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Abstract. Forkhead box class O 3a (FOXO3a) is a transcrip-
tion factor that has emerged as being a tumor suppressor and
longevity factor. The precise regulation of FOXO3a trans-
activation of target genes is achieved via post-translational
modifications (PTMs) and specific protein-protein interac-
tions. The multiple types of PTMs that FOXO3a undergoes,
including phosphorylation, acetylation, methylation and
ubiquitination, serve important roles in directing its subcel-
lular localization and transcription activity, which are central
to the integration of insulin/growth factor signaling and oxida-
tive/nutrient stress signaling. The present review summarizes
the modifications of FOXO3a that occur via phosphorylation
and acetylation. In addition, the synergistic effect of multiple
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phosphorylations on FOXO3a and the crosstalk between phos-
phorylation and acetylation in the regulation of FOXO3a are
discussed. These discussions may highlight potential strate-
gies for the prevention of cancer and aging.
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1. Introduction

Forkhead box O class (FOXO) proteins are evolutionally
conserved transcription factors. FOXO transcription factors
perform an important role in tumor suppression, longevity
and metabolism by up regulating target genes associated
with oxidative stress resistance, metabolism, apoptosis,
cell cycle arrest, aging and autophagy (1-5). There are four
FOXOs members in mammalian cells, FOXOI1, 3, 4 and
6 (6). As presented in Fig. 1, all FOXO members consist of
the following four conserved regions (CRs): An N-terminal
highly conserved 100-residue-long forkhead DNA-binding
domain (FH); a nuclear localization signal (NLS); a nuclear
export signal (NES); and a C-terminal transactivation domain
(CTD) (1,7-9). Crystal structure analysis revealed that the
winged helix H3 region of the FH is the primary element for
DNA recognition (7,8) and is capable of binding the consensus
DNA sequence, 5'-TTGTTTAC-3', termed the forkhead
response element (FRE) (9,10).

There are two aspects of FOXO regulation; subcellular
localization and transcription activity. Multiple post-transla-
tional modifications (PTMs) serve a major role in determining
FOXO subcellular localization and transcription activity.
As shown in Fig. 2, in response to insulin/growth factor
signaling, a number of different protein kinases, including
protein kinase B (AKT), serum and glucocorticoid-induced
kinase (SGK), extracellular signal-regulated kinase (ERK),
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casein kinase-1 (CK1), and IkB kinase (IKK), are capable of
inducing translocation of FOXO into the cytoplasm (11-13).
By contrast, several upstream regulators, such as c-Jun
N-terminal kinase (JNK), mammalian sterile 20-like kinase
1 (MST1), AMP-activated protein kinase (AMPK) and lemur
tyrosine kinase-3 (LMTK3) can phosphorylate FOXO at
specific residues, which in turn promotes nuclear localization
and transcriptional activity (11,12,14,15). In addition to various
phosphorylation modifications, acetylation is another impor-
tant regulator of FOXO proteins. The cyclic AMP response
element binding protein (CBP) and its associated protein p300
form a coactivator complex (CBP/p300), which possesses
histone acetyl transferase (HAT) activity, interacts with FOXO
and regulates FOXO transcriptional activity (16,17). Silent
information regulator (SIRT) 1 and 2 are histone deacety-
lases, which deacetylate FOXO and increase the expression
of specific stress resistance genes, including (-catenin and
Gadd45 (18,19).

The effect of different types of phosphorylation on the
function of FOXO3a has been studied extensively (19). This
has revealed that phosphorylation and acetylation frequently
occur simultaneously and affect one other in certain condi-
tions (19). The present review summarized the phosphorylation
and acetylation sites of FOXO3a, in addition to analyzing the
reciprocal regulation of phosphorylation/acetylation and their
effects on FOXO3a subcellular localization and transcriptional
activity.

2. Regulation of FOXO3a by phosphorylation

Phosphorylation modification regulates FOXO activity via a
cytoplasmic-nuclear shuttle mechanism. FOXO3a is targeted
for phosphorylation by numerous protein kinases. Several
regulators have been identified as kinases of FOXO3a in
mammals (Table I). A summary of these regulatory mecha-
nisms are described below.

Negative effect of phosphorylation on FOXO3a. As the major
regulator of FOXO activation, AKT is responsible for the phos-
phorylation of FOXO3a at threonine (Thr)32, serine (Ser)253
and Ser315. This phosphorylation leads to the exclusion of
FOXO3a from the nucleus and the association of FOXO3a with
14-3-3 proteins, which subsequently inhibits the transactivation
activity of FOXO3a (20,21). In addition to phosphorylation and
inhibition by AKT, FOXO3a is phosphorylated by a number of
other kinases. SGK is reported to share the same FOXO phos-
phorylation sites as AKT, and also decreases FOXO3a nuclear
localization and DNA-binding activity (11,22). ERKs have been
demonstrated to inhibit FOXO3a by directly phosphorylating
FOXO3a at Ser294, Ser344 and Ser425, and to induce the degra-
dation of FOXO3a via the murine double minute-2 signaling
pathway, which consequently stimulates cell survival and
anti-apoptotic gene expression (23). In addition, IKK can phos-
phorylate FOXO3a at Ser644, promoting cytoplasmic retention
and polyubiquitination-mediated degradation of FOXO3a (13).
CK1 has been identified to phosphorylate FOXO3a at
Ser318 and Ser321, leading to nuclear export and the inhibi-
tion of FOXO3a activity (24). However, the phosphorylation
of FOXO3a at Ser315 by AKT is required for CK1-dependent
Ser318 and Ser321 phosphorylation (24). Dual-specificity
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tyrosine phosphorylation and regulated kinase 1 (DYRKI) is
also able to phosphorylate FOXO proteins. It has been reported
that DYRKI1A phosphorylates FOXOL1 at Ser329 and FOXO3a
at Ser325 (1,25). DYRKI1B serves an important role in ovarian
cancer cell survival by mediating the nuclear translocation of
FOXO3a and the expression of apoptotic genes (26). These
data suggest that the phosphorylation of FOXO3a by these
kinases induces cytoplasmic retention and degradation.

Positive effect of phosphorylation on FOXO3a. FOXO-
activating kinases can promote the nuclear translocation
and activity of FOXO3a. JNK is a member of the oxidative
stress-activated mitogen-activated protein kinase family.
Upon activation, JNK can phosphorylate Ser574 of FOXO3a,
which antagonizes the AKT signaling pathway and promotes
the transcription and nuclear translocation of FOXO3a (4,27).
A second kinase capable of promoting FOXO3a activation is
AMPK, which can phosphorylate FOXO3a at Thr179, Ser399,
Serd13, Ser555, Ser588 and Ser626 (28). AMPK phosphoryla-
tion increases the transcription activity of FOXO3a without
effecting the cytoplasmic-nuclear shuttling of FOXO3a (28).
The potential molecular mechanism through which AMPK
regulates FOXO is the recruitment of additional proteins to
transcriptional complexes or the direction of FOXO to certain
promoter regions. In response to doxorubicin, p38 phos-
phorylates FOXO3a at Ser7, which promotes FOXO3 a nuclear
localization in breast carcinoma MCF-7 cells (29).

MST]1 is also a positive regulator of FOXO activity. Acti-
vated MST1 interacts with FOXO3a to phosphorylate Ser207,
which inhibits the association of FOXO3a with 14-3-3 proteins,
and promotes the nuclear translocation and transcription
activity of FOXO3a (15). LMTKS3 is a serine-threonine-tyro-
sine kinase that can inhibit protein kinase C and AKT, thereby
promoting the binding of FOXO3a to the estrogen receptor
1 gene promoter element (30). In addition, upon silencing
of LMTK3, the level of AKT phosphorylation at Ser473 is
increased, and the frequency of FOXO3a phosphorylation by
AKT at Ser318, Ser321 and Thr32 is markedly decreased (30).
Cyclin-dependent kinase 1/2 (CDK1/2) has been demonstrated
to phosphorylate FOXOI at conserved sites (31), although it
remains unclear whether they phosphorylate FOXO3a.

There is disagreement regarding the effect of CDK1/2
on FOXOI. CDK1 has been demonstrated to elicit cellular
proliferation, survival and tumorigenesis via the specific phos-
phorylation of FOXO1 at Ser249, which inhibits the activity
of FOXO1 (31). In addition, CDK2 has been reported to phos-
phorylate FOXO1 at Ser249 and Ser298, causing cytoplasmic
accumulation and inhibiting FOXOLI activity (32). However,
a previous study demonstrated that the phosphorylation of
FOXOLI at Ser249 disrupted the binding between FOXO1 and
14-3-3 proteins, thereby promoting the nuclear accumulation
of FOXOI1 and FOXOl-dependent transcription, leading to cell
death in neurons (33). Similarly to FOXO1, FOXO3a has been
suggested as a potential target of CDK1/2. Thus, studies inves-
tigating the effect of CDK1/2 on the subcellular localization
and transcription activity of FOXO3a in response to certain
stimuli are warranted.

Synergistic effect of multiple phosphorylations of FOXO3a.
The effects of multiple phosphorylation modifications of
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Table I. FOXO3a kinases, their phosphorylation sites and effects.

Kinase FOXO3a type Sites of phosphorylation Localization Effect
ERK/p38 Human S7,S12, G284 G294 G325 Q344 Q425 Q48T Cytoplasmic Inhibition and degradation
Rat S7,S12, %83 23 Cytoplasmic Inhibition and degradation
Mouse S7,S12, 283 G293 G424 Cytoplasmic Inhibition and degradation
IKK Human SoH Cytoplasmic Inactivation and degradation
AKT/SGK Human T2, 8§23, §315 Cytoplasmic Inhibition
Rat T, S2 Cytoplasmic Inhibition
Mouse T2, §%2, §314 Cytoplasmic Inhibition
CK1 Human S8 g3 Cytoplasmic Inhibition
Mouse S37, §30 Cytoplasmic Inhibition
DYRKIA/B Human S35 Cytoplasmic Inhibition
AMPK Human T, 8§39, §#13 §355 G388 G626 No effect Transactivation
Mouse sS4z No effect Transactivation
LMTK3 Human S318 §321 Nuclear Transactivation
Mouse S317, 8320 Nuclear Transactivation
MSTI1 Human S209 8215 8231 G232 Nuclear Activation
Mouse S208 Nuclear Activation
JNK Human S Nuclear Activation
Mouse S373 Nuclear Activation

FOXO3a, forkhead box class O 3a; S, serine; T, threonine; ERK, extracellular signal-regulated kinase; IKK, IxkB kinase; AKT, protein kinase
B; SGK, serum and glucocorticoid-induced kinase; CK1, casein kinase-1; DYRKI, dual-specificity tyrosine phosphorylation and regulated
kinase 1; AMPK, AMP-activated protein kinase; LMTK3, lemur tyrosine kinase-3; MST1, mammalian sterile 20-like kinase 1; JNK, c-Jun
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Figure 1. Amino acid sites of phosphorylation and acetylation of human FOXO3a. The different colors represent different kinases for FOXO3a modification
and different regions of FOXO3a protein. A, B and C represent different sections of CR2. MST1, mammalian sterile 20-like kinase 1; AKT, protein kinase B;
SGK, serum and glucocorticoid-induced kinase; AMPK, AMP-activated protein kinase; ERK, extracellular signal-regulated kinase; LMTK, lemur tyrosine
kinase; CK1, casein kinase-1; JNK, c-Jun N-terminal kinase; IKK, IxB kinase; CBP, cyclic AMP response element binding protein; SIRT, silent information
regulator; CR, conserved region; FH, forkhead; NLS, nuclear localization signal; NES, nuclear export signal; S, serine; T, threonine; K, lysine.

FOXO3a by different kinases are not independent. Specific
residues of FOXO3a can be phosphorylated by a number of
kinases. As illustrated in Table I, ERK and p38 share several
conserved FOXO3a phosphorylation sites in humans, rats and
mice. Similarly, AKT and SGK1 have several of the same
phosphorylation sites on FOXO3a, and inhibit the activity of
FOXO3a. In humans, two conserved residues sites (Ser318
and Ser321) can be phosphorylated by LMTK3 and CKI.
However, LMTK3 and CK1 can elicit opposite effects through

phosphorylating the same sites. LMTK3 phosphorylation of
FOXO3a at Ser318/Ser321 in humans has been demonstrated
promote FOXO3a activity (30,31). By contrast, the phosphory-
lation of these two sites by CK1 results in the inhibition of
FOXO3a activity (11,24).

Under certain conditions, kinases are likely to simul-
taneously regulate one other. As described above, CK1
phosphorylates FOXO3a at Ser318/Ser321 following the
phosphorylation of Ser315 by AKT, which enabled the
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Figure 2. Association between insulin/growth factor signaling and oxidative/
nutrient stress signaling in regards to FOXO3a. AKT, protein kinase B; SGK,
serum and glucocorticoid-induced kinase; ERK, extracellular signal-regu-
lated kinase; IKK, IxB kinase; JNK, c-Jun N-terminal kinase; MSTI,
mammalian sterile 20-like kinase 1; AMPK, adenosine monophosphate-acti-
vated protein kinase; CBP, cyclic AMP response element binding protein;
FOXO3a, forkhead box class O 3a; SIRT, silent information regulator.

identification of consensus sequences for CK1 phosphoryla-
tion (24). Under oxidative stress, JNK and MST1 participate
in similar signaling pathways and act in a complementary
manner to activate FOXO3a. JNK directly phosphorylates
FOXO3a and also phosphorylates MST1 at Ser82, which leads
to enhanced MST]1 activation (34). Accordingly, activated
MST1 phosphorylates FOXO3 at Ser207 and promotes cell
death (34). AKT inhibits MST1 through phosphorylating it
at Thrl120, blocking MST1-mediated phosphorylation and
activation of FOXO3a (35). Additionally, MST1 has also been
demonstrated to be capable of binding to and inhibiting AKT,
resulting in an inhibition of cellular proliferation (36).

3. Regulation of FOXO3a by acetylation

Different PTMs change the subcellular localization and/or
DNA-binding activity of FOXO3a, allowing FOX3a to serve a
role in various cellular activities. Similarly to phosphorylation,
acetylation is another PTM that can regulate FOXO3a.

Dual effects of CBP/p300-mediate acetylation of FOXO3a.
In the majority of cases, acetylation aids the transactiva-
tion of genes. The binding of the CBP/p300 coactivator to
FOXO proteins is essential for the transactivation of target
genes (37). CBP/p300, which acetylates nucleosomal histones,
can also acetylate FOXO3a. Acetylation of nucleosomal
histones stimulates transcription, whereas the acetylation of
FOXO3a has been reported to attenuate its transcriptional
activity (38,39). It is possible that acetylated FOXO3a has a
decreased DNA-binding activity. In addition, acetylation has
been observed to cause the stimulation and depression of
FOXO protein activity, dependent on the FOXO isoform and
binding partners present (38,39). A previous study demon-
strated that CBP/p300 acetylation of FOXO1 at specific highly
conserved sites decreased DNA-binding activity (38). Addi-
tionally, under oxidative stress CBP has been demonstrated to
trigger the acetylation of FOXO4 and inhibit its activity (39).
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Furthermore, FOXO3a interacts with the HAT p300, the
acetylation of which causes cytoplasmic retention and induces
the degradation of FOXO3a via the proteasome (40,41). In
response to nutrient deprivation, dominant-negative p300
was identified to induce FOXO3a nuclear translocation, while
transfection of CBP/p300 resulted in FOXO3a repression (41).
In addition, AKT has been demonstrated to phosphorylate
acetylated FOXO proteins, which resulted in cytoplasmic
retention and 14-3-3 proteins binding (42).

Deacetylation of FOXO3a is induced by sirtuins. The
CBP/p300-mediated acetylation of FOXO3a attenuates its
transcriptional activity. By contrast, deacetylation by SIRT1
increases the activity of FOXO3a. It has been reported that
SIRT1 deacetylates and activates FOXO3a in the nucleus
accumbens, leading to the expression of several targets
genes (43). However, the deacetylation of FOXO3a by
SIRTI has also been reported to repress FOXO3a activity.
Motta et al (44) demonstrated that SIRT1 deacetylates and
decreases the activity of FOXO proteins, including FOXOI,
FOXO0O3a and FOXO4. A recent study also demonstrated
that SIRT1 could bind to and deacetylate FOXO3a, which
increased its ubiquitination level and protected against apop-
tosis (45). SIRT2 also serves an important role in FOXO3a
deacetylation. SIRT2 deacetylates FOXO3, increasing the
DNA-binding activity of FOXO3 and thus increasing the
expression of its target genes, cyclin-dependent kinase
inhibitor 1B (p27Kipl), manganese superoxide dismutase and
BCL2 like 11 (Bim) (18,19). Notably, in response to oxidative
stress, SIRT1 interacts with and deacetylates FOXO3a, which
decreases the expression of pro-apoptotic Bim, but increases
the expression of cell cycle arrest genes, including p27Kipl
and growth arrest and DNA inducible a (16). These results
highlight the complex mechanisms by which FOXO is regu-
lated by acetylation and deacetylation. It is possible that the
interaction between acetylation and phosphorylation in FOXO
regulation may be the result of further mechanisms that have
not yet been elucidated.

4. Mechanisms of phosphorylation and acetylation
of FOXO3a

As shown in Fig. 1, FOXO3a consists of the following CRs:
A FH (residues 151-251); a NLS (residues 249-271); a NES
(residues 386-396); CR1 (residues 16-40); CR2A (residues
331-340); CR2B (residues 378-390); CR2C (residues 467-478);
and CR3 (residues 610-650) (1,7-10,19,46). FH is a conserved
DNA-binding domain, which is capable of binding to the
FRE and allowing transcription (1,7-9). MST1 (Ser209,
Ser215, Ser231 and Ser232) and AMPK (Thrl79) can directly
phosphorylate FOXO3a in the FH region (15,34,43). These
conserved phosphorylation sites have been demonstrated
to increase the DNA-binding activity of FOXO3a. NLS and
NES domains are important for FOXO3a subcellular localiza-
tion (15,34,43). AKT/SGK phosphorylates FOX3a at Ser253,
which is located in the NLS and acts to disrupt NLS activity
by introducing a negative charge to the basic NLS region (19).
Phosphorylation of Ser315 reveals the NES of FOXO,
increasing its rate of nuclear export (38). The CR3 domain is
a CTD that can interact with the FH region (7,10). It has been
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demonstrated that the binding of FH to FRE releases CR3,
allowing it to bind to the KIX domain of CBP/p300, which
can then acetylate and inhibit the DNA binding capacity of
FOXO3a (36). CR2C is also a transactivation domain, and
mediates the association between FOXO3a and CBP/p300 by
binding to the KIX domain (10,46).

Under certain conditions, coordinating the regulation of
phosphorylation and acetylation may synergistically control
the function of FOXO3a, including DNA binding activity,
subcellular localization and transactivation activity. The
processes of acetylation and phosphorylation of the CRs of
FOXO3a affects one other. It is known that MST1 (Ser209,
Ser215, Ser231 and Ser232) and AMPK (Thr179) can directly
phosphorylate FOXO3a in the FH domain, which increases the
DNA-binding affinity of FOXO3a. Activated SIRT1 deacety-
lates Lysine (Lys)242 and Lys245 in the FH domain and also
enhances the DNA binding of FOXO3a (43). Previous studies
have demonstrated that SIRT1, MST1 and AMPK are activated
in response to oxidative stress (15,16,28,34,35). This suggests
that the DNA binding affinity of FOXO3a is controlled by the
interaction between acetylation and phosphorylation.

Certain acetylation sites in FOXO3a surround a consensus
site for AKT-induced Ser phosphorylation within the NLS
domain. Acetylation of FOXO3a by CBP/p300 has been
suggested to promote AKT-mediated phosphorylation at
Ser253 in the NLS motif (41,42). It is therefore possible that the
acetylation of Lys259, Lys262 and Lys271 in the NLS region of
FOXO3a changes the conformation of the NLS and results poor
affinity for the DNA, making the NLS prone to phosphoryla-
tion by AKT (42). AKT phosphorylation of FOXO3a at Thr32
in the CRI1 region and Ser253 in the NLS region increases
the binding of FOXO3a to 14-3-3 proteins, and decreases
the interaction between FOXO3a and CBP/p300 (42). Phos-
phorylated FOXO3a (Thr32/Ser253) is unable to bind to CBP/
p300 and loses the ability for chromatin remodeling. AMPK
phosphorylation of FOXO3a at Ser626 in the CR3 domain
increases the binding of CBP/p300 and transactivation activity
of FOXO3a (10). It has also been demonstrated that AMPK
enhances SIRT1 activity by increasing cellular NAD* levels,
resulting in the deacetylation of FOXO3a (47). The effect of
IKK-mediated Ser644 phosphorylation in the acetylated CR3
region of FOXO3a remains unclear. Thus, the potential interac-
tion between acetylation and phosphorylation in the conserved
PTM sites of FOXO3a discussed in the present review is an
important area to investigate in future studies.

5. Conclusion

In conclusion, the effect of phosphorylation and acetylation on
the transactivation activity of FOXO3a represents a complex
balance between insulin/growth factor signaling and oxidative
stress signaling (Fig. 2). Insulin and growth factors initiate
a signaling cascade that results in the activation of kinases,
including AKT/SGK, ERK and IKK (11-13). These kinases
phosphorylate FOXO3a at specific sites, inducing its cyto-
plasmic retention and/or degradation, leading to inhibition of
target genes transcription (13,19-23). By contrast, oxidative
or nutrient stress signals induce activation of JNK, MST1
and AMPK, which phosphorylate FOXO3a at the conserved
residue sites, resulting in nucleus localization of FOXO3a
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and promoting the transcription of target genes (11,12,14,15).
Besides, stresses also increase SIRT1/SIRT2-FOXO3a interac-
tion, resulting in tightly binding of FOXO3a to DNA binding
domain and enhancing target genes transcription (18,19,45).
Although acetylation does not always correspond with phos-
phorylation, phosphorylation and acetylation can cooperate to
regulate FOXO3a in response to different stimuli. Thus, the
potent functions of FOXO3a are tightly controlled by complex
signaling pathways under physiological conditions. Gaining
better understanding of the PTMs of FOXO3a remains an
important area of investigation and should be addressed in
future studies.
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