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Abstract

Forkhead box O (FOXO) transcription factors are central regulators of cellular homeostasis. 

FOXOs respond to a wide range of external stimuli, including growth factor signaling, oxidative 

stress, genotoxic stress, and nutrient deprivation. These signaling inputs regulate FOXOs through a 

number of posttranslational modifications, including phosphorylation, acetylation, ubiquitination, 

and methylation. Covalent modifications can affect localization, DNA binding, and interactions 

with other cofactors in the cell. FOXOs integrate the various modifications to regulate cell type-

specific gene expression programs that are essential for metabolic homeostasis, redox balance, and 

the stress response. Together, these functions are critical for coordinating a response to 

environmental fluctuations in order to maintain cellular homeostasis during development and to 

support healthy aging.

1. INTRODUCTION: THE FOXO FAMILY

FOXO transcription factors are conserved regulators of cellular homeostasis, the stress 

response, and longevity. To carry out these functions, FOXOs regulate a variety of cellular 

processes, including cell cycle regulation, redox balance, proteostasis, apoptosis, 

metabolism, and repair of DNA damage (Brunet et al., 1999; Dijkers, Medema, Lammers, 

Koenderman, & Coffer, 2000; Kops et al., 2002; Lee, Kennedy, Tolonen, & Ruvkun, 2003; 

Mammucari et al., 2007; Medema, Kops, Bos, & Burgering, 2000; Nemoto & Finkel, 2002; 

Tran et al., 2002). In humans, the FOXO family comprises FOXO1, FOXO3, FOXO4, and 

FOXO6. Drosophila and C. elegans each contain a single FOXO gene, known as dFOXO 

and daf-16, respectively. All FOXO family members contain a forkhead box DNA binding 

domain that is highly conserved across species and nearly identical among mammalian 

FOXOs. FOXOs usually function as transcriptional activators, although repression of 

transcription has been observed in some cases (Ramaswamy, Nakamura, Sansal, Bergeron, 

& Sellers, 2002; Webb et al., 2013). In all species, FOXO activity is tightly regulated at the 

posttranslational level. FOXOs receive inputs from various signaling pathways in the form 

of covalent modifications and protein–protein interactions. Thus, FOXOs are influenced by a 

combination of external stimuli and intrinsic factors, which together direct transcriptional 

responses. In this review, we discuss our current understanding of how FOXOs are regulated, 

with a focus on mammalian systems.
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1.1 FOXO Domain Structure and Posttranslational Modifications

FOXO transcription factors are characterized by a “forkhead” DNA binding domain of 

approximately 110 amino acids that recognizes the consensus sequence TGTTTAC 

(Furuyama, Nakazawa, Nakano, & Mori, 2000; Xuan & Zhang, 2005). In addition to the 

DNA binding domain, FOXOs contain short conserved sequences near their N- and C-

termini, as well as conserved nuclear localization and export sequences (NLS and NES, 

respectively; Fig. 1) (Obsil & Obsilova, 2008). In all FOXO family members the NLS 

overlaps with the C-terminal end of the DNA binding domain and can be modified 

posttranslationally. Intriguingly, outside of these conserved domains, FOXOs contain long 

stretches of putative disordered domains. The intrinsically disordered domains of FOXO 

make up approximately 75% of the total protein and include the predicted transactivation 

domains (Wang, Marshall, & Ikura, 2015). The function of these domains is not fully 

understood, but they are likely to be more flexible regions involved in protein–protein 

interactions and chromatin remodeling, or serve as linkers to facilitate intra- and 

intermolecular interactions.

FOXO transcription factors are extensively posttranslationally modified. Covalent 

modifications to FOXOs include phosphorylation, acetylation, methylation, and 

ubiquitination (Fig. 1). These modifications activate or inhibit FOXO activity by affecting 

localization, stability, DNA binding, or protein–protein interactions. For example, 

phosphorylation of FOXO transcription factors has been observed at multiple sites 

throughout the protein, and a number of kinases have been implicated in their regulation. 

The first evidence of direct regulation by a protein kinase was phosphorylation at three sites 

by the serine/threonine kinase AKT (also known as PKB) (Brunet et al., 1999; Kops et al., 

1999). Additional kinases including SGK, AMPK, JNK, ERK, and MST1 have been 

observed to modify FOXOs (Asada et al., 2007; Brunet et al., 2001; Essers et al., 2004; 

Greer et al., 2007; Lehtinen et al., 2006). Activity of these kinases can inhibit (e.g., AKT, 

SGK) or augment (e.g., JNK, MST1) FOXO transcriptional activity. FOXOs also contain a 

number of lysine residues that are targeted by protein acetyltransferases, deacetylases, 

ubiquitin ligases, and methyltransferases (Brunet et al., 2004; Calnan et al., 2012; Fukuoka 

et al., 2003; Motta et al., 2004; Yamagata et al., 2008). Intriguingly, a number of these lysine 

modifications occur in and around the DNA binding domain and nuclear localization 

sequence. Covalent modification at these sites alters the activity of FOXOs through the 

regulation of DNA binding, protein stability, and protein–protein interactions. Mono- and 

polyubiquitination of FOXO factors have been observed and linked to transcriptional activity 

and stability, respectively (van der Horst et al., 2006; Yang et al., 2008).

The large number of modifications to the FOXO family has led to a proposed “FOXO 

Code,” whereby modifications act singly or in combination to selectively recruit protein 

partners to direct specific programs of gene expression (Calnan & Brunet, 2008). Indeed, 

cell type-specific gene expression networks have been identified at the chromatin level, 

which are likely to be influenced by particular extrinsic cues and lineage-specific cofactors 

(Webb, Kundaje, & Brunet, 2016). Here, we discuss the upstream regulatory inputs that 

influence FOXO activity in various cell types to ensure appropriate downstream responses.
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2. REGULATION BY INSULIN/IGF SIGNALING AND OTHER GROWTH 

FACTORS

The insulin/insulin-like growth factor (IGF) signaling pathway functions in an evolutionarily 

conserved manner to regulate FOXO activity (Brunet et al., 1999; Lin, Dorman, Rodan, & 

Kenyon, 1997; Ogg et al., 1997). Insulin and IGF proteins regulate a variety of processes 

across tissues, including metabolism, growth, cognition, and proteostasis. Insulin, IGF, and 

several other growth factors (e.g., EGF, NGF, PDGF) activate a common downstream 

signaling pathway, which includes activation of AKT and MAPK. This signaling pathway is 

conserved from worms to humans and is a major regulatory input for FOXOs.

2.1 Inhibition by AKT and Other Kinases

Insulin and IGF receptors function as membrane-bound receptors with intracellular tyrosine 

kinase domains (Siddle, 2011). Once stimulated, the receptors autophosphorylate and recruit 

the intracellular insulin receptor substrate proteins (IRS; IRS1–3 in mammals). IRS proteins 

function as adapters that organize downstream signaling events, in particular through 

recruitment of phosphoinositol-3-kinase (PI3K) (Shaw, 2011). PI3K is a lipid kinase that 

generates phosphatidylinositol triphosphate (PIP3) and subsequent activation of 

phosphoinositide protein kinase (PDK) and AKT (Fig. 2). The protein kinase AKT is a key 

direct regulator of FOXO activity. Mammals have three AKT genes, named AKT1, 2, and 3, 

which have tissue-specific functions (Gonzalez & McGraw, 2009). Full activation of AKT 

involves phosphorylation by PDK-1 and mTORC2 at Thr308 and Ser473, respectively 

(Alessi et al., 1996; Sarbassov, Guertin, Ali, & Sabatini, 2005). Once activated, AKT 

directly phosphorylates FOXOs 1, 3, and 4 at three sites, resulting in sequestration in the 

cytoplasm (Brunet et al., 1999; Kops et al., 1999). The same sites that are targeted by AKT 

can also be phosphorylated by serum and glucocorticoid-induced kinase (SGK) (Brunet et 

al., 2001). The first two phosphosites are binding sites for the 14–3-3 proteins, which are 

localized to both the cytoplasm and the nucleus (Brunet et al., 1999; Obsil, Ghirlando, 

Anderson, Hickman, & Dyda, 2003). 14–3-3 binding in the cytoplasm prevents the 

cytoplasmic pool of FOXO from entering the nucleus, whereas 14–3-3-FOXO interaction in 

the nucleus is thought to expose the nuclear export sequence and increase transport back to 

the cytoplasm (Brunet et al., 2002; Obsilova et al., 2005). Once they have been shuttled to 

the cytoplasm, FOXOs can be degraded by the proteasome. The multisubunit E3 ligase 

SKP1-CUL-F-box (SCF) has been shown to recognize phosphorylated Ser256 on FOXO1 

and polyubiquitinate the N-terminal half of the protein, tagging it for proteasomal 

degradation (Huang et al., 2005).

14–3-3-independent regulation of FOXO localization has been observed in the case of 

FOXO1 (Rena, Prescott, Guo, Cohen, & Unterman, 2001). Although the precise mechanism 

has not been defined in all cases, additional protein kinases can potentiate the nuclear export 

of FOXOs. For example, cyclin-dependent kinase 2 (CDK2) phosphorylates FOXO1 at 

Ser249, which resides in the NLS (Huang, Regan, Lou, Chen, & Tindall, 2006). Casein 

kinase 1 (CK1) recognizes FOXO1 phosphorylated by AKT at Ser319, and subsequently 

phosphorylates Ser322 and Ser325 (Rena, Bain, Elliott, & Cohen, 2004; Rena et al., 2002). 

Modification of these sites enhances binding to the Ran-dependent export machinery, 
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thereby reducing nuclear FOXO levels by accelerating nuclear export. Thus, tight regulation 

of the nuclear levels of FOXO proteins involves multiple mechanisms and phosphorylation 

events in addition to interaction with 14–3-3 proteins (Zhao et al., 2004).

AKT also phosphorylates and inhibits the transcriptional activity of FOXO6. However, 

FOXO6 stands apart from the other mammalian FOXOs because it is only phosphorylated 

by AKT at two sites, Thr26 and Ser184, and it does not appear to shuttle between the 

nucleus and the cytoplasm and instead is constitutively nuclear (van der Heide, Jacobs, 

Burbach, Hoekman, & Smidt, 2005).

2.2 Regulation by Phosphatases

Phosphatases function both upstream of FOXOs and directly on the FOXOs themselves to 

attenuate and fine-tune regulation by insulin/IGF signaling. The phosphatase and tensin 

homolog (PTEN) is a lipid/protein phosphatase that inhibits PI3 kinase signaling by 

dephosphorylating PIP3 to PI(4,5)P2 (Maehama & Dixon, 1998). PIP3 is critical for AKT 

activation; therefore, high PTEN activity reduces the active pool of AKT and increases 

FOXO activity. Genetic evidence supports an important role for PTEN upstream of FOXOs 

since genetic ablation of the PTEN and FOXO factors results in similar phenotypes in the 

mouse. For example, PTEN deficiency causes increased neural progenitor proliferation in 

vitro and larger brain size in vivo, similar to FOXO-deficient mice (Amiri et al., 2012; 

Groszer et al., 2006; Paik et al., 2009; Renault et al., 2009). Similarly, ablation of either 

PTEN or FOXOs in hematopoietic stem cells causes enhanced cell cycle entry and eventual 

exhaustion of the stem cell pool (Miyamoto et al., 2007; Tothova et al., 2007; Yilmaz et al., 

2006; Zhang et al., 2006). PTEN is a tumor suppressor commonly mutated in cancers, 

including prostate, brain, and breast cancer (Hollander, Blumenthal, & Dennis, 2011). 

PTEN-negative prostate and renal carcinoma cells have elevated cytoplasmic FOXOs 

(Modur, Nagarajan, Evers, & Milbrandt, 2002; Nakamura et al., 2000), and expression of 

constitutively active FOXO in these cells can decrease tumorigenesis (Ramaswamy et al., 

2002). However, the degree of FOXO dysregulation in most PTEN-associated cancers is not 

known, and the extent to which reduced FOXO activity in the absence of PTEN contributes 

to tumorigenicity will be an important question in the future. Nevertheless, PTEN is a 

critical upstream activator of FOXO transcription factors in healthy mammalian cells, and 

reduced FOXO activity in PTEN-negative tumors enhances tumorigenesis.

In addition to regulation by PTEN, FOXOs are regulated both directly and indirectly by 

protein phosphatase 2A (PP2A). Direct interactions between both FOXO1 and FOXO3 and 

PP2A have been observed, and pharmacological inhibition or ablation of PP2A enhances 

phosphorylation at the AKT phosphosites on FOXO1 (Yan et al., 2008). Dephosphorylation 

of the AKT phosphosites T32 and S253 by PP2A releases FOXOs from 14–3-3 binding and 

increases nuclear entry (Singh et al., 2010). The model that has emerged from these 

observations is one in which inhibition by AKT or SGK is tightly regulated in mammalian 

cells, whereas dephosphorylation by PP2A is constitutive and nonspecific. Under this model, 

the kinases are the important inhibitory nodes, and in their absence FOXOs are 

dephosphorylated and activated by default. However, upstream of FOXOs, AKT is targeted 

by specific PP2A regulatory subunits. In C. elegans, a key regulatory subunit of the PP2A 
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holoenzyme, B56β/pptr-1, is actively regulated to balance FOXO stability with degradation 

(Padmanabhan et al., 2009). The B56β subunit specifically targets PP2A to dephosphorylate 

AKT-1, but not AKT-2 or AKT-3. Modulation of B56β/pptr-1 activity in the worm 

influences FOXO/DAF-16 localization and affects FOXO/ DAF-16-regulated phenotypes. 

Similarly, the Drosophila ortholog of B56β/pptr-1, widerborst, was identified as a regulator 

of the AKT–FOXO pathway in flies (Vereshchagina, Ramel, Bitoun, & Wilson, 2008). To 

what extent particular phosphatases target specific AKTs or FOXOs in mammalian cells 

remains largely unknown. Knockdown of B56β, but not the related factor B56α, in cultured 

adipocyte cell lines resulted in increased AKT-1 phosphorylation, suggesting that this 

interaction is conserved from worms to humans (Padmanabhan et al., 2009). However, 

whether this alters FOXO activity is not known. The B55α PP2A regulatory subunit has also 

been found to specifically target AKT (Kuo et al., 2008), but factors specific for FOXOs 

remain unknown. Thus, future studies will be required to dissect the context-specific 

regulation of FOXO activity by additional phosphatases.

3. NUTRIENT SIGNALING AND METABOLIC STRESS

FOXOs are activated by upstream signals under conditions of low nutrient availability or 

starvation. For example, in the liver, low nutrient status and thus low levels of insulin 

signaling activate FOXOs to restore glucose levels via glycogenolysis and gluconeogenesis. 

In this context, FOXOs regulate a number of target genes involved in energy metabolism, 

including the gluconeogenic enzymes glucose-6-phosphatase (G6Pase), 

phosphoenolpyruvate carboxykinase (Pepck), and (PGC1a) (Altomonte et al., 2003; 

Matsumoto, Pocai, Rossetti, Depinho, & Accili, 2007; Puigserver et al., 2003). FOXOs also 

maintain metabolic balance through regulation of autophagy genes, including Atg5, Atg12, 

and Becn1 (Webb & Brunet, 2014). Restoration of metabolic balance in response to 

starvation or limited nutrients is also a key function of FOXOs in beta cells of the pancreas 

and skeletal muscle. In addition to regulation by insulin/IGF/AKT signaling, FOXOs are 

also regulated by AMP-activated protein kinase (AMPK), a central intracellular regulator of 

energy homeostasis.

3.1 Regulation by AMPK

AMPK is an energy-sensing kinase that is activated in response to high AMP/ATP ratios as a 

result of ATP depletion (Hardie & Carling, 1997). AMPK functions as a trimeric complex 

that is allosterically activated by AMP binding. When cellular ATP levels are low, AMP-

bound AMPK is directly phosphorylated at Thr172 by either LKB1 or CAMKK2 (Hawley et 

al., 2005; Shaw et al., 2004; Woods et al., 2005). Phospho-AMPK phosphorylates a number 

of enzymes and transcriptional regulators involved in metabolic regulation, including lipid 

metabolism, protein synthesis, and glucose uptake, in order to replenish the ATP supply. 

AMPK directly phosphorylates FOXO3 at six serine/threonine residues that are distinct from 

the AKT phosphosites (Thr179, Ser399, Ser413, Ser555, Ser588, and Ser626) (Greer et al., 

2007). Unlike regulation by other kinases (e.g., AKT, SGK, MST1), modification by AMPK 

does not appear to alter the localization of FOXO3. Thus, the role of AMPK in the 

regulation of FOXOs may primarily be to promote interaction between cofactors and 

FOXO3 to affect specific target genes. Consistent with this notion, mutation of the six 
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AMPK phosphorylation sites disrupted expression of novel targets involved in energy 

homoeostasis, including acetyl-CoA thioesterase (Acot12), ferroportin (Slc40a1), and the 

mitochondrial proton carrier uncoupling protein 2 (Ucp2). Alternatively, activation by 

AMPK may increase the overall efficiency of FOXO-mediated transcriptional activation. 

Indeed, AMPK phosphorylation of FOXO3 has been observed to enhance binding to CBP/

p300 and transactivation in luciferase assays (Wang et al., 2012).

Some, but not all, of the AMPK sites are found in other mammalian and nonmammalian 

FOXO family members. Regulation of FOXOs by AMPK has been detected in C. elegans, 

and this pathway regulates life span extension in response to dietary restriction in worms 

(Greer et al., 2007). Thus, the AMPK–FOXO regulatory axis is conserved from worms to 

mammals.

Fasting conditions can activate Class IIa histone deacetylases (HDACs) to deacetylate and 

activate FOXOs in the liver. Specifically, in response to food deprivation, HDAC3 binds to 

target genes involved in gluconeogenesis and deacetylates FOXOs to stimulate FOXO-

mediated gene activation (Mihaylova et al., 2011). This cellular context involves dual 

regulation by both phosphorylation and acetylation: low insulin levels drive FOXOs into the 

nucleus, which are then further activated by deacetylation by HDACs. Activation of G6pc 
and Pck1 (PEPCK) restores glucose homeostasis under these conditions, and the activation 

of FOXOs is reversed upon refeeding. In summary, FOXOs are critical for maintaining 

metabolic balance in conditions of nutrient deprivation. FOXOs integrate signals from 

insulin/IGF signaling, AMPK, HDACs, and possibly other inputs to respond to changing 

nutrient availability.

4. OXIDATIVE AND GENOTOXIC STRESS STIMULI

Regulation of the stress response is a key function of FOXO transcription factors. This 

important function was first observed in C. elegans where long-lived daf-2 mutants display 

resistance to oxidative stress (paraquat), a phenotype which is dependent on FOXO/DAF-16 

(Honda & Honda, 1999). FOXOs are able to respond to stress signals independent of growth 

factor signaling since stress can induce nuclear entry in high growth factor conditions 

(Brunet et al., 2004; Frescas, Valenti, & Accili, 2005). Once they have been activated, 

FOXOs activate a number of downstream target genes encoding antioxidant enzymes that 

regulate redox homeostasis, including catalase, sestrins, and superoxide dismutase (SOD) 

(Klotz et al., 2015).

4.1 Regulation by the MAPK Family

Activation of FOXOs in response to stress is mediated in part by Jun-N-terminal kinase 

(JNK). JNK is activated by different cellular stresses, including UV irradiation and oxidative 

stress. In the presence of low-level oxidative stress JNK directly phosphorylates and 

activates FOXO4 at Thr447 and Thr451 (Fig. 2) (Essers et al., 2004). Modification of these 

sites disrupts the interaction with 14–3-3 proteins, allowing FOXO nuclear entry. JNK also 

directly phosphorylates 14–3-3, perturbing the interaction with FOXO and releasing it into 

the nucleus. Intriguingly, this regulatory axis is conserved across species and impacts life 

span in model organisms. JNK activation enhances dFOXO nuclear entry and extends life 
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span in a FOXO-dependent manner in Drosophila (Wang, Bohmann, & Jasper, 2005). 

However, it remains unclear if FOXO is directly phosphorylated by JNK in this context, 

particularly because JNK has been found to phosphorylate other proteins in the insulin/IGF 

pathway, including IRS-1 (Hirosumi et al., 2002). Evidence from C. elegans suggests that 

JNK directly phosphorylates FOXO/DAF-16 and, similar to Drosophila, overexpression of 

JNK in worms extends life span in a FOXO/DAF-16-dependent manner (Oh et al., 2005). 

Together, these lines of evidence indicate that JNK can activate FOXOs via direct and 

indirect mechanisms. In Drosophila, activation of the JNK– FOXO axis culminates in 

expression of a program of genes that function in protection against oxidative stress (Wang, 

Bohmann, & Jasper, 2003). Similar targets are likely to reside downstream of JNK-

stimulated FOXO in mammalian cells, but they have yet to be identified. In addition to JNK, 

p38 MAPK activates FOXO3 in response to genotoxic and environmental stress. p38 

phosphorylates FOXO3 at Ser294 and Ser425, which are JNK target sites, as well as at a site 

distinct from JNK (Ser7) (Ho et al., 2012). Whether activation by p38 induces a response 

that completely overlaps with the JNK-induced response or is distinct from JNK-mediated 

stimulation remains unknown. However, mutation of Ser7 to Ala was sufficient to impair 

nuclear localization in response to genotoxic stress (doxorubicin treatment), suggesting that 

phosphorylation by p38 is a key input for full activation of FOXO in this context.

In contrast to the stimulation by JNK and p38, the MAPK family member ERK is a potent 

inhibitor of FOXO activity. In tumor cells, stimulation with growth factors activates ERK, 

which directly phosphorylates FOXO3 at three sites: Ser294, Ser344, and Ser425 (Asada et 

al., 2007; Yang et al., 2008). Phosphorylation at these sites promotes cytoplasmic retention, 

ubiquitination by the E3-ligase MDM2, and subsequent degradation by the proteasome. 

Mutation of the three ERK target sites causes resistance to MDM2-mediated degradation 

and can block tumor growth (Yang et al., 2008). This finding suggests parallel regulation of 

FOXOs downstream of growth factor signaling since the same stimuli simultaneously inhibit 

PI3K/AKT signaling and ERK activity.

4.2 Activation by Ste20-Like Kinase MST1

In addition to the MAPK family, the Ste20-like kinase (MST1) has been shown to 

phosphorylate and activate FOXOs in response to oxidative stress (Lehtinen et al., 2006; 

Yuan et al., 2009). MST1-mediated activation of FOXOs was first discovered in primary 

neurons, where treatment with hydrogen peroxide induced phosphorylation of FOXOs, 

followed by FOXO-dependent apoptosis. Similar to other activating modifications, the 

MST1 phosphosite was found to be within the forkhead domain (Ser212 and Ser207 in 

FOXO1 and FOXO3, respectively), and phosphorylation at this site disrupted 14–3-3 

binding. This regulatory axis has been observed in other mammalian cell types and is 

evolutionarily conserved in C. elegans (Lehtinen et al., 2006). For example, Mst1—/— T 

cells are highly sensitive to oxidative stress, which correlates with reduced FOXO1 and 

FOXO3 stability and activity (Choi et al., 2009; Du et al., 2014). However, in contrast to 

what has been observed in neurons, MST1 does not regulate FOXO1 or FOXO3 localization 

in Treg cells. The MST1–FOXO interaction may have implications for FOXO’s tumor 

suppressor activity since treatment of lymphoma cell lines with the anticancer drug α-

tocopheryl succinate, which causes accumulation of ROS, also induced apoptosis via the 
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MST1–FOXO1 axis (Valis et al., 2011). The downstream effects of activation of the MST1–

FOXO pathway are not fully understood, but appear to be cell type and species specific. In 

neurons, FOXO3 induces cell death in response to activation of MST1, and the proapoptotic 

gene BIM was identified as the key factor mediating this response (Lehtinen et al., 2006). In 

contrast, FOXOs have been proposed to activate ROS-detoxifying genes (e.g., MnSOD and 

catalase) and cell survival (e.g., Il7r) in naïve T cells (Choi et al., 2009). Activation of 

FOXOs by MST1 in Treg cells occurs during normal development, independent of 

exogenously induced stress (Du et al., 2014). In this situation, FOXOs are critical for 

regulating expression of Foxp3, which functions as a master regulator of Treg identity. 

Moreover, overexpression of the worm MST1 (cst-1) can extend life span in nematodes in a 

FOXO/DAF-16-dependent manner. Thus, the cellular and organismal context of FOXO 

activation is likely to direct the appropriate downstream response in each case.

The extent to which activation of FOXOs in this context differs from activation by JNK has 

not been determined. It is possible that JNK and MST1 function as redundant activators of 

the same gene programs that mediate the stress response. Alternatively, modification by each 

kinase may provide a binding site for particular binding partners that guide activation of 

specific gene networks. Additional work will be required to determine the precise 

downstream readouts of FOXO in each case and the extent to which they function as 

separate and overlapping networks.

4.3 Ubiquitination/Deubiquitination in Response to Stress

Monoubiquitination has also been observed to regulate FOXO activity in response to 

oxidative stress (peroxide treatment) (van der Horst et al., 2006). In this context, MDM2 has 

been observed to monoubiquitinate FOXO4 and increase its nuclear localization and 

transcriptional activity (Brenkman, de Keizer, van den Broek, Jochemsen, & Burgering, 

2008). The deubiquitinating enzyme herpes virus-associated ubiquitin-specific protease 

(USP7) binds monoubiquitinated FOXO4 to attenuate the response, suggesting that, in this 

context, MDM2 alters the localization but not the stability of FOXOs. Interestingly, the 

authors observe that low levels of MDM2 potentiate FOXO4 activity, whereas high levels of 

MDM2 overexpression have a repressive effect. This result contrasts the observation that 

MDM2 induces FOXO degradation upon growth factor stimulation (Yang et al., 2008), and 

suggests that the effects of ubiquitination are context specific, depending either on the levels 

and/or nature of the stimulus.

4.4 Acetylation and Deacetylation Modulates FOXO Activity

Early studies from C. elegans identified an interaction between the nicotinamide adenine 

dinucleotide (NAD)-dependent histone deacetylase Sir2 and DAF-16/FOXO. Studies in 

mammalian cells confirmed that FOXOs are acetylated by p300 and CBP (CREB binding 

protein) in response to oxidative stress. The same conditions induce a physical association 

between various FOXO family members and the mammalian ortholog of Sir2, SIRT1. 

Knockout of SIRT1 enhances FOXO acetylation in fibroblasts and embryonic stem cells. 

SIRT1 is only present in the nucleus, and only associates with and deacetylates nuclear 

FOXOs in the presence of oxidative stress. Acetylation of FOXOs has been observed to both 

increase and decrease its transcriptional activity, depending on the target.

Brown and Webb Page 8

Curr Top Dev Biol. Author manuscript; available in PMC 2019 February 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Motta et al. reported that acetylation of FOXO3 by p300 (E1A binding protein 300) 

enhanced transcriptional activity, and the effect could be reversed by the SIRT1 deacetylase 

(Motta et al., 2004). The authors extended their findings to other FOXOs and found that 

FOXOs 1 and 4 could also be deacetylated and inhibited by SIRT1. Moreover, knockout of 

SIRT1 correlated with increased transcription of two previously identified FOXO targets, 

Pepck (phosphoenolpyruvate carboxylase) and Igfpb1 (insulin-like growth factor binding 

protein 1). In contrast, others have observed that acetylation of FOXOs by CBP (CREB 

binding protein) inhibits transcriptional activity in the context of oxidative stress, and SIRT1 

can relieve this inhibition (Daitoku et al., 2004; Fukuoka et al., 2003; van der Horst et al., 

2004). In this case, overexpression of SIRT1 promoted FOXO-mediated cell cycle arrest and 

induction of p27/Cdkn1b and MnSOD. Brunet et al. observed that the effect of SIRT1–

FOXO3 association was target dependent: SIRT1 enhanced induction of p27/CDKN1B and 

GADD45, but inhibited BIM activation (Brunet et al., 2004). This observation suggests that 

the acetyltransferases and deacetylases targeting FOXOs are modulators of FOXO activity, 

instead of simple on/off switches such as kinases (e.g., AKT and MAPK). Subsequent 

studies investigating the nature of the FOXO–acetyltransferase interaction supports this 

notion. Interestingly, the FOXO4–CBP interaction was found to be stabilized by the 

formation of a cysteine disulfide bridge that forms under conditions of high oxidative stress. 

In this case, the cysteine residues were observed to mediate the inhibition of FOXO4-

induced cell cycle exit by p300, while promoting FOXO4-induced apoptosis (Dansen et al., 

2009). Altogether, these findings suggest that acetylation of FOXOs has dual effects on 

modulating the response to oxidative stress: acetylation enhances apoptosis while reducing 

stress resistance. The precise mechanism by which acetylation tips the balance toward 

apoptosis is unknown, but the location of the acetylation sites, which primarily reside in the 

DNA binding domain, suggests that acetylation may affect binding specificity at different 

targets. Studies have demonstrated that acetylation of FOXOs can disrupt their ability to 

bind DNA (Brent, Anand, & Marmorstein, 2008; Matsuzaki et al., 2005; Tsai et al., 2007), 

but how this modification might alter target selection remains unclear. It must also be 

considered that histone acetylation and deacetylation, which activate and repress 

transcription, respectively, are performed by the same set of enzymes. Thus, it remains a 

challenge to unravel transcriptional effects due to alterations in histone acetylation vs FOXO 

activity in some experiments. Nevertheless, acetylation is a key covalent modification in the 

regulation of FOXO activity in mammalian systems.

4.5 Regulation by Cyclin-Dependent Kinases Under Genotoxic Stress

FOXOs function in the response to genotoxic stress, by integrating with the repair 

machinery and activating DNA damage response genes (Tran et al., 2002; Tsai, Chung, 

Takahashi, Xu, & Hu, 2008). CDK2 can directly phosphorylate FOXO1 in response to DNA 

damage. CDK2 plays an important role in the G1/S DNA damage checkpoint. CDK2 

normally complexes with cyclin E to promote the G1/S transition. Under genotoxic stress, 

p21/CDKN1A inhibits CDK2, thereby inducing cell cycle arrest and preventing replication 

of damaged DNA (Satyanarayana & Kaldis, 2009). Huang et al. observed that CDK2 

phosphorylates FOXO1 on Ser249, causing nuclear export and inhibition of FOXO1. DNA 

damage induced by a topoisomerase I inhibitor (camptothecin) inhibited CDK2 

phosphorylation of FOXO1 and resulted in FOXO-induced apoptosis (Huang et al., 2006). 
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CDK1, which regulates entry into mitosis, has been observed to phosphorylate the same site 

on FOXO1 (Ser249) in neurons. In this case, phosphorylation was observed to induce 

nuclear localization and activate FOXO1 by disrupting FOXO1–14-3–3 binding. CDK1 can 

induce apoptosis in neurons, and does so through the activation of FOXO1 in this context 

(Yuan et al., 2008). How phosphorylation at the same site can inhibit FOXO activity in one 

context (DNA damage/CDK2 activation) and enhance activity in another (postmitotic 

neurons/CDK1 activation) remains unclear. It is unlikely to be a difference between 

proliferating and terminally differentiated cells since Yuan et al. also observed activation of 

FOXO1 by CDK1 in dividing cells. An interesting possibility is that the same phosphosite is 

recognized by different cellular machinery in different phases of the cell cycle, resulting in 

differential regulation of FOXO1. Future work will be necessary to define the precise 

mechanism underlying this difference.

5. REGULATION OF FOXOS IN CANCER AND THE IMMUNE RESPONSE

FOXOs have emerged as critical regulators of the immune response. FOXOs generally 

function to restrain the immune response and inhibit tumor growth through the activation of 

genes that inhibit the cell cycle (e.g., Cdkn1b/p27), induce apoptosis (e.g., Bim), and limit 

proinflammatory cytokine production (e.g., TNFα). Mitogenic signals alter FOXO activity 

through both AKT-dependent and -independent signaling pathways, which we review below.

5.1 AKT-Independent Regulation of FOXO Localization by IkB Kinase in Tumors

In the tumor setting, regulation of FOXO activity can be entirely independent of AKT 

activity. In this context FOXOs can instead be inhibited by the IkB kinase/NK-kB signaling 

pathway. IkB kinase (IKK) is a trimeric complex that is activated by proinflammatory 

cytokines and viral infections. Once activated, IKK phosphorylates IkB proteins and targets 

them for degradation. IkB proteins bind and inhibit the NF-kB family of transcriptional 

regulators. Thus, high levels of cytokines and IKK signaling induce an NF-kB-mediated 

transcriptional program, promoting cell survival and the immune response (Luo, Kamata, & 

Karin, 2005). Hu et al. observed that some breast cancer tumors that are negative for 

activated (phosphorylated) AKT can have high levels of cytoplasmic FOXO protein, 

indicating an AKT-independent inhibition of FOXO activity in tumors (Hu et al., 2004). In 

such tumors, the authors found elevated IKK activity, indicating reciprocal activation states 

for FOXOs and IKK signaling. Interestingly, tumors with high nuclear FOXO levels and low 

IKK corresponded to improved survival rates. The authors went on to explore the 

mechanism underlying this correlation and discovered that the kinase subunits of IKK, 

IKKα, and IKKβ could inhibit the transcriptional activity of FOXO3 and induce export to 

the cytoplasm for degradation by the proteasome. The attenuation of FOXO3 activity was 

also observed using a version of FOXO3 with mutated AKT phosphosites, suggesting that 

inhibition by IKK signaling is independent of AKT. IKK was found to directly bind FOXO3 

and phosphorylate it at Ser644, which is not present on FOXO1 or FOXO4, and direct 

regulation of these FOXOs by IKK has not been reported.

Regulation of FOXO3 by IKK has been observed in the context of leukemic cells as well. 

Similar to the observations in breast cancer cells, inhibition of IKK activity in acute myeloid 
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leukemia blast cells induced FOXO3-mediated cell cycle arrest and apoptosis (Chapuis et 

al., 2010). Notably, AKT can also phosphorylate and stimulate IKK directly (Dan et al., 

2008). Thus, regulation of FOXO3 by IKK can be independent of AKT in the case of 

activation by cytokines (TNF-α), but it may also work through AKT-induced IKK activity.

5.2 Regulation by T Cell Receptors, B Cell Receptors, and Cytokine Signaling

FOXO transcription factors play an important role in maintenance of the immune system, 

autoimmunity, and in the response to pathogens. Immune cell-specific ablation of FOXOs 

causes immune dysfunction phenotypes, depending on the particular FOXO and cell type 

that is targeted. For example, knockout of FOXO3 in mouse T cells causes hyperactivation 

of T cells and inflammatory disease.

T cells are stimulated in response to contact with antigen-presenting cells (APCs) and 

exposure to IL-2. IL-2 binds a trimeric cell surface receptor (IL-2R) and promotes T cell 

survival and expansion by activating the PI3K–AKT pathway (Minami, Kono, Miyazaki, & 

Taniguchi, 1993). Similar to the effect downstream of insulin/IGF signaling, signaling 

through AKT in this context inhibits FOXO activity (Stahl et al., 2002). Likewise, T cell 

receptor (TCR/CD28) stimulation through APC contact activates the PI3K–AKT pathway, 

which in turn drives T cell proliferation required for the immune response. Antigen-induced 

activation of PI3K in T cells inhibits FOXO1 activity through AKT-mediated 

phosphorylation and nuclear exclusion (Fabre et al., 2005). Moreover, introduction of a 

mutant form of FOXO1 that cannot be phosphorylated by AKT was constitutively nuclear 

and inhibited T cell proliferation even in the presence of APC contact. In the context of T 

cell stimulation, the Vav family of guanine exchange factors (GEFs) are activated by TCR/

CD28 stimulation and regulate PI3K/ AKT activity upstream of FOXO1 (Charvet et al., 

2006).

Cytokine withdrawal can also induce FOXO activation in primary B cells. Similar to T cells, 

cytokines stimulate PI3K/AKT to promote B cell survival, and cytokine deprivation induces 

FOXO-mediated apoptosis via activation of Bim and loss of mitochondrial integrity (Dijkers 

et al., 2002). In addition to inducing B cell death, FOXO1 has also emerged as a critical 

regulator of B cell development through the regulation of a target network that guides 

differentiation and homeostasis in the periphery (Szydlowski, Jablonska, & Juszczynski, 

2014). In this context, FOXO1 and FOXO3 regulate B cell specialization through the 

regulation of Rag1 and Rag2 transcription, which induce genomic editing of the B cell 

receptor. Thus, in immature B cells PI3K/AKT signaling inhibits FOXO activity. Signaling 

through the B cell receptor involving the SLP-65 adapter protein inhibits PI3K/AKT, thereby 

stabilizing FOXOs and inducing genomic rearrangements that drive B cell maturation (Amin 

& Schlissel, 2008; Herzog et al., 2008).

In summary, FOXOs are important regulators of immune function and are under tight 

regulation by PI3K/AKT in T cells, B cells, and other immune cell types. This signaling 

network functions downstream of a variety of stimuli, including cytokines and antigen 

presentation through T cell and B cell receptors. FOXOs in turn regulate apoptosis, 

differentiation, cell cycle exit, and maturation to promote healthy immune system function 

and development.
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6. OTHER INPUTS

6.1 Regulation by Methyltransferases

Methylation of FOXO1 and FOXO3 has been reported to alter their stability. Two arginine 

residues on FOXO1 (Arg248 and 250) can be methylated by protein arginine 

methyltransferase 1 (PRMT1). Methylation at these sites reduced phosphorylation by AKT 

at Ser253, thereby promoting FOXO1 nuclear entry and reducing degradation by the 

proteasome (Yamagata et al., 2008). Similarly, the Set9 methyltransferase can methylate 

Lys271 on FOXO3 to alter stability and transcriptional activity (Calnan et al., 2012). 

Similarly, Lys270 on FOXO3 was found to be methylated by Set9 in a different cell type 

(neurons) in response to oxidative stress (Xie et al., 2012). Interestingly, the Lys271 is a 

conserved residue among the FOXO family, and was previously identified as an acetylation 

site that is targeted by the SIRT1 deacetylase (Brunet et al., 2004). Although the precise 

interplay between these modifications has yet to be determined, these findings suggest that 

competition between different modifications may help balance the response to stress. 

Alternatively, the same residues may be modified differently in different cell types used to 

modulate FOXO activity.

6.2 Regulation of Feeding Behavior by DYRK1A

Dual-specificity tyrosine-phosphorylated and regulated kinase 1A (DYRK1A) is a nuclear-

localized protein kinase that functions in the nervous system (Smith et al., 1997). Woods et 

al. demonstrated that DYRK1A binds and phosphorylates FOXO1 on Ser329, a site that is 

conserved in FOXO3, FOXO4, and DAF-16 (Woods et al., 2001). Phosphorylation by 

DYRK1 reduces the nuclear pool of FOXO1 and inhibits its transcriptional activity. 

Regulation of FOXOs by DYRK1 appears to be independent of insulin/IGF signaling, at 

least in 293T cells, because stimulation of the PI3K/AKT pathway did not affect 

phosphorylation at Ser329. More recent work in flies and mice established an in vivo 

function for FOXO regulation by DYRK1. In Drosophila, Dyrk1a can activate Sirt1, which 

in turn deacetylates and activates dFOXO to regulate food intake. This circuitry appears to 

be intact in the mouse hypothalamus since Dyrk1 transgenic mice displayed decreased 

FOXO acetylation and increased NPY transcription (Hong et al., 2012). Importantly, the 

initial study identifying a DYRK1–FOXO1 interaction reported direct phosphorylation and 

inhibition of FOXO1, whereas the more recent study reported that DYRK1 increases 

FOXO1 transcriptional indirectly through the activation of SIRT1. The reason for this 

difference is not clear, but it suggests that neurons regulating food intake may have 

specialized signaling networks to regulate FOXO activity to control neuropeptide expression 

and feeding behavior.

6.3 Modification of FOXOs by Additional Protein Kinases

A number of additional protein kinases have been reported to phosphorylate FOXO 

transcription factors and modulate their activity, including nemo-like kinase (NLK), 

glycogen synthase kinase 3 (GSK3), PERK, and protein kinase A (PKA) (Huo et al., 2014; 

Kim, Kim, Lee, & Chung, 2010; Zhang et al., 2013). Interestingly, PKA can phosphorylate 

FOXO1 at the three AKT target sites (Thr24, Ser256, and Ser319) and inhibit its 

transcriptional activity in endothelial cells (Lee, Chen, Pullikotil, & Quon, 2011). The PKA 
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consensus site is nearly identical to the AKT consensus sequence ((R/K)XX (S/T) and (R/

K)XRXX(S/T), respectively) (Huang, Tsai, Chen, Wu, & Chen, 2007; Kane et al., 2002). 

Thus, it remains possible that PKA targets FOXOs in a variety of cellular contexts. However, 

the extent to which PKA targets these sites in vivo remains unclear.

6.4 Regulation by miRNAs

Although most studies have focused on posttranslational regulation of FOXO factors, several 

groups have reported posttranscriptional regulation by miRNAs. For example, the FOXO1 

30 untranslated region is targeted by miR-27a, miR-96, and miR-182 in breast cancer cells 

(MCF7 cells). Expression of these microRNAs maintains FOXO1 protein at a low level in 

breast cancer cells compared to normal breast tissue, thereby promoting an oncogenic state 

(Guttilla & White, 2009). Similarly, FOXO1 is maintained at a low level in endometrial 

cancer cells (HEC-1B and Ishikawa cells) through direct regulation by miR-9, miR-27, 

miR-96, miR-153, miR-182, miR-183, and miR-186 (Myatt et al., 2010). Other examples of 

miRNAs that target FOXOs include miR-139, miR-223, and miR-486 (Hasseine et al., 2009; 

Small et al., 2010; Wu et al., 2012). Thus, inhibition of FOXOs by miRNAs adds an 

additional layer of regulation, which is frequently used in the cancer cells to promote 

tumorigenesis.

7. CONCLUDING REMARKS

The FOXO family of transcription factors are key integrators of environmental cues and 

stimuli that maintain cellular homeostasis. Downstream functions of FOXOs are conserved 

across species, and include regulation of the stress response, nutrient signaling, DNA repair, 

and cell cycle status. Since the initial discovery that AKT is a potent inhibitor of FOXO 

nuclear entry and transcriptional activity, a wide range of stimuli and enzymes have been 

reported to impinge on FOXO activity. However, a number of important questions remain to 

be answered. For example, precisely how different enzymes and modifications are integrated 

to affect FOXO localization and fine-tune its transcriptional activity remains unclear. In 

addition, little is known about how different modifications or stimuli affect target selection at 

the chromatin level. It is likely that FOXOs bind and activate different target genes 

depending on the particular environmental cues involved, but this has yet to be explored. 

FOXOs are likely to interact with specific cofactors depending on their modification state, 

but to date the number of cofactors interacting with FOXOs remains limited. This will be 

important to clarify since binding partners are likely to be integral to binding site selection, 

and to help direct cell type-specific transcriptional responses. These studies would provide 

important insight into how FOXOs guide development, maintain cellular homeostasis, and 

promote healthy aging.
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Fig. 1. 
FOXO regulation through posttranslational modifications. (A) General domain structure of 

the FOXO family of transcription factors. The conserved DNA binding domain is termed the 

Forkhead box. NES, nuclear export signal; NLS, nuclear localization signal. (B) FOXOs are 

posttranslationally modified by a number of different enzymes that affect their 

transcriptional activity. FOXOs are also regulated at the posttranscriptional level by several 

different miRNAs. Proteins and miRNAs that have been identified as direct regulators of 

FOXOs in mammalian cells are listed. Note that proteins in red perform the opposite 

function than the categorized covalent modification (i.e., PTEN and PP2A are phosphatases 

and HDAC3 and SIRT1 are deacetylases).
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Fig. 2. 
FOXO activity, stability, and localization are regulated by the insulin/IGF signaling pathway 

and reactive oxygen species. Insulin/insulin-like growth factors activate transmembrane 

receptors and in turn activate the insulin receptor substrate (IRS) proteins. IRS proteins then 

stimulate downstream signaling events, resulting in the phosphorylation and activation of 

AKT. Activated AKT phosphorylates FOXO proteins on three sites and triggers their 

inactivation and nuclear exclusion. FOXO phosphorylation by AKT enhances binding to 14–

3-3 proteins and either cytoplasmic sequestration and/or degradation by the proteasome. 

Phosphatase and tensin homolog (PTEN) promotes FOXO activation and nuclear 

localization by inhibiting the activation of PI3K. In contrast to inhibition by insulin/IGF 

signaling, reactive oxygen species (ROS) promote nuclear localization and activation of 

FOXO by activating the c-Jun N-terminal kinase (JNK). JNK directly phosphorylates 

FOXOs, thereby stimulating activation of transcriptional regulation. Once activated, FOXOs 

regulate several cellular processes that promote cellular homeostasis.
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