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Abstract

Transcription factors of the Forkhead box O class (FOXOs) are associated with lifespan and play a role in age-
related diseases. FOXOs therefore serve as a paradigm for developing an understanding as to how age-related 
diseases such as cancer and diabetes interconnect with lifespan. Understanding the regulatory inputs on 
FOXO may reveal how changes in these regulatory signalling pathways affect disease and lifespan. Numerous 
regulators of FOXO have now been described and a clear and evolutionary conserved role has emerged for 
phosphoinositide-3 kinase (PI3K)/ protein kinase B (PKB, also known as c-Akt or AKT) signalling and c-jun 
N-terminal kinase (JNK) signalling. Analysis of FOXO function in the context of these signalling pathways has 
shown the importance of FOXO-mediated transcriptional regulation on cell cycle progression and other cell 
fates, such as cell metabolism, stress resistance and apoptosis in mediating disease and lifespan. Persistent 
DNA damage is also tightly linked to disease and aging, yet data on a possible link between DNA damage 
and FOXO have been limited. Here, we discuss possible connections between FOXO and the DNA damage 
response in the context of the broader role of connecting lifespan and disease. 

Introduction

During the past decades average life expectancy has steadily increased. However, advanced aging has 
remained a major risk factor for the development of chronic diseases and degenerative pathologies, including 
diabetes, cardiovascular disease and cancer. To maximize the population’s healthy lifespan, it is crucial 
to obtain a better understanding of the molecular mechanisms underpinning the process of aging itself 
and how these processes affect the onset of age-related disease. Aging includes a multitude of processes 
influenced by a number of genetic and environmental factors that interact with each other in a complex 
manner. Numerous theories have been proposed to explain the aging phenomenon, two of which, the “free 
radical” and the “DNA damage” theory of aging, we will further elaborate on. 

Free radical theory of aging

The “free radical theory of aging”, as formulated by Denham Har man proposes that reactive oxygen species 
(ROS), generated due to oxygen metabolism, are the driving force behind aging and age-related diseases (1). 
Reactive oxygen species include the free radicals oxygen singlet (1O2), superoxide anion (O2•–) and hydroxyl 
radical (OH•–) as well as the non radical H2O2. ROS are normal by-products of metabolic processes, such as 
oxidative phosphorylation in mitochondria, or they are generated by growth factors and cytokines through 
the action of NADPH-oxidases (reviewed in (2)). Cellular homeostasis of ROS is maintained by the function 
of certain detoxification systems, namely the superoxide dismutases, catalase, the glutathione/ glutathione 
peroxidase and the thioredoxin/ peroxiredoxin system. However, intracellular free radicals increase with 
age due to accumulation of dysfunctional mitochondria and functional decline of the cellular antioxidant 
defences. Eventually, ROS react with cellular constituents and cause oxidative damage; it is proposed that 
this accumulation of ROS-induced damage over time drives the aging process (Figure 1).
 In support of the “free radical theory of aging”, lifespan in most animals inversely correlates with their 
metabolic rates and therefore the rates of ROS generation (3). Moreover, mouse models with impaired 
antioxidant defences, and thereby increased intracellular ROS, show increased prevalence of age-related 
diseases. For example superoxide dismutase (SOD1) null mice exhibit shortened lifespan and age-related 
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degeneration (4, 5). However, the reverse, a mere increase in expression of ROS detoxifying enzymes 
does not always result in increased longevity. Mice engineered to overexpress catalase targeted to the 
nucleus or the peroxisomes do not show any change in their median or maximal lifespan. Rather, targeted 

overexpression of catalase in the mitochondria resulted in increased lifespan of these mice compared to 
their wild type littermates, accompanied by attenuation of aging associated pathologies (6). Interestingly, 
SOD2-/- mice are short lived (7, 8) but this is in apparent contrast with recent studies in C. elegans that 
show SOD2 lacking worms to have extended lifespan, despite increased oxidative damage (9). At the same 
time, overexpression of SOD1 in C.elegans increases lifespan, but this is not attributable to improved ROS 
scavenging (10). Moreover, depletion of all nematode superoxide dismutases does not appear to affect 
lifespan (11). Overall, despite the fact that data from studies in C.elegans appear to challenge the free 
radical theory of aging, one could argue that they actually reflect the complicated balance of SOD function(s) 
in maintaining optimal cellular redox. This is particularly important in the light of the essential and non-
damaging roles of ROS in normal signalling. In addition, when comparing these apparent discrepancies in 
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Figure 1. Intracellular ROS accrual and downstream effects. ROS are produced by several normal physiological processes, 
including mitochondrial oxidative phosphorylation or generated downstream of growth factors and cytokines, as well 
as by endoplasmatic reticulum stress etc. Eventually, ROS build up in various cellular compartments, including the 
cytoplasm and mitochondria, where they react with and induce changes in lipids, proteins and the DNA. Several cellular 
defence mechanisms maintain intracellular ROS levels, including the enzymatic functions of superoxide dismutases, 
catalase, the glutathione/glutathione peroxidase and the thioredoxin/peroxiredoxin system. The final cellular fate 
depends on the degree of ROS accumulation, ranging from growth arrest and damage repair in cases of low intracellular 
ROS, to senescence and apoptosis or even necrosis in cases of excessive ROS. 



12

Chapter 1
Ch

ap
te

r 
1 lifespan determination between nematodes and mice, it should be taken into account that there are crucial 

differences in the physiology of animals having mainly post-mitotic somatic cells (C.elegans) versus animals 
in which somatic cells do still divide. 
Overall, even though the ‘free-radical theory’ provides a framework for understanding lifespan and aging, 
the biology of the aging process appears to be more complicated. 

ROS and DNA damage

ROS can induce a variety of DNA lesions, including base modifications and DNA breaks (12). Base modifications 
(for example 8-oxo-guanine, 8-oxo-G) have a high mutagenic potential by generating mismatches, whereas 
DNA breaks are predominantly cytostatic/cytotoxic lesions, inducing growth arrest and apoptosis (13) (Figure 
2). To avoid the accumulation of ROS-induced DNA mutations, cells are equipped with several systems 
dedicated to the detection and clearance of modified nucleotides, collectively referred to as Base Excision 
Repair (BER). After the induction of DNA breaks specialized signalling cascades are initiated (14); recognition 
of DNA breaks activates the PI3 kinases-related kinases family (PIKKs), that subsequently orchestrate the 
cellular response for DNA repair. DNA breaks are repaired by two main pathways, namely non-homologous 
end-joining (NHEJ) and homologous recombination (HR) (14). NHEJ occurs throughout the cell cycle and 
is a very rapid mechanism for DNA repair, as it is based on bridging together the broken DNA ends. This 
mechanism of DNA repair however is error-prone, as it may lead to the loss or gain of bases as well as to 
chromosomal translocations and eventually genomic instability. In contrast to NHEJ, HR utilizes the genetic 
information of the intact sister chromatid for the faithful repair of the lesion and thus is considered an error-
free mechanism of repair; HR occurs exclusively in the late S and G2 phase of the cell cycle, when the sister 
chromatid is available.
When damage is too severe or not properly repaired, other protection mechanisms are activated. Cell 
cycle arrest, which is normally induced by the DNA damage response signalling to facilitate DNA repair, can 
become irreversible, a phenomenon termed senescence. Moreover, cells experiencing severe DNA damage 
can commit to programmed cell death (apoptosis). 

The DNA damage theory of aging

The aging process and aging-related pathologies have been linked to the accrual of DNA damage (12, 15, 
16). This accrual may derive from the increased ROS load in aged tissues, as well as the functional decline 
of DNA repair mechanisms. Ultimately, accumulated DNA lesions are associated with increased prevalence 
of mutations and blockage of physiological processes, including replication and transcription. Responses 
that are activated eventually result in the induction of senescence and apoptosis, processes that are both 
linked to the functional decline observed in aging. Furthermore, it is important to consider that, whereas 
other damaged cellular macromolecules (lipids, proteins) can be efficiently removed and replaced by new 
undamaged molecules, this is not the case for the genetic material. Damaged DNA persists for the cell’s 
lifetime, while carrying the information for the generation of all other cellular components. Therefore, 
accumulation of genomic instability over time results, among others, in the production of defective cellular 
components and is thereby connected to the cellular deterioration associated with aging (DNA damage 
theory of aging, reviewed in (17)). 
In agreement with the above, human genetic disorders with disruptions in certain DNA repair pathways are 
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characterized by early onset of aging associated diseases (Table 1). Some typical examples are the Werner 
syndrome and Ataxia Telangiectasia (A-T), both with mutations in proteins associated with double strand 
breaks repair, as well as syndromes associated with defects in transcription-coupled repair. Interestingly, most 
of these genetic disorders are also characterized by increased intracellular ROS (Table 1). These observations 
beg the question what is cause and consequence with respect to the aging phenotype and whether impaired 
DNA repair or increased ROS load, is the cause of premature aging observed in these disorders. 

Nonetheless, whether the “free radical” and “DNA damage theory” are complementary or not is still under 
debate. Indeed, mice engineered with proof-reading deficient mitochondrial DNA (mtDNA) polymerase 
exhibit reduced lifespan and early onset of age-related disorders (18). However, no evidence for increased 
oxidative mtDNA damage was observed in this model. Moreover, as mentioned, targeted overexpression of 
catalase in the nucleus does not have an impact on lifespan, suggesting that nuclear oxidative damage may 
not be a cause of aging. Regarding the “DNA damage theory”, the main criticism is raised on the grounds 
that, whereas reduced DNA repair is associated to premature aging, the opposite, an increase in lifespan due 
to enhanced efficiency of DNA repair has not been observed (19).

Aging and cellular homeostasis

The theories of aging discussed above, although attractive to explain certain aspects of aging and age-
associated diseases, certainly do not provide all answers and have been challenged by experimental 
data. Irrespectively, these theories share the perspective that the aging process is driven by progressively 
disturbed organismal homeostasis. Under normal conditions there is an established balance between cell 
removal and regeneration in tissues; damaged and transformed cells are constantly removed and replaced 
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Figure 2. Oxidative DNA damage and repair pathways. ROS induce a variety of DNA lesions, including base modifications 
and DNA breaks. Oxidative modifications of DNA bases can result in mutagenesis and oncogenesis. BER is the pathway 
responsible for the removal and repair of oxidized bases. On the other hand, DNA breaks are cytostatic lesions, inducing 
responses leading to deterioration and aging phenotypes. DNA breaks are mainly repaired by NHEJ, an error-prone 
mechanism that can potentially lead to genomic instability, and HR, a high fidelity repair mechanism for the maintenance 
of genomic stability.
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dysfunctional cellular components is impaired, these damaged components (lipids, protein and organelles) 
will accumulate and cause cellular dysfunction (e.g. cellular senescence). If not eliminated, this will maintain 
tissue mass but also contribute to aging (discussed later). Alternatively, when eliminated cells are no longer 
replaced, tissues are progressively becoming more atrophic. Also, tissue regeneration upon trauma is not 
as efficient and different organs are more labile to malfunction; all the above constitute hallmarks of aging.
The insulin-dependent regulation of the FOXO transcription factors serves as a paradigm for our understanding 
as to how disturbed homeostasis interconnects with age-related diseases and lifespan. Insulin regulates 
FOXO activity through the PI3K/PKB pathway (20, 21). In human cancer the PI3K/PKB pathway is often 
deregulated. Activating mutations in PI3K and PKB occur at moderate frequency in various types of cancer, 
while deletion or loss of function mutations within phosphatase/tensin homolog deleted on chromosome 10 
(PTEN), the lipid phosphatase that counteracts PI3K function, occur at relative high frequency (for review see 
(22)). Furthermore, several receptor tyrosine kinases (e.g. EGF receptor) are also frequently overexpressed 
in certain types of human cancer and in these settings efficiently activate PI3K signalling. Thus, on average 
over 50% of human tumours express somehow hyperactive PI3K/PKB signalling. On the other hand, reduced 
PI3K/PKB signalling is a hallmark of diabetes (23). The importance of the PI3K/PKB pathway in insulin action 
towards metabolic endpoints such as glucose regulation is illustrated by the observation that within a family 
showing autosomal dominant inheritance of severe insulin resistance and diabetes mellitus a mutation 
in the PKB/AKT2 gene was identified and that expression of the resulting mutant kinase in cultured cells 
disrupted insulin signalling to metabolic end points (24). Thus, either gain- or loss-of-function of PI3K/PKB 
signalling contributes significantly to two important age-related diseases i.e. cancer and diabetes (Figure 4).
The relevance of the PI3K/PKB pathway towards FOXO to age-associated disorders is ultimately supported by 
the fact that this pathway has an evolutionary conserved role in lifespan determination. In 1993 Kenyon et 

al reported that a mutation in daf-2, the homologue of the insulin and IGF receptor in C. elegans, increases 
lifespan by two fold and this is dependent on daf-16, the FOXO homologue (25). Likewise, in Drosophila 
melanogaster, overexpression of the dFOXO protein was shown to increase lifespan (26). Importantly, 
FOXOs appear to regulate lifespan also in mammals, including humans; genome-wide association studies 
using centenarian cohorts, reveal polymorphisms in FOXO1 and FOXO3a loci that associate with increased 
longevity (27-29). 
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Figure 3. Aging as a result of disturbed homeostasis. Under normal conditions there is a balance between cell removal 
(by senescence and apoptosis) and regeneration (by the function of tissue specific stem cells) in tissues. In cases that 
the balance shifts to higher rates of cell removal than regeneration, the end result is aging. Contrary, increased rates of 
cell proliferation with reduced cell death results in cancer.
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Table 1. Progeria disorders associated with DNA repair defects and the respective intracellular ROS accrual.                              

Disorder  Gene mutated DNA repair 
pathway affected

Aging-associated 
phenotype

Intracellular 
ROS

Ataxia telangiectasia ATM DSB response/
repair

Progressive cerebellar 
degeneration, ataxia, 
dilated blood vessels 

(telangiectasia), 
immunologic defects,  

increased cancer 
predisposition, type II 

diabetes

Increased ROS 
in cerebellum 
(70, 206-208)

Nijmegen breakage 
syndrome

NBS1 DSB response/
repair

Immunodeficiency, 
increased cancer 

predisposition, growth 
retardation

ND

Bloom syndrome BLM DNA 
recombination

Growth retardation, 
immune deficiency,  

increased cancer 
predisposition, type II 

diabetes

Increased ROS 
(207, 209)

Werner syndrome WRN DNA 
recombination

Atrophic skin, thin gray 
hair, osteoporosis, 

cataracts, arteriosclerosis,  
increased cancer 

predisposition, type II 
diabetes

Increased ROS 
(206, 207, 210)

Fanconi anaimia FA 
complementa-

tion groups 
A-L

DNA crosslink 
repair

Pancytopenia, bone 
marrow failure, renal 

dysfunction, abnormal 
pigmentation, increased 

cancer predisposition

Increased ROS 
(150, 206, 207)

Rothmund-Thomson RECQL4 DSB repair and 
Base excision 

repair

Growth deficiency, gray 
hair, skin and skeletal 

abnormalities,  increased 
cancer predisposition

ND

Trichothiodystrophy XPB, XPD, 
TTDA

Nucleotide 
excision repair

Neurologic and skeletal 
degeneration, cachexia, 

brittle hair

ND

Cockayne syndrome CSA, CSB Nucleotide 
excision repair

Neurologic  degeneration, 
cachexia

Increased ROS 
(211)

FOXOs are integral components in the responses to ROS and DNA damage

FOXOs regulate cell fate decisions, including cell proliferation, cell death and cell metabolism. To provide 
cellular homeostasis towards stress signals that disturb homeostasis, the FOXO-induced response should 
combine and fine-tune these distinct processes into one. 
 FOXO activity is regulated by a number of signalling cascades activated in response to increased intracellular 
ROS (30), as well as by direct ROS-induced changes (cysteine oxidation (31)). FOXOs in turn act as homeostatic 
regulators because they do not only respond to oxidative stress but also protect cells from oxidative stress 
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through the transcription of ROS scavenger genes, including superoxide dismutase 2 (SOD2 or MnSOD), 
catalase, peroxiredoxin 3 and members of the sestrin family (32-35). Mice engineered with inducible deletion 
of the three predominant FOXO members (FOXO1, FOXO3a and FOXO4, thereafter called FOXO TKO mice) 
display increased intracellular ROS in the stem cell compartment, associated with decreased expression of 
certain ROS detoxification enzymes. The associated effects, including hematopoietic stem cell depletion, 
were alleviated by concomitant treatment with antioxidant agents (36, 37). 
A growing body of evidence suggest that FOXOs also facilitate DNA repair, by regulating defined transcriptional 
programs and executing transcription-independent functions. Induction of UV-damage activates FOXO 
transcriptional activity towards Gadd45a (38), a protein implicated in DNA damage checkpoint maintenance 
(39, 40) as well as in certain types of DNA repair (41-43). However, how GADD45a partakes in DNA repair has 
remained fully enigmatic. A role for GADD45 in DNA demethylation has been suggested (44), but remains 
debated (see e.g. (45)). In fact, there is still no consensus as to how active enzymatic DNA demethylation 
is achieved in mammalian cells, but recent studies implicate BER in genome-wide DNA demethylation in 
germ cells and early embryos. Thus, GADD45a may somehow interact with, or be part of the BER machinery. 
Considering that UV irradiation induces, inter alia, oxidative damage that requires BER for its removal, this 
may account for the observed increase in DNA repair following FOXO activation reported by Tran et al. (38). 
However FOXOs may also have additional functions in genotoxic stress protection. Cells deficient for PTEN or 

IR/ IGFR

Akt/PKB

FOXOJNK other inputs

diabetescancer

cancer

insulin/growth factors

ROS

PI3KPTEN

Figure 4. The PI3K/PKB pathway is central in cancer and disease. PKB is activated downstream of PI3K in response 
to insulin or growth factors and in turn phosphorylates downstream substrates, including the FOXO transcription 
factors. FOXO phosphorylation by PKB results in their nuclear exclusion and inhibition of their function as transcription 
activators. Abnormal activation of PKB is associated with cancer progression, whereas the opposite, PKB inhibition, 
results in diabetes. FOXOs on the other hand act as tumour suppressors. In response to endogenous and exogenous 
cues, additional signalling pathways, besides PI3K/PKB, also regulate FOXO function both in a positive and a negative 
manner. 



17

Introduction
Chapter 1

expressing hyperactive PKB show increased genomic instability due to inhibition of HR (46-49). Considering 
that FOXOs are important downstream components of PI3K/PKB signalling, one could speculate that FOXOs 
could also play a role in faithful DNA repair via HR and thereby contribute to genomic stability. Furthermore, 
FOXO3 was recently reported to physically interact with ataxia-telangiectasia mutated (ATM) kinase and 
this interaction was suggested to be required for full activation of ATM in response to DNA damage and the 
subsequent DNA damage checkpoint activation (50). Importantly, this physical association is in agreement 
with the observed FOXO1 phosphorylation by ATM, reported in a study by Matsuoka et al (51). In addition, 
FOXOs were also reported to regulate the transcription of ATM in hematopoetic stem cells (52). 
Under conditions of genotoxic stress FOXOs have been shown to regulate the expression of the CDK inhibitors 
p27kip1 and p21waf1/cip1 to induce cell cycle arrest (53-55). Importantly, sustained p21waf1/cip1 expression is 
associated with senescence induction and recent studies on oncogene-induced senescence suggest FOXO 
activation to mediate senescence (56) at least in part through regulation of p21waf1/cip1. Under conditions 
of excessive cellular damage FOXOs were shown to regulate induction of apoptosis, by initiating the 
transcription of the Bcl-2 family proteins Bim and PUMA (57, 58). Interestingly, FOXO-mediated apoptosis 
appears to have practical implications in cancer therapies. In particular, FOXOs appear to sensitize cancer 
cells to chemotherapy that acts through genotoxic stress, such as doxorubicin and cisplatin, thereby reducing 
the effective dosage of these drugs and accordingly the risk of side effects (59-62). 
Overall, FOXOs appear to contribute to longevity by regulating processes that are both anti-aging (ROS 
scavenging, DNA repair) as well as pro-aging (inducing senescence and apoptosis). Below we will discuss 
how these FOXO roles relate to the main cellular events associated with excessive cellular elimination - and 
therefore disturbed homeostasis - during aging, which are increased genomic instability, telomere attrition 
and accumulation of damaged and dysfunctional macromolecules and organelles. Furthermore, we will 
elaborate on the association between ATM and FOXO because of their corresponding functions in aging and 
cancer and the increasing evidence for reciprocal regulation of FOXOs and ATM. 

Tumour suppression and aging; FOXOs and ATM are bona fide tumour suppressors

Aged tissues accumulate unrepaired (or not properly repaired) DNA lesions caused by both excessive ROS 
and exogenous insults (e.g. UV irradiation) (63-65). The accrual of DNA mutations increases the potential for 
cellular transformation and cancer. Paradoxically, the aging process is characterized by a gradual functional 
decline attributed mostly to cell loss, whereas cancer, a major age-related disease, is characterized by the 
opposite; that is an uncontrolled increase in cell numbers. On the other hand, responses activated to prevent 
cancer and limit cell number are inducing aging phenotypes. 
Recognition of DNA lesions by the cellular surveillance mechanisms initiates signalling cascades for 
cell cycle arrest and DNA repair or, in cases of severe and persistent damage, senescence and apoptosis 
(14). Senescence is the irreversible withdrawal from the cell cycle and it constitutes a prominent tumour 
suppressor mechanism since it leads to the elimination of aberrantly proliferating cells. What determines 
entry into senescence or apoptosis is still unclear; however the cell type appears to be important. It is 
hypothesized that senescence occurs more often in less proliferative tissues and tissues in which the physical 
presence of the cell is crucial for their integrity, for instance the skin. Contrary to senescence, apoptosis 
is more often induced in highly proliferative tissues, with the exception of neuronal cells that although 
post-mitotic commit to apoptosis in response to damage accumulation. Importantly, although senescence 
is employed as a mechanism for tumour suppression, senescent cells produce and secrete inflammatory 
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and apoptotic cells are cleared by the immune system, providing efficient mechanisms to prevent disease. 
However, the efficiency by which the immune system clears senescent cells appears to become less during 
aging, thereby contributing to aging-associated diseases (67). In line with this, a recent study showed that 
improved removal of senescent cells in a mouse model of premature aging alleviated the aging process (68). 
Senescence and apoptosis are typical responses activated downstream of the DNA damage response. 
ATM is a central kinase in the DNA damage response and it regulates the pathway for the induction of 
both senescence and apoptosis, mainly through activation of the p53 tumour suppressor. In fact, deletion 
or inhibition of ATM kinase activity in vitro and in vivo abolishes both of these processes, resulting in 
uncontrolled proliferation of damaged cells and carcinogenesis (69). Moreover, A-T patients suffer from 
cancer predisposition, with increased prevalence of lymphomas and lymphoid leukaemias (70). Also, after 
induction of replication stress due to oncogene activation, ATM and Rad3 related (ATR) kinase regulates 
similar responses, again through p53 (71, 72). Early research on FOXO function already implied a potential 
role for FOXOs as tumour suppressors, because FOXOs regulate growth inhibition and cell death in response 
to cellular stress (73). Importantly, FOXO TKO mice suffer from thymic lymphomas and haemangiomas (37) 
and this established FOXOs as bona fide tumour suppressors. FOXOs inhibit cancer progression by affecting 
several processes, including inhibition of tumour vascularization (for review see (73)). At the cellular level 
their main contribution is by inducing cell cycle arrest (also senescence) and apoptosis in response to 
oxidative stress and other genotoxic insults (73, 74). 

DNA damage-induced transcription block and progeria 

Accumulated DNA lesions are not only deleterious with respect to oncogenic transformation but are also 
responsible for cellular dysfunction and induction of cytostatic events. Transcription blocking lesions (75, 76) 
cause defects in protein production and subsequent performance of vital cellular functions. Seminal work 
by Hoeijmakers and associates revealed that genetic disruption of transcription-coupled repair components 
results in premature aging and age-related pathologies, associated with defects in transcription progression 
(77-80). 
Interestingly, transcriptome analysis of progeroid mice with DNA repair dysfunctions revealed a suppression 
of the somatotropic axis (growth hormone, GH and IGF-1) (78, 80). This is quite paradoxical, considering 
that previous studies linked reduced IIS signalling to increased longevity in C. elegans and mice (25, 81, 82). 
However, in cases of chronic DNA damage due to repair defects, attenuation of the somatotropic axis can 
be considered as an adaptive response that shifts the natural resources from growth to maintenance. By 
attempting to reduce metabolic rates, this response adds to the reduction of intracellular free radicals and 
the ensuing genomic instability. At the same time, increased transcription of ROS detoxification enzymes is 
also observed, as a mechanism to further reduce ROS-induced damage. Importantly, these mice also exhibit 
increased transcripts of pro-apoptotic proteins, probably due to the inhibition of the pro-survival IIS axis 
(78). 
The role of FOXOs has not been studied yet in this genetic system. However, since FOXOs are expected to 
be active due to loss of IIS signalling, these mouse models would be particularly informative to study FOXO 
function under conditions of increased genomic instability.
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Telomere attrition in aging

Telomeres constitute the chromosome ends and are protected by specialized structures, to prevent their 
attrition and fusion (83-85). Each DNA replication round results in gradual shortening of the telomeres and, 
in the absence of adequate telomerase activity, telomeres gradually shorten until they reach a critical length 
(86). At this point telomeres lose their protective capping and are sensed by the DNA damage surveillance 
system as DNA breaks (83, 85). Eventually, the DNA damage response, orchestrated by ATM and ATR, 
results in senescence induction (replicative senescence) or, in cases that DNA repair with NHEJ is activated, 
chromosome fusions occur and the ensuing genomic instability leads to carcinogenesis. 
Telomere erosion occurs during DNA replication, but is also modulated by other factors. Telomeres are 
repetitive sequences rich in G and C nucleotides,,which have been shown to be particularly sensitive to 
oxidative damage (87), and telomere shortening occurs with higher rates under oxidative stress conditions 
(88-91). Importantly, treatment with antioxidants or increased expression of dismutases under oxidative 
stress conditions appeared to rescue the telomeric length and delay the subsequent replicative senescence 
(92). Considering the role of FOXOs in regulating the expression of ROS detoxifying enzymes, it is tempting 
to speculate that another contribution of FOXOs in extending lifespan is by indirectly regulating telomere 
length. Irrespective, other potential functions of FOXOs in the setting of uncapped and dysfunctional 
telomeres would be equally interesting to determine. 

Aging and mitochondrial dysfunction; FOXOs and ATM in mitochondria protection

An important mediator of the increased ROS accrual in aged tissues is mitochondrial dysfunction (89, 93). 
MtDNA is especially sensitive to ROS and consequent accumulation of damage as it is directly exposed to 
free radicals leaking from the respiratory chain. Moreover, mtDNA is not protected by histones and the 
mitochondria resident repair mechanisms are less sophisticated, compared to the repair systems operating 
within the nucleous (94). Importantly, mtDNA regulates the expression of proteins involved in mitochondria 
assembly and function. As a result, “aged” mitochondria, with increased load of mtDNA mutations, 
function sub-optimally and release more free radicals (95, 96). Neurodegeneration associated with age-
related disorders, such as Parkinson’s and Alzheimer’s disease, is connected to an increase in ROS due to 
accumulation of defective mitochondria within post-mitotic neurons (97). Mitochondrial dysfunction is also 
observed in metabolic syndrome, a pathology associated with insulin resistance and eventually development 
of diabetes and cardiovascular disorders (98). Additionally, age-associated dysfunctions in the cardiovascular 
system have been connected to increased mtDNA mutations and increased ROS leakage (98-100). 
Cells can mount certain protective responses to mitochondrial dysfunction and thus mitochondria-induced 
ROS accumulation. One cellular strategy is mitophagy, an autophagic process (see below) that results 
in the specific removal of dysfunctional mitochondria (101, 102). Whereas mitophagy is still not fully 
understood, certain mediators of the process have been identified. An important mediator of mitophagy 
is the PTEN-induced putative kinase-1 (PINK1), which regulates the accumulation of the protein parkin in 
damaged mitochondria, thereby regulating mitophagy initiation (103, 104). Importantly, when dysfunctional 
mitochondria are not efficiently cleared and the intracellular free radical load increases significantly, cell 
death is induced (93). 
FOXO proteins are important regulators of oxidative stress resistance and FOXO TKO mice were reported to 
show mitochondria dysfunction (105). FOXOs regulate the expression of free radical detoxifying enzymes, 
including the mitochondrial resident MnSOD, thereby regulating mtDNA integrity and ultimately mitochondria 
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antagonize c-Myc function (106, 107). As a result, at least in the setting of hypoxia, FOXOs contribute to the 
maintenance of low mitochondria number and the reduction of intracellular ROS by inhibiting transcription 
of mitochondrial genes. Moreover, FOXOs were reported to regulate the transcription of PINK1, suggesting 
a possible involvement of FOXOs in clearance of damaged mitochondria (108). Importantly, transcription 
of PINK1 by FOXO was found associated with protection from apoptosis, possibly by inducing mitophagy. 
Furthermore recently in Drosophila, dFOXO was shown to rescue the mitochondria dysfunction stemming 
from PINK deletion, suggesting PINK-independent functions as well (109). In fact, FOXOs were reported to 
regulate the expression of CITED2 (110) that in turn regulates the levels of Bmi1 (111). Interestingly, mice 
deficient for Bmi1 show increased stress characterized by the accumulation of dysfunctional mitochondria 
and increased p16INK4 expression (112), an increase also observed in FOXO TKO mice (36). 
Considering the role of dysfunctional mitochondria in aging related pathologies, it is conceivable that other 
aging associated components and signalling pathways will also be involved in mitochondria integrity. Indeed, 
impaired mitophagy was recently reported in mice deficient for the ATM kinase (113). In fact, it was proposed 
that this deficiency causes the increased free radical accumulation in A-T patients’ tissues and could account 
for cerebellar degeneration, a common A-T symptom (70). 

Autophagy in aging; functions for FOXOs and ATM in regulating autophagy

Autophagy is an evolutionary conserved process involving the controlled degradation of cytoplasmic 
contents, through the lysosomic pathway. More specifically, it involves the engulfment of parts of the 
cytoplasm in double membraned vesicles termed “autophagosomes” and subsequent fusion of these vesicles 
with lysosomes (for more detailed review see (114)). Eventually, the macromolecules are dismantled to 
smaller “building blocks” that become available for new cellular anabolic processes. Autophagy is the main 
mechanism for the turnover of organelles (e.g. mitophagy, see above) and it is activated in cases of nutrient 
starvation or in stress conditions. More specifically, oxidative stress, as mentioned, induces irreversible 
modifications in macromolecules (e.g. proteins), as well as whole organelles (e.g. mitochondria) affecting 
their function. Autophagic removal of these defective molecules/ organelles maintains cellular homeostasis, 
whilst facilitating the production of new, undamaged molecules. 
Autophagy is a process with important implications in aging. It has been observed that expression of central 
autophagy components, as well as autophagy efficiency in toto is impaired with aging (114). The importance 
of autophagy in the aging process in multicellular organisms was primarily demonstrated by studies in C. 
elegans, where deletion of genes important for autophagy results in dauer defects and reduced lifespan 
(115-117). Most importantly, the lifespan extension observed in nematodes due to reduced insulin/IGF-1 
signalling or by dietary restriction is not only dependent on DAF-16, the FOXO homologue in C. elegans, but 
also on functional autophagy (116). Moreover, in Drosophila melanogaster defective autophagy is associated 
with shortened lifespan (118) and in mice tissue specific knockdown of certain autophagic genes results in 
aging-associated phenotypes (114). Defective autophagy is also associated with age-associated disorders in 
humans; the main aetiology of Alzheimer’s disease is the accumulation of protein aggregates (beta amyloid 
plaques and tau protein tangles) and the subsequent neuronal death, whereas accumulation of protein 
aggregates in neuronal cells is also observed in Parkinson’s and Huntington’s disease (119-121).
FOXO proteins are involved in autophagy, both by regulating certain transcriptional programs, as well 
as mediating transcription independent functions. FOXOs were reported to regulate the transcription of 
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important autophagy regulators, including Atg8/LC3b, Bcl2/adenovirus E1B 19 kDa protein-interacting 
protein 3 (Bnip3), GABA(A) receptor-associated protein like 1 (Gabarapl1), Beclin, and Atg12 (reviewed in 
(122)). In agreement with this, in neuronal cells, JNK deficiency was shown to activate FOXO transcriptional 
activity towards Bnip3, Atg8/LC3b and Atg12, thereby inducing autophagy and neuronal cell survival (123). 
Autophagy induction has been linked however to both cytoprotection and cytotoxicity. The latter is better 
illustrated in a recent report by Zhao et al, in which cytosolic FOXO1 was shown to mediate autophagy, 
independently of its ability to regulate transcription (124). In particular, cytoplasmic FOXO1 was shown to be 
acetylated in response to oxidative stress or nutrient deprivation and subsequently interacting with Atg7, an 
autophagy mediator, thereby regulating autophagy and cell death of neoplastic cells. 
In agreement with the reported function of ATM in mitophagy, ATM is also associated with autophagy 
regulation. In response to oxidative stress, cytosolic resident ATM was shown to activate AMP-dependent 
kinase (AMPK), thereby activating tuberous sclerosis protein 2 (TSC2) (125). TSC2 is found in complex with 
TSC1 protein, regulating the function of the target-of-rapamycin kinase (TOR), via the inactivation of the 
small GTPase Rheb (126). TOR is an inhibitor of autophagy (114); therefore ATM activity, via AMPK, results in 
inhibition of TOR and subsequent enhancement of autophagy, in response to oxidative stress. 
Overall, apart from their association in response to DNA damage, FOXOs and ATM appear to regulate 
similar functions in protecting cells from diverse stress insults. It is therefore important that future research 
addresses whether these proteins function in distinct or the same signalling pathways in order to confer 
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Figure 5. FOXOs and ATM in the responses to increased intracellular ROS. Under normal growth conditions FOXOs are 
kept cytoplasmic due to inhibitory phosphorylation. ATM is predominantly located in the nucleus and, to a lesser extent, 
the cytoplasm. Both FOXOs and ATM in the cytosol regulate autophagy and mitophagy in response to increased free 
radical or nutrient deprivation. In cases of increased oxidative stress the nuclear exclusion of FOXOs is alleviated. Once 
in the nucleus FOXOs activate transcription of genes for ROS detoxification, cell cycle arrest and DNA repair. Also, by the 
interaction of FOXO3 with ATM, ATM is activated to mediate the regulation of the DNA damage response towards DNA 
repair and growth arrest. At the same time ATM regulates FOXOs by phosphorylating them, although the functional 
relevance of this phosphorylation is not known. Increased redox potential leads to the formation of disulfide bridges 
between two ATM molecules. These homodimers are active kinases phosphorylating substrates and modulating ROS 
load. 
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Aging and cell regeneration

Aging, as previously mentioned, can be considered the result of disturbed homeostasis, which in part can 
be due to a reduced capacity to replenish damaged and dysfunctional cells. Tissue regeneration is achieved 
by tissue specific adult stem cells (SCs), which are resident in most tissues and are characterized by their 
unique abilities to self-renew, in order to replenish the SC pool and to differentiate to other types of cells 
(multipotency). Considering the importance of the SCs for the lifetime maintenance of tissue homeostasis, 
it is conceivable that these cells should be equipped with very strictly controlled mechanisms for their 
protection against exogenous and endogenous insults. 

Free radicals and DNA damage responses in SCs

Recent studies on the intestinal SCs characterized by LGR5 expression have challenged the concept that all 
adult SCs are maintained in a slow cycling or quiescent state for most of their lifetime (127). To reconcile 
most of the experimental data, a model has been put forward proposing that for most tissues basically two 
adult stem cell types exist (128); one is maintained in quiescent state and contributes to the maintenance 
of the SC pool while the other type comprises the highly proliferative SCs whose function contributes to cell 
replenishment and tissue regeneration.
Quiescence is a state of reversible growth arrest also referred to as G0; cells can accumulate in the G0 
phase of the cell cycle following an arrest in G1; however upon mitogenic stimuli they can resume cycling. 
Contrary to cycling cells, which have to devote the majority of their metabolism towards synthesis of cellular 
constituents (DNA, proteins and lipids) in order to replicate, quiescent cells lack this demand and thus can 
decrease and/or divert their metabolic rates towards different requirements. Important in the context of 
aging is the accompanying ability of quiescent cells to shift metabolism towards increased stress resistance. 
In agreement, numerous studies have reported that quiescent cells are reduced in size, show lower rates 
of nucleotide synthesis, increased stress resistance, increased autophagy to recycle cellular components, 
and increased glycolytic flux and hence reduced oxidative phosphorylation. However, the latter paradigm 
stems largely from studies using lymphocytes and it may not be in fact a general hallmark of quiescence, 
since a recent report showed a similar glycolytic flux in quiescent as well as proliferating human primary 
fibroblasts (129). Irrespectively, quiescent SCs are considered to be less metabolically active and experience 
less mitochondrial respiration and thereby ROS accumulation (130). Moreover, by remaining in the G0 phase 
of the cycle, SCs are not subjected to erroneous DNA replication. At the same time, antioxidant defences are 
enhanced in SCs, thereby minimizing the risk of ROS-induced damage. The requirement for ROS modulation 
in the establishment of quiescence is further illustrated by the fact that fibroblasts from MnSOD-/- mice 
exhibit increased superoxide steady state levels and failure to exit the proliferative cycle (131). Therefore, in 
general quiescent SCs are expected to be less exposed to genotoxic insults and accumulate less DNA damage. 
Nevertheless, DNA damage was found to accumulate in SCs with age, as measured by the accrual of γH2AX 
foci, a marker of DNA damage response, suggesting lack of mechanisms for faithful DNA repair in these cells 
(65, 132). Importantly, SCs are largely dependent on their microenvironment for their maintenance and 
fate determination. Excreted factors, including cytokines, from cells comprising the SC niche were shown to 
induce free radical accumulation and DNA damage in hematopoetic SCs (HSCs), leading to SC transformation 
or dysfunction (133).
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DNA repair is significantly impaired in quiescent SCs, in which cell cycle checkpoints as well as certain types 
of repair are inactive (134, 135). Importantly, in case that quiescent SCs exposed to genotoxic stress re-
enter the cycle, they will first proceed to the G1 phase. As previously mentioned, in G1 DSBs are repaired 
by the error-prone NHEJ, resulting in the accumulation of mutations or genomic insertions, deletions and 
translocations that can be subsequently transmitted to the daughter cells. Indeed, it has been experimentally 
demonstrated that the quiescent state and the prevalence of NHEJ as the major DNA repair mechanism, are 
associated with DNA damage accumulation in HSCs during aging (136, 137). The high fidelity HR is largely 
inhibited in SCs and only in the case that the cells were mobilized prior to damage infliction, they were found 
to preferentially employ HR for DNA repair (136, 138). Therefore quiescence for the SCs can be considered 
as a “double-edged sword”, keeping damaging insults to the minimum on the one hand, while elevating 
genomic instability due to inefficient repair on the other. 
Accumulated genomic instability in SCs elicits certain responses depending on the nature and extend of the 
damage. The majority of the cycling SCs (for instance intestinal SCs) as well as quiescent SCs re-entering 
cell cycle after their exposure to genotoxic insults, are eliminated by apoptosis (135). Another response to 
accumulated genomic instability in SCs is the induction of cellular senescence (135). The tumour suppressor 
p16INK4 is strongly associated with senescence induction in transformed cells. Expression of the INK4a/
ARF locus (encoding for p16INK4 and ARF) is repressed early in life, mainly by function of the Polycomb 
repressor complex; however the repression is alleviated during aging (139). Importantly, overexpression of 
p16INK4a has been experimentally linked to functional decline of SCs, whereas p16INK4a-deficient mice show 
improved SC function with age, compared to their wild type littermates (140). Interestingly, p16INK4 was 
suggested to drive apoptosis with stress in SCs. Genomic damage accrual in SCs is further associated with 
increased SC differentiation. An elegant study by Wang et al, suggests that DNA damage in HSCs results in the 
preferential differentiation of HSCs to the myeloid lineage instead of the lymphoid (141), a skewing widely 
observed in aged HSCs as well. This skewed differentiation towards the lymphoid lineage is associated with 
the aging-associated decline in the adaptive immune system. Importantly, whereas the gradual removal of 
dysfunctional SCs is a potent tumour suppressor mechanism, it eventually results in the exhaustion of SC 
reserves. Ultimately, the reduced capacity of SCs for tissue regeneration upon injury and the tissue atrophy- 
both hallmarks of aging- are stemming from SC exhaustion.

Longevity factors in SC maintenance

The importance of SCs in the long-term maintenance of adult tissues and subsequently to the aging process 
is well illustrated by the observation that genetic factors associated with aging have crucial functions in stem 
cell maintenance. The FOXO transcription factors, as well as DNA repair components have all been shown to 
regulate SC long-term survival and repopulation capacity. 
As argued above, maintenance of a low ROS load is crucial for SC function, since intracellular ROS accrual was 
shown to result in increased genomic instability and subsequently SCs differentiation (142). Recent studies in 
the FOXO TKO mice revealed a vital role of FOXOs in HSC maintenance via the regulation of intracellular ROS 
and cell cycle progression (36, 143). HSCs from the FOXO TKO animals suffered from increased ROS due to 
impaired expression of several ROS detoxifying enzymes. Importantly, administration of the ROS scavenger 
N-acetyl-cysteine (NAC) in these animals alleviated several of the stem cell defects stemming from FOXO 
deficiency. The importance of FOXOs in SCs ROS modulation is further illustrated by observations in PKBa/b 
deficient mice that display reduced levels of free radicals and increased quiescence (144). Interestingly, 
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/- mice exhibit depletion of their HSC pool and bone marrow failure due to elevated ROS, whereas the 
HSC defects are relieved with concomitant administration of NAC (145). Interestingly, in both FOXO TKO 
and ATM-/- mice elevated ROS are associated with increased p38MAPK activity and p16INK4 levels. Recent 
studies support a direct involvement of ATM in regulation of intracellular ROS (146). ATM was described to 
act as a ROS sensor by the formation of intermolecular disulfide bridges (147), similar to FOXO proteins (31). 
However, the exact mechanism of ROS regulation by ATM is not clear still, with some reports suggesting this 
to be via regulation of the pentose phosphate pathway (146, 148). In addition to ATM, FANCD2, another 
DNA repair protein, was also recently associated with FOXOs and free radical regulation in HSCs. FANCD2, 
a component of the Fanconi anaemia group of proteins, was found to interact with FOXO3 to regulate the 
expression of ROS scavenger genes, including MnSOD and catalase (149). Importantly, Fanconi anaemia 
patients show bone marrow failure as a result of increased intracellular ROS in HSCs and HSC pool depletion 
(150).
In addition to their function in ROS regulation, FOXOs appear to regulate other processes related to SC 
maintenance as well. FOXOs are integral factors for the quiescent state of SCs, regulating the expression of 
p21cip1/waf1 and p27kip1. Indeed, in FOXO TKO mice, HSCs were depleted due to increased cell cycle mobilization 
and subsequent differentiation, at the expense of self-renewal (143). Interestingly, HSC differentiation in 
these mice was skewed towards the myeloid lineage, at the expense of the lymphoid lineage, as is observed 
in aging. Remarkably similar phenotypes were observed in PTEN conditional knock-out mice (151, 152), in 
which PKB is expected to be overly active and thereby inactivate FOXOs. PTEN deficiency in the HSCs resulted 
in increased HSC mobilization and eventually SC depletion, while an increased differentiation towards the 
myeloid lineage was also observed (153, 154). Moreover, similar effects were observed in the neuronal SCs 
(NSCs) of the FOXO TKO mice. These mice exhibited increased proliferation of NSCs early in life, followed 
by depletion of the NSC pool later in life, thereby contributing to reduced long-term neurogenesis (155). In 
another SC compartment, the spermatogonial SCs (SSC), FOXOs appear to regulate SSC self-renewal capacity 
and differentiation (156), whereas FOXO3 also suppresses ovarian follicle activation, since FOXO3a-/- mice 
exhibit oocyte exhaustion and infertility (157). ATM, in accordance to its established role in cell cycle 
regulation, also regulates the cycle status of SCs. In particular, ATM was recently reported to regulate the 
quiescence status of HSCs, via regulation of BID and intracellular ROS (158) and in ATM-/- mice the SSC 
population is progressively depleted by increased quiescence exit and cell cycle re-entry (159). 
Regulation of SC homeostasis is crucial for their long-term survival and re-population capacity. Eventually, 
maintenance of SC pools is of utmost importance for tissue regeneration in aging. Longevity factors, including 
FOXOs and DNA repair components such as ATM, play important roles in SC maintenance. The major impact of 
these factors in SCs is in the regulation of the intracellular free radical load, thereby contributing to genomic 
stability in these cells. Moreover, by retaining SCs in quiescence, they contribute to their protection by severe 
damage insults. Importantly however, whereas the processes they mediate are clear, the regulation of these 
factors in SCs is not fully elucidated. It would be particularly important to expand our understanding of 
protein interacting modules as well as post-translational modifications (PTMs) regulating FOXOs function in 
the SCs, as this holds promise for relevant interventions, and thus will be valuable for regenerative medicine.

FOXO and ATM in diabetes, the “other” age-associated disorder 

Diabetes is a condition stemming either from decreased insulin secretion from the pancreatic β-cells, or 
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decreased insulin perception in peripheral tissues (insulin resistance). As mentioned, reduced PI3K/PKB 
signalling plays an important role in cancer, but also in diabetes, another typical age-related disease. In 
agreement with FOXOs being important downstream components of PI3K/PKB, a role for FOXOs has been 
established in diabetes, both in peripheral insulin resistance as well as in β-cell function (for more elaborate 
reviews see e.g.(160, 161)). Intriguingly, a role for ATM in diabetes has also been documented. 
Patients with ataxia telangiectasia display metabolic abnormalities, such as poor growth, insulin resistance 
and increased risk of developing diabetes mellitus, which at least in part are due to lack of ATM activity 
(70). However, how ATM controls metabolic function with respect to glucose handling and insulin signaling 
remains unclear. Interestingly, oxidative stress appears to be an important determinant for the pathology 
of both diabetes and metabolic syndrome, a condition with increased risk of developing insulin resistance. 
As already mentioned, loss of ATM results in increased ROS and, similar to FOXO, free radicals have recently 
been shown to directly control ATM activity (147). Moreover, combined ATM and apolipoprotein E deficiency 
results in increased JNK activity and ATM has been proposed to reduce JNK activity (162) thereby relieving 
JNK feedback inhibition on insulin signaling (163). Furthermore, ATM appears to be activated by insulin 
and to subsequently contribute to the full activation of PKB, thereby regulating the translocation of the 
cell surface glucose transporter 4 (GLUT4) in response to insulin (164). Thus, whereas FOXOs are inhibited 
by insulin signalling, ATM appears activated. This may underlie the different mode of involvement of FOXO 
versus ATM in peripheral insulin resistance, in which loss of FOXO improves insulin function (160), whereas 
loss of ATM provokes insulin resistance (70). The role of ATM is further illustrated by the observation that 
genetic variants of ATM correlate with treatment success of metformin, the most commonly used drug to 
treat type 2 diabetes (165).
With respect to pancreatic β-cells, ATM and FOXO appear to be both important factors for their survival and 
functionality. In β-cells FOXO1, the major FOXO member in the pancreas, is continuously kept cytoplasmic, 
due to the constant production of insulin. However in conditions of increased oxidative stress, such as 
induced by hyperglycemia, FOXO translocates to the nucleus. Nuclear FOXO1 was shown to protect β-cells 
and to induce the transcription of NeuroD and MafA, transcription factors that regulate insulin production 
(166). Importantly however, prolonged FOXO1 activation also induces cell growth attenuation in β-cells of 
mice with disturbed insulin signalling, leading to β-cell dysfunction. This effect of FOXO is likely through 
induction of p27kip1 and reduction of cyclinD, as it has been shown that p27kip1-/- mice are protected from 
diabetes (167). ATM was also found to be active in β-cells to ensure insulin secretion (168). These functions 
of ATM described are important determinants for the prevalence of an aging associated disorder such 
as diabetes and appear independent of its established role in DNA repair. Nonetheless, we can envision 
additional functions for both FOXO and ATM in ROS modulation and genomic stability in β-cells. 

FOXOs balancing cancer and disease - signals from above

Tumour suppressors have been long categorized in two main groups, namely the caretakers and the gatekeepers 
(169). The caretakers are proteins involved in maintenance of genomic stability, thereby minimizing the 
potential threats for neoplastic transformation. Typically components of DNA repair pathways and proteins 
otherwise ensuring survival and genomic stability are categorized in this group. Gatekeepers on the other 
hand are proteins such as p16INK4, inhibiting oncogenesis by inducing the removal of the transformed cells 
via senescence and apoptosis. FOXOs are bona fide tumour suppressors however their categorization to one 
of the above groups appears to be more complicated. Indeed, FOXOs regulate transcriptional programs for 
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responses. These functions appear to be contradictory when considering the well-established role of FOXOs 
as positive regulators of lifespan extension. Thus, one may speculate on a differential regulation of cellular 
fate by FOXOs, depending on the input signals, that determines FOXOs to be pro- or anti-aging. Under low 
stress conditions (“young” cells), FOXOs promote stress protection and survival thus acting as anti-aging 
factors; in cases when the ensuing instability is of great threat for tissue functionality (“old” cells) then they 
promote cell clearance and aging. 
But are the signalling inputs indeed tipping the balance in the regulation of these contradictory programs by 
FOXOs? A differential balance in input signals due to differential regulation of upstream components could 
affect FOXO post-translational modifications and subsequent association with binding partners, eventually 
shifting the output effect from stress resistance to cell death. Importantly, intracellular ROS accumulate 
with age and upstream components regulating FOXO function, including PTEN phosphatase, share redox-
sensitive cysteines that oxidize, thereby affecting enzyme functionality with aging. In fact ROS regulation of 
FOXOs comprises an intricate and complex network of proteins with differing sensitivities and modes of ROS 
regulation (reviewed in e.g. (170)). To increase complexity, FOXOs are central nodes in ROS signalling being 
both regulated by, as well as regulators of intracellular ROS load. Eventually, the balance in regulation may 
be found in the details of redox regulation.

FOXO regulation by stress

 FOXOs activity is regulated through a variety of PTMs, such as phosphorylation, methylation, acetylation etc. 
These PTMs regulate FOXO subcellular localization, protein stability and protein-protein interactions. As for 
other transcription factors, the variety of PTMs identified for FOXOs led to the suggestion that combinatorial 
codes of PTMs regulate the function as well as the binding of co-factors under various conditions, towards 
specific functional outputs (30). Although an attractive hypothesis, there is at present little evidence for the 
existence of such codes and in this respect it is evident that detailed studies are required to fully understand 
the role of all PTMs and their interconnections, for FOXO function. Here we will describe PTMs identified 
for FOXOs in response to oxidative and genotoxic stress, as well as to growth factors and cellular nutrients.  

FOXO regulation in response to ROS

Phosphorylation. In mammalian cells oxidative stress activates JNK via the small GTPase Ral and subsequently 
JNK phosphorylates FOXO4 on multiple residues, resulting in its nuclear accumulation (171). Studies in 
C. elegans and Drosophila further demonstrated by genetic means that JNK activates DAF-16 and dFOXO 
respectively to mediate lifespan changes and stress resistance (172, 173). JNK was also demonstrated to 
phosphorylate FOXO3a in response to the cytotoxic agent Paclitaxel. However, thus far FOXO1 appears not to 
be a substrate for JNK, at least in vitro (174).  Mammalian Sterile 20-like kinase 1 (MST1) is a serine/threonine 
kinase activated by cellular stress and MST1 was shown to play important role in apoptosis induction by a 
variety of stresses. Following apoptotic stimulation, MST1 activation regulates a number of downstream 
targets including JNK/p38, histone H2B and FOXO. MST1 has been shown to phosphorylate FOXO1 in vitro 
on Ser212 (175). In cells MST1 phosphorylation of FOXO has been shown to induce loss of 14-3-3 binding to 
FOXO and consequent nuclear translocation. Also, whereas MST1 is primarily involved in apoptotic signaling 
(e.g. neuronal cells (176)) the opposite has been reported as well, where the Mst1-FoxO signaling pathway 
plays a crucial role in survival, but not apoptosis, of naïve T cells (177). Nemo-like kinase (NLK) (178, 179) 
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was also demonstrated to phosphorylate FOXO4 in response to oxidative stress and inhibit FOXO-dependent 
transcription, albeit with an undefined mechanism still.
Acetylation/de-acetylation. In response to oxidative stress FOXOs were found to be acetylated by the 
histone acetyl-transferases (HATs) p300, CREB-binding protein (CBP) and p300/CBP-associated factor 
(PCAF)  (reviewed in (180)). The result of FOXO acetylation on its transcriptional activity is still debated, as 
deciphering the FOXO specific effects from the effects of histone acetylation remains tedious (reviewed in 
(181)). FOXO acetylation is removed by the action of Sir2/Sirt family de-acetylases (182, 183). 
Ubiquitination/de-ubiquitination. FOXOs were also found to be regulated by mono- and poly-ubiquitination. 
In response to oxidative stress the E3 ligase MDM2 was shown to mono-ubiquitinate FOXO4, resulting in its 
nuclear translocation and transcriptional activation, whereas the de-ubiquitinating enzyme USP7/HAUSP 
removes these marks (184, 185). 

FOXO regulation in response to genotoxic stress

Phosphorylation. Cyclin-dependent kinases (CDKs) are key regulators of cell cycle progression and, through 
phosphorylation, they control many essential cell cycle components. Both CDK1 and CDK2 have been 
shown to phosphorylate FOXO1 on Ser249 in vitro as well as in vivo (186, 187). In proliferating cells, this 
phosphorylation event was shown to inhibit FOXO1 activity, via its cytoplasmic retention. Importantly, 
genotoxic stress activates signalling cascades eventually inhibiting the CDKs. Indeed, it was shown that under 
DNA damage conditions the negative FOXO1 regulation by CDKs is alleviated, resulting in FOXO1 nuclear 
re-localization. Interestingly, in post-mitotic neurons FOXO1 phosphorylation by CDKs appeared to activate 
FOXO-dependent transcription (188). Whether this reflects a cell type specific difference or experimental 
differences is still unclear. FOXO3 was recently reported to be phosphorylated by the MAP kinase MK5 (189). 
This phosphorylation results in FOXO nuclear translocation and transcriptional activation, towards miR-34, 
to antagonise overproliferation induced by Myc oncogene. More importantly, previous work from the same 
group suggested that MK5 regulates the expression of miR-34 in response to genotoxic stress, suggesting 
DNA damage signalling to regulate FOXO towards different endpoints. ATM together with ATR and DNA-
dependent protein kinase (DNA-PK) belong to the PIKKs. ATM, ATR and DNA-PK are activated by genotoxic 
stress and phosphorylate a sequence motif within proteins defined as Sp/TpQ. A proteome wide analysis of 
proteins phosphorylated by the PIKKs in response to DNA damage revealed many potential ATM substrates, 
including FOXO1 (51). Interestingly, all FOXO members possess this Sp/TpQ motif, suggesting this to be a 
potential common regulatory mechanism. Whether this phosphorylation has a functional relevance in the 
DNA damage response however remains to be determined.

FOXO regulation by growth factors and nutrients 

Phosphorylation. PKB has been shown to phosphorylate three evolutionary conserved residues within FOXO 
members, which for FOXO1 are Thr24, Ser256 and Ser319. Phosphorylation of proteins by PKB results in 
14-3-3 binding, but full binding of 14-3-3 to FOXO requires only the first two PKB phosphorylation sites. The 
third PKB site is involved as a gatekeeper in further phosphorylation of FOXO by casein kinase 1 (CK1). CK1 
phosphorylates Ser322 and Ser325 in FOXO1, following the third PKB site. Together with DYRK1a mediated 
phosphorylation at Ser329, this generates a patch of negative charges involved in interaction with the 
nuclear export/import machinery (190). Moreover, phosphorylation of FOXOs by PKB inhibits their DNA 
binding potential, as the second phosphorylation site (Ser256 in FOXO1) introduces a negative charge within 
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is distantly related to PKB, and its activation is also dependent on the action of PI3K through PDK1. The 
consensus sequence for SGK phosphorylation is highly similar to that of PKB. Thus SGK can also phosphorylate 
the PKB sites of FOXOs. However, comparison of FOXO3a phosphorylation by PKB and SGK suggested the 
third PKB site (Ser315 in FOXO3a) to be preferentially phosphorylated by SGK, whereas the others are 
preferentially phosphorylated by PKB (191).  SGK was also identified as a kinase for the PKB sites of FOXOs. 
Interestingly, studies in C. elegans suggest that depending on the experimental condition either PKB or SGK 
is the main mediator of DAF-16 dependent lifespan, and biochemical analysis suggests that PKB and SGK are 
components of the same protein complex (192). This would indicate that PKB and SGK are largely redundant 
with respect to FOXO regulation. Interestingly Leucine-rich repeat kinase 2 (LRRK2) and cyclic guanosine 
monophosphate (cGMP)-dependent kinase II (cGKII) have been shown to also phosphorylate the third PKB/
SGK site in dFOXO. However, unlike PKB/SGK, both LRRK2 and cGKII activate dFOXO transcriptional activity 
(193, 194). A mechanism that can possibly unify this differential regulation is at present hard to envision. 
Following the notion that in human primary tumours FOXO cytosolic localization did not completely correlate 
with high PKB activity, Hu et al. identified IkB-kinase (IKK) as a novel negative regulator of FOXO3a (195). 
IKK phosphorylates FOXO3a at Ser644 a site not conserved within the other FOXO members. IKK-mediated 
FOXO3a phosphorylation has been shown to result in poly-ubiquitination and proteosomal degradation of 
FOXO3a. The MAPkinases p38 (196) and ERK (197) are implicated as well in FOXO regulation. Knowledge on 
the functional significance of these phosphorylation events is limited; however initial studies suggest that 
ERK mediated phosphorylation of FOXO3 induces its poly-ubiquitination and proteasomal degradation. 
FOXOs are also positively regulated by phosphorylation, independently of oxidative stress.  AMPK is a 
heterotrimeric serine/threonine kinase that performs a central role in cellular energy homeostasis. Under 
low energy conditions AMPK activation controls cell growth and energy expenditure by phosphorylating a 
number of substrates, including FOXOs. In vitro phosphorylation of FOXO3a by AMPK identified 6 potential 
AMPK phosphor-acceptor sites. Subsequent analysis of a FOXO3a mutant lacking all identified AMPK sites 
suggested that AMPK phosphorylation channels FOXO activity towards activation of alternative energy 
sources and stress resistance (198). In agreement, it was found that a similar pathway operating in C. elegans 
confers lifespan extension when using an appropriate regimen for caloric restriction (199). Thus, regulation 
of FOXO by AMPK appears an evolutionary conserved mechanism for homeostasis of energy metabolism. In 
addition, this indicates FOXOs to be a nodal point for cross-talk between the AMPK pathway and the insulin-
PI3K-PKB pathway. 
GlcNAcylation. O-linked β-N-acetylglucosamine (GlcNAc) addition, similar to phosphorylation, occurs on 
serine and threonine residues of proteins and this notion led to the hypothesis that O-GlcNAc modifications 
could directly oppose phosphorylation. FOXOs are also GlcNAcylated and this correlates with FOXO activation 
(200, 201). O-GlcNAc modified residues were identified by mass-spectrometry, but did not correspond to any 
of the known FOXO phosphorylation sites. Therefore the mechanism of activation remains to be identified. 
Methylation. FOXOs are targeted for arginine methylation by the protein arginine methyltransferase-1 
(PRMT1) (202). Methylated residues identified in FOXO1 are Arg248 and Arg250, which are part of the 
consensus PKB phosphorylation site for Ser256 phosphorylation. Methylation of these residues has been 
shown to inhibit PKB-mediated FOXO1 phosphorylation. In this way, PRMT1-mediated FOXO methylation 
appears to induce protein stabilization, nuclear localization and transcriptional activation.
Ubiquitination. The E3 ligase MDM2 was also shown to induce the poly-ubiquitination of FOXOs. Mdm2-
dependent poly-ubiquitination was reported in response to ERK phosphorylation (203). In response to PKB 
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phosphorylation, the Skp2 E3 ligase regulates FOXOs’ poly-ubiquitination and degradation (204), whereas 
IKK phosphorylation of FOXO3 results in the formation of a βTrCP “degron” and the subsequent FOXO3 
poly-ubiquitination (205). Clearly, detailed analysis has to reveal how E3 regulation is interconnected and/or 
whether different E3 ligases partake in mediating a specific signal towards FOXOs.

Concluding remarks 

Aging includes a multitude of processes, both in cellular and organismal level, that interconnect and 
influence each other in a complex manner. The accumulation of damaged molecules and dysfunctional 
organelles due to endogenous and exogenous stresses appears to drive the aging process by disrupting the 

cellular homeostasis, however aging in toto is challenging to fully comprehend. Nonetheless, certain factors 
that are known to influence aging and related disorders can provide useful answers, both on the molecular 
determinants of the process itself, as well as on potential interventions to ensure healthy lifespan. 
FOXOs are proteins with evolutionary conserved roles in lifespan determination and age-related disorders, 
including cancer and diabetes. The functions that FOXOs exert appear to be rather contradictory, in respect 
to their end effect on the aging process. On one hand, by transcriptional regulation of senescence and 

FOXO

cell cycle 
arrest

(p21,p27, Gadd45a)

DNA repair
 (ATM, Gadd45a)

oxidative
stress

resistance
(MnSOD, catalase, sestrin)

genomic stability

tumour 
suppression 

longevity

apoptosis
  (Bim, FasL)

autophagy
(PINK1, LC3,Bnip3)

Figure 6. FOXO functions associated with genomic stability. FOXOs regulate a variety of responses in cellular stress 
conditions, including autophagy, ROS detoxification and DNA repair, as well as growth arrest and apoptosis. All these 
responses ensure genomic stability, a prerequisite for cancer prevention and healthy aging.
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1 apoptosis, FOXOs can be seen as pro-aging factors; on the other hand, by regulating stress resistance, they 

function as anti-aging factors. This apparent discrepancy however can be better understood, if seen under 
the prism of genomic stability. Indeed, all the processes regulated by FOXOs eventually serve in maintaining 
cellular genomic stability and in turn, genomic stability ensures both increased longevity and tumour free 
survival (Figure 6). Important in this respect is also the notion that reducing oxidative stress by FOXOs not 
only adds in preventing genetic damage and consequent disease, but also reduces non-genetic contributions 
to disease, such as the contribution of redox misbalance to protein-folding diseases and diabetes.  In fact, 
the emerging close association between FOXOs and ATM may suggest that FOXOs should have more direct 
implications in maintaining genomic stability. Eventually, progress on understanding FOXO regulation in the 
context of individual cell fates sets a basis for our understanding of FOXO regulation in the context of aging, 
which is the ultimate challenge.

Scope of the thesis

FOXO transcription factors are emerging as important homeostatic regulators. In Chapter 1 we provided a 
comprehensive review on the mechanisms by which FOXOs maintain cellular homeostasis in response to 
genotoxic and oxidative stress. We further discussed the FOXO contribution to proteostasis by autophagy 
and to metabolic adaptations to nutrient availability. In this thesis, we aimed to broaden the picture of 
FOXOs involvement in homeostasis and we chose to focus on genomic and metabolic homeostasis. 
In Chapter 2 we demonstrate a novel role of FOXOs in maintaining DNA homeostasis. We show that FOXOs 
mediate the error-free repair of DNA double-strand breaks through a mechanism that “tips the balance” 
of the repair pathway choice towards homologous recombination. In Addendum we describe a global 
gene expression analysis in HeLa cells after acute FOXO depletion. We identify genes whose expression 
depends on endogenous FOXO and suggest the potential involvement of FOXOs in novel processes, including 
RNA metabolism and transmembrane transport, via their identified target genes. The analysis further 
identifies the isocitrated dehydrogenase 1 (IDH1) and several mitochondria-associated factors, as novel 
FOXO transcriptional targets. In Chapter 3 we describe the contribution of FOXO in the metabolic crosstalk 
between cytosol and mitochondria by the regulation of IDH1 levels and further demonstrate IDH1-depedent 
FOXO functions in tumor suppression and tumor promotion. In Chapter 4 we report on the multilayered 
mechanisms by which FOXOs contribute to mitochondrial homeostasis. 
The findings described in this thesis provide novel understanding on the multifaceted roles of FOXOs in 
tumor suppression and tumor promotion. Our findings are discussed in Chapter 5 in the context of cellular 
homeostasis.
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Abstract

Members of the Forkhead box O (FOXO) family of transcription factors regulate cellular processes that 
ultimately determine cell survival, proliferation and death. FOXOs act as bona fide tumor suppressors and 
control lifespan; both processes intrinsically related to genomic stability. Here we demonstrate that FOXOs 
are substrates of the ataxia telangiectasia mutated (ATM) kinase in response to the induction of DNA double 
strand breaks. FOXOs accumulate on sites of DNA damage, via association with the MRN (MRE11-Rad50-
NBS1) complex. Herewith FOXOs regulate the recruitment to the sites of damage of TRRAP in complex with 
a HAT to induce the acetylation of H4K16. Thereby FOXOs negatively regulate DNA-end occupancy by 53BP1 
and promote DNA-end resection and initiation of homologous recombination. In agreement, we show 
FOXOs to promote faithful DNA repair by homologous recombination in a 53BP1-dependent manner and 
independent of their established role as transcription factors. Our findings reveal a novel function of FOXOs 
in the maintenance of genomic stability.

Introduction

Cells are constantly exposed to endogenous and exogenous insults, such as free radicals, ionizing radiation 
(IR) and ultraviolet irradiation (1), which can damage the genetic material in various ways  (e.g. base 
modifications or breakage of the DNA phosphate backbone). To ensure genomic stability, cells have evolved 
a number of tightly regulated mechanisms for surveillance, detection and repair of DNA lesions, collectively 
referred to as the DNA damage response (DDR) (1, 2). Important mediators of the DDR are the PI3 kinases-
related kinases (PIKKs) ATM, ATM and Rad3-related (ATR) and DNA-dependent protein kinase (DNA-PK), 
which orchestrate responses downstream of DNA breaks and replication stress. One of the most deleterious 
DNA lesions are double strand breaks (DSBs); DSBs are repaired by two main pathways, namely homologous 
recombination (HR) and non-homologous end-joining (NHEJ) (3). HR is associated with the maintenance 
of genomic integrity, as the intact sister chromatid is used for the “error free” repair of the DNA lesion. On 
the other hand, NHEJ is a pathway leading to rapid resolution of DNA lesions, although at the expense of 
fidelity, as it may result in deletions or translocations of parts of the genetic material. Accrual of unrepaired 
or not properly repaired DNA lesions is associated with cancer and aging (1, 4). In agreement, human genetic 
disorders with disruptions in DNA repair components are characterized by increased tumorigenesis and/or 
premature aging (1, 5). 
FOXO transcription factors are members of the winged-helix-winged family of transcription factors, with four 
members in mammals, denoted FOXO1, FOXO3a, FOXO4 and FOXO6. FOXOs play a central role in cell fate 
determination, by regulating the expression of genes involved in metabolism, proliferation and cell death 
(6). The FOXO proteins are evolutionary conserved; their homologues in the nematode C. elegans (DAF-16) 
and the fruit fly Drosophila melanogaster (dFOXO) are associated with lifespan, while studies on the mouse 
Foxos have established them as bona fide tumor suppressors (reviewed in (7)). A recent phosphoproteomic 
study suggested that FOXO1 may be phosphorylated by ATM or ATR in response to IR (8). We reasoned that 
FOXO involvement in tumor suppression and lifespan extension could rely in part to their ability to maintain 
genomic stability, in agreement also with previous studies (9-12). 
 Here we address the involvement of FOXOs in the error-free repair of DSBs. We provide evidence that FOXOs 
are responsive to the induction of DSBs by acquiring ATM-mediated phosphorylation and they are recruited 
to the sites of DNA damage by interacting with NBS1, a component of the MRN complex (13). We further 
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demonstrate that FOXOs co-recruit a TRRAP-containing histone acetyltransferase (HAT) complex at the sites 
of DNA damage to regulate histone 4 lysine 16 acetylation (H4K16ac) and thereby 53BP1 binding to the 
sites of damage. Consequently, we demonstrate a role for FOXOs in DNA end resection and HR. These data 
provide new insights in the cell protective functions of FOXOs and their involvement in longevity and tumor 
suppression.  

Results

FOXOs are substrates for phosphorylation by ATM

The PIKKs recognize and phosphorylate a minimal consensus sequence motif i.e. serine/threonine followed 
by glutamine (S/TQ) within their substrates (14, 15). A number of such S/TQ motifs are present in all FOXO 
members. To investigate whether FOXOs are PIKKs substrates following DNA damage, we treated human 
retinal pigment epithelium (RPE) cells with 5 Gy of IR and subsequently checked the phosphorylation of 
FOXO1, FOXO3a and FOXO4 on the S/TQ motif, using a generic antiserum recognizing this phosphorylated 
motif (Figure 1A). We found all FOXOs to be recognized by this antiserum under non-damaging conditions 
and this recognition was further enhanced upon DNA damage, albeit to variable extend. Similar results 
were obtained in the cancer cell line U2-OS and in HEK293T cells (Supplementary Figure 1A). It should be 
noted that detection by generic antisera such as the phosphorS/TQ antiserum is context dependent and the 
various S/TQ sites are thus differentially recognized. Indeed, Matsuoka et al. found, similar to our results, 
that the induction of phosphorylation of FOXO1 by ATM following DNA damage is only clearly recognized by 
an antiserum raised against ATM-phosphorylated BRCA1 (pSer1423) (8). Therefore the induction of signal 
of the different FOXOs, as detected by the phosphorS/TQ antiserum, is not a measure whether any of the 
FOXOs respond stronger to DNA damage in terms of ATM-mediated phosphorylation. Irrespective, because 
the dynamic range using this antiserum appeared to work out the best for FOXO4, we focused on this FOXO 
member for our further analysis. We verified that the recognition by the phosphorS/TQ antiserum indeed 
reflects a phosphorylation event, as the signal disappeared upon phosphatase treatment, and it is PIKKs 
dependent, as pre-treatment of cells with caffeine, a general PIKKs inhibitor (16) significantly reduced FOXO4 
phosphorylation (Figure 1B). 
To identify the specific residue(s) phosphorylated on FOXO4, we mutated each of the potential serines/
threonines to alanine. S/TQ phosphorylation of FOXO4 induced by IR was severely reduced in the Ser462 
to Ala mutant, indicating that Ser462 is the major PIKKs-dependent phosphorylation site on FOXO4 (Figure 
1C). In agreement with these results, rabbit antiserum that specifically recognizes FOXO4 phosphorylated on 
Ser462, detected increased phosphorylation following DNA damage (Supplementary Figure 1B). Cytoplasmic-
nuclear fractionation further revealed that FOXO4 phosphorylated on Ser462 resides predominantly in the 
nucleus (Supplementary Figure 1C).
To identify the kinase responsible for FOXO4 Ser462 phosphorylation, we used specific inhibitors of the 
major kinases involved in the DNA damage response. Inhibition of ATM kinase activity with the specific 
inhibitor Ku-55933 (17) significantly reduced the IR-induced FOXO4 phosphorylation (Figure 1D). Similar 
results were obtained with ATM knockdown (Supplementary Figure 1D). Moreover, in an in vitro kinase 
assay, ATM directly phosphorylated Ser462 of FOXO4 (Figure 1E). Together, these results suggest ATM to 
predominantly mediate DNA damage-induced FOXO4 phosphorylation on Ser462. ATM also phosphorylated 
FOXO1 and FOXO3 in an in vitro kinase assay (Supplementary Figure 1E), suggesting that all FOXO members 
are direct substrates of ATM kinase.
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FOXO phosphorylation is induced by double-strand breaks

ATM is known to be activated in response to DSBs, however other stimuli are also reported to regulate 
ATM kinase activity (18-20). To investigate whether other stimuli besides IR activate ATM-mediated FOXO 
phosphorylation, we assessed FOXO4 Ser462 phosphorylation following treatment with agents that 
induce different types of DNA damage. We observed a correlation between treatment with agents that 
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Figure 1. FOXOs are phosphorylated in response to double strand breaks. (A) RPE cells show increased phosphorylation 
of HA-FOXO1, HA-FOXO3a and HA-FOXO4 on S/TQ motifs in response to IR (5 Gy) (B) The FOXO4 pS/TQ signal is reduced by 
caffeine pre-treatment (PIKKs inhibition) and disappears after λ-phosphatase treatment (C) Identification of Ser462 as the 
S/TQ phosphorylation site on FOXO4. Wild type and mutant forms of Flag-FOXO4 were subjected to IR (5 Gy) and tested 
for S/TQ phosphorylation (D) Ser462 phosphorylation is reduced in cells pre-treated with ATM inhibitor (Ku-55933) for 1 hr 
prior to IR (E) ATM and ATM KD expressed in HEK293T cells were isolated and utilized for in vitro kinase assay with FOXO4 
and FOXO4 S462A as substrates (F) Ser462 phosphorylation is induced in U2TR-FKBP PPO cells, in which expression of 
FKBP-I-PpoI was induced by doxycycline for 16hrs and MG132 for 2 hours. Arrowhead indicates height of HA-FKBP-I-PpoI.
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predominantly induce DSBs under the specific conditions employed (IR, neocarzinostatin, etoposide and 
doxorubicin) and increased FOXO4 phosphorylation (Supplementary Figure 1F). Phosphorylation on Ser462 
was also increased upon treatment with hydrogen peroxide (H2O2). Although H2O2 can induce several types 
of DNA lesions, including DSBs, it was recently demonstrated that ROS can also activate ATM independent 
of the DNA damage signaling (20). To discriminate between ROS- and DSB-triggered ATM-mediated 
phosphorylation, we exposed cells pre-treated with N-acetyl cysteine (NAC), a ROS scavenger, to IR or 
H2O2 and examined FOXO4 phosphorylation. NAC pre-treatment inhibited FOXO4 Ser462 phosphorylation 
in response to excessive cellular ROS; however IR-induced phosphorylation did not change after NAC pre-
treatment (Supplementary Figure 1G). This indicates that IR-induced FOXO phosphorylation proceeds 
through DSBs signaling, independently of ROS-dependent changes on ATM. 
To further assess the link between DSBs and FOXO phosphorylation in a more defined manner, we used a 
system employing the homing endonuclease I-PpoI (U2TR-FKBP-PPO cells). I-PpoI was described to generate 
approximately 30 DSBs at defined sites in human cells, resulting in a detectable DDR with ATM activation 
(21). Induction of I-Ppol increased the phosphorylation of Ser462 on FOXO4, which is in agreement with 
DSBs being the major type of DNA damage that triggers ATM-dependent FOXO4 phosphorylation (Figure 1F). 

FOXOs are recruited to sites of DNA damage 

Recruitment to sites of DNA damage is commonly observed for proteins involved in DNA damage signaling 
and repair (2, 22, 23). To investigate a possible involvement of FOXOs in the DDR, we tested whether 
FOXOs accumulate on sites of DNA damage. First we utilized the I-PpoI system that allows studying the 
recruitment of proteins to a defined single DSB. To this end, we established a cell line (HeLashFOXO-PPO 
cells) that stably expresses a doxycyline inducible shRNA for FOXOs and the I-PpoI endonuclease fused to the 
ER domain to induce DSBs by 4OHT treatment, as was previously described (21). By employing chromatin 
immumoprecipitation (ChIP) in these cells, we found endogenous FOXO3a to be recruited to DSBs induced 
by I-PpoI; more specifically, as shown in Figure 2A, FOXO3a accumulates at the proximal area around the 
single DSB induced by I-PpoI in Chromosome 1. When endogenous FOXOs were depleted by doxycycline 
application, no signal was detected, validating FOXO antibody specificity. 
The lack of a ChIP-grade antibody for endogenous FOXO4 precluded a similar analysis for FOXO4 however, 
in agreement with a previous study showing by immunofluorescence microscopy FOXO3a to reside at 
the sites of DNA damage (24), we could also observe FOXO4 foci to be readily formed after IR treatment 
(Supplementary Figure 2A). Importantly, the FOXO IR-induced foci (IRIF) co-localized to a large extent with 
other proteins phosphorylated on S/TQ (an established marker of the DDR (2)), further verifying that FOXOs 
localize to sites of DNA damage.
To study the kinetics of FOXO recruitment to DNA lesions, we analyzed the real-time assembly of GFP-FOXO 
fusion proteins to sites of DNA damage induced by laser micro-irradiation. As shown in Figure 2B, all FOXO 
proteins (GFP-FOXO1, GFP-FOXO3a and GFP-FOXO4) accumulate at the sites of DNA damage. Recruitment of 
GFP-FOXO4 was observed within 15 sec and reached equilibrium 4 min after laser micro-irradiation (Figure 
2C). Similar kinetics was also observed for FOXO1 and FOXO3a (Supplementary Figure 2B). The accumulation 
of FOXOs on sites of DNA damage followed similar kinetics as MDC1, a known mediator of the DDR (25), and 
it was specific, as GFP alone was not recruited under the conditions employed (Supplementary Figure 2C). 

To measure the mobility of FOXOs on the sites of DNA damage we employed fluorescence recovery after 
photobleaching (FRAP). We bleached the fluorophore of the FOXO4 fusion accumulated on the sites of 



44

Chapter 2
Ch

ap
te

r 
2

A. B.

C.

D.

0

0,2

0,4

0,6

0,8

1

1 11 21 31 41 51 61 71 81

Time (sec)

Re
la

ti
ve

 F
lu

or
es

ce
nc

e 
Fo

ld

immobile

mobile

Bleach 
pulse

FOXO3a ChIP

0

0,5

1

1,5

2

2,5

3

3,5

4

-10000 -8000 -6000 -4000 -2000 0 2000 4000 6000 8000

Distance from break (bp)

Fo
ld

 in
du

ct
io

n 
(4

O
H

T 
ov

er
 n

ot
re

at
m

en
t) 4OHT

doxy+4OHT

HeLashFOXO-PPO cells

GFP-FOXO1 γH2AX merge

GFP-FOXO3a γH2AX merge

GFP-FOXO4 γH2AX merge

U2OS cells

0
0,2
0,4
0,6
0,8

1
1,2

0 30 60 90 12
0

15
0

18
0

21
0

24
0

Time after microirradiation (sec)

Re
la

ti
ve

 F
lu

or
es

ce
nc

e

prior to m-IR 15sec 45sec 1min 2min 4min

GFP-FOXO4

Figure 2. FOXOs are recruited to sites of DNA damage. (A) FOXO3a distribution around a single DSB. ChIP of endogenous 
FOXO3a around the single cut site of I-PpoI in Chromosome 1. HeLashFOXO-PPO cells were cultured in the presence or 
absence of doxycycline for 72hrs before I-PPO was induced by 4-OHT for 16hrs. Cells were used for ChIP against FOXO3 and 
Q-PCR was performed with oligonucleotide primer pairs surrounding the single chromosome 1 I-PpoI cleavage site. Data 
are represented as fold induction over no treatment. Results represent the mean of two independent experiments (B) GFP-
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of GFP-FOXO4 accumulated to laser micro-irradiation sites. U2OS cells transfected with GFP-FOXO4 were subjected to 
laser micro-irradiation and 10 minutes post-irradiation FRAP was performed on a small region within the micro-irradiated 
area. GFP fluorescence intensity was measured every 1 sec. Measurements are mean from 50 cells. 
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damage induced by laser micro-irradiation and measured its fluorescence recovery over time. FOXO4-GFP 
fluorescence recovered fast after bleaching, indicating that FOXO molecules rapidly exchange at the sites of 
DNA damage (Figure 2D). However, the fluorescence recovery was not complete; approximately 20% of the 
initial fluorescence intensity was not recovered after equilibrium was reached, indicating that a population 
of FOXO molecules is retained on the sites of DNA damage.

FOXOs recruitment to sites of DNA damage is dependent on ATM-mediated phosphorylation and 

their interaction with NBS1

To better understand the mechanistic details of FOXO recruitment and retention to the sites of DNA damage 
we studied the real-time assembly of FOXO4 mutants to sites of laser-induced damage. A specific mutation 
in FOXOs (H156R in FOXO4) within the conserved third helix of the Forkhead DNA binding domain abolishes 
binding to DNA (26). The H156R mutant accrued to the laser micro-irradiation sites with similar kinetics as 
the wild type FOXO4 (Supplementary Figure 3A), suggesting that the accumulation of FOXOs on sites of DNA 
damage is mediated by their association with other components accumulating at the damaged chromatin, 
rather than their direct binding to DNA. 
Next, we assessed whether ATM-mediated FOXO phosphorylation is required for FOXO recruitment to sites of 
damage, by measuring the kinetics of the S462A mutant. We observed the recruitment of this mutant to be 
significantly impaired compared to the wild type protein (Figure 3A), suggesting that Ser462 phosphorylation 
promotes the interaction of FOXO4 with certain DDR factors, thereby inducing its accumulation to the sites 
of DNA damage. We then tested the contribution of DDR components to FOXO recruitment at the sites of 
damage. We chose DDR components based on two criteria: (i) proteins that participate in the initial steps 
of the DDR, since FOXOs respond rapidly to the infliction of DNA damage, (ii) proteins bearing BRCA1 C 
Terminus (BRCT) domain for interaction with substrates phosphorylated on Ser residues (27, 28). These 
include NBS1, MDC1 and PARP1 (2). We observed that FOXO recruitment was significantly impaired following 
siRNA-mediated NBS1 depletion (Figure 3B) and similar results were obtained by knocking down MRE11, 
another component of the MRN complex (Supplementary Figures 3B and 3D). PARP1 activity was described 
to be required for the early association of NBS1 to the sites of DNA damage (29) and MDC1 is required 
for NBS1 to stably associate with the sites of DNA damage (25); accordingly, both MDC1 knockdown and 
PARP1 inhibition resulted in a moderate impairment in FOXO recruitment, however the observed differences 
were not significant (Supplementary Figures 3B, 3C and 3D). No defect in FOXO4 recruitment was observed 
in cells depleted of proteins involved in later steps of the DDR, such as RNF8 and 53BP1 (Supplementary 
Figures 3C and 3D). Thus, NBS1 appears to have an indispensable role in the recruitment of FOXO to the sites 
of DNA damage. In agreement, ChIP analysis in the HeLashFOXOs-PPO cells showed impaired association of 
endogenous FOXO3a with the sites of DNA damage when NBS1 was silenced (Figure 3C and Supplementary 
Figure 3E).
The dependency on NBS1 for FOXO recruitment to the sites of DNA damage prompted us to look into the 
potential interaction between FOXO and NBS1 in response to genotoxic stress.  As shown in Figure 3D, 
FOXO4 and NBS1 co-immunoprecipitate under basal conditions and their interaction is further enhanced 
upon DNA damage. In contrast, the S462A mutant does not show enhanced interaction with NBS1 after IR, 
suggesting that the association of these proteins in response to DNA damage requires ATM-mediated FOXO 
phosphorylation. Similarly, FOXO1 and FOXO3 showed increased binding to NBS1 in response to IR and this 
induction was lost in cells pre-treated with ATM inhibitor (Supplementary Figure 3F). The requirement for 
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ATM-mediated phosphorylation in the interaction of FOXO with NBS1 is further supported by analysis of 
FOXO4 binding to NBS1 mutants disturbed in the FHA domain (R28A) or the BRCT tandem domain (K160M) 
(30); NBS1 with mutated BRCT domain exhibited impaired binding to FOXO4 (Supplementary Figure 3G). We 
could further observe partial co-localization of FOXO with MRE11 in response to IR (Supplementary Figure 
3H). 

FOXOs bind to and induce the recruitment of TRRAP to the sites of DNA damage

Considering that FOXOs do not possess an intrinsic enzymatic activity that would facilitate DNA repair, their 
association with sites of DNA damage suggested a potential “adaptor/mediator” role (31). A number of 
FOXO binding partners have already been described, several of which could potentially mediate a role of 
FOXO in the DDR. To obtain a comprehensive picture of FOXO interacting proteins that are not chromatin 
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Figure 3. FOXOs phosphorylated on S/Q interact with NBS1 and this interaction facilitates their re-cruitment to sites 
of damage. (A) Kinetics of GFP-FOXO4 S462A recruitment to laser micro-irradiation sites. Measurements are mean ±SD 
from 100 cells (B) Kinetics of GFP-FOXO4 recruitment in the absence of NBS1; U2OS cells transfected with siRNAs against 
luciferase or NBS1 for 72hrs, were transfected with GFP-FOXO4 and 24 hrs later were subjected to laser micro-irradiation. 
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associated and interact with FOXOs in response to DNA damage, we employed Stable Isotope Labeling by 
Amino acids in Cell culture (SILAC) to compare the FOXO binding partners in cells that were either untreated 
or treated with H2O2 to induce genotoxic stress. 
Our SILAC approach identified TRansformation/tRanscription domain-Associated Protein (TRRAP) as a FOXO 
interacting protein in response to ROS (Figure 4A). We validated this interaction by co-immunoprecipitation 
and observed basal binding between TRRAP and FOXO1, FOXO3 or FOXO4 that was further enhanced in 
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Figure 4. FOXOs bind to and induce the recruitment of TRRAP to the sites of DNA damage (A) Scatterplot of GFP pulldown 
showing the identified FOXO4 interactors after H2O2 treatment. Specific interactors have a high H/L forward ratio and 
low H/L reverse ratio and will appear in the right upper quadrant of the scatterplot (B) Interaction between FOXO3a and 
TRRAP after genotoxic stress. HEK293T cells were transfected with Flag-TRRAP and HA-FOXO3a and treated with 200μM 
H2O2 for 30 min or 5Gy IR for 15 and 30 min. Cell lysates were immunoprecipitated with either anti-TRRAP or anti-HA 
and the complexes were analyzed by western blot (C) HeLashFOXO-PPO cells were cultured in the presence or absence 
of doxycycline for 72hrs before I-PPO was induced by 4-OHT for 16 hrs. Cells were used for ChIP against TRRAP and 
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response to genotoxic stress (Figure 4B and Supplementary Figures 4A and 4B). Previous studies showed 
TRRAP to be recruited to the sites of DNA damage (32, 33), so we looked into the FOXO dependency for this 
recruitment. To this end, we performed ChIP analysis at the area surrounding the single DSB in Chromosome 
1 in the HeLashFOXOs-PPO cells. We found an increase in TRRAP recruitment proximal to the DSB, which was 
significantly diminished when FOXOs were depleted (Figure 4C). Together, these results indicate that the 
binding of TRRAP to FOXOs results in TRRAP’s recruitment to the sites of DNA damage. 

FOXOs regulate the levels of H4K16 acetylation around DSBs.

TRRAP belongs to the same family as ATM, the PIKKs, however it does not possess any kinase activity. In 
fact TRRAP was shown to function as an adaptor protein for the recruitment of several HAT complexes 
to the chromatin (34). In the case of DNA damage, TRRAP was shown to facilitate the recruitment of the 
HAT Tip60 to the sites of damage, where it regulates DNA repair (32). The histone mark deposited by HATs 
and associated with DNA repair is H4K16ac (35). ChIP analysis at the area surrounding the single DSB in 
Chromosome 1 in the I-PpoI system revealed an increase in H4K16ac levels proximal to the DSB, as was 
previously reported (35), and this was significantly impaired in FOXO-depleted cells (Figure 5A). Thus, in 
agreement with the FOXO-mediated recruitment of TRRAP and the proposed role of TRRAP in DDR, we 
observed FOXO-dependent H4K16 acetylation, suggesting FOXOs to regulate chromatin dynamics around 
the DSBs. 
 

The regulation of H4K16 acetylation by FOXOs results in the reduced recruitment of 53BP1 to DSBs 

The chromatin status around DSBs is known to affect 53BP1 association to the sites of DNA damage. In 
particular, increased histone ubiquitination and exposure of dimethylated histone 4 lysine 20 (H4K20me2) 
around the DSB (36-40) facilitate 53BP1 recruitment, whereas H4K16ac prevents 53BP1 binding to the 
damaged chromatin (35, 41). We hypothesized that a possible effect of FOXO regulation of H4K16 acetylation 
around DSBs is to affect DNA end occupancy by 53BP1. To this end, we looked into the association of 53BP1 
with the sites of DNA damage by studying the 53BP1 subcellular localization and how this is affected by FOXOs. 
In cells with FOXOs knockdown, the fluorescence intensity of 53BP1 foci after IR was higher when compared 
to control cells, without a concomitant increase in the 53BP1 protein levels (Figure 5B and Supplementary 
Figure 5A). Moreover, cells overexpressing FOXO4 showed more diffuse 53BP1 localization compared to 
non-transfected cells (Figure 5C). These results suggest a role for FOXOs in the exclusion of 53BP1 from 
DSBs ends, which appears to be H4K16ac dependent, as no differences in H4K20me2 or ubiquitination were 
observed in our system after FOXOs depletion (Supplementary Figure 5B and C). 

Reduced 53BP1 recruitment to DSBs in a FOXO-dependent manner results in the induction of DNA 

end resection 

Recent work on BRCA1-/- tumors suggested that 53BP1 functions in regulating the pathway choice for DSBs 
repair, by regulating DNA end resection (42, 43). DNA end resection is one of the initial steps in HR, followed 
by wrapping of the ssDNA that is produced by RPA, a ssDNA binding protein. Subsequently, the recombinase 
Rad51 displaces RPA from ssDNA and invades the sister chromatid for homology search. The genetic code 
from the intact chromatid is then used as a template for the repair of the lesion (44).
In cells depleted of FOXOs, RPA2 phosphorylation on Ser4 and Ser8 (45) in response to IR (Figure 6A), as 
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three independent experiments (B) HeLashFOXO cells treated or not with doxycycline and FOXO4 siRNA for 72 hrs were 
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the mean fluorescence intensity per cell. 120 cells per condition were quantified (C) U2OS cells were transfected with GFP-
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Figure 6. FOXOs regulate DNA end resection of DSBs. (A) HeLashFOXO cells were cultured in the presence or absence of 
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immunoblots of the indicated proteins. Lower panels show quantification of the western blots. Arrowhead indicates height 
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well as the formation of RPA2-containing IRIF (Figure 6B) was significantly impaired. DNA end resection 
results in the exposure of ssDNA, thereby activating ATR that subsequently phosphorylates CHK1 (46, 47); 
we found CHK1 phosphorylation to be diminished in the FOXO-depleted cells (Figure 6A). Importantly, CHK2 
phosphorylation, which occurs independently of end resection (48), was unaffected by the cellular FOXOs 
status. Also, BRCA1 and γH2AX foci assembly was unaffected in cells depleted of FOXOs (Supplementary 
Figures 6A and 6B). Interestingly, previous reports indicated that FOXO3 depletion would severely inhibit 
ATM signaling after DNA damage (10, 24); however our data on CHK2 and γH2AX after depletion of all FOXO 
members fail to recapitulate these studies. FOXOs however appeared to regulate the assembly of Rad51 
on sites of DNA repair, as in cells depleted of FOXOs we observed reduced formation of Rad51 foci (Figure 
6C) and, by means of chromatin fractionation, impaired DNA damage-induced recruitment of Rad51 to 
the chromatin (Figure 6D). In agreement, ChIP analysis showed that both RPA and Rad51 exhibit impaired 
distribution around the single DSB in Chromosome 1 induced with the I-PpoI system in FOXOs-depleted cells 
(Figures 6E and 6F). Collectively, these results indicate a role of FOXOs in regulating DNA-end resection of 
DSBs. 
The dependency on FOXOs for the regulation of H4K16ac around DSBs prompted us to further look into 
the effect of increasing H4K16ac levels in cells with FOXOs silencing. Treatment with thrichostatin A 
(TSA), a histone deacetylase (HDAC) inhibitor, markedly increased the levels of H4K16ac and restored RPA 
phosphorylation after IR in FOXO depleted cells (Figure 6G). Moreover, co-depletion of 53BP1 with FOXOs 
rescued the defect of RPA2 phosphorylation induced by the knock-down of FOXOs (Figure 6H). These results 
indicate that FOXOs modulate DNA end resection by increasing H4K16 acetylation on the damaged chromatin 
and thereby antagonizing 53BP1 from the DNA ends.

Homologous recombination is impaired in cells depleted of FOXO transcription factors, in a 53BP1 

manner

Regulation of DNA-end resection by FOXOs suggests a role of FOXO in HR repair. To test this possibility, we 
employed an HR reporter system previously described by Puget et al (U2OS#18 cells (49)). Knock-down 
of all FOXOs in these cells resulted in a reproducible and significant reduction in HR repair efficiency of 

of phosphorylated CHK1 (B) HeLashFOXO cells treated or not with doxycycline and FOXO4 siRNA for 72 hrs were subjected 
to 2 Gy IR and pre-extracted and fixed after 3hrs. Representative immunofluorescence image of RPA and quantification 
of the RPA foci (C) HeLashFOXO cells treated or not with doxycycline and FOXO4 siRNA for 72 hrs were subjected to 2 Gy 
IR and pre-extracted and fixed after 3hrs. Representative immunofluorescence image of Rad51 and quantification of the 
Rad51 foci (D) Chromatin fractionation of HeLashFOXO cells treated or not with doxycycline and FOXO4 siRNA for 72 hrs, 
at the indicated times post IR. Representative immunoblot of the indicated proteins. Lower panels show quantification of 
the western blots (E-F) HeLashFOXO-PPO cells were cultured in the presence or absence of doxycycline for 72hrs before 
I-PPO was induced by 4-OHT for 16 hrs. Cells were used for ChIP against RPA2 and Rad51 and Q-PCR was performed with 
oligonucleotide primer pairs surrounding the single chromo-some 1 I-PpoI cleavage site. Data are represented as fold 
induction over no treatment. Results represent the mean of two independent experiments (G) HeLashFOXO cells cultured 
with or without doxycycline for 72 hrs were treated with 5 μM TSA for 3 hrs before IR (2 Gy). Samples were collected 
3 hrs post irradiation. Representative immunoblots of the indicated proteins. Lower panels show quantification of the 
western blots (H) HeLashFOXO cells cultured in the presence or absence of doxycycline were transfected with luciferase 
or 53BP1 siRNA for 72 hrs before treatments. Cells were subjected to 2 Gy IR and samples were collected 3 hrs post 
IR. Representative immunoblot of the indicated proteins. The lower panel shows a quantification of the western blots. 
*P<0.05, **P<0.01

(Figure 6, legent continuation)
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Figure 7. FOXOs protect cells from genotoxic stress by regulating homologous recombination. (A) U2OS#18 cells were 
transfected with the indicated siRNAs for 24 hrs before the I-SceI plasmid was transfected together with mCherry. Cells 
were collected 48 hrs post plasmid transfection and analysed by FACS. Results depict the means ±SD of 10 independent 
experiments (B) HeLashFOXO cells were cultured in the presence or absence of doxycline to deplete FOXO1 and FOXO3a 
and the levels of FOXO4 were further reduced by transfection of FOXO4 specific siRNA. Cells were subjected to clono-
genic survival assay with increasing doses of IR and MMC. Results depict the means ±SD of three repli-cates from three 
independent experiments (C) U2-18TR 12W cells were treated with the indicated siRNAs and transfected with I-SceI as 
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approximately 40% (Figure 7A and Supplementary Figure 7A). Likewise, depleting each of the FOXOs alone 
resulted in reduction of HR efficiency of approximately 25-30% (Supplementary Figure 7B), suggesting this 
to be redundant function of all FOXO members. Importantly, under the conditions employed in our study, 
FOXOs depletion does not impact basal survival and/or cell cycle progression (Supplementary Figures 7C 
and 7D). We further performed clonogenic survival assays to determine the contribution of FOXOs to survival 
following a genotoxic insult. Treatment of HeLashFOXO cells with increasing doses of IR or Mitomycin C 
(MMC) resulted in significantly reduced survival and/or proliferation of the FOXO depleted cells (Figure 7B 
and Supplementary Figure 7E).
To control for possible off-target effects of FOXO siRNA in U2OS#18 cells, we assessed whether adding 
back siRNA resistant FOXO4 could rescue the HR deficiency. Transient FOXO4 overexpression is known to 
induce an arrest in the G1 phase (50, 51). To circumvent the problem of data interpretation due to cell 
cycle regulatory effects, we generated a cell line stably expressing doxycycline-inducible siRNA-resistant wild 
type FOXO4 (U2-18TR12W cells). The cells, 48hrs post siRNA transfection, were synchronized in G1/S by a 
thymidine block for 24hrs. Subsequently, cells were released to the cell cycle and doxycycline was added to 
induce the expression of FOXO4 for 16 hrs before sample collection. We found FOXO4 add-back to partially 
but significantly restore the HR defect (Figure 7C and Supplementary Figure 7F), without appreciable effects 
on the cell cycle progression (Supplementary Figure 4G). 
To assess whether indeed FOXO recruitment to the sites of DNA damage, or their transcriptional activity 
are required for their function in HR, we generated stable cell lines to perform add-back with the S462A 
mutant (U2-18TR12A cells) or the H156R mutant (U2-18TR12R cells) after FOXOs depletion. Add-back 
of FOXO4 S462A, which is not recruited to the DNA lesions, did not rescue the HR defect (Figure 7D and 
Supplementary Figure 7F), suggesting that recruitment to the damaged chromatin is crucial for FOXOs role 
in HR. In agreement, add-back of wild type FOXO4 in cells co-depleted of FOXOs and NBS1 did not rescue the 
HR deficiency (Supplementary Figure 7H). The FOXO4 H156R mutant, is unable to induce FOXO4-dependent 
transcription (Supplementary Figure 7I) however is recruited to sites of DNA damage similarly to the wild 
type protein. This mutant rescued the HR deficiency after FOXOs deletion (Figure 7E and Supplementary 
Figure 7F), suggesting that FOXOs regulate HR independent of their transcriptional activity. 
As our data indicate that FOXOs regulate DNA end resection by the exclusion of 53BP1 from the DNA ends, 
we looked into the dependency of 53BP1 for the effect of FOXOs in HR. To this end, we knocked-down either 
FOXOs or 53BP1 alone or together in U2OS#18 cells and assessed the effects in HR efficiency. As seen in 

in (A). 16 hrs post I-SceI transfection cells were synchronized with thymidine for extra 24hrs and subsequently released 
by excessive PBS washes. Doxycycline was added for 16hrs before samples were collected and analysed by FACS. Results 
depict the means ±SD of 8 independent experiments (D) U2-18TR 12A cells were treated with the indicated siRNAs and 
prepared and analysed as in (C). Results depict the means ±SD of 6 independent experiments (E) U2-18TR12R cells were 
treated with the indicated siRNAs and prepared and analysed as in (C). Results depict the means ±SD of 6 independent 
experiments (F) U2OS#18 cells were transfected with the indicated siRNAs for 24 hrs before the I-SceI plasmid was 
transfected together with mCherry. Cells were collected 48 hrs post plasmid transfection and analysed by FACS. Results 
depict the means ±SD of 5 independent experiments (G) Proposed model of FOXOs function in homologous recombination 
repair. DSBs induction results in ATM activation and recruitment of the MRN complex to the sites of damage. Activated 
ATM phosphorylates its substrates, including the histone variant H2AX and FOXOs. Phosphorylated FOXO interacts with 
NBS1 and is retained to the sites of DNA damage. On sites of DNA damage FOXO facilitate the recruitment of TRRAP with a 
HAT complex, eventually affecting the levels of H4K16 acetylation around the DSB. Increased H4K16ac results in exclusion 
of 53BP1 from DSBs ends and in increased DNA-end resection by CtIP and other nucleases (for details see text) *P<0.05, 
**P<0.01, ***P<0.001, ns: not-significant

(Figure 7, legent continuation)
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Figure 7F, HR was restored when FOXOs were co-depleted with 53BP1, further supporting our conclusion 
that FOXOs regulate HR initiation by antagonizing 53BP1. 

Discussion

In this study we reveal a novel role of FOXO transcription factors in the maintenance of cellular genomic 
stability. We report that all FOXOs exhibit similar behavior in response to DSBs and this is in agreement with 
the notion that FOXOs act redundantly to regulate downstream responses, as was also shown by conditional 
deletion of all three FOXOs in mice (52). We show here that in response to DNA damage, in particular DSBs, 
all FOXO proteins are phosphorylated by ATM and accumulate on the sites of DNA damage in a manner that 
requires ATM-mediated phosphorylation of FOXO, as well as their interaction with the MRN complex. We 
further show that all FOXOs bind TRRAP and, by mediating the recruitment of TRRAP to the DSBs, regulate 
the levels of H4K16 acetylation and thereby 53BP1 DSB-localization. Herewith, FOXOs regulate DNA-end 
resection and HR initiation for the error-free repair of DSBs. A model for the function of FOXO proteins in 
DNA repair by HR is provided in Figure 7G. 
Several HATs were proposed to mediate histone acetylation around DSBs (53) and the scaffold protein TRRAP 
facilitates the assembly of HAT complexes at the sites of DNA damage (32, 34). Here, we provide mechanistic 
insight into the process of TRRAP-HAT recruitment to the sites of damage for HR initiation. We show that 
FOXOs bind to TRRAP and thereby recruit the TRRAP-HAT complex to the DSBs. TRRAP was shown to require 
intact MRN for its association with the DSBs (33) and interestingly, we also report here that FOXOs require 
binding to the MRN component NBS1 for their recruitment to sites of DNA damage. Thus, we propose 
that FOXOs stably associate with TRRAP and regulate epigenetic changes for transcriptional programs and, 
once FOXOs are recruited to the damaged chromatin by their interaction with NBS1, they mediate the 
recruitment of TRRAP as well. In turn, histone acetylation around DSBs was suggested to facilitate chromatin 
de-compaction and accessibility of repair factors, to promote HR repair (32). Moreover, the recently revisited 
model of “access-repair-restore” (54, 55) proposes that chromatin re-organization and epigenetic changes 
after DNA damage are also crucial in the regulation of the DDR signaling. Indeed, histone acetylation marks, 
amongst which H4K16ac, also have active roles in directing DDR signaling towards a certain repair pathway. 
More specifically, H4K16ac was shown to inhibit the binding of 53BP1 to the damaged chromatin, resulting 
in alleviation of the DNA end resection inhibition imposed by 53BP1 and thereby facilitating HR repair (35). 
The role of FOXOs towards HR appears mostly modulatory, rather than essential. Intriguingly, this is similar 
to what was reported for other previously described components of the DDR, including TRRAP (32), (also see 
RHINO (56), LEDGF(p75) (57), Ino80 (58), SIRT6 (59), hnRNPU-like proteins (60), SIRT1 (61)). These factors, 
like FOXOs and TRRAP, show a small yet significant contribution to HR and are proteins associated with 
chromatin remodeling and transcriptional regulation. Considering that transcription is silenced around DNA 
lesions (62), the assembly of these factors at the sites of DNA damage suggests that they function in a manner 
independent of gene transactivation. In this study we show that FOXOs, via TRRAP, mediate the deposition of 
acetyl-marks on the histone tails proximal to the DSB and thereby facilitate the assembly of repair complexes 
for the “fine-tuning” of the response towards HR repair. Therefore, we propose that, similar to FOXO, other 
transcription factors and chromatin remodelers involved in DDR, may support epigenetic changes that can 
result in a tipping of the balance in DNA repair pathway choice.  
Previous studies suggested FOXOs to act upstream of ATM, by regulating ATM transcription and ATM 
activation upon DNA damage (10, 63). However, contrary to these studies, we did not obtain evidence 
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that ATM levels or activity are significantly impaired in FOXOs depleted cells, as we could not observe 
changes in γH2AX and CHK2 regulation following FOXOs depletion. Importantly, we show FOXOs to function 
downstream of ATM, rather than upstream, and to partake in a limited domain of the whole of the ATM 
regulated DDR. In agreement with a previous study showing S/TQ phosphorylation of FOXO1 after DNA 
damage (8), we show that in response to DSBs all FOXO proteins are phosphorylated by ATM and accumulate 
on the sites of damage, in a manner that requires their ATM-mediated phosphorylation as well as their 
interaction with the MRN complex. This recruitment to the damaged chromatin is a prerequisite for the 
role of FOXOs in DNA repair by HR, as a mutant form that can no longer be phosphorylated by ATM and 
bind to NBS1, cannot regulate HR repair. The reason for this discrepancy i.e. our observed lack of significant 
ATM regulation by FOXO is unknown, but could be trivial e.g. due to the use of different cell types. Also, the 
depletion of a single (FOXO3 in previous reports) versus all FOXO proteins, as in this study, may account for 
the differences observed, although we find all FOXO members to be recruited to laser-micro irradiation-
induced DNA damage sites, suggesting that FOXO1 and/or FOXO4 could act redundant to FOXO3 in regulating 
ATM. Alternatively, FOXO-mediated ATM regulation could be part of a feedback loop. However, we cannot 
envision how this feedback loop could take place, as the complete loss of γH2AX foci reported by Tsai et al 
in the FOXO3 depleted cells would prohibit NBS1 chromatin retention (64), thereby excluding FOXO from 
the sites of damage to regulate ATM. Moreover, how FOXO recruited to DSBs would regulate ATM activity in 
such a feedback loop remains enigmatic. Overall, our results reveal a role for FOXO in the DDR, downstream 
of ATM and in the regulation of HR.
DNA damage is strongly associated with aging, as stochastic DNA damage accumulates over time and genetic 
syndromes with DNA repair deficiency exhibit premature aging (1). However, delayed aging due to improved 
DNA repair has not yet been demonstrated and therefore it remains unclear whether the accrual of DNA 
mutations over time is the cause or consequence of the aging process. FOXOs are considered prototype 
gerontogenes, as their expression in model organisms is directly correlated with longevity. Even though most 
of the data linking FOXOs to aging come from studies in the post-mitotic C. elegans, FOXOs have also been 
associated with aging in higher eukaryotes (65-67). In this respect, the data presented in this study, showing 
that FOXOs positively regulate HR, may be taken to suggest that increased prevalence of error-free DNA 
repair can positively contribute to increased lifespan. In agreement, SIRT1, which is also positively implicated 
in longevity, has similarly been shown to regulate HR (61). Interestingly, recent studies suggest a switch from 
NHEJ to HR to occur during aging and this switch is proposed to serve as a homeostatic mechanism to ensure 
increased genomic stability and thereby longevity of the “aged” cells (68, 69). Moreover, premature aging 
in DNA repair-deficient mice is associated with gene expression changes that reflect reduced signaling by 
the somatotrophic axis (IGF1/GH) (70). Reduced IGF1 signaling results in FOXO activation and this could be 
taken to suggest that FOXO-dependent protective mechanisms are activated in this manner to reduce DNA 
damage load. FOXOs can reduce DNA damage due to control of the cellular redox state or, as our present 
findings suggest, FOXOs, through error-free DNA repair, are part of a reciprocal feedback system that acts as 
a homeostatic mechanism to prevent excessive DNA damage. 
Apart from the implications for the role of FOXOs in aging, our findings also add a new layer to the 
mechanism by which FOXOs act as tumor suppressors; by promoting faithful DNA repair and maintaining 
genome stability. Interestingly, this function of FOXOs appears to be independent of their established role as 
transcription factors, as HR is regulated to the same extend by the H156R mutant as by the wild type protein. 
Moreover, genome-wide transcriptional profiling in HeLashFOXO cells after IR treatment did not identify 
any FOXO-dependent transcriptional changes linked to HR repair (Addendum). Another transcription-
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independent function of FOXOs in regulating tumorigenesis has been recently reported; Zhao et al showed 
that cytosolic FOXO1 induces autophagy in response to stress signals, eventually regulating tumor growth, 
independently of its binding to DNA elements (71). Additionally, other transcriptional regulators have been 
shown to regulate DNA repair, independently of gene transactivation. P53 was shown to inhibit, whereas 
NF-kappa B was found to activate HR, by means of direct regulation of DNA repair complexes rather than 
gene transcription (72, 73).
Pathways regulating FOXO subcellular localization and function are commonly de-regulated in human 
cancers. PTEN phosphatase and PKB kinase are often mutated in spontaneous arising tumors, resulting 
in overactivation of the PI3K/PKB pathway and inactivation of FOXOs (74). More specifically, upon PKB 
phosphorylation, FOXOs are retained in the cytoplasm (75, 76), thus making it impossible to access sites 
of DNA damage and mediate end resection and HR for DSBs repair. In support of this, cancer cells with 
hyperactive PI3K/PKB pathway are characterized by increased genomic instability and low rates of HR (77). 
Thus, an intriguing hypothesis is that under these conditions, the observed genomic instability can also 
be attributed to FOXO cytoplasmic retention. Interestingly, sporadic breast cancers with hyperactive PI3K/
PKB pathway exhibit “BRCAness” phenotypes (78), with a higher prevalence of basal-like triple negative 
tumors (79). In line with this, we find that FOXOs regulate DNA end resection in a way similar to BRCA1, by 
regulating the exclusion of 53BP1 from the DSBs. Importantly, the sensitivity of cells with FOXOs depletion on 
agents such as IR and MMC opens new possibilities for the successful treatment of patients with mutations 
in components of the PI3K/PKB pathway. In fact, a recent study in prostate cancer cells defective in PTEN 
showed increased susceptibility of the PTEN-/- genotype to these agents (80). 

Methods
DNA constructs and primers

The S462A and the H156R FOXO4 mutants were generated by site directed mutagenesis with Phusion™ High-Fidelity DNA 
Polymerase (Finnzymes) and the primers used were the following: S462AFW: 5’-ccctactgaagctgcagcccaagacagaatgc-3’, 
S462ARev: 5’-gggatgacttcgacgtcgggttctgtcttacg-3’, H156RFW: 5’-ggaagaactcgatccgccggaacctgtccctgcacagc-3’, H156RRev: 
5’-gctgtgcagggacaggttccggcggatcgagttcttcc-3’. The GLOFLAG3-Flag-FOXO4 and GFP-FOXO4 constructs were previously 
described (80).
For the cloning of the FOXO1 and FOXO3a inducible shRNA, the pH1tet-flex/FH1t(INSR)UTG vector system (Taconic 
Artemis) was utilized. The short hairpin targeting FOXO1 and FOXO3a, flanked by BbsI and XhoI recognition sequences 
(sequence: 5’- tcccgtgccctacttcaaggataagttcaagagacttatccttgaagtagggcactttttctcgag-3’) was first inserted in the pH1tet-flex 
vector digested with BbsI/XhoI. Subsequently, the H1 tetO-shRNA cassette was amplified with primers introducing PacI 
sites. After digestion with PacI, the H1tet-shRNA was inserted in the FH1t(INSR)UTG vector. Flag-ATM (81) and pHA-ER-
PpoI (21) were kind gifts of Prof. M. Kastan (Duke University Cancer Institute) and pBMN-FKBP-L106P-YFP (82) was from 
Dr. Wandless (Stanford University). DNA fragments coding for the degradation domain FKBP-L106P and for HA-tagged PpoI 
endonuclease were subcloned in frame in BamHI/XbaI sites of pcDNA4TO (Invitrogen) resulting in pcDNA4TO-FKBP-PpoI 
plasmid that allows induction of PpoI expression by combination of the tetracycline and proteasomal inhibitor treatment.

Cell culture, RNA interference and treatments

The human osteosarcoma U2-OS, the human embryonic kidney HEK293T cells and the cervical HeLa cells (ATCC) were 
cultured in DMEM (Gibco) supplemented with 10% FBS, penicillin-streptomycin and glutamine. AT cells (GM05849, Corriel 
Institute) and RPE cells were grown in EMEM and DMEM/Ham F12 respectively. U2-OS#18 with the HR reporter (47) 
were a kind gift of Prof. Roland Kanaar (Erasmus MC, Rotterdam). To generate the U2-18TR12 cell line, U2-OS#18 cells 
were transfected with pcDNA6 TR (Invitrogen) and stable transformants were selected with 5 μg/ml blasticidin. The 
U2-18TR12 derived cell lines expressing the wild type and mutant forms of FOXO4 were generated by transfection of 
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pcDNA4TO-FOXO4 constructs and subsequent selection with zeocine (Invitrogen) for approximately 2 weeks. U2OS cells 
stably expressing the Tet repressor were transfected with pcDNA4TO-FKBP-PpoI and selected by treatment with zeocine 
and subsequent clonal selection. For expression of PpoI endonuclease, cells were induced with doxycycline for 16hrs and 
a proteasomal inhibitor MG132 was added for the last two hours before harvesting. The HeLashFOXO cells, for FOXO1 
and FOXO3a inducible silencing, were generated by lentiviral delivery of the FH1t(FOXO1/3)UTG plasmid in HeLa cells and 
FACS sorting of the GFP positive cells. For the generation of HeLashFOXO-PPO cells, the pBABE-HA-ER-I-PpoI construct was 
delivered to HeLashFOXO cells by retroviral transduction and transformed cells were selected with puromycin for 2 weeks. 
A14-GFP-FOXO4 cells were a kind gift of M. van Triest. 
The FOXO1 and FOXO3a targeting siRNA was designed based on a homologous region between the two mRNAs 
(5’-gugcccuacuucaaggauaag-3’) and the FOXO4 siRNA was designed to target region in the 3’UTR of human FOXO4 
(5’-agucaugccuggaagcuuu-3’). A siRNA targeting luciferase was used as negative control. All siRNAs were synthesized by 
Dharmacon research. Transfection of cells with the above siRNA oligonucleotides was performed with Hyperfect (Qiagen) 
according to the manufacturer’s instructions.
Ionizing radiation was delivered by a Cs-137 source; ATM kinase activity was inhibited by the selective ATM inhibitor Ku-
55933 (Merck chemicals) used at 10 μM and added to the cells 1 hr prior to treatments; caffeine (Sigma Aldrich) was used 
at 5 mM for 4 hrs prior to DNA damage induction; TSA (Sigma Aldrich) was used at 0.5 μM for 18hrs or 5 μM for 6 hrs 
before sample collection. 

Cell lysis and Western blot

For co-immunoprecipitation studies cells were lysed in PKB lysis buffer (50 mM Tris pH 7.5, 200 mM NaCl, 1% NP40, 
1 mM EDTA, 1 mM Na3VO4, 50 mM NaF, 1 μM leupeptin, 0.1 μM aprotinin) supplemented with benzonase (Merck). 
After lysing at 4ºC for 30 min, the lysates were pre-cleared by centrifugation at 14,000 rpm for 10 min. Subsequently, 
proteins were immunoprecipitated with anti-GFP-trapA beads (ChromoTek) or with anti-Flag beads (Sigma-Aldrich) or 
with Protein A-Sepharose beads (GE Healthcare) conjugated with the antibody of interest. For Chromatin Fractionation, 
soluble cytosolic proteins were extracted by incubating cells in buffer A (10 mM HEPES, pH 7.9, 10 mM KCl, 1.5 mM 
MgCl2, 0.34 M sucrose, 10% glycerol, 1 mM DTT, 0.1% Triton X-100, 1 mM Na3VO4, 50 mM NaF, 1 μM leupeptin, 0.1 μM 
aprotinin) at 4°C for 5 min and spinning down at 1,300xg for 4 min. The soluble nuclear fraction was obtained by extraction 
of pelleted nuclei with buffer B (10 mM HEPES, pH 7.9, 3 mM EDTA, 0.2mM EGTA, 1mM DTT, 1 mM Na3VO4, 50 mM NaF, 
1 μM leupeptin, 0.1 μM aprotinin) and spinning down at 2,000xg for 4 min. Finally, insoluble chromatin was washed with 
buffer B, re-suspended in SDS sample buffer and briefly sonicated. Total cell extracts were prepared by scraping cells in 
Laemmli sample buffer. 
Proteins were run on SDS-PAGE and transferred to PVDF membrane. Antibodies used were: rabbit anti-ATM/ATR substrate 
antibody (Cell Signaling), rabbit anti-FOXO4 pS462, rabbit anti-phosphorylated CHK2 (Thr68, Cell Signaling), rabbit anti-
phosphorylated CHK1 (Ser345, Cell Signaling), mouse anti-Flag (Sigma-Aldrich), mouse anti-GFP (Rosche), rabbit anti-
53BP1 (Santa Cruz), rabbit anti-NBS1 (Novus Biologicals), goat anti-TRRAP (Santa Cruz), rabbit anti-MRE11 (83), rabbit 
MDC1 (Abcam), mouse anti-RPA (Abcam), rabbit anti-phosphorylated RPA (S4/S8, Abcam) and rabbit anti-Rad51 (Santa 
Cruz).

Homologous recombination assay

The U2-OS#18 cell line with the “nested intron” reporter for the study of sister chromatid recombination was previously 
described (47). 24hrs after siRNA transfection, cells were transfected with an I-SceI expressing vector along with pcDNA3.0- 
mcherry. 48hrs later, cells were collected and analysed by FACS, to determine the percentage of cells positive for both 
GFP and mcherry. 
For the FOXO4 add-back experiments, the U2-18TR12-W (with inducible expression of wild type FOXO4), U2-18TR12-A 
(S462A FOXO4) and the U2-18TR12-R (H156R FOXO4) cell lines were used. To correct for possible differences in the cell 
cycle status between different samples, samples were prepared as following: 16 hrs post I-SceI transfection, cells were 
synchronized in G1/S with thymidine for 24 hrs. Subsequently cells were released in cycle by extensive washing with PBS 
and doxycycline was added to the medium 16 hrs prior to FACS measurements. 
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Laser micro-irradiation, FRAP and immunofluorescence

For induction of DNA damage at defined subnuclear regions, cells were grown in glass bottomed dishes (WillCo Wells). 
Prior to micro-irradiation, cells were pre-sensitized with 0.5 mg/ml Hoechst 33342 (Invitrogen) for 30 min at 37ºC. 
Local damage was induced by a 405 nm laser diode (4 mW, 50% power, 50 iterations) of a Zeiss LSM510 laser-scanning 
microscope, equipped with a ×40 NA 1.3 objective. The kinetics of recruitment of the GFP-tagged FOXOs to sites of DNA 
damage was determined by the relative fluorescence (RF) (25), which was calculated as RF(t)=(It–IpreIR)/ Imax–IpreIR), 
where It is the fluorescence intensity at each time point of measurement, IpreIR the fluorescence intensity at the laser 
exposed areas immediately before micro-irradiation and Imax the maximum fluorescence at the end of the measurements. 
To compare the kinetics of different FOXO4 mutants, as well as the effect of silencing different components of the DDR 
on FOXO recruitment, we determined the fold increase of GFP fluorescence within the microirradiated areas (RFfold) 
(25), which was calculated as RFfold(t) = It/IpreIR, where IpreIR is again the fluorescence intensity measured in the laser-
exposed areas immediately before irradiation. Values were corrected for non-specific fluorescence bleaching. 
Fluorescence recovery after photobleaching was performed by bleaching selected areas with a 488 nm laser (100% power, 
50 iterations) and imaging in 1 sec intervals. An unbleached region of the same size was used as a control. 
For immunofluorescence studies, cells grown on glass coverslips were fixed in 4% formaldehyde (Merck Chemicals) for 15 
min at room temperature, permeabilized in 0.2% Triton X-100, and immunostained with the combination of antibodies 
specified in the figure legends. Where indicated, the cells were pre-extracted before fixation for 5 min at 4ºC in the CSK 
buffer (10 mM PIPES pH 7.0, 50 mM NaCl, 300 mM sucrose, 2 mM MgCl2, 3 mM CaCl2, 0.5% (v/v) Triton X-100). Confocal 
fluorescence images were captured using a Zeiss LSM510 laser-scanning microscope.

SILAC

For SILAC labeling, A14 cells were cultured in medium consisting of SILAC DMEM without arginine, lysine and glutamine 
(PAA, E15-086), supplemented with, 10% dialized FBS (Gibco), penicillin-streptomycin, glutamine, 73 μg/ ml L-Lysine (light/
K0 (Sigma, A6969) or heavy/K8 (Sigma, 608041 or Silantes, 211603902)) and 29.4 μg/ ml arginine light/R0 (Sigma, A6969) 
or heavy/R10 (Sigma, 608033 or Silantes, 201603902)). Cells were cultured in SILAC medium until labeling efficiency 
exceeded 95%. 
Cells were treated with 200 μM H2O2 for 30 min and subsequently nuclear extracts were prepared. Briefly, cells were 
trypsinized, subsequently the cells were swollen using a hypotonic buffer and lysed by dounce homogenizing in the 
presence of 0.15% NP40 and complete protease inhibitors. After centrifugation, the pellet consisting of nuclei was lysed 
by 90 min incubation in 2 volumes of nuclear lysis buffer (420mM NaCl, 20mM HEPES pH 7.9, 20% v/v glycerol, 2mM 
MgCl2, 0.2mM EDTA, 0.1% NP40, complete protease inhibitor w/o EDTA (Roche) and 0.5mM DTT). GFP-pulldowns were 
performed with GFP-Trap_A beads (Chromotek). Proteins were eluted from the GFP-beads with 0.1M Glycine pH2.5 and 
subsequently trypsinized on FASP columns (30 kD columns). The FASP procedure is performed as described previously 
(84). Peptides were separated using an EASY-nLC (Proxeon) connected online to an LTQ-Orbitrap Velos mass spectrometer 
(Thermo) as described (85). Raw data were analyzed using MaxQuant version 1.2.2.5 and mapped using protein database 
IPI mouse V3.68 fasta. Resulting protein groups were further analyzed using Perseus. Identifications were filtered for 
standard contaminants, reverse hits, number of peptides (>1) and unique peptides (>0). Ratios were logarithmitized (log2) 
and groups (consisting of forward and reverse) were defined. Scatter plots were made using a custom R script.

Chromatin immunoprecipitation (ChIP) and quantitative PCR (Q-PCR)

To perform ChIP, 40 million cells per condition were fixed with 1% formaldehyde for 10 min at room temperature and the 
reaction was quenced by 0.125 M Glycine for 5 min. Subsequently cells were lysed in Darnham lysis buffer (5 mM PIPES, 
85 mM KCl, 0.5% NP-40, protease inhibitor cocktail Roche) and nuclear extracts were collected by low speed centrifugation 
and re-suspended in RIPA buffer (1x PBS, 1% NP-40, 0.5% Na-deoxycholate, 0.1% SDS, supplemented with Roche protease 
inhibitor cocktail). Chromatin was then sonicated to acquire DNA fragments of about 500-1,000 bp which were then used 
for immunoprecipitations. Antibodies used were: rabbit IgG (Santa Cruz), rabbit anti-RPA (Millipore), rabbit anti-Rad51 
(Santa-Cruz), rabbit anti-H4 (Abcam), rabbit anti-H4K20me2 (Active Motif), rabbit anti-H4K16ac (Active Motif), rabbit anti-
TRRAP (abcam) and rabbit anti-FOXO3a (Santa-Cruz). 
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Antibody generation

To prepare antibodies directed against phosphoSer462 of FOXO4, rabbits were immunized with the peptide 
PTEAAS(phospho)QDRMPQDLDC. The peptide was synthesized in house using Fmoc chemistry, analysed with LC-MS 
and coupled to KLH (Thermo). The conjugated peptide was diluted in either Complete or Incomplete Freund’s adjuvant 
(Thermo) and injected every three weeks for a total of 4 times. The resulting antibody was purified from serum using a 
smaller epitope tagged with a biotinylated lysine (AAS(phospho)QDRK(Biotin)) coupled to streptavidine-agarose beads 
(Thermo).

Clonogenic survival assay

To assess genotoxic stress sensitivity, HeLashFOXO cells were either untreated or treated with doxycycline for 48 hrs 
before they were plated in limited amount. Sixteen hrs post-plating, cells were treated with increasing amounts of ionizing 
radiation or Mitomycin C. Cells were left to form colonies for 10–14 days at 37 °C and doxycycline was refreshed every 4 
days. Colonies were stained with 0.5% (v/v) crystal violet and counted. Results were normalized to plating efficiencies of 
untreated cells.
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Figure S1 (related to Figure 1). (A) U2OS and HEK293T cells transiently transfected with HA-FOXO1, HA-FOXO3a and 
HA-FOXO4 were subjected to IR (5 Gy). Immunoblots were prepared as in (Figure 1A) (B) Validation of the specificity of 
the FOXO4 pS462 antibody. U2OS cells were transiently transfected with GFP-FOXO4 and GFP-FOXO4 S462A and were 
subjected to IR (5 Gy, 30 min) before sample collection (C) U2OS cells transiently transfected with Flag-FOXO4 were treated 
with IR (5Gy) and 30min post-irradiation cells were collected and subjected to nuclear -cytoplasmic fractionation (D) U2OS 
cells were transfected with siRNAs against luciferase or ATM for 72 hrs before IR treatment and sample preparation. 
Dashed lines indicate discontinuous sections of the same gel (E) ATM and ATM KD expressed in HEK293T cells were 
isolated and utilized for in vitro kinase assay with FOXO1 and FOXO3 as substrates (F) U2OS cells transiently transfected 
with Flag-FOXO4 were treated with the indicated DNA damaging agents: IR 5 Gy for 30min, Neocarzinostatin (Neoc) 200 
ng/μl for 1hr, Etoposide (ETP) 20 μM for 1hr, Doxorubicin (DXR) 1 μM for 1hr, H2O2 100μM for 30min, UV 20 J/m2 for 
2hrs, Hydroxyurea (HU) 4mM for 4hrs, Camptothecin (CPT) 1 μM for 1hr and Methyl methanesulfonate (MMS) 1 mM for 1 
hr (G) U2OS cells were transfected with Flag FOXO4 and 24hrs post transfection were treated or not for 16 hrs with NAC. 
Subsequently, cells were treated with 5 Gy IR or 100 μM H2O2 for 30min 
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Figure S2 (related to Figure 2). (A) GFP-FOXO4 is recruited to sites of DNA damage induced by IR (5Gy, 30min). Cells 
were either pre-extracted (PE) or not prior to fixation and indirect immunofluorescence for GFP and ATM/ATR substrate 
(phosphoS/TQ) (B) Kinetics of GFP-FOXO1 and GFP-FOXO3a recruitment; U2OS cells transfected with the indicated plasmids 
were subjected to laser micro-irradiation. GFP fluorescence intensity was measured over a period of 5 min. Measurements 
are mean ±SD from 40 cells (C) U2OS cells transfected with GFP-FOXO4, GFP-MDC1 and GFP were subjected to laser micro-
irradiation. Images were captured over a period of 5 min. Arrowhead indicates site of laser micro-irradiation.
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Figure S3 (related to Figure 3). (A) Kinetics of GFP-FOXO4 H156R recruitment; U2OS cells transfected with the indicated 
plasmid were subjected to laser micro-irradiation. GFP fluorescence intensity was measured over a period of 5 min. 
Measurements are mean ±SD from 60 cells (B) Kinetics of GFP-FOXO4 recruitment in the absence of MDC1 and MRE11; 
U2OS cells transfected with siRNAs against lusiferase, MDC1 or MRE11 for 72hrs, were transfected with GFP-FOXO4 and 
subsequently were subjected to laser micro-irradiation. GFP fluorescence intensity was measured over a period of 5 min. 
Measurements are mean ±SD from 20 cells (C) Kinetics of GFP-FOXO4 recruitment in the absence of 53BP1 and PARP1 
activity; U2OS cells transfected with siRNAs against lusiferase or 53BP1 for 72hrs, were transfected with GFP-FOXO4 and 
subsequently were subjected to laser micro-irradiation. DMSO or the PARP1 inhibitor Olaparib was added 1hr before 
micro-irradiation. GFP fluorescence intensity was measured over a period of 5 min. Measurements are mean ±SD from 
20 cells (D) Immunoblots showing the level of knockdown of the indicated proteins (related to Figure S3B and S3C). 
Arrowhead indicates the height of protein of interest (E) Immunoblot showing the level of knockdown of NBS1 (related to 
Figure 3C). Non-specific band recognized by NBS1 antibody is used as a loading control (F) Interaction between HA-FOXO1 
and HA-FOXO3 with NBS1 in response to IR (5Gy, 30 min). Where indicated, cells were pre-treated with ATM inhibitor 
(Ku-55933) for 1 hr prior to IR (G) Interaction between GFP-FOXO4 and myc-NBS1 wild type and mutants. HEK293T cells 
transfected with the indicated plasmids were subjected to 5 Gy IR and 30 min later cells were lysed and proteins were 
immunoprecipitated with ant-GFP resin (H) GFP-FOXO4 partially co-localizes with MRE11. Cells were treated with IR (5Gy, 
30min) and subsequently pre-extracted prior to fixation and indirect immunofluorescence for GFP and MRE11. Numbers 
indicate the percentage of total foci that show co-localization

Figure S4 (related to Figure 4). (A) Interaction between FOXO4 and TRRAP. HEK293T cells were transfected with Flag-TRRAP 
and HA-FOXO4 and treated with 200μM H2O2 for 30 min or 5Gy IR for 15 and 30 min. Cell lysates were immunoprecipitated 
with either anti-TRRAP or anti-HA and the complexes were analyzed by western blot (B) Interaction between FOXO1 and 
TRRAP. HEK293T cells were transfected with Flag-TRRAP and HA-FOXO1 and treated with 200μM H2O2 for 30 min or 5Gy 
IR for 15 and 30 min. Cell lysates were immunoprecipitated with anti-HA and the complexes were analyzed by western blot
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Figure S5 (related to Figure 5). (A) Immunoblots showing the level of knockdown of the indicated proteins (related to 
Figure 5C). Arrowhead indicates height of protein of interest (B) HeLashFOXO cells were cultured in the presence/absence 
of doxycycline and FOXO4 siRNA for 72 hrs. Cells were subjected to 2 Gy IR and were fixed after 3hrs. Representative 
immunofluorescence image of ubiquitin chains (FK2 antibody) (C) HeLashFOXO-PPO cells were cultured in the presence 
or absence of doxycycline for 72 hrs before I-PPO was induced by 4-OHT for 16 hrs. Cells were used for ChIP against H4 
and H4K20me2 and Q-PCR was performed with oligonucleotide primer pairs surrounding the single chromosome 1 I-PpoI 
cleavage site. Data are represented as relative IP (H4K20me2 over total H4). Results represent the mean ±SD of three 
independent experiments. ns: not-significant
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Figure S6 (related to Figure 6). HeLashFOXO cells treated or not with doxycycline and FOXO4 siRNA for 72 hrs were 
subjected to 2 Gy IR and fixed after 3hrs. Representative immunofluorescence image of BRCA1 and quantification of 
BRCA1 foci (A) and γH2AX (B) in the conditions tested. ns: not-significant

Figure S7 (related to Figure 7). (A) Immunoblots showing the level of knockdown of the indicated proteins (related to 
Figure 7A). Arrowhead indicates height of protein of interest (B) U2OS #18 cells were treated with the indicated siRNAs 
and prepared and analyzed as in (Figure 7A). Results depict the means ±SD of 3 independent experiments (C) U2OS#18 
cells were transfected with the indicated siRNAs for 24 hrs before the I-SceI plasmid was transfected. Cells were collected 
48 hrs post plasmid transfection, fixed and stained with PI before analysed by FACS (D) U2OS#18 cells were transfected 
with the indicated siRNAs for 24 hrs before the I-SceI plasmid was transfected. Cells were collected 48 hrs post plasmid 
transfection, stained with PI and analysed by FACS (E) Immunoblots showing the level of knockdown of the indicated 
proteins (related to Figure 7B). Arrowhead indicates height of protein of interest (F) Immunoblots showing the level of 
add-back for FOXO4 wild-type and the S462A and H156R mutants in the U218TR12W, U218TR12A and U218TR12R cells 
respectively (related to Figures 7C-E) (G) U2-18TR12W cells were transfected with the indicated siRNAs for 24 hrs before 
the I-SceI plasmid was transfected. Cells were synchronized in G1 with thymidine block and released with concomitant 
doxycycline addition. They were collected 4, 8 and 18 hrs post doxycycline addition, fixed and stained with PI before they 
were analysed by FACS (H) U2-18TR12W cells were treated with the indicated siRNAs and prepared and analysed as in 
(Figure 7C). Results depict the means ±SD of 4 independent experiments (I) Luciferase assay showing that the FOXO4 
H156R mutant is transcriptionally inactive. U2OS cells were transfected with HA-FOXO4 wt and H156R along with the 
6xDBE-luciferase plasmid (containing 6 copies of an optimal FOXO-binding site) and TK-Renilla. Samples were collected 
and measured 48 hrs post-transfection. *P<0.05, ***P<0.001
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Abstract

FOXO transcription factors regulate the transcription of genes involved in cell cycle regulation, metabolism 
and apoptosis and are thereby key players in processes linked to cell survival and proliferation. Thus far, 
global gene expression analysis for FOXO-dependent gene expression has relied on either the activation of 
mutant FOXO that is insensitive to upstream inhibition or the analysis of cells genetically deleted for FOXOs. 
To complement these approaches, we describe here a gene expression analysis in HeLa cells expressing 
a doxycycline inducible shRNA against FOXOs, to mirror acute inhibition of FOXOs, as for example occurs 
after insulin stimulation. This approach identified novel target genes, whose expression is maintained by 
FOXO-dependent transcription. We report here on previously unidentified processes that appear to be 
transcriptionally regulated by FOXOs, including RNA metabolism and actin cytoskeleton turnover. Moreover, 
novel possible roles in metabolism and the maintenance of genomic stability are discussed. 

Introduction

The Forkhead Box superfamily includes proteins that can bind DNA via their conserved wing-helix-wing DNA 
binding domain (1). The superfamily includes 17 gene subfamilies (FOXA-FOXR), with distinct functions (1). 
The FOXO family includes four members, FOXO1, FOXO3a, FOXO4 and FOXO6. Of these, FOXO6 has a more 
restricted expression pattern in the brain, whereas the other three members exhibit a more ubiquitous 
expression. FOXOs function is predominantly regulated by their subcellular localization. The PI3K-PKB (Akt) 
pathway negatively regulates FOXOs downstream of insulin and growth factors by inducing their cytoplasmic 
retention and their subsequent proteasomal degradation (2, 3). Under conditions of oxidative stress, JNK 
and other stress kinases induce FOXO nuclear retention and transcriptional activation ((4) and for a  review 
(5)). FOXOs are key players in processes linked to tumor suppression and longevity. In particular, FOXOs 
regulate the transcription of genes involved in reactive oxygen species (ROS) scavenging, as well as cell 
cycle arrest and apoptosis (reviewed in (5)). Moreover, FOXO1 is activated in response to growth factor 
deprivation to regulate the expression of gluconeogenetic and lipid oxidation genes (6). Finally, FOXOs 
transcriptionally regulate the quiescent state of stem cells, thereby contributing to tissue regeneration and 
homeostasis maintenance (7). 
Previous studies to identify FOXO regulated transcriptional changes utilized overexpression systems of 
constitutively active mutants (for example (8)). However, these analyses may be tainted by the fact that 
FOXO expression levels are beyond physiological levels and that gene induction by dominant active FOXO 
discovers genes that can be activated by FOXO but does not describe genes whose expression critically 
depends on FOXO. In a recent study gene expression profiling was performed in triple knockout (FoxO1-
FoxO3-FoxO4) mice (7). While this study confirmed several of the FOXO-dependent genes discovered by 
the initial approach (e.g. p27kip1), it also identified several potentially novel endogenous FoxO-regulated 
genes in mice. The relevance of some of the identified genes was supported by the FoxO-null phenotype(s) 
observed, suggesting that this is a relevant approach to study transcriptional activity of endogenous proteins. 
Nonetheless, this analysis is also hindered by the fact that long-term deletion of critical homeostatic 
regulators, like FOXOs, might activate compensation mechanisms. 
Based on the considerations provided above, we designed a study to identify endogenous FOXO-regulated 
genes in a human cellular system following acute loss of FOXO expression, by shRNA-mediated FOXO knock-
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down. We further took into consideration the genetic background of the cell system to be employed. FOXOs 
and p53 are considered important regulators of cellular homeostasis, are regulated by similar stress signaling 
and share many transcriptional targets (9). Thus by and large, p53 and FOXOs act reciprocally redundant and 
a cell system lacking p53 would likely circumvent this redundancy. We therefore chose HeLa cells, as p53 
is constitutively targeted for degradation in these cells (10, 11). In Chapter 2 we have shown that FOXOs 
partake in the DNA damage response (DDR) and direct cells towards homologous recombination (HR) repair 
after genotoxic stress, independent of gene transactivation. However, considering the fact that FOXOs 
were previously shown to be transcriptionally active in response to DNA damage, (12-14), we decided to 
further address a possible FOXO contribution to the response to DNA double strand breaks through gene 
transcription. Therefore, we also performed gene expression analysis before and after gamma-irradiation 
(IR) of the HeLa cells stably expressing an inducible system for FOXO knockdown. 
Using the approaches described, we report here the identification of several novel FOXO-target genes 
involved in processes including RNA stability, metabolism, transmembrane transport and cytoskeleton 
dynamics. Moreover, we find that FOXOs do not regulate the transcription of DNA repair genes or genes 
related to cell cycle arrest, under conditions of DNA damage. Collectively, our data provide new insights and 
avenues to follow, in order to gain a better understanding of FOXO biology.

Results and Discussion

Establishment and validation of a system for studying the effects of inducible FOXO depletion 

To characterize transcriptional changes mediated by endogenous FOXO proteins, we performed global gene 
expression analysis in HeLa cells expressing doxycycline-inducible shRNA against FOXO1 and FOXO3 and 
further transfected with FOXO4 siRNA. We verified FOXO depletion in these cells, both at the RNA and protein 
level (Figure 1A and 1B). We subsequently examined in this set-up the expression levels of selected FOXO 
target genes, including p27, GADD45a, RICTOR and LGR4 (8, 12, 15, 16) by PCR. We found that GADD45a 
and p27 do not show impaired expression in the FOXO depleted HeLa cells under basal conditions, however 
we observed significant reduction in the levels of RICTOR and LGR4 (Figure 1C). This suggests that either 
in HeLashFOXO cells other (transcription) factors compensate for the FOXO-dependent regulation of these 
targets (p27 and GADD45a) or that endogenous FOXOs are required for their transcription specifically under 
certain stress conditions (for instance after oxidative stress or impaired growth factor signaling). 

FOXOs transcriptionally regulate divergent cellular processes

Next, we performed global gene expression analysis in the HeLashFOXO cells, 3 days post FOXO depletion. 
For the identification of FOXO regulated genes, we used as criterion the change in expression by ≤0.75 fold 
(downregulated genes) or by ≥1.4 fold (upregulated genes) and a statistical cut-off p≤0.01. Based on these 
criteria we identified 33 genes that are differentially regulated in the FOXO-depleted cells compared to 
control HeLashFOXO cells (Table 1). Using these stringent criteria, our analysis identified only caveolin from 
the previously established FOXO target genes (17). We further looked into the genes that exhibit significant 
transcriptional changes in the FOXO-depleted compared to the control HeLashFOXO cells (p≤0.01), but were 
below the threshold we initially set for target identification (fold induction ≤0.85 and ≥0.75) (Supplementary 
Table 1). We consider these genes to be partially regulated by FOXOs. Amongst these genes we identified 
previously reported target genes, including PINK1, CDKN1C (p57kip2) and KLF7 (18-21). 
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We subsequently performed a Gene Ontology (GO) terms analysis in the extended cluster of genes with 
impaired expression due to FOXO depletion. We identified processes previously linked to FOXO-dependent 
transcription, such as cell death, as well as a number of novel processes that are possibly transcriptionally 
regulated by FOXOs, including cytoskeletal organization and RNA metabolism (Table 2). In addition, we 
identified novel processes that can be potentially linked to FOXO-dependent gene transactivation, such as 
mitochondrial assembly and function, transmembrane transport, nucleotide biosynthesis and DNA repair 
(Table 2). 
FOXO transcriptional activity is linked to gene transactivation, rather than repression (8). In agreement, we 
found only a few genes whose expression is upregulated upon FOXO depletion (Table 1). These include genes 
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Figure 1. Efficient FOXO depletion in the HeLashFOXO cells (A) FOXO gene expression was analyzed in HeLashFOXO cells 
cultured in the presence or absence of doxycycline for 72 hrs (B) FOXO protein levels in HeLashFOXO cells cultured in the 
presence or absence of doxycycline for 72 hrs (C) Relative fold changes of previously identified FOXO target genes in the 
HeLashFOXO cells 72 hours post FOXO depletion 
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Table 1. Genes with significant (p≤0.01) changes in FOXO-depleted HeLa cells under basal conditions, compared to control 
cells (≤0.75 and ≥1.4 fold change)

Gene symbol Gene name Fold change

Downregulated

GNS glucosamine (N-acetyl)-6-sulfatase 0.615

ARPC1B actin related protein 2/3 complex, subunit 1B, 41kDa 0.62

RAD21 RAD21 homolog (S. pombe) 0.62

ATF1 activating transcription factor 1 0.63

GNPTAB N-acetylglucosamine-1-phosphate transferase, alpha and beta 
subunits

0.65

PPIC peptidylprolyl isomerase C (cyclophilin C) 0.66

DCP2 DCP2 decapping enzyme homolog (S. cerevisiae) 0.68

IDH1 isocitrate dehydrogenase 1 (NADP+), soluble 0.68

LTA4H leukotriene A4 hydrolase 0.69

IK IK cytokine, down-regulator of HLA II 0.69

SCRN1 secernin 1 0.7

CAPZA1 capping protein (actin filament) muscle Z-line, alpha 1 0.7

RBM47 RNA binding motif protein 47 0.7

HSP90AA1 heat shock protein 90kDa alpha (cytosolic), class A member 2 0.72

CSRP2 cysteine and glycine-rich protein 2 0.72

UHMK1 U2AF homology motif (UHM) kinase 1 0.73

FDPS farnesyl diphosphate synthase 0.73

TRH thyrotropin-releasing hormone 0.73

CAV1 caveolin 1, caveolae protein, 22kDa 0.74

ALPK3 alpha-kinase 3 0.74

HMOX2 heme oxygenase (decycling) 2 0.74

NIPA1 non imprinted in Prader-Willi/Angelman syndrome 1 0.75

KRT18P27 keratin 18 pseudogene 27 0.75

RNF114 ring finger protein 114 0.75

Upregulated

DDR1 Epithelial discoidin domain-containing receptor 1 Precursor (Epithelial 
discoidin domain receptor 1)

1.4

SEMA3C sema domain, immunoglobulin domain (Ig), short basic domain, 
secreted, (semaphorin) 3C

1.4

TOM1L1 target of myb1 (chicken)-like 1 1.42

STXBP1 syntaxin binding protein 1 1.42

UBE2Q1 ubiquitin-conjugating enzyme E2Q family member 1 1.43

SMARCA1 SWI/SNF related, matrix associated, actin dependent regulator of 
chromatin, subfamily a, member 1

1.46

PLAUR plasminogen activator, urokinase receptor 1.5

CREM cAMP responsive element modulator 1.68

DNER delta/notch-like EGF repeat containing 1.7
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involved in cell adhesion (DDR1), signaling components of the Notch pathway (DNER) or components of 
small-GTP binding proteins signaling pathways (PLAUR). 
Below, we discuss some of the novel processes we now identified as potentially linked to FOXOs transcriptional 
activity in the HeLashFOXO cells under basal conditions.

GO term Enrichment score Gene names

RNA binding 3.1 DCP2,  PABPC4,  IMP3,  RBM47, RBMS1,  YBX1,  
MRPL3, RPL8, RPS2,  RNPS1,  ZMAT3,  ELAVL1,  NCL,  

EIF4A1

DNA metabolic processes (DNA 
repair)

1.71 RAD21, TDP1, TFAM, UNG, UBE2B

Metabolic processes/ 
Mitochondria

1.63 IDH1,  GLO1, HMOX2, UROS, UROD, UGDH, 
ALDH7A1, CYP39A1,  

HMOX2,  UROS, GSTK1,  FOLR1,  SRM,  NQO1,  
NDUFB2,  PTGR1, ATP6V1F,  NDUFB2, PINK1,  GLUL, 

MRPL3, MRPS16, SLC25A36, TFAM

Protein biosynthesis 1.28 EIF3B, EIF3G, EIF5A, EIF4A1

Cytoskeleton organization 0.7 ARPC1B, CAPZA1, CAV1

Apoptosis 0.66 ZMAT3, RAD21, TRAF5,  GRAMD4,  HMGB1,  HIPK1,  
IL19,  PHLDA1, SLC5A11, TXNDC12

Nucleotide biosynthesis 0.62 ATIC, CTPS2, ADK

Transmembrane transport 0.52 SLC16A1 , SLC16A9, SLC25A36, SLC5A11, FOLR1, 
ATP6V1F

Table 2. Gene Ontology categories enriched in the downregulated genes in FOXO depleted HeLashFOXO cells

FOXOs and RNA metabolism 

FOXO transcription factors regulate gene expression by activating RNA polymerase II-mediated gene 
transcription (8). Our analysis in the HeLashFOXO cells suggests that FOXOs may also be involved in processes 
related to mRNA stability and processing. In particular, we identified as novel FOXO target genes the mRNA-
decapping enzyme 2 (DCP2) and RNA binding motif protein 47 (RBM47) (Table 1) and also RNA binding 
motif single stranded interacting protein 1 (RBMS1), Y box binding protein 1 (YBX1), RNA binding protein S1 
(RNPS1), poly(A) binding protein (PABPC4) and tRNA methyltransferase 5 (TRMT5) (Supplementary Table 1). 
These genes are involved in various steps of RNA metabolism, such as RNA catabolism via the RISC complex 
and RNA splicing and polyadenylation, suggesting complex and extensive FOXO-dependent regulation of 
post-transcriptional gene expression. Interestingly, ribonucleoproteins including mitochondrial ribosomal 
protein L3 (MRPL3), mitochondrial ribosomal protein S16  (MRPS16), ribosomal protein L8 (RPL8) and 
ribosomal protein S2 (RPS2) were also identified as FOXO target genes, suggesting a possible involvement 
of FOXOs in ribosome assembly and thereby in indirect regulation of mRNA processing towards proteins. 

FOXOs and metabolic processes

FOXOs are involved in the regulation of various metabolic processes in response to nutrient deprivation 
(22). Here, we find that FOXOs, under conditions of sufficient nutrients and active growth factor signaling, 
can be involved in the regulation of metabolism, albeit mediating different processes. In particular, FOXOs 
appear to mediate processes positively linked to the tricarboxylic acid (TCA) cycle by regulating the 
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expression of isocitrate dehydrogenese (IDH1) (Table 1, Chapter 3) and mitochondrial-associated genes 
(Supplementary Table 1, Chapter 4). Moreover, we identify novel FOXO target-genes that are involved 
in nucleotide metabolism. These include CTP synthase II (CTPS2), which is required for the synthesis of 
cytosine (pyrimidine metabolism), as well as adenosine kinase (ADK) and 5-aminoimidazole-4-carboxamide 
ribonucleotide formyltransferase (ATIC), which are involved in purine metabolism. 

FOXOs and transmembrane transport 

The transfer of small molecules and ions across membranes is mediated by dedicated transmembrane 
proteins. The solute carrier superfamily (SLC) includes 55 families of proteins involved in the transportation 
of small molecules across membranes. Our analysis identified several solute carrier proteins as FOXO target 
genes, including SLC16A1, SLC16A9, SLC25A36 and SLC5A11 (Supplementary Table 1). Interestingly, most 
of these proteins are located at the plasma membrane, whereas SLC5A11 is located at the mitochondrial 
membrane, suggesting another link between FOXOs and mitochondrial function. Of particular interest for 
further analysis is the SLC16A1 transporter, mediating the transportation of lactate and pyruvate and the 
SLC5A11 co-transporter, involved in glucose transport. Moreover, we identify folate receptor 1 (FOLR1) as 
partially regulated FOXO target gene (Supplementary Table 1). Interestingly, folic acid is not only important 
for nucleotide synthesis but was also recently proposed to be required for the reversal of the mitochondrial 
dysfunction phenotypes with PINK1 depletion and Parkinson’s disease (23). Finally, the proton (H+) 
transporter ATP6V1F, involved in the acidification of organelles like lysosomes, was also identified in our 
analysis as a FOXO-regulated gene (Supplementary Table 1). 

FOXOs and actin cytoskeleton dynamics

Actin remodeling is a cellular process with important implications for the communication between adjacent 
cells, as well as between cells and their extracellular matrix. Cells respond to signals related to cell division 
or cellular mobilization by rapidly remodeling their actin cytoskeleton. Moreover, actin cytoskeleton is 
involved in intracellular organelle trafficking, for example mitochondrial transport. Actin remodeling is a 
dynamic process comprising cycles of actin nucleation and polymerization and actin destabilization. Our 
analysis identified two genes related to actin polymerization as novel FOXO targets: Actin Related Protein 
2/3 Complex, Subunit 1B (ARPC1B) and capping protein (actin filament) muscle Z-line, alpha 1 (CAPZA1) 
(Supplementary Table 1). CAPZA1 regulates actin polymerization by capping the barbed end of the actin 
filament and thereby conferring stability. ARPC1B is part of the ARP2/3 complex and is involved in stimulation 
of actin polymerization.

FOXOs and DNA repair 

The gene expression analysis we performed in the HeLashFOXO cells under basal conditions also identified 
genes involved in DNA repair as FOXO-regulated genes (RAD21, UNG, TDP1 and UBE2B). We decided to 
further look into these target genes, considering our findings, described in Chapter 2, that FOXOs are 
involved in the maintenance of genomic stability. Below we describe the processes in which these factors 
are involved and discuss the possible implications of FOXO-dependent regulation. 
Double strand break repair 
There are two major pathways for the repair of DSBs, namely the error-prone non-homologous end joining 
and the error-free homologous recombination (HR) repair (reviewed in (24)). RAD21 is a component of 
the cohesin complex, which was previously implicated in HR (25). In particular, cohesin was suggested 
to mediate the tethering /bridging of homologous chromosomes and thereby facilitate the exchange of 
genetic information of the intact sister chromatid. As described in Chapter 2, FOXOs mediate HR repair by 
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inducing DNA end resection, yet by a transcription-independent mechanism. Nonetheless, we decided to 
look further into a possible contribution of RAD21 transcription on the observed phenotype. After verifying 
the regulation of RAD21 by FOXOs, both under conditions of FOXOs silencing and FOXO3 overexpression 
(Figure 2A), we assessed the functional significance of Rad21 regulation by FOXOs in HR. We employed 
the reporter system with inducible FOXO exogenous expression (U2TR12W cells), in which we previously 
observed a significant defect in HR efficiency in response to FOXO depletion and a functional add-back 
in the presence of wild type FOXO4 (Chapter 2). We found that FOXO4 add-back in the U218TR12W cells 
silenced for both FOXOs and Rad21, efficiently rescued HR efficiency (Figure 2B), which suggests that FOXO-
dependent regulation of Rad21 does not mediate HR repair but rather another function. 
Oxidative damage repair 

Figure 2. Rad21 is a FOXO target gene but is not involved in FOXO-dependent HR (A) Rad21 mRNA and protein levels 
in HeLashFOXO cells cultured in the presence or absence of doxycycline for 72 hrs (B) Rad21 mRNA levels in DL23 cells 
treated with 4-OH-T for 8 hrs (C) HR repair efficiency assay. U218TR12W cells were transfected with the indicated siRNAs 
and 24 hours later with the I-SceI enzyme together with mcherry. Cell were synchronized with thymidine block for 24 hrs 
before release to the cycle. FOXO expression was induced 16 hrs prior to sample collection and FACS analysis 
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Oxidative stress induces DNA breaks as well as DNA base modifications, which pose a great mutagenic 
risk. The most important mechanism of base modifications repair is Base Excision Repair (BER). One of the 
first steps in BER is the enzymatic removal of the damaged base from the DNA helix, a task performed 
by dedicated enzyme termed DNA glycosylases. We identified Uracil-DNA glycosylase (UNG) as a FOXO 
target gene (Supplementary Table 1). FOXOs are well known mediators of ROS tolerance, by promoting 
the transcription of genes involved in antioxidant defenses ((5) for a review and Chapter 3), yet, no data 
currently exist on the contribution of FOXOs in the repair of ROS-induced damage. 
Another type of damage induced by ROS is single strand DNA breaks (SSBs); in this case the DNA ends might 
carry modifications that hinder further processing (26). The function of tyrosyl DNA phosphodiesterase 1 
(TDP1), identified in this study as FOXO target gene (Supplementary Table 1), is to facilitate the excision of 
such modifications. TDP1 is also involved in the processing and repair of lesions in the mtDNA (27) and in 
Chapter 4 we show that FOXO depleted cells are more susceptible to mtDNA damage induced by ROS. 
Post-replication repair (PRR) 
Replication-blocking lesions are potentially deleterious for the cell, as they can result in replication machinery 
stalling, DNA breaks and eventually cell death (28). To circumvent this, cells have developed DNA damage 
tolerance mechanisms (DDT) that act near the blocked replication forks to "bypass" rather than repair of the 
lesions (29). DDT mechanisms include translesion synthesis and error-free PRR. The E2 ligase UBE2B, which 
we identified as a novel FOXO target (Supplementary Table 1), is homologous to Rad6, a yeast DNA repair 
gene with important contributions to these processes. In particular, Rad6 mediates the ubiquitination of the 
DNA-encircling protein PCNA and the subsequent induction of translesion synthesis or error-free repair for 
damage bypass (30). 
In summary, FOXOs appear to regulate, under standard, non-stress conditions, the expression of proteins 
involved in different DNA repair processes. The regulation of their transcription under basal/non-damaging 
conditions might reflect the elevated genomic instability in HeLa cells and thereby the activation of DNA 
repair processes. Alternatively, considering that some of these proteins were also identified to carry DNA 
repair-independent functions (for example transcriptional regulation), FOXOs might maintain their expression 
levels for purposes other than DNA repair. For instance, RAD21 is an important factor in regulating higher 
order chromatin structure (31, 32) and UBE2B was shown to mediate ubiquitination of histone 2B (33) and 
β-catenin (34). Moreover, the identification of genes involved in the repair of oxidative stress-induced lesions 
or to PRR suggests interesting potential new functions for FOXOs.

Transcriptional changes in response to IR

To study gene regulation in response to genotoxic stress, we treated cells with IR and collected samples 4 
hrs afterwards. Supplementary Table 2 summarizes the genotoxic stress-induced transcriptional changes in 
HeLashFOXO cells. 30 genes were found to be upregulated and 40 genes to be downregulated in response to 
genotoxic stress (≤0.7 fold for downregulated genes or by ≥1.4 fold for upregulated genes, statistical cut-off 
p≤0.01.). The transcriptional programs that we found to be altered in the HeLashFOXO cells in response to IR-
induced DNA damage include cell death, cell cycle regulators and DNA repair factors. Our results are in line 
with previous studies performed in other cell types (35-38). Previous work has established that DNA damage 
results in transcriptional repression around DNA lesions (39). In our analysis we find this phenomenon 
mirrored in the high number of downregulated genes in HeLashFOXO cells in response to IR. 
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DNA damage-associated processes transcriptionally regulated by FOXOs in HeLashFOXO cells

We further looked into the IR-modulated genes that are transcriptionally dependent on FOXOs. We found 
11 IR-regulated genes (up- and down-regulated genes) to depend on FOXOs (Table 3). One of these genes 
was thioredoxin interacting protein (TXNIP); TXNIP was previously identified as a FOXO-target gene involved 
in G1 arrest (40). Moreover, we identified the Hermansky-Pudlak syndrome 1 (HPS1) gene, which is involved 
in lysosomal organization as a novel FOXO target gene in response to IR. The induction of HPS1 by genotoxic 
stress could reflect the activation of autophagic processes for the clearance of cellular constituents that, 
apart from DNA, are also damaged by IR. Other interesting targets were four and a half LIM domains 2 
(FHL2), previously reported to regulate FOXO function (41) and the TNF receptor-associated factor 2 (TRAF2), 
involved in JNK kinase activation (42, 43). FOXOs are known to transcriptionally mediate feedback signaling 
pathways (for examples see (16) and (8)) and these target genes could thus play similar roles. Interestingly, 
we did not find any previously suggested target genes involved in cell cycle arrest or DNA repair  (for example 
GADD45a, MnSOD and p21) to require FOXOs for their upregulation in response to IR. This could be attributed 
to the functional redundancy of FOXOs with other transcriptional regulators that operate in the HelashFOXO 
cells during genotoxic stress. 

Methods
Cell lines
For the generation of the HeLashFOXO cell line, HeLa cells were transduced by lentivirus carrying the FH1t(FOXO1/3)UTG 
plasmid (described in Chapter 2). Subsequently, the positive clones were selected by FACS sorting of the GFP positive cells. 
U218TR12W cell were previously described (Chapter 2). DL23 cells were previously described (15).

Gene symbol Gene name Fold change 
 (control cells)

Fold change  
(FOXO depleted cells)

TXNIP thioredoxin interacting protein 1.69 1.18

SLC16A9 solute carrier family 16, member 9 
(monocarboxylic acid transporter 9)

1.63 1.03

FHL2 four and a half LIM domains 2 1.58 1.34

HPS1 Hermansky-Pudlak syndrome 1 1.58 0.91

TRAF2 TNF receptor-associated factor 2 1.54 1.21

BIRC2 baculoviral IAP repeat-containing 2 1.47 1.2

PKMYT1 protein kinase, membrane associated 
tyrosine/threonine 1

1.4 1.18

ATF3 activating transcription factor 3 1.4 1.22

AQP3 aquaporin 3 (Gill blood group) 0.62 0.88

TRAFD1 TRAF-type zinc finger domain containing 1 0.65 0.78

RHOV Ras homolog gene family, member V 0.68 0.87

Table 3. Genes with significant changes in HeLa cells in response to IR and differential regulation in the FOXO-depleted 
cells (p≤0.01, ≤0.7 and ≥1.4 fold change)
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Cell culture and treatments
HeLashFOXO and U218TR12W cells were cultured in DMEM supplemented with 10% tetracycline-free serum (Lonza), 
penicillin-streptomycin and 2mM Glutamine. DL23 cell were cultured in RPMI supplemented with 10% tetracycline-free 
serum (Lonza) and penicillin-streptomycin and glutamine. To induce the silencing of FOXO1 and FOXO3, HeLashFOXO cells 
were grown with 1 μg/mL doxycycline for 3 days. DL23 cells were cultured in RPMI (Lonza) supplemented with 10% tetra-
cycline-free serum (Lonza), penicillin-streptomycin and 2mM Glutamine.
To study FOXO4 add-back in the U218TR12W cells, we transfected U218TR12W with the indicated siRNAs. 24hrs post 
siRNA transfection, cells were transfected with an I-SceI expressing vector along with pcDNA3.0-mcherry. 16 hrs post 
I-SceI transfection, cells were synchronized in G1/S with thymidine for 24 hrs. Subsequently cells were released in cycle by 
extensive washing with PBS. Doxycycline was added to the medium to induce FOXO4 wild type expression, 16 hrs prior to 
sample collection and FACS analysis to determine the percentage of cells positive for both GFP and mcherry.
All siRNAs were synthesized by Dharmacon research. Transfections of siRNA were performed with Hyperfect (Qiagen), 
according to the manufacturer’s instructions. 
Ionizing radiation was delivered by a Cs-137 source (UMCU). 

Total RNA Sample preparation
HeLashFOXO cells were cultured in the presence or absence of doxycycline for 72 hrs. On the day of the experiment, cells 
were either left untreated or treated with 5Gy IR for 4 hrs. Subsequently cells were washed twice with PBS and RNA was 
extracted with the RNeasy kit (Qiagen), according to the manufacturer’s instructions. 
Quality of the isolated RNA was tested by an Agilent 2100 Bioanalyzer digital gel run of total RNA. 

Microarray and data analysis
For the microarray anlysis, cDNA made from mRNA isolated from HeLashFOXO cells as described was hybridized to a 
pool of cDNAs from the parental HeLa cells. All RNA amplification and labeling procedures were performed in 96-well 
plates (Abgene) on a customized Sciclone ALH 3000 workstation (Caliper LifeSciences), supplemented with a PCR PTC-200 
(Bio-Rad Laboratories), SpectraMax 190 spectrophotometer (Molecular Devices) and a magnetic bead locator (Beckman). 
Labeled cRNA product was purified with RNAClean (Agencourt, GC biotech) according to the manufacturer's protocol. 
Hybridizations of spotted oligo-arrays (Human Operon version2 onto Codelink glass) were performed on an HS4800Pro 
Hybstation (Tecan). Hybridized slides were scanned on an Agilent scanner (G2565AA) at 100% laser power, 30% photo 
multiplier tube. After data extraction using Imagene 7.5 (BioDiscovery), print tip Loess normalization was performed44 
on mean spot intensities. 
Statistical analysis was performed using the Limmas files, with the following criteria: (i) p≤0.01 (ii) fold induction: ≤0.75 
fold (downregulated genes) and ≥1.4 fold (upregulated genes). For analysis of downregulated genes with less stringent 
criteria, we looked for genes with induction ≤0.85 and ≥0.75. GO term analysis was performed by the Database for Anno-
tation, Visualization and Integrated Discovery (DAVID).

RNA extraction and quantitative PCR (Q-PCR)
RNA was extracted with the RNeasy kit (Qiagen), with on column DNase treatment (Qiagen), according to the manufactur-
er’s instructions. RNA was reversed transcribed with oligodT primers and the iScript cDNA synthesis kit (Biorad). Quantita-
tive PCR was performed with FastStart SYBR Green Master mix (Roche) with the following primer sequences:
GADD45a_F: GGAGGAAGTGCTCAGCAAAG, GADD45a_R: TGGATCAGGGTGAAGTGGAT, p27_F: CCGGCTAACTCTGAGGA-
CAC, p27_R: GGGGAACCGTCTGAAACATT, RICTOR_F: GGAAGCCTGTTGATGGTGAT, RICTOR_R: GGCAGCCTGTTTTATGGT-
GT, LGR4_F: CCATCAGTAGCCAAGGTGGT, LGR4_R: AAGAAACGATTCGCAGCAGT, RAD21_F: AGGAAAGGAGGAGAGGCAGA, 
RAD21_R: GTGGTGGAGGCATAGCTGAC. 

HR reporter assay
The U218TR12W cell was used to study HR repair efficiency. U218TR12W carries the “nested intron” reporter for the 
study of sister chromatid recombination, as well as doxycycline inducible expression of wild type FOXO4. 24hrs after siRNA 
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transfection, cells were transfected with an I-SceI expressing vector along with pcDNA3.0- mcherry. 48hrs later, cells were 
collected and analysed by FACS, to determine the percentage of cells positive for both GFP and mcherry. To correct for 
possible differences in the cell cycle status between different samples, samples were prepared as following; 16 hrs post 
I-SceI transfection, cells were synchronized in G1/S with thymidine for 24 hrs. Subsequently cells were released in cycle by 
extensive washing with PBS and doxycycline was added to the medium 16 hrs prior to FACS measurements. 
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Supplementary Data

Supplementary Table 1. Genes with significant (p≤0.01) changes in FOXO-depleted HeLa cells under basal conditions, 
compared to control cells (0.85>0.75 fold change). Partial regulation by FOXOs.

Gene symbol Gene name Fold change

SLC25A36 solute carrier family 25, member 36 0.76

ZMAT3 zinc finger, matrin type 3 0.76

NAPG N-ethylmaleimide-sensitive factor attachment protein, gamma 0.76

C6orf62 Uncharacterized protein C6orf62 (HBV X-transactivated gene 12 
protein)(HBV XAg-transactivated protein 12)

0.76

TXNDC12 thioredoxin domain containing 12 (endoplasmic reticulum) 0.76

PCOLCE2 procollagen C-endopeptidase enhancer 2 0.76

GLO1 glyoxalase I 0.76

EIF3G eukaryotic translation initiation factor 3, subunit G 0.76

TOR1A torsin family 1, member A (torsin A) 0.76

UNG uracil-DNA glycosylase 0.76

COPE coatomer protein complex, subunit epsilon 0.76

UBE2B ubiquitin-conjugating enzyme E2B (RAD6 homolog) 0.77

YTHDF1 YTH domain family, member 1 0.77

IPO9 importin 9 0.77

TOB1 transducer of ERBB2, 1 0.77

UGDH UDP-glucose 6-dehydrogenase 0.77

ZNF449 zinc finger protein 449 0.77

TRMT5 TRM5 tRNA methyltransferase 5 homolog (S, cerevisiae) 0.77

TRAPPC6B trafficking protein particle complex 6B 0.78

MRPS16 mitochondrial ribosomal protein S16 0.78

NOB1 NIN1/RPN12 binding protein 1 homolog (S, cerevisiae) 0.78

FOLR1 folate receptor 1 (adult) 0.78

MARCKSL1 MARCKS-like 1 0.78

LRRC58 leucine rich repeat containing 58 0.78

IL19 interleukin 19 0.79

RYK RYK receptor-like tyrosine kinase 0.79

FOXA1 forkhead box A1 0.79

IVNS1ABP influenza virus NS1A binding protein 0.79

CDKN1C cyclin-dependent kinase inhibitor 1C (p57, Kip2) 0.79

TBCEL tubulin folding cofactor E-like 0.79

MED6 mediator complex subunit 6 0.79

TXNRD1 thioredoxin reductase 1 0.79

ATIC 5-aminoimidazole-4-carboxamide ribonucleotide formyltransferase/
IMP cyclohydrolase

0.79

LIN7C lin-7 homolog C (C. elegans) 0.8

NCL nucleolin 0.8
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FAM162A family with sequence similarity 162, member A 0.8

TFAM transcription factor A, mitochondrial 0.8

MAP1LC3B microtubule-associated protein 1 light chain 3 beta 0.8

SLC16A1 solute carrier family 16, member 1 (monocarboxylic acid transporter 
1)

0.8 

MRPL3 mitochondrial ribosomal protein L3 0.8

TRUB2 TruB pseudouridine (psi) synthase homolog 2 (E, coli) 0.8

CUTC cutC copper transporter homolog (E, coli) 0.8

SLC5A11 solute carrier family 5 (sodium/glucose cotransporter), member 11 0.8

TDP1 tyrosyl-DNA phosphodiesterase 1 0.8

PINK1 PTEN induced putative kinase 1 0.8

FKBP3 FK506 binding protein 3, 25kDa 0.8

EIF4A1 eukaryotic translation initiation factor 4A1 pseudogene 4 0.8

NDUFB2 NADH dehydrogenase (ubiquinone) 1 beta subcomplex, 2, 8kDa 0.8

CREB3L1 cAMP responsive element binding protein 3-like 1 0.8

TSN translin 0.8

KLHL20 kelch-like 20 (Drosophila) 0.8

C1orf59 HEN1 methyltransferase homolog 1 (Arabidopsis) 0.8

NQO1 NAD(P)H dehydrogenase, quinone 1 0.81

KRT12 keratin 12 0.81

SRM spermidine synthase 0.81

KLF7 Kruppel-like factor 7 (ubiquitous) 0.81

DPY19L1 dpy-19-like 1 (C, elegans) 0.81

CCT5 chaperonin containing TCP1, subunit 5 (epsilon) 0.81

FUZ fuzzy homolog (Drosophila) 0.81

DEFB126 defensin, beta 126 0.81

SH2D4A SH2 domain containing 4A 0.81

EIF3B eukaryotic translation initiation factor 3, subunit B 0.81

GSTK1 glutathione S-transferase kappa 1 0.81

ZNF451 zinc finger protein 451 0.82

TMEM138 transmembrane protein 138 0.82

UROD uroporphyrinogen decarboxylase 0.82

EDEM1 ER degradation enhancer, mannosidase alpha-like 1 0.82

SMEK2 SMEK homolog 2, suppressor of mek1 (Dictyostelium) 0.82 

TGIF2 TGFB-induced factor homeobox 2 0.82

FYN FYN oncogene related to SRC, FGR, YES 0.82

TRIM36 tripartite motif-containing 36 0.82

BZW2 basic leucine zipper and W2 domains 2 0.82

FAM64A family with sequence similarity 64, member A 0.82

MCM2 minichromosome maintenance complex component 2 0.82

DUSP14 dual specificity phosphatase 14 0.82

BLMH bleomycin hydrolase 0.82
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ATP6V1F ATPase, H+ transporting, lysosomal 14kDa, V1 subunit F 0.83

ELAVL1 ELAV (embryonic lethal, abnormal vision, Drosophila)-like 1 (Hu 
antigen R)

0.83

TRAF5 TNF receptor-associated factor 5 0.83

LOC401387 Leucine-rich repeat and death domain-containing protein 0.83

C11orf59 RhoA activator C11orf59 (p27Kip1-releasing factor from RhoA)(p27RF-
Rho)

0.83

ELAC1 elaC homolog 1 (E, coli) 0.83

GINS2 GINS complex subunit 2 (Psf2 homolog) 0.83

HIPK1 homeodomain interacting protein kinase 1 0.83

HMGB1 high-mobility group box 1 0.83

FBXO6 F-box protein 6 0.83

TRIM16L tripartite motif-containing 16-like 0.83

ARL4A ADP-ribosylation factor-like 4A 0.83

FSTL4 follistatin-like 4 0.83

CTPS2 CTP synthase II 0.83

UROS uroporphyrinogen III synthase 0.83

SMYD2 SET and MYND domain containing 2 0.83

GLUL glutamate-ammonia ligase 0.83

YBX1 Y box binding protein 1 0.83

CIAO1 cytosolic iron-sulfur protein assembly 1 0.83

PTGR1 prostaglandin reductase 1 0.83

PAPPA PAPPA antisense RNA (non-protein coding) 0.84

IMP3 IMP3, U3 small nucleolar ribonucleoprotein, homolog (yeast) 0.84

RHOT1 ras homolog gene family, member T1 0.84

PUS3 pseudouridylate synthase 3 0.84

CD164 CD164 molecule, sialomucin 0.84

ACRV1 acrosomal vesicle protein 1 0.84

ADAM7 ADAM metallopeptidase domain 7 0.84

ALDH7A1 aldehyde dehydrogenase 7 family, member A1 0.84

PCDHA9 protocadherin alpha 9 0.84

BHLHE40 basic helix-loop-helix family, member e40 0.84

ATMIN ATM interactor 0.84

HOXC9 homeobox C9 0.84

RALGAPA2 Ral GTPase activating protein, alpha subunit 2 (catalytic) 0.84

ZNF133 zinc finger protein 133 0.84

LUZP1 leucine zipper protein 1 0.84

G3BP1 GTPase activating protein (SH3 domain) binding protein 1 0.84

RBMS1 RNA binding motif, single stranded interacting protein 1 0.84

LSM14A LSM14A, SCD6 homolog A (S, cerevisiae) 0.84

PABPC4 poly(A) binding protein, cytoplasmic 4 (inducible form) 0.84

ADK adenosine kinase 0.84

RPL8 ribosomal protein L8 0.84
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CYP39A1 cytochrome P450, family 39, subfamily A, polypeptide 1 0.84

SLITRK5 SLIT and NTRK-like family, member 5 0.84

NMUR1 neuromedin U receptor 1 0.84

RNPS1 RNA binding protein S1, serine-rich domain 0.84

ILF2 interleukin enhancer binding factor 2, 45kDa 0.84

IFRD2 interferon-related developmental regulator 2 0.84

FAM117B family with sequence similarity 117, member B 0.84

PHLDA1 pleckstrin homology-like domain, family A, member 1 0.84

PPIA peptidylprolyl isomerase A (cyclophilin A) 0.85

EIF5A eukaryotic translation initiation factor 5A 0.85

SH3BP2 SH3-domain binding protein 2 0.85

ISX intestine-specific homeobox 0.85

VAC14 Vac14 homolog (S, cerevisiae) 0.85

COL9A3 collagen, type IX, alpha 3 0.85

SPEG SPEG complex locus 0.85

SLC16A9 solute carrier family 16, member 9 (monocarboxylic acid transporter 
9)

0.85

GRAMD4 GRAM domain containing 4 0.85

POLE3 polymerase (DNA directed), epsilon 3 (p17 subunit) 0.85

RPS2 ribosomal protein S2 0.85
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Supplementary Table 2. Genes with significant changes in HeLa cells in response to IR (p≤0.01, ≤0.7 and ≥1.4 fold 
change)

Gene symbol Gene name Fold change

Upregulated

IL32 interleukin 32 1.4

ATF3 activating transcription factor 3 1.4

PKMYT1 protein kinase, membrane associated tyrosine/ threonine 1 1.41

UBE2Q1 ubiquitin-conjugating enzyme E2Q family member 1 1.44

NFKBIA nuclear factor of kappa light polypeptide gene enhancer in 
B-cells inhibitor, alpha

1.45

ALDH1B1 aldehyde dehydrogenase 1 family, member B1 1.45

TGFB2 transforming growth factor, beta 2 1.45

TFPI2 tissue factor pathway inhibitor 2 1.45

GCLC glutamate-cysteine ligase, catalytic subunit 1.46

ITIH1 inter-alpha (globulin) inhibitor H1 1.47

BIRC2 baculoviral IAP repeat-containing 2 1.47

TRAF2 TNF receptor-associated factor 2 1.54

CCND1 cyclin D1 1.56

ADAMTS1 ADAM metallopeptidase with thrombospondin type 1 motif, 1 1.57

FGF2 fibroblast growth factor 2 (basic) 1.57

FHL2 four and a half LIM domains 2 1.58

HPS1 Hermansky-Pudlak syndrome 1 1.58

RND3 Rho family GTPase 3 1.6

EXO1 exonuclease 1 1.62

SLC16A9 solute carrier family 16, member 9 (monocarboxylic acid 
transporter 9)

1.63

TXNIP thioredoxin interacting protein 1.69

SOD2 superoxide dismutase 2, mitochondrial 1.73

DKK1 dickkopf homolog 1 (Xenopus laevis) 1.9

BIRC3 baculoviral IAP repeat-containing 3 1.92

IL8 interleukin 8 1.93

GADD45A growth arrest and DNA-damage-inducible, alpha 1.95

OLR1 oxidized low density lipoprotein (lectin-like) receptor 1 1,96

C8orf4 Uncharacterized protein C8orf4 (Thyroid cancer protein 1)
(TC-1)

2.29

CTGF connective tissue growth factor 2.45

CYR61 cysteine-rich, angiogenic inducer, 61 2.88

Downregulated

CCNB1 cyclin B1 0

INSIG1 insulin induced gene 1 0

PLK1 polo-like kinase 1 0

CKS2 CDC28 protein kinase regulatory subunit 2 0

DEPDC1 DEP domain containing 1 0
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HMMR hyaluronan-mediated motility receptor (RHAMM) 0.54

AURKA aurora kinase A 0.54

FAM83D family with sequence similarity 83, member D 0.54

CDCA3 cell division cycle associated 3 0.55

CENPF centromere protein F, 350/400kDa (mitosin) 0.56

TTK TTK protein kinase 0.56

ASPM asp (abnormal spindle) homolog, microcephaly associated 
(Drosophila)

0.56 _ 0.65

TPX2 TPX2, microtubule-associated, homolog (Xenopus laevis) 0.58

UBE2C ubiquitin-conjugating enzyme E2C 0.58

GPSM2 G-protein signaling modulator 2 0.58

CENPE centromere protein E, 312kDa 0.59

CENPA centromere protein A 0.59

BUB1B budding uninhibited by benzimidazoles 1 homolog beta (yeast) 0.6

DLGAP5 discs, large (Drosophila) homolog-associated protein 5 0.61

AQP3 aquaporin 3 (Gill blood group) 0.62

ARL6IP1 ADP-ribosylation factor-like 6 interacting protein 1 0.62

CDC25C cell division cycle 25 homolog C (S, pombe) 0.62

MTUS1 microtubule associated tumor suppressor 1 0.63

SGOL2 shugoshin-like 2 (S, pombe) 0.64

FAM64A family with sequence similarity 64, member A 0.65

TRAFD1 TRAF-type zinc finger domain containing 1 0.65

BUB1 budding uninhibited by benzimidazoles 1 homolog (yeast) 0.67

TAC1 tachykinin, precursor 1 0.67

BRD8 bromodomain containing 8 0.67

KIF20A kinesin family member 20A 0.67

C13orf34 Protein aurora borealis (HsBora) 0.68

RHOV ras homolog gene family, member V 0.68

KIF20B kinesin family member 20B 0.69

KIF2C kinesin family member 2C 0.69

NEK2 NIMA (never in mitosis gene a)-related kinase 2 0.69

HMGB2 high-mobility group box 2 0.69

GTSE1 G-2 and S-phase expressed 1 0.69

CDCA8 cell division cycle associated 8 0.69

NUF2 NUF2, NDC80 kinetochore complex component, homolog (S, 
cerevisiae)

0.69

C15orf23 Putative TRAF4-associated factor 1 0.7
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Abstract
FOXO transcription factors are key players in cellular processes that ultimately determine cell survival, 
proliferation and death. FOXOs are bona fide tumor suppressors however their cell protective functions 
are often “hijacked” by tumors cells, eventually implicating FOXOs in tumor promotion. In this study we 
identified FOXOs as transcriptional regulators of the isocitrate dehydrogenase 1 (IDH1). We show that FOXOs 
in untransformed cells, by regulating the levels of IDH1, maintain the cytosolic levels of α-ketoglutarate, 
a cofactor required for the function of several histone and DNA methyltransferases, and NADPH, which 
is required for the cellular antioxidant defenses. At the same time, FOXOs contribute to the survival and 
proliferation of hypoxic cells, which are dependent on IDH1 for de-novo lipid synthesis by the reductive 
carboxylation pathway. In transformed cells carrying mutant IDH1, FOXOs are also required for their survival 
and proliferation, as they maintain the levels of mutant IDH1 and thereby of the proposed oncometabolite 
2-hydroxyglutarate. Combined, our data provide a new paradigm of the dual role of FOXOs in tumor 
suppression-promotion.

Introduction
The Forkhead Box(O) (FOXO) family of transcription factors includes four members, namely FOXO1, 
FOXO3a, FOXO4 and FOXO6; of these, FOXO6 is expressed predominantly in the brain whereas the other 
three members exhibit a more ubiquitous expression. FOXOs are evolutionary conserved proteins and their 
homologues in diverse organisms ranging from the nematode C. elegans to mice are involved in lifespan 
extension and tumor suppression (reviewed in (1)). FOXOs integrate various environmental signals into 
specific transcriptional programs related to cell proliferation, metabolism and reactive oxygen species (ROS) 
detoxification (2, 3). The activity of FOXOs is negatively regulated by growth factors and nutrient availability 
through the PI3K-PKB (Akt) pathway. In particular, PKB phosphorylates FOXOs, resulting in their cytoplasmic 
sequestration and degradation (4, 5). Different environmental signals including ROS, hypoxia and genotoxic 
stress positively regulate FOXO activity by promoting their nuclear retention ((6-8) and Chapter 2). 
An emerging hallmark of cancer, as this was recently introduced by Hanahan and Weinberg (9) is the 
reprogramming of cellular bioenergetics. Cancer cells reprogram their metabolism to sustain high growth 
and proliferation rates by the continuous production of energy and “building blocks” for macromolecular 
synthesis (10). The metabolic reprogramming induced in cancer cells was first described in the seminal work 
of Otto Warburg, who identified the process of aerobic glycolysis; that is the preference of cancer cells 
to utilize glycolysis as their main energy source, even under conditions of ambient oxygen. Furthermore, 
the recent identification of cancer-associated mutations in key metabolic enzymes, including the isocitrate 
dehydrogenases (IDH) 1 and 2 (11-13) reinforced the notion that metabolic changes in cancer do not merely 
reflect a ‘conditio sine qua non’ but that defined metabolic changes can also drive tumorigenesis (14). There 
are three IDH isoforms, namely IDH1 that resides in the cytoplasm and peroxisomes and the two mitochondrial 
isoforms IDH2 and IDH3. IDH enzymes convert isocitrate to alpha-ketoglutarate (α-KG), a cofactor required 
for the function of dioxygenases, a class of enzymes including DNA and histone demethylases (15, 16). The 
conversion of isocitrate to α-KG catalyzed by IDH1 and IDH2 also results in the generation of NADPH, which 
offers reductive power required in biosynthetic processes and serves as an antioxidant. Moreover, IDH1 and 
IDH2 have the ability to perform the reverse reaction; that is the conversion of α-KG to isocitrate with the 
concomitant consumption of NADPH, a process termed reductive carboxylation. Reductive carboxylation 
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is primarily utilized by hypoxic cells and cells with severe mitochondrial dysfunction and, to a considerably 
lesser extent, it may also occur under physiological conditions in fast proliferating cells (17-19). In fact, 
cancer cells, when growing under hypoxic conditions, which is assumed to occur within the inner mass of 
solid tumors, depend on reductive carboxylation executed by IDH1 and IDH2 to sustain the levels of cellular 
citrate that is required for de novo lipogenesis and growth. 
Apart from the requirement of wild type IDH1 and IDH2 for the proliferation of hypoxic cancer cells, IDH 
proteins were initially linked to cancer by the identification of mutations in IDH1 and IDH2 in over 70% of 
lower-grade gliomas, as well as in glioblastomas and acute myelogenous leukemias (AML) (11-13). Mutant 
IDH1 and IDH2 proteins have altered enzymatic activity and further convert α-KG to 2-hydroxyglutarate 
(2-HG), a putative oncometabolite, as it was found to be sufficient in driving tumorigenesis under certain 
conditions (20, 21). The mechanism by which 2-HG drives tumorigenesis is still not fully understood however 
recent studies have suggested three potential mechanisms; namely interference with normal mitochondrial 
function, dysregulation of cellular redox and, the most prominent one, competitive inhibition of dioxygenases 
(for a recent review (22)).  In human, over 80 different dioxygenases have been identified that can be divided 
into various subclasses and are involved in several important biological processes. For example, Ten-Eleven 
Translocation enzymes (TET1, TET2 and TET3) and the JmjC-domain histone demethylases are involved in 
in DNA and histone demethylation respectively. Inhibition of these enzymes by 2-HG results in epigenetic 
alterations similar to ones commonly found in a cancer setting (23, 24). 
Previous gene expression analyses to identify FOXO-regulated genes were performed with either 
constitutively active FOXO mutants or in the setting of a stable full FOXO knockout. However FOXOs are 
known homeostasis regulators (3) and therefore it is anticipated that their overexpression or prolonged 
depletion can result in the activation of compensatory mechanisms and thus may introduce a bias in the 
analysis. We thus performed a gene expression analysis after inducing a transient FOXO depletion with 
shRNA. We identified several metabolic genes to be regulated by FOXO-dependent transcription, one of 
which was IDH1. In this study we show that FOXO transcription factors directly regulate the transcription of 
IDH1 and thereby regulate the levels of cytosolic α-KG and NADPH. We provide evidence that, in cells grown 
in hypoxic conditions, FOXOs are required for their survival and proliferation. Moreover, we show that in cells 
expressing mutant IDH1, FOXOs regulate the transcription of the mutant IDH1 as well, thereby controlling 
the production of the oncometabolite 2-HG. Consequently, loss of FOXO expression results in changes in 
DNA and histone demethylation and affects the proliferation of transformed cells carrying mutant IDH1. In 
this setting, FOXOs can be considered to act oncogenic, in contrast to their widely considered role as tumor 
suppressors.

Results

FOXOs regulate IDH1 levels
To identify genes regulated by the endogenous FOXOs, we performed a global gene expression analysis 
in HeLa cells stably expressing a doxycycline-inducible shRNA against FOXO1 and FOXO3 and further 
transfected with a FOXO4 specific siRNA. We decided to use HeLa cells to circumvent the contribution of p53-
dependent transcription in our analysis, considering that FOXOs and p53 are regulated by similar upstream 
pathways and share a panel of transcriptional targets (3, 25). Comparative analysis between control and 
knockdown cells identified a number of genes involved in metabolic processes as FOXO-regulated genes 
(Figure 1A) and we chose to further study IDH1. To verify that endogenous FOXOs regulate the transcription 
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Figure 1. FOXOs regulate the expression of IDH1 (A) Heat map of selected metabolic genes showing differential expression 
in FOXO-depleted HeLashFOXO cells. HeLashFOXO cells were grown in the presence or absence of doxycycline for 72 hrs 
before RNA was collected and used for gene expression analysis (B) Relative mRNA levels of IDH1 in RPEshFOXO cells. 
RPEshFOXO cells were cultured in the presence or absence of doxycycline for 72 hrs before sample collection (C) Protein 
levels of IDH1 in RPEshFOXO cells grown in the presence or absence of doxycycline for 72 hrs before sample collection 
(D) Relative mRNA levels of IDH1 in RPE cells transfected with the indicated siRNAs. RNA samples were collected 72 hrs 
post siRNA transfection (E) Chip-sequencing analysis identified a FOXO3 binding site in the IDH1 genomic region in DL23 
cells (F) Chip-QPCR in DL23 cells 4 hrs after FOXO3 activation. The IDH1 (+) and the IDH1 (-) introns correspond to the 
FOXO binding site and the negative site in (E) (G) Relative mRNA levels of IDH1 in DL23 cells. DL23 cells were induced 
with 4-OHT for 4 hrs before sample collection (H) Protein levels of IDH1 in DL23 cells grown in the presence of 4-OHT for 
different time points before sample collection.
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of IDH1, we used untransformed retina epithelium cells (RPE cells), as well as the cancer cell line HeLa, 
both expressing doxycycline-inducible shRNA targeting FOXO1 and FOXO3 (RPEshFOXO and HeLashFOXO 
cells respectively). FOXO depletion resulted in a 50% reduction of IDH1 transcripts in both cell lines (Figure 
1B and Supplementary Figure 1A). IDH1 protein levels were also significantly reduced in the FOXO depleted 
cells (Figure 1C and Supplementary Figure 1A). Next, we analyzed the contribution of each individual FOXO 
member on IDH1 transcription, to identify whether IDH1 is a common target gene for all FOXOs or a specific 
trait of one FOXO isoform. After siRNA-mediated silencing of each FOXO member separately or together in 
RPE cells, we found that knockdown of either FOXO1 or FOXO3a significantly reduced IDH1 expression (Figure 
1D). There was also a small contribution of FOXO4 to IDH1 expression, albeit that this appeared weaker than 
the FOXO1 and/or FOXO3 contribution (Figure 1D). This however may merely reflect the lower expression 
level of FOXO4 compared to FOXO1 and FOXO3 in these cells (data not shown). Taken together, these results 
show that FOXOs act redundantly to regulate IDH1 regulation. Importantly, we find a significant decrease of 
IDH1 levels not only after shRNA-mediated FOXO knockdown but also after inhibition of endogenous FOXO 
protein through treatment of NIH 3T3 cells overexpressing the insulin receptor (A14 cells, (26)) with insulin 
for 4 hrs (Supplementary Figure 1B). Evaluation of the other IDH isoforms (IDH2, IDH3A, IDH3B and IDH3G) 
revealed that their levels remained unchanged or even increased following prolonged FOXOs knockdown 
(Supplementary Figure 1C), suggesting that compensatory mechanisms are activated in response to a 
decrease in IDH1 expression.
Analysis of data from previous chromatin immunoprecipitation (ChIP)-sequencing analysis of FOXO3(A3) 
in DL23 cells (27) identified a potential FOXO3 binding site in an IDH1 intron (Figure 1E). We therefore 
performed a FOXO3 ChIP in DL23 cells after FOXO3(A3) activation. Subsequent analysis of IDH1 genomic 
regions verified the FOXO3 occupancy selectively on this region (Figure 1F). The binding appears to be linked 
to IDH1 transactivation, as FOXO3(A3) activation in DL23 cells significantly increased the IDH1 mRNA (Figure 
1G) and protein (Figure 1H) levels.

Reduced levels of alpha-ketoglutarate (α-KG) and NADPH in FOXO depleted cells 

IDH1 proteins function in the cytoplasm to convert isocitrate to α-KG. To determine whether the reduced 
level of IDH1 expression in FOXO depleted cells has an effect on this conversion, we measured α-KG levels 
in RPEshFOXO cells after FOXO knock-down. We found that the levels of α-KG were reduced by 50-60% after 
FOXO depletion. The reduction in α-KG levels was similar to that following siRNA-mediated IDH1 depletion 
(Figure 2A). 
Conversion of isocitrate to α-KG catalyzed by IDH1 and IDH2, also results in the generation of NADPH and this 
reaction provides an additional major source of NADPH for the cell, after the pentose phosphate pathway 
(PPP) (28, 29). NADPH provides reductive power for several biosynthetic reactions and is then oxidized to 
NADP+, allowing a new round of reduction and oxidation to commence. Thus we analyzed the ratio of NADPH 
over NADP+ in cells depleted of FOXOs. To circumvent the contribution of the PPP to NADPH generation in 
our analysis, we grew cells in medium without any glucose but supplemented with glutamine and pyruvate 
to maintain mitochondrial metabolism. We found that under these conditions the NADPH/NADP+ ratio was 
significantly reduced in the FOXO depleted cells, similar to cells transfected with siRNA against IDH1 (Figure 
2B). Cytoplasmic NADPH is utilized to reduce GSSG (glutathione disulfide - oxidized) to GSH (glutathione - 
reduced), which is subsequently used for ROS detoxification (30). FOXOs are well known for their contribution 
in reducing intracellular ROS levels (31, 32), therefore we assessed the ratio of GSH/GSSG in cells depleted of 
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reduction in the levels of reduced glutathione in the FOXO depleted cells (Supplementary Figure 2). 

In hypoxia FOXOs regulate IDH1 expression and cell proliferation

FOXOs are activated under hypoxic conditions to mediate cell survival (6). Considering that IDH1 is required 
for the metabolic rewiring and growth of hypoxic cells (17), we set out to investigate the contribution of 
FOXO-mediated IDH1 transcription to cellular survival under hypoxia. To this end, we grew RPEshFOXO cells 
at 1% O2 and evaluated IDH1 levels after FOXO depletion. We found that FOXO depletion also abrogates IDH1 
transcription in hypoxic cells (Figure 3A). We then assessed the growth of cells depleted from FOXOs under 
normoxic and hypoxic conditions; FOXO depletion has a small effect in normoxic growth (Supplementary 

0

0,005

0,01

0,015

0,02

0,025

RPEshFOXO _H RPEshFOXO +doxy
_H

R
el

at
iv

e 
ex

p
re

ss
io

n
(I

D
H

1/
tu

bu
lin

)

***

A. B.

0
20
40
60
80

100
120
140
160

Day 1 Day 3 Day 4 Day 5 Day6

N
um

be
r o

f C
el

ls
 

(*
10

,0
00

)

RPEshFOXO_H
RPEshFOXO+dox_H

RPEshFOXO IDH1si_H

*

*

Figure 3. FOXOs regulate the metabolic adaptation to hypoxia by IDH1 transcription (A) Relative mRNA levels of IDH1 
in RPEshFOXO cells grown in hypoxia. RPEshFOXO cells were cultured in the presence or absence of doxycycline for 48 
hrs before transferred to a hypoxia chamber. 24 hrs afterwards, samples were collected (B) Growth rates of RPEshFOXO 
cells grown in hypoxia. 50,000 RPEshFOXO cells were plated in the presence or absence of doxycycline or transfected 
with IDH1 siRNA and kept in ambient O2 for 8 hrs before they were transferred to a hypoxia chamber. Cells were allowed 
to proliferate in hypoxia for several days, during which cells were collected and counted every 24 hrs. Results represent 
the mean±SD of three independent experiments. *P<0.05, ***P<0.001

Figure 2. FOXOs maintain the levels of α-KG and NADPH (A) α-KG levels in RPEshFOXO cells and RPEshFOXO cells 
depleted of FOXOs (+doxy) or  transfected with IDH1 siRNA. RPEshFOXO cells were cultured in the presence or absence 
of doxycycline for 72 hrs before sample collection and analysis by GC-MS. IDH1 silencing by siRNA served as a positive 
control. Results represent the mean±SD of three independent experiments (B) NADPH/NADP+ ratio in RPEshFOXO cells 
and RPEshFOXO cells depleted of FOXOs (+doxy) or  transfected with IDH1 siRNA. RPEshFOXO cells were cultured in the 
presence or absence of doxycycline for 48 hrs and thereafter the medium was changed to medium with no glucose, 
supplemented with pyruvate and glutamine for another 48 hrs before sample collection. IDH1 silencing by siRNA served 
as a positive control. Results represent the mean±SD of three independent experiments. *P<0.05, **P<0.01
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Figure 3) but the effect is significantly exacerbated in cells grown in hypoxia (Figure 3B), similar to IDH1 
depletion by siRNA. Combined, these results suggest that FOXOs contribute to the survival and proliferation 
of hypoxic cells by a mechanism involving IDH1 transcription. 

FOXOs regulate the expression of the IDH1 R132C mutant in HT1080 cells and are required for their 

proliferation

Correlation studies in gliomas revealed a negative correlation between mutations that support FOXO 
inactivation (PTEN mutation, EGFR amplification) and IDH1 mutation. We therefore investigated whether 
FOXOs also regulate the expression of the mutant IDH1 (33, 34). We used HT1080 cells, a fibrosarcoma-
derived cell line that endogenously carries the IDH1 R132C mutation. In these cells we introduced the 
doxycycline-inducible shRNA against FOXOs and established the HT1080shFOXO polyclonal cell line. We 
found that upon FOXOs depletion, IDH1 transcription is significantly reduced (Figure 4A) and this reduction 
is also reflected in the IDH1 protein levels (Figure 4B). We further evaluated the levels of 2-HG, which were 
reduced by approximately 70% in the FOXO-depleted HT1080 cells (Figure 4C). 
As mentioned, a potential mechanism by which mutant IDH1 mediates its oncogenic effect is by inhibition 
of α-KG dependent deoxygenases, by the competitive binding of 2-HG to their active center. These 
enzymes include histone demethylases and TET 5-methylcytosine (5mc) hydroxylases (converting 5mc to 

0

0,02

0,04

0,06

0,08

HT1080shFOXO HT1080shFOXO
+doxy

Re
la

tiv
e 

ex
pr

es
si

on
 

(ID
H
1

/t
ub

ul
in

)

***

A.

0,00

10,00

20,00

30,00

40,00

50,00

HT1080shFOXO HT1080shFOXO 
+doxy

HT1080shFOXO
_IDHsiRNA

2-
H

G
 (μ

M
)

** **

C. 

B. 

WB: IDH1

WB: FOXO1

WB: tubulin

HT1080shFOXO cells

+d
ox

y
ID

H1 
siR

NA

NT

Figure 4. FOXOs regulate the expression of mutant IDH1 (A) Relative mRNA levels of IDH1 in HT1080shFOXO cells. 
HT1080shFOXO cells were cultured in the presence or absence of doxycycline for 72 hrs before sample collection (B) 
Protein levels of IDH1 in HT1080shFOXO cells grown in the presence or absence of doxycycline for 72 hrs before sample 
collection (C) 2-HG levels in HT1080shFOXO cells and HT1080shFOXO cells depleted of FOXOs (+doxy) or  transfected 
with IDH1 siRNA. HT1080shFOXO cells were cultured in the presence or absence of doxycycline for 72 hrs before sample 
collection and analysis by GC-MS. IDH1 silencing by siRNA served as a positive control. Results represent the mean±SD 
of three independent experiments. **P<0.01, ***P<0.001
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5-hydoxymethylcytosine (5hmc)) (22). We first assessed the effects of FOXOs depletion on the levels of histone 
H3 lysine 4 trimethylation (H3K4me3) and H3K9me3, which are histone marks reported to be regulated 
by the enzymatic activity of mutant IDH1 (35). FOXOs depletion, similar to silencing of IDH1, resulted in 
increased demethylation of both H3K4me3 and H3K9me3 in HT1080shFOXO cells (Figure 5A). Inhibition 
of TET proteins by 2HG results in increased DNA methylation, which is suggested to play important roles 
in tumorigenesis (23). We therefore next assessed the effects of FOXO depletion on the DNA methylation 
status of HT1080shFOXO cells. To this end, we isolated genomic DNA following FOXO or IDH1 depletion 
and assessed the relative levels of 5mc and 5hmc. FOXO depletion in HT1080 cells appears to restore the 
function of TET proteins, as it is accompanied by a concomitant decrease in 5mc and increase in 5hmc levels 
(Figure 5B). Collectively, these data suggest a model in which FOXO-dependent transcription of IDH1 R132C 
is required for the establishment of tumor promoting epigenetic changes.
FOXOs are bona fide tumor suppressors; however several studies implicated them in the survival and fitness 
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of cancer cells (reviewed in (36)). Considering that mutant IDH1 drives tumor progression, we assessed the 
contribution of FOXOs on this process. Depletion of FOXOs in HT1080 cells resulted in severe growth arrest 
(Figure 5C), similar to the effects reported after inhibiting the enzymatic activity or reducing the levels of 
mutant IDH1 (37). To further explore the role of FOXOs on the tumorigenicity of HT1080 cells, we assessed 
the effects of their depletion in anchorage-independent growth by a soft agar assay. We observed a dramatic 
decrease in colony forming ability of HT1080 cells depleted of FOXOs (Figure 5D), similar to what was 
reported for IDH1 depletion (37). Collectively, these results suggest that cells carrying mutant IDH1 require 
FOXO to sustain IDH1 levels and thereby their proliferative and oncogenic potential. 

Discussion

In this study we provide evidence that FOXOs directly regulate the expression of IDH1 and thereby promote 
the metabolic adaptation and proliferation of hypoxic and cancer cells. FOXOs bind to an IDH1 intronic area 
and induce transactivation of the gene. By regulating the levels of IDH1, we find FOXOs to mediate different 
metabolic responses (Figure 6). First, under physiological conditions, FOXOs contribute to the intracellular 
accumulation of α-KG and NADPH and thereby to the function of α-KG–dependent deoxygenases and to ROS 
detoxification mechanisms. Second, FOXOs via IDH1 transcription contribute to the metabolic rewiring of 
hypoxic cells, possibly towards reductive carboxylation for de novo lipid biosynthesis. Finally, we show that 
FOXOs also regulate the transcription of the mutant IDH1 and are therefore indispensable for the enhanced 
proliferative potential of cancer cells carrying IDH1 mutations. 
Our data support a dual role of FOXOs in mediating both tumor suppressive and tumor promoting functions, 
by the regulation of IDH1 (wild type and mutant) transcription. This seemingly appears in odds with the 
established role of FOXOs as bona fide tumor suppressors (32). However, several lines of evidence have 
started to indicate that FOXOs are also implicated in cancer progression due to their role in maintaining 
cellular homeostasis in normal as well as in cancer cells. For example, FOXOs are involved in ROS detoxification 
by regulating the transcription of ROS scavengers, including MnSOD and Sestrin 3 (31, 38); cancer cells that 
inherently have high levels of intracellular ROS and an ensuing increased instability are known to benefit 
from antioxidants (39). Furthermore, FOXOs mediate error-free DNA repair and genotoxic stress resistance 
in rapidly proliferating cells, including cancer cells (Chapter 2); this protects cancer cells by genotoxic stress-
induced apoptosis and it might account for the fact that constitutively nuclear FOXO3 is associated with 
poor prognosis in breast tumors (40). FOXOs are also involved in the survival and maintenance of the non-
proliferative state of stem cells (38, 41-43) and recently FOXO3 was shown to be required for the maintenance 
of leukemia initiating cells in chronic myeloid leukemia and to confer therapy resistance in leukemia cells 
(44). In this framework we can appreciate how the regulation of IDH1 transcription by FOXOs can serve as yet 
another paradigm of their dual role. In untransformed cells, FOXOs mediate the maintenance of cellular α-KG 
levels, thereby contributing to the function of α-KG-dependent deoxygenases in cellular differentiation and 
tumor suppression (23, 35, 45). Moreover, FOXOs, via the regulation of IDH1, contribute to the cytoplasmic 
levels of NADPH and thereby of GSH, providing yet another layer of protection against ROS and genomic 
instability. On the other hand, in transformed cells carrying IDH1 mutation, FOXOs are required for the 
maintenance of mutant IDH1 levels and thereby for the levels of the generated oncometabolite 2-HG. In the 
setting of cellular transformation accompanied by IDH1 mutation FOXOs function as oncogenes, as FOXO 
depletion in these cells results in cessation of cell growth. 
FOXOs exhibit oncogenic properties also in the setting of hypoxia, as we report here FOXOs to be required 
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for the proliferation of hypoxic cells, in line with a previous report (6). Hypoxic conditions are suggested to 
operate within many tumors, especially solid tumors. Cells grown in hypoxia cannot complete mitochondrial 
respiration due to lack of oxygen and sustainment of mitochondrial function may result in the accumulation 
of deleterious oxidative metabolism intermediates. To adapt, hypoxic cells activate Hypoxia-Inducible 
Factor 1 (HIF1), which in turn inhibits oxidative phosphorylation and promotes the redirection of energy 
metabolism towards glycolysis (46). Inhibition of mitochondrial metabolism however deprives the cells from 
an important metabolite; citrate. Citrate is normally transferred to the cytoplasm, where it is converted to 
acetyl-coA and subsequently supports de novo lipid synthesis. Considering that biomembrane synthesis is 
crucial for the proliferation and expansion of cells, it is anticipated that cells grown in hypoxia would activate 
adaptive mechanisms to ensure the maintenance of intracellular citrate levels. One of these mechanisms is 
the induction of reductive carboxylation, which relies on IDH1. IDH1 under hypoxic conditions mediates the 
conversion of α-KG to isocitrate, which is further converted to citrate. Cells grown in hypoxia and depleted 
of IDH1 show impaired lipid biosynthesis and severely impaired proliferation (17). We have observed similar 
growth kinetics under hypoxic conditions for both FOXO and IDH1 depleted cells, suggesting that FOXOs 
might also regulate reductive carboxylation for de novo lipid biosynthesis, via IDH1. To test this hypothesis 
further experiments are required, in which cells grown in hypoxic conditions in the presence of labelled 
glutamine are monitored for the incorporation of glutamine-derived carbon to the newly synthesized lipids 
(for example see (17)).  Additionally, the acetyl-coA that is generated from citrate is used by HATs for protein 
acetylation and signal transduction (47, 48); it would therefore be interesting to study the effects of FOXO 
depletion on histone and protein acetylation and subsequently on cellular transcriptional programs of cells 
grown in hypoxia. 
The metabolic rewiring of cancer cells results in the acquisition of unique characteristics compared to 
untrasformed cells and thereby, in principal, allows the selective targeting of transformed cells. Identification 
of aerobic glycolysis for example, led to the development of 18F-deoxyglucose positron emission tomography 
(18FDG-PET), which is an imaging technique widely used in oncology for diagnostic purposes. Recent 
advances point to the fact that better understanding of cancer metabolism will provide new opportunities 
in the potential treatment of certain cancers (49, 50). Especially in the case of mutant IDH1, specific small-
molecule inhibitors have been developed that efficiently target the mutant enzymatic activity (37, 51) 
and hold promise for the treatment of lower-grade gliomas and AML. Identifying however also upstream 
components of IDH1 could potentially be equally beneficial, especially in cases that resistance mechanisms 
develop. In this study we identified FOXOs as regulators of IDH1 levels and thereby as important cellular 
components for the metabolic rewiring of cancer cells. FOXO function is in turn linked to their subcellular 
localization and efficient targeting of the molecular pathways that are responsible for FOXO nuclear retention 
in transformed cells could potentially prove beneficial for the treatment of cancer types related to IDH1. 

Methods
DNA cloning and mutagenesis

For IDH1 cDNA cloning, total RNA isolated from RPE cells was reversed transcribed and 
full length IDH1 cDNA was amplified by PCR using the following primers: IDH1 Forward: 
GGGGACAAGTTTGTACAAAAAAGCAGGCTTGATGTCCAAAAAAATCAGTGGCGGTTCTGTGG and IDH1 Reverse: 
GGGGACCACTTTGTACAAGAAAGCTGGGTAAAGTTTGGCCTGAGCTAGTTTGATCTTCAAG and the following PCR conditions: 
980C for 3 min, 30 repeats of 980C for 30 sec, 650C for 30 sec and 720C for 2 min and a final extension step of 720C for 10 
min. The cDNA was inserted into pDonor (Invitrogen); following the BP reaction, IDH1 coding sequence was transferred to 
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pcDNA3-V5 compatible with the Gateway system. For the generation of the IDH1 R132C mutant the following primers were 
used: R132C Forward CCTATCATCATAGGTTGTCATGCTTATGGG and R132C Reverse CCCATAAGCATGACAACCTATGATGATAGG.
The pH1tet-flex/FH1t(FOXO1/3)UTG (Taconic Artemis) was previously described (Chapter 2).

Cell culture and transfections

The human retina epithelial cells RPE were maintained in DMEM/Ham F12 (Gibco) supplemented with 10% FBS (Gibco) and 
penicillin-streptomycin. DL23 cells were cultured in RPMI (Lonza) supplemented with 10% FBS and penicillin-streptomycin. 
HeLashFOXO, A14 and HT1080 cells were maintained in DMEM (Lonza) supplemented with 10% FBS, 2 mM glutamine 
(Lonza) and penicillin-streptomycin. DL23 and HeLashFOXO cells were previously described ((52) and Chapter 2). A14 cells 
were previously described (26).
To establish the RPEshFOXO and the HT1080shFOXO cells, RPE and HT1080 cells respectively were virally transduced with 
pH1tet-flex/FH1t(FOXO1/3)UTG and the positive clones were selected with FACS sorting. 
IDH1 smartpool was purchased from Dharmacon. SiRNA transfections were performed with HiPerFect (Qiagen) and 
plasmid transfections were performed with FuGENE HD (Promega), according to the manufacturer’s instructions.
Hypoxia was established in a hypoxic chamber (Pathology Department, UMC Utrecht).

RNA extraction and quantitative PCR (Q-PCR)

RNA was extracted with the RNeasy kit (Qiagen), with on column DNase treatment (Qiagen), according to the manufacturer’s 
instructions. RNA was reversed transcribed with oligodT primers and the iScript cDNA synthesis kit (Biorad). Quantitative 
PCR was performed with FastStart SYBR Green Master mix (Roche) with the following primer sequences:
IDH1_F: TTGTCCAGATGGCAAGACAG, IDH1_R: CAGGCAAAAATGGAAGCAAT, IDH2_F: CTCATCAGGTTTGCCCAGAT, IDH2_R: 
GTCCGTGGTGTTCAGGAAGT, IDH3A_F: GAGATGGTATTGGCCCAGAA, IDH3A_R: TTCCTCCAGGTCCTTGAATG, IDH3B_F: 
TGGTGATCATTCGAGAGCAG, IDH3B_R: TGAGACTTGGCTCGTGTGAC, IDH3G_F: ATGTGTACGCGGTGTTTGAA, IDH3G_R: 
ATGGAGGTGGCATAGGAGTG, Tubulin_F: TACACCATTGGCAAGGAGAT, Tubulin_R: AACCAAGAAGCCCTGAAGAC, mIDH1_F: 
TCACCAAAGATGCTGCAGAG, mIDH1_R: TGGGGATTTCCACATTTGTT, mPBDG_F: GCCTACCATACTACCTCCTGGCT, mPBDG_R: 
AAGACAACAGCATCACAAGGGTT.
 
Protein extraction and western blot

Total proteins were collected by direct lysis in Laemli sample buffer. Proteins were run in SDS-PAGE and transferred to 
Polyscreen PVDF transfer membranes (PerkinElmer) or to Protran Nitrocellulose Membranes (GE Healthcare Life Sciences). 
Antibodies used were the following: anti-IDH1 (Cell Signaling), anti-FOXO1 and anti-FOXO3 (Santa Cruz), anti-H3K4me3 
(Abcam), anti-H3K9me3 (Abcam), anti-H3 (Abcam), tubulin (Calbiochem). 

Chromatin Immunoprecipitation (ChIP)

To perform ChIP, FOXO3A3 in DL23 cells was activated by addition of 4-OH-tamoxifen for 4 hrs. 40 million cells per condition 
were fixed with 1% formaldehyde for 10 min at room temperature and the reaction was quenced by 0.125 M Glycine for 
5 min. Subsequently cells were lysed in Darnham lysis buffer (5 mM PIPES, 85 mM KCl, 0.5% NP-40, protease inhibitor 
cocktail Roche) and nuclear extracts were collected by low speed centrifugation and re-suspended in RIPA buffer (1x PBS, 
1% NP-40, 0.5% Na-deoxycholate, 0.1% SDS, supplemented with Roche protease inhibitor cocktail). Chromatin was then 
sonicated to acquire DNA fragments of about 500 bp which were then used for immunoprecipitations. Antibodies used 
were: rabbit IgG (Santa Cruz) and rabbit anti-FOXO3a (Santa-Cruz). 
The oligomers used for the amplification of the areas within IDH1 were:
IDH1 F: CATTCATCTGGGGAGATTCAA, IDH1 R: GTTTCATGCATGGGGTAAGG, IDH1 neg F: CTTCCATCTGGTGATGTGGTT, IDH1 
neg R: TTCCCCACTATCTTTGCTCCT

α-KG and 2-HG measurements

For the determination of intracellular α-KG, RPEshFOXO cells that were cultured in DMEM containing or not doxycycline 
for 96 hrs, were plated in 6 wells plates (40,000 cells per well) and grown for another 16hrs. Thereafter, cells were washed 
with 10% NaCl, collected in ice-cold methanol and H2O and, after addition of chloroform, were allowed to extract at 4ºC 
for 20 min. Subsequently, samples were spinned down and the aqueous phase was used for the further analysis and 
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measurement by GS-MS.
Similar approach was used for the extraction and measurement of α-KG and 2-HG from HT1080shFOXO cells.

NADPH/NADP+ and GSH/GSSG measurements

For the determination of NADPH/ NADP+ and GSH/GSSG ratio, RPEshFOXO cells were grown in DMEM containing or not 
doxycycline for 48 hrs. Subsequently, the growth medium was switched to DMEM minus glucose (Gibco) supplemented 
with 10 mM pyruvate and 2 mM glutamine (Lonza) and grew for another 48 hrs. NADP+ and NADPH were measured with 
the NADP/NADPH Quantitation Colorimetric Kit (BioVision), according to the manufacturer’s instructions. GSH and GSSG 
were measured with the Glutathione (total) detection kit (Enzo).

Growth rates and soft agar assays

To determine the differences in growth rates in the HT1080shFOXO cells after FOXO depletion, 20,000 cells per well 
were plated in 6well plates and subsequently doxycycline was added in half of the wells. After 48 hrs and every 24 hrs 
thereafter, cells were collected and counted using the Countess Automated Cell Counter (Life Technologies). For the 
study of RPEshFOXO cells growth rates in hypoxia, after plating cells were retained in normoxic conditions for 8 hrs and 
subsequently transferred in the hypoxic chamber for the rest of the experiment.
For the soft agar assay, 20,000 HT1080shFOXO cells were plated in a 0.35% top layer (DMEM, 10% FBS), on top of a 0.5% 
bottom layer (DMEM, 10% FBS). Where appropriate, the upper layer was supplemented with doxycycline. The cells were 
fed every 4 days with DMEM 10% FBS and doxycycline was refreshed. Cells were allowed to grow for 3 weeks and images 
were acquired in a Zeiss Axioskop 40 microscope. 

Isolation of genomic DNA and 5-methylcytosine blot

HT1080shFOXO cells were grown in DMEM containing or not doxycycline for 96 hrs. Genomic DNA was isolated with 
the DNA mini kit (Qiagen), according to the manufacturer’s instructions. Subsequently, 100, 50, 25, 10 and 5 ngr of 
genomic DNA were spotted on Hybond N membrane (GE Healthcare) and then blotted with anti-methyl cytosine antibody 

(Millipore) or anti hydroxyl-methyl cytosine antibody (Active motif). 
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Abstract

FOXO transcription factors are key players in processes related to cellular homeostasis, including reactive 
oxygen species detoxification, DNA repair and metabolism. Studies in model organisms have established 
that balanced FOXO function contributes to both tumor suppression and longevity. Mitochondrial function 
is also intimately linked to both cancer and aging (mitochondrial theory of aging). Here, we show that FOXOs 
transcriptionally regulate mitochondrial function and turnover. In the absence of FOXOs, mitochondria 
display impaired ATP-coupled respiration and increased ROS. Moreover, we find FOXOs to protect mtDNA 
from redox-induced damage. Combined, our data portray a multilayered role of FOXOs in modulating 
mitochondrial function and integrity.  

Introduction

The Forkhead Box (O) (FOXO) family of transcription factors includes proteins that function as important 
homeostatic regulators, modulating processes intimately linked to cancer and aging (1). FOXO function is 
inhibited by insulin and growth factors, via the PI3K/PKB (Akt) pathway (2, 3), and is activated by stress 
signals, including oxidative stress, DNA damage and growth factor deprivation. FOXOs in turn regulate DNA 
repair, reactive oxygen species (ROS) detoxification and cellular growth ((4, 5) Chapter 2). FOXOs are also 
involved in the maintenance of the quiescence state of hematopoietic stem cells (HSCs) (6); in FOXO knockout 
mice the HSCs pool is rapidly exhausted, thereby contributing to aging phenotypes. The FOXO family in 
humans includes four members, namely FOXO1, FOXO3, FOXO4 and FOXO6. FOXOs are highly conserved 
during evolution; the FOXO homologues in lower order organisms, such as the nematode C. elegans (daf-16) 
or the fruitfly Drosophila melanogaster (dFOXO), are indispensable for lifespan extension (reviewed in (7)). 
FOXOs also appear to contribute to longevity in higher order organisms, including humans, as studies have 
shown a positive correlation between genetic variations in FOXO genes and long lifespan (8-10). 
During the past years several theories have been proposed to shed light in the process of aging.  One such 
theory, “the mitochondrial theory of aging” proposes that ROS, leaking from the mitochondria during the 
process of oxidative phosphorylation (OXPHOS), reacts with and irreversibly damages macromolecules, 
including proteins, lipids and nucleic acids (11, 12). ROS leakage also affects mitochondrial function, thereby 
contributing to a vicious cycle of mitochondrial dysfunction and increased redox stress. Accumulating 
macromolecular and organelle damage results in cellular dysfunction, elevated cellular clearance and tissue 
degeneration, eventually driving the aging process. Mitochondria contain their own genetic material, the 
mitochondrial DNA (mtDNA), which carries the genetic information for the synthesis of components of the 
respiratory chain complexes. Accrual of mtDNA mutations is observed in aging tissues and in fact mtDNA 
damage was also suggested as a driver of aging (13, 14). Direct evidence linking mtDNA mutations to aging 
comes from a study by Trifunovic et al that developed mice carrying a proof-reading-deficient version of the 
mtDNA polymerase (mtDNA mutator mice) and observed an increase in mtDNA deletions/point mutations 
and accelerated aging phenotypes in these mice (15). 
FOXOs role in aging has been suggested to rely on the regulation of cellular redox and in particular the 
reduction of ROS levels (7). Additionally, it was noticed that in FoxO1/3/4 triple-knockout mice, cells 
harbor dysfunctional mitochondria (16). Therefore, it was suggested that FOXOs are required for proper 
mitochondrial function, yet a mechanistic explanation was lacking. In this study we provide an integrated 
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model of the mitochondrial processes regulated by FOXO transcriptional activity. We show that FOXOs are 
involved in (i) the maintenance of mtDNA integrity by regulating the levels of the mitochondrial Transcription 
Factor A (TFAM) and Tyrosyl DNA phosphodiesterase 1 (TDP1), (ii) the reduced leakage of mitochondrial 
produced ROS, by regulating the transcription of Uncoupling Protein 2 (UCP2) and (iii) the increased turnover 
of dysfunctional mitochondria, by regulating PTEN-Induced Kinase 1 (PINK1) levels. Also FOXOs contribute to 
energy production by mitochondria, likely through the modulation of the integrity of the respiratory chain 
complexes.  

Results

Bioenergetic changes induced by FOXO depletion

To understand the role of FOXOs in mitochondrial function, we first measured their contribution to 
mitochondrial bioenergetics. To this end we employed the Seahorse extracellular flux analyzer (XF-24) system, 
which allows for the interrogation of cellular bioenergetics with the sequential use of certain mitochondrial 
OXPHOS inhibitors (for a schematic of a typical bioenergetic profile acquired after a mitochondrial stress 
test using the XF-24, along with a depiction of the main bioenergetic parameters that can be determined in 
such a setting, refer to Supplementary Figure 1A). Changes in oxygen consumption rate (OCR) measured by 
XF-24 are an indicator of mitochondrial function and changes in medium pH due to the excretion of lactate 
(extracellular acidification rate, ECAR) are indicative of glycolysis (17). For our analysis we employed the 
untransformed retinal pigment epithelium (RPE) cells, in which we stably expressed a doxycycline-inducible 
shRNA targeting FOXO1 and FOXO3 (RPEshFOXO cells). As seen in Figure 1A, shRNA-mediated depletion of 
FOXOs results in alterations of the mitochondrial bioenergetic capacity. Primarily, mitochondria in FOXO 
depleted cells show a lower basal respiration, compared to control cells (Figures 1A and 1B). This could 
be illustrative of either that FOXO-depleted cells have less mitochondrial mass or that their mitochondria 
are less functional. We therefore visualized the mitochondrial network in cells depleted of FOXOs, by 
immunostaining for the mitochondria-specific protein TOM20. As seen in Figure 1C, FOXO-depleted cells 
have an increased mitochondrial network compared to control cells. Similar results were obtained with the 
mitochondrial-specific probe Mito-tracker (Supplementary Figure 1B). This suggests that the reduced basal 
respiration rate of the FOXO-depleted cells is probably linked to mitochondrial dysfunction.
Consequently, we further interrogated the bioenergetic profile of the FOXO-depleted cells by performing 
a mitochondrial stress-test. After oligomycin treatment we observed that oxygen consumption coupled 
to ATP synthesis (Oligomycin stimulated OCR – Basal OCR) is significantly reduced in FOXO-depleted cells 
(Figure 1B, coupling efficiency and Supplementary Figure 1C). This indicates an involvement of FOXOs in 
the regulation of ATP synthesis by OXPHOS. Treatment with the proton ionophore FCCP provided variable 
results in the course of our experiments; however a trend towards higher spare respiratory capacity (FCCP 
stimulated OCR – Basal OCR) in the FOXO-depleted cells was evident (Figure 1B, spare respiratory capacity 
and Supplementary Figure 1C). It should be noted however that the maximal respiratory capacity in the cells 
with acute FOXO knockdown was lower to the one of the control cells (Figure 1A).
Taken together, the results from the bioenergetics analysis suggest that mitochondrial function is impaired 
in FOXO-depleted cells. The observed extension of the mitochondrial network could be due to changes 
in signaling, induced by FOXO depletion, that regulate constraints on mitochondrial biosynthesis (18), 
or alternatively, considering the aforementioned mitochondrial dysfunction, it could merely reflect a 
compensatory response. Importantly, our results cannot be attributed to the low concentration of doxycycline 
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used in the experiments, as cells expressing doxycycline-inducible shRNA targeting the luciferase gene and 
treated with doxycycline, exhibit a bioenergetic profile similar to control cells (Supplementary Figure 1D).

FOXO depletion results in reduced ATP production and AMPK activation 

To obtain a better understanding of the regulation of ATP-coupled respiration by FOXOs, we first measured 
ATP levels in FOXO-depleted cells. We found that depletion of endogenous FOXOs results in a significant 
reduction of ATP production (Figure 2A), in agreement with the oligomycin-dependent response observed 
in the XF-24 measurements. In line with this, a careful inspection of the OCR versus ECAR profiles acquired 
from the XF-24 analyzer shows that FOXO depleted cells exhibit a bioenergetic profile indicative of reduced 
energy production (Figure 2B). 
Reduced intracellular ATP levels are expected to result in activation of 5' AMP-activated protein kinase 
(AMPK) due to an increase of the AMP/ATP ratio (19). We therefore analyzed AMPK activity, by determining 
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Figure 1: FOXO regulate cellular bioenergetics (A) Effects of FOXO depletion on the mitochondrial bioenergetic profile. 
RPEshFOXO cells were cultured in the presence or absence of doxycycline for 72 hrs. 40,000 cells were plated in XF-24 
culture plates and 16 hrs later they were used for a mitochondrial stress test in the Seahorse XF-24 analyzer (B) Main 
bioenergetics parameters assessed by the XF-24 profile (C) Extended mitochondrial network in FOXO-depleted cells. 
RPEshFOXO cells were cultured in the presence or absence of doxycycline for 96 hrs. Cells were fixed and immunostained 
for the mitochondrial protein TOM20.*P<0.05, **P<0.01, ns: not-significant
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AMPK autophosphorylation, and we found increased AMPK autophosphorylation in the FOXO-depleted 
cells (Figure 2C). AMPK activation is associated, amongst other responses, to mitochondrial biogenesis (19), 
which might account in part for the extensive mitochondrial network we observe in the FOXO depleted cells. 

FOXO depletion results in reduced TFAM and TDP1 expression and increased mtDNA damage 

Mitochondrial dysfunction is often linked to the accrual of mtDNA mutations (20). To obtain a better 
mechanistic insight into the impaired mitochondrial function observed in the FOXO depleted cells, we 
therefore analyzed mtDNA integrity. We isolated mtDNA from RPEshFOXO cells grown under non-damaging 
conditions, as well as cells treated with 100 µM of hydrogen peroxide (H2O2) for 1 hr and assessed mtDNA 
damage by employing the long-amplicon quantitative PCR assay (21). We found that, compared to control 
cells, FOXO-depleted cells show increased mtDNA damage following H2O2 challenge and therefore exhibit 
increased susceptibility to ROS-induced genotoxic stress (Figure 3A). 
Mitochondrial DNA is devoid of histones and is therefore more sensitive to damage inflicted by ROS leaking 
into the mitochondrial matrix during OXPHOS (22, 23). To protect mtDNA from damage, certain mechanisms 
have been evolved. Primarily, TFAM, a nuclear-encoded protein that resides in the mitochondria, regulates 
the condensation of mtDNA and thereby contributes to mtDNA protection from genotoxic insults (24). 
Mitochondria are not equipped with the multitude of sophisticated DNA repair mechanisms that operate 
in the nucleus however a number of DNA repair mechanisms have been identified to operate within 
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Figure 2: Energetic crisis in FOXO-depleted cells (A) ATP content in FOXO depleted cells. RPEshFOXO and RPEshLuc cells 
were cultured in the presence or absence of doxycycline for 96 hrs before sample collection and ATP measurement (B) 
Comparative profile of OCR versus ECAR values, as these are measured in the XF-24 (related to Figure 1A) (C) AMPK 
activity in response to FOXO depletion. RPEshFOXO and RPEshLuc cells were cultured in the presence or absence of 
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mitochondria, including base excision repair (BER), mismatch repair, single strand break repair and double 
strand break repair by non-homologous end-joining (25, 26). To understand the regulation of mtDNA integrity 
by FOXOs, we first set out to investigate the regulation of mtDNA repair components by FOXOs. A gene 
expression analysis performed in our laboratory, to identify transcriptional changes after FOXOs transient 
depletion (Addendum), revealed that FOXOs regulate TFAM and TDP1 expression levels. We validated these 
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Figure 3: FOXO role in mtDNA integrity and transcription (A) MtDNA damage assessed by LA-QPCR. RPEshFOXO and 
RPEshLuc cells were cultured in the presence or absence of doxycycline for 96 hrs. Cells were treated with 100 µM 
H2O2 for 1 hr before genomic DNA isolation. 15 ng of total genomic DNA were used for the amplification of a long and 
a short fragment of mtDNA. Polymerization of the short amplicon (mtDNA_short) is an indication of mtDNA content, 
while polymerization of the long amplicon (mtDNA_long) is an indication of mtDNA damage (B) TFAM and TDP1 levels in 
FOXO-depleted cells. RPEshFOXO and RPEshLuc cells were cultured in the presence or absence of doxycycline for 96 hrs 
before RNA and protein sample collection. Arrowhead indicates height of TFAM protein (C) Bimodal regulation of TFAM 
in DL23 cells. DL23 cells were transfected with luciferase or MXI siRNA for 72 hrs. Cells were treated with 4-OH-tamoxifen 
for 4 or 24 hrs and RNA samples were collected (D) Direct binding of FOXO at TFAM genomic region. DL23 cells were 
treated with 4-OH-tamoxifen for 4 hrs, followed by ChIP-qPCR at the areas identified by ChIP-sequencing (E) Defects in 
mtDNA transcription in response to FOXO depletion. RPEshFOXO and RPEshLuc cells were cultured in the presence or 
absence of doxycycline for 96 hrs before RNA and protein sample collection.*P<0.05, **P<0.01, ***P<0.001



115

FOXO in mitochondrial function
Chapter 4

results in the RPEshFOXO cells, in which we found that FOXO depletion results in reduced TFAM and TDP1 
mRNA and protein levels (Figure 3B). TDP1 is a protein involved in the processing of DNA ends and the 
removal of 3’-blocking groups. Apart from the well-established role of TDP1 in the repair of topoisomerase I 
adducts, other roles have been proposed as well, including a function in mtDNA BER for the repair of mtDNA 
oxidative damage (27, 28). This suggests that FOXOs transcriptionally regulate the integrity of mtDNA both by 
promoting mtDNA protection from genotoxic insults but also by the orchestration of DNA repair responses.

Our data on TFAM appear to contradict a recent report that showed FOXO3 to negatively regulate TFAM 
expression in DLD1 cells, via the expression of MXI1 and the subsequent inhibition of c-MYC (18). To 
understand whether in fact this is a case of bimodal regulation, we performed a time-course of FOXO3 
activation in DLD1 cells stably expressing FOXO3(A3)-ER (DL23 cells) (29). Figure 3C shows that early upon 
FOXO3 activation, TFAM expression levels show a small but significant increase, however they are suppressed 
at later time points. Interestingly, when we silenced the expression of MXI1, suppression of TFAM by FOXOs 
was alleviated, suggesting that FOXOs in DLD1 cells regulate the expression of TFAM both directly (FOXO-
dependent TFAM transactivation) and indirectly (MXI1-dependent c-MYC suppression). A previous ChIP-
sequencing analysis performed in our laboratory (30) identified three FOXO3 peaks around TFAM, one close 
to the transcription start site (TSS) and two close to the transcription termination (TES). We performed ChIP-
QPCR analysis after FOXO3(A3) activation in DL23 cells and verified the specific binding of FOXO at these 
sites (Figure 3D). The finding of FOXO3 binding to the genomic area around TFAM, in combination with the 
TFAM transactivation early after FOXO activation, are in line with the hypothesis that FOXOs are involved in 
the maintenance of a TFAM sustained expression under no-stress conditions. 

Impaired expression of mtDNA encoded genes in FOXO-depleted cells 

Decreased ATP production in cells depleted of FOXOs could be attributed to the accrual of mutations in the 
mtDNA, although it has been suggested that a certain threshold of mtDNA mutations has to be reached to 
have an effect on respiratory chain function (20, 22). Considering that TFAM is also involved in the induction 
of mtDNA transcription (24), we looked into the expression levels of mtDNA-encoded genes in the FOXO-
depleted cells. Mitochondrial DNA encodes for 14 genes, along with tRNA and rRNAs (14); the mitochondrial-
encoded genes are components of the electron transport chain (ETC). We next evaluated the levels of 10 
mtDNA encoded genes (ND1, ND2, ND3, ND4, ND4L, ND5, ND6, COX1, COX2, COX3). FOXO-depleted cells, 
as seen in Figure 3E, exhibit reduced transcription of certain mtDNA encoded genes, namely ND1, ND4L and 
COX2. This suggests that the respiratory complexes I and IV may show reduced functionality in cells lacking 
FOXOs, which could account for the reduced ATP production. 

FOXO-depleted cells have increased mitochondrial ROS and decreased ROS protection mechanisms

Mitochondrial dysfunction can result in increased cellular redox due to the elevated production and leakage 
of mitochondrial ROS (20, 31). To this end, we employed the mitochondria-specific probe, mito-SOX, which 
is an indicator of superoxide anions, and we observed higher basal mitochondrial ROS in the FOXO-depleted 
cells (Figure 4A). FOXO activation is known to regulate the transcription of manganese-superoxide oxidase 
(MnSOD) and this contributes to the detoxification of mitochondrial superoxide (4). We therefore analyzed 
the expression level of MnSOD in cells depleted of FOXOs. Surprisingly, we found that the expression of 
MnSOD does not significantly change upon FOXO depletion. Thus MnSOD transcription does not critically 
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depend on endogenous FOXOs (Figure 4B), suggesting first, that other transcription factors act redundant to 
FOXO in the regulation of MnSOD under mild/endogenous stress conditions and second, that another FOXO 
target gene(s) regulate mitochondrial ROS accumulation. The family of uncoupling proteins (UCPs) are likely 
candidates, in this respect, as potential FOXO-target genes involved in the maintenance of mitochondrial 
ROS (32). We found the levels of UCP2 specifically to be significantly reduced in the FOXO-depleted cells 
(Figure 4C), suggesting that FOXOs potentially modulate mitochondrial ROS under mild/endogenous stress 
conditions, by regulating UCP2 expression. 

FOXOs regulate mitophagy of dysfunctional mitochondria by regulating the transcription of PINK1 

Dysfunctional mitochondria are normally removed from the cell by a form of autophagy, termed mitophagy 
(31). Mitophagy serves as a mitochondrial quality control process activated in response to mitochondrial 
damage (33). To study the efficiency of mitophagy in the FOXO-depleted cells, we treated RPEshFOXO cells 
with the uncoupler FCCP, which induces mitochondrial membrane depolarization and activates mitochondrial 
clearance. We found FOXO-depleted cells to show impaired mitophagy, as this is evident by the reduced ratio 
of type II over type I LC3 after FCCP treatment (Figure 5A).
One of the first steps of mitophagy is the accumulation on the mitochondrial membrane of the protein 
PINK-1, which then facilitates the accumulation of the E3 ligase Parkin (34). Parkin is then involved in the 
orchestration of the responses for the mitophagic clearance of dysfunctional mitochondria (34). A previous 
study had shown that FOXO3 can directly activate the transcription of PINK1 (35) and in the gene expression 
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Figure 4: Increased mitochondrial ROS in FOXO-dpleted cells (A) ROS levels in FOXO-depleted cells. RPEshFOXO and 
RPEshLuc cells were cultured in the presence or absence of doxycycline for 96 hrs. Cells were incubated with MitoSOX for 
30 min and either fixed for confocal microscopy or collected and analyzed by FACS (B) Relative MnSOD levels in FOXO-
depleted cells. RPEshFOXO and RPEshLuc cells were cultured in the presence or absence of doxycycline for 96 hrs before 
sample collection (C) Relative UCP2 levels in FOXO-depleted cells. RPEshFOXO and RPEshLuc cells were cultured in the 
presence or absence of doxycycline for 96 hrs before sample collection.*P<0.05, ns:not-significant
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analysis described in Addendum PINK1 was also identified as a FOXO-target gene. We therefore set out 
to investigate PINK1 regulation by FOXOs in our system and we found that FOXO-depleted cells showed a 
significant reduction in PINK1 levels (Figure 5B). Moreover, the defect in mitophagy observed after FOXOs 
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depletion was comparable to the effect of PINK1 depletion by siRNA (Figure 5C). We subsequently looked 
into the recruitment of Parkin to mitochondria soon after FCCP treatment and we found that FOXO-depleted 
cells have impaired Parkin recruitment in response to FCCP-induced mitochondrial depolarization (Figure 
5D). All the above suggest that FOXO-depleted cells exhibit impaired mitochondrial turnover, resulting in 
the accumulation of dysfunctional mitochondria, as this was previously shown for PINK1 (36). Importantly, 
defective mitophagy in the FOXO-depleted cells, is expected to amplify a vicious circle of mitochondrial 
dysfunction, as accumulation of damaged organelles was shown to mitigate respiratory capacity (36). 

Discussion 

Here, for the first time, we provide an integrated view of the multilayered roles FOXOs play in mitochondrial 
function and integrity. In particular, we show FOXOs to regulate (i) the mitochondrial function for optimal 
coupling of oxygen consumption to ATP generation (ii) the maintenance of mtDNA stability and transcription 
of ETC components, (iii) the mitochondrial ROS production/leakage and (iv) the turnover of dysfunctional 
mitochondria (summarized in Figure 6). 
Aging is associated with increased cellular and tissue degeneration (7). Interestingly, whereas several theories 
have been proposed for the aging process, including the “free radical theory” and the “DNA damage theory”, 
a universal view on the factors that drive aging is still missing. However, it is increasingly becoming clear that 
the disturbance of homeostasis is a common characteristic of aging cells. Effective and balanced metabolism 
is in turn required for the maintenance of several homeostatic processes. Therefore, not surprisingly, 
different aging-associated diseases, including Parkinson’s disease, Alzheimer’s disease and type II diabetes 
are linked to disturbance of mitochondrial homeostasis, as a result of mitochondrial dysfunction (14, 37-
39). In agreement, tissues with high-energy demand, such as the brain, heart and muscles, are particularly 
vulnerable to mitochondrial dysfunction and show accelerated degeneration with age (31, 40). We and 
others have shown that FOXOS are involved in redox ((4, 6)) and DNA homeostasis ((41, 42) and Chapter 2). 
Here, we report on FOXOs contribution to the regulation of mitochondrial homeostasis at multiple levels. We 
propose that the multilayered control of mitochondrial regulation by FOXO supports cellular health and in 
turn FOXO depletion or inhibition disturbs mitochondrial homeostasis and contributes to aging. 
In this study, for the first time we connect FOXOs to the maintenance of mtDNA integrity. FOXOs regulate 
the transcription of the DNA repair protein TDP1 and the mtDNA transcription factor TFAM, which is also 
important for the regulation of mtDNA condensation and protection (24). This is particularly important, as 
accumulation of mtDNA mutations or large depletions are a common feature of mitochondria in aging tissues 
and are often linked to diminished OXPHOS and increased ROS leakage (43, 44). FOXOs are well established 
mediators of genomic stability however all data up to know were focused on their roles in nuclear DNA ((41, 
42) and Chapter 2). Another factor which was recently assigned similarly a dual role in the maintenance of 
genomic integrity, by mediating mitochondrial function and mtDNA repair next to nuclear DNA repair, is the 
ataxia-telangiectasia kinase (ATM) (45, 46). ATM, as was also described in Chapter 2, is upstream of FOXO in 
the response to nuclear DNA damage. Therefore, interesting parallels are drawn between FOXOs and ATM. 

Regulation of TFAM by FOXOs serves as a paradigm of how FOXO transcriptional output is intimately linked 
to intra- and extracellular inputs. We describe here how, under non-stressed conditions, FOXOs mediate the 
maintenance of TFAM levels, while two previous reports showed that under certain stress conditions TFAM 
expression and mitochondrial function are repressed by FOXOs (18, 47). How may these seemingly conflicting 
results be reconciled? FOXOs are known to function in a context-dependent fashion. For example, Ferber et 
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al, show that constitutively active FOXO3 suppresses TFAM expression in DLD1 cells (18); in DLD1 cells WNT 
signaling is constitutively active and c-MYC is arguably one of the most important TCF target-genes. c-MYC 
is a well-known mediator of mitochondrial biogenesis and function (48) and FOXOs act antagonistically with 
c-MYC at various levels (reviewed in (49)). In this context, repression of TFAM expression by FOXO proceeds 
through MXI1-mediated repression of c-MYC function and therefore the outcome of TFAM regulation by 
FOXO is largely dependent on the c-MYC status of the cell. Analogously, hypoxia constitutes a stress condition 
resulting in the activation of several stress kinases which can imprint on FOXO and regulate their function (for 
example c-JUN N-terminal kinase (5, 50)). FOXO function is under tight and complex control of stress kinases 
and other stress regulators (e.g. HDM2/USP7). Thus, the specific set of active stress regulators within a cell 
may also determine the outcome of TFAM regulation by FOXO.
FOXO depleted cells have increased mitochondrial mass, when compared to control cells. This may be taken 
to indicate activation of a compensatory mechanism(s) in response to mitochondrial dysfunction. Such 
compensatory mechanisms are also observed in pathologies associated with mitochondria defects (14, 
51, 52). It has been proposed that cells with dysfunctional mitochondria and therefore impaired OXPHOS, 
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Figure 6: Integrated model depicting the multilayered role of FOXOs in mitochondrial maintenance. FOXOs regulate the 
transcription of genes involved in mtDNA protection (TFAM, TDP1), mitochondrial ROS production and leakage (UCP2) and 
mitochondrial turnover (PINK1). In FOXO-depleted cells, the relative abundance of these proteins is reduced, leading to 
accumulation of dysfunctional mitochondria, a phenotype associated with aging. 
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undergo a bioenergetics crisis, which subsequently activates selective proliferation of the dysfunctional 
mitochondria (51). Similar processes were also described in aging tissues (53). Based on the results we 
report here, we propose that the extended mitochondrial network in FOXO depleted cells comes from both 
increased mitochondrial biogenesis and decreased mitochondrial turnover (mitophagy). The bioenergetic 
crisis in FOXO depleted cells activated AMPK, a kinase responsive to reduced energy that is also linked to 
mitochondrial biogenesis. Previous work has identified AMPK as an upstream regulator of FOXO function 
by direct phosphorylation (54); AMPK-mediated phosphorylation directs FOXO towards transcriptional 
programs for oxidative stress resistance and metabolic re-wiring (54). In this study we show this to be a 
reciprocal regulation; FOXO function appears to be required to maintain intracellular ATP levels and thereby 
contributes to regulation of AMPK activity. Previous studies have in fact proposed a close collaboration 
between FOXO and AMPK in lifespan extension in C. elegans (55, 56). Interestingly, FOXOs induce a 
feed-forward loop for insulin signaling i.e. FOXOs induce TORC2, IRS2, and PI3K expression (reviewed in 
(49)), under conditions of nutrient deprivation. This sets the conditions, so that once insulin and glucose 
become available, cells can rapidly respond to re-enter e.g. cell cycle progression. However, such a feed-
forward response should probably not be switched on when ATP levels are limiting. Thus FOXOs appear 
to balance energy status and AMPK activity with insulin signaling in order to optimally respond to changes 
in external nutrient availability. Mitophagy is a quality control mechanism operating within cells to ensure 
the maintenance of functional mitochondria. FOXO-depleted cells have decreased mitochondrial turnover 
due to defective PINK1 expression, resulting in accumulation of dysfunctional mitochondria and thereby 
possibly contributing to the increased mitochondrial mass of these cells. Mitophagy is particularly important 
for neuronal cells; several aging-associated neurodegenerative diseases are linked to mitochondrial 
dysfunction due to genetic perturbations of mitophagic components, including PINK1, parkin and DJ-1 (57-
59). Therefore, FOXO depletion or inhibition might result in neurological defects and more work towards this 
direction is expected to shed new light on mechanisms of neurodegenerative diseases and potentially assist 
the development of novel therapies. 

Methods
Cell culture

The human retina epithelial cells RPE were maintained in DMEM/Ham F12 (Gibco) supplemented with 10% FBS (Gibco) and 
penicillin-streptomycin. DL23 cells were cultured in RPMI (Gibco) supplemented with 10% FBS and penicillin-streptomycin. 
DL23 cells were cultured in RPMI (Gibco) supplemented with 10% FBS and penicillin-streptomycin. 
To establish the RPEshFOXO and RPEshLuc cells, RPE cells were virally transduced with pH1tet-flex/FH1t(FOXO1/3)UTG 
(described in Chapter 2) and pH1tet-flex/FH1t(Luciferase)UTG respectively and the positive clones were selected with 
FACS sorting. 

Chemicals and Oligos

Oligomycin, Carbonyl cyanide-p-trifluoromethoxyphenylhydrazone (FCCP), rotenone and antimycin A were purchased by 
Sigma and stock solutions were prepared in DMSO. 
All siRNA oligos were purchased by Dharmacon.

Seahorse extracellular flux analyzer (XF-24) measurements

For measurements with the Seahorse XF-24, RPEshFOXO cells were cultured in the presence or absence of doxycycline 
for 72 hrs. Subsequently, 40,000 cells were plated in the Seahorse XF-24 plates and allowed to grow for another 20 hrs. 
Then the medium was exchanged to Seahorse XF assay medium supplemented with 2.5 mM Glucose, 5 mM Glutamine 
and 10 mM pyruvate for 1 hr. For the interrogation of cellular bioenergetics with pharmacological treatments, cells were 
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sequentially injected with 1 μM oligomycin, 1 μM FCCP and 1 μM of each Rotenone and Antimycin A. 
The principle of the XF-24 function lies on the formation of a transient micro-chamber in the area between the cell 
monolayer and the sensor probes, allowing for the determination of changes in the extracellular oxygen levels and pH. 
A typical mitochondrial stress test includes the sequential use of oligomycin, carbonyl cyanide-4-(trifluoromethoxy)
phenylhydrazone (FCCP) and a combination of antimycin A and rotenone. Oligomycin is an inhibitor of the mitochondrial 
ATP synthase, which results in the uncoupling of OXPHOS from ATP synthesis; FCCP induces a collapse in proton gradient 
across the mitochondrial membrane, resulting in the uncoupling of electron flow from OXPHOS; antimycin A and rotenone 
are inhibitors of the Complex I and Complex III of the mitochondrial chain respectively, resulting in the total collapse of 
mitochondrial function (reviewed in (60)). 

ATP measurement

For the measurement of intracellular ATP levels, we used the ATP bioluminescent somatic cell assay kit (Sigma Aldrich), 
according to the manufacturer’s instructions. Briefly, RPEshFOXO cells were grown in the presence of doxycycline for 72 
hrs before sample collection and ATP measurement. Cells were counted before analysis and 5 million cells per condition 
were used.

RNA extraction and quantitative PCR (QPCR)

RNA was extracted with the RNeasy kit (Qiagen), with on column DNase treatment (Qiagen), according to the manufacturer’s 
instructions. RNA was reversed transcribed with oligodT primers and the iScript cDNA synthesis kit (Biorad). Quantitative 
PCR was performed with the FastStart SYBR Green Master mix (Roche) with the following primer sequences:
PINK1_F:  CCAGGCAATTTTTACCCAGA, PINK1_R: AATGTAGGCATGGTGGCTTC, TFAM_F: CCGAGGTGGTTTTCATCTGT, 
TFAM_R: GCATCTGGGTTCTGAGCTTT, TDP1_F: TCAGGAAGAAGCCAATCCTG, TDP1_R: GGATGAGGTTGGAGGTGTGT, UCP2_F: 
GAGGTGGTCGGAGATACCAA, UCP2_R: CATAGGTCACCAGCTCAGCA, mtND1_F: CCTAAAACCCGCCACATCTA, mtND1_R: 
GCCTAGGTTGAGGTTGACCA, mtND2_F: ATCATCCCCACCATCATAGC, mtND2_R: TGGGGTGGGTTTTGTATGTT, mtND3_F: 
TTACGAGTGCGGCTTCGACC, mtND3_R: ACTCATAGGCCAGACTTAGG, mtND4_F: CTAGGCTCACTAAACATTCTA, mtND4_R: 
CCTAGTTTTAAGAGTACTGCG, mtND4L_F: TAGTATATCGCTCACACCTC, mtND4L_R: GTAGTCTAGGCCATATGTG, mtND5_F: 
TCGAATAATTCTTCTCACCC, mtND5_R: TAGTAATGAGAAATCCTGCG, mtND6_F: GGATCCTCCCGAATCAAC, mtND6_R: 
GTAGGATTGGTGCTGTGG, mtCOX1_F: CTTAGGGGCCATCAATTTCA, mtCOX1_R: GCAGCTAGGACTGGGAGAGA, mtCOX2_F: 
CCATCCCTACGCATCCTTTA, mtCOX2_R: GCCGTAGTCGGTGTACTCGT, mtCOX3_F: TCCACTCCATAACGCTCCTC, mtCOX3_R: 
GTGGCCTTGGTATGTGCTTT, Tubulin_F: TACACCATTGGCAAGGAGAT, Tubulin_R: AACCAAGAAGCCCTGAAGAC

Chromatin Immunoprecipitation (ChIP)

To perform ChIP, FOXO3(A3) in DL23 cells was activated by addition of 4-OH-tamoxifen for 4 hrs. 40 million cells per 
condition were fixed with 1% formaldehyde for 10 min at room temperature and the reaction was quenced by 0.125 M 
Glycine for 5 min. Subsequently cells were lysed in Darnham lysis buffer (5 mM PIPES, 85 mM KCl, 0.5% NP-40, protease 
inhibitor cocktail Roche) and nuclear extracts were collected by low speed centrifugation and re-suspended in RIPA buffer 
(1x PBS, 1% NP-40, 0.5% Na-deoxycholate, 0.1% SDS, supplemented with Roche protease inhibitor cocktail). Chromatin 
was then sonicated to acquire DNA fragments of about 500 bp which were then used for immunoprecipitations. Antibodies 
used were: rabbit IgG (Santa Cruz) and rabbit anti-FOXO3a (Santa-Cruz). 
The oligomers used for the amplification of the TFAM predicted peaks were:
TFAM#1 F: CTTTCTCTCCTCTGCGGTTG, TFAM#1 R: GTGACCTGAAGTGGCAGCAG, TFAM#2 F: CTTCCCAGAGCTCCACTCAC, 
TFAM#2 R: TTGGCTTGTGACATCTCTGC, TFAM#3 F: TTCCAGGCATAAAGCTCACC, TFAM#3 R: AGCCAACTCTGAATGGCAAA, 
Negative F: TGAGTCTCTGCCTTCTGCAA, Negative R: AGTGAGTTGCCCAAAGTCAT

Genomic DNA isolation and long amplicon quantitative PCR (LA-QPCR)

For the isolation of genomic DNA the QIAamp DNA mini kit (Qiagen) was used, according to the manufacturer’s 
instructions. Total genomic DNA was then used for LA-QPCR, according to previous described protocol (21, 61) with one 
minor modification; Phusion High-Fidelity DNA Polymerase (Thermo Scientific) was used for the amplification of both 
the long and short mtDNA fragment. The primers used were (21): Mito_L: TGAGGCCAAATATCATTCTGAGGGGC, Mito_S: 
CCCCACAAACCCCATTACTAAACCCA, Mito_SL: TTTCATCATGCGGAGATGTTGGATGG. 
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Protein extraction and western blot

Total proteins were collected by direct lysis in Laemli sample buffer. Proteins were run in SDS-PAGE and transferred to 
Polyscreen PVDF transfer membranes (PerkinElmer). Antibodies used were the following: anti-TFAM (Abcam), anti-PINK1 
(Abcam), anti-FOXO1 and anti-FOXO3 (Santa Cruz), anti-pAMPK (Cell Signaling), anti-pACC (Cell Signaling), anti-tubulin 
(Calbiochem). 

Immunofluorescence microscopy

Cells grown on coverslips were treated with 10 μM FCCP for 1 hr and subsequently fixed with 4% formaldehyde, 
permeabilized with 0.5% Tx100 and blocked with 2% BSA (Sigma). Antibodies used were: anti-Parkin (Abcam), anti-TOM20 
(Santa Cruz) and anti-mitochondria (Millipore). Imaging was performed in a Zeiss LSM510 laser-scanning microscope.
For the imaging of mitochondrial ROS, live cells were incubated with mitoSOX red (Life Sciences) for 15 min and 
subsequently fixed and imaged. 
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Supplementary Figure 1: (A) Representative profile with the main bioenergetic parameters after mitochondrial stress 
test acquired in the Seahorse XF-24 analyzer (B) Extended mitochondrial network in FOXO-depleted cells. RPEshFOXO 
cells were cultured in the presence or absence of doxycycline for 96 hrs. Cells were incubated with Mitotracker for 45 
min before analysis by confocal microscopy (C) Relative effects of FOXO depletion on the mitochondrial bioenergetic 
profile. RPEshFOXO cells were cultured in the presence or absence of doxycycline for 72 hrs. 40,000 cells were plated 
in XF-24 culture plates and 16 hrs later they were used for a mitochondrial stress test in the Seahorse XF-24 analyzer. 
Results are represented as percentage of basal respiration (D) Mitochondrial bioenergetic profile is not affected by 
doxycycline treatment. RPEshFOXO and RPEshLuc cells were cultured in the presence or absence of doxycycline for 72 
hrs. 40,000 cells were plated in XF-24 culture plates and 16 hrs later they were used for a mitochondrial stress test in 
the Seahorse XF-24 analyzer.
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FOXO transcription factors are involved in a variety of processes including cell cycle regulation, reactive oxygen 
species (ROS) detoxification and cellular metabolism. FOXOs are activated, as indicated by an induction of 
their nuclear accumulation, under conditions of cellular stress, including growth factor deprivation, oxidative 
stress and DNA damage. When in the nucleus, FOXOs regulate transcriptional programs that enable an 
orchestrated cellular response to these environmental and intracellular signals (1, 2). The FOXO-regulated 
responses eventually ensure the re-establishment and/or maintenance of cellular homeostasis under stress 
conditions. In this thesis we have further explored the role of FOXOs in homeostatic responses, including 
genomic stability and metabolic homeostasis and we have identified novel FOXO-regulated processes.

Homeostasis and disease

Homeostasis is defined as the ability of a biological system, e.g. cell, organ or organism to maintain a relative 
constant and stable internal environment through the establishment of a dynamic equilibrium of various 
parameters (pH, nutrients, protein content etc). When one of the system parameters changes, the system 
responds by changing other parameter(s) to either return to the previously established equilibrium or to 
transit to a new equilibrium. The proper function of an organism is intimately linked to the maintenance of 
homeostasis, as the inability to maintain homeostasis directly results in a diseased state. For example, at the 
organismal level insulin secretion is maintained under strict control to ensure glucose availability to all cells 
and also to prevent hypo- or hyperglycemic conditions, even at periods of prolonged fasting; any inability to 
maintain insulin homeostasis results in diabetes.
At the cellular level, homeostasis is linked to the maintenance and stability of all cellular constituents 
including DNA, proteins and lipids, as well as ions and metabolites (3-7). Importantly, especially within the 
context of FOXOs, which are the subject of this thesis, homeostasis of all cellular constituents is intrinsically 
linked to the control of redox homeostasis; that is the maintenance of intracellular reactive oxygen species 
(ROS) levels to a certain threshold. ROS perform a role in cell signaling when in low levels (reviewed in (8-10)) 
however their increased accumulation is the prime cause of damage to cellular constituents such as DNA, 
proteins and lipids. Therefore ROS pose a continuous challenge to the homeostasis of these constituents. 

As described in Chapter 1, disturbance of organismal but also cellular and molecular homeostasis is 
associated with aging and aging-associated diseases, such as cancer and diabetes. Cancer is often driven by 
increased genomic instability and is characterized by uncontrolled cellular proliferation without concomitant 
increase in cellular clearance. Other hallmarks of cancer are increased redox stress and metabolic changes 
(11). Diabetes, another aging-associated disease, is also linked to disturbance in both organismal and cellular 
homeostasis; decreased insulin excretion by the pancreatic β-cells or decreased sensitivity of the peripheral 
cells to insulin are hallmarks of diabetes (12). Other age-associated diseases are linked to disturbance 
of protein homeostasis, as for example Alzheimer´s and Hudington´s disease (13, 14), or, as discussed in 
Chapter 4, several neurodegenerative diseases, including Parkinson´s disease, are caused by a disturbance 
in the rate of mitochondrial clearance (15). 

FOXOs are involved in the maintenance of genomic stability by transcription-dependent and 

independent mechanisms 

The cellular genetic material is constantly attacked by both intra- and extra-cellular insults, for example 
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metabolic by-products like ROS or ultraviolet irradiation (16, 17). The induced DNA lesions range from base 
modifications, to single and double strand DNA breaks and are particularly deleterious for the cell, as they 
can result to either mutagenic events or to gross genomic region duplications, depletions or translocations 
(17). This ultimately results in the production of mutated peptides and proteins with altered functions or 
in the imbalanced cellular genomic content of the daughter cells. Disturbance of genomic homeostasis is 
linked to both cancer and aging (17). Cells have evolved a number of processes for the surveillance and 
repair of genomic DNA damage, including Base Excision Repair (BER), Nucleotide Excision Repair (NER), 
Mismatch Repair (MMR), Non-Homologous End Joining (NHEJ) and Homologous Recombination (HR). The 
aforementioned repair pathways differ not only on the relative DNA lesions upon which they function but 
also on their fidelity. For example NHEJ and HR are both involved in the repair of double-strand breaks 
(DSBs) however NHEJ results in a rapid reconnection of the broken DNA ends that is particularly error-prone , 
whereas HR is essentially an error-free repair system (18, 19). Efficient DNA repair has important implications 
in the aging process; according to the “DNA damage theory of aging” accrual of DNA lesions is a leading 
cause of aging and aging-associated pathologies. Aging tissues have higher levels of DNA damage both at the 
nuclear and mitochondrial DNA (20, 21) and also tissue regeneration by stem cells is less efficient with aging, 
on the account of DNA damage accrual (22). Interestingly however this connection still remains “one-sided”, 
since it was never convincingly shown that more efficient DNA repair results in increased longevity. FOXOs 
are established longevity factors (reviewed in Chapter 1) and in Chapter 2 we show that FOXOs promote 
error-free DNA repair, suggesting for the first time a potential positive linkage between DNA repair and 
prolonged longevity. 
Recent advances have revealed a significant contribution of the chromatin landscape on DNA repair pathway 
choice and repair fidelity (reviewed in (23)). This is better portrayed by the "Access-Repair-Restore" dogma 
(23, 24). According to this, DNA repair involves three steps: (i) induction of epigenetics changes to allow 
chromatin relaxation and accessibility of repair factors, (ii) lesion repair and (iii) re-establishment of the 
chromatin landscape as prior to damage. Interestingly, around DNA lesions chromatin acquires epigenetic 
marks, including phosphorylation, methylation and ubiquitilation that are associated with transcriptional 
silencing (25). This transcriptional silencing is also illustrated by the results we describe in Addendum; 
the global gene expression analysis we performed after DNA damage identified a significant number of 
downregulated genes, again suggesting a major shutdown of gene expression after DNA damage. However, 
and seemingly counterintuitive, several proteins involved in the regulation or execution of transcriptional 
programs have been identified as important mediators of the DNA damage response and the maintenance of 
genomic stability (e.g. TRRAP, LEDGF, INO80, SIRT1, SIRT6 etc.) (26-30). How could this seemingly conflicting 
observation be reconciled? In Chapter 2 we describe in detail the function of FOXOs in response to DSBs, 
which is independent of their established role in gene transactivation. FOXOs, by regulating the deposition 
of acetyl- marks on the histone tails proximal to the DSB, regulate the choice of HR over NHEJ for DSBs 
repair. Therefore, FOXOs fine-tune the response for the maintenance of genomic stability in cycling cells, 
by mediating epigenetic changes. Based on the above, we propose that the ability of transcription factors 
to recruit proteins involved in chromatin regulation for transcription, also supports most of the epigenetic 
changes associated with DNA repair. From the perspective of evolution, this appears a more advantageous 
strategy, rather than ‘reinventing the wheel’ for chromatin alterations, in response to DNA damage. 
Obviously, this begs the question as to how unique FOXO transcription factors are, in their role of mediating 
DNA repair. In fact, studies have suggested a direct involvement of NF-kappa B and p53 to the repair of DSBs 
(31, 32), albeit towards different directions (NF-kappa B activates and p53 inhibits HR) and by still unknown 
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mechanisms. Additionally, the role of FOXOs in promoting HR suggests a potential involvement in other 
processes as well, for example alternative lengthening of telomeres (ALT) for the maintenance of telomeric 
length independent of the telomerase status (33).
FOXOs appear to mediate genomic stability also by transcription-dependent mechanisms. In quiescent cells 
FOXOs play a protective role in genomic stability by mediating the maintenance of their quiescent state 
(34). Thereby, FOXOs contribute to the protection of these cells from replication-induced genotoxic stress. 
Additionally, FOXOs are involved in the protection/repair of mtDNA by ROS-induced damage (Chapter 4). This 
role of FOXOs appears to be linked to the transcriptional regulation of the mitochondria-resident proteins 
TFAM and TDP1 although other, direct, roles cannot be excluded. In fact, recent studies have suggested that 
FOXO members also reside in the mitochondrial matrix (35, 36). We have not acquired any data that are in 
direct support of this observation however it would be particularly interesting to study whether FOXOs can 
also regulate mtDNA stability by direct functions, even though mtDNA is naked from histones. 

FOXOs mediate novel aspects of redox homeostasis

Reactive oxygen species have diverse roles in the cell, largely depending on their relative abundance. It 
is established that low levels of ROS are required for cellular signaling, whereas an increase in ROS levels 
above a threshold can result in damage in cellular constituents including proteins, lipids and DNA (8, 10). 
FOXOs are strongly linked to the maintenance of the cellular redox status. They rapidly respond  to changes 
in redox levels via the formation of inter-molecular disulfide bridges (37) and regulate the transactivation of 
components of redox detoxification systems, including the mitochondrial resident manganese superoxide 
dismutase (MnSOD) and Peroxiredoxin 3, the nuclear Sestrin 3, the peroxisomal catalase and the extracellular 
Selenoprotein P (38-41). FOXOs maintain the redox levels in the aforementioned cellular compartments, 
thereby contributing to the “healthy” ROS signaling. Moreover, they protect nuclear and mitochondrial DNA, 
as well as other cellular constituents from ROS-induced damage. Whether FOXOs contribute to cytosolic ROS 
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Figure 1. FOXO regulate the redox homeostasis in different sub-cellular compartments. FOXO regulate the transcription 
of genes involved in redox detoxification systems that function in mitochondria (MnSOD and PRDX3), peroxisomes 
(catalase), nucleus (SESN3) and extracellularly (SelP). FOXOs are also involved in redox homeostasis indirectly, by 
mediating the transcription of IDH1 and factors ensuring mitochondrial function and integrity (UCP2, TFAM, TDP1 and 
PINK1).
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detoxification as well, was elusive until now. 
In this thesis we further describe other layers of FOXO contribution to the maintenance of redox homeostasis 
(summarized in Figure 1). In Chapter 3, we link FOXOs to the regulation of cytosolic ROS detoxification. 
We describe the transcriptional regulation of isocitrate dehydrogenase 1 (IDH1) by FOXO and we further 
show that in the absence of FOXOs the functional output of IDH1 is severely impaired. As a result, cells 
in which FOXOs are absent or inhibited, are characterized by a reduced ratio of NADPH/NADP+. NADPH 
offers reductive power for the glutathione system (GSH-GSSG), the main ROS detoxifying system operating 
in the cytosol, and in FOXO depleted cells we find impaired levels of reduced glutathione. This is expected 
to have important implications for biosynthetic processes such as DNA and protein synthesis, as well as for 
intracellular trafficking (e.g. amino acid transport) and signaling. In Chapter 4 we show that FOXOs, apart from 
their roles in ROS detoxification, also mediate the reduced production/leakage of ROS from mitochondria. 
We identify the contribution of FOXOs to the regulation of mitochondrial ROS and mtDNA stability and also 
in the turnover of dysfunctional mitochondria; all these processes are important for the maintenance of 
mitochondrial ROS and the inhibition of their aberrant generation.

Metabolic pathways under FOXO control

FOXOs function downstream of the PI3K/PKB pathway to regulate metabolic processes associated with insulin 
and nutrients deprivation. Under these conditions, FOXOs mediate the transcription of genes involved in the 
inhibition of glucose oxidation (e.g. PDK4), the activation of gluconeogenesis (e.g. G6Pase, PEPCK) and lipid 
oxidation (e.g. LPL) and the feedback activation of insulin sensitivity (e.g. IRS2) (42). All the above constitute 
a metabolic response to glucose limitation, while increasing cellular insulin sensitivity. 
In Chapter 3 we uncover novel metabolic functions of FOXO, mediated by their transcriptional target IDH1. 
IDH1 is involved in the conversion of isocitrate to α-ketoglutarate (α-KG) and is thereby important for the 
function of α-KG dependent enzymes, including epigenetic regulators such as the TET proteins (43). Therefore, 
by the regulation of IDH1, FOXOs maintain the cytosolic levels of α-KG and mediate processes linked to 
cell differentiation and tumor suppression (43). The inverse reaction, which is the conversion of α-KG to 
isocitrate, occurs when cells grow under hypoxic conditions or with severely compromised mitochondria. 
This is an anaplerotic reaction, for the replenishing of citrate intracellular levels; citrate is required for 
the generation of acetyl-coA that is then used for de novo lipid biosynthesis or in cellular signaling. Based 
on our findings that FOXOs regulate IDH1 levels under hypoxic conditions, we propose FOXOs as critical 
metabolic regulators for the maintenance of cellular signaling and the survival and proliferation of cells 
grown in hypoxia. Furthermore, in Chapter 4 we describe the involvement of FOXOs in the maintenance of 
mitochondrial function and integrity; several metabolic processes, including the TCA cycle occur within the 
mitochondria and are thereby indirectly modulated by FOXO.  Indeed, our findings implicate FOXOs in the 
regulation of mitochondrial OXPHOS and ATP production, possibly by the transcriptional regulation of TFAM. 
TFAM is involved not only in the maintenance of mtDNA integrity but also in the transcription of mtDNA-
encoded genes (44), some of which show impaired expression in FOXO-depleted cells. Intriguingly, FOXOs 
have been previously suggested to negatively regulate mitochondrial biosynthesis and function (45, 46). 
We propose that, within the homeostasis context in which FOXOs function, their imprint on mitochondrial 
function may differ. For instance, in hypoxic conditions FOXOs contribute to the inhibition of the deleterious 
under these conditions mitochondrial function (46), yet under conditions of ambient oxygen and sufficient 
growth factor supply, FOXOs function to ensure the optimal mitochondrial function (Chapter 4). 
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Multifaceted roles of FOXOs in cancer and aging

Aging is associated with the disturbance of cellular and eventually organismal homeostasis. Increased 
cellular loss by apoptosis and senescence is not accompanied by replenishing of the lost cells, resulting in 
tissue degeneration and dysfunction (reviewed in Chapter 1). Moreover, aging-associated disorders stem 
from disturbed cellular homeostasis, cancer being one of them. Interestingly, whereas cancer is triggered by 
the loss of homeostasis, cancer cells will try to re-establish homeostasis eventually, to ensure their long-term 
survival. For example, in breast cancer cells with BRCA1 deletion a concomitant depletion of 53BP1 often 
occurs, resulting in increased error-free DNA repair and thereby functioning as a brake to prevent excessive 
genomic instability (47, 48). 

FOXOs are de facto homeostatic regulators mediating the responses to metabolic, redox and genotoxic 
stress (reviewed in (2)) (Figure 2). In this thesis we further uncover novel mechanisms of FOXO-dependent 
homeostatic regulation, as in Chapter 2 we show that FOXOs mediate the error-free repair of DSBs and 
in Chapters 3 and 4 we uncover new roles in redox and metabolic homeostasis. All in all, FOXOs, which 
are established tumor suppressors (49), appear to inhibit tumor initiation by mediating genomic and redox 
stability. Interestingly however, in the context of homeostasis re-establishment by cancer cells, FOXOs are 
often activated to mediate similar homeostatic functions and thereby protect these same cancer cells 
(50). Also in this thesis, we find FOXOs to exhibit similar multifaceted contributions to tumor suppression/
promotion (model for FOXO dual function in Figure 3). FOXOs mediate HR repair not only in untransformed 
cells but also in fast proliferating cancer cells, thereby contributing to their survival under conditions of 
genotoxic stress (Chapter 2). In Chapter 3 we identify that regulation of IDH1 transcription by FOXOs 
establishes them as critical regulators for the proliferation of mutant IDH1 tumor cells and also as important 
mediators for the survival and proliferation of cells grown in hypoxic conditions, such as the ones suggested 
to operate within solid tumors. Finally, even though cancer cells are known to generate energy and “building 
blocks” to meet their needs mainly by the pathway of aerobic glycolysis (Warburg effect), they also have 
active mitochondrial metabolism and therefore mitochondria homeostasis is crucial for cancer cells as well 

Figure 2. FOXOs mediate cellular and molecular homeostasis in multiple ways. Depicted are the main processes by 
which FOXOs contribute to DNA, protein, redox and metabolic homeostasis. 
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Figure 3. FOXO dual role in tumor suppression and tumor promotion. FOXOs act as homeostatic regulators in normal, as 
well as diseased (e.g. cancer) cells by alleviating stress and promoting restoration of the equilibrium to the original state.

(51, 52). FOXOs, by mediating the maintenance of mitochondrial integrity (Chapter 4), play a critical role 
not only to meet the energy requirements of cancer cells but also for the maintenance of the intracellular 
redox status in these cells. Interestingly, cancer cells can be particularly vulnerable to additional increases in 
cellular redox and the action of several anti-cancer agents relies on such a further increase in ROS (53, 54). 

Perspectives

In conclusion, maintenance of cellular homeostasis is crucial for the survival of both untransformed, normal 
cells and cancer cells. However, due to the inherent genomic and metabolic differences between these two 
cell types, the enforced homeostatic responses are expected to have also differing underlying mechanisms 
between these cells. It is awaited, for example, whether the ROS detoxifying mechanisms that act within 
untransformed cells to efficiently lower intracellular ROS to the threshold of “healthy” signaling, will equally 
perform in transformed cells with an inherently higher redox status, or whether cancer cells have additional 
mechanisms to maintain their redox balance. The possibility of equal or distant homeostatic mechanisms 
between cancer cells and normal cells is important to consider, when designing novel targeted therapies. 
Understanding how the relative balances in cancer cells are established will provide rationale to selectively 
disturb them to a level that homeostasis can no longer be achieved. Moreover, targeting this way the Achilles’ 
heel of transformed cells will ensure the survival of the “healthy” cells, thereby providing a favorable cost-
effective ratio. In this context, gaining an understanding of the multifaceted role of FOXOs in cancer and 
aging is of particular importance. 
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Nederlandse Samenvatting

De term homeostase beschrijft een reeks processen die als doel hebben de balans in elke cel van het lichaam 
te handhaven. Het behoud van homeostase is essentieel voor het overleven en de werking van het lichaam. 
Verstoringen van dit evenwicht zijn geassocieerd met verschillende ziektes. Veroudering en kanker zijn 
twee voorbeelden die onlosmakelijk verbonden zijn met de verstoring van de homeostase (samenvatting in 
Hoofdstuk 1). 
Het menselijk lichaam bestaat uit miljoenen cellen. Elke cel kan weer worden onderverdeeld in functionele 
compartimenten die verantwoordelijk zijn voor het uitvoeren van specifieke functies. Eén voorbeeld 
is de kern, het organisatorische centrum of “het brein” van de cel, die het genetische materiaal van de 
cel (desoxyribonucleïnezuur - DNA) bevat. De informatie die het DNA bevat wordt door de cel gebruikt 
voor de synthese van eiwitten. Het proces van eiwitsynthese omvat enkele stappen: ( i ) met behulp van 
speciale eiwitten, genaamd transcriptiefactoren, wordt de DNA als template gebruikt om ribonucleïnezuur 
(RNA) te maken ( ii ) vervolgens wordt in ribosomen (specifieke organellen in het cytoplasma) het RNA 
vertaald naar eiwitten (Figuur 1A). Uit studies in diermodellen is gebleken dat FOXO (FOXO1, FOXO3 en 
FOXO4) transcriptiefactoren een belangrijk rol spelen in de remming van kanker en het vertragen van het 
verouderingsproces. Deze eiwitten zijn het onderwerp van dit proefschrift.
Elke wijziging in de genetische code (mutaties in of breuken in het dubbelstrengs DNA) kan leiden tot 
veranderingen in de eiwitsynthese of verminderde of gewijzigde functionaliteit van eiwitten. Uiteindelijk 
kan dit leiden tot aandoeningen zoals kanker of veroudering. Omdat onze cellen voortdurend worden 
blootgesteld aan factoren (UV, oxidatieve stress, chemicaliën en andere omgevingsfactoren) die het DNA 
kunnen wijzigen en/of beschadigen, zijn verschillende mechanismen ontwikkeld om die schade te herstellen 
(Figuur 1B). In Hoofdstuk 2 van dit proefschrift beschrijven wij een nieuwe functie van FOXO die te maken 
heeft met het repareren van schade aan het erfelijk materiaal, namelijk dubbelstrengs breuken in het DNA. 
Het interessante van dit mechanisme is dat het onafhankelijk werkt van de transcriptie van genen.
In het addendum analyseren we de genen die tot expressie komen in FOXO deficiënte cellen. Verder 
beschrijven wij een aantal genen waarvan de expressie afhankelijk is van de FOXO transcriptie factoren, 
waaronder vele genen betrokken bij de stofwisseling. In de Hoofdstukken 3 en 4 gaan we verder in op de 
genen die betrokken zijn bij de stofwisseling en beschrijven we nieuwe rollen van FOXO bij het handhaven 
van de metabole homeostase.
Hoofdstuk 3 gaat over het gen coderend voor het enzymeiwit IDH1 (isocitraat dehydrogenase), een nieuw 
transcriptioneel target van FOXO. IDH1 is in ongeveer 70 % van gliomen gemuteerd en in kleinere hoeveelheden 
in andere soorten kanker, waardoor dit gen een "oncogen" word genoemd. Wij hebben gevonden dat FOXO 
belangrijk is voor de transcriptie van IDH1, zowel van het wildtype als van het mutante gen. Verder hebben 
wij vastgesteld dat FOXO noodzakelijk is voor het goede verloop van stofwisselingsprocessen gecontroleerd 
door IDH1 en daarmee de groei van cellen onder hypoxische omstandigheden.
In Hoofdstuk 4 bestuderen we de rol van FOXO in de mitochondriën. De mitochondriën samen vormen 
het "energiecentrum" of "hart" van de cel. Koolhydraten en vetten worden getransporteert naar de 
mitochondriën; hier worden ze gebruikt als brandstof om energie voor de cel te maken (Figuur 1C). Het 
interessante van mitochondriën is dat ze hun eigen genetisch materiaal hebben, het mitochondriaal DNA. In 
FOXO deficiëntie cellen observeren wij accumulatie van disfunctionele mitochondriën. Ze zijn disfunctioneel 
vanwege een verhoogde uitstroom van vrije zuurstof radicalen (oxidatieve stress), schade aan mitochondriaal 
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Figuur 1 (A) Cellen met de functionele compartimenten. De kern die het genetisch materiaal (DNA) bevat en het 
cytoplasma met ribosomen voor de synthese van eiwitten en mitochondriën voor energieproductie. In de kern wordt 
DNA  als sjabloon gebruikt om RNA te maken, vervolgens gaat het RNA naar het cytoplasma voor translatie van het 
eiwit waar het voor codeert (B) Het genetisch materiaal is kwetsbaar voor schade veroorzaakt door factoren uit het 
externe en interne milieu van de cel. Specifieke eiwitten herkennen deze schade om die vervolgens te herstellen (C) De 
mitochondriën vormen het energiecentrum van de cel. Brandstoffen worden naar de mitochondriën vervoerd en worden 
in de metabole processen gebruikt om energie en bouwmaterialen voor de cel te produceren.

DNA en een verminderde productie van energie uit de beschikbare brandstof. Ook zien we een verminderd 
vermogen van cellen om disfunctionele mitochondriën op te ruimen.
Kortom, de in dit proefschrift beschreven bevindingen tonen de belangrijke bijdrage van FOXO aan in het 
handhaven van de homeostase (zie Hoofdstuk 5 voor uitgebreide bespreking van de resultaten). Tegelijkertijd 
beschrijven wij voor het eerst een "dubbele" rol van FOXO. Zoals eerder beschreven, is FOXO geassocieerd 
met de remming van kanker, maar handhaving van de genomische en de metabole homeostase helpt juist 
bij het overleven van kankercellen. Verder fungeert FOXO ook als oncogen door de transcriptie van mutant 
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IDH1. Identificatie van de mechanismen die de activiteit van FOXO in verschillende cellulaire omgevingen 
(normale versus kankercellen) regelen kan bijzonder gunstig voor het ontwerpen van geneesmiddelen met 
selectieve werking en effectieve behandeling van kanker.



141

Appendices

Greek summary - Συνοψη στα Ελληνικα

Ο όρος ομοιόσταση περιγράφει μια σειρά από διαδικασίες που διασφαλίζουν την διατήρηση της ισορροπίας 
στα κύτταρα και τον οργανισμό. Η διατήρηση της ομοιόστασης είναι απαραίτητη για την επιβίωση και 
τη σωστή λειτουργία του οργανισμού. Οποιαδήποτε διαταραχή της ομοιόστασης συνδέεται με ασθένεια∙ 
για παράδειγμα η γήρανση και ο καρκίνος είναι άρρηκτα συνδεδεμένα με τη διαταραχή της ομοιόστασης 
(ανασκόπηση βιβλιογραφίας στο Κεφάλαιο 1). 
Το ανθρώπινο σώμα αποτελείται από εκατομμύρια κύτταρα. Το κάθε κύτταρο με την σειρά του είναι 
οργανωμένο σε λειτουργικά μέρη, υπεύθυνα για την τέλεση συγκεκριμένων ρόλων. Για παράδειγμα, το 
«οργανωτικό κέντρο» ή «εγκέφαλος» του κυττάρου είναι ο πυρήνας, ο οποίος περιέχει τις γενετικό υλικό 
του κυττάρου (δεοξυριβονουκλεϊκό οξύ-DNA). Στο DNA είναι εντυπωμένες οι γενετικές πληροφορίες για 
την σύνθεση των πρωτεϊνών του κυττάρου, με την μορφή κώδικα. Η διαδικασία της πρωτεϊνοσύνθεσης 
περιλαμβάνει ορισμένα διακριτά βήματα (i) οι γενετικές πληροφορίες μεταγράφονται από το DNA σε 
ριβονουκλεϊκό οξύ (RNA) με τη βοήθεια εξειδικευμένων πρωτεϊνών , των λεγόμενων «μεταγραφικών 
παραγόντων», (ii) το RNA μεταφράζεται σε πρωτεΐνη στο κυτταρόπλασμα σε ειδικά οργανίδια, τα 
ριβοσώματα (Εικόνα 1Α). Οι FOXO πρωτεΐνες (FOXO1, FOXO3 και FOXO4), οι οποίες αποτελούν το θέμα 
αυτής της διατριβής, είναι μεταγραφικοί παράγοντες. Η δράση των FOXO είναι συνδεδεμένη με την 
παρεμπόδιση της καρκινογένεσης αλλά και την καθυστέρηση της διαδικασίας γήρανσης, όπως αυτό 
προκύπτει από μελέτες σε ζώα-μοντέλα. 
Οποιαδήποτε αλλοίωση του γενετικού κώδικα (μεταλλάξεις ή σπασίματα της διπλής έλικας του DNA) μπορεί 
να οδηγήσει είτε στην μη παραγωγή πρωτεϊνης είτε στην σύνθεση πρωτεϊνών με μειωμένη ή αλλοιωμένη 
λειτουργικότητα. Εν τέλει, μπορεί να οδηγήσει σε καταστάσεις όπως ο καρκίνος ή η γήρανση. Δεδομένου 
ότι τα κύτταρά μας είναι διαρκώς εκτεθειμένα σε παράγοντες που αλλοιώνουν το DNA (UV, οξειδωτικό 
στρες, χημικές ενώσεις και άλλοι περιβαλλοντικοί παράγοντες), διάφοροι μηχανισμοί επιδιόρθωσης της 
ζημιάς έχουν εξελιχθεί (Εικόνα 1Β). Στο Κεφάλαιο 2 αυτής της διατριβής περιγράφουμε μία νέα λειτουργία 
των FOXO, στην επιδιόρθωση ζημιάς στο γενετικό υλικό και συγκεκριμένα σπασιμάτων στην διπλή έλικα του 
DNA. Ιδιαίτερο ενδιαφέρον παρουσιάζει το γεγονός  ότι ο μηχανισμός που περιγράφουμε είναι ανεξάρτητος 
από γονιδιακή μεταγραφή. 
Στο Παράρτημα περιγράφουμε μια ανάλυση της γονιδιακής έκφρασης κυττάρων που είναι ελλειμματικά 
στις FOXO. Περιγράφουμε έναν αριθμό γονιδίων των οποίων η έκφραση εξαρτάται από τις FOXO, ανάμεσα 
στα οποία πολλά γονίδια που σχετίζονται με τον μεταβολισμό. Στα Κεφάλαια 3 και 4 εντρυφούμε περαιτέρω 
σε αυτούς τους μεταγραφικούς στόχους και περιγράφουμε νέους ρόλους των FOXO στη διατήρηση της 
μεταβολικής ομοιόστασης. 
Στο Κεφάλαιο 3 περιγράφουμε έναν νέο μεταγραφικό στόχο των FOXO, το γονίδιο που κωδικοποιεί την 
πρωτεΐνη-ένζυμο IDH1 (ισοκιτρική δεϋδρογονάση). Μεταλλάξεις στο γονίδιο IDH1 ανευρίσκονται περίπου 
στο 70% των γλοιωμάτων, καθώς και, σε μικρότερα ποσοστά, σε άλλους τύπους καρκίνου, καθιστώντας 
το γονίδιο αυτό «ογκογονίδιο». Βρίσκουμε τις FOXO απαραίτητες για την μεταγραφή της IDH1, τόσο του 
άγριου τύπου, όσο και του μεταλλαγμένου γονιδίου. Επίσης δείχνουμε ότι οι FOXO είναι απαραίτητες 
για τις μεταβολικές διαδικασίες που ελέγχονται από την IDH1 και κατά συνέπεια για την ανάπτυξη των 
κυττάρων κάτω από συνθήκες υποξίας. 
Στο Κεφάλαιο 4 μελετάμε τον ρόλο των FOXO  στη λειτουργία των μιτοχονδρίων. Τα μιτοχόνδρια αποτελούν 
το «ενεργειακό κέντρο» ή την «καρδιά» του κυττάρου. Καύσιμα με την μορφή υδρογονανθράκων ή 
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λιπιδίων μεταφέρονται και εισέρχονται στα μιτοχόνδρια, όπου συμμετέχουν σε μεταβολικές διαδικασίες 
που καταλήγουν στην παραγωγή ενέργειας και στην αποδόμηση των «καυσίμων» στα δομικά τους υλικά 
για την διάθεσή τους σε αναβολικές διαδικασίες του κυττάρου (Εικόνα 1Γ). Ενδιαφέρον είναι το γεγονός 
ότι τα μιτοχόνδρια διαθέτουν το δικό τους γενετικό υλικό, το μιτοχονδριακό DNA. Σε κύτταρα ελλειμματικά 
στις FOXO παρατηρούμε συσσώρευση δυσλειτουργικών μιτοχονδρίων με αυξημένη εκροή ενεργών ριζών 
οξυγόνου (οξειδωτικό στρες), αυξημένη ζημιά του μιτοχονδριακού DNA, καθώς και μειωμένη παραγωγή 
ενέργειας από τα διαθέσιμα καύσιμα. Επίσης, παρατηρούμε μειωμένη ικανότητα εκκαθάρισης των 

Εικόνα 1. (Α) Κύτταρο με τα λειτουργικά του τμήματα: ο πυρήνας που περιέχει το γενετικό υλικό (DNA) και το 
κυτταρόπλασμα, που περιέχει τα ριβοσώματα για την σύνθεση των πρωτεϊνών και τα μιτοχόνδρια για την παραγωγή 
ενέργειας. Το DNA πρώτα μεταγράφεται σε RNA μέσα στον πυρήνα και στη συνέχεια το RNA μεταφέρεται στο 
κυτταρόπλασμα για την μετάφραση των πρωτεϊνών (Β) Το γενετικό υλικό είναι ευάλωτο για ζημιά από περιβαλλοντικούς 
και ενδογενείς παράγοντες. Ειδικές πρωτεΐνες αναγνωρίζουν και επιδιορθώνουν τη ζημιά, ώστε το γενετικό υλικό να 
επανέλθει στην πρότερη κατάσταση (Γ) Το μιτοχόνδριο αποτελεί το ενεργειακό κέντρο του κυττάρου. Καύσιμα εισέρχονται 
στα μιτοχόνδρια και χρησιμοποιούνται σε μεταβολικές διαδικασίες για την παραγωγή ενέργειας και δομικών υλικών.
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δυσλειτουργικών μιτοχονδρίων. 
Συμπερασματικά, τα ευρήματα που περιγράφονται σε αυτή τη διατριβή καταδεικνύουν την σημαντική 
συνεισφορά των FOXO πρωτεϊνών στην διατήρηση της ομοιόστασης (εκτεταμένη συζήτηση των 
αποτελεσμάτων στο Κεφάλαιο 5). Ταυτόχρονα, για πρώτη φορά περιγράφουμε έναν «διττό» ρόλο για τις 
FOXO, οι οποίες, ενώ, όπως αναφέρθηκε νωρίτερα, είναι εδραιωμένοι αντικαρκινικοί παράγοντες, κάτω 
από συγκεκριμένες συνθήκες μπορούν να δρουν ως ογκοπρωτεΐνες. Αναγνώριση των μηχανισμών που 
ρυθμίζουν τη δράση των FOXO σε διαφορετικά κυτταρικά περιβάλλοντα (φυσιολογικά έναντι καρκινικών 
κυττάρων) θα μπορούσε να αποβεί ιδιαίτερα πλεονεκτική για τον σχεδιασμό φαρμάκων με εκλεκτική 
δράση και την αποτελεσματικότερη αντιμετώπιση του καρκίνου.
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