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Abstract

The forkhead box protein O (FOXO, consisting of FOXO1, FOXO3, FOXO4 
and FOXO6) transcription factors are the mammalian orthologues of 
Caenorhabditis elegans DAF-16, which gained notoriety for its capability 
to double lifespan in the absence of daf-2 (the gene encoding the 
worm insulin receptor homologue). Since then, research has provided 
many mechanistic details on FOXO regulation and FOXO activity. 
Furthermore, conditional knockout experiments have provided a 
wealth of data as to how FOXOs control development and homeostasis 
at the organ and organism levels. The lifespan-extending capabilities 
of DAF-16/FOXO are highly correlated with their ability to induce 
stress response pathways. Exogenous and endogenous stress, such as 
cellular redox stress, are considered the main drivers of the functional 
decline that characterizes ageing. Functional decline often manifests 
as disease, and decrease in FOXO activity indeed negatively impacts 
on major age-related diseases such as cancer and diabetes. In this 
context, the main function of FOXOs is considered to preserve cellular 
and organismal homeostasis, through regulation of stress response 
pathways. Paradoxically, the same FOXO-mediated responses can also 
aid the survival of dysfunctional cells once these eventually emerge. 
This general property to control stress responses may underlie the 
complex and less-evident roles of FOXOs in human lifespan as opposed 
to model organisms such as C. elegans.

Sections

Introduction

Control of FOXO activity

Transcription regulation by 
FOXOs

Transcriptional programmes 
downstream of FOXOs

FOXOs in the regulation 
of stem cells and tissue 
homeostasis

Conclusions and perspective

1Center for Molecular Medicine, University Medical Center Utrecht, Utrecht, Netherlands. 2Oncode Institute, Center  
for Molecular Medicine, University Medical Center Utrecht, Utrecht, Netherlands.  e-mail: B.M.T.Burgering@ 
umcutrecht.nl

http://www.nature.com/nrm
https://doi.org/10.1038/s41580-023-00649-0
http://crossmark.crossref.org/dialog/?doi=10.1038/s41580-023-00649-0&domain=pdf
http://orcid.org/0000-0001-5259-8815
http://orcid.org/0000-0002-4044-9596
mailto:B.M.T.Burgering@
umcutrecht.nl
mailto:B.M.T.Burgering@
umcutrecht.nl


Nature Reviews Molecular Cell Biology | Volume 25 | January 2024 | 46–64 47

Review article

Nevertheless, dietary restriction in certain mouse strains results in 
increased lifespan and this appeared to depend on FOXO3, whereas 
haploinsufficiency of FOXO1 diminishes the antineoplastic effect of 
dietary restriction in mice but not lifespan12. It is also clear that the 
FOXO function is involved in delaying the onset of age-related diseases, 
as loss of FOXO3 function leads to a premature decline of neural cells13. 
Also, FOXO3 deficiency leads to aberrant cortical astrocyte activation, 
and altered lipid metabolism, supporting a protective role of FOXOs 
against brain ageing14.

In this Review, we first briefly discuss mechanism (mechanisms) 
that controls FOXO activity and their transcriptional output. We then 
focus on how FOXOs maintain cellular, organ and organismal homeo-
stasis through their roles in cell cycle, metabolism, redox signalling 
and stem cell function.

Control of FOXO activity
The control and downstream output of FOXOs have been described 
extensively in several excellent reviews9,15–17. A common theme in the 
FOXO-dependent regulation of adaptation to stress is that the activity 
of FOXOs is regulated by several upstream signalling cascades that are 
switched on or off, dependent on the stress that is encountered. Loss of 
insulin signalling is a signal for limited glucose availability and nutrient 
stress and relieves AKT-dependent inhibition of FOXOs. Stress-activated 
protein kinases such as JNK and p38 mitogen-activated protein kinase 
(MAPK) are activated by oxidative stress through redox signalling (Sup-
plementary Box 1) and activate FOXOs by direct phosphorylation. Of 
note, redox signalling also has JNK or p38 MAPK-independent regula-
tory effects on FOXOs, as discussed further subsequently. FOXOs are 
also activated in response to heat and genotoxic stress (Fig. 1a). Active 
FOXOs subsequently induce transcription programmes that help to 
resolve or adapt to the encountered stress. Some of these programmes, 
such as cell cycle arrest, are universal to FOXO-dependent stress 
adaption, whereas others are more stress-type or context-specific. 
Specific combinations of post-translational modifications (PTMs), 
which depend in turn on the type of stress encountered, may aid in the 
transcription of specific target genes18.

FOXO activity can be controlled at various levels (Fig. 2): first, 
the level of FOXO protein expression. Second, PTM-regulated 
nucleo-cytoplasmic shuttling determines whether FOXOs have 
access to DNA. Third, open or closed chromatin determines the abil-
ity of FOXOs to access target genes. Finally, transcription co-regulators 
determine FOXO transcriptional activity.

The level of FOXO expression is balanced by production and degra-
dation at the level of both mRNA and protein. FOXO mRNA expression 
is controlled by several transcription factors, including FOXO itself, as 
FOXO3 can regulate the expression of FOXO1 and FOXO4 (refs. 12,19).  
Several microRNAs have been described that regulate the mRNA 
expression of FOXO (reviewed elsewhere20).

E3 ubiquitin-protein ligase MDM2 activates FOXOs by monoubiq-
uitylation, but MDM2 and SKP2 (a subunit of the SCFSKP2 ubiquitin 
ligase) (reviewed recently21) can also polyubiquitylate FOXOs and 
thus target them for proteasomal degradation22, which occurs upon 
AKT-mediated phosphorylation of FOXOs (reviewed elsewhere23). 
The E3 ligase activities of MDMX24 and p300 (ref. 25) have been 
shown to have a role in regulating the switch from MDM2-dependent 
monoubiquitylation to polyubiquitylation of p53, and a similar reg-
ulatory mechanism could be in place for FOXOs. AKT can also phos-
phorylate MDM2, resulting in the nuclear translocation of MDM2. 
This may result in MDM2-mediated ubiquitylation and subsequent 

Introduction
Life and reproduction are tightly coupled to environmental condi-
tions. In Caenorhabditis elegans, for instance, worms that have an 
impaired daf-2 gene not only have a very long lifespan and improved 
stress resistance but also develop slower and have a lower fecundity1. 
These long-lived worms are therefore rapidly outcompeted by wild-type 
worms when grown on the same plate under plentiful, unstressed 
conditions2–4. But under adverse conditions, long-lived worms easily 
outlive wild-type worms5. One could argue that for most cells in the 
metazoan body, evolutionary success does not depend on propaga-
tion of their own DNA, but on that of the DNA of the germ cells and that 
the ability of these cells to adapt to stress, not to proliferate, is what 
contributes to evolutionary fitness of the organism. In fact, aberrant 
proliferation of somatic cells is a hallmark of cancer. Hence, adapta-
tion to handle stress is a key factor in evolutionary fitness, especially 
in metazoans such as humans.

At the end of the previous century, it became clear that the 
extended lifespan and stress resistance of the mutant daf-2 worm 
depend on the daf-16 gene6. This discovery had major implications for 
the research on ageing: it meant that lifespan is not fixed but can be 
modulated by genetic factors5. The prospect of potentially being able 
to extend healthy human lifespan and to ward off age-related disease 
spurred further research into the daf-2–daf-16 network. daf-2 encodes 
an insulin receptor (InsR) orthologue, the activity of which inactivates 
the DAF-16 transcription factor through nuclear exclusion that depends 
on a signalling pathway consisting of the lipid kinase AGE-1 (phos-
phoinositide 3-kinase (PI3K) in mammals) and the serine/threonine 
kinase AKT (protein kinase B, also known as AKT in mammals). The 
forkhead box protein O (FOXO) transcription factors consisting of 
FOXO1, FOXO3, FOXO4 and FOXO6 (Box 1) represents the mammalian 
orthologues of C. elegans DAF-16. Although the InsR–PI3K–AKT–FOXO 
cascade is entirely conserved in most eukaryotes, only in primitive 
eukaryotes such as C. elegans the changes in pathway activity clearly 
affect lifespan. In humans, a link between pathway activity and lifespan 
is, 30 years after the discovery that daf-16 can double worm lifespan6, at 
present less evident. Several genetic studies identified SNPs within the  
FOXO3 gene locus that were significantly enriched in centenarians7;  
the functional consequences of these SNPs on FOXO3 function are not 
yet resolved. A recent study showed that one of these FOXO3-associated 
SNPs results in the expression of a shorter FOXO3 allele that affects 
muscle glucose handling8. Although the association of this SNP with 
longevity could indeed be in line with better glucose tolerance, it is not 
clear whether and how lifespan is indeed causally affected by this allele.

Nevertheless, similar to daf-16, mammalian FOXOs are implicated 
in stress adaptation. A diverse range of stress conditions, for example, 
nutrient stress, redox stress and genotoxic stress, all activate FOXOs 
and start a transcriptional programme that counteracts these stresses 
to restore homeostasis9. When homeostasis cannot be restored, FOXOs 
prevent propagation of damage by inducing a permanent cell cycle 
arrest or apoptosis, preventing, for instance, the onset of cancer. FOXOs 
also ensure stem cell maintenance, allowing for efficient homeostatic 
tissue turnover10. Hence, FOXOs confer the ability to cope with various 
adverse conditions and thereby ensure that cells, organs and eventu-
ally an organism can be resilient and maintain homeostasis (Fig. 1a). 
Considering this suite of FOXO-dependent effects promoting resil-
ience, it is puzzling that, for instance, multiple allele germline Foxo 
knockout mice show no overt shortening of lifespan11. Possibly, embry-
onic adaptation or the controlled environment of laboratory mouse 
husbandry precludes a role of FOXOs in lifespan to become apparent. 
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proteasomal degradation of FOXOs, similar to what has been described 
for p53 (refs. 26,27). So far, USP7 is the only deubiquitylating enzyme 
(DUB) that has been described to deubiquitylate FOXOs28, and this is 
conserved in C. elegans29.

Nucleo-cytoplasmic shuttling likely represents the most critical 
step in the control of FOXO activity. Nuclear export of FOXOs requires 
AKT-mediated phosphorylation and consequent binding of 14-3-3 
scaffold protein to FOXOs30,31 and involves the exportin CRM1 (ref. 32).  
The importin responsible for nuclear entry following inhibition of 
insulin signalling is unknown, but FOXOs harbour an nuclear localiza-
tion sequence, and nuclear accumulation may be the mere result of 
loss of AKT–14-3-3-dependent export. Following cellular redox stress, 
nuclear import of FOXOs correlates with monoubiquitylation28, phos-
phorylation mediated by JNK and p38 MAPK33 and disulfide-dependent 
binding to the importins TNPO1 (ref. 34) (for FOXO4), IPO7 and IPO8 
(for FOXO3)35.

Several other PTMs that modify the activity of FOXOs have been 
described, and most converge on the regulation of nucleo-cytoplasmic 
shuttling. These PTMs include phosphorylation by a suit of other 
kinases besides the aforementioned AKT, JNK and p38 MAPK, as well 
as acetylation, ubiquitylation and methylation. Many of the enzymes 
catalysing addition and removal of these PTMs have been identified. 
Several reviews have summarized the role of PTMs in the regulation of 
FOXO, and we refer to these for more detail16,17 (Supplementary Box 2 
and Supplementary Tables).

Following nuclear entry, the ability to regulate gene expression 
requires binding to DNA. A FOXO-binding sequence can be present in 
chromatin-condensed or chromatin-open genomic regions. FOXO1, 
similar to some other forkhead transcription factors, can act as the 
so-called pioneering factor and directly bind to open condensed 
chromatin to affect transcription in an ATP-independent process36,37. 
This is a common trait of FOXO factors, which contain a winged helix 
DNA-binding domain that mimics the 3D structure of the histone H5 
(ref. 37).

Access to DNA in open chromatin regions is limited by the ability 
of FOXOs to adopt an auto-inhibited conformation, in which the CR3 
domain of FOXOs folds back onto the DNA-binding domain thereby 
inhibiting DNA binding38,39. β-Catenin, the canonical transcriptional 
co-activator downstream of WNT signalling, can bind to the CR3 and 
part of the CR2 domain and this releases the auto-inhibition, allowing 
for DNA binding39. The forkhead domain has a defined 3D structure 
(reviewed elsewhere40) and mediates DNA binding to the consensus 
FOXO DNA-binding site. FOXOs bind to DNA mostly as monomers, but  
recently FOXO dimer binding to specific palindrome sequences has 
also been suggested41. The structure of the DNA-binding domain 
has been determined for all FOXO isoforms and reveals only subtle 
isoform-specific differences, the relevance of which still needs to be 
determined42.

Similar to many other transcription factors, FOXOs are largely 
intrinsically disordered proteins (apart from the DNA-binding domain).  

Box 1

FOXO isoforms and their roles
The freshwater polyp Hydra vulgaris expresses one forkhead box 
(FOXO) allele139, whereas mammals express four FOXO isoforms and, 
in Caenorhabditis elegans, multiple DAF-16 isoforms are expressed, 
albeit from a single genetic locus207. This raises the question whether 
different FOXO isoforms mediate the same function, yet their role  
is determined by context, or that FOXO function has diverged  
between these isoforms. In mammals, the FOXO family consists of  
FOXO1, FOXO3, FOXO4 and FOXO6. Although regulation of FOXO1, 
FOXO3 and FOXO4 shows a high degree of similarity, FOXO6  
appears to differ, most importantly FOXO6 does not appear to  
shuttle between nucleus and cytosol. Many studies acclaim a FOXO 
isoform-specific function, but studying possible isoform-specific 
function is not straightforward and unfortunately confounded by  
several experimental issues. First, FOXO3 has been shown to regulate 
FOXO1 expression19, indicating that manipulation of one isoform 
may also affect the other isoforms. Second, FOXOs induce complex 
feedback signalling. FOXO transcriptionally regulates various  
phosphoinositide 3-kinase (PI3K) signalling intermediates, including 
the insulin receptor, PI3K and mTORC2 (ref. 208) and especially the  
latter appears in many cell types to mediate FOXO-dependent PI3K 
and AKT activation and consequent inhibition of FOXO activity. 
Third, the FOXO function is in part determined by the expression 
level. In C. elegans, the DAF-16 protein level impacts on the cellular 
location whereby low DAF-16a expression results in mostly nuclear 
localization and high DAF-16a expression results mostly in cytosolic 

localization207. This expression-dependent cellular location will  
affect regulation by upstream signalling and thus may underlie 
apparent isoform-specific regulation by upstream signalling. Also, in 
mice, there may be a dosage-dependent effect in FOXO function. 
In contrast to Foxo1 null mice, Foxo3 and Foxo4 null mice did not 
show a haemangioma phenotype; deletion of both Foxo3 and 
Foxo4 in a Foxo1 null background did, however, increase severity 
of the haemangioma phenotype, demonstrating that FOXOs 
have overlapping roles as a tumour suppressor103. As all FOXO 
isoforms bind to the same canonical DNA sequence, differential 
gene regulation by specific FOXO isoforms probably requires 
some additional form of regulation such as the recruitment of 
isoform-specific interaction partners35.

Taken together, the possibility of dosage effects outlined earlier 
warrants caution in interpreting mammalian data using overexpression 
and/or incomplete short hairpin RNA-mediated knockdown to indicate 
isoform-specific function. Irrespective, in many cases, the possibility 
cannot be excluded that functions are similar yet tissue-specific 
expression of isoforms, or differential timely expression, or even 
relative level of isoforms within one cell underlies these acclaimed 
isoform-specific phenotypes. In this Review, we therefore use the 
generic term FOXO to indicate any or all the FOXO isoforms. When 
a specific FOXO isoform is mentioned, this is because a cited study 
focused on that isoform. We do not exclude that similar regulation or 
effects can be attributed to the other FOXO isoforms as well.
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This provides structural flexibility that allows FOXOs to interact with 
many different proteins to integrate various signalling inputs into spe-
cific outcomes. Interactions involving unstructured regions gain high 
affinity by using multiple low-affinity small interfaces43 that interact in a 
process termed coupled folding and binding44. For FOXOs, this mode of 
binding through coupled folding has been resolved for p300/CBP, p53, 
TNPO1 and β-catenin. Under oxidizing conditions, the non-covalent, 
medium-affinity interaction between FOXOs and p300 (ref. 45), TNPO1 
(ref. 34), IPO7 and IPO8 (ref. 35) and many others becomes locked by 
a covalent but reversible cysteine disulfide bridge (resulting from 
cysteine oxidation)46 (Supplementary Box 1 and the section ‘Reciprocal 
control of FOXO, ROS and redox signalling’).

Transcription regulation by FOXOs
FOXOs regulate gene transcription by binding transcription regulators, 
such as histone acetyl transferases including p300/CBP47, PCAF48 and 
KAT5/tip60 (ref. 49) and several deacetylases such as SIRT1 (refs. 47,50), 
SIRT2 (ref. 51), SIRT3 (ref. 52) as well as HDAC3 (ref. 53). The interaction 
between FOXOs and these acetyltransferases and deacetylases, on the 
one hand, enable FOXOs to drive gene transcription through regulation of  
histone acetylation and subsequent chromatin remodelling. But, on the 
other hand, these enzymes also regulate acetylation of lysines within 
the FOXO DNA-binding region, which is reported to alter the affinity 
of FOXOs for DNA and has a role in transcriptional target selection54.

In C. elegans, DAF-16 interacts with the switch/sucrose non- 
fermentable (SWI/SNF) chromatin remodelling complex55, which likely 
is also the case for mammalian FOXOs (discussed in ref. 56). Transcrip-
tion elongation is controlled by the p-TEFb complex, and a screen for 
FOXO regulators in flies identified cyclin-dependent kinase 9 (CDK9), 
a component of p-TEFb complex to regulate FOXO activity57. The inter-
action between FOXO and BRD4, another p-TEFb complex member, 
has been described to regulate human breast cancer cell resistance 
to AKT inhibitors58.

Meta-analysis of chromatin immunoprecipitation (ChIP) fol-
lowed by sequencing experiments combined with gene expression of 
FOXO-regulated genes in mammalian cells, C. elegans and Drosophila 
revealed an overview of conserved and ‘canonical’ FOXO transcriptional 
targets59. However, besides these archetypical FOXO gene targets, there 
appears to be limited overlap in the many genes regulated downstream 
of active FOXO comparing different conditions (cell line, treatment, 
organism and so on). In part, this may be due to the role of FOXOs in the  
stress response: distinct cell types may deal with a certain stress in a differ-
ent way. As described in the previous section, FOXO-mediated gene expres-
sion can be regulated by multiple cues and thereby FOXOs can respond 
in a context-dependent manner to the type and amplitude of stress. 
Here we discuss emerging concepts in transcription regulation that we 
consider relevant to further our understanding as to how FOXOs mediate  
cell resilience and restoration of homeostasis in the event of stress.

Gene control
Transcription regulation has long been regarded in a binary fash-
ion: either ‘on’ or ‘off’. But more recently the relevance of dynamics 
in transcription factor activity has become evident. For the yeast 
transcription factor Msn2, which similar to FOXOs is also involved 
in the stress response, it was shown that nucleo-cytoplasmic shut-
tling oscillates and that these oscillations differ in duration, amplitude 
and frequency60. A higher frequency of nucleo-cytoplasmic oscilla-
tions has a greater impact on transcriptional target gene expression 
when compared with the total length of time that Msn2 localizes to the 

nucleus60. High-frequency nucleo-cytoplasmic oscillations of DAF-16 
were recently also shown to yield higher levels of target gene expression 
than continuous nuclear localization61. These observations suggest that 
the mere translocation of a transcription factor to the nucleus is not the 
only parameter that regulates the level of target gene transcription. For 
FOXOs, nucleo-cytoplasmic shuttling dynamics also differ in response 
to redox stress compared with in response to growth factor deprivation, 
resulting in different phenotypic outcomes. Treatment of cultured 
cells with a single high dose of H2O2 resulted in a mixed all-or-none 
response, in which some cells showed no nuclear FOXO accumulation, 
whereas other cells showed strong nuclear FOXO signal. The timing of 
nuclear residence of FOXOs appeared to be H2O2 dose-dependent with 
increased dose also linking with induction of FOXO-dependent cell 
death. By contrast, serum starvation causes low amplitude pulses of 
nuclear FOXOs and predominantly results in cell cycle arrest. Hence, 
different nucleo-cytoplasmic shuttling dynamics of FOXOs may result 
in the establishment of different cell fates62.

FOXOs are also dynamically interacting with regions of open 
or condensed chromatin. ChIP is commonly used to determine the 
binding of a transcription factor to its target gene recognition sites. 
However, ChIP only provides an averaged-out picture of transcription 
factor binding at a given time point and gives little information on the 
dynamics and variation between cells. As mentioned, FOXOs may act as 
pioneering factors and FOXO1 can bind in vitro to its cognate sites on a 
nucleosome. This binding stably perturbs core histone–DNA contacts 
and results in chromatin opening by FOXO1 (ref. 63). Of note, although 
acetylation of FOXO1 reduces its DNA-binding affinity, it does not desta-
bilize the binding of FOXO1 to nucleosomal DNA and has no effect on 
stable nucleosome remodelling64. Although there is ample evidence 
for FOXO1 as pioneer factor, it remains to be established whether all 
FOXOs can act as pioneer transcription factors65.

Transcriptional noise and gene expression variability
The differential dynamics that control gene expression may also con-
tribute to cell-to-cell variability in gene expression timing and ampli-
tude. In unicellular organisms, it has been observed that genes involved 
in stress responses display high variability in expression66, reminiscent 
of transcriptional noise. This may seem counterintuitive, as it would 
come at the cost of reduced fitness of the individual organism, but 
could support increased fitness of the population in stressful condi-
tions: a large variation in transcriptional profiles after all increases the 
chance that some cells express a combination of genes that synergize 
to survive the insult and repopulate the culture afterwards. Likewise, 
C. elegans produce more male offspring under stressed conditions and 
this ensures more genetic variation compared with hermaphrodite 
reproduction. Variation in the gene pool also in this case would increase 
the chance of survival of some of the offspring. Genomic instability, 
a hallmark of cancer cells, may provide a similar solution to increase 
survival of a subset of cancer stem cells under stressful conditions, and 
this may even contribute to therapy resistance. In agreement, it has 
been shown that DNA damage67 and consequent DNA repair regulate 
transcriptional noise68. Gene expression variability can occur at mul-
tiple levels (reviewed elsewhere69,70), and a role for some transcription 
factors is observed (nuclear factor-κB71 and AP-1 (ref. 72)), but as far 
as we know has not been studied in the context of FOXOs. It could be 
speculated that because FOXOs have a role in stress resistance, they 
specifically increase gene expression variability at least for genes 
involved in stress resistance. Interestingly, ageing is correlated with 
an increase in cell-to-cell variability in gene expression73. This is also 
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observed in C. elegans74, but here DAF-16 is suggested to suppress gene 
variability75. Irrespective, it will be of interest to address a possible link 
between FOXOs and gene expression variability more directly and more 
specifically, for instance, through single-cell RNA sequencing following  
stress challenges combined with manipulation of FOXO activity.

Enhancer-mediated gene control for adaptive stress 
regulation
Transcription control by FOXOs can proceed in a classical manner by 
FOXO binding to its consensus DNA sequence within promoter regions. 
In addition, we and others have shown that FOXO3 also contributed 
extensively to gene regulation by binding to and activation of enhancer 
regions. Importantly, gene regulation through enhancers provides 
a mechanism whereby FOXO3 can regulate the stress response and 
homeostasis not only in a cell-specific manner but also in a gene-specific 
manner (Box 2). This mode of regulation also suggests that whenever 
the epigenetic landscape changes, for example, as observed during 
stem cell differentiation, cancer development (discussed subsequently) 
and ageing76 (reviewed elsewhere77,78), this may result in a changing 
landscape of enhancer activity and thus may have a profound impact on 
the set of genes that can be transcriptionally controlled by FOXOs. Con-
sequently, this impacts on the ability to counteract cellular stress and 
thus also has an impact on the ability of FOXOs to maintain homeostasis 
in health and disease.

Transcriptional programmes downstream of 
FOXOs
FOXO activation in response to several stresses elicits cellular responses 
to counteract stress. Some of the responses are general and irrespec-
tive of whether, for instance, metabolic, genotoxic or redox stress is 
encountered, but other responses may be specific for certain types of 
stress. In C. elegans, formation of Dauer (a highly stress-resistant, devel-
opmentally arrested larval stage that can survive for several months) 
is daf-16-dependent and triggered at larval stage 2 by various stresses 
including lack of nutrients, high temperature and overcrowding79. 
Dauer formation represents a reversible arrest and worms develop to 
fertile adults once unfavourable conditions have ceased. In analogy, 
in mammalian cells experiencing stress, FOXOs typically initially trig-
ger a reversible cell cycle arrest, which provides time to resolve and 
adapt to stress and to prevent propagation of damage down the lineage. 
Here, we discuss cell cycle regulation, metabolism and maintenance 
of redox homeostasis as important hallmarks of the FOXO-mediated 
stress response.

Regulation of cell cycle progression
Regulation of cell cycle progression is key to organismal maintenance. 
For instance, it not only ensures balance between nutrient availability 
and cell number but also provides tumour suppression and tissue repair 
in metazoans. Cell cycle progression is stimulated by various growth 
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Fig. 1 | Upstream regulation and output of FOXO transcription factors in 
stress adaptation. a, Forkhead box (FOXO) transcription factors are activated 
by a plethora of inputs that in turn respond to numerous external and internal 
stress cues including disturbances in nutrient availability, redox balance 
and genomic stability. These inputs regulate FOXOs largely by mediating 
post-translational modifications (PTMs) (part b). Little is known as to whether 
all these inputs act individually or combined. Regulation downstream of 
these cues involves combinations of, for example, p38 mitogen-activated 
protein kinase (MAPK) phosphorylation, JUN N-terminal kinase ( JNK) 
phosphorylation and E3 ubiquitin-protein ligase MDM2 ubiquitylation, but 
the details of this combined regulation and how this translates to strength 
and or specificity of gene regulation remain largely elusive. Once activated, 
FOXOs will transcriptionally control gene expression (by associating with 
co-regulatory proteins such as β-catenin, p300/CBP-associated factor (PCAF), 
SMAD (homologous to Caenorhabditis elegans SMA (‘small’ worm phenotype) 
and the mothers against decapentaplegic family from Drosophila) and others), 
regulating pathways widely associated with stress adaptation. These pathways 
include regulation of cell cycle progression, metabolism and cellular redox 
homeostasis, in which cell cycle regulation provides a time window to repair and 
resolve stress and metabolism and enzymes involved in redox regulation allow 
cells to reduce cellular redox. These mechanisms are particularly important 
in stem cell maintenance, which is an evolutionary conserved output of these 
FOXO controlled processes that ultimately affects organismal resilience, and 
consequently lifespan. Although stem cells are of importance with respect 
to lifespan, the FOXO-regulated processes will also impact on resilience and 
lifespan through other cell types, for instance, by protection of the soma from 
loss of function or oncogenic transformation. b, Schematic representation of 

PTMs for FOXO1, FOXO3 and FOXO4 (human) on the basis of PhosphoSitePlus 
(Supplementary Tables). FOXO1, FOXO3 and FOXO4 isoforms consist of a 
structured forkhead domain responsible for binding to a consensus DNA 
sequence (5′-TTGTTTAC-3′)184. The N-terminal and C-terminal parts of all FOXOs 
are intrinsically disordered regions that harbour small stretches that may have a 
propensity to adopt an α-helical fold. These represent semi-conserved regions 
(CR1, CR2A, CR2B, CR2C and CR3). Besides, there is a conserved region flanking 
the C terminus of the DNA-binding domain that harbours the AKT (also known 
as PKB) phosphorylation site 2 followed by a nuclear localization sequence 
(NLS). The nuclear export sequence (NES)185 overlaps with the previously 
identified CR2B region186. The binding interfaces for CREB-binding protein 
(CBP) and p300 (refs. 186,187), p53 (ref. 38), transportin 1 (TNPO1)38 and 
β-catenin39 have been determined by the structural analysis and are indicated. 
AMPK, 5′ AMP-activated protein kinase; ATM, ataxia telangiectasia mutated; CDK, 
cyclin-dependent kinase; cGKII, cyclic GMP kinase II; CRM1, chromosomal region 
maintenance 1; DYRK1A, dual-specificity tyrosine phosphorylation-regulated 
kinase 1; ERK/MAPK, extracellular signal-regulated kinase/mitogen-activated 
protein kinase; G9A, histone-lysine N-methyltransferase G9A; HDAC, histone 
deacetylase; IκKβ, inhibitor of nuclear factor-κB kinase subunit-β; LRKK, 
leucine-rich repeat kinase; MK5, MAP kinase-activated protein kinase 5; MST1, 
mammalian STE20-like kinase 1; PDK1, phosphoinositide-dependent kinase-1; 
PI3K, phosphoinositide 3-kinase; PKA, protein kinase A; PRMT, protein arginine 
N-methyltransferase; PTEN, phosphatase and tensin homologue; RNA Pol II, RNA 
polymerase II; SET9, histone-lysine N-methyltransferase SET9; SGK, serum and 
glucocorticoid-regulated kinase; SIRT, sirtuin; SKP2, S phase kinase-associated 
protein 2; USP7, ubiquitin-specific processing protease 7; SWI/SNF, switch/
sucrose non-fermentable; βTrCP, β-transducing repeat containing protein.

factors such as insulin, EGF and WNT. FOXOs trigger a cell cycle arrest 
when growth factor signalling is switched off, for instance, owing to 
low glucose (nutrient stress). But activation of FOXOs by other stresses 
such as DNA damage or redox stress can also impose a cell cycle arrest by 
counteracting active proliferative signalling. FOXO activation, through 
loss of insulin–PI3K–AKT signalling or expression of a constitutively 
active FOXO allele, results in a G1 cell cycle arrest80. By contrast, activa-
tion of FOXO by redox stress mostly results in cell cycle arrest at G2, 
followed by direct progression to G0/G1 without undergoing mito-
sis (mitotic bypass)81,82. FOXO transcriptionally regulates several cell 
cycle regulators, such as p27KIP1 (also known as p27), p21CIP1 (also known 
as p21), EMI1 and cyclin D. We focus here on the regulation of p27.

The CDK inhibitor p27 not only is a gatekeeper of the G1-to-S 
transition but also regulates G2-to-M progression and cytokinesis com-
pletion. p27 can therefore be considered a pivot in cell cycle control by 
FOXOs. p27 expression is transcriptionally controlled by FOXOs80, and 
similar to FOXOs, p27 is phosphorylated by AKT (at Thr157 and Thr198). 
AKT-mediated p27 phosphorylation results in the binding of the 14-3-3 
protein83, relocation from nucleus to cytosol and a reduction in the p27 
protein level (reviewed elsewhere84). At the G2-to-M phase transition, 
p27 ubiquitylation and degradation are regulated by the SKP2 ubiquitin 
ligase. Interestingly, AKT also positively regulates SKP2 function by 
direct phosphorylation and this leads to cytoplasmic translocation and  
stabilization of SKP2 by preventing the interaction between SKP2  
and the APC/CCDH1 (activator protein CDH1 of the anaphase-promoting 
complex (also known as the cyclosome) ubiquitin ligase complex — 
an important regulator of cell cycle that is active during late mitosis 
and early G1 phase to control exit from mitosis and further rounds of 
proliferation85. Recently, we have shown that FOXOs repress the expres-
sion of the APC/CCDH1 inhibitor EMI1 by binding to the E2F1 transcription  
factor and that the lowered levels of EMI1 lead to a premature activation of  

APC/CCDH1 and subsequent mitotic bypass from G2 under conditions 
of replication stress82. As mentioned earlier, SKP2 can also ubiqui-
tylate and degrade FOXOs86, which means that AKT-dependent SKP2 
activation controls both G1-to-S and G2-to-M transitions87 through 
the negative regulation of FOXOs and their downstream targets p27 
and relieve of EMI1 repression (Fig. 3). In addition to inhibiting the cell 
cycle by binding to cyclin–CDK complexes, p27 has also been shown 
to be involved in the activation of CDK4 (CDK required for transition 
into S phase) under certain conditions, but it is not clear whether 
FOXO-dependent regulation of p27 also has a role in activation rather 
than inhibition of CDKs38,88,89.

Long-term cell cycle arrest
The duration of a FOXO-induced cell cycle arrest can differ, and FOXOs 
have also been shown to contribute to both quiescence (dormancy) and 
senescence, forms of prolonged cell cycle arrest. Quiescence, often 
referred to as G0, differs from a G1 arrest, although the discriminating 
features are not fully clear90.

The p105-RB protein, an essential component of the G1-to-S check-
point, is stably expressed during the cell cycle and is regulated by 
CDK-dependent phosphorylation. The other RB family members, p107 
and p130 (also known as pRB2), are regulated at the protein expression 
level as well as by phosphorylation. p107 protein levels are low during 
quiescence and early G1 but high during the other stages of the cell 
cycle. p130 protein levels are low in cycling cells but increase once cells 
exit the cell cycle. This is accompanied by a change in the phosphoryla-
tion of p130 from a hyperphosphorylated form to the hypophospho-
rylated form in G0 cells (reviewed elsewhere91). Hypophosphorylated 
p130 in G0 cells binds to the E2F4 transcription factor, which is thought 
to repress genes required for re-entry into early G1 phase, thereby main-
taining the quiescent state92. FOXO activation increases expression of 
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the hypophosphorylated p130 and promotes complex formation with 
E2F4 (ref. 93), indicating that FOXOs induce a p27-induced G1 arrest 
that can proceed into a G0 arrest.

Senescence, in contrast to quiescence and a G1 arrest, is consid-
ered an irreversible cell cycle arrest. Senescence is induced by severe 
stress conditions such as oncogene expression and severe DNA damage. 
Under these conditions, senescence provides a protective mechanism 
towards the emergence of cancerous cells because it is accompanied 
by a cessation of proliferation. Senescent cells, when not removed by 
the immune system, remain resident and start to secrete a plethora of 
cytokines and other growth modulatory factors. This is termed the 
senescence-associated secretory phenotype and it is causally impli-
cated in ageing and disease such as cancer progression (reviewed 
elsewhere94). Senescence is therefore seen both as tumour-suppressive 
and tumour-promoting. Initially, a role for FOXOs in senescence was 
inferred from studies showing that loss of AKT in primary mouse 
embryonic fibroblasts caused resistance towards induction of senes-
cence and that this in part was due to a loss of FOXO inhibition95. FOXO3 
activation was shown to mediate resistance towards senescence by 
inducing increased resistance towards oxidative stress (reviewed 
elsewhere95). Cancer cells in culture typically display high basal levels 
of oxidative stress, but have been shown to bypass replicative senes-
cence by upregulating antioxidant enzymes. However, melanoma 
cells with an oncogenic mutation in BRAF can still enter senescence 
through JNK-mediated activation of FOXO4 and consequent induction 
of p21 (ref. 96). Establishment of senescence in cultured cells usu-
ally requires several days, and it was shown that FOXO4 expression is 

gradually induced during senescence establishment97 and that this 
is required for tethering of p53 to promyelocytic leukaemia bodies and 
subsequent survival of senescent cells. Disruption of the FOXO4–p53 
interaction resulted in relocation of p53 from nucleus to cytosol and 
p53-dependent apoptosis of senescent cells97.

Initially, senescence was mostly studied in the context of severe 
stress in cultured cell lines. However, tissue remodelling during normal 
embryonic development also involves senescence induction and con-
sequent removal of senescent cells. Interestingly, senescence during 
embryonic development is strictly dependent on p21, but independent 
of DNA damage, p53, or other cell cycle inhibitors, and it is regulated by 
the transforming growth factor-β–SMAD and PI3K–FOXO pathways98,99.

FOXOs thus have both promoting and suppressing effects on 
senescence, and whether FOXO-induced senescence contributes to 
healthy ageing or disease therefore depends on the context.

Reciprocal control of FOXO, ROS and redox signalling
At the time when DAF-16/FOXO was discovered as the downstream 
regulator of long lifespan in the C. elegans daf-2 mutant, the (mito-
chondrial) ‘free radical theory of ageing’100 was probably one of the 
most prevalent frameworks to explain age-related decline of organis-
mal fitness. Indeed, DAF-16 was shown to transcriptionally control the 
expression of antioxidant enzyme genes such as sod-3, the orthologue 
of manganese superoxide dismutase (MnSOD)101, catalase102 and glu-
tathione S-transferase; loss of the corresponding gene products also 
reduced lifespan extension in the daf-2 mutant background. DAF-16 
indeed also confers resistance to challenges with pro-oxidants such as 
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FOXO protein breakdown through proteasomal degradation regulated by 
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post-translational modifications on FOXOs and FOXO interaction (interactions) 
with regulating proteins determine the balance of the equilibrium. For example, 
AKT (also known as PKB)-mediated phosphorylation, and consequent binding to 
14-3-3 facilitate nuclear export and inhibit nuclear re-entry of FOXOs and thereby 

shift the nucleo-cytoplasmic equilibrium towards the cytosol. Binding of FOXOs 
to DNA is also regulated. It is known that, for example, β-catenin binding to 
FOXOs relieves auto-inhibition29 and therefore will shift the balance towards DNA 
binding. Binding of the acetyltransferase p300 or its homologue CREB-binding 
protein (CBP) to FOXO can, on the one hand, facilitate histone tail acetylation 
and opening of the chromatin and allow for DNA binding of FOXO. But, on the 
other hand, acetylation of FOXO itself by p300/CBP has been described to 
lower its affinity for DNA47 and thus will shift the equilibrium towards FOXO 
being unbound to DNA. CRM1, chromosomal region maintenance 1; JNK, JUN 
N-terminal kinase; MDM2, E3 ubiquitin-protein ligase MDM2; SKP2, S-phase 
kinase-associated protein 2; SWI/SNF, switch/sucrose non-fermentable;  
RNA Pol II, RNA polymerase II.
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Box 2

Tuning of FOXO-mediated gene regulation by the genomic context
The results indicating that forkhead box (FOXO) may act as a pioneer 
factor suggest that FOXOs efficiently compete with nucleosomes 
for DNA binding. Pioneer function is linked to gene regulation 
through enhancer regions (reviewed elsewhere27), and FOXOs are 
shown to regulate gene transcription through enhancer regions as 
well as promoter regions. It has been shown that FOXO3 binds to 
pre-existing enhancers, and the level and type of enhancer activity 
marks, mostly H3K27 acetylation, before FOXO3 activation largely 
determines FOXO3 DNA binding. Furthermore, FOXO3 binding 
amplifies the levels of these activity marks and their absolute rather 
than relative changes associate best with the level of FOXO3-
mediated gene expression65 (see the figure, part a). Consequently, 
not the induction per se, but more the passing of a threshold of 
H3K27 acetylation determines gene expression from a locus that is  
within proximity (in 3D) of this histone mark. This indicates that 
the initial landscape of H3K27 acetylation is a highly relevant 
determinant for gene activation by FOXO3.

To illustrate the consequence of this mode of regulation, the 
location of several hypothetical enhancers (circles) and six asso-
ciated target genes is depicted in the figure (see the figure, part a). 
In different cell types (for example, neuronal versus colon cells) or 
cellular conditions (for example, cancer versus non-cancer cells), the 
location as well as the level of initial activity of active enhancers can 
differ. For the three different situations, the active enhancer locations 
are shown, with varying initial activity and FOXO binding. Colours 
represent the relative amount of initial enhancer activity marks. The 
level of enhancer activity correlates with the level of FOXO3 binding. 
Consequently, the amount of bound FOXO reflects levels of these 
marks, as shown by larger FOXO symbols. Bar graphs represent 
expected expression levels of six genes before and upon FOXO 

activation in three cell types, as suggested by the observed correlation 
between FOXO enhancer binding and gene expression. Genes are 
functionally grouped, for example, genes A, B and C influence cellular 
redox state, genes X, Y and Z are involved in cell cycle regulation, 
two of the cellular processes typically affected by FOXO activation. 
This example now shows how FOXOs can regulate the same cellular 
process, such as redox state and cell cycle, in a similar manner but 
through different genes. In the example here, redox balance in cell 
type I is regulated through gene A, whereas gene C is regulated in 
cell type II. Cell type III harbours an SNP in an enhancer, which is 
associated with increased cancer incidence. This SNP does not disrupt 
the forkhead motif, but reduces enhancer activity. In this manner, 
FOXO3 binding to this enhancer is reduced and induction of the cell 
cycle regulator ‘gene Z’ is subsequently reduced. This would result 
in impaired ability of FOXO to regulate cell cycle arrest and hence 
impaired tumour suppression. Other processes which are potentially 
beneficial for cancer cell survival (such as target genes affecting 
cellular redox homeostasis) remain unaffected. This may explain the 
contribution of cancer-associated enhancer SNPs to the deregulation 
of phosphoinositide 3-kinase signalling that is frequently observed 
in human cancer. In addition, the 3D architecture of the genome 
(that is, local folding of the DNA may bring parts together that are 
far apart when DNA is regarded in a strictly linear fashion) affects the 
amplitude of target gene induction, as this can regulate the amount 
of bound FOXO3 nearby the transcription start site (see the figure, 
part b). Four genes are shown (I–IV) with differing amounts of bound 
FOXO3. Possibly, the spatial organization of the genome allows high 
local concentrations of FOXO3 and activating factors (indicated with 
fading colour surrounding FOXO3 molecules), providing an optimal 
environment for transcription induction.
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paraquat. Regulation of MnSOD, catalase and several other proteins 
involved in oxidant scavenging, and the ensuing resistance to exposure 
to oxidants, was also observed downstream of mammalian FOXOs 
(reviewed elsewhere9). The combined observations of stress resistance, 
upregulation of antioxidant genes and long lifespan by activation  
of DAF-16 in worms made sense, considering the free radical theory of  
ageing. Germline deletion of one allele of Foxo1 and both alleles of Foxo3 
and Foxo4 (homozygous deletion of Foxo1 is embryonically lethal), 
however, had no noticeable effect on lifespan nor ageing103.

In line with the role of FOXOs as stress response factors, nuclear 
translocation and transcription activation is observed in response to 
heat and several chemical stresses and can be reversed or prevented 
upon treatment with antioxidant compounds such as N-acetylcysteine 
(NAC), suggesting that changes in the redox balance were at the root 
of these observations (reviewed elsewhere9,104). In addition, expo-
sure of cells to H2O2 — often supraphysiological levels — to mimic 
elevated reactive oxygen species (ROS) levels results in extensive 
induction of post-translational modification of FOXOs (for example, 
p38 MAPK-mediated and JNK-mediated phosphorylation) (Supple-
mentary Tables) and binding of several cofactors such as β-catenin, 
p300 and p53 to FOXOs (reviewed elsewhere9). Oxidizing conditions 
thereby can activate FOXOs to counteract proliferative signalling 
downstream of WNT and growth factor signalling (Fig. 4a), thereby 
preventing propagation of damage down the lineage. Although stud-
ies using exposure to exogenous H2O2 helped to elucidate players 
involved in FOXO regulation in response to oxidative stress, it can be 
argued that these experiments hardly recapitulate how cells respond 
to endogenous ROS. Within cells, H2O2 is produced enzymatically at 
various cellular locations (reviewed elsewhere46,105), either directly or 
indirectly through dismutation of superoxide anions, derived from, 
for example, mitochondrial respiration. It is currently unknown when 
and how H2O2 from these locations impinges on signal transduction 
upstream of FOXO. In addition, H2O2 formation by, for example, plasma 
membrane-bound NADPH oxidases is suggested to regulate growth fac-
tor signalling by inactivation of the catalytic cysteines of phosphatases 
(PTP1 and PTEN) and DUBs (reviewed elsewhere106,107). This can, for 
example, regulate the duration of the insulin signalling response, 
and this in return may affect FOXO transcriptional activity (see the 
discussion mentioned earlier).

Studies in the early 2000s using knockout and overexpression 
of antioxidant enzymes in several organisms started to reveal that a 
direct link among lifespan, ageing and ROS might be not so straight-
forward, questioning the validity of the free radical theory of ageing. 
Low levels of ROS could in some cases even lead to lifespan extension 
rather than rapid ageing (reviewed elsewhere108). Around this time, it 
also started to become apparent that ROS were not only damaging but 
could also have a role as a second messenger in what is coined redox 
signalling, which proceeds through the reversible oxidation of cysteine 
thiols side chains in redox-sensitive proteins (Supplementary Box 1). 
FOXO activity is also subject to reversible oxidation that can regulate 
interaction with their partners and regulatory proteins. Initially, it was 
shown that interaction of FOXO4 with p300 occurred via a cysteine 
disulfide-mediated binding45; additional studies showed that this 
mode of interaction is common to all FOXO isoforms35 and that multiple 
cofactors interact with FOXOs through reversible oxidation of cysteine 
thiols side chains and cysteine disulfide formation35. The possibility to 
establish redox-dependent cysteine disulfide interactions represents 
an attractive mode of stabilizing protein–protein interactions only 
when the cellular milieu shifts to become more oxidizing. Several other 
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Fig. 3 | FOXO and the cell cycle. Forkhead box (FOXO) activation can halt the 
cell cycle both at the G1 and G2 phase. Cell cycle arrest owing to FOXO activation 
resulting from reduced AKT (also known as PKB) activity, for example, lack of 
growth factors, results in a G1 arrest. Arrest following FOXO activation by cellular 
stress may occur at G1 or G2. Depending on the conditions, prolonged arrest 
may progress into quiescence (also known as G0), senescence or alternatively 
cell death, when stress-induced cell cycle arrest is not accompanied by, for 
instance, sufficient DNA repair or restoration of redox homeostasis. Quiescence 
is considered to be a prolonged G1 arrest that, however, can be discriminated 
from G1 by expression of specific genes90. G0 entry is regulated by the RB 
family member p130 (also known as pRB2) and E2F4 (ref. 92) and prolonged 
FOXO activation regulates p130 (ref. 93). In addition, other genes that mark 
quiescence90 are direct FOXO target genes (for example, those encoding max 
protein interacting 1 (MXI1), manganese superoxide dismutase (MnSOD)  
and B cell lymphoma 6 protein (BCL-6)). A multitude of stresses can induce  
senescence (for example, DNA damage, telomere attrition and oncogene-
induced stress) and, although mostly p53 is considered a central pivot in  
establishing senescence, the sequestration of p53 in promyelocytic leukaemia 
(PML) protein bodies by FOXO4 is required to prevent cell death of senescent  
cells97. Recently, others188 and we82 have shown that mild replication stress results 
in activation of a G2 checkpoint, coined antephase189. Arrest at this cell cycle 
checkpoint is reversible and depends on the inhibitor early mitotic inhibitor 1  
(EMI1), which is normally degraded just before mitosis. FOXOs bind to and 
inhibit E2F1 (ref. 190), which then can no longer transcriptionally regulate the 
expression of EMI1 (ref. 82). If replication stress is not resolved and the G2 arrest 
persists, EMI1 levels become critically low by the continued FOXO-dependent 
repression of its transcription. This leads to premature APC/CCDH1 (activator 
protein CDH1 (CDC20 homologue 1) of the anaphase-promoting complex (also 
known as the cyclosome)) activation, and cells progress directly from G2 to 
G0/G1 (mitotic bypass) and hence become tetraploid. In this way, FOXOs limit 
the time allowed in G2 to resolve stress: if it takes too long, mitosis is aborted, 
and this could ensure that cells do not propagate unresolved DNA damage. 
Depending on conditions, cells can thereafter proceed into senescence191 or cell 
death192. Regulation of APC/CCDH1 activity by downregulation of EMI1 through 
FOXOs generates a feedforward loop, as APC/CCDH1 also regulates proteasomal 
degradation of S-phase kinase-associated protein 2 (SKP2). Lower SKP2 activity 
would relieve FOXOs as well as p27 from SKP2-dependent polyubiquitylation 
and proteasomal degradation. The phosphorylation-dependent activation of 
SKP2 and inhibitory phosphorylation of FOXOs by high AKT, for instance, owing 
to oncogenic signalling, may break this feedforward loop and allow progression 
from G2 to M phase, despite unresolved damage.
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redox-sensitive proteins are regulated in this way46, but for FOXOs the 
consequences of this mode of regulation for the stress response depend 
on the interaction partner that is involved. Disulfide-dependent bind-
ing to TNPO1 (ref. 34), IPO7 and IPO8 (ref. 35) mediates nuclear import 
and activation, whereas the disulfide-dependent binding to p300 is 
required for lysine acetylation on FOXOs and subsequent differential 
transcriptional target selection45. An overview of the regulation of 
FOXOs by redox signalling is provided in Fig. 4b.

Many vital physiological functions are affected by cellular redox 
stress and consequently influenced by redox signalling. This raises the 
question whether the induction of antioxidant genes by FOXOs serves 
to protect from damage, to modulate redox signalling or both. Loss of 
all five sod genes in C. elegans had no effect on median or maximum 
lifespan109, but the lifespan extension in response to low levels of the 
superoxide generator paraquat observed in wild-type worms was lost. 
This could suggest that the function of SODs is not only to scavenge 
superoxide anions but also to provide H2O2 for redox signalling-induced 
lifespan extension. Considering this idea, the upregulation of MnSOD 
by FOXO might be a means to optimize redox signalling through gen-
eration of H2O2. Approaches using, for instance, chemogenetics110,111 in 
combination with localization tags to carefully titrate localized H2O2 
production could aid to mimic and dissect the spatiotemporal redox 
control of FOXO and downstream responses in the future.

Regulation of systemic metabolism
In line with its conserved role in the stress response and its ability to 
regulate Dauer formation in C. elegans, FOXOs also regulate the adapta-
tion to limited nutrient availability in mammals. Acting downstream 
of insulin, FOXOs are key regulators of glucose homeostasis. Glucose 
is the primary energy source for all organisms, and its catabolism 
occurs through highly conserved mechanisms. Tight regulation of 
this pathway is crucial, as its dysregulation leads to diseases such as 
diabetes and obesity. FOXOs primarily regulate glucose metabolism by 
mediating the expression of enzymes of gluconeogenesis and energy 
metabolism (reviewed elsewhere112) (Fig. 5a). During fasting or exer-
cise, FOXO induces metabolic changes that ensure the maintenance 
of glucose levels systemically. In the liver, FOXOs translocate to the 
nucleus and drive the expression of pyruvate dehydrogenase kinase 4 
(PDK4) and of gluconeogenic enzymes such as glucose-6-phosphatase, 
fructose-1,6-biphosphatase and phosphoenolpyruvate carboxyki-
nase. PDK4 negatively regulates the pyruvate dehydrogenase com-
plex, thereby reducing the utilization of glucose in mitochondria. 
Phosphoenolpyruvate carboxykinase phosphorylates oxaloacetate 
to form phosphoenolpyruvate, and glucose-6-phosphatase pro-
motes the dephosphorylation of glucose-6-phosphate, leading to the 
release of newly synthesized glucose into the bloodstream (reviewed 
elsewhere113). Regarding lipid metabolism, active FOXOs in the liver 
can induce the transcription of the apolipoprotein ApoC3, thereby 
elevating the levels of triglycerides in plasma114. Under the same con-
ditions, but in muscle, FOXOs promote a metabolic transition from 
glucose catabolism to lipid oxidation (Fig. 5a). This occurs via increased 
expression of PDK4, of the lipoprotein lipase that promotes increased 
fatty acid (FA) availability and of the plasma membrane FA translo-
case CD36 that facilitates the uptake of FAs by muscle cells (reviewed 
elsewhere115,116). Thus, upon metabolic stress, FOXOs facilitate multiple 
metabolic adaptations that guarantee the maintenance of glucose 
homeostasis systemically.

Interestingly, FOXOs have been found to have a role in regulating 
feeding behaviour. FOXOs integrate signals from peripheral tissues 

in the hypothalamus and regulate the secretion of neuropeptides. 
FOXO1 induces the expression of Agrp and Pomc genes, which stimu-
late appetite117–119, and FOXO1 deficiency in AGRP neurons mimics 
the action of insulin and leptin. This results in reduced food intake, 
leanness and improved glucose homeostasis in mice120. Therefore, 
next to modulating glucose maintenance systemically, it is plausible 
that FOXOs stimulate feeding behaviour, as another way to respond 
to metabolic stress.

Regulation of mitochondrial dynamics
Metabolic regulation by FOXOs also extends to the regulation of mito-
chondrial homeostasis by controlling mitochondrial biogenesis, fission 
and fusion dynamics and mitophagy (Fig. 5b).

FOXOs are repressors of MYC121, which in turn downregulates 
TFAM (transcription factor A mitochondrial)122, a protein that has a 
key role in the transcription of mitochondrially encoded genes. Next to 
TFAM, several MYC-dependent nuclear-encoded mitochondrial genes 
decrease their expression upon FOXO activation. Therefore, despite 
FOXO induction of PDK4 expression, FOXO activation decreases mito-
chondrial mass, activity and ROS production123 (Fig. 5b). FOXOs also 
regulate the expression of the mitochondrial proteins HMOX1, FXN 
and UROD. These proteins are shown to disrupt electron transport 
chain activity and to affect NAD production124. Reduced NAD levels 
decrease SIRT1 activity, which in turn can result in the inactivation of 
transcriptional co-activator PGC1α, which is implicated in regulating 
energy metabolism. As PGC1α is required for mitochondrial biogenesis, 
its inactivation represents an additional mechanism by which FOXOs 
can downregulate mitochondrial function (Fig. 5b).

Mitochondrial homeostasis also relies on mitochondrial fusion 
and fission dynamics. Fusion and fission define mitochondrial mor-
phology and facilitate content exchange among mitochondria, for 
instance, of mtDNA and thereby contribute to mitochondrial fitness125. 
Mitochondrial fission and fusion rates are dynamic and change, for 
instance, during the cell cycle and are responsive to nutritional stress. 
It is shown that FOXOs inhibit mitochondrial fission by repressing mito-
chondrial elongation factor 2 and by inducing miR-484. FOXO-mediated 
regulation of miR-484 leads to decreased levels of FIS1, an important 
factor in organelle fission, thereby preventing fission of mitochondria 
(Fig. 5b). In the heart, this mechanism involves FOXO3 and has a protec-
tive function — inhibition of mitochondrial fission prevents apoptosis, 
reducing the size of myocardial infarction126. This mechanism of action 
is also observed in the intestine, where Foxo1 and Foxo3 knockdown 
leads to increased mitochondrial fission and perturbed differentiation 
of stem cells (discussed in the next section).

Mitochondrial fission is also a prerequisite for mitophagy, which is 
the process of clearing dysfunctional mitochondria to ensure a healthy 
mitochondrial population. FOXOs regulate expression of kinase PINK1 
(ref. 127), which drives mitophagy (reviewed elsewhere128). In addi-
tion, FOXOs can also mediate mitophagy by regulating the different 
stages of autophagy: mitochondrial recognition for autophagy, the 
formation and maturation of the autophagosome and the fusion of 
the autophagosome with the lysosome for cargo degradation (reviewed 
elsewhere128) (Fig. 5b).

Thus, on the one hand, active FOXOs can lead to decreased 
mitochondrial activity by inhibiting biogenesis and by increasing 
mitophagy, but on the other hand, it is also shown that FOXOs prevent 
mitochondrial fission, thereby potentially preventing loss of mitochon-
dria by mitophagy. These observations reveal an intricate connection 
between FOXOs and mitochondria. This could relate, to some extent, to 
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the differential expression of MYC in various cell types and biological 
contexts. In line with this rationale, deletion in cardiomyocytes shows 
no consequences on development129 and in the intestine, Myc is not 
expressed in all cell types and its expression is restricted to dividing 
progenitor cells (transit amplifying cells)130,131.

Finally, FOXOs have been shown to localize in mitochondria and 
seem capable of regulation of mitochondrially encoded genes132,133. 
Thus, it is proposed that FOXOs could be important factors in the 
crosstalk between nucleus and mitochondria. Understanding FOXO 
regulation of mitochondria is particularly relevant, given that, next 
to ATP production and supply of metabolites, mitochondria are 

important hubs of redox signalling with consequences on cell fate  
regulation134,135.

FOXOs in the regulation of stem cells and tissue 
homeostasis
The freshwater polyp Hydra vulgaris has an apparently eternal 
lifespan and shows no evidence of senescence136,137. The constant 
renewal of its tissues relies on a highly efficient maintenance of its 
stem cells, which is FOXO-dependent138. Hydra expresses one FOXO 
isoform and similar to mammals, it is under control of AKT and JNK 
signalling139. As such, Hydra provides an archetype example of FOXO 
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Fig. 4 | Redox control of FOXO transcription factors. a, Growth factors 
(GFs) drive proliferation through various signalling pathways that converge  
on activating AKT (also known as PKB) (reviewed recently193). WNT signalling 
drives proliferation by inhibiting the continuous proteasomal degradation  
of β-catenin induced by adenomatous polyposis coli destruction complex  
(reviewed recently194). Under oxidizing conditions, proliferation needs to  
be halted and forkhead box (FOXO) overrides the proliferative input. This is  
regulated by the redox-dependent association of FOXO with binding partners  
and by redox-dependent induced post-translational modification of FOXO. 
Proliferative WNT signalling leads to nuclear β-catenin binding to TCF/LEF and 
turns TCF/LEF from a transcriptional inhibitor to transcriptional activator195. 
FOXO competes with TCF/LEF for β-catenin binding especially under oxidiz-
ing conditions and thereby inhibits proliferative signalling by TCF/LEF196–198 
(left). FOXOs can also counteract active AKT signalling, which normally inactivates 
FOXOs by phosphorylation-dependent nuclear exclusion and proteasomal 
degradation (right). Redox signalling (Supplementary Box 1) induces a shift  
from E3 ubiquitin-protein ligase MDM2-dependent polyubiquitylation  
(poly-Ub), which leads to FOXO degradation to monoubiquitylation (mono-Ub), 
which activates FOXOs by nuclear translocation and stabilization. Oxidizing 
conditions also activate JUN N-terminal kinase ( JNK), which activates FOXOs by 
phosphorylation on multiple residues (distinct from the AKT sites). The stress- 
dependent regulation of FOXOs by JNK and MDM2 is reminiscent of the 
regulation of p53, which is also stabilized by JNK-dependent phosphorylation 
upon redox signalling199, leading to inhibition of MDM2-dependent breakdown 
and hence stabilization and activation of p53. In this manner, FOXOs can act 
in concert with p53 activation to mediate a robust cell cycle arrest. When p53 
function is lost, as is the case in almost all cancers, redox-dependent activation of 
FOXOs by these mechanisms can still counteract proliferative signalling and slow 
down the cell cycle to allow time for repair and adaptation. b, Redox signalling 
(Supplementary Box 1) starts with the production of H2O2, either directly or 
indirectly via superoxide anions and subsequent dismutation. The diffusion 
range of H2O2 is limited because of its reactivity and efficient scavenging by the 
highly abundant peroxiredoxins (PRDX). The outcome of redox signalling may 
therefore depend on the subcellular site of H2O2 production, and this probably 
holds true for the output of redox signalling to FOXOs200. H2O2 is produced at 
the extracellular side of the plasma membrane by NADPH-dependent oxidases 
(NOX), which are activated upon receptor tyrosine kinase (RTK) ligand binding. 
H2O2 can then enter the cell through aquaporin (AQP) channels and start 
signalling cascades, through direct oxidation of cysteines in redox-sensitive 

proteins or through a PRDX oxidation and disulfide exchange-mediated redox 
relay in case of proteins with intrinsically unreactive cysteines (such as FOXOs). 
NOX enzymes are also present in the nuclear, endoplasmic reticulum (ER) and 
mitochondrial membrane. Mitochondria are probably the most well-established 
site of ROS production: this occurs in the form of superoxide anions at the 
electron transport chain both in the matrix and in the intermembrane space, 
followed by rapid dismutation to H2O2 by manganese superoxide dismutase 
(MnSOD) and Cu/ZnSOD, respectively. Endoplasmic reticulum oxidoreductin 1  
(ERO1) produces H2O2 during oxidative folding in the ER and peroxisomes 
produce H2O2, for instance, during fatty acid β-oxidation201. There are also 
H2O2-producing enzymes in the nucleus, such as the histone demethylase by 
lysine-specific demethylase 1 (LSD1)202 and MICAL1 (ref. 203), meaning that redox 
signalling to FOXO could occur within the nucleus. It is not clear how much H2O2 
is released from the various organelles, but for mitochondria it has been shown 
that only very limited amounts leak out110. FOXO is regulated downstream of 
redox signalling in several ways (the figure does not show all described pathways 
because of space limitations). Redox-dependent dimerization and activation 
of apoptosis signalling kinase (ASK1) trigger JNK and p38 MAPK activity, both of 
which can phosphorylate and activate FOXOs102. 14-3-3 specifically binds to FOXO 
that is phosphorylated by AKT in the nucleus and subsequently facilitates nuclear 
export and sequestration of FOXO in the cytoplasm. JNK phosphorylates 14-3-3, 
preventing it from binding to FOXOs, releasing the latter from sequestration and 
making it available for dephosphorylation and nuclear re-entry204. FOXOs have 
also been shown to form intermolecular disulfide-dependent complexes. FOXOs 
are shuttled into the nucleus by disulfide formation with the nuclear import 
receptors transportin 1 (TNPO1) (for FOXO4)34 and importin 7 (IPO7) or IPO8 
(for FOXO3)35. The disulfide bond between FOXO and these importins is resolved 
in the nucleus before FOXO binds to the DNA34. Disulfide formation also 
covalently attaches p300 and its homologue CREB-binding protein (CBP) to the 
most C-terminal cysteine in FOXO, which is required for subsequent acetylation 
(Ac) and alteration of transcriptional target selection44. FOXOs have also been 
shown to form disulfides with PRDX35,205, which makes it plausible that the 
aforementioned S-S-dependent interactions are the result of a PRDX-dependent 
redox relay (Supplementary Box 1), although this has not been formally shown. 
Most of the delineated redox signalling pathways have been elucidated using 
supraphysiological amounts of bolus H2O2 addition. Future work using more 
subtle methods to mimic physiological H2O2-dependent signalling hopefully can 
shed more light on the outcome of compartmentalized signalling on FOXOs105. 
Me, methylation; MKK, MAPK kinase.

function in terms of combining stress regulation with lifespan. The 
stem cell theory of ageing proposes that the gradual loss of stem 
cell populations contributes to the decline of tissue homeostasis 
as a driver of organismal ageing140. Thus, mechanisms that regulate 
stem cell homeostasis are highly relevant to longevity. In this sec-
tion, we discuss various regulatory mechanisms by which FOXOs 
regulate stem cell homeostasis and the ensuing tissue homeostasis 
and function. These FOXO-dependent mechanisms can in large part 
be attributed to FOXOs earlier-described roles in cell cycle regulation, 
redox homeostasis and metabolism.

Regulation of the cell cycle in stem cells
Adult stem cells can be divided into two types: quiescent or prolifera-
tive (reviewed elsewhere141). Quiescent adult stem cells are found in 
the brain, muscle and the hematopoietic system, whereas proliferative 
stem cells are found in epithelial organs such as intestine and skin. As 
discussed earlier, FOXOs have roles in the regulation of cell cycle arrest. 
In agreement with this, FOXOs are also implicated in the maintenance 
of quiescence in the adult stem cell types, including neuronal stem 
cells142,143, muscle stem cells112,144–146 and haematopoietic stem cells 

(HSCs)147,148. In most cases, the involvement of FOXOs is demonstrated 
by a loss of stem cell maintenance or quiescence upon loss of FOXO 
activity. This suggests that a primary role of FOXOs in quiescent stem 
cells resides in regulating the timely transition from quiescence to 
proliferation. This function is also suggested by the observation that 
genetic deletion of Foxo3 in mice results in premature ovarian failure 
owing to untimely and increased release of ovarian follicle cells149. It is 
noteworthy that in C. elegans150 and Drosophila151, the FOXO-dependent 
effects on lifespan are accompanied with lower reproductive rates, 
suggesting a conserved role for FOXO in a trade-off between soma 
maintenance (that is, healthy ageing) and fecundity, although the exact 
mechanisms may be different in these species.

In the central nervous system, FOXO3 also has an essential role in 
maintaining the quiescent state of neural stem cells in the adult mouse 
brain. Foxo3 deletion drives premature neural stem cell differentia-
tion, resulting in the depletion of the neural stem cell pool and brain 
development defects142,143,152,153. In muscle, FOXOs maintain the quies-
cent state of muscle stem cells, called satellite cells, but they are also 
required for myoblast differentiation, and regulate myocyte fusion 
into myotubes later in muscle development or during regeneration. 

http://www.nature.com/nrm


Nature Reviews Molecular Cell Biology | Volume 25 | January 2024 | 46–64 58

Review article

Satellite cell activation requires FOXO3 inhibition, and its ablation 
leads to the exhaustion of the satellite cell pool and impaired muscle 
regeneration154.

Vascular resident stem or progenitor cells are present in all three 
layers of the vessel wall, and these cells are mostly quiescent155, which 
is regulated by FOXOs156,157. In the vessels, FOXOs regulate quiescence 
by stimulating 2-hydroxyglutarate (2-HG) production156 (Fig. 5c). Here, 
FOXO transcriptionally controls genes that encode enzymes involved 
in branched-chain amino acids. Branched-chain α-keto acids, which are 
catabolic intermediates of this pathway, are known to inhibit the activ-
ity of the mitochondrial α-ketoglutarate dehydrogenase (OGDH) com-
plex. Thus, FOXO-mediated induction of branched-chain amino acid 
metabolism inhibits OGDH and leads to the build-up of its substrate 
2-oxoglutarate (2-OG), which can be reduced to form 2-HG. This leads 
to the build-up of 2-HG, which ultimately promotes endothelial-cell 
quiescence. Although the mechanisms by which 2-HG limits cell cycle 
progression remain unknown, it is likely to be through the inhibition 
of 2-OG-dependent dioxygenases (reviewed elsewhere158) — enzymes 
that require O2 and 2-OG as cofactors to catalyse reactions. Several 
chromatin remodellers, DNA demethylases and the prolyl hydroxy-
lase (regulator of hypoxia-inducible factor 1) belong to this class of 

enzymes. Thus, abundance of 2-HG could induce hypoxia signalling 
and epigenetic changes that maintain quiescence.

Interestingly, it was also shown that FOXOs can induce produc-
tion of 2-HG by direct transcriptional regulation of mutant isocitrate 
dehydrogenase 1 (IDH1) enzyme in cancer159 (Fig. 5c). IDH1 and IDH2 
mutations are found in 70% of lower-grade gliomas, in acute myeloid 
leukaemia (AML) and in glioblastoma. Wild-type IDH1 catalyses the con-
version of isocitrate to 2-OG with the concomitant reduction of NADP 
to NADPH, and the latter is required to maintain redox homeostasis. 
Mutant IDH1 and IDH2 convert 2-OG to 2-HG and oxidize NADPH back 
to NADP, resulting in the loss of redox balance. Accumulation of 2-HG 
in cancers with mutated IDH1 also contributes to the alteration of the 
epigenome by inhibition of 2-OG-dependent dioxygenases, leading to a  
proliferative stem cell state of tumour cells, thereby greatly contributing  
to tumour development.

Regulation of stem cell redox homeostasis
Several mouse models show that increased ROS levels correlate with 
impaired stem cell function. Causality of the increased ROS level in 
stem cell impairment is usually inferred from the use of antioxidants 
such as NAC. For example, deletion of the ataxia telangiectasia mutated 
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Fig. 5 | FOXO and the regulation of metabolism and cell fate. a, Forkhead box 
(FOXO) regulates systemic metabolism. Upon low insulin signalling, FOXOs are 
activated and upregulate the expression of gluconeogenic enzymes (glucose-
6-phosphate dehydrogenase (G6Pase), phosphoenolpyruvate carboxykinase 
(PEPCK) and pyruvate dehydrogenase lipoamide kinase isozyme 4 (PDK4)) and 
of genes involved in lipid metabolism (apolipoprotein C-III (ApoC3), lipoprotein 
lipase (LPL) and fatty acid translocase CD36). In this way, FOXO activity in liver 
and muscle supports metabolic adaptation in response to low blood glucose. 
b, FOXOs regulate mitochondrial homeostasis. FOXOs inhibit mitochondrial 
biogenesis, prevent mitochondrial fission and induce mitophagy. The regulation 
of mitochondrial abundance and activity by FOXOs is important for, but not 
restricted to, stem cell maintenance and cardiomyocyte function. FOXOs induce 
the expression of miR-484, which subsequently reduces FIS1 levels, leading 
to the inhibition of mitochondrial fission. Loss of FOXOs in the small intestine 
induces mitochondrial fission leading to intestinal stem cell differentiation into 
secretory cells. In the heart, inhibition of mitochondrial fission by FOXOs prevents 
apoptosis and reduces the size of myocardial infarction. c, FOXOs increase 
the levels of the metabolites 2-oxoglutarate (2-OG) and 2-hydroxyglutarate 
(2-HG) by transcriptional regulation of isocitrate dehydrogenase 1 (IDH1) (wild 
type or mutated (R132H)) and of enzymes of the branched chain amino acid 
(BCAA) catabolic pathway. Cytosolic IDH1 converts isocitrate to 2-OG with the 

concomitant reduction of NADP to NADPH, which is the key-reducing equivalent 
to maintain redox homeostasis. In cancer cells, heterozygous expression of 
mutant IDH1 (R132H) converts 2-OG into the oncometabolite 2-HG with the 
concomitant oxidation of NADPH to NADP, leading to redox imbalance. Although 
2-OG is required for the catalytic function of 2-OG-dependent dioxygenases, 
such as propyl hydroxylase domain (PHD) proteins (that regulate the turnover of 
hypoxia-inducible factor 1α (HIF1α)), ten–eleven translocation methylcytosine 
dioxygenase (TET) epigenetic regulators and Jumonji-C ( JmjC) histone 
demethylases (KDMs), 2-HG inhibits their activity. Inhibition of these enzymes 
by 2-HG formation by the mutant IDH1 alters the epigenome, preventing the cell 
differentiation programme, thereby inducing a cancer stem cell proliferative state. 
In untransformed endothelial cells, on the other hand, FOXO maintains quiescence 
by inducing 2-HG. FOXO regulates the transcription of enzymes that regulate BCAA 
catabolism. This leads to the accumulation of intermediates of BCAA catabolism, 
which inhibit mitochondrial α-ketoglutarate dehydrogenase (OGDH), an enzyme 
that converts 2-OG to succinyl-CoA. OGDH inhibition leads to the build-up of 
2-OG and facilitates its conversion to 2-HG. In endothelial cells, this results in 
the maintenance of the quiescent state, potentially through the inhibition of 
2-OG-dependent dioxygenases. ACADSB, short/branched chain specific acyl-CoA 
dehydrogenase; BCKDHB, branched-chain keto acid dehydrogenase E1 subunit-β; 
DBT, dihydrolipoamide branched chain transacylase.
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kinase results in increased levels of ROS in HSCs160 and HSC dysfunc-
tion. Indeed, NAC treatment restores HSC function. In addition, it has 
been shown that redox-dependent activation of stress kinases such 
as p38 MAPK limits the self-renewal capacity of ataxia telangiectasia 
mutated-deficient HSCs161. Loss of FOXO3 in the haematopoietic com-
partment similarly led to elevated ROS levels, p38 MAPK activation and 
loss of stem cell quiescence and impaired HSC renewal11,147. Studies in 
mice with deletions in Foxo1, Foxo3 and Foxo4 indicated that HSC deple-
tion owing to loss of these factors in the haematopoietic compartment 
in 4–5-week-old mice could be rescued by providing NAC to the mice, 
suggesting that boosting antioxidant capacity and restoring redox 
homeostasis are key functions for FOXOs in stem cell maintenance11. 
Although increased ROS levels are deleterious for stem cell function, 
the reverse, namely, that reduced ROS levels improve stem cell function 
is less clear. Interestingly, others and we have shown that low, physi-
ological levels of ROS are required for proper stem cell maintenance in 
the small intestine162,163 and in neuronal stem cells164. This would argue 
that reduced ROS levels would also result in impaired stem cell function.

Metabolic regulation in stem cells
As discussed in the previous sections, FOXOs tightly interplay with 
metabolic cues, which is relevant to stem cell regulation. Severe meta-
bolic stresses such as fasting, diabetes and cancer can induce muscle 
atrophy in a FOXO-dependent manner. Starvation leads to the protein 
degradation primarily by the ubiquitin–proteasome pathway. FOXOs 
have a critical role in muscle loss by the direct regulation of atrogin-1 —  
an E3 ubiquitin ligase that drives ubiquitin-mediated protein degra-
dation in skeletal muscle165. Previously, it was reported that calorie 
restriction can increase numbers and activity of satellite cells in young 
and old mice, indicating that energy deprivation might be beneficial 
for muscle homeostasis and growth166. However, more recent research 
indicates that fasting slows down muscle regeneration by inducing 
a deep quiescent state and resilience in satellite cells mediated by 
ketone bodies — compounds released by the liver during starvation 
serve as an alternative energy source to glucose. Specifically, ketone 
body β-hydroxybutyrate promotes quiescence by inhibiting class I  
and II histone deacetylases and consequent activation of p53 (ref. 167).  
A potential explanation for the discrepancy between these studies 
could be that caloric restriction and fasting elicit different metabolic 
phenotypes (for instance, activation of ketogenesis in the case of fast-
ing but not by caloric restriction). As mentioned previously, FOXOs 
do induce a metabolic reprogramming to shift from glucose to FA 
oxidation during fasting (Fig. 5a); however, direct evidence of FOXOs 
regulating satellite cell function through metabolism requires further 
research.

During bone healing, skeletal progenitor cells may differentiate 
into either osteogenic or chondrogenic cells. Osteogenic differentia-
tion is promoted by lipid availability, supplied by the proximity of blood 
vessels, and the subsequent increase in FA oxidation. Skeletal progeni-
tors in poorly vascularized regions are deprived of lipids and prompt 
to chondrocyte differentiation — a process driven by FOXOs168. Upon 
bone fracture, FOXOs translocate to the nucleus in poorly vascular-
ized regions, and this can be prevented by stimulation of FA signal-
ling, showing that FOXO activation is dependent on lipid deprivation. 
Activation of FOXOs induces SOX9 transcription factor, which dictates 
chondrocyte differentiation and downregulates FA oxidation to sup-
port survival under the lipid-scarce metabolic environment. Accord-
ingly, reduced FOXO levels have been associated with osteoarthritis 
(degeneration of the cartilage around the bones)169. Although the 

detailed mechanism of the signalling cascade needs to be elucidated, 
this study shows that FOXOs can sense nutrient availability in the local 
environment and define cell-type specification in response.

Intestinal stem cells are highly proliferative and give rise to two 
main cell types: absorptive and secretory cells170. This balance is tightly 
regulated by the differential activity of numerous signalling path-
ways. Intestinal stem cells heavily rely on mitochondrial metabolism 
to carry out their functions, whereas secretory Paneth cells, which are 
located adjacent to stem cells, have a reduced number of mitochon-
dria despite sharing the same metabolic niche163,171. This implies that 
over the process of stem cell differentiation towards a secretory cell, 
a metabolic transition takes place leading to decreased mitochondrial 
abundance. In the small intestine, stem cells display high levels of FOXO, 
and depletion of FOXOs in the intestinal epithelium leads to skewed 
differentiation as reflected by an increase in secretory cell number172. 
FOXO depletion also decreased mitochondrial abundance, activity and 
increased mitochondrial fission by promoting microRNA-484. Thus, 
FOXOs maintain the intestinal stem cell state and loss of FOXOs drives 
stem cells to secretory differentiation by increasing mitochondrial 
fission and decreasing mitochondrial abundance (Fig. 5b).

In the colon, FOXO3 mediates the inhibitory effect of the bacterial 
metabolite, butyrate, on stem cell proliferation173. FOXOs also control 
gut barrier integrity of the intestine by regulating mucus secretion 
and commensalism with the gut microbiome174. The key function of 
the secretory cells — called goblet cells — is to produce and secrete 
mucus to protect the intestinal epithelium from commensal bacteria 
and pathogens. Foxo1 deletion in the mouse intestine leads to reduced 
mucus secretion by Goblet cells. Interestingly, the mechanism of action 
of FOXOs does not seem to involve transcription factor activity, as 
Foxo1 nuclear reconstitution fails to restore this phenotype. Rather, 
the role of FOXOs in this context has been linked to the regulation 
of autophagy proteins and subsequent ROS. This agrees with earlier 
observations that suggest cytosolic rather than nuclear FOXOs in the 
regulation of autophagy175. Mechanistically, the defect in mucus secre-
tion does not seem to alter the gut barrier integrity directly. Instead, 
altered mucus secretion leads to dysbiosis (altered microbiome) and 
perturbation of microbial metabolites, which seems responsible for 
the enhanced permeability of the gut barrier in the Foxo1 null mice. 
Importantly, FOXO function in this model is particularly relevant under 
stress, for example, when the epithelial barrier is already perturbed. 
Moreover, although young mice with intestinal Foxo1 deletion show 
a normal tissue morphology in unperturbed conditions, aged mice 
display increased immune-cell infiltrates throughout the intestine 
resulting in inflammation. This highlights that although under basal 
conditions FOXO activity or the lack of FOXO activity does not yield 
observable major phenotypes, it does become key in response and 
adaptation to stress and in ageing.

The aforementioned illustrates the intricate nature of FOXO regu-
lation of metabolism, especially in relation to stem cell control and cell 
specification. Notably, in line with being master regulators of stress 
adaptation, FOXO maintenance of integrity and function become 
particularly important when tissues age, are under stress or undergo 
healing and repair.

Conclusions and perspective
In normal cells, the primary purpose of the stress response is to alle-
viate the disruption and prevent transition towards a dysfunctional 
state. However, impaired function can come in several flavours. First, 
cells can lose only in part their optimal normal function, or cells can 
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become fully dysfunctional and transit, for example, to a senescent 
phenotype. Cells can also become dysfunctional by adopting a new 
functionality, for example, the transition of a normal cell to a cancer 
cell, or cells become dysfunctional but consequently are removed by,  
for example, a form of programmed cell death, possibly followed 
by regeneration. The FOXO-induced stress response primarily acts 

to prevent the transition to these dysfunctional states. This is best 
illustrated by the observation that FOXOs are acclaimed bona fide 
tumour suppressors as broad somatic deletion of three Foxo isoforms 
establishes a progressive cancer-prone condition characterized by 
thymic lymphomas and haemangiomas103. However, in a mouse breast 
cancer model, both short hairpin RNA-mediated loss of FOXOs and 

• Chemotherapy
• Hypoxia
• Nutrient deficiency/
   environmental stress
• UV
• Xenobiotics 

• Nutrient deficiency/
   environmental stress
• UV
• Xenobiotics 

Normal Stressed Stressed Cell deathCancer

Tumour suppressor Tumour supporter

Re
do

x 
po

te
nt

ia
l (

m
V)

Normal cell Cancer cell Time

On

activity

On On OnOn

Normal

Cancer

Death

On

FOXO FOXO

FOXO

a

b

Fig. 6 | A model illustrating how FOXO-dependent stress survival could  
sustain both healthy and pathological conditions. a, To illustrate how stress  
survival downstream of forkhead box (FOXO) applies both in normal and  
pathological conditions, we use cancer as an example. Cells are frequently 
challenged by stresses, such as excessive levels of reactive oxygen species,  
and limited availability of nutrients or exogenous sources such as ultraviolet  
(UV) and xenobiotics. This pushes cells into a stressed state that leads to FOXO 
activation, which in turn increases the expression of genes that lower the  
stress input (antioxidant enzymes and metabolic rewiring) and counteract 
consequences of stress (repair of damage). When the stress is resolved, FOXO  
is switched off again, hence cells oscillate between normal and stressed states 
where FOXO mediates reversion to the normal, unstressed state, thereby  
maintaining organismal homeostasis and fitness. When stress is insufficiently 
counteracted, this can result in, for example, permanent damage (DNA  
mutations). Unless cleared by apoptosis, the surviving damaged cell represents 
a new ground state that can contribute to disease owing to its dysfunctional 
properties, such as derailed proliferation in the case of cancer. The cancer cell, 
however, is challenged by the same stresses as normal cells but faces additional 
challenges such as hypoxia and anticancer therapies. This generates a new 
oscillation, now between the ‘normal’ and the stressed cancer cells and FOXOs 
can contribute to reversion to the unstressed state in the same manner as in 
normal cells, promoting cancer cell survival with pathological consequences 
for the organism. If the stress cannot be resolved, for instance, owing to (partial) 
FOXO inactivation downstream of oncogenic signalling or at levels of stress that  
lead to irreparable damage, cells may ultimately encounter a level of stress  
that results in cell death. Note that permanent activation of FOXO would lead to 
cell cycle arrest, meaning that (partial) FOXO inactivation is likely required for 

proliferation and cancer progression. b, FOXOs are best known for responding to 
and controlling cellular redox homeostasis and to illustrate the model of FOXO 
contribution to stress management in the transition from a healthy to a cancer 
cell in part a, we show here how changes in the cellular redox state overlay the 
process of stress adaptation by FOXOs. Upon a rise in redox potential either 
because of enhanced reactive oxygen species production or loss of sufficient 
NADPH regeneration to provide reductive capacity, FOXOs are switched ‘on’ 
and FOXO activity can lower the redox potential again. FOXOs may be unable 
to sufficiently counteract a change in redox potential, for instance, owing to 
(partial) FOXO inactivation by upstream signalling or limited availability of 
cofactors or nutrients, or simply because the stress level outcompetes FOXO-
dependent mechanisms counteracting stress. In this case, the cell enters a new 
ground state (stressed cell), at which the basal redox potential is chronically 
increased compared with the normal cell or engages apoptosis. What determines 
exactly whether apoptosis is engaged may be stochastic or dependent on the 
apoptotic threshold, which is cell-type-dependent and context-dependent. But 
importantly, FOXOs now aid in survival of these stressed cells with increased 
basal redox potential. These oscillations between enhanced stress and FOXO-
dependent stress relief repeat, resulting eventually in the emergence of cancer 
cells, which are known to have a higher basal redox potential206. Further increases 
in stress in these cells, for instance, owing to chemotherapy, will again activate 
FOXO, which now contributes to stress relief and therapy resistance in the 
tumour, thus sustaining the pathological condition. But, the already higher redox 
potential in cancer cells also makes them more prone to succumb to cell death 
when FOXO-dependent stress survival insufficiently counteracts an additional 
oxidative insult.
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overexpression of a constitutively active FOXO3 mutant (FOXO3.A3) 
suppressed tumour growth and metastasis, whereas overexpres-
sion of wild-type FOXO3 had no effect176. This indicates that FOXO 
activity is also relevant during tumour progression, as either loss or 
constitutive activation may be deleterious. Also, in AML, it has been 
shown that in approximately 40% of the patient samples FOXOs are 
active and that loss of FOXO in AML cells hampered leukaemic cell 
growth and improved animal survival in a mouse model for AML177. 
Thus, the FOXO stress response is not only directed at preventing 
the transition to a dysfunctional (cancer) cell but also contributes 
to the survival of the dysfunctional cancer cell, as suggested by  
its tumour-promoting role. Clearly, mechanisms of stress resistance are  
not restricted to normal cells and dysfunctional cells, as cancer cells 
also endure stress. From the perspective of FOXOs as being activated 
by stress and acting to preserve and protect cells from stress, it fol-
lows that FOXOs will react and act in the dysfunctional cells similarly 
(Fig. 6a). This support of aberrant-cell survival is not restricted to 
cancer and may apply to other human diseases. In chronic (fatty) 
liver disease, recurrent FOXO gain-of-function mutations (Ser22Ala) 
are observed178. Here, it is argued that FOXOs enable survival of the 
dysfunctional cells by inducing gene expression that helps in coping 
with high lipid levels.

A major stress input for FOXOs derives from changes in cellular 
redox status (reviewed previously46,105) and, as discussed, FOXOs can 
increase transcription of redox regulators to lower cellular redox stress. 
Normal cells have a lower basal redox potential compared with cancer 
cells179 and, thus, the only difference with respect to FOXO function in 
normal versus cancer cells could be to maintain a low versus higher 
redox potential, respectively (Fig. 6b). As many types of stress (nutri-
ent, genotoxic and so on) function at least in part through changing 
the cellular redox balance and a plethora of diseases have been linked 
to enhanced oxidative damage, this universal role of maintaining a 
defined cellular redox potential through the FOXO stress response 
may contribute to many of the age-related diseases.

Finally, we observed that FOXOs transcriptionally control the 
expression of wild-type but also mutant IDH1 (ref. 159). In this case,  
the physiological role of FOXOs is repurposed in cancer to fuel  
epigenetic changes associated with tumorigenesis.

The regulation of the stress response by FOXOs and how this 
results in not only preventing but also sustaining disease are certainly 
not unique to FOXOs. NRF2 and p53 are important other transcrip-
tion regulators of the stress response and for both similar apparently 
paradoxical outcomes have been described, especially in the context 
of cancer initiation and progression. Similar to FOXOs, NRF2 integrates 
cellular stress signals to protect from oxidative stress through tran-
scription regulation. Also, for NRF2, it has been questioned whether 
NRF2 is a tumour suppressor or, conversely, a tumour supporter (dis-
cussed in ref. 180). This controversy can also be settled by considering 
that NRF2 similar to FOXOs regulates the stress response in both normal 
and malignant cells (discussed for NRF2 in ref. 181). The importance 
of context also accounts for p53 function in the stress response. p53 
was originally identified as an oncogene182, and only later it became 
the archetypical tumour suppressor gene. But more recently, studies 
have shown that wild-type p53 function can also protect some cancers 
from, for instance, metabolic and redox stress183.

Of note, prevention of age-related disease does not translate per 
se into an extended maximum lifespan. It does translate, however, to 
the period of our lives that we live in good health (healthy lifespan). 
Thus, it is important to discriminate between the role (roles) of FOXOs 

in maximum lifespan versus healthy lifespan. We propose that part 
of the paradox, which may originate from studying FOXOs function 
in extended lifespan versus delayed onset of ageing, comes from the 
fact that the role of FOXOs in mediating stress adaptation is ubiquitous 
among cell types. In long-lived species, FOXOs eventually will provide 
the same survival benefit to malignant and dysfunctional cells and 
thereby actually may contribute to the loss of bodily functions, with 
cancer progression probably as the best example.
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