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Introduction

Autophagy is an evolutionarily conserved cell survival pathway 
through which excess cytoplasmic components are degraded 
under normal and pathological conditions.1 Autophagy is respon-
sible for recycling macromolecules to generate energy for intracel-
lular renovation within the cell.1-3 The autophagic process is thus 
beneficial to the development and growth of normal individual 
cells, although the role of autophagy in cancer cells remains 
unclear.4-8

Stimuli, such as insulin secretion, amino acid deficiency, 
energy depletion or viral invasion, can stimulate autophagy.9-11 
Among the factors influencing autophagy, the mechanistic target 
of rapamycin complex 1 (MTORC1), which is a critical nutri-
tional sensor, plays a central negative regulatory role in auto-
phagy by phosphorylating and inactivating ULK1/ATG1, which 
is required to initiate autophagy.12-15 Additionally, BECN1, the 
human homolog of the yeast VPS30/ATG6 gene, was among 
the first identified mammalian factors shown to be involved 
in promoting autophagy, and BECN1 functions through 

Forkhead box O (FOXO) transcriptional protein family members, including FOXO1 and FOXO3, are involved in the 
modulation of autophagy. However, whether there is redundancy between FOXO1 and FOXO3 in the ability to induce 
autophagy remains unclear. In this study, we showed that FOXO3 induced a transcription-dependent autophagy, and 
FOXO1 was required for this process. Overexpression of wild-type FOXO3 (WT) or FOXO3 (3A), which harbors alanine 
mutations at residues Thr32, Ser253 and Ser315, but not transcription-inactive FOXO3 (ΔDB3A), significantly induced 
autophagy in the human embryonic kidney cell line HEK293T and mouse embryonic fibroblast (MEF) cell lines. 
Interestingly, depletion of FOXO1 by siRNA attenuated FOXO3-induced autophagy. Our data also showed that FOXO3 
overexpression did not increase the expression of FOXO1 at the protein level, although FOXO3 was capable of binding 
the promoter region of FOXO1 and inducing an increase in the transcription of FOXO1 mRNA. Furthermore, our results 
showed that FOXO3 promoted the translocation of FOXO1 from the nucleus to the cytoplasm, resulting in an increase in 
FOXO1-induced autophagy. Moreover, our results supported a mechanism whereby FOXO3 dramatically increased the 
expression of the class I PtdIns3K catalytic subunit PIK3CA, leading to an increase in AKT1 activity, which resulted in the 
phosphorylation and nuclear export of FOXO1. To the best of our knowledge, our data are the first to suggest that FOXO1 
plays a central role in FOXO3-induced autophagy.
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the BECN1- PtdIns3K complex to promote autophagosome 
formation.16,17

Recent evidence has revealed that the FOXO protein family 
members FOXO1 and FOXO3 promote autophagy.18-23 In skel-
etal muscle cells, FOXO3 directly upregulates autophagy-related 
genes, such as microtubule-associated protein 1 light chain 3 
(MAP1LC3) and BCL2/adenovirus E1B 19-kDa interacting pro-
tein 3 (BNIP3).19 FOXO1 has both transcription-dependent and 
transcription-independent roles in autophagy. In mouse cardio-
myocytes, FOXO1 is deacetylated by the NAD-dependent deacet-
ylase sirtuin-1 (SIRT1) that, in turn, induces the expression of the 
RAS-related GTP-binding protein RAB7A, which mediates the 
fusion of mature autophagic vesicles with lysosomes.21 In addi-
tion, FOXO1 mediates starvation-induced autophagy through a 
transcription-independent mechanism in human cancer cells. We 
have previously observed that cytoplasmic FOXO1 is required for 
serum starvation- or H

2
O

2
-induced autophagy in cancer cells. 

Under these conditions, FOXO1 became acetylated and dissoci-
ated from SIRT2 in the cytoplasm, and the acetylated FOXO1, 
in turn, binds to ATG7 to promote autophagy.23 Therefore, it is 
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mammalian cells, plasmids expressing a Flag-tagged FOXO3 
construct (WT), a nuclear-localized Flag-tagged FOXO3 con-
struct (3A), and a nuclear-localized but DNA-binding deficient 
Flag-tagged FOXO3 construct (ΔDB3A) were generated. Each 
plasmid construct was transfected into HEK293T cells, and 
after 48 h, the endogenous MAP1LC3 puncta were detected by 
confocal microscopy. MAP1LC3 is the mammalian homolog of 
ATG8 and is a commonly used marker for autophagosomes.41 
During autophagosome formation, MAP1LC3-I is cleaved to the 
shorter isoform MAP1LC3-II and is conjugated to phosphati-
dylethanolamine (PE), which functions to anchor MAP1LC3-II 
into the autophagosome membrane.42 Our data showed a large 
increase in the number of endogenous MAP1LC3 puncta in 
FOXO3 (WT)-transfected cells, and an even larger increase 
in the number of MAP1LC3 puncta in the nucleus-localized 
FOXO3 (3A)-transfected cells. No difference in MAP1LC3 
puncta was observed in the DNA binding-deficient, nucleus-
localized FOXO3 (ΔDB3A)-transfected cells (Fig. 1A and B). 
Proteins were extracted from cells transfected with each of the 
constructs, and western blotting was performed to assess changes 
in MAP1LC3-II accumulation and SQSTM1 (a selective auto-
phagy substrate) turnover. Overexpression of FOXO3 (WT) or 
FOXO3 (3A) but not FOXO3 (ΔDB3A) resulted in an increase 
in MAP1LC3-II levels, and this increase was more obvious 
in the presence of lysosomal protease inhibitors E64 and pep-
statin-A (Fig. 1C and D). Similarly, SQSTM1 was degraded in 
HEK293T cells expressing FOXO3 (WT) or FOXO3 (3A) but 
not in cells expressing FOXO3 (ΔDB3A) (Fig. 1C). We tested 
our observations in TM-ER MEF cells, which stably express a 
4-hydroxytamoxifen (4-OHT)-inducible FOXO3 (3A)43 con-
struct, and the mouse myoblast cell line C2C12 transfected with 
a Flag-tagged FOXO3 (3A) plasmid by assessing MAP1LC3-II 
accumulation and SQSTM1 turnover. Expression of FOXO3 in 
these cell lines induced a significant increase in MAP1LC3-II 
accumulation and SQSTM1 turnover (Fig. S1A and S1B) sug-
gesting that overexpressed FOXO3 induces autophagy in mul-
tiple cell lines by acting as a transcription factor.

Furthermore, both confocal and western blot data confirmed 
that C2C12 cells underwent autophagy when cells were incu-
bated in Hanks’ Balanced Salt Solutions (HBSS), and this auto-
phagy was effectively suppressed by pretreatment with Foxo3 
RNAi (Fig. S1C–E). These data indicated that FOXO3 is 
required for the induction of autophagy in response to nutrient 
starvation.

FOXO1 was required for autophagy mediated by FOXO3. 
FOXO1 induces autophagy in cardiomyocytes and cancer 
cells,21,23,44 and FOXO3 binds to the promoter of FOXO1 to 
induce the expression of FOXO1 mRNA.39,40 Therefore, FOXO3 
may induce autophagy by upregulating FOXO1 expression. To 
determine the relationship between FOXO3 and FOXO1 in the 
context of autophagy, a stable FOXO1 knockdown HEK293T 
cell line and a nonspecific HEK293T knockdown control were 
established by transfecting either the pGCSIL-FOXO1 RNA 
interference (RNAi) plasmid or a nonspecific control RNAi 
plasmid, respectively (Fig. 2A; Fig. S2A). FOXO3 overexpres-
sion-induced autophagy was almost completely inhibited in the 

likely that FOXO family member proteins induce both transcrip-
tion-dependent and transcription-independent autophagy.

Although FOXO3 and FOXO1 belong to the FOXO transcrip-
tional protein family and share overlapping structure and func-
tion, they harbor several important differences.24-26 For example, 
FOXO3 and FOXO1 have different tissue-dependent expression 
patterns. Whereas FOXO1 is highly expressed in adipose tissues, 
FOXO3 is most highly expressed in brain tissue in mammals.26 
In addition, the promoter of FOXO1, but not FOXO3, contains 
a consensus Forkhead response element (FHRE).27 Furthermore, 
in the murine liver, FOXO1 mainly regulates the expression of 
gluconeogenic enzymes, whereas FOXO3 plays an important role 
in the expression of lipogenic enzymes.28,29 More importantly, 
only Foxo1 knockout mice show an embryonically lethal pheno-
type,30,31 which implies that FOXO1 has more vital cellular and 
biological functions or less molecular redundancies.

Post-translational modifications of FOXO proteins, such as 
phosphorylation and acetylation, affect their functions.32 For 
example, the subcellular localization of FOXO1 in the nucleus 
or cytoplasm is controlled by AKT1, a kinase that catalyzes the 
phosphorylation of FOXO1 at Thr24, Ser256 and Ser319.33,34 
Upon phosphorylation, FOXO1 translocates from the nucleus 
to the cytoplasm in a tyrosine 3-mono-oxygenase/trypto-
phan 5-monooxygenase activation protein, theta polypeptide 
[YWHAQ (14-3-3)] protein-dependent manner, resulting in a 
significant decrease in FOXO1 transcriptional activity.32,35,36 The 
class I PI3K enzyme is an essential upstream regulator of AKT1 
and is composed of the catalytic subunit PIK3CA (p110) and 
the regulatory subunit PIK3R1 (p85). Class I PI3K is the main 
enzyme responsible for modulating FOXO1 nuclear exclusion.34,37 
Class I PI3K is recruited to activated tyrosine kinase receptors 
where it phosphorylates phosphatidylinositol (4,5)-bisphosphate 
(PtdIns(4,5)P

2
) to form PtdIns(3,4,5)P

3
. PtdIns(3,4,5)P

3
 sub-

sequently recruits AKT1 and 3-phosphoinositide-dependent 
protein kinase-1 (PDPK1) to the cell membrane, resulting in 
the activation of AKT1 and the subsequent phosphorylation of 
AKT1 targets.37,38 Thus, AKT1 activity is tightly associated with 
FOXO1 localization and transcriptional activity.

Recent evidence has shown that FOXO3 may transcription-
ally activate FOXO1.39,40 Therefore, we investigated whether 
FOXO3 coordinately upregulates FOXO1 as a mechanism to 
induce autophagy.

In this study, we found that FOXO3 induced transcription-
dependent autophagy in HEK293T cells and MEF cells, and 
FOXO1 was required for this process. Our data showed that 
FOXO3 upregulated class I PI3K-AKT1 activity by transactivat-
ing the catalytic subunit PIK3CA, which in turn phosphorylated 
FOXO1, resulting in the exportation of FOXO1 from the nucleus 
to the cytoplasm and promoting autophagy. Our data support a 
mechanism whereby FOXO3 coordinately regulates FOXO1 to 
induce autophagy.

Results

FOXO3 transcriptionally promoted autophagy. To inves-
tigate the effect of FOXO3 on the induction of autophagy in 
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Figure 3A, the relative luciferase activity of the FOXO1 promoter 
significantly increased when the cells were cotransfected with 
the FOXO3 (WT)-expressing plasmid, and luciferase activity 
increased further when cells were cotransfected with the FOXO3 
(3A) plasmid. A chromatin immunoprecipitation (ChIP) assay 
was also performed to determine whether FOXO3 binds directly 
to the FOXO1 promoter. Our results showed that FOXO3 bind-
ing to the FOXO1 promoter increased significantly when FOXO3 
was overexpressed in HEK293T cells (Fig. 3B). Due to lacking 
the sequence for DNA binding, FOXO3 (ΔDB3A) fails to bind 
to the promoter of FOXO1 (Fig. 3C). Furthermore, real-time 
PCR was performed to determine FOXO1 expression levels using 
mRNA extracted from cells transfected with an empty vector 
control, the FOXO3 (WT)-expressing plasmid, the FOXO3 
(3A)-expressing plasmid or the FOXO3 (ΔDB3A)-expressing 
plasmid. Cyclin-dependent kinase inhibitor 1B (CDKN1B) tran-
script levels, a known transcriptional target for FOXO3, was used 
as a positive control. Overexpression of FOXO3 transcription-
ally enhanced the expression of FOXO1 mRNA (Fig. 3D and E). 

FOXO1 knockdown cell line. Overexpression of FOXO3 (WT) 
or FOXO3 (3A) induced a significant increase in the amount of 
endogenous MAP1LC3 puncta in the presence of the protease 
inhibitor E64. However, the increase in MAP1LC3 puncta due 
to FOXO3 (WT) or FOXO3 (3A) overexpression was reversed 
when FOXO1 was knocked down (Fig. 2B and C; Fig. S2B and 
S2C). In addition, MAP1LC3-II accumulation and SQSTM1 
turnover were also significantly decreased in the FOXO1 knock-
down stable cell line when compared with stable cell lines express-
ing FOXO1 when assayed by western blot (Fig. 2D; Fig. S2D). 
These data suggested that FOXO3 requires FOXO1 to induce 
autophagy.

FOXO3 transcriptionally activated FOXO1. To further 
investigate the mechanism by which FOXO1 and FOXO3 coop-
erate to regulate autophagy, an empty vector control, a FOXO3 
(WT) plasmid or a FOXO3 (3A) plasmid was cotransfected with 
a FOXO1 promoter-driven luciferase reporter construct into 
HEK293T cells. Then, the cells were assayed using a relative 
luciferase activity based on the FOXO1 promoter. As shown in 

Figure 1. FOXO3 induced autophagy in HEK293T cells. (A) HEK293T cells were transfected with empty vector control, Flag-FOXO3 (WT), Flag-FOXO3 
(3A) or Flag-FOXO3 (ΔDB3A) plasmid. Forty eight hours post-transfection, the cellular localization of exogenous FOXO3 (upper panels) or endogenous 
MAP1LC3 puncta (lower panels) were observed by confocal microscopy. Scale bars: 10 μm. (B) Quantification of the endogenous MAP1LC3 puncta per 
cell. Error bars represent the standard deviation (n = 50 for three independent experiments). **p < 0.01, *p < 0.05, NS, not significant. (C) HEK293T cells 
were transfected with empty vector control, Flag-FOXO3 (WT), Flag-FOXO3 (3A)-expressing plasmid or Flag-FOXO3 (ΔDB3A) plasmid in the presence 
or absence of E64 and pepstatin A. Forty-eight hours post-transfection, cell lysates were extracted and immunoblotted with anti-Flag, anti-MAP1LC3, 
anti-SQSTM1 or anti-GAPDH antibody. (D) Statistic analysis of the total MAP1LC3-II density relative to GAPDH levels. Error bars represent the standard 
deviation (n = 3). *p < 0.05, NS, not significant.
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with GFP-FOXO1 (WT) and Flag-tagged FOXO3 (3A) plas-
mids and observed by confocal microscopy, cytoplasmic FOXO1 
was generally increased in cells that overexpressed FOXO3 pro-
viding visual evidence that overexpression of FOXO3 corre-
lates with FOXO1 cytoplasmic translocation (Fig. 4C and D). 
Similarly, we observed the translocation of FOXO1 from the 
nucleus to the cytoplasm in C2C12 cells (Fig. 4E), suggesting 
that the FOXO3-associated translocation of FOXO1 is a gen-
eral biological phenomenon. Moreover, the FOXO3-associated 
change in translocation of FOXO1 appeared to be transcription-
dependent. As shown in Figure 4F, FOXO3 (ΔDB3A) over-
expression was unable to cause FOXO1 nuclear exclusion. To 
investigate whether FOXO3-mediated cytosolic localization of 
FOXO1 is not due to FOXO1 degradation, the nuclear export 
inhibitor leptomycin B (LMB) was used to pretreat HEK293T 
cells prior to FOXO3 transfection. As shown in Figure 4F, the 
FOXO3-dependent FOXO1 nuclear exclusion was reversed by 
LMB pretreatment. Altogether, these data supported a model 
whereby FOXO3 causes FOXO1 nuclear exclusion through a 
transcriptional mechanism.

Together, these data demonstrated that FOXO3 transcriptionally 
activated FOXO1 expression by directly binding to the FOXO1 
promoter.

However, we unexpectedly did not observe an increase in 
FOXO1 protein level after overexpression of either FOXO3 
(WT), FOXO3 (3A) or FOXO3 (ΔDB3A) (Fig. 3F and G), sug-
gesting that FOXO3 overexpression may not cause an increase in 
the total FOXO1 protein levels.

FOXO3 promoted FOXO1 nuclear exclusion. To further 
evaluate the role of FOXO1 in FOXO3-induced autophagy, 
we examined the FOXO1 protein level in the cytoplasm and 
in the nucleus when FOXO3 is overexpressed. An empty vec-
tor control, a FOXO3 (WT)-expressing plasmid or a FOXO3 
(3A)-expressing plasmid was transfected into HEK293T cells, 
and the cytosolic proteins and nuclear proteins were extracted 
and analyzed by western blot to detect FOXO1 expression. As 
shown in Figures 4A and B, the level of cytosolic FOXO1 gradu-
ally increased, concordant with a decrease in nuclear FOXO1 
when FOXO3 (WT) or FOXO3 (3A) was overexpressed in 
HEK293T cells. When HEK293T cells were co-transfected 

Figure 2. FOXO1 was required for FOXO3-induced autophagy. (A) Western blot analysis of FOXO1 protein levels in the stable nonspecific siRNA- 
expressing HEK293T cells (NS) or stable FOXO1-siRNA-expressing HEK293T cells (FOXO1-RNAi). (B) Empty control vector, Flag-FOXO3 (WT) or Flag-
FOXO3 (3A) plasmid was transfected into HEK293T (NS) cells or FOXO1-RNAi cells. Expression of Flag-FOXO3 (upper panels) or endogenous MAP1LC3 
puncta (lower panels) was detected by confocal microscopy. Scale bars: 10 μm. (C) Quantification of endogenous MAP1LC3 puncta per cell. Error bars 
represent the standard deviation (n = 50 for three independent experiments). **p < 0.01. (D) HEK293T (NS) cells or FOXO1-RNAi cells were transfected 
with control, Flag-FOXO3 (WT) or Flag-FOXO3 (3A) plasmid and then treated with or without E64 and pepstatin A. Forty-eight hours post-transfection, 
cell lysates were extracted and immunoblotted with anti-FOXO1, anti-FOXO3, anti-MAP1LC3, anti-SQSTM1 or anti-GAPDH antibody.
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PIK3CA. As shown in Figure 5B, a ChIP assay was used to show 
that FOXO3 was able to bind to the promoter of PIK3CA on 
three fragments between -912 bp and -585 bp, between -548 bp 
and -250 bp and between -264 bp and -55 bp. Furthermore, class 
I PI3K promoter binding activity was significantly enhanced 
upon overexpression of FOXO3. Consistently, overexpression of 
FOXO3 led to a significant increase in the expression of PIK3CA 
mRNA and protein (Fig. 5C and D), suggesting that FOXO3 
increases AKT1 activity by transcriptionally activating PIK3CA 
and thus promoting the nuclear exclusion of FOXO1.

Translocation of FOXO1 was necessary for FOXO3-induced 
autophagy. To confirm whether the translocation of FOXO1 was 
required for FOXO3-induced autophagy, HEK293T cells were 
treated with the PI3K inhibitor LY294002 to abolish FOXO1 
phosphorylation and nuclear exclusion, and then MAP1LC3-II 
accumulation and SQSTM1 turnover were assessed in FOXO3-
overexpressing cells. Overexpression of FOXO3 (3A) signifi-
cantly induced the translocation of FOXO1 from the nucleus 
to the cytoplasm, and FOXO1 translocation was inhibited by 

FOXO3 enhanced PI3K-AKT1 activity by activating 
PIK3CA. Because the phosphorylation of residue Ser256 of 
FOXO1 is catalyzed by AKT1 and is required for FOXO1 trans-
location from the nucleus to the cytoplasm,45 we tested whether 
FOXO3 overexpression enhanced AKT1 activity. FOXO3 (WT) 
or FOXO3 (3A) plasmid was transfected into HEK293T cells, 
and then, proteins were extracted and analyzed by western blot 
to assess the level of AKT1 activity. Although overexpression of 
either FOXO3 (WT) or FOXO3 (3A) did not induce an increase 
in the total amount of AKT1, both constructs induced a signifi-
cant increase in phosphorylated AKT1 at residue Ser473 (Fig. 
5A). FOXO1 phosphorylation at residue Ser256 was also signifi-
cantly increased in response to either FOXO3 (WT) or FOXO3 
(3A) overexpression, implying that FOXO3 transcriptionally 
activates certain genes that in turn phosphorylate AKT1, result-
ing in the phosphorylation of FOXO1 (Fig. 5A).

Class I PI3K is primarily responsible for catalyzing the phos-
phorylation of AKT1;37 therefore, we investigated the relation-
ship between FOXO3 overexpression and the expression level of 

Figure 3. FOXO3 upregulated the transcript level, but not the protein level, of FOXO1. (A) Empty control, Flag-FOXO3 (WT) or Flag-FOXO3 (3A) plas-
mid was cotransfected with luciferase reporter plasmid under the control of the FOXO1 promoter into HEK293T cells. After 24 h, the relative luciferase 
activity was measured. RLU, relative luciferase units. Error bars represent the standard deviation (n = 3). **p < 0.01, *p < 0.05. (B and C) HEK293T 
cells were transfected with empty control, Flag-FOXO3 (WT), Flag-FOXO3 (3A) or Flag-FOXO3 (ΔDB3A) plasmid. Forty-eight hours post-transfection, 
DNA fragments bound to exogenous Flag-FOXO3 protein were isolated from cells by the chromatin immunoprecipitation (ChIP) assay with anti-Flag 
antibody. DNA fragments that copurified with the anti-FLAG antibody were amplified by PCR using primers specific for several sequences within 
the FOXO1 promoter. (D–G) HEK293T cells were transfected with empty control, Flag-FOXO3 (WT), Flag-FOXO3 (3A) or Flag-FOXO3 (ΔDB3A) plasmid. 
Forty eight hours post-transfection, total RNA and total protein were extracted. Quantitative PCR (qPCR) was performed to measure the expression 
of CDKN1B and FOXO1 (D and E, upper panel). The transfection efficiency of Flag-FOXO3 (WT), Flag-FOXO3 (3A) or Flag-FOXO3 (ΔDB3A) was mea-
sured by PCR (D and E, lower panel). A western blot was performed to detect changes in the protein levels of Flag-FOXO3, FOXO1 and GAPDH (F and 
G). **p < 0.01, *p < 0.05.
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HEK293T cells, phospho-AKT1 (Ser473) was obviously down-
regulated, and consequently MAP1LC3-II autophagic flux and 
SQSTM1 turnover caused by FOXO3 (3A) overexpression were 
both significantly reduced as well (Fig. 6D). Furthermore, confo-
cal microscopy revealed that overexpression of FOXO3 induced 
a significant increase in endogenous MAP1LC3 puncta, and the 
increase in endogenous MAP1LC3 puncta was reversed upon 
treatment with LY294002, LMB, or PIK3CA inhibition (Fig. 6E 
and F). These data suggest that FOXO3-induced autophagy was 
mainly regulated by FOXO1 translocation from the nucleus to 
the cytoplasm.

LY294002, which specifically inhibited the phosphorylation 
of AKT1 (Fig. 6A). Furthermore, when cells overexpressing 
FOXO3 (3A) were treated with LY294002, MAP1LC3-II levels 
decreased, and SQSTM1 turnover was significantly reduced (Fig. 
6B). When cells overexpressing FOXO3 (3A) were treated with 
LMB, the rate of autophagy decreased as revealed by a decrease in 
MAP1LC3-II levels and SQSTM1 turnover (Fig. 6C). Because 
LY294002 was able to inhibit both class I PI3K-AKT1 activ-
ity and PtdIns3K activity,46,47 we further used a specific siRNA 
to target PIK3CA to confirm the role of AKT1 in FOXO3-
induced autophagy. In response to PIK3CA siRNA treatment in 

Figure 4. FOXO3 promoted FOXO1 cytoplasmic translocation. (A) Empty control, Flag-FOXO3 (WT) or Flag-FOXO3 (3A) plasmid was transfected into 
HEK293T cells, and cell fractionation was performed to analyze the cellular localization of endogenous FOXO1. TUBA was included as a loading control 
for cytoplasmic protein, and HDAC1 was included as a loading control for nuclear protein. (B) Statistical analysis of FOXO1 expression levels relative to 
TUBA or HDAC1. Error bars represent the standard deviation (n = 3). *p < 0.05. (C) GFP-FOXO1 (WT) plasmid and Flag-FOXO3 (3A) plasmid were cotrans-
fected into HEK293T cells. Twenty-four hours post-transfection, localization of FOXO1 (left panel) or exogenous FOXO3 (right panel) was observed 
by confocal microscopy. Scale bar: 10 μm. (D) Statistical analysis of changes in cytoplasmic FOXO1 levels in response to FOXO3 overexpression. Error 
bars represent the standard deviation (n = 3). **p < 0.01. (E) C2C12 cells were transfected with empty control or Flag-FOXO3 (WT) plasmid. Forty-eight 
hours post-transfection, cell fractionation was performed to analyze the cellular localization of endogenous FOXO1. TUBA was included as a load-
ing control for cytoplasmic protein, and HDAC1 was included as a loading control for nuclear protein. (F) HEK293T cells were transfected with empty 
control, Flag-FOXO3 (3A) or Flag-FOXO3 (ΔDB3A) plasmid in the presence or absence of LMB (0.5 ng/ml), and cytoplasmic and nuclear extracts were 
isolated. A western blot was performed to detect changes in FOXO1 protein levels.
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FOXO3 can transcriptionally activate autophagy by upreg-
ulating autophagy-related (ATG) genes or autophagy regu-
latory genes, such as those encoding MAP1LC3, ATG12, 
GABARAPL1 (homolog of yeast ATG8) and BNIP3.19,20 
However, previous reports have shown that low levels of ATGs 
are sufficient to induce autophagy, and thus the upregula-
tion of ATGs may not be the only factor responsible for pro-
moting autophagy.42,48 For example, a small amount of ATG5 
is adequate to induce autophagy in mouse embryonic fibroblast 

Discussion

In this study, we identified a specific connection between FOXO1 
and FOXO3 in the induction of autophagy. FOXO3 transcrip-
tionally activated class I PI3K catalytic subunit PIK3CA, which 
in turn phosphorylated and upregulated AKT1 activity. Activated 
AKT1 catalyzed the phosphorylation of FOXO1 resulting in the 
translocation of FOXO1 to the cytoplasm and leading to the 
induction of autophagy (Fig. 7).

Figure 5. FOXO3 stimulated the PI3K-AKT1 pathway. (A) Empty control, Flag-FOXO3 (WT) or Flag-FOXO3 (3A) plasmid was transfected into HEK293T 
cells. Forty-eight hours post-transfection, total protein was extracted and was analyzed by western blot using anti-Flag, anti-p-AKT1 (Ser473), anti-
AKT1, anti-p-FOXO1 (Ser256) or anti-ACTB antibodies. (B) HEK293T cells were transfected with empty control, Flag-FOXO3 (WT) or Flag-FOXO3 (3A) 
plasmid. Forty-eight hours post-transfection, DNA fragments binding exogenous Flag-FOXO3 protein were isolated by chromatin immunoprecipita-
tion (ChIP) assay using anti-Flag antibody and amplified by PCR using four fragments of the PIK3CA promoter between -1127 bp and -936 bp, -912 bp 
and -585 bp, -548 bp and -250 bp and -264 bp and -55 bp. (C and D) HEK293T cells were transfected with empty control, Flag-FOXO3 (WT) or Flag-
FOXO3 (3A) plasmid. Forty-eight hours post-transfection, total RNA and total protein were extracted. Quantitative PCR (qPCR) was performed to mea-
sure the transcript expression level of PIK3CA. *p < 0.05 (C). A western blot was also performed to detect changes in the protein levels of Flag-FOXO3, 
PIK3CA and ACTB (D).

Figure 6 (See opposite page). A PI3K-AKT1 inhibitor or a nuclear export inhibitor blocked FOXO3-induced autophagy. (A) HEK293T cells were trans-
fected with empty control or Flag-FOXO3 (3A) plasmid and were then treated with or without LY294002 (20 μg/ml). Forty-eight hours post-transfec-
tion, cell fractionation was performed to analyze cellular localization of endogenous FOXO1. TUBA was included as a loading control for cytoplasmic 
protein, and HDAC1 was included as a loading control for nuclear protein. (B) HEK293T cells were transfected with empty control or Flag-FOXO3 (3A) 
plasmid and then were treated with or without LY294002 (20 μg/ml). Forty-eight hours post-transfection, total proteins were extracted and were then 
analyzed by western blot with anti-Flag, anti-p-AKT1 (Ser473), anti-MAP1LC3, anti-SQSTM1 or anti-GAPDH antibody. (C) Empty control plasmid or Flag-
FOXO3 (3A) plasmid was transfected into HEK293T cells and then were treated with or without LMB (0.5 ng/ml). Forty-eight hours post-transfection, 
cell lysates were extracted and were then analyzed by western blot with anti-Flag, anti-SQSTM1, anti-MAP1LC3 or anti-GAPDH antibody. (D) Nonspecif-
ic siRNA or PIK3CA siRNA was transfected into HEK293T cells for 48 h first. Empty control plasmid or Flag-FOXO3 (3A) plasmid was then transfected into 
the treated cells. Forty-eight hours post-transfection, cell lysates were extracted and were then analyzed by western blot with anti-Flag, anti-PIK3CA, 
anti-p-AKT1 (ser 473), anti-AKT1, anti-MAP1LC3, anti-SQSTM1 anti-ACTB antibody. (E) HEK293T cells were transfected with empty control plasmid or 
Flag-FOXO3 (3A) plasmid and then were treated with or without LY294002 (20 μg/ml) or LMB (0.5 ng/ml), or transfected with PIK3CA siRNA first. The 
cellular localization of exogenous FOXO3 (upper panels) or endogenous MAP1LC3 puncta (lower panels) was observed by confocal microscopy. Scale 
bars: 10 μm. (F) Quantification of endogenous MAP1LC3 puncta per cell. Error bars represent the standard deviation (n = 50 for three independent 
experiments). **p < 0.01.
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Figure 6. For figure legend, see page 1718.
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such as MIR182, may be responsible for regulating the FOXO1 
protein level when an increase in FOXO1 mRNA is observed.57,58 
MicroRNAs bind to the 3'UTR of the mRNA of specific genes 
and suppress their translation,59 thus preventing changes in pro-
tein expression despite changes in the mRNA level. Future stud-
ies should investigate whether microRNAs are involved in the 
regulation of FOXO1 translation. However, because FOXO1-
dependent autophagy largely depends on its protein expression 
level and acetylation modification,23 upregulation of the FOXO1 
level in mRNA induced by FOXO3 is not directly relevant to 
induction of autophagy by FOXO3.

Accumulating evidence suggests that FOXO1 translocation is 
dependent on its phosphorylation status.32-34,60,61 Phosphorylation 
of FOXO1 at different combinations of amino acids can result 
in different FOXO1 activity. For instance, activated AKT1 
promotes the nuclear exclusion of FOXO1 by phosphorylating 
FOXO1 at residues Thr24, Ser256 and Ser319.33,34 In addition, 
cyclin-dependent kinase 2 (CDK2) mediates the nuclear exclu-
sion of FOXO1 and inhibits FOXO1 transcriptional activity by 
directly phosphorylating FOXO1 at residue Ser249.60 By contrast, 
Ste20-like kinase (SLK) induces FOXO protein nuclear localiza-
tion by phosphorylating FOXO at a conserved site, disrupting 
FOXO interaction with YWHAQ proteins.61 Similarly, we are 
the first to present data indicating that FOXO3 promotes the 
phosphorylation of FOXO1 by inducing AKT1 activity, which 
ultimately results in FOXO1 nuclear exclusion. Here, we noticed 
that increased AKT1 activity induced by FOXO3 overexpres-
sion also resulted in FOXO3 autophosphorylation.62 Therefore, 
FOXO3 (3A), which could not be phosphorylated by AKT1, was 
able to induce a stronger autophagy when compared with that of 
wild-type FOXO3 (Fig. 1A–D). We have previously published 
that cytosolic FOXO1 induces autophagy;23 therefore, the results 
of our current study are consistent by showing that autophagy 
increased in parallel with the nuclear exclusion of FOXO1 in 
response to FOXO3 overexpression.

Overexpression or somatic mutation of PIK3CA occurs in 
many cancers, including ovarian, colorectal and brain cancers, 
which correlates with increased activation of the AKT1 path-
way.63-65 Previous studies have used co-immunoprecipitation 
assays to show that a high level of the PIK3CA subunit corre-
lates with higher levels of the PI3K regulatory subunit PIK3R1 in 
ovarian cancer,63 and higher levels of PIK3CA and PIK3R1 may, 
in turn, upregulate the PI3K-AKT1 pathway to initiate diverse 
biological fuctions.37 In agreement with previous studies in drug-
resistant leukemic cells,66 our data in HEK293T cells indicated 
that FOXO3 transcriptionally upregulated the PI3K catalytic 
subunit PIK3CA, which in turn activated AKT1. In addition, 
we identified three fragments in the promoter of PIK3CA that 
are bound by FOXO3. The promoter fragment from -548 bp 
to -250 bp is a newly identified binding site for FOXO3, which 
was not identified in drug-resistant leukemic cells (Fig. 5B).66 
In addition to PIK3CA, FOXO3 may activate AKT1 through 
other pathways. A previous study in cardiomyocytes illustrated 
that FOXO disrupts interactions between AKT1 and PP2A 
as well as between AKT1 and calcineurin, with a resultant 
increase in AKT1 activity and decrease in insulin sensitivity.67 

(MEF) cells.48 Additionally, autophagy markers do not change 
when GFP-MAP1LC3 is overexpressed in F9 teratocarcinoma 
cells.46 However, the BCL2-related BH3-only protein BNIP3 
has been shown to induce autophagy by promoting the release 
of BECN1 from the BECN1-BCL2 complex,49 and BNIP3 over-
expression induces autophagy in HEK293T cells and malignant 
glioma cells.50,51 Therefore, it is possible that FOXO3 upregulates 
BNIP3 expression as part of the mechanism of FOXO3-induced 
autophagy.19,52 As a transcription factor, FOXO3 may promote 
autophagy by upregulating several genes in addition to BNIP3. 
In fact, several factors have been reported to induce autophagy 
through multiple pathways. For example, PRKA induces auto-
phagy by phosphorylating several substrates, such as MTORC1, 
ULK1 and FOXO3.10,53,54 Our data showed that FOXO3 induced 
autophagy by changing the subcellular localization of FOXO1. 
In the presence of overexpressed FOXO3, we observed only 
a slight increase in autophagosome formation in the FOXO1 
knockdown cells but a significant change in autophagic mark-
ers in cells with wild-type FOXO1 (Fig. 2B and C; Fig. S2B 
and S2C). Furthermore, in cells expressing wild-type FOXO1, 
FOXO3 overexpression did not induce autophagy if FOXO1 
translocation was inhibited by LMB (Fig. 6C, E and F), sup-
porting a model in which FOXO1 translocation plays a critical 
role in FOXO3-induced autophagy. However, whether FOXO3-
mediated expression of BNIP3 or FOXO3-mediated FOXO1 
nuclear exclusion is the predominant mechanism responsible 
for FOXO3-induced autophagy remains unclear and may vary 
depending on the cellular context.

Consistent with previous reports,39,40 we confirmed that 
FOXO3 upregulates the expression of FOXO1 mRNA (Fig. 3D 
and E) but does not alter FOXO1 protein levels (Fig. 3F and 
G). FOXO1 protein levels may be governed by a more com-
plex mechanism, such as HUR-mediated regulation of FOXO1 
mRNA stability or microRNA regulation. Precedence for an 
HUR type of mechanism has been observed upon H

2
O

2
 treat-

ment of HeLa cells, which alters the protein level of SIRT155 by 
promoting HUR binding to the 3'UTR of SIRT1 mRNA effec-
tively stabilizing SIRT1 transcript.55,56 Similarly, microRNAs, 

Figure 7. Schematic model illustrating the mechanism of FOXO3-
induced autophagy.
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between -548 bp and -250 bp and fragment between -1127 bp 
and -936 bp were as indicated,66 fragment between -912 bp and 
-585 bp, AAT CAC TGC TCC TAC GCT, ACT TCG TGG 
AGA CCT TTT.

Immunofluorescence analysis. Cells were cultured on confo-
cal dishes to about 80% confluence. After treatment, cells were 
fixed with 4% paraformaldehyde and permeabilized with meth-
anol. The dishes were incubated with blocking solution (0.8% 
BSA in PBS) and exposed overnight to primary antibody (1:100 
dilution for all antibodies) at 4°C. After being washed three 
times with blocking solution, the dishes were exposed to a sec-
ondary antibody (1:200 dilution), conjugated to FITC/TRITC 
(fluorescein isothiocyanate/tetramethyl rhodamine isothiocya-
nate). Morphological alterations in the cells were observed and 
documented under a confocal microscope (Olympus BX-51, 
America Inc.).

Real-time PCR analysis of mRNA. Total RNA was iso-
lated with TRIzol reagent (Invitrogen, 15596–026). cDNA was 
synthesized from 2 μg of RNA with oligo (dT)

15
 primers with 

the use of the Quantscript RT Kit (TianGen, KR103). Primer 
sequences of FOXO3, FOXO1, GAPDH, CDKN1B, PIK3CA for 
RT-PCR were as follows: FOXO3, TGA GAA GTT CCC CAG 
CGA CTT, TCC AAC CCA TCA GCA TCC A; FOXO1, CGC 
AGA TCT ACG AGT GGA TGG T, GCT CGG CTT CGG 
CTC TTA; GAPDH, GAA GAT GGT GAT GGG ATT TC, 
GAA GGT GAA GGT CGG AGT C; CDKN1B, TGG AGA 
AGC ACT GCA GAG AC, GCG TGT CCT CAG AGT TAG 
CC; PIK3CA, AAA TGA AAG CTC ACT CTG GAT TCC, 
TGT GCA ATT CCT ATG CAA TC.

Immunoblot analysis. Equal amounts of proteins (100 to 150 
μg) were size-fractionated by 7.5–15% SDS-PAGE. The antibod-
ies used were anti-FOXO1 (Cell Signaling, 2880), anti-FOXO3 
(Cell Signaling, 9467), anti-FOXO3 (Cell Signaling, 2497), 
anti-PIK3CA (Cell Signaling, 4249) and anti-MAP1LC3 (Cell 
Signaling, 2775), anti-SQSTM1 (MBL, PM045), anti-ACTB 
(Santa Cruz, sc-7210), anti-AKT1 (Epitomics, 1081), anti- 
p-AKT1 (Ser 473) (Epitomics, 2118), anti-GFP (Santa Cruz, 
sc-9996), and anti-Flag (Sigma, F1804). For immunoprecipita-
tion, cells were harvested and then lysed in a Nonidet P40 buf-
fer supplemented with a complete protease inhibitor cocktail 
(Roche, 04693132001). Whole-cell lysates or cytosolic proteins 
were used for immunoprecipitation with the indicated antibod-
ies. Generally, 1 to 4 μg of antibody was added to 1 ml of cell 
lysate, which was incubated at 4°C for 8 to 12 h. After the addi-
tion of Protein A/G-agarose beads, the incubation was continued 
for 1 h. Immunoprecipitates were extensively washed with lysis 
buffer and eluted with SDS loading buffer by boiling for 5 min. 
Main western blotting data showing MAP1LC3-II accumulation 
or SQSTM1 turnover. All bands of blots were scanned with a 
phosphorimager, and the relative intensity of each band was nor-
malized to each band of GAPDH. Data collected came from at 
least three independent experiments.
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Furthermore, FOXO transcriptionally activates the expression 
of the insulin receptor, which in turn enhances AKT1 activity 
in the Drosophila Schneider S2 cell line.68 Future studies should 
investigate whether other factors contribute to AKT1 activation 
when FOXO3 is overexpressed.

In conclusion, our results showed that the FOXO3 transcrip-
tion factor promoted autophagy through a FOXO1-dependent 
manner by increasing class I PI3K-AKT1 activity. Further pars-
ing out of the various functions of the diverse members of the 
class I PI3K and FOXO families should shed new light on the 
accurate mechanism of FOXO3-dependent autophagy.

Materials and Methods

Cell culture. HEK293T and C2C12 cell line were purchased 
from the American Type Culture Collection, and grown in 
DMEM medium (GIBCO, 12800-017) supplemented with 10% 
fetal bovine serum (Hyclone, SV30087.02) in a 37°C incubator 
with a humidified, 5% CO

2
 atmosphere. TM-ER MEF (stably 

expressing FOXO3-3A MEF) cells were kindly provided by Dr. 
Zhengqiang Yuan. Starvation medium Hanks’ Balanced Salt 
Solutions (HBSS) were purchased from Ding Guo Biological 
Company (Ding Guo, CC0052).

Establishment of stable FOXO1 knockdown cell line. A 
FOXO1 stable knockdown cell line was generated by using a 
pGCSIL-FOXO1 RNAi plasmid (GAG CGT GCC CTA CTT 
CAA G). Plasmids were transfected into HEK293T cells, and 
the stable cell lines were established by selection with 10μg/ml 
puromycin (Sigma, P8833).

Plasmids and inhibitors. FOXO3 (WT) and FOXO3 (3A) 
expression plasmids were purchased from Addgene. FOXO3 
(ΔDB3A) plasmid was kindly provided by Dr. Plas. FOXO1-
promoter luciferase reporter plasmid was provided by Dr. 
Hardingham. FOXO3 siRNA and PIK3CA siRNA were 
purchased from Sigma (Sigma, SASI_Mm02_00324885, 
SASI_Hs01_00219338).

Protease inhibitors E-64 (Sigma, E3132), pepstatin A (Sigma, 
P5318), nuclear export inhibitor leptomycin B (Sigma, L2913) 
were purchased from sigma. PI3K inhibitor LY294002 (Promega, 
V1201) was purchased from Shanghai Promega.

Cell transfection and luciferase assay. Lipofectamine 2000 
(Invitrogen, 11668-019) was used in transfections for HEK293T 
cells, while GenJet (SignaGen, SL100489) was used in C2C12 
transfection. Luciferase assay was performed by using luciferase 
assay kit (Promega, E1500) with firefly luciferase-based reporter 
gene activity.

ChIP assay. Briefly, 2 × 107 cells were fixed with 1% formal-
dehyde at 37°C for 10 min, and then they were lysed on ice for 15 
min. These lysed extracts were subjected to shearing by sonica-
tion. After centrifugation at 12,000 rpm for 15 min, the soluble 
chromatin was subjected to immunoprecipitation with anti-Flag 
(Sigma, F3165). The primer sequences used in all ChIPs were 
as follows: promoter of FOXO1, TCG TTC AGC AAA GAC 
ATC GTG, AGC AAA CCA GCG TGG AGG C; promoter 
of PIK3CA, fragment between -264 bp and -55 bp, fragment 
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