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Abstract

FoxO transcription factors serve as the central regulator of cellular homeostasis and are tumor 

suppressors in human cancers. Recent studies have revealed that, besides their classic functions in 

promoting cell death and inducing cell cycle arrest, FoxOs also regulate cancer metabolism, an 

emerging hallmark of cancer. In this review, we summarize the regulatory mechanisms employed 

to control FoxO activities in the context of cancer biology, and discuss FoxO function in 

metabolism reprogramming in cancer and interaction with other key cancer metabolism pathways. 

A deeper understanding of FoxOs in cancer metabolism may reveal novel therapeutic 

opportunities in cancer treatment.
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Introduction

In order to maintain cellular homeostasis, metazoans have evolved an intricate signaling 

network which senses and adapts to the changes in the extracellular or intracellular 

environment. Successful adaptation and long-term survival under altered physiological 

conditions are dependent on the precise regulation of gene expression, which is mainly 

controlled by the specific recruitment of transcription factors (TFs) to the target gene 

promoters or enhancer regions. Therefore, TFs serve as the ultimate effector molecules and 

even define the fate of a cell [1]. The human genome encodes around 2,000 TFs, which 
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regulate a diverse array of cellular processes ranging from cell division to cell death [2]. 

Dysregulation of TFs results in various pathological conditions including cancer. Indeed, 

TFs have often been found to be mutated, deleted, or amplified in many cancers, and 

therefore have been considered as attractive therapeutic targets for cancer treatment [3].

The forkhead box O (FoxO) family of TFs are the central regulator to the metazoan 

physiology and have diverse cellular functions including cell cycle, cell growth, apoptosis, 

autophagy, stress resistance, protection from aggregate toxicity, DNA repair, tumor 

suppression, and metabolism [4–8]. They have also been implicated in the regulation of 

organ development, stem cell maintenance, and cell differentiation, suggesting their crucial 

roles in development [9–11]. FoxOs belong to the superfamily of TFs known as forkhead 

box TFs and are characterized by the presence of an evolutionarily conserved winged-helix 

DNA binding motif and the forkhead domain [8]. The expression of FoxO target genes is 

regulated by selective recruitment of FoxOs to the consensus DNA sequence TTGTTAC and 

their interactions with other TFs [8]. FoxOs are evolutionarily conserved and have a single 

orthologue in invertebrates, such as DAF-16 in Caenorhabditis elegans and dFOXO in 

Drosophila melanogaster. In contrast, mammalian FoxOs consist of at least four members: 

FoxO1, FoxO3, FoxO4, and FoxO6. The expression of specific FoxO members in mammals 

varies among different tissues and is regulated in a spatiotemporal manner during various 

developmental stages [12, 13]. In addition, FoxO TFs sense the changes in the extracellular 

or intracellular environment and their activities are also regulated by different types of 

signaling stimuli, including growth factors that activate the phosphatidyl-inositol-3-kinases 

(PI3K)-AKT (also known as PKB) pathway and different stress signaling, such as oxidative 

stress [6]. Tight regulation of FoxO transcriptional activity by complex signaling networks 

ensures that specific gene expression switch coordinates with environmental cues. FoxOs 

have been implicated in various diseases, including cancer. FoxOs generally exert tumor 

suppression functions by promoting cell cycle arrest, apoptosis, stress resistance, and DNA 

repair in cancer cells, and are inactivated in various human cancers [4, 14]. In addition, 

FoxOs act as a central regulator of cellular metabolism and longevity [5, 15], thereby 

placing FoxOs at the crossroad of cancer and metabolism.

In this review, we first present a detailed discussion on the intricate regulatory mechanisms 

employed to fine-tune the transcriptional activities of FoxOs in cancer, followed by a 

discussion of the biological roles of FoxOs in tumor suppression. We then focus on the new 

insights in FoxO regulation of cancer metabolism. Finally, we discuss the cross talks 

between FoxOs and other important pathways/cellular processes involved in cancer 

metabolism. It is important to note that FoxO regulation of metabolism also plays pivotal 

roles in insulin resistance, diabetes, and obesity [7, 16, 17]. However, this topic will be 

beyond the scope of this review focusing on metabolic function of FoxOs in cancer.

Molecular mechanisms of FoxO regulation

FoxO TFs are regulated by the coordinated actions of multiple signaling pathways at several 

mechanistic levels, including regulation of FoxO transcriptional activity, cellular 

localization, protein stability, and mRNA levels (Fig. 1). These multiple modes of regulation 

ensure the condition-specific activation or inhibition of FoxOs. Notably, many of the FoxO 
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regulators also play instrumental roles in cancer biology, and the regulatory modes to control 

FoxOs are often dysregulated in cancer.

Regulation by growth factor-PI3K-AKT signaling

Classically, FoxO activity is regulated via an evolutionarily conserved pathway that involves 

the negative regulation of FoxOs by growth factor-PI3K-AKT pathway. Under normal 

physiological conditions, binding of insulin or other growth factors to receptor tyrosine 

kinases (RTKs) results in RTK activation through autophosphorylation. Activated RTK 

recruits PI3K via phosphotyrosine sites in the cytoplasmic tail of RTKs or adaptor proteins. 

This recruitment leads to activation of PI3K, which in turn catalyzes the production of lipid 

second messenger phosphatidylinositol-3,4,5-triphosphate (PIP3) from its substrate 

phosphatidylinositol-4,5-bisphosphate (PIP2) [18, 19]. Generation of PIP3 marks the 

initiation of a signaling cascade that regulates various aspects of cellular physiology 

including cell cycle, cell survival, metabolism, apoptosis, and DNA repair. Specifically, PIP3 

functions as a docking site for pleckstrin homology (PH) domain-containing proteins 

including AKT and phosphoinositide-dependent kinase-1 (PDK1) [20]. Recruitment of 

PDK1 and AKT to the plasma membrane facilitates partial activation of AKT via 

phosphorylation at Thr308 by PDK1. In addition, phosphorylation at Ser473 on AKT by 

mammalian target of rapamycin complex 2 (mTORC2, also known as mechanistic target of 

rapamycin complex 2) leads to full activation of AKT [21]. AKT activation can be reversed 

by the action of phosphatase and tensin homolog (PTEN), which functions as a lipid 

phosphatase to convert PIP3 back to PIP2 [22].

Key mechanisms of FoxO regulation were first identified in 1999. A series of classical 

experiments demonstrated that AKT phosphorylates FoxOs at three residue (Thr24, Ser256, 

Ser391 for FoxO1, Thr32, Ser253, Ser315 for FoxO3, and Thr28, Ser193, Ser258 for 

FoxO4), and this phosphorylation event negatively regulates FoxO nuclear localization, 

thereby preventing FoxO association with TF binding sites on DNA and inhibiting its 

transcriptional activity [23–27]. One current model proposes that AKT-mediated FoxO 

phosphorylation prevents FoxO association with DNA by facilitating their binding to nuclear 

14-3-3 protein, resulting in enhanced export from nucleus and diminished re-entry into 

nucleus possibly by masking the nuclear localization signal (NLS) in FoxOs [28]. Aside 

from AKT, FoxOs is also inactivated by phosphorylation via AKT-related serum and 

glucocorticoid-inducible kinase (SGK), which, similar to AKT, can be activated by PDK1-

mediated phosphorylation [29]. Although both AKT and SGK share similar FoxO 

phosphorylation sites, they show preferential activity at selective residues [29]. In contrast to 

other FoxO members discussed above, the PI3K-AKT pathway fails to prevent FoxO6 

nuclear shuttling due to a lack of carboxyl-terminal AKT-dependent phosphorylation sites in 

FoxO6. However, phosphorylation at the other two residues in FoxO6 disrupts its binding 

affinity towards DNA, leading to its inactivation [30, 31].

Regulation by AKT-independent phosphorylation

In contrast to growth factor-PI3K-AKT signaling which induces the nuclear exclusion of 

FoxOs, cellular oxidative stress generally promotes nuclear localization of FoxOs, which 

then mediates antioxidant response by regulating the expression of key antioxidant genes 
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such as catalase, superoxide dismutases (SODs), and sestrins [5]. Nuclear translocation of 

FoxOs following oxidative stress is mediated by an evolutionarily conserved signaling that 

involves c-Jun N-terminal kinase (JNK) [32, 33]. Specifically, following oxidative stress, 

JNK phosphorylates FoxO4 at Thr447 and Thr451, resulting in its nuclear translocation even 

in presence of the PI3K-AKT signaling [34]. JNK can also indirectly regulate FoxO activity 

by dissociating FoxO from 14-3-3 via phosphorylating 14-3-3 at Ser184 [35]. Nuclear 

translocation of FoxOs and expression of pro-apoptotic genes following oxidative stress can 

also be mediated by mammalian sterile 20-like kinase-1 (MST1). MST1 phosphorylates 

FoxO3 at Ser207, causing disruption of FoxO3 interaction with 14-3-3 [36]. Interestingly, 

the upstream signaling resulting in MST1 activation might also involve its phosphorylation 

at Ser82 by JNK [37].

FoxOs also serve as a key component of the nutrient sensing circuit and have been 

implicated in extending lifespan along with dietary restriction. AMP-activated protein kinase 

(AMPK) is a central regulator of energy homeostasis. High cellular AMP to ATP ratio 

following energy deprivation results in AMPK activation [38, 39]. Activated AMPK then 

phosphorylates a variety of substrates promoting cellular catabolism and simultaneously 

inhibiting cellular anabolism [38]. AMPK activation also alters the expression of many 

genes to adapt to energy stress partly through FoxOs. Specifically, AMPK phosphorylates 

FoxO3 at six different residues (Thr179, Ser399, Ser413, Ser439, Ser555, and Ser588), 

causing upregulation of genes involved in antioxidant response and energy utilization 

pathways [40]. In contrast to the kinases described above that often affect nuclear-

cytoplasmic shuttling of FoxOs, AMPK-mediated FoxO3 phosphorylation does not affect 

FoxO3 cellular localization, but may regulate FoxO3 binding on the target genes under 

energy stress [40]. Notably, AMPK-mediated FoxO phosphorylation also plays a role in 

FoxO regulation of organismal longevity following dietary restriction in C. elegans, 

highlighting that this is an evolutionarily conserved mechanism [41]. Regulation of hepatic 

gluconeogenesis following prolonged starvation was also found to be mediated by AMPK-

FoxO signaling. Specifically, TGF-β/Smad3 signaling inhibits AMPK phosphorylation and 

promotes FoxO1 activation, resulting in upregulation of gluconeogenic genes [42].

Several other kinases, including cyclin-dependent kinase (CDK), Ataxia telangiectasia 

mutated (ATM), ATM and Rad3-related (ATR), dual-specificity tyrosine-phosphorylated and 

regulated kinase 1A (DYRK1A), IκB kinase (IKK), and MAPKs, can also target FoxOs in 

response to various signaling cues. Different CDKs have been shown to phosphorylate 

FoxOs. CDK2 inhibits FoxO activity via phosphorylation at Ser249 residue, resulting in its 

nuclear exclusion. However, this inactivation is reversed in response to DNA damage with 

inhibition of CDK2 activity [43]. In neuronal cells FoxO1 phosphorylation by CDK1 

abolishes FoxO1 interaction with 14-3-3 proteins, resulting in FoxO1 nuclear translocation 

and gene expression, whereas in prostate cancer cells CDK1-mediated phosphorylation of 

FoxO1 abrogated its transcriptional activity [44, 45], thus it seems that CDK1 regulation of 

FoxO1 is cell type specific. In addition, recently it has been shown that CDK6 

phosphorylates and stabilizes FoxO3, resulting in unresponsiveness of epithelial ovarian 

cancer cells to platinum therapy [46]. FoxO activity is also regulated by kinases of MAPK 

family such as p38. p38 phosphorylates FoxO3 in response to DNA damage or energy stress 

[47, 48]. p38 physically interacts with FoxO3 and phosphorylates FoxO3 at Ser7 after 
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treatment with doxorubicin, preventing FoxO3 cytoplasmic localization [47]. FoxO3 can 

also be phosphorylated by other kinases involved in MAPK signaling, including MAPK-

activated protein kinase 5 (MK5) [49]. ATM and ATR are the key components involved in 

DNA damage response, in which DNA damage activates ATM and ATR to initiates 

downstream signaling cascades responsible for DNA repair. FoxOs have been identified as a 

substrate of ATM/ATR [50]; however, the physiological consequence of this interaction is 

not clear. Interestingly, it has been shown that FoxOs also promote ATM phosphorylation 

and regulate ATM expression [51–53], suggesting a reciprocal regulation between FoxOs 

and ATM.

Another cell survival factor IKK has also been shown to interact with and phosphorylate 

FoxO3 [54]. Phosphorylation of FoxO3 by IKK marks FoxO3 for ubiquitin-dependent 

proteasomal degradation, thus promoting cell proliferation. Apart from targeting FoxO3 for 

degradation, IKK can also regulate FoxO3 cytoplasmic retention in acute myeloid leukemia 

(AML) [55]. Similarly, DYRK1A can phosphorylate FoxO1 and FoxO3 thereby inhibiting 

their nuclear translocation and target gene expression [56]. Finally, intracellular protein 

homeostasis requires complex equilibrium between protein synthesis, folding, and 

degradation, and defective protein homeostasis compromises cell survival. For example, 

disturbance in the equilibrium of protein synthesis and folding causes endoplasmic reticulum 

(ER) stress and triggers the ER-associated degradation (ERAD) pathway [57]. ER stress 

enhances FoxO activities partly through protein kinase RNA-like endoplasmic reticulum 

kinase (PERK) [58]. In contrast to AKT-mediated FoxO phosphorylation, PERK-mediated 

FoxO phosphorylation promotes FoxO activities.

In brief summary, FoxOs can be phosphorylated and regulated by a diverse array of kinases 

that sense specific environmental cues, such as growth factors or different types of stress 

(Fig. 2). In general, kinases activated by growth factors that promote tumor development 

(such as AKT) inhibit FoxO function, whereas stress-activated kinases that often (but not 

always) exert tumor suppressive functions (such as JNK, AMPK, and PERK) promote FoxO 

function. FoxO phosphorylation controls FoxO function through three major mechanisms, 

namely regulating FoxO nuclear localization, transcriptional activity, and protein stability. 

Below we will further discuss the regulation of FoxO stability by ubiquitin-proteasome 

degradation.

Regulation by ubiquitin-proteasome degradation

Ubiquitin-proteasome degradation system regulates the half-lives of proteins under normal 

and stress conditions [59]. FoxO protein level is also subjected to regulation via ubiquitin-

proteasome degradation system (Fig. 2). Classical regulation of FoxOs by AKT can also 

promote FoxO degradation via skp1/cul1/F-box protein (SCF) ubiquitin ligase complex. 

Skp2, the F-box protein in the SCF complex, interacts with and degrades FoxO1 upon 

FoxO1 phosphorylation by AKT; therefore AKT signaling maximizes FoxO inhibition by 

degrading FoxO apart from promoting its nuclear exclusion [60–62]. Another upstream 

FoxO kinase ERK can also regulate FoxO degradation via murine double minute 2 

(MDM2), an E3 ubiquitin ligase [63]. MDM2 interacts with and ubiquitinates FoxO3 

following ERK-mediated phosphorylation of FoxO3 at Ser 294, Ser 344 and Ser 425 [63]. 
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MDM2 can also sense FoxO phosphorylation by AKT to promote FoxO degradation [64]. 

C-terminus of Hsc70-interacting protein (CHIP) is a dual-function co-chaperone and 

ubiquitin ligase. The ubiquitin ligase activity of CHIP is responsible for FoxO1 degradation 

in response to TNF-α in smooth muscle cells. Interaction of CHIP with FoxO1 is mediated 

by FoxO1 phosphorylation at Ser256 [65]. Finally, insulin signaling can also promote FoxO 

degradation via another E3 ubiquitin ligase, COP1. Insulin upregulates the expression of 

COP1, which in turn interacts with and polyubiquitinates FoxO1, resulting in its 

degradation. However, the role of insulin-induced FoxO phosphorylation in COP1-FoxO1 

interaction remains less clear [66]. In summary, FoxO stability can be regulated by 

ubiquitin-proteasome degradation system via various ubiquitin ligases that interact with 

FoxOs and promote FoxO degradtion, and the interactions between ubiquitin ligases and 

FoxOs are often modulated by FoxO phosphorylation by upstream kinases in response to 

particular stimuli.

Regulation by other post-translational modifications

In addition to phosphorylation and ubiquitination, upstream regulators of FoxO can modify 

FoxO activity by other post-translational modifications including acetylation, methylation, 

glycosylation, and hydroxylation (Fig. 2). Acetylation of cellular proteins is an important 

post-translational modification covering 80–90% of the total cellular proteome [67]. FoxOs 

interact with different cellular acetyltransferases and deacetylases, and are subjected to 

acetylation. Acetylation of FoxOs affects FoxO function in a dual manner, by altering FoxO 

binding on DNA as well as FoxO nuclear exclusion [68, 69]. Unlike other post-translational 

modifications, FoxO acetylation can result in different cellular outputs. For example, 

p300/CBP can interact with and acetylate FoxO1, resulting in enhanced FoxO1 

transcriptional activity [70]. However, FoxO4 acetylation by CBP inhibits its transcriptional 

activity [71]. Acetylation is a reversible process that can be erased by deacetylases. At least 

three members of the sirtuin family (namely SIRT1, SIRT2, and SIRT3) have been shown to 

deacetylate FoxOs. SIRT1 was the first sirtuin that had been identified as FoxO deacetylase 

[71] [72]. FoxO3 is acetylated in response to oxidative stress resulting in its binding to 

SIRT1. SIRT1 then deacetylates FoxO3 to induce cell cycle arrest but prevent cell death. 

This dual regulation of FoxO to differentially regulate cell cycle and cell death by SIRT1 can 

be attributed to its altered DNA binding ability [68]. Similar to SIRT1, SIRT2 and SIRT3 

can also deacetylate FoxOs, causing cell type-specific regulation of gene expression [73–

75]. Finally, a recent study showed that HDAC3 can be recruited to FoxO3 by Geminin. 

HDAC3 then deacetylates FoxO3 and inhibits FoxO3 transcriptional activity [76].

FoxOs were also shown to be methylated by different methyltransferases. Protein arginine 

methyltransferase 1 (PRMT1) can transfer methyl group from S-adenosylmethionine (SAM) 

to conserved residues Arg248 and Arg250 on FoxO1. These methylated arginines are 

present in the conserved phosphorylation motif for AKT, therefore attenuating AKT-

mediated FoxO phosphorylation and inhibition [77]. Oxidative and other cellular stresses 

that facilitate FoxO nuclear translocation result in increased FoxO methylation to prevent 

FoxO phosphorylation by AKT [77]. In oppose to FoxO methylation at arginine residues, 

FoxO3 methylation by SET9 inhibits its DNA binding activity and transactivation [78, 79]. 

In addition, FoxOs were reported to be glycosylated, in which FoxO1 O-glycosylation 
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promotes its transcriptional activity without affecting its nuclear-cytoplasmic localization, 

although the exact mechanism underlying O-glycosylation regulation of FoxO 

transcriptional activity is unclear [80, 81]. In addition to these modifications, FoxOs can also 

be regulated by prolyl hydroxylation. Specifically, proline residues in FoxO3 (Pro426 and 

Pro437) were shown to be hydroxylated by EglN prolyl hydroxylases 2 (EglN2). This prolyl 

hydroxylation of FoxO3 abrogates its interaction with USP9x deubiquitinase, resulting in the 

destabilization of FoxO3 [82].

Regulation by transcriptional and posttranscriptional mechanisms

Although many studies have focused on the regulation of FoxO activities as a consequence 

of different post-translational modifications, mRNA levels of FoxOs can also be altered 

depending on different environmental cues or developmental stages. Recent investigations 

have identified different transcription factors that regulate FoxO transcription, including 

E2F-1, p53, hypoxia-inducible factor-1α (HIF-1α), and FoxO itself. E2F-1, a member of 

E2F family of transcription factors was identified to upregulate the expression of FoxO1 and 

FoxO3 [83]. E2F-1 binding to the FoxO promoter is cell type- and tissue-specific and 

upregulates FoxO expression following ischemia/reperfusion injury to promote cell death 

[84]. Tumor suppressor p53 and its homolog p73 can also occupy FoxO promoter region and 

upregulate its expression. p53 was shown to be activated in response to DNA damage and 

specifically activate FoxO3 transcription [85, 86]. FoxO promoter also contains HIF-1α 
binding sites. It has been show that HIF-1α drives FoxO transcription in response to hypoxic 

stress to inhibit HIF-1α-induced apoptosis as a negative feedback loop [87]. Surprisingly, 

FoxOs can also transcriptionally activate other members of the FoxO family as demonstrated 

by that FoxO3 can upregulate the expression of FoxO1 and FoxO4 [88]. All three FoxOs 

were downregulated upon growth factor treatment, possibly through the inhibition of FoxO3 

by growth factor-induced FoxO3 phosphorylation [88]. However, this forward activation 

loop can be context dependent as FoxO3 inhibits FoxO1 transcription in prostate cancer cells 

[89]. Interestingly, MYST family histone acetyltransferase complex (MYS-1/TRR-1 

complex) also promotes DAF-16 expression by histone acetylation at its promoter region 

[90].

mRNA stabilization by different RNA binding proteins has emerged as another regulatory 

mechanism to control FoxO mRNA levels. HuR, an RNA binding protein, has been shown 

to stabilize many target mRNAs including FoxO1. 3′ untranslated region (3′UTR) of 

FoxO1 mRNA is enriched with HuR binding sites, which in turn recruit HuR to stabilize 

FoxO1 mRNA [91]. In contrast, another RNA binding protein Quaking (QKI) represses 

FoxO1 post-transcriptionally through binding to FoxO1 3′UTR [92]. Other mechanisms 

governing FoxO at the post-transcriptional levels include FoxO regulation by non-coding 

RNAs including micro RNA (miRNAs) and long non-coding RNA (LncRNAs). Various 

miRNAs including miR-27a, miR-96, miR-182, miR-9, miR-27, miR-96, miR-153, 

miR-182, miR-183, miR-186, miR-139, miR-486, and miR-155 can target expression of 

different FoxO members [6]. Another class of non-coding RNA lncRNAs can also affect 

FoxO expression levels. For example, linc00598 was found to interact with FoxO1, regulate 

the transcriptional activity of FoxO1, and in turns regulate the expression of cell cycle 

regulator cyclin D2 [93]. Another lncRNA lncFoxO1 has been shown to function as a breast 
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cancer suppressor by increasing the expression of FoxO1 [94]. Finally, lncRNA H19, an 

important regulator of myogenesis, was demonstrated to negatively regulate Sirt1/FoxO to 

promote myoblast differentiation [95].

FoxOs in cancers

The relevance of FoxOs to human cancers was initially realized when FoxOs were identified 

as fusion products that resulted from chromosomal translocation in different cancers, 

including FoxO1 in alveolar rhabdomyosarcomas, and FoxO3 and FoxO4 in AML [96–98]. 

Since then, FoxOs have been implicated in the pathogenesis of various cancers. FoxO 

generally function as tumor suppressors in cancers, and the tumor suppressive roles of 

FoxOs are supported by three major lines of evidence. First, FoxOs are found to be deleted 

or inactivated in many human cancers. For example, both FoxO1 and FoxO3 are deleted in 

15% to 20% prostate cancer, indicating their tumor suppressive function in prostate cancer 

[99]. FoxOs are also extensively down-regulated or inactivated in human cancers by 

numerous regulatory mechanisms as discussed in the previous session. It should be noted 

that FoxOs are rarely mutated in human cancers. The potential reason for this will be further 

discussed below. Second, studies from genetically engineered mouse models (GEMMs) have 

revealed that deletion of FoxOs in vivo leads to tumor prone phenotypes in different contexts 

[100, 101]. Importantly, these studies revealed that FoxOs are redundant tumor suppressors 

in vivo, such that deletion of all six alleles of FoxO1, 3, and 4 is required to engender 

dramatic tumor phenotypes in vivo [100]. This might provide a possible explanation to the 

lack of FoxO mutations in human cancers: given the redundant tumor suppressive function 

of FoxOs in cancer, it will be very difficult to simultaneously select loss-of-function 

mutations in all three FoxO members during tumor development. In contrast, FoxOs are 

usually inactivated through various post-translational mechanisms in cancers, as the 

regulatory mechanisms to control FoxO activities are often similar among different FoxO 

members. For example, hyperactivation of the PI3K-AKT signaling in cancers results in the 

inactivation of FoxO1, 3, and 4 simultaneously. Finally, many cell line studies have revealed 

that FoxOs function to limit various hallmarks of cancer. In this session, we will briefly 

discuss the roles of FoxOs in limiting several traditional hallmarks of cancer, including 

inhibiting cell proliferation, inducing apoptosis and senescence, and limiting angiogenesis 

and invasion. In later sessions, we will further discuss the roles of FoxOs in restraining 

tumor metabolism.

FoxO TFs can directly regulate the expression of components involved in both intrinsic and 

extrinsic apoptosis pathways to promote cell death, and this pro-cell death role is partly 

responsible for the tumor suppressive functions of FoxOs. FoxO can activate the extrinsic 

arm of apoptosis by promoting the expression of Fas ligand (FasL), TNF-related apoptosis-

inducing ligand (TRAIL), and TNF receptor-associated death domain (TRADD) [102]. 

Expression of TRAIL can be attenuated by the transcriptional repressor NFIL3 (nuclear 

factor interleukin 3-regulated), which prevents FoxOs from binding the TRAIL promoter 

[103]. FoxO activation can also induce the intrinsic apoptosis by regulating the expression of 

Bcl-2 family members including Bim, BNIP3 and Puma [48, 104, 105]. FoxO regulation of 

various components in apoptosis pathways play critical roles in chemotherapy response. For 

example, FoxO-mediated TRADD expression sensitizes lung cancer cells to 

Yadav et al. Page 8

Semin Cancer Biol. Author manuscript; available in PMC 2019 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



chemotherapeutic drugs [106]. In breast cancer cells, FoxO regulation of Bim expression 

modulates cancer cell sensitivity to Paclitaxel [107].

The ability of FoxO TFs to restrict tumor growth is also attributed to their roles in cell cycle 

arrest. Upregulation or activation of FoxOs can result in cell cycle arrest at G1-S or G2-M 

transition. Cyclins and CDKs complexes are the crucial regulators of the cell cycle 

progression, and their activities are monitored by the CDK inhibitors. FoxO TFs can drive 

the expression of CDK inhibitors including p27kip1, p21Cip1, p15, p19, and p130 to prevent 

G1-S transition [102]. Recently, it has been shown that FoxO TFs also regulate the 

expression of C-terminal domain small phosphatase 2 (CTDSP2), which in turn promotes 

the expression of several cell cycle regulators including p21 Cip1in a phosphatase dependent 

manner[108]. In addition, FoxO TFs can stimulate cell cycle arrest by suppressing the 

expression of cyclin D1 and D2 [109, 110]. Finally, FoxO-mediated cell cycle arrest at G2-

M transition involves the up-regulation of the growth arrest and DNA damage-inducible 

protein 45 (GADD45)[111].

Induction of cellular senescence is another mechanism through which FoxOs suppress tumor 

growth. It has been shown that melanoma cells carrying BRAFV600E mutation undergo 

cellular senescence partly through FoxO4-mediated upregulation of p21cip1 [112]. FoxO3 

has been reported to initiate cellular senescence by inducing the expression of vitamin D3 

up-regulated protein 1 (VDUP1) in fibroblast cells [113]. However, other reports also 

revealed a senescence-antagonistic role of FoxOs. For example, FoxO inhibition via 

constitutive activation of AKT triggers cellular senescence in human endothelial cells [114], 

whereas overexpression of FoxO3 suppresses cellular senescence by increasing the 

expression of its downstream targets SOD and catalase as well as inhibiting ROS generation 

[115]. Thus, it seems that FoxOs regulate cellular senescence in a context-dependent 

manner.

Sustained angiogenesis is a crucial requirement for the physically constrained tumor cells to 

acquire oxygen and nutrients during tumor invasion and metastasis. It has been demonstrated 

that overexpression of FoxO1 and FoxO3 inhibits angiogenesis by restricting endothelial cell 

migration and tube formation, whereas their knockdown reverses these effects [116]. In 

addition, cytoplasmic restriction and inhibition of FoxO1 in endothelial cells alters 

metabolism, resulting in enhanced proliferation in a Myc-dependent manner [117]. Recent 

studies have also revealed important roles of FoxOs in regulating cancer cell metastasis. In 

hepatocellular carcinomas, the expression of FoxO1 is inversely correlated with the 

intracellular levels of the key players of epithelial-to-mesenchymal transition (EMT), a 

crucial process involved in cancer metastasis [118]. In line with this, in clear-cell renal cell 

carcinoma (ccRCC), downregulation of FoxO3 results in SNAIL1-dependent induction of 

EMT and metastasis [119]. Crosstalk between ERK and PI3K signaling via MEK1/2 and 

AKT interaction also alters FoxO1 activation and metastasis [120]. In breast cancer, 

HDAC3-mediated FoxO3 deacetylation blocks FoxOs transcriptional activity, resulting in 

downregulation of FoxO3 target Dicer and promotion of breast cancer metastasis [76].

While most studies support a tumor suppressive function of FoxOs in cancer, other studies 

have also revealed a tumor promoting function of FoxOs in certain contexts. First, FoxOs 
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play important roles in maintaining cancer stem cells in several cancers. Specifically, it has 

been shown that FoxOs regulate the maintenance of leukemia-initiating cells (LICs) in CML 

and AML [121]. LICs are the leukemic stem cells that are implicated in the reoccurrence or 

drug resistance in CML and AML. It was reported that LICs are enriched with decreased 

AKT activation and increased nuclear localization of FoxO3, and FoxO3 deficiency 

significantly inhibits the ability of LICs to generate CML [122]. Another study revealed that 

proto-oncogene BCL6 serves as an important downstream effector of FoxOs in LIC 

maintenance in CML, and BCL6 regulates LIC maintenance by repressing Arf and p53 in 

CML cells [123]. Similarly, FoxOs were found to be active in AML patients and FoxO 

deletion or AKT activation inhibited leukemic cell growth and significantly decreased LIC 

function in vivo [124]. Apart from their role in maintaining cancer stem cells, FoxO TFs can 

also exhibit pro-tumorigenic effects by mediating drug resistance in various cancers. For 

example, FoxO1 can confer drug resistance towards adriamycin and doxorubicin by 

inducing the expression of multidrug resistance 1 (MDR1) protein [125]. Feedback 

regulation of PI3K activation by FoxO3 confers the doxorubicin resistance and is mediated 

by the upregulating the expression PI3K catalytic subunit p110alpha [126]. Notably, cancer 

cells adapt to drugs inhibiting the PI3K-AKT pathway by FoxO-mediated reactivation of 

PI3K-AKT [127–129]. For example, FoxOs promote, rather than inhibit, renal tumor growth 

in response to PI3K or AKT inhibitor treatment by upregulating Rictor and promoting AKT 

activation [39]. In addition, FoxO3 can also promote tumor invasion by upregulating the 

expression of matrix metalloproteinases (MMP-9 & MMP13), key components of the 

proteolytic machinery responsible for extracellular matrix remodeling and tumor invasion 

[130]. Finally, FoxOs can also promote the expression of Isocitrate dehydrogenase 1 (IDH1) 

and its mutant form, a key metabolic enzyme involved in the conversion of isocitrate to α-

KG and NADPH [131]. Mutation in the IDH1 gene has been linked with the generation of 

oncometabolite 2-hydroxyglutarate that promotes tumor development. Thus, in this 

particular context, FoxOs promote cancer cell proliferation by upregulating oncometabolite.

In summary, FoxOs generally function as tumor suppressors due to their roles in promoting 

apoptosis and inhibiting cell cycle progression, angiogenesis, and metastasis. However, 

under certain contexts FoxOs might also promote tumor development by maintaining cancer 

stem cells, promoting drug resistance, or reactivating the PI3K-AKT pathway through 

negative feedback regulation (Fig. 3).

Roles of FoxOs in cancer metabolism

Metabolic rewiring in cancer cells has been recognized as a new hallmark of cancer in recent 

years [132]. In order to support their increased biosynthetic and bioenergetic needs, to 

maintain the redox balance, and to survive under metabolic stress conditions resulting from 

tumor growth and poor vasculature within tumor mass, cancer cells extensively remodel 

their metabolic networks, partly through reprogramming gene transcription [133]. For 

example, many cancer cells upregulate the expression of glucose transporters, most notably 

GLUT1, to facilitate glucose uptake and energy generation via anaerobic glycolysis. Recent 

studies have highlighted the important roles of FoxO TFs in the regulation of cancer cell 

adaptation under metabolic stress conditions. In this session, we will focus on the roles of 

FoxOs in glucose, amino acid, lipid and ROS metabolism in the context of cancer biology.

Yadav et al. Page 10

Semin Cancer Biol. Author manuscript; available in PMC 2019 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Glucose is a key nutrient required to fulfill the major energy demand as well as to support 

biosynthetic pathways in cancer cells [134]. It has been well documented that glucose 

metabolism is significantly reprogrammed in most cancer cells. While normal non-

proliferating cells mainly utilize oxidative phosphorylation to generate ATP under aerobic 

conditions and only extensively utilize glycolysis for energy generation under nonaerobic 

conditions, cancer cells switch to use glycolysis for ATP generation even under aerobic 

conditions [135]. This observation, now best known as the Warburg effect, was originally 

noticed by Otto Warburg almost a century ago, and since then, has been confirmed by 

numerous studies [135]. The current model proposes that cancer cells utilize the Warburg 

effect to direct a significant proportion of glucose to other biosynthetic pathways, including 

pentose phosphate, hexosamine, and amino acid anabolism pathways, which are essential to 

meet the increased biosynthetic needs and to support cell growth and survival in cancer cells. 

Although glycolysis is a much less efficient way for ATP production than oxidative 

phosphorylation, cancer cells in general are not limited with ATP generation due to 

increased glucose uptake [136]. It is well documented that several major oncogenes promote 

the Warburg effect, among which Myc probably is the most notable example. Myc is a 

master transcription factor of glucose metabolism and upregulates the transcription of 

essentially all metabolic enzymes involved in glycolysis pathway [137]. In contrast, various 

studies have revealed that FoxOs can inhibit glycolysis and suppress the Warburg effect 

partly through FoxO-mediated antagonism with Myc (Fig. 4) (the detailed molecular 

mechanisms by which FoxO antagonize with Myc will be discussed in the next session). For 

example, in renal cancer cells FoxOs inhibit the expression of glycolysis genes and glucose 

uptake and lactate production partly via inhibiting Myc [138]. Mechanistically, in response 

to energy stress, FoxOs upregulate the expression of a lncRNA called FoxO-induced long 

non-coding RNA 1 (FILNC1), which then suppresses Myc mRNA translation and inhibits 

Myc-mediated energy metabolism in renal cancer cells. FILNC1 knockdown upregulates the 

expression of several glycolysis genes and promotes glucose uptake and lactate production 

via Myc, resulting in enhanced renal cancer cell survival under glucose starvation and 

markedly increased renal tumor development [138]. In glioblastoma, mTORC2 inhibits 

FoxOs through FoxO acetylation, resulting in Myc activation and upregulation of the 

Warburg effect [139]. In line with this, in vivo studies with inducible deletion or 

overexpression of FoxO1 in mice revealed that FoxO1 represses glycolysis and 

mitochondrial respiration through inhibiting Myc [117]. Conversely, FoxO1 promotes 

gluconeogenesis, the metabolism pathway that generates glucose from non-carbohydrate 

substrates such as lactate and glucogenic amino acids, by upregulating key metabolic 

enzymes involved in gluconeogenesis including glucose-6-phosphatase (G6Pase) and 

phosphoenolpyruvate carboxykinase (PEPCK) [140–142]. The roles of FoxO in 

gluoconeogenesis have been extensively studied in the context of liver metabolism and 

insulin resistance, although its relevance in cancer biology remains less understood.

Amino acids are important for tumor cell proliferation, growth, and survival, as they provide 

the building blocks for proteins. In addition, some amino acids, such as serine, glycine, 

glutamine, and aspartate, contribute to nucleotide biosynthesis, which is required for 

sustaining high proliferative demand of tumor cells [143]. Glutamine is the most abundant 

amino acid in blood and cell culture medium, and arguably, the most important amino acid 
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in supporting tumor growth. Once uptaken into cells, glutamine is converted into glutamate, 

which then serves as the precursor for several important metabolism processes critical for 

tumor growth, including tricarboxylic acid (TCA) cycle, biosynthesis of nucleotide, 

glutathione, and other nonessential amino acids. Glutamate can be converted back to 

glutamine by glutamine synthetase [144]. Various enzymes involved in glutamine 

metabolism have been reported to be significantly altered in various cancers. Transcriptional 

network analysis of the PI3K-AKT-FoxO pathway revealed that FoxO3 and FoxO4 regulate 

the expression of glutamine synthetase (Fig. 4). Activation of FoxO TFs results in mTOR 

inhibition by regulating its lysosomal translocation via glutamine synthetase, therefore 

promoting cellular autophagy [145]. FoxO1-induced expression of glutamine synthetase has 

also been shown in vivo from FoxO1 KO mouse model and a transgenic mouse model with 

FoxO1 overexpression in skeletal muscle [146]. It was shown that FoxO1 overexpression 

increased whereas FoxO1 deletion decreased the expression level of glutamine synthetase in 

skeletal muscle. Glutamine synthetase mediates the condensation reaction of glutamate and 

ammonia to form glutamine. Consistent with this, FoxO1 deletion increased blood ammonia 

concentration, potentially by decreasing glutamine synthetase expression [146]. Amino acids 

also in turn regulate FoxO activities. For example, extracellular amino acids inactivate 

FoxOs via activation of mTORC2 and AKT in mammalian cells [147]. In addition, it has 

been shown that in Drosophila melanogaster amino acid starvation increases FoxO activities 

and FoxO deficiency results in reduced survival of both larvae and adult files under amino 

acid starvation conditions [148].

Lipids are an essential component of mammalian cells and play a crucial role in the 

maintenance of cellular physiology by compartmentalizing cellular components, serving 

energy source and functioning as secondary messengers [149]. Many cancer cells reprogram 

lipid metabolism partly by promoting fatty acid synthesis from acetyl-CoA, a key metabolite 

generated from the TCA cycle intermediate citrate [133, 150]. Sterol regulatory element-

binding proteins (SREBPs) are a family of transcription factors that function as the master 

regulator of lipid metabolism by regulating the expression of genes involved in fatty acid and 

cholesterol biosynthesis [151]. Recently it has been shown that FoxO1 can negatively 

regulate the expression of SREBP1c by occupying the SREBP1c promoter and disrupting 

the assembly of the transcriptional initiation complex on the SREBP-1c promoter [152]. In 

addition, FoxO1 can promote lipolysis by upregulating the expression on key lipolytic 

enzyme adipose triacylglycerol lipase (ATGL) (Fig. 4) [153]. However, the relevance of 

FoxO regulation of lipogenesis and lipolysis to cancer biology still remains largely 

unknown.

Under normal physiological conditions, intracellular reactive oxygen species (ROS) levels 

are maintained by an intricate ROS detoxification system, which involves both non-

enzymatic (glutathione, vitamins, and flavonoids) and enzymatic (catalase, superoxide 

dismutase, and glutathione peroxidase) mechanisms [154]. Cancer cells often exhibit 

aberrant ROS levels due to their altered metabolic activities, and ROS can either promote or 

inhibit tumor development in a context-dependent manner [155, 156]. As discussed above, 

oxidative stress induces FoxO nuclear translocation and activates FoxO-mediated 

transcription through various stress-activated kinases such as JNK. In response to oxidative 

stress, FoxOs in turn induce the expression of classic target genes involved in ROS 
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detoxification, such as manganese superoxide dismutase (MnSOD), catalase, and sestrins 

[5], by which FoxOs confer cell resistance to oxidative resistance (Fig. 4). It has also been 

shown that FoxO3 downregulates the expression of nuclear-encoded genes with 

mitochondrial function by inhibiting c-Myc, thereby decreasing intracellular ROS levels 

[157]. FoxO regulation of transcriptional targets involved in ROS detoxification requires 

FoxO coordination with other transcription factors that often also play important roles in 

tumor biology. For example, FoxO1 interacts with Yes-associated protein (YAP), a 

downstream effector of the Hippo pathway that regulates organ size and tumor suppression, 

and this interaction is critical for FoxO upregulation of MnSOD and catalase expression 

during oxidative stress response [158]. While there are extensive studies revealing the 

important roles of FoxO-mediated ROS detoxification in promoting longevity [6], the exact 

roles of FoxO in oxidative stress response in cancer biology remain less clear.

FoxO crosstalk with other major cancer metabolism pathways

Altered cellular metabolism now is widely recognized as a hallmark of cancer [132]. 

However, except a few notable examples (such as IDH1 mutations in gliomas and AML 

[159]), metabolic enzymes are generally not mutated in human cancers. Instead, deregulated 

cellular metabolism in cancer is mainly driven by cancer signaling pathways that reprogram 

metabolism networks in cancer cells, prominent among which are the PI3K-AKT pathway, 

the LKB1-AMPK pathway, mTOR, and several transcription factors such as Myc [135]. In 

the preceding sessions, we have already discussed the biochemical mechanisms by which 

FoxOs are regulated by some of the major cancer metabolism pathways, including the PI3K-

AKT and AMPK pathways. In this session, we will focus on discussing how FoxOs interact 

with and control other cancer metabolic pathways, including mTOR and Myc, as well as 

autophagy.

FoxO and mTOR

mTOR is the master regulator of metabolic homeostasis [160]. Extracellular and intracellular 

nutrients, such as amino acids and glucose, can be sensed by mTOR, which in turn 

modulates various downstream targets to regulate cellular metabolism and growth [160]. 

mTOR exists as two distinct multiprotein complexes based on their composition, namely 

mTOR complex 1 (mTORC1) and mTORC2. mTORC1 consists of mTOR, Raptor, mLST8, 

PRAS40 and Deptor, whereas mTORC2 is composed of mTOR, Rictor, mSIN1, Protor1, 

mLST8 and Deptor [160]. mTORC1 promotes cell growth and proliferation by 

phosphorylating downstream targets including eukaryotic initiation factor 4E (eIF4E)-

binding protein 1 (4E-BP1) and p70 ribosomal S6 kinase 1 (S6K1). mTORC2, on the other 

hand, regulates cell survival and cytoskeleton reorganization through phosphorylating AKT 

and other substrates [160]. While how mTORC2 is controlled by upstream signaling still 

remains less understood, the mechanisms by which mTORC1 is regulated by various 

upstream stimuli have been extensively characterized. Briefly, the small G protein Rheb is a 

direct upstream activator of mTORC1. Tumor suppressors tuberous sclerosis complex 1 

(TSC1) and TSC2 form a complex, which functions as a GTPase activating protein (GAP) 

toward Rheb and inhibits Rheb-mediated mTORC1 activation. The TSC1-TSC2 complex 

serves as a critical node to coordinate multiple upstream signaling inputs including growth 

Yadav et al. Page 13

Semin Cancer Biol. Author manuscript; available in PMC 2019 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



factor, energy and oxygen levels with mTORC1 activation [161]. Amino acids, on the other 

hand, are sensed by mTORC1 largely through TSC-independent mechanisms that involve 

another small G protein Rag and Rag-associated protein complexes located on lysosome 

[162].

Various studies have reported that FoxOs negatively regulate mTORC1. It has been shown 

that energy stress-mediated mTORC1 inactivation is partially alleviated in FoxO deficient 

cells. Mechanistically, in response to energy stress, FoxOs upregulate the expression of 

BNIP3, which in turn interacts with Rheb and inhibits Rheb-mediated mTORC1 activation 

[48]. FoxO also inhibits Rheb-mTORC1 signaling axis through transcriptional upregulation 

of TSC1, an upstream negative regulator of Rheb [163]. As discussed above, Sestrin 3 is a 

transcriptional target of FoxOs [164]. Besides its function in ROS detoxification, Sestrin3 

also negatively regulates mTORC1 through its interaction with AMPK and the GATOR 

complex that mediates amino acid sensing by mTORC1 [165–167]. Thus, FoxOs can inhibit 

mTORC1 through multiple parallel mechanisms (Fig. 5A). mTORC1 can also reciprocally 

regulate FoxOs through feedback loop regulation (Fig. 5A), in which mTORC1 

hyperactivation downregulates upstream PI3K-AKT signaling and subsequently activates 

FoxOs through S6K-mediated inhibition of PI3K-AKT activators such as IRS-1 [168]. 

Consistent with this, benign polycystic kidneys with mTORC1 hyperactivation from TSC1 

KO mice exhibit robust FoxO activation with predominant FoxO nuclear localization, but 

renal carcinomas developed from TSC1 deficient mice show markedly reduced FoxO 

staining, indicating that mTORC hyperactivation-induced FoxO activation through feedback 

loop restrains renal tumor development in TSC1 KO mice, and there is selection pressure to 

inactivate FoxOs to allow renal tumor development in this mouse model [101]. In supportive 

of model, dual deletion of both TSC1 and FoxOs dramatically promotes renal tumor 

development in vivo [101]. Another study showed that the anti-tumor effect of the mTOR 

inhibitor rapamycin can be diminished due to rapamycin-induced FoxO activation through 

feedback loop, and FoxO inhibition sensitizes cancer cells to rapamycin treatment [169]. 

Thus, mTORC1 hyperactivation-mediated FoxO activation through feedback loop regulation 

plays important roles in both tumor development and treatment.

Finally, FoxOs can promote mTORC2 activation and mTORC2-mediated AKT 

phosphorylation through upregulating the expression of Rictor, a component of mTORC2 

[164]. Correspondingly, it has been shown that FoxO deficiency sensitizes cancer cells to 

PI3K or AKT inhibitor treatment by attenuating PI3K/AKT inhibition-induced Rictor 

expression and AKT Ser473 phosphorylation [129]. In summary, current data support an 

intriguing model of reciprocal regulation between FoxOs and mTORC1/2: FoxOs inhibit 

mTORC1, while mTORC1 activates FoxOs through feedback regulation. On the other hand, 

mTORC2 inhibits FoxOs through AKT, while FoxOs activate mTORC2 through feedback 

regulation of Rictor (Fig. 5A).

FoxO and Myc

Myc proto-oncogene is a master transcription factor that controls cell proliferation, growth, 

and metabolism. For example, it has been well established that Myc promotes glycolysis and 

glutaminolysis by upregulating the expression of many metabolic enzymes involved in 
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glucose and glutamine metabolism [137]. Increased Myc expression, through either gene 

amplification or overexpression, has been reported in as many as 70% of all cancers, and 

aberrant expression of Myc promotes tumor development in many human cancers [170]. 

Accordingly, mammalian cells have developed an intricate regulatory mechanisms to fine-

tune Myc expression and activity [171], one of which is the reciprocal antagonism between 

Myc and FoxOs (Fig. 5B).

Myc can antagonize FoxO-mediated transcription of certain target genes by occupying FoxO 

promoters [172]. Multiple studies have also documented that FoxOs reciprocally antagonize 

Myc function through diverse mechanisms. First, it has been shown that FoxO TFs 

antagonize Myc function by occupying the promoters of and inhibiting expression of certain 

Myc targeted genes [173] or through upregulation of the MAX-interacting protein 1 (Mxi1), 

a member of Mad/Mxd family of transcriptional repressors that mediates antagonistic 

actions on Myc [174]. In addition, FoxO can suppress Myc function via upregulating the 

expression of microRNAs that inhibit Myc mRNA stability or translation, such as mir145 

and mir34b/c [49, 101]. A recent study also showed that FoxOs inhibit Myc through a 

lncRNA-involved mechanism [138]. Specifically, in response to energy stress, FoxOs 

upregulate the expression of lncRNA FILNC1, which then interact with AUF1 protein in an 

energy stress-dependent manner. AUF1 is a RNA-binding protein that binds to 3′ 
untranslated region (UTR) of Myc mRNA and promotes Myc translation. FILNC1 functions 

as a molecular decoy to sequester AUF1 from binding to Myc mRNA, thus inhibiting Myc 

translation [138]. Finally, FoxO3 activation promotes polyubiquitination-dependent 

degradation of Myc in certain context [157]. In summary, FoxO antagonize Myc function at 

multiple levels, including negative regulating Myc mRNA stability, mRNA translation, 

protein stability, and transcriptional activity (Fig. 5B). It is possible that these different 

mechanisms are employed in tissue-, cancer type- or stimuli-dependent manners to ensure 

tight regulation of Myc level and activity.

FoxO and Autophagy

Autophagy is a complex cellular process which involves regulated degradation of damaged 

proteins and organelles in lysosomes and recycling of intracellular nutrients to support 

metabolism and cell survival under diverse stress conditions [175]. Although mammalian 

cells recycle damaged organelles and proteins via basal autophagy, many cancer cells 

display upregulation of autophagic flux to support their growth [176–178]. Multiple studies 

support a double-edged sword role of autophagy in cancer such that autophagy inhibits 

tumor initiation but promotes tumor maintenance in advanced cancer [178]. Several 

multiprotein complexes act in a sequential manner and form a signaling cascade to regulate 

autophagy [179]. Autophagy is also intimately linked to several major cancer metabolism 

pathways. For example, AMPK pathway promotes whereas mTORC1 inhibits autophagy 

[179]. Different studies have shown that FoxOs generally promote autophagy by regulating 

the expression of various components involved in autophagy. For example, FoxOs can also 

induce the expression of LC3 and BNIP3 to promote cellular autophagy [180]. A recent 

study showed that induction of autophagy by FoxO3 also involves upregulation of decidual 

protein induced by progesterone (C10ORF10/DEPP) in neuroblastoma cells [181]. As 

discussed above, FoxO3 and FoxO4 can promote autophagy by upregulating the expression 
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of glutamine synthetase, which then promotes mTOR dissociation from the lysosomal 

membrane [145]. FoxOs can also regulate autophagy through transcription-independent 

mechanisms. It has been shown that cytosolic FoxO1 can induce autophagic flux by 

interacting with Atg7, a crucial regulator of autophagy. FoxO1 interaction with Atg7 and 

FoxO1-mediated autophagy induction results in increased apoptosis, which is associated 

with FoxO1’s tumor suppressive function [182]. Together, FoxOs promote autophagy 

through both transcriptional–dependent and –independent mechanisms (Fig. 5C). Given the 

complex roles of autophagy in cancer, the exact roles of FoxO regulation of autophagy in 

tumor biology remain less clear.

Conclusion and perspectives

Emerging evidence supports the critical roles of FoxO TFs in the regulation of cancer 

metabolism. FoxOs are regulated by a diverse array of signaling networks that sense nutrient 

status and mediate stress response in the cells, and these intricate regulatory modes to 

control FoxO activity are significantly altered in human cancers. FoxOs repress tumor 

metabolism by inhibiting glycolysis and other metabolism processes for biosynthesis as well 

as by modulating other key cancer metabolism pathways. Several important questions 

remain concerning the roles of FoxOs in cancer metabolism. In vivo functions of FoxOs 

revealed by GEMMs have been extensively characterized in many other biological contexts 

and diseases, such as stem cell biology, insulin resistance, and tissue homeostasis. However, 

most current data on FoxO function in cancer metabolism have been derived from cell line 

studies, and the relevant GEMM studies still remain limited. Future studies should be 

directed to develop appropriate GEMMs to further study FoxO function in cancer 

metabolism in vivo. Another important focus in FoxO research would be to develop 

therapeutic strategies to target FoxO function in cancer metabolism for cancer treatment. As 

FoxOs generally function as tumor suppressors that are often lost or inactivated in human 

cancers, one needs to restore FoxO-mediated tumor suppression function in cancer therapy, 

which is technically challenging (in contrast, it is more feasible to design drugs to block 

oncogene function that are hyperactivated in cancers). Despite these challenges, there have 

been recent progresses to target FoxOs in disease treatment. In one remarkable example, a 

recent study showed that disruption of FoxO4 interaction with p53 by a FoxO4 peptide can 

selectively induce apoptosis in senescent cells, mitigate chemotoxicity, and restore tissue 

fitness in several aging mouse models [183]. We envision the future studies will employ 

similar approaches to target FoxOs in cancer therapies.
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Figure 1. FoxO regulation by growth factor and stress signaling
Growth factors inhibit FoxOs whereas stress signaling generally activates FoxOs. FoxOs are 

modulated at several mechanistic levels as indicated.
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Figure 2. FoxO regulation by post-translational modifications
Multiple pathways converge to regulate FoxO activity. Growth factor signaling inhibits 

FoxO activity by promoting AKT activation. AKT-mediated inactivation of FoxOs is 

antagonized by stress-induced FoxO activation through various stress-induced kinases. FoxO 

activity is also modulated by a plethora of other kinases in response to particular stimuli 

such as DNA damage. Other post-translational modifications such as ubiquitylation, 

acetylation and methylation also regulate FoxO activity.

Yadav et al. Page 28

Semin Cancer Biol. Author manuscript; available in PMC 2019 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. Role of FoxO TFs in cancer biology
(A) FoxOs mainly function as tumor suppressors, and inhibit tumor development through 

repressing various hallmarks of cancer. (B) In certain contexts, FoxOs can also promote 

tumor growth by maintaining cancer stem cells, inducing drug resistance, and reactivating 

the PI3K-AKT pathway.
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Figure 4. FoxOs modulate cancer metabolism via multiple mechanisms
FoxOs can either promote or inhibit various metabolism processes in cancer cells as 

indicated.
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Figure 5. FoxO crosstalk with other cancer metabolism pathways
(A) FoxOs negatively regulate mTORC1 by inducing the expression of BNIP3, Sestrins, and 

TSC1, which inhibit mTORC1. Reciprocally, mTORC1 can promote FoxO activation by 

inhibiting the PI3K-AKT signaling via negative feedback loop. While mTORC2 inhibit 

FoxOs through AKT, FoxOs can also promote mTORC2 activation through upregulating 

Rictor expression. (B) The reciprocal antagonism between Myc and FoxOs. FoxOs inhibit 

Myc through multiple mechanisms as indicated. (C) FoxOs promote autophagy through both 

transcriptional dependent and independent mechanisms.
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