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Forkhead box O (FOXO) transcription factors (TFs) are a subclass of the
larger family of forkhead TFs. Mammalians express four members
FOXO1, FOXO03, FOX04, and FOXO6. The interest in FOXO function
stems mostly from their observed role in determining lifespan, where in
model organisms, increased FOXO activity results in extended lifespan.
FOXOs act as downstream of several signaling pathway and are exten-
sively regulated through post-translational modifications. The transcrip-
tional program activated by FOXOs in various cell types, organisms, and
under various conditions has been described and has shed some light on
what the critical transcriptional targets are in mediating FOXO function.
At the cellular level, these studies have revealed a role for FOXOs in cell
metabolism, cellular redox, cell proliferation, DNA repair, autophagy, and
many more. The general picture that emerges hereof is that FOXOs act to
preserve equilibrium, and they are important for cellular homeostasis.
Here, we will first briefly summarize the general knowledge of FOXO regu-
lation and possible functions. We will use genomic stability to illustrate
how FOXOs ensure homeostasis. Genomic stability is critical for maintain-
ing genetic integrity, and therefore preventing disease. However, genomic
mutations need to occur during lifetime to enable evolution, yet their accu-
mulation is believed to be causative to aging. Therefore, the role of FOXO
in genomic stability may underlie its role in lifespan and aging. Finally, we
will come up with questions on some of the unknowns in FOXO function,
the answer(s) to which we believe will further our understanding of FOXO
function and ultimately may help to understand lifespan and its conse-
quences.

Introduction

The large family of forkhead box (FOX) transcription
factors (TFs) consists of 45-50 members depending on
species and whether or not counting gene duplications,
and this family is subdivided into 19 classes labeled A
to S. The forkhead box family members are defined
through their evolutionarily conserved ‘forkhead’ or
‘winged-helix’ DNA-binding domain (DBD) [1]. The

Abbreviations

mammalian FOXO family contains four TFs, namely
FOXOI1, FOXO03, FOX04, and FOXO6. They all bind
to the consensus DNA sequence 5-TTGTTTAC-3' [2]
and share a common structural layout with intrinsically
disordered regions (IDR) of various length N- and
C-terminally flanking the structured DNA-binding
domain. FOXOs are the mammalian orthologues of the

CRS, conserved region 3; DBD, DNA-binding domain (also known as Forkhead domain); DDR, DNA damage response; FOXO, forkhead box
0; HSC, hematopoietic stem cell; IDR, intrinsically disordered regions; LLPS, liquid-liquid phase separation; NLS, nuclear localization
sequence; PI3K, phosphoinositide 3'-kinase; PKB/AKT, protein kinase B/c-AKT; PTMs, post-translational modifications; ROS, reactive oxygen
species; SBS, single-base substitutions; TFs, transcription factors; TLS, trans lesion synthesis.
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Caenorhabditis elegans DAF-16 gene. Genetic studies in
C. elegans showed that DAF-16 mediates the longevity
phenotype of reduced DAF-2 signaling [3]. DAF-2 is
the orthologue of the mammalian insulin receptor, and
subsequently, it was shown that FOXOs are also regu-
lated by insulin signaling through phosphoinositide 3'-
kinase (PI3K)-mediated protein kinase B/c-AKT (PKB/
AKT) signaling [4].

The timely process of aging, the deterioration of an
organism that accompanies its lifespan and ultimately
results in death, determines longevity and is affected
by many (cellular) processes. Among many theories
describing the nature of process(es) driving aging, the
prominent one is the concept of cellular damage and
dysfunction due to reactive oxygen species (ROS) as a
driving force of aging [5]. ROS react with all cellular
constituents, DNA, RNA, protein, lipid, etc., and this
can result in modifications that may be coined damage
when leading to loss of function. Alternatively, ROS-
induced oxidation or modification may regulate func-
tion and thereby partake in signaling in a manner
similar to, for example, phosphorylation [6]. In agree-
ment, with its effect on longevity and the suggested role
of ROS, FOXOs have been implicated in regulating cel-
lular redox, thereby reducing the potential damage
induced by ROS. Furthermore, FOXOs are themselves
in turn regulated by cellular redox and FOXOs are in-
volved in maintaining cellular homeostasis by regulating
processes that deal with cellular damage, including
DNA repair and proteostasis (autophagy) [7].

Here, we will summarize some aspects of FOXO
regulation and FOXO function, to provide back-
ground to discuss some of the outstanding questions.
The answers to these questions may aid in understand-
ing the complex phenotype of aging, age-related dis-
eases, and the role FOXOs play herein.

Signaling pathways regulate FOXO
activity through post-translational
modifications

FOXO activity is under the control of several cellular
signaling pathways through post-translational modifica-
tions (PTMs). Genetic studies on lifespan in C. elegans
implicated phosphoinositide 3’ kinase (PI3K) (DAF-18
in C. elegans) to regulate DAF-16 activity [§8]. Protein
kinase B/c-AKT (PKB/AKT) acts as a major down-
stream signaling component of PI3K, and consequently,
it was shown that FOXOs are regulated by PKB/AKT-
mediated phosphorylation at three evolutionary con-
served sites ([9-11] and see Fig. 1). In keeping with
genetic data, PKB/AKT-mediated phosphorylation
inhibits FOXO activity and this is accomplished
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through PKB/AKT phosphorylation-dependent 14-3-3
binding and translocation of FOXOs from the nucleus
to the cytosol. In the absence of PKB/AKT phosphory-
lation, FOXO accumulates in the nucleus, which facili-
tates interaction with gene regulatory regions to induce
expression of target genes. Nuclear localization per se is
likely not sufficient to drive full transcriptional activity
and opposite PI3K/PKB/AKT, and other signaling
pathways can positively regulate FOXO. Most impor-
tantly, from the perspective of aging, a disbalance in
cellular redox, for example, through increased forma-
tion of ROS activates FOXOs through stress-kinase
(JNK, p38, MSTI)-mediated phosphorylation. Also,
other types of cellular stress, for example, DNA damage
(CDK1, CDK2, CDK4/6), energy stress (AMPK),
either directly regulate FOXOs, or regulate in conjunc-
tion with indirect changes in cellular redox evoked by
these types of cellular stress. For more detailed reviews,
see, for example Refs [7,12,13].

Beside phosphorylation, a number of additional
PTMs have been described to regulate FOXO activity
and function, which include ubiquitination, acetylation,
lysine/arginine methylation, and O-GlcNAcylation [14].

O-GicNAcylation

O-GlcNAcylation is a reversible PTM that consists of
the attachment of N-acetylglucosamine (GIcNAc) to
serine or threonine residues of proteins [15]. The
enzyme O-GIcNAc transferase (OGT) catalyzes the
addition of GIcNAc, using the substrate UDP-
GIcNAc. This is produced by the hexosamine biosyn-
thetic pathway, and a small fraction of the glucose
entering the cell is used for the synthesis of UDP-
GIcNAc. Therefore, O-GlcNAcylation regulates pro-
tein functions according to glucose availability. O-
GlcNAcylation has been shown for FOXOs (FOXOl1
[16,17], FOXO3 [18] and FOXO4 [19]). However, the
serine/threonine residues modified by O-
GIcNAcylation remain to be determined [20]. Irrespec-
tive, this modification does not appear to compete
with phosphorylation by PKB/AKT of FOXOs [16].

Methylation

Methylation can occur at lysine and/or arginine resi-
dues through the action of multiple enzymes. Lysine
methylation mediated by G9a has been described for
FOXO1 [21] whereas a different methyltransferase,
Set9, has been described for FOXO3 [22,23]. The iden-
tified lysines, K273 FOXO1 and K270/K271 FOXO3,
are located within the conserved nuclear localization
sequence (NLS), and as such, it is likely that also
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FOXO04 will be methylated at homologous residues
(Fig. 1). The consequence of methylation is not entirely
clear. G9a-mediated methylation would increase binding
of the E3 ubiquitin ligase Skp2 and consequently
enhance degradation [22], whereas for FOXO3 inhibi-
tion of DNA binding or enhanced transcriptional activ-
ity, combined with increased degradation [23] has been
reported.

Arginine methylation was described for FOXOI1 [24]
and mediated by PRMT1. The residues identified were
all located within the consensus sequence for PKB/AKT
phosphorylation (RXRXXS/T), and consequently,
PRMTI-mediated arginine methylation was shown to

elements that are discussed in terms of
differential post-translational modifications
are provided. In CR1 relative to the PKB/
AKT site, the position of AMPK
phosphorylation sites conserved in the
FOXOs is indicated as well as the serine
residues in FOXO3 and FOXO4 that are
listed in phosphosite.org but for which the
kinase is unknown. For CR2A and NLS, this
is similarly indicated. For CR2B, the
homology is indicated and thereby the
likelihood of similar regulation by upstream
kinases, but evidence is variable as
discussed in the text. In the lower panel,
the cysteines present in CR1 and CR3 are
indicated, and for the cysteine in CR3, it
has been shown to be involved in p300/
CBP binding. This illustrates positive
evolutionary selection for cofactor

L ECDM D'\lgl I;S D recruitment through cysteine-disulfide-
.LAI DLNQ;I!EN
.DTMDVDALIRH

dependent binding (see for discussion
Putker et al. [172]).

activate FOXOs by inhibiting subsequent PKB/AKT-
mediated FOXO regulation. Other arginine methyltrans-
ferases may also impinge on FOXOs, and for FOXOI,
PRMT6-mediated methylation has been shown in the
absence of PRMTT1 [25].

Detection of methylation usually relies on the qual-
ity of commercial site-specific antibodies, the quality
and specificity of which is not necessarily sufficient to
draw conclusions. Recently, we have been involved in
developing a novel NMR-based approach to detect
arginine methylation in vivo and this may possibly
enable studying level and dynamics of arginine methy-
lation more accurate in the future [26].
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Ubiquitination

A number of E3 ubiquitin ligases for the various
FOXO members have been identified. Mdm2 can
mediate polyubiquitination and subsequent FOXO
protein degradation [27,28] but also induce mono-
ubiquitination and FOXO activation [28]. This differ-
ential regulation likely depends on additional signal-
ing, and ERK-mediated phosphorylation has been
shown to steer toward polyubiquitination [28],
whereas low redox stress favors mono-ubiquitination
and consequent FOXO activation [29]. Other pro-
posed E3 ligases are Skp2 [30], the binding of which is
shown to depend on PKB/AKT phosphorylation and
Itch [31]. USP7 is reported to deubiquitinate mono-
ubiquitinated FOXO [32], and as such, regulation by
ubiquitination of FOXOs shows strong resemblance
to p53 and probably represents an important signaling
connection to simultaneously coregulate FOXO and
p53 function.

Acetylation

Phosphosite.org (https://www.phosphosite.org/) lists a
variety of reported FOXO acetylation sites, some of
which are confirmed by mass-spectrometry and some
of which are identified on the basis of mutagenesis.
Acetylation of two lysines within the C-terminal end
of the DNA-binding domain and preceding the NLS is
conserved for all FOXOs (K245 and K248 in
FOXOI1). Also, there is acetylation described of a
lysine near the CR3 domain for all FOXOs, but the
sequence surrounding the identified lysine shows little
conservation. All other reported acetylated lysines
appear isoform-specific. Acetylation of the lysines near
the NLS has been shown to weaken DNA binding [33]
and consequently enhances PKB/AKT-mediated phos-
phorylation. The consequence of acetylation of other
residues remains mostly unclear. This is in part due to
the different effects described for FOXO deacetylases.
With respect to aging, the role of the sirtuin family of
deacetylases has been extensively studied. Initially, (ox-
idative) stress-induced binding between FOXO and
SIRT1 was described to repress FOXO function
[34,35] or to selectively enhance transcription of
FOXO-regulated genes involved in (oxidative) stress
regulation and cell cycle regulation [36] or to activate
gene transcription [37]. Following the described inter-
action with SIRT1, FOXOs have been reported to
interact with SIRT2 [38], SIRT3 [39], and SIRT6 (mice
[40] and C. elegans [41]). In addition, as another layer
of interaction SIRTI regulates expression of SIRT6
together with FOXO [42].

FOXOs: masters of the equilibrium

In addition to the apparent extensive interaction
between FOXOs and the sirtuin family, other classes
of deacetylases also interact with FOXOs. During fast-
ing, AMPK mediates phosphorylation and transloca-
tion of class ITa HDACs (HDAC 4/5) to the nucleus,
where these recruit HDAC3 resulting in FOXO
deacetylation and activation [43]. A similar scheme
applies for KDMS5 that binds FOXO to recruit
HDACH4 [44].

Understanding intrinsically disordered
regions, the example of FOXO

In order to regulate transcription, TFs need to accom-
modate the recruitment of a large variety of regulatory
proteins and protein complexes to the genome. For
many TFs, this recruitment proceeds through binding
of accessory proteins to so called IDR within the TFs.
IDRs do not adopt a defined three-dimensional struc-
ture and in contrast to structured domains, such as the
DNA-binding domain, allow for more flexibility, faster
interaction dynamics and the ability to provide binding
interfaces for a larger set of interactors. The N- and
C-terminal region of FOXOs flanking the DBD are
IDRs (Fig. 1). Within the IDR, there are small regions
that are conserved between FOXO members and these
conserved regions have propensity to fold [45-47].
These regions encompass besides the forkhead domain
the 3 PKB/AKT phosphorylation sites (CR1, CR2A
and CR2B), the NLS and nuclear export signal the lat-
ter being part of the CR2B, two lysine rich domains
(CR2C1 and CR2C2) involved in the histone acetyl
transferases CBP/p300 binding [45] and finally the
transactivation domain at the end of the C-terminal
domain (CR3) which is implicated in binding various
coregulators (Fig. 1 for schematic representations and
for sequence comparison between FOXO isoforms, see
Fig. 2).

Binding of the IDRs of TFs to the structured
regions present in co-activators requires tight regula-
tion by PTMs. Within the conserved regions, there is
by and large consensus as to how these PTMS are
established, but some questions remain to be resolved.
For example, AMPK regulation of CRI1 has been
described for FOXO3 [48], but not for, for example,
FOXO4 whereas the residue within CR1 is conserved
(Fig. 1).

A region within an IDR involved in binding, usually
displays low binding affinity toward a certain cofactor
and binding to a structured region, therefore requires
multiple discrete small low-affinity regions within the
IDR, as to generate a high-affinity synergistic binding
(reviewed in Ref. [49]). Interestingly, FOXOs are
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Fig. 2. Protein sequence comparison of FOXO isofroms. Sequence comparison for all conserved regulatory elements (except the Forkhead
domain) as found in human FOXOs and for which functional evidence is present. FOXO6 does not harbor clear sequence homology to
CR2B, CR2C1, and CR2C2. For sequence alignment, we used the cLustaLw program (website: https://www.genome.jp/tools-bin/clustalw). (*)
positions that have a single and fully conserved residue; (:) conservation between groups of strongly similar properties, with a score greater
than .5 on the PAM 250 matrix; (.) conservation between groups of weakly similar properties with a score less than or equal to .5 on the
PAM 250 matrix.
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regulated by redox signaling and this proceeds through
cysteine oxidation. This can result in cysteine-dependent
disulfide binding between FOXO and its interacting pro-
tein. We have described this type of covalent interaction
for CBP/p300 and transportin-1 [50]. Importantly, in this
way, cysteine-dependent disulfide interaction represents
an alternative mode for IDRs to engage in high-affinity
binding.

FOXO-binding cofactors

A variety of FOXO interactors has been published, and
these fall into two categories, first those that put PTMs
on FOXO and the second the interactors that coregulate
transcriptional output. The interaction of FOXO with
the acetyl transferases p300/CBP results in acetylation
of both FOXO itself and histones. At present, it is
unclear whether this entails specific histone acetylation
(e.g., H3K27 acetylation) events or that this results in a
general increase in histone acetylation. In general, the
latter contributes to activation of gene transcription
whereas the consequence(s) of FOXO acetylation itself
are less clear (see section above). Surprisingly, little is
known to date as to how other chromatin-remodeling
complexes, besides p300/CBP, interact with FOXOs to
regulate gene transcription. DAF-16 interacts with the
SWI/SNF chromatin-remodeling complex [51], and a
RNAI screen for epigenetic modifiers in C. elegans iden-
tified four genes to be involved in lifespan regulation,
and of these UTX-1, a H3K27me demethylase was vali-
dated to act with DAF-16 [52].

Several examples of FOXO regulating gene expres-
sion in conjunction with other TFs are known. In
many cases, this is due to the presence of a DNA con-
sensus sequence for a certain TF adjacent to a FOXO
consensus sequence, but some of these interactions
appear more extensive. Firstly, SMADs are transcrip-
tional regulators downstream of TGF-p signaling and
genetic interaction between SMADs and FOXO has
been described in C. elegans [53] and later also in
mammalian cells [54,55]. TGF-p-induced immediate
early gene expression in part depends on both FOXO
and Smad function, and FOXOs were shown to be
essential for the induction of 11 of these genes [55].
The reverse, namely the relevance of SMAD for the
induction of FOXO-dependent genes, has not been
studied as far as we know.

The E2F class of TFs also shows extensive interac-
tion with FOXO. E2F1 regulates FOXO1/3 expression
[56]. This E2F1 transcriptional-dependent increase in
FOXO expression generates a feed-forward loop as
FOXO binds E2F1 and activates a subset of E2F1
genes involved in apoptosis [57]. The reverse is also

FOXOs: masters of the equilibrium

observed, and binding of E2F is shown to inhibit
FOXO [58].

Besides extensive similarities in their mode of regula-
tion through PTMs, p53 and FOXO also physically
interact. Structural determinants of FOXO p53 binding
have been determined [46], and this involves the fork-
head and CR3 domains of FOXO. Nutrient-sensitive
physical interaction was observed between FOXO3a
and p53 in the induction of SIRT1 expression [59].
Recently, disruption of the p53-FOXO4 interaction
through treatment of cells with a so called FOX0O4-DRI
peptide was shown to induce apoptosis of senescent cells
and thereby improving healthy aging [60].

In senescent cells, FOX0O4 and p53 colocalize in
PML bodies and it has been shown that the PML
tumor suppressor prevents cancer by inactivating
PKB/AKT inside the nucleus [61]. PML specifically
recruits the PKB/AKT phosphatase PP2a as well as
phosphorylated PKB/AKT into PML nuclear bodies.
Consequently, Pml-null cells show impaired PP2a
phosphatase activity toward PKB/AKT and thus accu-
mulate active nuclear PKB/AKT. How this precisely
relates to induction and maintenance of senescence
through FOXO remains to be investigated.

PI3K signaling intertwines with WNT/TCF/p-
catenin signaling at various levels, and we have shown
redox-sensitive interaction between FOXOs and -
catenin [62]. Consistent with this observation, genome
wide profiling of p-catenin chromatin binding in the
absence of TCF/LEF shows p-catenin overlaps with
FOXO binding [63]. Binding of p-catenin to FOXO
inversely correlates with Wnt/TCF-mediated transcrip-
tion, and this shift of p-catenin from TCF to FOXO
has been shown to play a role in various biological
processes such as colon cancer metastasis [64], osteo-
blast differentiation [65], liver metabolism [66], and
kidney fibrosis [67].

Furthermore, WNT is shown to regulate FOXOI
nuclear exclusion resulting in FOXO1 inhibition in
mammary stem cells through PKB/AKT [68] and f-
catenin regulation by PI3K/PKB/AKT signaling possi-
bly through GSK3 has been shown in many studies, but
remains debated [69].

Finally, FOXOs do not only bind and regulate pro-
teins involved in transcriptional regulation but also
have been shown to bind ATM to regulate the DNA
damage response (DDR) [70] and ATG7 to regulate
autophagy [71].

FOXOs and the genomic equilibrium

Maintaining genome stability, or preventing genomic
instability, is essential for an organism to enable
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faithful genome transmission toward offspring. On
the other hand, for selective pressure driving evolu-
tion to function, the occurrence of genomic mutations
is inevitable. To meet these seemingly contradictive
demands, cells have intricate and complicated ways
to deal with DNA damage and to maintain genome
stability. Recently, the notion that DNA damage is
the driving force of aging has been reinforced and
given the evolutionary conserved impact of FOXOs
on aging, we discuss here specifically the role of
FOXOs in prevention of DNA damage and response
to DNA damage.

It is estimated that approximately 70 000 DNA-
lesion events take place in each human cell daily, (re-
viewed in Ref. [72]). Both endogenous genotoxic stress
and exogenous genotoxic stress induce DNA base
modifications that will result in DNA damage and ulti-
mately genomic instability if not properly repaired. At
present, 50-60 different base modifications have been
described [73]. These modifications form important
precursors for future mutations and/or can cause aber-
rant gene expression directly. For this reason, several
DNA modifications have been unequivocally linked to
cancer [74]. FOXOs have been shown to control cellu-
lar redox, and therefore, we will focus on DNA base
modifications and consequent genome instability due
to ROS.

Reactive oxygen species are oxygen containing
derivatives comprised of highly unstable oxygen-free
radicals. They can be divided into free radicals and
nonradicals. Free radicals contain an unpaired elec-
tron, and this unpaired electron makes free radicals
highly reactive and short lived. Besides ROS, there are
also reactive nitrogen species (reviewed in Ref. [75]).
Superoxide (05 ) is the precursor of most intracellular
ROS and is formed through the single electron reduc-
tion of oxygen (O,) [76]. Superoxide dismutases (SOD)
can convert two superoxide molecules into the nonrad-
ical hydrogen peroxide (H,O;) [77]. Subsequently,
H,0, through the Fenton reaction, which requires free
Fe®*, produces a hydroxyl radical (HO'), which is a
highly reactive radical that can damage protein, lipids,
and DNA [78]. Alternatively, H>O, can be reduced to
H,O by glutathione peroxidases (GPX), peroxiredoxins
(PRX), and catalase.

The most common form of oxidative DNA damage
is the formation of 8-ox0-7,8-dihydroguanine (8-oxo-
dG and its tautomer 8-OH-dG). Oxidation of nucleo-
tides can also occur in the free nucleotide pool, after
which 8-0xo0-dG can be incorporated into the genomic
DNA [79]. The other nucleotide bases can also be oxi-
dized but guanine has the lowest oxidation potential
and is thereby most susceptible to ROS [80]. Where
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guanine normally pairs with a cytosine, 8-0xoG fre-
quently mis-pairs during replication with an adenine
resulting in a C>A/G>T transversion [80]. 8-0x0-dG is
excised by 8-oxoguanine glycosylase 1 (OGG1), which
is part of the base excision repair [81]. This creates a
so called apurinic site (AP site). The AP-nuclease 1
(APE-1) processes this into a single-stranded break
and further repair is followed. ~ 15 000-30 000 AP
and a few thousand 8-0xo0G sites per cell are estimated
to be present at steady state in the DNA [82]. 8-oxo-
dG mispairing with an adenine results after replication
in a C>A/G>T transversion [82]. The MutY homolog
(MUTYH) recognizes and excises the adenine opposite
to an 8-oxoG [82], to prevent mispairing. MUTYH
will in this way also prevent these transversions when
8-0x0-dG is incorporated from the oxidized nucleotide
pool.

In case repair fails, ROS can ultimately induce
single- and double-stranded breaks, deletions, base
modifications, chromosomal rearrangements, and
hypo- and hypermethylation. Specific signatures, of
mutations, which represent patterns of all the six
single-base substitutions (SBS), namely C>A, C>G,
C>T, T>A, T>C, and T>G), can be attributed to vari-
ous DNA damaging agents, and Alexandrov et al.
[83,84] have categorized these signatures, where signa-
ture SBS18 (predominantly C>A), SBS36 (predomi-
nantly C>A), SBS17a (predominantly T>C), and
SBS17b (predominantly T>G) are attributed to the
action of ROS.

Reactive oxygen species can be generated at several
cellular locations as a consequence of normal cellular
function. Oxidative metabolism in mitochondria pro-
duces ROS, but also NADPH oxidases localized at the
plasma membrane produce ROS during growth factor
signaling. ROS are produced by peroxisomes (as by-
product of lipid beta-oxidation) and even in the
nucleus certain enzymes produce ROS as enzymatic
product (histone and DNA re-modeling enzymes).
These nuclear enzymes belong to the enzyme class of
dioxygenases that use O, in catalysis, for example, the
histone demethylase LSDI uses O, and vitC/Fe** to
catalyze histone lysine demethylation, and this pro-
duces H,O, and local oxidation of DNA [85]. How-
ever, it remains to be established whether ROS
generation at these different cellular locations will have
similar impact in generating oxidative DNA lesions.

FOXOs have been shown to regulate/reduce the
level of ROS in various ways, and the underlying
assumption thereof yet not formally proven is that this
will lower the number of DNA lesions that require
repair. However, FOXOs have also been shown to reg-
ulate the DDR at various levels as to ensure that
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proper repair is facilitated. If all fails, FOXOs have
also been shown to regulate cell fate (senescence,
apoptosis) that accompanies excessive unrepairable
DNA damage, in order to minimize detrimental conse-
quences of mutational overload. Interestingly, when
comparing cellular and organismal response to DNA
damage, the consequence of DNA damage as well as
how to deal with DNA damage appears different and
consequently also the involvement of FOXO. At the
cellular level, both induction of apoptosis and senes-
cence by FOXO after DNA damage will stop cell pro-
liferation and consequent establishment of DNA
mutations. At the organismal level, in case of C. ele-
gans development, it has been shown that persistent
DNA damage, as occurring, for example, during
aging, leads to a transient developmental arrest. In
contrast to the DAF-16-dependent developmental
arrest induced by food starvation (dauer formation),
now DAF-16 combined with the GATA factor EGL-
27 is responsible for driving development when DNA
damage persists [86,87]. It will be interesting to study
how this DAF-16/FOXO-dependent developmental
phenotype relates to other organisms or to the process
of aging in humans, especially, since all cells except
germ cells in adult C. elegans are postmitotic, and thus
can accumulate DNA damage yet not DNA muta-
tions, as opposed to cells in, for example, adult
humans.

Regulation of cellular redox by FOXOs

The verb ‘Dosis facit venenum’ especially accounts for
ROS. In cells, there exists a tightly controlled balance
between ROS production and clearance [88]. This pro-
vides an equilibrium at which ROS can function in
normal cellular processes such as cell division and sig-
nal transduction. Excessive production of ROS or
defective clearance will result in a disbalance that is
usually referred to as oxidative stress. This stress can
be counterbalanced by reducing ROS production or
increasing antioxidant systems. If oxidative stress can-
not be handled properly by cells, it will result in dam-
age to cellular constituents, including DNA, as
described above. In case of excessive damage that can-
not be repaired, cells can respond in different ways,
cell cycle arrest either transient or permanent (senes-
cence), or cell death (apoptosis, ferroptosis). The cellu-
lar redox balance can differ between cells, and, for
example, cancer cells in general produce higher levels
of ROS that is, however, counterbalanced by upregula-
tion of certain antioxidant systems. Thus, also cancer
cells maintain a redox equilibrium albeit at higher
redox potential.

FOXOs: masters of the equilibrium

FOXOs are regulated by changes in cellular redox in
several ways (reviewed in Ref. [7]). Most importantly,
ROS-induced activation of JNK and/or p38 stress
kinases results in phosphorylation of FOXOs although
the phospho-acceptor sites appear differentially posi-
tioned within the N- and C-terminal domains of the
various FOXO isoforms [§9,90]. FOXOs also employ
cysteine oxidation and formation of cysteine-
dependent disulfide bridges to bind cofactors such as
CBP/p300 and nuclear importers (TNPO1, IPO7 and
IPO8), and this combined results in activation of
FOXO-dependent transcription (reviewed in Ref. [50]).

FOXOs regulate expression of a variety of antioxi-
dant genes. MnSOD/SOD?2 was the first to be reported
both in C. elegans [91] and mammalian cells [92]. In
addition to MnSOD, regulation of a number of other
genes involved in redox control has been described.
These include catalase, glutathione peroxidase 1
(GPX1), SODI, peroxiredoxin III, and Jafracl, a Dro-
sophila ortholog of human peroxiredoxin II and ses-
trins (reviewed in Ref. [7]). FOXO also regulates
isocitrate dehydrogenases 1 (IDH1) expression, thereby
increasing the cytoplasmic levels of NADPH [93].
Notably, cytoplasmic NADPH can reduce GSSG (glu-
tathione disulfide, oxidized) to GSH (glutathione,
reduced), which is involved in ROS detoxification. In
agreement with this, mice engineered with triple dele-
tion of FOXOIl, FOXO03, and FOXO4 display
increased ROS level and decreased expression of cer-
tain ROS detoxification proteins, accompanied with
hematopoietic stem cell (HSC) depletion. Furthermore,
treatment with antioxidant agents rescues to some
extend the depletion of HSCs after FOXO deletion
[94].

Regulating metabolism and
mitochondria

Mitochondria are a major intracellular site of ROS
production. FOXOs regulate mitochondrial function in
several ways. During hypoxia, a number of nuclear-
encoded genes related to mitochondrial function are
repressed by FOXO3 in a c-Myc-dependent manner,
leading to reduction of mitochondrial respiratory
activity and ROS production from mitochondria
[95,96]. This observation is corroborated by the obser-
vation that in HSC, that reside in a hypoxic niche, dis-
play elevated ROS level [97]. We recently showed that
FOXOs affect the mitochondrial fission fusion cycle to
reduce mitochondrial number and activity during
intestinal differentiation [98]. SIRT3 is localized in
mitochondria and interacts with FOXO3; conse-
quently, it is suggested that FOXO3 also resides in
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mitochondria [99,100]. To reside in mitochondria, pro-
teins are imported through the TOMM20 complex and
cleaved at consensus sequences [101]. These are not
clearly present in FOXO3, but a AMPK/ERK-
dependent mechanism of cleavage and import has been
described [102].

FOXOs regulate general autophagy and also mito-
phagy which removes dysfunctional mitochondria, for
example, as a consequence of excessive ROS leakage
[103]. Notably, FOXOs transcriptionally regulate
expression of PTEN-induced putative kinase protein 1
(PINK1), a kinase which plays a critical role in mito-
phagy [104].

Taken together, by regulating mitochondrial meta-
bolism, FOXOs represent an important first line of
defense against endogenous metabolism that can cause
DNA damage.

FOXOs mediate DNA damage
response

When prevention fails and DNA damage occurs, cells
respond to this damage by mounting a DDR [105].
This response entails damage sensing followed by
recruitment of repair proteins and activation of cellu-
lar processes, such as cell cycle control, that enable
timely repair. FOXOs are implicated at various steps
within this response.

The prime mediators of DNA damage sensing are
ATM, ATR, and DNA-PK, kinases that belong to the
family of PI3K-related kinases, but are protein kinases
rather than lipid kinases [106].

ATM responds to DNA damage as well as oxidative
stress (reviewed in Ref. [107]). In DNA damage, sens-
ing ATM is activated by binding to the MRN complex
and single-stranded DNA, whereas ROS can induce
ATM dimerization through cysteine-dependent disul-
fide linkage [107]. ATM mutants have been con-
structed that specifically respond to either DNA
damage or ROS, but in many experimental settings, it
will be hard to disentangle these as DNA damage
oftentimes comes along with changes in cellular redox
and vice versa. FOXOs bind to ATM, and it has been
shown that this binding is necessary for ATM activa-
tion [70], probably through FOXO-dependent recruit-
ment of TIP60 [108]. The latter mediates ATM
acetylation and activation [109]. Intriguingly, it was
initially shown that Tip60 is recruited by ATM
through binding to the FATC domain of ATM [110].
It is unknown at present how the mechanism proposed
for FOXO-dependent ATM activation and Tip60
recruitment intertwines with that of the ROS-induced
dimerization. To add an additional layer to the ATM-
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FOXO interaction, FOXO has also been shown to reg-
ulate ATM expression [111]. As for FOXO, ATM does
not only sense cellular redox changes. ATM-dependent
regulation of G6PD activity regulates the flux through
the pentose phosphate pathway and consequently the
levels of NADPH, required for ROS detoxification
[112]. FOXO also links to DNA-PK and ATR. We
have shown binding of FOXO to Ku70 [113], which in
complex with Ku80 and other proteins acts to recruit
DNA-PK to DNA damage sites to regulate repair by
nonhomologous end-joining [114]. Interestingly, DNA-
PK regulates PKB/AKT activity by phosphorylating
serd473 [115], and thus, FOXO and DNA-PK may con-
stitute a feedback loop, whereby FOXO aids DNA-PK
in resolving DNA damage, and this is then terminated
by DNA-PK-induced PKB/AKT-mediated FOXO
inhibition. Recently, we showed a role for FOXO in
resolving replication stress in G2/M and this is depen-
dent on ATR [116]. Whether this relates to the binding
of FOXOs to FANCD2 [117,118] remains to be deter-
mined. Similarly, stalled replication forks are resolved
through trans lesion synthesis (TLS) and a role for
FOXO1 on TLS has been shown through binding
replication protein A (RPA1) that coats single-
stranded DNA and acts as a scaffold for TLS [119].
As for ATM, ATR expression is also controlled by
FOXO [120]. Besides direct interaction with regulators
of the DDR, FOXOs also induce transcription of
genes involved in DNA repair. The first example being
GADD45a [121], how GADD45a acts in DNA repair,
is not fully clear, but it has been implicated in removal
of DNA methylation [122].

Regulation of cell cycle progression is important to
allow for timely DNA damage repair, and FOXOs are
controlled to regulate cell cycle progression at various
phases. FOXO regulates G1 by transcriptional control
of p27 [123] and in some conditions p21 [124].
Recently, we showed that FOXOs by binding to E2F
regulate Emi expression and thereby APC/C control of
G2 [116]. Furthermore, S phase entry has also been
shown to be partially controlled by FOXO [125]. Thus,
FOXO activation can arrest cells at different cell cycle
phases and this is likely regulated by the DNA damage
that may occur at/during these different phases.

DNA damage inhibits CDK activity and CDK1 and
CDK?2 phosphorylate FOXOs [76], and this was shown
to inhibit FOXOI1 activity, via cytoplasmic retention.
Consequently, following DNA damage this negative
regulation is alleviated resulting in FOXOI1 nuclear
relocalization and FOXO-mediated arrest.

A proteomic survey of ATM substrates listed
FOXOI1 as ATM substrate [126], and all FOXOs har-
bor numerous SQ sequences that represent potential
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ATM/ATR phosphorylation sites. The consequence(s)
hereof has not yet been studied.

If all fails, cells either remain permanently arrested
(senescence for recent review [127]) or will die mostly
through apoptosis (reviewed in Ref. [128]). Both senes-
cence and cell death controlled by FOXO are nonre-
versible, which represent a diversion in terms of
equilibrium. However, from an organismal point of
view, these processes are essential for survival. For fur-
ther discussion on senescence and apoptosis, we refer
to aforementioned reviews.

An outstanding question: Isoform
specificity

The freshwater polyp Hydra expresses one FOXO
allele [129], whereas in mammalians, four FOXO iso-
forms are expressed. This raises the question whether
in higher eukaryotes, the different FOXO isoforms
mediate the same function, yet their role is determined
by context, or that FOXO function has diverged
between these isoforms.

In mice, genetic deletion of individual Foxo genes
shows that loss of Foxol is embryonic lethal due to
incomplete vascular development [130], loss of Foxo3
affects in an age-dependent manner female sterility
[130,131], and loss of Foxo4 results in no detectable
phenotype [130]. However, conditional deletion of all
three Foxo isoforms results in a cancer-prone pheno-
type that includes age-progressive thymic cancers and
hemangiomas, indicating that Foxol, Foxo3, and Fox-
04 are redundant tumor suppressor genes specifically
involved in endothelial growth suppression [132].

These results may suggest distinct functions for the
FOXO isoforms, but do not exclude the possibilities
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
phenotypes.

Also, C. elegans expresses multiple DAF-16 isoforms
albeit from a single genetic locus. Although not
entirely clear, two isoforms (daf-16a and daf-16d/f)
appear most relevant in determining the longevity phe-
notype. Bansal er al. [133] provide clear evidence that
next to upstream (PI3K/ PKB/AKT) regulation there
appears to be also a gene dosage effect. This implies
first that transcriptional regulators of DAF-16 expres-
sion possibly affect longevity in a DAF-16-dependent
manner. Second, protein level also impacts on the cel-
lular location whereby low daf-16a expression results
in mostly nuclear and high daf-16a expression mostly
in cytosolic location. This expression-dependent cellu-
lar location will affect regulation by upstream
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signaling and thus may underlie apparent isoform-
specific regulation by upstream signaling.

Also, in mice there may be a dosage-dependent
effect in FOXO function. Whereas, in contrast to
FOXOI1 null mice, FOXO3 and FOXO04 null mice did
not show a hemangioma phenotype, deletion of
FOXO3 and FOXO04 in a FOXOI1 null background
did, however, increase severity of the hemangioma
phenotype. This suggests that FOXOI1 is the relevant
and most important isoform in maintaining endothelial
function. However, considering the gene dosage exam-
ple in C. elegans, it may also reflect relative expression
level rather than an isoform-specific function.

Taken together, the possibility of dosage effects
combined with dosage-dependent either cellular loca-
tion or signaling differences warrants caution in inter-
preting mammalian data using overexpression and/or
more or less incomplete shRNA-mediated knockdown
to indicate isoform-specific function.

In mammalians, it has also been suggested that
FOXOs have a nontranscriptional function. Examples
of this nontranscriptional function of FOXOs are as
follows: the interaction of FOXO3 with ATM [70] reg-
ulating the DDR and FOXO1 with ATG7 [71] regulat-
ing autophagy. The interaction interface with ATM on
FOXO3 has been partially mapped [134], and this
entails the CR3 domain and Forkhead domain of
FOXO3. These domains are actually conserved
between FOXO isoforms, and indeed, ATM also binds
to other FOXO isoforms (B. M. T. Burgering, unpub-
lished data). In addition, FOXOs also transcriptionally
regulate gene expression of genes involved in DNA
repair, including ATM and ATR [111,120] and genes
involved autophagy [135]. Although an attractive pos-
sibility, it remains to be determined how relevant these
nontranscriptional functions are compared to tran-
scriptional regulation of the same process and whether
these may underlie isoform specificity.

There are additional confounding issues in determin-
ing isoform specificity. First, FOXO3 has been shown
to regulate FOXO1 expression [136], and consequently,
a FOXO3 knockdown will concomitantly reduce
expression of FOXOI. Second, FOXOs induce com-
plex feedback signaling, the best described example
being mTORC2-mediated PI3K/AKT activation and
consequent inhibition of FOXO activity [137,138].
Thus, ectopic expression of an, for example, constitu-
tive active FOXO3 mutant will reduce activity of
FOXO1 and FOXO4, suggesting that formally the
observed phenotype could be due to the other isoforms
rather than FOXO3. Third, as for many TFs, it is
unclear whether or not FOXOs act both as transcrip-
tional activator and repressor. Evidence indicates that
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FOXOs act predominantly as transcriptional activator
[139-141], so gene repression is in most cases a sec-
ondary/indirect event and will be likely dependent not
only on the nature of the transcriptional repressor reg-
ulated by FOXOs but also on the level of induction.
This confounds interpretation of downregulated gene
signatures after FOXO activation. In addition, and at
least as shown for FOXO3 [139,140], FOXOs appear
to regulate transcription by and large through enhan-
cers. We have shown for FOXO3 that the basal state
of an enhancer is a strong determinant for the ability
of FOXO3 to activate an enhancer and the transcrip-
tion of a nearby gene. Consequently, the pre-existing
enhancer landscape and the genomic 3-D architecture
will strongly affect the ability of FOXO3 to induce
gene transcription. The genomic 3-D structure also
likely underlies the observed cell type-specific gene sig-
natures induced by FOXO3 [140]. Whether the impor-
tance of enhancers also accounts for the other FOXOs
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remains to be determined. Irrespective, given the above
considerations, FOXO isoform-specific  function
remains largely not understood.

During evolution, gene duplication allows one allele
to retain its original function whereas the other allele
may acquire other functions due to mutational gains
or losses. Comparison of the 4 FOXO alleles suggests
that FOXO1/4 and FOXO3/6 resulted from gene
duplications ([142] and see Fig. 3A). However, when
comparing protein sequence (see Fig. 2), it is clear that
except for FOXO6 all relevant functional elements
described thus far have been retained during evolution.
This may implicate that these elements are essential to
maintain FOXO function and that as such FOXOI,
FOXO03, and FOXO4 have not been evolutionary
selected for novel acquired functions (see for more
extensive discussion on this issue [143]). Thus, the
main function of FOXOs has likely remained evolu-
tionary conserved within the FOXO members and

-
{ HHHH—+—
[U] D [L ﬂ Fig. 3. Comparison of FOXO isoforms. (A)
Evolutionary tree for FOXO duplications. (B)

I 1 Presence of the various conserved
[U:U:L elements within the various FOXO
isoforms. (C) Cartoon representation of the
DAF-16 genomic locus (for further
discussion see Ref. [160]) and the splicing
events leading to the DAF-16 isoforms a, b,
and d/f. The resulting protein sequences
and the location of the conserved elements
are indicated and compared to FOXO from
Hydra vulgaris.
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apparently depends on these conserved regulatory fea-
tures. We interpret this as FOXOs mediating a family
response that given the context is conveyed by either
one or more family members.

So, we think it is at present not yet determined
whether there are clear isoform-specific functions and
this raises the questions whether there will be even an
isoform-specific function? and what function actually
could be isoform specific? If based on evolutionary
biology, the increase in FOXO members did not asso-
ciate with discrete functional divergence, what is then
actually shared between isoforms, and how do unique
and/or shared regulation determine phenotype. These
questions remain relevant, if not for understanding

aging.

FOXOs and aging, all about FOX03?

The freshwater polyp Hydra has an apparent infinite
lifespan and expresses only one FOXO isoform [129]
(see also Fig. 3C). Longevity is phenotypically linked
to FOXO activity in other organisms, and longevity or
the aging process that is inevitably associated with
lifespan could be considered the overarching FOXO-
dependent phenotype. In humans, genome wide associ-
ation studies have shown that FOXO3 is reproducibly
associated with human longevity [144]. This could sug-
gest that FOXO1 and FOXO4 have diverged from this
ancestral function and that it is retained by FOXO3.
This being the case, the question becomes first what is
the function that is critical in affecting lifespan that is
then specific to FOXO3 and second what additional
functions are acquired by FOXO1 and/or FOXO4.
The remarkable immortality of Hydra is due to the
asexual mode of reproduction through budding. In
essence, this therefore represents an endless ongoing
tissue renewal and thus requires stem cells with contin-
uous self-renewal capacity [145]. FOXO regulates pro-
liferation of Hydra interstitial stem cells, whereby
overexpression in interstitial stem cells increases stem
cell proliferation and in addition induces expression of
stem cell genes in differentiated progeny [145]. The lat-
ter may illustrate a case of transdifferentiation or cel-
lular plasticity by which differentiated cells can fall
back into a stem cell fate. In contrast, reduced FOXO
expression slows down proliferation and increases dif-
ferentiation. Thus, these results comply with the model
that lifespan is a function of stem cell (proliferation)
and this involves FOXO. These compelling data, how-
ever, also raise questions with regard to mammalians.
First, the control of proliferation appears in contrast
to what is observed in mammalian cells. FOXO wild-
type overexpression has little effect on cell
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proliferation, but FOXO activation, through expres-
sion of PKB/AKT site mutants, inhibits proliferation,
through induction of cell cycle inhibitors such as p27.
Reduced FOXO expression has little to no effect on
proliferation. However, this has been studied mostly in
the context of cancer cell lines and their ability to dif-
ferentiate is compromised. The colon and intestine of
mammalians are in several ways comparable to Hydra,
the epithelial lining constantly needs to regenerate, and
this is also driven by a continuous cycling stem cell,
the LGRS-positive columnar-based crypt (CBC) cell
[146]. These stem cells express both FOXO1 and
FOXO03, and, in agreement with Hydra, knockdown
of FOXO expression in stem cells present within
intestinal organoids also slows down stem cell prolifer-
ation and enhances differentiation [98]. In contrast to
Hydra, the effect of overexpression of wild-type FOXO
is not known but expression of a mutant that is no
longer inhibited by PI3K/PKB/AKT signaling, stops
cell cycle progression, and results in the collapse of
organoid growth as stem cells can no longer contribute
to organoid growth (M. Ludikhuize, B. M. T. Burger-
ing & M. Rodriguez-Colman, unpublished data).

Whereas the LGRS5-positive intestinal stem cell rep-
resents a class of highly proliferative mammalian adult
stem cells, muscle and hematopoietic stem cells are
examples of quiescent stem cells. Importantly, FOXOs
are similarly implicated in quiescent stem cell control.
This is best studied for the hematopoietic stem cell
compartment (HSC). Genetic ablation of FOXO1/3/4
and to a large extend ablation of FOXO3 only impairs
HSC function. Mechanistically, the importance of
FOXOs in maintaining HSC function is related to
their role in redox control and cell proliferation [94].

In skeletal muscle, satellite cells represent quiescent
stem cells (reviewed in Ref. [147]). In response to mus-
cle fiber injury, satellite cells are activated, proliferated,
and differentiated into multinucleated myofibers or
self-renew. Upon completion of self-renewal, a subset
of satellite cells returns to quiescence. Self-renewal of
satellite cells during muscle regeneration requires
FOXO3 [148], and it was recently shown that FOXOs
are essential to maintain the quiescent state until old
age [149]. Furthermore, FOXO3 may also induce cell
death of satellite cells under pathological conditions
[150].

In contrast to skeletal muscle, heart muscle appears
to lack stem cells [151], although this remains a con-
troversial subject. Consequently, a role for FOXOs
remains unknown, although there may be a role for
FOXO04 in recovery after myocardial infarct [152].

Finally, also in brain, FOXO3 plays a role in main-
taining the neuronal stem cell pool [153]. Thus, in
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terms of stem cell control and in agreement with role
of stem cells in aging, FOXO3 appears the dominant
FOXO, however, in some organs, for example,
FOXOI in the intestine. FOXOs may act redundant.
Importantly, in the context of cancer as an age-related
disease, FOXOs are also required for maintaining can-
cer stem cells [154,155]. Again, most research focus
here lies on FOXO3 but this does not exclude yet the
role of other isoforms in cancer stem cell function.
Finally, although the regenerative potential of stem
cells strongly affects aging in humans, the role of
FOXOs in stem cells unlikely represents the full impact
of FOXOs on lifespan and aging. C. elegans has no
regenerative potential and harbors no equivalent of
human adult stem cells, yet the notion of genetic
impact on aging and the role of DAF-16/FOXO has
been discovered there in C. elegans.

In Hydra, loss of FOXO also resulted in reduced
expression of antimicrobial genes (reviewed in Ref.
[156]) and this was shown to affect the ability of
Hydra to cope with foreign microbes and to re-
establish its specific microbe symbiosis after stem cell
transfer. This implies that next to, or combined with,
the control of stem cell function, a role for FOXO in
the control of innate immunity represents an ancestral
function. Functional immunity declines with age, and
interventions preventing infectious disease, for exam-
ple, hygiene, have a major impact on lifespan. With
respect to innate immunity, FOXOs appear to play
vary diverse roles, including regulating expression of
antimicrobial peptides [157]. In addition to this protec-
tive function, the example of Hydra shows that
FOXOs are also involved in establishing the symbiosis
between microbes and their host organism. Given the
proposed role of the gut microbiome in many human
age-related diseases, it will be of interest to explore the
relation between gut microbiome function and
FOXOs.

Finally, Hydra appears to lack any signs of cellular
senescence, and cellular senescence has been put for-
ward as a major driver of aging (reviewed in Ref.
[158]) and selective removal of senescent cells improves
healthy aging [60,159]. Whether and how different iso-
forms affect induction and/or maintenance of senes-
cence is yet to be studied in detail. Recently, it was
shown that FOXO04-DRI a peptide based on the inter-
action interface of FOXO04 with p53 clears senescent
cells and improves healthy aging, suggesting FOXO4
to be an important player [60].

From an evolutionary perspective on aging, the con-
trol of stem cell function, regulation of innate immu-
nity, and the induction of senescence are the primary
phenotypes linked to FOXO function. In humans and
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mice, these functions appear mostly mediated by
FOXO3 with possibly a role for FOXO1 and FOXO0O4
in specific settings. It therefore appears that FOXO3
has retained most of these ancestral functions and that
FOXOI1 and FOXO4 can be redundant and may have
acquired additional roles that may or may not be rele-
vant for aging.

Interestingly, from this perspective is that FOXO3
and FOXO6 represent one arm and FOXOI1 and
FOXO4 the other arm of evolutionary development
([142] and see Fig. 3A). Whereas in the FOXO3/6
branch there is apparent divergence between FOXO6
and FOXO3 as illustrated by the loss of the PKB/
AKT phosphorylation site (CR2B) sequence and the
CR2B and CR2C leucine-rich domains (Fig. 2), this
has not occurred within the FOXO1/4 branch. In addi-
tion, whereas FOXOs act as reciprocal transcriptional
activators, FOXO6 appears to repress FOXO3 tran-
scription. Thus, from an evolutionary point of view,
FOXO6 appears the only member that is functionally
drifting out of the family.

The family function of FOXOs is also observed in
C. elegans aging. Different DAF-16 isoforms are pro-
duced through differential splicing from one single
DAF-16 gene locus (Fig. 3B). Although debated, it
appears that both DAF-16a and DAF-16d/f are
important in mediating the DAF-2-dependent longev-
ity phenotype. Given the context, either of the one iso-
forms appears more relevant, but overall, also
longevity in C. elegans appears a family trait mediated
by the combined action of DAF-16a and DAF-16d/f.
Interestingly, a major difference between DAF-16a
and DAF-16d/f is the absence of the first AKT/PKB
site in DAF-16d/f (Fig. 3C). This would result at least
in a partial lack of response to DAF-2 signaling medi-
ated by PI3K/PKB/AKT, yet gene dosage effects
appear to compensate for this partial loss in DAF-2
regulation [160], thus reinforcing the notion that gene
dosage also in other organisms might be relevant in
establishing phenotypic response.

What is the difference between
isoforms in specific gene regulation?

Assuming a difference between FOXO3 on the one
hand and FOXO1 and FOXO4 on the other hand, the
question becomes how FOXO isoform-specific tran-
scriptional programs are established. All isoforms bind
to the same DNA consensus, so isoform-specific bind-
ing to gene regulatory regions will not be based on the
presence/absence of the DNA consensus motif. Chro-
matin context could direct the differential binding of
FOXOs. For transcription to be proceeded, chromatin
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needs to be in an open conformation, and the opening
of closed chromatin is established by so called pioneer
factors. FOXA, like FOXO, is a member of the larger
forkhead family and has been shown to act as a pio-
neer factor in establishing chromatin opening at regu-
latory regions to enable subsequent recruitment of
transcription regulators (reviewed in Ref. [161]). In
vitro experiments indicate FOXOI1 binding can disrupt
histone-DNA contacts, resulting in chromatin opening
[162,163]. This has not been described for the other
FOXO members so potentially there could be a differ-
ing ability between FOXOs to regulate transcription in
chromatin dense versus open areas. Also, recruitment
of the chromatin-remodeling complex SWI/SNF to
DAF-16/FOXO bound C. elegans genomic locations
has been taken to suggest that FOXO may act as a
pioneer factor [51]. However, genome wide analysis of
FOXO3 binding shows preference for binding to open
chromatin, suggesting FOXO3 in general not to act as
a pioneer factor [139,140]. Clearly, more detailed
knowledge as to how chromatin context regulates
FOXO role in transcription regulation and whether
this context determines an isoform-specific activation
of gene programs that mediate specific phenotypic out-
come is needed.

A novel kid on the block, phase
separation

In addition to mediating binding to structured
domains, IDRs can also engage in weak interactions
that are a driving force for liquid-liquid phase separa-
tion (LLPS) [164]. Phase separation is a physicochemi-
cal process by which molecules separate into a dense
phase and a dilute phase. A growing body of literature
indicates that during active transcription RNA poly-
merase II, TFs and co-activators are clustered in hubs
or transcription factories [165] that display characteris-
tics of LLPS [166,167]. Phase-separated biomolecular
condensates have been observed throughout the cell
with prominent examples being stress granules, P-
bodies, and nucleoli. However, only recently it has
been shown that components of the transcriptional co-
activator mediator and Pol II form condensates at sites
of active transcription and rely on their IDRs to do so
[168].

The presence of IDRs in the N- and C-terminal
domains of FOXOs may indicate that also for FOXOs
their ability to partake (or not) in the formation of
transcriptionally active biocondensates will be relevant
for understanding function. As the primary amino acid
sequence of FOXO isoforms differs mostly within their
IDR region, the ability to enter and/or form
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biocondensates provides and interesting territory to
explore with respect to understanding isoform speci-
ficity.

Interaction specifics and upstream
regulation

Recruitment of specific co-acting TFs or gene regula-
tory complexes by FOXOs could also provide a mech-
anism for differential gene expression. A well-studied
example is the connection between FOXO and
SMADs. Convergence of TGF-p and insulin/PI3K sig-
naling in aging has been described for C. elegans [53]
and to a lesser extent in Hydra as well [169]. However,
SMADs can bind to all FOXOIl, FOXO3, and
FOXO04 [54,55]. Also, for other co-acting TFs, there is
no apparent isoform-specific connection. Most have
been identified on the basis of DNA consensus
sequence elements in the vicinity of FOXO-binding ele-
ments so in principle these can be corecruited also by
all FOXO isoforms. Binding to other regulators such
as p53 and p-catenin is mediated by conserved
sequence elements, so these bind to all FOXOs albeit
with possibly differing affinity.

Isoform-specific function may not be an intrinsic
characteristic but could be established by differential
upstream regulation. However, at present there is a
plethora of regulatory inputs described, and to address
this possibility, a concerted effort needs to be made as
literature is to diffuse to reach understanding here.

For example, JNK and p38 phosphorylate all
FOXO isoforms yet the positions differ and sequence
context mostly shows little conservation. This may
suggest that this results in different regulation, how-
ever, as mentioned phosphorylation is most abundant
in the IDR. Therefore, one can argue that opposed to
phosphorylation of structured domains, position is less
relevant, and it is only the mere fact of phosphoryla-
tion that is relevant.

Furthermore, also when analyzing phosphorylation
in conserved regions within the FOXO IDR, it is hard
to reach unambiguous conclusions. For example
(Fig. 1), the third PKB/AKT phosphorylation site has
been shown to act as a gate-keeper for subsequent
casein kinase I phosphorylation [170]. A negatively
charged interface is further generated by DYRKI-
mediated phosphorylation as shown for FOXO1 and
FOXO04 ([171] and B. M. T. Burgering, unpublished
data). However, despite its sequence conservation,
MAPK/ERK has been suggested to phosphorylate this
DYRKI1 site within FOXO3 [28]. Although overall the
consequence (negative regulation) is similar, the
detailed described modification mechanism was not.
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