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Forkhead box O (FOXO) transcription factors are involved in the regulation of several homeostatic processes. FOXO activity also affects stem cell maintenance, life span as well as age-related diseases, such as Alzheimer, OPDM, and polyglutamine (Q) diseases. Multiple upstream pathways regulate FOXO transcription through post-translational modifications and nuclear-cytoplasmic shuttling of both FOXO and regulators. As FOXO has multiple upstream pathways, it has multiple downstream effects. FOXO predominantly responds to stress conditions. This response is the upregulation of several protein homeostatic genes, including, heat shock proteins, autophagy associated genes and proteasome and immunoproteasome subunits to maintain the cell homeostasis. This protein homeostatic effect activated by FOXO can be linked to protection of age-related diseases and longevity.

Introduction

The forkhead box O (FOXO) family are a family of transcriptional regulators characterized by a highly conserved 110 amino acid DNA-binding domain, also known as "forkhead box" or "winged-helix domain". The family of FOXO proteins are found in species ranging from yeast to humans. There are four main groups of mammalian FOXOs: FOXO1, FOXO3, FOXO4, and FOXO6. FOXO2 was originally identified as a separate paralogue, but is homologous to FOXO3, and FOXO5 is only expressed in Danio rerio (FOXO3b). These FOXO transcription factors control a wide array of genes, which are all linked by common mechanisms in that they are involved in metabolism control, cell survival, cellular proliferation, DNA damage repair response, and stress resistance [for a review, see REF 1]. 
Two evolutionarily conserved signalling pathways are the main regulators of FOXO activity: in the presence of growth factors, FOXOs are negatively regulated by the insulin/IGF-1 (Insulin Like Growth Factor 1) signalling pathway through phosphatidylinositol 3-kinase (PI3K) and protein kinase B (PKB) [2,3,4,5]; and FOXOs are activated in the presence of oxidative stress through Jun N-terminal kinase (JNK) signalling [6]. These pathways regulate through a number of post-translational modifications (PTMs), including phosphorylation, acetylation, methylayion, ubiquitination, and O‑linked‑d-N‑acetylglucosamine addition [for a review, see REF 7,8,9]. These PTMs change the recognized sequence of FOXOs, leading to a different transcription of genes. The insulin/IGF-1 signalling pathway leads to recognition of the sequence: 5′-(C/A)(A/C)AAA(C/T)AA-3′ present in the IGFBP-1 promoter region and known as the insulin-responsive sequence (IRE). Furthermore, with higher affinity the Jnk signalling leads to recognition of the sequence: 5′-GTAAA(T/C)AA-3′, known as the DAF-16 (FOXO homolog in C. elegans) family member-binding element. Both sequences are closely related and include the core sequence 5′-(A/C)AA(C/T)A-3′, recognized by all forkhead proteins [10,11] (Figure 1).
Figure 1: Stereoview of the interactions between the recognition helix H3of FoxO1 and the DNA containing consensus sequences. A). The Daf-16 family member-binding element 5′-GTAAA(T/C)AA-3′. B). The insulin-responsive sequence 5′-(C/A)(A/C)AAA(C/T)AA-3. The sequence of the DNA used for co-crystallization is shown on the right. Water molecules are represented as red spheres. Polar contacts important for the recognition and the FOXO–DNA complex stability are represented by dashed black lines. [Original figure is from T.Obsil and V.Obsilova., 2011. REF 10]
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The insulin/IGF-1 pathway influences life span in worms, flies and mammals [13]. This pathway was first linked to life span in Caenorhabditis elegans (C. elegans). Mutations of Daf-2, a receptor ortholog of Insulin/Igf-1, were found to double life span [14]. The life span extension caused by Daf-2 mutations required the activity of Daf-16 (homolog of FOXO). The Daf-2 receptor activates a conserved Pi3k and Pkb signalling pathway that negatively regulates the nuclear localization of Daf-16 [15,16,17,]. In addition to Daf-16, HSF-1, the C. elegans heat shock transcription factor, is also required completely for Daf-2 mutations to extend life span [19]. Like Daf-16, HSF-1 delays aging and extends life span. In Daf-2 mutants, HSF-1 promotes longevity by activating specific longevity genes, including genes that encode small heat shock proteins [for a review, see REF 20,21,22]. Daf-16 is also activating HSP16, a gene that encodes a small heat shock protein that can increase life span in C. Elegans [23]. The mechanisms how Daf-16 and HSPs can affect life span are not yet known. However, most hypotheses are linked to protein homeostasis. Also in mammals FOXOs act as a regulator of homeostasis, particularly in response to stress. 
 In this review, we focus on the role of FOXOs in regulating the protein homeostasis We will look at recent developments on FOXO signalling, regulation of FOXOs as transcription factors, and FOXO specific cell functions. Finally, we will discuss the role of FOXO in protein folding, proteasomal degradation and autophagy in stress related protein diseases as Huntington's and Alzheimer's disease.



Upstream regulation of FOXO activity

Generally, FOXOs are inactive when cells are growing under normal conditions, and this requires negative regulation by insulin/IGF signalling. insulin/IGF-1 signalling acts through PI3K which activates a second messenger (phosphatidylinositol-3-phosphate) that activates phosphoinositide-dependent kinase 1 (PDK1) and PKB. Active PKB translocates to the nucleus and phosphorylates FOXO at three conserved residues, resulting in increased binding of FOXO to the regulator 14‑3‑3 and cytoplasmic localization of both. Subsequently, this leads to inhibition of transcriptional binding of FOXO [2,24, for a review, see REF 25]. During periods of starvation this inhibition is abolished and FOXO signalling is activated. A conserved mechanism during FOXO signalling is downstream activation of the PI3K–PKB axis, which results in the inhibition of FOXO activity [26,27,28]. This negative feedback loop probably allows a fast and/or increased response to the reappearance of growth factors after periods of starvation (Figure 1). 
Cellular stress activates FOXO transcription in the opposite way, especially when high levels of reactive oxygen species (ROS) are generated. ROS activates JNK, and JNK inhibits insulin signalling at multiple levels by decreasing insulin receptor substrate (IRS) activity and by inducing the release of FOXO from 14‑3‑3, thereby overriding growth factor-induced FOXO inhibition [29]. Through JNK-mediated phosphorylation of FOXO, FOXO translocates to the nucleus and thereby induces FOXO transcriptional activity. Both the PI3K-PKB and the JNK signalling are evolutionarily conserved [7]. Besides the negative feedback loop from FOXO to downstream activation of the PI3K–PKB axis, there is another feedback loop from FOXO to downstream detoxification of ROS, through regulate mitochondrial ROS production through inhibition of c-MYC function and alters the hypoxia response [    30] (Figure 1).[image: ]
Figure 2: Double negative feedback loop of FoxO activation. Food restriction leads to inactive insulin/IGF signalling and active FoxO transcription.  FoxO activates the PI3K–PKB axis downstream of insulin/IGF receptor. This activation leads to inactivation of FoxO.  Extracellular and intracellular stress leads to ROS induction which is an activator of FoxO transcription. FoxO transcription leads to a decrease in mitochondrial ROS production through inhibition of c-Myc function and alters the hypoxia response.




In addition to these signalling mechanisms that can control FOXO transcription, there are numerous other signal events and other post-translational modifications (PTMs) which are less established that can regulate FOXO transcription as well. This overflow of signal events and PTMs increases the complexity of the regulation of FOXO and suggests that an array of PTMs and signal events influence FOXO function. In this way, FOXO can be guided in different transcriptional acting to maintain tissue homeostasis
One of these signal events that also can regulate FOXO, is AMP-activated protein kinase (AMPK). AMPK phosphorylates FOXO(3) on at least three serine residues (Ser413, Ser588 and Ser626) [31]. This phosphorylation induces FOXO activity without affecting sub-cellular localization and is independent of growth factors or stress that induce nuclear translocation of FOXO. AMPK is known to control cell growth and energy balance. AMPK steers the transcriptional action of FOXO in a way that activates alternative energy sources and stress resistance [32,33]. (A similar pathway operates in C. elegans to confer life span extension under conditions of caloric restriction [34]). Other protein kinases that can regulate FOXO activity by phosphorylation (Ser249) are cyclin-dependent kinases (CDK) [35,36]. The regulation of FOXO activity by Cdk is cell dependent. FOXO1 in neuronal cells is activated by Cdk1, in other cells Cdk1 induces cytoplasmic localization and thus its inhibition [36,37]. CDKs are key regulators of cell cycle progress and it seems that DNA damage response activates FOXOs via CDKs. Besides CDKs also MAPK-activated protein kinase 5 (MK5) phosphorylates and activates FOXO in response to DNA damage [38].  
Besides phosphorylation, FOXO can be regulated by acetylation, ubiquitination and methylation. An example of FOXO regulation by acetylation is by histone acetyltransferases (HATs) including sirtuins (SIRTs) and histon deacetylases (HDACs) [39]. An example of FOXO regulation by ubiquitination is by ubiquitin-specific-processing protease 7 (USP7) and Mouse double minute 2 homolog (MDM2) (also known as E3 ubiquitin-protein ligase) [40,41 ]. 
 FOXOs can also be methylated at arginine residues; this modification of FoxO generally blocks a protein or DNA binding. For example, protein arginine methyltransferase 1 (PRMT1) methylates FOXO at Arg residues within the PKB consensus site, thereby inhibiting PKB-mediated phosphorylation [42]. The C. elegans homolog of PRMT1 also methylates Daf‑16, and its deletion increases life span in a Daf‑16‑dependent manner [43]. Methylation in the DNA-binding domain (by the Lys methyltransferase SET domain-containing protein 7) is shown in FOXO(3) as well and thereby inhibits FOXO function [44].
Besides acetylation, ubiquitination and methylation, FOXO activity can be regulated by 
O-GlcNAcylation, cysteine (cis) oxidation. O‑linked‑d-N‑acetylglucosamine (O-GlcNAc), a monosaccharide derivative of glucose that is added as post-translational modification, can be added on serine and threonine residues of FOXO and thereby oppose phosphorylation. However, the O-GlcNAc-modified residues did not yet correspond to any known FOXO phosphorylation sites. The thiol group of Cys residues can be easily oxidized, which can result in the formation of disulphide bonds with a Cys residue in the same or another protein. This occurs in normal signal transduction. Reversible Cys oxidation of FOXOs induces binding of CREB-binding protein (CPB) and E1A binding protein p300 through Cys disulphide bonds and thereby regulates FOXO transcription [45]. There are more proteins that seem to have a bond with FOXOs. There are some proteins that shuttle between the nucleus and the cytosol together with FOXO. Most of them are regulators of FOXO such as JNK, PKB, SIRT1, MDM2, and HDAC which were already described earlier in this paper. -catenin also shuttles between the nucleus and the cytosol. -catenin is translocated to the nucleus when it is phosphorylated by JNK. In the nucleus it acts as a co-activator of FOXO transcriptional activity [46]. 
-catenin is not the only factor that assists with transcriptional activity of FOXOs. DNA binding of FOXO does not directly result in gene activation, but it requires additional factors like -catenin or HATs and HDACs [9]. The transactivation domain of FOXO functions in a classic manner by recruiting HATs and HDACs. Opening of compacted chromatin (pioneer factor) has been suggested as an additional mechanism for FOXO1‑mediated transcriptional regulation. The amino-terminal and C‑terminal regions of FOXO1 mediate histone H3 and H4 binding, and the N terminus is required for chromatin opening [47]. By opening compacted chromatin, FOXO might allow other transcription factors to bind. In addition, FOXOs showed to have interactions with several other transcription factors, nuclear receptors, metabolic regulators and other forkhead box members [for a review, see REF 48]. These interactions can be guided by PTMs on FOXOs and/or their binding partner or, alternatively, FOXOs can cooperate with other transcription factors through simultaneous binding to regulatory sequences in a target gene. One possibility is that this cooperation results from a pioneer function of FOXO, in which FOXO binding, allows binding of other transcription factors. These multiple interactions could explain the multiple out-stream of proteins when FOXO is activated.
Here, we briefly highlight additional interactions with the transcription factor HSF-1. As previously discussed, FOXOs can be activated by ROS through JNK, and FOXOs are negatively regulated by insulin/IGF signalling. Like FOXO, HSF-1 is negatively regulated by insulin/IGF signalling as well (through Daf-16-dependent longevity (Ddl-1 and Ddl-2)) and is indirectly activated by ROS [49 and for a review, see 50]. ROS causes protein unfolding in the cell. These unfolded proteins attract heat shock proteins (HSPs). HSF-1 (in non-stress conditions) is constitutively expressed in the cytoplasm and is maintained in an inactive state by association with HSPs [50]. Due to ROS cell exposure, HSF-1 is released from HSPs, which enables HSF-1 to undergo trimerization, activation and translocation to the nucleus, where it binds to conserved heat shock elements (HSEs) in the promoters of HSP genes and activates their transcription [50]. In C.elegans, FOXO acts in concert with HSF-1 to regulate small HSPs (sHSPs) induction in response to stress and upon reduced insulin/Igf signalling. In addition, consensus FOXO-binding sites are present in most C. elegans and human sHSP gene promoters (see Table 1 and [51]). In C.elegans, HSF-1 and Daf-16/FOXO stimulate the expression of genes required for longevity and stress resistance. These same upstream regulations of FOXO and HSF-1 plus the similar transcription targets suggest a cooperation between these two transcription factors through indirect (from a pioneer function of FOXO) or direct binding. 
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FOXO transcriptional output 


Above, we discussed the cooperation with FOXO and other transcription factors. Here, we highlight the transcriptional output of FOXO with and without the influence of secondary transcription factors. Generally, the transcriptional output of FOXO can be classified into effects on diverse cellular processes depending on the multiple upstream pathways and/or cell specific functions. Most studies conducted on the output of FOXO transcription are in the field of two major research topics. On the one hand, cancer, because FOXOs play an important role in cell-cycle arrest, DNA repair, and apoptosis (cell functions that go wrong in cancer). On the other hand, longevity, because FOXOs have been shown to prolong life span by promoting resistance to oxidative stress, pathogens, and damage to protein structure. It is thought that FOXOs are homeostasis regulators that coordinate this balance between longevity and tumor suppression. The effects of FOXOs on stem cell maintenance, combined with specialized functions of FOXOs in the immune system and neuropeptides, also indicate that FOXOs might contribute to tissue homeostasis more generally. 

In this paper we discuss recent insights into the in vivo functions of FOXOs from genetic studies in C. elegans, D. melanogaster and mice, which suggest that FOXOs are involved in protein homeostasis as part of the metabolic stress response (starvation). Starvation of a cell activates FOXO through the insulin/ IGF signalling pathway and in the presence of ROS as discussed. ROS or another stressor leads to protein toxicity and disturbed protein homeostasis. FOXOs are emerging as factors that protect against protein toxicity through effects on protein aggregation and degradation.

In a protein aggregation model of Alzheimer's disease, where C. elegans expresses the Aβ1–42 peptide, Daf-16 expression induces the formation of high molecular weight aggregates. Consistent with this, these C.elegans shows longevity on a Daf-16-dependent manner [52]. A late activation of Daf-16 during adulthood still protects against Aβ1–42 peptide aggregation but has little effect on life span [53]. This indicates that this function can be separated from longevity. In another aggregation formation model of polyglutamine disease, such as Huntington's disease, FOXO is found to substantially decrease polyglutamine aggregates [54]. In addition, HSF-1, a hypothetical cooperator of transcription of FOXO discussed above, shows a strong inhibitory effect on polyglutamine aggregate formation in a mouse model (in vivo and in vitro) [55]. Another protein which has shown a protective effect in Huntington's disease is X-Box-binding protein 1 (XBP1). XBP1 upregulates genes related to protein folding, quality control, ER translocation, and ER-mediated degradation (ERAD). Recently, XBP1 was shown to control a dynamic crosstalk with FOXO1 and the autophagy pathway to modulate Huntington's disease pathogenesis [56]. In addition, FOXO1 and FOXO3a have been shown to be able to transcriptionally upregulate the expression of several autophagy-related genes such as ATG12, GABARAPL1, BNIP3, and BCEN1 [57,58]. Interestingly, FOXOs also regulate transcription of PTEN-induced putative kinase protein 1 (PINK1), a kinase that regulates mitophagy, suggesting that FOXOs regulate autophagy and mitophagy in parallel [59]. To come back to neurodegenerative disease, accumulated evidence has also demonstrated a neuroprotective role of autophagy and mitophagy in mediating the degradation of aggregated proteins that are causative of various neurodegenerative diseases [for a review, see REF. 60]. In addition to direct regulation of autophagy genes, FOXOs can also inhibit mTORC1 [61] a major regulator of protein homeostasis, and this provides an alternative mechanism for FOXOs to regulate autophagy. Moreover, a new model has been proposed that FOXO1 can activate Atg7, an autophagy regulating protein, on a non-transcriptional manner [62]. However, this model should be taken with some caution because it does not address several important questions [63].
Aside from autophagy and mitophagy, there is another major pathway for clearing damaged proteins and has been demonstrated as well to have a neuroprotective role, namely proteasomal degradation. In C. elegans germline deficient mutants, Daf‑16 is required for the upregulation of the gene encoding the proteasome subunit RPN‑6 and concomitantly increases proteasome activity [64]. Interestingly, in human embryonic kidney cells (HEK293), FOXO upregulated subunits of the immunoproteasomes PSMB8, PSMB9 and PSMB10 [54]. The immunoproteasome is well established in normal conditions in the cells of the immune system and associated tissues, such as B-cells, Treg cells, macrophages, monocytes, thymus and spleen but is also expressed in normal conditions in the colon, intestine, retina, placenta, embryonic cells, liver, kidney, endothelial cells, astrocytes, and in neurons. In neurons, it is suggested to play a role in the cellular stress response pathway in a non-immune manner. Furthermore, in abnormal conditions such as in neurodegenerative diseases, high level of immunoproteasome subunits in the mouse brain revealed signs of neurodegeneration [65]. In addition, induction of the immunoproteasome was also found in Huntington's and Alzheimer's diseased postmortem brains [65,66,67]. The immunoproteasome also plays a role in oculopharyngeal muscular dystrophy (OPMD). OPMD is a late onset progressive muscle disorder where protein aggregation attenuate muscle symptoms. The mechanisms are largely unknown; however, it is believed that the natural decrease in the proteasome and Immunoproteasome expression and its activity during muscle aging contributes to the onset of the disease. Also in injury (which does not involve an inflammatory response) of the retina and brain, the immunoproteasome is upregulated [68]. In addition, knock out or mutated versions of the subunits; PSMB8 and PSMB9 of the immunoproteasome show increased levels of protein oxidation and accumulation of oxidized and poly-ubiquitylated proteins [69], suggesting that the immunoproteasome is more prone than the (16S) proteasome to eliminate oxidized proteins. A protective role of immunoproteasome against cellular oxidative damage is also reinforced by the observation that these subunits are constitutively expressed in cells which are frequently challenged with reactive oxygen radicals such as in phagocytic cells (i.e., DC and macrophages) during the respiratory burst process [for a review, see 70,71]. Also, mouse embryo fibroblasts cells (MEF) from a PSMB8 knock out mouse showed to be less prone than those of their wildtype counterparts in clearing aggresome-induced like structures (ALIS) (following IFN-γ stimulation) [72].
 Up to now, the mechanisms by which the incorporation of the inducible subunits allows immunoproteasome to degrade ubiquitin substrates faster than (16S) proteasome are unclear and require further investigations. One possible explanation may be the increased chymotryptic-like activity observed following incorporation of PSMB8 [73]. This, in turn, might be due to a conformational change that in some way favors the entry of poly-ubiquitylated substrates into the catalytic core. Another point for further investigations is how the immunoproteasome is upregulated. A possible explanation may be the transcriptional upregulation through FOXOs, since the upregulation in HEK293 cells, as well as the regulation in expression in Treg cells [supplementary data of REF.74] and the activation of FOXO by ROS.
Another role of FOXOs in protein homeostasis is the increase in life span due to heat shock proteins (HSPs). In both Drosophila melanogaster and C. elegans, activation of the JNK pathway can increase life span in a FOXO-dependent manner through FOXO activation of small HSP gene expression. D. melanogaster FOXO regulates expression of the small HSP, l(2)efl, and overexpression of l(2)efl during development and adulthood has been reported to increase fly life span [75]. C. elegans FOXO regulates expression of the small HSP, HSP16.Taken together, this suggests a possible conserved mechanism of life span regulation. In human cells (HEK293), FOXO1 regulates the expression of small HSPs: HSPB2, HSPB4 and HSPB6. However, FOXO1 as well as FOXO4 and FOXO6 do not appear to play a significant role in the ability to reach old age in Europeans [76]. In contrast, FOXO1 appears to play a role in the ability to reach old age in Han Chinese [77]. The discrepant association findings in Europeans and Chinese may be explained by their different FOXO1 linkage disequilibrium structures and could indicate a Chinese- or Asian-specific effect. Interestingly, FOXO3a has repeatedly been found to influence survival into old age in numerous populations worldwide [78-84]. If FOXO3a (in humans) regulates the expression of small HSPs is unclear. However, a ChIP-seq study of FOXO3a showed transcriptional binding with the small HSPs: HSPB1 and HSPB11 [supplementary data of 85]
Another HSP that showed to be involved in life span is HSPA9a, also known as mortalin. HSPA9a is a mitochondrial HSP that is related to HSP70 but it is not induced by heat stress. HSPA9a can increase replicate life span when overexpressed in human foreskin fibroblasts [86]. In addition, in C. Elegans, HSPA9a-related gene HSP70F was reported to increase life span as well [87]. However, HSP70 itself is found to be suppressed by FOXO3a in human umbilical vein endothelial cells (HUVEC) [88]. This fits the general idea that longevity correlates with lower basal levels of HSP gene expression and a more robust heat shock response. However, both basal and stress-induced HSP70 protein expression is suppressed by FOXO3a. Moreover, FOXO3a induced caspase-9-dependent apoptosis in HUVEC, and cotransduction with HSP70 rescued endothelial cells from FOXO3a-induced apoptosis under basal and stress conditions [88]. Besides HSP70, clusterin (sHSP-related protein) and HSP27 are as well shown to be anti-apoptotic. Aging is associated with a misregulation of apoptosis in several ways. For example, certain replicating cell types from old mammals have a reduced ability to undergo apoptosis [89]. The precise molecular mechanism that causes extension in life span is not yet known. However, there are several possibilities how FOXO together with HSPs might be directly involved in modulating these phenotypes. One of these possibilities is the apoptotic pathway that is balanced by FOXO3a and HSP70 as described above. Another possibility is the role in protection of proteotoxicity, FOXOs upregulate the immunoproteasome and proteasome proteins. These are involved in the degradation of toxic proteins. Besides proteins of the immunoproteasome and proteasome, HSPs are well known to reduce the toxic effect of human disease genes by proteasomal degradation, stress protection and refolding. Besides degradation of toxic proteins by the immunoproteasome and proteasome, toxic proteins are removed by autophagy. HSPs play an important role in autophagy by unfolding proteins to facilitate their translocation into the lysosome (chaperone-mediated autophagy). Activity of proteins involved in the chaperone-mediated autophagy declines during aging [90]. In C. elegans, autophagy has been reported to be required for life span extension in response teach of three life span pathways: reduced insulin/IGF signalling [91], dietary restriction [92,93], and reduced mitochondrial gene function [94]. Reduced insulin/IGF signalling and dietary restriction lead to activation of FOXOs. FOXO activation leads to reduced mitochondrial gene function.
Another possibility of extension in life span is by FOXO and HSPs through the maintenance of stem cells (SCs). As the regenerative process of a living organism is determined by the ability and potential of its SCs to replace damaged tissue or worn out cells, a living organism is therefore as old as its SC. FOXOs have a crucial role in several types of adult SCs. In mice, FOXOs maintain self-renewal of the haematopoietic stem cell (HSC). Moreover, acute deletion of FOXO1, FOXO3 and FOXO4 in adult murine bone marrow led to the expansion of both the myeloid and lymphoid lineages coupled with increased cell cycling of the long-term HSCs and exhaustion of the HSC pool [ 95, for a review see REF. 96]. This indicates that FOXOs regulate the proliferation and self-renewal of these SCs. In addition, deletion of FOXO3 in female mice leads to the early depletion of the follicular pool and premature infertility [97]. Also, in the neural stem cells (NSCs) FOXO maintains the stem cell population in time [98,99]. Moreover, FOXO3‑deficient NSCs from middle-aged mice were deficient in the generation of different neural lineages [98,99]. A key mechanism by which FOXOs mediate self-renewal and SC maintenance seems to be through transcriptional regulation of cell cycle arrest and oxidative stress resistance. FOXO is also necessary to maintain pluripotency in the embryonic stem cells (ESCs) and directly controls the expression of the transcription factors OCT4, SOX2, and perhaps other pluripotency genes. HSPs as well as FOXO play a role in maintenance of SC. HSPs have a unique expression profile in ESCs, mesenchymal stem cells (MSCs) and NSCs [for a review see, REF. 100,101]. Furthermore, all types of SCs shared high expression levels of HSPA5, HSPA8 and Stip1 (HOP). Moreover, HSPs are downregulated during differentiation of the ESCs to embryoid bodies. Expression patterns of three members of the HSP25 (HSPB) familie change during the first 24 hours of differentiation until expression is decreased to levels that are barely detectable at 4 days following differentiation [102]. in addition, HSP90, heat shock cognate 70,(HSC) and HSPA9a were eliminated when embryonic stem cells underwent differentiation [103]. In certain mouse embryonic stem cells, HSP70, HSP60 and Hop are downregulated as well [104]. In mesenchymal stem cells isolated from the bone marrow of rhesus monkeys (rBMSCs), HSP70 and HSF-1 were decreased in expression in middle and old rBMSCs, compared to young rBMSCs. This downregulationof HSP70 and HSF-1 was coupled with an increased level of ROS generation. Other heat shock proteins and stress proteins (HSF-2, HSP27, HSP47, HSP60, HSP90A, and HSP90B) were not significantly changed in young, middle and old rBMSCs [105]. This data suggests that high expression levels of HSPs and co-factors in ESC exert a buffering effect against external and internal stressors, thereby maintaining their stemness. Another role in SC maintenance is has been proposed. HSP90 is activated in unstressed cells by the JAK/STAT3 pathway. The JAK/STAT3 pathway is required for the maintenance, pluripotency, and survival of mouse ESC. This suggests a role of HSP90Bin the JAK/STAT3 pathway s to maintain pluripotency, and survival of mouse ESC [101]. In conclusion, both HSPs and FOXOs are important in SC maintenance, pluripotency, protection, proliferation and survival, processes that are important for survival of SC, and so, important for healthy aging of an organism. 
Taken together, the role of FOXO together with ( or without) the role of HSPs in aging-related diseases, stem cell maintenance, autophagy, (immune) proteasomal degradation and life span promises to be an active and productive area for future research.

Conclusion and perspectives

It has become clear that FOXOs mainly function to maintain cellular and protein homeostasis. Their biological role is therefore predominantly to respond to stress conditions rather than being an essential mediator of normal physiology. To control this protein homeostatic function, FOXO activation occurs through metabolic and oxidative stress and by the absence of growth factors. Regulation of FOXO activity is accomplished through nuclear-cytoplasmic localization of both FOXO and its regulators and through active regulation by various post-translational modifications (PTMs) (phosphorylation, acetylation, methylation, o-GlcNAc modification and cis-oxidation). Activated FOXO ensures transcriptional regulation by opening of compacted chromatin and by recruiting HATs and HDACs and other transcriptional factors. This results in diversity in FOXO-regulated gene programmes, depending on the PTMs and the upstream pathway of FOXO. Unfortunately, we do not exactly know which upstream pathways lead to which PTMs, and which PTMs lead to which FOXO transcription. In addition to FOXOs upstream pathways, many regulators of FOXO are under spatio-temporal control. One possibility is that this spatio-temporal control might result in different combinations of FOXO regulators being present within a cellular compartment and thereby allowing them to integrate upstream signalling pathways into a specific FOXO-mediated functional outcome 
[9]. A point to look into besides these regulators, is the variety of FOXO modifications. We could speculate whether we found all interaction proteins and PTMs of FOXO, however, it is likely we only know the tip of the iceberg. Another point which requires much more knowledge to understand the transcription of FOXO is the cooperation of FOXOs with other transcription factors, including HSF-1.
The different activation pathways, the different PTMs and co-transcription factors make FOXO transcription hard to predict. However, a huge function of FOXO is the transcription of genes involved in degradation of toxic proteins, such as a bunch of autophagy associated genes, proteasome subunits and associated genes and heat shock genes (HSPs). Interestingly, this FOXO-regulated gene program of maintaining the protein homeostasis protects the cell against age-related diseases such as Alzheimer's, OPMD and polyQ diseases. In addition, these FOXO regulated genes, at least HSP16, showed extension in life span in C. elegans. In other organisms like D. melanogaster, and mouse, FOXO expression leads to longevity as well. However, in humans, only expression of FOXO3a (in some populations also FOXO1) is related with higher age. How FOXO leads to longevity in humans is not known, however, it can be suggested that it is a conserved mechanism. Further research should elaborate if HSPs and other FOXO regulated proteins (that are involved in regulation of homeostasis) are involved in longevity in humans. 
Finally, in this hypothetical model I want to show how FOXO activation leads to longevity (figure3). In addition, this figure also shows the missing knowledge, which hopefully can be filled in, in detail after intense research. So we all can extend our lifetimes to do more research. 
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Figure 3: a simplified figure of the upstream and downstream pathways of FoxOs with as a result protein homeostasis and in the end longevity.  The darker blue arrows are the known pathways to active FoxO transcription including the transcription of protein homeostasis related genes.  These related genes can be separated in autophagy, mitophagy and genes of the (immuno) preasomal pathway. Heat shock proteins and maybe other chaperones are supporting or involved in all of these protein homeostatsis pathways. The lighter blue arrows are upstream or downstream signals which are suggestively involved. However the exact mechanism and the exact proteins which are involved, are not yet known.  (TF;Transcritpion factor. PM; Post modifictation. Mito; Mitochondria. HSPs; Heat shock proteins. ?; uncertain connection.
















Glossary:

	Aggregates: is a biological phenomenon in which mis-folded proteins aggregate (i.e., accumulate and clump together) either intra- or extracellularly. 
Alzheimer's disease: A  protein misfolding disease (proteopathy), caused by accumulation of abnormally folded amyloid beta and amyloid tau proteins in the brain. Autophagy: is the basic catabolic mechanism that involves cell degradation of unnecessary or dysfunctional cellular components through the lysosomal machinery. 
Autophagy: tightly regulated catabolic process (also known as autophagocytosis) that involves the degradation of cellular components through the lysosomal machinery.
Catalytic core: A barrel shape formed particle of the proteasome composed by four stacked rings, each exist out of seven subunits. The active sites are sequestered in the inner chamber of the catalytic core and thus shielded from the intracellular medium. For degradation of a folded polypeptide to occur, it must be recognized, unfolded, and translocated into the catalytic core.
Chymotryptic-like activity: The activity of enzymes that catalyzes the hydrolysis of certain proteins into polypeptides and amino acids. 
Dietary restriction: is based on low calorie intake. "Low" can be defined relative to the subject's previous intake before intentionally restricting calories, or relative to an average person of similar body type. 
Heat shock proteins: are a group of proteins induced by heat shock, the most prominent members of this group are a class of functionally related proteins involved in the folding and unfolding of other proteins. 
HEK293 cells: Human Embryonic Kidney 293 cells,  are a specific cell line originally derived from human embryonic kidney cells grown in tissue culture. HEK 293 cells are very easy to grow and transfect very readily and have been widely used in cell biology research for many years. 
Homeostasis: The ability of an organism, or its constituent cells and organs, to establish and maintain an equilibrium that stabilizes its internal milieu and optimizes its ability to deal with moderate external changes 
Huntington's disease: a neurodegenerative genetic disorder caused by “Huntingtin” gene with an expansion of a CAG triplet repeat, results in a different (mutant) form of the protein, which gradually damages cells in the brain, through mechanisms that are not fully understood. That affects muscle coordination and leads to cognitive decline and psychiatric problems. 
IFN-γ: Interferon-gamma favors the breakdown of protein carbonyls by 26S proteasomes because of the concomitant increased activation of the ubiquitin-conjugation system in response to this cytokine. Immunoproteasome: alternative catalytic subunits of the 20S proteasome variant known as the Immunoproteasome The Immunoproteasome is normally associated with antigen-presenting cells where it provides peptides of an appropriate length for antibody generation; however, it is as well  involved in non immune related cell types.  
 Longevity: The word "longevity" is sometimes used as a synonym for "life expectancy" in demography - however, the term "longevity" is sometimes meant to refer only to especially long lived members of a population, whereas "life expectancy" is always defined statistically as the average number of years remaining at a given age.
 Mitophagy: An autophagy pathway that selectively degrades mitochondria 
OPMD: Oculopharyngeal muscular dystrophy (OPMD) is a lateonset progressive muscle disorder for which the underlying molecular mechanisms are largely unknown. OPMD is caused by expansion of a homopolymeric alanine (Ala) stretch at theN-terminus of the Poly(A) Binding Protein Nuclear 1 (PABPN1) by two to seven additional Ala residues protein. In OPMD models disaggregation approaches attenuate muscle symptoms. 
Oxidized proteins: Oxidative modifications to proteins can lead to cross-linking, peptide fragmentation, modified residues, and the conversion of one amino acid to another.if sufficient protein damage accumulates, cell death will occur. Although several antioxidant defense systems have evolved to prevent ROS damage, oxidized proteins appear to accumulate with age and may represent 30-50% of the total protein in old cells 
Pioneer factor: Although the precise definition is still debated, pioneer factors are thought to be transcription factors that can initially bind regulatory sequences, allowing binding of other factors by opening compacted chromatin, ultimately enabling transcriptional activation. 
Pluripotency: from the Latin plurimus, meaning “very many”, and potens, meaning “having power” refers to a stem cell that has the potential to differentiate into any of the three germ layers (endoderm, mesoderm, ectoderm) 
Poly-ubiquitylated proteins: Ubiquitination is an enzymatic, protein post-translational modification process in which the carboxylic acid of the terminal glycine from the di-glycine motif in the activated ubiquitin forms an amide bond to the epsilon amine of the lysine in the modified protein. This ubiquitination is a cascade, which the ubiquitin forms a chain attached to the protein this chain is a label for destruction of the protein. 
Post-translational modifications: After translation of a protein, the posttranslational modification of amino acids extends the range of functions of the protein by attaching it to other biochemical functional groups (such as acetate, phosphate, various lipids and carbohydrates), changing the chemical nature of an amino acid (e.g. citrullination), or making structural changes (e.g. formation of disulfide bridges). Also, enzymes may remove amino acids from the amino end of the protein, or cut the peptide chain in the middle. Other modifications, like phosphorylation, are part of common mechanisms for controlling the behavior of a protein, for instance activating or inactivating an enzyme. 
Proteasome: a cylindrical complex containing a "core" of four stacked rings forming a central pore. The role of the proteasome is to degrade unneeded or damaged proteins. The degradation process yields peptides of about seven to eight amino acids long, which can then be further degraded into shorter amino acid sequences and used in synthesizing new proteins.
Respiratory burst process: is the rapid release of reactive oxygen species superoxide radical and hydrogen peroxide from different types of cells.
ROS: reactive oxygen species form as a natural byproduct of the normal metabolism of oxygen and have important roles in cell signaling and homeostasis. However, during times of environmental stress, ROS levels can increase dramatically. This may result in significant damage to cell structures. Cumulatively, this is known as oxidative stress. 
Self-renewal: refers to a stem cell that has the potential to go through numerous cycles of cell division while maintaining the undifferentiated state.
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