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Autophagy is a highly conserved programmed degradation process that regulates a variety
of physiological and pathological activities in health, aging, and disease. To identify addi-
tional factors that modulate autophagy, we utilized serum-free starvation or Torin1 to
induce autophagy in HeLa cells for unbiased mRNA-sequencing analysis and identified
SNAI2, a crucial player in epithelial-to-mesenchymal transition and cancer progression,
as a regulator of autophagy. Mechanistically, SNAI2 promotes autophagy by physically
interacting with FOXO3 and enhancing FOXO3 binding affinity to its response elements
in autophagy-related genes. Intriguingly, binding to the DNA targets appears necessary
and sufficient for FOXO3 to antagonize its CRM1-dependent nuclear export, illustrating
a critical role of DNA in regulating protein nuclear localization. Moreover, stress-elevated
SNAI2 expression is mediated by FOXO3, which activates SNAI2 transcription by
directly binding to its promoter. Herein, FOXO3 and SNAI2 form a coherent feed-
forward regulatory loop to reinforce autophagy genes induction in response to energy
stress. Strikingly, a dFoxO-Snail feed-forward circuit also regulates autophagy inDrosoph-
ila, suggesting this mechanism is evolutionarily conserved from fly to human.
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Autophagy is an evolutionary conserved digestive pathway that captures, degrades, and
recycles dysfunctional organelles, intracellular microbes, and pathogenic proteins (1–3).
Autophagy occurs in response to stress conditions, such as nutrient deprivation, DNA
damage, infection, or hypoxia, to maintain cellular homeostasis (4). Autophagy oper-
ates at low baseline levels, and its disruption may result in accumulation of inclusion
bodies composed by misfolded protein aggregates and degenerating organelles (5), lead-
ing to various diseases (3, 5). Over the past decades, extensive studies have significantly
expanded our understanding of the molecular mechanisms underlying autophagy and
the roles of autophagy in physiology and pathophysiology (6–8), yet the mechanism
that regulates autophagy has not been fully understood.
Since first discovered in Drosophila ∼30 y ago (9), Snail transcription factors (TFs)

have been extensively studied as transcriptional repressors to modulate epithelial-to-
mesenchymal transition in cancer progression (10–12). However, additional study has
also shown that Snail not only represses but also activates gene expression via a specific
motif (13). In support of this, an activator role of Snail has been reasonably shown by
genetic studies and biochemical assays (14–17). In addition, a convincing body of liter-
ature has demonstrated that Snail TFs also play well-characterized roles in develop-
ment, cell survival, immune regulation, stem cell biology, and metabolism (13, 18–26).
Yet, the role of Snail TFs in autophagy remains unknown.
The FoxO TFs represent an evolutionarily conserved family of TFs shuttling between

the cytoplasm and nucleus (27, 28). Dysfunction of the shuttling system in response to
external stimuli has been implicated in various biological processes, such as metabolism,
longevity, and cancer (29–31). Additional studies have also characterized the role of
dFoxO in controlling endoplasmic reticulum stress and tumor overgrowth (32, 33).
FoxO TFs are principally regulated by two distinct mechanisms: posttranslational modi-
fications and protein–protein interactions (29). Central to the posttranslational modifi-
cations is well-studied phosphorylation (34). Mechanistically, phosphorylated FoxOs by
a plethora of kinases are reversibly sequestered in the cytoplasm via interaction with
14-3-3 or altered association with the nuclear export complex (29). In addition, the tran-
scriptional activity of FoxO TFs is affected by physical interaction with specific binding
partners (29, 35). For example, FANCD2 forms a complex with FOXO3 in response to
oxidative stress and increases expression of FOXO3-controlled antioxidant genes for cell
survival (36). Yet, little is known about the mechanism that regulates nuclear retention
of FoxO TFs in physiological condition.
To identify additional modulators of autophagy, we took advantage of serum depriva-

tion- or Torin1-induced autophagy in HeLa cells for messenger RNA-sequencing (mRNA-
seq) analysis and identified that SNAI2, a well-known TF in epithelial-to-mesenchymal
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transition, plays a critical role in autophagy. Herein, SNAI2 pro-
motes autophagy by concertedly cooperating with FOXO3 to
activate expression of PIK3CA and ULK1. Mechanistically,
SNAI2 physically interacts with FOXO3 and enhances FOXO3
binding affinity to its response elements in transcriptional target
genes. Importantly, binding to the DNA targets appears necessary
and sufficient for FOXO3 to antagonize its CRM1-mediated
nuclear export, which results in FOXO3 nuclear accumulation. In
addition, SNAI2 acts as a transcriptional target of FOXO3 in
response to energy stress, thus forming a coherent feed-forward
loop with FOXO3 in autophagy induction. Moreover, Snail, the
Drosophila ortholog of SNAI2, also regulates autophagy in a feed-
forward regulatory circuit with dFoxO, suggesting the function
and mechanism of Snail TFs in autophagy are evolutionarily con-
served from fly to human.

Results

SNAI2 Functions as a Regulator of Autophagy. To unearth key
factors that regulate autophagy, we utilized extracellularly
serum-free (SF) starvation or Torin1, a well-described mamma-
lian target of rapamycin (mTOR)C1/2 inhibitor (37–40), to
treat HeLa cells for autophagy induction and subsequently per-
formed RNA-seq and Venn plotting analysis (Fig. 1 A and B
and Datasets S1–S3). We identified that mRNA levels of 120
genes were significantly up-regulated compared with the con-
trols (Fig. 1B), among which SNAI2 mRNA was markedly ele-
vated. Given that SNIA2 was of paramount importance to a
broad spectrum of physiological and pathophysiological activi-
ties, yet the role of Snail TFs in autophagy has not been
reported, SNAI2 was selected for further investigation. Reverse
transcription-quantitative real-time PCR (RT-qPCR） assay
confirmed that Torin1 or SF treatment resulted in increased
SNAI2 mRNA (Fig. 1C and SI Appendix, Fig. S1A). Moreover,
SNAI2 protein level was up-regulated by Torin1 (Fig. 1D) or
another mTOR inhibitor rapamycin (Fig. 1E), implying a
potential role of SNAI2 in autophagy. In agreement with this
assumption, knockdown of SNAI2 (SI Appendix, Fig. S1B)
significantly attenuated Torin1- or rapamycin-induced
autophagy in the presence (Fig. 1F and SI Appendix, Fig. S1C)
or absence of the lysosome inhibitor Bafilomycin A1 (Baf-A1)
or chloroquine (CQ) (Fig. 1G and SI Appendix, Fig. S1D), but
exhibited no effect on basal autophagy (SI Appendix, Fig. S1E).
To determine whether SNAI2 could promote autophagy, we
expressed Flag-tagged SNAI2 in 293T or HeLa cells. We found
that enforced SNAI2 expression is not sufficient to trigger
autophagy by itself (SI Appendix, Fig. S1 G and H), but was able
to enhance autophagy in the presence of Baf-A1 or CQ (SI
Appendix, Fig. S1 F and I). In addition, SNAI2 expression
promoted autophagy with 2.5-h treatment of rapamycin, while
this treatment alone is not sufficient for autophagy induction
(Fig. 1H). Taken together, these data suggest that SNAI2
functions is a positive regulator of autophagy, and that SNAI2
may require a cofactor to initiate autophagy.

SNAI2 Interacts with and Promotes FOXO3-Mediated Autoph-
agy. Given that SNAI2 encodes a TF, its cofactor in autophagy
induction is most likely a TF as well. From large scale yeast two-
hybrid (Y2H) assays for protein–protein interactions on nearly all
sequence-specific Drosophila TFs (41), we noted an interaction
between Snail and dFoxO, the Drosophila orthologs of SNAI2
and FOXO3, respectively. As FoxO family proteins are well-
known regulators of autophagy (42–45), we presumed that
SNAI2 potentially binds to FOXO3, and promotes FOXO3-

mediated autophagy. To test this assumption, we performed
coimmunoprecipitation (co-IP) experiments to validate the inter-
action between SNAI2 and FOXO3 in both 293T and HeLa
cells. Intriguingly, FOXO3 specifically interacted with SNAI2,
but not SNAI1 and SNAI3 (Fig. 2 A and B). To verify whether
SNAI2 cooperates with FOXO3 to induce autophagy, we first
confirmed that overexpression of FOXO3 or FOXO33A in 293T
cells indeed induced autophagy, as reported previously (42).
Intriguingly, FOXO3- or FOXO33A-activated autophagy was sig-
nificantly augmented upon SNAI2 overexpression (Fig. 2 C and
D), and was largely abrogated by SNAI2 knockdown, as indicated
by LC3-II/LC3-I (Fig. 2 E–H) and immunofluorescence staining
(Fig. 2I). Taken together, the above data indicate that SNAI2
interacts with and promotes FOXO3-mediated autophagy.

SNAI2/FOXO3 Synergistically Activates Autophagy-Related
Genes Transcription. To investigate the mechanism by which
SNAI2 cooperates with FOXO3 to induce autophagy, we per-
formed RT-qPCR analysis to check the expression of FOXO3
target genes involved in autophagy (42, 46–48), and found that
FOXO3-activated transcriptions of ULK1 and PIK3CA were fur-
ther augmented upon SNAI2 expression (Fig. 3A). Intriguingly,
SNAI2 also promoted the nuclear localized FOXO33A-activated
ULK1 and PIK3CA transcription (Fig. 3B). One possible expla-
nation for this is that SNAI2 may increase FOXO3 binding to
its DNA targets in PIK3CA and ULK1. To interrogate this, we
carried out chromatin immunoprecipitation (ChIP) experiments
and confirmed that FOXO3 could bind to the three known tar-
gets in the PIK3CA promoter (42, 49) (Fig. 3 C and D). More
importantly, levels of DNA fragments immunoprecipitated by
FOXO3 were apparently increased by coexpressing SNAI2 in a
dose-dependent manner (Fig. 3D), indicating that SNAI2
enhances FOXO3 binding to its response elements in PIK3CA
promoter. Likewise, SNAI2 boosts FOXO3 binding to its targets
located in the third intron of ULK1 (Fig. 3 E and F). Taken
together, these data suggest that SNAI2 generally promotes
FOXO3 binding to its DNA targets in autophagy-related genes.

Next, we examined the mechanism by which SNAI2 promotes
FOXO3-DNA binding, and surmised that SNAI2 may directly
bind to its own recognition sites next to FOXO3 binding motifs
or engage as a FOXO3-interacting cofactor to indirectly bind to
FOXO3 response elements. To discriminate between these two
possibilities, we transfected exogenous FOXO-RES, which doesn’t
include SNAI2 binding sites, into 293T cells, and then per-
formed ChIP experiments. We found that SNAI2 alone failed to
bind FOXO-RES, whereas increased FOXO-RES was enriched by
SNAI2 upon FOXO3 coexpression (Fig. 3G). Supporting this,
SNAI2 synergistically promoted FOXO33A-activated 4X FOXO-
luc activity in both HeLa and 293T cells (Fig. 3 H and I).
Cumulatively, these data suggest that SNAI2 acts as a FOXO3-
interacting partner, increases FOXO3 binding affinity to its
responsive elements and reinforces transcription of autophagy-
related genes, such as PIK3CA and ULK1.

Snail–dFoxO Complex Promotes Autophagy in Drosophila. To
investigate whether the SNAI–FOXO complex promotes
autophagy in vivo and whether this mechanism is evolutionarily
conserved, we checked Drosophila Snail (Sna) and dFoxO, the
ortholog of SNAI2 and FOXO3, respectively. Consistent with
mammalian data, overexpression of Sna driven by ptc-Gal4
in Drosophila wing imaginal discs induced robust autophagy
as measured by both Lyso Tracker red incorporation and
Atg8a-pmCherry puncta accumulation (Fig. 4 B and I), two
well-described markers for autolysosome and autophagosome,
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respectively (50, 51). Intriguingly, ectopic Sna-induced autophagy
was dramatically suppressed by heterozygous dFoxO mutation
(dFoxO�94) or RNAi-mediated dFoxO knockdown (Fig. 4 C, D,
J, and K), indicating that Sna modulates dFoxO-dependent
autophagy in vivo. Additionally, we found that FOXO33A- and
dFoxO-induced autophagy was strikingly antagonized by two
independent sna interference RNA (RNAi) (Fig. 4 E–G and L–N
and SI Appendix, Fig. S2 A–C), suggesting that FOXO3/dFoxO
activity depends on Sna.
Given that Snail and dFoxO are mutually required to trigger

autophagy in Drosophila, we checked the physical interaction

between Sna and dFoxO. We found that dFoxO reciprocally
interacted with Sna as determined by co-IP assay (Fig. 4 O and P).
Following extensive mapping experiments, we found that the
C-terminal half of Sna (amino acids 246 to 390, referred to as
SnaC) is responsible for the interaction with dFoxO (Fig. 4Q). On
the other hand, the dFoxO N-terminal fragment (dFoxOA, amino
acids 1 to 175) and middle fragment (dFoxOB, amino acids 176
to 445) but not C-terminal one (dFoxOC, amino acids 446 to
622) interacted with SnaC (Fig. 4R), implying the region near A/B
boundary is crucial for interaction with Sna. Consistently, the seg-
ment of amino acids 155 to 225 (dFoxOE) was necessary and

Fig. 1. SNAI2 is identified as a positive regulator of autophagy. (A) Heatmap of statistically differential gene expression between dissect control, Torin1-A,
Torin1-B treatment, or SF starvation HeLa cells, respectively. Columns in green indicate decreased genes, whereas columns in red demonstrate increased
genes. A, 1 μM; B, 250 nM. (B) A Venn diagram shows overlapping up-regulated genes between 1-μM and 250-nM Torin1 treatment, compared with control.
(C) RT-qPCR analysis of SNAI2 mRNA level. HeLa cells were treated with DMSO as negative control and 250 nM or 1 μM Torin1 for 4h. (D) Immunoblot analy-
sis of SNAI2 protein level and LC3-II/LC3-I in HeLa cells treated by DMSO or 250nM Torin1 for 4 h. (E) Immunoblot analysis of SNAI2 protein level and LC3-
II/LC3-I in 293T cells treated with or without 1 μM rapamycin for 4 h. (F) Immunoblot analysis of 250nM Torin1-induced autophagy in HeLa cells treated by
nonspecific siRNA (siCtrl) or two independent siRNA targeting SNAI2 (referred to as siSNAI2-1 and siSNAI2-2). Cells were treated by 20 μM CQ for 24 h to
inhibit lysosome activity. (G) Immunoblot analysis of rapamycin-induced autophagy in 293T cells treated by siCtrl or siSNAI2-1. 293T cells were treated by
1 μM Rapamycin for 4 h. (H) Immunoblot analysis of rapamycin-induced autophagy in 293T cells in the absence or presence of transiently transfected Flag-
SNAI2 for 48 h. 293T cells were treated by 1 μM rapamycin for 2.5 h before harvest. DMSO acts as negative control for Torin 1 or rapamycin treatment in
293T or HeLa cells. ****P < 0.0001, ***P < 0.001, **P < 0.01, *P < 0.05. ns, no significant difference.
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Fig. 2. SNAI2 interacts with and promotes FOXO3-mediated autophagy. (A and B) Immunoblot analysis of FOXO3 in input (also termed as whole-cell lysate,
WCL) and anti-Flag immunoprecipitates. The plasmids encoding Flag-SNAI1, Flag-SNAI2, and Flag-SNAI3 were transiently transfected into 293T or HeLa cells
for 48 h. (C) Immunoblot analysis of LC3-II/LC3-I in the ectopically expressed Flag-FOXO3 with or without HA-SNAI2 coexpression in 293T cells. (D) Immuno-
fluorescence analysis of LC3 in HeLa cells overexpressing Flag-FOXO3 or Flag-FOXO3A coupled with or without HA-SNAI2 overexpression. (Scale bar, 10 μm.)
(E and F) Immunoblot analysis of LC3-II/LC3-I in 293T cells that ectopically expressed Flag-FOXO3 or Flag-FOXO3A with or without SNAI2 knockdown. (G and
H) Empty control vector, Flag-FOXO3 or Flag-FOXO33A were transfected into siSNAI2 untreated or treated HeLa cells and immunoblot analysis of LC3-II/LC3-I
was performed. (I) Immunofluorescence analysis of LC3 in HeLa cells overexpressing Flag-FOXO3 or Flag-FOXO3A with or without SNAI2 knockdown. (Scale
bar, 10 μm.) ****P < 0.0001, ***P < 0.001, **P < 0.01, *P < 0.05.
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sufficient for dFoxO’s interaction with SnaC (Fig. 4 S and T). The
DNA binding motifs in Sna and dFoxO are the zinc finger and
forkhead box, respectively. Intriguingly, all five Sna zinc fingers
are located in SnaC, and dFoxOE includes part of dFoxO forkhead
box, we wondered whether DNA is required for the Sna–dFoxO
(SnaC–dFoxOE) interaction. To address this, we digested DNA
with DNase I in cell lysates prior to the co-IP experiments. We
found that Sna–dFoxO interaction was not affected upon DNase
I treatment (SI Appendix, Fig. S3 A and B), suggesting DNA bind-
ing is not a prerequisite for the interaction between Sna and
dFoxO. In support of this, we performed GST-pull down assays
and found direct interactions between dFoxO/FOXO3 and Sna/
SNAI2 (SI Appendix, Fig. S3 C and D).

Snail/SNAI2 Conservatively Promotes dFoxO/FOXO3 Nuclear
Accumulation. In support of the direct physical interaction
between Snail and dFoxO, we found that Snail, mainly localized
in the nucleus, promoted dFoxO nuclear accumulation in S2
cells (Fig. 5A), and in the Drosophila third-instar eye imaginal
discs, posterior to the morphogenetic furrow when driven
by GMR-Gal4 (Fig. 5B). In addition, we also checked the
localization of truncated Snail and dFoxO. As judged by immu-
nostaining analysis, we found that nuclear localized SnaC (NLS-
SnaC) was able to restrict dFoxOA+B but not dFoxOD in the
nucleus both in vitro and in vivo (SI Appendix, Figs. S4 and S5
A–C). More intriguingly, dFoxOE was sufficient to be seques-
tered in nucleus by NLS-SnaC (SI Appendix, Fig. S5 D–F), fur-
ther corroborating the role of Snail–dFoxO interaction in vivo.

To examine whether Sna-induced dFoxO nuclear accumula-
tion is evolutionarily conserved, we checked the subcellular
localization of SNAI2 and FOXO3 in mammalian cells. In
agreement with the fly data, SNAI2 overexpression increased
FOXO3 protein level in nucleus but decreased that in cyto-
plasm as measured by nuclei-cytoplasm fractionation (Fig.
5C), while FOXO3 subcellular localization was not altered
upon SNAI1 or SNAI3 expression (SI Appendix, Fig. S6A).
Moreover, knockdown of SNAI2 significantly increased
FOXO3 in cytoplasm but decreased FOXO3 in nucleus in
293T and HeLa cells (Fig. 5 D and E), which were further
confirmed by immunofluorescence staining (Fig. 5F). In sup-
port of this, SNAI2 ablation potently attenuated the activity of
a FOXO-luc reporter harboring four FOXO binding sites in
the promoter region (SI Appendix, Fig. S6 B and C). To rule
out the possibility that SNAI2 regulates FOXO3 localization
by altering 14-3-3 expression, we performed immunoblotting
assay and found that altered SNAI2 expression did not affected
total or individual 14-3-3 protein level (SI Appendix, Fig. S6
D–F).

To further verify the effect of SNAI2 on FOXO3 subcellular
localization, we transfected into HeLa cells an active FOXO3
(Flag-FOXO33A), in which all three phosphorylation residues
were mutated to alanine residues to mimic a nonphosphorylated
state, and thus could not be arrested in cytoplasm by 14-3-3.
Intriguingly, the nuclear localized Flag-FOXO33A was shuttled
to cytoplasm upon SNAI2 knockdown as measured by immuno-
fluorescence (Fig. 5G) and nuclei-cytoplasm fractionation (Fig.

Fig. 3. SNAI2/FOXO3 synergistically activate transcription of autophagy genes. (A) RT-qPCR analysis of FOXO3 target genes related to autophagy. Flag-
FOXO3 was transfected into 293T cells with or without coexpression of Flag-SNAI2 for 48 h. (B) ULK1 and PIK3CA mRNA level were judged by RT-qPCR analy-
sis. Flag-FOXO33A was transfected into 293T cells with or without Flag-SNAI2. (C) Schematic view of PIK3CA promoter with three FOXO3 binding sites indicated
as red bar. Four fragments were shown as amplicons. (D) Relative DNA enrichment in ChIP experiments. (E) Structure of the ULK1 locus. The third intron of
ULK1 contains two FOXO3 binding sites indicated as red bar. A and B indicate amplicons used for ChIP. (F) ChIP-qPCR analysis of amplicon-A/B in Flag-IP reac-
tions. (G) Relative DNA enrichment in ChIP experiments was determined by qPCR. (H and I) Analysis of FOXO-luc activity by SNAI2 with or without FOXO33A

coexpression in HeLa and 293T cells. ****P < 0.0001, ***P < 0.001, **P < 0.01, *P < 0.05. ns, no difference.
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5H). Consistently, Flag-FOXO33A–induced FOXO-luc activity
was significantly attenuated by SNAI2 depletion (Fig. 5I). Fur-
thermore, expression of FOXO33A by GMR-Gal4 in Drosophila
eye imaginal discs also exhibited nuclear localization, but was
shuttled to cytoplasm upon Snail (Sna) removal (Fig. 5J).
Cumulatively, these data suggest that Snail/SNAI2 conserva-
tively promote dFoxO/FOXO3 nuclear accumulation, which
are consistent with previous observations that nuclear proteins
could induce nuclear accumulation of nucleocytoplasmic shut-
tling proteins via direct interaction (52–54).

SNAI2 Inhibits FOXO3 Nuclear Export by Enhancing FOXO3-
DNA Binding. We next sought to dissect the mechanism by
which SNAI2 regulates FOXO3 nuclear accumulation. It’s well-
described that nuclear sequestration of a protein usually results
from increased nuclear import or decreased nuclear export (52).
As a constantly nuclear localized protein (The Human Protein
Atlas, https://www.proteinatlas.org/), SNAI2 is more likely to
reduce the nuclear export, rather than enhance the nuclear
import, of FOXO3, which shuttles frequently between cytoplasm
and nucleus. Consistent with previous findings that nuclear

Fig. 4. Sna conservatively promotes autophagy in Drosophila. (A–N) Fluorescence micrographs of Drosophila wing imaginal discs are shown. Lysotracker
staining or Atg8a-pmCherry puncta accumulation was performed as autophagy markers. (Scale bar, 20 μm.) (O) A schematic drawing summarizing the bind-
ing activities of all Sna and dFoxO fragments. In the right panel, symbols “+” and “�” indicate strong binding or weak binding/no binding, respectively. (P)
Immunoblot analysis of Flag-dFoxO and Myc-Sna in input and anti-Flag or anti-Myc immunoprecipitates. Plasmids encoding Flag-dFoxO and Myc-Sna were
transiently cotransfected into S2 cells for 48 h before harvest. (Q) Immunoblot analysis of interaction between full-length dFoxO with SnaC but not SnaN. (R)
Flag-dFoxOA and Flag-dFoxOB but not Flag-dFoxOC interacts with Myc-SnaC. (S) Flag-dFoxOA+B but not Flag-dFoxOD interacts with Myc-SnaC. (T) Immunoblot
analysis of Myc-SnaC in input and anti-Flag immunoprecipitates. Myc-SnaC interacts with Flag-dFoxOE.
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exportation of FOXO3 depends on CRM1 (29), we confirmed
in a co-IP assay that CRM1 indeed could interact with both
ectopically expressed and endogenous FOXO3 (Fig. 6 A–C).
Intriguingly, ectopic SNAI2 abrogated the interaction between
FOXO3 and CRM1 in both 293T and HeLa cells (Fig. 6 A–C),

suggesting that SNAI2 promotes FOXO3 nuclear accumulation
by impeding CRM1-dependent FOXO3 nuclear export. As a
nucleocytoplasmic shuttling protein, nuclear FOXO3 could bind
to either DNA targets for transcription or CRM1 for nuclear
export. In this scenery, FOXO3 is competed by DNA and

Fig. 5. Snail/SNAI2 conservatively promotes nuclear accumulation of dFoxO/FOXO3 from Drosophila to human. (A) Immunofluorescence analysis of Flag-
dFoxO cellular localization in S2 cells with or without Myc-Sna overexpression. (Scale bar, 5 μm.) (B) Fluorescence micrographs of Drosophila eye imaginal
discs showing subcellular localization of dFoxO-GFP and Sna-Myc. Areas posterior to the morphogenetic furrow are shown. (Scale bar, 5 μm.) (C) Nucleocyto-
plasmic separation analysis of cellular localization of endogenous FOXO3 in 293T cells transfected by Flag-SNAI2 for 48 h. Cyt, cytoplasm; Nuc, nucleus. (D)
Nucleocytoplasmic separation analysis of cellular localization of endogenous FOXO3 in SNAI2 knockdown 293T cells. (E) Cellular localization of endogenous
FOXO3 was determined by Nucleocytoplasmic separation analysis in SNAI2 knockdown HeLa cells. (F) Immunofluorescence analysis of FOXO3 cellular locali-
zation in SNAI2 knockdown HeLa cells. (Scale bar, 10 μm.) (G) SNAI2 was silenced by siRNA for 24 h and then Flag-FOXO33A was transiently transfected into
HeLa cells for another 48 h. Immunofluorescence analysis of Flag-FOXO33A cellular localization change was performed. (Scale bar, 10 μm.) (H) Cellular locali-
zation of Flag-FOXO33A in 293T cells was measured by nucleocytoplasmic separation analysis. Flag-FOXO33A was transfected into 293T cells with SNAI2
knockdown by siRNA for 48 h. (I) Relative 4X FOXO-luc activity as measured by Double Luciferase Assay in Flag-FOXO33A overexpressing 293T cells with or
without SNAI2 depletion. (J) Immunofluorescence analysis of FOXO33A cellular localization in the presence or absence of Sna in Drosophila eye imaginal discs
are shown. (Scale bar, 5 μm.) Areas posterior to the morphogenetic furrow are shown. ****P < 0.0001, ***P < 0.001, **P < 0.01, *P < 0.05.
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CRM1, while SNAI2 may impede FOXO3–CRM1 interaction
by enhancing FOXO3-DNA binding, as in the case of PIK3CA
and ULK1 (Fig. 3 D, F, and G).
To test this hypothesis, we used DNase I to digest DNA prior

to the co-IP experiments, and found that FOXO3–CRM1 interac-
tion was no longer impeded by ectopic SNAI2 upon DNase
I treatment (Fig. 6D), suggesting that DNA binding may be a
prerequisite for SNAI2 to block FOXO3–CRM1 interaction.
Intriguingly, FOXO3–CRM1 interaction was significantly
increased upon DNase I treatment (Fig. 6D), consistent with the
assumption that DNA competes against CRM1 for FOXO3 bind-
ing. To examine whether increased FOXO3 targeting to DNA
could sufficiently reduce FOXO3–CRM1 interaction, we trans-
fected exogenous luciferase plasmids into 293T cells. Compared
with the control plasmid (Ctrl-luc), FOXO-luc plasmid harboring
4X FOXO3 binding motifs (4X FOXO-luc) effectively blocked
FOXO3–CRM1 association (Fig. 6E). Consistently, FOXO-luc
vector largely abrogated CRM1 interaction with exogenously
expressed FOXO33A (SI Appendix, Fig. S7S). To rule out the
impact of luciferase protein in above experiments, we transfected
synthetic DNA fragment containing 4X FREs (FOXO-RES) into
HeLa cells and 293T cells, and confirmed that FOXO-RES was
able to block the interaction between FOXO3 and CRM1, com-
pared with the control fragment (Fig. 6F and SI Appendix, Fig.
S7B). Collectively, these data suggest that DNA binding is essen-
tial for FOXO3 to antagonize its CRM1-mediated nuclear export,
and that SNAI2 promotes FOXO3 nuclear retention by enhanc-
ing FOXO3 binding to its DNA targets.

FOXO3 Mediates Extracellular Stress Induced Up-Regulation
of SNAI2. We then sought to illustrate the upstream mechanism
by which extracellular stress increase SNAI2 expression (Fig. 1
C–E). It has been shown that coherent feed-forward loop is one
of the best-studied transcription regulation networks that control
the expression of genes (55). In addition, as previously reported,

dephosphorylated FOXO3 would translocate into the nucleus in
response to energy limitation (28, 56–59). Hence, it is plausible
that FOXO3 as a TF may directly activate SNAI2 expression.
To test this possibility, we first checked whether Torin1-induced
SNAI2 expression depends on FOXO3. As judged by RT-qPCR
and Western blot analysis, FOXO3 knockdown significantly
antagonized Torin1-induced SNAI2 up-regulation at both the
mRNA and protein level (Fig. 7 A and B). Similarly, FOXO3
depletion also suppressed rapamycin-induced SNAI2 expression
(SI Appendix, Fig. S8A). Moreover, overexpression of Flag-
FOXO33A markedly elevated SNAI2 mRNA and protein level as
measured by RT-qPCR and Western blot assay, respectively
(Fig. 7 C and D). These data suggest that FOXO3 is necessary
and sufficient for drug-induced SNAI2 expression.

To investigate whether FOXO3 directly promotes SNAI2
transcription, we examined the SNAI2 cis-regulatory region and
identified a putative FOXO3 binding motif (ATAAAC) about
�1.8 kb in the upstream region (Fig. 7E). To verify this motif,
we generated two firefly luciferase reporters driven by the E1
fragment harboring the motif or E2 fragment deleting the core
sequence-ATAAAC from E1. Luciferase expression driven by
E1 was markedly up-regulated by Flag-FOXO33A, which was
significantly abrogated by deleting the core sequence in E2, as
evidenced by double luciferase analysis in 293T and HeLa cells
(Fig. 7F and SI Appendix, Fig. S8B). Meanwhile, we performed
a ChIP experiment and found that region A containing the
potential binding site but not region B as a negative control
was appreciably enriched by FOXO3 (Fig. 7G and SI
Appendix, Fig. S8C). Collectively, these data suggest that
FOXO3 was the key factor for drug-induced SNAI2 expression
via direct transcriptional regulation.

To mimic the physiological stress that cells may encounter
in vivo, we used SF medium to induce starvation in HeLa cells.
Starvation obviously increased SNAI2 expression at both the
mRNA and protein levels (Fig. 7H and SI Appendix, Figs. S1A),

Fig. 6. SNAI2 impedes FOXO3-CRM1 interaction via enhancing FOXO3-DNA binding. (A–C) Co-IP analysis of CRM1-FOXO3 interaction with or without coex-
pression of SNAI2 in 293T or HeLa cells. (D) Analysis of DNase I treatment on SNAI2-reduced interaction between CRM1 and FOXO3 in 293T cells. (E and F)
Effects of exogenous FOXO-luc vector or synthetic DNA fragment containing 4X FOXO3 responsive element sequence (FOXO-RES) on CRM1–FOXO3 interac-
tion in 293T or HeLa cells. Ctrl-luc vector or Ctrl-RES fragment without FOXO target sequence serves as the negative control for FOXO-luc or FOXO-RES,
respectively. Ctr-RES: 50-GGGGGGCTATAAAAGGGGGTGGGGGCGTTCGTCCTCACTCT-30; FOXO-RES: 50-CTCGATGATCAAGTAAACAACTATGTAAACAAGATCAAGTAAA
CAACTATGTAAACAAGCGCG-30.
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which was significantly retarded by FOXO3 knockdown (Fig. 7I).
Taken together, these data suggest that, in response to starvation
stress, FOXO3 activates the expression of SNAI2, which collabo-
rates with FOXO3 in a coherent feed-forward regulatory loop to
reinforce transcription of autophagy-related genes (Fig. 8).
Moreover, consistent with the foregoing finding that

FOXO3 activates SNAI2 transcription in mammalian cells,
overexpression of dFoxO or FOXO33A in Drosophila wing
imaginal discs driven by ptc-Gal4 also significantly increased

sna transcription (Fig. 7J), suggesting the dFoxO/FOXO3-
Snail/SNAI2 feed-forward regulatory loop is evolutionarily
conserved from fly to human.

Snail Functions as a General Cofactor of dFoxO. Accumulated
evidence has shown that the FoxO TFs are involved in a broad
spectrum of activities, such as serving as a tumor suppressor
(60, 61), cell size, and autophagy regulators (42, 44, 62). It is
intriguing that Sna also modulates cell size in Drosophila wing

Fig. 7. FOXO3 mediates energy stress-induced SNAI2 up-regulation. (A) RT-qPCR analysis of SNAI2 mRNA level. FOXO3 knockdown or control HeLa cells
were subject to 0.25-μM Torin1 treatment for 4 h. (B) Immunoblot analysis of SNAI2 protein level in FOXO3 knockdown or control HeLa cells with or without
0.25-μM Torin1 treatment for 4 h. (C) RT-qPCR analysis of SNAI2 mRNA level in HeLa and 293T cells with or without Flag-FOXO33A expression. (D) Immunoblot
analysis of SNAI2 protein level. Control or Flag-FOXO33A was transfected into 293T or HeLa cells for 48 h. (E) Schematic view of SNAI2 promoter. The red bar
represents presumptive FOXO3 binding sites, the green fragment shows the ChIP assay target regions. E1 and E2 (deleting core sequence) were fragments
used to drive luciferase reporters in Double Luciferase Assay. (F) Relative luciferase activity driven by E1 or E2 in the absence or presence of FOXO33A. (G)
Relative DNA enrichment in ChIP experiments was determined by qPCR. (H) RT-qPCR analysis of SNAI2 mRNA level in response to normal or SF medium for
4 h. (I) Immunoblot analysis of SNAI2 protein level in FOXO3 knockdown or control HeLa cells with or without SF medium treatment for 4 h. (J) RT-qPCR anal-
ysis of sna mRNA in ptc > dFoxO or FOXO33A fly wing imaginal discs. ****P < 0.0001, ***P < 0.001, **P < 0.01, *P < 0.05.
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imaginal discs (12), but the mechanism is yet to be determined.
To ascertain whether Sna-induced cell size reduction depends
on dFoxO, we produced clones in wing margin bristles. Com-
pared with controls (SI Appendix, Fig. S2F), Sna-expressing bris-
tles showed reduced size (SI Appendix, Fig. S2 G and K), which
was significantly ameliorated in heterozygous dFoxO mutants
(SI Appendix, Fig. S2 H and K). Consistent with previous study,
overexpression of dFoxO apparently decreased bristle size (SI
Appendix, Fig. S2 I and K), which was significantly rescued by
knockdown of Sna (SI Appendix, Fig. S2 J and K). To interro-
gate the target gene responsible for dFoxO/Snail-mediated cell
size control, we checked the expression of 4E-BP, a known tran-
scriptional target of dFoxO and an inhibitor of cell growth (63,
64). We found that 4E-BP expression was up-regulated by
expressing Sna or dFoxO, and synergistically by expressing both,
while Dp100 served as a negative control (SI Appendix, Fig.
S2L). In support of this, Sna cooperated with dFoxO to pro-
mote the activity of 4E-BP promoter-luc (SI Appendix, Fig. S2E),
which harbors dFoxO binding site and serves as a reporter for
dFoxO transcriptional activity (65, 66). Collectively, these data
suggest Snail may act as a general cofactor of dFoxO.

Discussion

The autophagy degradation pathway plays a fundamental role
in organism homeostasis via sequestering dangerous cargo, such
as large protein aggregates and entire damaged organelles into
autolysosome for digestion, and its dysfunction has been

implicated in various human diseases (3, 5, 67, 68). Over the
past decades, extraordinary advances have been made to under-
stand the initiation and regulation of autophagy, yet the regula-
tory mechanism of this important process has not been fully
elucidated. In our present study, we performed SF starvation or
Torin1 treatment as autophagy inducer in HeLa cells, exploited
RNA-seq analysis and identified SNAI2 as a crucial regulator of
autophagy. We found that SNAI2 expression was significantly
up-regulated at both mRNA and protein levels during autoph-
agy induction. Interestingly, SNAI2 was not only required but
also sufficient to promote autophagy. Mechanistically, SNAI2
specifically interacts with and tethers FOXO3 in the nucleus to
augment the expression of target genes, such as ULK1 and
PIK3CA. Of note, SNAI2 enhances the binding affinity of
FOXO3 to its DNA target sites, which blocks FOXO3–CRM1
interaction for nuclear export.

In addition, we provide evidence that FOXO3 mediates the
induction of SNAI2 by starvation, Torin1, or rapamycin treat-
ment. Further investigations show that FOXO3 directly acti-
vates the transcription of SNAI2 by binding to its promoter.
Thus, we conclude that FOXO3 forms a positive feed-forward
loop with SNAI2 to reinforce expression of autophagy target
genes, like PIK3CA and ULK1 in response to energy stress.
Moreover, the activity of SNAI2 has been retained by its Dro-
sophila ortholog Snail, which facilitates dFoxO activity by
enhancing its nuclear localization. In addition, ptc > dFoxO
also activates sna transcription in fly wing imaginal discs, thus
forming an evolutionarily conserved feed-forward gene-regula-
tory circuit for autophagy induction in Drosophila. Given that
there’s yet no report about the role of Snail TFs in autophagy
regulation, our findings provide evidence that, as a dFoxO or
FOXO3 target gene, Snail or SNAI2 acts in a feed-forward
loop to promote dFoxO/FOXO3-mediated autophagy from fly
to human. In addition, we found that CRM1-mediated
FOXO3 nuclear export was impeded by FOXO3-bound DNA,
which supports the role of DNA in regulating the ins and outs
of shuttling proteins (69, 70). Snail-enhanced FOXO-DNA
binding may cause spatial segregation of FOXO from CRM1,
or interfere with FOXO–CRM1 interaction, thus decreasing
FOXO nuclear-cytoplasmic shuttling and increasing its nuclear
accumulation.

While SNAI2 expression alone does not affect basal autoph-
agy in 293T and HeLa cells (SI Appendix, Fig. S1 G and H),
ectopic Sna in Drosophila wing imaginal discs is able to trigger
autophagosome formation (Fig. 4 B and I). As Snail regulates
autophagy via FoxOs, this discrepancy might be caused by dif-
ferent expression levels of the endogenous FoxO proteins in
mammalian cells and Drosophila. Indeed, FOXO3 level is low
in 293T and HeLa cells (https://www.proteinatlas.org/),
whereas endogenous dFoxO expression is high in fly imaginal
discs (https://flybase.org/). To test this assumption, we found
from the Human Protein Atlas database that HSkCM cells
show relatively high FOXO3 level (SI Appendix, Fig. S9A). We
performed RT-qPCR and Western blot experiments to confirm
that FOXO3 expression in HSkCM cells is indeed higher than
that in HeLa cells (SI Appendix, Fig. S9 B and C). Consistent
with our hypothesis, SNAI2 overexpression in HSkCM cells
sufficed to induce autophagy as measured by LC3-II/LC3-I (SI
Appendix, Fig. S9D), supporting SNAI2 as a positive regulator
of autophagy.

While dFoxO is the only fly FOXO gene, four FOXO genes,
including FOXO1, FOXO3, FOXO4, and FOXO6, were found
in mammals (28). Both FOXO1 and FOXO3 have been shown
to regulate autophagy. Consistently, we found FOXO1 and

Fig. 8. Model for a conserved FOXO3-SNAI2 feed-forward loop in autophagy.
Under normal conditions (unstressed), CRM1-dependent nuclear exported-
FOXO3 is phosphorylated and then sequestered in cytoplasm via interaction
with 14-3-3. Upon energy stress conditions like starvation (Stressed), dephos-
phorylated FOXO3 translocates into nucleus and activates SNAI2 transcription.
Then SNAI2 interacts with and enhances FOXO3 binding affinity to response
elements in autophagy-related genes like PIK3CA and ULK1 for autophagy
induction. More notably, the mechanism underlying SNAI2-decreased FOXO3
nuclear export lies in increased FOXO3-DNA binding in the nucleus. Hence, we
propose the model of a coherent FOXO3-SNAI2 feed-forward loop in autoph-
agy, which is conserved from Drosophila to human.
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FOXO3, but not FOXO4 and FOXO6, were up-regulated
about twofold upon Torin1 treatment or SF starvation
(Datasets S1–S3). In our study, FOXO3 not only promotes
SNAI2 transcription but also interacts with SNAI2 in both
293T and HeLa cells. To test whether any other FOXOs is
involved in the regulation of SNAI2, we performed co-IP and
RT-qPCR experiments. We found that only FOXO3 but not
FOXO1/4/6 could interact with SNAI2 in 293T and HeLa
cells (SI Appendix, Fig. S10A). In addition, FOXO1/4/6 were
not able to activate SNAI2 transcription in 293T and HeLa
cells (SI Appendix, Fig. S10 B–D), suggesting that SNAI2 is
specifically regulated by FOXO3.
Extensive studies have demonstrated that FoxO TFs, mainly

functioning under the control of insulin and insulin-like pep-
tide signaling, are phosphorylated by the kinase Akt, the main
downstream mediators of the signaling, and are retained in
cytoplasm by 14-3-3 (27, 71, 72). It’s well known that FoxO
TFs are involved in the regulation of diverse processes, includ-
ing development, metabolism, stem cell maintenance, and lon-
gevity (44, 73). Central to the regulation of FoxO activities is
the shuttling system between the cytoplasm and nucleus (27,
59, 74, 75), hence, identifying novel regulators of FoxO TFs
subcellular localization will provide additional approach to
modulate FoxO-related pathological disorders. In current
study, we present evidence that Snail/SNAI2 is an evolution-
arily conserved regulator of dFoxO/FOXO3 shuttling system.
Further investigation is needed to explore whether SNAI2 is
involved in other physiological and pathological functions of
FOXO3.

Materials and Methods

Expression Constructs. To generate Flag-dFoxO, Flag-dFoxOA, Flag-dFoxOB,
Flag-dFoxOC, Flag-dFoxOD, Flag-dFoxOE, Myc-Snail, SnailC-Myc, Myc-SnailC,
Myc-SnailN, and HA-Snail, we amplified the corresponding complementary
DNA (cDNA) fragments using Q5 DNA polymerase (New England Biolabs,
M0491L), and cloned them into the pUAST-Myc, pUAST-Flag, or pUAST-HA
backbone vector. For expression in human cells, constructs including Flag-
SNAI1, Flag-SNAI2, Flag-SNAI3, and HA-SNAI2 were amplified using HeLa
cell cDNA as template and subcloned into the p3xFlag-Myc-CMV or
pCDNA3.0-HA vector. Plasmids encoding Flag-FOXO3WT and Flag-FOXO33A,
were gifts from Weiguo Zhu, Peking University, Beijing, China. Plasmids,
including pCMV-mFoxo1, pFlag-FOXO4 and pFlag-FOXO6 were obtained
from Bio-Research Innovation Center Suzhou, China. All of the constructs
generated were confirmed by DNA sequencing.

Cell Culture and Transfection. S2 cells were cultured in Drosophila
Schneider’s Medium (Gibco, 21720) supplemented with 10% heat-inactivated
fetal bovine serum (FBS), 100 U/mL penicillin, and 100 μg/mL streptomycin
(Invitrogen) at 25 °C in a humidified air atmosphere. Human 293T, HeLa, and
HSkCM cells were maintained at 37 °C in DMEM (Gibco) containing 10% FBS,
100 U/mL penicillin, and 100 μg/mL streptomycin in a humidified incubator
with 5% CO2. Transfection of S2 cells was performed with the Effectene Transfec-
tion Reagent (Qiagen, 301427) according to the manufacturer’s instructions. For

293T and HeLa cells, we utilized Lipofectamine 3000 (Invitrogen, L3000015) for
DNA plasmids transfection and Lipofectamine RNAiMAX (Invitrogen, 13778150)
for small-interfering RNA (siRNA) transfection following the instructions. For
SNAI2 knockdown, a mixture of two different siRNAs was used. The sequences
are as follows:

siRNA-SNAI2-1: 50-GAAUGUCUCUCCUGCACAATT-30(sense);
siRNA-SNAI2-1: 50-UUGUGCAGGAGAGACAUUCTT-30(antisense);
siRNA-SNAI2-2: 50-GCGCCCUGAAGAUGCAUAUTT-30 (sense);
siRNA-SNAI2-2: 50-AUAUGCAUCUUCAGGGCGCTT-30 (antisense);
siRNA-Control: 50-UUCUCCGAACGUGUCACGUTT-30(sense);
siRNA-Control: 50-ACGUGACACGUUCGGAGAATT-30 (antisense).

Immunofluorescence and LysoTracker Red Staining. Cells were washed
three times with ice-cold PBS and were fixed for 15 min at room temperature
with Immunol Staining Fix Solution (Beyotime, P0098) and then permeabilized
with Immunostaining Permeabilization Buffer with Triton X-100 (Beyotime,
P0096) for 20 min. Following permeabilization, nonspecific binding in the cells
was blocked by Immunol Staining Blocking Buffer (Beyotime, P0102) for 1 h at
room temperature. Then cells were incubated for 1 h with specific primary anti-
bodies and after three washes with PBS, the cells were incubated for another 1h
with secondary antibodies.

Lysosomal activity as a marker of autophagy in Drosophila wing imaginal
discs was detected by the LysoTracker Red Kit (Beyotime, C1046). Imaginal discs
dissected from third-instar larvae were collected in PBS and incubated with Lyso-
Tracker Red (1:3,000) for 15 min at 37 °C, washed with PBS three times prior to
imaging. Primary antibodies included: rabbit anti-FoxO3A (1:200; Abcam,
ab12162), mouse anti–Myc-tag (1:350, CST, 9B11), rabbit anti-FLAG antibody
(1:200, Sigma). Secondary antibodies were anti-mouse CY3 (1:1,000) and anti-
rabbit Alexa Flour 488 (1:500). All images were collected with a confocal micro-
scope (Zeiss LSM 780).

Data Availability. All study data are included in the main text and supporting
information.
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