period  

Loss of circadian rhythm in hippocampal neurogenesis 

Increased hippocampal neurogenesis in young mice 

Impaired cognitive function 

 

[9,10] 

 

Cry1 / Cry2 

 

Arrhythmic  

Smaller SVZ and DG-derived primary neurospheres 

Impaired cognitive function 

 

[5, 11, 12] 

 

1, Rakai et al., 2014; 2, Ali et al., 2015; 3, Kondratov et al., 2006; 4, Kondratova et al., 2010; 5, 

Malik et al., 2015b; 6, Bouchard-Cannon et al., 2013; 7, Borgs et al., 2009; 8, Zheng et al., 

1999; 9, Preitner et al., 2002; 10, Schnell et al., 2014; 11, van der Horst et al., 1999; 12, 

Vitaterna et al.¸1999 
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Young mice with a loss of Per2 also exhibit an increased number of neural 

progenitors in the dentate gyrus (Bouchard-Cannon et al., 2013; Borgs et al., 

2009) and both Bmal1-/- and Per2-/- mice show an increased cell cycle entry of 

SOX2+GFAP+ qNSCs (Bouchard-Cannon et al., 2013). Unlike Per2-/- mice, Bmal1-

/- mice also showed an increase in the number of SGZ cells leaving the cell cycle 

with an increase in newborn NeuN+ neurons in the SGZ. As such, Per2 and 

Bmal1 both likely restrain qNSCs from entering the cell cycle with Bmal1 also 

limiting the number of cell divisions occurring in aNSCs before they leave the 

cell cycle towards differentiation.   

Rev-erbα-/- mice, moreover, showed constantly high levels of hippocampal 

neurogenesis and exhibited impaired hippocampus-dependent cognitive 

function (Schnell et al., 2014). Interestingly, REV-ERBα was found to repress 

expression of Fabp7, a marker of mitotically active NSCs, and may therefore 

limit activation of NSC (Schnell et al., 2014). This is in line with the putative 

function of BMAL1 in restraining NSC activation to prevent exhaustion of the 

NSC population (Bouchard-Cannon et al., 2013). REV-ERBα, however, is a 

negative transcriptional regulator of Bmal1 expression and Rev-erbα-/- mice 

show increased Bmal1 expression (Preitner et al., 2002). Also, Bmal1-/- are 

arrhythmic (Bunger et al., 2000) while Rev-erbα -/- mice are still rhythmic and 

exhibit a shorter circadian period in constant darkness. Therefore, it would be 

interesting to determine if a REV-ERBα deficiency also results in the depletion 

of NSCs in aged animals. 

 

Five to eight months old Cry1-/-Cry2-/- double knockout mice, moreover, show 

reduced numbers of SVZ and DG-derived neurospheres (Malik et al., 2015b). 

Although the authors argued that this resulted from suppressed proliferation 

or increased apoptosis, it seems more likely that the NSC population has 

become depleted in the absence of these two cryptochromes with a phenotype 

similar to that of Bmal1-/- mice. Cry1-/-Cry2-/- knockout mice, for instance, show 

diminished Bmal1 expression (Shearman et al., 2000) whereas loss of NSCs can 

already be observed in 3 month-old Bmal1 KO mice (Bouchard-Cannon et al., 

2013). Also, Cry1-/-Cry2-/- show an impaired cognitive function arguably similar 

to the cognitive deficit observed in Bmal1-/-, Per2-/- and Rev-erbα-/- mice 

(Kondratova et al., 2010; Bouchard-Cannon et al., 2013; Schnell et al., 2014).   

 

This suggests that Bmal1, Per2, Rev-erbα, and Cry1/2 may similarly regulate 

hippocampal neurogenesis. This is striking since these core clock components 
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act either as activators or repressors within the clockwork machinery and have 

different behavioral phenotypes. Considering the interconnecting feedback 

loops regulating clock gene expression, however, it seems likely that in the 

absence of any component, the circadian clock would be severely impaired. In 

these clock mutant mice, however, various other organs besides the brain were 

likely affected, which could have interfered with adult neurogenesis. For 

instance, insulin production and liver function rely on a functional circadian 

clock (Allaman-Pillet et al., 2004; Kornmann et al., 2007). In a clock gene 

mutant mouse, metabolic dysfunction could therefore have impaired neural 

stem cell behavior (Knobloch and Jessberger, 2017). Nevertheless, knockdown 

of Bmal1 and Clock in neurospheres did also directly affect neurogenesis 

(Kimiwada et al., 2009). Moreover, Nestin-Cre transgenic mice with a brain-

specific deletion of Bmal1 developed severe age-dependent pathology in the 

cortex and hippocampus (Musiek et al., 2013). Together, this asserts that a 

functional circadian clock is essential to maintain the neural stem cell 

population throughout life.  

This is functionally reminiscent of cell cycle inhibitor p21, tumor suppressor 

p53 and FOXO transcription factors, loss of which results in increased 

proliferation culminating in neural stem cell depletion (Kippin et al., 2005; 

Meletis, 2005; Ro et al., 2013). For instance, both FoxO1/3/4 triple and FoxO3 

single knockout mice show an initial increase in NSC proliferation at young age 

and a reduced NSC population in the adult brain (Paik et al., 2009; Renault et 

al., 2009). Therefore, mechanisms governing the circadian clock and neural 

stem cell maintenance may converge. Indeed, p21 has been identified as a clock-

controlled gene as it is rhythmically expressed following binding of the REV-

ERB and ROR nuclear receptors (Gréchez-Cassiau et al., 2008). Moreover, p53 

has been found to repress CLOCK:BMAL1-mediated activation of Per2 

expression (Miki et al., 2013) and we have found FOXO3 to regulate Clock 

transcription in the liver (Chaves et al., 2014). As such, these regulators of 

neural stem cell fates are likely interconnected with the circadian clock. 

3.4. Coupling of circadian rhythms to the cell cycle in neural stem cells 

The presence of circadian rhythms in hippocampal cell proliferation suggests 

that the cell cycle of neural stem cells is directly coupled to the circadian clock. 

Indeed, levels of phosphorylated CDK1, an initiator of G2/M transitions, and the 

number of PH3+ cells, residing in M-phase, both peaked at night in the dentate 

gyrus (Tamai et al., 2008). Moreover, BrdU incorporation, marking the S-
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phase, has been found at its highest at the end of the day (Bouchard-Cannon et 

al., 2013).  

 

A recent study (Akle et al., 2017) further demonstrated that cell cycle 

progression and the circadian clock are coupled in the adult zebrafish brain. By 

examining cell cycle markers in various neurogenic niches, the authors 

observed G1/S transition in the morning, progression through the S-phase 

during the day with G2/M and mitosis occurring late at night. Moreover, the 

circadian expression of cell cycle regulators cyclin A2, cyclin B2, cyclin D and 

cyclin-dependent kinase inhibitor p20 accompanied these transitions. 

Interestingly, circadian phases differed between different neurogenic niches 

suggesting niche-specific regulation by the circadian clock. As such, this paper 

raises an intriguing question: is this niche-specific clock function conserved in 

the mammalian brain? Most studies examining circadian rhythms in 

neurogenesis, however, have focused on the dentate gyrus and little is known 

about clock function in other neurogenic niches. So far, the only study 

examining circadian proliferation in the SVZ did not detect a proliferation 

rhythm in this niche as opposed to the time-of-day dependent increase in 

proliferating cells found in the DG (Tamai et al., 2008). The complete absence 

of a diurnal rhythm in SVZ neurogenesis, however, seems unlikely. Whereas 

newborn olfactory bulb neurons generated from SVZ NSCs are thought to be 

important for odor discrimination (Gheusi et al., 2000; Breton-Provencher et 

al., 2009), olfactory discrimination is reportedly regulated by a circadian clock 

within the olfactory bulbs (Granados-Fuentes et al., 2011). Rather, in these 6-

week old mice, the number of proliferating cells in the SVZ was about a 4-fold 

higher than in the DG. (Tamai et al., 2008). Possibly, any circadian restraints 

on neural stem cell maintenance are outweighed by the high rates of SVZ 

neurogenesis at this age.   

 

Alternatively, Bouchard-Cannon et al. (2013) observed a circadian rhythm in 

cell cycle entry of quiescent NSCs. The authors found an increased proportion 

of active BrdU+SOX2+GFAP+ neural stem cells in the dentate gyrus relative to 

the total population of SOX2+GFAP+  NSCs at the end of the day. These 

rhythms, interestingly, were absent in both Bmal1-/- and Per2-/- mice. As such, 

the age-related depletion of NSCs in Bmal1-/- is likely caused by loss of 

quiescence and increased cell cycle entry (Ali et al., 2015). Together, these 

studies suggest that the circadian clock may differentially regulate cell cycle 

entry and cell cycle progression in neural stem cells.  
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3.5. Circadian clock in neural stem cell differentiation 

The circadian clock not only regulates NSC proliferation but likely controls 

neural stem cells differentiation as well. For instance, in the absence of Bmal1 

hippocampal NSCs increasingly differentiated into GFAP+ astrocytes at the 

expense of neurons expressing NeuN, DCX and beta-III tubulin (Ali et al., 2015; 

Malik et al.,  2015b). Similarly, knockdown of Bmal1 and Clock in cultured NSCs 

both resulted in less Map2-positive (Kimiwada et al., 2009). Mice with a 

functional mutation in PER2, however, show an increase in DCX+ and NeuroD+ 

immature neurons in the SGZ but no differences in GFAP+ astrocytes or O4+ 

oligodendrocytes (Borgs et al., 2009). Additionally, in the absence of  the Cry1 

and Cry2 genes, mice exhibit normal percentages of neuronal cells but 

increased astrocyte proliferation (Malik et al., 2015b). Together, these studies 

suggest that Bmal1 and Clock promote NSCs to adopt neuronal fates at the 

expense of astroglial lineages, which is inhibited by repressors Per2, Cry1 and 

Cry2.   

Mechanistically, BMAL1 and CLOCK could directly regulate neural stem cell 

fates by binding to an E-box element in the promoter region of neurogenic 

transcription factors and by chromatin remodeling caused by histone 

acetyltransferase (HAT) activity of the CLOCK protein (Doi et al., 2006; 

Nakahata et al., 2008; Kimiwada et al., 2009). Indeed, downregulation of Bmal1 

and Clock suppressed both gene expression of transcription factor NeuroD1 and 

neuronal differentiation (Kimiwada et al., 2009). Expression of Id2 and Hey1, 

conversely, increased following downregulation of Clock. Whereas NeuroD1 

promotes neuronal differentiation (Gao et al., 2009), Id2 and Hey1 promote 

self-renewal of neural stem cells and inhibit proneuronal basic helix-loop-helix 

transcription factors such as NeuroD1 and Mash1 (Jung et al., 2010; Sakamoto 

et al., 2003). Similarly, CLOCK:BMAL1 was found to directly regulate Pax6 

expression by binding to an E-box element within its promoter (Morgan, 2004). 

Transcription factor Pax6, interestingly, was found to control the balance 

between neural stem cell self-renewal and neurogenesis in both the adult and  

developing brain (Curto et al., 2014; Sansom et al., 2009). Therefore, the 

circadian clock may exert control of neural stem cell fates by regulating 

expression of transcription factors.  

Importantly, mouse embryonic (ES) stem cells have been found to lack 

circadian expression of clock genes in two independent studies (Yagita et al., 

2010; Kowalska et al., 2010). Neuronal differentiation of ES cells, however, 

induced circadian oscillations in Bmal1 expression (Yagita et al., 2010; 
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Kowalska et al., 2010). Interestingly, these neural stem cells were later 

dedifferentiated using reprogramming factors Oct3/4, Sox2, Klf4 and c-Myc. As 

a result, circadian oscillations disappeared again with gene expression Cry1, 

Per2 and Bmal1 returning to the levels observed in ES cells (Yagita et al., 2010). 

In other words, iPSCs match ES cells in both circadian rhythmicity and levels 

of clock gene expression (Yagita et al., 2010). Despite the apparent absence of 

a functional circadian clock in ES cells, circadian oscillations in glucose uptake 

and glucose transporter mRNA have been observed (Paulose et al., 2012). 

Therefore, it can be argued that differentiation from ES cells to NS cells induces 

a functional circadian clock.  

Conversely, differentiation of activated neural stem cells may induce circadian 

rhythmicity. During differentiation, circadian rhythms in clock gene expression 

emerged in neurospheres (Kimiwada et al., 2009; Malik et al., 2015a). This was 

accompanied by a decrease in stem cell markers SOX2 and Nestin and an 

increase of cells expressing differentiation markers DCX, beta-III tubulin, NeuN 

and GFAP. Since neurospheres are mainly derived from activated neural stem 

cells rather than quiescent neural stem cells (Codega et al., 2014), qNSCs might 

lose their circadian rhythmicity upon activation and regain rhythmicity during 

subsequent differentiation. However, the putative absence of a circadian 

rhythm in activated NSCs is contradictory to the circadian control of cell cycle 

progression and exit observed in adult neural stem cells in vivo (Akle et al., 

2017; Bouchard-Cannon et al., 2013). Nevertheless, these studies suggest that 

circadian rhythmicity may have a dual function in the neurogenic lineage: 

promoting maintenance of neural stem cells as well as cellular homeostasis of 

terminally differentiated neurons, for instance by regulating neuronal redox 

homeostasis (Musiek et al., 2013).  

4. SIRT1 and circadian rhythms in neural stem cells 

4.1. SIRT1 links circadian rhythms and metabolism  

In recent years, NAD-dependent deacetylase SIRT1 has emerged as an 

important link between circadian rhythms and metabolism by connecting the 

enzymatic feedback loop regulating the NAD+ salvage pathway and the 

circadian transcriptional-translational feedback loop (Nakahata et al., 2009; 

Bellet et al., 2011; Eckel-Mahan and Sassone-Corsi, 2013). Deacetylating both 

histones and transcriptional regulatory proteins, SIRT1 is involved in genome 

stability, transcriptional silencing, metabolism and longevity (Blander and 
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Guarente 2004; Dali-Youcef et al. 2007). Transcription factors known to be 

direct targets of SIRT1 include PGC1a (Rodgers et al., 2008), LXR (Li et al., 

2007), p53 (Vaziri et al., 2001), Hes1 (Takata and Ishikawa 2003; Fusco et al., 

2016) and FoxO family members (Motta et al., 2004; Brunet et al., 2004).   

SIRT1 requires the breakdown of one NAD+ molecule for its deacetylase activity 

and is, therefore, closely connected to the [NAD+]/[NADH] ratio within a cell 

(Blander and Guarente 2004; Dali-Youcef et al. 2007).  Metabolic activity 

during respiration results in oxidative stress and increases the ratio of [NAD+] 

to [NADH] ratio. In low energy conditions, the [NAD+]/[NADH] ratio is high, 

prompting SIRT1 activity to respond to the cellular energy status. Therefore, 

SIRT1 is both an important sensor of cellular energy and a mediator of 

metabolism and epigenetic regulation, mechanisms found critical in circadian 

regulation as well.  

Importantly, SIRT1 regulates the circadian clock via rhythmic deacetylation of 

BMAL1 and histones in circadian promoters and is rhythmically recruited to the 

CLOCK:BMAL1 chromatin complex (Asher et al., 2008; Nakahata et al., 2008). 

Moreover, SIRT1 has been found promote the deacetylation and subsequent 

degradation of repressor PER2 (Asher et al., 2008). As such, SIRT1 regulates 

CLOCK:BMAL1 transcriptional activity and the expression of clock-controlled 

genes. Interestingly, SIRT1 was found to counteract CLOCK-mediated 

acetylation of BMAL1 at Lys537 and histone H3 in circadian promoters 

(Hirayama et al., 2007; Doi et al., 2006, Nakahata et al., 2008). As such, the 

resulting dynamic interplay between the NAD+-dependent SIRT1 and CLOCK 

connects energy metabolism to the circadian clock machinery.  

Rhythmic SIRT1 deacetylase activity, moreover, is the result of circadian 

control of the NAD+  salvage pathway (Nakahata et al., 2009). Among the CCGs, 

CLOCK:BMAL1 induce expression of Nampt, which encodes for the rate-limiting 

enzyme in the NAD+ salvage pathway (Revollo et al., 2004). In the NAD+ salvage 

pathway, NAMPT converts nicotinamide to NMN, which is then converted to 

NAD+ by Nmnat. The resulting oscillations in NAD+ lead to rhythmic SIRT1 

activity (Nakahata et al., 2009). In other words, NAD+-dependent SIRT1 

controls its own activity by regulating NAD+ levels through modulation of 

transcription of the clock-controlled gene Nampt.  
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4.2. SIRT1 in adult neural stem cells  

Importantly, SIRT1 and NAMPT are expressed in SOX2+ neural stem cells of the 

adult SVZ and DG (Saharan et al., 2013; Ma et al., 2014; Rafalski et al., 2013; 

Stein and Imai, 2014). Since neural stem cell fates are modulated by 

metabolism (Knobloch and Jessberger, 2017) and reactive oxygen species (Le 

Belle et al., 2011; Vieira et al., 2011), it has been argued that the NAD+-

dependent SIRT1 may regulate NSC fates in response to their cellular redox 

state (Prozorovski et al., 2008; Saharan et al., 2013). Indeed, SIRT1 activity in 

adult NSCs increased in response to metabolic stress, coinciding with 

enrichment of SIRT1 responsive genes involved in metabolic pathways (Ma et 

al., 2014).  

Although knockdown of Sirt1 did not affect proliferation of neural progenitors 

in SVZ and hippocampal neurospheres (Saharan et al., 2013), both Sirt1 KO and 

Nestin-Cre Sirt1-/- mice did show an increase in the numbers of both Sox2+ NSCs 

and DCX+ neurons in the hippocampus (Ma et al., 2014). The absence of 

increase in proliferation in Sirt1-/- neurospheres could indicate a developmental 

defect following a Sirt1 deletion. However, a tamoxifen-induced Sirt1 deletion 

at one month after birth resulted in increased proliferation as well (Ma et al., 

2014). Whereas SIRT1 overexpression suppressed proliferation of NSCs and 

directed their differentiation towards the astroglial lineage at the expense of 

the neuronal lineage, inhibition or loss of SIRT1 increased proliferation of NSCs 

and promoted neuronal fate decisions (Saharan et al., 2013). Similarly, 

repression of Sirt1 was found to promote differentiation of mouse iPSCs into 

NSCs (Hu et al., 2014). Interestingly, this stands in contrast with the 

differentiation into neuronal lineages promoted by CLOCK:BMAL1 activity. As 

such, a combination of SIRT1-directed gliogenesis and a CLOCK:BMAL1-directed 

neurogenesis may maintain a balance between astrocytic and neural 

progenitors in the adult brain.  

Together, these studies demonstrate that SIRT1 could act as gatekeeper to 

neural stem cells by mediating responses to metabolic stress. Interestingly, 

conditions that are known to affect hippocampal neurogenesis, such as caloric 

restriction and exercise, also affect metabolic stress (Knobloch and Jessberger, 

2017). Since SIRT1 appears to be a key mediator between circadian rhythms 

and metabolism on the one hand and a regulator of neural stem cell fates on 

the other, it is conceivable that SIRT1 controls CLOCK in neural stem cells in 

order to regulate neurogenesis. Supporting this, adult Bmal1-/- mice showed 
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increase SIRT1 immunoreactivity in the dentate gyrus as well as an 

upregulation of genes responding to oxidative stress Prxdx1 and Mt (Ali et al., 

2015). A direct relationship between SIRT1 and circadian function in neural 

stem cells, however, has yet to be established. 

Importantly, both HES1 and FOXO transcription factors are directly modulated 

by SIRT1 and known for their key roles in adult neural stem cell homeostasis 

and energy metabolism (Fusco et al., 2016; Ro et al., 2013; Rafalski and Brunet, 

2011). HES1, a downstream target of Notch signaling, directly represses the 

expression of proneural genes, such as Mash1 and Neurog2 (Imayoshi and 

Kageyama, 2014). SIRT1, importantly, binds to the Hes1 promoter to represses 

Hes1 expression in NPCs (Fusco et al., 2006; Hisahara et al., 2008) and was 

also found to associate with HES1 to modulate its transcriptional repression 

(Takata & Ishikawa, 2003). Using a γ-secretase inhibitor, Ma and colleagues 

(2014) demonstrated that the increase of NSC proliferation caused by a Sirt1 

deletion was largely abrogated when Notch signaling was inhibited (Ma et al., 

2014). Conversely, inhibition of Notch signaling only increased the percentage 

of Tuj1+ neurons in neurospheres derived from wild-type mice but not when 

the neural progenitors were derived from Sirt1 KO mice. 

4.3 A possible SIRT1-FOXO axis in circadian rhythms and neural stem cell 

maintenance   

SIRT1 is known to directly regulate the activity of FOXO transcription factors 

(van der Horst et al., 2004; Giannakou and Partridge, 2004; Brunet et al., 

2004). For instance, SIRT1 was found to deacetylate FOXO3 in response to 

oxidative stress, resulting in increased cell cycle arrest (Brunet et al., 2004). 

Similarly, increased FOXO3 activity could restore maintenance of 

hematopoietic stem cells in the absence of SIRT1 (Matsui et al., 2012). This is 

in agreement with the prevailing notion that FOXO transcription factors are, 

arguably similar to SIRT1, sensors and regulators of redox signaling in order to 

control cell survival (Keizer et al.,, 2011; Rafalski and Brunet, 2011). Like SIRT1, 

FOXOs are also closely involved in aging and lifespan, and both link 

metabolism, oxidative stress and the circadian clock (Zheng et al., 2007; Chaves 

et al., 2014).   

Direct SIRT1-FOXO interactions, however, have been scarcely studied in adult 

neurogenesis. In neuroblastoma cells, SIRT1 was found to induce neuronal 

differentiation via deacetylation of FOXO3a whereas SIRT1 activated FOXO3-
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dependent transcription in the nucleus accumbens (Kim et al., 2009; Ferguson 

et al., 2015). Since FOXO3 has been recently found to regulate Clock 

transcription under the influence of insulin, such an interaction would be of 

special interest (Chaves et al., 2014). Conceivably, this could indicate the 

existence of an additional feedback loop in SIRT1’s modulation of the circadian 

clock. If so, SIRT1 could regulate Nampt expression and hence its own activity 

in a two-fold way. Next to directly deacetylating CLOCK:BMAL1 complexes, 

SIRT1 might also regulate Clock expression by deacetylating FOXO3. Acetylated 

FOXO3 may then activate Nampt transcription resulting in an increase of Clock-

mediated Nampt expression. 

This is important as it suggests a model in which a SIRT1-FOXO axis is 

paramount to keeping neural stem cell maintenance in tune with circadian 

rhythms. In this model, FoxOs regulate neural stem cells by converging both 

circadian SIRT1 activity and metabolic signals via insulin signaling, possibly 

reflecting the interplay between peripheral oscillators and metabolic 

zeitgebers. Since SIRT1 activates FOXO3 and insulin inhibits FOXO3 activity, 

such a mechanism could alternatingly drive neural stem cells towards dividing 

or holding brakes on the cell cycle.  

 

5. Circadian rhythms in the aging neural stem cell population 

5.1. Circadian rhythms and aging 

Circadian rhythms in physiology, endocrinology, behavior and metabolism are 

all subject to age-related changes (Hood and Amir, 2017b). In the aging brain, 

this is best reflected by attenuated circadian rhythms in both core clock gene 

expression and neuronal activity in the SCN, the master timekeeper (Nakamura 

et al., 2011). However, the age-related decline and altered rhythmicity in clock 

gene expression have also been found in the aging hippocampal neurogenic 

niche (Wyse and Coogan, 2010; Duncan et al., 2013). Perhaps altered clock gene 

expression in aging NSCs may impair their function.   

 

Although circadian output generally shows an age-related decline, a set of 

stress-responsive genes was recently found to adopt de novo robust rhythmic 

expression in old flies (Kuintzle et al., 2017). Constant exposure to oxidative 

stress could induce rhythmicity of these genes in young flies as well, which 

suggests that these so-called ‘late-life cyclers’ could protect against oxidative 

damage (Kuintzle et al., 2017). This phenomenon appears to be conserved, as a 
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post-mortem study on human prefrontal cortex also reported an age-related 

gain of rhythmicity in a number of genes (Chen et al., 2016).  

 

This is reminiscent of two recent reports showing that rhythmic gene 

expression is reprogrammed to adapt to stress in, respectively, the liver and 

aging epidermal and muscle stem cells (Sato et al., 2017; Solanas et al., 2017). 

Importantly, caloric restriction, known to promote longevity, was found to 

restore the effects of aging on circadian function in all cell types. In other 

words, there may be a vital connection between aging, stress, circadian 

rhythms and metabolism (Orozco-Solis and Sassone-Corsi, 2014). Interestingly, 

Bmal1 KO mice show a reduced lifespan, cognitive defects and tissue atrophy 

as well as an accumulation of ROS in various tissues, including the brain 

(Kondratov et al., 2006; Kondratova et al., 2010; Musiek et al., 2013). As such, 

BMAL1 is thought to have an important role in regulating neuronal redox 

homeostasis (Kondratov et al., 2006; Musiek et al., 2013). Whether the 

circadian clock has a similar function in neural stem cells needs yet to be 

confirmed. Since neural stem cell fates are modulated by reactive oxygen 

species (Le Belle et al., 2011; Vieira et al., 2011), this may be a mechanism for 

the circadian clock to regulate neural stem cell maintenance.  

5.2. Age-related decline of adult neurogenesis 

Neurogenesis persists through adulthood but shows a clear age-related decline 

in both the SVZ of the lateral ventricle (Maslov et al., 2004; Ahlenius et al., 

2009) and the dentate gyrus of the hippocampus (Kuhn et al., 1996; Walter et 

al., 2011). Therefore, aging is considered to be one of the strongest negative 

regulators of adult NSC proliferation (Artegiani and Calegari, 2012).  

The mechanism responsible for this continuous decline, however, remains 

controversial. Whereas the reduction in neurogenesis may reflect increased 

quiescence of NSCs during aging (Enwere et al., 2004; Lugert et al., 2010; 

Capilla-Gonzalez et al., 2014; Giachino et al., 2014; Leeman et al., 2018), others 

have argued that activated NSCs are lost following limited rounds of cell 

division, resulting in their depletion over time (Encinas et al., 2011; Bonaguidi 

et al., 2011; Calzolari et al., 2015; Obernier et al., 2018; Pilz et al., 2018). A 

recent study, for instance, found that defects in lysosomes impaired activation 

of aged qNSCs (Leeman et al., 2018) whereas recent lineage tracing studies 

observed the loss of activated NSCs as they were consumed by a limited number 

of cell divisions giving rise to progeny (Obernier et al., 2018; Pilz et al., 2018).  
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Surprisingly, one of these groups only observed symmetric cell divisions of 

adult V-SVZ NSCs (Obernier et al., 2018). This stands in contrast with the 

asymmetric cell divisions that have previously been reported for hippocampal 

NSCs (Encinas et al., 2011; Bonaguidi et al., 2011; Calzolari et al., 2015) and 

recently by Pilz et al. (2018), who report an irreversible switch from 

proliferative symmetric cell divisions to neurogenic asymmetric divisions in 

the adult hippocampus. Therefore, it is tempting to attribute these different 

observations to differences between the V-SVZ and DG niches. Perhaps signals 

originating from the cerebrospinal fluid or niche signals from the V-SVZ 

microenvironment and vasculature tend to promote symmetric cell divisions in 

subventricular NSCs. Moreover, activated NSCs have been thought to 

terminally differentiate into astrocytes (Encinas et al., 2011; Bonaguidi et al., 

2011) but Pilz et al. (2018) only observed terminal differentiation of NSCs into 

neurons, not in astrocytes.  

 

Another outstanding question is whether activated NSCs are able to return to 

quiescence (Bonaguidi et al., 2011; Urban et al., 2016; Obernier et al., 2018) or 

rapidly continue to divide after their activation (Encinas et al., 2011; Pilz et al., 

2018). Therefore, interesting studies can be expected in the near future to 

reject or reconcile these hypotheses. Importantly, stem cell heterogeneity likely 

accounts for many of these differences as different neural precursors have self-

renewal and differentiation properties and are differentially regulated 

(Bonaguidi et al., 2012; DeCarolis et al., 2013; Chaker et al., 2016). 

Nevertheless, the age-related decline in neurogenesis has been accepted and 

could contribute to an age-related decline in cognitive function (Gonçalves et 

al., 2016), although the presence of adult neurogenesis in humans has recently 

been contested (Sorrels et al., 2018). Circadian rhythms, therefore, could be 

important to prevent a premature drop in neurogenesis and, conversely, a 

disruption of the circadian clock may result in excessive activation leading 

towards neural stem cell exhaustion.   

5.3. SIRT1 bridges the circadian clock in the aging brain 

In the aging brain, including the hippocampus, both SIRT1 levels and activity 

decrease, as well as NAMPT and NAD+ levels  (Quintas et al., 2012; Chang and 

Guarente, 2013; Stein and Imai, 2014). For instance, loss of Nampt reduced 

neural progenitor proliferation in the SGZ whereas an increase of hippocampal 

NAD+ levels could rescue the age-related decrease of neural progenitors in the 

SGZ (Stein and Imai, 2014).  
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Remarkably, young mice with a brain-specific deletion of Sirt1 showed reduced 

levels of BMAL1 and PER2 in the SCN, similar to the levels observed in old mice 

(Chang and Guarente, 2013). This was also true for the fragmented circadian 

activity, longer circadian period and the inability to adapt to changes in the 

light schedule observed in both old wild-type and young Sirt1 knockout mice. 

Conversely, overexpression of SIRT1 prevented these aging effects in young 

mice and reduced the severity in old mice. Similarly, a recent study 

demonstrated that mice lacking Sirt1 have a shorter lifespan with increased 

levels of cellular senescence and DNA damage in the brain (Wang et al., 2016). 

Importantly, these Sirt1 knockouts exhibited increased H4K16 acetylation of the 

Per2 promoter resulting in overexpression of Per2. Per2, however, was found 

to negatively regulate Sirt1 expression by inhibiting CLOCK:BMAL1 binding. 

During aging, interestingly, acetylation of the Per2 promoter increased while 

Sirt1 expression decreased (Wang et al., 2016). Together, these results fits the 

hypothesis of SIRT1 as an important link between the circadian clock and aging 

(Orozco-Solis and Sassone-Corsi, 2014). As such, it would be interesting to 

examine the effects of declining NAD+ levels and SIRT1 activity on the circadian 

clock in aged neural stem cells.   
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Figure 2. Circadian clock controls neural stem cell maintenance.  

(A) Dormant quiescent neural stem cells (qNSCs) gradually enter the cell cycle in a circadian 
fashion. These activated neural stem cells (aNSCs) are able to self-renew but eventually leave 
the cell cycle and terminally differentiate. By limiting cell cycle entry and exit of qNSCs, the 

circadian clock minimises exhaustion of the neural stem cell population. The core circadian 
transcription factors BMAL1 and CLOCK regulate transcription of clock-controlled genes 
(CCGs) through binding of E-box elements within their promoters. Following the activation of 

the Per and Cry, PER and CRY proteins translocate to the nucleus as heterodimers and repress 
CLOCK:BMAL1 transcriptional activity. Among the CCGs, multiple transcriptional regulators 
including the Neurod1, Hey1, Id2 and Pax6 genes are activated as well as expression of Cdkn1a, 

the gene encoding for cell cycle regulator p21cip1/waf1 (p21). Together, these regulators are 
involved in the cell cycle entry/exit and differentiation of neural stem cells. We propose that 
NAD+-dependent deacetylase SIRT1 is important for circadian control of qNSC activation by 

promoting CLOCK:BMAL1 transcriptional activity. 
Figure legend continues on next page. 
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 6. Conclusions and future directions 

 
Adult NSCs continue to give rise to new neurons, oligodendrocytes and 

astrocytes throughout life. This is important for memory formation, mood 

regulation and regeneration following injury. To this end, the NSC population 

is relatively quiescent and needs active maintenance to prevent exhaustion. A 

variety of factors is involved in maintaining the NSC population, many of which 

are associated with energy metabolism and oxidative stress (Rafalski and 

Brunet, 2011; Knobloch and Jessberger, 2017). As such, the importance of the 

circadian clock in adult NSC biology has clearly emerged in recent years. By 

controlling proliferation and differentiation of NSCs in response to metabolic 

demands, the circadian clock could shape NSC cell fate decisions.  

 

The circadian clock could temporally restrict activation of NSCs to maintain 

tissue homeostasis in the adult brain but minimizing depletion of the 

population. For instance, the circadian clock has also been found to regulate 

dendritic spine formation and adult neurogenesis via oscillations in 

glucocorticoids (Liston et al., 2013; Fitzsimons et al., 2016). Circadian 

regulation of adult hippocampal neurogenesis and synaptic plasticity could 

complement each other to allow a more efficient integration of new neurons 

into the adult brain (Janich et al., 2014).   More than providing stem cells with 

a means to anticipate DNA damage and timed cell divisions, the circadian clock 

may be important to create heterogeneity within a stem cell population (Janich 

et al., 2011, 2013). Although this role has yet to be confirmed for other stem 

cells, such a mechanism may very well be relevant to NSC biology as there is 

 

Figure legend continued from previous page. 
 

SIRT1 is activated by a high [NAD+] to [NADH] ratio, when energy availability is low, and 
induces CCG expression by associating with CLOCK:BMAL1 in a chromatin complex while 
promoting protein degradation of repressor PER2.  The circadian clock controls cyclic synthesis 

of NAD+, the coenzyme critical for SIRT1’s deacetylase activity, by regulating expression of the 
gene encoding for the enzyme NAMPT, which is the rate-limiting step in the NAD+ salvage 
pathway. As such, SIRT1 deacetylase activity promotes CLOCK:BMAL1 transcriptional activity 

and vice versa. Together, these mechanisms underlie a circadian clock that allows neural stem 
cells to make cell fate decisions based on energy availability.   
(B) Disruption of the circadian clock may impair circadian control of adult neural stem cell 

maintenance. Pathologically altered circadian rhythmicity or metabolic demands that impact 

the circadian clock via NAD+, Nampt and SIRT1 activity can disrupt clock-regulated 

transcription. We propose that this leads to a weakened circadian clock that can no longer 

control NSCs, resulting in excessive activation of qNSCs and, possibly, increased self-renewal 

of aNSCs. Whereas this causes an initial increase in neurogenesis, the exhaustion of the NSC 

population ultimately leads towards a premature decline in neurogenesis.     
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emerging evidence for a functionally heterogeneous NSC population (Alvarez-

Buylla et al., 2008; Mich et al., 2014; Codega et al., 2014; Chaker et al., 2016; 

Dulken et al., 2017). Possibly circadian heterogeneity helps to create neural 

stem cell heterogeneity.  

 

We hypothesize that the circadian control of neural stem cells is such that 

CLOCK:BMAL1 transcriptional activity maintains these cells in a quiescent state 

and that SIRT1 controls CLOCK:BMAL1 (Figure 2). Since SIRT1 activity depends 

on the availability of NAD+ (Imai and Guarente, 2014), such a mechanism allows 

neural stem cells to make fate decisions by integrating signals of metabolism 

and oxidative stress with endogenous circadian rhythms. As such, neural stem 

cells are able to respond to external signals to maintain tissue homeostasis in 

the adult brain. Disruption of the circadian clock, however, can result in a 

weakened circadian clock that can no longer prevent loss of neural stem cell 

quiescence. The resulting excessive activation likely results in an initial 

increase in neurogenesis but would ultimately lead towards exhaustion of the 

neural stem cell population (Figure 2). As such, altered metabolic demands and 

circadian dysfunction may impair adult neurogenesis. Importantly, circadian 

disruptions following jet lag or shift work arise from a misalignment between 

metabolism and circadian rhythms (Schibler et al., 2003; Gachon et al., 2004; 

Damiola et al., 2000). As such, the proposed model may help to explain effects 

of jet lag, shift work or disease on neural stem cell function. 

Importantly, aged neural stem cells show reduced NAD+ levels, lowered SIRT1 

activity as well as decreased Nampt expression (Quintas et al., 2012; Chang and 

Guarente, 2013; Stein and Imai, 2014). Perhaps this contributes to the decline 

in clock gene expression and rhythmicity in the aged dentate gyrus (Wyse and 

Coogan, 2010; Duncan et al., 2013). As such, it is tempting to speculate that this 

mechanism may impair neural stem cell function in the aging brain. Whereas 

an age-related decline in SIRT1 activity would enhance activation of qNSCs in 

our model, it is conceivable that other changes in aged qNSCs impairing the 

ability for activation, such as reduced EGFR expression (Enwere et al., 2014) 

or lysosomal defects (Leeman et al., 2018), could negate this effect.    
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Abstract 

FoxO transcription factors are essential regulators of stem cell homeostasis. 

FoxOs act on the interface of metabolism and cell cycle regulation and are 

important sensors of nutrients and cellular stress. Many metabolic processes 

and cell cycle transitions show circadian rhythms which are generated by a 

cellular circadian clock. The circadian clock consists of multiple interlocked 

transcriptional translational feedback loops that regulate the circadian 

expression of a wide range of target genes. As such, the circadian clock 

regulates stem cell function in a range of different tissues, including that of 

neural stem cells in the adult hippocampus. Loss of the circadian clock disturbs 

circadian proliferation of neural stem cells and exhausts their number at a 

premature age. Importantly, FoxO3 preserves the adult neural stem cells 

population by regulating cell cycle and cellular metabolism. Additionally, 

FoxO3 regulates  circadian rhythms in the liver. However, whether FoxO3 is a 

regulator of circadian rhythms in neural stem cells remains unknown. Here, we 

show that loss of FoxO3 disturbs circadian rhythmicity in neural stem cells via 

regulation of Clock expression. We then performed a meta-analysis of published 

data on the transcriptome and genome-wide binding sites of circadian clock 

components during a circadian cycle. This revealed the dynamic co-occupancy 

of multiple circadian clock components within FoxO3 regulatory regions. 

Finally, we examined proliferation in the hippocampus of FoxO3-deficient mice 

and found that loss of FoxO3 altered the circadian phase of hippocampal 

proliferation, indicating that FoxO3 is important in ensuring correct timing of 

NSC proliferation. Taken together, we suggest that FoxO3 is an integral part of 

circadian regulation of neural stem cell homeostasis. As such, FoxO3 could 

preserve NSC populations throughout life by modulating the circadian clock.  

Key words: circadian rhythms – FoxO3 – neural stem cell – liver - metabolism 

– cell cycle   
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Introduction 

 
The circadian clock is an evolutionary conserved mechanism present in most 

mammalian tissues generating oscillations in transcription during day and 

night (Dibner et al., 2010; Zhang et al., 2014). This is the result of the various 

interlocked transcription-translation feedback loops that constitute the cellular 

circadian clock, which span approximately 24 hours (reviewed in Buhr & 

Takahasi, 2013; Takahashi, 2016). Important molecular components of the 

circadian clock are the bHLH transcription factors CLOCK, its paralogue NPAS2, 

and BMAL1. The CLOCK-BMAL1 - or NPAS2-BMAL1 - complexes bind to 

regulatory elements containing an E-box and promote expression of target 

genes (so-called clock-controlled genes), including genes encoding repressors 

PER1, PER2, PER3, CRY1 and CRY2. The latter then repress CLOCK-BMAL1 

activity, resulting in rhythmic expression. Moreover, CLOCK-BMAL1 activates 

expression of nuclear receptors REV-ERBα and REV-ERBβ, which repress 

expression of Bmal1 and Clock (Buhr & Takahasi, 2013; Takahashi, 2016). The 

suprachiasmatic nucleus (SCN) located in the brain is the light-entrainable 

master regulator that synchronizes the circadian clock in all peripheral tissues 

(Dibner et al, 2010). As such, circadian rhythms regulate stem cell fates in many 

tissues, including the skin, the intestine and the brain (Brown, 2014; Janich et 

al., 2014; Draijer et al., 2019).  

Neural stem cells (NSCs) are the progenitors of the adult brain and have the 

ability to generate neurons, astrocytes and oligodendrocytes or to self-renew 

(Taupin & Gage, 2002; Merkle & Alvarez-Buylla, 2006). NSCs reside in mainly 

two locations in the adult brain, the subventricular zone of the lateral ventricles 

and the subgranular zone of the dentate gyrus (Basak & Taylor, 2009). A 

majority of NSCs are dormant, or quiescent, existing in a state outside of the 

cell cycle, which minimizes accumulation of DNA damage during life, allowing 

for long-lived populations (Cheung & Rando, 2013; Urbán et al., 2019). 

Following activation, NSCs enter the cell cycle and give rise to progenitors, 

which then leave the cell cycle to differentiate into committed cell types. 

Although NSCs are able to return to quiescence (Urbán et al., 2016), activation 

of quiescent NSCs results in the gradual decline of NSC populations during 

aging (Encinas & Sierra, 2012; Ro et al., 2013). A disrupted circadian clock 

results in increased cell cycle entry of hippocampal NSCs, which ultimately 

results in exhaustion of the NSC population (reviewed in Draijer et al., 2019). 

For instance, loss of circadian clock components Per2, Bmal1 or Rev-Erbα 
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disrupted circadian proliferation of NSCs and resulted in increased cell cycle 

entry of NSCs (Borgs et al., 2009; Bouchard-Cannon et al., 2013; Schnell et al., 

2014).  

Similarly, loss of the transcription factor FoxO3 disrupts quiescence and results 

in a decrease of the number of NSCs (Renault et al., 2009; Paik et al., 2009). 

FoxO3 is a transcription factor belonging to the FoxO family, which also 

includes FoxO1, FoxO4 and FoxO6, and controls expression of many genes 

involved in the cell cycle and metabolic regulation (Greer & Brunet, 2005; Gross 

et al., 2008). Moreover, FoxO3 is regulated by the energy-sensing insulin/IGF-

1 signalling pathway (Rafalski & Brunet, 2011). Activation of this pathway 

results in phosphorylation and subsequent nuclear export of FoxO3, inhibiting 

FoxO3-dependent transcription (Brunet et al., 1999; Van der Heide et al., 

2004). Previous studies in our lab demonstrated FoxO3 to regulate hepatic CRs 

by direct transcriptional control of Clock expression (Chaves et al., 2014). Here 

we show that FoxO3 modulates circadian rhythms of neural stem cells in vitro 

and in vivo.  

Results 

FoxO3 regulates circadian rhythmicity of neural stem cell cultures via Clock 

expression 

In the liver, FoxO3 is an important regulator of circadian rhythmicity (Chaves 

et al., 2014). In order to examine whether FoxO transcription factors modulate 

circadian rhythms in neural stem cells, we used an in vitro neural stem cell 

model known as multipotent astrocytic stem cells (MASCs), which can be grown 

in monolayers (Laywell et al., 2000). In these cells, we co-transfected a 

mBmal1::luciferase reporter construct with either FOXO1-GFP, FOXO3-GFP or 

FOXO6-GFP (Figure 1A) or in combination with either FoxO1 siRNA, FoxO3 

siRNA or FoxO6 siRNA (Figure 1B) and measured bioluminescence over 

multiple days in synchronised cultures. We did not interrogate FoxO4 as its 

expression in the brain is very low (Hoekman et al., 2006; Schäffner et al., 

2018). Overexpression of FOXO-GFP fusion constructs all reduced the 

amplitude of circadian oscillations in mBmal1::luciferase (Figure 1A, 1C). 

Conversely, only knockdown FoxO3 completely abrogated circadian rhythms in 

mBmal1::luciferase bioluminescence (Figure 1B, 1D).  
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As this is in line with the effects of a loss of FoxO3 in the liver, where it directly 

regulates Clock expression (Chaves et al., 2014), we set out to determine 

whether this is true for neural stem cells as well. To this end, we transiently 

downregulated FoxO3 using siRNA in MASCs and assessed Clock expression 24 

hour and 48 hours after synchronization with dexamethasone (Figure 2A). This 

indicated a clear and persisting downregulation of Clock expression for at least 

two days (Figure 2B,2C). To verify downregulation of FoxO3 expression, we 

assessed its expression over the course of 24 hours. This confirmed its 

downregulation but also revealed a circadian oscillation of FoxO3 expression in 

MASCs (Figure 2D).  

  

Figure 1. Differential effect of FoxO transcription factors on circadian oscillations in neural stem 

cells in vitro 

(A) Representative examples of bioluminescence rhythms in cells co-transfected with a 
mBmal1::luciferase reporter construct and either empty vector (blue line), FOXO1-EGFP (left, 

yellow line), FOXO3-EGFP (middle, red line), or FOXO6-EGFP (right, blue line). 
(B) Representative examples of bioluminescence rhythms in cells co-transfected with a 
mBmal1::luciferase reporter construct and control siRNA (blue line), FoxO1 siRNA (left, yellow 

line), FoxO3 siRNA (middle, red line), or FoxO6 siRNA (right, blue line). 
(C) Graphical representation of the amplitude and period length under FOXO overexpression 
(left) or FoxO knockdown (right). Values are averages of independent experiments (n=3) 

performed in triplicate. Error bars represent SEM. One-way ANOVA with Dunnett’s multiple 
comparison test. *p<0.05, **; p<0.01; ***, p<0.001. 
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To determine whether Clock expression could rescue the FoxO3 knockdown 

phenotype, we co-transfected a mBmal1::luciferase reporter construct with 

either siRNA control and empty vector (Figure 2D, light blue), siRNA and 

pFLAG-CLOCK (Figure 2D, dark blue), FoxO3 siRNA and empty vector (Figure 

2E, red) or FoxO3 siRNA and pFLAG-CLOCK (Figure 2E, orange) and assessed 

circadian rhythmicity over multiple days. Whereas Clock overexpression did 

not substantially affect circadian oscillations (Figure 2D, 2F), it did rescue the 

loss of circadian rhythmicity following knockdown of FoxO3 (Figure 2E, 2F).  

Figure 2. Clock can rescue the FoxO3 siRNA phenotype in neural stem cells 

(A) Clock expression in adult neural stem cells following 24 and 48 hours after transfection of 

siRNA control or FoxO3 siRNA.  

(B) FoxO3 expression in adult neural stem cells following siRNA control or FoxO3 siRNA during 
24 hours directly following circadian synchronization with dexamethasone. 

(C) Clock expression in adult neural stem cells following siRNA control or FoxO3 siRNA during 
24 hours directly following circadian synchronization with dexamethasone. 
(D) Representative examples of bioluminescence rhythms in cells co-transfected with a 

mBmal1::luciferase reporter construct and siRNA control plus empty vector (light blue), siRNA 
control plus pFlag-CLOCK (dark blue) 
(E)  Representative examples of bioluminescence rhythms in cells co-transfected with a 

mBmal1::luciferase reporter construct and FoxO3 siRNA plus empty vector (red) or FoxO3 
siRNA plus pFlag-CLOCK (orange). 
(F) Quantification of amplitudes of bioluminescence rhythms shown in (D). Values are averages 

of biological replicates (n=2) performed in triplicate. One-way ANOVA with Tukey’s multiple 
comparison test. Error bars represent SD. * p<0.05.  
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FoxO3 is not required for circadian rhythmicity at the single cell level  

Recording of circadian bioluminescence requires synchronization of cellular 

clocks within cell cultures (Nagoshi et al., 2004). As such, knockdown of FoxO3 

could disrupt circadian synchronization rather than rhythmicity itself. To 

investigate this, we analysed circadian rhythmicity in single cells by using 

NIH3T33C mouse fibroblast cells expressing Rev-Erbα-VNP fusion protein as a 

fluorescent marker for the circadian clock (Feillet et al., 2014). We transfected 

these cells with FoxO3 siRNA or siRNA control and assessed Rev-Erbα-VNP 

fluorescence over multiple days (Figure 3). Surprisingly, knockdown of FoxO3 

did result in a clear reduction in fluorescence level (Figure 3A, 3B) but it did 

not disrupt circadian rhythmicity in single cells (Figure 3A, 3C). This suggests 

that circadian rhythmicity is still present in cells following FoxO3 knockdown 

but also indicates that FoxO3 regulates the expression of circadian clock 

components. Since the circadian clock and cell cycle are closely connected 

(Gaucher et al., 2018), and timing of proliferation of hippocampal neural stem 

cells is dependent of circadian rhythmicity (Renault et al)  loss of FoxO3 could 

have consequences for the coupling of the circadian clock with the cell cycle.  

To explore whether FoxO3 affects cell cycle progression we used NIH3T33C cells 

transfected with FoxO3 siRNA or RNA control as, next to expressing Rev-Erbα-

VNP, these cells express fluorescent markers for the G1 phase (hCdt1-

mKOrange fusion protein) and combined S, G2 and M phases (hGeminin-CFP 

fusion protein) of the cell cycle (Feillet et al., 2014). We examined cell cycle 

progression over multiple days and quantified the length of G1 and S/G2/M 

phase in siC (Figure 3D-G) and siO3 (Figure 3F-G). This revealed no significant 

changes in G2/S/M phase or total cell cycle and only a slight trend towards an 

increased G1 phase length following FoxO3 knockdown (Figure 3G). FoxO3 

knockdown did not disrupt coupling of the circadian clock to the cell cycle as 

the distribution of circadian cycle length and cell cycle length was similar 

between siC and siO3 cells (Figure 3E-G). Moreover, we transfected 

NIH3T33C cells with FoxO6 siRNA and analysed simultaneously both circadian 

clock and cell cycle dynamics. In line with whole cell culture recordings, 

knockdown of FoxO6 did not significantly change the circadian magnitude or 

the circadian amplitude of oscillations in Rev-Erbα fluorescence (Figure S1A-

C). However, loss of FoxO6 did increase G1 phase length and reduced G2/S/M 

phase length while the total cell cycle length was unaffected, indicating an 

effect on cell cycle dynamics (Figure S1D-G). Together, these results indicate 

that FoxO3 is not required for circadian rhythmicity in single cells. 
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Figure 3. Loss of FoxO3 does not disrupt circadian rhythmicity in single cells  

(A) Single cell recordings over multiple days of Rev-ERbα-VNP fluorescence levels in NIH3T33C 
following transfection with FoxO3 siRNA (siO3, orange) or control siRNA (siC, grey). 

Representative examples.  
(B) Circadian magnitude of oscillations in Rev-ERbα-VNP fluorescence levels shown in (A). siC, 
n=13; siO3, n=20. Student’s t-test with Bonferroni correction for multiple group comparison. 

*, p<0.025. 
(C) Circadian amplitude of oscillations in Rev-ERbα-VNP fluorescence levels shown in (A). siC, 
n=13; siO3, n=20. Student’s t-test with Bonferroni correction for multiple group comparison. 

Student’s t-test with Bonferroni correction for multiple group comparison.  n.s., not significant 

      Legend continues on next page. 
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FoxO3 is a clock-controlled gene  

Our finding that FoxO3 expression showed circadian oscillations in neural stem 

cells is in line with previous reports of circadian FoxO3 expression in the liver 

(Vollmers et al., 2012; Chaves et al., 2014). This is interesting as this suggests 

that FoxO3 is a clock-controlled gene. To determine whether expression of 

FoxO3 is directly regulated by CLOCK-BMAL1, we first searched for occupancy 

of circadian clock components within gene regulatory regions of all FoxOs 

(Figure S2). Since an extensive analysis of genome-wide circadian clock 

occupancy in neural stem cells is currently unavailable, we analysed publicly 

available ChIP-seq data for circadian clock components Bmal1, Clock, Per1, 

Per2, Npas2, Cry1 and Cry2 in the liver (Koike et al., 2012). As both circadian 

oscillations of FoxO3 expression and a functional role for FoxO3 in circadian 

rhythms have been established in the liver (Vollmers et al., 2012; Chaves et al., 

2014), this dataset is valuable in understanding circadian regulation of FoxO3 

expression.  

Moreover, Koike et al. (2012) analysed circadian occupancy of transcriptional 

regulators p300, CBP and circadian recruitment and initiation of RNA 

polymerase II, assessed using 8WG16 and Ser5P antibodies respectively.  This 

analysis revealed occupancy of circadian clock components on FoxO1 and FoxO3 

(Figure S2A,S2B) but not on FoxO4 and FoxO6 (Figure S2C,S2D). Importantly, 

multiple regions within the FoxO3 gene showed occupancy of circadian clock 

components at the same genomic positions. This was not the case for FoxO1.  

Since circadian clock components form regulatory complexes consisting of not 

only CLOCK:BMAL1 heterodimers but also large quaternary 

CLOCK:BMAL1/PER:CRY structures (Takahashi, 2016), co-occupancy of 

multiple circadian clock components is highly indicative of circadian 

regulation. This supports the notion that FoxO3 is directly regulated by  

 

Legend continued from previous page. 
(D,E) Single cell recordings of fluorescence marker expression for circadian clock oscillations 
(Rev-ERbα-VNP, yellow), G1 phase of the cell cycle (hCdt1-mKOrange fusion protein, red) and 

combined S, G2 and M phases (hGeminin-CFP fusion protein, blue) in NIH3T33C cells 
transfected with FoxO3 siRNA (D) or siRNA control (E). Representative examples.  
(F) Comparison of the average length of cell cycle phase S, G2 and M (S/G2/M, blue), G1 (red), 

total cell cycle (purple) and circadian rhythm length (yellow) of data shown in (D-G). siC, n=13; 
siO3, n=20. Student’s t-test with Bonferroni correction for multiple group comparison. n.s., not 
significant.  

(G) Frequency histograms of circadian rhythm length (Clock, yellow) and total cell cycle length 

(purple) in single NIH3T33C cells transfected with FoxO3 siRNA (bottom) or siRNA control (top). 

siC, n=13; siO3, n=20. 
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Figure 4. Circadian occupancy of FoxO3 by circadian clock components and transcriptional 

regulators in the mouse liver 

(A) University of California Santa Cruz (UCSC) genome browser track view of the FoxO3 gene 

showing ChIP-seq binding positions for circadian clock components Clock, Bmal1, Per1, Per2, 
Npas2, Cry1 and Cry2 as well as transcriptional regulators CBP, p300 and recruitment and 

initiation of RNA polymerase II (8WG16 and Ser5P respectively).  
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circadian clock components, more so than other FoxO isoforms. Moreover, the 

co-occupancy of transcriptional activators p300 and CBP as well as the 

presence of RNA polymerase II at these sites indicates transcriptional 

regulation of the FoxO3 gene under circadian control. Next, we examined 

whether circadian clock components bind to the FoxO3 gene in a circadian 

fashion (Figure 4). 

The core circadian transcriptional system involves rhythmic binding of CLOCK 

and BMAL1 to regulatory regions within clock-controlled genes (Takahashi et 

al., 2016). Similarly, we found circadian rhythmicity in the binding of many 

circadian clock components to multiple regions within the FoxO3 gene, often in 

common gene regulatory regions such as the promoter and first introns and 

close to the transcriptional start site (TSS). We found many of the circadian 

clock components that were present at the same genomic location to bind in a 

rhythmic fashion. For instance, CLOCK occupancy oscillated at 943 bp upstream 

of the TSS (Figure 4B), which coincided with rhythmic BMAL1 occupancy at 

978 bp upstream of the TSS (Figure 4C). Interestingly, both occupancy rhythms 

had a peak at the same time point, CT8 (Figure 4B,4C, red). Since BMAL1 and 

CLOCK form a regulatory heterodimer, this observation supports coordinated 

regulation of gene transcription at this site.  

To examine circadian transcription, we assessed recruitment (8WG16) and 

initiation (Ser5P) of RNA polymerase II at the FoxO3 gene and found it to be 

rhythmic over a circadian cycle (Figure 4I, 4J).  

 

Legend continued from previous page. 
 

(A’) Magnification of A showing occupancy of circadian clock components within key 

regulatory regions of the FoxO3 gene 
(B) Clock occupancy on multiple regions within the FoxO3 gene during 24 hours 

(C) Bmal1 occupancy on multiple regions within the FoxO3 gene during 24 hours 
(D) Per1 occupancy on multiple regions within the FoxO3 gene during 24 hours 
(E) Per2 occupancy on multiple regions within the FoxO3 gene during 24 hours 

(F) Npas2 occupancy on a single region within the FoxO3 gene during 24 hours 
(G) Cry1 occupancy on multiple regions within the FoxO3 gene during 24 hours 
(H) Cry2 occupancy on multiple regions within the FoxO3 gene during 24 hours 

(I) RNA polymerase II 8WG16 (recruitment) occupancy on multiple regions within the FoxO3 
gene during 24 hours 
(J) RNA polymerase II Ser5P (initiation) occupancy on multiple regions within the FoxO3 

gene during 24 hours 
(K) p300 occupancy  on a single region within the FoxO3 gene during 24 hours 
(L) CBP occupancy on multiple regions within the FoxO3 gene during 24 hours 

(M) FoxO3 mRNA expression during 24 hours 
Data in (A) – (L) is from Koike et al. (2012). Data in (M) is from Vollmers et al. (2012). 
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Interestingly, RNA polymerase II was rhythmically recruited to and initiated at 

sites, respectively 942 bp and 872 upstream of the TSS, overlapping with the 

putative CLOCK:BMAL1 binding site, which is indicative of transcriptional co-

regulation. We also examined whether binding of transcriptional co-activators 

CBP and p300 was adhering to a circadian rhythm and found multiple regions 

for CBP and one for p300 

where occupancy was 

rhythmic (Figure 4K,4L). 

This coincided with 

circadian FoxO3 mRNA 

expression in the liver 

(Figure 4M; Vollmers et 

al., 2012).  

 

 

 

Figure 5. Circadian landscape 

of the FoxO3 gene 

(A) Circadian landscape of the 
second intron within the 

FoxO3 gene showing phase 
distributions of Bmal1, Clock, 
Per1, Per2, Npas2, Cry1 and 

Cry2, CBP, p300 and RNAPII 
recruitment and initiation. 
The mean circadian phase of 

peak binding is indicated 
under the name. The black 
line denotes circadian 

expression of FoxO3 mRNA. 
 
(B) Circadian landscape of the 

second intron within the 
FoxO3 gene showing phase 

distributions of Bmal1, Clock, 
Per1, Per2, Npas2, Cry1 and 
Cry2, CBP, p300 and RNAPII 

recruitment and initiation. 
The mean circadian phase of 
peak binding is indicated 

under the name. The black 
line denotes circadian 
expression of FoxO3 mRNA. 
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Interestingly, this correlated with dynamic histone modifications H3K9ac, 

H3K27ac, H3K4me3, which are associated with circadian transcription (Masri 

& Sassone-Corsi, 2013) within the FoxO3 promoter regions (Figure S2A, 

Vollmers et al., 2012). Together, these results demonstrate that circadian clock 

components not only bind to the FoxO3 gene but also do this rhythmically 

during a circadian cycle. Moreover, multiple circadian clock components as 

well as transcriptional activators p300 and CBP share rhythmic binding at the 

same genomic locations and this circadian occupancy coincides with rhythmic 

recruitment and initiation of RNA polymerase II.  As this suggests coordinated 

regulation by multiple circadian clock components, transcriptional activators 

and RNA polymerase II, we explored the circadian landscape of the FoxO3 gene 

in a publically available dataset of the mouse liver in further detail (Koike et 

al., 2012) (Figure 5). 

We examined two apparent gene regulatory sites: the second intron (Figure 

5A,5B) and the promoter (Figure 5A,5C). Importantly, the circadian phase 

distributions of circadian clock components and transcriptional regulators 

occupying the FoxO3 gene closely followed the genome-wide distribution of 

these components in a circadian cycle reported by Koike et al. (2012). This 

circadian genomic landscape is characterized by, first, a transcriptionally 

poised state with CLOCK:BMAL1 and NPAS2:BMAL1 occupying, respectively, the 

FoxO3 promoter and second intron while still being bound to CRY1. As 

occupancy of CRY1 declines, CLOCK:BMAL1 and NPAS2:BMAL1 are activated 

and coactivators CBP and p300 are recruited, respectively to the FoxO3 

promoter to the second intron. This is followed by nascent transcription of 

FoxO3 mRNA, which peaks around the same time of day as the genome-wide de 

novo transcription in the liver at CT15 (Koike et al., 20120). Finally, a repressed 

transcriptional state is created when CLOCK:BMAL1 and NPAS2:BMAL1 

occupancy decline and the occupancy of repressors PER1, PER2 and CRY2 

occupancy increases. Together, these results suggest that FoxO3 is a clock-

controlled gene, directly regulated by CLOCK-BMAL1.  

Whether FoxO3 activity is regulated by the circadian clock, however, remains 

unknown. Nevertheless, Robles et al. (2017) found rhythmic phosphorylation 

of FoxO3 serine-283 in the liver (Figure S2B). This amino acid is 

phosphorylated by ERK/p38 signalling, promoting inhibition and degradation 

of FOXO3 (Wang et al., 2017). As such, this indicates that the circadian clock 

could regulate FoxO3 activity through both expression and protein stability. 
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Surprisingly, we found DBEs close to the binding site of the circadian clock 

components within the FoxO3 regulatory regions (Figure S2C).  

As this suggests that FoxO3 regulates its own expression in unison with 

circadian clock components, we examined a publically available dataset of a 

FoxO3 ChIP-seq in neural stem cells (Webb et al., 2013). Although this is only 

data of one time point, this revealed a surprising peak of FoxO3 occupancy in 

the FoxO3 promoter, close to the genomic location where circadian clock 

components, CBP and RNAPII bind. Moreover, the summit of the FOXO3 

occupancy peak perfectly aligned with a DBE at that location. Interestingly, we 

also identified FoxO3 occupancy in the promoter region of Nr1d1, the gene 

encoding for Rev-Erbα and a target of CLOCK:BMAL1, close to binding sites of 

circadian clock components  (Figure S2D). Together, these results indicate a 

complex gene regulatory network involving FoxO3 and core circadian clock 

components in interlocking transcriptional translational feedback loops.  

FoxO3 modulates circadian proliferation of hippocampal neural stem cells 

The circadian clock is an important regulator of NSC proliferation (Bouchard-

Cannon et al, 2012, reviewed in Draijer et al., 2019). As we found FoxO3 to 

regulate circadian rhythms of neural stem cells in vitro, we set out to determine 

its function in circadian control of NSC proliferation in vivo. To this end, we 

isolated brains of 6-month old FoxO3-/- and FoxO3+/+ mice (Hosaka et al., 2004) 

every four hours during a circadian cycle. We then assessed circadian NSC 

proliferation by determining the number of Ki67-positive cells in the 

subgranular zone of the dentate gyrus in the hippocampi of FoxO3-/- and 

FoxO3+/+ mice at each time point (Figure 6A,6B). This revealed a clear 

circadian rhythm in proliferation of SGZ NSCs in FoxO3+/+ mice peaking at the 

end of the light phase (~ZT11, ANOVA: F=17.45, p<0.001; CIRCWAVE: r2 = 0.85, 

p<0.0001, Figure 6C,D). This is in line with a previously reported circadian 

proliferation of SGZ NSCs in wild-type mice, which peaked at ZT12-15 

(Bouchard-Cannon et al., 2012).  

 

The small difference in peak time could be due to the use of BrdU by Bouchard-

Cannon and colleagues as a proliferation marker rather than Ki67. As BrdU 

needs time to be incorporated into the DNA of dividing cells before it can be 

detected as a proliferation marker (Taupin, 2007), a delay is expected.  
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In FoxO3-/- mice, a circadian oscillation in NSC proliferation was also present 

but peaking at the early dark phase (~ZT14, ANOVA: F=4.58, p<0.05; 

CIRCWAVE, r2 = 0.72, p<0.01; Figure 6C,D). As such, the circadian oscillation 

in proliferation of FoxO3-deficient NSCs was phase-delayed by almost three-

hours compared to the circadian rhythm in proliferation exhibited by wild-type 

NSCs. Also, the total proliferation over 24 hours was clearly reduced in                 

FoxO3-/- mice compared to FoxO3+/+ controls (Figure 6C). This was expected as 

FoxO3-/- mice show a reduced number of SGZ NSCs at 6-months old (Renault et 

al., 2009). These results suggest that FoxO3 is a modulator of circadian 

dynamics in NSC fates and could be necessary for the correct timing of 

hippocampal proliferation.  
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Figure 6. Circadian 

proliferation of neural 

stem cells in the dentate 

gyrus of adult FoxO3-

deficient mice 

(A) Representative 

examples of Ki67-
positive cells in the 

subgranular zone of the 
dentate gyrus of FoxO3-/- 

mice and littermate 

controls at ZT2 and 
ZT14. Scale bar, 100 μm. 
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Discussion       

 
Neural stem cell maintenance is required for lifelong neurogenesis and 

governed by circadian rhythms (Obernier et al., 2018; Draijer et al., 2019). 

FoxO3 is an important regulator of both neural stem cell fates (Renault et al., 

2009; Paik et al., 2009) as well as circadian rhythms in the liver (Chaves et al., 

2014). Here, we show that loss of FoxO3 disrupts circadian rhythms in neural 

stem cell cultures. Moreover, FoxO3 knockdown led to a clear downregulation 

of Clock expression, regardless of circadian time. Clock expression, in turn, 

could partially rescue this phenotype. These findings are similar to the effects 

of a loss of FoxO3 in liver cells (Chaves et al., 2014), suggesting a universal 

function of FoxO3 in circadian regulation across different cell types. To 

determine whether FoxO3 is required for circadian rhythmicity or for circadian 

synchronization within cultured cells – loss of either could explain the 

disruption of circadian rhythms in bulk recordings - we examined circadian 

rhythmicity in single NIH3T33C cells containing a Rev-Erbα-VNP fluorescence 

marker (Feillet et al., 2014). Surprisingly, we still observed circadian rhythms 

in cells with FoxO3 siRNA, with no significant changes in amplitude. This 

demonstrates that FoxO3 is not required for circadian rhythmicity but likely 

disrupts synchronization between different cells, effectively eliminating 

circadian oscillations in a bulk recording.  

 

Importantly, dexamethasone, used here to synchronize circadian rhythms in 

NSCs, is a glucocorticoid that regulates FoxO3 expression via glucocorticoid 

response elements within the FoxO3 promoter (Lützner et al., 2012). Whereas 

ablation of FoxO3 disrupts circadian rhythmicity of NIH3T3 cells synchronized 

with forskolin as well (Chaves et al., 2014), forskolin-dependent 

synchronization relies on increased cAMP levels (O’Neill et al., 2008). 

Increased cAMP levels, in turn, activate AMPK-FoxO3 signalling thereby 

 

Legend continued from previous page.  

 
(B) Proliferation rate of neural stem cells in the dentate gyrus of 6-month old FoxO3+/+ (grey) 
and FoxO3-/- mice (blue) over a 24 hour cycle. Values are averages per genotype (n=2-3) and 

normalized to circadien time  (CT2) of controls. Error bars represent SEM.  
(C) Data in (B) shown as total proliferation over 24 hours in 6-month old FoxO3+/+ and FoxO3-

/- mice. Values are average sum of all time points per genotype (n=2). Error bars represent 

SEM.  Student t-test. **, p<0.01. 
CT, circadian time.  
(D) Data in (B) fitted to a linear harmonic regression model to determine circadian rhythmicity 

(CircWave).  
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promoting FoxO3 gene expression and transcriptional activity (Lützner et al., 

2012; Herzig & Shaw, 2018). Since both glucocorticoid and cAMP signalling are 

important for synchronization of circadian oscillators (Dickmeis et al., 2007; 

O’Neill et al., 2008), FoxO3 could be a key downstream effector of these 

pathways. Interestingly, circadian glucocorticoid oscillations help to preserve 

quiescent NSCs in the adult hippocampus (Schouten et al., 2020). As such, 

FoxO3-dependent quiescence of NSCs could be modulated by glucocorticoid 

signalling.  

Interestingly, loss of FoxO3 clearly reduced Rev-Erbα-VNP fluorescence levels 

in single NIH3T33C cells. This is in line with downregulation of Rev-Erbα 

(Nrdr1) expression following FoxO3 knockdown in NIH3T3 cells (Chaves et al., 

2014). This could be the result of reduced Clock expression, as CLOCK-BMAL1 

regulates Rev-Erbα expression (Buhr & Takahasi, 2013; Takahashi, 2016). 

However, this could also be a direct transcriptional regulation by FoxO3 as we 

identified FoxO3 binding sites in the promoter region of Rev-Erbα in NSCs 

(Webb et al., 2013). Together, these findings suggest that FoxO3, although not 

required for circadian rhythmicity, does affect the circadian clock by 

transcriptionally regulating the expression of various parts of the circadian 

clock machinery, including Clock, Nrdr1 and Bmal1.  

This is interesting as we found various circadian clock components binding to 

the sites within the FoxO3 promoter and its second intron in publicly available 

ChIP-seq data in the liver (Koike et al., 2012). Not only did circadian clock 

components bind to FoxO3, their binding sites were multiple and overlapping, 

suggesting the presence of CLOCK-BMAL1 and CLOCK:BMAL1/PER:CRY 

regulatory complexes (CLOCK-BMAL1-Cry Buhr & Takahasi, 2013; Takahashi, 

2016). Importantly, the occupancy of these circadian clock components was 

dynamic and followed a circadian rhythm with phase-distributions of 

activators and repressors closely resembling their genome-wide circadian 

landscape (Koike et al., 2012). Whereas CLOCK and BMAL1 bound to the FoxO3 

promoter region and peaked in their circadian occupancy at the same time, this 

was not the case for the second intron where BMAL1 and CLOCK occupancy 

peaked at different times of the day. In the second intron, however, BMAL1 and 

NPAS2 shared circadian occupancy at the same time of day. Since NPAS2 is the 

preferred heterodimeric partner of BMAL1 in the forebrain (Reick et al., 2001), 

it would be interesting to examine circadian regulation of FoxO3 expression in 

different cell types.  



FoxO3 modulates circadian rhythms in adult neural stem cell proliferation 

 

201 

 

Interestingly, we discovered that binding of FoxO3 to its own promoter in NSCs 

(Webb et al., 2013) was close to binding sites of circadian clock components in 

the liver (Koike et al., 2012). Since FoxO3 is able to regulate its own expression 

in a positive autoregulatory feedback loop (Lützner et al., 2012; Kannike et al., 

2014), it would be interesting to determine whether circadian clock 

components could act as co-factors to modulate FoxO3-dependent 

autoregulation, perhaps with FoxO3 overriding circadian clock-dependent 

regulation in conditions of cellular stress. 

Apart from regulation of FoxO3 expression, FoxO3 is likely to be regulated by 

the circadian clock on a post-translational level as well. For instance, FoxO3 is 

rhythmically phosphorylated at serine-283 (Robles et al., 2017). As this amino 

acid is phosphorylated by ERK/p38 signalling, promoting inhibition and 

degradation of FOXO3 (Wang et al., 2017), this could result in circadian control 

over FoxO3 activity and protein stability. Conversely, deacetylation of FoxO3 

by Sirt1 promotes FoxO3-dependent cell cycle arrest (Brunet et al., 2004). As 

Sirt1 activity is circadian and regulates circadian clock gene expression (Asher 

et al., 2008; Nakahata et al., 2008), it seems likely that SIRT1 could deacetylate 

FOXO3 in a circadian fashion. Therefore, FoxO3 activity is likely regulated via 

both circadian clock-dependent transcription and circadian post-translational 

modifications.  

As FoxO3 regulates NSC proliferation (Renault et al., 2009), which is controlled 

by the circadian clock (reviewed in Draijer et al., 2019), we investigated the 

consequences of a loss of FoxO3 on circadian rhythmicity in NSC proliferation. 

Although FoxO3-deficient NSC proliferation adhered to a circadian rhythm, this 

oscillation was, surprisingly, phase-delayed compared to wild-type controls. 

This indicates that FoxO3 is not required for circadian rhythmicity of NSC 

proliferation in contrast to mutant mice lacking Bmal1, Per2 and Reverbα 

(Bouchard-Cannon et al., 2013; Borgs et al., 2009; Schnell et al., 2014). Instead, 

FoxO3 appears to coordinate timing of proliferation, likely by controlling cell 

cycle entry and exit.  Future studies should employ markers of proliferation 

and stem cell identity in combination with pulse-chase experiments using 

thymidine analogues to fully interrogate the cell cycle dynamics of FoxO3-

deficient mice.  

In line with the above, it would be interesting to determine the cellular 

consequences of the phase-shift in circadian hippocampal proliferation. Since 

FoxO3-/- mice exhibit circadian behaviour as well as circadian rhythmicity in 
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the SCN, FoxO3-deficient NSCs are likely in circadian desynchrony with 

peripheral tissues. Circadian regulation of cell division is thought to segregate 

DNA replication away from periods of high metabolic activity as these 

processes produce mutation-causing free radicals (Chen & McKnight, 2007; 

Janich et al., 2014). Circadian disruption, characteristic of shift work and sleep 

disruption, is associated with metabolic pathologies and cancer (Bass & 

Takahashi, 2010; Sahar & Sassone-Corsi, 2009). Since we found the peak in 

FoxO3-deficient NSC proliferation to be delayed, it is conceivable that FoxO3-

deficient NSCs are exposed to increased levels of oxidative stress, possibly 

resulting in cell death, senescence, stem cell dysfunction (Le  or an 

accumulation of mutations in their progeny. For SVZ NSCs, such an increase in 

mutations could increase the frequency of brain tumours as they have been 

identified as a cell of origin of brain cancer (Altmann et al., 2019).  

Whereas loss of FoxO3 did not abolish circadian rhythmicity in NSC 

proliferation, this is likely to be not fully reflective of circadian rhythmicity in 

other cellular processes. Considering both the extensive crosstalk between the 

circadian clock and metabolism (Asher & Schibler, 2011; Gaucher et al., 2018) 

and the key roles of FoxO3 in NSC metabolism (Rafalski et al., 2013), FoxO3-

deficient NSCs could have an increased vulnerability for circadian or metabolic 

challenges.  This is especially relevant to our study as FoxO3 wild type and 

mutant mice were housed under 12 hour light/12 hour dark conditions and were 

fed ad libitum, which allows for light-induced synchronization of peripheral 

oscillators and circadian behaviour (Dibner et al., 2010).  

Circadian function is also strongly affected by aging (Benitah & Welz, 2020). 

For instance, the circadian transcriptome has been found to change during 

aging, in the liver and in epidermal and muscle stem cells (Sato et al., 2017). 

FoxO3 is a key regulator of aging (Salih & Brunet, 2012) and its targets change 

with age (Webb et al., 2016), which could be necessary to modulate circadian 

function throughout life. Interestingly, aging results in desynchrony of SCN 

neurons (Farajnia et al., 2012) and reduces the robustness of synchronizing 

cues to peripheral tissues (Benitah & Welz, 2020). The loss of circadian 

rhythmicity in NSC cultures but not in single cells following knockdown of 

FoxO3 indicates a loss of synchrony. It is, therefore, conceivable that FoxO3 

acts as a regulator of circadian synchronization during aging to promote 

cellular homeostasis in response to circadian and metabolic challenges.  
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This is interesting as there is evidence of circadian heterogeneity in populations 

of hair-follicle stem cells and epidermal stem cells (Janich et al., 2011, 2013). 

This affects stem cell function as it creates a heterogeneous stem cell 

population with individual stem cells differentially responding to cues 

promoting activation or dormancy. Circadian heterogeneity in NSCs has not yet 

been demonstrated but could help to explain why some quiescent NSCs become 

activated and others do not. We observed circadian heterogeneity in FoxO3-

deficient NSCs in culture, which not only suggests that circadian heterogeneity 

is possible within a NSC population but also that FoxO3 could modulate this.  

Interestingly, we found extensive occupancy of circadian clock components on 

FoxO3 but not of FoxO1, FoxO4 or FoxO6 whereas we only found a knockdown 

of FoxO3 to result in a loss of circadian rhythmicity of cultured cell populations 

(this paper, Chaves et al., 2014). This indicates an exclusive role for FoxO3 in 

circadian regulation. Although all FoxOs recognize the same DNA motifs or 

DBEs and are partially redundant, FoxOs do show functional diversification 

(Hosaka et al., 2004). As the effects of FoxO3 appear to be similar across cell 

types – at least in fibroblasts, hepatocytes (Chaves et al., 2014) and neural stem 

cells (this study), it would be interesting to find FoxO3-specific targets involved 

in circadian rhythms. Perhaps FoxO3, but not the other FoxO isoforms, is part 

of a circadian regulatory complex.  

This could be determined in future research using immunoprecipitation 

combined with mass spectrometry during a circadian cycle. Nevertheless, it is 

noteworthy that FoxO6 overexpression disturbed circadian rhythmicity in 

neural stem cells. FoxO6 overexpression had a similar effect on circadian 

rhythmicity in fibroblasts with considerable overlap in the transcriptome 

following FoxO3 knockdown or FoxO6 overexpression (Chaves et al., 2014). As 

we found that FoxO6 activates PI3K-Akt signalling and, consequently, 

negatively regulates FoxO3 (Draijer et al., in prep.), a similar mechanism could 

explain the effects of FoxO6 on circadian rhythmicity. Interestingly, we 

observed an increased G1 phase length at the expense of the combined S/G2/M 

phase lengths following knockdown of FoxO6, which is in line with the 

increased quiescence of FoxO6-deficient NSCs (Draijer et al., in prep.).  

Unfortunately, G0 and G1 phases cannot be distinguished using the NIH3T33C 

model (Feillet et al., 2014). Nevertheless, the relationship between FoxO3 and 

FoxO6 in regulation of the circadian clock would be an intriguing topic for 

future research. 
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To conclude, our results demonstrate that FoxO3 is a regulator of circadian 

rhythms in NSCs and is itself also regulated by the circadian clock. We suggest 

that FoxO3 is necessary for the correct timing of hippocampal NSC proliferation 

to ensure its alignment with cellular metabolism. This could offer valuable 

insights in understanding the relationship between circadian rhythms, 

metabolic diseases, cancer and other pathologies.    

EXPERIMENTAL PROCEDURES 

FoxO3 mutant mice 

All experiments involving animals and their care were performed in accordance 

with the guidelines of the University of Amsterdam, national guidelines and 

laws. This study was approved by the Dutch Animal Ethics Committee. Mice 

were housed in standard cages under a 12h light/dark cycle, with ad libitum 

access to food and water. Wild type mice from strain C57BL6 were used. FoxO3 

mutant mice, originally reported by (Hosaka et al. 2004) were used in 

heterozygous breeding generating wild-type (+/+) and mutant progeny (-/-). All 

experimental and control mice were littermates. Both male and female mice 

were used for all in vivo genetic studies.  

Genotyping 

For genotyping FoxO3 null and wild-type sibling mice, three primers were used 

in the same PCR reaction: Forward primer 1: 5’-

ATTCCTTTGGAAATCAACAAAACT-3’; Reverse primer 1: 5’-

TGCTTTGATACTATTCCACAAACCC-3’; Reverse 2: 5’-

AGATTTATGTTCCCACTTGCTTCCT-3’. FoxO3 wild type allele produced a band 

of 100 bp and the FoxO3 null allele produced a band of 186 bp in a Taq DNA 

polymerase PCR reaction.  

Tissue preparation 

Mice were anesthetized every 4 hours starting at CT2 (10:00 AM) and brains 

were fixed in 4% PFA for 8 hours at 4°C and then in 30% sucrose in PBS 

overnight at 4°C for immunohistochemistry. Coronal and sagittal sections (16 

μm) were cut using a cryostat (Leica) and mounted on slides. 
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Immunohistochemistry 

Immunohistochemistry was performed using primary antibodies rabbit anti-

Ki67 (1:500, Abcam, ab15580) using heat-induced antigen retrieval. Briefly, 

sections were incubated in 10 mM sodium citrate (pH 6.0) for 15 minutes at 90 

°C. Sections were then blocked with 4% hiFBS (Gibco) in a Tris-buffered saline 

solution pH 7.6 containing Triton X-100 and incubated with primary antibody 

overnight at 4°C. After three washes with a Tris-buffered saline solution, 

sections were incubated with secondary antibodies donkey anti-rabbit IgG 

Alexa Fluor 488 or 594 or goat anti-mouse IgG Alexa Fluor 555 (Molecular 

Probes) at 1:1000 for 2 hours at room temperature. Sections were 

counterstained with DAPI and embed in FluorSave (Sigma).  

Image acquisition and quantification 

All fluorescent images were taken with a Leica microscope (DFC310FX). All 

quantifications were done by an observer blinded to the experimental 

condition. Images of multiple sections were quantified and averaged per 

animal. The sections spanned the rostrocaudal length of the hippocampus. Only 

DAPI+ cells were included. Quantifications were done in the subgranular zone 

of the dentate gyrus only.  

Cell culture  

Multipotent astrocytic stem cells (MASCs) were cultured in DMEM F-12 

(Invitrogen) + 10% hiFBS (Gibco), 200 nM L-Glutamine (Gibco), 1x N2 

(Invitrogen), 1x Penicillin-Streptomycin (Gibco) and supplemented with bFGF 

(10 ng/mL, Sigma), EGF (10 ng/mL, Sigma) and BPE (12.5 mg/mL, Invitrogen). 

Cells were incubated at 37 °C, 5% CO2. MASCs were a gift of C. Fitzsimons. For 

single cell fluorescence microscopy, NIH3T33c cells containing Rev-Erbα-

VNP clock reporter and FUCCI hCdt1-mKOrange and hGeminin-CFP FUCCI cell 

cycle reporter genes (Feillet et al., 2014) were cultured in DMEM/F10 

containing 10% FBS (Gibco), 1x Penicillin-Streptomycin at 37°C and 5% 

CO2 (pH7.7).  

Plasmids, siRNA oligos and transfection 

For overexpression studies, the following plasmids (Jacobs et al., 2003) (600 

ng per transfection) were used: pFOXO1-EGFP-N1, pFOXO3-EGFP-N1, pFOXO6-
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EGFP-N1  and p-EGFP-N1 as empty vector control. pGL4.11-Bmal1::luciferase 

(200 ng) was used as circadian reporter, pFlag-CLOCK (600 ng) was used to 

rescue FoxO3 siRNA with pcDNA-Neo as empty vector control. For FoxO3 

promoter studies, two plasmids with 1.4kb and 2.1kb of the FoxO3 promoter 

cloned into a pGL3::luciferase vector (see: below) were used with 

pGL3::luciferase as empty vector control. For knockdown studies, siRNA oligos 

(50 pmol) against FoxO1 (siO1), FoxO3 (siO3), FoxO6 (siO6) or a scrambled 

siRNA (siC) were used. Transient transfections were performed using 

Lipofectamine2000 (Invitrogen) according to the manufacturer’s instructions 

unless specified otherwise. 

Real time bioluminescence recordings 

To monitor circadian oscillations in MASCs, cells were plated in 6mm dishes 

and transfected the following day. Forty-eight hours later, medium was 

replaced with medium containing 25 mM HEPES and 0.1 mM luciferin (Sigma) 

and 100 nM dexamethasone for circadian synchronization. Bioluminescence 

was then recorded for multiple day.   (75 sec measurements at 10 min intervals) 

with a LumiCycle 32-channel automated luminometer (Actimetrics) placed in a 

dry, temperature-controlled incubator at 37°C. Data was analyzed with the 

Actimetrics software to calculate circadian amplitude.  

RNA isolation and quantitative real-time PCR 

RNA was harvested 24 hours and 48 hours after transfection using TriZOL 

(ThermoFisher) according to manufacturer’s instructions. Relative expression 

levels were determined by quantitative real-time PCR (Lightcycler 480) using 

the QuantiTect SYBR Green RT PCR Kit (QIAGEN) according to the 

manufacturer’s instructions. Gene expression was calculated relative to 

endogenous controls B2M, and normalised to the expression of control samples 

in each group, to give a ΔΔCt value. Primers used were: B2m forward: 5’-

TTCTGGTGCTTGTCTCACTG-5’, B2m reverse: 5’-CAGTATGTTCGGCTTCCCATTC-

3’, FoxO3 forward: 5’- CCTATGCCGACCTGATCACC-3’, FoxO3 reverse: 5’- 

ATTCTGAACGCGCATGAAGC’-3’, Clock forward: 5’-

AGGCTATTTGCCATTTGAAGTCT-3’ and Clock reverse: 5’-

GCTCGTGACATTTTGCCAGATTT-3’.   
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Time-lapse fluorescence microscopy 

NIH3T33c cells were plated in 4 well poly-L-lysine coated glass bottom dishes 

(D141410, Matsunami Glass Ind.) and reverse transfection was performed using 

Lipofectamine® RNAiMAX (Invitrogen) with FoxO3 siRNA, FoxO6 siRNA or 

siRNA control. After 24 hours, transfection medium was replaced with regular 

culture medium and placed in a temperature and humidity controlled chamber 

(37 °C, 5% CO2) of a live cell imaging Zeiss LSM510/Axiovert 200M confocal 

microscope. Images were then recorded every 30 minutes for 72 hours or more 

using a Coolsnap HQ/Andor Neo sCMOS camera. Live cell imaging was 

conducted and analysed as decribed previously (Farshadi et al., 2019; Feillet et 

al., 2014).  

 

Briefly, time-series for each of the fluorescent markers (Rev-ERbα-VNP, hCDT1-

mKOrange, hGeminin-CFP) were generated and used to assess lengths of the 

circadian cycle, total cell cycle, G1 phase and combined S, G2 and M phases 

(S/G2/M). The G1 phase was defined as the interval between the peaks of 

hGeminin-CFP and hCDT1-mKOrange expression whereas the S/G2/M phase 

was defined as the interval between the peaks of hCDT1-mKOrange and 

hGeminin-CFP expression. 

Statistical analysis 

All error bars represent the mean ± SEM. Significance is stated as follows: 

p>0.05 (ns), p<0.05 (*), p<0.01 (**), p<0.001 (***), p<0.0001 (****). 

Statistical details of each experiment can be found in the figure legend. n 

represents number of animals in vivo or independent biological repeats in 

vitro. Statistical analysis of circadian oscillation was performed with 

Circwave (courtesy of Dr. Roelof Hut, http://www.euclock.org/). 
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SUPPLEMENTAL FIGURES    

 

  

Figure S1. FoxO6 knockdown does not affect circadian clock in single cell NIH3T33C cell but 

does change cell cycle dynamics   

(A) Single cell recordings over multiple days of Rev-ERbα-VNP fluorescence levels in 
NIH3T33C following transfection with FoxO6 siRNA (siO6, dark blue) or control siRNA (siC, 

grey). Representative examples.  
(B) Circadian magnitude of oscillations in Rev-ERbα-VNP fluorescence levels shown in (A). 
siC, n=13; siO6, n=26. Student’s t-test with Bonferroni correction for multiple group 

comparison. n.s., not significant 
(C) Circadian amplitude of oscillations in Rev-ERbα-VNP fluorescence levels shown in (A). siC, 
n=13; siO6, n=26. Student’s t-test with Bonferroni correction for multiple group comparison. 

n.s., not significant 
(D,E) Single cell recordings of fluorescence marker expression for circadian clock oscillations 

(Rev-ERbα-VNP, yellow), G1 phase of the cell cycle (hCdt1-mKOrange fusion protein, red) and 
combined S, G2 and M phases (hGeminin-CFP fusion protein, blue) in NIH3T33C cells 
transfected with FoxO6 siRNA (D) or siRNA control (E). Representative examples.  

 (F) Comparison of the average length of cell cycle phase S, G2 and M (S/G2/M, blue), G1 (red), 
total cell cycle (purple) and circadian rhythm length (yellow) of data shown in (D-E). siC, 
n=13; siO6, n=26. Student’s t-test with Bonferroni correction for multiple group comparison. 

*, p<0.025; **, p<0.005.  
(G) Frequency histograms of circadian rhythm length (Clock, yellow) and total cell cycle length 
(purple) in single NIH3T33C cells transfected with FoxO6 siRNA (bottom) or siRNA control 

(top)  
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Figure S2. Differential binding of circadian clock components and transcriptional regulators to 

FoxO transcription factors in the mouse liver 

University of California Santa Cruz (UCSC) genome browser track view of the FoxO1 (A), 
FoxO3 (B), FoxO4 (C) and FoxO6 (D) genes showing ChIP-seq binding peaks for circadian 

clock components Clock, Bmal1, Per1, Per2, Npas2, Cry1 and Cry2 as well as transcriptional 
regulators CBP, p300 and recruitment and initiation of RNA polymerase II (8WG16 and Ser5P 
respectively). Data from Koike et al. (2012). 
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Figure S3. Circadian regulation of FoxO3 mRNA expression and phosphorylation. 

(A) Relative FoxO3 mRNA expression and relative ChIP-seq signal of histone modifications 
H3K9ac, H3K27ac, H3K4me3 in the FoxO3 promoter during a circadian cycle (data from 
(Vollmers et al., 2012) normalized to CT0).  

(B) Relative FoxO3 serine-283 phosphorylation during a circadian cycle (data from (Robles et 
al., 2017), data shown here is time window CT8-39).  

(C) UCSC Genome Browser view of FoxO3 (green) with circadian clock components binding 
sites (ChIP-seq data from Koike et al. (2012) of Clock, Bmal1, Per1, Per2, Npas2, Cry1, Cry2 and 
transcriptional regulators CBP, p300 and RNA polymerase II recruitment (8WG16) and 

initiation (Ser5P) as well as FoxO3 ChIP-seq signal (Webb et al., 2013). Genomic locations of 
FoxO3 recognition motif DBE (DAF-16 binding element) are denoted in red. 
(D) UCSC Genome Browser view of Nr1d1 (Rev-erbα) gene with circadian clock components 

binding sites (ChIP-seq data from Koike et al. (2012) of Clock, Bmal1, Per1, Per2, Npas2, Cry1, 
Cry2 and transcriptional regulators CBP, p300 and RNA polymerase II recruitment (8WG16) 
and initiation (Ser5P) as well as FoxO3 ChIP-seq signal (Webb et al., 2013). Genomic location 

of a FoxO3 recognition motif DBE (DAF-16 binding element) are denoted in red. 
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General discussion 

 

Summary of key findings 

 

Molecular regulation of neural stem cell (NSC) quiescence is key to maintain 

NSC populations throughout life. Aberrant regulation of quiescence can result 

in their increased exhaustion, expansion or dysfunction. In this thesis, I set out 

to investigate the function of FoxO3 and FoxO6 in NSC maintenance in the adult 

and aging brain. FoxO3 is a known regulator of NSC maintenance but its various 

modes of action, through the dynamic regulation of target genes in the NSC 

lineage are not clear. FoxO6 is the most recently discovered FoxO isoform and 

the least studied. It is interesting that its shuttling abilities are drastically 

impaired compared to the other FoxOs but the functional consequences have 

not yet been determined. An increased understanding of their roles in NSC fates 

could offer important insights into the age-related changes in adult 

neurogenesis and the oncogenic transformation of NSCs towards brain cancer 

stem cells that give rise to gliomas.   

 

We found that FoxO6 is an important regulator of NSC fates. In Chapter 2, we 

demonstrate that FoxO6 suppresses NSC quiescence during aging. This is a 

novel role of FoxO6 and opposite from FoxO3-dependent regulation. We 

suggest that FoxO6 negatively regulates FoxO3-dependent gene programs 

related to quiescence. In Chapter 3, we built on these data to show that FoxO6 

is likely involved in the oncogenic transformation of neural stem cells towards 

brain cancer stem cells that give rise to gliomas. NSCs lacking FoxO6 exhibit a 

glioma-like molecular signature whereas FoxO6 expression is a prognostic 

factor for glioma patients. In Chapter 4, we focussed on Hmgn2, a nucleosomal 

binding protein that epigenetically regulates progression through the NSC 

lineage. Whereas expression of Hmgn2 is down-regulated in FoxO6-deficient 

NSCs, we found that FoxO3 directly binds within an intron. In Chapter 5, we 

reviewed the literature on circadian regulation of NSCs and suggested that 

disruption of the circadian clock or its weaking during aging, results in loss of 

NSC quiescence. In Chapter 6, we demonstrated that FoxO3 regulates 

expression of circadian clock component Clock in NSCs and is necessary for the 

correct timing of circadian proliferation of NSCs in the hippocampus.   
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FoxO6: black sheep among FoxOs and neural stem cell regulators  

The work presented here suggests that FoxO3 and FoxO6 have different roles 

to play in the regulation of the adult NSC pool. Whereas FoxO3 promotes NSC 

quiescence, we found that FoxO6, surprisingly, suppressed NSC quiescence. As 

such, FoxO3 and FoxO6 are together responsible for a healthy balance between 

NSC activation and quiescence. NSC activation is necessary for adult 

neurogenesis but results in a declining NSC population (Encinas et al., 2011). 

NSC quiescence limits this decline during aging but excessive NSC quiescence 

impairs neurogenesis (Urbán et al., 2019; Tümpel & Rudolph, 2019). 

Interestingly, among the many described regulators of NSC quiescence, only 

few are described in such a suppressive way (Table 1). As such, FoxO6 is not 

Figure 1: Proposed model of how FoxO6 and FoxO3 are in control of a gene 

regulatory network that regulates NSC fates 
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only a black sheep within the FoxO transcription factor family but also among 

intrinsic neural stem cell regulators. Interestingly, we found that FoxO6 

represses FoxO3 activity. Whereas FoxOs do show functional diversification 

(Hosaka et al., 2004), they have predominantly been reported as working 

redundantly or cooperatively (Paik et al., 2007, 2009; Zhou et al., 2012; Yadav 

et al., 2018) and are often lumped together as a result. That our findings 

indicate an opposing function of FoxO isoforms is therefore a novel perspective 

on FoxO function. As FoxOs are essential regulators of cellular homeostasis, 

aging and cancer biology, it would be interesting to determine if such 

relationships exist in other tissues and cell types.  

 

Table 1: FoxO6 is among the few intrinsic regulators of neural stem cell 

quiescence that promotes activation  

 

Pro-activation Pro-quiescence 

  

Ascl11 p21WAF1/Cip1 3 

Tlx2 

FoxO6 

p27Kip1 4 

p535 

 p576 

 PTEN7 

 Sirt18 

 CSP-α9 

 Id410 

 Lrig111 

Bmal112 

Huwe113 

 FoxO114 

 FoxO314,15 

 FoxO414 

 

1, Blomfield et al., 2019; 2, Qu et al., 2010; 3, Kippin et al., 2005; 4, Andreu et al., 

2015; 5, Meletis et al., 2005;  6, Furutachi et al., 2013; 7, Groszer et al., 2006; 8, Ma 

et al., 2014; 9, Nieto-González et al., 2019; 10, Zhang et al., 2019; 11, Marqués-

Torrejón et al., 2021; 12, Bouchard-Cannon et al., 2013; 13, Urbán et al., 2016; 14, 

Paik et al., 2009; 15, Renault et al., 2009.   
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FoxO3 activity: could there be too much of a good thing? 

Our findings revealed a potential role for FoxO6 in the oncogenic 

transformation of neural stem cells. Interestingly, we found that NSCs lacking 

FoxO6 expressed transcriptional signatures of brain cancer stem cells. This was 

surprising as our data indicate that NSCs lacking FoxO6 have increased activity 

of FoxO3, which is typically considered as a tumor suppressor. However, the 

view of FoxOs as a double-edged sword is now also gaining recognition in 

cancer biology (Hornsveld et al., 2018; Yadav et al., 2018). Although long 

regarded as bona fide tumor suppressor, FoxOs could promote tumor 

development by maintaining cancer stem cells and by reactivating PI3K-Akt 

signaling and, clinically, by promoting drug resistance. As such, the association 

of low FoxO6 expression and poor clinical outcome for glioma patients fits 

within our model of a hyperactive FoxO3 promoting quiescence and brain 

cancer stem cell identity.   

Importantly, there is a close association between the circadian clock and the 

development and progression of various cancers, including gliomas, through 

the regulation of metabolism and cell cycle (Sahar and Sassone-Corsi, 2009, 

2012; Arafa and Amara, 2020). Whereas single nucleotide polymorphisms of 

clock genes are associated with an increased risk to develop gliomas, gliomas 

also altered expression of many core clock genes (Madden et al., 2014; De La 

Cruz Minyeti et al., 2021). Interestingly, rather than a disrupted circadian 

clock, many of these clock genes exhibit increased expression, which promotes 

stemness and cancer-favouring metabolism in glioma (Arafa and Amara, 2020). 

In a recent study, Dong et al. (2019) demonstrated that targeting BMAL1 or 

CLOCK resulted in down-regulated expression of tricarboxylic acid cycle genes, 

decreased expression of stem cell factors and reduced glioblastoma growth. 

Although core clock genes are typically considered to function as  tumour 

suppressors (Sahar and Sassone-Corsi, 2009), this indicates a tumour 

promoting role for the circadian clock by promoting stem cell homeostasis. As 

such, FoxO3-dependent regulation of the circadian clock may also promote 

brain cancer stem cell identity.  

Since the discovery of neural stem cells in the adult brain, research has focused 

on the consequences of a loss of quiescence as this results in a depletion of the 

stem cell population (Urbán et al., 2019) but the consequences of excessive NSC 

quiescence on NSC populations are less clear. Stem cell dysfunction is present 
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in many aging tissues (Tümpel and Rudolph, 2019) and old SVZ NSCs have 

lysosomal defects that impair their activation (Leeman et al., 2018). The work 

presented here, therefore, could serve as an example illustrating NSC 

quiescence gone awry. It is also an example of why increased FoxO3 activity 

could be too much of a good thing when it comes to NSC maintenance. While 

FoxO3 is necessary to limit quiescence, its presumed hyperactivity would result 

in an impaired NSC activation. An analogy I have used in the various 

presentations of my work throughout the course of my PhD is to consider FoxO3 

as a smoke alarm. Whereas a smoke alarm is essential to detect a house fire 

and stop it in its tracks (e.g. cell cycle arrest, apoptosis, senescence), a smoke 

alarm that sets off the sprinkler system when a candle is burning would be 

detrimental. In this model, FoxO6 limits the sensitivity of FoxO3 so that it only 

acts when it is crucial to protect cellular homeostasis without harming tissue 

homeostasis. This is reminiscent of FoxO4 action. In a seminal paper, Baar et 

al. (2017) showed that FoxO4 can promote senescence by interacting with p53 

following DNA-damage. While inducing senescence is a safe alternative 

compared to risking accumulation of mutations in DNA, senescent cells are 

thought to impair tissue function and to accelerate aging as they develop a pro-

inflammatory phenotype or senescence-associated secretory phenotype (Coppé 

et al., 2008; de Keizer, 2017). Targeted apoptosis of senescent cells by inferring 

with the FoxO4-p53 axis, therefore, restored fitness, hair density and renal 

function in aged mice (Baar et al., 2017).  

Relevance of adult hippocampal neural stem cells in the old brain 

Whereas we found that FoxO6 modulates NSC quiescence during aging and that 

the Hmgn2+ population of neural stem/progenitor cells is diminished in old 

brains, circadian function in NSCs declines during aging. As such, the work 

presented here is closely connected to the presence of adult neural stem cells 

in the aging brain, with the implication that alterations in NSC fates likely 

affect adult neurogenesis.  

Conflicting reports about whether adult hippocampal neurogenesis occurs in 

humans has raised controversy over its significance for human health (Sorrells 

et al., 2018; Boldrini et al., 2018). With subsequent studies showing the 

presence of new neurons in old humans, the consensus seems to have reverted 

to the pre-Sorrells school of thought; that adult hippocampal neurogenesis 

contributes to learning and memory processes, and promotes stress regulation 

(Snyder et al., 2019; Lucassen et al., 2020). Interestingly, brains of Alzheimer’s 
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patients show low levels of hippocampal neurogenesis, which correlated with 

memory deficits (Tobin et al., 2019; Moreno-Jimenez et al., 2020). A recent 

study has now shown that levels of microRNA miR-132 are reduced in the brains 

of Alzheimer’s disease patients but that its replacement restored adult 

hippocampal neurogenesis and improved  memory deficits in a mouse model of 

the disease (Walgrave et al., 2021). In other words, the existence of neural stem 

cells in old brains has tangible benefits.  

Therefore, the preservation of this population through modulation of 

quiescence seems beneficial (Kalamakis et al., 2019; Harris et al., 2021; 

Ibrayeva et al., 2021). However, from an evolutionary perspective, there would 

be no selection pressures on stem cell activity after the adult reproductive years 

(Goodell and Rando, 2015). In others words, it is hard to imagine that the 

preservation of neural stem cells for neurogenesis in old brains is subjected to 

evolutionary pressure. In fact, a sizeable population of quiescent NSC might 

never become activated (Harris et al., 2021). As such, the preservation of adult 

neural stem cells during aging might be the logical consequence of increased 

quiescence due to stem cell dysfunction or aging-related changes of the 

surrounding niche. For instance, both the accumulation of protein aggregates 

and a pro-inflammatory niche impair the activation of old NSCs (Leeman et al., 

2018; Kalamakis et al., 2019; Dulken et al., 2019).  

Conversely, the existence of adult neural stem cells also poses a risk for their 

oncogenic transformation. Since the discovery of NSCs in brain tumours (Singh 

et al., 2004), an increasing body of knowledge demonstrates that SVZ NSCs are 

the main cell-of-origin for human brain tumours (Matarredonna and Pastor, 

2019; Kim et al., 2021). Mutations in oncogenes and tumour suppressors drive 

the transformation of, mainly, neural stem cells towards a brain cancer stem 

cell, characterized by sustained self-renewal and proliferation, which gives rise 

to the various cell types that constitute a brain tumour (Lathia et al., 2015; Lee 

et al., 2018; Kim et al., 2021). These tumours, of which glioblastoma multiforme 

is the most common and most lethal, are almost impossible to treat and most 

patients die within the first years following diagnosis (Louis et al., 2007; 

McLendon & Halperin, 2003; Jaeckle et al., 2011). This is partially due to 

recurrence of the tumours driven by a slow-cycling population of NSCs that 

survives chemotherapy (Chen et al., 2012.). As such, adult NSCs are responsible 

for one of the most lethal human cancers while many of them likely never 

generate new neurons.  
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Among the key regulators of NSC quiescence (Urbán et al., 2019) are many 

tumour suppressors with key functions in cancer biology, which are likely to 

be subjected to strong evolutionary pressure. The prevalence of NSC quiescence 

might stem from the activity of these tumour suppressors rather than to 

functionally preserve NSCs for the aging brain. Alternatively, quiescence of 

young NSCs is likely important to limit levels of adult neurogenesis. Newborn 

hippocampal neurons integrate into the existing neuronal circuitry, which 

promotes brain plasticity (Gonçalves et al., 2016). Whereas neural circuits in 

young brains show high levels of plasticity, this is later stabilized (Takesian 

and Hensch, 2013). A mechanism favouring NSC quiescence might therefore 

start at a young age, not to preserve NSCs but to promote a balance between 

brain plasticity and stability.   

Therefore, I suggest that neurogenesis is beneficial for old brains but that this 

is not likely the reason for its existence. Rather, neurogenesis is a logical 

consequence of the persistence of neural stem cells in old brains and the 

mechanisms in place regulating their quiescence. In this view, adult neural 

stem cells persist as a leftover of the neurodevelopmental period. Their 

increased quiescence during aging allowed them to exist longer than is 

expected in a purely “division-coupled depletion” model (Harris et al., 2021). 

However, from an evolutionary perspective, it is more likely that mechanisms 

favouring tumour suppression and stability of neuronal circuitry in 

combination with age-related stem cell dysfunction and pro-inflammatory 

neurogenic niches drive this quiescent state rather than these mechanisms have 

developed to functionally preserve neurogenesis in old brains. In other words, 

the process is the evolutionary driver rather than the outcome.  

For example, almost all mammals contain seven cervical vertebrae, not because 

this is necessarily the perfect number of cervical vertebrae for a mammal but 

because of developmental constraints (Galis, 1999). Patterning of the skeleton 

is regulated by Hox genes, which are key regulators during development and 

cancer biology in adult tissues. As such, variation in the number of vertebrae 

in the neck may not seem that harmful, abnormalities in Hox genes are. 
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Regulation by FoxO6 and FoxO3: like clockwork? 

Additionally, we discovered novel modes of FoxO3-dependent regulation in 

NSCs: the control of circadian rhythms and the control of Hmgn2 expression. 

FoxO3 promotes NSC quiescence through the induction of transcriptional 

programmes that directly limit cell cycle progression (e.g. p21, p27) and its 

activity is dependent on the cellular metabolic state (Renault et al., 2009; Ro 

et al., 2013). The circadian clock is closely connected to both the cell cycle and 

metabolism (Asher & Schibler, 2011; Gaucher et al., 2018). Our finding that 

FoxO3 regulates Clock, an essential component of the cellular clock, adds 

another layer to the regulation of NSC fates. Interestingly, we found that, in 

the liver, circadian clock components rhythmically bound to the FoxO3 gene in 

a publically available ChIP-seq dataset (Koike et al., 2012), indicating that 

FoxO3 is an integral part of the circadian gene regulatory network. This raises 

the question whether FoxO6 is also part of this network. Interestingly, the 

FoxO6 gene was not bound by any circadian clock components in the liver and 

FoxO6 knockdown did also not significantly change circadian clock dynamics 

on a single cell level. Nevertheless, FoxO6 overexpression clearly reduced the 

amplitude of circadian oscillations in both NIH3T3 cells (Chaves et al., 2014) 

and in our experiments in neural stem cells. Conversely, FoxO6-/- mice exhibit 

fragmented circadian behaviour with an increased period, similar to the 

circadian behaviour of old mice (Chaves et al., unpublished). Moreover, we 

found altered expression of clock genes - Per1, Per2, Rev-Erbα/Nr1d1, Cry1, Cry2 

(Draijer et al., unpublished) - in FoxO6-deficient NSCs. As such, FoxO6 seems 

to be involved in circadian regulation but likely through its regulation of FoxO3 

or target genes and not, as in the case of FoxO3, as an integral part of the 

circadian regulatory network.      

Hmgn2: a transcriptomic smoking gun 

Importantly, we found that FoxO3 regulated expression of the nucleosomal 

binding protein Hmgn2. This line of inquiry started with the observation that 

Hmgn2 expression was drastically reduced in neurospheres derived from 

FoxO6-deficient mice, both adult and embryos compared to wild types. When I 

started my PhD, Hmgn2 had just been reported as highly up-regulated in neural 

progenitor cells and belonging to a group of “transcription factors whose 

function has not been described in the context of adult hippocampal neural 

development” (Artegiani et al., 2017). As such, Hmgn2 seemed to be an 
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important smoking gun in figuring out why loss of FoxO6 resulted in a 

quiescent-like signature.  

Therefore, we set out to examine its spatial expression in vivo, as that had not 

been done at the time, and assessed Hmgn2 expression in many available 

datasets as well as in our own model of NSC quiescence. Together, these results 

all indicated that Hmgn2 expression sharply increases following NSC 

activation, peaks in neural progenitor cells and is then down-regulated during 

differentiation towards neuroblasts.  

A question that remains is whether the drastic reduction of Hmgn2 expression 

in FoxO6-deficient neurospheres is due to either the loss of neural progenitor 

cells, which highly express Hmgn2, or due to FoxO3 hyperactivity repressing 

Hmgn2 or is caused by the absence of direct FoxO6 regulation. Whereas we 

found a clear reduction in the number of Hmgn2+ cells in FoxO6-deficient mice, 

adult hippocampal neural stem cells in vitro - arguably a more homogeneous 

culture than neurospheres – also exhibit diminished Hmgn2 expression. 

Conversely, direct FoxO6-dependent regulation seems unlikely as we did not 

find a FoxO6 binding site at the Hmgn2 gene in our ChIP-seq data. Moreover, 

this would mean that FoxO6 and FoxO3 would both bind to a DBE within Hmgn2 

but differentially regulate its expression. This is possible depending on their 

transcriptional co-regulators but it seems more likely that Hmgn2 expression 

is so drastically reduced in FoxO6-deficient neurospheres because 1) increased 

quiescence at the expense of neural progenitor cells results in a proportionally 

reduced number of cells with high Hmgn2 expression and 2) FoxO3 

hyperactivity results in increased repression of Hmgn2. In addition, a dynamic 

balance between FoxO3- and Ascl1-dependent transcription likely regulates 

Hmgn2 expression, among the many shared target genes of FoxO3 and Ascl1 

(Webb et al., 2013). Since we found that FoxO6 regulates FoxO3, FoxO6 would 

indirectly affect Ascl1-dependent transcription of not only Hmgn2 but also of 

many other target genes.  

Limitations of this work 

An obvious ethical and experimental concern is the use of mouse models 

throughout the chapters in this thesis. Although we have aimed to minimize the 

use of mice, their sacrifice was inherent to many experiments involving post-

mortem analysis. The use of a primary neural stem cell line provides an ideal 

model to study cell cycle dynamics outside of a mouse brain and only 
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necessitates a single isolation. Nevertheless, a crucial aspect of the research 

outlined here involves aging. We observed age-related changes in FoxO6-

deficient mice as well as age-related changes in the number of Hmgn2+ neural 

stem/progenitor cells. Such studies are impossible in vitro. Similarly, loss of 

FoxO6 affected the quiescence of hippocampal NSCs but not of NSCs in the SVZ 

of the lateral ventricles. In contrast, both hippocampal NSCs and whole 

forebrain neurospheres, which likely predominantly originate from SVZ NSCs, 

that lacked FoxO6, were more quiescent in culture. This indicates niche-specific 

features that are hard to recapitulate in vitro. Finally, we found a phase-shift 

in the peak of circadian proliferation in mice lacking FoxO3. As the circadian 

clock within cells is synchronized by cues from the SCN and by metabolic 

signals, such an effect would have likely been missed in vitro. Because of these 

reasons and others, the use of human brain tissue would not have been 

adequate to carry out the research as performed in this thesis. Whereas the use 

of post-mortem brain tissue would not have been able to answer causative 

questions about FoxO3 and FoxO6, the use of human neural stem cell cultures 

would have been challenging for the reasons mentioned above.  

As such, it remains challenging to translate the findings in this thesis to the 

human brain. In recent years, the debate around adult neurogenesis in humans 

has been reinvigorated after a study reporting negligent neurogenesis in adult 

human brains sparked controversy (Sorrells et al., 2018). This was quickly met 

with rebuttals questioning the experimental methodology (Lucassen et al., 

2019) and new studies that did find adult neurogenesis to persist in old human 

brains (Boldrini et al., 2019; Tobin et al., 2019). Nevertheless, we also observed 

that the number of proliferating NSCs in old mouse brains was a fraction of the 

number of proliferating NSCs in young mice. As such, adult neurogenesis in 

mice and humans seem to be comparable when the organism’s development 

and lifespan are accounted for (Snyder et al., 2019).   

This does not withstand the fact that there are limitations of the mouse models 

used in this work. We used transgenic mouse mutants lacking FoxO3 or FoxO6. 

These mutant mice were full knockouts, meaning that many cells throughout 

the body had been lacking either of these transcription factors from conception 

onwards. This poses two problems: first, the lack of FoxO3 or FoxO6 in other 

tissues than the brain may affect NSCs maintenance and, secondly, the absence 

of these transcription factors during brain development may affect NSCs in the 

adult brain.  
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For instance, FoxO3 regulates circadian rhythms in the liver (Chaves et al., 

2014) whereas FoxO6, now that it is increasingly studied, is emerging as a 

regulator of gluconeogenesis in the liver (Kim et al., 2013). NSCs are positioned 

close to blood vessels and - in the SVZ - cerebrospinal fluid and therefore are 

dependent on systemic signals deriving from the niche environments for their 

activation and cell fates (Doetsch, 2003; Obernier and Alvarez-Buylla, 2019). 

Additionally, FoxO3 is a known regulator of embryonic NSCs (Paik et al., 2009; 

Schmidt-Strassburger et al., 2012) whereas FoxO6 expression is abundant in 

the developing brain (Hoekman et al., 2006) and affects neuronal migration 

during cortical development (Paap et al., 2016). As such, loss of FoxO3 or FoxO6 

in other tissues may indirectly alter NSC homeostasis while their absence 

during development could affect the generation of adult NSCs. A solution would 

be to use a brain-specific and/or temporally specific conditional transgenic 

knockout mouse. For instance, by crossing a transgenic Cre recombinase mouse 

driven by the brain-specific Nestin promoter with a floxed mouse: a transgenic 

mouse that has a gene - in this case FoxO6 or FoxO3 - sandwiched in between 

lox P sites. This then allows for the deletion of these genes using Cre-Lox 

recombination. To study the acute effects of a FoxO6 deletion in the adult brain, 

a Nestin-CreERT2 mouse model can be used, in which a deletion with tamoxifen 

activates Cre recombinase. However, a floxed FoxO6 mouse is currently lacking 

and challenging to generate in-house. 

Concluding remarks 

The work presented in this thesis reveals novel roles for FoxO6 and FoxO3 in 

the regulation of NSC fates but, above all, it demonstrates that a proper balance 

between NSC activation and quiescence is key. While FoxO3 is indisputably an 

essential regulator of NSC quiescence, we show here that FoxO6 is necessary 

to keep its activity in check to allow NSC activation. Quiescence is necessary to 

maintain adult NSC populations but without their activation, their function as 

stem cells is arguably abrogated. Similarly, FoxO3 is an important regulator of 

cancer biology but as it promotes stemness of neural stem cells, it can likewise 

promote stemness of brain cancer stem cells. FoxO6 may therefore act as a 

tumour suppressor in an unusual way: by keeping another tumour suppressor, 

FoxO3, in check. Hmgn2 seems to fit within this framework. Its expression is 

up-regulated following NSC activation but its function is not pro-neurogenic 

but rather promotes stem cell identity.  
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Circadian regulation of NSC fates is emerging as an important factor in 

balancing NSC fates. Not only does the circadian clock modulate the decision 

whether to enter or exit the cell cycle, it also modulates when. That FoxO3 - and 

by association FoxO6 - are interconnected within the cellular circadian clock 

machinery adds to the complexity of NSC regulation.  

Together, all these findings illustrate that quiescence is not inherently good or 

bad but that its active regulation is necessary to strike a balance between 

exhaustion, expansion and stem cell dysfunction. Aging heavily affects this 

balance, both by intrinsic and extrinsic changes, which leaves neural stem cells 

-and other somatic stem cells - continuously poised between these three evils. 

To understand healthy aging, it is, therefore, important to understand 

quiescence. 
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Nederlandse samenvatting 

 

In dit proefschrift staat de vraag hoe neurale stamcellen, de stamcellen in het 

brein, worden gereguleerd, centraal. Neurale stamcellen zijn de bron van 

nieuwe hersencellen, waaronder neuronen, astrocyten en oligodendrocyten. In 

de volwassen hersenen liggen deze stamcellen ondermeer in de hippocampus, 

een hersengebied met een belangrijke rol in leren en geheugen. Zodoende 

worden neurale stamcellen geacht een rol te spelen bij deze hersenfuncties. Al 

tijdens de vroege embryonale ontwikkeling wordt een voorraad neurale 

stamcellen klaargelegd voor gebruik in het volwassen brein.  

 

Het vormen van nieuwe hersencellen gaat ten koste van een stamcel waardoor 

de voorraad, of populatie, neurale stamcellen langzaam slinkt gedurende het 

leven. Om ervoor te zorgen dat niet te snel verloopt bevindt de meerderheid 

van de neurale stamcellen in een volwassen brein zich in een slaapstand 

(quiescence). Enkel bij activatie verlaten de cellen deze modus en treden de 

celcyclus binnen. Geleidelijk verliezen deze cellen eigenschappen van 

stamcellen, zoals de hoge mate van zelfvernieuwing, en verkrijgen ze 

eigenschappen van hersencellen zodat ze kunnen functioneren binnen een 

neuraal circuit. Het is essentieel om de activatie van hersencellen cellen te 

bewaken. Wanneer te veel neurale stamcellen worden gebruikt wordt de 

populatie te snel uitgeput en ontstaat er een tekort aan nieuwe hersencellen op 

latere leeftijd. Anderzijds is activatie nodig om nieuwe hersencellen te 

verkrijgen. Bovendien liggen neurale stamcellen aan de basis van 

hersentumoren. Indien deze cellen hun stamceleigenschappen behouden 

kunnen ze, door een hoge mate van zelfvernieuwing, een onuitputtelijke bron 

vormen voor hersentumorcellen.    

 

De activatie vanuit quiescence hangt van de juiste omstandigheden af: enkel 

wanneer er voldoende voedingsstoffen, signalen om te groeien en het risico op 

DNA-schade minimaal is, zullen deze cellen de celcyclus doorlopen. FoxO 

transcriptie factoren vormen hierin een belangrijke schakel. Bij afwezigheid 

van  signalen zijn deze eiwitten actief en bevinden zich in de celkern waar ze 

toegang hebben tot het DNA van genen die betrokken zijn bij de celcyclus, 

celdood en metabolisme en de expressie van deze groep genen reguleren. 

Zodoende remmen FoxOs de celcyclus, stimuleren ze celdood of zetten ze 

specifieke metabole programma’s aan, zoals glycolyse bij de afwezigheid van 

zuurstof. Op die manieren beperken FoxOs de activatie van veel verschillende 
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soorten stamcellen, waaronder neurale stamcellen, en zijn ze essentieel in het 

behouden van populaties stamcellen gedurende het leven. Wanneer er wél 

genoeg signalen zijn om de celcyclus in te gaan, worden FoxOs gemodificeerd 

door middel van fosforylatie, de plaatsing van een fosfaatgroep op het eiwit, 

waardoor ze inactief worden en de celkern verlaten.  

 

Toch geldt dit niet voor alle FoxOs. In zoogdieren bestaan er vier varianten: 

FoxO1, FoxO3, FoxO4 en FoxO6. Terwijl FoxO1, FoxO3 en FoxO4 de celkern 

verlaten na fosforylatie, blijft FoxO6 overwegend in de kern aanwezig. Het is 

echter onbekend of FoxO6 een rol speelt in de regulatie van neurale stamcellen 

in het volwassen brein. In Hoofdstuk 2, onderzoeken we daarom de rol van 

FoxO6 in het behoud van neurale stam cellen (NSCs) gedurende het leven.  

 

Door zowel de hoeveelheid totale stamcellen als de hoeveelheid delende 

stamcellen in het brein van muizen met én zonder het FoxO6-gen te bepalen, 

ontdekten we dat zonder FoxO6, neurale stamcellen minder delen. Dit effect is 

leeftijdsafhankelijk, maar trad in muizen zonder FoxO6 al op veel vroegere 

leeftijd op. Deze afname in celdeling zagen we ook in neurale stamcellen 

geïsoleerd uit muizen met én zonder FoxO6. Bovendien bleken neurale 

stamcellen zonder FoxO6 beter in staat om in kweek meer identieke stamcellen 

te genereren en beschikten zodoende over een grotere mate van 

zelfvernieuwing. Deze aanpak stelde ons ook in staat om het transcriptoom, de 

gezamenlijke expressie van alle genen te bepalen in neurale stamcellen waarin 

FoxO6 aanwezig of afwezig was. Dit gezamenlijke profiel van genexpressie 

wees ook op minder activatie in neurale stamcellen zonder FoxO6. Het was 

opvallend dat de expressie van genen die normaal gesproken geactiveerd 

worden door FoxOs was toegenomen in neurale stamcellen zonder FoxO6, dit 

in tegenstelling tot neurale stamcellen zonder FoxO3 waar de expressie van 

deze genen was afgenomen. Bovendien bleek FoxO3 minder gefosforyleerd te 

zijn in neurale stamcellen zonder FoxO6.  

 

Onze resultaten wijzen er dus op dat FoxO6 een belangrijke regulator van 

neurale stamcellen is en dat het, door de activiteit van FoxO3 in toom te 

houden, kan bijdragen aan een gezonde balans tussen quiescence en activatie.    

 

Neurale stamcellen zonder FoxO6 beschikten over een verhoogde mate van 

zelfvernieuwing. Aangezien dit één van de eigenschappen van 
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hersentumorstamcellen is, probeerden wij in Hoofdstuk 3 een antwoord op de 

vraag te geven of FoxO6 betrokken is bij de transformatie van normale neurale 

stamcel tot hersentumorstamcel. Deze stamcellen liggen aan de basis van 

hersentumoren, waaronder de zeer agressieve glioblastoma en laaggradige 

gliomen, die nog altijd grotendeels ongeneeslijk zijn. Dat komt deels door de 

aanwezigheid van quiescent hersentumorstamcellen binnen een tumor. Deze 

cellen zijn in staat chemotherapie, straling en operatieve behandelingen te 

overleven en zodoende te leiden tot terugkeer van een hersentumor. Neurale 

stamcellen zonder FoxO6 bleken qua transcriptoom veel overeenkomsten te 

vertonen met hersentumorstamcellen. Dit ging vooral om genen betrokken bij 

glucose metabolisme.  

 

Een algemene eigenschap van kankercellen, het zogeheten “Warburg effect”, is 

de overgang van oxidatieve fosforylering naar glycolyse, zonder dat er een 

tekort aan zuurstof is. De toegenomen expressie van genen die coderen voor 

cruciale enzymen gerelateerd aan glycolyse wijst erop dat dit ook het geval is 

in neurale stamcellen waarin FoxO6 ontbreekt. Ook was de expressie van de 

genen Idh1 en Idh2 toegenomen in deze cellen. Dat is interessant omdat deze 

genen vaak gemuteerd zijn in hersentumoren en bovendien zijn het FoxO 

targets die, coderend voor het enzym isocitraat dehydrogenase, bijdragen aan 

het metabolisme van tumorcellen. Vervolgens analyseerden wij FOXO6 

expressie in een dataset van verschillende vormen van hersentumoren: 

glioblastoma en laaggradige gliomen. Lage FOXO6 expressie bleek te correleren 

met een slechte prognose voor glioblastomen, maar niet voor laaggrade 

gliomen. Omdat IDH1 en IDH2 vaak gemuteerd zijn in laaggradige gliomen, 

maar niet in primaire glioblastoma, zou dit erop kunnen wijzen dat de rol van 

FOXO6 in hersentumoren afhangt van de mutatiestatus.  

 

FOXO6 kan daarom als tumor suppressor werken in hersentumoren door de 

expressie van genen te beperken die het behoud en metabolisme van 

hersentumorstamcellen stimuleren.   

 

In Hoofdstuk 4 bestudeerden we de regulatie van Hmgn2, een gen waarvan de 

expressie sterk was afgenomen in neurale stamcellen zonder FoxO6. Hmgn2 

codeert voor een eiwit dat bindt aan nucleosomen en zodoende epigenetische 

modificaties die de identiteit van stamcellen bepalen bewerkstelligt. Bovendien 

bleek uit recente studies dat expressie van Hmgn2 sterk verrijkt is in de 

zogeheten intermediate neural progenitor cellen die zich halverwege de route 
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van neurale stamcel naar neuron bevinden. Echter is het nog onbekend hoe 

tijdens dit proces de genexpressie van Hmgn2 wordt gereguleerd.  

 

Allereerst bepaalden we de expressie van Hmgn2 in het volwassen brein in vivo. 

We ontdekten dat de meerderheid van neurale stamcellen en intermediate 

neural progenitor cellen (NSC/NPCs) Hmgn2 tot expressie bracht en tevens dat 

tijdens veroudering van het brein deze populatie van Hmgn2-positieve cellen 

in aantal was afgenomen. Daarnaast ontdekten we dat NSC/NPCs in de nog in 

ontwikkeling zijnde hippocampus in een pasgeboren muis Hmgn2 tot expressie 

brachten. Zodoende bleek Hmgn2 een belangrijke regulator die een brug vormt 

tussen het volwassen brein en het brein in ontwikkeling. Daarna analyseerden 

we verschillende datasets van de transcriptie factoren FoxO3, Ascl1 en Olig2 en 

hun bindingsplaatsen op het DNA om te bepalen hoe de Hmgn2 expressie wordt 

gereguleerd in neurale stamcellen. Deze transcriptiefactoren bleken alledrie 

een bindingsplaats te hebben in een intron van het Hmgn2 gen en aansluitende 

experimenten lieten zien dat FoxO3 de expressie van Hmgn2 direct remt.  

Samenvattend concluderen wij dat Hmgn2 een centrale rol speelt binnen het 

gen regulatoire netwerk dat neurale stamcellen reguleert in het postnatale 

brein, in het volwassen brein en tijdens de veroudering van het brein. 

 

Hoofdstuk 5 bestaat uit een literatuurstudie aangaande de invloed van dag- en 

nachtritmes, ook wel circadiane ritmes, op de regulatie van neurale stamcellen. 

Circadiane ritmes komen voor in de fysiologie en het metabolisme van vrijwel 

alle organismen. Een cellulaire circadiane klok die cyclische genexpressie 

bewerkstelligt is aanwezig in de meeste cellen van zoogdieren waaronder een 

scala aan orgaan-specifieke stamcellen. Recente studies laten zien dat neurale 

stamcellen delen volgens een circadiaan ritme. Wij hebben dit samengevat in 

een model waarin een belangrijke rol is weggelegd voor de cellulaire circadiane 

klok om neurale stamcellen gedurende het leven te behouden. Verlies van de 

circadiane klok leidt tot verlies van quiescence en een toegenomen mate van 

uitputting van de populaties van neurale stamcellen wat kan leiden tot 

verouderingsverschijnselen.  

 

Wij stellen voor dat SIRT1, een belangrijke sensor van cellulair metabolisme, 

uitputting van de neurale stamcelpopulatie tegengaat door het stimuleren van 

de activiteit van de circadiane klok. Het ontrafelen van een dergelijk 

mechanisme kan een waardevol inzicht bieden in hoe verstoring van 
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metabolisme en circadiane ritmes, zoals bij jet lags en in ploegendiensten, het 

levenslange behoud van neurale stamcellen kan beïnvloeden.  

 

Hieropvolgend gingen wij in Hoofdstuk 6 na, hoe FoxO3, als onderdeel van dit 

model, circadiane ritmes in neurale stamcellen reguleert. Veel cellulaire 

processen zoals metabolisme en celcyclus zijn onderhevig aan een circadiaan 

ritme. FoxO3 is een belangrijke schakel tussen metabolisme en celcyclus en 

daarom een belangrijke regulator van neurale stamcellen. Daarom is het 

interessant dat FoxO3 circadiane ritmes in de lever beïnvloedt door directe 

regulering van genexpressie van Clock, één van de componenten van de 

cellulaire circadiane klok. Het was echter nog onduidelijk of FoxO3 ook 

circadiane ritmes van neurale stamcellen reguleert. Daarom onderzochten wij 

of dat het geval was door FoxO3 uit te schakelen in neurale stamcellen. Dit 

leidde tot een reductie in expressie van Clock en de afwezigheid van circadiane 

oscillaties in expressie van Bmal1,  een ander cruciaal onderdeel.  

 

Daarentegen vertoonden individuele cellen waarin FoxO3 is uitgeschakeld nog 

steeds circadiane oscillaties. Dat suggereert dat FoxO3 van belang is voor de 

synchronizatie van individuele cellulaire circadiane klokken. Daarnaast was het 

een interessante vondst dat het FoxO3 gen zelf ook op een circadiane manier 

gebonden wordt door componenten van de circadiane klok zoals Clock en 

Bmal1. FoxO3 staat daarmee centraal binnen dit circadiane genregulatoire 

netwerk. Daarnaast hebben wij gedurende een cyclus van dag en nacht de mate 

van celdeling van neurale stamcellen in de hippocampus bepaald in muizen met 

en zonder FoxO3. Hoewel wij in beide gevallen een circadiane cyclus in de 

celdeling terugvonden, bleken de muizen zonder FoxO3 een verschuiving van 

deze oscillatie te vertonen. Een dergelijke verschuiving kan leiden tot een 

verstoorde koppeling tussen metabolisme en celcyclus.  

 

Wij concluderen daarom dat de rol die FoxO3 speelt in het levenslange behoud 

van neurale stamcellen deels te wijten is aan diens bijdrage in de modulatie 

van de circadiane klok. Dit kan van groot belang zijn wanneer jet lags, 

ploegendiensten en ziekte circadiane ritmes verstoren en de regulatie van 

neurale stamcellen in het geding komt.   
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Ode to Hmgn2 
 

O neural stem cell 

And I thought I knew you so well 

In your own little niche 

A beautiful spot, a real pastiche 

Next to the ventricles or in the dentate gyrus 

You’ll see it when you trace them with a virus 

Starting out as a sleeping giant 

Dormant, quiescent but really just defiant 

Only entering the cell cycle when necessary 

Checking energy levels, avoiding DNA damage: it’s really not that arbitrary 

Transcription factors regulating your activation 

A fundamental process happening since gestation 

But what about all these other genes? 

Is their expression just a means 

To an end? 

It’s a question I can’t stand 

Take this gene called Hmgn2 

Highly upregulated in dividing cells but its expression remains taboo 

This is what I aim to discover 

So check out my poster if you bother 
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