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Abstract

The evolutionarily conserved Forkhead box O (FOXO) family of transcription factors regulates multiple tran-
scriptional targets involved in various cellular processes, including proliferation, stress resistance, apoptosis, and
metabolism. Target gene regulation appears to be controlled in a cell-type-specific manner due to association of
FOXO isoforms with specific cofactors. Many of the cellular processes modulated by FOXO are themselves
deregulated in tumorigenesis, and deletion of Foxo genes has demonstrated that these transcription factors
function as tumor suppressors. Our understanding of the regulation of FOXO activity, and defining specific
transcriptional targets, may provide clues to the molecular mechanisms controlling cell fate decisions. In this
review we describe the functional consequences of FOXO activation based on our current knowledge of tran-

scriptional targets. Antioxid. Redox Signal. 14, 579-592.

Introduction

THE FORKHEAD TRANSCRIPTION FACTOR family is charac-
terized by a winged-helix DNA binding motif, the fork-
head domain [reviewed in (68)], and the subfamily of
Forkhead box O (FOXO) has been defined on the basis of
sequence homology within this domain. A single FOXO
transcription factor has been identified in both the nematode
worm Caenorhabditis elegans, termed DAF-16 (abnormal dauer
formation protein 16), and in the fruit fly, Drosophila melano-
gaster; named dFOXO. In mammalian cells, four FOXO or-
thologs have now been identified and characterized: FOXO1,
FOXO03, FOX04, and FOX0O6. FOXO1, FOXO3, and FOX0O4
are relatively ubiquitously expressed, with FOXO1 expression
being the highest in adipose tissue, FOXO3 is being pre-
dominantly expressed in heart, brain, kidneys, and ovaries,
and FOXO4 showing highest expression in muscle and heart
tissue (4, 9, 31). FOXO6 appears to be uniquely expressed in
brain, but whether it is also expressed in additional tissues
remains unclear (44).

Alignment of amino acid sequence of FOXO proteins with
other members of the larger group of forkhead transcription
factors reveals that the DNA binding domain (DBD) is highly
conserved (Fig. 1). Due to this, all FOXOs share a similar
DNA binding specificity, with the core binding motif being
defined as TTGTTTAC (32). The DNA binding domain
of FOXOs consists of three a-helices (H1, H2, and H3), three
p-strands (S1, S2, and S3), and two wing-like loops (W1 and

W2). Crystallization of the FOXO4 DBD bound to DNA has
revealed that FOXOs bind DNA through multiple interac-
tions within the N-terminal region, the second wing, and the
third helix (11). FOXOs can function both as transcriptional
activators and repressors, probably depending on the range
of associated cofactors that they recruit upon DNA binding.
Growth factors, cytokines, and hormones negatively regu-
late FOXO transcriptional activity through inhibitory phos-
phorylation predominantly mediated by protein kinase B
(PKB/c-akt) (13, 54). This phosphorylation inactivates
FOXOs by recruiting 14-3-3 proteins, which prevent DNA
binding and inhibit nuclear import (Fig. 2) [reviewed in (68)].
In addition to PKB, several other protein kinases have been
identified that induce the cytoplasmic relocalization of
FOXOs, including serum- and glucocorticoid-inducible
kinase, cyclin-dependent kinase-2 (CDK2), and IxB kinase
(14, 40, 41).

Deletion of the Foxo alleles in mice has revealed both
redundant as well as isoform specific functions of FOXO1,
FOXO3, and FOXO4 (Table 1). Deletion of Foxol is lethal
due to incomplete vascular development (39). However,
Fox03~/~ mice were found to be viable, but exhibited lym-
phoproliferation and widespread organ inflammation due
to hyperactivated helper T cells (56). Further examination in
female mice revealed an age-dependent infertility due to
global ovarian follicle activation, resulting in early oocyte
depletion (16, 39). In contrast, for Foxo4~/~ mice no phe-
notype has yet been detected (39). The recent generation of
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an inducible Foxol™/~, Foxo3~/~, and Foxo4™/~ mouse
model has revealed redundant roles for FOXOs in both
oncogenesis and stem cell homeostasis. Conditional dele-
tion of Foxo1, Foxo3, and Foxo4 results in the development of
lymphoblastic thymic lymphomas and hemangiomas,
demonstrating that FOXOs act as true functional tumor
suppressors (72). Analysis of the hematopoietic system after
loss of Foxol, Foxo3, and Foxo4 revealed increased numbers
of myeloid progenitors in peripheral blood, whereas in the
bone marrow the number of hematopoietic stem cells
(HSCs) was reduced. Further analysis revealed that FOXOs
were required for HSC renewal by decreasing levels of re-
active oxygen species (ROS) (99). Further, conditional de-
letion of Foxol, Foxo3, and Foxo4 has a similar effect on
neural stem cells (NSCs) (71). Foxo-deficient mice demon-
strated a decline in the NSC pool, due to increased prolif-
eration and loss of self-renewal, indicating that FOXOs may
play a critical general role in stem cell homeostasis. Sur-
prisingly, similar effects have also revcently been reported
in mice deficient for Foxo3 (80).

Over the last decade, a plethora of studies have demon-
strated that FOXOs play critical roles in a wide variety of
cellular processes, including proliferation, apoptosis, autop-
hagy, metabolism, inflammation, differentiation, and stress
resistance (Table 2). This review focuses on the functional

consequences of FOXO activation based on our current
knowledge of regulation of transcriptional targets.

Regulation of Proliferation Through Induction
of Cell Cycle Arrest

One of the functions initially attributed to FOXO activation
is the regulation of cell cycle progression (Fig. 3). FOXOs have
been shown to modulate both the G1-S transition and the G2-M
phase by coordinating expression of multiple important cell
cycle regulators [reviewed in (38)]. Ectopic expression of con-
stitutively active FOXO4, in which the inhibitory phosphory-
lation sites are mutated, induces a G1 cell cycle arrest in Al4,
U208, and Jurkat cells, which is dependent on expression of the
cell cycle inhibitor p27 (61). The cell cycle is regulated by the
coordinated activation of multiple cyclin/CDKs, which phos-
phorylate and regulate multiple substrates that are essential for
cell cycle progression. p27 is a member of the Cip/Kip family of
CDK inhibitors together with p21 and p57 and binds to both
cyclin and CDK subunits inhibiting the activities of cyclin D-,
E-, and A-CDK complexes [reviewed in (8)]. Use of promoter
luciferase reporter assays demonstrated that p27 expression
was regulated through direct FOXO4-mediated transcription
(61). Cytokines are regulators of proliferation and survival of
hematopoietic cells and cytokine deprivation will often result

FIG. 2. Regulation of FOXOs is con-
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TABLE 1. PHENOTYPES OF FORKHEAD Box O KNockouT MICE

Lethal due to incomplete vascular development

Restored insulin sensitivity and rescued diabetic phenotype in InsR mutant mice
Reversed f-cell failure in mice lacking Insulin receptor substrate 2 (Irs2~/7)
Age-dependent infertility due to global ovarian follicle activation resulting in

Lymphoproliferation and widespread organ inflammation due to hyperactivated

Decline in neural stem cell pool due to increased proliferation and loss

Hosaka ef al. (39)  Foxol ™/~
Nakae et al. (64) Foxol™/™*
Kitamura ef al. (52) Foxol /™
Castrillon et al. (16) Foxo3~/~
early oocyte depletion
Hosaka et al. (39)
Lin et al. (56) Foxo3~/~
helper T cells
Renault ef al. (80)  Foxo3~/~
of self-renewal
Hosaka et al. (39)  Foxod '~ No phenotype detected yet

Paik et al. (72)
Foxod™/~

Foxol~/~, Foxo37/~, Uterine hemangiomas appear at 6-8 weeks of age, which progress to massive
fatal hemaningiomas affecting numerous tissues. Lymphoblastic thymic

lymphomas appear at 19-30 weeks of age

Foxol™'~, Foxo3’/’,

Tothova ef al. (99)
Foxod™/~

Decrease in long-term hematopoietic stem cell population due to increased
entry into cell cycle, decreased renewal capacity, increased apoptosis, which

are caused by an increase in reactive oxygen species

Foxo]’/’, FoxoS’/’,

Paik et al. (71)
Foxod™/~

of self-renewal

Decline in neural stem cell pool due to increased proliferation and loss

Deletion of specific FOXO genes in mice has revealed both redundant and nonredundant effects.

FOXO, Forkhead box O.

in arrest in the G1 phase of the cell cycle. Several reports have
shown that cytokine deprivation induces the activation of
FOXOB, resulting in an subsequent increase in p27 expression
and a cell cycle arrest (24, 37, 92). Activation of a conditional
FOXO3 mutant in bone marrow-derived Ba/F3 cells was found
to result in increased transcription of the p27 gene, which was
associated with a cell cycle arrest, indicating that FOXO3 acti-
vation is sufficient for p27 upregulation and inhibition of pro-
liferation (24). In addition to regulation of p27 expression
levels, FOXOs have been shown to regulate the transcription of
another Cip/Kip family member, namely, p21. Transforming
growth factor f§ can block proliferation of epithelial, neuronal,
and immune cells by activating Smad transcription factors that
regulate expression of multiple cell cycle regulators, including
p21 (88). Immunoprecipitation experiments demonstrated that
Smad3 and Smad4 can bind to the DNA binding domain of
FOXO1, FOXO3, and FOXO4 (88). Further, in epithelial cells
Smads increase p21 expression by forming a complex with
FOXOs (88). The p21 promoter contains both FOXO and Smad
enhancer elements, which are both required for the induction of
p21 expression by transforming growth factor . In addition,
activation of the phosphatidylinositol-3-kinase (PI3K) pathway
and consequently inactivation of FOXOs is sufficient to block
p21 transcription (88). Nakae et al. have shown that the regu-
lation of p21 expression by FOXO1 also plays an important role
in the proliferation of adipocytes. In these cells insulin signaling
repressed the upregulation of p21 expression, resulting in in-
creased proliferation, whereas in the absence of insulin, FOXO1
activation results in increased p21 expression and a cell cycle
arrest (65).

Besides regulation of p21 and p27, FOXOs have been de-
scribed to regulate expression of p15 and p19, CDK inhibitors
of the INK4 family. These cell cycle inhibitors inhibit the cyclin
D/CDK complex by binding to CDK4 and CDK®6, thereby
blocking the binding of cyclin D (8). FOXO1 and FOXO3 have
both been reported to upregulate expression of p15 and p19 by
directly binding to FOXO enhancer elements present in their
promoters (47). Moreover, mouse embryonic fibroblasts from
p15 or p19-null mouse failed to arrest in G1 after incubation

with the PI3K inhibitor LY294002, indicating that expression of
both p15 and p19 is required for cell cycle arrest (47). These
results are perhaps surprising since previous reports have
shown that the increased p27 expression by FOXOs is also itself
sufficient for cell cycle arrest (23). A possible explanation for
this is that p27 requires a low level of p15 or p19 expression to
block the cyclin-D/CDK complex.

Besides regulation of CDK inhibitors, FOXOs have been
described to block cell cycle progression by directly regulating
expression of cyclin D, cyclin G, and the retinoblastoma pro-
tein family member p130. Overexpression of cyclin D1 par-
tially rescues FOXO4-induced cell cycle arrest, suggesting that
the effect of FOXO4 on proliferation depends on the repres-
sion of cyclin D expression and a decrease in cyclin D/CDK
activity (84). However, overexpression of cyclin D1 may also
act to titrate away CDK inhibitors such as p21 and p27,
thereby affecting cylin-CDK activity indirectly. p130 is a
member of the retinoblastoma protein family which represses
the activity of E2F transcription factors and thereby regulates
expression of genes required for S phase entry, such as cyclin
A and cyclin E (95). FOXO4 can upregulate p130; however, the
functional consequences of this regulation remain unclear
(54). Cyclin G2 and p130 levels are high in resting B cells,
whereas mitogen stimulation induces a rapid decrease in their
expression (17). Activation of FOXO3 has been reported to
induce cell cycle arrest in murine B cells and increase ex-
pression of cyclin G2. In addition, overexpression of cyclin G2
results in a block in cell cycle progression, demonstrating that
FOXOs regulate lymphocyte quiescence through regulation of
multiple cell cycle regulators (17).

Regulation of Genes Involved in Stress Resistance

In the nematode worm C. elegans inactivation of the insulin
pathway through nutrient-deprivation induces dauer forma-
tion, a stress-resistant state in which the worm lowers it me-
tabolism and has an increased lifespan (50). Genetic analysis
has revealed that the C. elegans forkhead transcription factor
DAF-16 is inhibited by insulin signaling and that its activity is
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TABLE 2. FORKHEAD Box O TRANSCRIPTIONAL TARGETS
Up- or

Target downregulation FOXO Pathway References
Cyclin D - FOXO3, FOXO4 Cell cycle 84
Cyclin G2 + FOXO1, FOXO3, FOXO4 Cell cycle 17, 58
P130 + FOXO1, FOXO3, FOXO4  Cell cycle 17, 54
P15 + FOXO1, FOXO3 Cell cycle 47
P19 + FOXO1, FOXO3 Cell cycle 47
P21 + FOXO1,FOX03,FOXO4 Cell cycle 65, 88
P27 + FOXO1, FOXO3, FOXO4  Cell cycle 24, 61, 92
Plk + FOXO1 Cell cycle 106
Manganese superoxide dismutase + FOXO3 Stress resistance 53
catalase + FOXO3 Stress resistance 66
Peroxiredoxin III + FOXO3 Stress resistance 18
Sterol carrier protein + FOXO3 Stress resistance 21
Gadd45 + FOXO3, FOXO4 DNA repair 30, 100
Bim + FOXO3 Apoptosis 23,33
Fasl + FOXO1, FOXO3 Apoptosis 13, 19
Tumor necrosis factor + FOXO1 Apoptosis 81

receptor-associated death domain
Tumor necrosis factor-related + FOXO1, FOXO3 Apoptosis 63

apoptosis inducing ligand
P53 upregulated modulator + FOXO3 Apoptosis 105

of apoptosis
Bcl 6 + FOXO3, FOXO4 Apoptosis 28, 98
PTEN-induced kinase 1 + FOXO3 Apoptosis 62
Glucose-6-phosphatase + FOXO1, FOXO3 Metabolism 69, 78
Phosphoenolpyruvate carboxykinase + FOXO1 Metabolism 86
PGC1 + FOXO1 Metabolism 20
adiponectin + FOXO1 Metabolism 79
Agouti-related protein + FOXO1 Metabolism 49, 51
proopiomelanocortin - FOXO1 Metabolism 49, 51
neuropeptide Y + FOXO1 Metabolism 49
Apoliprotein C-III + FOXO1 Metabolism 2
Pdx1 - FOXO1 Metabolism 52
B-cell translocation gene 1 + FOXO3 Differentiation 5
Id1 - FOXO3 Differentiation 10
Atrogin-1 + FOXO3 Muscle atrophy 83
Bnip3 + FOXO3 Muscle atrophy 57, 107
LC3 + FOXO3 Muscle atrophy 57,107
Garabl12 + FOXO3 Muscle atrophy 107
Interleukin 7R + FOXO1 Inflammation 70
C/EBPg + FOXO1 Inflammation 43
Interleukin 1 + FOXO1 Inflammation 94
4E binding protein 1 + FOXO1, FOXO3 Insulin signaling 76
InsR + FOXO1 Insulin signaling 77
trible 3 - FOXO1 Signaling 59
Caveolin-1 + FOXO1, FOXO3, FOXO4 Signaling 82, 102
Protein phosphatase 2A - FOXO1 Signaling 67
FOXO1 + FOXO1, FOXO3 Signaling 27
FOXO3 + FOXO1, FOXO3 Signaling 27
P110a + FOXO3 Signaling 42
Collagenase + FOXO3 Extracellular matrix 60

degradation
Matrix metalloproteinase 9 + FOXO4 Extracellular matrix 55
degradation

Mxil + FOXO3 Tumor suppression 22
Estrogen receptoro + FOXO3 Tumor suppression 35
Myostatin + FOXO1 Differentiation 1
Endothelial nitric oxide synthase - FOXO1, FOXO3 Vessel formation 75
Multidrug resistance protein 1 + FOXO1 Drug resistance 36
CBP/p300 interacting transactivator 2 + FOXO3 Angiogenesis 6

Listed are transcriptional targets that have been reported to be directly regulated by FOXO1, FOXO3, or FOXO4. FOXO target genes are
grouped by cellular function. The effect of FOXO activation on the expression level: upregulation and downregulation are indicated

by —and +, respectively.
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FIG. 3. Regulation of cell cycle progression by FOXOs.
FOXOs can inhibit proliferation during distinct phases of the
cell cycle. FOXOs block S phase entry and cause a G1 cell
cycle arrest by upregulation of the cell cycle inhibitors p15,
P19, p21, and p27, downregulation of cyclin D and upre-
gulation of p130. See Regulation of Proliferation Through
Induction of Cell Cycle Arrest for further explanation.

required for lifespan extension in insulin receptor mutants
(48). DAF-16 exerts its effect on lifespan through regulation of
genes involved in microbial defense, cellular stress response,
and metabolism [reviewed in (74)].

In humans accumulation of cellular damage by oxidative
stress has been implicated in oncogenesis and aging (29).
FOXOs have been suggested to protect cells from oxidative
damage by increasing transcription of multiple genes regu-
lating scavenging of ROS. Activation of FOXO3 either by
treatment with the PI3K inhibitor LY294002 or by activating a
conditional active FOXO3 mutant increases expression of
manganese superoxide dismutase (MnSOD) in a colon carci-
noma cell line through direct binding to its promoter (53).
MnSOD protects against oxidative damage through conver-
sion of superoxide, which is formed as a by-product during
generation of ATP in mitochondria, into hydrogen peroxide.
Activation of FOXO3 was subsequently found to rescue glu-
cose-deprived cells from mitochondrial damage in wild-type
mouse embryonic fibroblasts but not in MnSOD deficient
mouse embryonic fibroblasts, demonstrating that the FOXO3-
induced MnSOD expression is a requirement for cell survival
after nutrient deprivation (563). In addition to regulation of
MnSOD, FOXO3 also regulates catalase expression, another
antioxidant enzyme catalyzing the conversion of hydrogen
peroxide to water and oxygen. In the neuronal cell line PC12,
increased catalase expression by FOXO3 was found to de-
crease oxidative stress resulting in increased cell survival (66).
Thus, through coordinated regulation of MnSOD and catalase
expression FOXOs are able to decrease oxidative damage and
thereby increase cellular survival.

Experiments in human cardiac fibroblasts have revealed that
FOXOs can also modulate the cellular response to hydrogen
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peroxide by expression of peroxiredoxin III, an antioxidant
enzyme (18). Knockdown of FOXO3 in these cells demon-
strated that expression of peroxiredoxin III was dependent on
FOXO3, and FOXO3 was shown to bind to the peroxiredoxin
III promoter. While the accumulation of hydrogen peroxide
and the percentage of apoptotic cells in response to serum
starvation was increased after peroxiredoxin III knockdown,
concomitant FOXO3 knockdown resulted in even higher levels
of hydrogen peroxide, suggesting that multiple FOXO targets
are important for resistance to oxidative stress (18).

Conditional deletion of Foxol, Foxo3, and Foxo4 in the
mouse hematopoietic system has further highlighted the
physiological importance of regulation of ROS in vivo (99).
Analysis of hematopoietic cells in the bone marrow showed
that Foxo-deficient mice had reduced numbers of HSCs,
whereas the number of myeloid progenitors in peripheral
blood was increased, suggesting that FOXOs are important
for maintaining HSCs in a quiescent state. Repopulation ex-
periments demonstrated decreased repopulating ability of
bone marrow cells from Foxo-deficient mice, indicating that
FOXO activity is required for stem cell self-renewal. In HSCs
isolated from Foxo-deficient mice, the levels of ROS were
significantly increased and treatment of these animals with
the antioxidant N-acetyl-cysteine was sufficient to rescue the
Foxo~/~ HSC phenotype (99). These observations indicate that
FOXO-mediated resistance to oxidative stress is critical for
homeostasis of the HSC compartment in vivo.

In addition to reducing oxidative damage by decreasing the
availability of ROS, FOXOs also protect cells from DNA
damage by increasing DNA repair. Upon expression of a
constitutively active FOXO3 mutant, Ratl fibroblasts show a
G>-M delay after release from a chemically induced S-phase
block (100). The Gx-M checkpoint is activated after DNA
damage, which halts the cell cycle providing time for repair
before continuing with cell division. The FOXO3-induced G,-
M arrest suggested a role for FOXO in DNA damage repair.
Indeed, ectopic expression of a constitutive active FOXO3
mutant increased activity of a UV-damaged luciferase reporter
construct, suggesting that FOXO3 can indeed modulate DNA
damage repair mechanisms (100). Microarray analysis subse-
quently identified growth arrest and DNA damage response
gene GADD45 as a novel FOXO transcriptional target. Gadd45
has been shown to participate in cell cycle arrest, DNA repair,
and survival in response to stress. Activation of FOXO3 in-
creased expression of Gadd45 on both the mRNA and protein
level. Importantly, the FOXO3-induced DNA damage repair
was compromised in Gadd45~/~ cells, suggesting that Gadd45
expression is required for FOXO3-mediated DNA repair (100).

While high levels of ROS are detrimental to cellular survival,
low levels of ROS are often required for intracellular signaling
by acting as secondary messengers [reviewed in (93)]. Stimu-
lation of cultured neonatal rat cardiomyocytes with insulin
increases the intracellular concentration of ROS and results in
an increase in cell size (97). This insulin-induced hypertrophy
can be inhibited by the antioxidant NAC, suggesting that
insulin can regulate cell size by increasing ROS levels. The
increase of ROS levels observed after insulin stimulation cor-
relate with a reduction in FOXO3 phosphorylation and de-
creased expression of the antioxidant enzyme catalase. Further,
knockdown of FOXO3 was sufficient to induce hypertrophy
and could be abrogated by ectopic expression of catalase,
suggesting that insulin signaling induces ROS-mediated
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hypertrophy by inhibiting FOXO3 function (97). In patients
with heart failure, high insulin levels in plasma are associated
with cardiac hypertrophy (73). The repression of cell size in
cardiomyocytes by FOXO3 suggests that insulin-mediated in-
hibition of FOXO3 might thus play a role in heart failure in vivo.

Life and Death Decisions

Programmed cell death, also known as apoptosis, can be
induced by activation of either intrinsic or extrinsic pathways.
In the extrinsic pathway binding of death receptor ligands to
their receptors triggers the formation of a death-inducing
signaling complex and consequently activation of caspases
[reviewed in (34)]. In contrast, intracellular stress can induce
apoptosis by activating pro-apoptotic B-cell ymphoma 2 (Bcl-
2) proteins, which modulate release of cytochrome c from
mitochondria, resulting in caspase-9 activation and subse-
quently activation of downstream effector caspases, which
execute the apoptotic program [reviewed in (12)].

FOXOs were first reported to be required for the induction
of apoptosis after growth factor withdrawal in hematopoietic
and neuronal cells. FOXOs can activate the intrinsic apoptotic
pathway through upregulation of multiple pro-apoptotic Bcl-
2 family members, whereas upregulation of death receptor
ligands can activate the extrinsic pathway (Fig. 4). Cytokine
deprivation or conditional FOXO3 activation in bone marrow-
derived Ba/F3 cells results in cytochrome c release, caspase
activation, and DNA laddering, subsequently resulting in
induction of apoptosis (23). FOXO3 was found to directly

extrinsic pathway

cutioner caspea

APOPTOSIS

FIG. 4. Regulation of apoptosis by FOXOs. FOXOs can
induce apoptosis by regulating expression of multiple pro-
and antiapoptotic proteins. Upregulation of the death recep-
tor ligands FasL and TRAIL will induce apoptosis through
activation of the extrinsic apoptotic pathway. While regula-
tion of expression of Bim, Puma, BcIX], and Pink1l by FOXOs
can induce apoptosis via the mitochondria-dependent intrin-
sic pathway. See Life and Death Decisions for further expla-
nation. FasL, Fas-ligand; Pinkl, PTEN-induced kinase 1;
Puma, p53 upregulated modulator of apoptosis; TRAIL,
tumor necrosis factor-related apoptosis inducing ligand.
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upregulate expression of the pro-apoptotic Bcl-2 family
member Bim, and overexpression of Bcl-2 rescued cells from
FOXO3-induced apoptosis (23). Stahl et al. demonstrated that
the regulation of Bim expression by FOXO3 also plays an
important role in the survival of activated T cells (92). A recent
report demonstrated that FOXO3 also increases expression of
the pro-apoptotic Bcl-2 family member p53 upregulated
modulator of apoptosis (Puma) after interleukin (IL)-2 with-
drawal (105). T cells derived from Bim ™/~ and Puma~/~ mice
were resistant to apoptosis after IL-2 deprivation, demon-
strating that regulation of both Bcl-2 proteins by FOXO3 is
important for the induction of apoptosis in the absence of
cytokines (105). The induction of Bim expression by FOXO
also plays a role in the induction of neuronal apoptosis during
embryogenesis. Using sympathetic neurons, which depend
on nerve growth factor as a model, inhibition of FOXO ac-
tivity was found to delay nerve growth factor withdrawal-
induced death (33). Ectopic expression of FOXO3 induced
apoptosis, which was itself dependent on Bim expression (33).
Additionally, FOXO4 can induce apoptosis through upregu-
lation of the transcriptional repressor Bcl-6 (98). Promoter
reporter analysis has demonstrated that Bcl-6 itself can sub-
sequently downregulate expression of the antiapoptotic pro-
tein B-cell lymphoma extra large (98). Taken together, these
studies show that FOXO3 can induce apoptosis by activation
of the intrinsic apoptotic pathway through modulation of
expression of several Bcl-2 family members.

PTEN-induced kinase 1 (Pink1) was originally identified as a
PTEN-induced transcript, and mutations in this gene have
been linked with autosomal recessive Parkinson’s disease
(101). Pink1 has been linked with survival of neuronal cells and
loss of PINK1 expression is associated with dysregulated mi-
tochondrial function; however, the precise mechanisms how
Pinkl exerts its functions remain unclear (15). Recently, it was
reported that in T cells Pinkl mRNA expression is increased
by either cytokine starvation or ectopic expression of FOXO3
(62). Promoter reporter assays and ChIP analysis revealed
that FOXO3 can directly regulate PINK1 expression through
binding to its promoter. Further, depletion of PINK1 by siRNA-
mediated knockdown sensitized cells to IL-2 withdrawal-
induced cell death, suggesting that in lymphocytes regulation
of Pinkl expression by FOXOs is important in modulating
cellular survival after growth factor deprivation (62).

One of the first reported transcriptional targets for FOXO
was Fas-ligand (FasL), which can induce cell death in neuro-
nal and lymphoid cells (13). Ectopic expression of a consti-
tutively active FOXO3 mutant was found to increase FasL
promoter activity in reporter assays. Further, Jurkat cells that
were deficient in components of the Fas signaling cascade
failed to undergo apoptosis after expression of FOXO3, indi-
cating that the Fas-mediated signaling is required for induc-
tion of apoptosis by FOXO3 (13). Overexpression of FOXO1
and FOXO3 in prostate carcinoma cells also induces apoptosis
and this correlates with upregulation of tumor necrosis factor-
related apoptosis inducing ligand (63). Utilizing promoter
reporter assays, it was also shown that tumor necrosis factor-
related apoptosis-inducing ligand is a direct transcriptional
target of FOXOs (63).

Rodukai et al. have demonstrated that treatment of lung
cancer cells with a 3-phosphoinositide-dependent kinase 1
inhibitor sensitized the cells to chemotherapeutic drug-
induced apoptosis (81). Further experiments revealed that the
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3-phosphoinositide-dependent kinase 1 inhibitor resulted in
activation of FOXO1 and increased expression of tumor ne-
crosis factor receptor-associated death domain (TRADD).
FOXO1 was shown to directly regulate expression of
TRADD through binding to a conserved FOXO enhancer
element in the promoter of the TRADD gene. Ectopic ex-
pression of a TRADD mutant lacking the death domain at-
tenuated chemotherapeutic drug-induced cell death,
demonstrating the importance of this FOXO target gene in
regulating apoptosis (81).

While most studies report that activation of FOXOs induces
cell cycle arrest and induction of apoptosis, a study by Jonsson
et al. suggests that FOXOs may also increase cellular survival
through repression of FasL expression (46). In a murine model
for rheumatoid arthritis, loss of Foxo3 expression protected
against immune complex-mediated inflammation. Adminis-
tration of serum from arthritic mice to healthy littermates
caused a severe inflammatory arthritis, whereas Foxo3-
deficient mice were resistant to this. Adoptive transfer of wild-
type neutrophils to Foxo3 ™/~ mice restored their susceptibility
to arthritis, indicating that the resistance to induction of ar-
thritis is caused by an intrinsic neutrophil defect. Neutrophils
isolated from FOXO3 deficient mice showed higher levels of
apoptosis than wild-type cells. After stimulation with inflam-
matory cytokines, Foxo3-deficient neutrophils also showed
high levels of FasL expression, suggesting that Foxo3 represses
FasL expression in neutrophils. Further, transfection of a FasL
reporter in neutrophils demonstrated that Foxo3 can indeed
downregulate FasL promoter activity (46). This is in contrast to
the previous studies described above, and it is possible that
FOXOs may interact with alternative cofactors in neutrophils,
resulting in suppression of FasL promoter activity.

The Role of FOXO1 in Glucose Metabolism
and Diabetes

Insulin receptor signaling results in PKB-mediated inactiva-
tion of FOXOs, a pathway that is evolutionary conserved. In
mammals, regulation of insulin levels ensures glucose homeo-
stasis by modulating glucose production as well as glucose
uptake by peripheral tissue. FOXO1 is highly expressed in
insulin responsive tissues and has been shown to play an im-
portant role in metabolic changes during adaptation to fasting
(2, 3, 78). Generation of Foxol ~/* mice has highlighted the im-
portance of FOXOL1 in the development of type 2 diabetes. De-
letion of one Foxo1 allele restored insulin sensitivity and rescued
diabetic phenotype in insulin receptor mutant mice (64).

Activation of FOXOL1 in the liver after decreased insulin
signaling increases gluconeogenesis, whereas in the pancreas
FOXOL1 is an important regulator of proliferation and beta cell
function (Fig. 5) (52). During fasting, the upregulation of glu-
coneogenic genes in the liver, such as glucose-6-phosphatase
(G6Pase) and phosphoenolpyruvate carboxykinase (PEPCK),
ensures a stable blood glucose level (7). Insulin blocks gluco-
neogenesis in the liver through inhibition of the transcription of
these enzymes. Puigserver ef al. have shown that FOXO1 in-
creases G6Pase expression in mouse hepatocytes, which can be
inhibited by insulin (78). This regulation of G6Pase expression
requires the liver specific transcription factor PGC1. Both
FOXO1 and PGC1 associate with the G6Pase promoter, and
expression of both factors showed a synergistic effect on
G6Pase mRNA expression. This PGC1-FOXO1 complex is

585

triglyceridemia

liver

gluconeogenesis I

hmpthalamus ]

pancreas|

food intake

beta cell function

FIG. 5. Role of FOXO1 in metabolism. FOXO1 plays an
important role in regulating cellular metabolic activity
through upregulation of genes in the liver involved in gluco-
neogenesis including PEPCK and G6Pase and lipid metabo-
lism such as apoCIII. FOXOL1 is also involved in f-cell function
in the pancreas by suppressing Pdx1, whereas regulation of
POMC, Agrp, and Npy in the hypothalamus regulates food
intake. See The Role of FOXO1 in Glucose Metabolism and
Diabetes for further explanation. Agrp, Agouti-related protein;
Go6Pase, glucose-6-phosphatase; PEPCK, phosphoenolpyr-
uvate carboxykinase; POMC, pro-opiomelanocortin.

disrupted after PKB-mediated phosphorylation of FOXO1 in
response to insulin, resulting in decreased G6Pase expression.
Further, injection of mice with an adenoviral vector expressing
a dominant negative FOXO1 mutant inhibited the induction of
G6Pase by PGC1 in the liver (78). In addition, FOXOI1 can also
regulate expression of PGCl itself, thereby regulating PEPCK
and G6Pase expression levels indirectly (20). It has been sug-
gested that the regulation of G6Pase and PEPCK by FOXO1
plays an important role in the development of type 2 diabetes.
FOXOL1 expression in the liver is increased in diabetic mice, and
this is associated with increased expression of PEPCK and
G6Pase (3). Inhibition of Foxol activity by expression of a
dominant negative FOXO1 mutant decreased both PEPCK and
G6Pase expression and returned blood glucose levels to normal
levels (3). Further, expression of FOXO1 was found to be in-
creased during differentiation of fetal liver cells, correlating
with increased G6Pase and PEPCK mRNA levels (86). Taken
together, these data suggest that FOXO1-mediated expression
of G6Pase and PEPCK is critical for gluconeogenesis in the liver
during fasting and deregulation of its expression may be in-
volved in the development of diabetes.

FOXOL1 has also been proposed to play an important role in
development of the pancreas in response to insulin during
embryonic development. To investigate the role of FoxOl1 in
beta cell function, the effect of loss of FoxOl expression in
IRS2~/~ mice was investigated in mice (52). Inactivation of
insulin receptor signaling by IRS2 deletion impairs beta cell
proliferation and function. FoxO1 haplo-insufficiency restores
proliferation in beta cells from IRS2™/~ mice, which correlates
with expression of the pancreatic transcription factor Pdx1.
This protein plays an important role in the development of the
pancreas as well as maintenance of beta cell function. FoxO1
acts as transcriptional repressor of Pdx1 expression in the pan-
creas (52), and this suggests that FOXO1 blocks beta cell pro-
liferation and function through repression of Pdx1 expression.

In addition to having a role in the regulation of glucose
metabolism, FOXOL1 is also an important regulator of lipid
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metabolism through modulation of apoliprotein (apo)C-III
expression levels. apoC-IIl is an inhibitor of lipoprotein lipase
and its synthesis in the liver is blocked by insulin (2). Elevated
apoC-III levels have been associated with the development of
hypertriglyceridemia in diabetic patients (89). Ectopic ex-
pression FOXO1 in rat primary hepatocytes increases apocIIl
mRNA, which can be blocked by insulin stimulation (2). In-
fection of mice with an adenovirus expressing FOXOL1 in-
creased apoC-III and triglyceride levels in plasma and
additionally high Foxo1 expression in diabetic mice correlated
with high apoC-III plasma levels (2). Taken together, activa-
tion of FOXOL1 activity can contribute to the development of
diabetes through transcriptional regulation of Gé6Pase,
PEPCK, and apoC-III in the liver and repressing Pdx1 in beta
cells, resulting in decreased insulin sensitivity, decreased beta
cell numbers, and increased triglyceride levels in the blood.

In addition to the effects on genes involved in metabolism
in the liver, pancreas, and adipose tissue, FOXOL1 is also in-
volved in hormonal regulation of food intake in the hypo-
thalamus (49, 51). The anorexigenic hormone leptin decreases
food intake through direct actions in hypothalamus through
binding to the leptin receptor and activation of PI3K signaling
[reviewed in (85)]. Foxol is expressed in the hypothalamus in
mice and its expression is decreased upon stimulation with
leptin (49). In mice, microinjection of an adenovirus encoding
a constitutively active Foxol mutant in the hypothalamus
inhibited leptin-induced reduction in food intake and de-
creased body weight, indicating that leptin-mediated inhibi-
tion of Foxol is required for the anorexigenic actions of this
hormone. Previous research has indicated that leptin de-
creases in food intake by downregulation of the hormones
Agouti-related protein (Agrp) and neuropeptide Y (NpY),
while enhancing expression of pro-opiomelanocortin (POMC)
[reviewed in (85)]. In the hypothalamus, expression of con-
stitutively active Foxol inhibited the regulation of these genes
by leptin (51). In addition, ectopic expression of Foxol directly
increased expression of Agrp and NpY, while decreasing
POMC expression by direct association with their promoters
(49, 51). These results demonstrate that Foxol is both neces-
sary and sufficient for regulating Agrp, NpY, and POMC
expression in response to leptin. The differential effect of
Foxol on these genes might result from association of distinct
coactivator-corepressor complexes to the promoters. While
active Foxol increased binding of the nuclear coactivator p300
to the Agrp promoter, inhibition of Foxol expression resulted
in binding of the corepressor nuclear corepressor. In contrast,
the POMC promoter showed an opposite pattern, suggesting
that the FOXO1-induced recruitment of either repressors or
coactivators to the promoter is responsible for the differential
effect on Agrp and POMC expression (51).

FOXOs in the Inmune System

It has been proposed that low-grade inflammation of
adipose tissue can contribute to insulin resistance in type 2
diabetes (90). Stimulating adipocytes with TNFo blocks
insulin-induced phosphorylation of FOXO1, suggesting that
pro-inflammatory cytokines can modulate FOXO activity. In
addition, FOXO1 activity was found to increase expression of
the transcription factor C/EBPf (43). Knockdown of FOXO1
in adipocytes decreased C/EBPf expression and reduced
expression of the pro-inflammatory cytokines chemokine
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(CCL motif) ligand 2 and IL-6. These results suggest that local
inflammation might increase FOXO1 activity in adipose
tissue, thereby providing a link between inflammation and
insulin resistance (43).

FOXOL1 transcriptional activity may directly control in-
flammation since it has recently been shown that FOXO1 can
increase production of the inflammatory cytokine IL-1f (94).
Ectopic expression of Foxol in a macrophage cell line was
found to increase the level of IL-f and IL-2 production after
stimulation with LPS (94). Further, in macrophages isolated
from LPS-treated mice, higher Foxol and IL-1 mRNA levels
were observed, correlating with increased plasma concen-
trations of IL-1f. ChIP analysis confirmed that IL-1f is a direct
transcriptional target of Foxol and it was shown that activa-
tion of NF«xB could increase Foxol binding to the IL-f pro-
moter. In macrophages from diabetic mice, expression levels
of Foxol and IL-1f were increased, suggesting that FOXO1
also regulates IL-1 expression in vivo (94). Taken together,
these results suggest that FOXO1 might form a direct link
between inflammation and diabetes.

The role of FOXO1in T cell function has been investigated in
mice with T cell-specific deletion of Foxol (70). Analysis of T
cells isolated from the spleen of these mice revealed that the
percentage of activated CD4 and CD8 T cells was increased,
whereas the percentage of naive CD4 and CD8 T cells was
decreased. Phenotypic analysis of the marker expression pro-
file of Foxol deficient T cells demonstrated a decreased ex-
pression of the IL-7 receptor (IL-7R) on mature T cells. IL-7 is
required for survival and homeostatic proliferation of periph-
eral T cells and stimulation of Foxol-deficient T cells with IL-7
in vitro was insufficient to rescue cells from starvation-induced
cell death. IL7-R was found to be a direct transcriptional target
of Foxol. These data suggest that FOXO1 plays an important
role in T cell homeostasis by increasing IL7-R, which is im-
portant for the maintenance of naive T cells (70).

Regulation of Proteolysis and Autophagy

Both during fasting and in a variety of diseases, including
diabetes, cancer, and sepsis, muscle size decreases in a process
termed atrophy, a state that is characterized by accelerated
proteolysis (108). Proteolysis is caused through increased pro-
tein turnover through the ubiquitin-proteosome pathway as
well as increased lysosomal proteolysis as a consequence of
autophagy (107). Recently, FOXOs have been shown to play an
important role in both these processes (Fig. 6).

During starvation of murine muscle cells expression of the
muscle-specific ubiquitin ligase atrogin-1 increases, which can
be blocked by activation of PKB (83). Further experiments
revealed that FOXO3 can directly regulate expression of
atrogin-1. Ectopic expression of an active FOXO3 mutant not
only caused increased atrogin-1 expression but also resulted
in reduction in muscle fiber size (83). Further Skurk et al.
demonstrated that FOXO3 can regulate cell size in cardiac
muscle in vivo. Injection of viral vectors expressing FOXO3
directly in the heart of mice increased atrogin-1 expression
and reduced the cell size, indicating that in vivo FOXO3 can
induce cardiac hypertrophy (91).

Two recent studies have demonstrated that, in addition to
proteosomal degradation, FOXO3 can also induce lysosomal
degradation through induction of autophagy. Using specific
inhibitors for either proteosomal or lysosomal proteolysis, it
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FIG. 6. Role of FOXOs in muscle atrophy. FOXOs can in-
duce atrophy in muscle cells by stimulating both lysosomal
and proteosomal protein breakdown. Upregulation of Bnip3,
LC3, and Gabarapll is associated with FOXO-induced
autophagy and increased lysosomal proteolysis, whereas
the upregulation of the ubiquitin ligase atrogin3 increases
proteolysis via the proteosome. See Regulation of Proteolysis
and Autophagy for further explanation. Bnip3, Bcl/
adenovirus E1B 19kDa protein-interacting protein 3; Gabar-
apll, GABA(A) receptor-associated protein like 1.

was shown that in muscle cells both pathways contribute to
FOXO3-induced protein degradation (107). Further, it was
shown that ectopic expression of an active FOXO3 mutant in
adult muscle fibers from mice induced the formation of au-
tophagosomes, resulting in an increase in lysosomal prote-
olysis. In contrast, knockdown of Foxo3 in these muscles fibers
blocked autophagosome formation after starvation, demon-
strating that FOXO3 activity is both required and sulfficient for
induction of autophagy in muscle cells. Microarray and ChIP
analysis revealed the upregulation of a number of mRNA
transcripts involved in protein breakdown, including proteins
involved in degradation through the proteosome including
atrogin-1 and autophagy-related genes including GABA(A)
receptor-associated protein like 1 (Gabarapll), atg12l, and Be-
clinl (107). However, it is unclear whether upregulation of
these autophagy-related genes directly drives autophagic flux
or whether they are upregulated to replace the components
that are consumed during this process. A second report by
Mammucari ef al. demonstrated that in skeletal muscle mRNA
levels of multiple proteins involved in protein degradation in-
creased after fasting, including LC3, Gabarapll, Bcl/adenovirus
E1B 19 kDa protein-interacting protein 3 (Bnip3), and atrogin-
1 (57). Further, analysis of LC3 expression by fluorescent
microscopy revealed the formation of autophagosomes in
muscles from fasted animals and these effects could be blocked
by knockdown of Foxo3 expression. Expression of a consti-
tutively active FOXO3 mutant in muscles was sufficient to
induce autophagosomes in vivo, which was in turn dependent
on transcriptional upregulation of Bnip3, a Bcl-2-related pro-
tein that is involved in regulation of autophagy. Bnip3 over-
expression was also sufficient to induce autophagosomes,
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indicating that in vivo FOXO3 controls autophagy through
regulation of Bnip3 expression (57). However, these results are
in contrast to a report by Zhao et al. in which no upregulation
of Bnip3 expression was observed after FOXO3 activation in
vitro (107). How FOXO3 induces autophagy in the absence of
Bnip3 expression remains unclear and awaits further research.

Besides regulation of atrophy in skeletal muscle, FOXOs
have also been shown to play a role in autophagy in cardio-
myocytes during fasting (87). Ectopic expression of a domi-
nant negative FOXO1 mutant blocked the starvation-induced
reduction in cell size of cultured cardiomyocytes. In contrast,
ectopic expression of FOXO1 or FOXO3 increased autopha-
gosome formation, reduced cell size, and induced expression
of the autophagy-related genes LC3, Gabarapll, and Atgl2
(87). These results suggest that FOXOs can directly regulate
cardiomyocyte cell size through modulation of autophagy.

Besides regulating atrophy by upregulating targets in-
volved in protein degradation, FOXOs have also been de-
scribed to induce atrophy in skeletal muscle by upregulation
of myostatin, a secreted factor that potently induces atrophy
by inhibiting protein synthesis (1). Activation of FOXO1 in
myoblasts increased myostatin mRNA and increased activity
of a myostatin promoter reporter (1). However, the impor-
tance of the upregulation of myostatin expression in FOXO-
induced atrophy remains unclear.

Taken together, FOXO3 is an important regulator of muscle
atrophy by regulating both proteosomal as well as lysomal
proteolysis resulting in decreased muscle function.

FOXO Proteins as Tumor Suppressors

FOXOs regulate many target genes involved in cell cycle
arrest and apoptosis, suggesting that FOXO proteins might act
as true tumor suppressors. This is indirectly supported by the
finding that the PI3K-PKB pathway is frequently overactivated
in cancer, resulting in FOXO inactivation (25). In a number of
studies it has been shown that reactivation of FOXOs either by
ectopic expression or by inhibition of PI3K in a variety of cancer
cells resulted in induction of apoptosis. FOXO3-mediated up-
regulation of the pro-apoptotic Bcl-2 family member Bim has
been shown to induce apoptosis in breast cancer cells, chronic
leukemia cells, and gastric cancer cells (26, 96, 104). Further,
treatment of glioma cells with the chemotherapeutic drug cy-
closporin A induced apoptosis through FOXO1-mediated in-
duction of FasL expression (19). These results suggest that the
inactivation of FOXOs plays an important role in maintaining
sustained survival of tumor cells. The development of a in-
ducible Foxol™/~, Foxo3™/~, and Foxo4/~ mouse model
demonstrated the importance of FOXOs in oncogenesis (72).
After conditional deletion of Foxol, Foxo3, and Foxo4, mice
developed lymphoblastic thymic lymphomas and hemangio-
mas. Disruption of only two Foxo genes resulted in a more
moderate phenotype, demonstrating that FOXOs are func-
tional redundant tumor suppressors (72).

Further, FOXO3 can influence the transcription of a large
subset of target genes by inhibiting the proto-oncogene c-myc
(22). Myc is a positive regulator of proliferation and survival
and found to be upregulated in a variety of cancers. In a colon
carcinoma cell line microarrray analysis after FOXO3 activa-
tion identified Mxil, a transcriptional inhibitor of c-myc, as a
putative FOXO3 target (22). Comparative analysis of FOXO3-
regulated transcripts with a database of c-myc target genes
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revealed an overlapping set of transcripts with FOXO3-
downregulated genes, suggesting that FOXO3 could directly
inhibit c-myc signaling. Knockdown of Mxil expression in-
creased expression of the FOXO3-repressed c-myc targets,
suggesting that the induction of Mxi expression contributes to
the FOXO3-induced downregulation of c-myc. In addition,
knockdown of Mxil reduced the block in cell cycle progres-
sion after FOXO3 activation, indicating that Mxil contributes
to inhibition of proliferation by FOXO3 (22).

In some cell types FOXO transcriptional activity not only
prevents cells from proliferating but also actively induces a
differentiation program. Chromic myeloid leukemia (CML) is
characterized by expression of the oncogenic fusion protein
Ber-Abl, which results in constitutive activation of multiple
signaling pathways, including the PI3K-PKB pathway (45).
Inhibition of the kinase activity of Ber-Abl with the specific
inhibitor imatinib induced activation of FOXO3 in the CML
celline K562 and, utilizing microarray analysis, the helix-loop-
helix protein Id1 was identified as a novel FOXO target (10).
Inhibition of Ber-Abl or overexpression of active FOXO3
induced differentiation of CML cells toward erythrocytes,
which was blocked by Idl-specific knockdown (10). This
suggests that Ber-Abl maintains the leukemic phenotype by
repressing FOXO3-induced differentiation.

Besides the tumor-suppressor function of FOXOs, it has
also been suggested that FOXOs can actually contribute to
enhanced survival of drug-resistant oncogenic cells. It was
observed that in doxyrubicin-resistant K562 CML cells, the
levels of dephosphorylated FOXO3 are increased compared to
the parental cell line, whereas phosphorylation and activity of
PKB was also increased (42). Further, activation of FOXO3 in
K562 cells increased PKB phosphorylation, suggesting that
FOXO3 acts in a positive feedback loop to activate PKB. Ac-
tivation of FOXO3 resulted in transcriptional upregulation of
one of the catalytic subunits of PI3K; p110«, suggesting that
the FOXO3-induced activation of PKB was mediated by in-
creasing PI3K activity. However, knockdown of p110x did not
decrease FOXO3-induced phosphorylation of PKB, indicating
that other mechanisms play a role in this feedback loop (42).

Conclusions

Through regulation of multiple transcriptional targets
FOXOs modulate a plethora of cellular functions, including
proliferation, apoptosis, stress resistance, and metabolism.
Since many of these cellular responses are deregulated in
cancer, FOXOs are important regulators of tissue homeostasis.
The outcome of FOXO activation depends largely on the cel-
lular context. This has recently been specifically highlighted by
fact that comparative analysis of FOXO-regulated transcripts in
NSCs, HSCs, and lymphomas from the Foxo triple knockout
mice demonstrated very little overlap, indicating that FOXOs
regulate their transcriptional targets in a highly cell type-
specific manner. FOXOs associate with a large variety of
cofactors that influence their transcriptional program and de-
tailed knowledge about the specific interactions in different cell
types might provide clues on the cell type specific conse-
quences of FOXO activation [reviewed in (103)]. In addition,
although the different FOXOs isoforms show an overlapping
expression pattern, deletion of the individual FOXO genes in
mice gives distinct phenotypes, indicating nonredundant roles
for FOXOs in vivo. The future identification of differential
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regulated transcriptional targets will give more insights in the
complex biology of FOXO-mediated transcription.
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Abbreviations Used
Agrp = Agouti-related protein
apoC-III = apoliprotein C-III
Bcl-2 = B-cell lymphoma 2
Bnip3 = Bcl/adenovirus E1B 19kDa protein-interacting
protein 3
CDK = cyclin-dependent kinase
CML = chromic myeloid leukemia
DAF-16 = abnormal DAuer Formation protein 16
FasL = Fas-ligand
FOXO = Forkhead box O
G6Pase = glucose-6-phosphatase
Gabarapll = GABA(A) receptor-associated protein like 1
GADD45 = growth arrest and DNA damage response gene
HSC = hematopoietic stem cell
IL =interleukin

IL-7R = IL-7 receptor
MnSOD = manganese superoxide dismutase
NpY = neuropeptide Y
NSC = neural stem cell
PDK1 = 3-phosphoinositide-dependent kinase 1
PEPCK = phosphoenolpyruvate carboxykinase
PI3K = phosphatidylinositol-3-kinase
Pinkl = PTEN-induced kinase 1
PKB = protein kinase B
POMC = pro-opiomelanocortin
Puma = p53 upregulated modulator of apoptosis
ROS = reactive oxygen species
TRADD = tumor necrosis factor receptor-associated
death domain
TRAIL = tumor necrosis factor-related apoptosis
inducing ligand
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