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Abstract

Stem cells are pivotal players in the intricate dance of embryonic development, tissue maintenance, and regenera-
tion. Their behavior is delicately balanced between maintaining their pluripotency and differentiating as needed.
Disruptions in this balance can lead to a spectrum of diseases, underscoring the importance of unraveling the com-
plex molecular mechanisms that govern stem cell fate. Forkhead box O (FOXO) proteins, a family of transcription
factors, are at the heart of this intricate regulation, influencing a myriad of cellular processes such as survival, metabo-
lism, and DNA repair. Their multifaceted role in steering the destiny of stem cells is evident, as they wield influence
over self-renewal, quiescence, and lineage-specific differentiation in both embryonic and adult stem cells. This review
delves into the structural and regulatory intricacies of FOXO transcription factors, shedding light on their pivotal roles
in shaping the fate of stem cells. By providing insights into the specific functions of FOXO in determining stem cell
fate, this review aims to pave the way for targeted interventions that could modulate stem cell behavior and poten-
tially revolutionize the treatment and prevention of diseases.
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Background

Stem cells represent indispensable entities in the intricate
processes of embryonic development, tissue homeosta-
sis, and regeneration, in which the behavior of stem cells
is dynamically regulated, leading them to either main-
tain pluripotency or differentiate in a context-dependent
manner (Zhang and Wang 2008). At the core of this pro-
cess lie the molecular mechanisms that integrate intrin-
sic and extrinsic factors to orchestrate the ultimate fate
determination of stem cells. Dysregulation of the deci-
sion-making mechanisms can give rise to diseases such
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as cancer, neurodegenerative disorders, and tissue degen-
eration (Chen et al. 2022; Hu et al. 2019; Lu et al. 2019).
Therefore, comprehending the intricate mechanisms
controlling stem cell fate decisions is essential for unrave-
ling the complexities of development, tissue homeostasis,
and regenerative potential.

FOXO proteins, also known as Forkhead box O pro-
teins, are a group of transcription factors involved in a
variety of cellular functions, such as cell survival, metab-
olism, cell cycle regulation, and DNA repair (Huang and
Tindall 2007; Rodriguez-Colman et al. 2023; Webb and
Brunet 2014). They have been found to play a multifac-
eted role in stem cell fate determination. For example,
in embryonic stem cells (ESCs), FOXOs help to main-
tain self-renewal by activating the expression of key
pluripotency factors like OCT4 and SOX2 (Zhang et al.
2011b). FOXOs also promote the entry of adult stem
cells (ASCs) into a quiescent state, helping to preserve
the stem cell pool and prevent premature depletion (de
Morree and Rando 2023; Gopinath et al. 2014; Paik et al.
2009). Additionally, FOXOs are involved in regulating
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the differentiation of stem cells into specific lineages.
Depending on the context, FOXOs can either promote
or inhibit stem cell differentiation (Dengler et al. 2008;
Hribal et al. 2003; Kim et al. 2015). The current review
delves into the structure and regulation of FOXO tran-
scription factors, with a specific focus on their pivotal
roles in steering the decision of stem cell fate. The goal is
to provide insights into the specific functions of FOXOs
in shaping stem cell fate, potentially leading to targeted
interventions to modify stem cell behavior and treat or
prevent diseases.

Structure of FOXO proteins

Since the discovery of the Drosophila forkhead (fkh)
gene in 1989 (Weigel et al. 1989), an increasing number
of FOXO genes have been identified in different spe-
cies. FOXO genes were initially discovered at the sites of
chromosomal translocations that occur in human rhab-
domyosarcomas and acute myeloid leukemias (Ander-
son et al. 1998; Borkhardt et al. 1997). Shortly after, the
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DAEF-16 protein, the nematode ortholog of FOXOs, was
identified in Caenorhabditis elegans. Invertebrates usu-
ally possess a single copy of FOXO gene (Bridge et al.
2010; Kenyon et al. 1993; Pascual-Carreras et al. 2021;
Puig et al. 2003), whereas mammals have four FOXO
members, namely FOXO1 (also known as Forkhead
in rhabdomyosarcoma, FKHR), FOXO3 (also know as
FKHR like 1, FKHRL1), FOXO4 (also known as acute-
lymphocytic-leukaemia-1 fused gene from chromosome
X, AFX), and FOXO6 (Orea-Soufi et al. 2022).

FOXO proteins consist of four main functional struc-
tural domains, including the Forkhead DNA-binding
domain (DBD), nuclear localization signal (NLS), nuclear
export signal (NES), and transcriptional activation
domain (TAD). The Forkhead DBD, spanning about 110
amino acids in length, comprises three o-helices, three
B-folds, and two winged loops (Brown and Webb 2018)
(Fig. 1A). The highly conserved a-helices are primar-
ily responsible for the interaction of FOXO with DNA
through hydrogen bonds and van der Waals forces (Obsil
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and Obsilova 2011; Tsai et al. 2007) (Fig. 1B and C).
While FOXO proteins recognize two distinct response
elements, the insulin-responsive element (IRE) and the
DAF-16 family member binding element (DBE), they
bind to the DBE with a higher affinity (Furuyama et al.
2000; Obsil and Obsilova 2008; Weigelt et al. 2001).

The NLS and NES domains control the subcellular dis-
tribution of FOXO proteins by interaction with specific
nuclear import and export receptor proteins (Van Der
Heide et al. 2004). The NLS overlaps with the C-termi-
nus of FOXO DBD and shares arginine residues with
an RxRxxS/T motif (R for arginine, S for serine, T for
threonine, and x for any amino acid), in which the ser-
ine/threonine residue is phosphorylated by AKT kinase
(Brownawell et al. 2001; Zhang et al. 2002). AKT phos-
phorylates FOXO1, FOXO3, and FOXO4 at three con-
served sites, such as Thr32, Ser253, and Ser315 in FOXO3
(Biggs et al. 1999; Takaishi et al. 1999), while FOXO6 only
has two of these sites (Thr26 and Ser184) (Jacobs et al.
2003) (Fig. 1A). AKT-mediated phosphorylation creates
binding sites for the 14-3-3 protein, leading to the trans-
location of the resulting FOXO complex to the cytosol,
where the bound 14-3-3 protein hinders FOXO’s abil-
ity to re-enter the nucleus by potentially masking the
NLS (Brunet et al. 2002; Cahill et al. 2001). It should be
noted that efficient nuclear export of FOXOs depends on
both phosphorylation/14-3-3 binding and intrinsic NES
within FOXOs (Brunet et al. 2002). The leucine-rich NES
is identifiable by the conserved exportin protein chro-
mosomal region maintenance protein 1 (CRM1), which
facilitates nuclear export by interacting with Ran-GTP
(Brunet et al. 2002; Van Der Heide et al. 2004).

FOXOs possess substantial disordered domains includ-
ing the TAD found at the C-terminus of FOXO proteins
(Wang et al. 2015). The FOXO TAD is a versatile binding
domain that includes two conserved “©xx®®d” motifs,
where “@” represents a hydrophobic residue and “x” rep-
resents any arbitrary residue (Van Der Heide et al. 2004;
Wang et al. 2012b). These regions are crucial for the
interaction with coactivators like CBP/p300, effectively
increasing the transactivation potential (Nasrin et al
2000; Wang et al. 2012b). Interestingly, the first “OxxO®”
motif, also known as the LxxLL motif, is highly conserved
among FOXO1, FOXO3, and FOXO4 but not FOXO6
(Zhao et al. 2001) (Fig. 1A).

Regulation of FOXO activity

FOXO activity is crucial for maintaining cellular home-
ostasis in response to various stimuli and is primarily
regulated by post-translational modifications (PTMs)
through several mechanisms (Table 1) (Eijkelenboom
and Burgering 2013; Housley et al. 2009; Klotz et al. 2015;
Matsuzaki et al. 2003; Yamagata et al. 2008). These PTMs
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allow for precise control of FOXO activity by affecting
their protein localization, stability, DNA binding affinity,
or protein interactions (Brown and Webb 2018). Besides
PTMs, the regulation of FOXO activity also occurs at
the post-transcriptional level, targeting the stability and
translation efficiency of FOXO mRNA (Urbanek and
Klotz 2017).

Phosphorylation

Phosphorylation is the most prominent PTM that regu-
lates FOXO activity. Some protein kinases, including
AKT (Brunet et al. 1999; Kops et al. 1999; Matsuzaki
et al. 2005b; Rena et al. 1999), SGK (Brunet et al. 2001;
Liu et al. 2000), ERK (Yang et al. 2008), CK1 (Rena et al.
2002), CDK2 (Huang et al. 2006), DYRK (Woods et al.
2001), IKK (Hu et al. 2004), can phosphorylate FOXO
transcription factors, resulting in the creation of a dock-
ing site for 14-3-3 proteins, which translocate FOXO pro-
teins into the cytoplasm and impede their reentry into
the nucleus, thereby inhibiting FOXO transcriptional
activity. In most cases, the phosphorylation modification
of FOXO drives its localization to the cytoplasm, but a
few phosphorylated forms promote FOXO entry into
the nucleus. Under oxidative stress, intracellular reac-
tive oxygen species (ROS) trigger FOXO phosphoryla-
tion and their translocation from the cytoplasm to the
nucleus via activation of c-Jun amino-terminal kinase
(JNK) (Essers et al. 2004; Weng et al. 2016). This process
induces stress defense genes and extends the lifespan of
Drosophila (Wang et al. 2005). p38-mediated phospho-
rylation of FOXO3 at Ser7 promotes its nuclear relocali-
zation in response to doxorubicin (Ho et al. 2012). MST1
(Lehtinen et al. 2006; Yuan et al. 2009) and CDK1 (Yuan
et al. 2008) phosphorylate FOXOs at specific serine sites,
disrupting their interaction with 14-3-3 proteins and
leading to nuclear translocation, followed by the induc-
tion of cell death in neurons. However, AMP-activated
protein kinase (AMPK)-mediated phosphorylation does
not affect the subcellular localization of FOXO3 but
rather activates the expression of target genes by pro-
moting the interaction of FOXO3 with other cofactors
(Greer et al. 2007). In line with this, pharmacological
or genetic activation of AMPK activates FOXO3 and its
downstream pro-apoptotic target gene PUMA, which in
turn suppresses the metastatic progression of pancreatic
ductal adenocarcinoma (Nagarajan et al. 2017).

FOXO proteins, known as tumor suppressors, are fre-
quently deregulated in human cancer, primarily through
AKT-mediated phosphorylation (Dansen and Burger-
ing 2008; Hennessy et al. 2005). High levels of AKT-
phosphorylated FOXO proteins are associated with
reduced overall survival in various cancers (Hornsveld
et al. 2018; Zhang et al. 2009). Inactivation of FOXO1
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Table 1 Post-translational modifications of FOXO proteins
PTM Upstream DAF-16 FOXO1 FOX03 FOX04 FOX06 Effect
regulator
Phosphorylation  AKT Ser78,Thr273, Thr24, Ser256, Thr32, Ser253, Thr32, Ser197, Thr26, Ser184 Inhibition
Ser345 Ser319 Ser315 Ser262 (Jacobs et al.
(Lietal. 2021; (Guo et al. 1999; (Becher et al. (Kops etal. 1999;  2003; Kim et al.
Takahashi et al. Rena et al. 1999, 2018; Brunet et al. Matsuzaki et al. 2011; van der
2011) 2001, 2002) 1999; Kashiiet al. ~ 2005b; Takaishi Heide et al. 2005)
2000) etal. 1999)
Phosphorylation  SGK Unclear Thr24, Ser256, Thr32, Ser253, Inhibition
(Chenetal 2013; Ser319 Ser315
Hertweck et al. (Liu et al. 2000) (Brunet et al.
2004; Jones et al. 2001)
2009)
Phosphorylation  ERK Ser294, Ser344, Inhibition
Ser425
(Yang et al. 2008)
Phosphorylation  CK1 Ser322, Ser325 Inhibition
(Rena et al. 2002)
Phosphorylation  CDK2 Ser249 (Huang Inhibition
et al. 2006)
Phosphorylation ~ DYRK Ser329 (Woods Inhibition
etal. 2001)
Phosphorylation  IKK Ser644 (Hu et al. Inhibition
2004)
Phosphorylation  JNK Unclear (Weng Thr447,Thr451 Activation
etal.2016) (De Ruiter et al.
2001; Essers et al.
2004)
Phosphorylation  p38 Ser7 (Ho et al. Activation
2012)
Phosphorylation ~ MST1 Ser212 (Lehtinen  Ser207 (Yuan et al. Activation
et al. 2006) 2009)
Phosphorylation  CDK1 Ser249 (Yuan et al. Activation
2008)
Phosphorylation  AMPK Thr179, Ser399, Activation
Ser413, Ser439,
Ser555, Ser588
(Greer et al. 2007)
Acetylation CBP/p300 Lys242, Lys245, Lys186, Lys189, Inhibition
Lys262 Lys408
(Daitoku et al. (Fukuoka et al.
2004; Matsuzaki 2003)
et al. 2005a)
Deacetylation SIRT1 Unclear (Motta Unclear (Brunet Unclear Inhibition
et al. 2004) etal. 2004; Motta  (Motta et al. 2004)
etal. 2004)
Deacetylation SIRT1 Unclear (Mouchi-  Lys242, Lys245, Lys242, Lys245 Lys186, Lys189, Activation
roud et al. 2013; Lys262 (Brunet et al. Lys408
Tissenbaum (Daitoku et al. 2004) (Kobayashi et al.
and Guarente 2004) 2005)
2001)
Poly-ubiquitina-  SKP2 Ser256 (Huang Inhibition
tion et al. 2005)
Poly-ubiquitina- ~ CHIP Ser256 (Lietal. Inhibition
tion 2009)
Poly-ubiquitina- ~ COP1 Thr32, Ser256, Inhibition
tion Thr319 (Kato et al.
2008)
Poly-ubiquitina- MDM2 Ser294, Ser344, Inhibition

tion

Serd25 (Yang et al.

2008)
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Table 1 (continued)
PTM Upstream DAF-16 FOXO1 FOXO03 FOX04 FOX06 Effect
regulator
Mono-ubiquit- MDM2 Unclear (Brenk- Activation
ination man et al. 2008)
Deubiquitination  USP7 Lys199, Lys211 Inhibition
(van der Horst
et al. 2006)
Methylation PRMT1 Arg248, Arg250 Activation
(Yamagata et al.
2008)
Methylation PRMT6 Arg188, Arg249 Activation
(Choietal. 2019)
Methylation SET9 Lys270 (Xie et al. Inhibition
2012)
O-GlcNAcylation  OGT Unclear Activation
(Housley et al.
2008, 2009; Kuo
et al. 2008)
O-GlcNAcylation  OGT Ser284 (Shin et al. Inhibition

2018)

removes its ability to inhibit RUNX2, favoring prostate
cancer progression (Zhang et al. 2011a). AKT-mediated
FOXO4 phosphorylation downregulates ANXA8 expres-
sion, leading to the epithelial-to-mesenchymal transition
process and tumor metastasis in cholangiocarcinoma
(Lee et al. 2009). FOXO proteins can also be inactivated
by IKK-mediated phosphorylation in breast cancer (Hu
et al. 2004) and leukemia (Chapuis et al. 2010), indepen-
dently of AKT. ERK phosphorylates FOXO3 at Ser294,
Ser344, and Ser425, leading to FOXO3 degradation via
an MDM2-mediated ubiquitin-proteasome pathway, pro-
moting cell proliferation and tumorigenesis (Yang et al.
2008). Accordingly, pharmacological activation of FOXO3
has been shown to restore normal physiological condi-
tions and reprogram ovarian and breast cancer cells into
non-cancerous cells (Hu et al. 2014). In breast and ovarian
cancer, active FOXO proteins are associated with a good
prognosis, while their inhibition is linked to poor survival
(Fei et al. 2009; Habashy et al. 2011; Jiang et al. 2013).

Acetylation

Acetylation serves as an additional regulatory mecha-
nism to fine-tune FOXO activity. Acetylation of FOXOs
is predominantly regulated by histone acetyltransferases
(HATs) such as CBP/p300, while its deacetylation is
mediated by histone deacetylases (HDACs) including the
sirtuins family members (Dansen et al. 2009; Motta et al.
2004; van der Heide and Smidt 2005). Acetylation sites,
such as Lys242, Lys245, and Lys262 in FOXO1, are typi-
cally located in the Forkhead DBD of FOXO proteins.
Acetylation at these sites of FOXOs has been reported to
attenuate their DNA binding affinity and transcriptional

activity (Daitoku et al. 2004; Matsuzaki et al. 2005a).
However, it is inconclusive whether acetylation modi-
fications ultimately lead to an increase or decrease in
FOXO activity (Kobayashi et al. 2005; van der Heide and
Smidt 2005). For example, the NAD-dependent deacety-
lase SIR2 modulates the longevity of C. elegans through
activation of FOXO signaling (Mouchiroud et al. 2013;
Tissenbaum and Guarente 2001), whereas its mamma-
lian ortholog SIRT1 deacetylates and represses the activ-
ity of FOXO3 and other Forkhead factors in mammals
(Motta et al. 2004). Additionally, acetylation has been
shown to enhance FOXO target genes that induce apop-
tosis, while attenuating the expression of target genes
associated with cell-cycle arrest and anti-oxidative stress
(Brunet et al. 2004). These findings raise a possibility
that acetylation may regulate FOXO activity in a target-
specific manner (Calissi et al. 2021; van der Heide and
Smidt 2005).

Acetylation of FOXO proteins has been shown to
enhance their tumor-suppressive function. For instance,
acetylated FOXO1 binds ATG7, an El-like protein in
the cytosol, leading to autophagic cell death in human
colon cancer tissue (Zhao et al. 2010). Additionally,
CBP/p300-mediated acetylation of FOXO1 induces
apoptosis and inhibits pancreatic tumor growth (Pra-
manik et al. 2014). Conversely, deacetylation of FOXOs
by SIRTs or HDACs has been linked to cancer progres-
sion and metastasis. SIRTs repress FOXO acetylation to
promote cancer survival and metastasis by neutralizing
oxidative stress (Kenny et al. 2017; Papa and Germain
2014). Four and a half LIM2 (FHL2) suppresses FOXO1
activity by SIRT1-mediated deacetylation, enhancing
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prostatic tumorigenesis (Yang et al. 2005). HDAC3 facili-
tates FOXO3 deacetylation and breast cancer metasta-
sis (Zhang et al. 2017a). Furthermore, deacetylation of
FOXOs is associated with resistance to chemotherapeu-
tic drugs. For example, SIRT6 promotes resistance to
paclitaxel and epirubicin in breast cancer by modulat-
ing FOXO acetylation and expression (Khongkow et al.
2013). Cisplatin-resistant cells possess a reduced amount
of acetylated FOXO3 compared with their parental cells
(Shiota et al. 2010). In agreement with this, treatment
with SIRT inhibitors (Kojima et al. 2008) or siRNA (Liang
et al. 2008) sensitizes cisplatin-resistant cells to cisplatin,
indicating that acetylation of FOXOs could be a critical
target for intervention in cancer progression or therapeu-
tic resistance.

Ubiquitination

Ubiquitination is a dynamic process that is tightly regu-
lated by the enzymatic activities of E1 ubiquitin-acti-
vating enzymes, E2 ubiquitin-conjugating enzymes, and
E3 ligases (Komander 2009). FOXOs are substrates for
ubiquitination mediated by certain ubiquitin E3 ligases,
including S-phase kinase-associated protein 2 (SKP2)
(Huang et al. 2005), Hsc70-interacting protein (CHIP)
(Li et al. 2009), and constitutive photomorphogenic
1 (COP1) (Kato et al. 2008). These E3 ligases recog-
nize and promote ubiquitin-dependent degradation of
FOXOs, thereby repressing FOXO functions. Notably,
AKT-dependent phosphorylation of FOXO1 is neces-
sary for its interaction with the E3 ligases, for example,
SKP2 and CHIP recognize FOXO1 phosphorylated at
Ser256 (Huang et al. 2005; Li et al. 2009), while COP1
binds FOXO1 phosphorylated at multiple sites by AKT
(Kato et al. 2008). Similarly, phosphorylation of FOXO3
mediated by ERK recruits another E3 ubiquitin ligase,
MDM2, and leads to subsequent FOXO3 poly-ubiqui-
tination and proteasome-mediated degradation (Yang
et al. 2008). Poly-ubiquitination typically leads to protein
degradation via the proteasome, while monoubiquitina-
tion serves non-degradative functions such as protein-
protein interaction and protein trafficking (Magits and
Sablina 2022; Sigismund et al. 2004). For example,
MDM2 can mediate the mono-ubiquitination of FOXO4,
which in turn facilitates the activation of FOXO4 in
response to oxidative stress (Brenkman et al. 2008). On
the other hand, the deubiquitinating enzyme ubiquitin-
specific protease (USP7) deubiquitinates FOXO4, thereby
inhibiting FOXO activity through nuclear exclusion (van
der Horst et al. 2006). It should be noted that different
PTMs may compete at the same site, such as acetylation
and ubiquitination modifications both on the e-amino
group of lysine residues, while SIRT1-mediated FOXO3
deacetylation drives the opening of lysine residues
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(Lys242, Lys259, Lys290, and Lys569), which facilitates
FOXO3 polyubiquitination and subsequent degradation
(Wang et al. 2012a).

Methylation

Protein methylation modifies nitrogen atoms in amino
acids such as Lys, Arg, His, Ala, and Asp, with particu-
lar emphasis on Lys and Arg residues (Lee et al. 2005).
Protein arginine methyltransferase PRMT1 has been
found to methylate FOXO1 at Arg248 and Arg250, effec-
tively blocking AKT-mediated phosphorylation of Ser253
and nuclear exclusion of FOXO1 (Yamagata et al. 2008).
Accumulation of P-amyloid triggers neurodegenera-
tion and boosts PRMT1-mediated arginine methylation
of FOXO3, resulting in increased nuclear accumula-
tion of FOXO3 (Sanphui and Biswas 2013; Selkoe 2001).
Nuclear FOXO3 directly binds to the promoter of BIM,
a pro-apoptotic member of the BCL-2 family, increasing
its expression and ultimately leading to neuronal apop-
tosis in Alzheimer’s disease (Sanphui and Biswas 2013).
Intriguingly, arginine methylation of FOXOs by PRMT1
has also been observed in nematodes and insects, act-
ing as a fascinating ‘anti-aging’ modification by imped-
ing AKT-mediated phosphorylation of FOXO, ultimately
leading to lifespan extension (Takahashi et al. 2011;
Zhang et al. 2017b). PRMT6 methylates and activates
FOXO3 at Argl88 and Arg249, enhancing protein degra-
dation and autophagic pathways in skeletal muscles, with
potential implications for preventing and intervening in
muscle atrophy (Choi et al. 2019). These findings sug-
gest arginine methylation may serve as a positive regu-
lator of FOXO activity. Nevertheless, lysine methylation
of FOXO3 at Lys270 by SET9 methyltransferase reduces
its transcriptional activity, inhibiting FOXO3-mediated
BIM expression and oxidative stress-induced neuronal
cell death (Xie et al. 2012). Interestingly, SET9-mediated
FOXO3 methylation at Lys271 does not affect its subcel-
lular localization but decreases FOXO3 protein stability
(Calnan et al. 2012).

O-GIcNAcylation

O-GlcNAcylation is a reversible PTM that involves add-
ing or removing a sugar called N-acetylglucosamine (Glc-
NAc) to or from serine or threonine residues, which is
controlled by the dynamic interplay between O-GlcNAc
transferase (OGT) and O-GIcNAcase (OGA) (Hart et al.
2007; Sheikh et al. 2021). In C. elegans, ogt-1 mutant
animals have a shorter lifespan, while oga-1I mutation
extends their lifespan (Love et al. 2010; Rahman et al.
2010). However, it remains unclear whether DAF-16/
FOXO is directly O-GlcNAcylated in worms. In Dros-
ophila, O-GlcNAc modification of FOXO influences the
autophagy pathway and regulates growth and longevity
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(Akan et al. 2021; Park et al. 2015). In mammals, O-Glc-
NAcylation of FOXO1 enhances its transcriptional activ-
ity (Kuo et al. 2008), serving as a glucose sensor in the
liver to mediate FOXO1-dependent transcription of glu-
coneogenesis and stress response genes (Housley et al.
2008). Further investigation reveals the mechanism by
which the coactivator PGC-1a interacts with OGT to tar-
get FOXO1, resulting in enhanced O-GlcNAcylation and
increased transcriptional activity (Housley et al. 2009).
Another study has indicated that O-GlcNAcylation of
FOXO4 results in enhanced transcriptional activity and
provides cell survival signaling in response to acute oxi-
dative stress (Ho et al. 2010). In the context of tumo-
rigenesis, O-GlcNAcylation at FOXO3 Ser284 abrogates
its tumor suppressor activity by activating the MDM2-
p53-p21 signaling, leading to accelerated pancreatic can-
cer cell growth (Shin et al. 2018).

Post-transcriptional modifications of FOXO proteins
MicroRNAs (miRNAs) are endogenous small noncod-
ing RNAs that fine-tune gene expression by promoting
transcriptional degradation or repressing translation,
mostly via the 3"-untranslated region (UTR) of target
mRNA (Bartel 2009). Emerging evidence has begun to
elucidate the interaction between miRNAs and FOXOs.
miR-71 promotes longevity in C. elegans by facilitating
DAF-16/FOXO activity in the intestine (Boulias and Hor-
vitz 2012). miR-34, miR-35, and let-7 family members
confer resilience to environmental stresses and toxicity
in C. elegans by modulating DAF-16/FOXO levels (Isik
et al. 2016; Li et al. 2020; Wang et al. 2022). Several miR-
NAs have been discovered to act as regulators of FOXO
expression in various cancer types (Duwe et al. 2023;
Liu et al. 2018; Urbanek and Klotz 2017). For instance,
miR-27a promotes cell proliferation and epithelial-mes-
enchymal transition by downregulating FOXO1 in obe-
sity-associated liver cancer and ovarian cancer (Sun et al.
2015; Zhang et al. 2019). miR-629 boosts proliferation
and invasion in pancreatic cancer by targeting FOXO3
(Yan et al. 2017). Additionally, oncogenic miR-664 sup-
presses FOXO4 expression in osteosarcoma cells, result-
ing in increased cancer cell proliferation (Chen et al
2015).

In the context of stem cell behaviors, miR-182 serves
as a FOXOL1 inhibitor to antagonize proliferation and dif-
ferentiation of MSCs and osteoblasts, with a subsequent
negative effect on osteogenesis (Kim et al. 2012). Estro-
gen deficiency reduces FOXO1 activity via miR-705 post-
transcriptional regulation, causing oxidative damage in
bone marrow-derived mesenchymal stem cells (BMSCs)
and impaired osteogenic differentiation (Liao et al. 2016).
Sun et al. recently found a potential therapy for carti-
lage repair and osteoarthritis (OA) using extracellular
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vesicles (EVs) from TGFP3-preconditioned BMSCs. miR-
455 enriched in these EVs promotes OA alleviation and
cartilage regeneration by stimulating the SOX11-FOXO
signaling (Sun et al. 2022). Inhibition of miR-195 in
skeletal muscle-derived stem/progenitor cells (SkMDS/
PCs) increases FOXO3 expression, supporting SkMDS/
PCs maintenance through antioxidant gene activation
(Gopinath et al. 2014; Nowaczyk et al. 2022). A similar
miRNA-FOXO correlation is also reported in goat mus-
cle cells (Xu et al. 2021).

RNA modification regulates the mRNA fate of FOXOs,
particularly through N6-methyladenine (m6A) meth-
ylation, the most prevalent type of RNA methylation in
eukaryotic mRNAs (Boo and Kim 2020; Meyer and Jaf-
frey 2014). In ovarian granulosa cells, m6A methylation
affects FOXO signaling, with hyper m6A methylation
downregulating FOXO6 mRNA in aged cells, poten-
tially contributing to ovarian aging (Liu et al. 2022).
RNA-binding proteins like the Hu antigen R (HuR) and
Quaking (QKI) also influence the post-transcriptional
regulation of FOXO expression (Guo et al. 2014; Li et al.
2013; Yu et al. 2014). HuR interacts with FOXO1 mRNA
and stabilizes its expression, thereby augmenting 5-fluo-
rouracil (5-FU)-induced apoptosis in breast cancer cells
(Li et al. 2013). Conversely, QKI destabilizes FOXO1
mRNA and contributes to the oncogenesis and progres-
sion of breast carcinoma (Yu et al. 2014). These findings
suggest that modulating FOXO expression at the post-
transcriptional level could offer a promising strategy for
cancer therapy.

Role of FOXOs in regulating stem cell fate decision
The decision of stem cells to maintain pluripotency or
differentiate is a finely regulated process influenced by
various factors. Both self-renewal and quiescence main-
tenance are essential mechanisms for retaining pluri-
potency in stem cells. Self-renewal involves creating
identical copies of stem cells via cell division, while qui-
escence maintenance regulates cell cycle progression to
protect pluripotency. The exact mechanisms that regu-
late pluripotency versus differentiation can vary depend-
ing on the specific type of stem cell and environmental
factors, and continue to be an area of active research in
stem cell biology. In the following sections, we discuss in
detail the roles of FOXOs in stem cell self-renewal, quies-
cence maintenance, and differentiation.

Self-renewal of pluripotent stem cells

Self-renewal plays a vital role in maintaining the pluri-
potency of stem cells. It enables stem cells to divide and
generate more identical stem cells, allowing for a con-
tinuous supply of undifferentiated cells. By self-renew-
ing, stem cells can maintain their ability to differentiate
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into various cell types while simultaneously replenish-
ing the stem cell population. This self-renewal process
helps sustain the pool of pluripotent stem cells and
ensures their ongoing potential for embryonic develop-
ment and tissue regeneration. FOXO transcription fac-
tors act as critical regulators of stem cell self-renewal
and pluripotency in various species.

Hydra vulgaris, a freshwater radial-symmetric polyp
of the phylum Cnidaria, exhibits biological immor-
tality due to the infinite self-renewal capacity of stem
cells, including interstitial stem cells (i-cells) and ecto-
dermal/endodermal epithelial stem cells (Bosch 2009).
The i-cells exhibit multipotent properties whereas the
epithelial cell lineages represent unipotent stem cells,
enabling them to undergo differentiation into multi-
ple distinct cell types including nematocyte, nerve cell,
gland cell, and germ line (Hemmrich et al. 2012). Hydra
has a single FOXO gene that was previously believed to
contribute to stress resistance (Bridge et al. 2010). Fur-
ther studies demonstrate that Hydra FOXO is expressed
in all three stem cell lineages and contributes to their
continuous self-renewal (Boehm et al. 2012; Hemmrich
et al. 2012). Overexpression of FOXO in i-cells leads to
an increase of proliferation in both stem cell and pro-
genitor cells, furthermore, it imparts stemness to termi-
nally differentiated cells. Conversely, silencing of FOXO
represses stem cell gene networks and expedites termi-
nal differentiation in the epithelial stem cells (Boehm
et al. 2012). Like other bilaterian animals, Hydra FOXO
function is negatively regulated by the PI3K/AKT sign-
aling; however, its activity in interstitial lineage cells
appears unaffected under dietary restriction, probably
due to the absence of insulin/IGF-1 receptors and a
corresponding response to nutrient conditions in the
interstitial cells (Bridge et al. 2010).

Hofstenia miamia, commonly known as the three-
banded panther worm, belongs to a deep-diverging bila-
terian Xenacoelomorpha lineage. The acoel worm has
gained attention for its ability to regenerate tissue via a
population of adult pluripotent stem cells, called neo-
blasts (Gehrke et al. 2019; Srivastava et al. 2014). To
investigate the embryonic origins of these adult stem
cells, Kimura et al. systematically performed photo-con-
version on each cell of the early embryo, creating a com-
prehensive fate map at the eight-cell stage. The authors
identified a specific pair of cells at the sixteen-cell stage
that give rise to neoblast-like cells, which contribute to
tissue regeneration and homeostatic turnover. Through
further analysis using single-cell transcriptome profiling,
a specific set of genes, including foxO and tbx, emerge as
potentially significant regulators of neoblast formation
during embryonic development. Notably, foxO RNAI ani-
mals exhibit diminished expression of piwi-1, a master
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factor that is required for neoblast self-renewal (Kimura
et al. 2022). These discoveries emphasize the essential
role of FOXOs in the process of stem cell self-renewal.

In addition to invertebrates, FOXO family members are
important regulators of ESC pluripotency in mammals.
The pluripotency of ESCs is maintained by the interplay
of specific transcription factors, such as OCT4, SOX2,
and NANOG, creating a self-regulatory feedback loop
that activates genes encoding essential pluripotency fac-
tors, while simultaneously repressing genes associated
with differentiation (Boyer et al. 2005). In human ESCs
(hESCs), FOXO1 promotes pluripotency by directly
binding and activating OCT4 and SOX2 genes, while the
absence of FOXO1 leads to the spontaneous differentia-
tion of hESCs, even when maintained under pluripotent
self-renewal conditions (Zhang et al. 2011b). A similar
role of FOXO1 in maintaining pluripotency is also found
in mouse ESCs (Zhang et al. 2011b). To maintain intra-
cellular balance in ESCs, damaged organelles and toxic
proteins must be promptly cleared, while the total bio-
mass associated with their rapid proliferation rate needs
to be synthesized. This delicate task is achieved through
the coordinated efforts of autophagy and the protea-
some system, important components of the cellular
quality control machinery (Buckley et al. 2012; Liu et al.
2016). Notably, FOXO1 directly regulates core autophagy
genes, ensuring high autophagic flux for ESC pluripo-
tency (Liu et al. 2017). Similarly, FOXO4 is responsible
for enhancing proteasome assembly and activity, which
are fundamental aspects of ESC identity and pluripo-
tency maintenance (Vilchez et al. 2012). This function
of FOXO1 in maintaining self-renewal and pluripotency
appears to be conserved across various species, from
invertebrates to mammals.

Quiescence maintenance of adult stem cells

Adult stem cells (ASCs) serve as a cellular reservoir
responsible for tissue homeostasis and regeneration
after injuries (de Morree and Rando 2023). ASCs in tis-
sues with high cell turnover, such as the gut epithelium
and blood, continuously proliferate and replenish the
lost cells, ensuring tissue renewal and maintenance
(Barker et al. 2010). Alternatively, long-lived ASCs can
enter a quiescent state to preserve potency and protect
against premature depletion or adverse conditions. Qui-
escent ASCs, characterized by reversible mitotic arrest
and reduced metabolic activity, are well established in
certain tissues, including skeletal muscle, brain, and
bone marrow (de Morree and Rando 2023; Li and Bhatia
2011). The quiescent state plays a vital role in the long-
term maintenance of the ASC pool and should be prop-
erly regulated. FOXOs have been demonstrated to play
a crucial role in maintaining the proper functioning and
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regenerative capacity of ASCs across diverse tissue types
(Gopinath et al. 2014; Ro et al. 2013; Tothova and Gilli-
land 2007).

Myogenic stem cells, also known as satellite cells (SCs),
are present in skeletal muscles in a quiescent state, which
is essential for maintaining the SC pool and preserv-
ing their proliferative potential. When muscle fibers are
injured, SCs activate and undergo self-renewal to provide
a cell source for muscle regeneration (Charge and Rud-
nicki 2004; Yin et al. 2013). In skeletal muscles, FOXO3 is
highly expressed and active in quiescent SCs rather than
in their activated counterparts (Gopinath et al. 2014).
Depletion of FOXO3 hinders activated SCs from re-entry
into the quiescent state, resulting in exhaustion of the SC
pool and impaired muscle regeneration (Gopinath et al.
2014). FOXO3 preserves SC quiescence by modulat-
ing Notch signaling, which has been associated with the
promotion or maintenance of SC quiescence (Bjornson
et al. 2012; Mourikis et al. 2012; Wen et al. 2012). Juvenile
mice lacking FOXOs in their SCs fail to enter quiescence
and have high expression of myogenic-differentiation-
related genes such as Myogenin, along with downregula-
tion of stemness- and quiescence-related genes such as
Notch3. This failure endures throughout the lifespan and
is further exacerbated in advanced age (Garcia-Prat et al.
2020). Aging leads to a progressive loss of SC quiescence
due to intrinsic and niche-related alterations (Chak-
kalakal et al. 2012; Sousa-Victor et al. 2014). In geriatric
SCs, niche-derived IGF1-dependent AKT signaling is
more active than in young cells, leading to a decline in
the quiescent state by inhibiting FOXO signals. This con-
tributes to muscle regenerative failure in geriatric mice
(Garcia-Prat et al. 2020). Therefore, strategies aimed at
counteracting AKT and boosting FOXO activity offer a
potential therapeutic approach to restore SC quiescence
and improve the regenerative capacity of skeletal muscle.

Quiescent neural stem cells (NSCs) are generated
early at embryonic stages and reside in specific regions
of the adult brain, such as the hippocampus and the sub-
ventricular zone (Fuentealba et al. 2012; Furutachi et al.
2015). When the nervous system is damaged, these qui-
escent NSCs can be activated to replace damaged or lost
neurons and glial cells. The quiescent state safeguards
NSC homeostasis by preserving its stemness and pre-
venting depletion (Llorens-Bobadilla et al. 2015; Otsuki
and Brand 2020). FOXOs play a critical role in enforcing
NSC quiescence and self-renewal control. The absence
of FOXO1, FOX03, and FOXO4 in mice initially leads
to increased brain size and transient hyper-prolifera-
tion of NSCs, but ultimately depletes the self-renewing
NSCs in older adult mice (Paik et al. 2009). Knockout
of FOXO3 alone, either in the whole animal or specifi-
cally in the brain, is sufficient to reduce the multipotency
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and self-renewal capacity of adult NSCs (Renault et al.
2009). Microarray-based transcriptional profiling reveals
that FOXO3 regulates the NSC pool by activating genes
involved in quiescence, such as p275"! and Cyclin G2
(Renault et al. 2009). FOXO3 also shares common bind-
ing sites with the proneuronal bHLH transcription fac-
tor ASCLL1 in neural progenitor cells, helping to preserve
the NSC pool by restraining ASCL1-dependent neuro-
genesis (Webb et al. 2013). Excessive ROS causes stem
cell decline and drives them out of quiescence, while
FOXO3 helps counteract oxidative stress and preserve
the long-term proliferative potential of NSCs (Ludikhu-
ize and Rodriguez Colman 2021; Rossi et al. 2008; Yeo
et al. 2013). Additionally, FOXOs preserve the NSC pool
by activating the autophagy network (Audesse et al.
2019) and coordinating metabolic programs (Yeo et al.
2013). Brain aging is linked to cognitive impairment and
increased risk of neurodegeneration (Nicaise et al. 2020).
NSC depletion due to a high-fat diet may contribute to
cognitive decline in age-related brain diseases by inhibit-
ing FOXO activity (Kuhn et al. 1996; Renault et al. 2009).
The stimulation of aged NSCs with young NSC-derived
exosomes rescues FOXO activation and reinstates the
equilibrium between proliferating and senescent NSCs
in the hippocampus, thereby counteracting high-fat
diet-dependent impairment of adult hippocampal neuro-
genesis in mice (Natale et al. 2022). These findings under-
score the therapeutic potential of extracellular vesicles in
preventing both physiological and pathological cognitive
decline.

Hematopoietic stem cells (HSCs), a type of multipo-
tent stem cell found in the bone marrow and umbilical
cord blood, are responsible for the replenishment and
renewal of the blood and immune system (Orkin and
Zon 2008). The majority of HSCs are maintained in an
undifferentiated quiescent state within a bone marrow
niche, and interruption of this dormant state disturbs
HSC function (Arai et al. 2004; Rossi et al. 2012). FOXOs
have been shown to have a significant impact on HSC
maintenance (Miyamoto et al. 2007, 2008; Tothova et al.
2007; Yalcin et al. 2008). HSCs derived from FOXO1/3/4-
deficient mice have an aberrant increase in cell cycling,
apoptosis, and ROS levels, resulting in impaired long-
term repopulating activity in vivo (Tothova et al. 2007).
Notably, ablation of FOXO3 alone is adequate to drive
HSCs to enter the cell cycle, resulting in HSC depletion
and less resistance to myelotoxic drugs (Miyamoto et al.
2007). Likewise, Yalcin et al. hold the view that FOXO3 is
the principal active FOXO in HSCs and regulates oxida-
tive stress by modulating the expression of ATM (Yalcin
et al. 2008). Loss of FOXO3 leads to ROS accumulation,
thereby activating the p53/p21 pathway and causing exit
from quiescence and G2/M arrest (Yalcin et al. 2008).
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FOXO3 retains a pro-autophagy gene program in aging
HSCs, crucial for their survival in response to metabolic
stress (Warr et al. 2013). As HSCs age, their function
decreases (Rossi et al. 2005; Sudo et al. 2000). The micro-
RNA-212/132 cluster, abundant in HSCs, is upregulated
during aging. HSCs lacking miR-132 and miR-212 exhibit
elevated FOXO3 expression and enhanced quiescence,
which contributes to improved engraftment potential,
reduced apoptosis, and enhanced resistance to inflamma-
tory stress (Mehta et al. 2015). This suggests the potential
use of miRNA antagonists to enhance functions in aged
HSCs.

The above findings indicate that FOXOs, particularly
FOXO3, play a crucial role in maintaining the quiescence
of ASCs, which is reminiscent of the role of DAF-16 in C.
elegans during the stress-resistant stage known as dauer.
Though C. elegans has a short lifespan of 2—-3 weeks, it
exhibits life history plasticity. Under favorable conditions,
the animals transition rapidly through four continuous
larval stages to adulthood. However, in adverse condi-
tions like food scarcity and population congestion, they
enter a quiescent and stress-resistant stage called dauer
(Fielenbach and Antebi 2008). Interestingly, the longev-
ity gene DAF-16, the sole C. elegans FOXO ortholog, pri-
marily functions in dauer life history (Libina et al. 2003;
Lin et al. 1997; Ogg et al. 1997). During dauer, DAF-16/
FOXO mediates quiescent cell fate through activation of
the cyclin-dependent kinase inhibitor CKI-1 as well as

!
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stress resistance pathways (Baugh and Sternberg 2006;
Isik et al. 2016; Lamitina and Strange 2005). It’s impor-
tant to note that stem cells in dauer larvae must maintain
multipotency for an extended period to resume devel-
opment quickly once favorable conditions ensue (Karp
and Greenwald 2013; Liu and Ambros 1991). Karp et al.
found that DAF-16/FOXO maintains or restores multi-
potency in vulval precursor cells (VPCs) of dauer larvae
by inhibiting EGFR and Linl2-Notch signaling path-
ways (Karp and Greenwald 2013). DAF-16/FOXO also
promotes multipotency in epidermal stem cells (seam
cells) during dauer by upregulating /in-41, a heterochro-
nic gene that prevents premature differentiation (Wirick
et al. 2021). Additionally, DAF-16/FOXO regulates the
germline stem cell pool in a cell-nonautonomous manner
(Qi et al. 2012; Qin and Hubbard 2015). Thus, DAF-16/
FOXO is crucial for maintaining stem cell quiescence,
which appears to remain conserved in mammals as men-
tioned above (Fig. 2).

Context-dependent regulation of stem cell differentiation

FOXO transcription factors play a significant role in stem
cell differentiation due to their ability to modulate gene
expression and cellular processes involved in this process.
Understanding the precise mechanisms by which FOXO
factors impact stem cell differentiation holds promise for
advancing regenerative medicine and therapeutic appli-
cations. However, the effect of FOXOs on differentiation
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Fig. 2 The role of FOXOs in maintaining quiescence in adult stem cells. The quiescent state is crucial for the long-term maintenance of the adult
stem cell pool, and DAF-16/FOXOQ is essential for preserving stem cell quiescence, a trait that seems to be conserved across species
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is complex and context-dependent, with the potential for
both promotion and inhibition depending on specific
transcriptional targets.

Neurogenesis

Neurogenesis, the generation of new neurons from ESCs
or NSCs, plays a crucial role in nervous system develop-
ment, cognitive functions, and neural repair (Li and Guo
2021; Obernier and Alvarez-Buylla 2019). Studies have
focused on understanding the roles of different FOXO
members in neurogenesis.

FOXOL1 is expressed in NSCs in the neurogenic subven-
tricular zone, with its expression decreasing during early
neurogenesis (Kim et al. 2015). When activated, FOXO1
inhibits NSC differentiation into neurons, while FOXO1
deficiency enhances neuronal differentiation, indicating
its inhibitory role in neurogenesis. FOXOL1 interacts with
the CSL transcription factor to activate the Notch target
gene HES1, which is crucial for NSC maintenance and
limiting the spread of differentiation (Hitoshi et al. 2002;
Ishibashi et al. 1994; Kageyama and Ohtsuka 1999). Simi-
larly, FOXO3 helps preserve the NSC pool by restraining
proneuronal bHLH transcription factor ASCL1-dependent
neurogenesis (Webb et al. 2013), with FOXO3 and ASCL1
being notably concentrated at the enhancers of genes
involved in neurogenic pathways, including DLL1 and
HES6, which are critical for ASCL1-dependent neurogene-
sis (Artavanis-Tsakonas et al. 1999; Castro et al. 2006). This
aligns with the observation that PTEN loss or AKT activa-
tion in NSCs, which leads to FOXO inhibition, promotes a
significant increase in neurogenesis (Gregorian et al. 2009).

On the other hand, FOXO4 has been implicated in the
neural differentiation of ESCs. Loss of FOXO4 reduces
neural lineage differentiation potential and promotes
trophoblast or keratinocyte differentiation instead
(Vilchez et al. 2013). This may be attributed to decreased
expression of PAX6, an important ectodermal tran-
scription factor regulating neuronal gene activation and
repression of mesodermal/endodermal genes (Thakurela
et al. 2016). Considering the vital roles of FOXO1 and
FOXO3 in regulating NSC maintenance, it is speculated
that FOXO4 may be required during embryonic stages of
neural development, while FOXO1 and FOXO3 are nec-
essary for NSC maintenance and regeneration in adult-
hood. These findings highlight the distinct roles played
by different FOXO family members in neurogenesis. Fur-
ther research in this area can provide valuable insights
into the underlying mechanisms and potential therapeu-
tic interventions for neural regeneration and repair.

Myogenesis
Muscle development involves several steps, starting from
the formation of myogenic precursors to the differentiation
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of myoblasts (McKinsey et al. 2001). Insulin-like growth fac-
tors (IGFs) promote myoblast differentiation through the
PIBK/AKT signaling pathway (Coolican et al. 1997; Jiang
et al. 1999; Tureckova et al. 2001). FOXO1, a key target of
AKT, plays a significant role in mediating myoblast differ-
entiation in response to IGF signaling (Hribal et al. 2003).
Constitutively active mutant FOXO1 inhibits myoblast dif-
ferentiation, while dominant-negative mutant FOXO1 par-
tially rescues impaired differentiation induced by a PI3K
inhibitor (Hribal et al. 2003; Wu et al. 2008). FOXO1 also
interacts with and activates Notch signaling, inhibiting
MyoD-dependent myoblast differentiation and fiber-type
specification (Kitamura et al. 2007; Kuroda et al. 1999).

In contrast, FOXO3, alongside PAX3/7, activates
MyoD transcription, promoting the differentiation of
satellite cells (Hu et al. 2008). This cooperative activa-
tion allows for precise regulation of MyoD expression
and myogenic potential, complementing the inhibitory
effects of FOXO1. Additionally, FOXO4 inhibits smooth
muscle cell differentiation by interacting with and inhib-
iting myocardin, a transcriptional coactivator of smooth
muscle genes (Liu et al. 2005). Overall, different FOXO
members have distinct roles in myogenesis, contributing
to the complexity of muscle development processes.

Osteogenic differentiation

Osteogenic differentiation, the process of transform-
ing mesenchymal stem cells (MSCs) into osteoblasts,
is carefully regulated by several factors including runt-
related transcription factor 2 (RUNX2), -catenin, alka-
line phosphatase (ALP), activating transcription factor 4
(ATF4), and osteocalcin (OCN) (Chen et al. 2019). Ini-
tially, RUNX2 triggers the expression of important bone
matrix protein genes in early progenitors, determining
the differentiation of MSCs into the osteoblastic line-
age (Komori 2010). Studies suggest that FOXOs act as
upstream regulators of RUNX2 during osteogenic dif-
ferentiation. In FOXO1/3/4-deficient mice, MSCs show
reduced RUNX2 expression and impaired osteogenic
differentiation potential (Ambrogini et al. 2010). Knock-
ing down FOXO1 or FOXO3 in early progenitors leads
to decreased RUNX2 upregulation, while overexpression
of these factors results in elevated RUNX2 expression
(Siqueira et al. 2011; Teixeira et al. 2010). Additionally,
FOXOL1 directly interacts with the promoter of RUNX2
and regulates its expression (Siqueira et al. 2011; Teixeira
et al. 2010). Together, FOXO1/3 may play a role in initiat-
ing the differentiation of MSCs into early progenitors by
upregulating RUNX2 expression.

B-catenin plays a crucial role in the commitment of
early progenitors to osteoblast precursors through Wnt/
TCEF signal transduction (Glass et al. 2005; Hu et al. 2005;
Rodda and McMahon 2006). However, FOXO activation
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attenuates Wnt signaling by competing with TCF for
[B-catenin, thereby inhibiting osteoblastic differentia-
tion of uncommitted progenitors (Almeida et al. 2007).
Conversely, mice lacking FOXO1, 3, and 4 exhibit an
increased number of committed osteoblast precursors
by unleashing -catenin/TCF activation (Iyer et al. 2013).
Therefore, FOXOs may hinder osteogenesis by redirect-
ing B-catenin from TCF to FOXO-mediated transcrip-
tion at the early stage of osteogenic lineage commitment.

The maturation of committed osteoblast precursors
is characterized by the expression and activity of ALP,
ATF4, and OCN (Neve et al. 2011). FOXO1 and FOXO3
act as upstream regulators of ALP, promoting mineraliza-
tion by supplying inorganic phosphate through pyroph-
osphate hydrolysis (Ambrogini et al. 2010; Siqueira et al.
2011; Teixeira et al. 2010). FOXO1 also enhances min-
eralization by interacting with ATF4 to boost protein
synthesis and oxidative stress resistance (Rached et al.
2010b). OCN helps balance the process of osteogenesis
by promoting bone formation and preventing excessive
mineralization (Ducy et al. 1996; Komori 2020). FOXO1
negatively regulates OCN availability through a two-step
process, suppressing OCN expression by binding to its
promoter and inhibiting OCN bioactivity by promoting
y-carboxylation (Rached et al. 2010a; Yang et al. 2011).

In summary, FOXOs facilitate osteogenesis in early
progenitors and mature osteoblasts while impeding it in
committed osteoblast precursors. Their stage-specific
functions involve interactions with different factors, such
as RUNX2 in early progenitors, -catenin in osteoblast
precursors, and ALP/ATF4/OCN in mature osteoblasts,
throughout the process of osteogenic differentiation.

Chondrogenic differentiation

MSCs can also differentiate into chondrocytes when
exposed to specific growth factors and signaling mol-
ecules, with TGF-p being the most prominent one (Oka
et al. 2007). This exposure leads to changes in MSC shape
and activation of genes associated with chondrogenic
transcription factors, such as SOX9, as well as cartilage
extracellular matrix components like type II collagen
(COL2) and aggrecan (ACAN) (Bell et al. 1997; Ikegami
et al. 2011; Sekiya et al. 2000).

Recent studies have demonstrated that FOXO1 expres-
sion and activity increase during TGF-B-induced chon-
drogenic differentiation (Kurakazu et al. 2019). FOXOI,
in turn, promotes the expression of COL2 and ACAN
and induces cell-cycle arrest in the GO/G1 phase via p21,
a cyclin-dependent kinase inhibitor involved in chondro-
genic differentiation (Negishi et al. 2001). FOXO3 coop-
erates with RUNX1 to promote both early and terminal
stages of chondrogenesis, leading to the upregulation of
specific genes, including SOX9 and COLX, which are

Page 12 of 23

targeted by both FOXO3 and RUNX1 (Yuan et al. 2022).
The use of a specific inhibitor of FOXO1 and FOXO3,
called AS1842856, completely inhibits chondrogenic
differentiation (Sharieh et al. 2020), highlighting the sig-
nificance of FOXO1 and FOXO3 in regulating the chon-
drogenic differentiation process in MSCs. Overall, these
findings shed light on the complex regulatory mecha-
nisms underlying chondrogenic differentiation and pro-
vide potential targets for therapeutic interventions.

Adipogenesis

Adipogenesis is a complex process that occurs in two
stages: commitment of MSCs to a preadipocyte fate,
followed by terminal differentiation into mature adi-
pocytes (Cristancho and Lazar 2011). The involvement
of FOXO1 in adipogenesis has been a topic of debate
in previous studies. Munekata et al. conducted experi-
ments using FOXO1-siRNA in mouse 3T3-L1 preadi-
pocytes and observed that silencing FOXO1 hindered
terminal differentiation by suppressing the expression
of key adipogenic regulators, C/EBP-a and PPAR-y
(Munekata and Sakamoto 2009). These findings align
with data obtained from human adipose-derived stem
cells, where FOXO1 plays a positive role by maintain-
ing cellular redox balance and promoting adipogenic
differentiation (Higuchi et al. 2013).

However, contrasting results were reported by Nakae
et al., who introduced a constitutively active mutant
FOXO1 in mouse 3T3-F442A preadipocytes. They
argue that FOXO1 exerts an inhibitory effect on adi-
pogenesis through a multifaceted mechanism (Nakae
et al. 2003). FOXO1 induces early growth arrest by
increasing the expression of cell cycle inhibitors such
as p21 and p27, which can impede the expansion of
committed preadipocytes. Additionally, FOXO1 may
directly inhibit C/EBP-dependent terminal differen-
tiation by enhancing CHOP10 expression (Nakae et al.
2003). These diverse findings suggest that the role of
FOXOL1 in adipogenic differentiation is influenced by
the specific cell type and the cellular context. Further
research is needed to fully understand the complex reg-
ulatory mechanisms underlying adipogenesis and the
precise role of FOXO1 in this process.

Hematopoietic differentiation

Hematopoietic differentiation is a complex and dynamic
process that ensures the production of a diverse range
of blood cells essential for immune function and blood
homeostasis (Pinho and Frenette 2019; Wilson and
Trumpp 2006). One crucial step in this process is line-
age commitment, where HSCs decide to differentiate into
either the myeloid or lymphoid lineage. FOXO transcrip-
tion factors play a significant role in orchestrating this
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intricate process, ensuring the proper development and
differentiation of HSCs into their respective lymphoid or
myeloid cell lineages.

FOXOL1 is required for lymphoid lineage commitment
and differentiation (Dengler et al. 2008; Mansson et al.
2012). Early deletion of FOXO1 in nascent pro-B cells
leads to a block in B cell development, primarily due to
impaired expression of interleukin 7 receptor o (IL-7Ra).
Inactivating FOXOL1 in late pro-B cells leads to an arrest
at the pre-B cell stage, primarily due to reduced expres-
sion of RAG1 and RAG2 (Dengler et al. 2008). Addi-
tionally, FOXO1 plays a role in specifying B-cell fate
by upregulating the expression of early B-cell factor 1
(EBF1), which, in turn, activates FOXO1 expression
through a positive feedback loop, enhancing and stabiliz-
ing B-cell fate (Mansson et al. 2012).

On the other hand, FOXO3 is necessary for myeloid
cell differentiation (Bakker et al. 2004; Kang et al. 2015).
During erythroid differentiation, there is an increase
in both the expression and nuclear accumulation of
FOXO3. Premature activation of FOXO3 leads to acceler-
ated differentiation of erythroid progenitors into mature
erythrocytes. This process relies on the upregulation of
B cell translocation gene 1 (BTG1) and subsequent acti-
vation of protein arginine methyltransferase 1 (PRMT1)
(Bakker et al. 2004). FOXO3 also plays a critical role in
erythropoiesis by maintaining low levels of reactive oxy-
gen species (ROS), which increase erythrocyte lifespan
and maturation (Marinkovic et al. 2007). While excessive
ROS can be detrimental to cells, a moderate and devel-
opmentally regulated level of ROS can be beneficial. This
has been observed in Drosophila multipotent hematopoi-
etic progenitors, which share functional similarities with
mammalian myeloid progenitors. Activation of FOXO
through high levels of ROS in these progenitors promotes
their differentiation into mature blood cells (Evans et al.
2003; Owusu-Ansah and Banerjee 2009). Taken together,
these findings highlight the intricate and context-
dependent role of FOXOs in the differentiation of stem
cells (Fig. 3).

Conclusions and perspectives

Understanding the mechanisms that govern stem cell fate
is crucial for unraveling the complexities of development,
tissue homeostasis, and regenerative potential. Increasing
evidence supports the essential roles of FOXOs in stem
cell fate decisions (Liang and Ghaffari 2017; Ludikhuize
and Rodriguez Colman 2021; Ro et al. 2013). In the cur-
rent review, we summarize the structure and regulation
of FOXO proteins and their roles in steering the fate of
stem cells. On the one hand, FOXOs play a conserved
role in maintaining stem cells, either by promoting their
self-renewal or maintaining quiescence. Interestingly,
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their strategies for mobilizing stem cells vary in organ-
isms at different evolutionary levels. In lower animals
with abundant pluripotent stem cells, such as cnidar-
ians and acoels, FOXOs promote stem cell self-renewal
constitutively (Boehm et al. 2012; Kimura et al. 2022).
This allows the rapid thriving of stem cells in response
to injury, facilitating the efficient regeneration of whole-
body parts and providing a survival advantage in fluc-
tuating environments. However, in invertebrates with
limited pluripotent ASCs, such as C. elegans, FOXO-
mediated cell renewal has evolved to perform other tasks
related to quiescence maintenance, preventing premature
exhaust (Baugh and Sternberg 2006; Karp and Green-
wald 2013; Lamitina and Strange 2005). In higher spe-
cies like mammals, both mechanisms are present, but
they operate at different developmental stages. FOXO1
upregulates pluripotent genes to maintain hESCs in a
state of self-renewal, ensuring a constant supply of devel-
opmental potential (Zhang et al. 2011b). However, as
ESCs gradually lose their pluripotency during embryonic
development, FOXOs play a role in maintaining a quies-
cent state of ASCs and tightly regulate their activation
(Schaible and Sussman 2013). This quiescent state pre-
serves the stem cell pool and minimizes the risk of deple-
tion or inappropriate cell growth. On the other hand,
FOXOs generally prevent stem cell differentiation to pre-
serve their pool among species. However, as organisms
with greater organizational, behavioral, and life-history
complexity evolved, FOXOs developed a more flexible
role in stem cell differentiation, capable of either promot-
ing or inhibiting cell differentiation in a context-depend-
ent manner (Kim et al. 2015; Ludikhuize and Rodriguez
Colman 2021; Vilchez et al. 2013). While inhibiting stem
cell differentiation is crucial for maintaining the stem cell
pool, promoting it helps replenish the pool of specialized
cells required for tissue homeostasis. This adaptability
likely emerged with the increasing complexity of organ-
isms, leading to tissue-specific adaptations and a shift
towards maintaining tissue homeostasis over a longer
lifespan in higher animals such as mammals. This enables
the regulation of stem cell behavior to ensure proper tis-
sue maintenance and repair. To this end, the functional
divergence of FOXO genes in the regulation of stem cell
behaviors enables organisms to strike a delicate balance
between tissue homeostasis and the long-term preserva-
tion of the stem cell pool (Fig. 4).

Gene duplication is considered to be a crucial fac-
tor in driving functional divergence (Lynch et al. 2006).
The abundance of FOXO isoforms in higher animals
supports the molecular basis for diversifying their func-
tions. Phylogenetic analysis as that conducted by Wang
et al. has shown that vertebrate FOXO genes originated
from successive gene duplications, the first leading to the
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Fig. 3 Context-dependent regulation of FOXOs in stem cell differentiation. FOXO transcription factors play a pivotal role in stem cell differentiation
by orchestrating gene expression and cellular processes. However, their impact on differentiation is nuanced and contingent upon specific
contexts, with the potential for both promotion and inhibition based on their transcriptional targets. Different members of the FOXO family

exhibit distinct roles in stem cell differentiation; for example, FOXO1/3 inhibits neural stem cell (NSC) differentiation into neurons, while FOXO4
promotes neurogenesis of embryonic stem cells (ESCs). FOXO1/4 inhibits myoblast differentiation, whereas FOXO3 promotes the differentiation

of satellite cells. During osteogenic differentiation, FOXOs exert stage-specific functions through interactions with various factors, such as RUNX2
in early progenitors, 3-catenin in osteoblast precursors, and ALP, ATF4, and OCN in mature osteoblasts. Both FOXO1 and FOXO3 are essential

for mesenchymal stem cells (MSCs) to differentiate into chondrocytes. The role of FOXO1 in adipogenic differentiation is influenced by the specific
cell type and cellular context. Furthermore, FOXO1 and FOXO3 are indispensable for the proper development and differentiation of hematopoietic

stem cells (HSCs) into their respective lymphoid or myeloid cell lineages

emergence of FOXO3/6 and FOXO1/4 lineages, followed
by two additional duplications resulting in the four cur-
rent genes (Wang et al. 2009). When a gene is duplicated,
one of the paralogs can evolve and diversify towards a
new functionality, while the other paralog retains its
original function. FOXOs generated by gene duplications
have conserved structural domains across species. Com-
paring human FOXOs with their orthologs in inverte-
brates such as C. elegans and Drosophila, FOXO3 shares
the most amino acid identity (Schmitt-Ney 2020), while
FOXO6 evolved at a faster rate compared to its counter-
parts (Wang et al. 2009). Previous research has reported
that human FOXO3 can partially substitute DAF-16 in
C. elegans, demonstrating the functional compatibility
of FOXOs in different species (Lee et al. 2001). However,
gene knockout studies targeting mammalian FOXOs
have uncovered unique roles for this subfamily in devel-
opment (Castrillon et al. 2003; Hosaka et al. 2004). For
instance, FOXO1 knockout mice experience embry-
onic lethality due to vascular development issues, while

FOXO3 knockout mice survive to adulthood but suffer
from abnormal ovarian follicular development, resulting
in infertility. FOXO4 knockout mice, on the other hand,
fail to reveal any obvious phenotypic abnormalities, indi-
cating the presence of compensatory functions by other
FOXOs. Lastly, FOXO6 deficiency leads to decreased
dendritic spine density in hippocampal neurons and
impaired synaptic function (Salih et al. 2012). The con-
served structures of FOXO proteins while evolving
divergent functions raise intriguing questions. This can
be attributed to their distinct expression patterns, post-
translational modifications, and interacting partners.
First, different FOXO members exhibit unique expres-
sion patterns. For instance, human FOXO genes located
on different chromosomes show autonomous expression
influenced by their chromatin environments, gene pro-
moters, and enhancers (Link 2019). Additionally, they
display distinct tissue distribution patterns. FOXO1 is
mainly found in adipose tissue, while FOXO3 is more
abundant in cardiac and skeletal muscles. FOXO4, on the
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FOXOs promote stem cell self-renewal, enabling rapid regeneration of body parts after injury. This strategy is also observed in mammalian
embryonic stem cells (ESCs). However, FOXOs in adult mammals primarily regulate quiescence in species with limited adult stem cells (ASCs),
preserving the stem cell pool and minimizing depletion or inappropriate cell growth. FOXOs also play a role in stem cell differentiation,

either promoting or inhibiting it as needed for tissue homeostasis. This functional divergence of FOXO genes allows organisms to balance tissue

maintenance and long-term preservation of the stem cell pool

other hand, is mainly expressed in the heart, brain, and
spleen (Furuyama et al. 2000). FOXO6 is dominantly pre-
sent in the developing and adult brain (Jacobs et al. 2003),
aligning with its significant role in memory consolidation
(Salih et al. 2012). These tissue-specific distributions of
FOXO proteins enable them to respond to distinct signal-
ing cues and exert diverse functions.

Second, FOXO activity can be regulated at multiple
levels. FOXOs undergo various PTMs such as phospho-
rylation, acetylation, ubiquitination, methylation, and
GlcNAcylation (Calissi et al. 2021; Hu et al. 2019; Rodri-
guez-Colman et al. 2023). These modifications can either
activate or inhibit FOXO activity, depending on the spe-
cific modification and cellular context. Several miRNAs
have also been described to fine-tune FOXO mRNA
stability (Urbanek and Klotz 2017). RNA modification,
such as m6A methylation, and RNA-binding proteins
also influence FOXO activity at the post-transcriptional
level (Guo et al. 2014; Li et al. 2013; Yu et al. 2014). The
dynamic regulation of FOXO proteins at multiple levels
ensures their precise control over gene expression, ena-
bling them to carry out specific functions in a context-
dependent manner.

Third, FOXOs interact with various co-regulators to
enhance their binding to specific target promoters. For
example, the interaction between CBP/p300 and FOXOs
boosts the transcription of genes related to insulin sign-
aling, such as the IGF-binding protein-1 (Perrot and
Rechler 2005). The interaction of DYRK1 with FOXO1
enhances the transcription of the target gene G6P, which

is involved in gluconeogenesis (von Groote-Bidlingmaier
et al. 2003). On the contrary, SIN3A acts as a corepres-
sor of FOXO1 and inhibits the expression of glucokinase
(Langlet et al. 2017). Notably, FOXOs can also exert tran-
scription-independent functions through their interac-
tion with co-regulators. For instance, cytosolic FOXO1
interacts with ATG?7 to elicit autophagy in response to
stress (Zhao et al. 2010), while FOXO3 recruits p53 to
the cytoplasm, promoting apoptosis (You et al. 2006).
FOXO3 also interacts with ATM, a serine/threonine
kinase, to regulate DNA damage responses by activat-
ing downstream mediators like H2AX (Tsai et al. 2008).
Overall, these interactions of FOXOs with co-regulators
contribute to the diverse functions of FOXOs in a wide
range of cellular functions.

In summary, the exact roles of FOXOs in regulating
stem cell fate are complicated and vary in a context-
dependent manner. Therefore, understanding the pre-
cise mechanisms by which FOXOs regulate stem cell
fate determination holds great promise for therapeutic
applications. It can lead to the development of strategies
to manipulate stem cell fate, optimize protocols for gen-
erating specific cell types, and improve stem cell-based
regenerative therapies. Additionally, FOXOs have been
linked to the control of aging and lifespan (Lin et al. 1997;
Martins et al. 2016; Morris et al. 2015). Additional inves-
tigation into their influences on determining stem cell
fate can shed light on the mechanisms underlying age-
related decline in stem cell function. This understand-
ing could aid in the development of interventions aimed
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at rejuvenating aged stem cells, potentially delaying or
reversing age-related degenerative processes. Further-
more, pharmaceutical targeting FOXO functions may
present new therapeutic approaches for diseases such as
cancer (Calissi et al. 2021; Farhan et al. 2017; Orea-Soufi
et al. 2022). Overall, further exploration of FOXO’s role
in stem cell fate holds great promise for advancing stem
cell biology and its therapeutic uses.
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